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Abstract 

The fractionation of zircons by sedimentary processes into 

continental margin sandstone deposits results in a biased preserva

tion of pre-existing continental crust in the form of zircon in those 

sequences. This provides a unique opportunity to distinguish between 

the contrasting theories of episodic growth versus constant volume of 

continental crust over geologic time through Hf isotope ratios of 

detrital zircons. 176Hf/177 Hf ratios were determined for detrital 

zircon fractions from 2.6 - 3.0 Ga old sedimentary sequences from the 

Canadian Shield, North Atlantic, Wyoming, and Kaapvaal Cratons. Hf 

T(CHUR) ages are less than 3.0 Ga and £(Hf) values are positive or 

slightly negative at the time of deposition for most of the Malene, 

Canadian Shield, Wyoming and upper portions of the Kaapvaal sedi

ments. Notable exceptions are basal samples of the Pongola (3.32 Ga), 

Dominion (3.11 Ga) and Witwatersrand (3.13 Ga), an arkose from 

Michigan (3.20 Ga) and one Malene sample (2.97 Ga), all of which 

either unconformably overlie or are closely associated with pre-3.0 

Ga crust. Nd data for shales from the same sequences in the Canadian 

Shield and Kaapvaal sequences mimic the Hf results. The late Archean 

sequences appear to be dominated by zircon populations of late Ar

chean age. Hf model ages, from pre-3.0 Ga strata (Upernavik of 

Labrador and quartzites from Montana), range from 3.0 to 3.6 Ga and 

are broadly consistent with ages of coexisting volcanics or intru

sives, suggesting little inheritance of significantly older material. 

2.0 - 2.5 Ga old sediments from the Canadian Shield, Wyoming and 

South Africa have 2.58 to 2.84 Ga model ages indicative of a large 

expanse of late Archean crust exposed at the time of deposition. The 

data strongly suggest inheritance of pre-3.0 Ga zircons only in areas 
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where pre-3.0 Ga old crust exists today, and imply that the quantity 

of continental crust prior to 3.0 Ga ago was not much greater in ex

tent than the pre-3.0 Ga crust exposed today. Small amounts of conti

nental crust prior to 3.0 Ga ago and rapid addition of continental 

crust between 2.5 and 3.0 Ga ago are consistent with the episodic 

growth theory of crustal evolution. 
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CHAPTER 1: INTRODUCTION 

1.1 Statement of Problem 

The rocky planets of our Solar System are mostly characterized 

by a single maximum in the frequency of surface elevation that lies 

near the mean elevation for each planet. Earth, however, is an excep

tion. Earth exhibits two such maxima. This distinctive signature is 

due to the two fundamental components of the Earth's surface: oceanic 

and continental crust. Continental crust comprises only 0.38% of the 

entire planet but covers 41% of the surface and it is this thin 

veneer of felsic material that renders Earth unique among the other 

planets. An understanding of the evolution of continental crust is 

paramount to understanding the evolution of our planet to its present 

form. 

Fundamental to the understanding of continental crust evolution 

and planetary evolution is the eventual solution to the long-standing 

debate on crustal volume. On one side, it is argued that the volume 

of continental crust has remained constant over the last 4.2 Ga, with 

no net production or loss (Armstrong, 1968, 1981), while others argue 

that continental crust has grown from an initially small volume 

through accretion ,of new crust generated at different intervals over 

the last 4.2 Ga (Hurley and Rand, 1968; Hoorbath, 1977; Taylor and 

McLennan, 1985). 

This study approaches the problem by attempting to constrain 

the amount of continental crust that existed before 3.0 Ga ago as 

evidenced by the Lu-Hf isotopic signature of detrital zircon frac

tions from late Archean sandstones. Evidence for a large amount of 
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continental crust before 3.0 Ga ago would support the concept of 

constant volume of continental crust and a lack of evidence for large 

amounts of continental crust would support the episodic growth of 

continental crust. The theory behind the crustal evolution debate and 

this study are discussed in the following sections. 

1.2 The Growth and No Growth Models of Crustal Evolution 

Plate tectonic theory describes three basic types of plate 

margins: divergent margins or spreading zones, transform faults and 

convergent margins, which include subduction zones. Spreading zones 

such as mid-ocean ridges are production areas for oceanic crust, 

whereas sUbduction zones are areas of oceanic crust destruction. 

However, the destruction of oceanic crust is far from passive. The 

subducted hydrated slab either melts or initiates melting through the 

contrihution of fluids that act as flux for the overlying mantle, 

leading to arc volcanism. Arc volcanics range from tholeiitic through 

calc-alkaline to alkaline and, as a whole, are more chemically evol

ved than oceanic crust and are dominated by rocks of basaltic and an

desitic compositions. The more evolved nature of these volcanics, and 

the observation that entire areas, such as large parts of Japan, are 

constructed from the amalgamation of older and younger volcanic arcs 

has led to the suggestion that the voluminous andesitic material pro

duced by volcanic arcs is a likely fore-runner of continental crust 

(Gilluly, 1955; Taylor, 1967; McLennan and Taylor, 1985). Through 

geologic time, ocean basins have opened and closed, and various arcs 

amalgamated (accreted) or collided into one another, one after the 

other, until the end result we see today, a stable craton of 

differentiated continental crust, flanked by more juvenile terranes. 
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This concept of crustal accumulation, albeit simplistic, em

phasizes the observation of Burley and Rand (1969) that "ancient 

nuclei appear to have had peripheral growth". Burley and Rand (1969) 

modeled the growth of continental crust over the last 4.0 Ga on the 

basis of Rb-Sr isochron ages and corrected K-Ar ages from around the 

world. Their result is modeled in Figure 1 as a growth curve for con

tinental crust through time showing accelerating growth of crust from 

4.0 Ga to present. The curves of Figure 1 can be split into two 

opposing views, those demonstrating increasing crustal volume over 

4.0 Ga: the Growth Hodel (Hurley and Rand, 1969; Veizer and Jansen, 

1979; HcLennan and Taylor, 1982; Reymer and Schubert, 1984; Chase and 

Patchett, 1988) and the curve demonstrating constant continental 

volume through time: the No Growth Hodel (Armstrong, 1981). The 

Hurley and Rand curve was the first of the Growth Hodel curves and 

subsequent stUdies improved on this curve by including more recent u
Pb and Sm-Nd ages that accounted for the reset Rb-Sr ages in the 

initial Hurley and Rand (1969) study. Veizer and Jansen (1979) numer

ically simulated possible recycling rates for continental crust and 

applied the rates to age-distribution data. Their preferred model 

reflects growth of continental crust with maximum rates at the 

Archean-Proterozoic boundary. The advent of Sm-Nd studies also al

lowed improved recognition of older material recycled into younger 

crust. The HcLennan and Taylor (1982) curve models the evolution of 

continental crust through trace element changes in the sedimentary 

record from the early Archean to the present, as well as employing 

current age-distribution data. They conclude that at least 75% of the 

continental crust was generated between 3.0 to 2.5 Ga ago with a sub

sequent decline in growth rate to the present. The curve of Reymer 



15 

ImIItmQ .... 
1.0 en 

::J .. 
0 

0.75 ... c 
c 

0.50 0 -.... 
Co) 

0.25 ! 
llIrley aDd RaDd. U. 

4 3 2 1 
Age Ga 

Figure 1. Crustal growth curve demonstrating the No Growth Hodel 
(Armstrong, 1981) and various curves described in the text demon
strating the progression of the Growth Hodel over the past 20 years 
from Burley and Rand (1969), through Veizer and Jansen (1979) to 
Chase and Patchett (1988). 
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and Schubert (1984) is based on Phanerozoic growth rates. These rates 

are calculated from the net growth of continental crust due to accu

mulated volcanic arc material after accounting for subducted mater

ial. They ~btain a value of about 1 km3 /a which is in good agreement 

with growth rates calculated as a function of declining terrestrial 

heat flow. From these rates the authors inferred that 50% of the 

Earth's crust could have formed between the present and 4.0 Ga ago, 

necessitating the formation of the remaining 50% before 4.0 Ga ago. 

The Chase and Patchett (1988) curve is a modified version of 

the McLennan and Taylor (1982) curve, allowing only 50% growth of 

continental crust by 2.5 Ga and 50% after 2.5 Ga. This follows the 

results of studies by Nelson and DePaolo (1985), Patchett and Arndt 

(1986) and McCulloch (1987) that indicate larger amounts of Proter

ozoic crustal generation than current models suggest. Taylor and 

McLennan (1985) report that if the data for the Veizer and Jansen 

curve is plotted at the mid-points of measured time intervals rather 

than at the end of the interval, the curve would be moved backwards 

in time by 0.2 to 0.3 Ga., With this correction, the Veizer and Jansen 

curve bears a great resemblance to the Chase and Patchett curve. 

In the No Growth Model, continents and arcs still accrete, but 

an equal proportion of continental crust is recycled back into the 

mantle by subduction of sediments eroded from the continents, thus 

maintaining a constant crustal volume. This is shown in Figure 1 as a 

near-instantaneous production of crust at 4.0 Ga that remains con

stant till present. It is envisioned that in the early Earth, the 

crust preceding l.8 Ga was recycled back in to the mantle by near

steady-state crust to mantle recycling in order to maintain constant 

volume and allow destruction of pre-l.8 Ga crust by subduction. Sub-
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sequent cooling of the Earth led to a decrease in the rates of recy

cling and production of crust, leading to stabilization of continen

tal crust and the collage of ancient and young crust seen today. The 

relative merits of the two models and constraints on the various 

curves are discussed in the context of freeboard, sedimentary recy

cling and isotopic evidence in the following sections. 

1.3 Continental Freeboard 

The No Growth Model of crustal evolution and its tenets of 

constant crustal volume and a near-steady-state recycling between 

crust and mantle is strongly connected with the concept of constant 

freeboard. Freeboard is the relative elevation of continental plat

forms above sea level (Kuenen, 1939). Wise (1974) found that North 

America has had an average freeboard of 20 m above current sea level 

for the past 2.5 Ga (i.e.: we are currently in a sea level regres

sion) and the continent has remained within ±60 m of this level for 

over 80% of that time. This suggests that the forces of nature have 

worked to balance the construction and destruction of continents. 

This is simply visualized by recognizing that when an orogenic epi

sode uplifts continental crust, erosion tends to reduce the uplifted 

area towards sea level and the deposition of the eroded sediments 

builds the continents laterally at sea level, displacing ocean water 

and raising sea level. The process continues until the equilibrium 

freeboard level is attained once more. Wise (1974) described this 

equilibrium as evidence for an isostatic link between the volume of 

oceanic basins and continental crust. This isostatic link is shown in 

Figure 2a and is envisaged as blocks of continental and oceanic crust 

floating on the mantle. Owing to the lower density of continental 



18 

crust compared to oceanic crust, approximately 9.1 km of continental 

crust are needed to balance 6 km of oceanic crust (average thickness 

of oceanic crust). The isostatic link accounts for the additional 

amount of continental crust required to balance the oceanic crust and 

ocean waters. Wise (1974) describes the relation as 

Dc = 9.1 + 4.98Do (1) 

where Dc is the thickness of continental crust, Do is the depth of 

the ocean and 4.98 is the isostatic linking factor based on the den

sity contrast between continental crust, water and mantle as shown in 

Figure 2a. Wise generated constraints on the volume of continental 

crust by combining equation (1) with the following relations: 

Ae = Ac + Ao (2) 

Vc = Ac x Dc (3) 

vo = Ao x Do (4) 

Where Ae, Ao and Ac are the areas of the Earth, oceans and conti-

nents, respectively, and Ae is a constant. Vo is ocean volume and Vc 

is continental volume. The equations are solved graphically in Figure 

2b. If the continents and oceans have always been the same size in 

volume, or smaller, then Vc and Vo are restricted to have lain below 

and to the left of the 100% lines in the past. Furthermore, Condie 

(1973) determined that the thickness of the continents has remained 

within 90% of the present day average continental thickness (38 km) 

since the late Archean, 2.5 Ga ago. This restricts the volume of 

continental crust in the past to the stippled area in Figure 2b and 

means that at least 75% of the present crustal volume was present by 

2.5 Ga ago. The No Growth Kodel takes this idea further back in time 

and assumes constant freeboard for the last 4.0 Ga and thus constant 

continental volume for the same length of time. The various growth 
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Figure 2a. The diagram illustrates the isostatic link (I) between 
continental crust and oceanic basins. 
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models must either circumvent or obey the constant freeboard rule. 

The McLennan and Taylor curve of Figure 1 proposes that the bulk of 

the continental crust was formed between 3.0 and 2.5 Ga ago in 

contrast to the No Growth Model. However, because the curve infers 

that 70-85% of the total volume was generated before 2.5 Ga ago, it 

is still 'in accord with the freeboard model. Thus, constant freeboard 

may be consistent with both the No Growth and Growth Models (McLennan 

and T&ylor, 1982, 1983). The remaining curves in Figure 1, however, 

remain in conflict with the Freeboard rule because they generate 

greater than 25% of the continental crust after 2.5 Ga. 

One method of overcoming the freeboard restriction is to take 

into account the apparent decline in terrestrial heat flow since the 

Archean and its affect on the depth of the ocean basins. Schubert and 

Reymer (1985) showed that higher heat flow in the Archean suggests 

higher mid-ocean ridges 

wider oceans. As the 

and ocean floors resulting in shallower, 

Earth cooled the ocean basins deepened, and if 

continental thickness is a constant then the volume of continental 

crust had to increase to maintain constant freeboard. Schubert and 

Reymer (1985) calculated a minimum of 25% and a maximum of 40% 

crustal growth since 2.5 Ga to maintain freeboard. This transforms 

the freeboard argument into a case for crustal growth. The growth 

would be of the order shown by the curves in Figure 1 by Veizer and 

Jansen (1979), Chase and Patchett (1988) and Reymer and Schubert 

(1984). 
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1.4 Recycling 

Recycling as defined by Veizer and Jansen (1979) is any process 

or processes that result in the incorporation of older material into 

geologically younger material. This includes resetting of radiogenic 

isotope ages, sedimentary recycling, metamorphism or subduction into 

the mantle. For the purpose of this thesis, a distinction is made be

tween intracrustal recycling inv~lving reworking of continental crust 

(i.e., sedimentary recycling, metamorphism and resetting of isotopic 

systems) and crust to mantle recYclina which involves destruction of 

continental crust by sUbduction of sediments into the mantle. The 

distinction is important, because, although'both types of recycling 

have major roles in both the Growth and No Growth Models, it is the 

extent of crust/mantle recycling that determines the viability of the 

No Growth Model. The No Growth Model requires 1-3 k~3/a of sediment 

to be recycled into the mantle in order for the volume of ~ontinents 

to remain constant and to satisfy isotopic mass-balance schemes be

tween the crust and mantle (Armstrong, 1981). This volume represents 

0.5 to 1.5 times the mass of the present day continents to be recy

cled through the mantle over the past 4.0 Ga. Recent estimates of 

erosion, sedimentation and SUbduction rates indicate that the No 

Growth recycling requirements exceed the yearly sedimentary budget 

for the ocean floors (McLennan and Taylor, 1983; Reymer and Schubert, 

1984; Veizer and Jansen, 1985). McLennan and Taylor (1983) note that 

the total crustal material reaching the sea floor (where it can be 

subducted) is only 3.0 km3/a, thus the No Growth Model requires 

between 30 and 100' of the sediment on the sea floor to be subducted 

each year, which is highly unlikely. McLennan and Taylor (1983) also 

note that if only pelagic sediment is available for subduction, the 
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actual crustal material subducted is then only 0.8 km3/a and the No 

Growth Hodel would then require all of the pelagic sediment volume. 

Veizer and Jansen (1985) and Reymer and Schubert (1984) suggested an 

even lower rate of recycling at 0.4 km3/a. The opinions are varied, 

but a consensus seems to be that overall crust to mantle recycling 

allowed by the total sediment available is probably less than 1 

km3 /a. 

1.5 Isotopic Constraints 

The question of recycling also has great importance for the 

isotopic arguments used in the crustal evolution debates. Improve

ments in isotopic techniques have led to recognizing resetting in Rb

Sr ages and to true crystallization ages using U-Pb and Sm-Nd 

systems. Accurate knowledge of both Sm-Nd fractionation and a Bulk 

Earth 147Sm/144 Nd ratio has allowed modelling of crustal formation 

and recycling. Veizer and Jansen (1979) predicted that recycling in 

sediments could be identified through Sm-Nd analyses by the differ

ence in the stratigraphic and model Nd ages (age of separation of 

crust from the mantle). The difference in these ages would increase 

from the Archean to today as older sediments were mixed into younger 

and younger material. Numerous studies have since confirmed this 

prediction (Figure 3a: O'Nions et al., 1983; Goldstein et al., 1984; 

Allegre and Rousseau, 1984; Hichard et al., 1985). These studies have 

interpreted the data as evidence of episodic growth of continental 

crust. Figure 3b demonstrates. how the data are used in this case. 

Figure 3 show plots of the stratigraphic or crystallization ages of 

sediments and granitoids against their Nd model ages. The Nd model 

age used here is a crustal residence age which is the intersection 
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between a modeled ma~tle Nd isotopic evolution curve and the Nd iso

topic evolution curve of the sampl~ in question. Figures 3b and 3c 

are simply schematic representations of 3a. Thp Growth Hodel version 

of Crustal evolution in Figure 3b is bounded by the horizontal direc

tion which represents no growth and no crust/mantle recycling since 

4.0 Ga ago, but does allow intracrustal recycling. Hence, all crust 

will have a model Nd ages of 4.0 Ga. On the other extreme, the rapid 

late growth line demonstrates the evolution of infinitesimal amounts 

of crust since 4.0 Ga ago with recent very rapid growth resulting in 

a present day crust that would have Tcr= Tatrot. Intermediate condi

tions such as uniform growth and rapid early growth are shown. The 

data best fit the rapid early growth model, and present day older Tcr 

ages are due to slowing growth and increasing intracrustal recycling. 

Veizer and Jansen (1985) noted, however, that the data do not 

necessarily record crustal growth, but could result from an initially 

large Archean crustal mass (at 2.5 Ga) that has been cannibalistical

ly recycled since 2.5 Ga. Furthermore, if the crustal mass was actu

ally in place by 4.0 Ga then the data can be interpreted in terms of 

the No Growth Hodel. The No Growth Hodel is depicted in Figure 3c, 

which shows that the bounding conditions are an initially large 

continental mass by 4.0 Ga ago 1fith no crust/mantle recycling along 

the horizontal direction and rapid crust/mantle recycling along the 

diagonal (labelled complete exchange in Figure 3c). In the no crust/ 

mantle recycling case, the initial large continental mass is contin

ually processed, but only 1fithin the crust, thus preserving a 4.0 Ga 

Tcr age. In the complete exchange scenario, the initial continental 

mass is continually recycled into the mantle and replaced with a 

similar volume of new material such that Tcr=Tstrat at all times. The 
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Figure 3a. Schematic outline of the Nd evolution of sedim~nts and 
granitoids througb time based on work cited in the text. The strati
graphic ages or crystallization ages of the sample are plotted 
against their Nd crustal residence ages. b. The Growth version of the 
same data shows that rapid early growth from a small volume of crust, 
with a subsequent decline in growth rate, can produce the same 
effect. c. The No Growth Hodel explanation of the data requires an 
initial large continental mass that is continuously recycled into the 
mantle and replaced with a similar volume. As growth and crust/mantle 
recycling slow and intracrustal recycling increases, the curve 
flattens out. 
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observed data are best fit by a curve depicting an early large conti

nental mass that initially under-went complete exchange followed by 

decreasing crust/mantle recycling and increased intracrustal recyc

ling. Clearly the data do not distinguish between the Growth and No 

Growth Models. 

The No Growth Model also has major ramifications for mantle 

evolution. In the No Growth Model, steady-state recycling of crust to 

mantle returns isotopic parent and daughter elements to the mantle in 

the same proportion in which they were removed, thus preserving the 

chondri tic character of the mantle. The depleted mantle signature we 

see today would then be an artifact of decreasing recycling rates 

rather than depletion due to magma extraction alone. This same line 

of thought extends to the Hf-Nd mantle array (Patchett, 1983) shown 

in Figure 4a and 4b. Figure 4a depicts the array as a mixture of a 

depleted mantle component with one or more of the following: 1. pri

mitive mantle, 2. an enriched mantle component (enriched in Hf rela

tive to Lu and Nd relative to Sm) 3. subducted and recycled oceanic 

crust or 4. a limited amount of subducted sediment. All four of these 

alternatives are consistent with the Growth Model. Figure 4b, how

ever, shows how large scale sediment recycling could result in the 

mantle array due to incomplete mixing of recycled crust with depleted 

mantle. The whole .question of recycling continental crust (sediment) 

back into the mantle hinges on whether independent evidence for this 

material in the mantle can be identified. The evidence for crust/ 

mantle recycling must be sought where mantle products are brought to 

the surface such as island arc volcanics, oceanic island volcanics 

and mid-ocean ridge volcanics. The evidence for recycled sediments in 

island arc volcanics is well documented in the form of elevated 
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Figure 4. The t(Nd) - £(Hf) mantle array for oceanic island and mid
ocean ridge basalts from Patchett (1983). The Growth Hodel version of 
the array may be represented by a mixture between a depleted mantle 
source for mid-ocean ridge basalts and either 1. primitive mantle, 2. 
an enriched mantle component, 3. subducted and recycled ocean crust 
or 4. limited recycling of subducted sediment. All four are 
consistent with the Growth Hodel. b. Alternatively, the same trend 
can be produced from the incomplete mixing of recycled sediments and 
a depleted mantle. This is consistent with the No Growth Hodel. Note 
that the mantle would be even more depleted if not for the recycling 
of the sediments. Diagrams from Patchett (1989). 
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143Nd/144 Nd and lower 87Sr/86 Sr ratios where the sediment (having low 

Nd and high Sr isotopic ratios typical of continental crust) supply 

to a trench is abundant. However, the question remains as to whether 

the sediment contamination is confined to the mantle beneath island 

arcs or whether the contamination is present in the whole mantle as 

the No Growth Hodel suggests. Numerous geochemical studies have been 

directed at identifying similar crustal contamination in oceanic is

land and mid-ocean ridge volcanics that can be ascribed to the crust/ 

mantle recycling process. Recently, Hofmann et al. (1986) studied 

these volcanics using the elemental ratios of Nb/U and Ce/Pb. The 

Nb/U and Ce/Pb ratios have different values, but these values do not 

change for either mid-ocean ridge or oceanic island volcanics. This 

is because the bulk partition coefficients of Nb and Ce were similar 

to those of U and Pb, respectively. Furthermore, the ratios of the 

volcanics show no tendency towards continental crustal values, indi

cating no crust/mantle recycling. Thus the large scale recycling 

envisaged by the No Growth Hodel is left in doubt. 

1.6 Hf and Nd in Sediments 

Isotopic mass balance schemes in the No Growth Hodel rely on 

sUbduction to return parent/daughter isotopic ratios to the mantle 

that have evolved ,coherently. In this case, the degree of fractiona

tion between the parent and daughter element has remained unchanged 

(while resident in the crust or source mantle) and a mixture between 

the continental crust and mantle reservoirs therefore contains the 

original unfractionated mantle parent/daughter isotopic ratio. For 

the most part, the sUbduction of sediments performs this task. Sedi

ments are excellent representatives of continental crust in terms of 
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trace element contents and isotopic ratios such as 147Sm/ 144Nd and 

230U/206Pb. In studying the Sm-Nd and Lu-Hf systems and their role in 

crustal and sedimentary recycling, Patchett et al. (1984) found that 

the 176Lu/177Bf ratio is strongly fractionated in the sedimentary 

system compared to a constant 147Sm/144 Nd ratio. Figure 5 summarizes 

these results and illustrates that while the 147Sm/144 Nd values 

remain constant across various sedimentary environments, the 176Lu/ 

177Hf ratio varies by as much as a factor of 60 from less than 0.005 

in shelf or continental sandstones to 0.09 in deep marine red clays. 

The well averaged 147Sm/144 Nd ratio (0.13) is a consequence of the 

efficient mixing of Rare Earth Elements in the sedimentary system and 

the ratio is a good average for upper continental crust as a whole. 

The variable 176Lu/177 Hf ratio results from the fractionation of zir

con by sedimentary processes due to its high resistance to weather

ing, and secondarily due to its high density. The zircon is enriched 

as less resistant material is broken down and winnowed out to deeper 

waters. Because zircon contains on average 1% Hf and negligible Lu, 

the result is a low 176Lu/177 Bf ratio in the continental sandstones 

where zircon is concentrated, and a high ratio in the deep marine 

sediments where zircon is rare. The mechanical and chemical resis

tance of zircon means that zircon can survive successive sedimentary 

recycling and orogenic events. Thus zircon (along with quartz) is the 

least likely component of a previous crustal generation event to be 

destroyed and because of its concentration in continental margin de

posits, the least likely to be subducted. Furthermore, it is evident 

that whereas the 147Sm/144 Nd ratio returned to the mantle is similar 

to the ratio extracted, the 176Lu/177 Hf ratio is highly variable and 

a large part of the Hf is not returned to the mantle. However, zircon 
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and Hf are able to reach the sea floor via turbidity currents thus 

allowing Hf to be subducted and satisfy the No Growth Hodel. Patchett 

et ale (1984) calculated that a 1.2/1 turbidite/pelagic sediment mix

ture is necessary to reproduce the Nd-Bf mantle array. The problem 

arises, however, that nowhere in the world are these two sediments 

being subducted in the same location. The Lu/Bf fractionation thus 

places a severe restriction on the No Growth Hodel in the inability 

of the sedimentary system to return a 116Lu/117 Hf ratio similar to 

that of average continental crust. 

This same fractionation allows the crustal evolution problem to 

be approached from yet another direction. If large amounts of conti

nental crust, similar in composition to today's crust, existed in the 

early Archean (say before 3.0 Ga), and the same sedimentary 116Lu/ 

111Bf zircon fractionation also existed, then pre-3.0 Ga old zircons 

should be preserved and found in slightly younger late Archean sand

stones. This is based on the assumption that common sedimentary 

processes operating today also operated as far back as the early 

Archean. Quaternary sandstones or quartzites appear little different 

from their Archean counterparts. Hud-cracks, cross-beds and heavy 

mineral layers can be found in sedimentary rocks of all ages. Zircons 

have been removed and dated by the U-Pb process from quartzites as 

old as 3.4 Ga (Froude et al., 1982), which argues for the uniformity 

of sedimentary processes, including the fractionation of zircon, 

through all of geologic time. Sedimentation rates are also thought to 

have remained relatively constant throughout geologic time (HcLennan 

and Taylor, 1983). It is the premise of this study that a large vol

ume of continental crust, similar in size and composition to the pre

sent continental crust, could not,have existed without leaving behind 
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evidence in the form of detrital zircons in late Archean sandstones. 

With this in mind, samples of late Archean sandstones (ca. 2.7 - 3.0 

Ga old) were obtained from five Archean cratons: Wyoming, Superior, 

Slave, North Atlantic, and Kaapvaal Cratons. Early Proterozoic sand

stones were also collected from Wyoming, Canada (Huronian sequences), 

and South Africa (Transvaal sequences) for comparison with their 

Archean counterparts. The 176Hf/177Hf ratio of representative zircon 

fractions from these sandstones will shed light on the extent of 

ancient source areas contributing to the sedimentary basins. A list 

of the localities from which samples were chosen is given in Table 1 

and detailed descriptions of the sample localities are given in 

Appendix A. 

Continental margin-type sandstones, of late Archean age (2.7-

3.0 Ga old) were used in this study. Quartzites were sampled prefer

entially where possible because: 1. Quartzites suggest a stable 

cratonic environment. In this environment a more evolved/variable 

hinterland is probable and a more diverse population of zircons is 

pos7ible. 2. The more mature the sediment, the greater the sedimen

tary reworking and recycling leading to a greater probability of 

mixed zircon populations. 3. In a clean quartzite there will be fewer 

phases to contribute radiogenic Hf to zircon overgrowths during high 

grade metamorphism (see next section). However, quartzites are not as 

abundant in some Archean cratons (eg. Superior, Slave) as in others 

(eg. Kaapvaal). Thus quartz-sandstone purity was sacrificed in 

certain areas in order to provide areal coverage. The result is the 

inclusion of greywackes and dirty arkosic sandstones from Quetico, 

Wabigoon, Abitibi, and Slave Province areas and parts of the Malene 

(Greenland). In sampling greywacke-type sediments, units were chosen 



TABLE 1: LOCALITIES STUDIED 
Locality Sst8 Shb Aae 

. NORTH ATLANTIC CRATON 
Greenland, Labrador, Scotland 

Greenland 
Malene 9 Late Archean 
Amitsoq 1 Hid-Archean 
Nagssugtoqidian 1 Hid-Proterozoic 
Labrador 
Upernavik 3 Hid-Archean 
Hopedale 1 Hid-Archean 
Scotland 
Rona 1 Late Archean 

CANADIAN SHIELD 
Superior Craton, Slave Craton, Churchill Province 

Michigan 

Abitibi 2 1 Late Archean 
Quetico 1 1 Late Archean 
Wabigoon 1 1 Late Archean 
Sagicho 3 1 Late Archean 
Churchill 2 1 Late Archean 
Slave 1 1 Late Archean 
Huronian 2 2 Early Proterozoic 
Michigan 
Dickinson Group 1 Late Archean 
Harquette Range Sgp. 1 Early Proterozoic 

WYOHING CRATON 
SW. Montana, S. Wyoming 

sv. Montana 
S. llyoming 
Bow River Fm. 
Medicine Peak Fm. 

5 

1 
1 

SOUTH URICA 
Kaapvaal Craton 

Pongola Sgp. 
Dominion Group 
llitwatersrand Sgp. 
Ventersdorp Sgp. 
Transvaal Sgp. 

3 
1 
3 
1 
1 

3 

4 

1 

a Number of sandstone samples. 
b Number of shale samples. 

Mid-Archean 

Late Archean 
Early Proterozoic 

Late Archean 
Late Archean 
Late Archean 
Late Archean 
Early Proterozoic 
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that contained petrological evidence for clastic terrigenous input 

(such as granitic clasts) in order to avoid greywackes that are 

totally derived from within a single volcanic assemblage. 

Samples noted as being of Proterozoic age in this study are 

younger than 2.5 Ga. Shales, where available, were collected from the 

same units as the sandstones in the Canadian Shield and Kaapvaal 

craton in order to compare Nd and Hf evolution. If large amounts of 

crust existed before 3.0 Ga then the retention of old zircons should 

result in older Hf model ages for the zircon fractions compared to Nd 

model ages in the coexisting shales. Crust produced episodically will 

result in more comparable model ages. 

This is not the first study to attempt to constrain the quan

tity of ancient continental crust. Sm-Nd data from numerous sources, 

compiled by Shirey and Hanson (1986) indicate that depleted (positive 

£(Nd» signatures were common in both mafic and felsic Archean suites 

of mantle origin. This could be construed as evidence for removal of 

large amounts of continental crust from the Archean mantle and would 

cotroborate the No Growth Hodel. However, the depleted mantle signa

tures require the crust to have had a residence time of several hun

dred million years which is in contradiction to the speedy recycling 

of crust required by the No Growth Hodel (Shirey and Hanson, 1986). 

Chase and Patchett (1988) proposed that ratber than being the result 

of continental crust extraction, the depleted signatures are a conse

quence of extraction from the mantle and storage in the mantle of 

large amounts of mafic or ultramafic oceanic crust. 

The question of the extent of continental crust in the early 

Archean has also been approached through U-Pb analyses of zircons and 

the general conclusion of the limited extent of early Archean crust 
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is prevalent. The bulk of these studies were actually aimed at iden

tifying ancient crystallization ages (Froude et al., 1982; Dodson et 

al., 1988) rather than the extent of old crust. However, the number 

of ancient zircons found in younger lithologies is small compared to 

the size of the zircon population. For example, Dodson et ale (1988) 

found that only 10% of the zircons in an early Archean quartzite 

(=3.4 Ga old) in Zimbabwe exceeded 3.75 Ga. This present study is the 

first systematic exploration of selected Archean cratons in order to 

constrain the amount of continental crust in this period. The Lu-Hf 

method of zircon study, while not as geochronologically exact as the 

U-Pb method, provides a quick and accurate overview of the zircon 

populations. Furthermore, the U-Pb method is susceptible to resetting 

due to lead loss from the zircons during later thermal events. The 

loss of lead results in discordant zircons that can result in erro

neous intercept ages. Patchett (1983) has shown that zircons that are 

discordant by as much as 80% in the U-Pb system, can still preserve 

the same correct initial Hf ratio as the concordant or unaltered 

zircons. The Lu-Hf system is more resistant to resetting because the 

Hf is a stoichiometric component of the zircon and cannot be removed 

without destroying the mineral or added without creating zircon over

growths. The data to follow strongly suggest that the amount of con

tinental crust that existed before 3.0 Ga, did not greatly exceed the 

amount of pre-3.0 Ga old crust that exists today. This conclusion is 

in accord with the episodic growth of continental crust through time 

rather than the No Growth Hodel of an initial large continental mass. 
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CHAPTER 2: ANALYTICAL TECHNIQUES 

2.1 The Lu-Hf System 

The Lu-Hf isotopic system was studied and made routine by 

Patchett and Tatsumoto (1980). Hf is composed of six isotopes with 

masses 174, 176, 177, 178, 179, 180 and Lu has two isotopes with 

masses 175 and 176. The Lu-Hf system is based on the production of 

176H£ through ~-decay of 176Lu with a 35.7 Ga half-life. The decay 

constant used in this thesis (1.94±0.07 x 10- 11 i error is 2Gi see 

Table 2) was determined by Patchett (1983) from the slope of a 4.55 

Ga isochron defined by a suite of eucrite meteorites. This value 

agrees well with the independent determination (1.93±0.03 x 10-11 ) by 

Sguigna et al. (1982). It is unknown whether the error of the Sguigna 

et al. (1982) value is one or two standard deviations. Analyses of 

the Lu/Hf ratio in various rocks ranging from basaltic to granitic 

reveal that Hf is enriched in granitic rocks (to be expected because 

of its similarity to Zr) and depleted in more mafic rocks relative to 

Lu. This means that during a melting event in the mantle, Lu is en

riched relative to Hf in the mantle residue and Hf is enriched in the 

melt, leading to progressively more radiogenic Hf ratios in the man

tle relative to continental crust through time. In terms of isotopic 

behavior the fractionation is anti-correlated with the Rb-Sr system 

but similar to the Sm-Nd system, although the fractionation between 

Lu and Hf is about twice that of Sm and Nd (£(Hf) = 2£(Nd)i Patchett 

at al., 1981). This simplistic relationship exists because the total 

isotopic variation from 4.55 Ga ago to the present is similar (by 

coincidence) in both isotopic systems. The similarity between the Lu

Hf and Sm-Nd systems allows the data to be treated in much the same 
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manner. Chondri tic ratios, decay constants and pertinent equations 

for the Lu-Hf and Sm-Nd systems are given in Table 2. The Bulk Earth 

evolution for the Lu-Hf system can be portrayed on a 176Hf/177 Hf vs 

time plot. The initial 176Hf/177 Hf ratio for the Earth is derived 

from the initial ratio of eucrite meteorites which have a known ig

neous differentiation age of 4.55 Ga. This Bulk Earth evolution curve 

is also commonly referred to as the Chondritic Uniform Reservoir 

(CHUR). Hodel ages (T(CHUR» are derived by the intersection of sam

ple and CHUR evolution curves and are representative of the age of 

separation of the sample from the mantle. No attempt has been made to 

model the Hf evolution of the Archean mantle due to the uncertainty 

regarding the degree and areal extent of the depletion during that 

era. Alternatively, the age of the sample (determined independently) 

can be used to calculate the initial 176Hf/177 Hf ratio of the sample 

(in terms of £ values; see Table 2) to model the sample as a mixture 

of various crustal and mantle reservoirs. Both methods are employed 

to constrain the source ages of the zircons in this study. 

Zircons are particularly good minerals for Lu-Hf study. Aside 

from their natural resistance to alteration and refractory nature, 

they average a 1% Hf content with negligible Lu, resulting in only 

small corrections for the addition of radiogenic Hf due to Lu decay 

over billions of years. This allows the Lu contents of zircons to be 

disturbed without greatly affecting the 176Lu/177 Hf ratio or the 

determination of the initial 176Hf/177 Hf ratio. The stoichiometric 

controls on the Zr and Hf contents, however, prevent loss or exchange 

of Hf from the zircon lattice without destroying the mineral 

(Patchett et al., 1981; Kinny, 1987). Patchett et al. (1981) and 

Kinny (1987) note two serious drawbacks in studying zircons, the 



TABLE 2: Chondritic Sm-Nd, Lu-Hf Values 

Sm-Nd Chondri tic Ratios and Equations 

l47Sm/144 Nd = 0.1966 
l43Nd/144 Ndo = 0.512638 

£T (Nd) =1i(143Nd/144NdT sample) -1) x 10000 
~ 143Nd/144 NdT CHUR 

A147 Sm = 6.54 x 10-12 /a 

TNd(CHUR) = 
(

143Nd/144NdT sample - 0.512638 
ln 147Sm/144 Nd sample - 0.1966 

Lu-Hf Chondritic Ratios and Equations 

176Lu/177 Hf = 0.0334 
l76Hf/177 Hfo = 0.28281 

£T (Hf) =« 176Hf/l77 Hf sample )-1) x 10000 
176Hf/l77 HfT CHUR 

TBt (CHUR) = 
(

l76Hf/l77Hf sample - 0.28281 
ln l76Lu/177 Hf sample - 0.0334 

A176 Lu = 1.94 x 10- ll /a 
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potential presence of inherited cores, and the possibility of younger 

overgrowths. Inherited cores are not a source of error, being actu

ally part of the problem to be studied in detrital zircons. Younger 

overgrowths from some later metamorphic event are, however, a poten

tial source of error. These overgrowths will lead to higher 176Hfl 

177Hf ratios and an under-estimation of the amount of pre-l.O Ga 

crust. To avoid this problem, we have targeted unmetamorphosed or 

low metamorphic grade (greenschist - lower amphibolite facies) sam

ples. The use of quartzites also serves to reduce the possibility of 

metamorphic overgrowths because quartzites contain fewer Lu-bearing 

phases to supply radiogenic Hf to zircons upon metamorphism. The 

inclusion of some high grade samples from areas such as Montana and 

the North Atlantic Craton were unavoidable and the possibility of 

overgrowths on zircons in these samples is taken into consideration. 

A further source of error in this study is the possible biased 

destruction of ancient zircons. Radiation damage of ancient U-rich 

zircons leads to weakening of the zircon structure, making the zir

cons more susceptible to destruction during erosion and sedimentary 

transport. U-poor zircons would be less susceptible to destruction. 

If late Archean detrital zircon fractions are depleted in ancient 

zircons, then this study will underestimate the amount of crust that 

existed before 3.0 Ga ago. 

Lu-Hf analyses were made on zircon fractions removed from 40-

55 kg of rock. Weathered material was removed from the samples and 

the samples were then washed in water before being crushed to pellet 

size in a jaw crusher. A roller mill 

size and a Wilfley Table was used 

minerals from the low density minerals. 

crushed the pellets to grain 

to separate the high density 

The heavy mineral fraction 
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(containing zircon) was further separated by using high density 

liquids such as tetrabromoethane, di-iodomethane and clerici solu

tion (a mixture of thallium formate and thallium malonate in water) 

as well as a Frantz magnetic separator in order to isolate the zir

cons. Every effort was made to preserve the bulk zircon fraction of 

the sample during mineral separation. Handpicking of a representative 

fraction was used to remove zircons with inclusions, extraneous for

eign matter and composite grains. The morphologies of the zircons in 

each fraction were studied and noted at this point and are reviewed 

in Appendix B. The detrital origin of the zircons is easily distin

guished by their rounded and abraded habit. 

The representative fractions were washed in warm, dilute HN03, 

dried, and powdered in a boron carbide mortar. 10-15 mg of zircon 

powder was weighed into a teflon dissolution vessel and dissolved in 

HF for 4 days at 160°C while contained in a metal pressure capsule 

(Parr Bombs). The solution is then evaporated and the sample redis

solved in an HCI (90%)-HF(10%) mixture overnight, again at 160°C and 

in a pressure capsule, in preparation for the addition of a 176Lu-

180Hf tracer solution ("spike solution"). The solution is aliquot ted 

between a "spike beaker" (20-25% of solution) into which the isotopic 

tracer ("spike") is added for the determination of Hf and Lu concen

trations (isotope. dilution) and a "composition beaker" (75-80% of 

solution) for isotopic ratio measurements. A "spike" with a very low 

176Lu/ 180Hf ratio for zircon analyses was specially prepared in 

Tucson by Jonathan Patchett. 

The chemical separation of Lu and Hf 

follows the extraction procedure of Patchett 

is reviewed here, but 

and Tatsumoto (1980). 

The "spike" and "composition" solutions are evaporated and redis-



41 

solved in a 0.1 M DF / 1.0 M DCl solution and loaded on to the first 

of three sets of ion exchange columns. A HF-HCl acid wash is used to 

immediately elute Hf, Zr, and Ti (along with Cr, P, Al) from the 

first stage columns, leaving the bulk of the sample and the Rare 

Earth Elements (REE) on the column. Lu is recovered (along with some 

Vb) from the column after several volumes of 2.5 H HCl. The Zr-Hf-Ti

bearing fraction is redissolved in 6-8 H HF and loaded on the second 

set of columns. The anion-exchange resin in these columns retains the 

Zr, Hf and Ti under 8 M HF washes while Cr, Al and P are eluted by 

the 8 H HF. The Hf-Zr-Ti-bearing fraction is recovered with a 29 H HF 

wash and evaporated. Separation of Hf from Zr and Ti in the third set 

of columns necessitates a HF-free environment because HF will remove 

all three ions from the column as anionic fluoride complexes. The 

fraction is first dissolved in hot 29 M HF, and with the beakers and 

solution still hot, perchloric acid (HCl04) is added and the heat 

increased until the perchloric acid begins to fume. This process dis

tills off the HF acid and keeps the Zr, Hf and Ti ions in solution 

(they actually have a low solubility in perchloric acid). While still 

hot, the insides of the beaker are rinsed with HCl04 to ensure remo

val of HF from the container walls. The hot HCl04 solution (12 H) is 

diluted to 3-4 H and loaded on to the columns while still warm. The 

Ti is eluted with 2.5 M HCl, Zr is removed with a 0.45 H citric acid 

- 0.09 H nitric acid solution. The Zr elution peak precedes the Hf 

peak so that Zr can be removed with the citric - nitric acid mixture, 

and the Hf afterwards with HF. Hf/Zr ratios of the collected Hf 

fraction were typically greater than 5/1. The final Hf fraction is 

treated with perchloric acid to remove the last vestiges of citric 

acid in preparation for analysis. Blanks for the Hf are less than 0.4 



ng and less than 0.1 ng for Lu. 

2.1.1 Lu-Hf Hass Spectrometry 
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Hf is loaded on to two Re side filaments by first dissolving the 

sample in HF and then phosphoric acid is added in order to dry the Hf 

as a phosphate on the filaments. The sample is analyzed as a triple 

filament array with the sample divided between the two Re side fil

aments of 0.0025 mm thickness and a slightly thicker Re center fil

ament of 0.003 mm. The greater thickness in the center filament is 

deeded to prevent the filament from burning out during the run, be

cause the center filament is run at a much higher temperature than 

the side filaments. The mass spectrometer is a fully automated VG 354 

with 5 collectors. Hf isotopic measurements were made using a total 

Hf+ ion current (all isotopes) of 1.4-1.8 x 10- 11 A. The Faraday 

multicollector configuration for the Hf runs is given in Table 3. 

This allows 176Hf/177Hf, 178Hf/177 Hf and 180Hf/177 Hf to be obtained, 

fully corrected for mass fractionation and gain differences between 

circuits. Results for the Hf standard are given in Table 4. The 

average value of the 176Hf/177 Hf ratio determined for this work from 

toe JHC-475 standard is 0.282157±12. This is 0.00005 less than the 

value determined by Patchett et ale (1981), thus the present day 

chondritic ratio, 176Hf/177 Hf=0.28286, from Patchett (1983) has been 

lowered accordingly to 0.28281. 

The high run temperatures produce a large Re ion beam that may 

interfere with the higher Hf masses. The interference is caused by 

secondary ionization of Re plated on one of the focusing plates of 

the mass spectrometer. When a sample on a Re filament is heated, ions 

of both the sample, in this case Hf, and Re are produced and accel

erated over a charge potential (8 kv), at the same time passing 



TABLE 3: Multi-Collector Configuration for Hf Measurements 

sequential Faraday Collector Number 
magnet 
position 1 2 3 4 

1 173' 175'" 176 177 

2 174@ 176 177 178 

3 175'" 177 178 179 

4+ 173.4 175.4 176.4 177.4 

11 Lu interference monitored 
# Yb interference monitored 
@ Intensity not used in data processing 
+ baseline obtained at balf-masses as shown 

TABLE 4: Lu-Hf Standard Values for JMC-475a 

176Hf/177 Hf = 0.282157±12b 
178Hf/1778f = 1.467168±19b 
180Hf/177 Hf = 1.886666±41b 

a for 55 analyses between September 1986 
and April 1989. 

b 2 times the standard error of the mean 

5 

178 

179 

180 

178.4 

43 
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through a series of focusing plates. The ions then enter the flight 

tube of the mass spectrometer and are deflected to varying degrees, 

dependent on their respective masses, by a magnetic field into detec

tors set to capture the Hf masses. However, Re tends to become plated 

on the first focusing plate, the extraction plate, from where a mi

nute amount can be ionized once more, probably due to the large flux 

of ions and electrons around the plate. These secondary ions are not 

accelerated through the full charge potential and enter the magnetic 

field at a lower energy. This results in Re ions being deflected into 

the detectors set for Hf and the observed interference. In effect, 

the Re from the extraction plate acts as a lower mass element in the 

magnetic deflection field. Trial and error has shown that this inter

ference can be avoided by adjusting the charge on (focusing) the 

extraction plate such that the secondary Re ions do not fall in the 

detectors. 

Lu is loaded on to a single Ta side filament as a phosphate, 

combined with a Re center filament and measured on a single collector 

after interfering Yb has been volatilized away. 

2.2 The Sm-Nd System 

The procedure for Sm-Nd analysis, briefly reviewed here, 

follows that of Patchett and Ruiz (1987). 1 to 2 kg samples of shale, 

with any weathered portions removed" were crushed to pellet size in a 

jaw crusher. A representative portion of the crushed material was 

then powdered in an A1203 shatter box. 250-350 mg of sample powder 

was dissolved in a 95% HF - 5% HN03 mixture for one week in a sealed 

teflon pressure vessel at 160oC. The solution was then evaporated to 

dryness and treated with perchloric acid to convert fluoride com-
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plexes to chloride complexes. The sample is then redissolved in 6 M 

BCI, again in a sealed pressure vessel at 160°C, for 24 hours to 

ensure complete dissolution and homogenization of the sample in pre

paration for "spiking". The solution is "spiked" with 200 - 250 mg of 

149Sm/1 !10Nd "spike solution" prepared in Tucson and described by 

Patchett and Ruiz (1987). This Sm-Nd spike allows isotope dilution 

and isotopic ratio measurements to be done without separating the 

solution into different aliquots. 

The "spiked" samples are passed through two sets of ion ex

change columns. The bulk of the sample is eluted off the first set of 

columns with 2.5 M HCI while the REE are retained and subsequently 

collected with 6 M HCl. The REE fraction is then evaporated, treated 

with perchloric acid to remove organics, redissolved in 0.18 M HCI 

and loaded on to the second set of columns which are comprised of 

teflon powder coated with hydrogen di-2-ethyl-hexyl phosphate 

(HDEBP). The REE elements are loaded on the columns with 0.18 M HCl 

and Nd is eluted with this acid, Sm is then eluted with 0.5 M BCl. 

2.2.1 Sm-Nd Mass Spectrometry 

Nd and Sm were loaded as chlorides on two Re side filaments and 

run as a triple Re filament array. Nd was measured with the 

multicollector configuration described by Patchett and Ruiz (1987) 

and Sm is measured on a single collector. Results for the Nd standard 

during this study are given in Table 8. 
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CHAPTER 3: RESULTS 

3.1 North Atlantic Craton 

The North Atlantic Craton is composed of high grade gneisses 

with a few low grade supracrustals (Bridgwater et al., 1973). The 

craton is exposed in parts of Labrador, Greenland and northwest 

Scotland with ages ranging from 2.50 to 3.80 Ga old. Samples from 

this region, outlined in Figure 6, include a quartzite from the Isle 

of Rona, Scotland, metasediments of the Malene group in Vest Green

land, while quartzite from the Upernavik supracrustals and paragneiss 

from the Hopedale block represent Labrador. 

3.1.1 Malene Group Sediments 

The Malene supracrustals of Greenland are tectonically inter

leaved with, and in places are interpreted to lie unconformably on, 

the c. 3.60-3.75 Ga Amitsoq Gneisses and are composed of meta

amphibolites and high-amphibolite to granulite grade gneisses, 

quartz-rich schists and pelites. The depositional age of the Malene 

is somewhat 

of crustal 

uncertain. Table 5 illustrates the interpreted sequence 

formation in the Archean of Greenland and Labrador. In 

Greenland, the crustal history began with deposition of the Isua 

Supracrustals, followed by the intrusion of the Amitsoq Gneisses and 

Ameralik dikes, deposition of the Malene Supracrustals and intrusion 

of the Nuk Gneisses. Originally the Malene was considered to be 

deposited on an Amitsoq basement, but older than 3.0 Ga as indicated 

by cross-cutting 2.90 - 3.07 Ga Huk Gneisses (Bridgwater et al., 

1976; Baadsgaard and McGregor, 1981) and Malene amphibolites with 
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Figure 6. The North Atlantic Craton (stippled area) as defined by 
Bridgwater et ale (1973). The black dots show the general location of 
the Lewisian (Rona), Malene (Greenland), Nagssugtoqidian (Greenland), 
Upernavik (Saglek Bay) and Hopedale samples. 
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TABLE 5: Simplified Stratigraphy for Labrador and Greenland 

Greenland· Age 

Intrusion of post-tectonic ca. 2.53 Ga 
K-rich (Qorgut) granite 

Deformation and granulite ca. 2.9-2.7 Ga 
facies metamorphism, minor 
granitic intrusions 

Intrusion of tonalites- ca. 3.05 Ga 
granodiorite-trondhjemites 
(Nuk Gneisses) 

Intrusion of layered gabbroic 
and anorthositic bodies 

Malene Supracrustals >3.05 Ga 
(2650-3000 Ma) 

Ameralik Dikes (mafic) ca. 3.4-3.2 Ga 
Granitoid intrusion ca. 3.6-3.5 Ga 

deformation and granulite 
metamorphism 
Amitsoq Gneisses ca. 3.75-3.6 Ga 
tonalites, trondhjemites 
and granodiorite 

Isua and Akilia volcanics ca. 3.75 Ga 
and sediments 

after Taylor and McLennan (1985) 

Labrador 

Intrusion of post-tectonic 
(Iguskshuk) granites 

High-grade metamorphism 
and formation of Kiyuktok 
gneisses 

Intrusion of tonalite
granodiorite sheets and 
plutons (Ikarut, 
Kammarsuit Gneisses) 

Intrusion of layered 
gabbroic and 

anorthositic bodies. 
Upernavik Supracrustals 

Saglek Dikes (mafic) 
Granitoid intrusion, 

deformation and 
granulite metamorphism 

Uivak Gneisses 
tonalites, 
trondhjemites and 
granodiorite 

Nulliak volcanics and 
sediments (inferred) 
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ages of 3.0 - 3.2 Ga old (Stecher et al., 1986). However, Baadsgaard 

(1976) showed that some Nuk Gneisses could be as young as 2.80 Ga and 

that zircons from the Malene ranged from 2.60 - 2.00 Ga. These youn

ger ages were first ascribed to metamorphic resetting by the ca. 2.80 

Ga granulite metamorphic event. Further conflicting data was provided 

by Hamilton et ale (1983) with model Nd T(CBUR) ages for Malene sam

ples ranging from 2.66 to 2.82 Ga. More recently, the area has been 

interpreted a~an assemblage of individual terranes (Friend et al., 

1988; Nutman et al., 1989), and the Malene sediments within each ter

rane may be unrelated sedimentary packages of different ages. Some 

support for this view is found in a recent U-Pb ion probe study 

(Schi¢tte et al., 1988) which confirmed the presence of young detri

tal zircons (2.65 - 2.90 Ga) in the Malene and indicates that parts 

of the Malene may be as young as 2.65 Ga. The depositional age range 

of the Malene adopted for this study is 2.65 - 3.00 Ga. 

Eleven samples were analyzed from Greenland, including 9 

Malene, one Amitsoq regolith (DB85-1) and one Nags5ugtoqidian meta

sediment for comparison (99777: Table 6). Sample locations are out

lined in Figures 6 and 7.' The 174--- series samples are from the 

Islands of QilAngarssuit and Simiutat (Beech and Chadwick, 1980). The 

Malene Group on these islands are composed of metavolcanic amphibo

lites and quartz-garnet-sillimanite (174611, 572, 591, 522) and 

quartz-cordierite-antbophyllite (174460, 531) gneisses that are tec

tonically interleaved with Amitsoq Gneisses, intruded by Nuk gneisaes 

and metamorphosed to high amphibolite grade at ca. 2.80 Ga. Alkali 

metasomatism has affected sample 174572 without any apparent affects 

to the Lu-Bf system. The remaining samples from the islands of Rype~ 

and Simiuta, further to the north, are semi-pelitic and quartz-rich 
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TABLE 6: Lu-Of ZIRcon DATA FOR TOE nORTO ATLANTIC CRATON 
Sample Lu- Of- 176Lu/177 Bfb 176Bf/1770fc &(Of)d T Ga- &(Bf)' T(CHUR) 

1!1!1I 1!1!1iII 

Kalene: Qilangarssuit 
174611 27.4 10962.4 .000355 .281068(11) -63.4 2.65 -1.7 2.72 

3.0 +6.7 
174611" 80.4 11044.5 .001031 .281105 (10) -62.0 l.O -1.7 2.72 

174572 276.9 17071.8 .002298 .281141(13) -60.8 2.65 -2.8 2.77 
l.O +5.2 

174591 1.0 12107.6 .000011 .281140(15) -60.8 2.65 +1.5 2.59 
l.O +10.0 

174522 13.5 12561.7 .000152 .281158 (16) -60.2 2.65 +1.8 2.57 
3.0 +10.3 

Kalene: Simiutat 
174460 0.4 12427.1 .000005 .281170(13) -59.8 2.65 +2.5 2.54 

3.0 +11.1 

174531 120.3 13631.2 .001251 .281224(19) -57.8 2.65 +2.1 2.56 
3.0 +10.4 

Kalene: Rype,s 
292299 24.8 11823.5 .000297 .281039(10) -64.4 2.65 -2.7 2.76 

3.0 +5.8 
Kalene: Simiuta 
243049 55.6 16364.6 .000482 .280858(7) -70.8 2.65 -9.4 l.04 

3.0 -1.0 

85-Gl 3.9 12225.8 .000045 .280906 (13) -69.1 2.65 -6.9 2.93 
l.O +1.6 

Amitsoq: Simiuta 
DG85-1 46.2 12270.1 .000533 .280498(11) -83.5 2.65 -22.0 3.58 

3.0 -14.0 
Nagssuqtoqidian 
99777 2.5 12459.9 .000028 .281563(10) -45.9 1.8 -3.9 1.97 

Upernavik: Labrador 
239G 47.5 13827.5 .000486 .280584 (18) -80.5 3.0 -10.8 l.45 

3.6 +3.7 

239L 15.9 11'112.4 .000192 .280570(57) -81.0 3.0 -10.7 3.44 
3.6 +4.0 

82-4x 56.9 12497.8 .000645 .280817(56) -72.2 l.O -2.9 3.12 
3.6 +11.6 

Oopedale: Labrador 
DB8347C 14.9 11673.3 .000181 .280801(13) -72.8 3.0 -2.4 3.10 

3.3 +4.9 
Lewisian Complex: Scotland 
Rona 3.6 12885.2 .000039 .280879(11) -70.0 2.7 -6.7 2.97 

2.9 -1.8 



Key to Table 6 

a Lu and Bf ppm ± 10%, mainly due to weighing uncertainty. 
b 176Lu/177 Bf ± 0.5%. 
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c present day ratio with error in parentheses. Errors are 2 times the 
the standard error of the mean for m.s. runs of 150 ratios. 

d present day tBf value. 
e range in depositional age. 
f tHf value at time T Ga. 
g different split of same zircon fraction. 
h repeat of powdered zircon from same split. 
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5 km 

Figure 7. An enlarged diagram of Vest Greenland just south of Nuuk 
(formerly GodthAb). Shown in block letters are the locations of 
islands from which the Malene and Amitsoq samples were taken. The 
extent of the Malene Supracrustals are shown in black. 
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sediments also of amphibolite grade (Dymek et al., 1983; Nutman and 

Bridgwater, 1983). On Simiuta, the Malene Group is interpreted to lie 

unconformably on Amitsoq Gneisses with the following succession: 

Amitsoq Gneiss (basement), banded white quartzite (85-G1, 243049), 

mica schist and amphibolite. The Amitsoq Gneisses within 1-2 m of the 

unconformity, from which DG85-1 was taken, are silicified and inter

preted as Amitsoq regolith. Rype~ is characterized by Nuk Gneisses on 

the northern end of the island in fault contact with Amitsoq Gneis

ses, and by Malene Supracrustals in the central and southern portions 

of the island, also in fault contact with the Amitsoq Gneisses. 

Malene Supracrustls in the north-central area are pelitic to psam

mitic, whereas in the south they are pale-brown muscovite-bearing and 

quartz-rich gneisses (292299). Samples 292299 and 85-G1 are splits of 

the same zircon fractions used for the U-Pb ion probe study of 

Schi¢tte et ale (1988) named Rype~ and Simiuta, respectively in that 

study. This provides an excellent check on our data. Nutman et ale 

(1989) believe that all contacts between the Malene and Amits6q units 

are fault contacts and the two units belong to different, tectonical

ly interleaved terranes: the Tre Br~dre and the Faeringehavn Ter

ranes, respectively. If the unconformity on Simiuta is real, then a 

relationship between the two terranes is implied, that pre-dates the 

2.75 Ga juxtaposition age suggested by Nutman et ale (1989). Whether 

the Malene Supracrustal assemblage belongs to the Tre Br¢dre or 

Faeringehavn Terranes is inconsequential to this present study, ra

ther, it is the continental character and 2.65-3.00 Ga age range of 

the Malene that are important. 

The 8f data in Figure 8 and subsequent diagrams are plotted on 

1768f/1778f vs time plots with the length of the data bars represen-
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Figure 8. 116Hf/111Hf vs depositional age for samples from the North 
Atlantic Craton. Also shown for reference, in this and subsequent 
diagrams, is an approximated depleted mantle curve (DM) for Hf, a 
Bulk Earth evolution curve (CHUR) and the average evolution for l.65 
Ga crust and zircon. Only the parts of the Malene unconformably 
overlying the Amitsoq, and all Upernavik samples suggest significant 
pre-l.O Ga zircon inheritance. The rest of the samples suggest 
largely late Archean sources. 
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ting the bracketed depositional age. The error in the initial chon

dritic Earth 176Hf/177Hf ratio causes a 0.00008 (3 e(Hf) unit) error 

in the Bulk Earth evolution curve (Patchett et al., 1981). Samples 

within 3 e(Hf) units of the curve must be regarded as potentially de

rived from an unfractionated source. The depleted mantle curve (DM) 

is schematic and is included only for reference. The T(CHUR) ages for 

all Malene samples range from 2.46 to 2.97 Ga. The Qilangarssuit and 

Simiutat data vary between 2.46-2.70 Ga and range from e(Hf) = 0 to 

e(Hf) = +13 in the interval of 2.65 to 3.00 Ga ago. The Rype¢ data 

point also falls within this group. Malene samples from Simiuta un

conformably overlie the Amitsoq gneisses on that island and show 

older model ages of 2.86 and 2.97 Ga. A sample of Amitsoq regolith 

from that unconformity (DB85-1) has a model age of 3.51 Ga. These 

older Malene model ages on Simiuta may reflect the input of material 

eroded from the underlying Amitsoq Gneisses. The possibility exists 

that some samples may have apparent primitive isotopic signatures due 

to overgrowths on zircons growing at amphibolite grade. However, the 

T(CHUR) ages for the Rype~ and Simiuta zircons fall well within the 

range of U-Pb ages for zircons from the same localities studied by 

Schi~tte et ale (1988) and the upper-amphibolite grade Amitsoq rego

lith (from Simiuta) has a T(CHUR) of 3.51 Ga in good agreement with 

the 3.55 Ga Amitsoq age from Pettingill and Patchett (1981). In view 

of the lack of overgrowth effects in zircons related to Amitsoq 

gneisses (the regolith sample of this study and the two samples of 

Pettingill and Patchett, 19&1), there is no reason to suspect over

growth effects in the apparently younger Rypep and Simiuta zircons. 

The presence of overgrowths on the Qilangarssuit samples with model 

ages below 2.60 Ga cannot be ruled out with the same degree of cer-
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tainty. If overgrowths are absent, however, then the more primitive 

model ages below 2.60 Ga could result from much younger zircon input 

or input from rocks with mantle-like depleted Hf isotope signatures. 

Such a source is also suggested by the low Nd model ages for Malene 

samples stUdied by Hamilton et al. (1983). Sample 99777 from the 

Nagssugtoqidian Belt was taken from a shear zone on the north side of 

N~rdre Stromfjord in the region studied by Kalsbeek et ale (1987). 

The Nagssugtoqidian Belt is composed predominantly of Archean crust 

reworked between 1.80-1.90 Ga ago. Kalsbeek et ale (1987), however, 

identified juvenile Proterozoic sediments and volcanics in a shear 

zone along the N~rdre Stromfjord. The Nagssugtoqidian metasediment 

(99777) has a model age of 1.90 Ga and likely owes it source to 

similarly juvenile material in the same area documented by Kalsbeek 

et al. (1987). 

Overall, the data suggest that pre-3.0 Ga signatures in the 

Malene are found only where the Malene unconformably overlie the 

Amitsoq gneisses. The Quilangarssuit data also show that there is 

significant influx of material of less than 3.0 Ga in age and sup

port the conclusion of Schiotte et al. (1988) that at least some 

parts of the Malene were deposited after 3.0 Ga. 

3.1.2 Labrador 

In the Saglek Bay area of Labrador, the oldest exposed rocks 

belong to the Uivak Gneisses. These are followed by the Saglek dikes, 

Upernavik Supracrustals and Kiyuktok Gneisses (Table 6). Similar li

thologies and geologic history have led to the correlation of Archean 

gneisses and supracrustals on the east coast of Labrador with the 

early Archean of Greenland (Bridgwater et al., 1973; Hurst et al., 

1975). The Upernavik Supracrustals consist of basic and ultra-basic 
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igneous rocks, layered feldspathic igneous bodies, impure quartzites 

and minor marbles. The depositional age of the Upernavik Supracrus

tals is constrained by the underlying 3.6 Ga Uivak Gneisses and 

crosscutting ca. 3.0 Ga Kiyuktok gneisses. The Upernavik Supracrus

tals are. often correlated with the Malene of Greenland. However, 

basal amphibolites of the Upernavik Supracrustals have been dated at 

3.60 Ga, whereas Malene amphibolites are 3.2 Ga (Stecher et al., 

1986). Thus, the Upernavik Supracrustals may be a much older 

assemblage than the Malene. 

The three Upernavik samples are granulite (239G, L) and amphi

bolite (82-4X) grade quartzites from Saglek Bay, Labrador (Figure 6). 

The initial ratios for the granulite facies samples agree within er

ror with a model age of 3.38 Ga and the lone amphibolite grade sample 

has a lower model age of 3.05 Ga. Poor constraints on the depositio

nal age of the Upernavik sequence hamper the interpretation of the 

data as the initial t(Hf) value may be positive or negative for the 

samples. However, the £ values would be highly negative at 3.0 Ga 

(-9 to -1), demonstrating the antiquity of these sediments compared 

to the Kalene sediments. The range of the model ages from 3.38 to 

3.05 Ga can be ascribed to either mixed zircon populations, and thus 

a much younger source component in some samples as opposed to others, 

or to younger metamorphic overgrowths on zircons in sample 82-4X. If 

overgrowths in the lower grade sample are the cause then the lack of 

effect in the granulite samples could be due to their being purer 

quartzites than 82-4X, with little to no zircon components available 

to cause overgrowths. If a younger component exists (3.0 Ga or less), 

then like the Kalene, the Upernavik Supracrustals may contain parts 

deposited after 3.0 Ga. 
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Sample DB8347C is from the Hopedale Block, south of the Saglek 

Bay region. The Hopedale Block is 12,000 km2 and is comprised of 

basic intrusions, ortho and paragneisses, granitic intrusions, meta

volcanics and metasediments of mid Archean to early Proterozoic age 

(Korstg4rd and Ermanovics, 1985). Recent geochronology has shown that 

the oldest units include the 3.02 Ga (Stecher et al., 1986) Weeks Am

phibolite (from the basaltic Hunt River Group) and the 3.105 Ga Haggo 

Gneiss (Loveridge et al., 1987). The sample is an upper-amphibolite 

to granulite grade paragneiss interleaved with Haggo Gneisses. A 

split of the same zircon fraction of DB8347C was analyzed by ion 

probe for U-Pb ages (Bridgwater personal communication, 1988) and 

contained ages as old as 3.3 Ga with 2.8 Ga old overgrowths. The mo

del age is 3.03 Ga with initial £(Hf) values of -0.7 to +6.6 for ages 

of 3.0 to 3.3 Ga. The model age could reflect a mixture of the 2.8 Ga 

and 3.3 Ga ages defined by the ion probe study. However, the pre-3.0 

Ga age of the sediments is confirmed by the Hf data. 

3.1.3 Lewisian Complex 

The Lewisian Complex was highly metamorphosed and deformed by 

multiple events, the first being the Scourian event about 2.66 Ga 

ago. The lithologies include relict pyroxene-bearing granulites, 

quartzofeldspathic gneisses and amphibolites. Quartzite on the Isle 

of Rona, on the west coast of Scotland, is exposed as lenses in sur

rounding Lewisian gneisses (Bowes et al., 1976). The exposures on 

Rona record a series of events that are typical of the Lewisian 

Complex as a whole, beginning with the formation of hornblende-rich 

amphibolites and deposition of the quartzites, followed by deforma

tion during the Scourian, Inverian (2.4-2.2 Ga) and Laxfordian (1.95-

1.65 Ga) deformation events resulting in multiple sets of folds and 
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minor basic and felsic intrusions (Bowes et al., 1978). Hamilton et 

ale (1979) dated various gneisses at 2.92 Ga (Sm-Nd method) and 

interpreted 0.2-0.3 Ga of evolution before the termination of the 

thermal events around 2.7 Ga ago, when most isotopic systems were 

reset. The depositional age of the quartzite is taken to be between 

2.9 and 2.7 Ga ago. 

The zircon fraction from the quartzite has a Hf model age of 

2.90 and t(Hf} values of -5.0 to -0.1 from 2.7 to 2.9 Ga. This 

suggests that. the zircons could be predominantly 2.90 Ga old or a 

mixture of younger and older material. Based on the post-3.0 Ga ages 

for the complex given by Hamilton et ale (1979) and Whitehouse 

(1988), the Hf data are probably the result of 2.9 to 2.95 Ga zircon 

populations. Overgrowths are not considered to be a problem because 

of the purity of the quartzite. 

3.2 Canadian Shield 

The data presented in Tables 7 and 8 include samples from the 

Superior, Slave, Churchill, and Southern structural provinces and are 

summarized in Figures 9a and 9b. The Superior is further subdivided 

into subprovinces based on regional geological similarities and in 

this context our study includes samples from the Abitibi, Quetico, 

Wabigoon and Sagicho subprovinces (Figure 10). 

3.2.1 Abitibi 

The Abitibi Greenstone Belt is the largest greenstone belt in 

the Canadian Shield and among the most studied belts of the world. It 

is bounded to the west by the Kaspuskasing structural zone, to the 

south and east by the Grenville Front and to the north by the Archean 

gneisses of the Opatica Subprovince. The belt is divided into four 
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TABLE 1: Lu-Bf ZIRCON DATA FOR THE CARADIAB SHIELD 

Sample Lu- Bf- 17lLu/ lTTHfll ITIHf/ITT&fC ,(Hf)d T Ga- ,(&f)' T(CBUR) 
22m 2211l 

Abitibi 
ABZ-l 4.6 11333.1 .000051 .281103 (11) -62.1 2.1 +1.2 2.65 

2.12 +1.8 

ABZ-2 51.9 9564.5 .000169 .281124 (11) -61.4 2.1 +0.6 2.61 
2.12 +1.1 

Wabigoon 
VABZ-l 43.6 9531.6 .000649 .280980 (19) -66.4 2.8 -1.8 2.88 

3.0 +2.9 
Quetico 
(1-2 60.2 10780.1 .000191 .281046(12) -64.1 2.70 -2.2 2.19 

2.14 -1.2 
Sagicho 
980-11 7.7 10914.1 .000100 .281042(15) -64.3 2.8 +1.5 2.14 

3.0 +6.3 

NSL-2 61.8 10162.3 .000862 .281132 (19) -61.1 2.74 +1.1 2.67 
2.80 +3.1 

NCL 51.6 9615.6 .000760 .280941(10) -67.8 2.9 -1.1 2.95 
3.0 +1.3 

Churchill Province 
PAG-l 66.2 9374.6 .001001 .281173(26) -59.6 2.8 +4.5 2.62 

2.9 +6.7 

'IlH-1' 49.5 .0006 .281107 (99) -62.0 2.8 +2.8 2.68 
2.9 +5.2 

Slave Province 
Bll-l 98.6 10561.3 .001324 .281355(28) -53.2 2.6 +5.5 2.36 

2.7 +7.8 
Bll-l" 84.4 12053.1 .000992 .281183(7) -59.3 2.6 0.0 2.60 

2.7 +2.3 
Dickinson Group: Michigan 
P142 104.0 11121.2 .001325 .280757(8) -14.3 2.6 -15.1 3.21 

2.7 -13.5 
P-142b 93.5 11031.9 .001201 .280745(12) -14.8 2.6 -15.8 3.28 

2.7 -13.6 
Marquette Range Supergroup: Michigan 
P-141 47.0 10184.5 .000654 .281130 (23) -61.1 1.9 -17.8 2.65 

2.1 -13.1 
Huronian 
HAT-l 48.3 10660.1 .000642 .281147(12) -60.6 2.0 -14.8 2.63 

2.3 -7.8 

Miss-l 39.8 10349.2 .000545 .281110(10) -61.9 2.0 -16.0 2.68 
2.3 -8.9 

Hiss-lb 35.1 10486.2 .000475 .281079(14) -62.9 2.0 -17.0 2.72 
2.3 -9.9 



Key to Table 7 

a Lu and Df ppm ± 10%, mainly due to weighing uncertainty. 
b 176Lu/177 Df ± 0.5%. 
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c present day ratio with error in parentheses. Errors are 2 times the 
the standard error of the mean for mos. runs of 150 ratios. 

d present day EDf value. 
e range in depositional age. 
f tDf value at time T Ga. 
g different split of same zircon fraction. 
h repeat of powdered zircon from same split. 
i estimated Df concentration and Lu/Df ratio, poor mass spectrometer 

run. 
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TABLE 8: Sm-Ud SHALE DATA FOR THE CANADIAN SHIELD 

Sample 5mB NdB 147Sm/144 Ndb 143Nd/144 Ndc T(CHUR) T Gad e(Nd)e 
J2J2m J2J2m 

AB-S 4.11 24.58 .1011 .511013(6) 2.58 2.70 +1.5 
WB-S 2.38 8.26 .1741 .512357(5) 1.88 2.80 +3.0 
Q-S 3.95 20.62 .1157 .511168(7) 2.75 2.70 -0.6 
NSL-S 3.84 22.13 .1049 .511031(6) 2.66 2.80 +1.7 
PAG-S 0.91 5.20 .1057 .511154(8) 2.48 2.80 +3.9 
BW-S 6.00 32.48 .1117 .511231(7) 2.51 2.60 +1.0 
Hk-S 4.69 26.14 .1084 .511142(6) 2.57 2.20 -4.3 
PEC-S 6.35 33.30 .1153 .511209(5) 2.66 2.20 -4.9 

a Sm and Nd ppm, 2a uncertainties < 0.5%. 
b 147Sm/144 Nd 2a uncertainties < 0.5%. 
c present day Nd ratios, error in parentheses is 2 times the 

the standard error of the mean. 
d approximate depositional age. 
e ENd value at time T. 

La Jolla 143Nd/144 Nd standard was 0.511864(2) for 87 runs 
during this study. 
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Figure 9. a. 176Bf/177Bf vs depositional age for samples from the 
Canadian Shield. Samples from this region indicate predominantly late 
Archean sources for the zircons except for the East Branch Arkose (P-
142) of Michigan which probably owes its older signature to detri
tus from the nearby ca. 3.6 Ga iatersmeet Gneiss. b. Late Archean 
model ages and positive t(Nd) values for shales at the time of depo
sition also suggest largely post-3.0 Ga sources. 
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Figure 10. Subdivisions of the Superior Province in the Canadian 
Shield after Card and Ciesielski (1986). The large dots denote 
sampled areas. NSL - North Spirit Lake, NCL - North Caribou Lake, At 
- Atikokan (for Wabigoon and Quetico samples), AB Abitibi, B
Buroni'an Supergroup, H - Michigan. 
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terrains which include the Northern Volcanic Zone (NVZ), the Southern 

Volcanic Zone (SVZ), a central granodiorite-gneiss terrain (which di

vides the NVZ and SVZ) and a southern granite - gneiss zone which 

contains the Pontiac sediments (Ludden et al., 1986). Volcanics of 

the NVZ range from basalt to rhyolite and the zone is interpreted as 

a volcanic arc comprised of volcanics 2.72 Ga or more, old. This Nor

thern zone was later dissected by a series of rift basins forming the 

Southern Volcanic Zone 2.70-2.72 Ga ago. The volcanics of the sou

thern zone are dominated by komatiitic to tholeiitic volcanics and 

bimodal mafic-felsic volcanic suites. Sediments of the Pontiac group 

accumulated in these basins 2.70-2.72 Ga ago and are sampled for this 

study. The lower age limit is 

(Gariepy and All~gre, 1985) 

constrained by cross-cutting granites 

and the upper limit by underlying vo1-

canics. The sedimentary rocks are mostly mature quartz-rich rocks 

with rounded grains metamorphosed to lower greenschist and lower 

amphibolite grades and appear to be contemporaneous with komatiite 

volcanics in the southern zone (Ludden et al., 1986; Lajoie and 

Ludden, 1984). 

Two Pontiac Group sandstones were analyzed for this study. One 

sample (ABZ-1) is from the same locality as 82-18 of Gariepy et a1. 

(1984) and is metamorphosed to lower ampbibo1ite facies (Figure 11). 

ABZ-2, a finer grained sandstone, is a greenschist facies sample from 

the northern edge of the basin. A shale sample was also collected 

from this locality. The two zircon fractions have similar model ages 

of 2.58 and 2.60 Ga and initial t(Hf) values of +2 to +3.5 (at 2.70-

2.72 Ga) for ABZ-1 and 2, respectively. The Nd model age for the 

shale is in good agreement at 2.58 (t2 • 7 (Nd) = +1.5). Gariepy et al. 

(1984) identified two zircon populations in the Pontiac group with 
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ages of ca. 2.715 Ga and 2.925 Ga and evidence for a pre-3.0 Ga 

inherited U-Pb component. If pre-3.0 Ga components are present, the 

low model Hf ages suggest they are very small amounts. If ABZ-1 and 

2 are mixtures of the younger groups, then a depleted source is indi

cated (=+3 E, although this is still within the uncertainty of the 

CHUR curve) at 2.70 to 2.72 Ga ago and is corroborated by the Nd data 

for the shale. The low metamorphic grade for these samples probably 

precludes a significant overgrowth affect. 

3.2.2 Quetico and Wabigoon Subprovinces 

The adjoining Quetico and Wabigoon Subprovinces are best ex

posed in western Ontario and samples from these subprovinces (Q-2, 

WABZ-1) were taken from the Atikokan region near their common margin 

(Figures 10 and 12). These two subprovinces are discussed together in 

view of recent arguments that the Wawa Subprovince was subducting 

against the Quetico and Wabigoon Subprovinces, and the Quetico 

Subprovince was an accretionary wedge for the Wabigoon volcanic arc 

(Percival and Williams, 1989). The Quetico Subprovince extends for 

1200 km from beneath Phanerozoic cover in the west to the Kaspus

kasing structural zone in the east. The Quetico Subprovince is 

predominantly composed of greywackes that range from greenschist 

facies in the north to migmatites in the south. Bedding strikes east

west, dips steeply at the margins and moderately in the interiors. 

Sedimentological studies suggest rapid deposition in deep water as 

turbidites and a mixed volcanic-plutonic source region (Percival and 

Williams, 1989). The Quetico sedimentary rocks contain detrital zir

cons in the range of 2.7-3.3 Ga, indicating deposition until at least 

2.7 Ga with later intrusives at ca. 2.651 - 2.688 Ga providing a low

er limit (Percival and Williams, 1989). Sample Q-2 is a greenschist 
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Figure 11. Geology of the Noranda area of the Abitibi Greenstone 
Belt, including sampling sites. Geology from Goodwin (1982). 
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Figure 12. Sample locations for the Quetico and Wabigoon Subprovince 
samples. The fault contact between the greywacke and volcanics marks 
the boundary between the metasedimentary Quetico and the volcanic
plutonic Wabigoon Subprovinces. The Wabigoon sample (WABZ-1) is an 
arkose sandstone near the unconformity between the Steep Rock Group 
and the granite basement. 
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facies greywacke from the northern margin of the Quetico subprovince. 

The upper limit of 2.745 Ga is taken from the age of the calc

alkaline volcanics of the Wabigoon Subprovince (Davis and Jackson, 

1988) which are possible sources for the sediments. 

The Wabigoon Subprovince is bounded to the south by the Quetico 

and to the north by the English River Subprovince and is character

ized by a metaplutonic belt containing a granite-greenstone succes

sion dated at ca. 3.0 Ga and a metavolcanic belt with granite-green

stone successions dated between 2.690 - 2.745 Ga (Davis and Jackson, 

1988). In the metaplutonic belt, the ca. 2.99 Ga old Lumby Lake 

Greenstone Belt is enclosed in part by the ca. 3.0 Ga old Marmion 

Lake Batholith. In the Atikokan area, the Steep Rock Group uncon

formably overlies the 3.003 Ga old Marmion Lake leucotonalite with 

the succession conglomerate, arkose sandstone (WABZ-1), carbonate and 

calc-alkaline volcanics (Davis and Jackson, 1988). The depositional 

age of the arkose is uncertain, but is likely between 3.0 and 2.8 Ga 

ago. Shales were collected from both localities (Q-S, WAB-S). 

Samples Q-2 and WABZ-1 have model Hf ages of 2.72 and 2.81 Ga 

and t(Hf) values representative of a depleted mantle source (+4.6) 

with a slight older crustal input (0), respectively. The Quetico 

shale also shows a near chondritic Nd source, however, the Wabigoon 

shale is depleted in character with teNd) = +3 at 2.8 Ga compared to 

the Wabigoon zircon fraction that has t(Hf) = o. WABZ-1 has a model 

age less than the age of the underlying Marmion Batholith. This 

suggests either large amounts of younger zircon or a depleted signa

ture for the WABZ-1 zircons. The Q-2 zircons and greywacke are 

associated with the later volcanic cycle and if deposited as late as 

2.7 Ga then the negative t signature could reflect input of older 
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3.2.3 Sagicho Subprovince 
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The North Spirit Lake (NSL) and North Caribou Lake (NCL) 

samples are from the Sagicho granite-greenstone subprovince of 

northern Ontario (Figure 10). The Sagicho Subprovince has attracted 

interest because these belts are characterized by two or more major 

volcanic and sedimentary sequences (Wood, 1977, 1980; DeKemp, 1987) 

and the presence of quartz arenite deposits suggesting a stable 

platform (Donaldson and Jackson, 1965: Donaldson and DeKemp, 1987). 

The volcanic sequences of the NSL belt document about 0.3 Ga of 

evolution and are divided into an upper and lower sequence (by a 

major unconformity) dated at 3.023 - 2.80 Ga and 2.80 - 2.74 Ga, 

respectively (Corfu and Wood, 1987). The lower sequence consists 

primarily of volcanic rocks ranging from komatiite to rhyodacite 

along with chemical metasedimentary rocks overlain by more komati

ites, intermediate tuffs and minor clastic sediments. The upper 

sequence consists of basaltic to dacitic metavolcanics, succeeded by 

conglomerate, sandstones, shale, carbonate and iron formation. The 

belt is surrounded by large granitic batholiths that post-date the 

greenstone belt. The quartz arenite at NSL lies near the top of the 

lower sequence and appears to have been deposited between 3.0 Ga and 

2.8 Ga. One zircon population from the quartz arenite dated by Corfu 

and Wood (1987) defines an age of 2.986 Ga and sample N80-11 is a 

split of the zircons from their study. An arkosic sandstone (NSL-2) 

and one shale sample were obtained from the upper sequence. These 

were deposited between volcanism at =2.74 Ga and the previous 

sequence at 2.8 Ga (Corfu and Wood, 1987). 

The NeL belt is also characterized by two metavolcanic-
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metasedimentary sequences and is capped by a third supracrustal 

sequence (DeKemp, 1987). The oldest sequence is the Aguta Arm meta

volcanic complex of mafic volcanics, quartz porphyries and extrusive 

felsic equivalents. This is overlain by the Keeyask lake metasedi

mentary-metavolcanic succession which includes a mature quartz are

nite sequence at the base, succeeded by mudstones, banded iron forma

tion, komatiite and mafic volcanics. The quartz arenite is represen

ted here by sample NCL and a single detrital,zircon age from the for

mation gives 2.978 Ga (DeKemp, 1987). The capping sequence is the 

Eyapamikama Lake metasediments consisting of conglomerate, greywacke 

and shale. Younger granite batholiths enclose the greenstone belt. 

The NSL samples have T(CBUR) ages of 2.67 (N80-11) and 2.60 Ga 

(NSL-2) and have initial £(8f) values of +3.2 to +8.0 (for 2.8 to 3.0 

Ga) and +3.4 to +4.8 (for 2.74 to 2.8 Ga), respectively. The ratios 

indicate a depleted source for the NSL greenstone belt sediments and 

suggest little evidence for zircon ages in excess of 3.023 Ga. If 

interpreted as zircons mainly of 2.986 Ga in age then N80-11 would 

have a £(8f) = +7.7. The NSL-2 fraction could be a mixture of zircons 

from both sequences, but again, a depleted source is necessary to 

explain the positive £(Bf) values. The shale from the upper sequence 

(NSL-S) has a model Nd age of 2.66 Ga and also exhibits a slightly 

depleted character. Thus, both Nd and Bf model ages agree for the 

upper sequence sediments and suggest largely juvenile, depleted, 

sources for the sediments at the time of deposition. 

The zircons from NCL have a model Bf age of 2.88 Ga and £(8f) 

of +0.6 to +3.0 between 2.9 and 3.0 Ga ago (assumed depositional 

age). At 2.978 Ga, the zircon fraction has an £(8f) = +1.7 and sug

gests that zircons of this age were derived from a depleted mantle-
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like source. 

3.2.4 Churchill Province 

The Churchill province is regarded as a combination of new 

crust generated at 1.8 - 1.9 Ga ago and reworked Archean crust. Much 

of the new crust is confined to the Trans-Hudson Orogen, and the 

Circum-Superior Belt (Chauvel et al., 1987). The reworked portions of 

the Churchill have been subdivided into the Rae and Bearn Provinces 

(Hoffman, 1987). Quartzites were obtained from two metamorphosed 

Archean granite-greenstone belts in the Rae Province; the Prince 

Albert Group (PAG) on the Melville Peninsula and the Whitehills Lake 

region (WB-1) of the Northwest Territories (Figure 13). The PAG 

extends for 500 km across the Northwest Territories from the 

Laughland Lake area to the Melville Peninsula. The PAG consists of 

metamorphosed acid and basic volcanics (including komatiites), meta

sediments, iron formation and rare quartzite (Schau, 1978, 1982). The 

quartzites outcrop in various parts of the belt and were sampled from 

the northern Melville Peninsula where the metamorphic grade is green

schist facies. The quartzites are composed of quartz with some musco

vite, rare garnet, and in less pure quartzites, feldspars and alumi

nosilicates. The age of the quartzite is constrained by the age of 

the belt at 2.8 - 2.9 Ga old (Schau, 1982: Schau and Ashton, 1988). A 

similar association is found to the south and west in the Half Way 

Bills Vhitehills Lake area (Taylor, 1985). Bere, quartzites are 

again associated with komatiites and felsic volcanics, but overlie an 

earlier supracrustal succession. As no reliable ages are available 

for the immediate area, we have used the age of the PAG Belt. 

Zircon yields from both quartzites were poor and in the case of 

VH-1, no Hf concentration data was obtained and the determined 176Hfl 
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Figure 13. The map shows the distribution of the Prince Albert Group 
(shaded black) and the location of the PAG-1 sample from the Bouverie 
Islands off the Melville Peninsula (MP) and WH-1 from the Half Way 
Hills - Whitehills Lake (WL) area. LL - Laughland Lake. 
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177Bf ratio has a very high error. Lu-Bf isotope dilution calcula

tions for WB-1 were made using the Lu concentration and assuming a Bf 

concentration in the range of 0.9 to 1.2% (this is the range of al

most all other samples). This gives a reasonable 176Lu/177 Bf ratio of 

0.0006 and a model age of 2.61 Ga. The model age for the PAG sample 

of 2.55 Ga is similar. Initial t(Bf) values for the samples between 

2.8 and 2.9 Ga ago are +6.2 to +8.4 (PAG) and +4.5 to +6.9 (WH-1). A 

shale from the PAG has a Nd model age of 2.48 Ga and a t 2 • 8 (Nd) = 

+3.9. Both areas demonstrate depleted mantle sources and suggest 

little evidence for input of pre-3.0 Ga material into the two basins. 

3.2.5 Slave Province 

The Slave province (Figure 14) is an association of late 

Archean granite-greenstone belts, dominated by the Yellowknife Super

group which consists of about 80% greywackes and 20% metavolcanics 

overlying a granitoid gneiss basement (.Henderson, 1985). The basement 

has revealed ages of 2.819 3.160 Ga (Henderson et al., 1987; 

Henderson et al., 1982; Frith et al., 1977) with the oldest ages be

ing found in the Point Lake region and more recently a 3.5 Ga age 

(Bowring et al., 1988) has been described in that area. Detrital 

zircon ages from greywackes unconformably overlying the Point Lake 

basement range from 2.625 to 3.10 Ga (Scharer and All~gre, 1982). The 

sample for this present study, however, was collected from the 

Burwash formation (BW-1, greenschist facies) from the southern part 

of the Slave Province near the city of Yellowknife. The basement in 

this area is composed of deformed granitoid plutons and gneisses of 

the Sleepy Dragon Complex with ages in the range of 2.683 - 2.819 Ga. 

The depositional age of the Burwash Formation is constrained between 

2.6 and 2.7 Ga (Henderson et al., 1987). Thus, the basement in the 
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Figure 14. The Slave Province with the location of the sampled 
Burwash Formation CBW) shown by the large dot. 
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Yellowknife area is considerably younger than that at Point Lake and 

a sample from that area to compare with BW-l may have proved inter

esting. Geochemical studies of the Burwash Formation suggest that it 

is derived from a mixture of 20% mafic volcanics, 55% felsic volcan

ics and 25% granitic rocks (Jenner et al., 1981). 

Sample BW-1 has a model age of 2.53 Ga and £(Hf) values of +1.7 

to +4 at 2.6 to 2.7 Ga ago. The accompanying shale (BW-S) has a Nd 

Model age of 2.51 and £2.7(Nd) = +2.1. The young basement ages «2.9 

Ga) in the area and the low model ages for the Burwash Formation 

suggest little chance of pre-3.0 Ga crustal input. It is likely that 

the Burwash Formation is derived from totally within the Yellowknife 

greenstone belt and perhaps a sample from the Point Lake region would 

have better suited this study. 

3.2.6 Michigan 

The Archean rocks of Michigan are reviewed by Sims and Peterman 

(1981) and Sims et al. (1980). The Archean in Michigan is divided 

between a northern and a southern terrane separated by the late 

Archean to early Proterozoic Great Lakes Tectonic zone (Figure 15). 

THe northern terrane is a granite - greenstone complex 2.7 - 2.8 Ga 

in age and is regarded as an extension of the Wawa Subprovince of the 

Superior craton. The southern terrane is an older gneiss terrane 

comprised of several 3.5 - 3.6 Ga old "gneisses including the 

Watersmeet Gneiss. The gneisses are overlain by late Archean supra

crustals, like the Dickinson Group, which are in turn intruded by 

younger granites (ca. 2.6 - 2.5 Ga). A sandstone (the East Branch 

Arkose) was collected from the Dickinson Group and is bracketed in 

age by underlying and cross-cutting gneisses of c. 2.6 and 2.7 Ga 

age, respectively (Van Schmus personal comm., 1988). Detrital zircon 
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Figure 15. Enlarged map of the sampled area in Michigan showing the 
Great Lakes Tectonic Zone (thick dashed line) that divides the 
greenstone-granite and gneiss terrains. w - Watersmeet Gneiss. 
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from this arkose has been dated at 2.9 Ga (Banks and Van Schmus, 

1972). The Archean strata in Dickinson county are overlain by early 

Proterozoic sedimentary rocks of the Marquette Range Supergroup (1.9-

2.1 Ga, Van Schmus, 1976) from which a sample of the Sturgeon 

Quartzite was collected for this study. 

The East Branch Arkose has a model age of 3.20 Ga with initial 

£(Hf) of -11.8 at 2.7 Ga. This is the oldest isotopic signature of 

the samples from the Canadian Shield and probably owes its pre-l.O Ga 

components to the nearby Wate~smeet Gneiss. The Gneiss terrain may 

not have been juxtaposed to the Canadian Shield until the late Ar

chean to Mid Proterozoic as evidenced by the Great Lakes Tectonic 

zone, depriving the arkose of a large source of late Archean detri

tus. This detritus becomes evident in the overlying Sturgeon Quartz

ite which has a model age of 2.58 Ga and £(Hf) of -16.1 to -11.4 

between 1.9 and 2.1 Ga ago. This indicates a late Archean source in 

agreement with evidence that Marquette Range sediments were derived 

from an uplifted Superior Craton to the northwest (Van Schmus, 1976; 

Barovich et al., 1989). 

j.2.7 Huronian 

The early Proterozoic Huronian Supergroup in Ontario was 

sampled to compare with the Archean strata. The supergroup is a 

cyclic sequence of continental sandstones (quartzites) and shales 

deposited on the Superior Craton 2.2-2.4 Ga ago (Figures 10 and 16). 

Two units near the base, the Hatinenda (HAT-l) and Mississagi (MISS-

1) Quartzites were sampled as well as shales from the McKim (MK-S) 

and Pecors (PEe-S) Formations. The Hatinenda Formation forms the base 

of the Huronian Supergroup and consists of cross bedded arkosic 

sandstones and conglomerate. The formation is noted for its quartz-
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Figure 16. Generalized stratigraphy of the Huronian Supergroup. 
Stipples - sandstone, dashed lines - siltstones, shaded - shale or 
mudstone, blocks - carbonate, pebbles - diamictites. 
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pebble conglomerates which host U-Au deposits. The McKim Formation is 

a sequence of fine-grained sediments deposited by turbidity currents 

in deep water and succeeded by diamictites of the Ramsey Lake Forma

tion. The Pecors Formation overlies the diamictites and consists of 

thin bedded shales and sandstones. The Pecors is followed by the 

Mississagi Formation of cross bedded arkosic sandstones. Like the 

Sturgeon Quartzite, the Huronian data give Hf and Nd model ages of 

2.S7 to 2.66 Ga emphasizing their derivation from the Superior Cra

ton. Likewise the £(Hf) (-lS.3 to -6.1) and £(Nd) (-4 to -S) values 

from 2.2 to 2.4 Ga ago suggest extensive late Archean crustal input. 

3.3 Wyoming Craton 

The Wyoming Craton covers parts of Montana, Wyoming and Idaho 

and consists of scattered remnants of Archean rocks ranging from 2.S 

Ga to probably 3.6 Ga in age (Figure 17). Samples for this study were 

taken from southwest Montana and southern Wyoming. The data are given 

in Table 9 and plotted in Figure 18. In Montana quartzites were col

l~cted from the gneissic supracrustal sequences of the Madison Range 

(MR-26), Ruby Range (RR-l), Beartooth Mountains (HR-201, JQ-2) and 

Tobacco Root Mountains (TR-l). The Quartzites of the Beartooth 

Mountains are interlayered with amphibolites, iron formation and 

intruded by late Archean tonalitic and granitic rocks of 2.74-2.79 Ga 

in age (Mueller et al., 1982~ Mogk et al., 1988). The metamorphic 

grades are mid to upper amphibolite facies and this has led to Pb 

loss from zircons and poor U-Pb dates. However, crude estimates of 

ages >3.2 Ga are indicated by detrital zircon fractions from the 

Hellroaring Plateau Quartzite (HR-201, Mueller et al., 1982) as well 

as a Rb-Sr isochron for gneisses in the area indicating a metamorphic 
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TABLE 9: Lu-Bf ZIRCON DATA FOR TBE VYOIWfG CRATON 

Sample Lu- Bf- lT6Lu/1TT Dfb lT6Df/1TT Dfc ,(Df)' T Ga- ,(Df) f T(CBUR) 
I!I!!!! I!I!II 

Hontana 
BR-201 75.7 11630.6 .000922 .280490(10) -83.8 2.7 -22.2 3.63 

3.2 -10.3 

JQ-2 60.4 11668.7 .000733 .280729(14) -75.3 2.7 -13.3 3.26 
3.2 -1.4 

HR-26 63.2 10363.3 .000864 .280837(11) -71.5 3.0 -2.6 3.11 
3.2 +2.2 

RR-l 106.9 11001.6 .001376 .280667(15) -77.5 3.0 -9.7 3.41 
3.2 -5.1 

TR-l 75.0 11117.1 .000956 .280587(15) -80.4 3.0 -11.7 3.49 
3.2 -7.0 

Wyoming 
BOll 65.1 10801.9 .000854 .281124(15) -6104 2.5 -4.2 2.68 

2.7 +0.5 

MPQnm 52.6 10359.4 .000719 .281024(13) -64.9 2.2 -14.6 2.82 
2.5 -7.5 

lIPQmag 104.3 11810.4 .001251 .280994(13) -66.0 2.2 -16.5 2.91 
2.5 -9.5 

a Lu and Bf ppm ~ 10', mainly due to weighing uncertainty. 
b lTGLu/1T7 Bf ~ 0.5\. 
c present day ratio with error in parentheses. Errors are 2 times the 

-the standard error of the mean for m.s. runs of 150 ratios. 
d present day EBt value. 
e range in depositional age. 
t tBf value at time T Ga. 
0' different split of same zircon fraction. 
h repeat of powdered zircon trom same split. 
i estimated Bf concentration and Lu/Bf ratio, poor m.s. run. 



-;'-

IDAHO 

\~ 
UTAH 

--, .... , 

~Tr 

WYOMING CRATON 

MONTANA 

~ YrlOMINO 

~8HM 

I 

/ 
I 

~8H 

I~T)J 

100km 

82 

Figure 17. Outline of the Wyoming Craton showing sample locations 
(dots) and major mountain ranges where most outcrop occurs. RR - Ruby 
Range, TR - Tobacco Root Mountains, MR - Madison Range, BM
Beartooth Mountains, BHM - Big Horn Mountains, Tr - Teton Range, BH
Black Hills, WRR - Wind River Range, LR - Laramie Range, MB
Medicine Bow Mountains, SMR - Sierra Madre Range. 
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figure 18. 1768f/177Hf vs depositional age for samples from the 
Wyoming Craton. The Bow River quartzite, deposited in the late 
Archean, suggests a predominant late Archean source and shows little 
evidence of the early Archean material found in the Montana 
quartzites (HR-26 to HR201). The Proterozoic Mountain Peak quartzite 
(HPQ) was split into magnetic and non-magnetic fractions, giving 
isotopic signatures indicative of uplift and erosion of the Archean 
platform in the Proterozoic. 
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age of 3.39 Ga (Henry et al., 1982). Furthermore~ an amphibolite 

associated with the Jewel Lake Quartzite (JQ-2) has a Nd model age of 

3.20 Ga (Mogk et al., 1988) and Nd model ages for other strata from 

the Beartooth Mountains range from 3.3 to 3.5 -Ga (Wooden et al., 

1988). Thus the Beartooth Mountain quartzites from Montana are proba

bly pre-3.0 Ga strata. Similar, but possibly younger (3.2 to 2.6 Ga), 

associations are found in the Madison Range, Ruby Range and Tobacco 

Root Mountains as part of the Cherry Creek Metamorphic Suite (Erslev, 

1983). Erslev (personal communication, 1989) notes that these quart

zites were metamorphosed and intruded by granites 2.58 Ga ago, but 

were not affected by the earlier 3.2-3.4 Ga high-grade metamorphic 

event that is seen in earlier gneisses. Wooden et al. (1988), based 

on intruding granitoids, suggest that the Tobacco Root and Ruby Range 

portions are pre-2.7 Ga. 

The Hf data range from T(CHUR) = 3.04 to 3.51 Ga. The oldest 

model age belongs to HR-201 and the lowest to MR-26. These samples 

demonstrate the presence of quite old crust in the northern Wyoming 

Craton. If MR-26, RR-1 and TR-1 are as young as 2.6 Ga, then the 

range could reflect mixtures of old (3.6 Ga) and young (2.6 Ga) 

zircons. However if these sediments prove to be as old as those in 

the Beartooth Mountains, or at least 3.2 Ga in age, then the lower 

model ages could be the result of overgrowths on the zircons. 

Further sampling was carried out in the late Archean and early 

Proterozoic strata of southern Wyoming to see if ancient material, 

like that in the north, was recycled into the younger strata. Samples 

from southern Wyoming were taken from the late Archean Phantom Lake 

Metamorphic Suite (PLMS) and the Proterozoic Lower Libby Creek Group 

of the Medicine Bow Mountains. The PLMS is a package of late Archean 
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supracrustals comprised of about 60% volcanic and volcaniclastic 

rocks and 40' mature siliciclastic rocks. The PLHS is represented by 

the Bow River Quartzite (BOW) which is constrained in age by the 2.7 

- 2.9 Ga basement and later intrusive granites (ca. 2.5 Ga, Karlstrom 

et al., 1981, 1983). The Lower Libby Creek Group consists of quart

zites, schists, shales and a diamictite. The Lower Libby Creek Group 

is represented by the fluvial Medicine Peak Quartzite (MPQ) which was 

deposited between 2.0 - 2.5 Ga ago, but probably closer to 2.2 - 2.5 

Ga ago (Karlstrom et al., 1983). The lower age limit is based on in

trusions into the group, however since the group is bounded by thrust 

faults, the upper age limit is inferred through similarities with the 

Huronian Supergroup in Canada. Previous studies have suggested exten

sive Archean contributions to these early Proterozoic sediments. 

Aleinikoff et ale (1985) described four zirc~n populations in the MPQ 

and obtained a 2.721±0.03 Ga age from the zircons. This should be 

regarded as an average age for the source areas. Sm-Nd studies of 

sedimentary rocks from the Lower Libby Creek Group also suggest 

la~gely Archean sources for the sediments (Ball and Farmer, 1988). 

The model age of the Bow River quartzite is 2.61 Ga with an 

t(Hf) of -2.5 to +2.2 between 2.5 and 2.7 Ga ago. This demonstrates 

that by the late Archean, sediments were dominated by late Archean 

zircons. The HPQ ·sample was split into magnetic and non-magnetic 

fractions which give 2.84 and 2.75 Ga, respectively, and are consis

tent with local basement ages. This is consistent with uplift and 

erosion of the Archean strata in the early Proterozoic as indicated 

by the earlier studies noted above. 
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3.4 Kaapvaal Craton 

Rocks of the Kaapvaal Craton are perhaps the best studied of 

the early Archean assemblages, because of the excellent preservation 

of numerous successions and the great economic wealth of metals and 

materials present. The sedimentary basins sampled for this study are 

the Pongola, Dominion, Witwatersrand, Ventersdorp, and Transvaal. 

(Tables 10 and 11: Figures 19 and 20). The oldest rocks within the 

craton belong to the 3.644 Ga old Ancient Gneiss Complex (AGC) in 

Swaziland (Compston and Kroner, 1988). Enclosed within, or adjacent 

to, the AGe are various greenstone belts of which the most prominent 

is the Barberton Greenstone Belt. The supracrustals of the belt are 

commonly referred to as the Swaziland Supergroup and range from the 

basal Onverwacht volcanics (3.438 - 3.451 Ga, Kroner and Todt, 1988), 

through the overlying Fig Tree and Hoodies sediments (ca. 3.1-3.2 

Ga). Numerous granitoids ranging from 3.10~3.35 Ga intrude Loth the 

AGC and the greenstone belt assemblages. 

The Pongola basin formed at the m~rgin of the early Archean plat

f~rm beginning with basalt-andesite-rhyolite volcanism and sediments 

of the lower Nsuze Formation followed by a succession of fluvial se

diments of the overlying Hozaan Formation. The Pongola is concluded 

by the intrusion of the mafic Usushwana Intrusive Suite. The Pongola 

samples (quartzites and shales) from the basal and upper portions of 

the Hozaan Formation are bracketed by the Nsuze volcanism 2.94-3.09 

Ga and the Usashwana Intrusive suite at 2.871 Ga (Burger and Coertze, 

1973: Hegner et al., 1984). The Dominion and Witwatersrand basins 

were deposited on granitic basement 3.1 to 2.8 Ga old. The Dominion 

Group may be an independent basin, or part of the Witwatersrand basin 

(Tankard et al., 1982). The age is presumed to be between 2.8-2.9 Ga 



87 

k::::):::.1 PONGOLA ~ TRANSVAAL ~ GRANITOIDS 

~ VENTERSDORP 

o km 100 , , 

Figure 19. Map showing locations for samples from the Kaapvaal Craton 
in South Africa and Swaziland. Shown are the Pongola, Dominion, 
Witwatersrand, Ventersdorp and Transvaal sequences. The black portion 
represents the Barberton Greenstone Belt (BGB) and blank areas are 
post-2.0 Ga rocks. 
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TABLE 10: Lu-Bf ZIRCOn DATA rOR TOE IAAPVAAL CRATON 

Salliple Lu- Bf- lTaLu/1TTBfb lTGBf/1TTBfc ,(Bf)d T Ga- ,(Bf)' T(CBUR) 
22111 22111 

Pongola 
PO-2 163.2 9914.7 .002332 .280745 (21) .-74.8 2.9 -11.3 3.39 

3.1 -6.7 
PO-21l 163.0 9803.8 .002355 .280751(13) -74.6 3.1 -6.6 3.39 

PO-S 30.9 10535.8 .000416 .280837(9) -71.5 2.9 -4.1 3.07 
3.1 +0.8 

PO-SCI 59.3 10385.8 .000809 .280787 (16) -73.3 2.9 -6.7 3.18 
3.1 -1.9 

PO-7 47.3 10530.6 .000637 .280905(10) -69.1 2.9 -2.1 2.99 
3.1 +2.7 

Dominion 
00-9 70.9 9736.5 .001031 .280802 (11) -72.8 2.8 -8.9 3.18 

2.9 -4.2 
Vitwatersrand 
V-1 27.3 9532.2 .000405 .280754(24) -74.8 2.75 -11.8 3.20 

2.85 -5.2 

1l-4 81.2 10310.8 .001116 .280894(15) -69.5 2.75 -7.0 3.05 
2.85 -4.6 

V-41l 78.5 10498.4 .001059 .280858(15) -70.8 2.75 -8.2 3.10 
2.85 -5.8 

1I-S 51.4 10262.1 .000710 .280S61 (12) -70.7 2.75 -7.4 3.05 
2.S5 -5.0 

Ventersdorp 
V-2 43.8 9395.0 .000661 .280971(21) -66.S 2.7 -4.6 2.89 

2.75 
Transvaal 
TRV-1 36.9 10106.4 .000517 .281250(10) -56.9 2.1 -S.6 2.46 

2.46 0 

a Lu and Sf ppm : 10\, mainly due to weighing uncertainty. 
b lT6Lu/1TT Bf ± 0.5'. 
c present day ratio with error in parentheses. Errors are 2 times the 

the standard error of the mean for III.S. runs of 150 ratios. 
d present day EDf value. 
e range in depositional age. 
f cDf value at time T Ga. 
0' different split of same zircon fraction. 
h repeat of powdered zircon from same split. 
i estimated Sf concentration and Lu/Sf ratio, poor IIl.S. run. 
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TABLE 11: Sm-Nd SHALE DATA FOR THE KAAPVAAL CRATON 

Sample 5mB NdB 147Sm/144Ndb 143Nd/144Ndc T(CHUR) T Gad E(Nd)e 
I!l!m I!l!m 

PO-6 2.87 14.89 .1165 .511043(6) 3.02 2.90 -1.9 
PO-8 2.16 11.48 .1140 .511009(7) 2.99 2.90 -0.9 
PO-I0 4.70 25.63 .1109 .510939(7) 3.00 2.90 -1.1 
W-2 6.02 36.65 .0992 .510713(8) 2.99 2.75 -3.1 
W-3 6.86 42.10 .0985 .510720(7) 2.96 2.75 -2.7 
W-5 7.96 48.00 .1002 .511055(5) 2.49 2.75 +3.3 
W-6 10.13 63.15 .0969 .511051(4) 2.42 2.75 +4.4 
TRV-3 20.61 94.68 .1316 .511382(4) 2.93 2.20 -6.1 

a Sm and Nd ppm, 2a uncertainties < 0.5%. 
b 147Sm/144 Nd 2a uncertainties < 0.5%. 
c present day Nd ratios, error in parentheses is 2 times the 

the standard error of the mean. 
d approximate depositional age. 
e ENd value at time T. 

La Jolla 143Nd/144 Nd standard was 0.511864(2) for 87 runs 
during this study. 
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for this study (Tankard at al., 1982). The Group is split into two 

formations, the basal volcanic-sedimentary Renosterspruit Formation 

with extrusive and intrusive members dated at 2.82 Ga and the upper 

mainly volcanic Renosterhoek Formation (Tankard et al., 1982). Sample 

DO-9 is a sandstone from the lower formation. The Witwatersrand 

Supergroup was deposited as shallow marine sandstones and alluvial 

fans on and around granitic domes of 2.8 - 3.1 Ga in age. The Su

pel'group is divided into the lower West Rand and upper Central Rand 

Groups and samples from the Johannesburg area include the Orange 

Grove Quartzite (V-l) at the base of the West Rand, the Hospital Hill 

Quartzite near the middle of the West Rand (W-4) and alluvial quart

zite from near the top of the Central Rand (V-8). Shales were collec

ted from the same horizons as V-1 (shales V-2,3) and W-4 (shales W-

5,6). Depositional ages are not well constrained but are taken as 

2.75 - 2.85 Ga for the purpose of this study (Tankard et al., 1982; 

Phillips, 1986). The Ventersdorp Supergroup is represented here by 

the Kameeldoorns Formation which formed as small alluvial fans around 

Witwatersrand basement highs. Sample V-2 is a greywacke and was depo

sited between 2.70 - 2.75 Ga ago (Phillips, 1986; Armstrong et al., 

1986). The Ventersdorp is followed by continental shelf sediments of 

the 2.46 to 2.10 Ga Transvaal Supergroup (Coertze et al., 1978; 

Tankard et al., 1982), represented by a quartzite from lower Wolkberg 

Group (TRV-1) which in the eastern outcropping Transvaal is within 

200 m of the underlying Archean basement and by a shale (TRV-3) from 

the Johannesburg area. 

The Pongola samples from the base upwards, PO-2, PO-5, and PO-7 

have model ages of 3.32, 3.11 and 2.92 Ga, respectively with a corre

sponding decrease in the £2.9(Hf) upsection from -9.6 to -0.4. The 
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3.32 Ga model age for PO-2 suggests either a heterogeneous mixture of 

pre and post 3.3 Ga zircons or a homogeneous source age of 3.3 Ga. 

The PO-2 zircons are abraded, rounded and largely homogeneous in 

appearance suggesting a single source such as the 3.2-3.6 Ga old AGC 

gneisses, or even older material if a depleted source was present. 

The decrease in model ages up-section results from increasing input 

of younger late Archean material either from young volcanics (such as 

the Nsuze volcanics at about 2.95) or younger granites (3.1-3.0 Ga) 

unroofed during the erosion of the AGC. Shales from the same 

stratigraphic level as PO-7 give similar Nd model ages of 2.99 to 

3.02 Ga. The Hf data demonstrate that large amounts of late Archean 

material (2.9-3.1 Ga) were also added to the Pongola basin, or that 

the early Archean detritus had highly depleted Hf ratios at the time 

of deposition. Some support for the addition of juvenile 2.9-3.1 Ga 

material is also evident from Sm-Nd analyses of Pongola shales having 

t(Nd) values as high as +4 (Hiller and O'Nions, 1985). Ponqola shales 

range from t(Nd) values of -2 to +4 at 2.9 Ga. This suggests a mix

ture of ancient and juvenile (ca. 2.9 Ga old) sources. 

The base of the Dominion (DO-9) and Witwatersrand (W-l) have 

similar Hf model ages of 3.11 and 3.13 Ga. The base of both of these 

groups overlie basement granites of 2.8-3.1 Ga in age and these model 

ages likely reflect a mixture of these and more ancient sources. De

trital monazite and uraninite have in fact given ages of 3.16 and 

3.04 Ga, respectively (Pretorius, 1976). In the Witwatersrand, model 

ages again decrease upsection from 3.13 Ga (W-l) to 3.03 Ga (W-4) to 

2.98 Ga (V-8) for the quartzites (t 2 • T5 (Hf) = -10.1 to -5.7) and the 

increasingly more primitive trend 

ages and ratios for the shales 

is also mimicked by the Nd model 

(3.05-2.42 Ga, t 2 • T5 (Nd) = -3.1 to 
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+4.4). The shales range from what appears to be recycled 3.1 to 3.2 

Ga old crust to more juvenile material, likely generated from a 

mantle source around 2.75 Ga ago. The decrease in Hf isotope ratios 

in younger sediments of the Pongola and Witwatersrand basins is best 

explained . by the influx of younger material rather than simple 

reworking of successivelY older strata with increasingly depleted 

characters. This is contrary to suggestions (Wronkiewicz and Condie, 

1987; Pretorius, 1976) that the geochemistry of the Witwatersrand 

shales are dominated solely by progressive unroofing of early Archean 

greenstone belts with stratigraphically higher shales showing in

creasing mafic/ultramafic components due to deeper erosion into the 

source areas. Indeed, values of t(Nd) as high as +4.4 could be 

derived from increasing mafic/ultramafic volcanic detritus with 

mantle-like t(Nd) signatures, but this detritus must be younger than 

3.0 Ga in order to maintain acceptable t(Nd) values. The inferred 

volcanic detritus could be derived from subduction related volcanism 

to the northwest (Burke et al., 1986; Winter, 1988). Further Sm-Nd 

studies of the shales are needed to Detter constrain the various 

source ages. 

Model ages for the Ventersdorp (V-2) and Transvaal (TRV-1) 

sandstones are 2.82 and 2.39 Ga, respectively. A Transvaal shale 

(TRV-3) from across the basin has a Nd model age of 2.93 Ga demon

strating the range of variability possible in the Transvaal basin. 

The range is probably due to the inclusion of zircons from volcanics 

(2.46 Ga, Coertze et al., 1978) found in the east (TRV-1), whereas 

the shale from the Johannesburg region contains mainly reworked 

material from the underlying Witwatersrand (Tankard et al., 1982). 

The late Archean model ages for V-2 and TRV-3 suggest extensive re-
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working of underlying Witwatersrand sediments with addition of some 

younger material. The decreasing model ages and increasingly primi

tive ratios for both Bf and Nd in the Kaapvaal strata indicate that 

although extensive pre-3.0 Ga old crust was present, younger sedi

ments quickly became dominated by the influx of younger late Archean 

material signalling rapid crustal growth at that time. 



CHAPTER 4: DISCUSSION 

4.1 Proterozoic Samples 

2.0 to 2.5 Ga old, Proterozoic samples show extensive late 

Archean inheritance in the three Proterozoic localities studied. The 

Wyoming Mountain Peak Quartzite and the·Huronian sandstones have Hf 

model ages of 2.56 to 2.84 Ga and Nd model ages for the Huronian and 

Transvaal shales range from 2.57 to 2.93 Ga. If the No Growth Model 

is considered to have been active for the last 4.2 Ga, then the 

fractionation of zircon into continental sandstones should produce a 

disparity between Hf and Nd model ages. This disparity is caused by 

the necessity of the complete overturn of continental crust in the 

early Archean so that no early crust is preserved. Because the 

material is recycled in the form of subducted sediments, and these 

sediments are most probably deep marine in nature, Nd in the crust 

wtll not survive long enough to evolve. However, if the sedimentary 

fractionation of zircon occurred, then zircon has a greater chance 

of surviving, thus preserving an ancient Hf signature. The isotopic 

systems demonstrate comparable Nd and Hf model ages for shales and 

sandstones from the same location which would not be expected if the 

zircon populations began to be recycled on a large scale 4.2 Ga ago. 

The c. 0.3 Ga gap between the depositional age and the Hf or Nd 

model ages is strong evidence for the presence and recycling of 

large amounts of late Archean crust into the Proterozoic basins and 

the consistency of the results across three different cratons agrees 

with the known widespread nature of late Archean crust. 
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4.2 Late Archean Strata 

The late Archean data can be modeled by assuming a two com

ponent mixture of 3.65 Ga and 2.65 Ga zircons with an initial £(Hf) 

= +6. From this a relative estimate of the 3.65 Ga material in the 

zircon fraction can be obtained. This is illustrated in Figure 21a 

and a maximum 75% of 3.65 Ga material can be ascribed to the most £ 

negative samples. 3.65 Ga is an arbitrary older limit, this being a 

common baoement age in the North Atlantic, Kaapvaal and possibly 

Wyoming cratons, and 2.65 Ga effectively brackets most samples. If 

an upper age limit younger than 3.65 Ga is chosen the percentage of 

pre-3.0 Ga crust will increase due to crust generated after 3.65 Ga. 

For an age greater than 3.65 Ga, the percentages merely decrease and 

support the Growth Hodel. Epsilon Hf = +6 at 2.65 Ga is used to 

model a depleted source. This not only maximizes the proportion of 

3.65 Ga material, but also suggests that the model ages could be 

biased towards younger ages by such a source. Evidence for Nd de

pletion in the Archean mantle has been documented by Shirey and 

Hanson (1986) and for Hf in the Michipicoten Greenstone Belt in 

northern Ontario (Smith et al., 1987) and in the Uchi-Confederation 

Greenstone Belt, as well as in Finland (Patchett et al., 1981). Hf 

depleted sources are indicated by a number of samples in this study 

but the inferred degree of depletion is also affected by the con

straints on the de'positional age and the uncertainty in the Bulk 

Earth evolution curve (± 3 £(H£) units). Vell constrained samples 

such as the Burwash Formation suggest £(Hf) values as high as +9.5 

which for £(Nd) = 2£(H£) (Patchett et al., 1981), is comparable to 

£(Nd) = +4.75. A two component treatment for sedimentary zircon 

populations, however, ianores the presence of zircons from inter-
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mediate-aged sources and the possibility of zircons from a single 

source, such as contemporaneous volcanism. 

The latter two cases can be combined by modelling the pre-l.O 

Ga crust content against the oldest post-l.O Ga volcanic or intru

sive episode for each craton. This can be simplified by noting that 

each craton had a volcanic or intrusive episode in the neighborhood 

of 2.9 Ga. The Nut gneisses of Greenland range from 2.8 to l.2 Ga 

old, Nsuze volcanics and many granitoids in the Kaapvaal craton 

range from 2.8 to l.O Ga old and all samples from Wyoming and the 

Canadian Shield have associated volcanics at 2.9 Ga or younger (for 

younger sp.diments). This allows modelling of the late Archean sam

ples between zir~on populations of 2.90 and l.65 Ga (Figure 21b). No 

depleted source is used here in ordp~ to provide minimum constraints 

on the proportions of l.65 Ga old material. The depositional ages of 

the sandstones are limited to provide clarity in the diagram. Only 

the East Branch Arkose sample (50%) from combined Canadian Shield 

and Wyoming data indicates substantial Pre-l.O Ga material, other 

sediments are easily interpreted as populations of post-l.O Ga 

zircons. The Malene and Lewisian samples, likewise, can be inter

preted as largely late Archean populations. Only the two Malene 

samples (24l049, 85-Gl) unconformably overlying the Amitsoq gneisses 

suggest a minor proportion of early Archean material. The only 

persistent pre-l.O Ga components are recorded by the South African 

samples. The areas sampled for the Pongola, Dominion and Witwaters

rand basins directly overlie granitic basement and both the Pongola 

and the Dominion contain basal volcanics that could contribute 

zircons. Modelling of the Pongola reveals up to 6l% of l.65 Ga 

old crust, although some of this could be diluted by the presence of 
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Figure 21. a. Diagram of two component mixing between a 2.65 Ga old 
Hf depleted mantle source (eDf = +6) and 3.65 Ga zircon from conti
nental crust. Shaded field is data from 2.5 - 3.0 Ga sequences. 
Maximum 3.65 Ga input is 75% for base of Pongola. b. Alternative 
model showing restricted depositional age ranges for clarity and 
using 2.9 Ga as the younger source to better model the pre-3.0 Ga 
input. Again the base of the Pongola is the maximum at 63% (decrea
sing up-section) and the Malene and Canadian Shield are shown as 
more juvenile crust. The data show that the bulk of sediments 
deposited after 3.0 Ga ago inherited very little pre-3.0 Ga old 
zircons, suggesting that there was relatively little pre-3.0 Ga 
crust in existence. 

98 



3.0-3.4 Ga old granitoid zircons. However, the proportion of older 

material in the Pongola relative to other samples and other cratons 

is significant for all assumptions. Proportions of 3.65 Ga material 

decrease up-section within the Pongola and Witwatersrand and in suc

cessively . younger basins from the Pongola to Transvaal strongly 

suggesting increasing inundation by late Archean mantle-derived 

material. The majority of late Archean zircon fractions have model 

ages less than 3.0 Ga and lack any significant gap between depo

sitional age and model age indicating a lack of widespread pre-3.0 

Ga crust and a lack of support for the No Growth model. Notable 

exceptions are the East Branch Arkose (P-142) and the basal Pongola, 

Dominion and Witwatersrand samples. 

Two points are evident from the late Archean sediments; 

1. The pre-3.0 Ga crustal signatures are only found in close 

proximity to known pre-3.0 Ga crust and 

2. These signatures are rapidly diluted by the addition of new late 

Archean crust in anyone sequence. 

This argues strongly for only limited extent of pre-3.0 Ga crust 

world wide, and the size of that crust at 3.0 Ga or earlier was 

probably not greater in extent than the ancient pre-3.0 Ga complexes 

today. 

A contentious point in crustal evolution studies is the dif

ference in geological settings from which samples are chosen and 

compared. Proterozoic sediments have Nd model ages much older than 

their stratigraphic ages, whereas Archean sediments have similar Nd 

model ages and stratigraphic ages. Similar behavior is seen between 

Hf model ages and stratigraphic ages for Proterozoic and Archean 

samples of the Canadian Shield in this study. This can be explained, 
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in terms of the No Growth Hodel, as due to decreased crust-mantle 

recycling rates, stabilization of long-lived continental crust and 

cannibalization of old sediments by younger sediments. In terms of 

the Growth Hodel, this increasing age gap in younger sediments re

sults from. rapid late Archean growth with a subsequent decline in 

growth rate and therefore an increase in the effects of cannibal

ization of older material into younger sediments. Gibbs et ale 

(1986) note that the gap may just be an artifact of sampling passive 

continental margin sediments of Proterozoic age, and what amount to 

exclusively active-margin sediments from Archean greenstone belts. 

Greenstone belts are often regarded as ancient analogues of modern 

island-arc volcanic sequences, and sediments within such domains 

would be biased towards the ages of associated volcanism in contrast 

to passive continental margin deposits which likely tap a cratonized 

and more variable hinterland. This bias in sampling is also blamed 

for some fundamental differences in crustal composition between the 

Archean and Proterozoic (Taylor and McLennan, 1985; Gibbs et al., 

1986). It'does not help matters that the Archean-Proterozoic boun

dary is often based on the transition from an era of marked orogenic 

activity represented by the presence of greenstone belts to an era 

of cratonization/stabilization represented by passive continental 

margin deposits. The result is a floating boundary, over a period of 

0.5 Ga depending on where the transition took place (3.0 Ga in South 

Africa, 2.5 Ga in North America). In trying to constrain the amount 

of continental crust before 3.0 Ga versus the amount after 3.0 Ga, 

we have included passive continental margin sequences such as the 

Pongola and witwatersrand that are considered "Proterozoic" because 

they were deposited along a passive cratonic margin. The Hf data 
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from these sequences show the same 0.3 Ga gap between model age and 

stratigraphic age seen in the Huronian sediments, however, the 

decrease in model ages up-sequence argue for increasingly younger 

contributions to the basins. In contrast, cratonic sequences such as 

the Bow River quartzite of Wyoming and the Lewisian quartzite of 

Scotland have Hf model ages less than 3.0 Ga as do the greenstone 

belts of the Canadian Shield, indicating a lack of inherited zircons 

and small extent of the pre-3.0 Ga crust that was evident in South 

Africa. Obviously greenstone and continental sequences existed 

before, after and within the 2.6-3.0 Ha time frame studied here, 

however, the data from both environments suggest continental growth 

between 2.6-3.0 Ga ago. A more rigorous comparison of model ages 

from whole sequences of Archean versus Proterozoic passive margin 

sequences is needed to further resolve this problem. 

Gibbs et al. (1986) argued that continental margin sediments 

are under-represented in the early geological record because they 

are more apt to be destroyed through geologic time than greenstone 

belts. This is contrary to data from modern analogues which suggest 

that passive continental margin sequences have greater survivability 

than volcanic arcs (greenstone belts) (Veizer and Jansen, 1985). The 

presence of numerous greenstone belts suggests that they were prom

inent features of the late Archean due to rapid and widespread 

growth in that era. Reliable tectonic interpretations are slowly 

reaching back into the Archean (Percival and Williams, 1989, Kusky, 

1989) indicating tectonic processes similar to those at present were 

active in the Archean, but on a smaller scale with smaller conti

nents. Arkose and quartz arenite deposits associated with greenstone 

belts in the Wabigoon Subprovince and the NSL and NCL greenstone 
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belts in the Sagicho Subprovince may indicate platforms of limited 

stability (Thurston, 1988), whereas quartzite sequences, such as 

found in Montana and the Churchill Province, result from more stable 

platforms. 

4.3 Pre-3~0 Ga Strata 

A discussion of these samples is hampered by the lack of con

straints on depositional ages due to the high grade of metamorphism 

that has overprinted primary contact relations and geochronologic 

ages of related extrusives and intrusives. The Montana quartzites 

are a perfect example of this problem. Detailed geochemical and 

geological studies have been able to constrain the age of the 

Beartooth Mountains samples, but there is still considerable uncer

tainty regarding the ages (3.2-2.6 Ga) of MR-26, RR-1 and TR-1. 

High grade metamorphism also leads to problems with overgrowths on 

zircons or growth of new zircons, as exemplified by the Montana data 

which range in model age from 3.03 to 3.56 Ga. This range could 

reflect either mixtures of young and old zircons or variable 

metamorphic addition of radiogenic Hf in different samples. The 

range of the data attests to the antiquity of this area of the 

Wyoming Craton. Similar arguments can be used for the Upernavik and 

Hopedale data. The data from the above areas argue for significant 

amounts of pre-3.0Ga old crust in Montana, parts of the North 

Atlantic Craton and South Africa. However, if continental crust 

covered anything like 40% of the Earth's surface (assuming constant 

crustal thickness) by 4.0 Ga ago then zircons of this age should be 

found in early Archean 

pre-3.0 Ga zircons are 

sediments, at least to the same degree as 

found in the Pongola sediments. Yet, model 

ages for the Upernavik do not exceed the possible depositional age 
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of 3.6 Ga, and only the Wyoming quartzites suggest any component 

possibly exceeding 3.6 Ga. This is strong evidence against the No 

Growth Hodel and is further supported by U-Pb studies of zircons in 

early Archean sediments that have found evidence for pre-3.8 Ga old 

crust only in two localities in western Australia (e.g. Froude et 

al., 1984) despite similar searches elsewhere (Dodson et al., 1988). 

It could be argued that large pre-3.0 Ga cratons were recycled 

or subducted en masse, including sediments, and thus destroyed with

out leaving any record of their existence. However, Chase and 

Patchett (1988) note that this would necessitate two types of sub

duction zones. At one type of subduction zone, oceanic crust would 

be subducted and associated arc volcanism would result in the gener

ation of new continental crust between 3.0-2.6 Ga ago. The ancient 

cratons, however, in order to be recycled into the mantle without 

leaving any record of their existence, would have to be subducted at 

entirely different locations without any associated or surviving 

volcanics. Arc volanics associated with this type of subduction zone 

would be contaminated by sediment interaction and possibly preserved 

in the geological record as continental crust with an older compo

nent. Thus, if no record of the ancient cratons are to be preserved, 

it must be inferred that they were destroyed along subduction zones 

that were not capable of producing any surviving crustal materials. 

The association today between sediment and/or continental crust sub-

duction on 

strong that 

the one hand, and arc volcanism and the other, is so 

this concept of dual subduction zones in the Archean 

seems untenable. 
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CHAPTER 5: SUHKARY 

1168f/1118f ratios were measured on representative zircon 

fractions to distinguish between episodic growth of continental 

crust (Growth Hodel) or a constant volume of continental crust (No 

Growth Hodel) over geologic time. This distinction relies on the 

mechanical weathering of chemically-resistant zircon into continen

tal margin sandstones with respect to deep marine sediments. The 

fractionation of zircon into these deposits enhances its surviva

bility compared to deep water components which are more likely to be 

subducted. Zircons from these sandstones will represent a cross

section of continental crust present at the time of deposition and 

the 116Hf/177 Hf ratios for the zircon fractions model the evolution 

of the crust with respect to the Bulk Earth evolution for 1168f/ 

177Hf. 

Hf data for 2.6-3.0 Ga sediments from the Malene (Greenland), 

Lewisian (Scotland), greenstone belt sediments of the Canadian 

Shield, and continental margin sandstones of Wyoming (Bow River 

Quartzite) and South Africa (Pongola, Dominion, Witwatersrand and 

Ventersdorp basins) are all characterized by a predominance of late 

Archean zircon contribution. Pre-3.0 Ga signatures are only present 

near unconformities with underlying pre-3.0 Ga crust as in samples 

from Michigan, the Malene and basal samples of the Pongola, Witwa

tersrand and Dominion sequences. Sediments deposited before 3.0 Ga 

ago also have older Hf isotope signatures. This implies that only 

scattered areas of pre-3.0 Ga crust existed to provide ancient zir

cons for late Archean sediments and that massive amounts of conti-
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nental crust similar in size and composition to today's crust 4id 

not exist. The Hf model ages and ratios, instead, argue for small 

pre-l.O Ga continental nuclei which grew rapidly in size during the 

late Archean as suggested by the Growth Model. This is further sup

ported by the lack of any Hf isotope signatures in the pre-l.O Ga 

sequences exceeding the oldest known continental crust (c. l.9 Ga) 

suggesting that little or no zircon or crust was available to inher

it. Zircon fractions from post-2.5 Ga deposits show extensive in

heritance of late Archean zircons suggestive of the large expanse of 

crust exposed and the decline of the rate of crustal generation 

after 2.5 Ga. 



APPENDIX A: DETAILED SAMPLE LOCATIONS 

-Longitudes and latitudes are approximated to the nearest minute. 

North Atlantic Craton 

174522, 174591, 174611 630 53'H 51°40'W 
Malene metasediment from Quilangarssuit island in northwest 
Buksefjorden region of West Greenland, amphibolite facies. 
Greenland and Labrador samples were provided by David Bridgwater. 

174572 63°53'N 51°40'W 
Malene metasediment affected by K metasomatism from Qilangarssuit 
island in northwest Buksefjorden region, West Greenland, amphibo
lite facies. 

174460, 174531 63°45'N 51°40'W 
Malene metasediment from Simiutat island in northWest Buksefjorden 
region, West Greenland, amphibolite facies. 

292299 
Malene metasediment from Rype~ in northwest 
West Greenland, amphibolite facies. 

64°06'N 51°42'W 
Buksefjorden region, 

243049, 85Gl 64°04'N 51°37'W 
Malene metasediment from Simiuta Island in northWest Buksefjorden 
region of West Greenland, amphibolite facies. Sample 85Gl was taken 
about 5 m from the suggested unconformity with Amitsoq gneisses. 

DG85-1 64°04'N 51°37'W 
Amitsoq Gneiss from Simiuta Island in northwest Buksefjorden region 
of West Greenland, amphibolite facies. This is a silicified Amitsoq 
Gneiss interpreted to be Amitsoq regolith and was taken from the 
suggested unconformity between the Amitsoq Gneisses and Malene 
sediments. 

99777 67°45'N 53°00'W 
Metasediment from the north side of N~rdre Stromfjord in the 
Nagssugtoqidian Belt, West Greenland, granulite facies. 

239G, 239L 
Upernavik quartzites from Torr Bay of 
granulite facies. 

58°30'N 62°51'W 
Saglek Fiord, Labrador, 

82-4x 
Upernavik quartzite from the outer 
Saglek, Labrador, amphibolite facies. 

58°30'N 62°56'W 
part of St. Johns Harbour, 

DB8347C 55°32'N 600 15'W 
Biotite paragneiss, amphibolite facies, interleaved with Maggo 
Gneisses from the Hopedale block along the coast of Labrador, about 
40 km north of Hopedale village. 
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Rona 
Lewisian quartzite 
northwest Scotland. 

57°30'N 06°07'W 
from the Isle of Rona, Inner Heberdies, 

Canadian Shield 

ABZ-l 48°05'N 79°00'W 
Pontiac Group sandstone , low amphibolite facies (garnet, epidote, 
biotite), from the Abitibi Greenstone Belt. Take road heading south 
from Rouyn, Quebec toward St. Roche and turn west along dirt road 
at the village of Bellecombe. The sample was collected from outcrop 
on the south side of this dirt road 1 km west of the village of 
Bellecombe and just east of a two-story, cinderblock house. This 
sampling location is the same as sample 82-18 of Gari~py et al. 
(1984), although we cannot be sure the exact same outcrop was 
sampled. 

ABZ-2, AB-S 48°10'N 78°56'W 
Pontiac Group siltstone and shale from the Abitibi Greenstone Belt, 
greenschist facies. Take road from Rouyn to St. Roche to the 
intersection with road that passes along north shore of Lac 
Bruyere. Proceed east on the Lac Bruyere Road for 1.1 km, siltstone 
was sampled along north side of road. The shale was taken at 1.6 km 
east from main road, also from outcrop on the north side. 

Q-2, Q-S 48°44'N 91°42'W 
Shale and coarse greywacke from the Quetico Subprovince in western 
Ontario near the town of Atikokan, greenschist facies. The 
greywacke was collected from a road cut along Hwy 11, 2.5 km west 
of the junction with Hwy IlB (to Atikokan). The shale was collected 
from a road cut on the west side of Hwy IlB, 0.9 km south of the 
junction with Hwy 622. 

WABZ-l, WAB-S 48°50'N 91°42'W 
Arkosic sandstone and shale, greenschist facies, from the Wabigoon 
S~bprovince in Western Ontario, near the town of Atikokan. These 
samples were taken from outcrop within the Steep Rock Lake mine
site. The outcrop is exposed along a railway siding, 400 m west of 
the mine-head. The unconformity between the underlying Marmion 
Tonalite and sediments is visible and the arkose lies above a 
conglomerate marking the unconformity. The shale was sampled about 
10 m above the sandstone. The Wabigoon and Quetico samples were 
collected with the help of Denver Stone and Choudari Kamineni. 

N80-11, NSL-2, NSL-S 52°31'N 92°55'W 
Quartz arenite (N80-11), arkosic sandstone (NSL-2) and shale (NSL
S) from the North Spirit Lake Greenstone Belt of the Sagicho 
Subprovince in northwestern Ontario. The samples are metamorphosed 
to lower amphibolite to greenschist facies. N80-11 is a split of 
the zircon fraction from near Newmakwis Lake (52°30'N, 92°49'W), 
studied by Corfu and Wood (1987) and provided by Fernando Corfu. 
NSL-2 and NSL-S were collected from islands in North Spirit Lake 
just south of HacDonalds Bay. 
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NCL S2°SS'N 91°07'W 
Quartz arenite, greenschist to lower amphibolite facies, from the 
North Caribou Lake Greenstone Belt of the Sagicho Subprovince. The 
sample was collected from the quartz arenite outcrops in the 
Eyapamikama Lake and Centre Lake (of the North Caribou River) area 
by Eric DeKemp. 

PAG, PAG-S 690 4S'N 82°20'U 
Quartzite and shale, greenschist facies, from the Prince Albert 
Group of 'the northeastern Churchill Province on Melville Peninsula. 
Both quartzite and shale were collected with the help of Mikkel 
Schau from the Bouverie Islands in the Fury And Hecla Strait off 
the northern end of the Melville Peninsula of the District of 
Keewatin, Northwest Territories. 

WH-1 64°39'N 96°09'W 
Quartzite, greenschist facies, from the Half Way Bills area of the 
Churchill Province in the District of Keewatin, Northwest 
Territories. The sample was provided by Mikkel Schau and is from 
the Vhitehills Lake area, north of Baker Lake. 

BW-1, BW-S 62°27'N 114°20'W 
Greywacke and shale of the Burwash Formation in the Yellowknife 
Supergroup in the Slave Province, Northwest Territories, 
greenschist facies. The sample was collected by John Henderson from 
Yellowknife Bay of Great Slave Lake. 

P142 46°0S'N 87°S0'W 
Arkose from the East Branch Arkose Formation of the Dickinson Group 
in Dickinson County, Michigan, greenschist facies. The sample was 
collected with the help of Paul Sims and Zell Peterman from north 
of the Felch Trough, SE quarter, SW quarter, Section 8, Township 
42N, Range 28W, Dickinson Co., MI. 

P141 4so48'N 87°46'W 
Quartzite from the Sturgeon Quartzite Formation of the Marquette 
Range Supergroup in Dickinson County Michigan, greenschist facies. 
The sample was collected with the help of Paul Sims and Zell 
Peterman from SE quarter, SW quarter, Section 8, Township 39N, 
Range 28W and 160 m southwest along the access road from a dam on 
the Sturgeon River. 

HAT-3 46°13'N 82°42'W 
Hatinenda Quartzite and quartz-pebble conglomerate from the 
Matinenda Formation of the Huronian Group sampled in the Espanola
Blind River area of Ontario, lower amphibolite facies. Starting 
from the junction of highway 17 (Trans-Canada Highway) and highway 
108 (to Elliot Lake), proceed west for 11.7 km along Hwy 17 to 
Pronto Road (on right). Follow Pronto Road (dirt road) to the end, 
about 2.8 km, the abandoned Pronto Mine (Uranium) will be visible. 
Quartzite is easily sampled at this point on the left side of the 
road. Proceed by foot into mine site and take the first slag-gravel 
road on the left (before reaching the mine buildings). Follow this 
road for about 400 m and outcrop will be on the left side of the 
road in the bushes. 

108 



MISS-1, PEC-S 46°14'N 82°17'W 
Mississagi Quartzite and Pecors Shale Formations of the Huronian 
Group in the Espanola - Blind River area of Ontario, greeoschist 
facies. These were sampled from the same area. Starting from the 
junction of Hwy 17 and 68 (to Espanola), head west for 42.8 km and 
turn right onto Waterfalls Resort Road. There will be two microwave 
transmission towers visible and the second tower overlooks the 
Waterfalls Resort Road. Follow this road for 3.0 km and outcrop is 
on west side of road. 

MK-1 46°16'N 81°45'W 
McKim Shale Formation of the Huronian Group in the Espanola-Blind 
River area, greenschist facies. Take Hwy 68 south from Hwy 17 
towards town of Espanola. McKim shale is exposed in a roadcut just 
before the bridge on the north side of Spanish River just before 
the town. 

Wyoming Craton 

HR-201 
Quartzite from Hellroaring Plateau in the 
Beartooth Mountains, Montana, granulite facies. 

45°08'N 109°30'W 
Quad Creek area, 

JQ-2 45°29'N 110028'W 
Jewel Lake Quartzite from Pine Creek Lake in the North Snowy Block 
of the Beartooth Mountains, Montana, granulite facies. 

MR-26 44°51'N 111°17'W 
Fuchsitic quartzite from the south end of Madison Range, granulite 
facies. Sample was taken from the shore of Hebgen Lake on the south 
side of Watkins Creek Road, west of highway u.S. 20. 

RR-1 45°20'N 112°15'W 
Quartzite from the Ruby Range, Montana, granulite facies. Sample 
was collected from outcrop along Stone Creek Road. T7S R6W. 

TR-1 45°25'N 111°59'W 
Quartzite from the Tobacco Root Mountains, Montana, granulite 
facies. Sample was collected from a quarry on Copper Mountain. 

BOW 41°35'N 106°15'W 
Bow River Quartzite from the Phantom Lake Metamorphic Suite in the 
Medicine Bow Mountains of southern Wyoming, greenschist facies or 
lower. The sample area is reached by taking the Arlington exit on 
Interstate 80 and proceeding west from the exit, passing under the 
highway and taking the first dirt road to the right. The sample was 
collected from a hillside 7.2 km (4.5 miles) along the southeast 
side of the dirt logging road that parallels the West Fork of Foot 
Creek. 

MPQ 41°20'N 106°20'W 
Mountain Peak Quartzite from the Proterozoic Libby Creek Group in 
the Medicine Bow Mountains of southern Wyoming, greenschist facies 
to lower amphibolite facies. Sample was collected from a road cut 
at Snowy Pass on highway 130 between Centennial and Saratoga in 
southern Wyoming. 
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South Africa 

Samples from South Africa were collected with the help of Alfred 
Kroner. The metamorphic grade is greenschist facies or lower. 

PO-2 26°55'S 3l0 05'E 
Quartzite from the base of the Hozaan Formation of the Pongola 
Supergroup, Swaziland. Collected 2 km north of Gege, near unnamed 
village, between Kahamba and Hankayane. 

PO-5 27°20'S 3lOl0'E 
Quartzite from middle of Hozaan Formation of the Pongola 
Supergroup, South Africa. Sampled from farm at Vergenoedgheid in 
southeast Transvaal. 

PO-6, PO-7, PO-8, PO-10, 27°23'S 31°15'E 
Quartzite (PO-7) and shales (PO-6,8,10) from higher up in the 
Hozaan Formation of the Pongola Supergroup in South Africa. Samples 
6 and 7 were taken from the Klipwal mine on the access road down to 
river. Samples 8 and 10 were taken from the mine dump. 

W-l, W-2, W-3 26°10'S 27°50'E 
Quartzite (V-l) and Shale (W-2,3) from the Orange Grove Formation 
of West Rand Group, Witwatersrand Supergroup. Sample was collected 
12 m above the unconformity with an underlying granite on Allen's 
Nek, Christiaan de Wet Road in the Johannesburg area. 

W-4, W-5, W-6 26°10'S 27°45'E 
Quartzite (W-4) and shales (W-5,6) from the Hospital Hill Member of 
the West Rand Group, Witwatersrand Supergroup. Quartzite was 
sampled from a roadcut about 4 km E NE of Krugersdorp, along the 
road from Krugersdorp to Pretoria. The shale was sampled 1 km 
farther north and about 100 m lower in the succession than the 
quartzite. 

W~8 26°~O'S 28°10'E 
Quartz-pebble conglomerate from the Central Rand Group, 
Wiwatersrand Supergroup. This sample was taken from a freeway 
roadcut southeast of downtown Johannesburg on road to Alberton. 

DO-9 26°45'5 26°20'E 
Quartzite from the Rhenosterspruit Formation of the Dominion Group. 
this was collected with the help of Henk Winter from the 
Oorbietjiesfontein Farm, west of Klerksdorp. 

V-2 26°40'S 26°40'E 
Greywacke from the Kameeldoorns Formation of the Platberg Group, 
Ventersdorp Supergroup. The sample was collected from Brakspruit 
Farm, just west of Platberg Hill. 

TRV-l 25°45'S 300 30'E 
Quartzite of the Wolkberg Group, Transvaal Supergroup. This was 
sampled from a roadcut along the road from Badplaas to Machado
dorp in the eastern Transvaal. The sample is within 200 m of the 
base of Wolkberg Group. 
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TRV-3 26°05'S 27°50'E 
Shale from the Black Reef Formation of the Transvaal Supergroup. 
Sample was collected on road north of Krugersdorp towards Pretoria 
and lies about 100 m above base of Transvaal. 
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APPENDIX B: ZIRCON POPULATIONS 

- Zircon types are after Pupin and Turco (1975) and are used for 
descriptive purposes only. 

North Atlantic Craton 

Greenland 
174611 (Malene) 

1. Pink to clear, vitreous, rounded to subrounded, very fresh 
looking, large zircons. Types P-4, P-I0. >200 pm. 99%. 

2. Clear, vitreous, small, acicular zircons. Type D. 1%. 

174572 (Malene) 

1. Pink, vitreous, rounded, moderately metamict zircons. Type S-9, 
S-10. 80-150 pm. 40%. 

2. Reddish-brown, very metamict and abraded, acicular and stubby 
prismatic zircons. Types D to P-5, K-l. 30%. 

3. Grey-brown, subangular to rounded, very metamict, very abraded 
large zircons and zircon fragments. Type D. 150-100 pm. 25%. 

4. Clear, vitreous, subangular to rounded, moderately metamict and 
abraded zircons. Types S-9, S-10. <100 pm. 5%. 

174591 (Malene) 

1. Pink, vitreous, metamict, subangular to subrounded and abraded 
zircons. Types S-16, S-17. 177-250 pm. 62%. 

2. Pink, glassy, rounded zircons. Types L-5, S-5. 88-125 pm. 35%. 

3. Pink-amber, angular zircons. Type D. 150 pm. 3%. 

174522 (Malene) 

1. Red-brown, subrounded to well rounded, large zircons and zircon 
fragments. Types S-5 to S-10. 200-280 pm. 60%. 

2. Pink-red-brown, subrounded to subangular with well abraded 
edges, acicular zircons. Types P-4, P-5. 125-177 pm. 25%. 

3. Pink, vitreous, subrounded, small zircons and zircon fragments. 
Types S-8,S-9. <125 pm. 15%. 

174460 (Malene) 

1. Pink, vitreous, rounded to subrounded, stubby zircons. Type S-6, 
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S-7. 200 pm. 50%. 

2. Pink, vitreous, angular, elongate, acicular zircons. Type D. 300 
by 70-100 pm. 25%. 

3. Pink, metamict, subangular to subrounded, stubby zircons. Type 
S-8 to S-10. 177-250 pm. 15%. 

4. Amber, subangular to angular, abraded, large zircons and zircon 
fragments. Type P-5. 250-350 pm. 10%. 

174531 (Malene) 

1. Pink, vitreous, subangular, large zircons. Types D to P-5. 100-
200 pm. 50%. 

2. Reddish-brown, subangular, moderately metamict, large zircons. 
Type D. 200-250 pm. 35%. 

3. Clear-pink, acicular zircons. Type D. <100 pm. 15%. 

292299 (Malene) 

1. Clear to pink, vitreous, a bit metamict, stubby prisms to 
acicular prisms, slightly abraded zircons. Type S-10. 50-150 pm. 
45%. 

2. Reddish-pink, vitreous, subangular, zircons; very fresh-looking 
with little abrasion. Types D to P-5. 80-175 pm. 35%. 

3. Clear, vitreous, acicular, prismatic zircons and zircon 
fragments. Type D. <50 pm. 20%. 

243049 (Malene) 

1. Yellow-brown, angular, abraded, needle-like zircons. Type D. 90-
100 pm. 90%. 

2. Pink, vitreous, subangular to subrounded zircons. Types P-4, S-
10, T-l0, T-ll. 150 pm. 10%. 

85G-1 (Malene) 

1. Pink, vitreous, subrounded to subangular zircons. Types K-l, P-
5, S-14 (dominant, 60-65%). 50-125 pm. 87%. 

2. Pink to pink-red, subangular, large zircons. Types S-8, S-9, K-
3. 200 pm. 10%. 

3. Clear, vitreous, angular, small zircon needles. Types D, K-l. 75 
pm. 3%. 
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DB85-1 (Amitsoq) 

1. Pink-red to ruby-red, large, subrounded to subangular zircons; 
well abraded. Type R-3. 200-300 pm. 80%. 

2. Pink to yellow-pink, smaller, subangular, zircons; not as well 
rounded as above. Types D, K-l, K-2, K-3. 20%. 

99777 (Nagssugtoqidian) 

1. Pink, vitreous, subrounded to round, small zircons. Types S-8 to 
S-10. <100pm. 70%. 

2. Reddish-brown, vitreous, subangular to subrounded, large 
zircons. Types S-l to S-9. 200 pm. 20%. 

3. Pink to clear, vitreous, subangular zircons. Types P-4, T-l0. 
150 pm. 10%. 

Labrador 
239G (Upernavik) 

1. Orange-pink, subrounded to rounded, stubby, prismatic zircons. 
Types D to P-5. 100-150 pm. 55%. 

2. Pink, vitreous, rounded to well rounded zircons. Type S-10. 50-
100 pm. 25%. 

3. Brownish-pink, angular to subrounded, stubby, prismatic zircons. 
Type D to P-5. 200 pm. 20%. 

239L (Upernavik) 

1: Brownish-pink, vitreous, subrounded, stubby zircons. Types P-3, 
P-4. 100 pm. 60%. 

2. Pink, vitreous, rounded and abraded zircons. Types D to P-2. 
<100 pm. 40%. 

82-4X (Upernavik) 

1. Reddish-pink, subrounded, stubby prismatic zircons. Types P-3, 
P-4. 55% 

2. Pink, vitreous, subangular, slightly metamict, stubby zircons. 
Type D. 45%. 

DB8347C (Hopedale) 

1. Pink, vitreous stubby zircon prisms. Types S-10, S-ll. 88-125 
pm. 65%. 
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2. Elongated pink to pink-red, vitreous zircon needles (acicular 
prisms). Type P-4. 125-177 pm. 10%. 

3. Pink, subangular to angular, large, stubby zircons. Type S-
16. 10%. 

4. Brown-red, rounded to subrounded, stubby (fat) zircons and 
zircon fragments. Types S-15, S-16, G-1. 125-180 pm. 10%. 

5. Brown-pink, subangular, large zircons. Type D. 180-250 pm. 5%. 

Scotland 
RONA (Lewisian) 

1. Pink to clear, subrounded to subangular, zircons. Types D, K-l, 
to K-3, S-4, S-5. 100 pm. 70%. 

2. Pink to amber, subrounded to sub angular zircons. Types S-8 to 
S-10, R-3. 150-200 pm. 10%. 

3. Pink to clear, vitreous, angular zircons. Type D. 75 pm. 10%. 

4. As above, but metamict angular to subangular fragments. 10%. 

Canadian Shield 

ABZ-l 
- all zircons in this sample are very abraded, subrounded and many 
are fragments. 

1. Pink stubby prisms. Type D. 100-150 pm. 50%. 

2~ Red-brown, stubby prisms. Type D. 150 pm. 35%. 

3. Brown-pink acicular zircons as in Gariepy and Allegre (1985). 
Type D. 150-200 pm. 15%. 

ABZ-2 

1. Reddish-pink, vitreous, sub angular to subrounded, stubby 
prismatic zircon. Type D. <100 pm. 60%. 

2. Light pink, subrounded to rounded, slightly metamict to vitreous 
zircons and zircon fragments. <100 pm. 40%. 

WABZ-l 

1. Pink to clear, vitreous, subrounded to angular, acicular and 
stubby prismatic, small zircons. Types D-l to P-4 (50%), P-l to 
S-4 (30%), S-9 (10%). 90%. 
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2. Pink to reddish-pink, subrounded to angular, large zircons. 
Types P-3 and S-5. 10%. 

Q-2 

1. Brownish-red, angular to subangular, fragments and stubby 
prismatic zircons. Type P-S. >200 11lIl. 45%. 

2. Pink, vitreous, subrounded to rounded, whole zircons and 
fragments. Type S-15. >200 pm. 20%. 

3. Pink to clear, vitreous, very small zircons. Types S-19 to S-16. 
< 100 11lIl. 20%. 

4. Pink, vitreous, acicular zircons. Type D. 100-200 11lIl. 15%. 

PAG 

1. Milky-white, subangular zircon fragments. 88-125 pm. 60%. 

2. Pink, vitreous, subangular, stubby, zircon prisms. Types D to P-
5. 125-177 pm. 40%. 

WH-1 

1. Clear to pink, vitreous, subangular to subrounded, slightly 
metamict. Types D, P-4. 80-150 pm. 60%. 

2. White to pink with a sugary texture or coating, subrounded to 
well rounded, metamict zircons. Types D, P-4. <50 pm. 40%. 

N80-11 

1. Brown-red to amber, subangular zircon, stubby prisms and broken 
fragments. Types D, K-1, K-2. 100 pm. 95%. 

2. Clear-pink, angular zircons. Type R-3. 80 pm. 5%. 

3. Clear to amber, .angular, elongate prisms and acicular zircons. 
Type D. 150 pm long, 25 pm wide. Trace. 

NSL-2 

1. Pink, cloudy to vitreous, angular, slight to moderate abrasion, 
stubby to elongate, very small zircons. Types D, P-4, P-5. <125 
pm. 70%. 

2. Reddish-pink, vitreous, angular zircons. Types S-16, S-15, P-5. 
125-177 pm. 30%. 
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NCL 

1. Pink-red, vitreous, subrounded to rounded, moderately metamict, 
large stubby zircons. Type D to 8-25. 100-200 pm. 60%. 

2. Light pink to clear, subangular, elongate zircons. Type D. 50-
175 pm. 40%. 

BW-1 

1. Purplish-pink, moderately metamict subangular, stubby, prismatic 
zircon. Types D to P-5. 200-250 pm. 25%. 

2. Pink, vitreous, subrounded to rounded, slightly metamict 
zircons. Type 8-10. <200 pm. 25%. 

3. Brown-pink, subrounded to rounded, metamict, small, stubby 
zircons. Types 8-10, P-5. 25%. 

4. Milky-white to grey-white, subangular to subrounded, metamict 
zircons. Type D. 200-250 pm. 15%. 

5. Pink to brown-pink to clear, vitreous, euhedral, angular 
zircons. Type D. <80 pm. 10%. 

P-142 

1. Translucent-white to milky-white, white-pink, pink-white, pink, 
angular, very metamict large zircons. Type D. 200-350 pm. 55%. 

2. Totally milky-white, very metamict, subrounded zircons. Type D. 
20%. 

3: Milky-white, pink-white, white-pink to reddish, angular, 
metamict and corroded, very large zircons. Type D. 600 pm. 15%. 

4. Pink to clear, vitreous, rounded to sub rounded zircons. Type D. 
10%. 

P-141 

1. Yellow-white to light-pink, vitreous, well rounded zircons. 150-
250 pm. 60%. 

2. Dark-pink to red, vitreous, subrounded to well rounded zircons. 
150-250 pm. 40%. 

MI88-1 

1. Pink-amber, vitreous to moderately metamict, acicular, stubby 
zircons. Type D. 50-150 pm. 45%. 
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2. Amber-red, rounded, metamict, stubby zircons. Types P-3, P-2, D. 
50-200 pm. 35%. 

3. Pinkish-red, subrounded to well rounded, moderately metamict, 
large, stubby zircons. Types Q-4, Q-3, D. 250-500 pm. 20%. 

MAT-3 

1. Clear to pink-red, vitreous, subrounded to subangular zircons. 
Type D, S-24, S-25. 100-200 pm. 60%. 

2. Amber-pink, vitreous, angular, small, stubby zircons. Type D. 
20%. 

3. Brown to reddish-brown, angular, large, stubby prismatic 
zircons. Type D, S-13, to S-15. 200-500 pm. 15%. 

4. Reddish, angular, stubby, large zircons. Types S-24, S-25. 200-
500 pm. 5%. 

Wyoming Craton 

Montana 
HR-201 

1. Reddish-pink, vitreous, subrounded to rounded, stubby zircon 
prisms. Types P-4, S-14, S-15, S-19, S-20. 88-125 pm. 70%. 

2. Pink to clear, vitreous, subrounded to rounded, acicular 
zircons. Type D. 88-125 pm. 20%. 

3. Milky-white, metamict, rounded, zircons. Types D, P-4. 88-125 
pm. 10%. 

JQ-2 

1. Cloudy-pink, subrounded to subangular, small stubby zircon 
prisms. Type S-5. 40%. 

2. Pink, vitreous, ·subrounded to subangular, very small zircons. 
Types S-9, S-10. 35%. 

3. Pink, vitreous angular, broad needle-like zircons. Type P-5. 
25%. 

HR-26 

1. Pink to pink-red, vitreous, rounded to well rounded, pear-shaped 
or tear-drop-shaped, small zircons. <120 pm. 50%. 

2. Pink-red to purple-red, subrounded to well rounded, zircons, but 
with distinct prismatic faces. Type D. 125-150 pm. 30%. 
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3. Pink to Pink-red or amber, rounded to well rounded, moderately 
metamict, large, stubby zircons. 177-200 pm. 10%. 

4. Pink, vitreous, subangular, needle-like zircons. Type D. 100-120 
pm. 10%. 

RR-l 

1. Cloudy pink to whitish pink, subrounded, moderately metamict, 
small, stubby prismatic zircons. Type D, S-6. <120 pm. 65%. 

2. Cloudy pink-yellow to pink, very metamict, very abraded, 
prismatic zircons with possible overgrowths. 200 pm. 30%. 

3. Pink to pink-yellow, subangular, very metamict, acicular 
prismatic zircons. 100-200 pm. 5%. 

TR-l 

1. Pink, vitreous, rounded and abraded, metamict zircons. Types D 
and P-l. 50-150 pm. 75%. 

2. Dark red, cloudy, rounded, metamict zircons. Types D, P and S-6. 
100-200 pm. 25%. 

Wyoming 
BOW 

1. a. Cloudy pink to pink-brown or brown-pink, subangular to 
subrounded, metamict, stubby, prismatic zircons. Type D. 100-200 
pm. 30%. 

b. As above, but zircons are non-metamict, pink and vitreous. 
45%. 

2. Pink to clear, vitreous, rounded to subrounded zircons. Type D. 
<70 pm. 20%. 

3. Clear, vitreous, acicular prismatic zircons. 62-100 pm. 5%. 

HPQ non magnetic fraction (55% of total fraction) 

1. Pink to red, vitreous, rounded to subrounded, slightly metamict, 
large zircons. Types D, S-10, P-5. >300 pm. 90%. 

2. Pink, angular to subrounded, stubby, prismatic zircons. Type D. 
<100 pm. 10%. 
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MPQ magnetic fraction (45% of total fraction) 

1. Pink to pink-white to brownish-pink and orange, subangular to 
subrounded, cloudy and very metamict, stubby prismatic zircons. 
Type D. 150-200 pm. 55%. 

2. Cloudy orange, vitreous to waxy looking, ovoid, very metamict, 
subrounded to well rounded, stubby to elongate prismatic 
zircons. Type D. <100 pm. 25%. 

3. Red to brown to amber, stained black in places, subangular to 
subrounded, cloudy and very metamict zircons. Type D. 250-350 
pm. 20%. 

Kaapvaal Craton 

PO-2 

1. Pink, vitreous, angular to subrounded, stubby to acicular, 
prismatic zircons. Types P-4, D. 50-100 pm. 60%. 

2. Amber-pink-red, sub rounded to well rounded, stubby prismatic 
zircons. Type D. 50-125 pm. 40%. 

PO-5 

1. Pink to red-pink, vitreous, rounded to well rounded zircons. 
Types D, J-5, K-1, P-5. 80-125 pm. 70%. 

2. Red-pink, vitreous, rounded to well rounded, moderately 
metamict, egg-shaped zircons. 150-200 pm. 15%. 

3. Clear to light pink, vitreous, elongate zircons. Type D. 15%. 

PO-7 

1. Pinkish-red, subrounded to well rounded, stubby zircons. Type D. 
125-177 pm. 40%. 

2. Pink to clear, vitreous, angular to subrounded zircons. Type D. 
88-125 pm. 30%. 

3. Reddish-brown to pinkish-red, subangular to subrounded, large 
zircons. Types D to P-3. 350-500 pm. 20%. 

4. Brown-pink and clear, small acicular and rounded zircons. <80 
pm. 10%. 

DO-9 

1. Ruby-red, vitreous, angular to subangular to subrounded, well 
faceted, large zircons. Types P, 5-9, 5-10. 150-300 pm. 35%. 
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2. Pink, moderately metamict, stubby, prismatic zircons. 100-175 
pm. 30%. 

3. Pink to clear, vitreous, acicular to stubby prismatic zircons 
and zircon fragments. <100 pm. 25%. 

4. White to white-pink to clear, vitreous to moderately metamict, 
acicular prismatic zircons. Types D, P-5, P-4. 100-200 pm. 10%. 

i-l 

1. Pink, vitreous, rounded to subangular fragments and whole 
grains, very abraded and very small zircons. <100 pm. 100%. 

W-4 

1. Pink, vitreous to slightly metamict, subangular to subrounded, 
stubby zircons. Types P and D. <150 pm. 80%. 

2. Reddish-pink, rounded zircons. Type D. 125-200 pm. 20%. 

W-8 

1. Pink-amber, rounded to subrounded zircons. Types S-15 to S-10. 
177-250 pm. 60%. 

2. Pink-amber, stubby zircon prisms. Types P-4, S-12, S-15, S-20. 
250-350 pm. 25%. 

3. Brown-amber, subangular to subrounded, large zircons. Types S-3, 
K-l, T-14. 350-500 pm. 10%. 

4. Pink to clear, vitreous, subangular, abraded, acicular zircons. 
Type P-5. 250-350 pm. 5%. 

V-2 

1. Pink, vitreous, angular, prismatic zircons and zircon fragments. 
Types D, P-4, P-5. 100%. 

TRV-l 

1. a. Pink to pink-white, subangular to rounded, slightly metamict, 
stubby, prismatic zircons. Types D, P. 125-200 pm. 70%. 

b. Similar to la., but generally larger and darker. 15%. 

2. Pink to white, angular to subangular, elongate prismatic 
zircons. Type D. 175-225 pm. 15%. 
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