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Crust forming processes on the early Earth have long been debated and relatively few rock and mineral
samples exist with which to evaluate many hotly contested themes. The Acasta Gneiss Complex contains
rock units with crystallization ages exceeding 4.0 Ga, making them the oldest known evolved rock units
in the world. However, the AGC has experienced a long and complex history with multiple periods of
igneous intrusion, deformation and metamorphism. Indeed, previous workers have demonstrated that
orthogneisses within the AGC have igneous ages ranging from �4.03 to �3.4 Ga. This large range in crys-
tallization ages gives us the opportunity to investigate the evolution of Earth’s earliest known continental
crust through a period of greater than 1 billion years.
Here we present an updated geologic map of key areas within the Acasta Gneiss Complex in which we

delineate units based upon age as well as composition. Whole-rock geochemistry, zircon LA-ICPMS U–Pb
geochronology and SIMS O-isotope analyses from a large suite of samples indicate a significant change in
mode of crust formation over 400 million years. These data document a gradual change from shallow
crustal processes generating basaltic to andesitic compositions at 4.02 Ga to deep-seated partial melting
of hydrated basalt, represented by voluminous Archean TTG-like intrusions at 3.6 Ga.
We find no evidence that classic Archean TTG-like rock units are present within the AGC prior to 3.6 Ga,

suggesting a significantly different tectonic process at work prior to this time. We invoke an oceanic
plateau-like model to describe the evolving nature of crust formation within the AGC, which forms a
buoyant, evolved nucleus. This nucleus then initiates deep-seated partial melting of mafic crust forming
voluminous TTG-like units at �3.6 Ga. This ultimately serves to stabilize the crust and forms a nucleus for
later formation of the Slave craton.

Crown Copyright � 2016 Published by Elsevier B.V. All rights reserved.
1. Introduction

The overall paucity of terrestrial rock and mineral samples older
than 3.7 Ga has led to development of many divergent theories
regarding crust formation during the Hadean and Eoarchean. The
available information regarding processes operating on the planet
at this time come from rare locations where >3.7 Ga crust is pre-
served (e.g., Condie, 2007) as well as Hadean-age detrital zircons
from Western Australia (e.g., Froude et al., 1983; Wilde et al.,
2001; Mojzsis et al., 2001; Watson and Harrison, 2005; Cavosie
et al., 2006; Harrison, 2009 and references therein). However, valu-
able information retained in these samples may be challenging to
extract as early crust localities typically consist of poly-deformed
and metamorphosed gneiss terranes containing a wide variety of
lithological and age components interlayered on a variety of scales
(e.g., Bowring et al., 1989b; Moorbath et al., 1997; Mojzsis et al.,
2014). Particularly within the most ancient terranes, additional
geological complexity may have been induced by large-scale
events such as the proposed late bombardment of Earth by mete-
oritic material at �3.9 Ga (e.g., Tera et al., 1974; Norman, 2009),
which has been suggested to have had a significant impact on
the deformational history and preservation of ancient gneiss com-
plexes (e.g., Mojzsis et al., 2014).

The complexity typical of ancient gneiss terranes make
mapping and identifying specific units within these rocks difficult,
and can obscure the interpretation of whole-rock geochemical and
isotopic data (e.g., Bowring and Housh, 1995; Moorbath and
Whitehouse, 1996; Moorbath et al., 1997). Due to intricacies in
mapping and sampling within ancient gneiss complexes, it
remains of utmost importance to identify areas where individual

http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2016.06.007&domain=pdf
http://dx.doi.org/10.1016/j.precamres.2016.06.007
mailto:jreimink@carnegiescience.edu
http://dx.doi.org/10.1016/j.precamres.2016.06.007
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres


454 J.R. Reimink et al. / Precambrian Research 281 (2016) 453–472
lithological components are relatively well preserved, and there-
fore more likely to retain their original composition.

Ancient gneiss terranes worldwide are dominated by the tona
lite–trondhjemite–granodiorite (TTG) suite of rocks (e.g., Barker
and Arth, 1976; Martin, 1986, 1987; Moyen, 2011; Moyen and
Martin, 2012). Diagnostic geochemical characteristics of Archean
TTGs include elevated Na2O and Sr/Y, negative Nb anomalies, and
pronounced HREE depletion. Some of these signatures, namely
the fractionated REE patterns (low HREE relative to LREE) and high
Sr/Y, indicate the presence of considerable quantities of garnet in
the residue, implying deep-seated melting of a hydrated basaltic
precursor (e.g., Moyen and Stevens, 2006 and references therein),
potentially in a setting broadly analogous to modern subduction
zones (e.g., Martin, 1986; Nair and Chacko, 2008) or a thick
Archean plateau (e.g., Smithies et al., 2009).

One of the most well-known ancient gneiss terranes is the
Acasta Gneiss Complex (AGC), which comprises the westernmost
exposure of the basement to the Slave Craton, Northwest Territo-
ries, Canada. The AGC contains the oldest known zircon-bearing
rocks on Earth (Bowring et al., 1989b; Stern and Bleeker, 1998;
Bowring and Williams, 1999; Reimink et al., 2014), and is com-
posed of a wide variety of rock types, ranging from metagabbros
to granitic gneisses, with a range in crystallization ages from
4.02 Ga to <3.4 Ga (Bowring et al., 1989a,b; Stern and Bleeker,
1998; Bowring and Williams, 1999; Iizuka et al., 2007). Although
early studies suggested that the oldest components within this ter-
rane are chemically similar to Archean TTG suites, more recent
work indicates that some of the oldest rocks of the AGC (>4.0 Ga)
are unlike typical Archean TTGs in that they are characterized by
intermediate silica contents (�60 wt.% SiO2), high FeO contents
(>10 wt.%), low Mg-numbers and relatively flat REE patterns
(Reimink et al., 2014). Reimink et al. (2014) proposed that these
rocks formed by distinct petrogenetic processes and likely in a tec-
tonic environment differing from typical Archean TTGs. The pre-
sent study aims to document the transition from crust-forming
processes responsible for generation of the >4.0 Ga rocks to that
of younger, Archean TTG-like rocks present within the AGC. The
study targets well-preserved samples with formation ages span-
ning >1 billion years that were identified during a mapping and
sampling campaign conducted over multiple field seasons.

The foundation of the study is an updated intermediate-scale
geologic map of key areas within the AGC in which map units
are separated based on age and composition, something not
accomplished previously. We also present new whole-rock geo-
chemical and zircon U–Pb and O-isotope data for samples spanning
a range of crystallization ages from 4.02 to 2.94 Ga. These data are
used to show a gradual transition in crust generation processes
from a proposed Iceland-like setting (Reimink et al., 2014) at
4.02 Ga, to a deep-seated partial melting environment capable of
producing classic Archean TTG-like rocks at 3.6–3.5 Ga. By
�3.6 Ga, a cratonic nucleus composed of newly formed, evolved
rock types derived from a deep-seated source had been formed.
2. Geologic setting

2.1. The Slave province

The Slave Province of the Northwest Territories, Canada is a
well-exposed Archean craton that occupies the northwestern por-
tion of the Canadian Shield (Fig. 1A) (Hoffman, 1988; Padgham and
Fyson, 1992). Essential components of the Slave Province include a
4.02–2.9 Ga basement complex formed by multiple episodes of
magmatic activity that is overlain by a �2.8–2.9 Ga cover sequence
(Bleeker et al., 1999; Sircombe et al., 2001; Ketchum et al., 2004).
Neoarchean rocks consist of 2.72–2.60 Ga supracrustal packages
of the Yellowknife Supergroup (Green et al., 1968; Jenner et al.,
1981; Isachsen et al., 1991). The final stage of craton stabilization
is represented by voluminous 2.62–2.58 Ga intrusion of tonalites
to granites (van Breemen et al., 1992), which comprise �50% of
the exposed craton (Padgham and Fyson, 1992) and define a
north–south boundary between granitoids that interacted with
older evolved crust to the west and those that had not to the east
(Davis and Hegner, 1992).

The Acasta Gneiss Complex (AGC), located on the western mar-
gin of the Slave Craton (Fig. 1), is a large block of basement gneisses
of variable composition, age, and degree of deformation that is
exposed in a series of structural culminations along the Acasta
River (St Onge et al., 1988). Discovery of the extreme age of some
rock units within the AGC (Bowring et al., 1989b) led to many stud-
ies that, until very recently, focused mainly on mapping and dating
individual components within this complex gneiss terrane. Key
discoveries from those studies pertinent to the present work are
outlined below.

2.2. Previous mapping within the Acasta Gneiss Complex

The entire basement window of the AGC has an area >1300 km2

(Fig. 1B; St Onge et al., 1988), however, the vast majority of pub-
lished work has come from a �30 km2 area near the originally
described ‘discovery’ outcrops (Fig. 1C). Many geologic maps of
the area surrounding the discovery outcrops have been published
with varying degrees of detail (Bowring et al., 1989b; Bowring
and Housh, 1995; Iizuka et al., 2007, 2010) with Iizuka et al.
(2007, 2010) publishing the most detailed regional maps thus far.
The difficult logistics of working in such a remote location, as well
as significant glacial and lichen cover, limits the success of map-
ping such locations. Additionally, the inherent complexity of map-
ping in a poly-deformed gneiss terrane such as this, as well as the
difficulty in obtaining meaningful ages from complex outcrops, has
led all previous workers to separate map units on the basis of
broad compositional differences without knowledge of their for-
mation ages.

In general, the local region around the discovery outcrops has
been subdivided into two main lithological assemblages; (1) an
eastern domain where distinct rock units are layered on a
decimeter- to meter-scale, and subdivided into felsic and mafic
gneiss packages, and (2) a western domain comprising highly
deformed gneisses layered on a centimeter-scale, typically con-
taining both felsic and mafic components (Bowring and Williams,
1999; Iizuka et al., 2007). Large bodies of �3.6 Ga foliated granite
to granodiorite intrude both the eastern and western domains
(Bowring et al., 1989b; Iizuka et al., 2007).

2.3. Geochronology within the AGC

Bowring et al. (1989a,b) reported zircon U–Pb ages of up to
3.96 Ga, obtained using both thermal ionization and secondary
ion mass spectrometry. The crystallization age of the oldest com-
ponents within the AGC was later refined to 4.02–4.03 Ga (Stern
and Bleeker, 1998; Bowring and Williams, 1999). Although many
of the samples within the AGC are Eoarchean–Paleoarchean in
age, heretofore, much of the research focus in the region had nat-
urally been directed towards the oldest components.

Further exploration and dating of individual components was
aided by the advent of laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS), which provided a rapid tool for
dating zircons in a larger number of samples. This procedure, sup-
plemented by traditional U–Pb dating of apatite and titanite
(Davidek et al., 1997; Sano et al., 1999) as well as 40Ar/39Ar dating
of hornblende and biotite (Hodges and Bowring, 1995) allowed fur-
ther refinement of maps of the AGC as well as assembly of a



Fig. 1. (A) Simplified map of the Slave Province showing the location of the Acasta Gneiss Complex on the western margin of the craton. Modified after St Onge et al. (1988)
and Bleeker and Stern (2000). (B) A closer view of the �1300 km2 basement exposure that comprises the broader Acasta Gneiss Complex. (C) Simplified map of the area
immediately surround the discovery outcrops along the Acasta River. Modified after Iizuka et al. (2007).
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detailed tectonothermal history of the complex (Iizuka et al.,
2007). Predictably, the AGC has a complex history, with multiple
pulses of magmatic activity from 4.03 to 3.3 Ga (e.g., Iizuka et al.,
2007; Bleeker and Stern, 1997) as well as thermal and structural
overprinting associated with younger tectonic events, including
development of the nearby 1.8–1.9 Ga Wopmay Orogen (Davidek
et al., 1997; Sano et al., 1999). Paleoproterozoic mafic dykes have
also intruded this complex, and while there is reliable field evi-
dence (dyke orientation, magnetic susceptibility etc.) for the pres-
ence of dykes associated with the ca. 1270 Ma Mackenzie dyke
swarm (LeCheminant and Heaman, 1989), no direct dating of these
samples has been undertaken.
2.4. Whole-rock geochemistry of AGC rocks

Relatively little basic petrological and geochemical information
has been reported from the AGC, and whole-rock data that has
been published (Bowring et al., 1990; Iizuka et al., 2010; Mojzsis
et al., 2014) is difficult to interpret, in part due to the inherent
lithological heterogeneity at the hand sample scale. For example,
it was proposed that even the ancient components of the AGC were
dominated by rocks similar to Archean TTGs (Bowring et al., 1990),
though many of these analyses come from samples taken from the
highly deformed and finely layered western portion of the AGC
where ages are difficult to establish (Mojzsis et al., 2014).
Mojzsis et al. (2014) provided whole-rock elemental data from a
more substantial sample suite, though the main focus and conclu-
sions of their study consisted of a detailed investigation of a single
large sample coming again from the western, highly strained por-
tion of the AGC. This sample suite has been investigated for the Hf
isotope composition of zircon (Guitreau et al., 2012) as well as a
variety of whole-rock tracer isotopes analyses (Roth et al., 2014;
Guitreau et al., 2014; Willbold et al., 2015). These studies, while
informative of the pre-history of these important rocks, do not
address in detail the petrogenesis of the investigated samples.

Despite the protracted history and extensive reworking experi-
enced by some components within the AGC, areas of lower strain
and significantly better preservation may still be found. Reimink
et al. (2014) documented the existence of a mappable 4.02 Ga
tonalitic unit that occurs in a relatively low-strain zone near a sam-
ple locality described by Stern and Bleeker (1998). This unit is rel-
atively well preserved and retains significant information
regarding its petrogenesis and therefore the state of the early Earth
at the time of crystallization. The specific rock unit, informally
called the Idiwhaa tonalitic gneiss (Reimink et al., 2014), is compo-
sitionally similar to intermediate high-Fe rocks from Iceland ter-
med ‘icelandites’ (Carmichael, 1964; Nicholson et al., 1991).
Notably, although Fe-rich suites of rocks broadly similar to the Idi-
whaa unit have been reported in some Eoarchean to Paleoarchean
terranes (Collerson, 1983; Nutman et al., 1984), the whole-rock
composition of the Idiwhaa unit is distinctly unlike typical Archean
TTG.
2.5. Geologic map and sample descriptions

In light of our discovery of a relatively well-preserved area
within the mapped region near the discovery outcrops, we have
created a geologic map in the AGC discovery area that divides rock
units by age as well as composition. The focus was on mapping a
relatively low-strain zone described previously by Reimink et al.
(2014) but expanded to include an area of �1 km2 (Map Area 1;
Fig. 2A). The rock units from this map area are less deformed than
in most other areas within a few kilometers of the discovery out-
crops, and homogeneous rock units commonly occur on the meter,
or larger, scale. We have also re-mapped and sampled the discov-
ery (and camp) island (Map Area 2), using map units derived from
the low-strain peninsula immediately to the north (Fig. 2B). The
island has been mapped and sampled in great detail by the major-
ity of previous investigators because of the relatively good expo-
sure (outcrops are barren of lichen) and ease of access.

Fig. 2 shows the maps produced for small areas within the AGC
and broken into map units based on age as well as composition.
Fig. 2A shows Map Area 1 immediately surrounding the �4.02 Ga
tonalitic gneiss described by Reimink et al. (2014) which



Fig. 2. Results from our intermediate scale mapping campaign whereby we separate maps units based on age as well as composition. (A) Map of the peninsula area
immediately surrounding the Idiwhaa tonalitic gneiss unit. (B) Map of the camp island using map units derived from the peninsula area. See text for a detailed description of
map units. Sample locations are marked on each map.
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represents an area of lower strain than the majority of the areas
previously investigated. Fig. 2B shows Map Area 2, our map of
the original discovery island that has been mapped in some detail
by previous workers. We have broken both Map Areas into four
main rock units as described below.

A layered unit in which tonalitic- to granodioritic-composition
gneisses are interlayered on the decimeter- to meter-scale. This
unit includes the Idiwhaa tonalitic gneiss described by Reimink
et al. (2014). The Idiwhaa gneiss is a garnet–hornblende–biotite
tonalitic gneiss that is more melanocratic than adjacent rocks
(color index of �30 vs. �15) and contains significant (2–3 modal %)
magnetite. Also, present are zircon, allanite, apatite, and titanite
as accessory minerals. Other rock types within the layered gneiss
unit include somewhat more leucocratic tonalitic to granodioritic
gneisses that contain varying amounts of the major constituents
amphibole, biotite, quartz, plagioclase, with accessory zircon,
allanite, titanite, and minor garnet.

The amphibolitic gneiss unit comprises a fine-grained, foliated
amphibolite dominated by sub-mm sized plagioclase and amphi-
bole with some portions containing variable amounts of garnet.
Foliation in the amphibolitic gneisses is crosscut by small white
veinlets. Contacts between the amphibolitic gneisses and the lar-
gely undeformed metagabbros are typically sharp rather than gra-
dational, which suggests that the amphibolites are not simply
more highly sheared and therefore finer-grained versions of the
metagabbros (see below). Amphibolites commonly contain trace
titanite and small metamorphic zircons.

The second map unit comprises a relatively undeformed
metagabbro that typically forms broad hills within the complex
and in many places preserves relict igneous textures. The metagab-
bro unit is dominated by coarse-grained (up to cm-sized) plagio-
clase and amphibole. Locally, the metagabbro consists of
alternations of amphibole-rich and plagioclase-rich layers, which
may reflect a primary igneous layering. The metagabbro units are
typically cross-cut by similar small white veinlets to those that
intrude the amphibolitic gneisse, although the veinlets within
the metagabbros are less deformed than those in the amphibolites,
suggesting a strain partitioning between the metagabbros and
other units. Note that we refer to this unit, which comprises mainly
amphibole and plagioclase, as a metagabbro on the assumption
that the amphibole presently in the rock replaced primary igneous
pyroxene. Various other authors have referred to this rock type
either a metadiorite or amphibolite.

The dominant rock unit in both map areas comprises granodi-
oritic to granitic gneisses that are co-deformed with the previously
mentioned units, and are in places inter-layered with the layered
gneiss package described above. Granodioritic gneisses within this
unit are light gray in color and contain plagioclase, quartz, with
moderately abundant (�10 modal %) biotite and amphibole. Grani-
tic gneisses range from white to pink in color and contain plagio-
clase, quartz, biotite, and locally potassium feldspar. Trace phases
within the granodioritic-granitic gneisses include zircon, rutile,
titanite, and apatite. The granodioritic-granitic gneiss unit is typi-
cally less strained than the layered gneiss package, and notably
not cut by small white veinlets.

Most of the units described above have somemineral alteration.
Veins of epidote are present locally, as is biotite alteration to chlo-
rite, and weak to moderate sericite alteration of feldspar. In gen-
eral, the rocks of Map Area 1 are less altered and show much less
prevalent epidote veining than those of Map Area 2. Additionally,
outcrops within Map Unit 1 are typically homogenous, consisting
of one rock type per outcrop over most of the peninsula. This is dif-
ferent than outcrops in other portions of the AGC, where many rock
types and ages are intermingled on the cm- to dm-scale. Although
many outcrops in Map Areas 1 contain small, cross-cutting leuco-
cratic veins, the bulk of any particular outcrop in this area com-
prises one rock type. An exception to this generalization is the
layered gneiss package, which contains a variety of rock types



J.R. Reimink et al. / Precambrian Research 281 (2016) 453–472 457
interlayered on the dm-scale, hence our mapping of this unit as a
gneiss package. The locations of samples collected from each of
these units are shown in Figs. 1C and 2.
3. Methods

3.1. Whole-rock geochemistry

Samples were collected over three field seasons (2011–2013)
and those with the least deformation and alteration were selected
for further investigation. Areas of visible alteration or crosscutting
leucocratic material were removed before samples were crushed
using an alumina shatterbox, which were pre-cleaned with quartz
sand, producing between 0.5 and 2 kg of powder. Powders were
homogenized and separate aliquots were taken from the bulk sam-
ple. Whole-rock powders were analyzed at Washington State
University’s GeoAnalytical Laboratory using XRF (Johnson et al.,
1999) and ICP-MS (Knaack et al., 1994) techniques. Typical limits
of detection for XRF analyses are <0.2 wt.% for all major elements
and <4 ppm for the trace elements analyzed using XRF. Uncertain-
ties in the ICP-MS analyses used here to measure most trace ele-
ments are <10%, but likely <5% relative for the rare-earth-elements.
3.2. Zircon separation

Between 0.5 and 1 kg of sample aliquots were taken from the
sample powders described above. Zircons were extracted using
standard Wilfley table, magnetic, and heavy-liquid separation
techniques. Zircons were picked for quality and mounted in epoxy.
Internal growth zones were identified using a Zeiss EVOMA15 SEM
with a broadband cathodoluminescence (CL) detector in the Cana-
dian Centre for Isotopic Microanalysis at the University of Alberta.
3.3. LA-ICPMS U–Pb analysis of zircon

The majority of zircon U–Pb isotope data reported in the pre-
sent study were determined by LA-ICP-MS at the University of
Alberta. Most of these data were obtained on zircon separates
mounted in epoxy but a few samples, with relatively high-
quality zircons, were analyzed in-situ in thin section. The U–Pb iso-
tope analyses followed the methods outlined by (Simonetti et al.,
2005, 2006).

Zircons analyzed by ICP-MS in both mounts and thin sections
were ablated using a Nu Wave Research 213 nm laser using spot
sizes of 20 or 30 lm. Ablated material was mixed with thallium
solution to correct for instrumental mass fractionation and trans-
ported in a He carrier gas to the torch of a Nu Plasma MC-ICP-
MS. An in-house zircon standard (LH94-15, Ashton et al., 1999;
Heaman, unpublished data) was used as the primary reference
material. A secondary reference material was used to monitor the
accuracy of the correction applied to unknown analyses (OG1,
Stern et al., 2009). LA-ICP-MS analyses took place over 14 analyti-
cal sessions between November 2011 and October 2014. Both the
primary (LH94-15) and secondary (OG1) reference materials were
analyzed throughout each analytical session with one analysis of
both reference materials bracketing every 6–10 unknowns. A total
of 163 analyses of OG1 zircon conducted over those 14 analytical
sessions yielded a mean 207Pb/206Pb age of 3457 ± 13.8 Ma (1 sd),
which is slightly younger than the accepted age for OG1
(3465.4 ± 0.6 Ma, Stern et al., 2009). This suggests that there may
be slight bias towards younger ages in our analyses and that the
true ages of analyzed samples may be �9 myr older than those
we report. However, a small shift in ages such as this in no way
affects the conclusions of this paper.
Each analytical spot was investigated using CL imagery and
determined to be either igneous, metamorphic, or undefined origin
based on the presence (or absence) of diagnostic characteristics
such as oscillatory zoning or rim growth (Corfu, 2003). These were
classified as one of the following: (1) oscillatory, where the pres-
ence of fine-scale oscillatory zoning indicates a magmatic origin
or broader-scale zoning that may be indicative of derivation from
more mafic magmas; (2) rims without oscillatory zoning that can
be clearly identified as metamorphic overgrowths on igneous zir-
con; (3) irregularly-shaped zones of metamorphic recrystallization
within igneous zircon. Due to the poor preservation of some of the
zircon grains investigated in the present study, a fourth category of
zircon morphology, uncertain origin, was created. Grains or grain
portions assigned to this fourth category typically occur within
or surrounded by highly metamict domains and do not exhibit tex-
tural or internal zoning features that can confidently be assigned to
any of the other three categories noted above. The various textural
classifications are presented with the U–Pb data in Table S1 and
example images detailed in the Supplementary Materials.

A few analyses showed a large change in isotopic composition
during the course of an analysis, implying that the laser beam
has drilled through the main zircon growth phase and into a new
phase, or had hit an inclusion. Analyses with these characteristics
were either filtered to only contain data from the primary portion
of the analyses, or discarded altogether.

Owing to the uncertainty inherent to estimating the common-
lead isotopic composition in such complex zircons, no 204Pb correc-
tion was applied to the LA-ICP-MS data. Instead, a simple filter
using the measured 206Pb/204Pb ratio was applied to filter out anal-
yses with a high proportion of common lead. Analyses with a
206Pb/204Pb < 500 were omitted, leaving a total of 517 analyses.

3.4. SIMS U–Th–Pb analyses of zircon

A small subset of samples with complex zircon growth features
were analyzed for their U–Th–Pb isotopic composition on the
Cameca IMS1280 Ion Microprobe at the University of Alberta fol-
lowing the methods outlined in Reimink et al. (2014). Unknown
samples were analyzed using a 20 lm spot diameter oxygen beam
during two analytical sessions conducted during one day. The pri-
mary reference material used for U–Pb calibration was Temora zir-
con (Black et al., 2004) with OG1 zircon (Stern et al., 2009)
monitored as a secondary reference material to assess accuracy
of the Pb–Pb ages. Every four unknown analyses were bracketed
with reference materials to track any potential changes in instru-
mental mass fractionation bias.

U–Th–Pb results for samples analyzed by SIMS are reported in
Appendix 2. Analytical spots were classified into igneous or meta-
morphic phases using high-resolution imaging in a similar manner
to the LA-ICPMS data. Ages for individual samples were calculated
in a similar manner using weighted mean of 207Pb/206Pb of the old-
est suite of analyses from igneous material. These data are also
reported in Appendix 2. Table 1 presents the assigned ages for each
sample reported here, along with the method for calculating the
assigned age, as well as any information regarding inherited zir-
cons or metamorphic history of the sample.

3.5. Oxygen isotope analysis of zircon

We obtained 18O/16O analyses of a subset of zircons using the
Cameca 1280 ion microprobe at the University of Alberta following
the methods outlined in Reimink et al. (2014). Zircons were
mounted, imaged, and classified in a similar manner to the U–Pb
analyses discussed above, but on separate grain mounts to those
used for LA-ICPMS and SIMS U–Pb isotope measurements. Data
were collected from zircons in three different mounts over four
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separate analytical sessions. Oxygen isotope measurements were
made using a Cs+ primary beam, and reference materials used to
monitor instrumental mass fractionation were TEM2 (S0022;
Black et al., 2004) and an in house reference material, zircon
UAMT1 (S0081; R. Stern unpublished data). A single analysis lasted
4.5 min including pre-analysis rastering, automatic secondary ion
tuning, and 100 s of isotope measurements. Oxygen isotope
analyses were conducted on different mounts than those used for
LA-ICP-MS U–Pb analyses; therefore the analytical spots are not
strictly correlated. However, the only samples used for oxygen
isotope analyses were those with the simplest U–Pb systematics,
and only oxygen isotope data taken from igneous portions of grains
is used here. Therefore, we are confident that the measured oxygen
isotope ratios reflect that of the magmatic protolith to the metaig-
neous rocks. All oxygen isotope data were assigned U-Pb ages
based on the calculated U–Pb age returned from igneous zircon
of a particular sample.

On the basis of their analyses of some Archean zircons from the
Pilbara craton, Van Kranendonk et al. (2015a) noted that
post-magmatic hydration of zircons can shift their oxygen isotope
compositions from their primary igneous values. To evaluate this
possibility for our zircons, we compared the measured 16OH/16O
of several zircon reference materials (Temora-2, Mud Tank, OG-1)
with that of two phases of igneous zircon in 4.02 Ga Acasta sample,
TC3.

As hydrides can be formed during routine SIMS analyses (i.e.,
electron beam interaction with epoxy), raw 16OH/16O ratios from
nominally anhydrous zircons can change from session-to-session
and lab-to-lab. Therefore, we report the 16OH/16O of sample and
reference zircons normalized to the average 16OH/16O of nominally
anhydrous Temora-2 zircon (16OH/16OTEM2) within the session.
Mud Tank, OG-1 and TC3 zircon yielded 16OH/16OTEM2 of
1.06 ± 0.08 (n = 5), 1.42 ± 0.20 (n = 4) and 1.08 ± 0.21 (n = 34),
respectively. Thus, the hydration state of TC3 zircon is comparable
to or only very slightly higher than that of the nominally anhy-
drous Temora-2 and Mud Tank zircons. Notably, TC3 zircons record
markedly lower 16OH/16OTEM2 than those reported by Van
Kranendonk et al. (2015b) in their zircon grains affected by
hydration (16OH/16OTEM2 = 1.8–25.2; mean = 11.3). It should also
be noted that OG-1 zircon, which yields somewhat higher and vari-
able 16OH/16OTEM2, still records homogenous 18O/16O (Stern,
unpublished data), suggesting that a slightly elevated hydration
state in zircon does not have a large effect on SIMS measured O-
isotope compositions. From these observations, we conclude that
the impact of hydration state on our reported zircon O-isotope
compositions for sample TC3 is minor. Similar measurements of
16OH/16O were not done for zircon grains in other samples investi-
gated in the present study but, given that the quality of most of
these zircons are comparable to or better than the zircon grains
in sample TC3, we infer that any potential hydration state effects
on reported O-isotope compositions are also very minor or absent.
4. Results

4.1. Description of U–Pb results

All analyses are reported in Table S1 and concordia plots for
each sample are shown in Supplementary Materials. Individual
sample descriptions and representative images of zircons analyzed
here are also shown in the Supplementary Materials.
4.2. Summary of U–Pb Zircon Geochronology

The U–Pb isotopic data obtained by LA-ICPMS and SIMS are
reported in Tables S1 and S2, respectively. The key features of
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the U–Pb data are described within the context of the map units
and summarized in Table 1. The U–Pb results for many samples
are somewhat complex, with a high proportion of discordant anal-
yses. Reported ages (Table 1) were determined in two ways. Sam-
ples that are chemically similar to the Idiwhaa unit (high FeO, flat
REE patterns) and also contained some zircons that returned
207Pb/206Pb ages > 3.95 Ga were assumed to be part of that unit
and have a minimum age of 3.95 Ga. A further discussion of the
true magmatic age of these samples is found in Sections 6.1 and
6.2. All other samples have reported ages determined by taking
the weighted mean of a cluster of analyses with the oldest
207Pb/206Pb ages, excluding any analyses determined to be
xenocrystic or metamorphic on the basis of textural criteria. The
number of analyses included in the weighted mean calculation,
as well as the reported uncertainties and any further information
regarding the U–Pb systematics of the sample, are also reported
in Table 1.

Samples belonging to the Idiwhaa tonalitic gneiss unit returned
a restricted range of ages. The youngest minimum age estimate
from any Idiwhaa unit sample is 3958 ± 22 Ma (sample JR12-137)
though the majority of samples from this unit returned minimum
ages of >3.99 Ga. Samples from layered gneiss map unit, of the
which the Idiwhaa unit is a part, record a range of ages. One sample
records U-Pb zircon ages approaching 4.0 Ga (JR13-206), but other
samples from this map unit have distinctly younger igneous
crystallization ages of �3.75 Ga (e.g., JR13-101).

As might be expected of mafic rocks, samples of the amphibolite
and metagabbro map units yielded very few zircon grains despite
large quantities of material processed (1–2 kg). The one exception
is metagabbro sample JR12-136, which yielded many small,
rounded zircon grains. However, CL imaging revealed these grains
to be dominantly metamorphic in origin. U–Pb analyses of this
metamorphic zircon indicate a recrystallization/growth event at
ca. 3.55 Ga, which in turn provides a minimum igneous crystalliza-
tion age for the metagabbros.

Metamorphic zircon growth at 3.55 Ga in the metagabbro unit
fits well with the igneous crystallization ages of the volumetrically
dominant suite of rocks within our mapped areas, the granite-
granodiorite map unit. All of the samples from this unit have
well-defined U–Pb crystallization ages between 3.55 and 3.6 Ga.
This fits well with our field observations suggesting that these
represent a younger, less deformed suite of potentially related
granitoids.

Outside of Map Area 1, U–Pb ages become more complex,
despite broad correlation in lithochemistry. For example, one other
�3.75 Ga sample was identified (JS-1), whereas analysis of the
high-quality zircon extracted from highly strained gneiss sample
AC12A shows complex U–Pb patterns, but a significant portion of
the analyses indicate igneous crystallization at �3.94 Ga. Addition-
ally, two younger granites were identified outside of both map
areas; (JR13-304) is a �2.93 Ga granite body that cross-cuts the
main foliated gneisses in the western portion of the AGC while
JR13-802 was collected from a large body of �3.37 Ga foliated
granite, located �5 km to the west of the main mapped area
(Fig. 1).

Notably, a large proportion of the samples described above con-
tain metamorphic zircon overgrowths, most of which return U–Pb
ages consistent with zircon growth and/or recrystallization during
a younger metamorphic event. Many of the ages of rim growth are
poorly constrained and give variable ages within the 3.2–3.4 Ga
age range. However, these ages are broadly consistent with previ-
ous estimates of a large-scale metamorphic/fluid event within the
AGC at �3.37 Ga (Moorbath et al., 1997; Stern and Bleeker, 1998;
Roth et al., 2014; Reimink et al., 2014), as well as intrusion of large
granodioritic-granitic bodies a few km to the west of the main
study area (sample JR13-802 documented here).
4.3. Whole-rock geochemistry

The whole-rock major-, minor-, and trace-element geochem-
istry of selected samples are presented in Table 2. There are some
important trends to note within the geochemical and age data, dis-
cussed by map unit from oldest to youngest below.

Within the layered gneiss map unit, the 4.02 Ga Idiwhaa tonali-
tic gneiss mostly displays low to moderate SiO2 contents (58–
67 wt.%) although two samples (JR12-137, JR12-146) have higher
SiO2 contents (�70 wt.%). Other diagnostic features of the Idiwhaa
unit include high-FeO contents (8–15 wt.%) and low Mg# (<21;
Fig. 3A). The Idiwhaa unit samples also have flat REE patterns
(LaN/YbN < 3.8) although the two high-silica Idiwhaa samples have
significantly higher LaN/YbN of 7.1 and 6.8. All Idiwhaa samples are
high in Zr (280–490 ppm) and Hf (7–13 ppm; Figs. 4–6). These
rocks all lack the characteristically high Na2O contents (Fig. 3),
negative Nb anomalies, and high LaN/YbN of typical Archean TTGs.

Other samples from the layered gneiss map unit include 3.94–
3.75 Ga tonalite samples. These have broadly similar range of
SiO2 contents (64–72 wt.%) to the Idiwhaa tonalite gneiss. How-
ever, these samples have lower FeO contents (6–7 wt.%) and higher
Mg# (17–47) when compared to the ITG samples with similar SiO2.
Additionally, these younger tonalites have similarly high Zr con-
tents (260–470 ppm) but more variable and fractionated REE pat-
terns (LaN/YbN = 5.6–19) and significant negative Nb anomalies
compared to the ITG samples.

One amphibolite and three metagabbro samples were analyzed
and are compared here. The three metagabbro samples have
similar compositions to each other and also to the amphibo-
lite sample (JR12-172) taken from the same map area. The
amphibolite and metagabbro samples have SiO2 contents of
�55 wt.%, high FeO (�9–13 wt.%) and MgO (�7 wt.%) contents
and Mg#s of 41–58. These samples also have relatively flat REE
patterns (LaN/YbN = 2–5).

The younger (3.6–2.9 Ga), and volumetrically dominant (Fig. 2)
suite of granitoid rocks in the AGC, comprising the granite-
granodiorite map unit, is much more typical of classic Archean
TTGs, and clearly geochemically distinct from the >3.75 Ga suite
described above. The samples have higher SiO2 contents (>65 wt%)
than the >3.75 Ga tonalites and most have Na2O > 4 wt.% (Fig. 3B),
as well as LaN/YbN > 40. This granite-granodiorite sample suite
contains some significant variability; one small group, consisting
of two samples, has significantly higher Na2O/K2O (4–5) and lower
LaN/YbN (20–30) than the other samples in this suite (<2 and >30,
respectively). All samples in this age group have significant
negative Nb-anomalies (Figs. 4 and 6) and most exhibit either
negative or positive Eu-anomalies (Figs. 5 and 7; Table 2).

4.4. O-isotope analysis of zircon

A total of 317 18O/16O analyses of zircons were conducted on 15
samples. Each analytical spot was investigated first using high-
resolution imagery and categorized as either igneous or metamor-
phic in the same manner as the U–Pb analyses mentioned above.
The results are reported in Table S3 along with the phase of zircon
growth identified from images. Crystallization ages (Table 1) were
assigned to igneous oxygen isotope data using the ages calculated
from LA-ICPMS U–Pb data collected on separate zircons from each
sample. The average oxygen-isotope composition of igneous zircon
material from each sample, reported in d18OVSMOW, along with their
standard deviation is given in Table 3 and plotted in Fig. 8.

Magmatic zircons in the oldest samples (JR13-108, JR12-206,
TC3) have d18O values ranging from +6.4‰ to +4.2‰. In the
well-preserved zircon grains extracted from sample TC3, Reimink
et al. (2014) documented two chemically distinct phases of igneous
zircon growth, the first with mantle-like oxygen isotope



Table 2
Whole-rock geochemistry for samples within the AGC.

Group Idiwhaa unit Metagabbro Amphibolite 3.94 Ga tonalite 3.75 Ga tonalite 63.6 Ga grantoids 63.6 Ga grantoids

Sample Name TC-3* AC2C* JR12-
145*

JR12-
141*

AC2I* JR13-108 JR12-137 JR12-146 JR12-119 JR13-207 JR13-102 JR12-136 GFA-4 JR12-172 JR13-206 JR13-101 JS-1 JR12-144 JR13-205 JR13-114 JR12-127 JR13-115 JR13-208 JR12-171 JR13-305 JR13-303 JR13-304 JR13-802

Northing 7,228,606 7,229,030 7,228,659 7,228,605 7,228,595 7,228,857 7,228,607 7,228,629 7,229,220 7,228,058 7,229,030 7,228,607 7,229,030 7,228,962 7,228,016 7,228,928 7,227,385 7,228,607 7,228,016 7,228,676 7,228,669 7,228,676 7,227,867 7,229,281 7,227,553 7,227,459 7,227,553 7,224,438
Easting 567,760 568,174 567,786 567,760 567,768 568,010 567,758 567,781 567,883 567,536 568,174 567,756 568,170 568,151 567,519 568,045 568,068 567,767 567,519 567,663 567,638 567,663 567,233 568,078 565,575 565,559 565,575 562,184

SiO2 (wt.%) 57.94 61.95 60.73 60.13 66.89 61.94 70.22 70.26 66.45 59.22 52.90 53.89 55.16 53.26 72.41 68.35 63.93 73.17 69.24 73.21 73.59 73.54 67.47 72.69 72.98 73.25 69.53 73.63
TiO2 1.237 1.083 1.064 1.122 0.823 0.995 0.547 0.528 0.803 1.013 0.694 0.552 0.739 1.158 0.568 0.867 0.801 0.209 0.515 0.289 0.335 0.299 0.604 0.461 0.113 0.067 0.590 0.122
Al2O3 13.88 14.02 13.82 14.13 13.87 13.25 12.66 12.70 13.66 13.55 15.18 15.52 15.49 13.85 12.99 13.30 16.01 14.86 15.77 14.20 14.40 14.21 16.21 14.48 16.21 16.41 15.22 15.00
FeO(total) 15.25 11.71 13.13 12.53 8.57 13.39 7.99 8.26 9.47 14.77 10.41 9.09 10.09 13.33 5.76 7.43 5.70 2.07 3.66 2.43 2.11 2.51 4.23 2.93 0.73 0.36 3.51 1.04
MnO 0.168 0.163 0.180 0.159 0.123 0.201 0.268 0.110 0.226 0.208 0.172 0.194 0.179 0.229 0.056 0.093 0.079 0.012 0.044 0.020 0.022 0.025 0.042 0.029 0.010 0.006 0.038 0.016
MgO 1.26 1.48 1.20 1.43 0.95 1.13 1.16 0.63 1.81 1.43 6.81 7.06 6.31 5.27 0.65 1.87 2.86 0.37 0.88 0.63 0.57 0.78 1.43 1.10 0.28 0.15 0.97 0.37
CaO 4.61 4.70 4.27 4.93 2.84 3.96 1.92 2.29 1.82 5.21 9.20 8.79 7.66 8.96 2.22 2.60 4.80 1.82 2.52 0.69 1.40 1.36 3.00 1.86 1.87 1.81 2.34 1.39
Na2O 2.98 3.35 2.92 3.06 3.39 2.93 2.65 3.19 2.58 2.55 3.20 3.27 3.09 2.70 3.52 2.70 3.32 3.99 4.39 2.91 4.62 4.77 4.52 4.00 6.25 6.57 4.04 4.44
K2O 2.35 1.24 2.39 2.21 2.34 1.94 2.48 1.94 3.01 1.79 1.36 1.57 1.19 1.11 1.76 2.65 2.31 3.47 2.86 5.56 2.88 2.45 2.30 2.37 1.52 1.36 3.59 3.95
P2O5 0.335 0.307 0.295 0.299 0.194 0.257 0.108 0.086 0.180 0.256 0.076 0.061 0.090 0.139 0.061 0.143 0.185 0.046 0.120 0.066 0.072 0.068 0.192 0.081 0.026 0.018 0.173 0.040
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg#⁄⁄⁄ 12.85 18.36 13.98 16.86 16.53 13.12 20.60 12.00 25.39 14.73 53.83 58.07 52.72 41.35 16.83 30.91 47.25 24.09 30.11 31.70 32.35 35.58 37.68 40.18 40.21 42.61 32.99 38.67
Na2O/K2O 1.27 2.69 1.22 1.38 1.45 1.51 1.07 1.65 0.86 14.73 2.35 2.08 2.59 2.44 2.00 1.02 1.43 1.15 1.54 0.52 1.60 1.94 1.96 1.69 4.10 4.84 1.13 1.12

XRF
V (ppm) 5 3 4 5 4 3 8 5 5 8 144 128 125 315 2 24 88 14 36 20 20 21 48 28 11 4 39 12
Cr 1 1 1 1 1 2 1 3 1 1 53 149 114 18 1 8 47 3 7 5 5 5 16 3 7 3 15 4
Ni 1 3 1 3 18 0 1 2 4 0 20 26 14 49 0 5 23 3 4 3 2 3 9 2 3 1 9 0
Cu 20 160 28 31 242 12 81 14 6 45 43 49 29 83 196 40 33 1 35 2 1 1 3 2 0 9 20 0
Zn 81 95 120 111 106 118 90 115 114 102 94 109 106 99 78 78 66 37 44 33 26 27 42 41 28 8 64 36
Ga 25 24 24 24 24 23 22 22 22 24 17 18 18 20 21 22 19 19 21 17 19 18 20 19 20 20 18 17
Zr 317 286 380 293 348 333 490 428 329 246 96 92 143 162 478 336 265 143 386 228 269 233 245 271 86 88 469 114
Ba 712 279 753 599 642 614 600 577 936 539 341 211 343 175 578 930 706 1879 1203 1368 1489 1041 652 1005 458 400 1683 1044

ICP-MS
Sc (ppm) 35.3 33.4 30.4 34.5 25.4 29.2 18.0 14.6 23.3 35.4282 22.7 20.1 20.7 43.2 9.1 14.5 11.9 2.8 5.5 3.8 3.1 2.6 4.2 4 3.3 0.5 4.4 0.7
Rb 74.4 18.3 59.1 53.0 53.9 60.1 76.8 51.2 81.1 39.7 19.6 16.3 19.0 14.2 43.8 69.2 61.5 42.9 66.5 63.9 34.2 34.6 57.2 48.7 28.2 19.6 72.0 95.9
Sr 151 120 189 167 191 103 132 138 114 168 293 214 185 136 178 164 291 273 328 216 240 249 466 384 820 791 322 556
Y 72.86 78.02 82.59 86.40 70.74 69.69 91.83 65.47 59.38 107.83 16.90 19.32 25.89 49.38 10.81 60.24 23.73 3.26 16.96 8.30 8.62 9.03 7.50 5.50 4.96 2.10 26.68 3.08
Nb 21.34 20.29 22.69 23.07 26.45 19.71 29.25 26.66 25.11 20.89 4.84 4.98 9.67 8.62 12.65 20.06 13.53 5.81 11.04 7.12 6.93 5.79 6.34 5.27 1.53 1.04 15.73 2.13
Cs 2.00 0.58 1.84 1.64 1.70 1.24 4.74 1.58 2.19 1.36 0.56 0.34 0.86 0.29 1.00 3.02 2.16 0.37 1.48 0.86 0.48 0.64 1.60 0.65 0.33 0.22 0.79 1.21
Hf 8.02 7.19 9.26 7.18 8.86 8.46 12.91 11.23 8.50 6.49 2.45 2.37 3.66 4.37 12.56 8.76 6.13 3.80 8.52 5.60 6.18 5.80 5.03 5.78 2.38 2.42 10.64 2.94
Ta 1.31 1.24 1.54 1.41 1.76 1.26 2.39 1.70 1.36 1.32 0.35 0.41 1.28 0.60 0.61 1.53 0.85 0.14 0.58 0.21 0.25 0.21 0.32 0.12 0.11 0.11 1.22 0.19
Pb 4.75 4.89 6.74 5.72 7.48 6.00 7.94 8.05 5.10 6.04 8.35 6.12 4.23 6.03 11.59 7.94 8.85 12.60 14.88 7.97 9.21 8.04 6.03 5.68 16.58 19.52 16.23 27.84
Th 2.37 3.87 4.63 3.99 8.36 4.80 24.14 16.92 10.92 7.44 1.76 2.25 4.33 2.52 9.55 12.80 17.95 7.38 17.97 11.97 13.42 12.40 5.47 2.70 0.94 0.75 27.11 11.39
U 0.82 1.12 1.28 0.98 1.60 0.86 2.78 1.64 1.50 1.40 0.32 0.57 1.14 0.64 1.25 2.04 1.55 0.44 1.06 0.44 0.54 0.59 0.51 0.31 0.24 0.29 0.71 3.17
La 27.15 24.94 28.54 19.72 14.49 31.46 96.59 71.31 36.06 41.73 12.17 11.44 17.95 15.08 42.90 46.69 58.63 28.52 131.33 68.53 69.52 65.09 53.98 36.05 10.27 7.55 95.80 23.06
Ce 71.39 65.49 70.08 55.38 40.71 67.40 185.70 141.70 83.27 111.83 23.22 22.86 34.29 34.03 73.74 91.13 103.63 48.37 209.93 114.19 121.56 107.15 84.93 56.31 18.10 12.62 168.80 36.15
Pr 10.42 9.82 10.09 8.54 6.56 8.72 21.16 15.41 11.29 16.00 2.85 2.83 4.27 4.68 7.55 11.14 10.93 5.15 20.43 10.92 10.95 10.43 7.81 5.40 2.23 1.36 15.89 3.49
Nd 47.48 45.36 45.48 40.24 32.59 36.60 76.62 57.79 45.96 68.52 11.34 11.59 17.10 20.84 24.82 43.62 37.49 18.17 62.78 34.27 34.17 33.09 23.99 17.13 8.69 4.98 50.57 11.03
Sm 12.63 12.31 12.74 11.87 9.99 9.51 14.18 11.96 10.03 17.66 2.83 2.91 4.20 5.88 3.80 10.20 6.52 3.11 8.03 4.62 4.60 4.58 3.21 2.25 2.02 0.96 8.31 1.59
Eu 3.10 2.80 2.95 2.92 2.10 2.57 1.83 2.49 1.91 2.92 1.15 1.04 1.37 1.58 1.50 2.20 1.46 2.17 1.52 1.07 1.05 1.12 1.11 1.24 0.62 0.48 1.56 0.60
Gd 13.75 13.35 14.59 14.11 11.32 10.97 13.31 11.44 9.31 18.64 3.07 3.28 4.44 7.25 2.77 10.49 5.08 2.14 5.00 2.86 2.99 3.17 2.28 1.56 1.70 0.69 6.14 0.92
Tb 2.34 2.40 2.58 2.56 2.09 1.96 2.39 1.91 1.67 3.28 0.53 0.58 0.76 1.35 0.38 1.81 0.81 0.22 0.63 0.37 0.39 0.40 0.30 0.20 0.22 0.09 0.91 0.12
Dy 14.52 15.41 16.24 16.72 13.35 13.00 16.08 12.30 11.16 20.59 3.37 3.68 4.82 8.90 2.07 11.58 4.61 0.84 3.43 1.93 1.99 2.06 1.62 1.13 1.17 0.44 5.30 0.63
Ho 2.94 3.23 3.34 3.49 2.86 2.71 3.40 2.64 2.38 4.18 0.69 0.77 1.00 1.94 0.43 2.38 0.92 0.13 0.66 0.34 0.37 0.37 0.29 0.22 0.20 0.08 1.02 0.11
Er 7.84 8.82 9.07 9.55 7.92 7.52 9.72 7.62 6.79 11.26 1.81 2.11 2.73 5.43 1.24 6.40 2.42 0.26 1.75 0.85 0.88 0.87 0.71 0.59 0.48 0.19 2.66 0.30
Tm 1.11 1.27 1.27 1.36 1.13 1.09 1.43 1.14 1.01 1.58 0.26 0.30 0.41 0.81 0.21 0.93 0.34 0.03 0.25 0.11 0.11 0.12 0.10 0.09 0.06 0.03 0.36 0.04
Yb 6.65 7.61 7.66 8.20 6.72 6.71 9.21 7.10 6.45 9.33 1.62 1.92 2.56 5.11 1.55 5.59 2.04 0.23 1.55 0.62 0.67 0.72 0.66 0.59 0.33 0.17 2.09 0.26
Lu 1.02 1.15 1.16 1.25 1.02 1.04 1.42 1.10 0.98 1.34 0.25 0.30 0.39 0.81 0.27 0.87 0.32 0.04 0.24 0.11 0.10 0.11 0.09 0.10 0.05 0.02 0.29 0.04
LaN/YbNa 2.77 2.23 2.53 1.63 1.47 3.18 7.13 6.82 3.80 3.04 5.10 4.06 4.77 2.00 18.76 5.68 19.57 83.24 57.50 75.12 70.67 61.59 55.83 41.82 20.97 29.94 31.15 59.95
Eu/Eu*,b 0.72 0.67 0.66 0.69 0.61 0.77 0.41 0.65 0.60 0.49 1.20 1.03 0.97 0.74 1.41 0.65 0.78 2.58 0.73 0.90 0.87 0.90 1.26 2.03 1.03 1.81 0.67 1.51

Analyses of the Idiwhaa tonalitic gneiss were analyzed at the Geoanalytical Laboratory at Washington State University. Major and selected trace elements were analyzed by XRF (Johnson et al., 1999).
Major-element analyses have been normalized to 100%, not including LOI (loss on ignition). The remainder of the trace-element analyses were analyzed by ICP-MS (Knaack et al., 1994).
UTM coordinates are in Zone 11 W and using WGS 84 projection.
Mg# = 100 * [MgO/(FeO + MgO)] calculated on a molar basis.

* Whole rock data from Reimink et al. (2014).
a Normalization values from McDonough and Sun (1995).
b Eu/Eu = EuN/sqrt[(SmN * GdN)] normalized to McDonough and Sun (1995).
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compositions (mean d18O of +5.6‰) surrounded by a second phase
of zircon growth with lower than mantle d18O values (mean of
+4.7‰). This result is confirmed in this study with a second sample
of the Idiwhaa gneiss JR13-108 (Fig. 8), collected a few hundred
meters away from the TC3 locality (Fig. 2). Zircons extracted from
this sample have identical zoning patterns to those of TC3 zircons
(Phase I and II) and similar d18O values, ranging from +6.36‰ to
+4.32‰. A different sample taken from the camp island outcrops,
JR13-205, contains lower quality zircon that displays a similar
range in igneous d18O (+4.2 to +6.3‰) though the generally more
damaged nature of zircon grains in this sample inhibits our ability
to compare zoning patterns to those present in sample (TC3).

Metagabbro sample JR13-102, containing dominantly meta-
morphic zircon was the only amphibolite or metagabbro sample
conducive to oxygen isotope analysis. In CL imaging, only three
analytical spots from this sample were placed on zircon material
that had igneous characteristics such as oscillatory zoning and
yield a mean d18O of +5.6‰. Metamorphic zircon analyses are
not plotted in Fig. 8.

We also analyzed well-preserved zircon grains extracted from a
highly strained�3.94 Ga gneiss sample AC12A. These zircons show
a narrow range of igneous d18O values between +6.0‰ and +6.8‰,
very similar to the range in igneous d18O values (+5.6 to +7.0‰)
recorded in virtually all of the zircons extracted from the other
post-3.9 Ga granitoid suites investigated here. The one exception
to this is a single analysis (5.0‰) obtained from the 3.37 Ga gran-
odiorite sample JR13-802. Sample JR13-304, a 2.94 Ga granodi-
oritic body that cross-cuts the highly deformed gneisses in the
western portion of the AGC, has a slightly lower range of igneous
d18O values than the �3.6 Ga suite, from +5.6‰ to +6.3‰.

Although our main focus was on the oxygen isotope composi-
tions of zircons of igneous origin, we did perform a few analyses
of metamorphic zircon. These analyses showed a wide range in
d18O values from +5.0‰ to +7.5‰. The variation within the meta-
morphic zircon oxygen isotope composition does not correlate
with age or other geochemical parameters.
5. Discussion

5.1. Hadean (>4.0 Ga) ages of the AGC

We have previously documented the existence of a mappable
unit, which we termed the Idiwhaa tonalitic gneiss, with an
igneous crystallization age of �4.02 Ga (Reimink et al., 2014).
The morphologies of zircons found in this unit are similar to
>4.0 Ga zircons previously documented in other rocks from the
AGC (Stern and Bleeker 1998; Bowring and Williams, 1999)
although the U-Pb isotope systematics in our samples are generally
simpler than those reported in those other studies. Given the lim-
ited number of samples that have returned >4.0 Ga ages in nearly
25 years of research in the AGC, it would appear that this most
ancient unit of the AGC is rarely exposed at surface, or more likely
is a volumetrically minor component within the complex (Fig. 2).
In the present study, we have obtained U-Pb zircon age informa-
tion from two additional samples of the Idiwhaa unit (JR12-141,
JR13-108). Unfortunately, the quality of zircons in these new sam-
ples is not as good as in the original Idiwhaa unit sample, TC3,
investigated by Reimink et al. (2014), potentially due to more sig-
nificant radiation damage, caused by higher U and Th contents in
the zircons. One other potential explanation is that sample TC3
was serendipitously preserved from later fluid alteration that
affected other samples, leading to higher Pb-loss in other Idiwhaa
unit zircon grains. However, as in the original sample, zircons from
new samples yielded numerous analyses with 207Pb/206Pb
ages > 4.0 Ga as well as ca. 3.3 Ga metamorphic overgrowths. The
similarity of the U–Pb isotope systematics combined with shared
lithological and geochemical features (see discussion below) indi-
cate all these samples belong to a single unit.

Given our findings regarding the Idiwhaa tonalitic gneiss, it is
important to respond to the claim of Mojzsis et al. (2014) that
the oldest rocks in the complex are �3.92–3.96 Ga and that all
pre-4.0 Ga zircons in the AGC are xenocrystic in origin. They base
this claim on a detailed study of one layered gneiss sample from
the highly strained western portion of the AGC. Specifically, they
used whole-rock major- minor- and trace-element geochemistry
and Lu–Hf and Sm–Nd isotope analyses of this sample as well as
zircon REE partition modeling and Ti-thermometry, to conclude
that the oldest components of the AGC were no more than
3.96 Ga and that they were emplaced as migmatites; they conclude
that any pre-3.96 Ga zircon found in AGC samples are xenocrysts
derived from rocks no longer present in the complex.

For a number of reasons, we believe Mojzsis et al.’s (2014)
assertions regarding the absence of pre-3.96 Ga rocks in the AGC
to be overstated. Their conclusions were based on a single, mixed
sample, with a variety of components interlayered at the cm-
scale. Mojzsis et al. (2014) interpreted this compositional banding
to be migmatitic in origin (i.e., the result of in-situ partial melting)
but there is no compelling evidence from metamorphic mineral
assemblages that the grade of metamorphism in the presently
exposed AGC was ever sufficiently high to engender significant
partial melting of these rocks. A possible alternative interpretation
is that the banding is tectonic in origin such that rocks of disparate
age and composition were interlayered on the cm-scale as a result
of high strain in the western AGC. Regardless of the true source of
the banding in the sample selected by Mojzsis et al., their choice of
a highly strained, multi-component sample for study predictably
led to complicated zircon U–Pb systematics with many age peaks
(see their Fig. 7). The Idiwhaa gneiss, in contrast, is a single compo-
nent sample collected from a lower strain portion of the AGC that is
mappable over a distance of at least several hundred meters. The
relative simplicity of the Idiwhaa unit manifests itself in more
straightforward zircon U–Pb systematics characterized by a single
dominant >4.0 Ga peak in 207Pb/206Pb ages in zircon with igneous
zoning characteristics and a well-defined discordia array with a
lower intercept around 3.3 Ga (Figs. S5, 6, Reimink et al., 2014).

Importantly, only a small proportion of analyses (14 of 198
total) obtained from three Idiwhaa unit samples return 207Pb/206Pb
ages between 3.92 and 3.96 Ga, the oldest age of AGC rocks sug-
gested by Mojzsis et al. (2014). Given the shallow angle of the dis-
cordia array that would be generated on >4.0 Ga zircon grains that
experienced a metamorphic event at �3.3 Ga, we argue that this
small proportion of analyses with 207Pb/206Pb ages in the 3.92–
3.96 Ga range carry no geological age significance but merely rep-
resent partial Pb-loss from the >4.0 Ga grains produced by the
3.3 Ga metamorphism.

Additionally, Reimink et al. (2014) demonstrated that the REE
compositions of >4.0 Ga magmatic zircons in the Idiwhaa gneiss
are broadly in equilibrium with the whole-rock REE compositions
of the gneiss (Figs. S10, 11; Reimink et al., 2014). This finding is dis-
tinctly unlike the sample investigated by Mojzsis et al. (2014), in
which the REE patterns of ca. 4.0 Ga zircons conflicted with mea-
sured whole-rock REE patterns. Indeed, this inconsistency between
measured and calculated REE patterns (using zircon REE composi-
tions and lattice strain theory) was a key line of evidence used by
Mojzsis et al. to conclude that the 4.0 Ga zircons in their sample
were xenocrysts. Interestingly, on the basis of the REE patterns of
ca. 4.0 Ga zircons in their sample, Mojzsis et al. speculated that
these xenocrystic zircons originally crystallized in a ”. . . a mafic
to intermediate rock with only moderate LREE/HREE enrich-
ment. . .” (Page 87, Section 5.1.3, Mojzsis et al., 2014). These are
precisely the characteristics of the 4.02 Ga Idiwhaa unit. Thus, we



Fig. 3. Major element data from the samples discussed in this chapter. (A) Traditional AFM plot showing the evolution of granitoids within the AGC from highly Fe-enriched
at 4.02 Ga to a more typical calc-alkaline rocks at 3.6 Ga. Also shown for comparison are icelandites (rocks from Iceland via the Georoc database defined as having 55–65 wt.%
SiO2, <14 wt.% Al2O3, and >8 wt.% total FeO) and Archean TTGs (Moyen, 2011). (B) An elemental K–Na–Ca ternary plot showing the relatively Na rich character of the 3.96–
3.6 Ga rocks from the AGC, suggesting derivation via partial melting of hydrated basalt. Also shown are the fields for Archean TTG (Martin, 1999) and icelandites from the
GEOROC database described in Figure 2.1.
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would propose that the xenocrystic zircons in the sample investi-
gated by Mojzsis et al. were derived from rocks equivalent to the
Idiwhaa unit. In summary, the data from a range of samples and
methods show that rocks with crystallization ages older than
4.0 Ga are indeed present in the AGC (Stern and Bleeker, 1998;
Bowring and Williams, 1999; Reimink et al., 2014).

5.2. Petrogenesis of the 4.02 Ga Idiwhaa unit

The geochemical and isotopic features of the mafic samples of
the Idiwhaa unit offer insight into crust formation processes on
the Hadean Earth. These samples have variable silica (58–66 wt.
%), relatively low Al2O3 (�13 wt.%) and high FeO (8–15 wt.%), and
follow an iron-enrichment trend on an AFM diagram (Fig. 3A). This
high FeO signature, along with negative Eu-anomalies and flat REE
patterns (Figs. 4–6 and 9), can be explained by extensive shallow-
level fractional crystallization of a relatively low-H2O parental
basalt magma in which plagioclase is a major constituent of the
fractionating assemblage (Wood, 1978; Grove and Kinzler, 1986;
Nicholson et al., 1991; Reimink et al., 2014). There is also evidence
from the low d18O values (<+5‰) of one phase of magmatic zircon
in the Idiwhaa unit samples (e.g., sample TC3, Reimink et al., 2014;
sample JR13-108 from this study) that assimilation of country
rocks that had previously been altered at high temperature by sur-
face water played a role in magma evolution.

It has been suggested that the degree to which a magma’s d18O
value may be changed by assimilation-fractional crystallization
(AFC) processes is controlled by the water content of the original
magma (Balsley and Gregory, 1998). For example, a relatively
hydrous magma is more likely to erupt explosively or quench in
the subsurface before extensive assimilation of country rocks can
occur. In contrast, water-undersaturated magmas experience a
wider crystallization interval before reaching water saturation,
which in turn allows greater assimilation of country rocks and
associated changes to magmatic d18O values (e.g., Bindeman and
Valley, 2000). Though lowering in magmatic d18O values docu-
mented in the 4.02 Ga tonalite is small (�0.9‰), it still requires
significant assimilation, which would be favored by a relatively
dry primary basaltic magma. This interpretation is consistent with
the constraints imposed by the whole-rock elemental data, namely
the low Al2O3 and high FeO contents and flat REE patterns of the
Idiwhaa rocks.
Significantly, other early Archean zircons were shown to have
crystallized from magmas that had lower-than-mantle d18O
(Hiess et al., 2009, 2011). Hiess et al. (2011) invoked a model of
crustal cannibalism, similar to that described above, to account
for the low d18O values. Additionally, Smithies et al. (2015) docu-
mented a very large proportion of low d18O felsic rocks from the
Mesoarchean Talbot sub-basin in Australia and invoked similar
processes to those active on modern Iceland. It should be noted
that low-d18O magmas are relatively rare in the Phanerozoic rock
record but, where present, have most commonly been reported
for rocks formed in rift- or plume-related settings (e.g., Yellow-
stone, Iceland, Skye). Given the paucity of low d18O magmas on
the modern Earth (Balsley and Gregory, 1998; Valley et al.,
2005), it is striking that there are two documented cases of
low-18O magmatic rocks among the few currently known locales
worldwide with preserved Eoarchean or Hadean crust. This obser-
vation suggests that assimilation of surface water altered country
rocks in shallow level magma chambers may have been a more
widespread process on the early Earth than at present and also that
tectonic settings conducive to the operation of this process may
have been favorable sites for early crust formation.

The full range of Idiwhaa unit compositions includes some sam-
ples with SiO2 > 70 wt.%. These samples, although consistent with
formation by continued fractional crystallization involving
clinopyroxene or amphibole, may also be derived by partial melt-
ing of Idiwhaa unit rocks with intermediate silica contents. Ulti-
mately, this potential partial melting event would have to take
place relatively close in time to the crystallization age of the inter-
mediate Idiwhaa unit samples (�4020 Ma) as even the felsic Idi-
whaa unit samples contain very ancient zircons with
crystallization ages near 4.0 Ga.

Due to petrogenetic and geochemical similarities between the
Idiwhaa unit and intermediate rocks from modern Iceland such
as high FeO, flat REE patterns, lower than mantle d18O values,
Reimink et al. (2014) invoked an Iceland-like model for the gener-
ation of the >4.0 Ga Idiwhaa tonalite gniess. The Icelandic analogy
is fitting in that the higher proportion of evolved rocks in Iceland
relative to other oceanic plateaus (e.g., Jakobsson et al., 2008) make
it unique on the modern Earth. This, as well as high heat flow asso-
ciated with the confluence of a mid-ocean ridge and a long-lived
mantle plume forms the basis for the analogy with primary crust
formation on the ancient Earth (Kröner, 1985), though with the



Fig. 4. Primitive-mantle normalized (McDonough and Sun, 1995) trace-element
plots for different ages of AGC granitoids. Note the evolution to lower HREE, Nb, Ta,
Zr, and Hf with age. Icelandites and average Archean TTGs (Moyen and Martin,
2012) are shown for comparison.

Fig. 5. Chondrite normalized (McDonough and Sun, 1995) REE plots for different
ages of AGC granitoids. Note the evolution to lower HREE with age. Icelandites and
average Archean TTGs (Moyen and Martin, 2012) are shown for comparison.
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higher heat production capacity of the early Earth, the mid-ocean
ridge-plume confluence may not have been necessary. We discuss
this further in a later section.
5.3. Petrogenesis of the 3.94–3.75 Ga suite

A number of samples from the AGC, including the original
discovery samples, record zircon crystallization ages that are 60–
100 myr. younger than the oldest known (ca. 4.02 Ga) components
in the complex (Bowring et al., 1989a,b; Iizuka et al., 2007, 2009;
Mojzsis et al., 2014). In our sample set, this includes sample
JR13-206 collected from near Bowring et al.’s (1989) original dis-
covery site (Fig. 2B) and which records a crystallization age of
�3.94 Ga, and strongly layered gneiss sample AC12A, which



Fig. 6. Various geochemical parameters discussed in the text plotted against normalized La/Yb. (A) LaN/YbN versus SiO2 showing the trend to more evolved components,
generated at progressively deeper depths, with age. (B) LaN/YbN versus Na2O/K2O shows the trend from derivation via fractional crystallization in the 4.02 Ga components
to derivation via partial melting at changing depths post 3.94 Ga. (C) Normalized La/Yb versus Nb/Ta anomaly. The trend to high Nb/Ta in some rocks with high LaN/YbN

suggests melting in the presence of both rutile and significant garnet. (D) LaN/YbN versus normalized Nb anomaly. Rocks with higher LaN/YbN also contain a significant
negative Nb anomaly, an indication of formation by partial melting. Primitive mantle normalized (McDonough and Sun, 1995) Nb/Nb⁄ is calculated in the following

manner: Nb
Nb� ¼ Nb
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records an age of �3.94 Ga. We present whole-rock geochemical
data for sample JR13-206 but, because of its inherent lithological
heterogeneity, did not attempt a whole-rock analysis for sample
AC12A.

As with the 4.02 Ga Idiwhaa unit, sample JR13-206 has a low
Mg# but, unlike that unit, has a steeper REE pattern (LaN/
YbN = 19), negative Nb anomaly, and a positive Eu-anomaly. These
geochemical traits are similar to those reported in some layers of
the 3.92 Ga layered sample that Mojzsis et al. (2014) studied in
detail, as well as two other samples identified in their study as
‘low SiO2 tonalites’. In particular the fractionated REE pattern, neg-
ative Nb anomaly, and positive Eu anomaly of JR13-206 compares
well to Lithology 1 of Mojzsis et al. (2014).

The fractionated REE, high silica, and high Na2O/K2O of JR12-
206 suggest derivation by partial melting of a mafic precursor with
some small amount of residual garnet present (Fig. 10). Given the
very high Fe/Mg ratio of the Idiwhaa unit, garnet may be expected
to stabilize at lower pressures during partial melting of Idiwhaa-
like mafic material than during melting of more typical mafic
rocks. Given this, it is plausible that JR13-206 formed by partial
melting of Idiwhaa-like mafic rocks (e.g., as yet unidentified mafic
rocks parental to the Idiwhaa unit magma) at mid-crustal levels.
This hypothesis is in line with the documentation by Mojzsis
et al. (2014) of xenocrystic zircon material, which compares very
well with Idiwhaa unit zircons, found within a sample that is
chemically similar to JR13-206 and likely the same age. Addition-
ally, certain rare dacites found on modern Iceland contain geo-
chemical signatures very similar to JR13-206 and have been
attributed to partial melting of basaltic crust followed by crystal
fractionation (Willbold et al., 2009). This model is in agreement
with our previous assessment that the early stages of evolved crust
generation within the AGC involved processes similar to that of
modern Iceland (Reimink et al., 2014).

Two samples from the layered gneiss unit (JR13-101, JS-1),
which have crystallization ages of �3.75 Ga, share some of the
characteristics of the 3.94 Ga sample. Specifically, these samples
share significant negative Nb anomalies (Figs. 4 and 6), which
likely formed by partial melting of source rocks with residual



Fig. 7. Broad correlation of Eu/Eu⁄ with incompatible element contents of �3.6 Ga AGC granitoids. This can be explained by development of Eu anomalies via fractionation
processes, where rocks that had experienced significant plagioclase fractionation (negative Eu anomalies) are enriched in incompatible elements.

Table 3
Summary of O-isotope data from samples within the AGC.

Sample Average d18O (SMOW) Standard error N

JR13-102 5.79 0.18 4
TC3 Phase I* 5.58 0.04 72
TC3 Phase II* 4.74 0.03 91
JR13-108 Phase I 5.78 0.12 13
JR13-108 Phase II 4.70 0.12 10

AC12A 6.44 0.02 65
JR13-206 5.47 0.16 13
JR13-101 6.48 0.04 37

JR12-127 6.33 0.05 18
JR13-205 6.2 0.03 13
JR12-171 6.18 0.03 44
JR13-208 6.45 0.05 15
JR13-114 6.15 0.02 30
JR13-115 6.31 0.04 19
JR12-144 6.38 0.08 14
JR13-802 6.29 0.06 36
JR13-304 6.03 0.05 16

* Includes data from Reimink et al. (2014).

Fig. 8. Zircon oxygen isotope systematics from over a billion years of magmatism from th
compositions, while very soon thereafter (3.94 Ga) zircons acquire an elevated above m
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Fe–Ti phases (e.g., Moyen and Stevens, 2006; Moyen and Martin,
2012). However, the 3.75 Ga samples have higher Mg#’s and lower
SiO2 contents than the 3.94 Ga sample.

The average d18O values of zircons in the two 3.75 Ga samples,
AC12A and JS-1 are 6.4 and 6.5‰, respectively, which are above the
range of values for typical mantle zircon (Valley et al., 1998; Page
et al., 2007; Grimes et al., 2010). This indicates that the magmatic
protoliths of these samples either assimilated rocks that had a
prior history of relatively low-temperature surface water–rock
interaction or were derived directly from partial melting of source
rocks that had undergone such a process.

The generally more silicic nature of the 3.75 Ga samples com-
pared to the 4.02 Ga Idiwhaa unit along with the high Na2O/K2O
ratio (Fig. 3B) and zircon d 18O values above those of pristine man-
tle are consistent with derivation of these samples via dehydration
melting of an originally hydrated mafic source rock (e.g., an
amphibolite).

The REE patterns of the two samples in this age group are
variable (Fig. 5), ranging from relatively unfractionated patterns
e AGC. The oldest components (4.02 Ga) have mantle like and lower oxygen isotope
antle signature, which persists for the duration of magmatism in the AGC.



Fig. 9. Chondrite-normalized (McDonough and Sun, 1995) REE plot showing the
steepening of REE patterns in average AGC granitoids with age. Light colored lines
represent individual samples while bold lines are averages of each age group. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. Comparison of a 3.94 Ga tonalite (JR13-206) with Lithology 1 of Mojzsis
et al. (2014) and dacites from modern Iceland (Willbold et al., 2009). We suggest
that JR13-206 formed by partial melting of Idiwhaa-like mafic rocks, consistent
with the observations though not interpretations of Mojzsis et al. (2014).
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(JR13-101), similar to the Idiwhaa unit, to moderately fractionated
patterns in which there is significant enrichment of LREE over
HREE (JS-1). These differences can be explained in several ways.
One possibility is that the mafic source rocks from which these
granitoids were derived differed in their REE patterns. Alterna-
tively, the differences in the REE patterns may be due to differences
in the depth of melting wherein relatively low-pressure partial
melting would generate a two-pyroxene granulite residue com-
prising clinopyroxene-orthopyroxene-plagioclase ± hornblende
and an associated REE unfractionated melt; moderate-pressure
melting would produce a garnet granulite residue of clinopyrox
ene–hornblende–plagioclase with minor garnet and a melt with a
more fractionated REE pattern (e.g., Nair and Chacko, 2008). It
should be noted that high-pressure melting of mafic bulk compo-
sitions would produce larger amounts of garnet in the residue
and in turn a more strongly fractionated REE pattern than observed
in any of 3.94–3.75 Ga AGC samples (e.g., Moyen and Stevens,
2006).

Overall, the 3.75 Ga suite of tonalites have some similarities to
the high HREE Archean TTG suite defined by Moyen and Martin
(2012), most significantly in the moderate LaN/YbN and high
Na2O/K2O. Interestingly, similar rocks have been also been docu-
mented on modern Iceland (Willbold et al., 2009) that share many
characteristics (moderate LaN/YbN, high Na2O/K2O) of the low pres-
sure Archean TTG suite (Moyen and Stevens, 2006; Moyen, 2011;
Moyen and Martin, 2012) with lower LaN/YbN than classically
defined, high-pressure Archean TTGs, as well as the �3.75 Ga suite
documented here.

5.4. Petrogenesis of the 63.6 Ga and younger rocks

5.4.1. Depth of melting
The most abundant rock suite within the AGC is the 3.56–

3.60 Ga granodiorite to granite suite (Fig. 2). These rocks have geo-
chemical signatures comparable to classic Archean TTG (Barker
and Arth, 1976; Martin, 1986). Specifically, they are sodic (>4 wt.%
Na2O), high silica rocks with highly fractionated REE patterns and
strong HREE depletion. There is a general consensus that rocks of
this nature were produced by partial melting of hydrated basalt
at considerable depth (e.g., Beard and Lofgren, 1991; Rapp et al.,
1991; Moyen and Stevens, 2006; Moyen and Martin, 2012). Vari-
ous attempts have been made to calibrate the depth of melting
of TTG magmas (e.g., Moyen and Stevens, 2006; Foley et al.,
2002; Rapp et al., 2003; Nair and Chacko, 2008), and although
results are somewhat dependent upon starting composition, we
may utilize these studies to gain insight on the genesis of the
3.6 Ga TTGs from the AGC.

One geochemical parameter that has been used to infer the
depth of melting is based on the occurrence of rutile as a residual
phase during high-pressure melting (PP 15 kbar) of mafic bulk
composition rocks (Foley et al., 2002; Rapp et al., 2003; Moyen
and Stevens, 2006; Hoffmann et al., 2011). As rutile has an ability
to fractionate Ta from Nb, melts produced in the presence of rutile
acquire a higher Nb/Ta than lower-pressure melts without rutile in
the residue (Foley et al., 2002). The Nb/Ta ratios in the 3.6 Ga AGC
granitoid suite span a wide range (Fig. 6C) with two samples (JR13-
303, JR13-305) having somewhat lower values (9–14) whereas all
others possess high Nb/Ta (19–43) suggesting the presence of
residual rutile and a minimum depth of melting of 15 kbar (e.g.,
Moyen and Stevens, 2006).

Another geochemical parameter useful for appraising depth of
melting relies on the depletion of HREE due to presence of increas-
ing proportions of garnet in the melt residue with increasing pres-
sure (Moyen and Stevens, 2006; Nair and Chacko, 2008). Garnet-in
curves are relatively temperature independent and therefore,
despite some reliance on starting composition (Moyen and
Stevens, 2006), provide rough estimates for depth of melting. The
TTG-like rocks documented here may be separated into two groups
based on LaN/YbN, one low LaN/YbN group (with two samples) with
values between 20 and 30 and another high LaN/YbN group with
values between 40 and 75. Rough estimates suggest �15–20 modal
percent garnet in the residue for the low LaN/YbN samples and >30
modal percent garnet for the high LaN/YbN samples (Nair and
Chacko, 2008). These garnet proportions correspond to, respec-
tively, pressures of �14 kbar and >18 kbar, consistent with pres-
sures inferred from Nb/Ta ratios (Fig. 6C).

Both depth of melting calibrations broadly agree and together
suggest that samples JR13-305 and JR13-303, having higher
Al2O3 and Na2O/K2O than other samples in this suite, melted at
shallower depth, likely in the garnet granulite stability field (clino
pyroxene–plagioclase–garnet ± hornblende). Higher LaN/YbN sam-
ples likely formed in the presence of rutile-bearing eclogite at
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greater depths. There is no discernable difference in ages between
these two groups at the current age resolution, although higher
precision ages may potentially resolve magmatic evolution in
LaN/YbN with time.

5.4.2. Petrogenetic comparisons
One difference between the �3.6 Ga AGC granitoids and typical

Archean TTGs, which are commonly characterized by a lack of sig-
nificant Eu-anomaly, is the presence of both positive and negative
Eu-anomalies in the AGC granitoids (Fig. 7). The presence of these
anomalies implies the involvement of plagioclase at some stage
during the magma generation or crystallization. Two possible
explanations exist; melting may not have occurred in the presence
of residual eclogite but rather plagioclase-bearing garnet granulite,
which would produce negative Eu anomalies in the melt. Alterna-
tively, negative Eu anomalies could also be produced in magmas
generated in the eclogite stability field if the magmas underwent
plagioclase fractionation once they rose into the plagioclase stabil-
ity field. In contrast, positive Eu anomalies would require plagio-
clase accumulation, possibly at the site of magma emplacement.

Previous workers have published a limited amount of whole-
rock geochemical data from samples inferred to be from the
�3.6 Ga suites (Iizuka et al., 2010; Mojzsis et al., 2014). The geo-
chemical features in these four samples (three from Mojzsis
et al., 2014 and one from Iizuka et al., 2010) are generally consis-
tent with the interpretations presented here (Fig. 11). We have
placed these samples within the 3.6 suite based on geochemical
similarity as well as consistency between their reported ages and
sample locations as well as our mapped units. One geochemical
distinction is the very high LaN/YbN in sample AY066 (111; Iizuka
et al., 2010) that does not correspond to a high Nb/Ta ratio as doc-
umented in other 3.6 Ga samples. Additionally, sample AG09016 of
Mojzsis et al. (2014) has characteristics that are transitional
between our lower LaN/YbN and high LaN/YbN suites.

5.4.3. Source composition
Many of the �3.6 Ga AGC granitoids have higher K2O contents

than typical Archean TTG (>2 wt.%). Possible explanations for this
discrepancy include melting of a basaltic composition source rock
Fig. 11. Chondrite-normalized (McDonough and Sun, 1995) La/Yb versus crystallization a
higher through 3.94–3.75 Ga until finally reaching LaN/YbN typical of Archean TTGs at 3
that had higher K2O contents, formation by lower degrees of partial
melting, or assimilation of a pre-existing crustal component during
emplacement. Guitreau et al. (2012, 2014) analyzed a small set of
rocks similar in composition and age to our 3.6 Ga suite for their
Lu–Hf isotope compositions and concluded on the basis of their
broadly chondritic to slightly sub-chondritic initial Hf-isotope
compositions as well as a lack of correlation between eHf(t) and
Ce/Pb that there was little room for involvement of pre-existing
crustal components in the genesis of these rocks. It should be
noted, however, that �3.75 Ga xenocrystic zircons are present in
a few of our �3.6 Ga samples (JR13-205; 305; 303) and have also
been reported in other samples of this age (Bowring and
Williams, 1999; Iizuka et al., 2007). This observation suggests that
the 3.6 Ga AGC granitoids experienced at least some assimilation of
pre-existing crust and therefore that interactions with older crustal
material may have contributed to the higher than normal K2O con-
tent of this TTG suite.

The oxygen-isotope compositions of igneous zircons from the
3.6 Ga suite are remarkably homogeneous, with mean d18O values
for each sample only ranging from 6.1‰ to 6.3‰ (Table 3 and
Fig. 8). These values are outside the pristine mantle field, again
requiring some interaction of the magma source rocks or country
rock assimilants with surface waters. The oxygen isotope system-
atics are consistent with the model derived from other geochemi-
cal parameters above, suggesting that these granitoids formed by
partial melting of a mafic precursor that had been previously
altered by low-temperature surface waters.

It may be possible that the above-mantle oxygen isotope com-
positions of zircons in the �3.6 Ga suite were produced by direct
incorporation of sedimentary material. However, the only moder-
ately elevated average zircon d18O value of �6.2‰ for this suite
of granitoids indicate that metasediments were not extensively
involved in the genesis of these magmas. Incorporation of a high
proportion of sedimentary material into the magma would likely
raise zircon d18O values above +7.5‰ (e.g., Kemp et al., 2007).
Moderately elevated oxygen isotope compositions, such as those
documented here, can be formed by partial melting of the altered
upper portion of oceanic crust, which commonly has d18O values
between 6‰ and 9‰ (e.g., Muehlenbachs, 1986)
ge within AGC rocks showing the trend from low LaN/YbN at 4.02 Ga to progressively
.6 Ga.
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5.5. 3.37 and 2.94 Ga events

One sample coming from a broad expanse of granitic-
granodioritic rocks a few km west of the main study area (Fig. 1C)
was analyzed here (JR13-802) and has a well-defined U–Pb crystal-
lization age of 3.37 Ga. The igneous crystallization age for this suite
is coincident with a metamorphic event at approximately that time
inferred frommetamorphic zircon overgrowths (Stern and Bleeker,
1998; Reimink et al., 2014) and whole-rock Sm–Nd data (Moorbath
and Whitehouse, 1996; Moorbath et al., 1997; Whitehouse et al.,
2001; Roth et al., 2014). Additionally, within the granite-
granodiorite map unit, we have documented the existence of a
�2.94 Ga granitic unit (JR13-304) that crosscuts �3.6 Ga units
(JR13-303, JR13-305) at a high angle. The 2.94 Ga crystallization
age is meaningful in that, in combination with the 3.37 Ga grani-
toid, it links magmatic events in the AGC region at the western-
most margin of the Slave craton with previously documented
magmatic events further to the east in the Central Slave Basement
Complex (Sircombe et al., 2001; Bleeker and Stern, 1997; Bleeker
et al., 1999; Ketchum et al., 2004).

The geochemical characteristics of the 3.37 and 2.94 Ga grani-
toid samples broadly align with those of the �3.6 Ga TTG suite of
the AGC. Sample JR13-304, the �2.94 Ga granodioritic sample,
shares many similarities with the lower LaN/YbN samples (LaN/
YbN = 31, Nb/Ta = 13). Sample JR13-802, with an age of 3.37 Ga,
has a higher LaN/YbN (60) and shares similar features to the higher
LaN/YbN suite, apart from a low Nb/Ta ratio (11). Additionally, oxy-
gen isotope systematics in magmatic zircons extracted from these
two units record identical d18O values to the 3.6 Ga suite (+6.30‰
and +6.03‰ for JR13-802 and JR13-304, respectively). These sam-
ples, as with some of the 3.6 Ga suite, contain higher K2O contents
than is typical for Archean TTG. As discussed above the cause of
this enrichment is not clear and may be caused by partial melting
of mafic or intermediate composition source rock with higher K2O
contents than a typical basalt, or potentially by interactions with
pre-existing felsic crust.

5.6. An oceanic plateau setting for generation of the Acasta Gneiss
Complex?

The data presented here indicate that there was a change in
the geochemical character of AGC granitoid magmatism from
4.02–3.6 Ga, as a result of changes in the petrogenetic processes
responsible for crust generation over that time period. Specifically,
the data here suggest a gradual shift from shallow-level processes
involving fractional crystallization of parental basaltic magma at
4.02 Ga to processes dominated by partial melting of hydrated basalt
at progressively deeper levels. Rocks that had been hydrothermally
altered by surface waters played a role in magma generation or
evolution in both the shallow- and deeper-level processes.

In this section, we discuss the geodynamic implications of these
changes in petrogenetic processes through time in the AGC. For the
earliest rocks (P3.9 Ga) present in the AGC, we favor a geodynamic
model broadly similar to those proposed for the 3.5–3.1 Ga Pilbara
craton (e.g. Championand Smithies, 2007), the 3.5–3.2 GaBarberton
granitoids (e.g. Moyen et al., 2007), the 3.7–3.8 Ga Isua Greenstone
Belt (e.g. Kamber et al., 2005), and the 4.0–4.4 Ga source to the Jack
Hills zircons (Kemp et al., 2010). Although significant differences
exist in these variousmodels, they all involve felsic crust generation
that initiated over an extended history first by internal reworking of
a thickened mafic pile in some way analogous to modern oceanic
plateaus (e.g., Smithies et al., 2009; Van Kranendonk et al., 2015b).
This model manifests itself within the P3.9 Ga portion of the AGC
in the following way. First, a long-lived volcanic edifice produced
significant quantities of mafic to intermediate crust at 4.02 Ga,
producing intermediate-felsic components by fractionation and
assimilation of the parental mafic components. The thickened and
partially hydrated mafic- to intermediate-composition pile was
episodicallymelted ca. 3.95 and 3.75 atmoderate depths to produce
tonalitic magmas.

It must be noted that the geochemical signatures of rock types
generated in this interval are distinctly different from broadly
defined Archean TTG (Moyen and Martin, 2012) and compare bet-
ter with a particular suite of Icelandic dacites (Willbold et al.,
2009). These Icelandic dacites differ from typical Icelandic felsic
crust in that they have relative depletions in Nb and Ti and enrich-
ments in Pb and La. However, these rocks are not directly compa-
rable to typical Archean TTG as they do not share the moderate to
extreme depletion in Yb and correspondingly high La/Yb that is
diagnostic of Archean TTG and indicates the presence of residual
garnet (e.g., Martin et al., 2010). Therefore, we suggest that the
3.94–3.75 Ga AGC suite was formed by similar processes to the Ice-
landic dacites documented byWillbold et al. (2009), namely partial
melting of hydrated basalt at moderate depths. This interpretation
implies that between 3.94 and 3.75 Ga the core of the AGC was
potentially stabilized by partial melting of a thickened basaltic
crust, but at shallower depths than typical Archean TTG (<10 kbar).

Once a thickened and buoyant evolved continental nucleus was
stabilized, additional formation of evolved crust was made possible
by partial melting at greater depth beneath the buoyant nucleus,
possibly driven by horizontal plate motions (e.g., Martin, 1986;
Drummond and Defant, 1990; Smithies et al., 2003; Moyen et al.,
2007; Nair and Chacko, 2008). The >50–60 km depth required to
form enough garnet to create the high LaN/YbN ratios in some of
the �3.6 Ga TTG rocks present within the AGC is thicker than
any known modern plateau. Deep burial of mafic rocks that had
formerly been hydrated at shallow depths by surface waters there-
fore requires either extremely thick oceanic plateau environments
unlike that seen on the modern Earth (e.g., Smithies et al., 2009;
Van Kranendonk et al., 2015b) or tectonic underthrusting associ-
ated with horizontal plate movements (e.g., Boher et al., 1992;
Moyen and Stevens, 2006; Nair and Chacko, 2008; Sizova et al.,
2010, 2015; Gerya et al., 2015). Differing LaN/YbN in the �3.6 Ga
samples is consistent with the variable depth of melting associated
with initiation of subduction-related magmatism, while the simi-
larities in ages between these samples is consistent with a large
pulse of magmatism at broadly similar times. At the age resolution
presented here, it remains difficult to evaluate whether the
�3.6 Ga voluminous magmatism is more consistent with an episo-
dic, or pre-subduction regime suggested by geodynamical model-
ing (e.g., O’Neill et al., 2007; Sizova et al., 2010; O’Neill and
Debaille, 2014; Sizova et al., 2015), or modern-style convergent
margin magmatism that is periodically active over a longer dura-
tion (e.g., de Silva et al., 2015).

An evolving oceanic plateau model for crust formation on the
early Earth is far from a new concept (e.g., Kroner, 1985). One mod-
ern oceanic plateau, Iceland, has served as a commonly invoked
modern analog for early terrestrial crust formation. The high
geothermal gradient on Iceland induced by the confluence of a
mid-ocean ridge and mantle plume has generated a crust averag-
ing �30 km in thickness (Allen, 2002), which in turn has promoted
the formation of a higher proportion of evolved rocks than in other
oceanic plateau (Jakobsson et al., 2008).

As previously discussed (Reimink et al., 2014), the oldest rocks
in the AGC share many key geochemical features with a group of
high FeO, intermediate rocks termed ‘icelandites’ (Carmichael,
1964; Nicholson et al., 1991). Within the AGC, petrologic processes
progress to shallow partial melting of hydrated mafic rocks
between 3.94 and 3.75 Ga. Compositions within this suite compare
well with the Kroksfjördur eruptive sequences on Iceland (Willbold
et al., 2009). Though these Icelandic rocks have a LaN/YbN too low
(11–20) to be classified as Archean TTG sensu stricto (Moyen and
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Martin, 2012), they share many geochemical characteristics with
the intermediate-aged (3.75–3.94 Ga) tonalites documented here
and likely formed via partial melting of a hydrated mafic source
(Willbold et al., 2009). Therefore early felsic crust generation
within the AGC may have occurred by similar petrogenetic pro-
cesses as those operating on modern Iceland.

Of particular relevance to the data from the oldest samples
(P3.75 Ga) presented here are the models from Kamber et al.
(2005) and Kemp et al. (2010). Based in part on the paucity of zir-
cons found within �3.74 Ga mica schists from southwest Green-
land (Kamber et al., 2005) and Hf-isotope compositions of 3.9–
4.4 Ga detrital zircons from Australia (Kemp et al., 2010), these
models both invoke some form of burial and partial melting of
early basaltic protocrust to generate evolved magmatism. The gen-
eration of the 4020 Ma Idiwhaa unit via assimilation and fractional
crystallization from basaltic parental magma, along with interac-
tions with surface waters, are similar to processes described by
the previously mentioned authors. However, we note that as
Zr behaves incompatibly during the early stages of mafic magma
crystallization, zircon-saturated magmas intermediate magmas
can be produced by AFC processes without requiring partial melt-
ing and the generation of felsic rocks (c.f., Kamber et al., 2005).
Additionally, intermediate magmas, akin to those documented
here, may provide the ideal magma composition for the formation
and preservation of zircon. Intermediate magmas that reach zircon
saturation, but are still relatively low in U and Th, may more read-
ily produce zircons low in U and Th (such as documented in the Idi-
whaa unit zircons). These low U and Th grains will sustain less
radiation damage and be less susceptible to overprinting and
recrystallization, an important consideration when dealing four
billion year old grains.

Despite broad agreement between the models proposed by
Kamber et al. (2005), Kemp et al. (2010), and the processes
involved in crust formation within the AGC documented here, sig-
nificant differences exist. First, the model proposed by Kamber
et al. (2005) to explain a lack of ancient zircon material present
in �3.71 Ga mica schists from the Isua Supracrustal belt includes
heavy volcanic resurfacing (continuous eruption, effectively bury-
ing hydrated rocks) of dominantly mafic lithologies thereby thick-
ening and hydrating the crust allowing for partial melting to
internally differentiate itself. This portion of the model is wholly
consistent with the composition of >3.75 Ga tonalites of the AGC.
However, as with SW Greenland TTGs, the high LaN/YbN present
in the �3.6 Ga AGC granitoids requires a much greater proportion
of residual garnet, and corresponding depth of melting (>50 km),
than is realistic for burying hydrated crust in oceanic plateaus.
Therefore, some form of horizontal plate motions is likely required
to bury hydrated mafic crust to such depths (e.g., Boher et al.,
1992; Niu et al., 2003; Smithies et al., 2003; Kamber et al., 2005;
Nair and Chacko, 2008).

The transition in the AGC from magmatism controlled by
shallow-level to deep-seated processes took place over a time
interval of approximately 400 myr (4.02–3.55 Ga). Such a transi-
tion has not yet occurred in Iceland. However, once generated, an
Iceland-like oceanic plateau may be an ideal setting for later gen-
eration of deeply sourced magmas, possibly via a process broadly
akin to modern subduction in which hydrated mafic crust is tec-
tonically underthrust to significant depths beneath the plateau
(e.g., Smithies et al., 2003; Nair and Chacko, 2008; Sizova et al.,
2010, 2015; Gerya et al., 2015), serving to stabilize the protocra-
tonic nucleus.

It must be noted that we invoke the Icelandic analogy for gen-
eration of the earliest (>3.94 Ga) crust in the AGC on petrologic
grounds, namely evolved crust generation induced by shallow-
level fractionation of basaltic magma and partial melting of
hydrated basaltic crust are present in both locations. This does
not necessarily imply that the tectonic setting of modern Iceland,
which involves the interactions of a mid-ocean ridge and a mantle
plume, were required for evolved crust generation on the Early
Earth. Indeed, higher heat production in the Hadean may create a
geothermal gradient sufficient to produce Iceland-like petrologic
processes in any long-lived thermal upwelling (Reimink et al.,
2014; Kamber, 2015).

Similar models and transitions in petrogenetic processes have
been invoked for other ancient terranes. For example, a transitional
plateau-to-subduction scenario has been suggested for the Pilbara
Craton (e.g. Smithies et al., 2005; Van Kranendonk, 2007; Van
Kranendonk, 2010) as well as for granitoids of the Barberton green-
stone belt (Moyen et al., 2007). Interestingly, this transition has
been suggested to occur over broadly the same time interval as
documented in the AGC: roughly 300 myr in the Barberton terrane
(3.55–3.25 Ga; Moyen et al., 2007) and ca. 300–400 myr in the East
Pilbara terrane (>3.45–3.12 Ga; e.g., Smithies et al., 2005, 2007;
Van Kranendonk, 2010).

Our documentation of an early (4.0–3.94 Ga) Acasta Gneiss
Complex dominated by mafic-intermediate rocks formed by shal-
low crustal processes is in line with recent hypotheses suggesting
the equal, if not greater, importance of oceanic plateaus relative to
more felsic composition micro-continents on the Hadean and
Eoarchean Earth (e.g., Kamber et al., 2005, 2010; Smithies et al.,
2005; Kemp et al., 2015). The significance of this duality of Archean
evolved crust has been emphasized in recent discussions of
Archean geodynamics (Kamber, 2010, 2015; Van Kranendonk,
2010), as has the potential for oceanic plateaus to be involved in
subduction and production of TTG-like magmas (Nair and
Chacko, 2008; Martin et al., 2014; Gerya et al., 2015). Our work
here documenting the importance of long-lived mafic-
intermediate magmatism early in the evolution of the AGC fits well
with these models suggesting that oceanic plateaus formed proto-
continental crust that was began as dominantly mafic in composi-
tion but evolved to contain a moderate proportion of intermediate
to felsic rocks. These proto-continental blocks then became a
nucleus for later subduction- or underthrusting-related felsic mag-
matism produced by partial melting of hydrated mafic precursors
at great depth (e.g., Smithies et al., 2003; Nair and Chacko, 2008;
Martin et al., 2014; Gerya et al., 2015).
6. Conclusions

Here we presented the results of detailed field mapping, using
both lithochemical data and U-Pb geochronology to define map
units in a relatively well-preserved portion of the Acasta Gneiss
Complex. On the basis of U-Pb dating of zircon in representative
samples of the various rock units, we identified six major episodes
of granitoid magmatism in the AGC: 4.02 Ga, 3.96 Ga, 3.75 Ga,
3.55–3.60 Ga, 3.37 Ga, and 2.94 Ga. Whole-rock geochemical and
zircon oxygen isotope data obtained for these granitoid suites indi-
cates a gradual change in the processes responsible for forming the
granitoid magmas.

The earliest granitoids (ca. 4.02 Ga), which are intermediate in
composition, formed by shallow-level fractional crystallization of
a basaltic magma combined with assimilation of country rocks that
had been hydrothermally altered by surface waters at relatively
high temperatures. Later granitoids (3.96–2.94 Ga), which are gen-
erally more silica-rich, formed by partial melting of mafic compo-
sition rocks that originally had been hydrated by surface waters at
low temperature. The dehydration melting process that generated
these magmas occurred at progressively deeper levels such that
garnet only became increasingly abundant as a residual phase in
the melting process at �3.6 Ga. Only the volumetrically most
extensive granitoid suite in the field area, the 3.55–3.60 Ga suite,
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has major- and trace-element composition comparable to average
Archean TTG. In particular, the granitoids are characterized by
strong LREE/HREE fractionation, indicative of melt generation at
considerable depth and significant garnet in the melt residue.
The youngest granitoids in the field area (�3.37 and �2.94 Ga)
are compositionally similar to the ca. 3.6 Ga suite, albeit with
somewhat higher K2O contents. As such, these younger granitoids
may have formed by similar processes as the 3.6 Ga suite but could
also reflect the incorporation of larger amounts of earlier-formed
felsic crust or derivation from enriched basaltic precursors.

To account for the geochemical and petrological observations
noted above, we propose that the earliest rocks (>3.94 Ga) in the
AGC formed in an oceanic plateau setting broadly similar to
modern-day Iceland. The development of a relatively thick crust
(�30 km) enabled fractional crystallization and assimilation pro-
cesses to form a significant proportion of intermediate to felsic
composition rocks. This nucleus then transitioned over �400 m.y.
to more evolved TTG-like compositions as hydrated mafic rocks
were partially melted at significant enough depths to generate
TTG magmas at �3.6 Ga. This process could have occurred in either
a subduction-like setting with tectonic underthrusting, or possibly
by progressive burial or gravitational sinking of hydrated mafic
rocks to great depths (>50 km) in a very thick oceanic plateau set-
ting that has no modern analog. This transition from an oceanic
plateau to a subduction-like setting has been proposed previously
for the Pilbara (e.g., Smithies et al., 2005, 2007; Van Kranendonk,
2010; Van Kranendonk et al., 2015b) and Kaapvaal cratons
(Moyen et al., 2007). We suggest that the Acasta Gneiss Complex
underwent a similar process much earlier in Earth history.
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