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a b s t r a c t

A key discovery from the Hadean (pre-3850 Ma) detrital zircon record has been that the dichotomy of

granitic and basaltic crust was established within about 160 Myr of Earth’s formation (Harrison, 2009).

Understanding the origin and fate of this primordial crust would greatly add to what we know about

the geodynamics of the Hadean Earth. Insights emerge from 147,146Sm–143,142Nd isotope data reported

northern Québec. Some Ca-poor (cummingtonite-rich) amphibolites and granitoid gneisses of the NSB

preserve lower 142Nd/144Nd than Bulk Silicate Earth (BSE); these also show positive correlations against
147Sm/144Nd that were used by O’Neil et al. (2008, 2012) to assign a ca. 4400 Ma age. Alternatively, the

compositions were inherited during the formation of the NSB at around 3800 Ma (Roth et al., 2013;

Guitreau et al., 2013). To resolve this discrepancy, ion microprobe U–Pb ages are reported for detrital

zircons from NSB meta-sediments from within the same supracrustal successions that preserve low
142Nd/144Nd. The youngest detrital zircon cores of igneous derivation define a maximum age for the

NSB of ca. 3780 Ma. This age is about 600 Myr younger than that obtained from 142Nd/144Nd vs.
147Sm–143Nd regressions. Thus, just like the variable 142Nd/144Nd ratios reported for other Eoarchean

terranes, non-BSE 142Nd/144Nd values of the NSB were inherited from an older component.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

First documented in 2002 (David et al., 2002), the Nuvvuagit-
tuq Supracrustal Belt (hereafter termed NSB) is an arcuate
�8 km2, dominantly amphibolite supracrustal enclave sur-
rounded by Paleo- to Mesoarchean granitoid gneisses situated at
the western edge of the Northeast Superior Province in northern
Québec, Canada (Fig. 1). The NSB lies approximately 30 km south
of Inukjuak (town), with coastal outcrops close to Porpoise
Cove on the eastern shore of Hudson Bay. A minimum age of ca.
3750 Ma for the emplacement of the NSB was previously
All rights reserved.
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established from U–Pb zircon geochronology (Cates and Mojzsis,
2007; David et al., 2002, 2009) based on a statistically robust
207Pb/206Pb vs. 238U/206Pb intercept age of 3758þ51

�47 Ma for
igneous cores in zircons from trondhjemitic gneisses within the
supracrustal succession. Some of these small gneissic bodies
locally preserve intrusive contact relationships as revealed by
high-resolution (1:50 scale) geologic mapping (Cates and Mojzsis,
2007). Ion microprobe U–Th–Pb depth profiles of two NSB gneiss
zircons with concordant igneous cores (3802712; 3743726 Ma)
yielded age plateaux that reproduce all previously reported
igneous and metamorphic ages for the NSB (Cates and Mojzsis,
2009 and references therein). Therefore, these rocks are at least
Eoarchean (ca. 3800 Ma) in age and constitute the oldest terrane
discovered in the Superior Province. The U–Pb zircon ages
reported thus far are broadly similar to the well-known Isua
Supracrustal Belt (Nutman et al., 1996) and Akilia association
(Manning et al., 2006; Cates and Mojzsis, 2006) outcrops, both of
which are part of the upper-amphibolite to granulite meta-
morphic facies Itsaq Gneiss Complex in southern West Greenland.
The NSB is also contemporaneous with emplacement of the oldest
parts of the lesser-known Nain Province in Labrador (Nutman and
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Fig. 1. Geological map and geographic location of the Nuvvuagittuq Supracrustal

Belt. (a) Map of Québec with location of NSB indicated and (b) general geologic

map of the western limb of the NSB and surrounding tonalitic gneiss with samples

indicated (IN080-prefix omitted).

Modified after O’Neil et al. (2007) and David et al. (2009).
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Collerson, 1991), and Manfred Complex in Western Australia
(Kinny et al., 1988). Like the Itsaq, Nain and Manfred rocks cited
above, the NSB hosts quartz–magnetite7pyroxene7amphibole
rocks interpreted as banded iron-formation (BIF; Mloszewska
et al., 2012a, 2012b), but unlike those other terranes it preserves
common occurrences of quartz–biotite schists (interpreted as
‘‘meta-conglomerates’’ by O’Neil et al. (2007) and Cates and
Mojzsis (2007)) with mineralogical and isotopic characteristics
consistent with adetrital origin (Dauphas et al., 2007). The
discovery of the Nuvvuagittuq Supracrustal Belt is significant
not only because of its great antiquity, but also that it is a piece
of ancient crust petrogenetically unrelated to the Eoarchean rocks
of West Greenland cited above (Cates and Mojzsis, 2007; O’Neil
et al., 2007; Roth et al., 2013). The geologic record provided by the
NSB adds significantly to a sparsely filled global picture of surface
conditions on Earth at about the time life emerged, ostensibly
from the ruins of the late heavy bombardment of
the solar system approximately 3900 Myr ago (e.g. Abramov
and Mojzsis, 2009).

1.1. The problem of placing age constraints on ancient

supracrustal belts

Establishing a maximum age for such ancient supracrustal
assemblages poses a challenge because the rocks are largely
amphibolites (7garnet) of basaltic–basaltic andesite composition
overprinted by a complex geologic history. Primary igneous
zircons, with reliable ages that can be measured by the U–Pb
method, are usually rare or absent in such mafic lithotypes so that
other less-direct geochronological techniques are required. It was
found by O’Neil et al. (2008) that cummingtonite-rich (Ca-poor)
amphibolites (as opposed to the usual hornblende-rich amphibo-
lites) in the NSB record deficits in the daughter product (142Nd) of
the extinct radionuclide 146Sm, expressed as negative values in
the standard m-notation (e.g. O’Neil et al., 2012). The reported
degrees of depletion require that an enriched low Sm/Nd crustal
source of these rocks must have been isolated from the 142Nd
isotopic evolution of Bulk Silicate Earth (BSE) in the first few
hundred million years while 146Sm was still decaying (half-
life¼6877 Myr; Kinoshita et al., 2012). If it is assumed that
the negative m142Nd anomalies reflect the time these rocks
became separated from BSE, regressions through 142Nd/144Nd
vs. 147Sm/144Nd space yield a 4362þ35

�54 Ma ‘‘scatterchron’’ (O’Neil
et al., 2008, 2012; re-calculated by Roth et al., 2013). If this
interpretation is correct, it could make the NSB more than
400 Myr older than the hitherto oldest piece of Earth’s crust in
the Acasta Gneiss Complex, Northwest Territories of Canada
(Bowring et al., 1989). Whole rock 147Sm–143Nd ‘‘scatterchron’’
ages, however, for the same samples are younger: 38917584 Ma
(Roth et al., 2013). This younger age result agrees well with
the previously reported U–Pb zircon geochronology cited above
(Cates and Mojzsis, 2007, 2009; David et al., 2009). To resolve this
inconsistency in age assignments, and to better interpret the
output arising from different radiogenic isotope systems used to
explore these rocks, stricter constraints on the formation time of
the NSB are required.

1.2. In search of a maximum age for the Nuvvuagittuq Supracrustal

Belt

If igneous zircons could be directly found in or associated with
any of the cummingtonite-rich amphibolite lithologies that also
carry negative m142Nd, they would allow us to place an upper
bounds on the emplacement time(s) of the amphibolites and the
associated supracrustal suite. Efforts, however, at obtaining con-
cordant zircons of igneous derivation in the cummingtonite
amphibolites have so far been unsuccessful (Sample IN08012;
T1 in Supplementary File 2). However, candidate detrital zircons
were previously described from some NSB quartz–biotite schists
(Cates and Mojzsis, 2007; David et al., 2009). Although these
quartz–biotite rocks are a minor lithotype in the NSB, they
are nevertheless part of the same supracrustal succession which
includes the cummingtonite amphibolite rocks with negative
m42Nd values (O’Neil et al., 2007), and share their deformation
history (Nadeau, 2003). Zircons separated from one of these
quartz–biotite units have an upper intercept U–Pb regression line
age of 3787725 Ma (Cates and Mojzsis, 2007), and an oldest
individual analysis of 3770 Ma (David et al., 2009). The signifi-
cance of these ages is that the emplacement of the supracrustals
may have been nearly synchronous to the intrusion of the
granitoids within the same succession (3758þ51

�47 Ma; Cates and
Mojzsis, 2007). Such a temporal relationship has been documen-
ted before for detrital sediments (e.g. quartz–biotite schists)
captured in Archean supracrustal belts (Nutman et al., 2004).

Field studies were undertaken with the express purpose of
searching for more candidate rocks with sedimentary protoliths
such as quartzites with typical placer mineral contents (chromite,
sulfide, etc.) that also might be expected to contain detrital
zircons. Following identification and field mapping (1:5 to 1:50
scale) to guide sampling in the context of the outcrop geology, a
variety of geochemical (major-, minor- and trace-elements) and
isotopic tools (e.g. U–Pb zircon geochronology, O- and multiple
S-isotopes) were applied to (i) establish the origin of these
candidate detrital metasedimentary units, and (ii) to address the
likelihood that zircons may be contained therein. Zircons were
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subsequently extracted from these selected samples for textural,
U–Pb geochronological, and trace element analysis.
2. Methods

Full sample preparation and analytical techniques used for this
study are presented in Supplementary, and a brief description of
the protocols is provided here. Homogeneous rock powders were
prepared at the University of Colorado in Boulder (CU) following
techniques described in Cates and Mojzsis (2006). Whole rock
geochemical analyses were performed at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG) SARM Facil-
ity in Nancy (France) and major, minor and trace element
analyses are reported in T1 (Supplementary File 2).

2.1. Whole-rock oxygen isotopes

High-precision oxygen-isotope analyses of sample powder splits
were made at the Stable Isotope Laboratory of the Department of
Earth and Space Sciences, University of California Los Angeles
(UCLA), following the procedures given in Young et al. (1998). Each
sample was analyzed multiple times (n in T2, Supplementary File 2),
and each analysis consisted of 20 cycles of sample-standard

comparison. The d18O values refer to the per-mil deviation in a

sample (18O/16O) from SMOW, expressed as d18O¼[(18O/16O)sample/
(18O/16O)SMOW�1]�103. The delta-values were converted to linear-

ized values by calculating: d18/17O0 ¼ ln[(d18/17Oþ103)/103]�103 in
order to create straight-line mass-fractionation curves. Results are
presented in T2 (Supplementary File 2).

2.2. Multiple sulfur isotopes

Sulfur analyses were made on optically polished petrographic
thin sections cast in epoxy with sulfide standards at CU. Following
optical mapping and electron microprobe characterization, the thin
sections were re-polished and sputter-coated with gold in prepara-
tion for ion microprobe analysis following usual procedures (Mojzsis
et al., 2003). Multiple sulfur isotopic analyses (32S, 33S, 34S) were
made using a Csþ microbeam primary ion source and secondary ion
beams were focused into adjacent Faraday detectors in multicollec-
tion mode on the Cameca ims 1270 ion microprobe at UCLA
following the methods as described in Papineau et al. (2007). Data
collection, standardization and data reduction procedures follow
those presented in Papineau et al. (2005), and reported D33S values
(T3, Supplementary File 2) were calculated using the formula
D33S¼1000� [(1þd33S/1000)�(1þd34S/1000)0.518].

2.3. Zircon geochronology and trace elements

All U–Th–Pb geochronology was performed on the UCLA
Cameca ims 1270 ion microprobe in monocollection mode. Zircons
were handpicked under a binocular microscope from the least
magnetic heavy mineral fractions separated using heavy liquids
techniques as described in Cates and Mojzsis (2006), then cast in
2.2 cm diameter Buehler& epoxy pucks along with zircon standard
AS3 (Black et al., 2003). Zircons were mapped by optical (trans-
mitted and reflected light), back-scattered electrons and/or cath-
odoluminescence imaging. Geochronological data were collected
using standard procedures (e.g. Cates and Mojzsis, 2007) and U–Pb
plots were generated using the Isoplot software package (Ludwig,
2001), with results reported in T4 (Supplementary File 2). After the
U–Pb analyses were completed, a subset of concordant zircons was
selected for further trace element analyses. Rare earth element,
and Ti contents translated into Ti-in-zircon thermometry (Tixln;
T5, Supplementary File 2), were collected on the UCLA Cameca
ims1270 ion microprobe using the approach described by Schmitt
and Vazquez (2006). Analysis spots were �25 mm in diameter and
were positioned to overlap previous geochronology analysis points.
3. Geological and geochemical relations

Major lithologies, metamorphic history and protolith assign-
ments of the NSB have previously been described in Cates and
Mojzsis (2007, 2009), O’Neil et al. (2007, 2008, 2011, 2012), David
et al. (2009), and Mloszewska et al. (2012a, 2012b). Additional
data are provided here which relate to the origins of the ‘‘con-
glomeratic’’ quartz–biotite schists that host detrital zircon grains,
as well as to the142Nd-anomaly bearing cummingtonite-rich
amphibolites. Furthermore, new geochemical and isotopic data
are discussed which relate to protolith assignment on previously
undescribed chromite-bearing (fuchsitic) quartzites that were
found to host detrital zircons. Whole rock geochemical analyses
of each of these various units are discussed in context with
previously published data and used to assign protolith (Section 5)
to facilitate interpretation of the geochronology. A database of
compiled geochemical analyses is provided in Supplementary File 3
along with the unit labels used herein; major unit types are also
labeled on the map legend in Fig. 1.

3.1. Quartz–biotite schists (Aqbc)

As described in Cates and Mojzsis (2007, 2009), Dauphas et al.
(2007), O’Neil et al. (2007, 2011) and David et al. (2009), several
centimeter- to meter-thick and laterally continuous quartz–
biotite schists (unit label Aqbc from Cates and Mojzsis, 2007)
occur in the Porpoise Cove area. The rocks contain strongly
S-deformed (aspect ratio �10:1) polymict quartzþgabbro clasts
supported in a matrix of biotite with disseminated quartz and
minor garnet. They are composed of quartz and biotite, with
minor pyrite, magnetite, zircon, chromite and clinozoisite; along
with measured Fe-isotopes reported in Dauphas et al. (2007),
these compositional characteristics are consistent with a sedi-
mentary origin. In this study, multiple sulfur isotope analyses
were made on sulfides from Aqbc samples to assess whether they
carry mass-independently fractionated (MIF) signatures expected
for rocks of marine sedimentary origin in communication with
an anoxic Eoarchean atmosphere (Farquhar et al., 2000; Mojzsis
et al., 2003). The presence of such MIF signatures would be
completely consistent with a sedimentary origin of the Aqbc

units. Oxygen isotopes were also measured on bulk rock and
minerals separates to evaluate this possibility.

3.2. Cummingtonite-rich amphibolites (Amc)

Cummingtonite-rich amphibolites comprise �70% by visible out-
crop area the supracrustal lithologies in the NSB (see Fig. 1). They
weather a reddish-brown color, and in freshly broken surfaces
otherwise resemble the typical (black) amphibolites of ancient
supracrustal belts but for the fact that the dominant amphibole is
cummingtonite rather than hornblende. O’Neil et al. (2007, 2008,
2011) have shown that differences between the amphibolite
types are reflected in the major element geochemistry, where
cummingtonite-rich samples have lower Ca contents at equivalent
Mg numbers than the metamorphic equivalents of typical basalts,
typical hornblende-containing amphibolites (Am and Amm unit
names of Cates and Mojzsis, 2007). The cummingtonite-rich amphi-
bolites (hereafter: Amc) carry the largest reported 142Nd anomalies in
the NSB, as opposed to most of the hornblende amphibolites that do
not preserve differences resolvable from the terrestrial standard
within error (O’Neil et al., 2008; Roth et al., 2013). The Amc rocks
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also have more variable major element concentrations than the
hornblende amphibolites. For instance FeO, MnO and Na2O show a
general trend of depletion, and K2O and P2O5 tend to be enriched
compared to normal amphibolite. This is also true for SiO2 which is
enhanced in some Amc samples (up to 60 wt%) but depleted in others
(down to 44 wt%; Cates and Mojzsis, 2007; O’Neil et al., 2007, 2011,
Supplementary File 3). Oxygen isotopes were measured on bulk rock
and minerals separates of an Amc sample to help constrain protolith.

When all available data are compiled together, it is found that
Amc units can be further divided into three populations based
on their Al2O3/TiO2 ratios (e.g. O’Neil et al., 2011): ‘‘High’’ (445),
‘‘Medium’’ (26–35) and ‘‘Low’’ (o25; Fig. 2).
1.
Medium Al2O3/TiO2 Amc
10
Only the ‘‘Low’’ aluminum Amc units approach the immobile
element (Ti, Al, and V) compositions of hornblende amphibo-
lites from the NSB. Yet, they are enriched in Nb, Zr and Y and
depleted in Ni and Cr.
2.
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As with the Am units, the ‘‘Low’’ Amc rocks share similarly flat
chondrite-normalized REE patterns, and primitive mantle
normalized multi-element patterns (Fig. 3).
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‘‘Medium’’ Amc units are enriched in some immobile elements
(Al, Zr, Nb) but depleted in others (Ti, Y, Ni, Cr), and tend to be
LREE-enriched; they also have more pronounced negative Nb
and Sr anomalies in a multi-element plot compared to ‘‘Low’’
aluminum Amc or normal Am units (Fig. 3).
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High Al2O3/TiO2 Amc
‘‘High’’ aluminum Amc units are enriched in Al, but depleted in
Ti, Zr, Nb, and Y relative to hornblende amphibolites.

The division into three groups based on Al2O3/TiO2 ratios
mirrors similar variable aluminum in the ultramafic (‘‘metako-
matiite’’) units that have been mapped in the NSB, where
‘‘Barberton-type’’ (low Al2O3/TiO2), ‘‘Munro-type’’ (medium
Al2O3/TiO2), and ‘‘High-Al-types’’ (high Al2O3/TiO2) are all present
(O’Neil et al., 2007, 2011). Munro and High-Al ultramafic rock
types are depleted in Ti, slightly enriched in Al, enriched in Ni and
especially Cr, and depleted in Zr, Nb and Y (High-Al-types more
so) relative to Barberton-type.
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Fig. 2. Major oxide and trace element plots of Low (o25), Medium (25–35) and

High (445) Al2O3/TiO2 cummingtonite amphibolites (Amc) normalized to the

average hornblende-amphibolite (Am) composition. Gray fields are individual Am

compositions normalized to average Am.

Data from O’Neil et al. (2007, 2008, 2011) and Cates and Mojzsis (2007);

Supplementary File 3.
3.3. Chromite-bearing quartzites (Aqf)

Several quartzite bodies occur as cm-scale and laterally con-
tinuous (10s m-scale) exposures that share knife-edge contacts
and deformation history with cummingtonite-rich amphibolites,
hornblende-amphibolites and quartz–biotite conglomerates. No
evidence for reaction rims, hydration halos or other features that
might be expected for hydrothermal veinings are associated with
any of the Aqf units identified in this study. Three such outcrops
have thus far been found in our field-mapping: one in a glacially
polished exposure comprising hornblende- and cummingtonite-
amphibolites and quartz–biotite schists (IN08033; F1 in
Supplementary File 4); a second unit located just north of the
detailed map in Cates and Mojzsis (2007) and directly above a
large exposure of quartz–biotite schist (samples IN08001 and
IN08004a; Fig. 4a); and a third is intercalated within a thick
sequence of cummingtonite-rich amphibolite (IN08039; Fig. 4b).

The Aqf rocks are dominated by quartz (70–80%), with about 10%
plagioclase, and the remaining mineralogy is composed of phylosilli-
cates (including the Cr-rich muscovite, fuchsite), oxides including
chromite, sulfides, and zircons. They are poor in alkalis (CaOþ
Na2OþK2Oo3 wt%) and have elevated nickel (avg. 63 ppm) and
chromium (4140 ppm) contents (T1 in Supplementary File 2). Rare
earth and multi-element plots for the quartzites show strong simila-
rities to previously published patterns for the Aqbc units described in
Section 3.1 (Fig. 5), and they have sub-chondritic Y/Ho ratios (o31)
that resemble the Aqbc units (26–28). Oxygen isotopes bulk rock and
mineral separates of two zircon-bearing Aqf samples were used to
help constrain protolith.
4. Results

The principal motivation in this project was to find further
lithologies with mineralogical (Section 3) and isotopic (d18OVS-

MOW, D
33S) compositions consistent with a sedimentary origin

that could also host detrital zircons. Moreover, it was important
that field relations also placed them in close association with
cummingtonite-amphibolites previously documented to host
142Nd anomalies. Sample IN08039, a fuchsitic quartzite within
an Amc outcrop (Fig. 4b) represents one such unit. Other Aqf units



Fig. 3. Multi-element plots of cummingtonite-amphibolites (Amc) as compared to NSB hornblende-amphibolites (Am; gray field). (a) Anders and Grevesse (1989) chondrite

normalized REE plot for Low Al2O3/TiO2 Amc units. (b) McDonough et al. (1992) Primitive Mantle normalized multi-element plot for Low Al2O3/TiO2 Amc units. (c) Chondrite

normalized REE plot for Medium and High Al2O3/TiO2 Amc units. (d) Primitive Mantle normalized multi-element plot for Medium and High Al2O3/TiO2 Amc units.

Data from O’Neil et al. (2007, 2008, 2011) and Cates and Mojzsis (2007); Supplementary File 3.
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Fig. 4. Field photographs and annotated sketch maps of lithologies discussed in

the text. (a) Fuchsitic quartzite (Aqf) adjacent to meta-conglomerate (Aqbc) and

hornblende amphibolite (Am); samples IN08001 and IN08004a, taken just to the

left of photograph. Pencil for scale. (b) Aqf unit (sample IN08039) folded in

cummingtonite amphibolite (Amc; samples IN08040, �042, �043). Hammer is

�1 m long for scale.
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were also found closer to the Porpoise Cove outcrops (IN08001,
IN08004a, IN08033; Fig. 1) within the same supracrustal succession.
Hints that the NSB may have been constructed over a relatively short
period of time (o30 Myr, between 3780 and 3750 Ma) first came to
light with the discovery of what were interpreted to be detrital
zircons in the quartz–biotite schists (Section 1.2; described in Cates
and Mojzsis (2007). The results of zircon geochronology on samples
shown to be of sedimentary origin lend support to this hypothesis.

4.1. Whole-rock and mineral O- and multiple S-isotopes

Oxygen isotopes for zircon-bearing fuchsitic quartzites IN08004a

and �39 are somewhat enriched in d18O (about þ10%; T2 in
Supplementary File 2) relative to the gneisses (IN05003 and �17),
much like the quartz–biotite schist sample IN05037, but less so than
the BIFs (IN08026 and �32; þ10.71% and þ11.13%, respectively).
In contrast, the oxygen isotopic composition of cummingtonite-
amphibolite samples were found to be somewhat enriched in 18O
when compared to typical Am units (6.7–8.3%; T2 in Supplementary
File 2). These values are within the range seen in typical Eoarchean
amphibolites from Isua (Perry et al., 1978) and Akilia (Manning et al.,
2006), and are also similar to values reported for equivalent rocks in
the Barberton region in South Africa (Furnes et al., 2007; Hofmann
and Harris, 2008). All sulfides measured from the largest, laterally
continuous Aqbc unit at Porpoise Cove (sample IN05037 from Cates
and Mojzsis, 2007) yield statistically significant positive mass-
independent (MIF) D33S anomalies with a weighted mean D33S of
þ0.4370.07 (2s). On the other hand, nearby (o10 m) hornblende-
amphibolites (sample IN05024) have no MIF sulfur (weighted mean
D33Sþ0.0370.09 (2s); T3 in Supplementary File 2) and lower d18O
(�þ6% to þ7%; T2 in Supplementary File 2).
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(Amc; gray fields). (a) Anders and Grevesse (1989) chondrite normalized REE plot. (b) Gromet et al. (1984) North American Shale Composite normalized multi-element

plot. (c) Anders and Grevesse (1989) chondrite normalized REE plot. (d) McDonough et al. (1992) Primitive Mantle normalized multi-element plot.

Data from O’Neil et al. (2007, 2008, 2011) and Cates and Mojzsis (2007); Supplementary File 3.
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4.2. U–Pb geochronology of zircons from fuchsitic quartzites

Abundant zircon yields were obtained from two of the samples
(IN08004a and -039); sample IN08033 yielded no zircons (F1 in
Supplementary File 4). Both zircon-bearing fuchsitic quartzites
reported here have distinct age spectra and zircon morphologies
consistent with an older detrital component and subsequent
overprinting by metamorphic events previously documented for
the NSB in Cates and Mojzsis (2009).
4.2.1. Aqf sample IN08004a

A total of 56 analyses on 53 grains yield a cumulative age
probability plot with the strongest peak at 3655 Ma, and two smaller
peaks at 3722 and 3770 Ma for grains that were less
than 10% discordant (Fig. 6). The oldest 207Pb/206Pb ages for this
sample range from 3718 to 3780 Ma (n¼13), and the 7 oldest
concordant grains yield a mean age of 3742748 Ma ((2s); T4
in Supplementary File 2) that suggests they come from a single
source. This conclusion is supported by an MSWD of 1.7 for the
X–Y (238U/206Pb–207Pb/206Pb) weighted mean of these analyses, which
represents how well the data fit the assumption that the analyses are
repeated measurements of the same age (Ludwig, 2001). The calcu-
lated concordia age for these data, i.e. the most probable age that the
weighed-mean data has on a concordia diagram, is 3742714 Ma
(2s) with an MSWD¼1.7 (equivalenceþconcordance). This is an age
that is equivalent to, but more precise than, the weighted mean age
presented above.

Two types of grain morphologies are present in the oldest
zircon population identified in this sample. In addition to the
7 nearly concordant grains, they comprise another 6 grains with
(discordant) ages greater than 3720 Ma. Most of the older zircons
are slightly rounded with thin overgrowths and strong oscillatory
zoning in the cores as seen in back-scattered electron (BSE)
images (F4 in Supplementary File 4). Two of the grains are
fragments (1_17 and 1_19) that are oriented obliquely such that
the internal structure of the zoning is not clear, although both
have rims indicating zircon growth at a later time.

These features are markedly different from most of the internal
textures of younger ca. 3650 Ma grains, where either sector zoning
(e.g. grain 1_9), irregular zoning (e.g. grain 1_3) or weak- to nearly
absent zoning (e.g. grain 1_8; F4 and F5 in Supplementary File 4)
dominates. Such textures are consistent with metamorphic growth,
recrystallization, or the preservation of ‘ghost textures’ (Hoskin and
Schaltegger, 2003). Very nearly all analyses from within this
younger group were within about 10% of concordia (18 of 20).
This younger population of zircons can be treated statically as a
single population, and when this is done, the MSWD of the X–Y

weighted mean age of 3637724 Ma (2s) is 1.3 and the concordia
age is 3649710 Ma (2s) with an MSWD of 1.4 (concordan-
ceþequivalence). This age result is in agreement with, and more
precise than, the weighted mean age.



Fig. 6. Integrated geochronology and Th/U geochemistry of zircons from fuchsitic quartzites. Sample localities on Fig. 1. Upper panels are Terra–Wasserberg plots

with populations corresponding to separate events (2s error ellipses). Lower panels are integrated probability and [Th/U]zircon (2s error bars) for analyses o10%

discordant. (a) IN08004a and (b) IN08039.

Data in T4, Supplementary File 2.
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The youngest zircons analyzed here are typified by ‘‘spongy’’
internal structures often described for hydrothermal growth
(Hoskin and Schaltegger, 2003). Zircon Th/U values ([Th/U]zirc)
of the different age populations are in accordance either with
equilibrium growth in a granitic melt or various modes of
metamorphic, solid-state and/or hydrothermal growth (Hoskin
and Black, 2000; T4 in Supplementary File 2). The [Th/U]zirc of the
oldest zircons are consistent with equilibrium growth in a rock
with the composition of a granite-granitoid (predicted [Th/U]zirc¼

0.6–1.0, based on a �0.2 rock/zircon fractionation; Mahood and
Hildreth, 1983; Mojzsis and Harrison, 2002).
4.2.2. Aqf sample IN08039

Our 65 analyses on 65 grains yield a cumulative probability plot
with a strong age peak at 3650 Ma calculated from 50 analyses
that are o10% discordant (Fig. 6). A single concordant analysis of
3733750 Ma (2s) represents a reliable age assignment for this
older component. This age comes from a core region with faint
oscillatory zoning in a rounded and broken zircon that has a thick
rim overgrowth in BSE (grain 2_2; F4 in Supplementary File 4).
Grains from the ca. 3650 Ma group have a variety of morphologies,
but tend to be irregularly shaped with sector zoning (F5 in
Supplementary File 4). This suggests that they, like the ca.
3650 Ma zircons in sample IN08004a, are of metamorphic origin.
If the analyses that fall under this peak are treated as a single
population, they yield a weighted mean age of 3632718 Ma (2s),
with an MSWD of the X–Y weighted mean of 1.6. The concordia age
is equivalent at 3634724 Ma (2s) with an MSWD of 1.6 (con-
cordanceþequivalence). The internal morphologies of youngest
zircons from this sample are also similar to those from the ca.
3650 Ma population, but are more inclusion rich.
4.2.3. Zircon trace element analyses

Zircon REE analysis reveals that concentrations in the meta-
morphic grains (all crystals with ages younger than ca. 3650 Ma)
are enriched in the MREE and HREE and have subdued Ce*
anomalies relative to the oldest age population. The oldest zircons
in our sample suite (ca. 3780 Ma) have similar chondrite-
normalized REE patterns distinct from slightly younger (3718–
3732 Ma) populations. These somewhat younger zircons have
strongly depleted LREE values, and are more enriched in MREE
and HREE (Fig. 7, T5 in Supplementary File 2) relative to the oldest
zircons. The REE patterns for this slightly younger population are
also indistinguishable from the ca. 3627–3675 Ma metamorphic
group. A similar pattern of REE depletions has been observed in
metamorphic rims vs. cores of zircons from the contemporaneous
Itsaq gneisses in West Greenland (Whitehouse and Platt, 2003).
The oldest zircon cores have igneous-type REE patterns completely
consistent to those previously reported for igneous zircons from
intrusive NSB trondhjemitic gneisses (Cates and Mojzsis, 2009),
with only a slight relative enrichment in the MREE (Nd–Gd).
5. Protolith assignments

It is important to note that large kilometer-sized enclaves of
ancient mostly (mafic) amphibolite rocks – locked in highly
deformed granitoid gneiss complexes – are more accurately
described by the geologic term ‘‘Supracrustal Belt’’ rather than
the generic ‘‘Greenstone Belt’’. That is because the field term
‘‘greenstone’’ connotes a specific petrogenetic meaning for low-
grade metamorphic assemblages of (green) chlorite, epidote and
actinolite. However, ‘‘greenstone’’ assemblages are only a minor
retrogressed component of the NSB (Mloszewska et al., 2012a,
2012b; O’Neil et al., 2012) compared to the dominantly (black)



Fig. 8. d24S vs. D33S plots with mass-dependent band (0.070.3) indicated. Error

bars are 1s external error: (a) BIF sample, (b) Quartz–biotite schist (metaconglo-

merate) sample and (c) Hornblende amphibolite sample.
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upper amphibolite-facies rocks that comprise �70% of outcrop
(Cates and Mojzsis, 2009). Hence, the name Nuvvuagittuq
Supracrustal Belt is a more accurate reflection of the meta-
morphic history of the NSB (cf. O’Neil et al., 2007), just as it is
used for the contemporaneous enclaves of the Eoarchean (3770–
3810 Ma) Isua Supracrustal Belt in southern West Greenland
(Nutman et al., 1996). Given this metamorphic history, identifi-
cation of protoliths in ancient supracrustal terranes is a chal-
lenge: primary sedimentary or igneous features and minerals are
altered or destroyed; elements are mobilized; deformation can
obscure or destroy original contact relationships, and radiogenic
isotopic signatures can be re-set in all but the most robust
systems.
Data in T3, Supplementary File 2.
5.1. Quartz–biotite schists

Published interpretations of the quartz–biotite schists agree
that they are most likely detrital sediments (Cates and Mojzsis,
2007; David et al., 2009), but alternate hypotheses for their origin
must be explored. They may be highly deformed and boudinaged
chemical sediments or boudinaged quartz veins, and both BIF and
cummingtonite-amphibolites with extensive quartz veining occur
in the NSB. Previous geochemical studies highlighted the simila-
rities these rocks have to Archean shales in trace element composi-
tion, elevated Ni and Cr contents, and sub-chondritic Y/Ho (Cates
and Mojzsis, 2007). This interpretation is now bolstered by new
oxygen isotope data and the multiple sulfur isotope compositions
of disseminated pyrite (Section 4.1). All pyrite grains within an
Aqbc schist sample were shown to carry mass-independently
fractionated (MIF) sulfur isotopes, and an immediately adjacent
amphibolite (IN05024) yielded values indistinguishable from the
terrestrial mass-dependent fractionation line with not a single
analysis deviating (within error) from mass dependence (Fig. 8; T3
in Supplementary File 2). This particular result shows that at least
for the NSB Porpoise Cove outcrops, MIF sulfur transport from
neighboring rocks at some later date was an unimportant process.
The only other lithology thus far documented with MIF sulfur
isotopes in the NSB is a quartz–magnetite rock (BIF; sample
IN05007) with a weighted mean D33S of þ0.6870.13.
5.2. Cummingtonite-amphibolites

Despite superficial similarities, an examination of geochemical
data for the Amc rocks – including those known to host anom-
alous m142Nd – indicates that cummingtonite-rich amphibolites
are unlikely to simply be the in situ weathering product of
the precursor basalts of the hornblende amphibolites. Only the
‘‘Low’’ aluminum Amc units (Section 3.2) come close to matching
compositions with hornblende-rich amphibolites via similarly flat
chondrite-normalized REE patterns and primitive mantle normal-
ized multi-element plots. However, if the low Al2O3/TiO2 amphi-
bolite units are co-genetic to the hornblende amphibolites, the
expectation is that they should also share proportions of other
immobile elements; isocon analysis of the relative proportions of
these elements could provide clues to possible alteration pro-
cesses (Grant, 2005; Fig. 9, T6 in Supplementary File 2).

The slope of the isocon in Fig. 9 is �1, which means that there
was no wholesale gain or loss of mass or volume if the Low-Al2O3/
TiO2 Am and Amc units were cogenetic. The Low-Al2O3/TiO2

cummingtonite-rich rocks are invariably enriched in the immobile
elements Zr (9–40%) and Nb (8–45%) and depleted in Cr (12–38%),
with smaller variations in Y and Ni when compared to the
hornblende-amphibolites. They are enriched in the mobile oxides
and elements such as MgO (20–30%), K2O (70–130%); P2O5



Fig. 9. Isocon diagrams for amphibolites comparing average hornblende-amphibolites (Am) to cummingtonite-amphibolites (Amc). (a) Unfiltered Low Al2O3/TiO2 Amc average;

(b) low Al2O3/TiO2 Amc average excluding sample PC-176 which has extraordinarily high Cr and Ni counts (�10� other Amc units); (c) median of Low Al2O3/TiO2 Amc. Solid line is

isocon calculated from linear fit of SiO2, Al2O3, TiO2, FeO and V through the origin. Dashed lines are isocons assuming that either TiO2 or Al2O3 were immobile.

Data from O’Neil et al. (2007, 2008) and Cates and Mojzsis (2007); Supplementary data File 3.
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(35–40%) and Rb (90–155%), while depleted in MnO (10–15%),
Na2O (�30%), CaO (55–60%), and Sr (25–35%). In principle, these
variations are consistent with an immature sedimentary protolith,
where variations Zr and Cr abundances would be controlled by
variable chromite and zircon contents during deposition. This
interpretation is supported by a wide range of, but increasingly
depleted trend in Ca and Na as seen in traditional weathering plots
(F2 in Supplementary File 4). Owing to the fact that these plots do
not incorporate MgO, they cannot distinguish between weathering
and some types of alteration. Hence, alone they are not a definitive
indication of a sedimentary origin. Thus, other possibilities to
explain their composition, such as silicification, metasomatism or
hydrothermal alteration must be considered.

Despite evidence of widespread silicification in other Archean
volcano-sedimentary sequences such as the Barberton and Pilbara
greenstone belts (de Vries et al., 2004; Hofmann and Harris, 2008;
Rouchon and Orberger, 2008; Van Kranendonk et al., 2002), there
is little indication that the Amc rocks became CaO-poor via this
process. Only 3 of 12 samples examined here have more than
�10% enrichment in SiO2 compared to typical hornblende amphi-
bolite. There is no evidence for a volume increase (isocon slopeE1
in Fig. 9), and while there are depletions in CaO, MnO and Na2O,
the expected corresponding depletion in MgO is absent. Similarly,
evidence is lacking for potassic metasomatism beyond some
elevated K2O and Rb values compared to hornblende amphibolite.
During K-metasomatism MgO and FeO should be removed almost
as efficiently as CaO (Hanor and Duchac, 1990). Both Nb and Zr
should be immobile in most circumstances, but consistent enrich-
ments in these elements vs. the hornblende amphibolites point to a
different history for the ‘‘Low’’ Al2O3/TiO2 Amc units.

Based on major element enrichments and depletions, and the
relatively good correlation between immobile trace elements, an
origin for the cummingtonite amphibolites as highly weathered
and/or pyroclastic deposit was previously proposed (O’Neil et al.,
2011). Precedents exist for rocks of this composition: low CaO
contents could have arisen from hydrothermal alteration of the
chemical composition of matrix plagioclase in pyroclastic depos-
its via seawater (NaCl) brines at high temperatures (4500 1C).
This action albitizes the plagioclase releasing Ca as CaCl2 and
Ca(OH)2 for example in the reaction: clinopyroxeneþcalcic plagi-
oclaseþNaCl-fluid-amphiboleþsodic plagioclase (e.g. Harigane
et al., 2011; Spear, 1981). It is noteworthy that cummingtonite
(Mg,Fe2þ)2(Mg,Fe2þ)5[Si8O22](OH)2 is polymorphic with antho-
phyllite (Mg,Fe2þ)7[Si8O22](OH,F)2. A comparable rock to the NSB
cummingtonite amphibolite in both age and composition was
described in the Akilia association by Manning et al. (2006) as an
‘‘anthophyllite-garnet’’ rock of probable volcano-clastic sedimen-
tary origin. The Amc rocks probably started off as mafic/ultramafic
tuffs that experienced high-temperature seawater NaCl–brine
albitization.

5.3. Fuchsitic quartzites

Silicification and K-metasomatism are common features of
Archean sequences as a result, for example, of flow-top alteration
caused by hydrothermal alteration (e.g. Hofmann and Harris,
2008). It makes sense to test whether the sampled Aqf units are
not detrital in origin, but are instead silicified flow-tops, quartz
veins, or highly altered/deformed banded-iron or banded-silicate
formation (e.g. Mloszewska et al., 2012a, 2012b).

The most obvious candidate for a silicified end-member is
sample IN08039, a quartzite within a thick sequence of ‘‘Low’’
Al2O3/TiO2 cummingtonite amphibolites (Section 4.2.2). Several
duplicate samples of Amc from this locality have had geochemical
analyses performed: IN08040, �43, 44 and samples PC-171,
�173A and �173B of O’Neil et al. (2007) (T1 in Supplementary
File 2; Supplementary File 3). Attempts at detecting silicification
with isocon diagrams with sample IN08039 as the ‘‘most altered’’,
and any of the nearby Amc samples as the ‘‘least altered’’, yielded
poor results. Quartzite IN08039 is enriched in the immobile
elements Zr and Nb as well as TiO2, relative to Al2O3, and depleted
in Y and V (F2 in Supplementary File 4). Overall, Aqf lithologies in
the NSB are enriched in LREEs and depleted in HREEs when
compared to both hornblende- and cummingtonite-amphibolites,
and they tend to have negative Nb anomalies on a multi-element
plot (Fig. 5d). This is unlike what is seen in silicified mafic rocks,
where all the REE concentrations become depleted with increased
silicification, and there is no change in degree of Nb, or Ti
anomalies (Hofmann and Harris, 2008).

Trace element analyses also show that the quartzites did not
originate as quartz veins. In the Barberton Greenstone Belt, both
chert veins and bedded cherts are mostly an order of magnitude
more depleted in REEs, Y, Nb, Zr, Ni and Cr than the associated
hydrothermally altered basalts and komatiites (e.g. Hanor and
Duchac, 1990). Similar patterns are also seen in quartz veinings in
younger rocks, including those in granitoid systems (Neiva et al.,
1990) and metapelitic schists (Janots et al., 2006). Oxygen isotopic
values (d18OVSMOW) of around þ10% (T2 in Supplementary File 2)
are different from neighboring hornblende- and cummingtonite-
amphibolites (d18O ranges from þ6.2% to þ8.8%) but consonant
with a sedimentary source, again like the quartz–biotite schists.

The Aqf rocks are poor in alkalis (CaOþNa2OþK2Oo3 wt%)
and yet they have elevated Ni (450 ppm) and Cr (4140 ppm)
contents (T1 in Supplementary File 2). This composition excludes
the possibility that they are altered granitoid (tonalite or trondh-
jemite) gneisses, which are relatively depleted in Cr by a factor of



Fig. 10. Classification diagram for terrigenous sandstones and shales using

log(Fe2O3/K2O) vs. log(SiO2/Al2O3) of Herron (1988). Quartz–biotite schists (Aqbc)

and fuchsitic quartzites (Aqf) plotted. Chemical sediments plot outside the fields

of the diagram.
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2 and in Ni by an order of magnitude (Cates and Mojzsis, 2007). In
multi-element and REE plots, the Aqf units most resemble
previously published data for the quartz–biotite (Aqbc) schists
and are distinct from BIF and amphibolite patterns (Fig. 5b and d).
The Aqf rocks do not have elevated Y/Ho ratios typical of chemical
sediments such as BIF (o31; e.g. Bolhar et al., 2005) but are
indistinguishable from the quartz–biotite units.

All indications are that the Aqf units originated as quartz sands
with a heavy mineral suite dominated by zircon, sulfide and
chromite. When plotted on the sedimentary discrimination dia-
gram of Herron (1988), they sit within the fields of arkose
to litharenite, whereas the quartz–biotite schists plot in the less
mature fields of Fe-sand to Fe-shale, and chemical sediments
do not plot within Herron’s field boundaries at all (log(Fe2O3/
K20)43; Fig. 10). They are not mechanically or compositionally
modified chemical sediments, nor are they quartz veins, altered
granitoid gneisses or silicified cummingtonite amphibolites.
6. Conclusions

The results of analyses on detrital zircon ages of igneous
derivation in quartzites and quartz–biotite schists of the Nuvvua-
gittuq Supracrustal Belt show that these rocks – including the
cummingtonite-amphibolites that preserve low 142Nd/144Nd
reported in O’Neil et al. (2008, 2012) and Roth et al. (2013) – do
not represent relict Hadean mafic crust that formed at ca.
4400 Ma (O’Neil et al., 2012).

Comparisons of zircon ages from multiple lithologies in the
NSB show that its initial development took place around 3800 Ma
over a span of less than 30 Myr prior to a protracted metamorphic
history. This conclusion is based on the age of the oldest near
concordant (92%) detrital zircon at 3780722 Ma (2s) and the
established age of intrusive trondhjemitic gneisses at 3758þ51

�47 Ma
(Cates and Mojzsis, 2007). Many zircons were then reset or grew
during a metamorphic event at ca. 3650 Ma (possibly earlier;
Section 4.2.1). This age agrees well with documented ages for
overgrowths on igneous zircons at 3622747 Ma reported in
Cates and Mojzsis (2009). It also matches the igneous emplace-
ment time for a suite of tonalitic gneissesin the central part of the
NSB (366174 Ma; David et al., 2009; Fig. 1).
The absence of concordant pre-3800 Ma zircons in any NSB
lithotype thus far analyzed opens the possibility that the cum-
mingtonite amphibolites could have been derived in part from
reworked juvenile non-zircon-bearing crustal components. As
such, variable and imprecise Nd model ages of 4100–4400 Myr
(David et al., 2009; O’Neil et al., 2007, 2008, 2012) might represent
an average sedimentary provenance age (e.g. Yamashita et al.,
2000). Otherwise, if NSB cummingtonite amphibolite protolith
was an altered volcanic rock, the negative m142Nd values became
assimilated from recycling of an older crustal component or
enriched mantle source (Roth et al., 2013; Guitreau et al., 2013).
Our results are in line with the notion that the last vestiges of
primordial crust that held a geochemical memory of very early
(pre-4500 Ma) silicate differentiation, was destroyed in the
Archean in what was the culmination of more than a half-billion
years of crustal evolution that began in the early Hadean.
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