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Preface
During my professional career, beginning in the late 1940s, the methods of studying
Earth's continental crust have changed dramatically. The new approaches have
radically changed the conceptual framework of geology. Four revolutions have
unalterably changed our view of the dynamic evolution of the continental crust.
Three sprang from the study of recently formed rocks and, true to uniformitarianism,
were quickly applied, with varying degrees of success, to the study of Earth's older,
or Precambrian, rocks—the topic of this book.
( 1 ) The plate tectonic model. The modern paradigm encompasses the recognition
of the presence today of some seven major lithospheric plates, each about 120 km
thick, moving horizontally in response to subjacent mantle thermal convections;
the relative plate motions, whether divergent, convergent or transform, control the
development of ocean basins, mountain ranges and other first-order crustal
phenomena. Of particular importance are subduction zones, products of plate
convergence and collisional tectonics, with their distinctive crustal signatures
including calc-alkalic magmatic rocks, linear fold belts, ophiolites (oceanic crust),
high pressure ('blue schist') rocks, paired (high and low pressure) metamorphic
belts, chemical gradients and thick clastic wedges. Considering the application of
modern plate tectonic processes (actualism) to the Precambrian record, the older
the terrain the less convincing the interpretation. Curiously, the oldest recorded
Precambrian ophiolite (hallmark of the modern plate tectonic process) is 1.9 Ga
old; next in age is —1.0 Ga old (Ma = 10 6 years; Ga = 10 9 years). The formative
plate tectonic processes operating in these and still older Precambrian times remain
obscure and controversial.
(2) Chemical isotope studies. The possibility that the parent : daughter ratios
of certain radioactive nuclides with very long half-lives could provide the basis of
geological correlation in Precambrian terrains was first stated explicitly in 1927
by Holmes and Lawson. Such ratios, eventually to be expressed as geologic ages,
coupled witfi conventional field observations, notably lithology and structural
trends, has led to the recognition of distinct geologic provinces in Precambrian
cratons—this approach was pioneered by the same Arthur Holmes (1951) in Africa
and India.
Related to this and stemming from similar isotopic relations is the application
of isotope studies to petrogenetic problems, whereby insight can be gained on the
earlier history of rock units despite successive tectonic overprints. Application of
appropriate methods, notably Rb-Sr, Sm-Nd, Lu-Hf and Pb-Pb whole-rock
isochron methods as well as the U—Pb zircon, 40 Ar/ 39 Ar, and ion-microprobe
U-Th-Pb analyses, can provide reliable constraints on the primary age and
temporal evolution of rock units despite parent-daughter disturbances by later
metamorphic or metasomatic events. Noteworthy in this regard are the pioneer
isotope studies of very ancient crust in Greenland (>3.8 Ga), which have provided
the basis for distinguishing juvenile contributions from older recycled continental
crust. This has had profound implications to understanding crustal evolution,
notably the cyclic development of Precambrian continental crust.
(3) Paleomagnetism. This technique offers the potential of providing constraints
on the paleoreconstruction of Precambrian continental crust. At present, paleomagnetic measurements on any favourable rock type provide indications of both
paleolatitude and paleoazimuth for the time of rock lithification, provided that the
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material has not been magnetically disturbed by a later heating episode. The major
current limitation is that no information is provided on paleolongitude, nor can
the effect of north-seeking and south-seeking poles be distinguished. If rémanent
magnetic measurements for presently geographically dispersed rocks of the same
age span can be fitted to a single apparent polar wander path, this is considered
as evidence that these now-separated areas behaved as part of a rigid, coherent
segment of crust, i.e. a tectonic plate, during the specified time interval.
However, many current paleomagnetic discrepancies render Precambrian
interpretations difficult if not intractable. Again, the older the terrain the more
uncertain the interpretation, thus imposing severe limitations on insight into
Precambrian crustal evolution.
(4) Field techniques. Radically improved field logistics, whether involving air
transportation, ground mobility or techniques of direct and indirect geophysicochemical measurements, have profoundly and irrevocably altered the pace and
calibre of geologic studies. Previously impenetrable terrains (e.g. rain forests) are
now routinely investigated. Terrains of continental stature (e.g. Canadian Shield)
that would formerly have required many generations of geologists for even the
first reconnaissance study, now require only a few decades. The impact on
Precambrian studies has been profound.
These four aspects of geologic study are mutually dependent, each requiring the
insight provided by the others. Of the four, field studies are unique in that they
constitute the starting point and provide the final arbiter of most fundamental
research on the continental crust.
The net impact of these revolutionary techniques has been a flood of relevant
new data. Anyone seeking a Precambrian perspective, whether as teacher,
explorationist or general student of the continental crust, is well aware of the
difficulty of this task in the absence of a modern comprehensive text, the goal of
this book.
This book comprises six chapters: (1) Distribution and tectonic setting of
Precambrian crust is a consideration of global Precambrian distribution, isotopic
dating, orogenies and tectonic cycles, classification scheme and geologic setting by
Precambrian platform; the following four chapters consider the global evidence as
preserved in (2) Archean crust, (3) Early Proterozoic crust, (4) Mid-Proterozoic
crust, and (5) Late Proterozoic crust-, (6) Continental evolution is an evolutionary
synthesis involving (a) the consideration of endogenous and exogenous parameters,
(b) a summary statement on tectonic evolution by Precambrian platform, and (c)
a preferred model of the evolution of the continental crust.
The main goal of this book is to provide a modern comprehensive statement on
Earth's Precambrian crust. As such it is primarily concerned with the basic
Precambrian framework—the 'where' (geographic and tectonic location), the 'what'
(lithostratigraphy and structure), the 'when' (geochronology) and the 'why'
(petrogenesis)—as a basis for considering Precambrian crustal evolution, including
the role of plate tectonics. Clearly, the scope is large and comprehensive. Naturally,
not all aspects of global Precambrian geology can be covered in the space available.
The necessary compromise has taken the form of treating certain representative
crustal segments in considerable detail while relying elsewhere on relevant
references—the ready source of more data. Some data repetition is unavoidable
due to the partial overlap of tectonic, general geologic and evolutionary aspects
of Precambrian platform development. Regarding references, I have sought a blend
of the old, commonly rich in basic description and sound interpretation, and the
new, often with penetrating up-dated insight. Particular care is taken throughout
in referencing isotopic ages which provide the essential chronostratigraphic
framework of the Precambrian crust. Less focus is directed to continental
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accretionary processes across Precambrian time which, though of fundamental
importance, are still in the early actualistic stages of interpretation and will require
a shift or two in paradigms for mature assessment. In considering supracrustal
sequences, attention is directed more to lithology, sequential development and
tectonic setting than to formal stratigraphie nomenclature. The book will have
achieved its goal if it provides a usable framework to which the fast growing body
of Precambrian data can be related. It is offered in tribute to what has been
achieved and as stimulant to what lies ahead.
And now, to quote the happy words of the beret-clad Gallic stranger passing
by our picnic site on a Brittany cliff-edge overlooking the sun-drenched English
Channel—'Bon appétif.
Alan M. Goodwin
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Chapter 1

Distribution and Tectonic Setting of
Precambrian Crust

1.1 INTRODUCTION
The bulk of Earth's Precambrian crust is located
in nine Precambrian platforms—thick, extensive,
partly buried, sialic-rich, tectonically stable supramantle entities, which centre the main continental
masses, Asia, Europe, Greenland, North America,
South America, Africa, India, Australia and Antartica (Figs 1-1, 1-2; Table 1-1). The Precambrian
platforms, together with rare neighbouring island
microcontinents, comprise both (1) exposed shields,
also variably called craton, block, uplift, rise, belt,
nucleus, ridge, etc., without hierarchical distinction
and (2) buried, i.e. sub-Phanerozoic, Precambrian
basement and cover. Additional Precambrian crust
lies in numerous median massifs (inliers), scattered
within long, linear, platform-enclosing Phanerozoic
mobile belts, and in certain peripheral and isolated
oceanic environments. Some interplatform clusters
of median massifs may, in fact, represent exposed
parts of coherent mini-platforms, e.g. Kazakhstan
region situated between the East European and
Siberian platforms.
Asia, lying east of the Urals and in present
context north of the Indian Subcontinent, contains
two independent Precambrian platforms: Cathaysian in the southeast and Siberian in the north. The
(1) Cathaysian Platform comprises three cratons—
Sino-Korean, Tarim and Yangtze—each characterized by restricted Precambrian exposure and correspondingly widespread buried basement. Additional
Precambrian crust lies beyond the platform in
several median massifs, enclosed in a cluster of
closely compressed Caledonian, Variscan and Tanshanian fold belts. The (2) Siberian Platform to the
north comprises the Aldan (-Stanovoy) and Anabar
shields, Olenek Uplift, four restricted peripheral
Precambrian fold belts in the south and west, and
extensive buried interior basement and cover. The

encircling Phanerozoic fold belts include six main
Precambrian massifs, of which Kolyma-Omolon is
by far the largest. The neighbouring East Arctic
Shelf also contains some presently ill defined, buried
Precambrian crust.
Europe is cored by the (3) East European
(Russian) Platform, comprising the comparatively
large Baltic Shield and much smaller Ukrainian
Shield, the slightly buried Voronezh Uplift and
Volga-Kama Anteclise to the east, with intervening
aulacogen-induced troughs, and the deeply buried
interior basement, including the Moscow (-Baltic)
and Caspian syneclises. The small Scottish Shield
Fragment, a rifted piece of the pre-drift North
Atlantic Craton, occupies parts of Scotland and
Ireland; additional Precambrian crust underlies
much of central-southern England. At least 10 Precambrian median massifs are contained in the
Variscan-Hercynian fold belts to the south and
west of the East European Platform, including the
Armorican, Central, Bohemian, Vosges-Black Forest
and Iberian massifs. Several massifs to the east
include those of the Ural Mountains. Substantial,
presently ill defined, buried Precambrian crust lies
in the neighbouring West Arctic Shelf.
The Greenland Precambrian Shield, strictly a
part of the North American Platform, occupies all
of this island-continent but the East Greenland
Caledonides and North Greenland Fold Belt, both
with some Precambrian inliers. Exposed rock is
effectively restricted to the narrow, ice-free coastlines.
(4) The North American Platform, less Greenland,
includes (a) in the northern part, the unusually large
Canadian Shield with buried extensions beneath
the Hudson, Arctic, Interior and St Lawrence
Phanerozoic cover, (b) the comparatively small
Wyoming Uplift to the west, and (c) substantial
buried basement in south-central (midcontinent)
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Fig 1-1. Global Preeambrian sketch-map showing the distribution of exposed and buried (subPhanerozoic) Preeambrian crust within the conventionally defined continents. Data plotted on National
Geographic Society base-map The World', National Geographic Magazine (Washington, December
1981).
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(2) Arabain-Nubian Shield
Mobile belts: (1) Damara-Katanga-Zambezi, (2) Central
African (Cameroon-West Nile), (3) Mozambique, (4) West
Congo, (5) Trans-Saharan (Pharusian-Dahomeyan) (6) Kaoko,
(7) Gariepian, (8) Saldanian

Table 1-1. Precambrian platforms (Roman numerals), contained
shields, cratons, blocks, etc. (Arabic numerals), and neighbouring
median massifs (lower case letters) by continent.
Asia (excluding India)
I

Cathaysian Platform
(1) Sino-Korean Craton, (2) Tarim Craton, (3) Yangtze Craton
(a) Himalayan Massifs, (b) Pamirs, (c) South Tien Shan
Massif
Siberian Platform
(1) Aldan Shield, (2) Anabar Shield, (3) Olenek Uplift, (4)
Baikal Belt, (5) East Sayan Belt, (6) Stanovoy Belt, (7)
Yenisei Ridge, (8) Turukhansk Uplift
(a) Kolyma-Omolon Massif, (b) Taigonos Block, (c)
Okhotsk Massif, (d) Altai-Sayan Massif, (e) Taymyr Belt,
(f) East Arctic Shelf

II

India (subcontinent)
VIII

East European (Russian) Platform
(1) Baltic Shield, (2) Ukrainian Shield, (3) Voronezh Uplift, (4)
Timan-Pechora Extension, (5) Volga-Kama Anteclise, (6)
Caspian Syneclise, (7) Moscow (-Baltic) Syneclise
(a) Uralian Inliers, Variscan massifs including (b)
Armorican Massif, (c) Massif Central, (d) Bohemian
Massif, (e) British Precambrian including Scottish Shield
Fragment, (f) West Arctic Shelf

North America-Greenland
IV

V

Greenland Shield
(1) Archaean Block, (2) Nagssugtoqidian, Rinkian and
Ketilidian belts
(a) Caledonide massifs, (b) North Greenland massifs
North America Platform
(1) Canadian Shield and buried extensions, (2) Wyoming
uplift, (3) Central (US) Belt (buried) and buried extensions of
Grenville Belt
Inliers in the (a) Cordilleran, (b) Ouachitan, (c)
Appalachian and (d) Innuitian fold belts

South America
VI

South American (-Patagonian) Platform
(I) Guiana Shield, (2) Central Brazil Shield, (3) Atlantic Shield
(a) Cordilleran inliers

Africa
VII

African Platform
Kalahari Craton (southern Africa): (1) Kaapvaal Craton, (2)
Zimbabwe Craton, (3) Limpopo Belt, (4) Namaqua-Natal Belt,
(5) Rehobothian Domain, (5) Koras-Sinclair troughs, (7)
Nama Basin
Congo Craton (central Africa): (1) Kasai-Angolan Craton, (2)
Chaillu Craton, (3) Gabon Craton, (4) Bouca Craton, (5)
Bomu-Kibalian Craton, (6) Tanzania Craton, (7) Zambian
Craton (Bangweulu Block), (8) Madagascar Craton, (9)
Ubendian-Ruzizian Belt, (10) Ruwenzori (Buganda-Toro) Belt,
(II) Kibalian Belt, (12) Irumide Belt, (13) Lurio Belt
West African Craton (northwestern Africa): (1) West African
Craton including Reguibat and Man shields, Taoudeni and
Volta basins, Gourma Aulacogen, and Rockelides, Marampa
and Kasila belts, (2) Tuareg Shield, (3) Benin Nigeria Shield
East Saharan Craton (north-central Africa)
Northeastern Africa: (1) Tibesti, Uweinat and Tchad inliers,

Indian Platform
(1) Dravidian Shield including Western Dharwar Craton,
Eastern Dharwar Craton and Southern Highlands Granulite
Terrain, (2) Bhandara Craton, (3) Singhbhum Craton, (4)
Aravalli Craton including the Bundelkhand Complex, (5)
Eastern Ghats Belt, (6) Sri Lanka Craton

Australia
IX

Europe
III
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Australian Platform:
(1) West Australian Shield including Pilbara and Yilgarn
blocks, Capricorn Orogen and Bangemall Basin, (2) North
Australian Craton with adjoining Northeast Orogens and
buried extensions, (3) Central Australian mobile belts, (4)
Gawler-Nullarbor Block, (5) Curnamona Craton
(a) Tasmanian inliers

Antarctica

X

Antarctic Platform
(1) East Antarctic Metamorphic Shield
(a) Transantarctic Mountains inliers

USA. Numerous Precambrian inliers crop out in
the adjoining Phaneorozoic fold belts.
(5) The South American Platform comprises the
Guiana, Central Brazil and Atlantic shields, with
buried basement beneath (a) the intervening Amazon, Parnaiba, and Parana basins, (b) the SubAndean Foredeep to the west, and (c) the Atlantic
margin deposits to the east. The adjoining, Stapering, Phanerozoic-dominated Patagonian Platform to the south is integrated for convenience.
Precambrian inliers are scattered along the length
of the Andean Chain to the west, including the
substantial, Arequipa-Cuzco Massif exposed on the
Pacific coast at 15°-20°S lat.
(6) The African (-Arabian) Platform occupies all
of the continent with the exception of the restricted
Cape, Mauritanide and Atlas fold belts, located
respectively to the south, northwest and north. This
unusually large platform is conveniently divided by
an orthogonal system of late Precambrian (PanAfrican) mobile belts, into five parts: (a) Kalahari
(southern), (b) Congo (equatorial), (c) West African
(northwestern), (d) East Saharan (north-central)
cratons and (e) Arabian-Nubian (northeastern)
Shield. The sinuous, intervening Pan-African belts
include from west to east, the northerly
(N)-trending (a) Pharusian-Dahomeyan, (b) West
Congo-Kaoko Gariep and (c) Mozambique and,
from south to north, the east-northeasterly(ENE)-

GLOBAL DISTRIBUTION

trending
(d) Saldanian,
(e) Damara-KatanganZambezi, (f) Central African and (g) an unnamed
northern African belt. Two large central subsidence
basins—Taoudeni and Congo—are located in the
West African and Congo cratons respectively. The
Kalahari Craton is largely obscured in the northwest
by a desert basin of the same name. The rifted
Madagascar and Seychelle Islands are included in
this platform.
(7) The Indian Platform with Sri Lanka includes
exposed Precambrian terrains in the southern
(Dravidian), eastern (Eastern Ghats), northeastern
(Chotanagpur-Singhbhum) and northwestern (Aravalli) parts, with substantial buried extensions
beneath the west-central Deccan Traps and the
unusually extensive Ganges-Indus cover, which
encroaches northward on the Himalayan Fold Belt,
itself containing many Precambrian inliers, products
of extensive Cenozoic subduction and collision
events.
(8) The Australian Platform underlies all of the
continent and adjoining shelf except for the Tasman
Fold Belt in the east. The platform extends northward beneath the Arafura Sea to incorporate a
south-central embayment in Papua New Guinea.
The platform is conveniently divided by the Central
Australian Mobile Belt network into the North
Australian, West Australian (Yilgarn and Pilbara
blocks), Gawler- (Nullarbor) and Curnamona cratons and Northeast orogens, each with specific
subdivisions.
Finally, (9) the Antarctic Precambrian Platform
comprises the East Antarctic Metamorphic Shield,
which adjoins the Transantarctic Mountains or
Fold Belt of Phanerozoic age which itself contains
numerous Precambrian inliers. The great bulk
of the Precambrian platform lies beneath the
continental ice sheet, with exposures mainly restricted to the coastline including those in Dronning
Maud Land, Enderby Land, Prince Charles Mountains, Princess Elizabeth, Queen Mary and Wilkes
lands and Terre Adélie areas.
Fig 1-2. Global Precambrian sketch-map showing the distribution of Precambrian platforms including exposed shields
(cratons, fold-belts, blocks, etc.) and buried (sub-Phanerozoic)
extensions, together with adjoining Precambrian median massifs (inliers), within the continents as bounded by the continental
slopes. Platform divisions are as listed in Table 1-1. Certain
Cordilleran and Appalachian allochthonous thrust-slices overlying the North American Platform margins as well as Kalahari
Desert cover in southern Africa, illustrated in Fig. 1-1,
are omitted for basement clarity. Data plotted on National
Geographic Society base-map The World', National Geographic Magazine (Washington, 1975).
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1.2. GLOBAL DISTRIBUTION
1.2.1 AREAL PROPORTIONS
Methodology
Areas of exposed and buried (i.e. sub-Phanerozoic)
Precambrian crust were calculated by planimeter
surveys of sub-Phanerozoic geologic maps, prepared
as follows for each continent. The 1:10000000 scale
UNESCO World Atlas maps (1976) were used as
the base for each continent. Precambrian age
designations in these maps were modified as
required in response to more recent information.
Continental margins were extended in all cases to
include continental shelves according to the
National Geographic Society base map, The World,
(published in Washington DC, 1981). Sub-Phanerozoic geologic contacts were drawn according to the
best available controls.
The resulting calculated areas of Precambrian
rocks by continent compare closely with those
provided both by Poldervaart (1955) and, for the
relevant continents, by Hurley and Rand (1969).
This is not surprising since the methodologies are
similar, including the bathymétrie basis of fixing the
limits of the continents. According to Poldervaart's
results, the total measured continental crust is 148
x 10 6 km 2 , of which 72% (105 x 10 6 km2) is
Precambrian continental crust. According to the
new calculations prepared for this book, the total
measured Precambrian crust is 106 x 10 6 km 2 .
However, Cogley (1984) has shown that the
continental crust may be more extensive than
previously considered. Thus recent marine geophysical surveys have revealed that continental crust
probably underlies several depressed peripheral and
isolated oceanic plateaus, connecting ridges and
continental rises, and even portions of some abyssal
plains, all beyond the continental margins. Cogley's
revised estimate of continental crust is 210.4
x 10 6 km 2 . Some portion of this 'new-found'
continental crust may be Precambrian and is thereby
excluded from the measurements used in this text.
These problems notwithstanding, the global Precambrian geologic map resulting from the present
survey provides a satisfactory basis for this study
of Precambrian crust. Figures 1-1, 1-2, 2-1, 3-1,
4-1, 5-1 and Tables 1-1, 1-2, 2-1, 3-1, 4-1, 5-1 are
direct outgrowths of this global Precambrian map,
itself to be published shortly.
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Table 1-2. Areal proportions of exposed and buried (sub-Phanerozoic) Precambrian crust by continent
and era/eon. Exposed Precambrian crust includes all tectonically uplifted domains thereby, as a result of
non-deposition or erosion, free of consolidated Phanerozoic cover (e.g. Canadian Shield) whereas buried
Precambrian crust includes buried extensions beneath consolidated Phanerozoic cover (e.g. Central
Province, U.S. and Officer Basin, Australia).
Precambrian era/eon (% )
Proterozoic era

Continent

Area
(103 km2)

Percentage
of total

Archean eon

Early
Late
Mid
(0.6-1.0 Ga) (1.0-1.7 Ga) (1.7-2.5 Ga) (>2.5 Ga)

Exposed crust only
Asia1
Europe
North America2
South America3
Africa4
India
Australia
Antarctica

(2 670)
(1 595)
(5 969)
(5 366)
(10 684)
(847)
(2 329)
(845)

9
5
20
18
35
3
7
3

25
35
10
33
54
22
12
37

42
17
23
36
8
30
41
38

11
28
37
15
18
6
28
5

22
20
30
16
20
42
19
20

Total

(30 305)

100

33

23

22

22

(8 033)
(9 507)
(19 470)
(18419)
(28 381)
(3 837)
(7 657)
(10 632)

9
8
20
13
29
4
8
9

46
45
4
52
75
47
15
37

30
11
30
33
6
15
55
38

21
20
49
10
7
2
20
5

3
24
17
5
12
36
10
20

(105 936)

100

43

22

21

14

Exposed plus buried crust
Asia1
Europe
North America2
South America3
Africa4
India
Australia
Antarctica
Total

excluding India
including Greenland
including Patagonia
including Arabia and Madagascar

Results

The calculated areas of exposed and buried Precambrian crust as preserved in the eight continental
masses of the earth are listed in Table 1-2. The
area
of
exposed
Precambrian
crust
is
30305000 km 2 . The continents are listed in order
of decreasing exposed Precambrian content: Africa
(35%), North America (20%), South America
(18%), Asia (9%), Australia (7%), Europe (5%),
Antarctica (3%) and India (3%). Thus Africa
contains most exposed Precambrian crust. The four
Atlantic continents—Europe, the Americas and
Africa—collectively contain 78% of the total.
Assembled by former supercontinents, Laurasia
(Asia, Europe, North America) = 34%; Gondwana-

land (South America, Africa, India, Australia,
Antarctica) = 66% of exposed Precambrian crust;
or, as otherwise stated, Laurasia:Gondwanaland =
1:2.
The area of total (exposed plus buried) Precambrian crust is 105936000 km 2 . The continents are
listed again in order of decreasing Precambrian
proportions: Africa (29%), North America (20%),
South America (13%), Antarctica (9%), Asia (9%),
Australia (8%), Europe (8%) and India (4%).
Thus Africa again dominates, though in reduced
proportion. The same four Atlantic continents
together account for 72% of the total. Assembled
by former supercontinent, Laurasia = 37%; Gondwanaland = 6 3 % of the total Precambrian crust;
or Laurasi^:Gondwanaland = 1:1.7.

GLOBAL DISTRIBUTION

The area of exposed Precambrian crust
(30305000 km2 ) represents 29% of the total Precambrian crust (105936000 km 2 ). The total Precambrian crust, in turn, constitutes 50% of Cogley's
estimated continental crust (210405000 km 2)
(Cogley 1984), which itself forms 4 1 % of the
Earth's total surface (513183000 km 2 ). In brief,
the preserved areas of (1) exposed and (2) total
(exposed plus buried) Precambrian crust, products
of 86% of geologic time (0.6-4.6 Ga) and the focus
of this text, respectively account for (1) 6%
and (2) 2 1 % of Earth's present total surface,
encompassing continental and oceanic crust. Any
consideration of Precambrian crustal volumes (i.e.
including crustal depth) is frought with uncertainties. Whereas the present Precambrian-bearing continental crust is three to four times as thick as the
intervening oceanic crust, thereby moving in the
direction of substantially higher overall Precambrian
crustal proportions, the downward projection of
Precambrian terrains within the continents is highly
conjectural and largely unconstrained. Accordingly,
all Precambrian crustal proportions used herein are
area based.
1.2.2 PALEOMAGNETISM AND
CONTINENTAL RECONSTRUCTIONS
Introduction
According to plate tectonics the continents are in
general motion one to the other, the pattern of the
Wilson cycle allowing for recurring fission and
fusion of supercontinents. The present distribution
pattern of the continents, then, is ephemeral. How
were they distributed in the past? This question
is of fundamental importance to Precambrian
geologists as to all students of the continental crust.
Indeed it would be difficult to overemphasize
the significance of such paleoreconstructions in
interpreting the dynamic evolution of the continental crust. This warrants careful consideration of
both the paleomagnetic methods and their current
limitations.
The applicability of modern plate tectonics to
the Precambrian, especially the pre 1.0 Ga part, is
a topic of continuing controversy and uncertainty.
One view is that all orogenic belts mark the suturing
of previously distinct crustal plates and formed at
the culmination of plate convergence. The opposite
view is that some ancient orogenic belts developed
ensialically between contiguous blocks of continental crust. All things considered, it seems unlikely
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that the argument will ever be settled on geologic
grounds alone. However, paleomagnetic evidence
is potentially decisive (Dunlop 1981). At the least,
paleomagnetic studies, combined with precise ages,
offer the potential of providing constraints in
the paleoreconstruction of the continental masses
during Precambrian time.
Three important assumptions are made in the
study of the earth's past magnetic field: (1) the
magnetic field has always been bipolar; (2) the
magnetic poles coincide, approximately, with the
terrestrial spin axis; (3) the rémanent magnetism
of a rock accurately reflects the external field at
the time of its formation, or the time when it cooled
below the magnetic blocking temperatures of its
principal magnetic components.
As reviewed by Ernst (1983), it is well known
that Earth's magnetic field reverses sign episodically
if not periodically. Nevertheless, the first assumption
appears to be correct, at least on average. The
second is a reasonable approximation of actual
conditions and the third is, at least generally,
consistent with available facts.
It is well known that paleomagnetic measurements on any favourable rock type provide indications of both paleomagnetic latitude (dip of the
field) and the azimuth (pole vector) for the time of
lithification of the rock, provided that the material
has not been magnetically disturbed by a later
heating episode. The major limitations in the
method are that no information is provided on
paleolongitude, nor can the effects of north-seeking
and south-seeking poles be distinguished.
In practice, for a particular area of crust, a series
of suitable rock units of different ages is investigated,
as available, to provide a so-called 'apparent polar
wander path' (a.p.w.p.); one starts by using the
current location of the magnetic pole (north or
south) and the present geographic location of the
area in question as fixed reference points, and
proceeds backward in time to construct a global
curve coordinated by the paleoazimuth and the
paleolatitude of the individual samples. If rémanent
magnetic measurements for geographically dispersed rocks of the same age span can be fitted to
a single polar wander path, this is considered as
evidence that these different areas behaved as parts
of a rigid, coherent segment of crust (i.e. a tectonic
plate) during the time interval.
General problems in paleomagnetic studies are
usefully reviewed by Tarling (1985) and not considered further here. In practice, the principal
uncertainty associated with a Precambrian paleo-
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magnetic pole is not in its position but in its age.
As stressed by Dunlop (1981) there are three
distinct problems:
(1) Error limits on radiometric dates commonly
increase in proportion to the age.
(2) Both isotopic and magnetic recorders are 'overprinted' or partially reset by metamorphism,
but to different extents. Correctly matching
mineral or whole-rock ages to magnetizations
is a formidable task.
(3) Overprints date from the uplift and slow
cooling phase of orogeny. Since the 'blocking
temperatures' for magnetic and isotopic systems
differ, radiometric dates may lead or lag
magnetization ages by tens of millions of years.
It is particularly significant that tie-points for
Precambrian a.p.w.ps come either from slightly
metamorphosed post-cratonic rocks or from those
few metamorphosed rock units whose pre-orogenic
and post-orogenic magnetizations have been identified from laboratory and field studies and are
confidently dated. However, syn-orogenic paleopoles from active mobile belts are rare. Thus the
nature of the orogeny must be deduced from
paleopoles that predate or postdate the deformational phase of the orogeny. Since syn-orogeny
corresponds to the critical collisional phase in the
plate tectonic process and is crucial to tectonicbased rock age classification systems (see below),
the potentially most valuable data are commonly
lacking.
What, then, do paleomagnetic studies reveal
about the motions of cratons in the past and their
paleoreconstructions? As we shall see, the available
record is sporadic and the interpretations markedly
conflicting.
Paleoreconstructions
Africa and the Americas: the case for a long-lived
mid-Precambrian (1.8-1.0 Ga) supercontinent has
been made by Piper et al (1973), who interpreted
the then available paleomagnetic data to suggest
that the principal cratonic areas of Africa (Kaapvaal,
Congo, West Africa) were approximately in their
present relative positions and orientations by at
least 2.2 Ga ago. This implies that younger orogenic
belts between them, e.g. Damaran, did not result
from convergence of widely separated forelands
that previously belonged to unrelated plates. The
paleomagnetic evidence that Africa and South
America were parts of a single continent during the

remainder of Precambrian time was also considered
by them to be compelling. The evidence that North
America belonged to the same supercontinent until
— 1.0 Ga was considered persuasive. That other
parts of surviving continental crust also belonged
to such a supercontinent is not contradicted by the
evidence, according to these authors.
Piper (1983) re-examined the case for a Proterozoic supercontinent and remained satisfied that both
the polarities and the positions of the Proterozoic
paleopoles from the major Precambrian shields
conform to a single a.p.w.p. using a unique
reconstruction. The data implied that the continental crust was amassed together as a single, lensshaped body (Piper et al 1973, Fig. 1-1) from
late Archean (-2.7 Ga) time to - 6 0 0 Ma. He
concluded that the continental crust was a highly
coherent unit during that time interval, although
undergoing internal deformation along mobile
zones, not yet detectable by paleomagnetic methods.
Dunlop (1981) concluded that, on available
paleomagnetic evidence, the African, Australian
and Canadian Precambrian shields were largely
distributed apart, in the manner we know them
today, by early Proterozoic time (—2.3 Ga). In
sharp contrast to Piper's view, Dunlop contended
that the a.p.w.ps of these three shields individually
record substantial continental drift during the
Proterozoic (i.e. 2.5-0.6 Ga) but they do not follow
a common path; hence the three continents drifted
independently. In Laurentia (North America),
according to Dunlop (1981), the Superior, Slave,
Nain and Beartooth provinces were assembled by
2.1 Ga and the Churchill and Bear provinces were
added no later than 1.8 Ga ago. Hudsonian events
(1.8 Ga) are indicated to have been mainly ensialic
because of the constraints of pre-assembled encircling cratons. The Bear Province, however, is not so
constrained and may have accreted marginally
between 2.0 and 1.7 Ga ago. Grenvillia, the poorly
defined eastern portion of Grenville province, may
have accreted marginally at 1.15-1.05 Ga, and
thereby records the earliest magnetic record of
ocean closing, possibly marking the onset of Wilson
cycles in the style of Mesozoic-Cenozoic plate
tectonics.
McElhinny and McWilliams (1977) contended
that in Africa the West African and Kaapvaal
cratons have combined a.p.w.ps for the period
2300-1900 Ma; for the interval 1100-700 Ma the
Kalahari and Congo cratons likewise form a
coherent set; the consistency of the data strongly
suggests that these cratons were not previously
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widely separated and then converged to form the
Pan-African and older intracratonic belts of Africa;
the evidence for a Precambrian supercontinent is
no longer tenable (cf. Piper 1983). According to
the same authors, data from Australia for the time
interval 2500-1100 Ma also form a coherent set,
likewise suggesting that intercratonic belts, e.g.
Ophthalmian, Musgrave and Albany-Faser belts,
did not arise from the convergence of widely
separated cratons.
Similarly, Etheridge and Wyborn (1988) conclude
that the Australian Platform evolved by lateral
accretion of terrains to Archean nuclei, the various
Proterozoic provinces developing largely on
Archean sialic basement in their present relative
positions, without significant continental fragmentation by sea-floor spreading, this 'fixist' viewpoint
supported by admittedly inconclusive paleomagnetic evidence of a single a.p.w.p. derived from
different cratonic units (Idnurn and Giddings 1988).
North American data, according to McElhinny
and McWilliams (1977), likewise form a coherent
set in the time interval 2600-1400 Ma, using data
from the Superior, Churchill, Nain, Bear and
Slave provinces and from the Beartooth Uplift of
Wyoming-Montana. Accordingly, the Hudsonian
Orogeny cannot be the result of plate convergence.
However, although the data are considered to
preclude plate tectonic models involving the convergence of previously widely separated cratons to
explain the Precambrian belts examined, the data
do not exclude models involving the opening
and closing of small (500-1000 km) intercratonic
oceans. The requirement, however, is that these
oceans must always open and close so as to return
the cratons to their same relative positions.
McWilliams (1981) reviewed Precambrian paleomagnetic data from Gondwanaland. The data
suggest that Gondwanaland existed only from the
latest Precambrian or early Paleozoic times up until
its break-up in the Mesozoic. Prior to latest
Precambrian times, at least two major fragments
are identified: East Gondwana (Australia, India,
Antarctica) and West Gondwana (Africa, South
America). These probably collided along the PanAfrican Mozambique belt. The data on West
Gondwana further suggest that the component
cratons retained their early Paleozoic configuration
as far back as 1000 Ma at least, perhaps longer.
Thus some but not all Pan-African and older mobile
belts mark the sites of major ocean closure. In
Australia, the Ophthalmian-King Leopold-Halls
Creek mobile belt system could have resulted from
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the closure of an ocean 1000-2000 km wide.
Onstott et al (1984) concluded on the basis of
closely coordinated paleomagnetic and geochronologic ( 40 Ar/ 39 Ar biotite and hornblende and Rb-Sr
whole rocks and biotite) results, that (1) a
— 1000 km right-lateral strike-slip motion has
occurred between the West African and Guiana
shields, probably along the Liberian Pan-African
Belt and (2) relative motion has probably occurred
between the West African and Guiana shields on
the one hand and the Kalahari Shield of southern
Africa on the other.
According to Irving and McGlynn (1981), paleomagnetic results from Laurentia in the interval
2300-1650 Ma are in disarray. It is therefore not
possible to determine whether or not the Slave
and Superior provinces had separate or common
a.p.w.ps and hence whether or not they moved
relative to one another, prior to and during the
Hudsonian Orogeny. The early Proterozoic results
are, however, sufficient to conclude that large but
as yet very poorly described motions relative to the
pole have occurred. Paleomagnetic results are
consistent with the Laurentian Shield, except for
the Grenville Province, being a single entity since
— 1800 Ma ago, and with the entire shield being
together since —980 Ma ago. In the early and
mid-Proterozoic (i.e. 2.5-1.0 Ga) paleolatitudinal
motions of 5—6 cm and occasionally up to 10 cm
per year are recorded for intervals of time of several
hundred million years. Such high average rates of
motion require intercontinental time correlations
to accuracies of 10-20 Ma, which are rarely
achieved. The absence of such precise time correlations is considered to be the chief reason for
contradictory interpretations regarding Proterozoic
continental drift. However, the paleomagnetic signature of local rotations is observed and it is argued
that such rotations were as common in Proterozoic
terrains as they are in Phanerozoic fold belts.
Thus the authors conclude that the paleomagnetic
evidence, though fragmentary, is not necessarily
inconsistent with the modern plate tectonic process.
In view of the above contradictory interpretations,
it must be concluded that, despite the great potential
and need, any Precambrian paleoreconstruction is
to be used with extreme caution and with careful
consideration of all assumptions used and existing
limitations. Evidently, successful Precambrian application of this technique demands unusually precise
paleomagnetic measurements as part of carefully
coordinated
paleomagnetic-geochronologic-geologic studies.
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1.3 RADIOMETRIC DATING
1.3.1 INTRODUCTION
A tectonic classification system of Precambrian
rocks is used in this book, based on the recognition
of successive tectonic imprints on Precambrian
terrains of substantial size.
By way of background, large regions of Precambrian rocks, with chronostratigraphic supplements as
required, such as shields, are commonly divided
into recognizable and distinctive structural domains
or provinces. Recognition of structural provinces
(Gill 1949, Wilson 1949, Holmes 1951) is based
largely on differences in overall structural trends
and style of folding, which are products of the last
major orogeny to affect the rocks in a particular
province. Boundaries of provinces and subprovinces
are typically drawn along major unconformities or
orogenic fronts, where structures on one side are
typically truncated by younger structures on the
other side. However, the structural criteria used for
defining the boundaries indicate only the relative
ages of the structures on either side (Stockwell
1961, 1982).
Typically, each of the component structural
provinces of a Precambrian shield has been involved
in more than one period of orogeny, and each
contains rocks of several or many ages. The last
major orogeny not only imposed its presently
distinctive structural style but characteristically
imposed tectonic stability or cratonization. Thus
the assembled provinces of a shield bear witness to
the progressive cycle-by-cycle tectonic cratonization
of that shield, a process called 'continental accretion'.
The advent of radiometric (isotopic) dating, first
stated explicitly by Holmes and Lawson in 1927,
led to the recognition that individual structural
provinces carry a characteristic radiometric imprint
which is also the product of the last major
orogeny to affect the province. This recognition has
revolutionized Precambrian geology which, in the
practical absence of index fossils, faced irresolvable
problems of regional Precambrian correlation. The
resulting chronologic framework is fundamental
to understanding the dynamic evolution of the
continental crust.
The following terms and concepts are inherent
to radiometric dating. (1) Crystallization or primary
age refers to the age of crystallization of the relevant
minerals. (2) Rejuvenated or disturbed ages result
from the reheating of rocks and their minerals such

that the superimposed thermal event was sufficient
to partly or completely drive off previously accumulated daughter products but generally was not hot
enough to bring about recrystallization. (3) Cooling
age refers to the time the mineral passes through
the critical blocking temperature, below which
essentially all of a particular daughter element is
retained by a crystal and above which it is essentially
totally lost. Finally, (4) protolith age (also known
as 'crust-formation' age) refers to the time at which
the rock material in question left the mantle or a
mantle-like reservoir to begin its crustal history.
1.3.2 METHODS
The historical development and detailed methodology of radiometric dating are fully described in
a number of books and publications (Dalrymple
and Langphere 1969, Doe 1970, Faure and Powell
1972, York and Farquhar 1972, Harper 1973,
Moorbath 1976, O'Nions et al 1979, Froude et al
1983, Faure 1986) and only the salient characteristics are summarized here. Established methods,
extensively used in the 1950s—1960s and early
1970s, include K-Ar, Rb-Sr and U-Pb methods
either on single minerals or, where appropriate, on
whole-rock samples. New developments in high
precision, solid-source mass spectrometry have
made possible the exploitation of the alpha decay
of 147Sm to 143 Nd, and of 176Lu to 176 Hf as a rock
dating method (O'Nions et al 1979, Patchett et al
1981). The recent application of the high sensitivity
ion-microprobe to the analysis of single mineral
grains gives great promise for the regular application
of zircon U-Pb chronology to sequences such as,
for example, banded iron formation with finely
disseminated pyroclasts, which have hitherto all
but defied conventional techniques. Direct and
precise dating, expressed in millions of years (Ma)
or billions of years (Ga) measured backward
from the present, can clearly yield fundamental
information on the timing and duration of many
Precambrian events and processes.
Throughout this text, decay constants used are
those recommended by the IUGS (Steiger and Jäger
1977).
K-Ar
Potassium is a common constituent of many rocks
and minerals and its isotopic composition is usually
taken for age studies to be: 39 K = 93.08% ( =
atom per cent); 40 K - 0.01167%; 4 , K - 6.73%.
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The rare isotope 40 K is radioactive and the 40 K 40
Ar branch of the decay, with a half-life =
11930 Ma, is used in age determinations. With the
advent of isotope dilution for argon analysis
and the development of ultra high vacuum mass
spectrometry, the K-Ar technique has evolved
rapidly until it is now in widespread routine use
in most countries. As a consequence, more age
determinations have been carried out with this
method than with any other.
The method is applicable to certain K-bearing
minerals and rocks that retain radiogenic argon
quantitatively after cooling through their respective
blocking temperatures. The most suitable minerals
for dating include biotite, muscovite, and hornblende from plutonic igneous and high grade
metamorphic rocks and feldspar from volcanic
rocks. K-Ar dates of biotite and other minerals
have been used to delineate structural provinces in
the Canadian Shield and to construct a Precambrian
time scale based on time intervals between periodic
episodes of mountain building, regional metamorphism, uplift, cooling and subsequent stabilization
of era tonic blocks (Stockwell 1961).
K-Ar dates in regionally metamorphic rocks form
a metamorphic veil (Armstrong 1966) that obscures
the time of original crystallization of such rocks.
The regional homogeneity of K-Ar dates of a
specific mineral from a cratonic block or orogenic
belt provides information about cooling rates
related to uplift through the blocking-temperature
isotherm.
40

Ar- 3 9 Ar

This method is based on the production of 39 Ar
by the neutron activation of 39 K (Dallmeyer 1979).
Under suitably controlled conditions the 40 Ar: 40 K
ratio of a sample is thus determined by measuring
the 40 Ar: 39 Ar ratio of an irradiated sample, instead
of by two independent analyses on separate samples,
one for argon and the other for potassium.
In its simplest application, the irradiated sample
is fused and the age is calculated from the 40 Ar: 39 Ar
ratio. This method has the advantage that the
daughtenparent ratio is determined directly on one
sample; it avoids taking samples for separate argon
and potassium analyses and it avoids various errorprone experimental manipulations. The greater
potential for this method, however, is through an
incremental (step-wise) heating of the irradiated
samples. Argon is released at each step and an
apparent age is calculated for each 40 Ar: 39 Ar
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ratio. For an undisturbed sample containing no
extraneous argon the ages so calculated should be
the same within experimental error. If the sample
has been disturbed, reflecting a complex geologic
history, the ages will differ. The step-heating
approach clearly discriminates between undisturbed
minerals, which yield concordant age spectra, and
disturbed minerals, which yield a wide variation of
discordant age spectra. One of the useful applications of this method is its ability to distinguish
between cooling (or gas-retention) K—Ar ages
and disturbed or rejuvenated K—Ar ages, which
characterize a terrain affected by superimposed
thermal events. So far the method has been used
with particular success in the Grenville Province of
North America (Berger and York 1981b). Even
very old rocks (to 3500 Ma) may be dated given
appropriate conditions of argon retentivity
(Martinez et al 1984).
Recent developments of the laser probe approach
to 4 0 Ar- 3 9 Ar dating enable age spectra to be
obtained from single grains (York et al 1981b,
Layer et al 1987, Berger and York, 1981a). The
method has been successfully employed in helping
to unravel very complex mineral relationships as
present in uranium ore deposits in Saskatchewan,
Canada (Bray et al 1987).

Rb-Sr
Rubidium has two isotopes and the isotopic composition usually taken in age studies is 85 Rb = 72.17,
87
Rb = 27.83%; corresponding to a ratio of
85
Rb: 87 Rb = 2.539. One of the two isotopes, 87 Rb,
is radioactive and decays to 87Sr with the emission
of a low energy B-particle; the half-life = 48 800 Ma.
When a mineral crystallizes, it will incorporate
both rubidium and strontium ions, although the
ratio of Rb:Sr and the absolute amount of the ions
will vary widely, depending on the mineral type.
The Sr incorporated into minerals during crystallization is generally called 'common Sr'. Its isotopic
composition (87Sr:86Sr) depends upon the timeintegrated Rb:Sr ratio of the source material. The
Sr in bulk earth (undepleted mantle) ranges from
0.6990 at 4.55 Ga to about 0.7045 today. Most
orogenic rocks are derived from a depleted source,
so that the 87 Sr: 86 Sr is lower than that predicted
from a bulk earth model. In order to get accurate
estimates of both the age and initial 87 Sr: 86 Sr ratio,
it is important to have a reasonable distribution of
points on a diagram called an 'isochron' plot.
Biotites and muscovites, in which radiogenic stron-
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tium are well retained, are the most commonly
analysed minerals in Rb-Sr work. Rb-Sr ages on
glauconite may provide reliable indicators of the
minimum age of a sediment. However, the use of
whole-rock samples dominates the scene in Rb—Sr
geochronology. The main problem is to find wholerock specimens with sufficiently high Rb:Sr values.
When dating disturbed minerals and rocks, i.e.
post-metamorphic, the mineral points will have
been disturbed from the straight line or 'isochron'
plot, whereas in many cases the whole-rock points
will not have been affected and will thus give the
correct straight line. Generally the slope of the
whole-rock line provides the age of original crystallization of the rock. The explanation lies in the fact
that the range of migration of components from
individual minerals is small enough in a surprisingly
large number of situations so that one can easily
choose a sufficiently large volume of whole rock
that has essentially remained a closed system. Such
is not the case with the K—Ar system, in which
radiogenic argon is much more mobile. It is
impossible to overemphasize the importance of the
'whole rock' concept of Rb-Sr dating. For example,
samples of Amîtsoq gneisses from the Godthaab
district in southern West Greenland, amongst the
oldest terrestrial rocks known, were successfully
dated by the Rb-Sr method (Moorbath et al 1972).
The slope of the resulting isochron yields a date of
3740±100Ma and an initial 87 Sr: 86 Sr ratio of
0.7009±0.0011. However, the date indicated by
the isochrons reflects the metamorphic event that
produced the Amîtsoq gneisses rather than primary
protolith ages.
A classic case of the Rb-Sr whole-rock system's
being reset by secondary processes is provided by
Page (1978) for the Proterozoic Mount Isa region,
Northern Australia. In this case Rb-Sr whole-rock
ages were often 10-15% younger than U—Pb zircon
ages and bore no consistent relationship with
stratigraphy.
U-Pb and Th-Pb
Natural uranium contains two radioactive isotopes,
238
U and 235 U. The half-life of 238 U about equals
the age of the earth—4600 Ma; that of 235 U is
approximately 700 Ma. An even longer lived isotope, 232 Th (half-life = 13900 Ma), forms the bulk
of natural thorium. The decays of these three parent
isotopes to their respective stable end products—
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independent methods of age determination.
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The majority of U-Pb and Th-Pb age determinations are discordant, for reasons not readily
proved but probably related to element mobility.
However, it has been shown that the remaining
concordant samples of various ages when plotted
on a 206 Pb: 238 U vs. 207 Pb: 235 U diagram define
a single curve, which Wetherill (1956) named
'concordia'. It was further determined that most of
the suites of discordant Pb:U ratios define straight
lines which intersect concordia at times tA (upper
intercept) and t2 (lower intercept). The upper
intersection commonly corresponds to the true
age of crystallization. The lower intersection may
correspond to the time at which loss of lead
occurred.
Thus the primary age of formation can often be
estimated for a suite of samples if their discordant
Pb:U ratios produce a linear pattern when plotted
on a concordia plot. This fact has already given
new impetus to the dating of zircon-bearing igneous
rocks by the U-Pb method.
It has been found that U-Pb methods give reliable
results on uraninite, monazite, zircon, sphene,
apatite and some other uranium-bearing minerals.
Of these, zircon most nearly satisfies the conditions
of wide distribution and retentivity. Upper concordia intercept ages are much the same whether
based on the assumption of episodic lead loss or
uranium gain or on the assumption of continuous
lead diffusion. The episodic interpretation is most
commonly used (Faure 1986).
The introduction of the concordia diagram ultimately resulted in U—Pb zircon dating becoming
the most generally useful of the isotopic systems
for determining stratigraphie ages. Subsequent
enhancements included the development of lowcontamination techniques (Krogh 1973), the use of
air abrasion (Krogh 1982), and the introduction of
the 205 Pb spike (Krogh and Davis 1975).
However, lead loss can be brought about by
several different processes operating over a very
wide temperature range to produce quasi-linear
arrays of data points, of which the intersections
with concordia have no geological significance.
Furthermore, zircons may contain inherited radiogenic lead derived, for example, from an older
sedimentary provenance. The inherited lead is
contained in inherited zircon commonly as discrete
grains and as cores with younger overgrowths.
Thus the interpretation of U-Pb ages may be quite
ambiguous.
The technique has been applied particularly
effectively to the study of Archean granitoid-
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greenstone terrains, as for example in Superior
Province of the Canadian Shield (Krogh et al
1984a).
The recent application of the high sensitivity ionmicroprobe to the analysis of single grains, thereby
avoiding painstaking mineral separation, gives great
promise and the ion-microprobe is now the stateof-the-art instrument for the analysis of diminishing
volume. Indeed, the ability of the ion microprobe
SHRIMP to measure isotopic heterogeneities within
individual zircon crystals on the scale of a few tens
of micrometres has transformed the study of the
age and history of polymetamorphic rocks and
removed some of the ambiguities involved in the
interpretation of conventional single- and multigrain zircon analyses (Compston et al 1984).
Thus, recent ion microprobe U-Pb analyses of
zircons from basement gneisses of westernmost
Slave Province, Canada, indicate that the tonalitic
and granitic protoliths of the gneisses crystallized
at 3 962 ± 3 Ma, making them the oldest known
intact terrestrial rock. Furthermore, the data demonstrate that the zircons underwent an early episode
of Pb loss and that new zircons crystallized at ~3.6
Ga, in addition to recent Pb loss (Bowring et al
1989b).
Another excellent example is provided in the ionmicroprobe U-Th-Pb analyses of zircons from a
granulite-grade orthogneiss from Mount Sones,
Enderby Land, Antarctica, in which four principal
events in the history of the gneiss are delineated,
including original protolith emplacement at
3930 Ma, making the orthogneiss amongst the oldest
known terrestrial rock (Black et al 1986a,b).
However, the vulnerability of even the U-Pb
zircon system to isotopic resetting has been demonstrated by Black (1988) in the case of late Archean
granites in Enderby Land, Antarctica, where certain
zircons lost virtually all their lead during metamorphic-deformational
events
that
occurred
400-500 Ma after their crystallization and consequently do not define a simple magmatic age.
Pb isotope or common Pb
No method of directly dating lead minerals is
available. Instead, model ages are determined, based
on the assumption that at a time t0 in the past, lead
having some initial or primeval isotopic composition
a0 = ( 206 Pb: 204 Pb) 0 , b0 = ( 207 Pb: 204 Pb) 0 and c0 =
208
Pb: 204 Pb)o was introduced into one or more
closed rock systems with uranium and thorium. If
the uranium and thorium concentrations were of
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the same order of magnitude as that of the lead,
then the decay of these parent isotopes would
gradually and significantly alter the overall isotopic
composition of the lead.
A convenient way of visualizing some of the
important features of lead isotope variations is to
plot 207 Pb: 204 Pb against 206 Pb: 204 Pb. The timedependent equations stemming from these relations
combine to give a family of 'growth curves', each
of which is specified by a particular value of the
parameter 238 U: 204 Pb (York and Farquhar 1972,
Fig. 6.2). Each of these curves represents the course
along which lead isotope ratios would evolve in a
system presently containing a given 238 U: 204 Pb
ratio. Systems of the same age but different
238
U: 204 Pb ratios will contain lead isotope ratios
lying along straight lines, termed isochrons.
By these means it is possible to date the extraction
event for a lead mineral whose 207 Pb: 204 Pb and
206
Pb: 204 Pb ratios are known. The model age
so derived is dependent on a number of basic
assumptions as listed by Faure (1986). According
to one such model (Holmes-Houtermans), common
leads evolved by decay of uranium and thorium
until the leads were removed from their source
regions by geological processes and were deposited
as galena (PbS). The resulting equations derivable
from the model require knowledge of the isotopic
composition of primeval lead and the age of the
earth. Both were, in fact, determined from a study
of lead in stone and iron meteorites that have
widely differing U:Pb ratios. The estimates of the
age of meteorites and the earth range from 4.5 to
4.6 Ga.
Sm-Nd and Lu-Hf
The degree of enrichment of a sample in radiogenic
Nd is normally expressed in terms of the ratio
143
Nd: 1 4 4 Nd and this ratio is plotted against
147
Sm: 144 Nd to give an isochron diagram of the
type familiar from the Rb:Sr systems. The range of
Sm:Nd ratios in igneous rocks, however, is very
much less than that of the Rb:Sr ratios and this,
together with the long half-life, more or less restricts
the dating method to the older Precambrian rocks.
The situation is dramatically improving, however,
with developments in the precision with which the
ratio 1 4 3 Nd: 1 4 4 Nd can be measured. Because the
daughter product in this case is a light rare-earth
element (REE) and is generally more incompatible
in igneous processes than the parent, it accumulates
relatively faster in light REE-depleted mafic and

