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Abstract
Geochemistry and U-Pb ion microprobe zircon geochronology guided by high-resolution mapping (1:50 scale) was used to
define a minimum age of ca. 3750 Ma for supracrustal rocks from the Nuvvuagittuq supracrustal belt (NSB) in the northern
Superior Province, Québec (Canada). Mineralogy and geochemistry of critical field relationships preserved at the Porpoise Cove
locality describe a supracrustal succession of (mafic) amphibolites and ultramafic rocks, finely banded quartz-magnetite units with
intermixed coarse-grained ferruginous quartz-pyroxene rocks and quartz-biotite schists that superficially resemble polymict metaconglomerates with large (up to 10 cm) deformed polycrystalline quartz and mafic clasts. All units in the mapped outcrop have
sharp lithological contacts. Narrow (dominantly trondhjemitic) orthogneiss sheets locally preserve intrusive contact relationships to
the supracrustals. The total extent of the supracrustal enclave is ∼ 8 km2; it is strongly deformed and the full deformation history
appears to be shared by all units with later modifications from leucogranitoid intrusions. The quartz-biotite schists record complex
zircon growth at ∼ 3500 and ∼2800 Ma, interpreted to reflect metamorphic events. Zircons separated from orthogneisses in the
enclave – including one sheet that transects a banded quartz-pyroxene (±magnetite) unit – yield magmatic 207Pb/206Pb ages of ca.
3750 Ma. These ages are slightly younger than earlier provisional reports for an NSB orthogneiss from Porpoise Cove. The
Nuvvuagittuq supracrustals are the oldest rocks thus far reported for the Minto Block, they overlap in age with the ca. 3.70–3.83 Ga
Isua supracrustal belt and Akilia association rocks in West Greenland, and they represent an important new area for exploration of
the early Earth.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
In the course of regional isotope geochronology and
mapping of the Inukjuak domain, Eoarchean (> 3.6 Ga)
rocks were discovered in the northern Superior Province
(Ungava Peninsula, Canada) by the Ministère des
⁎ Corresponding author. Tel.: +1 303 375 4914; fax: +1 303 492
2606.
E-mail address: nicole.cates@colorado.edu (N.L. Cates).
0012-821X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2006.11.034

Resources naturelles du Québec [1] (Fig. 1). Reconnaissance geochronology by standard isotope dilution
techniques and thermal ionization mass spectrometry
(TIMS) on whole zircons reported by David et al. [2]
showed that an orthogneiss unit at the Porpoise Cove
locality of the Nuvvuagittuq supracrustal belt (NSB)
∼ 27 km southeast of the town of Inukjuak contains
zircons with U-Pb ages up to 3825 ± 16 Ma. However,
because that report was preliminary, published accounts
that detail the U-Pb isotope systematics of the NSB
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Fig. 1. Lithotectonic domains of the Superior Province in northern
Québec (modified after [1,17,20]). Inset shows location of geologic
provinces within Québec, Canada. Location of the Nuvvuagittuq belt
(and Porpoise Cove locality) indicated by a star.

zircons were unavailable. Stevenson and Bizzarro
reported negative initial εNd and εHf for these rocks
with model ages of ca. 3900 Ma [3], which provides
supporting evidence for ancient crust in the NSB. Prior
to the work in the Minto Block, documented results
from U-Pb studies of detrital zircons and Nd model ages
for rocks collected near the western margin of the
Superior Province within the Assean Lake crustal
complex (Manitoba) and the Northern Superior super
terrane (northern Ontario) were interpreted to indicate
that recycled early Archean crust is present in the
vicinity [4–6]. If detailed mapping to guide sampling for
ion microprobe U-Pb zircon geochronology can be used
to confirm an Eoarchean age for the NSB, then it would
represent the first evidence of preserved supracrustals of
such antiquity in the Superior Province. Therefore, the
pioneering work by Simard et al. [1] and David et al. [2]
on the NSB deserves to be followed by further detailed
geochronological and geochemical analyses on a wider
suite of lithologies guided by high-resolution mapping.
The Nuvvuagittuq rocks are deformed and appear to
record a complex metamorphic history that may have
involved multiple Pb-loss events or zircon inheritance,
or both. Maps at the adequate detail to investigate
possible cross-cutting relations between the orthogneisses and supracrustal rocks (and thereby minimum
ages for the NSB successions) were not previously
available and protolith assignments to the various units
in the enclave have hitherto been provisional. We chose
to explore these rocks in more detail since pre-3.7 Ga
supracrustal sequences are extremely rare and each new

discovery has the potential to greatly expand our
knowledge of conditions on the early Earth. Such
rocks provide the only direct window into surface
processes that governed the planet at the time of life's
emergence [7].
Because the oldest rocks are complicated by
protracted histories of metamorphism, much of the
controversy that surrounds the geology of ancient
supracrustal sequences at other localities – such as at
the Isua supracrustal belt (ISB) and Akilia association
(AA) in southern West Greenland – has been fueled in
part by the reconnaissance-scale “sketch maps” that
have historically accompanied those studies [8–11 c.f.
12,13]. To overcome issues which have traditionally
plagued that work, our new analysis used an integrated
approach to (i) construct detailed maps to guide sample
collection of critical field relations that may be used
to establish (minimum) ages of candidate sedimentary
units in the NSB; (ii) investigate the possibility for
(older) zircon inheritance in the orthogneisses and
candidate paragneisses; (iii) gain insight into the
metamorphic history of the units; and (iv) place
geochemical constraints on possible protoliths to the
supracrustal assemblage. Here, we report the results
of large-scale (1:50) mapping to guide sampling
for high-resolution U-Pb zircon geochronology and
other geochemical studies [14]. In the present work, the
within-grain analytical capacity of the UCLA Cameca
ims1270 ion microprobe, e.g., [15], was applied to
U-Pb analyses of zircons extracted from four NSB
orthogneiss samples, including two from the same unit
previously investigated by David et al. [2], as well as two
quartz-biotite schists of putative detrital sedimentary
origin.
2. Geologic background
The Minto block within the northeastern Superior
Province is composed of several Archean terranes
dominated by granitoid gneisses with subordinate
supracrustal units arranged in a north-northwestern
regional structural trend as distinguished by strong
aeromagnetic anomalies [16]. The current prevailing
model for the origin of the Minto Block is that it
comprises the batholitic roots of plate-margin and intraoceanic arcs with rare preservation of supracrustal
sequences that were amalgamated through a series of
collisions ca. 2.7 Ga [17,18]. The Inukjuak domain is
the westernmost terrane within the Minto block and is
distinguished from the neighboring Tikkerutuk based
on aeromagnetic contrasts [16]. Recent isotopic work
has found a corresponding decrease in εNd within the
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Fig. 2. Above: Simplified geologic map of the Porpoise Cove outcrop. Sample locations noted (IN05 prefix omitted). Q—Quaternary cover/shoreline; Lg—leucogranite/late granitic intrusions; Aq—
intercalated finely banded quartz-magnetite and quartz-pyroxene rocks (BIF—sensu lato); Aqbc—quartz-biotite schist (meta-conglomerate?); Amix—amphibolite + quartz-biotite schist + orthogneiss;
Amp—plagioclase-rich amphibolite; Am—mixed amphibolite: massive, banded or garnetiferous; Aum—ultramafic rocks; Asg—silicified gneiss; Ag—orthogneiss. Below: Annotated field photos of
key units. Locations are marked by • on geologic map. (A) Intercalated quartz-magnetite (Aqm) and quartz-pyroxene rocks (Aqp); (B) ultramafic unit with potential pillow structures (field of view
∼ 2 m); (C) fold encompassing multiple lithologies and focus of detailed geologic map (Fig. 3; field of view ∼ 5 m); (D) quartz-biotite schist with large rounded polycrystalline “cobbles” (possible
meta-conglomerate?).
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Inukjuak relative to the Tikkerutuk [19], although the
mapping project by the Ministère did not find any
significant structural or lithological boundary between
the two domains [1].
3. Nuvvuagittuq supracrustal belt
The NSB is one of several supracrustal enclaves of
the Innuksuac Complex rafted within the dominantly
tonalite-trondhjemite-granodiorite (TTG) gneisses of
the Inukjuak domain. The NSB comprises an 8-km2
supracrustal body arranged in an arcuate pattern surrounded and in some cases intruded by the ca. 3.6 Ga
Voizel granitoid suite [2]. The metamorphic equivalents
of volcano-sedimentary lithologies found throughout
the belt are dominantly basaltic amphibolites, layered
ultramafic intrusions [20], ultramafic rocks that geochemically resemble basaltic komatiite (although they do not
preserve a spinifex texture), finely banded quartzmagnetite (metamorphosed banded iron-formation; BIF)
and other ferruginous quartz-pyroxene rocks of chemical
sedimentary origin [14] and quartz-biotite schists of

putative polymict conglomerate derivation. The supracrustal successions are intruded by several narrow
orthogneissic sheets of TTG-type compositions [1].
This study explored in detail a small (130 × 40 m)
coastal outcrop [2,21] with excellent exposures of the
principal lithologies described above. The outcrop was
mapped with a 5 × 5 m oriented grid, and Figs. 2 and 3
show sample localities discussed in the text. The
exposure is dominated by highly deformed amphibolites
(Am), which range from massive to banded and variably
garnetiferous, intercalated with uncommon ultramafic
layers (Aum) that locally preserve relict pillow structures. Subordinate units include finely banded quartzmagnetite (Aqm) and quartz-pyroxene (Aqp) rocks
restricted to the westernmost mapped area, and quartzbiotite schists (Aqbc) scattered throughout. North-south
trending isoclinal folding within the supracrustal
sequence is shared by the oldest generation of
orthogneisses (Ag) which are the focus of the present
study. As described herein, some orthogneissic sheets
preserve unambiguous cross-cutting relationships with
quartzitic units of probable chemical sedimentary

Fig. 3. Detailed geologic map of key area of outcrop (rectangle outline from Fig. 2). Additional sample locations annotated. Units as for Fig. 2 with
additional subdivisions: Agm—massive orthogneiss; Agb—banded orthogneiss; Aqbc + Gt—quartz-biotite schist + garnetiferous paragneiss; Amm—
massive amphibolite; Amb—banded amphibolite; Amg—garnetiferous amphibolite. All measured dips are on maps, where dips were not measurable,
direction of dip indicated by symbol.
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protolith (BIF). This observation confirms that the
volcano-sedimentary (supracrustal) sequences are older
than the intrusive granitoid phases.
4. Geochemical characterization
4.1. Amphibolites (Am) and ultramafic rocks (Aum)
The mafic rocks from the mapped outcrop of the NSB
at Porpoise Cove are characterized by MgO = 2–9 wt.%,
Ni = 150–170 ppm and Mg# 44–46, consistent with
basaltic compositions and have major element compositions (AFM) typical of tholeiites [22] (all geochemical
data are available in the Supplementary data). On a
chondrite-normalized [23] diagram, the group has nearly
flat REE patterns with very slightly depleted to enriched
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LREEs (La/Sm)CN = 0.8–1.1 and flat HREE with an
overall concave downward pattern and minimal Eu
anomalies (Fig. 4a). On a primitive mantle-normalized
[24] trace element diagram, amphibolites show small
negative (i) Nb (Nb/Nb⁎ = 0.7–0.8); (ii) Ti (Ti/Ti⁎ = 0.7–
0.8); and (iii) Zr (Zr/Zr⁎ = 0.7–0.9) anomalies similar to
modern island arc basalt compositions (Fig. 4b). For
example, we find that tholeiites from the contemporary
Izu-Bonin arc are remarkably similar to the Nuvvuagittuq amphibolites in both REE and trace elements
[25,26]. Mineralogically, the amphibolites are dominantly hornblende and locally have garnets up to 20 cm
in diameter, indicating that these rocks have reached at
least upper amphibolite facies metamorphism.
The ultramafic unit from the mapped area is higher in
MgO (23 wt.%) and consequently has higher Mg# (56)

Fig. 4. Normalized trace element plots. Least altered amphibolites from the ISB [55] (dark field) and the AA [12,13,50] (light field). (A) Chondrite
normalized [23] REE plot of amphibolites. (B) Primitive mantle normalized [24] multi-element plot of amphibolites. (C) Chondrite normalized [23]
REE plot of orthogneisses. (D) Primitive mantle normalized [24] multi-element plot of orthogneisses. Sample preparation and analysis procedures
[56] in supplementary data.
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than the amphibolites and is also enriched in transition
metals (Ni = 977 ppm; Cr = 3098 ppm). Trace elements
are similar in abundance to the amphibolites, but the
ultramafic unit has a large negative Eu anomaly, and
small positive Nb, Ti and Zr anomalies (Fig. 4a, b). It is
depleted in Al, Sc, Y and HREE relative to Ti, LREE
and MREE, as well as [Gd/Yb]PM = 1.5, all criteria that
are consistent with a melt originating from a source
with garnet as a residual phase [27,28]. The geochemical similarity of the ultramafic unit with other wellknown ancient komatiites, e.g., Barberton greenstone
belt [29], its within-succession placement with the
amphibolites, association with rocks of likely chemical
sedimentary origin, absence of cross-cutting relationships and sharp lithologic contacts with the surrounding
rock types as well as what appear to be preserved
(though highly deformed) pillow structures (Fig. 2b),
suggests that this was emplaced as a komatiite flow
rather than as a sill. However, the rocks are strongly
deformed and this interpretation needs to be verified
by more detailed studies.
4.2. Orthogneisses (Ag, Agm, Agb)
Orthogneisses within the mapped area are dominantly trondhjemitic (Supplementary data) and all fall within
typical TTG compositional fields [30]. They are
characterized by consistent SiO2 (69–72 wt.%) but
lower Na2O (2–5 wt.%) than typical Archean TTGs (3–
7 wt.%; [31]). Like most high-Al granitoids, they are
LREE enriched on a chondrite normalized [23] diagram
and have negative Nb, Sr and Ti anomalies on a
primitive mantle normalized [24] trace element diagram
(Fig. 4c, d). The Zr content of the analyzed orthogneisses
averages 125 ppm and the gneisses have correspondingly
low zircon saturation temperatures ranging from 747 to
797 °C (Supplementary data) [32], near the H2O-saturated
temperature of TTG melt formation [33]. Because these
parameters minimize the possibility for extensive zircon
inheritance in the NSB orthogneisses investigated here,
it is considered highly likely that the oldest zircons in
these units record the age of emplacement [34].
4.3. Banded quartz-magnetite (Aqm) and quartzpyroxene rocks (Aqp)
Finely banded quartz-magnetite rocks which strongly
resemble BIF are intercalated with coarser grained
quartz-pyroxene rocks (Fig. 2a). At the outcrop scale,
preservation of quartz-magnetite (Aqm units) is variable
with magnetite-amphibole layers progressively replaced
by dominantly pyroxene-rich layers (IN05007 best

Fig. 5. NASC normalized [35] multi-element plot of quartz-biotite
schists (meta-conglomerates?). Grey field is a compilation of
Eoarchean shales [36,37].

preserved Aqm, IN05040 almost completely quartzpyroxene Aqp). The banded quartz-magnetite units are
weakly LREE-enriched ([La/Yb]CN = 1.6–3.4) with both
positive and negative Eu anomalies and tend to have
superchondritic Y/Ho (Supplementary data). Fe isotopic
compositions reported for these quartz-magnetite units
are consistent with a chemical sedimentary origin [14].
4.4. Quartz-biotite schists (polymict conglomerate(?)
Aqbc)
Coherent and sharply bounded units host what
appear to be highly stretched polycrystalline quartz
clasts up to 40 × 10 cm and rare small mafic clasts
suspended in a matrix of biotite + disseminated quartz +
clinozoisite ± garnet ± cordierite and abundant sulfides.
These units are found throughout the mapped enclave.
Samples of the schists show a regular depletion in REE
and HFSE when compared to NASC [35]. This feature,
along with larger depletions in Zr, Hf and Th and
enrichments in transition metals, matches the patterns
observed in other detrital Archean sediments—e.g.,
[36,37] (Fig. 5). Caution is warranted in the interpretation of these rocks since the highly deformed nature of
these units precludes a definitive protolith assignment
prior to detailed isotopic (e.g., δ18O) studies.
5. Geochronology
5.1. Analytical methods
Samples selected for geochronology were crushed
and sieved to <700 μm and zircons were extracted by
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our usual methods: (i) passed though heavy liquids; then
(ii) a magnetic separator (e.g., [38]). Grains from the
least magnetic fraction were handpicked under a
binocular microscope, placed on adhesive tape, cast in
Buehler© epoxide resin with standard zircon AS-3
[39,40] and polished in stages to 0.25 μm alumina until
grain centers were reached. Zircons were characterized
by optical (transmitted and reflected light) and backscattered electron microscopy (Supplementary data).
Prior to ion microprobe analysis, grain mounts were
cleaned in 1N HCl solution to reduce common Pb
contamination, cleaned in ultrapure water, dried in air
and coated with ∼ 100 Å of Au to facilitate conductivity.
All U-Pb zircon ion geochronology was determined
using the UCLA Cameca ims1270 high-resolution ion
microprobe under routine conditions (e.g., [13]); a short
summary is provided. The standard operating conditions
for U-Pb analyses were a ∼ 6-nA O2− primary beam
focused to a 25-μm spot; the ion microprobe was
operated at a mass resolving power of ∼6000 to exclude
molecular interferences. Oxygen flooding to a pressure
of 3.5 × 10− 5 torr was employed to increase Pb+ yields
[41]. Zircon ages for our unknowns (Supplementary
data) were determined by comparison with a working
curve defined by multiple measurements of standard
AS-3 that yields concordant 206 Pb/238U and 207Pb/235 U
ages of 1099.1 ± 0.5 Ma [39,40]. All ages were calculated using the Isoplot software package [42] and are
reported at the 1σ level based on asymmetric weighted
regressions except when noted. Lower intercept ages are
not reported as these are all poorly defined with errors
often greater than 200 Ma but tend to center at 2400 Ma
for all calculated discordia.
5.2. Zircon morphology and geochemistry
The problem of zircon inheritance and emplacement
ages of thin orthogneissic units has been the focus of
much debate for other Eoarchean supracrustal enclaves.
Nevertheless, the metamorphic vs. igneous nature of
zircons can often be distinguished morphologically and
by crystal chemistry. The habit of igneous zircons is
typically stubby to elongate with well-developed facets,
while metamorphic zircon occurs as overgrowths on
igneous zircons, as rounded irregular grains or as small,
needle-like crystals [43]. Morphological analysis of
cathodoluminescence (CL) and backscattered electron
(BSE) images for various zones within zircon can be
useful for interpreting the origin of zircon growth, but
these features can also be ambiguous [44].
As zircon is the only common phase that can
significantly fractionate Th and U in felsic (TTG-type)
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melts, a crystal chemical parameter that can discriminate
igneous from metamorphic zircon is [Th/U]Zr. When
melts cool and begin to crystallize they should maintain
their Th/U ratio until zircon forms, and magmatic zircon
will have Th/U that is dependent on the Th/U ratio of the
melt from which it crystallized [45]. Zircon grown from
a melt with a Th/U ratio = 3.8 (average continental crust)
zircon
should have a Th/U ratio ∼ 0.8 (Dmelt
= 0.2; [46]). In
contrast, Th/U of metamorphic or hydrothermal zircon
is strongly dependent on the fluid compositions from
which it crystallizes, a parameter that can vary widely
depending on the mobility of Th and U in that particular
fluid and the source(s) of Th and U, e.g., mineral
breakdown. What releases Th and U to the metamorphic
fluid, and when, is strongly P-T dependent [47]. Thus,
direct comparison of the rock Th/U to [Th/U]Zr, along
with the morphological criteria cited above, as well as Zr
saturation arguments [32] are useful to distinguish
igneous from metamorphic zircons.
5.3. Sample descriptions and geochronology results
5.3.1. Ag units IN05003 and IN05022
Both samples are from the same unit previously
analyzed by David et al. [2] for conventional wholezircon U-Pb analysis by TIMS (Fig. 2c). It is a foliated
orthogneiss (unit Agb) with trondhjemitic affinity that
forms the outer orthogneiss layer from the fold that is the
focus of the mapped area (Fig. 3). Zircons are pink,
prismatic, stubby and range from 100 to 250 μm in
length. The zircons are rhythmically zoned in BSE but
occasionally have thin, bright, unzoned overgrowths
(Supplementary data). Geochronology results for both
samples appear to comprise a single population that
had undergone variable lead loss due to one or more
metamorphic events, or possibly by a mixture of
populations, with the exception of one analysis of a
BSE bright rim. We performed 19 analyses on 18 grains
from sample IN05003 that yielded a discordia on a
Terra–Wasserberg diagram with an upper intercept of
3784−+ 130
110 Ma (MSWD = 0.52); and 14 analyses on
13 grains for sample IN05022 yielded an discordia
with a well-defined upper intercept of 3765−+ 51
48 Ma
(MSWD = 0.86) if one reversely discordant data point is
excluded (23_1, Supplementary data). All grains, except
18_2 from IN05003 which appears to be metamorphic
(bright outer rim, [Th/U]Zr = 0.011 ± 0.001; Supplementary data), have [Th/U]Zr (0.52 ± 0.12) consistent with
origin from a magma with the host-rock geochemistry
(whole-rock Th/U = 4.27, average of analyses in Supplementary data) [15,48]. Because the samples were
taken from slightly different locations within the same
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unit and were analyzed during the same session, the
two data sets were pooled to yield a statistically significant discordia with an upper intercept of 3758−+ 51
47 Ma
(MSWD = 0.67; Fig. 6a), which is in good agreement
with the robust minimum 207 Pb/206Pb weighted mean
age of 3751 ± 10 Ma (95% confidence interval) calculated from the nine oldest and most concordant
analyses.
5.3.2. Ag unit IN05018
The sample is from a massive orthogneiss from the
core of the same fold as IN05003 and IN05022 (Fig. 3)

and shares the trondhjemitic compositional affinity with
the outer unit (IN05003 and IN05022). Zircons are pink,
stubby, prismatic and mostly < 100 μm (one grain was
∼ 200 μm long). Internal zoning, though present, is
weaker than in zircons for samples IN05003 and
IN05022. A total of 21 analyses on 19 grains form a
well-defined discordia with an upper intercept age of
3800−+ 55
52 Ma (MSWD = 0.78; Fig. 6b) when two highly
discordant analyses with high non-radiogenic lead
components and one younger, reversely discordant
analysis are excluded (3_1, 11_1 and 14_1, Supplementary data). A minimum 207 Pb/206Pb weighted mean age

Fig. 6. Integrated geochronology and Th/U geochemistry of zircons from selected orthogneisses and meta-conglomerates(?). Sample localities on
Figs. 2 and 3. Upper panels are Terra–Wasserberg plots with populations corresponding to separate events (1σ error ellipses). Lower panels are
integrated probability and [Th/U]zircon (1σ error bars). Grey fields are [Th/U]zircon predicted from whole-rock geochemistry. (A) IN05003 and
IN05022; (B) IN05018; (C) IN05012; (D) IN05028; (E) IN05020; (F) IN05037.
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of 3743 ± 10 Ma is obtained from the oldest, most
concordant grains (5_1–3, 8_1, 10_1, 18_1, 19_1, 22_1)
that also have [Th/U]Zr consistent with origin from a
magma with the chemistry of the host rock (Th/U = 3.8).
5.3.3. Ag unit IN05012
The sample is from a thin (< 15 cm), granodioritic
massive orthogneiss unit that cross-cuts and incorporates small xenoliths of quartz-pyroxene (Aqp) and
banded quartz-magnetite (Aqp + Aqm; “meta-BIF”) units
(Fig. 7). Zircons are pink, prismatic and range from
< 50 μm to 200 μm in length. They have well-developed
rhythmic zones in BSE with occasional dark unzoned
overgrowths. Our 18 analyses on 18 grains yielded ages
with an upper intercept of 3818−+ 190
140 Ma, although no
individual analysis is older than 3734 Ma (Fig. 6c) and
the weighted mean 207Pb/206 Pb age of the five oldest
analyses is 3721 ± 10 Ma. The measured [Th/U]Zr values
are more variable within this sample in comparison to
the other orthogneisses we measured but are still
consistent with a magmatic origin (0.51 ± 0.21).
5.3.4. Ag unit IN05028
The sample is from a rootless (intrafolial), isoclinally
folded tonalitic orthogneiss concordant to the foliation
of the surrounding amphibolite (Am) and disrupted by a
late pegmatite (Fig. 2). Zircons are stubby, mostly
prismatic and range from 100 to 300 μm. Rather than
being strung along a discordia, the 18 analyses on 15
grains from this tonalite yielded a tightly grouped,
slightly reversely discordant population (excluding 3
outliers) with a weighted mean 207Pb/206 Pb age of
3744 ± 14 Ma (MSWD = 3.7; Fig. 6d). The [Th/U]Zr
ratios (0.74 ± 0.18) for all analyses were found to be
consistent with origin from a magma with the chemistry of the host rock.

Fig. 7. Field photograph of orthogneiss (Ag sample IN05012) that
cross-cuts banding of a quartz-pyroxene rock (Aqp).

17

5.3.5. Aqbc unit IN05020
The sample is from a thin, highly deformed quartzbiotite schist (meta-conglomerate?) in close association
with trondhjemitic gneisses IN05003, IN05018 and
IN05022 (Figs. 2c and 3). Zircons are abundant,
irregularly shaped and many appear to be metamict. In
BSE, zircons are poorly zoned, with most either
characterized by a thin bright rim or sector zoning
(Supplementary data). Our 20 analyses on 20 grains
failed to find any zircons greater than 3564 Ma and
grains fall on a discordia with an upper intercept of
3558−+ 99
96 Ma (MSWD = 0.94) when two highly discordant grains are omitted (18_1 and 8_1; Fig. 7e). Based
on our analysis, these zircons appear to be either
completely recrystallized or the result of neoform
growth during metamorphism and then subsequently
isotopically disturbed.
5.3.6. Aqbc unit IN05037
The sample is from a ∼ 3-m-thick sequence of what
appears to be a highly deformed meta-conglomerate
with large polycrystalline clasts that are stretched and
rounded (Fig. 2d). Zircons are mostly small and stubby
or appear to be fragments of larger grains. Our 13
analyses on 12 grains yielded one grain greater than
3700 Ma (grain 3_1, Supplementary data) and what may
be a population at ∼ 3500 Ma (Fig. 7f). The [Th/U]Zr of
the oldest grain could be consistent with origin as a
detrital grain from a felsic igneous rock, otherwise the
[Th/U]Zr values of younger zircons are highly variable
(0.91 ± 0.89).
6. Discussion
In light of recent results which suggest that significant
continental crust volumes were present very early in
Earth's history [49], perhaps it is not that surprising that a
new > 3.7 Ga supracrustal belt has been found. We
speculate that many such ancient cratonic elements await
detection and study in North America and elsewhere.
The Nuvvuagittuq supracrustal belt is only the best
documented and, thus far, only dated supracrustal
unit of the Innuksuac Complex in the Inukjuak domain.
Regional maps of the area generated by the Ministère des
Resources naturelles du Québec show that there are
many more rafted supracrustal terranes further inland
from the coastal locality investigated here [1,19], these
are similar in many respects to various Akilia association
enclaves found throughout the southern part of the Itsaq
Gneiss Complex in West Greenland [13,50].
The NSB rocks share several fundamental lithological and geochemical similarities with the Isua
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supracrustal belt. Both terranes host tholeiitic amphibolites with arc-like signatures (Fig. 4a, b) in close
association with rocks of chemical sedimentary affinity
(Aqm units or “banded iron-formation” sensu lato) and
intrusive orthogneisses of TTG compositions with
geochemical signatures which point to a likely basaltic
source, with restite garnet and possibly plagioclase.
Whether this resemblance indicates a shared geologic
history or is simply a reflection of comparable geologic
processes ongoing in multiple localities on the
Eoarchean Earth requires further scrutiny of all the
rock-types and extension of mapping and sampling
beyond the type locality at Porpoise Cove. Should the
Nuvvuagittuq supracrustal belt turn out to be an
entirely “new” piece of ancient crust with a separate
origin from Isua, then the shared geochemical
signatures of these two terranes would provide
fundamental new insights into global-scale processes
at ca. 3.8 Ga.
Despite a complex deformational history revealed by
our mapping, and a high metamorphic grade recorded
by, e.g., neoform metamorphic zircon growth in the
metasedimentary quartz-biotite schists, the zircon age
populations of the oldest orthogneisses of the Nuvvuagittuq supracrustal belt appear to record a rather simple
history. Our high-resolution U-Pb zircon geochronology
supports an Eoarchean age for the NSB as first presented
by David et al. [2], but our data suggest that the belt may
be slightly younger than preliminary reports which
placed its age at ca. 3825 Ma. A firm minimum age for
the oldest orthogneisses is provided by the weighted
mean 207Pb/206Pb age of 3751 ± 10 Ma for samples
GR05003 and GR05022. The same unit yields a welldefined discordia with an upper intercept of
3758−+ 51
47 Ma. These samples are from an orthogneiss
analyzed by David et al. [2] who reported a discordia
age of 3825 ± 16 Ma based on four of five TIMS
analyses. However, if all analyses are included [21],
their data appear to yield a discordia age of 3801 ± 77 Ma
with the oldest individual 207Pb/206Pb age at 3750 ± 5 Ma.
This result is within error of analyses reported here and
virtually identical to the data reported herein for sample
IN05018 (3800−+ 55
52 Ma) from a nearby orthogneiss. A
sample from the orthogneiss with the best evidence
for a cross-cutting relationship to rocks of sedimentary
protolith (Fig. 7) also yields a similar, if less precise,
discordia age of 3818−+ 190
140 Ma. Therefore, both the new
results presented here and the reconnaissance data of
David et al. [2] confirm a minimum age for the supracrustals of 3751 ± 10 Ma based on 207Pb/206Pb zircon
ages with ages likely greater than 3758−+ 51
47 Ma from
pooled U-Pb geochronology.

Most orthogneiss zircons reported here form linear
arrays with well-defined discordias and retain magmatic
[Th/U]Zr values. This suggests that their isotopic systems were disturbed by at least one metamorphic event
prior to 2400 Ma, the age of most of the lower intercepts
(Fig. 6). We propose that the most likely candidate is a
ca. 2700 Ma event that is known to have overprinted
the Inukjuak and neighboring Tikkerutuk domains [1]
recorded as an overgrowth on at least one zircon within
the early Archean orthogneisses we analyzed (zircon
18_2, Supplementary data).
The origin of zircons from the putative polymict
meta-conglomerates is not as easily reconciled with a
purely igneous derivation. If the sedimentary nature of
the units can be confirmed, then the most likely scenario
to explain our data is that the majority of zircons
crystallized during high-grade metamorphism at ca.
3500 Ma and some were subsequently disturbed by later
event(s). The single > 3700 Ma grain (zircon 37_3,
Supplementary data) could represent a detrital igneous
grain; both the internal zoning in BSE and Th/U are
consistent with a magmatic origin. If this interpretation is
correct, it records the maximum age of the supracrustal
sequence as nearly synchronous with the intrusion of the
orthogneisses. Because the quartz-biotite schists are
complex, further geochemical analyses are warranted to
establish protolith, e.g., [13]. The units could instead
be a later intrusion to the amphibolitic sequences that
were subsequently broken-up during deformation. If the
apparently conglomeratic texture within this unit is
purely deformational in origin and the zircons are the
result of metamorphic crystallization, then these rocks
would not provide age constraints for the emplacement
of the supracrustals.
7. Conclusions
The Eoarchean Nuvvuagittuq supracrustal belt
represents the first discovery of a large body of pre3.75 Ga supracrustal sequences with demonstrably
preserved sedimentary components since Black et al.
[51] revealed the antiquity of the “Amîtsoq” gneisses
which host metasedimentary enclaves in West Greenland. Subsequent investigations in southwestern Greenland of the Akilia association, e.g., [52,53] and their
likely equivalents the Nulliak supracrustals in northern
Labrador, Canada [54], have bolstered the case for
extensive Eoarchean crust in the North Atlantic Craton.
A minimum age for the NSB from 207 Pb/206Pb-weighted
means of zircon populations is 3751 ± 10 Ma, and
regressions based on discordia suggest that the belt may
be as old as 3800−+ 55
52 Ma. These ages are comparable to
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the Itsaq Gneiss Complex rocks in the Isukasia terrane
West Greenland [8,15], but petrogenetic linkages (if
any) between the two await to be established. Abundant
other supracrustal sequences within the Inukjuak
domain remain undocumented, and their future study
opens up exciting new discovery opportunities for
insights into the earliest surface environments. The
documented Eoarchean age of the Nuvvuagittuq supracrustal belt has now essentially doubled the number of
known supracrustal sequences greater than ca. 3750 Ma
on Earth.
Acknowledgments
Logistical assistance and permissions from the
Pituvik Landholding Corporation (E. Atagoltaluk, M.
Kasudluak, T. Palliser, M. Carroll) of Inukjuak
(Nunavik), Québec, is greatly appreciated. We give
particular thanks to our boat driver Charlie and the
Mayor of Inukjuak, Mr. Andy Moorhouse for their
important help. Field assistance by Jon Adam helped
make this work possible. High-precision geochemical
analyses by Phil Robinson at the University of
Tasmania are appreciated. We wish to acknowledge
technical assistance with the UCLA Cameca ims1270
ion microprobe from A. Schmitt, M. Grove and G.
Jarzebinski. Laboratory support by John Drexler and
Paul Boni is also appreciated. The authors wish to
thank executive editor R. Carlson for shepherding the
paper through the review process and the two
anonymous reviewers who helped improve the manuscript. Discussions with P. Hoffman, R. Stevenson and
D. Francis helped to further enlighten us on the
geology of northern Québec. This work was supported
by the NASA Exobiology Program “Mission to Really
Early Earth (NAG5-13497) to SJM and a NASA
Astrobiology Institute graduate research grant (to
NLC). Facility support to the UCLA ion microprobe
center comes from the Instrumentation and Facilities
Program of the National Science Foundation.
Appendix A. Supplementary data
Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.
epsl.2006.11.034.
References
[1] M. Simard, M. Parent, J. David, K.N.M. Sharma, Géologie de la
Région de la Rivière Innuksuac (SNRC 34 K et 34 L), Ministère
des Ressources Naturelles, Québec, RG, vol. 2002-10, 2003.

19

[2] J. David, M. Parent, R. Stevenson, P. Nadeau, L. Godin, La
séquence supracrustale de Porpoise Cove, région d'Inukjuak: un
exemple unique de croûte paléo-archéenne (ca. 3.8 Ga) dans la
Province du Supérieur, L'exploration Minérale au Québec, Notre
Savoir, Vos Découvertes, Ministère des Ressources Naturelles,
Québec, DV, vol. 2002-10, 2002, p. 17, abstr.
[3] R. Stevenson, M. Bizzarro, Hf and Nd isotope evolution of
lithologies from the 3.8 Ga Nuvvuagittuq Sequence, northern
Superior Province, Canada, Geochim. Cosmochim. Acta 69
(2005) A391 (abstr.).
[4] T. Skulski, L. Whalen, R. Stern, Archean terranes and their
boundaries in the northern Superior Province, in: R.M. Harrap,
H.H. Helmstaedt (Eds.), Western Superior Transect Sixth Annual
Workshop, Lithoprobe Report, vol. 70, 1999, pp. 163–165.
[5] C.O. Böhm, L.M. Heaman, R.A. Creaser, M.T. Corkery,
Discovery of a 3.5 Ga exotic crust at the northwestern Superior
Province margin, Manitoba, Geology 28 (2000) 75–78.
[6] C.O. Böhm, L.M. Heaman, R.A. Stern, M.T. Corkery, R.A.
Creaser, Nature of Assean Lake ancient crust, Manitoba: a
combined SHRIMP-ID-TIMS U-Pb geochronology and Sm-Nd
isotope study, Precambrian Res. 126 (2003) 55–94.
[7] S.J. Mojzsis, G. Arrhenius, K.D. McKeegan, T.M. Harrison, A.P.
Nutman, C.R.L. Friend, Evidence for life on Earth before
3800 million years ago, Nature 384 (1996) 55–59.
[8] A.P. Nutman, S.J. Mojzsis, C.R.L. Friend, Recognition of
≥3850 Ma water-lain sediments in West Greenland and their
significance for the early Archaean Earth, Geochim. Cosmochim.
Acta 61 (1997) 2475–2484.
[9] J.S. Myers, J.L. Crowley, Vestiges of life of life in the oldest
Greenland rocks? A review of early Archaean geology in the
Godthåbsfjord region, and reappraisal of field evidence for
>3850 Ma life on Akilia, Precambrian Res. 103 (2000) 101–124.
[10] C.M. Fedo, M.J. Whitehouse, Metasomatic origin of quartzpyroxene rock, Akilia, Greenland and implications for Earth's
earliest life, Science 296 (2002) 1448–1452.
[11] A.P. Nutman, C.R.L. Friend, S.L.L. Barker, V.R. McGregor,
Inventory and assessment of Paleoarchaean gneiss terrains and
detrital zircons in southern West Greenland, Precambrian Res.
135 (2004) 281–314.
[12] C.E. Manning, S.J. Mojzsis, T.M. Harrison, Geology, age and
origin of supracrustal rocks, Akilia, west Greenland, Am. J. Sci.
306 (2006) 303–366.
[13] N.L. Cates, S.J. Mojzsis, Chemical and isotopic evidence for
widespread Eoarchean metasedimentary enclaves in southern
West Greenland, Geochim. Cosmochim. Acta 70 (2006)
4229–4257.
[14] N. Dauphas, N.L. Cates, S.J. Mojzsis, V. Busigny, Identification
of chemical sedimentary protoliths using iron isotopes in the
>3750 Ma Nuvvuagittuq supracrustal belt, Canada, Earth Planet
Sci. Lett. (in press).
[15] S.J. Mojzsis, T.M. Harrison, Establishment of a 3.83-Ga
magmatic age for the Akilia tonalite (southern West Greenland),
Earth Planet. Sci. Lett. 202 (2002) 563–576.
[16] J.A. Percival, J.K. Mortensen, R.A. Stern, K.D. Card, N.J. Begin,
Giant granulite terranes of northeastern Superior Province: the
Ashuanipi complex and Minto block, Can. J. Earth Sci. 29 (1992)
2287–2308.
[17] J.A. Percival, T. Skulski, Tectonothermal evolution of the
northern Minto block, Superior Province, Québec, Canada,
Can. Mineral. 38 (2000) 345–378.
[18] J.A. Percival, R.A. Stern, T. Skulski, Crustal growth through
successive arc magmatism: reconnaissance U-Pb SHRIMP data

20

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

N.L. Cates, S.J. Mojzsis / Earth and Planetary Science Letters 255 (2007) 9–21
from the northeastern Superior Province, Canada, Precambrian
Res. 109 (2001) 203–238.
R.K. Stevenson, J. David, M. Parent, Crustal evolution of the
western Minto Block, northern Superior Province, Canada,
Precambrian Res. 145 (2006) 229–242.
D. Francis, Mafic Magmas of the 3.8 Ga Nuvvuagittuq
Greenstone Belt, Ungava, Québec. Eos. Trans. AGU, 85, Joint
Assembly Suppl. (2004) V12B-06 05, abstr.
P. Nadeau, Structural investigation of the Porpoise Cove area,
Northeastern Superior Province, Northern Québec, unpublished
M.Sc. thesis, Simon Fraser University, 2003.
T.N. Irvine, W.R.A. Baragar, A guide to the chemical classification
of common volcanic rocks, Can. J. Earth Sci. 8 (1971) 523–548.
E. Anders, N. Grevesse, Abundances of the elements—meteoric
and solar, Geochim. Cosmochim. Acta 53 (1989) 197–214.
W.F. McDonough, Composition of the primitive mantle, depleted
mantle and other mantle reservoirs, Int. Geol. Congr., Abstracts
29 (1992) 175 (abstr.).
R.N. Taylor, R.W. Nesbitt, Isotopic characteristics of subduction
fluids in an intera-oceanic setting, Izu Bonin arc, Japan, Earth
Planet. Sci. Lett. 164 (1998) 79–98.
T. Yokoyama, K. Kobayashi, T. Kurtani, E. Nakamura, Mantle
metasomatism and rapid ascent of slab components beneath island
arcs: Evidence from 238U-230Th-226Ra disequilibria of Miyakejima
volcano, Izu arc, Japan, J. Geophys. Res. 108 (2003) 2329–2353.
R.W. Nesbit, S.S. Sun, A.C. Purvis, Komatiites: geochemistry
and genesis, Ca, Mineral. 17 (1979) 165–186.
R.A. Sproule, C.M. Lesher, J.A. Ayer, P.C. Thurston, C.T.
Herzberg, Spatial and temporal variations in the geochemistry of
komatiites and komatiitic basalts in the Abitibi greenstone belt,
Precambrian Res. 115 (2002) 153–186.
G.R. Byerley, Komatiites of the Mendon formation: late-stage
ultramafic volcanism in the Barberton greenstone belt, in: D.R.
Lowe, G.R. Byerley (Eds.), Geologic Evolution of the Barberton
Greenstone Belt, South Africa, GSA Special Paper, vol. 329,
1999, pp. 189–212.
F. Barker, Trondhjemite; definition, environment and hypotheses
of origin, in: F. Barker (Ed.), Trondhjemites, Dacites, and Related
Rocks, Elsevier Sci. Publ. Co., Amsterdam, 1979, pp. 1–12.
H. Martin, R.H. Smithies, R. Rapp, J.F. Moyen, D. Champion,
An overview of adakite, tonalite-trondhjemite-granodiorite
(TTG), and sanukitoid: relationships and some implications for
crustal evolution, Lithos 79 (2005) 1–24.
T.M. Harrison, E.B. Watson, Kinetics of zircon dissolution and
zirconium diffusion in granitic melts of variable water content,
Contrib. Mineral. Petrol. 84 (1983) 66–72.
P.J. Wyllie, M.B. Wolf, S.R. van der Laan, Conditions for
formation of tonalites and trondhjemites: magmatic sources and
products, in: J. de Wit, L.D. Ashwal (Eds.), Greenstone Belts,
Oxford University Press, Oxford, 1997, pp. 256–266.
E.B. Watson, Dissolution, growth and survival of zircons during
crustal fusion: kinetic principles, geologic models and implications for isotopic inheritance, Proc. R. Soc. Edinb. 87 (1996)
43–56.
L.P. Gromet, L.A. Haskin, R.L. Korotev, R.F. Dymek, The
“North American shale composite”: Its compilation, major and
trace element characteristics, Geochim. Cosmochim. Acta 48
(1984) 2469–2482.
D.J. Wronkiewicz, K.C. Condie, Geochemistry of Archean shales
from the Witwatersrand Supergroup, South Africa: Source-area
weathering and provenance, Geochim. Cosmochim. Acta 51
(1987) 2401–2416.

[37] A. Hofmann, R. Bolhar, P. Dirks, H. Jelsma, The geochemistry of
Archaean shales derived from a Mafic volcanic sequence,
Belingwe greenstone belt, Zimbabwe: provenance, source area
unroofing and submarine versus subaerial weathering, Geochim.
Cosmochim. Acta 67 (2003) 421–440.
[38] S.J. Mojzsis, T.C. Devaraju, R.C. Newton, Ion microprobe U-Pb
age determinations on zircon from the late Archean granulite facies
transition zone of southern India, J. Geol. 111 (2003) 407–425.
[39] J.B. Paces, J.D. Miller Jr., Precise U-Pb ages of Duluth Complex
and related mafic intrusions, northeastern Minnesota; geochronological insights to physical, petrogenetic, paleomagnetic, and
tectonomagnetic processes associated with the 1.1 Ga Midcontinent Rift System, J. Geophys. Res. 98 (1993) 13,997–14,013.
[40] L.P. Black, S.L. Kamo, I.S. Williams, R. Mundil, D.W. Davis, R.
J. Korsch, C. Foudoulis, The application of SHRIMP to
Phanerozoic geochronology; a critical appraisal of four zircon
standards, Chem. Geol. 200 (2003) 171–188.
[41] M. Schuhmacher, E. de Chambost, K.D. McKeegan, T.M.
Harrison, H. Migeon, Dating of zircon with the CAMECA IMS
1270, in: A. Benninghoven, Y. Nihei, R. Shimizu, H.W. Werner
(Eds.), Secondary Ion Mass Spectrometry SIMS IX, John Wiley
& Sons, New York, 1994, pp. 912–922.
[42] K.R. Ludwig, User's Manual for Isoplot/Ex Rev. 2.49: A
Geochronological Toolkit for Microsoft Excel, vol. 1a, Berkley
Geochronological Center Special Publication, 2001.
[43] F. Corfu, J.M. Hanchar, P.W.O. Hoskin, P. Kinny, Atlas of zircon
textures, Rev. Mineral. Geochem. 53 (2003) 469–500.
[44] A.J. Cavosie, N.T. Kita, J.W. Valley, Magmatic 18O in Zircons
from Gabbros and Serpentinized Peridotite at the Mid-Atlantic
Ridge (ODP Leg 153). Eos Trans. AGU, 86(52), Fall Meet.
Suppl., (2005) OS33A-1453 Abstr.
[45] J.C. Ayers, E.B. Watson, Solubility of apatite, monazite, zircon
and rutile in supercritical aqueous fluids with implications for
subduction zone geochemistry, Philos. Trans. R. Soc. Lond. Ser.
A 335 (1991) 365–375.
[46] G. Mahood, W. Hildreth, Large partition coefficients for trace
elements in high-silica rhyolites, Geochim. Cosmochim. Acta 47
(1983) 11–30.
[47] F. Tomaschek, A.K. Kennedy, I.M. Villa, M. Lagos, C. Ballhaus,
Zircons from Syros, Cyclades, Greece; recrystallization and
mobilization of zircon during high-pressure metamorphism, J.
Pet. 44 (2003) 1977–2002.
[48] A.K. Schmitt, M. Grove, T.M. Harrison, O. Lovera, J. Hulen, M.
Walters, The Geysers-Cobb Mountain Magma System, California (Part 1): U-Pb zircon ages of volcanic rocks, conditions of
zircon crystallization and magma residence times, Geochim.
Cosmochim. Acta 67 (2003) 3423–3442.
[49] T.M. Harrison, J. Bichert-Toft, W. Müller, F. Albarède, P. Holden,
S.J. Mojzsis, Heterogeneous Hadean hafnium: Evidence of
significant continental crust at 4.5 Ga, Science 310 (2005)
1947–1950.
[50] A.P. Nutman, V.R. McGregor, C.R.L. Friend, V.C. Bennett, P.D.
Kinny, The Itsaq Gneiss Complex of southern West Greenland;
the world's most extensive record of early crustal evolution
(2900–2600 Ma), Precambrian Res. 78 (1996) 1–39.
[51] L.P. Black, N.H. Gale, S. Moorbath, R.J. Pankhurs, V.R.
McGregor, Isotopic dating of very early Precambrian amphibolite facies gneisses from Godthaab district, West Greenland—
Oxford Isotope Geology Laboratory, Earth Planet. Sci. Lett. 12
(1971) 245.
[52] S. Moorbath, R.K. O'Nions, R.J. Pankhurst, N.H. Gale, V.R.
McGregor, Further rubidium–strontium age determinations on

N.L. Cates, S.J. Mojzsis / Earth and Planetary Science Letters 255 (2007) 9–21
the very early Precambrian rocks of the Godthaab District, West
Greenland, Nature 240 (1972) 78–82.
[53] V.R. McGregor, The early Precambrian gneisses of the Godthaab
District, West Greenland, Philos. Trans. R. Soc. Lond. A 273
(1973) 343–358.
[54] D. Bridgwater, K.D. Collerson, The major petrological and
geochemical characters of the 3600 m.y. Uivak gneisses from
Labrador, Contrib. Mineral. Petrol. 54 (1976) 43–59.

21

[55] A. Polat, A.W. Hofmann, Alteration and geochemical patterns in
the 3.7–3.8 Ga Isua greenstone belt, West Greenland, Precambrian Res. 126 (2003) 197–218.
[56] Z. Yu, P. Robinson, P. McGoldrick, An evaluation of methods for
the chemical decomposition of geological materials for trace
element determination using ICP-MS, Geostand. Newsl. 25
(2001) 199–217.

