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PREFACE: AIMS, SCOPE, AND OUTLINE OF THE BOOK

MARTIN J. VAN KRANENDONK, R. HUGH SMITHIES AND
VICKIE C. BENNETT

The geological history of early Earth holds a certain ineluctable fascination, not just for
professional Earth Scientists and geology students, but for scientists in other disciplines,
as well as many in the general public. This fascination with early Earth is compelling, not
least because we know so little about it, but also because — as with the search for life on
ancient Earth and elsewhere in the solar system — it casts light on the fundamental issues
of our existence: who are we; how are we here?

To facilitate a better understanding of these questions, we need to know how our home
planet formed, what it was like in its early history, how it was able to foster the development
of life, and how it evolved into the planet we live on today.

We had two main aims in mind when inviting authors to contribute papers to this book.
The first aim, reflected in the main title of the book, was to compile a geological record
of Earth’s Oldest Rocks, with thorough descriptions of as much of the oldest continental
crust as possible, and with a focus on the rocks. The second aim was to gain a better
understanding of the tectonic processes that gave rise to the formation and preservation
of these oldest pieces of continental crust, and when and how early tectonic processes
changed to a plate tectonic Earth operating more or less as we know it today. It is the latter
part of this last sentence that explains why 3.2 Ga was chosen as the upper time limit for
this book, for this is the time when evidence from geological studies strongly supports
the operation (at least locally) of modern-style plate tectonics on Earth (Smithies et al.,
2005a). After 3.2 Ga, the geological evidence in support of some form of plate tectonics
operating on Earth is compelling, although there were significant differences in how this
process operated compared with plate tectonics on Proterozoic to recent Earth, but that is
another story (see Van Kranendonk, 2004a, and references therein).

When considering the evolution of early Earth, it is important to keep in mind the con-
cept of Secular Change, and to ... stretch ones’ tectonic imagination with respect to
non-plate tectonic processes of heat transfer . . ., providing for means to test geologic his-
tories against multiple hypotheses, aimed at understanding possible early Earth”, as Vicki
Hansen so nicely states in her paper on Venus towards the end of this volume. Indeed, we
suggest that Secular Change be regarded as a guiding principle for studies of early Earth
evolution, in the same way that Lyell’s (1758) Principle of Uniformitarianism (the present
is the key to the past) has guided our understanding of the more recent geological past,
when Earth’s primary heat loss mechanism was through plate tectonics.
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Secular Change is important for early Earth studies for two main reasons. First, plane-
tary studies have shown that Earth had a violent accretionary history starting at 4.567 Ga,
and was a molten ball at 4.50 Ga due to the heat of accretion and heat from the decay of
short-lived radiogenic nucleides. This contrasts dramatically with modern Earth, which is
differentiated into a core, mantle, crust, hydrosphere and atmosphere, has a rapidly spin-
ning core, a convecting and melting mantle, two types of crust, a rigid lithosphere that is
divided into several plates that are moving across the planet’s surface through a process we
call plate tectonics, is host to a thriving biosphere, and has an oxygen-rich atmosphere. We
use this contrast to directly infer secular change. What remains unanswered is the rate of
secular change, including the rate of growth of continental crust and the time of onset of
plate tectonics. Opinions in regard to these issues vary markedly. Whereas some maintain
that much of this change occurred very early and that Earth has been operating in a similar
fashion since 4.2 Gyr ago (e.g., Cavosie et al., this volume), others maintain that change
has occurred more gradually, and that modern plate tectonics did not commence until the
Neoproterozoic (Hamilton, 1998, 2003; Stern, 2005; Brown, 2006).

The second main reason why Secular Change is important when considering early Earth
is based on geological evidence from Earth’s oldest rocks, which shows that there are many
differences between early Earth rocks and those of Proterozoic to recent Earth (e.g., Hamil-
ton, 1993, 1998, 2005; Stern, 2005; Brown, 2006). Some of these differences include:

e Archean Earth erupted unique komatiitic magmas (Viljoen and Viljoen, 1969) from a
hotter mantle (Herzberg, 1992; Nisbett et al., 1993; Arndt et al., 1998);

e Archean crust is characterised by granite-greenstone terranes, a type of crust found much
less commonly in younger terrains;

e Granite-greenstone terranes are characterised by a dome-and-keel architecture that is
unique to Archean and Paleoproterozoic crust (e.g., MacGregor, 1951; Hickman, 1984);

e The average composition of Archean continental crust was different (Taylor and McLen-
nan, 1985);

e The average composition of early Archean granitic rocks is dominated by sodic (TTG)
compositions, in contrast to the more potassic composition of most younger granitic
rocks;

e The composition of Archean TTG is not the same as Phanerozoic adakites formed in
subduction zones (Smithies, 2000);

e Archean sedimentary rocks are predominantly chert and banded iron-formation, and
generally lack continental-type sedimentary rocks before ~3.2 Ga, although there are
local exceptions;

e Sr-isotope data show that the chemistry of Archean seawater was essentially mantle
buffered, contrasting with a riverine buffered signature after ~2.7 Ga;

e Many of the characteristic products of subduction are lacking in Archean rocks, in-
cluding blueschists, ophiolites, and ultra-high pressure metamorphic terranes (Stern,
2005; Brown, 2006), and accretionary complexes with exotic blocks in zones of tec-
tonic melange (McCall, 2003);

e Ophiolites >1 Ga are fundamentally different than younger ophiolites, according to
Moores (2002).
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These differences tell us that early Earth was a vastly different planet than that of to-
day, primarily due to a higher mantle temperature. Follow-on effects from this include a
higher geothermal gradient, which in turn resulted in greater degrees of partial melting
of upwelling mantle, a thicker, but softer crust, and a softer, weaker lithosphere. A more
detailed review of these differences is presented in the final paper of this book.

A note regarding terminology. For the purposes of this book, we have adopted the [UGS
International Commission on Stratigraphy convention for sub-divisions of the Archean Eon
into the Neoarchean Era (2.5-2.8 Ga), Mesoarchean Era (2.8-3.2 Ga), and Paleoarchean
Era (3.2-3.6 Ga) (Gradstein et al., 2004). We have also used the Eoarchean Era for rocks
older than 3.6 Ga as suggested by these authors, but have placed a lower limit on this
sub-division at 4.0 Ga and refer to the period of time older than this as the Hadean Eon
(4.0-4.567 Ga).

This book is organised into eight parts, including an Introduction, five parts describing
the geology of Earth’s oldest rocks, a part on early life, and a final part on the tectonics
of early Earth. In Part 1, Brian Windley provides an overview of the history of discovery
of ancient rocks on Earth, which started with publications in 1951 and was followed by
seminal discoveries using advanced analytical techniques up to the present day. This is
followed by Kent Condie’s overview of the distribution of ancient rocks on Earth.

Parts 2—6 describe the geology of Earth’s oldest rocks, and are divided on the basis of
successive stages of early Earth evolution. Part 2 outlines the beginnings of Earth history,
with a review of planetary accretion processes in the formation of the Earth and Moon by
Stuart Ross Taylor, and an investigation of early solar system materials as represented
by the meteorite record on Earth, by Alex Bevan. This is followed by a theoretical con-
sideration of the dynamics of the mantle of early Earth by Geoff Davies and a review of
the evidence in favour of an early terrestrial protocrust by Balz Kamber. Thereafter are
two papers by Cavosie and others and Stephen Wyche that review the distribution and
characteristics of Eoarchean zircon grains from Western Australia and their significance in
terms of early Earth evolution.

Part 3 presents a series of papers that describe the geology of Eoarchean gneiss com-
plexes from different cratons around the world. These include a description of the oldest
rocks in the world from the Acasta Gneiss Complex in the Slave Craton in northwestern
Canada by lizuka and others. Other ancient, high-grade and strongly deformed rocks are
described from Antarctica by Harley and Kelly, from the North China Craton by Liu
and others, and from the Narryer Terrane of the Yilgarn Craton in Western Australia by
Wilde and Spaggiari. O’Neil and others describe the ancient supracrustal rocks of the
Nuvvuagittuq Greenstone Belt in the Superior Province, Canada. These are roughly the
same age, or slightly older, than the Isua Greenstone Belt in southern West Greenland, de-
scribed by Nutman and others, who also describe the rest of the Itsaq Gneiss Complex in
which these ancient supracrustal rocks lie.

Separate chapters are devoted to the Paleoarchean development of the Pilbara (Part 4)
and Kaapvaal (Part 5) Cratons, as these areas represent the best preserved, oldest rocks on
Earth and are well studied. In Part 4, a review of the lithostratigraphy and structural geology
of ancient rocks of the Pilbara Craton by Van Kranendonk and others is followed by
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more detailed geochemical descriptions of the geochemistry of felsic volcanic rocks by
Smithies and others, and of granitoid rocks by Champion and Smithies. Huston and
others review the genesis and tectonic environments of Paleoarchean mineral deposits in
the Pilbara Craton. Combined, these papers provide several different lines of evidence for
the development of early, thick continental crust and a complimentary buoyant, depleted,
residual lithospheric keel through multiple mantle plume events prior to 3.2 Ga.

The papers in Part 5 review the geology of the Kaapvaal Craton, including overviews
of the geochronological data throughout the craton by Poujol, and the geology of the well-
studied Barberton Greenstone Belt by Lowe and Byerly. More detailed studies include
those by Kroner, who describes the Ancient Gneiss Complex of southern Africa, Dann
and Grove on the volcanology of flow fields in the Barberton Greenstone Belt, Hofmann
and Wilson on the geology of chert units in the Nondweni Greenstone Belt, Moyen and
others on the geochemistry of early granitic plutons in, and adjacent to, the Barberton
Greenstone Belt, and Stevens and Moyen on the metamorphism of this same area. Dziggel
and others review the tectono-metamorphic controls on gold mineralisation.

Part 6 describes Paleoarchean gneiss terranes from a number of cratons around the world
and shows that formation of this type of crust was continuous through the Hadean and early
Archean. Bickford and others describe Paleoarchean gneisses from the Minnesota River
Valley and from northern Michigan in the southwestern part of the Superior Craton, in the
United States of America, whereas Bohm and others describe Paleoarchean rocks from
the Assean Lake Complex in the northwestern part of the Superior Craton, in Canada.
Chamberlain and Mueller describe ancient rocks and zircons from the Wyoming Craton
in the United States of America and Rosen and Turkina present an overview of ancient
rocks in the Siberian Craton.

Part 7 presents several papers describing the possible evidence for life on early Earth
and the geological settings in which it is found. Whitehouse and Fedo review the evi-
dence for early life from the Itsaq Gneiss Complex in southern West Greenland, and Van
Kranendonk does the same for the Pilbara Craton, Australia. Marshall provides a review
of organic geochemical data from carbonaceous Pilbara cherts and Ueno provides a de-
tailed account of the stable carbon and sulphur isotopic evidence for life from the 3490 Ma
Dresser Formation in the Pilbara. At the end of this chapter, Mojzsis provides a com-
prehensive review of the sulphur system on early Earth and Shields reviews the marine
carbonate and chert isotope records, and both authors discuss the implications of the stable
isotopic data in terms of evidence for early life on our planet.

The concluding Part 8 comprises several papers on the tectonics of early Earth. Hansen
presents a detailed description of the geology of Venus and suggests features of that planet
that may be used as analogues for early Earth. Griffin and O’Reilly describe the com-
position and processes that lead to the formation of subcontinental mantle lithosphere on
early Earth, and conclude that mantle plumes played a significant role in their develop-
ment. The role of mantle plumes in the construction of continental crust on Earth through
time is reviewed by Pirajno. Glikson reviews the evidence for, and possible geodynamic
implications of, asteroid impacts on early Earth tectonics. Percival provides an account
of the tectonic context of ancient rocks within the Superior Craton, and how they were
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incorporated into the craton during Neoarchean terrane accretion. The final paper by Van
Kranendonk provides a summary of the information presented in this book together with
a tectonic model for early Earth and some suggestions in regard to divisions of the early
Precambrian timescale.
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Chapter 1.1

OVERVIEW AND HISTORY OF INVESTIGATION OF EARLY
EARTH ROCKS

BRIAN WINDLEY

Department of Geology, University of Leicester, Leicester, LE] 7RH, UK

There were many studies of Archaean rocks in the 1960s and earlier. Some described
volcanic-dominated belts with important intrusive granites, such as the classic study
of Rhodesian (now Zimbabwe) belts by MacGregor (1951). Others described belts of
gneisses, migmatites and granites, as in NW Scotland (Sutton and Watson, 1951). The
relations between such high-grade and low-grade Archaean belts were not well under-
stood at the time, there being two main ideas: the gneisses formed an older basement to the
greenstone belts (e.g., Bliss and Stidolph, 1969), or the gneisses were coeval roots of green-
stone belts (Glikson, 1976). Windley and Bridgwater (1971) first pointed out that there are
two fundamentally different types of Archaean terranes, granulite-gneiss and greenstone-
granite belts, which have different protoliths and represent different erosional levels of the
crust. Although there are several varieties of these two types, the general subdivision still
holds and is useful for descriptive purposes (e.g., Kroner and Greiling, 1984; de Wit and
Ashwal, 1997). The second major advance in understanding the broad tectonic develop-
ment of Archaean rocks came much later with the realisation that there are two different
types of modern orogens, namely collisional orogens like the modern Himalaya, and ac-
cretionary orogens like those on the margins of the present Pacific Ocean, in particular in
Japan, Alaska and Indonesia. The importance for Archaean studies is that most greenstone
belts seem to be accretionary orogens (Sengdr and Okurogullari, 1991), and that there
are no significant Archaean continent—continent collisional orogens because continental
blocks did not evolve until 2.7 Ga.

1.1-1. GRANULITE-GNEISS BELTS

Hans Ramberg (1952) published his classic textbook, The Origin of Metamorphic and
Metasomatic Rocks, the field geology of which was based on his experience of the Ar-
chaean high-grade gneissic rocks of west Greenland. In it, he made the prescient comment
that the problem with these rocks is that they are all mutually conformable. Although he
made the right observation, the answer to the problem did not come for several decades.
The Scourian complex of northwest Scotland was the first Archaean granulite-gneiss belt
to be analyzed in detail. Sutton and Watson (1951) demonstrated that amphibolite dykes
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can be used to separate older from younger tectonic events. The dykes transect the folia-
tion of earlier tonalitic gneisses and yet are cut by younger tonalitic gneisses. In 1968, the
oldest rock in west Greenland was a gneiss from Godthaab that had a K/Ar cooling age
of 2710 £ 130 Ma (Armstrong, 1963). Vic McGregor (1968, 1973) in his classic study of
the gneisses in west Greenland made the biggest break-through in the history of Archaean
studies, when he built upon the work of Sutton and Watson (1951) by using amphibolite
dykes to unravel the history of the gneisses in the Godthaab (Nuuk) region. His originality
was in realising that gneisses with no dykes were not ones that had not been intruded by
dykes, as most people thought at the time, but were younger tonalites that were intruded
into the dykes and were later deformed into gneisses. He called the main units the Amit-
soq gneisses, the Ameralik dykes, the Malene supracrustals, and the Nuuk gneisses. In one
stroke, based solely on field work, he single-handedly broke through and pushed back one
thousand million years of Earth history, because he predicted, starting with the 2710 Ma
cooling age and estimating the ages of the many earlier events he identified, that the earli-
est rocks should be 3600-3660 Ma old (McGregor, 1968). Later, Stephen Moorbath dated
some samples that McGregor had sent him and produced isotopic confirmation that the
Amitsoq gneisses had a Pb—Pb whole-rock isochron age of 3620 £+ 100 Ma (Black et al.,
1971).

An important development in the study of Archaean granulite-gneiss belts was the re-
alisation by Bridgwater et al. (1974) that the gneisses in west Greenland had undergone
horizontal shortening. This paved the way for plate tectonic models to be applied to these
belts. However, this has proved difficult because of the lack of diagnostic plate tectonic
indicators in such deep crustal rocks, and because few modern orogenic belts have been
eroded or tilted to expose their deep crustal roots and so to provide a modern analogue.
The most that has been achieved so far is the recognition of different types of thrust-bound
gneissic terranes based on differences in lithological make-up, metamorphic grade and
isotopic history (Friend et al., 1987). Nevertheless, many orthogneisses do have the compo-
sition of tonalite-trondhjemite-granodiorite (TTG) that is common in Mesozoic—Cenozoic
batholiths in the Andes and elsewhere around the Pacific, and accordingly Nutman et al.
(1993b) proposed that subduction of mafic oceanic crust gave rise to continental crust
composed of TTGs that were converted to high-grade gneisses during subsequent collision
tectonics.

The Isua supracrustal belt is a strip of 3.8-3.7 Ga volcanic-sedimentary supracrustal
rocks within the orthogneisses of west Greenland. Allaart (1976) produced the first geolog-
ical description and map of the belt, and made the observation that conglomerates indicate
the presence of water on Earth at that time. Shigenori Maruyama and his group made two
expeditions to Isua that resulted in two abstracts in 1991 and 1994 that led to a major pa-
per by Komiya et al. (1999). Their main points are: there is an upwards stratigraphy from
low-K tholeiitic, pillow-bearing basalts, to cherts that contain no continent- or arc-derived
material, to mafic turbidites and conglomerates. This association is very similar to “ocean
plate stratigraphy” that is characteristic of Phanerozoic, circum-Pacific accretionary oro-
gens, like Japan, that record the travel history of an oceanic plate from ridge to trench.
The discovery by Appel et al. (2001) of remnants of a sea-floor hydrothermal system as-
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sociated with the pillow basalts at the time of lava eruption confirms the existence of an
oceanic setting for these early rocks.

High-grade gneisses form the oldest Archaean rocks in the world. These are the Acasta
gneisses of NW Canada that have a U/Pb age of 3.962 Ga on tonalitic gneiss (Bowring et
al., 1989a); this was indeed a remarkable discovery.

1.1-2. GREENSTONE-GRANITE BELTS

Greenstone-Granite Belts

Many studies were made of gold deposits in greenstone-granite belts in the nineteenth
century, which with hindsight is not surprising because they are comparable to the gold
deposits in circum-Pacific accretionary orogens (like Japan) that were the source of the
wealth of the Shoguns.

In the pre-mobilist (plate tectonic) era, greenstone belts were thought to be geosyn-
clines (e.g., Glikson, 1970), to contain layer-cake stratigraphy like Mesozoic basins (e.g.,
Zimbabwe; Wilson, 1981), and to have the structure of synclinal basins or keels formed
by gravity-induced sagduction between rising diapers of mobilised basement or domes
of granitic batholiths (Anhaeusser et al., 1981; Glikson, 1972). However, several devel-
opments were to change ideas on their make-up and structure, and in turn they have
transformed the world’s perspective on the style and course of early Earth evolution.

1. Thrusts, recumbent nappes, structural repetitions, imbrications and inverted strati-
graphic successions were discovered that indicated horizontal shortening rather than
vertical movements in: Barberton (de Wit, 1982), the Yilgarn (Spray, 1985), Pilbara
(Bickle et al., 1980; Boulter et al., 1987), Zimbabwe (Coward et al., 1976; Stowe, 1984),
the Superior Province (Poulsen et al., 1980), and India (Drury and Holt, 1980).

2. The application of plate tectonic principles (that require horizontal translation) led to a
major conceptual evaluation of all aspects of greenstone belt geology with the result that
nowadays most greenstone belts are thought to contain tectonic slices of rocks derived
from oceanic crust, volcanic arcs, or oceanic plateaux. Some of the first to apply such
ideas to Archaean rocks were Goodwin and Ridler (1970) to the Abitibi belt in Canada,
and Talbot (1973) and Rutland (1973) to Australian greenstone belts.

3. The development of the XRF spectrometer and later instruments enabled the major
and trace element geochemistry of magmatic rocks to be compared with modern ana-
logues formed in plate tectonic regimes. For example: MORB-like tholeiites occur in
the Abitibi belt (Lafleche et al., 1992). The first Archaean island arc was recognized
by Folinsbee et al. (1968) in Canada. Since then, many studies have demonstrated a
remarkable similarity in the geochemical signature of Archaean arc rocks and their
modern equivalents. Very influential at the time was the paper by Tarney et al. (1976)
who compared greenstone belts and their geochemistry with the Rocas Verdes marginal
basin in southern Chile. High-Mg andesites and shoshonites occur in many Archaean
belts, including the Superior Province (Stern and Hansen, 1991); such rocks, like the
sanukitoids in Japan, are always associated with subduction zones in the modern Earth.
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In recent years there has been (rightly or wrongly!) a flood of papers on Archaean back-
arc basins based almost solely on geochemical parameters.

4. The advent of precise geochronological techniques, in particular U-Pb zircon geo-
chronology with the SHRIMP and ICP-MS, has enabled the isotopic age to be deter-
mined of minerals and rocks, which is essential for discovery of the earliest rocks, and
for development of the rock record in a plate tectonic framework. Examples of isotopic-
driven research today are: Hadean zircons, and >3.5 Ga rocks of the Acasta gneisses,
Pilbara Craton, Isua greenstone belt, Akilia succession (North Atlantic Craton), and
Barberton Greenstone Belt.

5. Geophysical data have provided a three-dimensional constraint, and indeed confirma-
tion of, the shape and structure of many greenstone belts: for example, gravity data
indicate that the Barberton Greenstone Belt (Kaapvaal Craton, southern Africa) is not
a syncline, but a dipping, shallow, tabular slab (de Wit et al., 1987). Lithoprobe seis-
mic profiles that transect the Abitibi greenstone belt (Superior Craton, North America)
demonstrate that it forms a 6 to 8 km thick, shallow-dipping slab intercalated at the sur-
face with allochthonous, thrust-imbricated rock units that are consistent with oblique
subduction and imbrication (Ludden and Hynes, 2000).

1.1-3. THE HADEAN

Defined as that period of time between the formation of the planet at ~4.567 Ga and
the start of the Archean at 4.0 Ga, the Hadean contained a paucity of information on the
earliest Earth until Froude et al. (1983) reported that ~3.3 Ga quartzitic metasediments in
the Murchison district in Western Australia contained 4 detrital zircons (out of 102 ana-
lyzed grains) with a U-Pb age of 4.1-4.2 Ga. Since then, some 70,000 zircons from these
unique metasedimentary rocks have been dated (T.M. Harrison, pers. comm.), particularly
from the Jack Hills supracrustal belt, in an avalanche of research that led to the discovery
of 4.4 Ga detrital zircons (Wilde et al., 2001); the oldest, well-constrained isotopic age on
the planet. However, further oxygen and hafnium isotopic data from these zircons has led
to considerable controversy about the geological conditions on the early Earth. Current in-
terpretations of the isotopic data suggest the presence of liquid water at the Earth’s surface
at 4.3 Ga (Mojzsis et al., 2001), when the early Earth was cool (Valley et al., 2002), and
that continental crust formed by 4.4-4.5 Ga and was recycled into the mantle in a process
akin to later plate tectonics (Harrison et al., 2005). In contrast, Nemchin et al. (2006) ques-
tioned such a model of an early Earth with cool conditions conducive to the development
of oceans.

1.1-4. CONCLUSIONS AND IMPLICATIONS

The history of research on early Earth rocks reveals a secular change in ideas applied to
the origin of tectonic belts, from pre-mobilist (plate tectonic) geosynclinal theory to initial,
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simplistic plate tectonic ideas, to increasingly sophisticated plate tectonic models. Probably
the most surprising discovery has been that, although the secular decrease with time of
radioactive heat production has been confirmed and further constrained, the geological
record of rock associations, their geochemical signatures, and structural relationships has
been found to be more similar to, rather than very different from, that of modern plate
tectonic equivalents.

Abundant data accumulated over several decades indicate that Archaean rocks world-
wide occur in accretionary orogens that formed by subduction—accretion processes. We
have been through a recent phase when many similarities have been recorded between dis-
tinctive Archaean rocks and their modern analogues, diagnostic of certain types of plate
tectonic regime. In the future, it will be more important to document dissimilarities with
the modern record (e.g., different proportions of distinctive rock associations, different
geochemical signatures) and from these work out the ambient plate conditions and fac-
tors responsible for them (i.e., was there a shallow or steep subduction angle, fast or slow
subduction, or a more primitive, juvenile form of proto-plate tectonics than now?). An im-
portant part of this evaluation must be to define how, and to what extent, secular changes
in definable parameters — such as the long-term decrease of the potential temperature of
the mantle, and changes in, for example, plate rigidity, mantle composition, and sea-water
chemistry — have affected, or contributed to, the underlying plate tectonic regimes. With
this approach it should be possible to produce, one day, a viable paradigm for the tectonic
evolution of the early Earth.
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Chapter 1.2

THE DISTRIBUTION OF PALEOARCHEAN CRUST
KENT CONDIE

Department of Earth & Environmental Science, New Mexico Institute of Mining &
Technology, Socorro, NM 87801, USA

1.2-1. EARTH’S OLDEST ROCKS AND MINERALS

The oldest preserved rocks occur as small blocks tectonically incorporated within
younger orogens, most commonly Neoarchean orogens (Fig. 1.2-1). These preserved
blocks are generally <500 km across and are separated from surrounding crust by shear
zones. Although the oldest known rocks on Earth are about 4.0 Ga, the oldest minerals are
detrital zircons from the ca. 3.0 Ga Jack Hill and Mt. Narryer quartzites in Western Aus-
tralia. These detrital zircons have U/Pb SHRIMP ages ranging from about 4.4 to 3.5 Ga,
although only a small fraction of the zircons are >4.0 Ga (Froude et al., 1983; Amelin
et al., 1999; Wilde et al., 2001; Harrison et al., 2005; Cavosie et al., this volume). One
zircon, measuring 220 by 160 microns, with internal complexities or inclusions, has a con-
cordant 297Pb/2%°Pb age of 4404 + 8 Ma, which is the oldest reported mineral age from
Earth and interpreted as the age of crystallization of this zircon (Wilde et al., 2001). Rare
earth element (REE) distributions in this zircon show enrichment in heavy REE, a positive
Ce anomaly, and a negative Eu anomaly, indicating zircon crystallization from an evolved
granitic melt. Coupled with oxygen isotope results from this sample, these data (Mojzsis et
al., 2001) suggest that the granitic melt was produced by partial melting of older crust, ei-
ther continental crust or hydrothermally altered oceanic crust (see also Wilde et al., 2001).

The oldest isotopically dated rocks on Earth are the Acasta gneisses in the Slave Cra-
ton of NW Canada (Fig. 1.2-1; see lizuka et al., this volume). These 4.03 to 3.96 Ga
gneisses are a heterogeneous assemblage of highly deformed TTG (tonalite-trondhjemite-
granodiorite) complexes, tectonically interleaved on a centimeter scale with amphibolite,
ultramafic rocks and pink granites (Bowring et al., 1989a; Bowring, 1990; Bowring and
Williams, 1999). At a few locations, metasedimentary rocks comprise part of the complex
and include calc-silicates, quartzites, and biotite-sillimanite schists. Acasta amphibolites
appear to represent metamorphosed basalts and gabbros, many of which are deformed
dykes and sills. Some components of the complex, especially pink granites, have ages as
low as 3.6 Ga, and thus it would appear that this early crustal segment evolved over about
400 My and developed a full range in composition of igneous rocks from mafic, to K-rich
felsic types. Because of the severe deformation of the Acasta gneisses, the original field
relations between the various lithologies are not well known. However, the chemical com-
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positions of the Acasta rocks are very much like less deformed Archean greenstone-TTG
assemblages elsewhere.

1.2-2. OCCURRENCES OF MAJOR PALEOARCHEAN ROCKS

The oldest rocks in Antarctica occur in the Napier complex in Enderby Land (Fig. 1.2-1:
see Harley and Kelly, this volume). Some TTG in this complex in the Mt. Sones and Fyfe
Hills areas have U-Pb zircon emplacement ages of 3.95 to 3.8 Ga, thus being comparable in
age to some of the Acasta gneisses in Canada (Black et al., 1986; Sheraton et al., 1987). The
Napier complex comprises chiefly TTG, some of which has sedimentary protoliths. Prior
to widespread granulite-grade metamorphism at 3.1 Ga, sediments (pelites, quartzites) and
volcanic rocks were deposited on the complex and mafic dykes were intruded (Sheraton
et al., 1987). Thermobarometry indicates that the granulite-grade metamorphism records
temperatures of 900-950 °C and pressures of 6—10 kbars. Periods of intense deformation
and metamorphism are also recorded in the Napier complex by zircon growth at about 2.9
and 2.45 Ga.

The largest and best-preserved fragment of early Archean continental crust is the /z-
saq Gneiss Complex of the North Atlantic Craton in Southwest Greenland (Nutman et al.,
1996, 2002a, this volume; Friend and Nutman, 2005b) (Fig. 1.2-1). In this area, three ter-
ranes have been identified, each with its own tectonic and magmatic history, until their
collision at about 2.7 Ga (Friend et al., 1988). The Akulleq terrane is dominated by the
3.9-3.8 Ga Amitsoq TTG complex, which underwent high-grade metamorphism at 3.6 Ga.
The Akia terrane in the north comprises 3.2-3.0 Ga tonalitic gneisses that were deformed
and metamorphosed at 3.0 Ga. The Tasiusarsuaq terrane, dominated by 2.9-2.8 Ga rocks,
was deformed and metamorphosed when all of the terranes collided in the Neoarchean.
Although any single terrane records <500 My of pre-collisional history, collectively the
terranes record over 1 Gy of history before their amalgamation in the Neoarchean. Each of
the terranes also contains remnants of highly deformed supracrustal rocks. The most ex-
tensively studied is the Isua supracrustal belt in the Isukasia area in the northern part of the
Akulleq terrane (Myers, 2001; see Nutman et al., this volume). Although highly altered by
submarine metasomatism, this succession comprises basalts and komatiites and intrusive
ultramafic rocks interbedded with banded iron formation, intrusive sheets of tonalite and
granite, and mafic volcanigenic turbidites (Rosing et al., 1996). Recent remapping of the
Isua succession suggests that at least some of the schists are highly deformed tonalitic
gneisses or pillow basalts (Fedo et al., 2001; Myers, 2001). Carbonate rocks are now
considered to be mostly, or entirely, metasomatic in origin and some may represent the
products of seafloor alteration (Myers, 2001).

When the Labrador Sea opened in the Tertiary, it split the North Atlantic Craton, and
a remnant of the craton is now preserved along east coast of Labrador. The early Archean
rocks in this area comprise the Saglek—Hebron block (Fig. 1.2-1). They are divided into
the ca. 3.78 Ga Nulliak supracrustal assemblage, the widespread ca. 3.73 Ga Uivak I TTG
gneisses, and the Uivak II augen gneisses (Bridgwater and Schiotte, 1990). Inherited zir-
cons in Uivak I gneisses record ages between 3.86 and 3.73 Ga, and these were derived
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by rapid recycling and deposition of sediments derived largely from 3.86-3.78 Ga crustal
sources. Widespread metamorphism and associated granitoid emplacement are recorded in
Uivak gneisses at about 3 Ga, and extensive granulite-facies metamorphism occurred as a
sequence of closely spaced events between 2.8 and 2.7 Ga.

The Porpoise Cove supracrustal sequence in northeastern Quebec is the oldest known
greenstone in the Superior Province, at about 3.8 Ga, and is comparable in age to the Isua
supracrustal belt (ca. 3.8-3.7 Ga) in southwestern Greenland (Fig. 1.2-1: see O’Neil et al.,
this volume). The greenstone succession consists of two assemblages (David et al., 2003).
The first assemblage includes conglomerates, garnet paragneisses, banded iron formations,
intermediate to felsic tuffs, and a few amphibolite horizons, whereas the second assemblage
contains volcanic rocks (chiefly basalts), mafic to intermediate tuffs, ultramafic rocks, gab-
bros and iron formations. Rocks of the Porpoise Cove sequence are strongly deformed and
transposed, and metamorphosed to upper amphibolite facies. U/Pb isotopic analyses of zir-
cons recovered from a felsic tuff yield an age of emplacement of 3825416 Ma, and Sm-Nd
isotopic analyses give a model age of 3.9 Ga and Eng(T) of +2.2.

The oldest rocks of the North China Craton occur in the Anshan area, where some
deformed granitoids have U/Pb zircon ages of 3.8 Ga (Song et al., 1996; Wan et al., 2005;
Liu et al., this volume). Other trondhjemitic gneisses in this area range in age from 3.3
to 2.96 Ga, with the youngest, relatively undeformed granites emplaced at 2.47 Ga. All
of the 3.8 Ga TTG in the Anshan area exhibit Nd model ages (Tpym) ranging from 3.9
to 2.8 Ga (Wan et al., 2005). Nd isotopic data suggest that the <3.8 Ga granitoids were
produced, at least in part, by remelting of older LREE-enriched sources, perhaps similar to
the exposed remnants of the 3.8 Ga rocks. The Chentaigou supracrustals, which comprise
layered mafic and ultramafic rocks, banded iron formation and siliceous layered rocks of
probable volcanogenic origin, have zircon ages suggesting an eruption/deposition age of
3.36 Ga. Detrital zircons from fuchsitic quartzites near Caozhuang yield ages ranging from
about 3.85 to 1.89 Ga, indicating that some crustal sources in this province exceeded 3.8 Ga
in age (Liu et al., 1992, this volume).

The Narryer Terrane in the NW part of the Yilgarn Craton, Western Australia con-
tains widespread areas with rocks in excess of 3.0 Ga (Myers, 1988; Wilde and Spaggiari,
this volume). The terrane is composed chiefly of granulite-facies gneisses (Narryer Gneiss
Complex), of monzogranitic and syenogranitic compositions, that formed between 3.7 and
3.4 Ga (Muhling, 1990; Nutman et al., 1991; Pidgeon and Wilde, 1998). It also includes
quartzites and other siliceous, largely detrital, metasedimentary rocks from which the old-
est detrital zircons on Earth have been extracted, both at Mt. Narryer and at Jack Hills (see
Cavosie et al., this volume). The entire block was deformed and metamorphosed to gran-
ulite grade at 3.3 Ga. Thermobarometry suggests metamorphic temperatures of 750-850 °C
and 7-10 kbar (Muhling, 1990). However, the main deformation and metamorphism oc-
curred at 2.7-2.6 Ga, when the Narryer and Youanmi Terranes collided.

The northern Pilbara Craton in Western Australia (Fig. 1.2-1) comprises five separate
terranes, each with unique stratigraphy and deformational histories (Van Kranendonk et al.,
2002, 2007, this volume): the East Pilbara Terrane (3.52-3.17 Ga) that represents the an-
cient nucleus of the craton; the West Pilbara Superterrane (3.27-3.11 Ga), which comprises
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three distinct terranes; and the Kuranna Terrane (<3.29 Ga). Each of these terranes has a
distinctly different geologic history until their amalgamation at about 3.07 Ga. The oldest
supracrustal rocks occur in the East Pilbara Terrane and consist of four demonstrably au-
tochthonous groups that comprise the 3.52-3.17 Ga Pilbara Supergroup. This group is one
of the best preserved early Archean greenstone successions, and chert layers within the
sequence contain the oldest evidence for life in the form of macroscopic stromatolites, car-
bonaceous materials of probable biogenic origin, and putative microfossils (Walter et al.,
1980; Schopf, 1993; Buick et al., 1995; Brasier et al., 2002; Marshall, this volume; Ueno,
this volume; Van Kranendonk, this volume). The Warrawoona Group represents ~100 My
of continuous volcanism from a series of mantle plume events (Hickman and Van Kranen-
donk, 2004; Van Kranendonk and Pirajno, 2004; Smithies et al., 2005a). Subsequent groups
represent the eruptive products of discrete, younger mantle plume events that, together
with the earlier events, led to the formation of thick crust on a severely depleted, buoyant,
lithospheric keel (Van Kranendonk et al., 2002, 2007, this volume; Smithies et al., 2005a).

The Kaapvaal Craton in southern Africa assembled between 3.0 and 2.7 Ga and con-
tains rocks as old as 3.7 Ga (Poujol et al., 2003; Schmitz et al., 2004; Poujol, this volume;
Kroner, this volume) (Fig. 1.2-1). U/Pb zircon ages in the Ancient Gneiss Complex in
Swaziland range from about 3.64 to 3.2 Ga and Nd model ages suggest that some crust
may have formed in this region by 3.8 Ga (Kroner, this volume). Recent Nd model ages
from the 3.28 Ga Sand River gneisses in the Limpopo belt in southern Africa indicate a
crustal residence age for their protolith of 3.7 to 3.5 Ga (Zeh et al., 2004). New U/Pb zircon
ages from the western Kaapvaal Craton reveal that two older (3.7 to 3.1 Ga) continen-
tal terranes, the Kimberley and Witwatersrand blocks, were juxtaposed by a significantly
younger block between 2.93 and 2.88 Ga (Schmitz et al., 2004). Geological evidence in-
dicates that convergence was accommodated beneath the Kimberley block, culminating in
collisional suturing in the vicinity of the present-day Colesberg magnetic lineament. The
timing of these convergent margin processes also correlates with the peak in Re-Os age dis-
tributions in mantle xenoliths, eclogites, and eclogite-hosted diamonds from the Kimberley
block (Shirey et al., 2004). These results support the petrogenetic coupling of continental
crust and lithospheric mantle throughout the Archean in southern Africa.

The Barberton Greenstone Belt in the eastern part of the Kaapvaal Craton is one of the
most studied Early Archean greenstone belts (Lowe and Byerly, this volume; Dann, this
volume; Moyen et al., this volume; Stevens et al., this volume; Dziggel et al., this volume).
Together with coeval TTG plutons, the Barberton succession formed at 3.55 to 3.2 Ga
(Kamo and Davis, 1994; Kroner et al., 1996). It is interpreted to include four tectonically
juxtaposed terranes, with similar stratigraphic successions in each terrane (Lowe, 1994,
1999). Each succession begins with submarine basalts and komatiites of the Komati For-
mation, followed by an Archean mafic plain succession that could represent remnants of an
oceanic plateau. Overlying the mafic plain succession are the Hooggenoeg and Kromberg
Formations, a suite of felsic to basaltic submarine volcanics, fine grained volcaniclastic
clastic sedimentary rocks, and cherts, possibly representing an oceanic arc. The terminal
Moodies Group, which includes syn-orogenic sediments, may have been deposited during
amalgamation of the four terranes just after 3.2 Ga.
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Rocks as old as 3.5 Ga are now well documented in the central and southern parts of the
Zimbabwe Craton in southern Africa (Fig. 1.2-1). Os isotope data and detrital zircon ages
require continental crust at least 3.8 Ga, with a culminating event at about 3.2 Ga (Dodson
et al., 1988; Nagler et al., 1997; Horstwood et al., 1999). Results suggest that the Sebakwe
protocraton, which includes most of the central part of the Zimbabwe Craton, formed at
3.45 to 3.35 Ga. This protocraton was stabilized by widespread intrusion of granites at
about 3.35 Ga.

Early Archean rocks have been reported at several localities in West Africa (Fig. 1.2-1).
Although not precisely dated, blocks of early Archean rocks occur in the Leo Rise area,
which is largely a region of Birimian juvenile crust. In the Archean Man Craton, howeyver,
detrital zircon ages suggest that formation of this craton began by 3.3-3.2 Ga (Kouamelan
et al., 1997). SHRIMP zircon ages from gneisses and granites in the Man Craton in Guinea
range from 3.542 to 3.53 Ga (Thieblemont et al., 2001). Evidence of early Archean rocks
also comes from the Hoggar Massif in the Tuareg shield in southern Algeria, although
dating is less precise. Nd model ages of 2.7 Ga gneisses in the Gour Oumelalen area sug-
gest protolith ages in excess of 3.0 Ga (Peucat et al., 2003). SHRIMP zircon ages from
orthogneisses of the Amsaga terrane in the Reguibat Rise in western Mauritania (Fig. 1.2-
1) clearly indicate the presence of early Archean crust, with a range from 3.51 to 3.42 Ga,
and a metamorphic overprint at about 2.7 Ga (Potrel et al., 1996).

U/Pb analyses of single zircon grains and on zircon fractions from a granodioritic or-
thogneiss at Kaduna in northern Nigeria show early Archaean components (Fig. 1.2-1).
One zircon group records an age of 3.04 Ga, which is interpreted as the age of emplace-
ment and crystallization of the granodioritic magma and this age is confirmed by core-free
abraded zircons yielding an age of 3.05 Ga (Bruguier et al., 1994; Dada, 1998). The oldest
SHRIMP zircon age of 3571 Ma comes from the Kabala gneisses (Kroner et al., 2001).
Zircon cores typically yield ages of 3.55 to 3.34 Ga and Nd model ages fall in the same
range, suggesting production of juvenile continental crust at about 3.5 Ga in Nigeria (Dada,
1998; Kroner et al., 2001).

High precision U/Pb zircon ages have confirmed the antiquity of Archean TTG com-
plexes in the Minnesota River Valley along the southwestern margin of the Superior
Province (see Bickford et al., this volume), based on earlier, less precise Rb-Sr ages
(Goldich et al., 1970) (Fig. 1.2-1). Zircon ages from the Montevideo Gneiss range from
3.5 to 3.48 Ga and two distinct ages from the Morton Gneiss are reported at 3.42 and
3.52 Ga (Schmitz et al., 2005; Bickford et al., 2005, this volume). In addition, high-grade
metamorphism is recorded by new zircon growth at 3.35-3.3 Ma and mafic intrusions at
3.14 Ga. A second period of granite emplacement and regional metamorphism and defor-
mation occurred at about 2.6 Ga, and may record accretion of the Minnesota River Valley
terrane to the southern margin of the Superior Craton (Schmitz et al., 2005). Detrital zir-
cons from a Neoarchean paragneiss exhibit age peaks at 3.52, 3.48, 3.38 and 3.14 Ga,
reflecting input from most of the older rock units (Bickford et al., 2005).

The Assean Lake Complex in the northwestern part of the Superior Province (Fig. 1.2-1)
contains a record of complex and prolonged crustal history spanning more than two billion
years, from 3.9 to 1.8 Ga (Bohm et al., 2000, 2003, this volume). A supracrustal assemblage



1.2-2. Occurrences of Major Paleoarchean Rocks 15

of amphibolite-grade graywacke, quartz arenite, arkose, mafic to intermediate volcanics,
and BIF dominates the complex and probably formed in a shallow marine arc, or back-
arc setting. The supracrustal rocks are intruded by a deformed and metamorphosed TTG
complex. Nd model ages from Assean Lake TTG range from 4.2 to 3.5 Ga and suggest
that early Archean basement may be preserved in this region. Single zircon ages indicate
that tonalitic magmatism occurred at 3.2-3.1 Ga, whereas a record extending to at least
3.9 Ga is preserved in detrital zircons from paragneisses that may have a depositional age
of 3.2 Ga (Bohm et al., 2003).

Local occurrences of TTG complexes with ages of 3.4-2.84 Ga are widespread in
the Archean Wyoming Craton (Mueller et al., 1988, 1993, 1995, 1996; Chamberlain et
al., 2003; Frost et al., 2006; Grace et al., 2006; Chamberlain and Mueller, this volume)
(Fig. 1.2-1). The best-preserved 3.4-3.1 Ga crustal blocks are the Montana metasedimen-
tary province of southwestern Montana (Mueller et al., 1993, 1995, 2004), the Hellroar-
ing Plateau and Quad Creek region in eastern Beartooth Mountains (Henry et al., 1982;
Mueller et al., 1985, 1992, 1995) and the Sacawee block in the northern Granite Moun-
tains (Langstaff, 1995; Fruchey, 2002; Grace et al., 2006). In addition, U/Pb ages of detrital
zircons from Archean metasedimentary rocks in the northwestern part of the craton indi-
cate that they were derived from sources ranging in age from 3.96 to 2.7 Ga (Mueller et
al., 1998). The majority of the detrital grains have ages between 3.4 and 3.2 Ga and none
is younger than 2.9 Ga, suggestive of a major crust-forming event at 3.4-3.2 Ga in the
Wyoming Craton.

The Olekma Terrane is part of the Aldan Shield and comprises a complexly deformed
TTG complex with associated greenstones (Rundkvist and Sokolov, 1993; Rosen et al.,
1994; Rosen, 2002; Rosen and Turkina, this volume) (Fig. 1.2-1). Metamorphic grade
ranges from greenschist to granulite grade. Greenstone belts range from a few kilometers to
over 100 km in length, and they are composed chiefly of basalts, with komatiites and calc-
alkaline volcanics of local importance. Metasedimentary rocks include metagraywackes
and minor metacarbonate. In the western part of the Olekma Terrane, late syn-tectonic
to post-tectonic granitoids are widespread (Puchtel, 1992). SHRIMP zircon ages from
tonalitic gneisses range from about 3.25 to 2.75 Ga (Nutman et al., 1992a). Greenstone vol-
canism was widespread from 3.02 to 3.0 Ga, but most of the TTG plutonism is Neoarchean
in age.

Another region in the Aldan Shield that contains early Archean rocks is the Sutam block
in the northern part of the Stanovoy Province (Fig. 1.2-1). Mafic granulites and amphibo-
lites are widespread in the Sutam block, where they comprise up to 40% of the bedrock
(Rosen et al., 1994; Rosen, 2002; Rosen and Turkina, this volume). Ultramafic massifs are
also locally important in this block. Thermobarometry indicates that the Sutam block is a
large slice of the middle to lower continental crust, with temperatures recorded between
820-920°C at pressures of 8—11 kbar (Rosen et al., 1994). Some low-grade supracrustal
rocks are preserved in shear zones in the central part of the Sutam block. These comprise
chiefly metabasalts and meta-komatiites, with smaller amounts of metamorphosed inter-
mediate volcanics, quartzites and carbonates. U/Pb zircon ages from this terrane are few
in number. Upper intercept U/Pb discordia ages at about 3.46 Ga record the age of many
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of the rocks, with lower intercept ages around 2.2 Ga recording the age of widespread
granulite-grade metamorphism (Bibikova et al., 1989).

Ages in excess of 3.0 Ga are also reported from the Daldyn Terrane in the Tungus—
Anabar Shield of northern Siberia (Rosen et al., 1994; Rosen, 2002; Rosen and Turkina,
this volume) (Fig. 1.2-1). This terrane comprises chiefly granulite-grade complexes of TTG
and associated mafic rocks, both of which are isoclinally folded. Thermobarometry studies
indicate metamorphic temperatures of 820-950 °C and pressures of 8.5-11 kbar (Rosen
et al., 1994). Locally, supracrustal rocks are preserved, consisting of mafic to felsic vol-
canics and associated metasedimentary rocks. Unusual components in the supracrustal
rocks include marble, calc-silicates, and quartzites, associated with minor BIF. Enderbites
(granulite-grade tonalities) from the Daldyn Terrane yield U/Pb SHRIMP ages of about
3.16 Ga (Rosen et al., 1994; Rosen, 2002). Upper intercept discordia ages from similar
rocks fall near 3.0 Ga. Metamorphic zircons yield ages of 2.76 Ga, which probably record
widespread deformation and granulite-grade metamorphism in the Daldyn Terrane.

The Omolon Terrane in eastern Siberia (Fig. 1.2-1) comprises chiefly a TTG complex
with associated mafic components. This terrane is part of the Mesozoic accretionary com-
plex and hence its original location is unknown. U/Pb zircon ages from the Omolon Terrane
range from about 3.1 Ga to possibly as much 3.65 Ga, with most ages falling in the range
of 3.4 to 3.1 Ga (E. Bibikova, pers. comm.). Metamorphic zircons and zircon overgrowths
record two periods of granulite-grade metamorphism at 2.75-2.65 Ga and at about 1.97 Ga.

Although poorly exposed, early Archean rocks underlie significant portions of the
Ukrainian Shield in eastern Europe (Fig. 1.2-1). The oldest zircon ages, which range from
about 3.65 to 3.4 Ga, come from tonalites and enderbites in a small region near the eastern
margin of the Ukrainian shield (E. Bibikova, pers. comm.). More widespread are zircon
ages of 3.1 to 3.0 Ga, and most of the shield also contains components emplaced or/and
metamorphosed at 2.8 to 2.7 Ga. Less precise Pb-Pb ages from the Ingul-Ingulets region
suggest major peaks in igneous activity at 3.1-3.0 Ga and 2.93-2.9 Ga in TTG complexes,
and 2.8-2.7 Ga in at least one mafic complex (Yashchenko and Shekhotikin, 2000). In ad-
dition, Os isotope model ages from mafic and ultramafic bodies that are widespread in the
western part of the Ukrainian Shield yield ages of approximately 3.0 Ga (Gornostayev et
al., 2004).

Early Archean rocks have been recognized in the Ladoga Terrane of the Karelian Craton
in the extreme southeastern part of the Baltic Shield (Lobach-Zhuchenko et al., 1986).
Although most of the craton comprises Neoarchean granite-greenstone terrains, two older
orogenic belts (3.0-2.9 Ga), one with multimodal volcanism and the other with bimodal
volcanism, comprise the eastern part of Karelia. The oldest rocks are limited to a very
small area northeast of Lake Ladoga, where zircons yield ages up to 3.55 Ga. Two younger
belts (2.8-2.6 Ga) with the same distributions of volcanic rocks make up the western part
of the Karelia and eastern Finland. U/Pb zircon ages indicate a decrease in age from east to
west, with Neoarchean low-pressure granulite metamorphism recorded at 2.65 Ga in both
the western and eastern domains.

Early Archean rocks with ages as old as 3.5 Ga have been reported from five localities
in India (Fig. 1.2-1). Beckinsale et al. (1980) first reported a Rb-Sr whole-rock isochron
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age of 3358 &£ 66 Ma from the Dharwar Province in South India. U/Pb SHRIMP zircon
ages from detrital zircons in this province confirm the existence of pre-3.0 Ga rocks in
this region (Nutman et al., 1992b). Goswami et al. (1995) report a 3.55 Ga zircon age
from Singhbhum Province in eastern India. Nearby in the Eastern Ghats granulite belt,
Bhattacharya et al. (2001) report Pb-Pb zircon ages and Nd model ages in excess of 3.0 Ga.
The Eastern Ghats granulites typically have negative Eng values indicating the existence of
still older crustal sources. Trondhjemitic gneisses from Bastar Province yield a zircon U/Pb
age of 3.51 Ga, which appears to date the magmatic crystallization of the trondhjemites
(Sarkar et al., 1993). Zircon ages from a TTG complex in Rajasthan in northwestern India
in the Aravalli Province yield ages near 3.23 Ga, suggesting the existence of an old crustal
block in this region (Roy and Kroner, 1996). Although not well established, the size of
early Archean blocks in the Indian Craton seems to be rather small, and in some cases,
could be less than a few tens of kilometers.

Early Archean rocks have been recognized in two regions of South America (Fig. 1.2-1).
The Gavido block in the northern portion of the Sao Francisco Craton, northeast Brazil, is
one of the oldest Archean fragments (Martin et al., 1997). It underwent polycyclic evolu-
tion from old juvenile components dated between 3.4 and 3.0 Ga on zircons (Nutman and
Cordani, 1993; Leal et al., 2003). In the Umburanas greenstone belt, SHRIMP U/Pb iso-
topic analyses of detrital zircons from conglomeratic quartzites yield ages between 3.33
and 3.04 Ga. Tonalites from the Contendas—Mirante belt have intrusion ages of about
3.4 Ga (Nutman and Cordani, 1993). The Sete Voltas Massif is a composite crustal ter-
rane built in at least three successive accretionary events: 1) generation and emplacement
of magmatic precursors to the old grey gneisses at about 3.4 Ga; 2) younger grey gneisses
and porphyritic granodiorites intruded the old grey gneisses between 3.17 and 3.15 Ga; and
3) granite dykes emplaced at about 2.6 Ga during a late-stage magmatic event. All units
belonging to the Sete Voltas Massif yield homogeneous Tpy ages at 3.66 Ga, which may
reflect the age of older crustal protoliths.

The oldest fragment of continental crust in South America occurs as an isolated block
in the northeastern part of the Borborema province in eastern Brazil (Fig. 1.2-1). This is
the Sao Jose do Campestre Massif, which is surrounded by 2.2-2.0 Ga gneisses of the
Transamazonian Orogen. Single zircon ages from Campestre tonalities yield ages up to
3.5 Ga and Tpym Nd model ages of more than 3.7 Ga (Dantas et al., 2004). These old nuclei
are surrounded by reworked and juvenile crustal rocks with ages of 3.22 and 3.12 Ga, and
these in turn are intruded by 3.0 and 2.69 Ga granitoids.

1.2-3. MAJOR GRANITOID EVENTS IN THE PALEOARCHEAN

There are only two widespread age peaks in granitic magmatism prior to 2.8 Ga, at
3.3 and 2.86 Ga (Condie et al., 2007). The 2.86 Ga peak is recognized in the Superior,
North Atlantic, Amazon and Enderby Land Cratons, and the 3.3 Ga peak occurs in the
Aldan/Anabar, India, Pilbara, Yilgarn and Kaapvaal Cratons. In addition to these two age
peaks, important age peaks are recognized in at least three cratons at 3.38, 3.23, 3.17, 3.02,
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3.0 and 2.92 Ga. In contrast, the largest and best-defined detrital age peaks are at 3.14 Ga
in Australia and Antarctica, ca. 3.16 Ga in Laurentia, and 3.38 Ga in Australia. Only the
3.38 Ga peak is recognized in both igneous and detrital zircon populations, the latter peak
entirely defined by 440 single zircon ages from the Jack Hills quartzites in the Yilgarn
Craton (Harrison et al., 2005).

The cratons of North America (Superior, Wyoming, Slave and North Atlantic cratons)
have distinct early Archean age spectra. In contrast to the Slave and North Atlantic Cratons,
all of the major granitoid age peaks in the Superior and Wyoming Cratons are less than
about 3.0 Ga. The North Atlantic Craton has a distinctly bimodal distribution of age peaks
around 2.8 Ga and between 3.7 and 3.6 Ga. The Slave Craton has the longest, although
sporadic, early Archean history defined by igneous zircons from 4.0 to 2.9 Ga, whereas the
Yilgarn Craton has the longest history defined by detrital zircons (from 4.35 to 2.8 Ga).
Major granitoid age peaks older than 3.7 Ga are limited to four cratons: Yilgarn, Slave,
North Atlantic and North China Cratons (Condie et al., 2007). If detrital age peaks are
included, the Kaapvaal Craton can be added to the list.

The early Archean granitic age spectra do not favor Superior—Yilgarn, Slave—Yilgarn,
Yilgarn—Pilbara, or Superior—Slave connections before the Neoarchean, since only one or
two major early Archean granitic episodes is shared in common between any of these cra-
tons. Unlike the Slave and Yilgarn Cratons, the Superior Craton shows no major granitoid
episodes before 3.0 Ga. With our current database of zircon ages, there is no evidence to
support global granitic magma events in the early Archean.
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Chapter 2.1

THE FORMATION OF THE EARTH AND MOON
STUART ROSS TAYLOR

Department of Earth and Marine Sciences, Australian National University,
Canberra, ACT, Australia

The curious compositions of the Earth and the Moon have arisen as a consequence of
their formation within the inner solar system. Accordingly it is necessary to place this
discussion within the wider context of the formation of the planetary system itself.

2.1-1. THE SOLAR NEBULA

The Sun and planets formed from a rotating disk, the solar nebula. This contained three
components, loosely “gases, “ices” and “rock”. The major component was “gas” (98% H
and He). The remaining two percent of the disk contained the heavier elements (the so-
called “metals” of the astronomers). These had accumulated as the product of 10 billion
years of nucleosynthesis, forming in previous generations of stars before being dispersed
into the interstellar medium. Abundant elements such as carbon, oxygen and nitrogen
formed compounds with hydrogen that included water, methane and ammonia. These com-
pounds, constituting about 1.5%, were present in the nebula as “ices”. The remaining 0.5%
of the nebula was composed of dust and grains (“rock”) from which the rocky planets were
formed. We are well informed about its make-up because the composition of the Type 1
(CD class of chondritic meteorites, when ratioed to a common element such as silicon,
matches the composition of the solar photosphere determined from spectral analysis. As
the Sun contains 99.9% of the mass of the solar system, this match informs us of the com-
position of the “rock” fraction of the original solar nebula.

At this stage, one might suppose that the problem of the composition of the inner rocky
planets is solved. But surprisingly, both the terrestrial planets and most classes of me-
teorites do not match this primordial composition. To resolve this problem, we have to
consider the events leading not only to the formation of the inner planets, but of the four
giant planets as well (Taylor, 2001, Chapters 7, 8). It is difficult to arrive at a satisfactory
definition of a planet as they are formed by stochastic processes; witness the furore over
the status of Pluto or its larger colleague, 2003 UB313, which are eccentric dwarfs when
placed among the planets, but are the largest bodies in the Kuiper Belt in their own right.
The debate over the status of Pluto by a committee of the International Astronomical Union
is an interesting example of a struggle between politics, sentiment and science. As Con-
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fucius remarked; “the beginning of wisdom is to call things by their right names” (Taylor,
2004).

2.1-2. THE FORMATION OF THE GIANT PLANETS

There is a major difference in mass between the terrestrial and the giant planets that
reside beyond 5 astronomical units (AU). The latter contain a total of 440 Earth-masses
of gas, ices and rock. Those nearer the Sun — Mercury, Venus, Earth, Moon and Mars —
in startling contrast, contain only a trivial amount (two Earth-masses) of rock. But even
the giant planets differ among themselves. Jupiter and Saturn are gas giants, bodies with
massive gas envelopes surrounding cores, while Uranus and Neptune are mostly ice and
rock cores with about one Earth-mass of gas. How did this difference arise?

To begin with, solar nebula material, gases, ices and rock of CI composition flowed into
the Sun through the circum-solar disk. When the Sun grew large enough to initiate H to
He burning, strong solar winds developed. These swept away the gas and ices from the
inner nebula. As a consequence, disks around young stars survive for only a few million
years. Typical disk lifetimes vary from 3 to 6 My (Haisch et al., 2001). The formation of
the planets is thus a very late event in the history of the disk, beginning only after the Sun
had formed and commenced the H to He burning (Taylor, 2001).

Where it was cold enough out in the disk, at about 5 AU, water condensed as ice, form-
ing a “snow line” (Stevenson and Lunine, 1988). The resulting pile-up of ices and dust
trapped at the “snow line” at 5 AU locally increased the density of the nebula. This density
increase led to a rapid (10° year) runaway growth of large bodies (1015 Earth-masses) of
ice and dust. The ice giants Uranus (14.5 Earth-mass) and Neptune (17.2 Earth-mass) are
surviving examples of these cores. At the same time, the gas (H and He) was also being
dispersed by the stellar winds. These massive cores of dust and ice were able to capture
variable amounts of gas by gravitational attraction. Jupiter was able to accrete about 300
Earth-masses of gas ahead of the others. It became dominant gravitationally, so that it dis-
persed the other cores outwards into the gas-poor regions of the nebula (Thommes et al.,
2002).

The gas content of Jupiter is much less than that present in the original nebula, with the
result that Jupiter does not have the composition of the Sun, but is enriched in the “ice and
rock” component, or “metals” by a factor of somewhere between 3 and 13% of the solar
abundances (Lunine et al., 2004; Guillot et al., 2004). Saturn, although it has a similar size
core to Jupiter, managed to capture only about 80 Earth-masses of gas, whereas Uranus
and Neptune managed to accrete only one or two Earth-masses of gas.

The model discussed here is referred to as the “core accretion” model for forming the
giant planets. An alternative model for giant planet formation by condensation directly
from the gaseous nebula is usually referred to as the disk instability model (Boss, 1997,
2003). The main attraction of this model is fast formation of the giant planets within a
few thousand years, but there are two fatal flaws. First, the giant planets are predicted to
be of solar composition, but Jupiter and Saturn are enriched by several times in “ices and
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rock” relative to the solar composition. Secondly, the interior of Jupiter is at pressures of
50-70 mbars with temperatures up to 20,000 K, so that the material is present as a plasma
of protons and electrons, so-called “degenerate matter”. Thus, a density contrast does not
exist so that a core cannot “rain out” in the manner that the iron core formed in the Earth.
Thus, the core of a giant planet has to form first, around which the gas can subsequently
accrete.

2.1-3. PLANETESIMALS

In this scenario, the giant planets formed well before the terrestrial planets, while gas
was still present in the nebula. The terrestrial planets accreted much later from the dry rocky
refractory material (about two Earth-masses, of which the asteroids are analogues) that was
leftover in the inner nebula following the dispersal of the gaseous and icy components of
the nebula. Thus, following the formation of the gas and ice giants, the inner nebula was
dry and free of gas. If the Earth had formed in a nebula that was gas-rich, ices would also
have been present. In this case, the Earth would have accreted not only water ice, but also
methane and ammonia ices. So the abundances of water, carbon and nitrogen would be
orders of magnitude more than is observed, while the noble gases are highly depleted in
the Earth.

But in addition to the depletion in gases and ices, the rocky component in the inner neb-
ula is depleted in the elements that have condensation temperatures below about 1100 K.
These are depleted in the entire inner nebula, in the Earth, Venus, Mars and most classes of
meteorites relative to the original “rock” component of the solar nebula that is represented
by the CI chondrites. (Table 2.1-1; Taylor, 2001, Chapter 5).

This depletion is illustrated by Fig. 2.1-1, in which the composition of the silicate man-
tle of the Earth (Table 2.1-1) is plotted relative to the composition of the CI carbonaceous
chondrites. The depletion occurred in the earliest stages of the nebula, close to Tyero, and
was not connected with the later formation of the planets. (This time is given convention-
ally by the ages of the oldest refractory inclusions [CAIs] in meteorites at 4567 4 0.6 Ma
and referred to as Tp or Tyero: Amelin et al., 2002). Thus, the meteoritic chondrules formed
2 My after T,er, from material that was already depleted in the volatile elements (Amelin
et al. 2002).

The causes are much debated. The nebula was cool, not hot, so that the old notion of
elements condensing from a hot nebula is no longer tenable. Probably the depletion was
due to early intense solar activity that swept away, along with the gases and ices, those
volatile elements that were not present in grains (Yin, 2005). In the interstellar medium,
elements with condensation temperatures below about 1000-1100 K are in the gas phase,
while the more refractory elements are in grains. So it is plausible that the volatile elements
were swept out along with the gases and ices by early intense solar winds.

It is worth noting that elements such as potassium and lead, which are much less volatile
than water, are depleted, whereas the primary minerals of meteorites are anhydrous, again
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Table 2.1-1. The composition of the primitive silicate mantle of the Earth (present mantle plus crust)

Element Element Element Oxide wt%
Li 2.1 ppm Rb 0.55 ppm Eu 131 ppb Si0; 46.5
Be 60 ppb Sr 17.8 ppm Gd 459 ppb TiOy 0.16
B 0.26 ppm Y 3.4 ppm Tb 87 ppb Al,O3 3.64
Na 2500 ppm Zr 8.3 ppm Dy 572 ppb FeO 8.0
Mg 23.2 wt% Nb 0.56 ppm Ho 128 ppb MgO 38.45
Al 1.93 wt% Mo 59 ppb Er 374 ppb CaO 2.89
Si 21.4 wt% Ru 4.3 ppb Tm 54 ppb Na,O 0.34
K 180 ppm Rh 1.7 ppb Yb 372 ppb K,0 0.02
Ca 2.07 wt% Pd 3.9 ppb Lu 57 ppb Total 100.1
Sc 13 ppm Ag 19 ppb Hf 0.27 ppm

Ti 960 ppm Cd 40 ppb Ta 0.04 ppm

\Y% 85 ppm In 18 ppb \ 16 ppb

Cr 2540 ppm Sn 0.14 ppm Re 0.25 ppb

Mn 1000 ppm Sb 5 ppb Os 3.8 ppb

Fe 6.22 wt% Te 22 ppb Ir 3.2 ppb

Co 100 ppm Cs 18 ppb Pt 8.7 ppb

Ni 2000 ppm Ba 5.1 ppm Au 1.3 ppb

Cu 18 ppm La 551 ppb Tl 6 ppb

Zn 50 ppm Ce 1436 ppb Pb 120 ppb

Ga 4 ppm Pr 206 ppb Bi 10 ppb

Ge 1.2 ppm Nd 1067 ppb Th 64 ppb

As 0.10 ppm Sm 347 ppb U 18 ppb

Se 41 ppb

Source: Data from Taylor, S.R. (2001). Solar System Evolution, second ed. Cambridge University Press. Ta-
ble 12.6.

indicative of a lack of water in the inner nebula both during meteorite formation and later
planetary assembly.

The material in the inner nebula, initially as grains, accreted into meter-sized lumps
that formed into kilometre- and eventually Moon-sized bodies. These building blocks are
termed planetesimals. The best surviving analogues are the asteroids, along with Phobos
and Deimos, the tiny moons of Mars. These planetesimals were dry, depleted in the volatile
elements, and had wide variations in the abundance and oxidation state of iron. Some were
differentiated into metallic cores and silicate mantles that are common in the bodies in the
asteroid belt (Taylor and Norman, 1990; Mittlefehldt et al., 1998).

Examples of such early processes that resulted in a differentiated body are provided
by the basaltic meteorites (eucrites) derived from the large asteroid 4 Vesta, 450 km in
diameter. These provide evidence of the eruption of basalts on the surface of that asteroid
at 4557 Ma, a date that is within a few million years of T}¢r, (Carlson and Lugmair, 2000).

The main point for the formation of the terrestrial planets is that many of the planetes-
imals melted and differentiated very early, within a few million years of the origin of the
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Fig. 2.1-1. The composition of the Earth relative to the primitive solar nebular abundances given
by those in the Type 1 carbonaceous chondrites (CI). Data from McLennan et al. (2005) and Taylor
(2001, Tables 5.2 (Cl) and 12.6 (Earth primitive mantle)). The mantle data have been reduced by 0.68
to allow for the core of the Earth.

solar system at 4567 Ma (Kleine et al., 2005a). Most of the asteroids that were sunwards
of 2.7 AU were melted. According to the Hf-W isotopic data, core formation on asteroids
may have occurred less than 1.5 My after T,er, (4567 Ma) and so may predate chondrule
formation, well constrained to occur more the 2 My after Ty, that implies separate ori-
gins for the differentiated asteroids and chondrules. The implication from what must be a
very restricted sampling is that melting and differentiation were widespread. Most ordinary
chondrites have also been depleted in volatile elements and display similar geochemical
fractionations to those observed in the terrestrial planets.

The heat source for melting these small bodies was probably 20 Al (1, 2 ="1730,000 years).
26 Al decays to 2°Mg and there is evidence of Mg anomalies resulting from this radioac-
tive decay in some basaltic meteorites (eucrites) from the large differentiated asteroid
4 Vesta, as well as in other meteorites.

Thus, the Earth and the other inner planets accreted from objects that had previously
been melted and differentiated. Metal-sulfide-silicate equilibria were established in these
bodies, under low-pressure conditions. However, following such events as the Moon-
forming collision, re-equilibration of mantle and core in the Earth may have occurred under
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higher pressures (Halliday et al., 2000). During the accretion of the planets, further melt-
ing, perhaps as a consequence of impacts, will cause rapid and perhaps catastrophic core
formation as metal segregates from silicate.

2.1-4. THE FORMATION OF THE TERRESTRIAL PLANETS

During the process of collisional accretion of the planets, the intermediary bodies grew
to large sizes. Before the final sweep-up into the inner planets, computer simulations indi-
cate there were likely over 100 objects about the mass of the Moon (1/81 Earth mass), ten
with masses around that of Mercury (1/20 Earth mass), while a few exceeded the mass of
Mars (1/11 Earth mass), most of which were accreted to Venus and the Earth. The stochas-
tic nature of this process is demonstrated by the fact that Earth and Mars, the two planets
on which we have most information, differ significantly in density and so in their major el-
ement composition. Venus is much closer in density, major element composition and in the
abundances of the heat producing elements, K, U and Th, to the Earth, but has experienced
a wildly different geological evolution (see Hansen, this volume).

Although the Earth has a general “chondritic” composition, it cannot be linked either to
a specific meteorite class, or to some mixture of the many groups (see Bevan, this volume).
Neither K/U ratios, volatile element compositions, nor rare gas abundances in the Earth
equate to the meteoritic abundances. Oxygen isotope data show that, except for fraction-
ated basaltic meteorites (ruled out on the other grounds), no observed class of meteorites
matches the terrestrial data, except for the enstatite chondrites. Because of this and their
extremely reduced nature, enstatite chondrites are often thought to be suitable building
blocks for the Earth (Javoy, 1995). However their low Al/Si and Mg/Si ratios and their low
volatile elements content rule them out as candidates. So, it is a coincidence that the Earth
and the enstatite chondrites share the same oxygen isotopic composition. As is well known
to philosophers, similarity does not imply identity.

Mercury and Mars are survivors from this final population of planetesimals that accreted
to form Venus and the Earth. It took longer to form the large terrestrial planets, taking
somewhere between 30 to 100 My for planetesimals to be assembled into the four terrestrial
planets. This accretion of bodies into the terrestrial was hierarchical. One impacting body
was at least the size of Mars and was among the last of the giant collisions with the Earth.
This body, now named Theia, would have been a respectable planet in its own right had it
not collided with the Earth. The consequence was the formation of the Moon as a result of
a glancing collision with the Earth (Canup and Asphaug, 2001).

Some conflicting information exists on the timing of these events. One of the more use-
ful isotopic systems is the decay of '82Hf to '32W that has a half-life of 9 My and so is
suited to document events in the early solar system (Jacobsen, 2005). During the differen-
tiation of planets into metallic cores and silicate mantles, separation of tungsten (into iron
cores) from hafnium (retained in silicate mantles) occurred. After some initial controversy
(Halliday et al., 2000; Jacobsen, 2005), it is now agreed that the presence of radiogenic
I182W in the terrestrial mantle indicates that the separation of core and mantle occurred
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within the lifetime of '82Hf, and so occurred within 30-50 My of Ty, (Jacobsen, 2005).
The oldest reliable zircon age is 4363 4= 20 Ma (Nemchin et al., 2006) that is 200 My after
T,ero- Application of this system to the Moon, although not without difficulties, indicates
crystallization of the lunar magma ocean at 4527 Ma, within 40 My of T, (Kleine et al.,
2005b). This date contrasts with the younger age of 4460 &+ 20 Ma (Norman et al., 2003)
obtained for lunar anorthosites. Probably the best that can be said at this stage is that the
accretion of the Earth and the formation of the Moon by the last giant collision occurred
within 30 to 100 My after Tero.

The Moon is depleted in a uniform pattern for elements that are volatile below about
1100 K relative to the Earth and other inner solar system bodies, in which these elements
are depleted relative to Cl in order of volatility (Figs. 2.1-1 and 2.1-2). Refractory ele-
ments are not fractionated relative to chondritic abundances, but many investigators have
suggested that the Moon is enriched in refractory elements as a group (Taylor et al., 2006).
This may indicate that the Moon formed by condensation from a vapor phase following
the impact. Most (85%) of the Moon is derived from Theia, the impactor. The similarity
in Cr and O isotopes in both bodies may be a result of equilibration during the collision
(Pahlevan and Stevenson, 2005).

The high iron/silicate ratio in Mercury was probably due to the loss of much of its
silicate mantle following a collision of Proto—Mercury with an object about 20% of its
mass (Benz et al., 1988).

Much radial mixing took place in the inner nebula during the final accumulation of the
Earth and Venus, and the large planetesimals were widely scattered. So the material now
in the Earth and Venus came from the entire inner solar system, in contrast to the accretion
of the smaller planetesimals that formed from restricted radial zones.

There has been much debate over whether a “late veneer” of material was responsible
for the chondritic-like patterns of the siderophile elements in the upper mantle. However,
many difficulties remain, as no meteorite class seems suitable to provide this pattern (Drake
and Righter, 2002). The source of water in the Earth and Mars was derived from later drift-
back of icy planetesimals, or from comets from the Jupiter region. Comets, once a favourite
source, are ruled out by having too high D/H ratios (Morbidelli et al., 2000).

2.1-5. THE PRE-HADEAN STATE OF THE EARTH

The consequence of such massive collisions is that these events have sufficient energy to
melt the terrestrial planets (Stevenson, 1988), thus facilitating core-mantle separation. Such
a collisional history also accounts for the variations in composition of the terrestrial plan-
ets, as the planets accreted from differentiated planetesimals that had already undergone
many collisions. Thus, some diversity of composition can be expected. Early planetary
atmospheres may also be removed or added by cataclysmic collisions, accounting for the
significant differences among the atmospheres of the inner planets. Thus, “in the context of
planetary formation, impact is the most fundamental process” (Grieve, 1998), while “chaos
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Fig. 2.1-2. The composition of the Moon compared with that of the Earth, both normalized to CI
carbonaceous chondrites (dry basis) (Taylor et al., 2006). The abundance curve for the Earth is prin-
cipally derived from McLennan et al. (2005), and other sources. The refractory elements in the Earth
are 1.5 x CI, and in the Moon are 3 x CI (see text). The figure is interpreted to indicate that the
material in the impactor mantle (Theia), from which the Moon was derived, was inner solar-system
material already depleted in volatile elements at Tzero and that the abundances in the Earth provide
an analogue for its composition. Mn and K provide fixed points for the Moon curve. Mn has the same
abundance in the Earth and Moon. Potassium abundances are derived from K/U values (Earth 12,500;
Moon 2500). The volatile-element data for the Moon are derived from Wolf and Anders (1980), who
recorded a uniform depletion of 0.026 & 0.013, for the elements listed, in lunar low-Ti basalts com-
pared to terrestrial oceanic basalts. In the absence of more recent data for both bodies, we adopt
their study as recording the Moon—Earth depletion. The significant point is that the lunar depletion is
uniform and not related to volatility, which would produce a much steeper depletion pattern (lower
dotted line). Thus, the lunar pattern is interpreted as resulting from a single-stage condensation from
vapour (>2500 K) that effectively cut-off around 1000 K.

is a major factor in planetary growth” (Lissauer, 1999). The bizarre landscapes produced
by chaotic processes are well illustrated by the Uranian satellite, Miranda (Fig. 2.1-3).
The collisions occurring during accretion are quintessential stochastic events. Of course,
the probability of impacts of bodies of the right mass and at the appropriate angle and
velocity to produce the Moon or remove the mantle of Mercury is low. However, other
collisions involving different parameters might produce equally “anomalous” effects, such
as a Moon for Venus, no Moon for the Earth, or different masses, tilts or rotation rates for
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Fig. 2.1-3. Miranda, one of the icy satellites of Uranus, 242 + 5 km in radius with a density of
126 £ 04 ¢g cm ™3, showing a chaotic landscape of fault-bounded blocks, called coronae, probably
the result of tidal interactions with neighbouring satellites and Uranus. The surface relief is up to
20 km. (Courtesy NASA JPL P 29505.)

the inner planets. The variations in composition and later evolution of the terrestrial plan-
ets are thus readily attributable to the random accumulation of planetesimals with varying
compositions. Indeed, computer simulations have difficulty in reproducing the final stages
of accretion of the inner planets, commonly producing fewer planets with large eccentric-
ities and wider spacings, thereby emphasizing the importance of stochastic processes in
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planetary formation (Canup and Agnor, 2000; Levison et al., 1998). The end result of the
accretion of the Earth is that it was most likely entirely molten (as was the Moon) around
4500 +£ 50 Ma.
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Chapter 2.2

EARLY SOLAR SYSTEM MATERIALS, PROCESSES,
AND CHRONOLOGY

ALEX W.R. BEVAN

Department of Earth and Planetary Sciences, Western Australian Museum,
Perth, Western Australia 6000, Australia

2.2-1. INTRODUCTION

While the oldest known intact rocks on Earth, the Acasta Gneiss, are around 4.0 Ga
(Bowring and Williams, 1999), and the oldest reliable age for a derived zircon in the Jack
Hills metasedimentary rocks is 4363 £ 20 Ma (Nemchin et al., 2006), there is a source
of much older material for study — meteorites. This simple term, however, belies the di-
versity and complexity of the rocks that are observed to fall, or are subsequently found
on Earth, and the widely dispersed source regions in the Solar System from whence they
came. Moreover, these products of early Solar System processes are a unique source of
information about the mechanisms of the construction of small planetesimals and the plan-
ets, and the kinds of materials from which they might have accreted. Most importantly, the
study of meteorites and their components has allowed the refinement of the time-scales for
some of the earliest events in the birth and evolution of the Solar System (McKeegan and
Davis, 2003).

The exact nature of the materials from which the Earth accreted is unknown. Moreover,
it is not known whether any of the meteorites (or mixtures thereof) that have been recovered
represent such materials (e.g., see Halliday, 2003, and references therein). A question that
is fundamental to an understanding of the accretion of the Earth is constraining its age.
Here meteorites have played an unique role. Since the pioneering work of Patterson (1956)
it has been known that primitive meteorites (the chondrites) are ca. 4.55 Ga old, and this
is used to constrain the age of the Earth. Various models for the accretion of the Earth
have been proposed and, while they vary in detail, all view the Earth as ‘younger’ than the
dust and planetesimals from which it accreted. The most widely accepted theory, which is
supported by mathematical modelling, is that the Earth may have been one of the largest
of a swarm of early planetesimals that accreted in the Earth’s vicinity in the inner Solar
System (Taylor and Norman, 1990).
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2.2-2. EARLY SOLAR SYSTEM MATERIALS

The available chemical, isotopic and astronomical evidence suggests that the materials
we see as meteorites originated within the Solar System, and that the great majority appear
to be fragments of asteroids in solar orbits between Mars and Jupiter. Excluding meteorites
recognised as of planetary origin (Lunar and Martian), some meteoritic components have
extremely old formation ages (4567.1 £ 0.16 Ma), and some of these materials appear to
have remained relatively unaltered since their formation (Amelin et al., 2006). As samples
from minor planets that became internally, largely thermally, inactive shortly after the birth
of the Solar System, meteorites record events that occurred during its earliest history.

Overall, meteoritic materials are dominated by ferro-magnesian silicates and metallic
iron—nickel (Fe-Ni). Historically, meteorites were grouped into three broad categories on
their contents of these two major components (Hutchison, 2004). Iron meteorites are com-
posed principally of metal; stones (or stony meteorites) consist predominantly of silicates,
but with varying amounts of accessory metal; and stony irons comprise metal and silicates
in roughly equal proportions. However, the last 40 years of meteorite research has focused
on meteorite classification based on their detailed mineralogy, petrology, bulk chemistry,
and oxygen isotopes. One of the aims of modern meteorite research is to group together
‘genetically’ related meteorites, and to seek relationships between groups that may reveal
their origin. The modern classification system (Tables 2.2-1 and 2.2-2) recognises groups
with similar properties that reflect similar formation histories and, presumably, similar par-
ent (asteroidal or planetary) body origins (e.g., see Krot et al., 2003 and references therein).

Essentially, only two major categories of meteorites are recognised; meteorites that
contain chondrules, the chondrites, and the non-chondritic meteorites that do not. The
chondrites are those meteorites characterized by small, generally mm-sized beads of pre-
dominantly silicate material, called chondrules (Greek chondros = grain), from whence
their name derives, and fifteen groups are currently recognised (Table 2.2-1). The origin
of chondrules remains enigmatic, but they are accepted as some of the early solids in the
Solar System. Chondrites are gas-borne agglomerates, of both high- and low-temperature
materials, whose individual components and whole rocks have been variably altered by
retrograde (aqueous alteration) and prograde (recrystallization) metamorphism. In many
chondrites, secondary (metamorphic) processes have been overprinted by tertiary (shock
metamorphic) processes.

The non-chondritic meteorites (Table 2.2-2) include those meteorites that lack chon-
drules and have textures and chemistries that show that they formed by partial, or complete
igneous differentiation of their parent bodies, or are breccias of igneous debris. They in-
clude two kinds of stony achondritic (silicate-rich, but lacking chondrules) meteorites;
primitive achondrites (those that retain a chemical signature of the precursor chondritic
material from which they were made), and excluding meteorites from the Moon and Mars,
seven groups of highly differentiated asteroidal achondrites. Of the metal-rich meteorites,
there are thirteen groups of chemically distinct iron meteorites with essentially igneous
histories, and two distinct groups of igneous stony irons, mesosiderites and pallasites. In
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Table 2.2-1. Meteorite classification (chondrites)

Class Group Petrologic type Sub-group Mg/Si at* Fe/Si at*
CI 1 1.066 8719
S cM 12 1.042 8177
- co 34 1.053 7847
=
5 (0)% 34 CVa, CVb, CVred | 1.066 7578
(&7
g CK 3-6 1.127 7855
Q
2 CR 1-3 1.045 7875
S CH 3 1.063 15222
CB 3 CBa, CBb
8
2 -
O _
% s H 3-6 0.954 8177
=
O g L 3-6 0.952 5838
o
2 LL 3-6 0.928 4913
o)
=
> EH 3-6 0.871 8730
g EL 3-6 0.731 5934
fe=)
0
| R (Rumuruti) 3-6 0.934 7696
| K (Kakangari) 3

*Data from Hutchison (2004).

addition, there are a number (> 50) of meteorites (mainly irons) that do not fit into any of
the recognised groups and are termed either anomalous (irons), or ungrouped (stones).

2.2-2.1. Chondritic Meteorites

While texturally, most chondrites are dominated by chondrules and the matrix in which
they are set (Fig. 2.2-1(a)), mineralogically they are complex aggregates of ferro-
magnesian silicates (olivine and pyroxene), Fe-Ni metal, Ca-Al-rich inclusions (often re-
ferred to as refractory inclusions, or CAls), and rare aggregates of olivine grains (amoeboid
olivine aggregates). Additionally, the mineralogy of chondrites may include magnetite,
chromite (or chrome spinels), iron-sulfides (troilite, pyrrhotite and pentlandite), carbonates,
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Table 2.2-2. Meteorite classification (non-chondritic meteorites)

w
]
g Acapulcoites
Fg Clan/same parent body?
o Lodranites
=
Q
< Silicates in IAB-IIICD irons
qé ) ) Clan/same parent body?
= Winonaites
g
=
=B
Angrites
w2
L = .
'g = Aubrites
2 g .
© S Brachinites
= 2
o = -
p= = | Ureilites
= L
< R=
5 4 5 | Howardites
<= = =
Q g o .
= el S5 Eucrites HED clan, same parent body
=) = 3
Z = . .
= Diogenites
Q
<
=
e
= 5 Shergottites
o -
) v .
53 =) Nakhlites
% e o Martian (SNC)
a @ Chassignites
=
'é Orthopyroxenites
<}
<
S
Lunar Moon

sulfates, and ‘serpentine’ group minerals (for a detailed review of meteorite mineralogy,
see Rubin (1997a, 1997b)).

Ca-Al-rich inclusions contain refractory materials and range in size from sub-millime-
tre, to centimetre-sized, objects that occur in varying abundances in all groups of chondrites
(Fig. 2.2-1(b)). The mineralogy and isotopic composition of Ca-Al-rich inclusions suggest
that they are amongst the earliest solids to have formed in the Solar System, and this is
confirmed by isotopic dating. Both Ca-Al-rich inclusions and chondrules are the products
of very high temperature events during the early history of the Solar System, and the lat-
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Table 2.2-2. (Continued)

w
g Mesosiderites | Possibly related to HED clan
—
2 Main group ~ Possibly related to 1IIAB irons
n = Pallasites Eagle Station
2 v Pyroxene
S
2 IAB-IIICD*
£ IC
L IIAB
a= 1cC
2 1D
2 ” IIE* Possible differentiates from H-chondrite-like precursor
s g ITF
5 = G
4 IIIAB  Possibly related to Main group pallasites
IIIE
IIF
IVA*
IVB
Anomalous

*Silicate-bearing irons.

ter probably originated from pre-existing solids in the nebula (MacPherson, 2003; Rubin,
2000; Shu et al., 2001).

Meteorites within chondritic classes and groups show the effects of varying degrees of
secondary alteration, to which have been assigned petrologic labels on a numbered scale
from 1-6 (Van Schmus and Wood, 1967). Petrologic types 1 and 2 refer to those chondrites
containing water-bearing minerals indicative of low temperature, retrograde aqueous alter-
ation, where type 1 chondrites have experienced greater aqueous alteration than type 2.
Other chondrites show degrees of recrystallization from type 3 (least recrystallized) to
type 6 (most recrystallized) that has progressively erased their chondritic textures, and is
attributed to prograde metamorphism. Types 4 and 5 are intermediate between these ex-
tremes. Type 3 chondrites display prominent chondrules with abundant glasses and highly
disequilibrated mineral assemblages, set in a fine-grained matrix. In type 6 chondrites,
solid-state crystallization of matrix and chondrule mesostases has all but erased their chon-
dritic textures and they contain more or less equilibrated mineral assemblages. On the basis
of detailed mineral chemistry and thermoluminescence sensitivity, type 3 ordinary chon-
drites have been further divided into ten metamorphic sub-types (3.0-3.9) (e.g., see Sears
et al. (1991) and references therein). Sub-types are also recognised in type 3 chondrites
from other groups (Guimon et al., 1995; Scott and Jones, 1990).

The abundance of iron in chondrites and the distribution of this element between re-
duced (metal + sulfide) and oxidized (silicates + oxides) phases (Fig. 2.2-2) distinguish
a number of groups of chondrites. The same groups can also be distinguished on ratios of
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Fig. 2.2-1. (Previous page.) (a, top) A barred olivine chondrule (centre — ca. 0.4 mm across) com-
prising crystals of olivine in glass, together with other smaller chondrules in an ordinary chondrite.
The origin of chondrules remains enigmatic, but there is general agreement that they formed from
rapidly cooled molten droplets generated in the early Solar System. (b, bottom) A mass of the Allende
CV3.2 chondritic meteorite, showing chondrules and large, white refractory inclusions (Ca-Al-rich
inclusions) beneath black fusion crust. Bizzarro et al. (2004) have shown that whereas some chon-
drules in Allende formed synchronously with the earliest Ca-Al-rich inclusions, others formed over
a period spanning 1.4 Ma after the earliest Ca-Al-rich inclusions. The youngest chondrules help to
constrain the time of accretion (scale bar = 2 cm).

their refractory element (Mg, Al, Ti, Ca) contents to silicon, and oxygen isotopes (Clayton,
2003) (Fig. 2.2-3).

Thirteen groups of chondritic meteorites comprise three major classes (carbonaceous,
ordinary and enstatite chondrites). Eight groups of carbonaceous chondrites (CI, CM, CO,
CV, CR, CH, CB, and CK) are recognised (Table 2.2-1). The name carbonaceous is some-
what misleading since only three groups (CI, CM, and CR) contain significant amounts of
carbon. Carbonaceous chondrites are characterised by Mg/Si atomic ratios >1, are gen-
erally highly oxidized, contain hydrous minerals, and can contain significant amounts of
magnetite. CI chondrites lack chondrules. However, their ‘chondritic’ chemistries and the
presence of rare high temperature mineral fragments (olivine and pyroxene) that may be
chondrule remnants (McSween and Richardson, 1977; Endress and Bischoff, 1993, 1996;
Leshin et al., 1997), show that they are chondrites. Compositionally the most primitive, CI
chondrites provide the closest match to the photosphere of the Sun (Anders and Ebihara,
1982; Anders and Grevesse, 1989; Palme and Jones, 2003). Despite their primitive compo-
sition, however, texturally and mineralogically CI chondrites show abundant evidence of
mechanical and hydrothermal processing. Only five CI chondrites are known, all observed
falls, and all are microscopic breccias. Essentially, they consist of very fine-grained hy-
drous silicates with accessory magnetite, sulfides, and occasional veins of carbonates and
sulfates as further evidence of hydrothermal processes. Gounelle and Zolensky (2001),
however, have suggested that in one CI, Orgueil, sulfate veins may have been produced
during post fall storage in collections, and do not represent parent body processing. Never-
theless, CI chondrites match solar abundances of the elements, so their secondary alteration
must have been isochemical in an essentially closed system.

The enstatite chondrites comprise two groups (EH and EL, where H = high iron and
L = low iron) that are distinguished on mineralogy and bulk chemistry (Fig. 2.2-2) (Sears
et al., 1982). These are highly reduced materials containing abundant metal and, as their
name suggests, virtually iron-free silicates. Enstatite chondrites have low Mg/Si atomic
ratios (<0.9), and lithophile element bearing sulfides reflecting their highly reduced na-
ture (e.g., oldhamite CaS) (e.g., see Brearley and Jones, 1998; Krot et al., 2003). EH and
EL chondrites range in petrologic type from 3—6. There is some doubt as to whether the
enstatite chondrites come from one, or two, parent bodies (e.g., see Krot et al. (2003) and
references therein).
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Fig. 2.2-2. The bulk molecular ratios of iron as metal + sulfide to silicon, versus iron in silicates and
oxides to silicon for the chondrite groups. Not shown here are the metal-rich CH and CB chondrites
(after Brearley and Jones, 1998).

Ordinary chondrites are the most abundant meteorites observed to fall and quickly re-
covered, accounting for more than 80% of the modern meteorite flux. Ordinary chondrites
comprise three distinct groups (H, L, LL) that are depleted in refractory elements rel-
ative to CI chondrites (Mg-normalized refractory lithophile abundances of approximately
0.85 x CI). They contain significant amounts of both metallic and oxidized iron (Fig. 2.2-2),
and have Mg/Si ratios intermediate to E and C chondrites. Their oxygen isotope compo-
sitions lie above the terrestrial fractionation line (Fig. 2.2-3). In the sequence H-L-LL,
siderophile element abundances decrease and oxidation state increases. Ordinary chon-
drites show a wide degree in secondary metamorphic alteration from types 3-6 (severely
recrystallized chondrites are sometimes labelled type 7), with some of the lowest metamor-
phic types (<3.1) having suffered minor aqueous alteration (Hutchison et al., 1987, 1998).
The ordinary chondrites appear to represent material from at least three separate parent
bodies. However, a small number of chondrites that lie between the resolved groups, or
apparently related chondrites extending towards more highly reduced or oxidized compo-
sitions than ordinary chondrites, may represent material from additional parent bodies.
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Fig. 2.2-3. Bulk oxygen isotopic compositions of the chondrite groups. TF is the terrestrial fraction-
ation line at slope 1/2. A mixing line of slope 1 is defined by the anhydrous minerals in CO, CV and
CK chondrites. Not shown are the CB chondrites (after Brearley and Jones, 1998).

The R (Rumuruti) and K (Kakangari) chondrites are distinct from each other, and from
the three major chondrite classes, and may represent additional classes. R chondrites are
highly oxidized materials containing nickel-bearing olivine and sulfides, magnetite, and
little, or no, Fe-Ni metal. Mineralogically, Ca-Al-rich inclusions are only rarely found
in R chondrites (Weisberg et al., 1991; Bischoff et al., 1994; Rubin and Kallemeyn,
1994; Schulze et al., 1994; Kallemeyn et al., 1996; Russell, 1998 and references therein),
they have a high proportion of matrix to chondrules (1:1), and are commonly brecciated
(Bischoff, 2000). While the R chondrites contain refractory lithophile and moderately
volatile element abundances (approximately 0.95 x CI) close to those in ordinary chon-
drites, relative enrichment in some volatile elements (such as Ga, S, Se and Zn) and their
oxygen isotopic compositions serve to distinguish them (Fig. 2.2-3) (e.g., see Krot et al.,
2003 and references therein). R chondrites are metamorphosed (types 3.6-6), most contain
solar-wind implanted gases, and they have been described as regolith breccias (Weber and
Schultz, 1995; Bischoff, 2000). Some R chondrites may have undergone aqueous alter-
ation prior to prograde metamorphism (e.g., see Greenwood et al., 2000). Some examples
of unbrecciated R chondrites are also known (e.g., see Weber et al., 1997).

The K chondrites do not yet form a coherent, well established group. Instead, there are
only two meteorites known with mineralogical, chemical and isotopic characteristics sim-
ilar to the type meteorite Kakangari (K) (Weisberg et al., 1996). The K chondrite grouplet
have a very high ratio by volume of matrix to chondrules (up to 3:1), metal contents vary-
ing between 6—10% by volume, overall bulk chemical compositions and oxidation states
that are intermediate between H and E chondrites, and bulk oxygen isotopic compositions
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that plot near the CR and CH carbonaceous chondrites. All K chondrites known to date are
petrologic type 3. These enigmatic meteorites with apparently diverse affinities contradict
any notion of systematic variations between the chondrite groups that may be related to
formation location in the Solar System, such as distance from the Sun (Hutchison, 2004).

2.2-2.2. Non-Chondritic Meteorites

Severe heating of some meteorite parent bodies in the early Solar System produced a
broad range of differentiated materials from chondritic precursors. The extent of heating
and melting that produced these non-chondritic meteorites varied greatly. Those with low
degrees of melting include the acapulcoite, lodranite, winonaite and, perhaps, the brachi-
nite achondrites. Imperfect separation of metal and silicate during differentiation produced
silicate-bearing irons, whereas extensive melting and planetary differentiation gave rise to
basaltic achondrites, pallasites and magmatic iron meteorites (Table 2.2-2).

Most achondrites are clear testimony to episodes of melting on their parent asteroids.
However, while some are true igneous rocks, or accumulations of their debris (breccias),
others chemically resemble chondrites. Indeed, some achondrites retain rare vestiges of
chondrules as evidence of their parent materials (e.g., see Schultz et al., 1982; McCoy et
al., 1996). Most of these primitive achondrites (Prinz et al., 1983) have bulk compositions
that are approximately chondritic (Mn/Mg within chondritic ratios 3.9-9.0 x 103 atomic),
and textures that are either metamorphic or igneous. Primitive achondrites have been
interpreted as either chondrites that have been severely recrystallized, or the results of par-
tial melting of chondrites. In any event, they offer a ‘snapshot’ of an intermediate stage
in the differentiation of planetesimals. The asteroidal achondrites (notably the basaltic
achondrites) represent the greatest amount of igneous material available for study from
planet-like bodies beyond the Earth and Moon.

Possible genetic relationships (clans) have been established between a number of groups
of non-chondritic meteorites that may have shared the same parent body. These include:
the howardites, eucrites and diogenites (HED) tentatively linked to asteroid 4 Vesta; sili-
cate inclusions in group IAB-IIICD irons, and a small group of primitive achondrites, the
winonaites; and the primitive achondrites, acapulcoites and lodranites (Table 2.2-2).

The acapulcoites and lodranites are the products of severe metamorphism, or meta-
igneous activity. They have granular textures and essentially chondritic chemistries, and
this is reflected in their mineralogy. While their modal mineralogy superficially resembles
the ordinary chondrites, there is no clear link with any known group of chondrites (Naga-
hara, 1992; McCoy et al., 1996; Mittlefehldt et al., 1998; Mittlefehldt, 2003).

Similar to the acapulcoites and lodranites, the winonaites and silicate inclusions with
chondritic chemistries in group IAB iron meteorites mineralogically resemble ordinary
chondrites, but have oxidation states that fall between H-group ordinary and E chondrites
(e.g., see Bunch et al., 1970; Bild, 1977; Davis et al., 1977; Kallemeyn and Wasson, 1985;
Benedix et al., 1998, 2000; Takeda et al., 2000, and references therein).

The winonaites have essentially metamorphic textures (although some contain rare
relict chondrules) and are composed of olivine, orthopyroxene, clinopyroxene, plagio-
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clase, troilite, Fe-Ni metal, chromite, daubreelite, schreibersite, graphite, alabandite,
K-feldspar and apatite. Silicate inclusions in group IAB irons, however, are more heteroge-
neous. Benedix et al. (2000) recognised five silicate-bearing types ranging from chondritic
silicates, through non-chondritic silicates, to sulfide-rich, graphite-rich, and phosphide-
bearing.

Brachinites are a small, heterogeneous group of basaltic achondrites composed pre-
dominantly of olivine, but with variable subsidiary amounts of augite, plagioclase (some
are plagioclase free), traces of orthopyroxene, chromite, and minor phosphates, Fe-sulfides
and Fe-Ni metal. Brachinites are essentially dunitic wehrlites from a differentiated asteroid
(e.g., see Mittlefehldt (2003) and references therein).

Ureilites are a large group (92) of enigmatic ultramafic achondrites containing predom-
inantly olivine and pyroxene, but with accessory material rich in carbon (mainly graphite)
interstitial to silicates. There is no consensus as the whether ureilites are cumulates, or
the residues from partial melting (Goodrich, 1992). However, their igneous origin is not
disputed (e.g., see Mittlefehldt (2003) and references therein).

Eight meteorites make up the angrite group, and while there is some variation in the
petrology of the member meteorites, oxygen isotopes, similar and distinctive mineralogies
(except the type meteorite, Angra dos Reis), and characteristic geochemistries, all suggest
that they come from the same parent body. The general consensus is that angrites are mafic
igneous rocks of basaltic-like composition, but significantly depleted in alkalis relative
to basalts, from a differentiated parent body. However, Varela et al. (2005) have sug-
gested a non-igneous origin for the D’Orbigny angrite. Despite their small number, there
is a substantial literature on these unusual rocks (see Mittlefehldt (2003) and references
therein).

The howardites, eucrites and diogenites, collectively know as the HED meteorites, rep-
resent a large amount of igneous material from the same parent body, and have been
linked tentatively to asteroid 4 Vesta (e.g., McCord et al., 1970). The HED suite comprise
basalts (both brecciated and unbrecciated), gabbroic cumulates, orthopyroxenites (diogen-
ites), plus a range of brecciated mixtures (polymict and monomict eucrite breccias) and
accumulated igneous debris (howardites) of various lithologies. The HED meteorites have
been linked to the group IIIAB iron meteorites (see below), and other non-chondritic me-
teorite groups, such as the main-group pallasites and mesosiderites (for comprehensive
reviews, see Mittlefehldt et al. (1998) and Mittlefehldt (2003), and references therein).

Aubrites are highly reduced, brecciated igneous rocks. Their mineralogy and O-isotopic
compositions bear similarities to the enstatite chondrites to which they may be related. The
dominant mineral, enstatite, is essentially FeO free, and aubrites contain variable, but sub-
ordinate, amounts of plagioclase, high-Ca pyroxene and forsterite and, like the enstatite
chondrites, an accessory mineralogy of unusual sulfides. Two other meteorites, possibly
related to aubrites, are Shallowater and Mount Egerton. Both are unbrecciated and show
significant chemical differences from the aubrites. Mount Egerton comprises cm-sized
crystals of enstatite with substantial amounts (ca. 20 wt%) of Fe-Ni metal.

Currently, thirteen chemical groups of iron meteorites are recognised and designated
with roman numerals and letters (IAB-IIICD, IC, IIAB, IIC, 1ID, IIE, IIF, IIG, IIIAB, IIIE,
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IIIF, IVA, and IVB). The accumulated chemical, structural, and mineralogical data suggest
that each group represents material disrupted from a distinct parent body. Most iron mete-
orites show strong magmatic fractional crystallization trends in their distribution of trace
elements (Ga, Ge, Ir) relative to Ni, indicating that they represent core materials from dif-
ferent, highly differentiated parent bodies (Scott, 1972). This conclusion is re-enforced by
the determination of metallographic cooling rates that show a small variation within some
of the iron groups, but that differ between groups (e.g., see Mittlefehldt et al. (1998) and
references therein). Group IVA irons shows a significant variation of cooling rates indicat-
ing a complex thermal history. Group IAB-IIICD irons contain silicates with a chondritic
signature and trace element compositional trends in metal that are less pronounced than
the magmatic irons, indicating that they are only partial differentiates. Collectively, the iron
and associated meteorites offer a unique opportunity to study the processes of metal-silicate
separation, fractional crystallization, and core formation in a number of small bodies in the
early Solar System.

Pallasites are essentially composed of approximately equal amounts of silicates and
Fe-Ni metal. Three sub-groups are recognised: Main-group pallasites are composed pre-
dominantly of olivine (commonly Faj;) with accessory amounts of low-Ca pyroxene,
phosphates, chromite, troilite and schreibersite; Eagle Station grouplet pallasites are char-
acterized by olivine that is more iron- and calcium-rich than in the main-group, and their
metal also differs in composition from the main-group in having higher Ni and Ir contents;
and so-called pyroxene pallasites contain mm-sized grains of pyroxene that make up ca.
1-3% of their volume, and different metal compositions and oxygen isotopes also serve to
distinguish them from the other sub-groups.

The composition of metal in main-group pallasites is close to that in group IIIAB irons,
and this has led to the suggestion that they represent mantle-core boundary materials from
the same parent asteroid (Scott, 1977). A further link through oxygen isotopes to the crustal
igneous HED meteorites is now considered less likely (e.g., see Drake (2001) and refer-
ences therein).

Mesosiderites are complex, polymict breccias of igneous components consisting of sim-
ilar proportions of silicates (clasts and matrix) and Fe-Ni metal, with accessory troilite. The
clastic silicates are essentially basalts, gabbros and pyroxenites, with some dunites and
anorthosites (Scott et al., 2001). The metallic component ranges from cm-sized nuggets
in some mesosiderites to mm- and sub-mm-sized grains intergrown with silicates. Overall
the silicate components are very similar to the HED suite of achondrites (particularly the
howardites). There is general agreement that the mesosiderites represent impact mixing of
asteroidal silicate crust and metallic core components. Whether mixing took place between
the crust and core, respectively, of two different differentiated asteroids, or the crust and
core of the same parent body has been disputed. Moreover, despite their similarity, signifi-
cant differences suggest that the mesosiderites and the HED suite formed on two separate
differentiated parent bodies (e.g., see Mittlefehldt et al. (1998) and Mittlefehldt (2003), and
references therein).
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2.2-3. EARLY SOLAR SYSTEM EVENTS AND CHRONOLOGY

From the study of meteoritic materials there are a number of broad stages of early
Solar System evolution that can be identified. Radiometric ages of whole-rock samples
and their individual components, using a variety of isotopic systems, have been used to
construct a time-scale for significant events (e.g., see Hutchison (2004) and references
therein; McKeegan and Davis (2003) and references therein). The stages include:

e nucleosynthesis and the formation interval;

o the formation of high temperature refractory solids (Ca-Al-rich inclusions) and chon-
drules;

e accretion of meteorite parent bodies;

e aqueous alteration and/or prograde metamorphism;

o melting, differentiation and core formation;

e impact and shock metamorphism.

Concerning the earliest history of the chondrites, the first four stages (above) are important

in understanding the accretion and early evolution of their parent planetesimals. The fifth

stage is important in understanding the evolution of the non-chondritic meteorites. The

remaining stages (including impact and shock metamorphism) concern the break-up of the

parent bodies of meteorites, the transition of the debris as small bodies in space, their fall to

Earth and, in the case of ancient finds, subsequent terrestrial weathering. These stages will

not be dealt with in detail here. Moreover, not all stages of early Solar System evolution

are represented in all chondritic meteorites, also there is strong evidence that some stages

overlapped considerably in time.

2.2-3.1. Nucleosynthesis and the Formation Interval

The earliest recognised event is the nucleosynthesis of elements in stars, followed by a
formation interval marking the time between nucleosynthesis and the incorporation of ma-
terial into the parent bodies of meteorites. The nucleosynthetic process was not a single
event. The recognition of the former presence of short-lived, now extinct radionuclides
(Table 2.2-3) with half-lives of <100 My identified from excesses of their daughter prod-
ucts in meteorites has helped to constrain a relative chronology of the early Solar System.

Reynolds (1960) showed that the decay of '?°I in the early Solar System left an excess
of 129Xe in a chondrite. This was the first tangible evidence of an extinct radionuclide in
the early Solar System. Iodine-129 with a half-life (77,2) of 15.7 My had survived from
a nucleosynthetic event to become incorporated in meteorites. Importantly, Jeffery and
Reynolds (1961) later showed that the excess '>?Xe had resulted from the in situ decay of
the now extinct '2°1.

Since then, the former existence of other extinct short-lived radionuclides has been de-
tected in meteorites and utilized to constrain the relative chronology of the earliest events
in the history of the Solar System. These include 2671, 41Ca, Mn, 197pd, 182Hf and 2*4Pu
(Table 2.2-3). The presence of daughter products from the decay of short-lived radionu-
clides in meteorites shows that these early Solar System materials formed within a few
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Table 2.2-3. Short-lived radionuclides detected in early Solar System materials

Radionuclide Daughter products Half-life (My)
2641 26Mg 0.730

36Cl 36Ar 0.301

4ca 4 103

60Fe ONi 1.5

53Mn 53¢y 3.74

107pg 1077 6.5

182Hf 182 9

1291 129%e 15.7

244Pu 132,4,6Xe (238U) ]2

Table 2.2-4. Long-lived radionuclides for absolute dating of Solar System materials

Radionuclide Daughter products Half-life (yrs)
40 40 Ar (or 40Ca) 1.3 x 10°
87Rb 87gr 4.88 x 1010
1479m 143N4 1.06 x 1011
176 4 176yt 3.5 x 1010
187Re 18704 4.56 x 1010
2327y 208pp, 4 6*He 1.4 x 1010
235y 207pp + 74He 7.04 x 108
238y 206pp 4 g4He 4.47 x 10°

million years of the synthesis of their parent isotopes. The timing of the accretion of
planets and their differentiation are constrained in relation to the time of nucleosynthe-
sis, and relative chronologies based on short-lived radionuclides (Table 2.2-3) have been
cross-calibrated and ‘anchored’ to an absolute time-scale based on long-lived radionuclides
(Table 2.2-4). If high-precision Pb-Pb ages can be determined in the same sample in which
the daughter products can be detected of a short-lived radionuclide that was extant at the
time of crystallization, then the relative abundance of the nuclide at that time can be de-
termined. For example, relative time-scales from 20A1-2°Mg systematics have been tied
to absolute Pb-Pb ages for Ca-Al-rich inclusions and chondrules to constrain the timing
of events in the solar nebula, and >3Mn->3Cr systematics have been tied to Pb-Pb ages
of some differentiated meteorites to constrain early planetary melting (see McKeegan and
Davis (2003) and references therein).

2.2-3.2. Ca-Al-Rich Inclusions and Chondrule Formation
The presence of 20Al (T} ,20.730 Ma) in the early Solar System was shown independently

by Lee and Papanastassiou (1974) and Gray and Compston (1974) from refractory Ca-
Al-rich inclusions in the Allende (CV) carbonaceous chondrite. Lee et al. (1976) later
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showed that 2°Mg/**Mg in minerals from Ca-Al-rich inclusions in Allende correlated
with Al/Mg. The abundances of decay products of many short-lived radionuclides have
been shown to be correlated with the abundances of their parent elements. This demon-
strates that the daughter products were not inherited from some precursor material, but
that radioactive decay took place within the minerals where the daughter products were
detected (e.g., see MacPherson et al., 1995). Many Ca-Al-rich inclusions have similar ini-
tial ratios of 2°A1/%’ Al (4-5.0 x 1077) and probably formed over a very short interval
of <107 yrs (e.g., see Podosek and Cassen, 1994). Srinivasan et al. (1996) confirmed the
short time-scale with the discovery of an excess of 'K that resulted from the decay of
41ca (Ty ,20.103 Ma) in Ca-Al-rich inclusions in the Efremovka (CV3.2) carbonaceous
chondrite, indicating that some Ca-Al-rich inclusions formed within < 1 My of the nucle-
osynthesis of *! Ca.

The inferred initial 2 Al/*’ Al ratios in Ca-Al-rich inclusions is bimodal (MacPherson et
al., 1995). A peak at 4.5 x 107 (called the ‘canonical’ value) has been taken as a marker
for the beginning of the Solar System, a second peak at 20Al/>’ Al = 0 represents an ap-
parent absence of initial 2°Al in some Ca-Al-rich inclusions. Recently, Young et al. (2005)
analysed Ca-Al-rich inclusions from CV chondrites and demonstrated that some had initial
26 A1/27 Al ratios at least 25% greater than the ‘canonical’ value, suggesting that it cannot
represent the start of the Solar System. Instead, Young et al. (2005) suggest that the ‘canon-
ical’ 2°Al/27 Al value represents the culmination of thousands of transient high temperature
events suffered by Ca-Al-rich inclusions during residence over a period of 10° yrs in the
solar nebula. This is consistent with correlated petrographic and isotopic evidence (e.g.,
see MacPherson et al., 1995) suggesting that Ca-Al-rich inclusions were disturbed, and
their Al-Mg systems reset, for around 1 My or more following their formation.

Chronological studies of the carbonaceous chondrites have focused on the Ca-Al-rich
inclusions as some of the oldest material in the Solar System (Fig. 2.2-1(b)). Long-lived
(Rb-Sr, Pb-Pb) and short-lived (2°Al, 3*Mn, 1) radioisotope chronometry consistently
give the greatest ages for Ca-Al-rich inclusions. Early work on Ca-Al-rich inclusions in
the CV chondrite Allende yielded a Pb-Pb model age of 4.559 + 0.004 Ga (e.g., Chen
and Wasserburg, 1981). The oldest ages of Ca-Al-rich inclusions are taken as the oldest
minimum age (sometimes referred to as Ty or Tyero) Of the Solar System. Evidence from
the daughter products (26Mg, 53¢y, 129Xe) of now extinct radionuclides (26A1, 53Mn, 129I)
show that Ca-Al-rich inclusions are generally older than the chondrules with which they
are associated, and in some meteorites chondrules appear to have formed around 2-3 My
after Ca-Al-rich inclusions (e.g., see Shu et al., 2001).

Recent work by Amelin et al. (2002) determined the Pb-Pb age of Ca-Al-rich inclusions
in the CV3.2 chondrite Efremovka at 4567.2 + 0.6 Ma extending the accepted age of the
Solar System, although this has recently been revised to 4567.1 & 0.16 Ma (Amelin et al.,
2006). Amelin et al. (2002) also obtained precise Pb-Pb ages for ferro-magnesian chon-
drules in the unequilibrated CR3 chondrite, Acfer 059. For the most radiogenic chondrule
samples, Amelin et al. (2002) obtained isochron ages ranging from 4563 Ma to almost
4565 Ma, with a preferred age of 4564.7 £ 0.6 Ma (Fig. 2.2-4). The data of Amelin et
al. (2002) show that the absolute ages of Ca-Al-rich inclusions in Efremovka are older by
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Fig. 2.2-4. Lead-lead isochrons for acid-washed fractions of two Ca-Al-rich inclusions from the
CV3.2 chondrite, Efremovka, and for the six most radiogenic fractions of acid-washed chondrules
from the CR3 chondrite, Acfer 059. Isochron ages for the two Ca-Al-rich inclusions overlap with
a weighted mean age of 4567 & 0.6 Ma, ca. 2.5 My older than the chondrules (after Amelin et al.
(2002) — reproduced with permission of AAAS).

about 2.5 My than the dated chondrules in Acfer 059. This is consistent with the interpre-
tation of the lower ratios of 2°Al/2” Al in chondrules, as opposed to Ca-Al-rich inclusions,
having resulted from decay of 2°Al yielding an age differential of about 2 My (McPherson
et al., 1995). Similar age differences between Ca-Al-rich inclusions and chondrules have
been derived from *Mn->3Cr and '°I-12Xe systematics (Swindle et al., 1996).

Most recently, Bizzarro et al. (2004) reported the presence of excess 2°Mg resulting
from the in situ decay of 2°Al in both Ca-Al-rich inclusions and chondrules from Allende
CV3.2. Individual model ages of Ca-Al-rich inclusions with uncertainties as low as £30 ka
suggest that they may have formed on a time-scale as short as 50 ka. Overall uncertainties,
however, allow the oldest and youngest Ca-Al-rich inclusions to have an age differential
of up to 150 ka. The chondrules from Allende analysed by Bizzarro et al. (2004) record a
range of initial 2°A1/%7 Al from 5.66 4 0.80 x 107> to 1.36 £ 0.52 x 107, indicating that
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some chondrules in that meteorite formed contemporaneously with the oldest Ca-Al-rich
inclusions, and chondrule formation persisted for at least 1.4 My.

Huss et al. (2001) investigated the distribution of 26A1 in Ca-Al-rich inclusions and
chondrules in unequilibrated ordinary chondrites. The Ca-Al-rich inclusions were found to
contain radiogenic Mg from the decay of 2°Al. The inferred initial ratios of 20Al/27 Al
were found to be indistinguishable from those found in Ca-Al-rich inclusions in most car-
bonaceous chondrites. The implication is that Ca-Al-rich inclusions in both ordinary and
carbonaceous chondrites formed from the same (or similar) isotopic reservoirs, and that
there was broad-scale 26 Al homogeneity in the nebula. This indicated that differences in
the initial ratios could be interpreted in relation to formation time. The time-scale based on
26 Al systematics indicates that some chondrules began to form 1-2 My after Ca-Al-rich in-
clusions, and that metamorphism was essentially over in type 4 chondrites by 5-6 Ma after
Ca-Al-rich inclusion formation. Type 6 chondrites, however, did not cool until more than
7 My after Ca-Al-rich inclusion formation (Huss et al., 2001). Huss et al. (2001) conclude
that this time-scale is consistent with the decay of 20Al as the principal source of heat for
prograde metamorphism and differentiation in meteorite parent bodies.

2.2-3.3. Accretion, Aqueous Alteration and Prograde Metamorphism

The approximate timing of aqueous alteration and prograde metamorphism in the parent
bodies of meteorites has been constrained by a variety of isotopic systems. Using Rb-Sr
dating of carbonates in the Orgueil CI1 chondrite, MacDougall et al. (1984) showed that
aqueous alteration occurred up to approximately 50 My after accretion of its parent body.
However, >>Mn-33Cr systematics of carbonates in Ivuna (CI1) and Orgueil yield a much
earlier time of 16.5-18.3 My after the formation of Ca-Al-rich inclusions, using an inferred
initial ratio of 3¥Mn/>*Mn between 1.42-1.99 x 10~° (Endress et al., 1996; Hutcheon and
Phinney, 1996). In the Semarkona ordinary chondrite, the I-Xe chronometer suggests that
aqueous alteration of its chondrules occurred approximately 10 Ma after their formation
(Swindle et al., 1991a). Whereas Mn-Cr systematics of fayalite grains in chondrules in the
Mokoia CV3.2 chondrite are interpreted as resulting from hydrous metamorphism on its
parent body 7-16 My after the formation of Ca-Al-rich inclusions (Hutcheon et al., 1998).

Originally thought to be a nebula condensate, magnetite in the CI1 chondrite Orgueil is
now considered the product of hydrous processes because the morphology of grains resem-
ble those of magnetite formed terrestrially at low temperatures in the presence of aqueous
solutions (Kerridge et al., 1979). Some apparently anomalously high I-Xe ages for compo-
nents of CI chondrites, including Orgueil magnetite, have recently been determined again
and found to be younger than enstatite from the Shallowater enstatite achondrite (Hohen-
berg et al., 2000). Although imperfectly understood, an extended aqueous alteration history
for the CM carbonaceous chondrites has been inferred from the I-Xe systematics of min-
eral separates (e.g., see Niemeyer and Zaikowski, 1980). Using magnetite from Murchison
(CM2) as a standard, closure in the Murray and Cold Bokkeveld CM2 chondrites occurred
around 11 My after the formation of Ca-Al-rich inclusions. Mn-Cr systematics of carbon-
ates in CM chondrites indicate a similar period of aqueous alteration to that inferred from
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I-Xe, and initial 3*Mn/>Mn ratios indicate that carbonates crystallized between 10-14 My
after the formation of Ca-Al-rich inclusions (e.g., see Brearley and Hutcheon, 2000; Brear-
ley et al., 2001; Brearley, 2003). Importantly, the prolonged periods of aqueous alteration
indicated by the data from CI1, CM1 and CM2 chondrites are compatible with alteration
while they were resident in their parent bodies. However, Mn-Cr data for carbonates in
the CR chondrite, Kaidun, show an initial >>Mn/°>Mn ratio of ca. 9.4 x 107°, indicating
very early aqueous alteration at ca. 4569 Ma (Hutcheon et al., 1999). This age is greater
than the Pb-Pb age of Ca-Al-rich inclusions in Efremovka (4567.1 & 0.16 Ma — Amelin
et al., 2006) and suggests that either 4569 Ma is only a lower limit to the age of the So-
lar System, or that the Pb-Pb age of Ca-Al-rich inclusions reflects a later re-equilibration
event, rather than formation (Shukolyukov and Lugmair, 2006). The components of some
chondrites (including CR, CO and CV), however, may have also suffered alteration prior
to their incorporation into parent bodies (e.g., see Brearley (2003) and references therein).

A single, whole-rock Rb-Sr isochron for the H, LL, EH and EL chondrites (exclud-
ing the most heavily shocked) has been determined by Minister et al. (1982), yielding an
Rb/Sr age of 4498 + 15 Ma (with an initial 87Sr/30Sr = 0.69885). Moreover, Torigoye
and Shima (1993) established an internal isochron for an EL6 chondrite (Khairpur) that
is consistent with the age determined by Minister et al. (1982). However, there is no con-
sensus as to whether these ages correspond to chondrule formation, chondrite accretion, or
subsequent metamorphism. Gopel et al. (1994) studied the U-Th-Pb systematics of sepa-
rated phosphates from 15 equilibrated (types 4—6) ordinary chondrites. In one H4 chondrite
(Sainte Marguerite) the data suggest that phosphate had become closed to U-Pb exchange
at 4563 £ 1 Ma (Gopel et al., 1994). The Pb-Pb ages of phosphates in H-group chondrites
studied by Gopel et al. (1994) vary inversely with petrologic type, with the most recent
closure in an H6 chondrite (Guarena) at 4505 &= 1 Ma, suggesting that this reflects closure
at the end of metamorphism. However, there is no such correlation in the Pb-Pb ages of
phosphates from the L- and LL-group ordinary chondrites studied by Gopel et al. (1994).
More data are required to establish whether such a correlation exists in these groups, but
has since been disturbed in some meteorites by shock-metamorphism.

I-Xe ages for a number of ordinary and enstatite chondrites (and their components) have
been published in recent years (e.g., see Hutchison et al. (1988) and references therein;
Swindle et al., 1991a, 1991b; Gilmour et al., 2000; Whitby et al., 1997, 2000; Busfield et
al., 2001, 2004). There is considerable debate as to how these ages are to be interpreted
(e.g., see Swindle et al., 1996). Brazzle et al. (1999) have shown that I-Xe ages of feldspars
from some ordinary chondrites are concordant with Pb-Pb ages of co-existing phosphates,
indicating that these ages are consistent with closure at the end of metamorphism (see
also Pravdivtseva and Hohenberg, 1999). However, studies of separated chondrules from
ordinary chondrites by Gilmour et al. (2000) and Gilmour and Saxton (2001) suggest that
the earliest chondrule I-Xe ages may represent formation. This is supported by a general
overlap in the earliest chondrule ages in the I-Xe, Mn-Cr, and Al-Mg systems (e.g., see
Gilmour et al. (2000) and references therein). It is important to note that underpinning
these conclusions is the assumption that isotopic homogeneity existed across the region of
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the early Solar System, and that there was simultaneous closure of each of the systems in
the samples used for calibration (Gilmour et al., 2000).

A brecciated H3-6 ordinary chondrite (Zag) contains halite with an initial 2°1/1?"I ra-
tio of 1.35 x 10™%, suggesting that the halite precipitated from saline fluids on its parent
body within 2 My of the formation of Ca-Al-rich inclusions (Whitby et al., 2000). A halite
crystal from another H-group ordinary chondrite breccia (Monahans, 1998) gave a model
Rb-Sr age of 4.7 & 0.2 Ga, supporting the conclusion that precipitation of halite occurred
very early in the history of the H-group parent body (Zolensky et al., 1999). To constrain
more accurately the timing of aqueous alteration in H-group chondrites, Busfield et al.
(2004) obtained further analyses of halides from the Monahans (1998) and Zag H-group
chondrites. The initial '2°I/'27] ratio in Monahans (1998) halide was determined to be
9.37 £+ 0.06 x 107>. From variation in the data, particularly in Zag, Busfield et al. (2004)
concluded that it would be unreliable to interpret this in terms of a formation age. In-
stead, Busfield et al. (2004) propose a model whereby halides in both H-group chondrites
formed at 4559 Ma, approximately 5 My after the crystallization of the Shallowater ensta-
tite achondrite. This agrees with the estimated timing of aqueous alteration in carbonaceous
chondrites and metamorphism in the ordinary chondrites.

Ar-Ar ages of H-group ordinary chondrites range from 4.45-4.53 Ga (Trieloff et al.,
2003). For some unshocked ordinary chondrites, their 3° Ar-*°Ar ages are a close match to
metamorphic ages determined by the Rb-Sr and Pb-Pb systems. Other ordinary chondrites
have significantly lower ages indicating that the system was reset by heating, probably
related to shock-metamorphism during parent body break-up (e.g., see Anders, 1964; Hey-
mann, 1967; Turner, 1988).

To date, there are limited isotopic chronologies for the R chondrites, and none for the K
chondrites. Bischoff et al. (1994) and Nagao et al. (1999) investigated the K-Ar systematics
of a number of R chondrites. More recently, Dixon et al. (2003) determined the whole-
rock 3 Ar-*0Ar ages of four R chondrites. The peak 3° Ar-*0Ar ages of these meteorites are
> 4.3540.01 Ga (Carlisle Lakes), 4.47 £ 0.02 Ga (Rumuruti), > 4.37 & 0.01 Ga (Pecora
Escarpment 91002), and 4.30 £ 0.07 Ga (Acfer 217) (Dixon et al., 2003). These ages are
similar to the Ar-Ar ages of undisturbed ordinary chondrites (4.52—4.38 Ga), and older than
ordinary chondrites that have been shock metamorphosed (« 4.2 Ga) (Dixon et al., 2003;
Turner et al., 1978; Bogard, 1995, and references therein). Of the dated meteorites, all but
Carlisle Lakes are breccias, and their peak ages are disturbed to various extents by recoil,
and diffusive loss of “°Ar. Dixon et al. (2003) suggest that these ages probably do not
record slow cooling within an undisturbed parent body, but impact and brecciation could
have differentially reset their ages. Alternatively, the variation in ages may be accounted
for by mixing of material with different ages.

2.2-3.4. Melting, Differentiation and Core Formation
2.2-3.4.1. Acapulcoites and lodranites

The only acapulcoite for which a formation age has been determined is the type meteorite,
Acapulco. Prinzhofer et al. (1992) determined a Sm-Nd age of 4.60 &+ 0.03 Ga. How-
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ever, McCoy et al. (1996) questioned this age, which is somewhat older than the accepted
age of the Solar System. A high precision Pb-Pb age for phosphate from Acapulco of
4.557 4+ 0.002 Ga has been determined by Gopel et al. (1992), and this is taken as one
of the ‘anchor’ ages for cross-correlation of relative chronologies based on short-lived ra-
dionuclides. The formation interval between the Bjurbole L/LLL4 chondrite and Acapulco
based on '°1-12%Xe is evidently only 8 My (Nichols et al., 1994), or around 10 My using
the Shallowater standard. Formation of Acapulco early in the Solar System is supported
by Pellas et al. (1997), who showed that 2**Pu (T} ,281.8 My) was present in Acapulco
phosphates during cooling through the temperature of fission track retention. In addition,
40Ar-39Ar ages for a number of acapulcoites and lodranites have been measured. These
are all much younger than the formation age determined for Acapulco, and range from
4.519 £ 0.017 Ga in the acapulcoite EET 84302, to 4.49 £ 0.01 Ga in the lodranite Gib-
son, indicating that the retention of radiogenic argon began a few tens of millions of years
after their formation (McCoy et al., 1997; Mittlefehldt et al., 1996; Pellas et al., 1997).
These younger ages are interpreted as representing cooling over a long time from peak
temperatures (McCoy et al., 1996).

2.2-3.4.2. Winonaites and silicate inclusions in IAB-IIICD irons

The few radiometric ages available for silicate inclusions in group IAB irons suggest that
the partial melting, crystallization and metal-silicate mixing in IAB irons occurred early
in the Solar System. Niemeyer (1979a) showed that I-Xe ages lie within £3 My of the
Bjurbole L/LL4 ordinary chondrite. Subsequently, Brazzle et al. (1999) recalibrated this
to an absolute age of 4566 & 0.2 Ma. Ar-Ar ages for silicate inclusions in group IAB
irons range from 4.43 £ 0.03 Ga (in Landes) to 4.52 4 0.03 Ga (in Mundrabilla, Pitts, and
Woodbine), and support their early formation (Niemeyer, 1979b). Within uncertainties, an
early onset of differentiation is consistent with Re-Os ages for the metallic portions of
group IAB irons (see below).

2.2-3.4.3. Brachinites
Chronologically, like many other achondrites, short-lived radionuclide systematics indicate
that the brachinites formed early in the Solar System (Mittlefehldt et al., 2003; Swindle,
et al., 1998). A correlation between 29Xe/!32Xe and 128Xe/'32Xe indicates that 12°T was
extant at the time of formation of the type meteorite, Brachina (Mittlefehldt, et al., 2003).
Data for another brachinite, Eagles Nest, however, suggests that it began to retain '>?Xe
within ca. 50 My of primitive chondrites (Swindle, et al., 1998). Wadhwa et al. (1998)
showed that in Brachina, >3Cr correlates with Mn/Cr indicating that >3Mn was also extant
at the time of its formation. By cross correlating the >*Mn/>Mn ratio and the Pb-Pb age
of angrite LEW 86010, Wadhwa et al. (1998) calculated a formation age for Brachina of
4.5637 £+ 0.0009 Ga, indicating that it is only around 5 My younger than the accepted age
(from Ca-Al-rich inclusions) of the Solar System.

In terms of tertiary events, 39Ar-*0Ar data indicate that Brachina, and another of the
group, EET 99407, were outgassed ca. 4.13 Ga ago, and this has been tentatively attributed
to a common impact event (Mittlefehldt, et al., 2003).
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2.2-3.4.4. Ureilites

Because of their seemingly conflicting ‘primitive’ and ‘differentiated’ characteristics, the
chronology of the ureilites, particularly Sm-Nd systematics, has been open to wide inter-
pretation. However, Torigoya-Kita et al. (1995) derived a Pb-Pb age of 4.563 £ 0.021 Ga
for the Antarctic ureilite MET 78008, suggesting that ureilites formed early in the Solar
System. Ar-Ar data for ureilites show a history of outgassing events from approximately
4.5-4.6 Ga to 3.3 Ga which is consistent with their generally highly shocked nature (Bog-
ard and Garrison, 1994).

2.2-3.4.5. Angrites

The importance of the angrites to the chronology of early Solar System processes far out-
weighs their small number and the lack of detailed knowledge of magmatic trends on their
parent body. The angrite SAH 99555 is the oldest known igneous rock in the Solar Sys-
tem (Fig. 2.2-5). Angrites have low 2°*Pb/?33U ratios which allows precise Pb-Pb ages to

Sahara 99555

Fig. 2.2-5. The Sahara 99555 angrite meteorite is the oldest known igneous rock in the Solar System,
with a high precision Pb-Pb age of 4.5662 + 0.0006 Ga. The meteorite provides evidence of melting
and differentiation of at least one planetesimal very early in the history of the Solar System, prior to
the formation of some chondrites (reproduced with the permission of Labenne meteorites).
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be determined. Pb-Pb model ages of 4.555-4.558 Ga for the formation of LEW 86010
(4.5578 Ga), Angra dos Reis, and D’Orbigny have been determined (Lugmair and Galer,
1992; Jagoutz et al., 2003). In addition, Cr anomalies from the decay of 53Mn have also
been detected in mineral separates from LEW 86010 (Lugmair and Galer, 1992; Nyquist
et al., 1994). The absolute Pb-Pb age of LEW 86010 has been used to calibrate the Mn-Cr
chronometer (Lugmair and Shukolyukov, 1998, 2001), and these data suggest that LEW
86010 formed within 15-20 My of the most ancient materials in the Solar System. Mn-Cr
studies of the D’Orbigny (Glavin et al., 2004), and recent Pb-Pb studies (Zartman et al.,
2006) of the D’Orbigny and Asuka 881371 angrites, also indicate consistent Mn-Cr and
Pb-Pb ages (4562.9 4+ 0.7 Ma and 4563.9 £ 0.6 Ma, respectively, for D’Orbigny) and give
another absolute time calibration of the Mn-Cr chronometer.

Recently, Baker et al. (2005) have re-investigated the chronometry of the angrites and
determined refined Pb-Pb ages. Whole rock samples of the angrites SAH 99555, NWA
1296, and a pyroxene separate from SAH 99555 yield a high precision isochron age of
4.5662 + 0.0006 Ga which is only ca. 1 My younger than the currently accepted minimum
age of the Solar System derived from Ca-Al-rich inclusions in the CV3.2 carbonaceous
chondrite Efremovka (Amelin et al., 2002, 2006).

Baker et al. (2005) found Mg excesses from the decay of 2°Al in whole-rock frag-
ments of angrites. However, separated feldspar from SAH 99555 did not yield a 2°Al-
26Mg isochron, which Baker et al. (2005) suggested was the result of re-equilibration
of feldspar with low Al/Mg phases (olivine) during cooling. From united feldspar and
whole-rock data for SAH 99555, however, Baker et al. (2005) obtained a 26A1-26Mg age
5.6 = 0.3 My after the formation of Ca-Al-rich inclusions, in agreement with other mea-
surements (5.7 £ 0.4 My) on purer feldspar separates from the same meteorite by Nyquist
et al. (2003). Calibrated to the Pb-Pb age of Ca-Al-rich inclusions, the 20 Al-*Mg age of
feldspar of 4.5616 £ 0.0007 Ga is younger than the whole-rock Pb-Pb age of SAH 99555,
which Baker et al. (2005) suggest represents thermal resetting.

By calculating 20 A1-2°Mg ages from whole rock samples of angrites, and by reference to
26 A] initial abundance of Ca-Al-rich inclusions, Baker et al. (2005) obtained a formation
time for the angrites of 3.3-3.8 My after Ca-Al-rich inclusions, in agreement with the
time difference that can be calculated from initial Sr isotopic data (Nyquist et al., 2003;
Halliday and Porcelli, 2001). This age difference is greater than that (ca. 1 My) indicated
by the difference between the Pb-Pb ages of angrites determined by Baker et al. (2005) and
that determined for Ca-Al-rich inclusions from Efremovka by Amelin et al. (2002, 2006).
When data are normalised to the standard values used by Baker et al. (2005), the Ca-
Al-rich inclusion from Efremovka with the most precise Pb isotopic data defines an age of
4.569540.0004 Ga, corresponding to an age difference between Ca-Al-rich inclusions and
angrite formation of ca. 3 My. By integrating their Pb-Pb and 2° A1-2°Mg data for angrites
with 26A1—26Mg systematics for Ca-Al-rich inclusions (Bizzarro et al., 2004; Young et al.,
2005), Baker et al. (2005) suggest that some Ca-Al-rich inclusions formed at > 4.5695 +
0.0002 Ga, thus providing an older minimum age for the Solar System.
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2.2-3.4.6. Howardites, eucrites and diogenites (HED)

The chronology of the HED suite of achondrites has been extensively studied. Chronome-
ters based on long-lived isotopes Rb-Sr, Sm-Nd, and Pb-Pb and short-lived radionuclides
1291 244py and 3Mn have been utilised to study the HED meteorites. Pb-Pb and Rb-Sr sys-
tematics yield ages for basaltic eucrite magmatism in the range 4.51 Ga (Tera et al., 1997)
to 4.60 Ga (Allegre et al., 1975; Nyquist et al., 1986), respectively. From Rb-Sr systematics,
Smoliar (1993) derived an age of formation of the eucrites of 4.548 &+ 0.058 Ga. Following
the discovery of evidence of extant >>Mn and ®°Fe during the formation of the basaltic
eucrites (e.g., see Shukolyukov and Lugmair, 1993a, 1993b), Lugmair and Shukolyukov
(1997) used Mn-Cr systematics to obtain an isochron for diogenites and basaltic eucrites,
and tied this to the Pb-Pb age and Mn-Cr data for the LEW 86010 angrite to obtain a time
of “mantle fractionation” of the HED parent body at 4.5648 £ 0.0009 Ga.

Pb-Pb ages for three cumulate eucrites determined by Tera et al. (1997) range from
4.399 £ 0.035 Ga (Serra de Mage) to 4.484 4 0.019 Ga (Moore County), with Moama,
with larger uncertainty, intermediate at 4.426 £ 0.094 Ga. These ages are all significantly
younger by about 100 My than the basaltic eucrites and, allowing for uncertainties, are
less than the estimated time of differentiation of the HED body. Explanations for the dis-
crepancy vary and may be the result of later formation, or disturbance as the result of
metamorphism and annealing for which there is abundant petrological evidence in the HED
suite of rocks (e.g., see Keil et al., 1997; Yamaguchi et al., 1996, 1997). The data for the
diogenites suggest they are similarly younger than the basaltic eucrites. An Rb-Sr isochron
for two diogenites (Tatahouine and Johnstown) derived by Takahashi and Masuda (1990)
gave 4.394 £ 0.011 Ga; however, both of these meteorites show evidence of alteration by
shock.

Bogard (1995) reviewed the Ar-Ar systematics of the brecciated eucrites and howardites
and confirmed the extensive disturbance of the HED suite. The great majority of eucrites
and howardites show significant Ar loss, and most ages indicate peak disturbance between
4.1 and 3.4 Ga ago (Bogard, 1995). However, the unbrecciated, metamorphosed basaltic
eucrites yield Ar-Ar ages of approximately 4.5 Ga, older than the major period of distur-
bance, but younger than the estimated time of major parent body differentiation.

2.2-3.4.7. Aubrites (enstatite achondrites)

There are few modern data on the chronology of the aubrites. Compston et al. (1965)
determined an Rb-Sr age for Bishopville of 3.7 Ga. In contrast, Rb-Sr and K-Ar ages for
Norton County determined by Bogard et al. (1967) approach the age of the Solar System.
Enstatite in Shallowater is now used as a reference standard in the I-Xe system, replacing
chondrules in the Bjurbole L/LL4 chondrite that proved to have variable '2°1/'271 ratios.
Shallowater has an inferred crystallization age of 4.5658 £ 0.0020 Ga which places it very
early in the Solar System (Hohenberg et al., 1998; Brazzle et al., 1999). Younger ages for
some aubrites may represent resetting during brecciation.
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2.2-3.4.8. Iron meteorites and pallasites

Using the '8Re-!870s chronometer, Morgan et al. (1992, 1995) measured the ages of
group ITAB and IITAB irons and found them to be the similar to the chondrites. Subse-
quently, Shen et al. (1996) investigated the Re-Os systematics of some group IAB, IIAB,
IITAB, IVA and IVB irons (see also Smoliar et al., 1996). The age of the IIAB irons de-
termined by Shen et al. (1996) is consistent with that determined by Morgan et al. (1995),
whereas the group IVA irons were found to be slightly older than group IIAB. More re-
cently, Horan et al. (1998) found that the group IAB-IIICD, IIAB, IIIAB and IVB irons
have essentially the same Re-Os ages, and their data, using the same half-life of '87Re, is
generally in agreement with Shen et al. (1996). However, Horan et al. (1998) found that
the group IVA irons were younger by approximately 80 My than the age determined by
Shen et al. (1996).

Evidence for the extinct radionuclide '"7Pd (Tj» = 6.5 Ma, decays to '“7Ag) has
been found in (metal and sulfide) magmatic iron groups IIAB, IIIAB, IVA and IVB, and
the metallic phases of other meteorites (Kelly and Wasserburg, 1978; Wasserburg, 1985).
A correlation between excess 7 Ag/'%? Ag and the ratio of Pd/Ag was shown to exist in
the magmatic group IIIAB iron, Grant, by Kaiser and Wasserburg (1983). Subsequently,
other irons and stony-irons have been investigated and shown to have a range of initial
107pd/198pd ratios, with most between 1.5-2.5 x 107> (e.g., see Chen et al. (2002) and ref-
erences therein). [sochrons in the main group pallasite Brenham, and the IITAB iron, Grant,
have recently been determined by Carlson and Hauri (2002) with initial 1%7Pd/!%8Pd ratios
of 1.6 x 1073, close to that determined by Kaiser and Wasserburg (1983). Apparent initial
107pd/198pq ratios for the group IAB iron Canyon Diablo and the group IVA iron, Gibeon,
are the same (Chen and Wasserburg, 1990), and the data indicate that the possible mag-
matic pair Grant (IITAB) and Brenham (pallasite) solidified 3.5 My after Canyon Diablo
(IAB) and Gibeon (IVA). The group IVA irons have a higher radiogenic 7 Ag/!%®Pd ratio
than magmatic groups IIAB, IIIAB and IVB, suggesting that they are older. This is con-
sistent with the Re-Os age of IVA irons determined by Shen et al. (1996), but at odds with
that determined by Horan et al. (1998).

The ages of several main-group pallasites have been constrained by Mn-Cr systematics
(Hsu et al., 1997; Hutcheon and Olsen, 1991; Shukolyukov and Lugmair, 1997). The Eagle
Station pallasite has been similarly dated by Birck and Allegre (1988) and Shukolyukov
and Lugmair (2006). The data suggest that >3>Mn (T} 2 = 3.7 My) was extant at the time
that the pallasites formed. By correlation of the Mn-Cr data for the main group palla-
site Omolon to the Mn-Cr and Pb-Pb age of the angrite, LEW 86010, Shukolyukov and
Lugmair (1997) determined an absolute age of 4558 = 1 Ma for Mn-Cr closure. Recent
3Mn-33Cr data for Eagle Station indicate that Cr isotopes equilibrated in that meteorite
at 4557.5 + 0.6 Ma, essentially at the same time as the main-group pallasite Omolon
(Shukolukov and Lugmair, 2006). Moreover, Shukolyukov and Lugmair (2006) note that
Cr isotope systematics in Eagle Station are similar to those in Allende, indicating that the
precursor of this pallasite was a CV-like material, and this confirms previous similar sug-
gestions made on the basis of chemical composition (Scott, 1977) and oxygen isotopes
(Clayton and Mayeda, 1996). The two main-group pallasites, Springwater and Omolon,



2.2-3. Early Solar System Events and Chronology 55

have 197Pd-197Ag and 33Mn->3Cr ages (Lugmair and Shukolyukov, 1998) that tie those
determined by '97Pd-197 Ag to the timescale derived from 3*Mn->3Cr. However, there are
discrepancies that may have resulted from the closure of systems at different times.

The evidence from irons and pallasites suggests that melting and differentiation of plan-
etesimals, other than the angrite parent body, occurred very early in the Solar System.
Re-Os and Hf-W systematics in some iron meteorites indicate that core formation occurred
within 5 My of the earliest solids in the Solar System (e.g., see Horan et al., 1998). The
early differentiation of planetesimals is supported by the presence of excess 2°Mg from the
decay of now extinct 2°Al in the eucrites Piplia Kalan (Srinivasan et al., 1999) and Asuka
881394 (Nyquist et al., 2001b), and strengthens the case for 2°Al as the heat source for
melting (e.g., see Keil, 2000).

The '82Hf-182W chronometer (T1/2 = 8.9 My) has been used to constrain rates of ac-
cretion and provide model ages of metal-silicate separation and core formation. The Hf-W
system has been calibrated against Pb-Pb ages of the H4 ordinary chondrites Sainte Mar-
guerite and Forest Vale, and cross-calibrated against the initial ratio of 2°Al/2” Al (Kleine,
et al., 2002). Halliday and Lee (1999), Halliday (2000, 2003), and Jacobsen (2005) have
provided detailed reviews of Hf-W systematics in meteorites and the early Earth. Halliday
(2003) has cautioned that the data have to be considered carefully against uncertainties in
the exact abundance of '82Hf in the early Solar System, the initial ratio of '82Hf/'8°Hf, and
the decay constant of '32Hf. Nevertheless, there appears to be a clearly resolvable deficit
in 132W in iron meteorites and the metal of ordinary chondrites, relative to the atomic
abundance found in the silicate Earth (Halliday, 2003). The simplest explanation for this
difference is that the meteoritic metals, or silicate Earth, or both, sampled early Solar Sys-
tem W while 82Hf was extant (Halliday, 2003, and references therein).

Recent work on the Hf/W systematics of iron meteorites has provided some constraints
on their formation and evolution (e.g., Horan et al., 1998; Kleine et al., 2005a; Markowski
et al., 2005, 2006). All iron meteorites have ew between —3.9 and —2.7, with groups II-
IAB, IVB, and IC iron meteorites having the least radiogenic 182y /184 ratios (Kleine et
al., 2005a). Provided that the ew values for these meteorite groups have not been altered
by cosmogenic effects (see below), the implications are that the last equilibration of the
Hf/W system in Ca-Al-rich inclusions apparently postdates core formation in the oldest
asteroids by 2.5 & 1.7 My. Moreover, these age constraints have led to a re-examination
of models of asteroid formation and suggest that the formation of the parent asteroids
of some chondrites may represent a second generation of asteroids that may be the re-
accreted debris from the break-up of an earlier generation of planetesimals (Kleine et
al., 2005a). However, because of the long exposure ages (several hundred Ma) of some
irons, galactic cosmic ray induced effects on the isotopic composition of W cannot be
excluded, and this has proved to be the case (Markowski et al., 2006). From experimen-
tal evidence of cosmogenic effects on W isotopes in the magmatic irons Carbo (IID) and
Grant (ITIAB), Markowski et al. (2006) have shown that the '32W/!84W ratio in the preat-
mospheric centre, compared with the preatmospheric surface of these irons, is ca. 0.5
epsilon lower. A demonstrated correlation between the '82W/!34W ratio and *He con-
centration in Carbo and Grant provides a link with the flux of the relevant cosmic ray
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particles (Markowski et al., 2006). This allows a correction to be made for cosmic ray
effects on W isotopes from 3He concentrations and independent exposure ages of me-
teorites. When the correction is applied to some magmatic iron meteorites from groups
ITAB, IID, IIAB and IVB, their W isotopic compositions are similar to initial composi-
tions in Allende (CV3) Ca-Al-rich inclusions, and indicate segregation within 1.2 My of
closure of the Hf-W system in Allende Ca-Al-rich inclusions (Markowski et al., 2006).
Irons such as Carbo (IID), the oldest studied, represent the relicts of the cores of an early
generation of differentiated planetesimals. Overall variations in isotopic compositions in
the irons studied by Markowski et al. (2006) indicate that they segregated over a time scale
of ca. 4 My.

In a re-examination of the Hf-W systematics of metal in some types 3—6 ordinary chon-
drites, Kleine et al. (2006) tested the model proposed by Kleine et al. (2005a) that core
formation in the parent bodies of magmatic irons predated the formation of chondrules
in ordinary chondrites (ages constrained by Pb-Pb and Al-Mg). Metal in type 6 ordinary
chondrites is enriched in W relative to metal in type 3 ordinary chondrites, while their W
isotopic compositions are similar (Kleine et al., 2006). However, metal from type 6 chon-
drites appears slightly more radiogenic than that from the only type 3 chondrite (Julesburg
L3.6) studied. The initial '32Hf/'8OHf ratio of Julesburg metals is slightly lower than that
of Allende Ca-Al-rich inclusions. This indicates that Julesburg metal formed ca. 3 My after
Allende Ca-Al-rich inclusions, and is consistent with chondrule formation intervals after
Ca-Al-rich inclusions, based on Pb-Pb and Al-Mg systematics (Kleine et al., 2006 and ref-
erences therein). Compared with the magmatic iron Negrillos (IIAB) with a low cosmic
ray exposure age (45 My), Julesburg metal has a more radiogenic W isotopic composi-
tion. This indicates that the formation of Julesburg metal postdated core formation in some
magmatic irons. This is consistent with the suggestion that the accretion of parent bodies of
some irons, and some achondrites, such as the angrites, predated the formation of ordinary
chondrites (Kleine et al., 2006).

2.2-3.4.9. Mesosiderites

Chronological work on the mesosiderites has concentrated on their silicate components.
Stewart et al. (1994) measured Sm-Nd isochron ages for three clasts from Vaca Muerta,
and one from Mount Padbury, which gave 4.48-4.52 Ga for igneous clasts, and 4.42 Ga
for an impact-melt clast. A U-Pb age for zircons in a basaltic clast from Vaca Muerta gave
4.563 £ 0.015 Ga (Ireland and Wlotzka, 1992), indicating crystallization very early in the
Solar System. Ages from 3°Ar-**Ar studies of a variety of clasts and whole-rock sam-
ples of mesosiderites give young ages of around 3.95 Ga, and this has been interpreted as
representing either metamorphic resetting, or slow cooling (Bogard and Garrison, 1998;
Bogard et al., 1990). Metal in mesosiderites yield extremely slow (<1 KMy~!) metal-
lographic cooling rates (Hopfe and Goldstein, 2001, and references therein) supporting
the suggestion that extended cooling may be the cause of young Ar-Ar ages. However,
abundant petrological evidence of metamorphism and disruption in mesosiderites provides
equal support for impact resetting as a mechanism for Ar loss (Bogard et al., 1990; Rubin
and Mittlefehldt, 1992).
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2.2-4. SUMMARY

For many years, the straightforward view prevailed that generally, the chondrites rep-
resent primitive Solar System materials from which the inner planets may have accreted
(e.g., see Ganapathy and Anders, 1974). However, the modern view is stated by Halliday
(2003): “Though undifferentiated, chondrites, with the possible exception of Cls, are not
primitive and certainly do not represent the first stages of accretion of the Earth”. From
the current, better understanding of the chronology of meteorites and their components, a
much more complex picture emerges.

The parent body of the angrites evidently accreted and melted while 2°Al was extant,
and modelling constrains accretion to >>4.568 Ga (Baker et al., 2005). This age of accretion
of the angrite parent body is older than almost all published absolute and relative ages for
chondrules (Amelin et al. 2002, 2004; Bizzarro et al., 2004; Nakamoto et al., 2005). How-
ever, there are some chondrules in a CV chondrite (Allende) that appear to have formed as
early as Ca-Al-rich inclusions (Bizzarro et al., 2004). Baker et al. (2005) concluded that the
parent body of the angrites must have accreted before the parent bodies of most chondrites.

The existence of an early generation of differentiated planetesimals is supported by the
Hf-W data for some iron meteorites (Kleine et al., 2004, 2005a, 2006) that indicate that
chondrite parent bodies may have accreted after the differentiation of the parent bodies of
some groups of magmatic irons. However, since some chondrules appear to be synchro-
nous with Ca-Al-rich inclusions (Bizzarro et al., 2004), an early generation of ‘chondritic’
materials that were subsequently melted and are no longer represented in the current me-
teorite flux cannot be ruled out. Indeed, the angrite parent body appears to have formed
from such a primitive source. The presence of differentiated bodies in the Solar System
during, or prior to, the major period of chondrite accretion suggests that differentiated ma-
terials may have been available at the time of accretion. Inclusions of igneous rocks with
ages less than a few Ma after Ca-Al-rich inclusions, which have been identified in ordi-
nary chondrites, would seem to provide evidence to support this (e.g., see Hutchison et al.,
1988).

Overall, the differential ages of Ca-Al-rich inclusions and many chondrules support
models for the evolution of the early solar nebula over few million years (e.g., see Podosek
and Cassen, 1994). A problem that this produces in terms of the accretion of the chondrites
is the long time (ca. 1-2 My using the timescale of Amelin et al., 2002, or 2-3 My using
the revised timescale of Baker et al., 2005) that Ca-Al-rich inclusions were held in the
nebula before they accreted, along with chondrules, into chondrites (see MacPherson et
al., 1995). No satisfactory explanation for this has been suggested, and while the age dif-
ferential (based on precise absolute Pb-Pb ages of Ca-Al-rich inclusions and chondrules,
respectively, from two different meteorites) is supported by Al-Mg systematics (provided
that Ca-Al-rich inclusions did not contain 2° Al produced by spallation) it has only recently
been demonstrated in a single chondrite. The data of Bizzarro et al. (2004) suggest that
some chondrules in Allende not only formed contemporaneously with Ca-Al-rich inclu-
sions, but that chondrule formation continued for a period of 1.4 My. Overall, chondrule
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Fig. 2.2-6. Early Solar System chronology from absolute Pb-Pb ages (black), and calibrated ages
from Mn-Cr (red), Al-Mg (blue) and I-Xe (green) systematics. The Pb-Pb age of the angrite, Lewis
Cliff 86010 (LEW), is used to calibrate the Mn-Cr system. The closure of Mn-Cr in the H4 ordi-
nary chondrite feldspar (SMf) is correlated with Sainte Marguerite whole-rock (SMwr) and with
Al-Mg (SM) and I-Xe (SM). The Pb-Pb age of Acapulco phosphate (AP) is also used as an ‘anchor’
age for the cross-correlation of chronologies based on short-lived radionuclides. Key to other sym-
bols: CAls (Ca-Al-rich inclusions), SMp (Sainte Marguerite phosphate), HOC (H-group ordinary
chondrites), Urei (ureilites), Efcai (Efremovka Ca-Al-rich inclusions), Ac059c (Acfer 059 chon-
drules), Sah99555 (Sahara 99555 angrite), Brach (Brachina), HEDd (howardite, eucrite, diogenite
differentiation), Mfa (Mokoia fayalite), Awr (Acapulco whole rock), Rwr (Richardton whole rock),
Clca (CI chondrite carbonates), CRca (CR chondrite carbonates), CMca (CM chondrite carbon-
ates), Cc (Chainpur LL3.5 ordinary chondrite chondrules), Pal (Pallasites), Calr (Al-rich chondrules),
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Fig. 2.2-6. (Continued.) Pkf (Piplia Kalan eucrite feldspar), Can (Ca-Al-rich inclusions with the
canonical 20 Al/27 Al ratio) CAlanom (Ca-Al-rich inclusions with 20 Al/27 Al = 0), CImag (CI chon-
drite magnetite), Z/Mh (Zag and Monahans (1998) halite), Shal (Shallowater), Qc (Quingzhen chon-
drules), Cc (Chainpur chondrules) (after Gilmour and Saxton, 2001; McKeegan and Davis, 2003).

formation may have continued for around 2-3 My in the early Solar System with the
youngest chondrules constraining the age of accretion (Fig. 2.2-6).

The whole-rock Pb-Pb ages of ordinary chondrites may represent the end of metamor-
phism, and not chondrule formation or accretion. Most ages cluster around 4.555 Ga, which
is 15 My less than the age of Ca-Al-rich inclusions, although U-Pb closure in phosphates
from equilibrated ordinary chondrites ranges from 4.563—4.505 £ 0.001 Ga. The whole-
rock Rb-Sr systematics for the ordinary chondrites and enstatite chondrites yield an age
of 4.498 4 0.015 Ga although this depends on the decay constant of 8’Rb used. Relative
to Ca-Al-rich inclusions, the comparatively late accretion of some chondrite parent bod-
ies after 2°Al and %OFe had substantially decayed, may have provided sufficient heat for
metamorphism, but not enough to melt them (Baker et al., 2005). Overall, a time period of
<100 My after Ty appears to encompass the history of the ordinary chondrites to the end
of prograde metamorphism.
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2.3-1. INTRODUCTION

The Earth started hot, according to current ideas about its formation. It would have
cooled within a few hundred million years until its temperature was maintained by the
higher radioactivity of the time, which would have maintained it at a substantially higher
temperature than at present. The higher temperature of the mantle implies a lower viscosity,
faster mantle convection and probably therefore a thinner lithosphere, or more accurately,
a thinner thermal boundary layer. A thin boundary layer may not have had the strength to
behave rigidly, so its deformation may have been distributed, rather than sharply localized
like the present oceanic plate boundaries.

A higher mantle temperature also, other things being equal, implies larger degrees of
melting and thicker mafic crust. Since mafic crust at the surface is less dense than the
underlying mantle, its positive buoyancy might inhibit subduction (or more generally,
foundering). On the other hand, mafic crust would presumably transform to eclogite at
60-80 km depths, which is denser than the mantle and would promote foundering. The in-
teraction among these compositional buoyancies and the negative thermal buoyancy of the
top thermal boundary layer might have yielded complicated dynamics. The resulting dy-
namics might or might not have borne much resemblance to plate tectonics, and might have
included strongly episodic foundering. These dynamics have only been partially explored
to date.

It had been argued that thicker oceanic crust might have inhibited or precluded subduc-
tion, and therefore plate tectonics, during roughly the first half of Earth history (Davies,
1992). However recent numerical modelling has suggested that the early mantle may have
been dynamically stratified, with the upper mantle depleted of the denser eclogitic com-
ponent resulting from subduction or foundering of mafic crust (Davies, 2006b). Such a
relatively refractory upper mantle would yield less melt and a thinner oceanic crust, and
so the possibility is reopened that subduction, and possibly plate tectonics, may have been
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viable, even in the Hadean. This would in turn affect the cooling history of the mantle,
possibly inducing a two-stage cooling. These possibilities will be summarized here.

2.3-2. BASIC PRINCIPLES GOVERNING TECTONIC MODES

Before considering the possible dynamical and tectonic behaviour of the early Earth,
two basic principles need to be appreciated. The connection between dynamics and tecton-
ics also needs to be highlighted.

Tectonics refers to the process by which the crust is deformed, resulting in mountain
building and so on. Apart from meteorite impacts, the forces producing crustal deformation
are of internal origin. Thus they are the result of the dynamical behaviour of the mantle,
in other words of mantle convection. Convection is driven by thermal boundary layers. In
the present mantle we have evidence of two thermal boundary layers operating, each of the
order of 100 km thick. A hot thermal boundary layer at the bottom of the mantle is inferred
to give rise to mantle plumes and a cool thermal boundary layer at the top of the mantle
essentially comprises the lithosphere. Cooling and sinking of the top thermal boundary
layer at present occurs through the process of plate tectonics and associated subduction of
the lithosphere (Davies, 1999).

Thus from the geologist’s perspective crustal deformation and mountain building are
driven by the motion of the plates. On the other hand, from the dynamicist’s perspective,
the cooling and foundering of the top thermal boundary layer at present takes place through
a very particular mode of deformation (plate tectonics) that is evidently the result of the
particular mechanical properties of the top thermal boundary layer. Loosely speaking, the
top thermal boundary layer is behaving like a brittle solid: it is broken into pieces separated
by large faults, and the pieces are moving.

The tectonic mode of the planet is thus, from the dynamical perspective, the mode of
deformation of the top thermal boundary layer of the mantle. Other modes of deformation
are quite conceivable. Indeed we ought to keep in mind that among the four terrestrial
planets and a dozen or more larger satellites of the solar system only Earth is known to have
plate tectonics. If the top thermal boundary is strong but unbroken the result is a so-called
one-plate planet, like Mars, Mercury or Moon. The only prolonged tectonic activity among
these evidently was the volcanism on Mars, plausibly due to plumes from a bottom thermal
boundary layer. Europa shows evidence of distributed deformation of its icy top thermal
boundary layer. Ganymede shows evidence of large rigid rafts that once moved relative to
each other, but with broadly deformed intervening regions that were evidently not strong
enough to be plate-like. Venus was resurfaced about 700 million years ago and appears to
have been mostly tectonically inactive since (Solomon et al., 1992), so whatever the mode
in which its top thermal boundary layer might move it is evidently highly episodic.

If the top thermal boundary layer is strong, then it can be called a lithosphere. Even if it
is strong it may still move, if it can be broken by internal forces. If it is not strong its de-
formation will be more distributed, more like that of a viscous fluid, and we would not call
it a lithosphere. The rheology of solids allows that deformation might be almost anything
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between that of a brittle solid (highly localized) and a viscous fluid (smoothly distributed).
For example, a nonlinear fluid rheology can result in relatively localized mobile belts or
ductile shear zones, with limited deformation elsewhere. If the thermal boundary layer is
mobile, its motion might be fairly steady, like Earth’s plates, or highly episodic, like Venus
seems to have been. Episodes might be global, as Venus’ appears to have been, or only
regional.

Whatever the tectonic mode, it must satisfy two principles.

Principle 1. There must be forces capable of driving the motions of the top thermal bound-
ary layer.

Principle 2. The tectonic mode must be capable of removing heat from the interior at a
rate sufficient to explain the planet’s present condition.

The first point might seem trivially obvious, but unquantified conjecture can easily fall
foul of this principle. For example, it has sometimes been suggested that plates would have
undergone ‘flat subduction’ in the past, when thick oceanic crust would have kept them
buoyant (Abbott et al., 1994). This might work locally in the present Earth, if the rest of
the plate is still pulled along by other subducting parts that are negatively buoyant, as may
have occurred under South America for example (Gutscher et al., 2000). However it is
unlikely to have worked in the past if the plate was supposed to be moved by ‘ridge push’
(really gravity sliding off a ridge), because ridge push is relatively weak, and only comes
into play if the plate is already moving. Recall the underlying principle that convection is
driven by the foundering of the thermal boundary layer, so if the thermal boundary layer is
buoyant it will not founder.

Principle 2 derives from the fact that convection is a heat transport mechanism. The
role of the top thermal boundary layer is to remove heat from the interior. It does this
first by losing heat to the cold surface by conduction, thickening in the process. When it
reaches a sufficient thickness, its accumulated negative buoyancy causes it to sink into the
interior fluid, which it cools by absorbing heat. In the meantime the cool fluid is replaced
at the surface by hot fluid that in turn cools and sinks. In the case of the present mantle
system, heat is removed by the cycle of passive upwelling of hot (but ambient) mantle
at spreading centers, conductive cooling of the near-surface material to form a thickening
plate, subduction of the plate and absorption of heat from the hot interior.

To illustrate the import of Principle 2, consider the situation discussed by Davies
(Davies, 1992) in which plates are rendered more buoyant by the presence of thicker
oceanic crust, due to the mantle being hotter than at present. This does not preclude plate
tectonics, because the plate will eventually become negatively buoyant due to conductive
cooling and thickening. However subduction might be delayed long enough that the plates
no longer remove heat from the mantle faster than radioactivity warms it, and the mantle
would not be able to cool to its present temperature. Thus this tectonic mode is not capa-
ble, by itself, of explaining how the mantle got from a presumably hotter start to its present
temperature.
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2.3-3. THERMAL STATE DURING FORMATION AND THE HADEAN

Two broad modes of formation of the terrestrial planets have been debated, a relatively
rapid instability of a disk of gas and dust, followed by removal of the gas, or a slower
collisional accretion process, largely in the absence of gas, taking a few tens of millions of
years (Wetherill, 1980). The former is no longer favored for the formation of the terrestrial
planets (Boss, 1990). It has also been suggested that there might have been an early thick
atmosphere, either of nebula gases or of steam, that would keep Earth’s surface hot (Sasaki,
1990). Among these possibilities the most favoured seems to be collisional accretion with
a thin atmosphere and a cold surface. This implies the lowest internal temperatures, but
even in this case melting temperatures would have been reached near the surface when
Earth was only about half of its final radius and one tenth of its final mass (Davies, 1990).
As accretion proceeded, larger and larger bodies would have collided with Earth (because
they would be growing too), culminating with the impact of a Mars-sized body and the
consequent formation of the Moon (Wetherill, 1985). The largest impact might have melted
a substantial fraction of the mantle (Melosh, 1990).

However impact melting was probably quite transient, even in the case of a magma
ocean. This is because ultramafic and mafic magmas have quite low viscosities and con-
vection driven by contact with a cold surface would be quite vigorous. Estimates based on
quite general formulas characterising convective heat transport, and also on the example of
Hawaiian lava lakes, indicate that even a 1000 km deep magma ocean would cool to a crys-
talline mush within only a few thousand years (Davies, 1990; Tonks and Melosh, 1990).
Smaller impacts might generate lava seas or lava lakes lasting only centuries or decades.

Two important inferences follow from the occurrence of transient but vigorously con-
vecting magma bodies. One is that core segregation would have been facilitated well before
Earth had reached its final mass (Stevenson, 1990). On the other hand, the convection may
have been vigorous enough to keep centimeter-scale silicate crystals in suspension, and
thus to prevent much stratification of silicate components (Tonks and Melosh, 1990). The
fact that deviations of the present mantle from compositional homogeneity have been diffi-
cult to resolve (Jackson and Rigden, 1998; van der Hilst and Kérason, 1999) also indicates
that the mantle has never been so strongly stratified that subsequent mantle convection
could not erase all or most of the stratification.

Segregation of the core releases enough energy to heat the interior by about 2000 °C
(Flasar and Birch, 1973), so the initially cold center would have been displaced by de-
scending core material and heated and stirred (Davies, 1980; Stevenson, 1990). Despite the
high rate of energy release associated with core segregation, the mantle temperature may
not have been more than about 30% greater than at present because of the lower viscosity
and resulting very high efficiency of convection at high temperatures (Davies, 1980). The
whole interior was probably thermally homogenized in the process of core segregation.

These inferences thus bring us to a picture in which the mantle during the final stages of
accretion was considerably hotter than at present and not strongly stratified despite having
been transiently molten.
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boundary

Fig.2.3-1. Sketch of a possible alternative to plate tectonics. The thermal boundary layer is presumed
to be thin and deformable, so no rigid plates form. The foundering of the thermal boundary layer is
depicted as being symmetrical, since the asymmetry of modern subduction arises from the reverse
faulting that characterises a strong, brittle material. A mafic (oceanic-type) crust is presumed to
form and to accumulate over the downwelling zone. As the lower parts of this pile reach higher
pressures and temperatures they would tend to convert to dense eclogite (Ecl). This might lead to
a runaway acceleration of the foundering, resulting in the whole accumulation foundering within a
short episode. After (Davies, 1992).

Although impact melting per se would have been transient, any upwelling in the mantle
would have generated substantial pressure-release melting. Thus presumably there was
early, rapid and semi-continuous formation of mafic and ultramafic crust (see Kamber,
this volume). The detailed behaviour and fate of such crust is subject to the uncertainties
already noted regarding the interplay between compositional and thermal buoyancies, and
to the requirements of Principles 1 and 2. This kind of scenario has not been quantitatively
modelled. Thus, bearing in mind the perils of unquantified conjecture, I will propose a
scenario that bridges between Earth’s accretion and a state in which plate tectonics might
have operated and which is thus quantifiable. The usefulness of such a scenario might either
be that it is justifiable in retrospect, or that it may serve as a benchmark against which other
scenarios can be evaluated. In any case this approach provides a way of exploring this realm
of Earth history.

To proceed, I need to assume that some form of near-surface mantle convection operated
from the late stages of accretion. This requires that the top thermal boundary layer, or part
of it, was able to subside. If the mantle were not melting this would be straightforward:
the top surface would cool and sink according to normal thermal convection, facilitated
by the relatively low viscosity of the underlying mantle. However mantle melting, and the
resulting formation of mafic crust, complicates the picture and creates a chicken-and-egg
question of how foundering of the surface would have begun. Presumably the continuing
active bombardment of late accretion would have helped.

Pressure-release melting of fertile mantle with an excess temperature of 200-300°C
would generate a 30—40 km thickness of mafic crust (McKenzie and Bickle, 1988), which
would be buoyant. Assuming concurrent degassing and the early stages of ocean formation,
this material would plausibly have been hydrated after it erupted. With modest horizontal
forces from convection presumed to be already active, horizontal convergence over down-



66 Chapter 2.3: Dynamics of the Hadean and Archaean Mantle

welling zones might then have thickened this material to the 60 km or so required for its
base to transform to eclogite, which is denser than the mantle. This would cause the mafic
pile to subside, bringing more material into the eclogite range. The process thus would
accelerate, quite possibly forming a runaway sinker that would founder rapidly into the
mantle, as illustrated in Fig. 2.3-1.

By such a process, the mantle might be expected to have begun to differentiate very
early into foundered mafic pods within a matrix of more refractory and less dense residue.
The stirring action of mantle convection would tend to rehomogenize these heterogeneities,
but the initial differentiation would initiate a large-scale process of vertical segregation that
is summarized in the next section.

2.3-4. DYNAMICAL STRATIFICATION OF THE MANTLE

Numerical models of a convecting and differentiating hot mantle show that foundered
eclogitic material can sink through the upper mantle at a sufficient rate to leave the upper
mantle significantly depleted of its mafic component (Davies, 2006b). Fig. 2.3-2 shows a
model run at 1650 °C. In this model the upper mantle viscosity is about 1.3 x 10'® pascal-
seconds (Pa ), about 200 times less than in the present upper mantle, and the lower mantle
is 30 times more viscous.

The model includes plates at the surface, simulated by imposing uniform velocities on
segments of the top boundary, as indicated by the arrows in Fig. 2.3-2(a). Plate boundaries
are marked by the ticks. There are two ‘oceanic’ plates converging towards a central ‘con-
tinental’ region. In the continental region the top boundary of the model represents the base
of the continental lithosphere, so it is a hot, low heat flow boundary. The continental region
also spreads slowly. Both of the latter features help to provide a good simulation of sub-
duction without disturbing the main flow unduly (see Davies (2002)) for more discussion
of these devices).

The model also tracks the basaltic-composition component of the mantle using four
million tracers — this component exists as basalt at the surface but as other assemblages,
such as eclogite, at depth. The basaltic-composition component undergoes various phase
transformations with increasing depth, and is denser than average mantle at most depths
below about 60 km (Hirose et al., 1999). Each tracer carries an excess mass corresponding
to an excess density of 150 kg/m?>. This model also includes a phase transformation in the
transition zone (at about 700 km depth) whose effect tends to sharpen the contrast in tracer
behaviour between the upper and lower mantles.

Melting zones are defined below the oceanic plates by an estimated depth to the solidus.
Pressure-release melting is simulated by moving tracers vertically into an oceanic crust
layer if they rise into a melting zone, thus also leaving the melting zone depleted of trac-
ers. Depleted zones are less dense by virtue of having no heavy tracers within them. The
thickness of the oceanic crust generated in this model can be calculated from the numbers
of tracers present in the crust.
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0.0 tracer concentration 10.0

Fig. 2.3-2. Numerical model of convection in a hot (1650 °C) early mantle after 100 My: (a) tem-
perature and streamlines (curves); (b) concentration of tracers. Plates are assumed to operate at the
surface, delineated by the ticks and arrows. The central part of the top boundary is taken to be the
base of continental lithosphere (see text). The tracers represent the basaltic-composition component
of the mantle, and melting is simulated by transferring tracers into the oceanic crust as they enter
the melting zone under the outer ‘oceanic’ plates. Two subduction zones, where the oceanic plates
descend, carry differentiated material into the mantle. An accumulation of cooler fluid, depleted of
tracers, can be seen under the left-hand plate. Details of this model are given in Davies (2006a).

Subduction injects the crustal layer and the depleted zone into the mantle. Below the
60 km eclogite transformation, denser crustal material tends to sink, and the less-dense
depleted zone material tends to rise. The upper mantle viscosity is low enough that the
components can separate at a significant rate, so the upper mantle becomes relatively de-



68 Chapter 2.3: Dynamics of the Hadean and Archaean Mantle

Height

0
Tracer concentration (normalized)

50
= — 100 Ma
é (b) — 75 Ma
B = i e e e e e i i e et e
% Undepleted 35 km
c
A
L
=
o) Sequence averages
E ] 11.1,9.4, 4.5, 3.7 km
O

Horizontal position

Fig. 2.3-3. (a) Horizontally averaged profiles of tracer concentration as a function of time from the
model shown in Fig. 2.3-2. Note the progressive depletion of the upper mantle, and the accumulation
of tracers at the base of the mantle. The viscosity of the lower mantle is 30 times higher than in the
upper mantle, and is evidently sufficient to keep most of the tracers in suspension; (b) Thickness of
oceanic crust calculated from the model in Fig. 2.3-2 as a function of time. A mantle undepleted
of basaltic component would yield 35 km thick oceanic crust. Note the large spatial and temporal
variability. Details of these models are given in Davies (2006a).

pleted of basaltic component. The lower mantle is evidently still viscous enough to keep
much of the eclogite in suspension, though there is an accumulation at the bottom.

The development of this stratification is evident in Fig. 2.3-3(a), which shows profiles
of the horizontally averaged tracer concentration as a function of time. The upper mantle
depletion profile is established after about 75 Ma. The average thickness of oceanic crust
drops from about 35 km to about 4 km within this period (Fig. 2.3-3(b)).
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Fig. 2.3-4. Horizontally averaged profiles of tracer concentration as a function of mantle temper-
ature. Depletion of the upper mantle is stronger at higher temperature because of lower viscosity.
Details of these models are given in Davies (2006a).

At lower temperatures, this dynamical stratification is not as pronounced, because the
higher mantle viscosity tends to keep more tracers in suspension. Fig. 2.3-4 shows tracer
concentration profiles at several mantle temperatures. Corresponding crustal thickness are
listed in Table 2.3-1. There is considerable variability in the modelled thickness with posi-
tion and time, as is evident in Fig. 2.3-3(b), so these averages have uncertainties of perhaps
43 km. Sometimes one of the two plates has essentially zero crustal thickness, as can be
seen in Fig. 2.3-3(b) at 75 and 100 Ma.

These results suggest the mantle would have become dynamically stratified very early,
starting during the late stages of accretion and, if mantle temperature peaked at 1600 °C
or more, yielding a depleted upper mantle within 50-75 Ma. If accretion lasted for around
70 Ma, from 4.567 to around 4.5 Ga, this suggests a stratified mantle by 4.4 Ga, quite early
in the Hadean.

The behaviour of the models on which these conclusions are based is obviously de-
pendent to some degree on the assumption that plates were operating. If plates were

Table 2.3-1. Thickness of oceanic crust versus mantle temperature

Temperature (°C) Thickness (km) Fertile thickness (km) Ratio
1650 4 35 0.11
1550 8 31 0.26
1425 9 20 0.45
1300 8 8 1.0
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not operating, then the kind of ‘drip tectonics’ suggested earlier might have generated
foundering basaltic bodies anyway, and these might actually have been thicker and more
equidimensional than a subducted sheet of oceanic crust, which would cause them to sink
faster and enhance the segregation demonstrated in the above models. Thus although the
detailed veracity of the models cannot be established yet, they may nevertheless give a
useful indication of the earliest dynamical behaviour of the mantle, including its possible
dynamical stratification.

2.3-5. EARLY PLATE TECTONICS AND EARLY MANTLE COOLING

These results reopen the question of whether plate tectonics could have operated early
in Earth history. Part of the problem has already been indicated in the earlier discussion: if
the oceanic crust is 30 km thick or more then it will resist subduction because of its low
density at the surface. The problem is compounded by the requirement that plates would
be going faster because of the lower mantle viscosity, so they would be thinner and have
less negative thermal buoyancy (remember the plate is defined by the thermal boundary
layer). The combination of these effects is sufficient to interfere with subduction when the
mantle temperature is less than 100 °C above the present temperature (Davies, 1992).

The thinner crust found in these calculations will inhibit subduction less, so a plate
would not have to age as much before its net buoyancy becomes negative. In fact modern
plates, with a 7 km oceanic crust, only become negatively buoyant after about 15 Ma
(Davies, 1992), and a plate with a 4 km oceanic crust would become negatively buoyant
within less than 5 Ma. With present plate dimensions, this permits a plate velocity of about
5000 km/5 Ma, or about 1 m/a, 20 times faster than at present. One can then calculate
the heat loss that such fast plates would accomplish. With this logic, the maximum heat
flow permitted by a given crustal thickness can be calculated. This is shown as the dashed
line in Fig. 2.3-5(a), based on the crustal thickness variation with temperature shown in
Fig. 2.3-5(c). Since the crustal thickness has a maximum (near 1500 °C), the maximum
heat flow curve has a corresponding minimum

Also shown in Fig. 2.3-5(a) (solid line) is the heat flow that unimpeded plates (and as-
sociated mantle convection) would accomplish (Davies, 1993). The actual heat flow would
be the lesser of these two curves. Thus at 1300 °C the crustal thickness does not inhibit the
plates and the heat flow is about 35 TW (35 x 10'2 W). On the other hand at 1600 °C the
crust does inhibit the plates and the permitted heat flow is about 120 TW, compared with
about 240 TW for unimpeded plates. Thus although heat loss from the mantle is impeded,
it can still be quite high.

Given the rate of heat loss as a function of mantle temperature it is possible to calculate
the thermal history of the mantle, as has been done many times before (e.g., Davies, 1993).
The principle is simple enough: the rate of cooling is proportional to the rate of heat loss
minus the rate of heat generation by radioactivity. With an initial temperature prescribed,
this relationship can be integrated forward in time. A typical result of this, ignoring the
effect of the oceanic crust for the moment, is shown in Fig. 2.3-5(b) by the grey curve.
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Fig. 2.3-5. Thermal evolution models and related quantities: (a) Heat flow versus temperature with
no crustal hindrance (solid), and maximum heat flow allowing for crustal hindrance (dashed); (b)
Mantle cooling curves in unhindered (grey) and hindered (black) cases; (c) Crustal thickness versus
temperature with (solid) and without (dashed) dynamic depletion of upper mantle; (d) Heat flows
versus time in unhindered (grey) and hindered (black) cases. Solid: mantle heat loss. Dotted: mantle
radioactive heating. Dashed: core heat loss (input into the mantle). Unhindered case similar to those
in Davies (1993). Hindered case will be described in detail in a forthcoming paper.

The early, rapid drop in temperature occurs because the rate of heat loss at high tempera-
tures is much higher than the rate of radiogenic heating (Fig. 2.3-5(d)). As the mantle cools
its rate of heat loss reduces until it approaches the rate of radiogenic heating. Thereafter
the cooling history is controlled by the slow decay of the radioactive heating.

We can now look at the effect of the oceanic crust on the cooling history of the mantle.
Without any crustal inhibition (Fig. 2.3-5(b), grey curve), the mantle cools through 1500 °C



72 Chapter 2.3: Dynamics of the Hadean and Archaean Mantle

within about 400 Ma. With the crustal inhibition, the mantle cools more slowly at high
temperatures, and does not cool through 1500 °C for about 1.5 Ga (solid curve).

The inflected shape of this cooling curve is caused by the inflections in the heat flow
curves of Fig. 2.3-5(a). As the mantle cools from its high initial temperature it follows
the dashed curve. It cannot cool faster than this because as it cools the mantle viscosity
increases, the mantle is therefore able to entrain more mafic material, the upper mantle
becomes more fertile as a result and the crustal thickness increases, slowing the rate of
cooling. This self-regulation applies until the mantle temperature reaches the minimum of
the dashed curve in Fig. 2.3-5(a), at which point its cooling rate is no longer constrained by
crustal thickness and it goes into a transient ‘free fall’ until its temperature is maintained
by radioactive heating.

The cooling history shown in Fig. 2.3-5 should not be taken too literally. In particular,
the timing of the transition from the early hot phase to the later cooler phase is sensitive to
parameters that are not very well constrained. For example some allowance has been made
for the basalt-eclogite transformation assisting subduction, which raises the dashed curve
in Fig. 2.3-5(a) by a factor of 1.8. Without that factor, the hot phase would only just be
ending after 4.5 Ga. With a stronger effect, the hot phase would end sooner. (More details
of these calculations are given in Davies (2006a)). Thus although it is tempting to associate
the transition with the Archean—Proterozoic transition, this can only be conjectured at this
stage.

2.3-6. DISCUSSION

The mantle cooling results just presented do not prove plate tectonics was operating
during the Hadean and Archaean — that would depend on the details of the mechanical
properties and the dynamical forces operating at the time. However the above results, taken
at face value for the moment, do show that plate tectonics would have satisfied Principles 1
and 2 enunciated in Section 2.3-2: the negative buoyancy of the lithosphere would have
sufficed to drive the plates, despite some inhibition from the buoyant oceanic crust, and the
plates would have been able to operate fast enough to cool the mantle to its present state.

If plates were operating then the tectonic regime would have borne many resemblances
to today’s, but there would have been some differences as well. Plate velocities could have
been roughly 20 times greater, so their thermal thicknesses would have been 4 or 5 times
less (thickness being proportional to square root of age (Davies, 1999)), thus 20-25 km
thick rather than about 100 km thick. Being thinner, they might not have been as large, but
this is not a straightforward conclusion because the lower viscosity of the mantle would
reduce stresses that would tend to break them. (Then, as now, there would be no need to
invoke any putative ‘small-scale’ convection, and for the same reason — it must be relatively
weak because the plate mode of convection uses most of the available negative buoyancy
of the plates (Davies, 1999).)

The preceding discussion has been in terms of plate velocities, but what really counts is
the areal rate of creation of plates, which is the spreading rates of mid-ocean ridges times
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the length of ridges. If plates were smaller then ridge length might be larger (again, not
necessarily, it depends on the details of the geometry) and plate velocities would then have
been proportionately smaller. However the analysis is unchanged by this trade-off.

The nature of the rocks produced by the scenario proposed here needs to be considered
carefully. The upper mantle is more depleted in basaltic component not just because melt
has previously been extracted, but because some of the previously extracted melt has been
removed mechanically by gravitational settling. There is simply less of it available to melt.
If that melt, from eclogitic pods, reached the surface it could be significantly enriched in
incompatible elements, as at present. On the other hand, the matrix surrounding it would
be more refractory than at present, because of the higher temperatures at which melting
was occurring, and this would presumably increase the degree of back-reaction to which
the eclogitic melt would be prone (Campbell, 1998; Yaxley and Green, 1998), but perhaps
not by very much. Thus we might expect the early, thin oceanic crust to reflect some of
the high temperature and reduced basaltic component of its source, but not necessarily as
much as a simple two-stage melting process would imply.

ACKNOWLEDGEMENTS

The computations reported here were performed on the SGI Altix computer cluster of
the Australian Partnership for Advanced Computing National Facility based at The Aus-
tralian National University. The research was supported by Australian Research Council
grant DP0451266.



This page intentionally left blank



Earth’s Oldest Rocks

Edited by Martin J. Van Kranendonk, R. Hugh Smithies and Vickie C. Bennett

Developments in Precambrian Geology, Vol. 15 (K.C. Condie, Series Editor) 75
© 2007 Elsevier B.V. All rights reserved.

DOI: 10.1016/S0166-2635(07)15024-6

Chapter 2.4
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2.4-1. INTRODUCTION

The oldest known rock on Earth, the Acasta gneiss, is just over 4 billion years (Ga) old
and occurs as a relatively small expanse of outcrops in the northwestern part of the Slave
Craton, Canada (Bowring et al., 1990; lizuka et al., this volume). It is the only known
Hadean rock. The next oldest expanse of terrestrial rocks is the 3.9-3.6 Ga Itsaq Gneiss
Complex of SW Greenland, which occupies a more substantial area (Nutman et al., this vol-
ume). But even when considering the additional few small nuclei of Palacoarchean gneisses
on other cratons, the early rock record on Earth can be termed miniscule at best.

By comparison, the Moon is vastly better endowed with ancient rocks. This is not only
evident from directly dated Apollo anorthosite breccia samples (e.g., Norman et al., 2003)
but also from the much higher cratering density on the lunar highlands compared to the
maria. Pb-isotope data (Tera et al., 1974) and Ar-Ar dates of lunar impact glasses (Co-
hen et al., 2000) firmly demonstrate that the last major cratering event, the so-called late
heavy meteorite bombardment (LHMB), occurred between 4.0 and 3.85 Ga, thus provid-
ing a minimum age for the heavily cratered highlands. Even on Mars, a relatively large
surface area is inferred to be ancient (e.g., Solomon et al., 2005) as is indeed one of the
few retrieved Martian meteorites (4.5 Ga orthopyroxenite ALH84001; e.g., Nyquist et al.,
2001).

The most obvious difference between Earth, the Moon and Mars is that our planet’s
geology is, and for most of its history was, driven by plate tectonics. This process, whereby
heat from the Earth’s interior is largely lost by upwelling of hot mantle material that melts
at mid-ocean ridges, and by a continuous flux of cold oceanic plates subducted back into
the hot mantle, has a tendency to rework the continental fragments against which oceanic
plates are moved. Hence, intuition could lead one to believe that the reason for the absence
of a large volume of truly ancient rocks on Earth was that over time, they were recycled
back into the mantle or reworked beyond recognition into younger continental rocks (e.g.,
Armstrong, 1991).
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There are, however, several observations that argue for a very substantial primordial
crust, as well as for relatively good chances of survival of continental crust that formed
since 3.85 Ga. This evidence, which is largely indirect and often requires several layers of
interpretation (and leaps of faith in the author’s ability to understand data), then creates an
enigma concerning the apparent, almost complete, disappearance of the primordial crust
of the Earth. It also represents a formidable obstacle for researchers trying to reconstruct
how the Earth might have looked prior to the LHMB.

The principal aim of this chapter is to lay out the salient arguments in favour of a vo-
luminous and relatively long-lived early terrestrial crust and to explain the evidence for its
disappearance. This discourse will hopefully allow the non-specialist reader to understand
the enigma. How the enigma is solved is presently a matter of speculation only. The more
plausible explanations will be discussed.

2.4-2. EVIDENCE FOR SUBSTANTIAL > 4 GA DIFFERENTIATION
OF THE SILICATE EARTH

The segregation of the metallic core and loss of volatile elements that accompanied the
accretion of the Earth have substantially influenced the make-up of the silicate Earth. It is
widely, but not unanimously, agreed that core formation, volatile loss and the formation of
the Moon by a Mars-sized impactor were completed in less than 100 Myr (e.g., Jacobsen,
2005; Taylor, this volume). Accretion of ca. 5% terrestrial mass was possible after the
formation of the Moon (Canup, 2004) and was very important for the volatile budget of the
Earth (Kramers, 2007).

It is necessary to mention the possibility that the silicate Earth from which Hadean
crust was derived might not have been homogeneous, at least from the point of view of
radiogenic isotope composition. In other words, the very earliest processes that shaped the
Earth (accretion, Moon formation, magma ocean) may have already left the young man-
tle somewhat differentiated (e.g., Boyet and Carlson, 2005). Alternatively, these isotopic
differences could actually reflect inheritance from incomplete mixing of nucleosynthetic
material in the solar disc (Ranen and Jacobsen, 2006; Andreasen and Sharma, 2006). It is
important to realise that all the features discussed in this chapter were superimposed on
this isotopic contrast of the Earth with chondritic meteorites, regardless of its origin.

Silicate differentiation, particularly extraction and isolation of crust, leaves a traceable
radiogenic isotope record, which manifests as different relative abundances of isotopes that
are decay products of a different element. Next follows a discussion of the three principal
lines of evidence that require the existence and temporary persistence of a voluminous
Hadean crust.

2.4-2.1. Lu-Hf Isotope Systematics of Ancient Zircon

In the process of mantle melting, the trace element Hf is partitioned more strongly into the
liquid than Lu on account of its more lithophile character (i.e., it plots farther to the left
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Fig. 2.4-1. Full trace element patterns of modern continental sediment composite (full circles: Kam-
ber et al. (2005b)) and average sediment from the 3.7 Ga Isua supracrustal belt (open circles; data
from Bolhar et al. (2005)). Data are normalised to MORB and elements are arranged according to
relative incompatibility (Kamber et al., 2002). In mantle melting, the liquid is most enriched for
elements on the left hand side of the plot and least enriched for the most compatible elements plot-
ting at the very right. Note that for the Lu-Hf, Sm-Nd and U-Pb pairs (high-lighted), the relative
incorporation into Paleoarchean and modern continental crust was comparable.

in Fig. 2.4-1). If the mantle experiences melting, its preferential depletion in Hf over Lu
leads to a significant positive deviation of the Lu/Hf value relative to the original (undif-
ferentiated Earth) value. The ingrowth of !7°Hf from decay of radioactive !’Lu after such
depletion of the mantle by long-lasting separation of the solidified melt (i.e., crust) is much
stronger than in the crust. If the depleted mantle source is later tapped for remelting, the
melt itself will inherit this isotopic fingerprint. Conversely, as melt has a lower Lu/Hf ratio
than the undifferentiated Earth, it will develop a retarded '"OHf/'77Hf isotopic fingerprint
in the crust over time.

Zircon is the ideal time capsule to record the Lu/Hf evolution of the early Earth because
it has a very low Lu/Hf ratio and hence largely preserves the Hf-isotope composition of
the melt from which it formed. Zircon is also an ideal capsule because any disturbance of
the system (by later geologic events) is readily monitored by U/Pb systematics (Patchett,
1983). There is now a significant database of Hf-isotope systematics of ancient (>3.7 Ga)
zircons, summarised in Fig. 2.4-2. This figure shows, for the time interval 4.3 to 3.8 Ga,
a relatively large spread with values both more and less radiogenic than the ‘chondritic’
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Fig. 2.4-2. Hf isotope evolution diagram, showing initial 176 1£/177 Hf ratios recorded by Hadean and
Paleoarchean zircon as a function of time, calculated from U/Pb zircon crystallisation age. Position
of bulk silicate Earth (BSE) reflects 1761 4 decay constant of Scherer et al. (2001). Note that Hadean
zircon (with time of formation < 0.57 billion years after Earth accretion) define a wide spread in
Hf isotope composition. Trajectories that encompass this spread (shown as stippled arrows) extrapo-
late to much greater Hf-isotope variability than what is actually observed in younger zircon; namely,
Paleoarchean zircons require trajectories with much less divergence between the depleted reservoir
(points plotting above BSE) and the continental crust (points plotting below BSE). Combined data
imply an event of rehomogenisation some time between 0.6 and 0.8 billion years after Earth accre-
tion, here schematically outlined with a grey polygon, in which Hf isotope variability was reduced by
2/3 at 0.6 Ga. Irrespective of age and models, note that on average, zircon has unradiogenic Hf plot-
ting well below BSE, indicating that the host melt originated by re-melting of pre-existing crust. Very
few zircons reflect direct derivation from mantle. Data from: Amelin et al. (1999, 2000), Harrison et
al. (2005), Wu et al. (2005), Davis et al. (2005), and Zhang et al. (2006).

reference value. Note that at present, it is unclear where exactly on this diagram the undif-
ferentiated silicate Earth would plot, on account of the uncertainties about the Lu/Hf ratio
of the Earth (Boyet and Carlson, 2005) and the '"Lu decay constant (e.g., Scherer et al.,
2001). Two key observations relevant for the Hadean Earth are valid, regardless. First, the
Earth’s oldest zircons require a substantially depleted mantle (with high time-integrated
Lu/Hf ratio) and a complementary crust with low Lu/Hf ratio. Second, this large extent
of silicate Earth differentiation is no longer visible in 3.8-3.5 Ga zircon from any of the
cratons on which they occur (e.g., Kaapvaal, Pilbara, North Atlantic; Slave (Amelin et al.,
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1999, 2000); North China (Wu et al., 2005); Western Superior (Davis et al., 2005); Yangtze
(Zhang et al., 2006)).

It is of critical importance to realise that this extent of Hf-isotope spread could not have
evolved if the low Lu/Hf reservoir (the crust) was dynamically recycled back into the man-
tle throughout the Hadean era. Rather, the spread requires the separation of a relatively
long-lived crust, which was episodically internally reworked during the Hadean (Cavosie
et al., 2004, this volume) and produced the scatter in unradiogenic Hf-isotope values. If this
crust-mantle pair had persisted to the present day, its range in Hf-isotope values would be
300-400% that observed (Harrison et al., 2005). The lack of evidence in Mesoarchaean
(and younger) zircon for such extreme Lu/Hf separation thus requires a fundamental recy-
cling event of the Hadean crust back into the mantle some time between 3.8 and 3.5 Ga.

Hadean zircon (e.g., Froude et al., 1983; Maas et al., 1992; Wilde et al., 2001, Mojzsis et
al., 2001; lizuka et al., 2006, this volume), while itself undoubtedly the best and so far only
direct evidence for the existence of a terrestrial Hadean crust, does not place any limit on
the volume and bulk composition of this crust. Because zircon is the only highly resilient
mineral that is amenable to radiometric dating (unlike, for example, detrital chromite that
is found along with Hadean zircon in quartzites), much care must be exercised when ex-
trapolating implications from zircon geochemical data to bulk crust as a whole. Mineral
inclusions of feldspar, mica and quartz in Hadean zircon (e.g., Maas et al., 1992; Wilde et
al., 2001) are clearly compatible with geochemical evidence in the zircon itself for grani-
toid host rocks of at least some of the zircons (e.g., Maas et al., 1992; Mojzsis et al., 2001;
Crowley et al., 2005; Harrison and Watson, 2005; lizuka et al., this volume). However,
because ultramafic and mafic lithologies are devoid of igneous zircon, they are not repre-
sented in inventories. As a result, it is not surprising that the zircon geochemical evidence
is in favour of granitoid host rocks, but that does not automatically imply that the bulk of
the Hadean crust was not ultramafic.

In summary, the Hadean zircon evidence proves that:

(i) granitoids of diverse chemistry existed (Crowley et al., 2005);
(i1) extraction of the Hadean crust depleted portions of the mantle, in places quite
strongly;
(iii) the crust and depleted mantle remained separated for a considerable period of time
(200-600 Myr);
(iv) the crust was being reworked internally; and
(v) the crust and depleted mantle were largely rehomogenised by 3.5 Ga.

2.4-2.2. 16Sm-1%2Nd Isotope Systematics of Palaeoarchean Rocks

Because Nd is more lithophile than Sm (see Fig. 2.4-1), melting also leads to preferential
enrichment of Sm over Nd in the mantle. Unfortunately, there is no rock forming mineral
that has a truly low Sm/Nd ratio and could be used to estimate the original '*3Nd/!**Nd-
isotope composition of the rock without substantial correction for in situ '4”Sm decay.
However, a second Sm isotope, 1469 m, with a short half-life of 103 M.yr., had essentially
decayed to “’Nd by the end of the Hadean. Therefore, '#>Nd/!'**Nd data do not require
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correction for in situ '4°Sm decay since rock formation, and this system is thus ideally
suited to trace Hadean Earth silicate differentiation. There is now a reliable database of
142N d/144Nd measurements for Paleoarchean rocks from SE Greenland (Caro et al., 2006).
The most important result from the data is that all analysed lithologies (metasedimentary
rocks, orthogneisses and amphibolites) have '“?Nd excesses relative to modern basalts
(Fig. 2.4-3). The excesses range from ca. 7 ppm (parts-per-million) in the orthogneisses,
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Fig. 2.4-3. Comparison of 142Nd/144Nd systematics of terrestrial rocks (data from Caro et al. (2006)
and Regelous and Collerson (1996)). The relative 142Nd abundance is expressed as the deviation in
parts-per-million from BSE. Note that the modern rocks, Barberton komatiites, and the one Acasta
gneiss have no distinguishable anomalies. By contrast, all Paleoarchean rocks from SW Greenland
(Itsaq gneisses, Isua supracrustal belt metasedimentary rocks and amphibolites) have clearly dis-
cernible 142Nd excesses. The data obtained by Regelous and Collerson (1996) on an older generation
mass spectrometer (Yakutia ecolgite and Paleoarchean Labrador samples) have larger errors. How-
ever, note the 142Nd excesses in the Labrador samples, particularly in the meta-komatiite, could be
real if analysed with the same technique as Caro et al. (2006).
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to 15 ppm in some of the metasedimentary rocks and require Sm/Nd fractionation to have
commenced before 4.35 Ga. The new data vindicate the much earlier claim for the exis-
tence of '“>Nd excess in a metasedimentary rock from the Isua supracrustal belt (Harper
and Jacobsen, 1992), but have not confirmed the magnitude of the earlier data (33 ppm).
Nevertheless, Caro et al. (2006) comment on the variability in '*>Nd excess shown by
the clastic metasedimentary rocks and the fact that none of the currently exposed non-
sedimentary lithologies in SW Greenland can provide a source for the most '“>Nd enriched
component in the sediments. This observation is compatible with evidence from trace el-
ements systematics of these lithologies (Bolhar et al., 2005) that require an essentially
zircon-free, but strongly evolved, component that appears to be absent at the current level
of exposure.

By contrast to Paleoarchean rocks from SW Greenland, the presently very limited
142N d-isotope database for up to 4.0 Ga Acasta gneisses from the Slave Craton and 3.4—
3.5 Ga lithologies from the Barberton Greenstone Belt of the Kaapvaal Craton do not show
resolvable '*>Nd excesses (Fig. 2.4-3). This may well indicate a degree of Hadean man-
tle heterogeneity, as the presence of >4.2 Ga crust at Acasta has now been demonstrated
(lizuka et al., 2006). Older vintage '#>Nd data were presented by Regelous and Collerson
(1996) for two Paleoarchean samples from Labrador. Neither the monzodiorite gneiss nor
the meta-komatiite from this area yielded anomalous '*’Nd within the much larger analyt-
ical errors than can be achieved with the latest generation of mass spectrometers. However,
the Labrador meta-komatiite average (+10 =12 ppm) is identical to the average metabasalt
value (4+10.6 & 0.4) from the Isua supracrustal belt determined by Caro et al. (2006). The
possibility thus remains that the '**Nd excess is a feature of the early Archaean nucleus of
the entire North Atlantic Craton.

When interpreting the early Earth '4?Nd data, the following factors need to be consid-
ered. First, at this stage, no measurement of a terrestrial rock has yielded a relative 142Ng
deficit to complement the excess documented in SW Greenland. This problem is com-
pounded further if the accessible Earth has a higher Sm/Nd than chondrites (Boyet and
Carlson, 2005). The problem of the missing '“>Nd depleted rocks is particularly counter-
intuitive in the Isua supracrustal belt. Here, the lithologies with the most crustal character
(i.e., metasedimentary rocks) appear to have the largest excesses, when crust as a whole has
a lower Sm/Nd than the mantle and would be expected to develop a '*>Nd deficit. A solu-
tion to this dilemma is possibly provided by the observation that in these metasedimentary
rocks the evolved component was apparently mostly juvenile (Kamber et al., 2005a). In
that case, it is possible that the sediments provide a window into a depleted mantle area
tapped by juvenile basaltic volcanism that fed the sediment source.

Second, regardless of this possibility, it is curious that the Hf isotopes in ancient zircon
show a strong intra-crustal evolution history, while the '#>Nd apparently does not.

Third, in agreement with the Hf isotopes of ancient zircon, the lack of any appreciable
142Nd anomaly in Archean rocks younger than 3.7 Ga is strong evidence that the reservoirs
that resulted from Hadean silicate differentiation were rapidly homogenised before 3.5 Ga.
In the context of the Hadean crust, this would mean effective recycling of the crust itself,
as well as eradicating the depletion signature in affected mantle domains.
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2.4-2.3. 233U-297 Pp Isotope Systematics of Palaeoarchean Rocks

The partitioning of U and Pb is more complicated than that of Lu-Hf and Sm-Nd. Uranium
is more lithophile than Pb (i.e., plotting further to the left in Fig. 2.4-1) but continental sed-
iments are much richer in Pb than could be expected from the difference in incompatibility
(Fig. 2.4-1). This is because in the process of continental crust formation, Pb is enriched
due to its high solubility in fluids (e.g., Miller et al., 1994). In the trace element diagram,
the enrichment manifests as a positive Pb-spike. It is not only evident in modern sediment,
but was already a feature of the oldest known, 3.71 Ga, clastic metasedimentary rocks
from the Isua supracrustal belt (Fig. 2.4-1). The relatively low U/Pb ratio of true continen-
tal crust (of all ages) is thus prima facie evidence for fluid induced mantle melting. The
extraction of continental crust has thus left the mantle very depleted in Pb. The relatively
modest U/Pb ratio of typical continental crust is also reflected in the average Pb isotope
composition of average continental sediment (Fig. 2.4-4(a)) and the relatively limited Pb
isotope variability of crustal rocks. In complete contrast, lunar crustal rocks have much
higher and more variable U/Pb ratios and consequently, contain much more radiogenic Pb
(e.g., Premo et al., 1999).

An important feature of the Paleoarchean rock record is that the spread in 207Pb/2%*Pb
at a given 2°°Pb/2%Pb was much greater than could be expected from extraction of Pale-
oarchean crust (Kamber et al., 2003). This observation is very robust because it is evident
in the Pb isotopes of ores and feldspar that both contain no significant U and thus can
preserve original Pb isotope composition (Frei and Rosing, 2001; Kamber et al., 2003), as
well as the positions of whole rock isochrons, whose age significance was confirmed with
U/Pb zircon dates (e.g., Moorbath et al., 1973). The relatively large spread in 207 Pb/2%4Pb
(Fig. 2.4-4(b)) testifies to quite strong fractionation of U from Pb in the Hadean, rather
than the Paleoarchean Earth. It is also interesting that the inferred Hadean crustal rocks

Fig. 2.4-4. Common Pb isotope diagrams. (A) Modelled evolution lines from 4.3 Ga to present
(in 100 Myr steps) for the depleted MORB-source mantle and average sediment (after Kramers
and Tolstikhin, 1997). Note the maximum divergence in Neoarchaean times and subsequent con-
vergence caused by continental recycling into the mantle. Shown as an overlay in open symbols
are initial Pb isotope compositions of continental feldspars and ores (from compilation in Kamber
et al., 2003). They define a relatively modest range of compositions by comparison with the Moon
(not shown). This reflects the over-enrichment of Pb in continental crust and the resulting relatively
modest continental U/Pb ratio. (B) Pb isotope systematics of selected Paleoarchean lithologies from
SW Greenland. Two major observations are relevant. First, the data array defined by galena from
the 3.7-3.8 Ga Isua supracrustal belt plots sub-parallel to, but above, the mantle evolution line. This
requires isolation of the Pb source from which the galena formed (most likely crustal in character) be-
tween 4.1 and 4.35 Ga. Second, the age regression lines of different, but largely coeval, 3.65-3.71 Ga
lithologies from SW Greenland intercept the mantle evolution lines at very different ‘model’ ages
(from 3.65 to 3.4 Ga). Shown are two examples. The juvenile type-Amitsoq gneisses, which contrast
from banded iron formation from the Isua supracrustal belt, whose Pb was derived from a high U/Pb
source that separated from the mantle >4.1 Ga.



2.4-2. Evidence for Substantial > 4 Ga Differentiation of the Silicate Earth

207Pb/204pb

207Pb/204Pb

22

16.0
155 | A
15.0 - sediment
average
145 L Modern i
MORB-
140 L source i
135 L i
13.0 I ' I
10 12 14 16 18 20
14.25
B
14.00 -
3.38 Gyr
mantle
13.75 \
@]
13.50 i
13.25 Model mantle | |
e |IGB galena
—m@— |GB BIF
13.00 —o— Type Amitsoq | |
gneiss
3.65 Gyr
mantle
12.75 | | | | |
10.8 112 116 120 124 12.8
206 204

Pb/~""Pb

13.2

83



84 Chapter 2.4: The Enigma of the Terrestrial Protocrust

apparently had a high U/Pb, reminiscent of, if not as extreme in character as, the lunar
highlands.

The best studied Paleoarchean terrain for Pb isotopes is SW Greenland, where the least
radiogenic known terrestrial Pb was found in galena (Frei and Rosing, 2001). The galena
data array plots significantly above the mantle evolution line (Fig. 2.4-4(b)) modelled
from modern rocks by Kramers and Tolstikhin (1997). Certain other lithologies, mainly
metasedimentary rocks, also have much higher 207Pb/?*Pb ratios than expected in the
mantle, while juvenile gneisses, such as the 3.65 Ga, type-locality Amitsoq gneisses, have
Pb isotopes in accord with a mantle origin (Fig. 2.4-4(b)).

Although the exact interpretation of these systematics depends to some extent on the
validity of the mantle evolution model, which has its uncertainties, the situation is com-
parable to that recorded by Hf isotopes in zircon. Namely, there is considerable spread in
207pp/204pp, which attests to U/Pb fractionation in the time period from 4.35 to 4.1 Ga
(Kamber et al., 2003). The most crustal lithologies (i.e., sediments) host the Pb with the
highest U/Pb source history, formally consistent with the relative incompatibility of the
elements. This so-called high u (for u© = 238Ub/2%4Pb) signature can be traced through to
late Archean rocks in so-called high-u cratons (Wyoming, Slave, Yilgarn, Zimbabwe: e.g.,
Mueller and Wooden, 1988). Kamber et al. (2003, 2005) noted that these are also the cra-
tons that harbour the oldest known zircon, but whether the implication of recycled Hadean
crust as an origin for the high u source will hold up remains to be established. Regard-
less of the potential survival of some Hadean crustal fragments into the late Archean, the
general shape of the terrestrial Pb-isotope array is not permissive of a voluminous Hadean
crust that would have persisted beyond 3.5 Ga.

2.4-2.4. Summary

Isotope data from the '7°Lu/!76Hf, 146Sm/'*>Nd and 233U/2YPb systems offer a coher-
ent picture of significant silicate Earth differentiation that was operational from ca. 4.4 to
4.0 Ga. This is also the age range of the oldest known terrestrial zircon. The extent of iso-
topic variability requires that crust was not only formed, but that it remained isolated from
the depleted mantle residue. While the isotopic data are formally consistent with crust-
mantle differentiation, there are nuances whose significance are not fully understood at
present. The most important of these is that the Lu-Hf and U-Pb systems contain evidence
for both the crustal (low Lu/Hf, high U/Pb) and depleted mantle (high Lu/Hf and low U/Pb)
complements, while '“>Nd apparently only records the depleted reservoir.

It has been suggested (Nutman et al., 1999; Kamber et al., 2002) that the more evolved
lithologies in SW Greenland could be the melting products of garnet-amphibolites. Such
rocks, albeit ultimately crustal in origin, can evolve to more radiogenic Nd-isotope com-
positions and the possibility of the spread in '*?Nd excess being partly crustal needs to be
further investigated.

The most important observation is that the three systems also unanimously agree that
the early crust was largely destroyed by ca. 3.8—4.0 Ga and certainly by 3.5 Ga (Bennett
et al., 1993). Lu/Hf and Sm/Nd offer no evidence for the persistence of ancient crust. The
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very fact that some (albeit very rare) Hadean zircon has survived to the present day is
more consistent with Pb isotopes that suggest accidental survival of some Hadean crustal
fragments (Kamber et al., 2003, 2005). The biggest question surrounding the Hadean crust
then clearly is that of its demise!

2.4-3. MODELS FOR THE DISAPPEARANCE OF THE HADEAN CRUST
2.4-3.1. A Small Volume Depleted Mantle Portion

Radiogenic isotope data can estimate the extent of depletion of a particular portion of
mantle, but they cannot constrain the fraction of the total mantle that was depleted by crust
formation. Bennett et al. (1993), working with the long-lived '47Sm/'*3Nd systematics of
Paleoarchean rocks, which are less robust than the systems discussed above, hypothesised
that the large spread in initial '**Nd/'"**Nd that was obvious in 3.7-3.8 Ga rocks but not
in younger rocks could mean that throughout the first 700 M.yr. of Earth history, crust
formation only depleted a small portion of the mantle. This part of the mantle would have
become strongly depleted, but would not in itself require the formation of a volumetrically
significant Hadean crust. At some time between 3.8 and 3.5 Ga, a different type of mantle
convection would have initiated and would have rapidly stirred the very depleted former
uppermost mantle into undepleted deeper mantle and as such erased the strongly depleted
isotopic signature. Their model offered no suggestion as to what might have happened to
the Hadean crust, but the idea of a volumetrically ‘small’ depleted Hadean mantle clearly
remains attractive.

Because radioactive heat production rates in the Hadean mantle were between 3.5 and
4.5 times higher than today (e.g., Kramers et al., 2001), it is difficult (but as we shall see,
not impossible) to envisage how such a small mantle domain could have remained isolated
and survived convective stirring. Indeed, it is difficult to envisage how the Hadean crust
itself could have withstood convective forces for hundreds of millions of years.

2.4-3.2. A Plate Tectonic Hadean Earth

Continental crust formation along volcanic arcs is unique in that the crustal portion of
the lithosphere is equipped with a residual, refractory mantle keel (the subcontinental
lithospheric mantle (SCLM); e.g., Bickle, 1986; Griffin and O’Reilly, this volume). This
keel is not only depleted in fusible material but also buoyant relative to surrounding less
depleted peridotite. Re-Os isotope systematics of SCLM and overlying continental crust
demonstrate very convincingly that, at least in preserved Archaean cratons, the mantle and
crustal portions of the lithosphere formed at the same time (e.g., Shirey and Walker, 1998;
Négler et al., 1997).

On the basis of trace element and isotope systematics of Hadean zircon, several authors
(e.g., Wilde et al., 2001; Mojzsis et al., 2001; lizuka et al., 2006), but most prominently
Harrison et al. (2005), have argued that the melts from which the zircon formed were
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derived by subduction zone fluid-induced melting of the mantle. The ensuing picture of
a ‘cool’, plate tectonic, Hadean Earth (see also Watson and Harrison, 2005), in which
subduction operated, logically also implies the existence of the buoyant crust — SCLM
keel complement. Some of the evidence for a cool early Earth has since been questioned
(e.g., Whitehouse and Kamber, 2002; Glikson, 2006; Valley et al., 2006; Nemchin et al.,
2006; Coogan and Hinton, 2006), but the real dilemma of the plate tectonic model for the
Hadean is that it provides no mechanism by which the voluminous Hadean crust on its
stable, buoyant mantle keel could have survived, isolated from the mantle, for so long and
then have been destroyed between 3.8 and 3.5 Ga.

Harrison et al. (2005) appeal to the constant continental volume idea of Armstrong
(1991), which is claimed to be consistent with radiogenic isotope evidence (e.g., Arm-
strong, 1981). However, when all the radiogenic isotope and incompatible trace element
evidence available today is combined (25 years after Armstrong’s calculations), it is clear
that the constant continental crust volume model can no longer be supported. Briefly, in
order to arrive at an average continental crust age of ca. 2 Ga (Goldstein et al., 1984),
an original Hadean crust of comparable mass to that of today’s would largely have been
recycled. Such recycling into the mantle would have, over time, reduced the isotopic dif-
ference between the mid-ocean-ridge-basalt (MORB) source mantle and continental crust
(Kramers and Tolstikhin, 1997). Many radiogenic isotope systems are indeed quite insen-
sitive to the extent of recycling of ancient crust (e.g., Nd; Négler et al., 1998). However,
this is not the case for Pb, which is overly enriched in continental crust (Fig. 2.4-1) and
complementarily strongly depleted in the MORB-source mantle. A high rate of continental
recycling into the mantle, as advocated by Armstrong (1981) and required to reduce the
average continental crust age to 2 Ga, would lead to a MORB-source mantle Pb-isotope
composition very similar to continental sediment. The actual observation, however, is that
of an isotopic contrast in all isotopic systems, including in particular 2%7Pb/2%Pb (see
Fig. 2.4-4(a)). This contrast constitutes very robust evidence for a secular increase in con-
tinental crust volume.

Much additional evidence for secular increase of continental crustal mass has been ac-
cumulated since Armstrong’s model, including the marine Sr-isotope record (e.g., Shields
and Veizer, 2002; Shields, this volume) and the mantle Nb/Th/U evolution (Collerson and
Kamber 1999), but most important for the Hadean crust is the fact that the extent of Hf-
isotope variability in Hadean zircon itself requires an ‘event’ between 4 and 3.5 Ga that
drastically converged the trajectories of Hf-isotope evolution of depleted mantle and crust
(Fig. 2.4-2).

Although never explicitly addressed by the advocates of a plate tectonic Hadean Earth,
it would appear that the whole-sale destruction of much of the Hadean crust in this model
could only be attributed to the effects of the LHMB. As noted by Bennett et al. (1993),
the appealing aspect of this proposal is the timing of the LHMB between 4.0 and 3.85 Ga
(e.g., Cohen et al., 2000). Cratering of Mars’ buried ancient crust and isotopic resetting
in Martian meteorite ALH84001 (Turner et al., 1997) suggest that the entire inner Solar
System experienced the LHMB. Neither on Mars nor on the Moon did the LHMB destroy
the ancient crust. Of critical importance for the validity of the proposal of a plate tectonic
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Hadean Earth is the question of whether the larger gravitational cross-section of the Earth
would have attracted impacting objects of sufficient size to catastrophically destroy the
crust. The single piece of evidence for the LHMB from the terrestrial rock record is isotopic
in nature (Schoenberg et al., 2002), but as pointed out more recently (Frei and Rosing,
2005), additional data are required to even confirm traces of the LHMB on Earth. The
effects of the LHMB on Earth are thus unconstrained.

In addition to the unresolved issue of the destruction of proposed Hadean continen-
tal crust, the model needs to address the question why the Hadean Earth was apparently
so cool? The issue of mantle temperature not only compounds ideas of a subduction
dominated early Earth, but presents a problem for all models that work with a relatively
persistent, long-lived (ca. 500 Myr) Hadean crust.

2.4-3.3. A Long-Lived Basaltic Crustal Lid on a ‘Cool’ Mantle

The strongest piece of evidence for a largely basaltic composition of the early crust is
the simple consideration of the amount of heat produced by the decay of K, U and Th.
In the Hadean, the now virtually extinct 23U was contributing almost 50% to the overall
radioactive heat production, resulting in a ca. 4x higher overall heat output. Any type of
crust other than low K, U, and Th, highly magnesian basalt could not have been thermally
stable in the Hadean. Indeed, even basaltic crust, once it attained a thickness of > 40 km,
would have melted and internally differentiated (Kamber et al., 2005), thereby producing
zircon saturated crustal melts without the aid of subduction. Remelting of older Hadean
crust is evident in the Hadean zircon Hf-isotope record and thermal reworking is the most
elegant explanation for the complex U/Pb systematics of Hadean zircon (Nelson et al.,
2000; Wyche et al., 2003).

Eruption and horizontal growth of a basaltic shell on a hot mantle causes conduc-
tive mantle cooling, which may have operated on Mars (Choblet and Sotin, 2001). On
a larger planet, the relatively ineffective heat loss through the crust eventually leads to a
catastrophic melting event that will destroy the primordial basaltic crust. Kamber et al.
(2005) noted that this mechanism might be attractive to explain the disappearance of the
Hadean crust and speculated that on Earth, the primordial crust could have persisted until
4 Ga. However, several aspects of this idea remain untested. Indeed, it is likely that the truly
primordial crust of the Earth was comprehensively destroyed during the Moon-forming
impact of a Mars-sized object, much earlier than envisaged by Kamber et al. (2005; see
Taylor, this volume).

The problem of finding a cooling mechanism for the Hadean mantle (so as to allow
stabilisation of the Hadean crust) was revisited by Kramers (2007). He argued that it was
in fact the Moon-forming impact and its aftermath that could provide the solution to the
problem. The heat released from the impact, the gravitational sinking of the core and the
blanketing effect of the silicate vapour from the disk would have initially led to super-
solidus temperatures into the very deep mantle. Once the surface had cooled, this deep
magma ocean started crystallizing from the bottom up leading to a solidus-determined
geotherm very different from that of a convecting solid-phase mantle. This consequence of
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a post Moon-forming impact is regarded by Kramers (2007) as key to the apparently cool
Hadean mantle, because the resulting geotherm in the freezing magma ocean will eventu-
ally lead to mantle overturn. Mantle overturn has the capacity to establish a relatively cold
lower mantle and induce immediate strong melting of the shallower mantle, which would
rapidly be covered by a think basaltic crust at ca. 4.40-4.45 Ga.

The critical parameter for the likelihood of this model is the time it would have taken for
a more familiar mantle geotherm to be established. Once the mantle was fully convecting,
the Hadean crust would have destabilised and disappeared. Kramers (2007) provides first
order calculations demonstrating that the Hadean crust could have persisted for as long as
400 Myr, in agreement with the observations outlined here, but more work is required to
investigate the thermal structure and viscosity of the overturned mantle (see also Davies,
this volume). It is noted that the gradual heating of a post overturn mantle, which would
have resulted initially in shallow and gradually in deeper convection, could provide the
mechanical rationale for the small volume of the early Hadean depleted mantle advocated
by Bennett et al. (1993).

2.4-4. SUMMARY

The absence of chemically and isotopically intact Hadean terrestrial rocks obviously
limits our ability to understand this crucial window of Earth history. Efforts into studying
the Hadean have only gathered momentum in the last decade and it can be anticipated
that more data will lead to more educated models for Hadean Earth. There are two aspects
where the present data speak with some degree of confidence.

The Hadean crust started evolving between 4.45 and 4.35 Ga. The crust was, at least
originally, largely basaltic in character, but internal differentiation was unavoidable, lead-
ing to formation of evolved rock types of granitoid composition from which preserved
Hadean zircons presumably were sourced. The Hadean crust was not constantly recycled
into the mantle, as is modern oceanic crust, but radiogenic isotopes require that a sub-
stantial portion of crust was isolated from the mantle for ca. 400 Myr. The exact mass of
this crust is proportional to the portion of mantle that was depleted, which is presently
unconstrained.

There is precious little evidence other than the very few recovered Hadean zircon grains
for the persistence of Hadean crust beyond 3.7 Ga. Indeed, radiogenic isotope systematics
of mantle derived rocks at 3.4-3.5 Ga fail to show evidence for Hadean depletion. This
implies that not only the Hadean crust was destroyed, but also that the complementary
depleted mantle portion disappeared, or was refertilised.

The combined evidence therefore argues against a model in which plate tectonics was
established in the early Hadean and produced a crust of strictly continental character sim-
ilar in volume to that on modern Earth. Indeed, the strongest evidence against a constant
continental crust volume since the early Hadean is the isotopic contrast between modern
MORB-source mantle and average continental crust. The only scenario in which Hadean
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continents are remotely feasible is if the LHMB destroyed that crust and continental for-
mation started afresh at ca. 3.8 Ga.

The existence of zircon-bearing Hadean lithologies is not in conflict with a largely
mafic/ultramafic composition of bulk Hadean crust, because radioactive heat production
was so high that even such crust would have differentiated internally. It is incorrect to call
such differentiates ‘continental crust’ because of the intimate and implicit connection of
the subduction process with true continental crust. The question of the compositional char-
acter of the Hadean crust, however, is presently of only secondary nature. The true question
and target for more research is whether a relatively long-lived voluminous Hadean crust re-
quired a relatively cool mantle and if so, how the superheated mantle could have cooled so
effectively after the Moon-forming impact?
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2.5-1. INTRODUCTION

Little is known of the Earth’s earliest history due to the near absence of a rock record
for the first five hundred million years after accretion. Earth’s earliest history is commonly
referred to as the Hadean Eon, and comprises the time following accretion at ca. 4560 Ma,
when impacts and magma oceans maintained extreme surface temperatures at or above the
temperatures where oceans are vaporized to a dense steam atmosphere. The existence of
buoyant crust as early as 4400 Ma is indicated by the preservation of Hadean zircons. The
Earth eventually cooled, quenching the high surface temperatures of the Hadean, and gave
rise to oceans. This transition to a more familiar and clement Earth ushered in the beginning
of the Archean Eon (Cavosie et al., 2005a; Valley, 2006). The timing of the transition from
a Hadean to an Archean Earth is inferred to pre-date the oldest known rocks, ca. 4000 to
3800 Ma orthogneisses and metasedimentary rocks that are exposed in the Slave craton
of northwest Canada (Bowring and Williams, 1999) and in the North Atlantic craton of
southwest Greenland (Nutman et al., 2001).

The only identified materials on Earth potentially old enough to record the Hadean—
Archean transition are ancient, >4000 Ma zircons found in Archean metasedimentary
rocks in Australia, China, and the USA. In Western Australia, variably metamorphosed
metasedimentary rocks in several localities have yielded zircons older than 4000 Ma, older
than the known rock record, including the Jack Hills (Table 2.5-1), Mount Narryer (Froude
et al., 1983), and Maynard Hills (Wyche et al., 2004). Rare >4000 Ma zircons have also
been reported as xenocrysts in younger Archean granitoids (Nelson et al., 2000).

The Jack Hills metasedimentary rocks have received the most attention out of the above
localities, primarily due to both the consistently higher concentration of >>4000 Ma zircon
grains, as well as the presence of the oldest known detrital zircons. Given the unique win-
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Table 2.5-1. Numbers of >3900 Ma zircons described from Jack Hills!

Reference U-Pb? REE CL 8180 ey Ti 2*Pu Methods
Group I: 1986 to 1992

Compston and Pidgeon (1986) 17 - - - - - - SIMS
Kober et al. (1989) 5 - - - - - - TIMS
Maas and McCulloch (1991) 12 - - - - - - SIMS
Maas et al. (1992) 10 10 - - - - - SIMS
Group 11: 1998 to 2001

Amelin (1998) 9 - - - - - - TIMS
Amelin et al. (1999) @) - - - 7 - - TIMS
Nelson (2000) 2 - - - - - - SIMS
Wilde et al. (2001) 1 1 1 1 - - - SIMS
Mojzsis et al. (2001) 7 - - 7 - - - SIMS
Peck et al. (2001) 4(1) 4 (D 4(1) - - - SIMS
Group I11: 2004 to 2006

Cavosie et al. (2004) 48 - 24 - - - - SIMS
Turner et al. (2004) - - - - - - 7 LRI-MS
Cavosie et al. (2005) - - 24 (20) 44 - - - SIMS
Dunn et al. (2005) 16 - - - - - - SIMS
Crowley et al. (2005) 38 36 21 - - - - LAICPMS
Watson and Harrison (2005) - - 1 - - 54 - SIMS
Harrison et al. (2005) 104 - - - 104 — - TIMS/LAICPMS
Nemchin et al. (2006) 8 - 8 8 - = - SIMS
Pidgeon and Nemchin (2006) 11 - 11 - - - - SIMS
Valley et al. (2006) - - 2) - - 36 - SIMS
Cavosie et al. (2006) - 42 42) - - - - SIMS
Fu et al. (2007) - - - - - (36) - SIMS
Total grains 292 93 90 64 111 90 7

SIMS = secondary ionization mass spectrometry, TIMS = thermal ionization mass spectrometry. LRI-MS =
Laser resonance ionization mass spectrometry. LAICPMS = laser ablation inductively coupled plasma mass
spectrometry. REE = rare earth elements. CL = cathodoluminescence. s180 = oxygen isotope ratio. egf =
epsilon hafnium.

1Values with no parentheses indicate the number of new grains reported. Values in parentheses indicate the
number of grains in the cited study that were first reported in prior studies.
2Values are only listed for grains where analytical results were published.

dow these grains offer on early Earth processes, this review focuses primarily on published
reports that describe the population of >4000 Ma zircons from the Jack Hills.

2.5-2. THE JACK HILLS

The Jack Hills, located in the Narryer Terrane of the Yilgarn Craton in Western Aus-
tralia (Fig. 2.5-1), comprise a ~90 km long northeast-trending belt of folded and weakly
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Fig. 2.5-1. Map of Archean cratons in Western Australia, after Wilde et al. (1996). Filled circles are
known locations of >4000 Ma detrital zircons, open circles are locations of xenocrysts with similar
ages (zircon locations referenced in text). Terranes of the Yilgarn Craton — B: Barlee, Ba: Balin-
gup, Bo: Boddington, G: Gindalbie, K: Kalgoorlie, Ku: Kurnalpi, L: Laverton, LG: Lake Grace,
M: Murchison, N: Narryer, P: Pinjin, Y: Yellowdine. Dashed lines are inferred boundaries in base-
ment.

metamorphosed supracrustal rocks that are composed primarily of siliciclastic and chem-
ical metasedimentary rocks, along with minor metamafic/ultramafic rocks (Fig. 2.5-2: see
also Wilde and Spaggiari, this volume). Bedding strikes east-northeast and has a sub-
vertical dip. The siliciclastic portion of the belt has been interpreted as alluvial fan-delta
deposits, based on repeating fining-upward sequences consisting of basal conglomerate,
medium-grained sandstone, and fine-grained sandstone (Wilde and Pidgeon, 1990). Lo-
cated on Eranondoo Hill in the central part of the belt is a now famous site referred to
as ‘W74’ (Fig. 2.5-2), the name originally assigned to a sample collected at this site by



Mt. Taylor
%Musoovite granite PRAS
Monzogranites, ca. 2650 plos
013]—{100
. . it
Banded iron formation /\(?!1, ?\uflm/\e). X
— },\,\/ N zqos_
. Ultramafic rocks Mt. o =0
YN S S
ey . < >y
@ Siliciclastic rocks o A
LN ,.\ //‘,/
Granitoids, 3730-3300 Ma PG A
- fault/ shear zone e -
ARG 7 S
g : 10km | oo S 5 7
O sampling area (T TR ‘y
g Vi Z < N e ’
_— N S =L
36 Ty O/IJH N [N v
< ‘,\\/ - o7 - e
S East transect

> 01JH109”
N 7 (andalusite) (01JH-42, 01JH-47)
' easternmost limit of

>3900 Ma zircons
20615 —

o : West transect

11\7\035 (Eranondoo Hill, W-74 site)117 15"
| |

Fig. 2.5-2. Geologic map of the Jack Hills metasedimentary belt, modified from Wilde et al. (1996) and Cavosie et al. (2004). The “West’ and
‘East’ transects refer to the sampling transects described in Cavosie et al. (2004).

Y6

P1022Y DU [DLIISALIA JSIP]O YL ST 421dvYy)



2.5-2. The Jack Hills 95

the Curtin University group. The W74 site contains a well-exposed, 2-meter thick quartz
pebble metaconglomerate. This previously un-described unit was originally sampled by
S. Wilde, R. Pidgeon and J. Baxter in 1984 during an ARC-funded research project, and
was described by Compston and Pidgeon (1986) who reported the first 4000 Ma detrital
zircons from the Jack Hills, including a grain with one spot as old as 4276+ 6 Ma. Aliquots
of zircons from the original W74 zircon concentrate, and additional samples from the same
outcrop, have since been the subject of many studies (see below).

2.5-2.1. Age of Deposition

The age of deposition of the Jack Hills metasediments is somewhat controversial, as it ap-
pears to vary with location in the belt. The maximum age of the W74 metaconglomerate
based on the youngest detrital zircon age has long been cited as ca. 3100 Ma (e.g., Comp-
ston and Pidgeon, 1986). However, the first precise age for a concordant ‘young’ zircon
was a 3046 £ 9 Ma grain reported by Nelson (2000). A similar age of 3047 &= 21 Ma was
later reported as the youngest zircon by Crowley et al. (2005); thus, it appears that ca. 3050
is the maximum age of deposition of the metaconglomerate at the W74 site.

To explore the distribution of detrital zircon ages away from the W74 site, Cavosie et al.
(2004) analyzed zircons from several samples along two transects within the conglomerate-
bearing section, including a 60 m section that contains the W74 site (Fig. 2.5-3), and a
20 m conglomerate-bearing section 1 km east of W74. Both transects are dominated by
chemically mature clastic metasedimentary rocks (>95 wt% SiO»), including metacon-
glomerate, quartzite, and metasandstone. In the west transect, 4 out of 5 samples of quartz
pebble metaconglomerate and quartzite contain detrital zircons with ages >3100 Ma and
>4000 Ma zircons (Cavosie et al., 2004), consistent with previous results from sample
W74. However, the stratigraphically highest quartzite in the west transect, sample 01JH-
63, contains Proterozoic zircons with oscillatory zoning and ages as young as 1576422 Ma
(Cavosie et al., 2004), and lacks zircons older than ca. 3750 Ma (see discussion by
Wilde and Spaggiari, this volume). The presence of Proterozoic zircons in this unit was
confirmed by Dunn et al. (2005). Thus, independent studies have demonstrated that the
youngest metasedimentary rocks in the Jack Hills are Proterozoic in age. The origin of
these metasedimentary rocks remains unknown (see discussion in Cavosie et al., 2004);
however, recent field investigations by the current authors have identified layer-parallel
faults in the west transect between samples 01JH-63 and the W74 metaconglomerate,
which suggests tectonic juxtaposition of two different-age packages of sedimentary rocks
(see Wilde and Spaggiari, this volume). The minimum age of the Archean sediments in
the Jack Hills is constrained by granitoid rocks which intruded the belt at ca. 2654 £+ 7 Ma
(Pidgeon and Wilde, 1998).

2.5-2.2. Metamorphism

The metamorphic history of the Jack Hills metasedimentary belt remains poorly docu-
mented. However, early workers described rare occurrences of andalusite, kyanite, and
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chloritoid in the western part of the belt (Elias, 1982; Baxter et al., 1984). Recent pet-
rographic studies have expanded the known occurrences of andalusite to the central and
eastern parts of the belt (Cavosie et al., 2004), which suggests that the majority of the
metasedimentary rocks in the Jack Hills metasedimentary belt experienced a pervasive
greenschist to lower amphibolite facies metamorphism, despite the absence of index miner-
als in most units. The common association of metamorphic muscovite with quartz, and the
absence of K-feldspar indicates that the clastic metasediments did not reach granulite fa-
cies.

2.5-2.3. Geology of Adjacent Rocks

Near Jack Hills are outcrops of the Meeberrie Gneiss, a complex layered rock that yields
a range of igneous zircon ages from 3730 to 3600 Ma (Kinny and Nutman, 1996; Pid-
geon and Wilde, 1998), establishing it as the oldest identified rock in Australia (Myers
and Williams, 1985). Included within the Meeberrie Gneiss near both Jack Hills and Mt.
Narryer are cm- to km-scale blocks of a dismembered layered mafic intrusion that together
comprise the Manfred Complex (Myers, 1988b). Zircons from Manfred Complex samples
yield ages as old as 3730 £ 6 Ma, suggesting it formed contemporaneously with the oldest
components of the Meeberrie Gneiss (Kinny et al., 1988). Exposures of the 3490-3440 Ma
Eurada Gneiss occur 20 km west of Mt. Narryer, and contain a component of younger
ca. 3100 Ma zircons (Nutman et al., 1991). West of Jack Hills, the Meeberrie Gneiss was
intruded by the precursor rocks of the Dugel Gneiss, which contain 3380-3350 Ma zir-
cons (Kinny et al., 1988; Nutman et al., 1991), and, like the Meeberrie gneiss, contain
enclaves of the Manfred Complex (Myers, 1988b). Younger granitoids, from 2660 £ 20
to 2646 £ 6 Ma, intrude the older granitoids in the vicinity of Jack Hills and Mt. Narryer
(Kinny et al., 1990; Pidgeon, 1992; Pidgeon and Wilde, 1998). Contacts between the Jack
Hills metasedimentary rocks and the older granitoids are everywhere sheared, whereas the
ca. 2650 Ma granitoids appear to intrude the belt (Pidgeon and Wilde, 1998).

2.5-3. JACK HILLS ZIRCONS

Since their discovery two decades ago, compositional data and images of Jack Hills
zircons have been described in more than 20 peer-reviewed articles (Table 2.5-1). In an
attempt to acknowledge all those who have contributed to this research and to facilitate
discussion, we have classified the published articles into three main pulses of research:
articles published from 1986 to 1992 are Group I, articles published from 1998 to 2001
are Group II, and articles published from 2004 to the present are Group III. Data and
conclusions from these reports are reviewed below.

2.5-3.1. Ages of Jack Hills Zircons

Many thousands of detrital grains have now been analyzed for U-Pb age using several
analytical methods, including secondary ion mass spectrometry (SIMS, or ion micro-
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probe), thermal ionization mass spectrometry (TIMS), and laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS). So far, analytical data of U-Pb analyses of
>3900 Ma zircons have been published for nearly 300 detrital grains (Table 2.5-1).

2.5-3.1.1. Group I: 1986 to 1992

The first zircon U-Pb age study in the Jack Hills was made with SHRIMP I by Comp-
ston and Pidgeon (1986), who reported 17 zircons from sample W74 with ages in excess
of 3900 Ma from a population of 140 grains, including one crystal that yielded four ages
ranging from 4211 + 6 to 4276 £ 6 Ma, the latter constituting the oldest concordant zir-
con spot analysis at that time. Subsequent U-Pb studies of zircons from the W74 site by
Kober et al. (1989: TIMS), Maas and McCulloch (1991: SHRIMP), and Maas et al. (1992:
SHRIMP) confirmed that >4000 Ma zircons make up anywhere from 8 to 12% of the an-
alyzed populations, and resulted in published age data for 44 >3900 Ma zircons. Kober et
al. (1989) used the direct Pb-evaporation TIMS method to identify >4000 Ma grains and
concluded that they originated from a granitoid rock, based on similarity of 2°8Pb/2%Pb
ratios with known rocks. Also noted at the time were the generally low U abundances
for Jack Hills zircons, including concentrations of 50-100 ppm (Compston and Pidgeon,
1986) and 60—413 ppm (Maas et al., 1992).

2.5-3.1.2. Group II: 1998 to 2001

The second wave of Jack Hills zircon research began near the end of the 1990s. New
isotopic U-Pb ages for >4000 Ma grains were published in Amelin (1998: TIMS), Nelson
(2000: SIMS), Wilde et al. (2001: SIMS), Mojzsis et al. (2001: SIMS), and Peck et al.
(2001: SIMS). Amelin (1998) demonstrated high precision >’ Pb/2’°Pb age analyses (< 1%
uncertainty) of whole grains and air abraded fragments, and again low U abundances (35—
228 ppm). Similar low U abundances were found in two grains with ages of 4080 and
4126 Ma (54-236 ppm) by Nelson (2000), and also in four grains with ages of 4039 to
4163 Ma (41-307 ppm) by Peck et al. (2001).

Perhaps one of the most significant discoveries in U-Pb studies of Jack Hills zircons
is a grain fragment that yielded a single concordant spot age of 4404 + 8 Ma (Wilde
et al., 2001). Five additional >95% concordant spot analyses yielded a weighted mean age
of 4352 £ 10, confirming the great antiquity of the crystal (Wilde et al., 2001; Peck et
al., 2001). The assignment of 4400 Ma as the crystallization age of the zircon followed
the same methodology and rationale as that used by Compston and Pidgeon (1986) for the
4276 £ 6 Ma crystal; namely, with no analytical reason for exclusion (e.g., U-Pb concor-
dance, 204Pb, etc.), the oldest concordant spot analysis represents the minimum age of the
crystal, and the younger population of ages represent areas of the crystal affected by Pb
loss or younger overgrowths. While some authors choose to average all concordant U-Pb
analyses from a single crystal, the results of doing so generaly do not decrease the max-
imum age significantly. Thus, the 4400 Ma zircon extends the known age population of
zircons in Jack Hills by ~125 Ma, and currently remains the oldest terrestrial zircon thus
far identified.
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Fig. 2.5-4. Elemental Th and U abundances (lower x-axis) and Th/U ratio (upper x-axis) plotted
against percentage of U-Pb concordance for 140 Jack Hills zircons (after Cavosie et al., 2004). Av-
erages of Th, U, and Th/U ratio were calculated as 10% running averages at 5% increments of
concordance beginning with 100%. Each running average includes all data points in a bin that ex-
tends over 5% concordance from the given increment.

2.5-3.1.3. Group III: 2004 to the present

As of now, large numbers of >4000 Ma zircon U-Pb ages are available from Jack Hills.
Cavosie et al. (2004) reported ages for 42 grains ranging from 4350 to 3900 Ma, including
U concentrations from 35-521 ppm. Harrison et al. (2005) reported U-Pb ages >4000 Ma
for 104 Jack Hills zircons, with ages from 4371 to 4002 Ma. Additional ages and U con-
centrations within this range have also been reported by Dunn et al. (2005), Crowley et al.
(2005), and Nemchin et al. (2006) (Table 2.5-1). In addition, Pidgeon and Nemchin (2006)
identified a single, nearly concordant 4106 =+ 22 Ma zircon with 21 ppm U, the lowest U
concentration known for a >4000 Ma zircon from Jack Hills.

2.5-3.1.4. Pb-loss in Jack Hills zircons

Zircons that have experienced Pb-loss are ubiquitous in the Jack Hills metasedimentary
rocks (e.g., Compston and Pidgeon, 1986; Maas et al., 1992; Cavosie et al., 2004; Nemchin
et al., 2006). In an attempt to address the issue of Pb-loss, Cavosie et al. (2004) developed
a method for evaluating the extent of U-Pb discordance a grain can exhibit while still
yielding reliable crystallization ages, instead of picking an arbitrary cut-off value. It was



100 Chapter 2.5: The Oldest Terrestrial Mineral Record

shown that a correlation exists between the Th/U ratio, abundances of U and Th, and U-
Pb concordance, that suggests zircons >85% concordant in U/Pb age preserve reliable
isotopic ages (Cavosie et al., 2004) (Fig. 2.5-4). The cause of the observed ancient Pb-loss
is unknown. However, proposed explanations include otherwise unrecognized granulite
facies thermal events that might have disturbed the U-Pb systems in the grains in question
(e.g., Nelson, 2002, 2004; Nemchin et al., 2006).

2.5-3.1.5. Distribution of >4000 Ma zircons in Jack Hills metasedimentary rocks

Of the studies that analyzed detrital zircons in samples away from the W74 site, all found
that the percentage of >4000 Ma grains is highly variable, and moreover >4000 Ma zir-
cons are not present in many units (Cavosie et al., 2004; Dunn et al., 2005; Crowley et
al., 2005). The high percentage of >4000 Ma grains in the W74 metaconglomerate (e.g.,
10-14%: Compston and Pidgeon, 1986; Maas et al., 1992; Amelin, 1998; Cavosie et al.,
2004) is unique among analyzed samples, given the demonstrated heterogeneous distribu-
tion of 4000 Ma grains throughout the belt. The consistency of studies finding this high
percentage, however, may not be surprising given that all of the studies listed in Table 2.5-
1 contain analyses of zircons separated from the W74 site, and thus essentially analyzed
similar populations, often from the same ~2 m®> W74 outcrop on Eranondoo Hill.

2.5-3.2. Imaging Studies of Jack Hills Zircons

Physical grain aspects of Jack Hills zircons were first described by Compston and Pidgeon
(1986), who commented that grains ranged from nearly colorless to deep purplish-brown,
were mostly fragments, and were rounded and exhibited pitting, suggestive of sedimentary
transport. Maas et al. (1992) reported similar features, and also the occurrence of euhedral
crystal terminations. The first grain images of zircons published from the Jack Hills were
transmitted light images of grains analyzed by Kober et al. (1989), which showed their
rounded forms and pitted surfaces. The extreme rounding of grains and pitting of surfaces
was also shown in a back-scattered electron image of a rounded Jack Hills zircon mounted
on carbon tape (Valley, 2005). A color image of ~40 Jack Hills zircons mounted on tape
prior to casting in epoxy was published by Valley (2006), and shows a population of mostly
intact grains and a few grain fragments. The color image illustrates the range of deep
red colors that are characteristic of the Jack Hills zircons, as well as the morphological
spectrum, from essentially euhedral to completely rounded grains.

The first cathodoluminescence (CL) image of a Jack Hills zircon was published in Wilde
et al. (2001) and Peck et al. (2001), and shows a 4400 Ma zircon with oscillatory zoning
(Table 2.5-1). Cavosie et al. (2004, 2005a) showed CL images and reported aspect ratios
of 1.0 to 3.4 for an additional 48 zircon grains >3900 Ma from Jack Hills (Fig. 2.5-5),
and interpreted that the majority of the 4400-3900 Ma population is of magmatic origin
based on the common occurrence of oscillatory zoning. Crowley et al. (2005) examined
21 zircon grains >3900 Ma from Jack Hills, and also noted that oscillatory zoning was a
common feature. They used the style of oscillatory and/or sector zoning to interpret that
differences in CL zoning patterns between similar age zircons from Mt. Narryer implied
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that the source rocks of the two belts were of different composition. In contrast, Nemchin et
al. (2006) noted disturbed margins in CL images of oscillatory-zoned >4000 Ma zircons,
and interpreted that the eight grains in their study had experienced complex histories, and
that all but one zircon likely did not preserve their magmatic compositions. Pidgeon and
Nemchin (2006) presented CL images for 11 additional >3900 Ma grain fragments.

2.5-3.3. Oxygen Isotope Composition of Jack Hills Zircons

Due to the slow diffusivity of oxygen in zircon (e.g., Watson and Cherniak, 1997; Peck
et al., 2003; Page et al., 2006), magmatic zircon can provide a robust record of the oxy-
gen isotope composition (8'80) of host magmas during crystallization (Valley et al., 1994,
2005; Valley, 2003). Wilde et al. (2001) and Peck et al. (2001) reported 8180 data, mea-
sured by SIMS for a population of five >4000 Ma Jack Hills zircons which ranged from
5.6 to 7.4%o; values elevated relative to mantle-equilibrated zircon (8'30 = 5.3 £ 0.6%o,
20). The results were interpreted to indicate that the protolith of the host magmas to the
zircons had experienced a low-temperature history of alteration prior to melting, which
required the presence of liquid surface waters (Valley et al., 2002). A subsequent study
by Mojzsis et al. (2001) confirmed the presence of slightly elevated §'80 by reporting the
same range of values (5.4 to 7.6%o) for four zircons with concordant U-Pb ages from 4282
to 4042 Ma. However, three other zircons were reported by Mojzsis et al. (2001) to have
8130 from 8 to 15%o that were interpreted to be igneous and to represent “S-type” gran-
ites. Such high values have not been reported for any other igneous zircons of Archean age
(Valley et al., 2005, 2006) (Fig. 2.5-6) and the values of 8-15% have alternatively been
interpreted as due to radiation damage or metamorphic overgrowth (Peck et al., 2001;
Cavosie et al., 2005a; Valley et al., 2005, 2006). In contrast, in a study of 44 >3900 Ma
zircons by Cavosie et al. (2005a), the location of in sifu §'30 analyses was correlated with
the location of U-Pb analysis sites. It was found that by applying a protocol of targeting
concordant U-Pb domains and discarding analyses that produced anomalous sputter pits
(as viewed by SEM), the range of 8180 varied from 4.6 to 7.3%, values that overlap, or
are higher than, mantle equilibrated zircon (Fig. 2.5-7). Based on results from oscillatory
zoned grains with concordant U-Pb ages, Cavosie et al. (2005a, 2005b) documented that
the highest 8'30 relative to mantle oxygen (e.g., from 6.5 to 7.5%0) only occurred in zir-
cons with U-Pb ages younger than 4200 Ma (Fig. 2.5-7), and interpreted this to indicate that
the end of the Hadean coincided with the onset of crustal weathering, which created high
8180 protoliths prior to recycling and remelting that began at ca. 4200 Ma ago, or possibly
even earlier. In a study of eight >4200 Ma Jack Hills zircons, Nemchin et al. (2006) also
reported multiple 880 spot analyses for single grains, with grain averages ranging from
4.80 to 6.65%q, and interpreted that the 'O values represent low-temperature alteration
of primary magmatic zircon. However, we note that the range of §'30 values reported by
Nemchin et al. (2006) lies entirely within the range of magmatic 8180 values (4.6 to 7.3%)
reported by Cavosie et al. (2005a) for a larger population of >4000 Ma Jack Hills detrital
zircons. No evidence for low-temperature oxygen isotope exchange has been documented
thus far for any Jack Hills zircon.
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Fig. 2.5-6. Comparison of oxygen isotope ratio for Jack Hills >3900 Ma detrital zircons and
Archean igneous zircons.

2.5-3.4. Trace Element Composition of Jack Hills Zircons

2.5-3.4.1. Rare earth elements

To date, four studies of rare earth elements (REE) have been conducted on >3900 Ma
zircons from Jack Hills (Maas et al., 1992; Peck et al., 2001; Wilde et al., 2001; Crowley
et al., 2005; Cavosie et al., 2006). All have shown that most grains have compositions that
are typical of igneous zircon from crustal environments, as characterized by Hoskin and
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identification of 8180(Zrc) > 7.5%0 in >2500 Ma zircons as ‘altered zircon’ is based on the obser-
vation that analyses of zircon samples from >120 Archean igneous rocks by laser fluorination have
not yielded 8'80(Zrc) > 7.5, and that all previously reported >2500 Ma zircons above 7.5%o are
discordant in U/Pb age or have non-magmatic CL patterns.

Schaltegger (2003). General enrichments in the heavy REE (HREE) over the light REE
(LREE) indicate that the Jack Hills zircons crystallized in fractionated melts, suggesting
the existence of differentiated rocks on the early Earth (Maas et al., 1992; Peck et al., 2001;
Wilde et al., 2001; Cavosie et al., 2006). Maas et al. (1992) first demonstrated the similarity
of Jack Hills zircons to crustal zircons by showing that characteristics such as positive Ce
anomalies and negative Eu anomalies occurred in a population of ten >3900 Ma grains,
with total REE abundances from 93 to 563 ppm. Wilde et al. (2001) and Peck et al. (2001)
reported similar results, and in addition documented unusual LREE enrichments in some
grains, with abundances ranging from 10 to 100 times chondritic abundance, and a much
larger range of abundance for total REEs, from 414 to 2431 ppm. Crowley et al. (2005)
analyzed 36 grains for REEs, and concluded that Jack Hills zircons were not similar in
composition to zircons from neighboring Paleoarchean gneisses.
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Hoskin (2005) noted that the unusual LREE enrichments in some of the >4000 Ma
grains reported by Wilde et al. (2001) and Peck et al. (2001) were similar to the LREE
enrichment measured in hydrothermal zircons from southeast Australian granites, and
speculated that some of the Jack Hills zircons might have been affected by hydrother-
mal processes. To test the ‘hydrothermal’ hypothesis, Cavosie et al. (2006) analyzed REE
in 42 >3900 Ma grains and correlated the location of REE analyses with locations of
prior 8'80 and U-Pb analyses (Fig. 2.5-8). Two compositional types of REE domains were
identified based on chondrite normalized abundances of La and Pr (Fig. 2.5-9). Type 1

(a)

surface 1

(b)

surface 1: CL, U/Pb

\_ U/Pb pit depth: ~2 um | L/

~5 um removed
surface 2: CL, 6180, REE

\6'°0 pit depth: ~2 ,umI ) T
REE pit depth: 6-8 um

15-20 um

Fig. 2.5-8. Correlated microanalysis of zircon (after Cavosie et al., 2006). (a) Schematic represen-
tation of a zoned detrital zircon with correlated analyses of U-Pb, 8]80, and REE (the orientation of
crystallographic axes are indicated to the lower-right). The ‘a—c plane’ [(100), approximately hori-
zontal] represents polished surfaces 1 and 2. Surface 1 was analyzed for U-Pb (shaded ovals). The
dashed line indicates the plane of surface 2, analyzed for 8180 and REE. The ‘a-a plane’ [(001),
approximately vertical] shows a hypothetical cross-section through the grain, and the volumes ana-
lyzed for U/Pb, § 180 and REE. (b) Cross-section (001) of the volumes analyzed for U-Pb age, 8180,
and REE in (a). The dimension of the entire volume varies, but is on average 20 pm in diameter, and
10-15 pum deep.
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(magmatic, Fig. 2.5-9) compositions were preserved in 37 of 42 grains, and consisted
of ‘typical’ crustal REE patterns for zircon (e.g., Hoskin and Schaltegger, 2003). Type 2
(non-magmatic, Fig. 2.5-9) compositions were found in some spots on six grains, and were
defined based on the combination of Lay > 1 and Pryy > 10. The observation that the Type
2 grain domains that yielded anomalous LREE enrichments also preserved magmatic §'30
values was used to argue against a hydrothermal origin for the LREE enrichment. The Type
2 LREE enriched compositions (approx. 20% of all spots) were attributed to analysis of
sub-surface mineral inclusions and/or radiation-damaged domains, and were not deemed
representative of magmatic composition.

2.5-3.4.2. Ti thermometry of Jack Hills zircons

The Ti abundance in zircon (typically a few to tens of ppm) has recently been shown to be
a function of melt chemistry and crystallization temperature (Watson and Harrison, 2005).
Ti compositions were measured for 54 Jack Hills zircons that range in age from 4000
to 4350 Ma by Watson and Harrison (2005), who interpreted most of their Ti-in-zircon
temperatures to average 696 £ 33 °C (15% of the samples yielded higher temperatures),
and thus to provide evidence for minimum-melting, water-saturated granitic magmatism
on Earth by 4350 Ma. Valley et al. (2006) questioned the uniqueness of this interpretation
for wet-granite melting, citing new data that shows Ti-in-zircon temperatures determined
for zircons from a wide range of rock types, including anorthosite, gabbro, and granitoid,
overlap with compositions of Jack Hills zircons. Moreover, zirzons from peraluminous
(S-type) granites and granodiorites from Sierra Nevada Batholith (USA) contain less Ti,
and yield lower temperatures (avg. = 600 °C) than the Jack Hills zircons (Fu et al., 2007).
The measured Ti abundances for 36 >3900 Ma zircons cited by Valley et al. (2006) were
reported by Fu et al. (in press), and yielded an average temperature of 715 £55 °C, slightly
higher but in general agreement with the average temperature reported by Watson and
Harrison (2005). While the range of applications of this relatively new thermometer is
still being explored, the similarity of Ti abundance for zircon in a wide range of felsic and
mafic rock types appears to limit the usefulness of Ti composition as a specific petrogenetic
indicator for detrital zircons.

2.5-3.4.3. Other trace elements

In addition to the REE, other elements have provided information about the origin of
>3900 Ma zircons from Jack Hills. Maas et al. (1992) analyzed Sc by electron microprobe
analysis (EMPA) and found values from <17 ppm (detection limit) to 59 ppm in 10 grains,
and interpreted these low abundances as indicating an origin in felsic to intermediate rocks
based on Sc partitioning behavior.

Turner et al. (2004) reported evidence that trace quantities of the now extinct isotope
244pu had been incorporated in Jack Hills zircons by measuring anomalies in Xe isotopes
in 4100 to 4200 Ma grains. The detection of fissiogenic Xe allows further constraints to be
placed on the original Pu/U ratio of Earth.
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2.5-3.5. Hf Isotope Composition of Jack Hills Zircons

Hf isotope composition in zircon is a sensitive chronometer for crust/mantle differentiation
that can be coupled to U-Pb age. Amelin et al. (1999) reported e compositions ranging
from —2.5 to —6.0 (eys values re-calculated with A7 value of Scherer et al., 2001) for
Jack Hills zircons with 207Pb/?°Pb ages from 4140 to 3974 Ma. The paucity of positive
eHf values was cited as evidence that none of the zircons originated from depleted mantle
sources, while negative eHf compositions indicated that significant crust had formed by
ca. 4150 Ma (Amelin et al., 1999). A recent Hf isotope study by Harrison et al. (2005)
analyzed even older grains from the Jack Hills, including grains from 4000 to 4370 Ma.
Harrison et al. (2005) reported a remarkable range of ¢Hf compositions, including posi-
tive values to +15 and negative values to —7, and interpreted these results to show that
continental crust formation and sediment recycling was initiated by ca. 4400 Ma. This in-
terpretation was questioned by Valley et al. (2006) who suggested that such extreme values
could be caused in complexly zoned zircons by measurements of Hf in domains (LA-
ICP-MS) over 100 times larger than the SHRIMP U-Pb spots, which, moreover, did not
coincide. This suggestion is supported by more recent eyr analyses reported by Harrison
et al. (2006). In the newer dataset, eHf and U-Pb were measured during the same LA-ICP-
MS analysis, and by this method, no extreme compositions of eHf were reported (Harrison
et al., 2006).

2.5-4. EARLY EARTH PROCESSES RECORDED IN JACK HILLS ZIRCONS

2.5-4.1. Existence of >4300 Ma Terranes

The large number of reported concordant U-Pb ages from 4400 to 3900 Ma suggests the
former existence of terranes comprised at least partially of zircon-bearing igneous rocks.
The distribution of published ages for 251 detrital zircons shows that a peak of mag-
matic activity from 4200 to 4000 Ma dominates the detrital record of Jack Hills zircons
(Fig. 2.5-10). In addition, an important population of 17 zircons older than 4300 Ma at-
tests to an earlier period of magmatism that is not as well preserved in the detrital record.
The identification of a growing number of >4300 Ma zircons suggests that pre-4300 Ma
crust was present on the early Earth, and survived perhaps until the time of deposition of
the Jack Hills metasedimentary rocks at ca. 3000 Ma. The location and size of this an-
cient crust is difficult to estimate. The fact that many of the known >4300 Ma zircons
have been found in a single layer at the W74 site (Wilde et al., 2001; Cavosie et al., 2004;
Harrison et al., 2005; Nemchin et al., 2006; Pidgeon and Nemchin, 2006) suggests that
they were locally derived. However, one 4324 Ma grain found ~1 km east of the W74 site
(Cavosie et al., 2004), and a 4352 Ma grain described by Wyche et al. (2004) from May-
nard Hills (Fig. 2.5-1), over 300 km from Jack Hills, suggests that the area of >4300 Ma
crust may have been either larger or more widespread, in order to contribute to Archean
sediments in multiple locations. In addition, Cavosie et al. (2004) documented younger
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Fig. 2.5-10. Histogram and relative probability plot of 251 concordant 207py,,206py, ages for Jack
Hills detrital zircons. Each datum is the oldest age assigned to a single zircon that is at least 85%
concordant in the U-Pb system. Data sources are as follows: Compston and Pidgeon, 1986 (n = 17),
Maas et al., 1992 (n = 8), Wilde et al., 2001 (n = 1), Peck et al., 2001 (n = 3), Mojzsis et al.,
2001 (n = 4); Nelson, 2000 (n = 2); Cavosie et al. 2004 (n = 40), Crowley et al., 2005 (n = 45),
Dunn et al., 2005 (n = 16), Harrison et al., 2005 (= 98), Nemchin et al., 2006 (n = 8), Pidgeon and
Nemchin, 2006 (n = 8). Bin width = 20 My.

rims on two >4300 Ma zircons, interpreted as magmatic overgrowths, which yielded ages
of ca. 3360 Ma and 3690 Ma. These ages match the ages of Archean granitoids in the Nar-
ryer Terrane, and suggest that ca. 4300 Ma crustal material may have been incorporated in
younger Archean magmas.

2.5-4.2. The Cooling of Earth’s Surface

Oxygen isotope ratios in zircon record the cooling of Earth’s surface and the condensa-
tion of the first oceans before ca. 4200 Ma. The global transformation to cooler surface
conditions and stable surface waters began the aqueous alteration of crustal rocks at low
temperatures, a new process that would fundamentally influence the composition of ig-
neous rocks. Magmatic recycling of this crust, altered at low-temperatures, produced ig-
neous rocks with elevated 8'30 compositions, and was operative as a significant geologic
process at ca. 4200 Ma, and possibly earlier. The cooling of Earth’s surface, the stabiliza-
tion and availability of surface water, and its influence on melting and magma generation
all represent fundamental changes from a Hadean Earth. This signaled the advent of rela-
tively cool liquid water oceans and created environments hospitable for emergence of life.
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ACKNOWLEDGEMENTS

The authors thank many people who contributed to our studies of Jack Hills zircons:
Song Biao, Nicola Cayzar, John Craven, Scott Dhuey, Liu Dunyi, John Fournelle, Colin
Graham, Matthew Grant, Brian Hess, Richard Hinton, Ian Hutcheon, Noriko Kita, William
Peck, Mike Spicuzza, Mary and Matchem Walsh, Paul Weiblen. The work cited in the text
by the authors was supported by grants from the NSF, DOE, and ARC.



This page intentionally left blank



Earth’s Oldest Rocks

Edited by Martin J. Van Kranendonk, R. Hugh Smithies and Vickie C. Bennett

Developments in Precambrian Geology, Vol. 15 (K.C. Condie, Series Editor) 113
© 2007 Elsevier B.V. All rights reserved.

DOI: 10.1016/S0166-2635(07)15026-X

Chapter 2.6

EVIDENCE OF PRE-3100 MA CRUST IN THE YOUANMI AND
SOUTH WEST TERRANES, AND EASTERN GOLDFIELDS
SUPERTERRANE, OF THE YILGARN CRATON

STEPHEN WYCHE

Geological Survey of Western Australia, 100 Plain St., East Perth, Western Australia
6004, Australia

2.6-1. INTRODUCTION

The Archaean Yilgarn Craton (Fig. 2.6-1) is an extensive granite—greenstone terrain
in southwestern Australia containing metavolcanic and metasedimentary rocks, granites,
and granitic gneiss that formed principally between ca. 3050 and ca. 2620 Ma, with a
minor older component to >3700 Ma (e.g., Kinny et al., 1990; Pidgeon and Wilde, 1990;
Nelson, 1997a; Pidgeon and Hallberg, 2000; Cassidy et al., 2002; Wilde and Spaggiari, this
volume). Voluminous granite intrusion between ca. 2760 and ca. 2620 Ma coincided with
Neoarchaean orogeny, resulting in amalgamation and assembly of several tectonic units to
form the craton (Nutman et al., 1993a; Myers, 1995; Myers and Swager, 1997). The craton
is subdivided into six terranes (Fig. 2.6-1), the easternmost three of which constitute the
Eastern Goldfields Superterrane (Cassidy et al., 2006). In the west, the Narryer and South
West Terranes are dominated by granite and granitic gneiss, whereas the Youanmi Terrane,
and the terranes of the Eastern Goldfields Superterrane, contain northeast- to northwest-
trending greenstone belts separated by granite and granitic gneiss. All terranes contain
rocks with pre-3000 Ma zircon xenocrysts, but they are rare (e.g., Swager et al., 1995;
Cassidy et al., 2002).

There has been much discussion of the geological processes that may have produced
the Eastern Goldfields Superterrane, particularly with respect to the roles of subduction
(e.g., Barley et al., 1989) and mantle plumes (e.g., Campbell and Hill, 1988; Bateman et
al., 2001) in its tectonic development. However, the processes that controlled deposition of
greenstones in the Youanmi Terrane are not well understood. The centre of the Youanmi
Terrane is marked by several large, layered mafic—ultramafic intrusions, the largest of
which, the Windimurra Complex (Fig. 2.6-1), has a poorly constrained Sm-Nd age of ca.
2800 Ma (Ahmat and Ruddock, 1990). This intrusion is overlain by roof pendants of ca.
2813 Ma felsic volcanic rocks (sample 169003 in GSWA, 2006). The layered intrusions
may be evidence of a major episode of plume magmatism.

Geochronological constraints on deformation suggest diachroneity of structural events
across the Yilgarn Craton. However, the preserved structural grain reflects a protracted pe-
riod of east—west compression between ca. 2750 Ma and ca. 2650 Ma that coincided with
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peak metamorphism and the dominant period of granite intrusion (e.g., Chen et al., 2004).
There is a distinct change in the type and style of magmatism at ca. 2655 Ma from volu-
minous, dominantly high-Ca granites, to less voluminous, but widespread, low-Ca granites
(Cassidy et al., 2002).

Quartzite and quartz-rich, clastic metasedimentary rocks of the Narryer Terrane contain
detrital zircons ranging in age from ca. 4400 Ma to ca. 1600 Ma, including the oldest
terrestrial zircons yet identified (Froude et al., 1983a; Compston and Pidgeon, 1986; Wilde
et al., 2001; Cavosie et al., 2004). Similar metasedimentary rocks, with detrital zircons
older than ca. 3100 Ma, have been recognized in greenstone successions in the South West
Terrane (Wilde and Low, 1978; Nieuwland and Compston, 1981; Kinny, 1990; Bosch et
al., 1996) and the eastern part of the Youanmi Terrane (Froude et al., 1983b; Compston
et al., 1984b; Wyche et al., 2004), but have not been reported from the Eastern Goldfields
Superterrane.

2.6-2. EVIDENCE OF OLD (PRE-3100 MA) YILGARN CRUST
2.6-2.1. Youanmi Terrane

Quartzite and quartz-rich clastic metasedimentary rocks have been reported from a number
of greenstone belts in the eastern Youanmi Terrane (e.g., Gee, 1982; Chin and Smith, 1983;
Riganti, 2003; Wyche, 2003). Quartz sandstone and quartz—mica schist are preserved at
the base of the exposed greenstone succession over a wide area in the north, with the most
extensive development of these rocks in the Maynard Hills and Illaara greenstone belts
(Fig. 2.6-2). These are currently the only two greenstone belts from which samples have
yielded sufficient zircons for SHRIMP analysis (Wyche et al., 2004).

The quartz-rich, clastic metasedimentary rocks that were dated in the Illaara green-
stone belt lie along the eastern side of the belt and represent the lowest preserved part of
the succession. This unit has a maximum thickness of ~900 m and consists of prominent,
ridge-forming, fine- to coarse-grained, strongly recrystallized quartzite, and recessive inter-
vals that range from micaceous quartzite to quartz—mica schist. Stratigraphic relationships
of similar quartz-rich metasedimentary rocks in the Maynard Hills greenstone belt are less
apparent due to strong deformation and recrystallization, but the rock associations in this
belt suggest a stratigraphic setting similar to that of quartzites in the Illaara greenstone belt
(Riganti, 2003; Wyche et al., 2004).

Primary textural and sedimentological features in the quartzites of the Illaara and May-
nard Hills greenstone belts are poorly preserved due to the effects of deformation and
recrystallization. A strong bedding-parallel cleavage obscures primary sedimentary struc-
tures, but they are probably thin to medium bedded and derived from mature quartz aren-
ites. Original grainsize is difficult to determine due to extensive recrystallization, but some
beds contain sub-rounded quartz pebbles. Muscovite is the dominant mica but bright green
fuchsite is found locally in both the quartzite and quartz—mica schist. Very fine-grained
tourmaline gives some beds a dark colouration. Their association with quartz—mica schists
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that were probably derived from sub-mature to immature quartz arenites suggests that these
rocks were deposited in a fluvial to shallow-marine environment (Wyche, 2003; Wyche et
al., 2004).

In the earliest SHRIMP U-Pb zircon work in the central Yilgarn Craton, Froude et al.
(1983b) identified detrital zircons in the Maynard Hills greenstone belt ranging in age
between ca. 3300 Ma and ca. 3700 Ma, with a single zircon yielding an age of ca. 2900 Ma.
However, no analytical data from this study have been published.

More recently, eight quartzite samples have been analyzed from the Illaara and May-
nard Hills greenstone belts (Fig. 2.6-2), with a total of 293 analyses from 265 zircons
(Fig. 2.6-3(a); GSWA, 2006). Of these, the youngest concordant zircon, with a 207pp/206pp
age of 3131 &£ 3 Ma (sample 169074 in GSWA, 2006), was obtained on quartzite from the
Maynard Hills greenstone belt (sample 169074 on Fig. 2.6-2). This represents the maxi-
mum age of deposition of the precursor sandstone. Most zircons lie between ca. 3130 Ma
and ca. 3920 Ma, but two samples yielded zircons older than 4000 Ma (Fig. 2.6-3(a)).

Of the two samples with >4000 Ma zircons, sample 169075 from the Maynard Hills
greenstone belt (Fig. 2.6-2) contained one concordant zircon grain with a weighted mean
207pb/2%Pb age of 4350 + 5 Ma (Fig. 2.6-3(b): sample 169075 in GSWA, 2006). Sam-
ple 178064 from the Illaara greenstone belt (Fig. 2.6-2) yielded one concordant zircon
with a 207Pb/2%°Pb age of 4170 + 6 Ma and four discordant grains older than 4000 Ma
(Fig. 2.6-3(c): sample 178064 in GSWA, 2006).

2.6-2.1.1. South West Terrane

The Jimperding greenstone belt in the South West Terrane of the Yilgarn Craton consists
of thin units of quartzite, pelitic schist, amphibolite, metamorphosed ultramafic rocks, and
metamorphosed banded iron-formation, interleaved with a variety of gneisses, including
garnetiferous gneiss. It is bounded to the east by gneiss and migmatite, and intruded to the
west by granites of the Darling Range Batholith (Wilde, 2001). There are no direct ages
for rocks within the greenstone belt, but the granites to the west were probably emplaced
between ca. 2650 Ma and ca. 2630 Ma (Nemchin and Pidgeon, 1997). The best exposure
of quartzite is in a railway cutting at Windmill Hill where flaggy and massive quartzite
is commonly fuchsitic, and locally contains preserved cross-beds. The quartzite is faulted
against granitic gneiss. Greenstones associated with the quartzite include amphibolite and
ultramafic rock, and it is faulted against granitic gneiss (Wilde, 2001).

Following evidence of old zircons in metasedimentary rocks in the Jimperding meta-
morphic belt in the South West Terrane (Fig. 2.6-1; Nieuwland and Compston, 1981),
Kinny (1990) analyzed 50 zircon grains from quartzite from the Windmill Hill locality,
and Bosch et al. (1996) analyzed a further 12 grains from a sample of nearby pelitic schist.
Zircons ranged in age mainly up to ca. 3500 Ma, with Kinny (1990) finding one zircon
with an age of ca. 3735 Ma. The youngest concordant zircon obtained has a 2%’ Pb/2%Pb
age of 3055 £ 6 Ma (Bosch et al., 1996), which represents the maximum age of deposition
of the precursor sedimentary rock.
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Fig. 2.6-3. (Previous page.) Probability density diagrams for U-Pb ages of detrital zircons in the
Maynard Hills and Illaara greenstone belts, Youanmi Terrane. In each case, the dark grey area and
frequency histograms (bin width 50 My) include only concordant data, defined here as analyses with
204 (i.e., fraction of common 2%Pb in total 2°°Pb) <1% and discordance <10%; the light grey area
includes all data: (a) all Geological Survey of Western Australia samples from the Maynard Hills and
Illaara greenstone belts = 226 concordant analyses of 209 zircons (293 of 265 total); (b) Geological
Survey of Western Australia sample 169075 from the Maynard Hills greenstone belt = 49 concordant
analyses of 35 zircons (61 of 39 total); (c) Geological Survey of Western Australia sample 178064
from the Illaara greenstone belt = 19 concordant analyses of 19 zircons (35 of 35 total). All data are
presented in GSWA (2006).

2.6-2.1.2. Eastern Goldfields Superterrane

Metasedimentary rocks like those in the Youanmi, South West, and Narryer Terranes with
maximum depositional ages greater than 3000 Ma have not been recognized in the Eastern
Goldfields Superterrane. Here, metasedimentary rocks with maximum depositional ages of
ca. 2700 Ma are intercalated with, and in the upper part of, the volcanosedimentary green-
stone succession. Detrital zircons older than 3000 Ma are rare. Campbell and Hill (1988)
reported the presence of ca. 3650-3670 zircons in ‘cherty’ clastic sedimentary rocks of
the Noganyer Formation in the south. More recently, KrapeZ et al. (2000) found isolated
occurrences of detrital zircon grains in samples from the area around and to the south
of Kalgoorlie—Boulder (Fig. 2.6-1), including a rock interpreted as turbidite from the No-
ganyer Formation, that range in age back to ca. 3570 Ma. They concluded that, although the
sources of these older zircons could have been structural enclaves within volcanoplutonic
arcs, they are more likely derived from distant cratonic basement.

2.6-2.2. Other Evidence of old Yilgarn Crust

The only known >3100 Ma rocks in the Yilgarn Craton are those in the Narryer Terrane,
with metagabbroic anorthositic rocks of the ca. 3730 Ma Manfred Complex being the old-
est identified component (Myers, 1988b; Kinny et al., 1988). Other gneiss components of
the Narryer Terrane range in age between ca. 3730 and ca. 3300 Ma (Kinny et al., 1988;
Nutman et al., 1991; Wilde and Spaggiari, this volume). Inheritance of zircons from rocks
older than the Manfred Complex is rare in the Narryer Terrane. However, zircons as old
as ca. 4180 Ma have been identified locally in younger (ca. 2690 Ma) gneiss (e.g., sample
105007 in GSWA, 2006).

Various authors have argued for the existence of widespread, early sialic crust, at least
as old as 3000 Ma, in the eastern Yilgarn Craton. Evidence of early sialic crust includes the
presence of old xenocrystic zircons, Pb-isotope studies (Oversby, 1975), Sm-Nd and Lu-Hf
isotope data, granite geochemistry suggestive of extensive reworking (e.g., Champion and
Sheraton, 1997), and contamination of mafic and ultramafic greenstones by crustal material
(Redman and Keays, 1985; Arndt and Jenner, 1986; Barley, 1986; Compston et al., 1986b).
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Pre-3100 Ma xenocrystic zircons in the Youanmi Terrane are rare, with only a few pub-
lished examples. These xenocrysts are mainly found in granites, and typically range in
age from ca. 3650 to ca. 3300 Ma (samples 105016 and 169076 in GSWA, 2006; Pidgeon
and Hallberg, 2000; Cassidy et al., 2002). A very small number of xenocrystic zircons
up to ca. 4000 Ma have been found in felsic volcanic rock (Pidgeon and Hallberg, 2000)
and gneiss (sample 105018a in GSWA, 2006) from the western part of the Youanmi Ter-
rane. However, the great majority of inherited zircons in rocks of the Youanmi Terrane
are <3100 Ma (e.g., sample 142920 in GSWA, 2006; Pidgeon and Hallberg, 2000), and
probably reflect ages of greenstones from within the terrane.

Old zircon xenocrysts (ca. 3500 to ca. 3000 Ma) appear to be more abundant in both
greenstone and granitic rocks of the Eastern Goldfields Superterrane (Compston et al.
1986b; Campbell and Hill 1988; Claoué-Long et al. 1988; Hill et al. 1989) than in the
Youanmi Terrane. This may be an artefact of the greater number of samples analyzed from
the Eastern Goldfields Superterrane, or may reflect the former presence of an old proto-
continent in the east of which no other trace remains.

Sm-Nd studies show that there is a fundamental difference in the isotopic nature of the
source regions for granites in the Youanmi Terrane compared with the Eastern Goldfields
Superterrane (e.g., Fletcher et al., 1994; Cassidy et al., 2002). Granites from the Youanmi
Terrane show evidence of a long crustal prehistory, back to ca. 3000 Ma, compared with
those of the Eastern Goldfields Superterrane that have more primitive and younger sources.

Griffin et al. (2004a) found detrital zircons in modern drainage systems near Sandstone
in the northeastern part of the Youanmi Terrane (Fig. 2.6-2) dating back to ca. 3600 Ma.
Apart from these old zircons, model ages based on ey values of zircons most likely derived
from ca. 2600-2700 Ma granitic rocks indicate that their parent magmas were derived from
continental crust dating back to ca. 3700 Ma. Griffin et al. (2004a) interpreted these data
to indicate the former presence of ancient continental crust in the north-central part of the
Yilgarn Craton.

2.6-3. DISCUSSION

The source of the abundant detrital zircon grains that are older than 3100 Ma in the
quartzites in the Illaara and Maynard Hills greenstone belts of the Youanmi Terrane, and
the Jimperding metamorphic belt of the South West Terrane, is unknown. In the Youanmi
and South West Terranes, no igneous rocks older than ca. 3050 Ma have been identified,
with granitic rocks in the region mainly younger than 2750 Ma. Rocks to the east in the
Eastern Goldfields Superterrane are typically younger than those in the Youanmi Terrane.

Gneisses of the Narryer Terrane (Kinny et al., 1988; Nutman et al., 1991; Wilde and
Spaggiari, this volume) range between ca. 3730 and ca. 3300 Ma in age. If the present-day
configuration of the Yilgarn Craton reflects the situation at ca. 3100 Ma, the nearest pre-
served crustal remnant that pre-dates deposition of Illaara, Maynard Hills, and Jimperding
quartzites is more than 300 km away.
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Kinny (1990) and Bosch et al. (1996) suggested that age profiles of detrital zircons from
the metasedimentary rocks in the Jimperding metamorphic belt in the South West Terrane
(Fig. 2.6-1) indicated a similar provenance to those of the Mount Narryer and Jack Hills
metasedimentary rocks in the Narryer Terrane (Fig. 2.6-1).

Zircon U-Th-Pb, mineral K-Ar and *°Ar/3°Ar, and provenance studies by Kinny et
al. (1990) indicated a maximum depositional age of ca. 3100 Ma for the Mount Narryer
quartzite. An age of 3064 £ 17 Ma was reported for a detrital zircon from Jack Hills (sam-
ple 142986 in GSWA, 2006), thus giving a maximum age of deposition for these rocks.
However, more recent studies of detrital zircons from Jack Hills have identified local pop-
ulations of detrital zircons as young as ca. 1600 Ma (Cavosie et al., 2004). Whether these
younger zircons indicate a more complex depositional history than has previously been
recognized, or tectonic interleaving of Archaean and younger sedimentary rocks, is not yet
known. No detrital zircons younger than ca. 3100 Ma have been found in quartzites in the
Youanmi and South West Terranes.

Rainbird et al. (1997) have shown that large populations of zircons in quartzite can be
derived from a distal source >3000 km away. However, their examples did show evidence
of contributions from intervening sources and so it is likely that, if the Illaara and May-
nard Hills quartzites post-dated any elements of the Youanmi Terrane, they would contain
some evidence of material from greenstones or granites of the terrane. Because none of
the samples contain detrital zircons formed during recorded felsic magmatism in the Yil-
garn Craton, the quartzites must have been deposited before any of the presently preserved
elements of the Youanmi Terrane were exposed.

Similarities in the age profiles of detrital zircons from metasedimentary rocks from
the Maynard Hills and Illaara greenstone belts in the Youanmi Terrane, the Jimperding
metamorphic belt in the South West Terrane, and the Mount Narryer and Jack Hills areas
in the Narryer Terrane, suggest that they were derived from a similarly aged continental
source (Wyche et al., 2004). Further evidence supporting a common source of detrital
zircons for the Narryer and Youanmi metasedimentary rocks are the >4100 Ma zircons
from the Maynard Hills and Illaara greenstone belts. The only other >4100 Ma zircons
that have previously been identified are detrital zircons from Mount Narryer and the Jack
Hills in the Narryer Terrane (Fig. 2.6-1; Froude et al., 1983a; Compston and Pidgeon, 1986;
Wilde et al., 2001).

In the Narryer Terrane, contacts between gneisses and metasedimentary rocks that con-
tain detrital zircons of similar ages are strongly deformed so that their relationships are un-
known (Myers and Occhipinti, 2001). Kinny et al. (1990) proposed that quartzite at Mount
Narryer may have been partly derived from gneissic, granitic and anorthositic rocks like
those that outcrop in the Narryer Terrane, but that the presence of other zircon components
suggested contributions from other source terranes. Maas and McCulloch (1991) argued
that differences in REE patterns between the Mount Narryer and Jack Hills metasedimen-
tary rocks and the nearby gneisses indicate that, although these gneisses may have con-
tributed to the zircon populations preserved in these rocks, they were not the major source.

While it is possible to infer that the post-3700 Ma detrital zircons were at least in part
derived from rocks such as the gneisses in the Narryer Terrane, or a no longer extant area
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of basement in the northeastern part of the Youanmi Terrane, a question remains as to the
source of detrital zircons older than ca. 3730 Ma.

Maas et al. (1992), in a study of the morphological, mineralogical and geochemical
characteristics of pre-3900 Ma detrital zircons from Mount Narryer and the Jack Hills,
concluded that they were derived from a continental source dominated by potassic granites.
Nelson et al. (2000) argued that zircon geochronology suggests the existence of an ancient
(>3800 Ma) composite terrane. If the metasedimentary rocks in the Narryer Terrane were
derived from a complex variety of sources, then the preserved Narryer Terrane may be
a remnant of a continental mass that provided a relatively proximal source for all of the
metasedimentary rocks that contain old detrital zircons in the western part of the Yilgarn
Craton. Cavosie et al. (2004) said that many of the >4000 Ma zircons in the Jack Hills are
igneous and may be locally derived, thus allowing the possibility of magmatic episodes in
the region as far back as 4400 Ma.

According to Myers (1995), structural evidence and a gap in the zircon ages after ca.
2680 Ma suggest that the Narryer Terrane accreted to the Youanmi Terrane between 2680
and 2650 Ma. This is supported by Nutman et al. (1993a) who argued that Nd isotope
compositions of Neoarchaean granites (ca. 2750 Ma and younger) that intrude the old
(ca. 3730-3300 Ma) gneisses of the Narryer Terrane were derived from a younger source,
similar to gneisses in adjacent terranes, and do not contain evidence of an older source.
However, the rare >4100 Ma inherited zircons in some younger granitic rocks (sample
105007 in GSWA, 2006) in the Narryer Terrane indicate a greater level of complexity in
the sources of at least some of these rocks than is suggested by the isotope data. Also,
as discussed above, the detrital zircon data from the Youanmi Terrane suggest that pre-
3100 Ma metasedimentary rocks now preserved in this terrane may have had the same
provenance as similar rocks in the South West and Narryer Terranes. If true, then these
regions must have had some common history before the proposed accretion of the Narryer
Terrane to the Youanmi Terrane after ca. 2680 Ma.

The quartzites of the Yilgarn Craton are very similar in character to Archaean quartz
arenites described from North America (Superior and Churchill Provinces: Donaldson and
de Kemp (1998); Wyoming Province: Mueller et al. (1998); Slave Province: Sircombe et
al. (2001)). Where detrital zircon data have been obtained from these rocks, age patterns
have clear similarities to those in the Yilgarn examples, with populations in the Wyoming
and Slave Provinces dating back to 4000 Ma. As in the Youanmi Terrane, there is no ob-
vious local source for the older detrital zircons in the quartzites of the Wyoming Province,
whereas gneiss and granite remnants up to ca. 4000 Ma in the Slave Province could have
provided a source for detrital zircons in the Slave Province quartzites.

2.6-4. CONCLUSIONS

The quartz-rich, clastic metasedimentary rocks in the central Yilgarn Craton containing
sand-sized quartz grains require a provenance with a substantial continental component,
probably containing abundant granitic rocks. Rare xenocrystic zircons older than 3000 Ma
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in granites and greenstones; samples from modern drainage systems yielding detrital zir-
cons that range in age back to ca. 3600 Ma, along with younger granite-derived detrital zir-
cons that have Hf-isotope signatures suggesting the existence of crust as old as ca. 3700 Ma
in the region; and granite geochemistry that requires at least a two-stage melting process,
suggest the presence of older sialic crust in the region. However, no such material has been
identified in the Youanmi and South West Terranes, or the Eastern Goldfields Superterrane.
If pre-3100 Ma rocks in the Narryer Terrane formed part of this early crust, then it must
have been adjacent to the rest of the Yilgarn Craton at an early stage in the development of
the craton.

Because no potential source rocks that are older than the ca. 3055 Ma age of a detrital
zircon in the Jimperding metamorphic belt in the South West Terrane have been identi-
fied in the Youanmi or South West Terranes, the early clastic sedimentary formations in
the northwestern, southwestern, and eastern parts of the Yilgarn Craton may have been
shallow-marine shelf deposits adjacent to a continental mass of which the Narryer Terrane
is a remnant. Rifting, marked by the widespread mafic and ultramafic volcanism preserved
in the Youanmi Terrane, broke up the continent some time after 3100 Ma. The large lay-
ered mafic and ultramafic intrusions in the centre of the Youanmi Terrane may also be
associated with rift-related plume magmatism. Finally, a major period of voluminous gran-
ite intrusion between 2750 Ma and 2620 Ma, probably related to accretionary activity
in the eastern part of the craton, completely dismembered and deformed the greenstone
successions, and produced the present-day arrangement of the greenstone belts. Alterna-
tively, widespread pre-3100 Ma continental crust that formed the proto-Yilgarn Craton has
been largely reworked during the period of voluminous Neoarchaean granite intrusion as-
sociated with accretionary activity to the east, with the only preserved traces being the
fragment represented by the Narryer Terrane, geochemical signatures in granitic rocks and
greenstones, and old xenocrystic zircons. If this is the case, then the presence of zircons
older than ca. 4100 Ma in the Youanmi quartzites indicates that there may have been a more
substantial volume of pre-4000 Ma continental crust than has previously been suggested.

The similarity of the age populations of detrital zircons from metasedimentary rocks
in the Youanmi Terrane, the Jimperding metamorphic belt in the South West Terrane, and
the Mount Narryer and Jack Hills areas in the Narryer Terrane suggests that they are all
derived from the same ancient continental source. Thus it is unlikely that the areas now
occupied by the Younami, South West, and Narryer Terranes were separate entities prior to
the deposition of quartz-rich, clastic sedimentary rocks at ca. 3100 Ma.
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Chapter 3.1

THE EARLY ARCHEAN ACASTA GNEISS COMPLEX:
GEOLOGICAL, GEOCHRONOLOGICAL AND ISOTOPIC
STUDIES AND IMPLICATIONS FOR EARLY CRUSTAL
EVOLUTION
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Department of Earth and Planetary Sciences, Tokyo Institute of Technology,
Ookayama Meguro-ku, Tokyo 152-8551, Japan

3.1-1. INTRODUCTION

The oldest crustal rocks yet identified are 4.03—3.94 Ga magmatic protoliths of granitic-
amphibolitic gneisses that outcrop within the Acasta Gneiss Complex along the Acasta
River in the westernmost Slave Province (Bowring et al., 1989a; Bowring et al., 1990;
Bowring and Housh, 1995; Bleeker and Stern, 1997; Stern and Bleeker, 1998; Bowring
and Williams, 1999; Sano et al., 1999; lizuka et al., 2006; lizuka et al., 2007). In this pa-
per, we summarize the geological, geochronological, and radiogenic isotopic data acquired
from the Acasta gneisses. These data provide valuable insights into early crustal evolution
by constraining the early Archean tectonothermal evolution of the complex and the rela-
tionships between the Paleoarchean crustal rocks and the Hadean (>4.03 Ga) mantle-crust
system.

3.1-2. GEOLOGY

The Acasta Gneiss Complex is exposed in the westernmost Slave Province, which
is in the foreland and metamorphic internal zone of the Proterozoic Wopmay Orogen
(Fig. 3.1-1). The occurrence of Archean rocks in the region, which are continuous with the
rocks of the Slave Province, was first indicated from regional geological mapping (St-Onge
et al., 1988). The rocks yielded a minimum zircon age of 3.84 Ga and Nd model ages up
to 4.1 Ga (Bowring et al., 1989b). Subsequently, several teams have conducted additional
sampling and geological mapping of the Acasta Gneiss Complex and adjacent regions

IPresent address: Earthquake Research Institute, The University of Tokyo, Yayoi 1-1-1, Bunkyo-ku, Tokyo
113-0032, Japan.
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Fig. 3.1-1. Geological map of the Acasta Gneiss Complex: modified after lizuka et al. (2007). Pro-
tolith ages of gneisses and foliated granites are shown. Solid and open circles represent the ages of
amphibolitic and felsic (tonalitic-granitic) rock samples, respectively. Data sources of the ages are as
follows: 1. Bowring et al. (1989a); 2. Bowring and Housh (1995); 3. Bowring and Williams (1999);
4. lizuka et al. (2006); 5. Iizuka et al. (2007).
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(Bowring et al., 1989a; Bowring et al., 1990; Bleeker et al., 1997; Stern and Bleeker, 1998;
Bleeker and Davis, 1999). lizuka et al. (2007) presented a detailed (1:5000 scale) geo-
logical map (Fig. 3.1-1) of a 6 km x 6 km area of the main part of the complex around
the sample locality of the Acasta gneisses reported by Bowring et al. (1989b), and sketch
maps of critical outcrops. We summarize here the geology, lithology and petrography of
this area.

3.1-2.1. Geological Framework

The Acasta Gneiss Complex mainly consists of a heterogeneous assemblage of foliated

to gneissic tonalite, granodiorite, trondhjemite, granodiorite and granite as well as amphi-

bolitic, gabbroic, and dioritic gneisses (Bowring et al., 1990; Bowring and Williams, 1999;

lizuka et al., 2007). The major assemblage can be classified into four lithofacies based on

the composition and texture of the gneisses (Fig. 3.1-2):

(1) a mafic-intermediate gneiss series (quartz dioritic, dioritic and gabbroic gneisses)
(Fig. 3.1-2(a));

(2) a felsic gneiss series (tonalitic, trondhjemitic, granodioritic and granitic gneisses)
(Fig. 3.1-2(b));

(3) alayered gneiss series of mafic-intermediate and felsic gneisses (Fig. 3.1-2(c));

(4) foliated granite, preserving an original igneous texture (Fig. 3.1-2(d)).

The main area is subdivided into two main units by a northeast-trending fault
(Fig. 3.1-1). The lithology changes abruptly across this boundary, and many quartz veins,
from sub-millimeters to meters thick, occur along the fault. In some places, the strike of
gneissic structures also changes across the fault. The mafic-intermediate gneiss series oc-
curs mainly as rounded to elliptical enclaves and inclusions within felsic gneisses. The
felsic gneiss series occurs predominantly in the eastern area, with minor intrusions in the
western area. In the eastern part of the eastern region, the felsic gneisses have northwest-
trending foliations that dip 70-80° westward, but in the western part they trend north and
dip 50-70° eastward. The layered gneiss series is present mainly in the western area where
the gneissic foliation generally trends north-south and dips 60-80° to the west. These
structures are often oblique to the boundary with the foliated granite. The foliated gran-
ite predominantly occurs as intrusions up to 200 m wide that generally trend north-south,
whereas much thinner intrusions of granite and aplite are present throughout the complex.
The granitic intrusions in the western region are cut by the main central fault. Northwest-
trending mafic dikes are widespread and cut the main central fault.

3.1-2.2. Lithology and Field Relationships

The mafic-intermediate gneiss series (Fig. 3.1-2(a)) predominantly occurs as 3 km X
1 km to 10 cm x 10 cm enclaves within the felsic gneiss, forming blocks, boudins
and bands (Fig. 3.1-3(a)). The mafic-intermediate gneiss series contains both mesocratic
and melanocratic portions, and includes gabbroic, dioritic, and quartz dioritic gneisses.



Fig. 3.1-2. Four main lithofacies in the Acasta Gneiss Complex: (a) mafic-intermediate gneiss series; (b) felsic gneiss series; (c) layered gneiss
series with rhythmical layering of leucocratic and melanocratic layers; (d) foliated granite, preserving original igneous texture.
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Fig. 3.1-3. (a) Enclaves of quartz dioritic gneiss in granitic gneiss; (b) hornblendite inclusion in quartz dioritic gneiss; (c) hornblendite along
the boundary between quartz dioritic and granodiorite gneisses; (d) folded layered gneiss and intrusion of foliated granite.
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Quartz dioritic gneiss is the predominant phase, with the mineral assemblage Hbl4Pl+
Qtz+BtEtKspar+Zrm=+Ttn+Apt+Grtt+opaque (mineral abbreviations after Kretz (1983)).
Some gneisses, especially in the northeastern area, have abundant garnet porphyroblasts.
Occasionally, massive hornblendite inclusions are present within the mafic-intermediate
gneisses (Fig. 3.1-3(b)), and frequently occur along the boundary between the mafic-
intermediate and felsic gneisses (Fig. 3.1-3(c)).

The felsic gneiss series (Fig. 3.1-2(b)) is widely distributed in the eastern part of the
Acasta Gneiss Complex and occurs as massively or banded leucocratic gneisses including
tonalitic, trondhjemitic, granodioritic and granitic gneisses. The mineral assemblage ranges
from Pl14-Qtz+Hbl+BttKspar£Zrn+Ttn+Apt+Grt+opaque to Qtz+Kspar+Pl+Btt
Zrm=+Ttn+Apt+Grt+opaque. At some localities, different types of compositions occur
together, suggesting multiple generations of the protolith of the felsic gneiss series.

The layered gneiss series (Fig. 3.1-2(c)) is characterized by both continuous layering of
felsic and mafic-intermediate lithological suites (gneisses), on a centimeter- to meter-scale,
and a prominent preferred orientation of platy and prismatic minerals. The layered gneiss
series occurs only in the western area, together with the foliated granite (Fig. 3.1-1). The
mineralogy and bulk compositions of the felsic and mafic-intermediate lithological suites
of the layered gneiss series are equivalent to the felsic and mafic-intermediate gneiss se-
ries in the eastern region, respectively. There are many large porphyroblasts of quartz and
feldspar. In addition, some mafic-intermediate suites contain abundant garnet porphyrob-
lasts. Thin boudins and layers of coarse-grained hornblendite are also present sporadically
along the layering.

The foliated granite (Fig. 3.1-2(d)) predominantly occurs in the western region as intru-
sions up to 200 m wide. Original igneous textures are preserved and the unit is composed of
the minerals Pl+Kspar+Qtz+Hbl+Bt£Zrn+Ttn+Apt£Grt+opaque. Some of the gran-
ites are inter-folded with the layered gneiss series (Fig. 3.1-3(d)).

Mafic dikes postdate the formation of the central fault and are generally northwest-
trending. The intrusions are fine-grained and have a typical mineral assemblage of Act-
Hbl+P14-Qtz+Ep+Chl£Bt+Apt+Ttntopaque, indicating metamorphism under epidote-
amphibolite to amphibolite facies conditions. In addition, some of the gneisses contain
calcite, epidote and secondary biotite, indicating that they suffered post-magmatic metaso-
matic alteration and infiltration of mobile elements such as Ca and K.

Field relationships between the intermediate and felsic gneisses in the eastern area
are shown in Fig. 3.1-4. The outcrop consists of quartz dioritic gneiss, coarse-grained
granodioritic gneiss, and granitic gneiss with pegmatites and hornblendite pods. The peg-
matites mainly occur on the fringe of the granitic gneiss. The hornblendite pods are
present along the boundary between the quartz dioritic and the granitic gneisses and are
accompanied by relatively quartz-rich quartz dioritic gneiss. The boundary between the
quartz-rich quartz dioritic gneiss and the quartz dioritic gneiss is vague. The granitic
and quartz-rich quartz dioritic gneisses exhibit subparallel gneissosity to their outer mar-
gin. In contrast, the gneissosity of the coarse-grained granodioritic gneiss is obliquely
cut by the granitic gneiss. These observations indicate that the protolith of the granitic
gneiss intruded into the quartz dioritic and coarse-grained granodioritic gneisses and that
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during the crystallization of the granite intrusion, fluids (highly hydrous melts) were
released and formed the pegmatites on the fringe of the granite intrusion. The occur-
rence of hornblendite pods accompanied by quartz-rich quartz dioritic gneiss between
the quartz dioritic and granitic gneisses suggests that fluid infiltration and thermal meta-
morphism during granite intrusion also caused partial melting (anatexis) of the quartz
dioritic gneiss to form a hornblendite restite with a quartz-rich quartz dioritic gneiss leu-
cosome.

Hence, at least five tectonothermal events in the eastern area are recognized from these
fabrics: (1) and (2) emplacement of quartz dioritic magma (protolith of the quartz dioritic
gneiss) and emplacement of granodioritic magma (protolith of the coarse-grained granodi-
oritic gneiss); (3) metamorphism to produce the gneissic structures of the coarse-grained
granodioritic gneiss and quartz dioritic gneiss; (4) intrusion of granitic magma (protolith
of the granitic gneiss), causing anatexis and formation of hornblendites and quartz-rich
quartz dioritic gneiss; (5) metamorphism and deformation to produce the gneissic struc-
tures of granitic and quartz-rich quartz dioritic gneisses.

The relationship between the quartz dioritic and granitic gneisses is also shown in
Fig. 3.1-5. The outcrop comprises quartz dioritic gneiss and granitic gneiss with horn-
blendite pods and pegmatites. The gneissic structures of the granitic gneiss are subparallel
to the direction of their outer contact. The gneissic structure of the quartz dioritic gneiss
is oblique to that of the granitic gneiss at some points. Pegmatites occur along the margin
with the granitic gneiss, as well as within the quartz dioritic gneiss, suggesting its derivation
from fluids released during crystallization of the granite intrusion. Fourteen hornblendite
pods are sporadically distributed within the quartz dioritic gneiss body and most of them
are not accompanied by the quartz-rich layer, whereas the hornblendite pods in Fig. 3.1-4
occur along the boundary between quartz dioritic and granitic gneisses and are accompa-
nied by the quartz-rich layer. In addition, the deformation structures imprinted on them are
consistent with those within the quartz dioritic gneiss. These observations suggest that the
hornblendite pods are remnants of older mafic material entrained by quartz dioritic magma.

Therefore, five tectonothermal events are identified from this outcrop: (1) formation
of the protolith of hornblendite xenoliths; (2) emplacement of quartz dioritic magma;
(3) metamorphism and deformation to produce the gneissosity of the quartz dioritic gneiss;
(4) intrusion of granitic magma (granitic gneiss protolith); (5) metamorphism and defor-
mation to produce the gneissosity of the granitic gneiss.

In the western area, field observations of the layered gneiss and foliated granite showed
that the banding and gneissic structures within the layered gneiss series are obliquely cut
by the foliated granite intrusion, indicating that the formation of banding structures pre-
ceded intrusion of the foliated granite. Therefore, at least five tectonomagmatic events are
recognized in the western area: (1) and (2) emplacement of the mafic-intermediate gneiss
protolith and emplacement of the felsic gneiss protolith; (3) metamorphism and deforma-
tion, which produced the gneissic and layering structures of the layered gneiss; (4) intrusion
of granite magmas as the protolith of the foliated granite; (5) metamorphism and deforma-
tion of all lithologies.
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Fig. 3.1-5. Sketch map showing the relationships between quartz dioritic and granitic gneisses with
minor pegmatite and hornblendite pods (from lizuka et al., 2007). Zircon U-Pb dating, combined
with a cathodoluminescence imaging study (Fig. 3.1-7), revealed the protoliths of the granitic gneiss
