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Abstract Ancient crustal rocks provide the only direct
evidence for the processes and products of early Earth
di�erentiation. SHRIMP zircon U-Th-Pb dating has
identi®ed, amongst the Acasta gneisses of the western
Slave Province, Canada, two metatonalites and a
metagranodiorite that have igneous ages of 4002 � 4,
4012 � 6 and 4031 � 3 Ga respectively. These are the
®rst identi®ed Priscoan terrestrial rocks. A record of
metamorphic events at �3.75, �3.6 and �1.7 Ga also is
preserved. These discoveries approximately double, to
�40 km2, the area over which �4.0 Ga gneisses are
known to occur. A single older zircon core in one sample
suggests that rocks as old as 4.06 Ga might yet be found
in the region. As early as 4.03 Ga, terrestrial di�erenti-
ation was already producing tonalitic magmas, probably
by partial melting of pre-existing, less di�erentiated
crust.

Introduction

Continental crust covers about 40% of Earth's surface
and is about 0.4% of Earth's volume. Archean (2.5±
4.0 Ga) continental crust accounts for less than 0.05%
of the planet's mass and less than 15% of the present
continental area. Continental crust older than 3.8 Ga is
known from only a few localities, and has a total ex-

posure area of a few hundred square kilometres. From a
planetary perspective it seems likely that Earth's ®rst or
primary crust was basaltic in composition (Taylor 1992),
however most fragments of Archean crust preserved
today are neither primary nor basaltic. Thus, the pro-
cesses operative during the ®rst 600 million years of
Earth history must be inferred from much younger
rocks.

A major issue in the study of Earth's evolution is
whether the present volume of continental crust is
principally the result of gradual crustal accumulation,
with only limited amounts of recycling (McCulloch and
Bennett 1994), or instead a `snapshot' of an approxi-
mately steady-state condition in which formation of new
crust is balanced by return of older crust to the mantle
(Armstrong 1991; Bowring and Housh 1995). Stated in
another way: does the relatively small amount of silicic
crust older than 3.8 Ga re¯ect the amount of crust that
formed, or is it all that remains following plate-tectonic
recycling and disruption by bolide impacts? The answer
to this question has far-reaching implications for a va-
riety of issues that range from explaining the present
geochemical organization of the planet, to determining
the composition of Archean sea water and the role of
continental crust in the emergence of life.

Identi®cation and characterization of the few sur-
viving fragments of ancient crust provides the most di-
rect evidence available of the processes which shaped the
early Earth. Continental crustal rocks older than 3.8 Ga
are now known or inferred from the Wyoming and Slave
Provinces of North America (Bowring et al. 1989; Mu-
eller et al. 1992), northern Labrador (Collerson et al.
1991; Bridgewater and Schiotte 1991), Greenland (Nut-
man et al. 1996), China (Song et al. 1996), and Ant-
arctica (Black et al. 1986). In addition, 4.1±4.3 Ga
detrital zircons interpreted to have been derived from
continental crust have been found in Western Australia
(Froude et al. 1983, Compston and Pidgeon 1986).
These discoveries show that continental crust older than
3.8 Ga was once far more voluminous and widespread
than at present, and that some crustal remnants did
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survive the intense meteorite bombardment early in
Earth history. Furthermore, because Earth's history has
been dominated by plate tectonics, the dimensions of
today's Archean cratons are unlikely to re¯ect their
original size.

The oldest rocks currently known are the Acasta
gneisses (hereafter the Acasta Gneiss Complex) from the
Northwest Territories of Canada (Bowring et al. 1989,
1990). In this paper we present new zircon U-Pb isotopic
analyses for three samples of tonalitic to granodioritic
Acasta gneiss which are signi®cantly older than any
previously described, and which together double the
known areal extent of �4.0 Ga rocks. They are the ®rst
Priscoan (>4.0 Ga: Harland et al. 1990) terrestrial rocks
identi®ed. Stern et al. (1997) have reported dates as old
as 4.02 Ga from the same outcrop reported on by
Bowring et al. (1989).

The Acasta Gneiss Complex

The Acasta Gneiss Complex (AGC) is exposed along the western
margin of the Slave craton (Fig. 1) in the northwest corner of the
Canadian Shield (Bowring et al. 1989, 1990). It consists of a het-
erogeneous assemblage of 3.6 to >4.0 Ga foliated to gneissic
tonalites, granodiorites and granites, as well as an assortment of
amphibolites and ultrama®c rocks of as yet unknown age. Detailed
mapping, coupled with U-Pb geochronology, has documented a
complex history of intrusion and deformation.

Deformation of the complex is highly variable. In areas of high
strain, ®nely banded gneisses consisting of layers of di�erent age
and composition are juxtaposed. In local low strain zones, how-
ever, the layering is de®ned by sharp contacts between rock types,
and cross-cutting relationships (variably deformed) between pri-

mary igneous precursors are preserved. Samples from such low
strain domains provide direct evidence for the igneous processes
responsible for development of Earth's oldest known crust.

Samples for the present study were collected from a sequence of
broadly layered amphibolitic and tonalitic gneisses preserved in low
strain areas where the layering commonly re¯ects primary intrusive
relationships. They are from a zone of �4.0 Ga gneisses, which
mapping has shown to extend at least 10 km south of the original
discovery outcrops described by Bowring et al. (1989). Sample
SAB91-63 is a gray, weakly foliated tonalitic gneiss, SAB91-37 is a
foliated tonalitic gneiss from a zone of amphibolitic and tonalitic
gneisses interbanded on a 10 to 45 cm scale, and SAB94-134 is a
foliated, gray, granodioritic gneiss containing small (5 ´ 20 mm)
granitic pods or segregations and cut by a dike of 3.6 Ga non-
deformed granite.

Zircon U-Pb geochronology

Most zircon grains from the Acasta gneisses, having
been a�ected by radiation damage, recrystallization
and multiple thermal events, are structurally extremely
complex. This is not unusual for zircon from poly-
metamorphic Archean terranes (e.g. Black et al. 1986;
Pidgeon 1992). Isotope dilution analyses of selected
Acasta zircon fragments have yielded 207Pb/206Pb ages
as old as 3.98 Ga (Davidek et al. 1997), but the
SHRIMP (Sensitive High Resolution Ion MicroProbe)
ion-microprobe, with its high spatial resolution, is a
much better means of unraveling the record of the
gneisses' multi-stage thermal history preserved in the
micron-scale zonation of individual zircon grains. Zir-
con was analyzed using both the SHRIMP I and II ion
microprobes at the Australian National University. The
analytical procedure broadly followed that of Williams
and Claesson (1987) and Williams et al. (1996). Ref-
erence zircons SL13 (572 Ma) and AS3 (1099 Ma) were
used as standards for the measurement of 206Pb/238U.Fig. 1 Simpli®ed geologic map of the type locality of the Acasta

gneisses (Pattern free areas are lakes)
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Common Pb was mostly low (<10 ppb 204Pb), and
assumed to be laboratory-derived. Rare much higher
common Pb contents were assumed to be due to recent
redistribution of rock Pb. Ages were calculated using
the constants recommended by the IUGS Subcommis-
sion on Geochronology (Steiger and Jager 1977).

Because of the zircons' complexity, particular care
was required in selecting which parts of the grains were
to be analyzed, and in interpreting the resulting data.
Much of the zircons' internal structure could be doc-
umented in advance of analysis by optical microscopy;
variable lattice damage in such ancient zircons, result-
ing from the competing e�ects of internal U and Th
decay (metamictization), alteration, recrystallization,
self annealing and neoblastic growth, produced marked
di�erences in re¯ectance which made crystal growth
structures clearly visible on the polished cross sections
of the mounted grains. Once analytical work had been
completed, the visibility of these structures was further
enhanced by etching the sectioned surface for a few
seconds with HF vapor; etching before analysis
would have risked locally altering the zircons' Pb/U
and Th/U.

To obtain a ®rst-order understanding of the geo-
chronology of the Acasta gneisses it has so far proved
necessary to distinguish only a relatively small number
of zircon types, while remaining aware that the ap-
pearance of such zircon can di�er greatly as a function
of its composition and thermal history. These types are:
(1) cores ± generally small zircon fragments on which
later zircon has nucleated, (2) euhedrally-zoned zircon ±
zircon presumed to have crystallized from a ¯uid
(probably melt) phase, (3) overgrowths ± commonly
unconformable to earlier structures and therefore pre-
sumed to follow a period of partial resorption, and (4)
recrystallized zircon ± zircon structurally and chemically
modi®ed by in situ recrystallization. Correct identi®ca-
tion of these domains within individual crystals has
proved crucial to determining which generations of zir-
con growth are likely to record protolith, magmatic and
metamorphic ages respectively. Only in this way could
the primary igneous ages of the Acasta gneisses be ac-
curately established.

Tonalitic gneiss SAB91-63

The zircon grains from SAB91-63 are mostly turbid,
inclusion rich, closely fractured, relatively equant and
anhedral. A few grains (<5%) are stubby prisms with
some surviving crystal faces. Damage to the original
crystal structure is widespread and severe. Polished
sectioning shows most grains (>80%) to consist of
predominantly turbid, inclusion-rich zircon, with some
zones and patches of higher clarity. Post-analysis HF
etching accentuated the di�erence between these zircon
types. Strong etching of the turbid zircon produced a
mottled, mosaic texture of mostly small (<10 lm)
deeply etched domains within an apparently amorphous

matrix (Fig. 2A, B). Areas of clearer zircon etched more
weakly, most showing no internal structure, but some
disclosing remnants of simple euhedral growth zoning.
The etching also revealed that most grains have thin
(<10 lm), structureless partial overgrowths. In rare
cases the overgrowths are thicker (up to 30 lm) and
weakly zoned, or merge with small (<50 lm) subhedral
outgrowths from crystal faces.

A summary of U-Pb analyses of 19 areas within 15
grains is listed in Table 1. The analyses are highly se-
lective in that the areas targeted were mostly those rel-
atively rare patches of clear zircon in which either weak,
simple euhedral growth zoning, or no growth zoning,
was visible. For comparison, two areas with strong eu-
hedral zoning and three areas of mottled zircon also
were analyzed. Younger components in the zircon
population were sampled by two analyses of over-
growths and one analysis of a prominent outgrowth. U
and Th contents correlate with zircon type, being gen-
erally lower in the structureless zircon than in the zoned
zircon, and being a factor of two or more higher than the
former in the mottled zircon. The overgrowths and
outgrowth have intermediate U contents, but relatively
low Th/U.

Analyses are plotted on a concordia diagram in
Fig. 3A. We prefer the diagram devised by Tera and
Wasserburg (1974) rather than the traditional concordia
plot of Wetherill (1956), particularly for illustrating ion-
probe data, for two reasons: (1) the isotope ratios plot-
ted are those actually measured (207Pb/206Pb and
238U/206Pb), not derivative (207Pb/235U), and (2) the er-
ror correlation between those ratios is very small,
thereby simplifying representation and linear regression.

Considering the great antiquity of the sample, the
pattern of analyses is remarkably simple; with the ex-
ception of the overgrowth data, all but two analyses
form a single array which intersects concordia at about
4.0 Ga. In detail, however, the array is composite,
consisting of a short horizontal branch (analyses of
zircon that was isotopically disturbed only recently,
possibly during the gneiss's exhumation (cf. Goldich and
Mudrey 1972)) and a longer transverse branch (analyses
of zircon that was isotopically disturbed in the distant
past). Such branched arrays are a common feature of the
SHRIMP zircon analyses from the Acasta gneisses, but
only for those analyses of zircon in which the U-Pb
isotopic system has been relatively well preserved. More
altered zircon has isotopic compositions that are a
function of the various responses of the mineral to
multiple high and low temperature events, producing a
scatter of data from which the age of any one of those
events cannot be precisely determined.

The branched data distribution permits the age of
any one zircon growth generation to be calculated by
two partly independent methods. First the age can be
calculated from the horizontal branch, using those an-
alyses with highest equal radiogenic 207Pb/206Pb. Sec-
ondly, the age can be calculated by assuming that the
ancient isotopic disturbance was caused mainly by one
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event and regressing the transverse array. In the ideal
case, the two ages obtained using di�erent subsets of the
data will be the same within analytical uncertainty.

The nine highest radiogenic 207Pb/206Pb measure-
ments of the 14 comprising the main group are equal
within analytical uncertainty (MSWD� 1.1). These are
all the analyses of structureless or zoned zircon, except
for analyses 1.1 and 9.1. The weighted mean value of
0.4254 � 0.0004 (r) is equivalent to an age of
4002 � 4 Ma (tr), where t is Student's t multiplier and
tr therefore the 95% con®dence limit. The two omitted
analyses, plus the three analyses of mottled zircon, lie on
a linear array which also includes analyses 2.1 and 14.1

(MSWD� 1.95). The concordia intersections of that
line are 3993 � 5 Ma (tr) and 1225 +185/)205 Ma
(tr). The upper intersection is indistinguishable from
the mean 207Pb/206Pb age, supporting the argument that
the branched array re¯ects isotopic disturbance of a
single zircon generation at two di�erent times. The
higher U, now more altered zircon, has responded to the
earlier event ± the lower U, less altered zircon, appar-
ently has not. Because the horizontal array is de®ned by
analyses of the least altered zircon and probably re¯ects
only recent Pb loss, we consider it to give the most ac-
curate estimate of the zircon crystallization age,
4002 � 4 Ma.
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The two analyses with higher 207Pb/206Pb than the
main array (15.1, 15.2) are both from one small (100 lm
diameter) area of clear, unzoned zircon within an oth-
erwise mottled grain (Fig 2B). An analysis of the mot-
tled area (15.3) falls within the main array. The clear
area is probably the remains of a core, although no
growth structure survives in the surrounding mottled
zircon that proves this. The two analyses are nearly
concordant, giving a minimum age for the core of
4065 � 8 Ma (r). The three analyses of overgrowths, in
contrast, are discordant and not collinear. Two of those
analyses give the same 207Pb/206Pb age however
(3.73 Ga), which is a minimum estimate of the over-
growths' crystallization age.

The 4002 Ma zircon has U and Th contents common
in zircon from tonalites and, more importantly, in many
places preserves remnants of the simple, ®ne, prismatic
euhedral growth zoning that is a feature of zircon pre-
cipitated from granitoid magmas (Fig 2A). That zoning
is sharply truncated against the overgrowths, which are
unzoned or weakly zoned and signi®cantly lower in Th/
U, both common features of metamorphic zircon. The
pattern of truncated zoning shows that prior to meta-
morphism the zircons were very much larger, indicating
physical or chemical breakdown of the grains before, or
in the early stages of, the metamorphic event.

Together, the zircon analyses and crystal structures
indicate at least three phases of zircon growth, one at
�4065 Ma, found only in a single core, one at 4002 Ma,

which produced the great bulk of the zircon population,
and one at �3730 Ma, which produced thin over-
growths and outgrowths. The most straightforward in-
terpretation is that an igneous rock 4002 Ma old,
containing inheritance �4065 Ma old, was metamor-
phosed �3730 Ma ago, and the zircon chemical com-
positions and microstructures strongly support this.

Tonalitic gneiss SAB91-37

The zircons from SAB91-37 are mostly large (100±
200 lm diameter), subhedral to anhedral grains with few
preserved crystal faces. The mean aspect ratio is about 2,
the smaller grains generally being the more prismatic.
Most grains, in particular the larger ones, consist of a
turbid center surrounded by a relatively clear mantle.
The turbidity is due to high concentrations of ®ne in-
clusions and fractures, as well as cloudiness of the zircon
itself.

Light HF etching of the sectioned grains after anal-
ysis revealed many structures that had not been visible
beforehand (Fig 2C, D). There are three main genera-
tions of crystal growth; centers, overgrowths, and an
intermediate layer between. Most centers are extremely
complex, consisting of a mottled mosaic of inclusions
and remnants of structureless or euhedrally zoned zircon
within an apparently amorphous matrix. The interme-
diate layer is composite and, in most grains, not well
developed or preserved. Where well developed near
crystal terminations, this layer consists of an inner layer
of multiple pyramids of euhedrally zoned zircon grown
on high points on the former surface of the zircon, later
in®lled and overgrown by an outer layer of strongly
zoned zircon with a much simpler crystal form. Along
prism faces, the inner layer is thinner and composed of
zircon with undulose zonation. Clear, structureless or
weakly zoned mantles have in turn overgrown the in-
termediate layer either conformably or with minor un-
conformity. The mantles commonly are preserved only
near the terminations of grains, where in some rare cases
they reach a thickness of over 100 lm.

Analyses of SAB91-37 zircon are listed in Table 1,
subdivided according to the type of zircon sampled.
Analyses of the centers are further subdivided according
to the pattern and strength of zoning; those regions
where zoning appears to have been lost due to recrys-
tallization are identi®ed separately. A feature of the data
is the systematic di�erences in U and Th content be-
tween zircon types (Fig 4). For example, the highest Th
contents and Th/U values are found in the centers,
where average Th/U decreases with increasing strength
of zonation. Th is consistently low (<165 ppm) in the
overgrowths, recrystallized areas and intermediate lay-
ers, in particular the last have very low Th/U (0.05±
0.13).

The distribution of U-Pb isotopic compositions is il-
lustrated in Fig. 3B. Two clusters of analyses dominate
the diagram, one close to 4.0 Ga and the other close to

Fig. 2A±F Re¯ected light photomicrographs of sectioned, polished,
HF-etched zircon grains. Scale bars 100 lm. A SAB91-63 Crystal
showing areas with well or partly preserved simple euhedral growth
zoning separated by a region where the crystal structure has been
destroyed by alteration, in part associated with fractures. The grain is
mostly surrounded by a thin overgrowth. B SAB91-63 Grain 15. A
small area of old (�4.06 Ga) structureless zircon preserved within a
grain consisting mainly of a mottled mosaic of variously altered zircon
within a complexly structured, relatively amorphous matrix. The grain
is surrounded by a thin overgrowth. C SAB91-37 Grain 17. A
fragment of simply growth zoned zircon enclosed within a complex,
composite overgrowth consisting of an early growth of zoned,
multifaceted zircon, overgrown and in®lled by more strongly zoned
zircon of much simpler crystal form, discordantly overgrown in turn
by a thick, structureless layer. The zoned center is �4.0 Ga, the
intermediate layers and overgrowth �3.6 Ga. D SAB91-37 Grain
consisting mainly of composite overgrowth, showing a well-developed
multifaceted inner layer, in®lled and overgrown by more strongly
zoned zircon, surrounded in turn by a thick, structureless overgrowth.
The center of the grain is now a chaotic mosaic of altered zircon in a
relatively amorphous matrix. E SAB94-134 Grain 1. A very large
grain consisting mainly of well preserved, simply zoned zircon, ®ve
analyses of which (note sputter pits) yield �4.0 Ga. A similar age is
obtained from the two analyses in the large, sharply-de®ned region of
recrystallization at the lower right side. The grain is surrounded by a
rarely-developed thin overgrowth that could be distinguished from
recrystallized zircon by its zoning pattern and brighter cathodolumi-
nescence. F SAB94-134 Grain 26. Partly recrystallized grain. Original
euhedral growth zoning, still preserved at the lower end, has been
almost completely destroyed at the upper end, but is still visible as
weak ghost zoning near the center. The analysis near center gave a
concordant isotopic composition midway between that of zoned and
wholly recrystallized zircon in other grains

b
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3.6 Ga. Many other analyses are strongly discordant.
Distribution of the data is very closely related to the type
of zircon analyzed. The older cluster is composed only of6
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Fig. 3 A Concordia plot of zircon U-Pb analyses from tonalitic gneiss
SAB91-63. Most of the analyses de®ne a branched array; the less
altered zircon shows only minor recent isotopic disturbance (constant
radiogenic 207Pb/206Pb), the more altered zircon shows in addition the
e�ects of ancient Pb loss. Two analyses of the core of grain 15 plot
well above the main group, analyses of overgrowths plot well below.
Analytical uncertainties 1r. B Concordia plot of zircon U-Pb analyses
from tonalitic gneiss SAB91-37. The older cluster consists of data
from crystal centres, the younger of data from overgrowths,
recrystallized areas and zoned intermediate layers (see text). The
di�erent types of zircon show the e�ects of at least two post-3.6 Ga
episodes of isotopic disturbance. Analytical uncertainties 1r.
C Concordia plot of zircon U-Pb analyses from tonalitic gneiss
SAB94-134. The older cluster contains only analyses of crystal centers,
which de®ne a branched array, re¯ecting di�erent responses to post-
crystallization isotopic disturbance. The cluster contains some
analyses of recrystallized zircon (cf. Fig. 2E), but not of the
recrystallized zircon with high Th/U (>1), which plots with the
analyses of mantles in a separate cluster below
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analyses of centers that are unzoned or weakly zoned.
Analyses of strongly zoned and mottled centers mostly
are more discordant. In contrast, the younger cluster
consists of analyses of overgrowths, intermediate layers
and recrystallized areas. Overgrowth analyses generally
are near concordant, but analyses of the intermediate
layers show a wide range of discordance.

A ®rst order interpretation of the data is relatively
straightforward ± the bulk of the zircon population,
represented by the grain centers, crystallized at about
4.0 Ga. At about 3.6 Ga more zircon grew, ®rst as a
structurally complex zoned layer and then as a relatively
structureless overgrowth. At about the same time, some
of the pre-existing zircon was recrystallized. The inter-
pretation of the ages of zircon growth is more di�cult
than for SAB91-63, where a branched data distribution
was clearly evident, but the same interpretation princi-
ple can be applied. If one assumes that, as the distri-
bution of analyses implies, isotopic disturbance
(probably Pb loss) leads to a reduction in radiogenic
207Pb/206Pb, then a minimum age for the older zircon can
be calculated from the weighted mean of the group of
highest radiogenic 207Pb/206Pb values that are equal
(based on a test of the variance ratio F between ob-
served and expected standard errors of the mean) within
analytical uncertainty. Eleven analyses from eight cen-
ters, ranging from structureless to strongly zoned, sat-
isfy this criterion. Their weighted mean radiogenic
207Pb/206Pb, 0.4285 � 0.0007 (1r), is equivalent to an
age of 4012�6 Ma (tr).

Unlike the SAB91-63 data, the remaining analyses in
the cluster do not form a linear array, but disperse in a
broad band towards lower 207Pb/206Pb and 206Pb/238U.
However, 23 of the 31 analyses in the group de®ne a
straight line (MSWD� 1.06) with concordia intersec-
tions of 4026 � 10 Ma (tr) and 1182 +265/)305 Ma
(tr). The remainder are collinear (MSWD� 0.20) with
three highly discordant analyses of mottled zircon, de-
®ning a line with concordia intercepts of 4001 � 20 Ma
(tr) and 1842 +165/)185 Ma (tr). All three older ages

are equal within analytical uncertainty, consistent with
the evidence from zircon structures that all analyses
sample the same zircon growth generation. The best
interpretation of the data is that the zircons are at least
4012 � 6 Ma.

The analyses of overgrowths can be treated similarly,
but only 7 of the 13 measurements in the younger cluster
are equal within analytical uncertainty at the highest
radiogenic 207Pb/206Pb. The weighted mean value of
0.3220 � 0.0013 (1r) is equivalent to an age of
3579 � 15 Ma (tr). On the other hand, all the over-
growth data are well ®tted (MSWD� 1.08) to a trans-
verse linear array with concordia intersections of 3655
+110/)65 Ma (tr) and 2307 +405/)795 Ma (tr). This
coincides very closely with the line de®ned by the widely
dispersed analyses of the intermediate layers
(MSWD� 1.33), which has concordia intersections of
3623 � 18 Ma (tr) and 1706 +65/)70 Ma (tr),
strongly suggesting that the intermediate layers and
overgrowths formed at virtually the same time and suf-
fered the same Pb-loss history. If the two data sets are
therefore combined (MSWD� 1.39), the concordia in-
tersections of the array become 3611 � 11 Ma (tr) and
1692 +55/)60 Ma (tr), providing the best estimate of
the crystallization age of these zircon types.

Most analyses of recrystallized areas also fall on a
well-de®ned (MSWD� 0.45) linear array emanating
from the younger cluster (the exception being 38.1), but
a di�erent array from that of the overgrowth and in-
termediate layer data. A similar upper intersection to the
latter (3604 � 20 Ma (tr)) indicates recrystallization
approximately coincident with the formation of the in-
termediate layers and overgrowths, but a younger lower
intercept of 844 +250/)290 Ma (tr) indicates a di�er-
ent Pb-loss history. In this context, it is of interest to note
the similarity of the, admittedly rather poorly de®ned,
pairs of lower intersection ages from the two main zircon
groups, 1842 +165/)185 and 1182 +265/)305 Ma from
the older group, 1692 +55/)60 and 844 +250/)290 Ma
from the younger. Three of the six analyses in the cluster
at about 3.75 Ga come from one grain (grain 8). It is
likely, therefore, that the cluster is not just a chance
consequence of Pb loss from older zircon, but records
another thermal event in the rock's history.

Although the zircons in this sample are extremely
complex, petrographic di�erentiation of the various
growth morphologies allows resolution of the age of the
rock (4012 � 6 Ma), the principal metamorphism
(3611 � 11 Ma), and other events that a�ected the
zircon U-Pb systems (�3.75 Ga, �1.7 Ga and �1.0 Ga).

Granodioritic gneiss SAB94-134

The zircons from sample SAB94-134 are similar to those
in the other two samples, consisting mostly of large (up
to 300 lm diameter), subhedral grains, many of which
have turbid centers. However, important di�erences in-
clude the prevalence (�25% of the population) of pris-

Fig. 4 U and Th contents of di�erent zircon types from tonalitic
gneiss SAB91-37. Note in particular the correlation between strength
of zoning and Th and U content in the crystal centers, and the
consistently low Th content of the younger overgrowths, recrystallized
areas and intermediate layers
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matic grains (aspect ratios mostly 3 to 5) and of grains
that are either clear, or mostly clear when examined in
transmitted light. Except for the more turbid areas, in-
clusions and intense microfracturing are relatively rare.
HF etching reveals that the internal structure of the
grains is generally much simpler than in the other sam-
ples, although some grains have complex, mottled cen-
ters, the majority (�80%) show relatively simple,
concentric, euhedral growth zoning (Fig. 2E) reminis-
cent of that reported by Bowring et al. (1989) in zircon
from the nearby sample of granitic gneiss, SP405.

An unusual feature of the zircons is the wide varia-
tion in the strength of zoning from grain to grain, and
particularly within grains. Some grains have strong
zoning throughout; in others the zoning is barely visible.
Some grains have the strongest zoning near the middle,
others the weakest. Some grains are strongly zoned at
one end and not at the other (Fig. 2F), and/or contain
patches of very weak zonation within zircon that is
strongly zoned. Surrounding virtually all grains is an
outermost layer of unzoned or very weakly zoned zircon
that, like the similarly structured areas in the crystal
centers, is resistant to the HF etch. The presence of
structurally continuous residual `ghost zoning' in the
etch-resistant areas suggests that these are regions of in-
situ recrystallization (cf. Black et al. 1986), not areas of
new zircon growth. It is therefore more appropriate to
describe the structureless or very weakly zoned outer-
most layers of these zircons as mantles, not overgrowths.
Cathodoluminescence imaging shows the presence of
some very thin (most <15 lm), structurally transgres-
sive outer layers that probably are true overgrowths, but
none was thick enough to analyze.

Sixty three analyses from 32 grains are listed in Ta-
ble 1. The coherence between zircon type and composi-
tion is particularly strong. For example, most of the
zoned zircon has very similar Th/U (�0.3), with the U
and Th contents increasing with the strength of the
zoning. The few mottled centers sampled are mostly
characterized by high U (>850 ppm), and much lower
Th (�130 ppm). Mantles and recrystallized areas are
consistently low in U, but show a distinct bimodality in
Th/U; approximately half the analyses have Th/U sim-
ilar to the zoned zircon while the remainder have ratios
greater than 1.1.

These di�erences in zircon type and chemical com-
position carry over into di�erences in isotopic compo-
sition. On a concordia diagram (Fig. 3C) the analyses
form two clusters, one near 4.0 Ga and the other near
3.75 Ga. The upper cluster contains only analyses of
grain centers, with several analyses of areas with weak
zoning being concordant within analytical uncertainty.
Analyses of areas with strong zonation tend to be more
discordant, and analyses of most of the mottled centers
are yet more discordant, but fall on the same trend.
Several analyses of recrystallized areas plot within the
same cluster, but none of those are recrystallized areas
with high Th/U. Data in the lower cluster include all
analyses of mantles, plus all analyses of recrystallized

areas with high Th/U. Where recrystallization has al-
tered the zircon's chemical composition (raised Th/U by
Th gain and/or U loss), it also has reset the isotopic
composition through loss of radiogenic Pb. Some large
discrepancies between 206Pb/238U and 208Pb/232Th ap-
parent ages in the recrystallised zircon from SAB91-37
(Table 1) suggest that this process does not always go
to completion, or elemental mobilisation can be selec-
tive.

The analyses in the lower cluster are dispersed in a
relatively poorly de®ned array, interpretation of which is
complicated by many of the data lying within analytical
uncertainty of concordia but having signi®cant di�er-
ences in radiogenic 207Pb/206Pb. The best estimate of the
minimum age of the high Th/U mantles and high Th/U
recrystallization is obtained from the group of seven
analyses with highest 207Pb/206Pb, the weighted mean of
which (0.3619 � 0.0005 (1r)) is equivalent to an age of
3758 � 5 Ma (tr). The transverse discordance array is
not well enough de®ned to provide an alternate age es-
timate by linear regression, but in contrast, the three
analyses of low Th/U mantles have an equal 207Pb/206Pb
of 0.3439 � 0.0016 (1r), equivalent to an age of
3680 � 31 Ma (tr), signi®cantly younger.

Within the upper cluster, eight analyses from four
grains are equal within analytical uncertainty at the
highest measured radiogenic 207Pb/206Pb (MSWD�
0.86). The weighted mean value, 0.4339 � 0.0004 (1r),
is equivalent to an age of 4031 � 3 Ma (tr), which is a
minimum age for the crystallization of the zoned zircon.
As in the other two samples the discordance array is
branched, with most analyses dispersed along a trans-
verse trend. De®ning this trend by regression analysis is
complicated by the relatively large amount of scatter,
probably due to isotopic disturbance during the
�3.75 Ga event. Best de®nition of the trend is provided
by some multiple analyses within single grains. For ex-
ample, the eight analyses from grain 1 (3 weakly zoned,
3 strongly zoned and 2 recrystallized) ®t within analyt-
ical uncertainty (MSWD� 1.11) to a line with concordia
intersections of 4026 +17/)12 and 2616 +390/)510 Ma
(tr), the ®ve analyses of grain 3 (4 weakly zoned, 1 re-
crystallized) ®t within analytical uncertainty
(MSWD� 0.16) to the same line (intersections 4017
+43/)17 and 2042 +2015/)1960 Ma (tr)), as do the
®ve analyses of grain 7 (all weakly zoned,
MSWD� 0.53), with concordia intersections of 4016
+60/)16 and 2667 +1410/)1330 Ma (tr). Combining
the data for these three grains de®nes a line (MSWD�
0.63) with concordia intersections of 4023 +10/)8 and
2597 +305/)370 Ma (tr), along which many of the
analyses from other grains fall (Fig. 3C). This upper
intersection age is the same within uncertainty as the
mean highest 207Pb/206Pb age, 4031 � 3 Ma which we
interpret as the age of the igneous event which formed
this rock.
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Implications of the zircon data

There is unequivocal evidence in each of the samples
discussed above for a major component of the zircon
population being �4.0 Ga old. A crucial question to be
considered, however, is whether that component records
the `age' of the rock. Geochronology has now developed
to the extent that the concept of a rock's age is no longer
a simple one, particularly in polymetamorphic terranes.
It is quite feasible, for example, to ®nd in the zircon from
a polymetamorphosed orthogneiss an isotopic record of
two or more episodes of metamorphism, the magmatic
event, and the components of the protolith from which
the magma was derived. This is a consequence of the
chemical stability of zircon under a wide range of igne-
ous and metamorphic conditions, and the fact that the
zircon U-Pb closure temperature (>900 °C) exceeds the
maximum temperature reached in many igneous and
metamorphic systems (Lee et al. 1997).

In such circumstances, the concept of the `age' of a
rock becomes a matter of de®nition and sometimes
confusion. For example, Moorbath et al. (1997), in their
discussion of Nd isotopic data from early Archean
rocks, concluded that `...it is probable that the age of the
Acasta gneisses is only �3.37 Ga, although both the
zircon U-Pb ages ...and the initial eNd ...provide incon-
trovertible evidence for the existence of a substantially
older precursor ...which is well worth searching for in
the ®eld...' (p. 222). Moorbath and his colleagues arrived
at this conclusion by assuming that the linear array de-
®ned by the whole-rock isotopic compositions of these
polymetamorphic rocks on a Sm-Nd isotope correlation
diagram can be used to calculate an age of geological
signi®cance, namely that of the main metamorphism and
formation of the gneissic fabric. By construing the `age'
of the gneisses to be the age of the `...event that pro-
duced the Acasta gneisses as we now see them ...' (p.
228) and interpreting the �4.0 Ga zircon that they
contain to be inherited, Moorbath and others over-
looked the fact that the Acasta gneisses are or-
thogneisses, namely deformed igneous rocks. The
ancient precursors to the gneisses do not need to be
searched for ± they are, although now in a deformed
state, the gneisses themselves. The geological signi®cance
of the date that corresponds to the slope of the linear
array published by Moorbath is unclear (e.g. Bowring
and Housh 1996).

We prefer to de®ne the age of an orthogneiss as being
the age of crystallization of the igneous rock which is its
undeformed equivalent. By this de®nition, the ages of
magmatic events are recognized independently of the
timing of subsequent episodes of deformation. To es-
tablish the ages of the three samples discussed in the
present paper, it is therefore necessary to establish which
of the dated zircon generations crystallized from a
magma.

Sample SAB91-63 is the most straightforward; with
the exception of clearly recognizable overgrowths and

one core, all the analyzed zircon is the same age,
4002 � 4 Ma. By analogy with orthogneisses elsewhere
we interpret most of the zircon to have crystallized from
a magma, the one identi®ed zircon core to be a remnant
of an older component within that magma, and the
overgrowths to be the product of later metamorphism.
This interpretation is strongly supported by the fact that
much of the analyzed zircon shows the ®ne euhedral
growth zoning common in zircon from granitic rocks,
and the younger overgrowths show the lack of zoning
and very low Th/U common in zircon produced by high
grade metamorphism (e.g. Williams and Claesson 1987).
Orthogneiss SAB91-63 is therefore interpreted as a
4002 � 4 Ma tonalite which incorporated a small
amount of material at least 4065 Ma old, and was
metamorphosed �3.73 Ga ago.

The data and zircons from SAB91-37 are more
complex, but a similar line of reasoning can be followed.
The main reason for the increased complexity is that the
zircon records a more complex post-magmatic history.
The centers of the SAB91-37 zircons closely resemble the
igneous zircon from SAB91-63; within a matrix of
strongly altered zircon are preserved patches of euhed-
rally zoned zircon, nearly all of which have an isotopic
composition indicating the same age, 4012 � 6 Ma. We
interpret this to be the age of tonalite crystallization.
Surrounding those centers is a composite layer of zircon
consisting in part of multiple crystallites subsequently
overgrown by strongly zoned zircon with a much simpler
crystal form. This layer is much younger,
3611 � 11 Ma, and has the very low Th/U commonly
found in metamorphic zircon. The unusual crystallites
and presence of zoning suggest that the metamorphism
involved the production of partial melt, a conclusion
consistent with the presence nearby of �3.6 Ga granites
(Williams et al. 1991). The composite layer is in turn
overgrown by structureless, low-U zircon of the same
age, marking a later stage of the metamorphic event.
Also coincident with the metamorphism is local recrys-
tallization of some of the pre-existing igneous zircon.
The patterns of Pb loss from all zircon types, especially
the composite metamorphic layer, indicate a later event
at 1.69 � 0.06 Ga. Although some 40Ar-39Ar cooling
dates for biotite and muscovite (Bowring et al. 1997;
unpublished data) are as young as 1.7 Ga, there is no
known thermal event of this age.

Although the zircon and data from the granodioritic
gneiss SAB94-134 are similarly complex, interpretation
of the analyses is made simpler by the better preserva-
tion of the zircon growth structures; mottled zircon is
relatively rare. The zircon population is dominated by
very simply structured, ®nely euhedrally zoned zircon,
all of which has the same Th/U and same age,
4031 � 3 Ma. This we interpret as the crystallization
age of the granodiorite. The zircon clearly has been af-
fected by metamorphism, which for the most part caused
widespread recrystallization, isotopic resetting and, in
some areas, enhancement of Th/U rather than the de-
velopment of simple overgrowths. The metamorphism
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occurred at 3758 � 5 Ma, which is very similar to the
ages of �3.73 and �3.75 Ga obtained on a few of the
zircons from SAB91-63 and SAB91-37 respectively, im-
plying that those samples also were a�ected by the same
event.

The �3.75 Ga event probably accounts for much of
the dispersion in radiogenic 207Pb/206Pb reported in
previously analyzed Acasta zircon by Bowring et al.
(1989), and the 3.61 Ga metamorphism that a�ected
SAB91-37 coincides very closely with the �3.6 Ga age of
structureless zircon found in both previously analyzed
samples. In none of the present samples do we ®nd ev-
idence for metamorphism at �3.37 Ga that might ac-
count for the regional Nd whole-rock `isochron'
reported by Moorbath et al. (1997), although we have
found local metamorphic zircon growth between 3.1 and
3.4 Ga in the area (Williams et al. 1991), and Stern et al.
(1997) and Bowring (unpublished data) have reported
3.4 Ma granite sheets and leucosomes in the same re-
gion.

The bottom line is that careful ion-probe geochro-
nology can be used to determine a complex chronology
of igneous and metamorphic events in complex Archean
gneisses. In particular, protolith ages can be recovered
with careful work, once the zircons have been charac-
terized. A thorough understanding of the relationship
between U-Pb dates and zircon texture is required.

These interpretations show that the de®nition of
`age' in rocks such as the Acasta gneisses is not merely
a matter of semantics ± Moorbath et al. (1997) were led
by their particular de®nition to conclude that a
�4.0 Ga protolith for the gneisses has yet to be found,
whereas we argue instead that the Acasta gneisses
themselves are actually preserved remnants, possibly
chemically intact, of the only known terrestrial
Priscoan magmas, vital clues to the composition and
genesis of some of the Earth's earliest di�erentiated
crust. Samples of Acasta gneiss that are 3.96 Ga and
older range in compositon from granite to tonalite and
contain cores of even older zircon. Geochemically, the
Acasta gneisses are similar to other Archean gneiss
complexes and are not unusual in any way (Bowring
et al. 1990; Housh and Bowring 1993). The presence of
inherited zircon cores as old as 4.06 Ga and the range
in whole rock initial eNd (+4 to )4) (Bowring and
Housh 1995) suggests that the parental magmas were
formed by interaction of mantle-derived melts with pre-
existing zircon-bearing crust and imply that even older
Acasta gneisses await discovery.
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