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Abstract

The Acasta Gneiss Complex (AGC) is a remnant Hadean—-Eoarchean terrane composed of strongly deformed polyphase
mafic to felsic gneisses which preserve a multi-stage history of magmatic emplacement, inheritance, and subsequent tectono-
thermal modifications. The complexities encountered in such an old terrane fragment have been documented in previous
geochronological studies of the AGC (e.g. zircon U-Pb, ¥’Sm-!**Nd), and are evident also in its Lu—Hf isotope systematics.
Here, we report new Lu-Hf isotope whole-rock measurements which show that some AGC gneisses were severely disturbed
by migmatization and associated mineral segregation, while others preserve their Lu—Hf isotope systematics relatively intact
with mostly near- to sub-chondritic initial '"*Hf/!7"Hf ratios. Results reveal identifiable Eoarchean and later (Paleoarchean)
magmatic events at around 3960 Ma and again at 3600 Ma, with a major metamorphism of the complex at 3750 Ma. The
oldest and least disturbed gneisses have a Lu—Hf regression age of 3946 + 87 Ma, in good agreement with U-Pb zircon
geochronology. A role of yet older crust (40004200 Ma) in the formation of the AGC is also evident, but seems not to have
influenced to first order the Lu-Hf isotope systematics of the 3960 Ma group. The ca. 3960 Ma group is proposed to be
representative of its mantle source based on the absence of correlation between gy and Ce/Pb. It is further suggested that
these two parameters show that the ca. 3600 Ma gneisses were sourced in part from a mafic lithology belonging to the
3960 Ma group, and that multiple sources (mantle and crust) were involved in AGC formation. The identification of preserved
Lu-Hf isotope systematics in AGC gneisses means that complementary geochemical and isotopic studies bearing on the
petrogenesis of pre-3900 Ma rocks are possible. Despite its history of strong deformation and alteration, carefully selected
domains within the AGC carry surviving information about the evolution of the mantle—crust system at the Eoarchean—
Hadean boundary.
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1. INTRODUCTION

Unveiling the mechanisms of the emergence of the first
felsic crust on Earth, and formulating a means to trace its
volumetric extent through time, has far-reaching implica-
tions for understanding the thermal budget of our planet
(e.g. Jaupart et al., 2007) as well as the co-evolution of
the biosphere and geosphere. Concurrent with the different
advancements in our perception of the overall physical and
chemical evolution of our planet are the various diverse and
mutually inconsistent models for crustal growth that have
been put forward over the years (e.g. Hurley and Rand,
1969; Fyfe, 1978; Reymer and Schubert, 1984; Taylor and
McLennan, 1985; Armstrong, 1991; Belousova et al.,
2010). The first-order physical, chemical, and isotopic
parameters of Hadean mantle(s) that gave rise to Earth’s
primordial crust are highly debated (e.g. Boyet and
Carlson, 2005; Harrison et al., 2005; Davies, 2007). Never-
theless, progress has been forthcoming recently in elucidat-
ing the planet’s source composition (e.g. Fitoussi and
Bourdon, 2012) and in shedding light on aspects of its early
geodynamical regime (e.g. Van Hunen and Moyen, 2012).
Direct evidence of formative processes that could be
obtained from terrestrial rocks older than 3700 Ma is,
however, scarce. The importance of such ancient terrestrial
samples lies in the fact that they represent the sole direct
testimonies of the first billion years of Earth history against
which to test the models cited above and assess their
validity.

One such example is the Acasta Gneiss Complex (AGC)
in the Northwest Territories of Canada. Based on zircon
ion microprobe U-Pb geochronology (Bowring et al.,
1989a; Stern and Blecker, 1998), the AGC hosts the oldest
pieces of crust with estimated ages between 3920 and
4030 Ma. Previous studies by Bowring et al. (1989b)
reported conventional '“’Sm—'**Nd isotope analyses that
showed these rocks to have CHUR model ages between
3850 and 4100 Ma, broadly consistent with zircon geochro-
nology. Identifying the relationship between a radiometric
age and a specific geologic event, such as emplacement of
a particular package of crust, is far from straightforward
for the Acasta gneisses. Reliable determination of the
formation age is complicated by the presence of 4000—
4200 Ma xenocrystic zircon cores in some Acasta samples
(lizuka et al., 2006; Guitreau et al., 2012; Mojzsis et al.,
2014). The assorted ancient (pre-3960 Ma) ages have two
important implications for the history of the AGC: (i) they
push the origin of some Acasta protoliths well into the
Hadean eon (>3850 Ma), up to about 200 million years
earlier than the start of the rock record, and (ii) they open
up the possibility that pieces of pre-4000 Ma crust may still
be found. lizuka et al. (2007, 2009) initiated a new era of
work on the AGC when they reported on U-Pb geochro-
nology and Lu-Hf isotope systematics of zircons from
granitic gneisses collected from a wide area across the
AGC, which also resulted in the first detailed geologic
map of the region. The Hf isotope compositions of these
samples turned out to be complex with negative initial ey
values (mean of about —2 at 3960 Ma), which, along with
the ca. 4200 Ma xenocryst zircon ages, led lizuka et al.

(2009) to conclude that the AGC protoliths had signifi-
cantly interacted with older Hadean crust at the time they
formed. Bowring and Housh (1995) presaged these results
when they used Sm—Nd isotope data to support the argu-
ment for a long pre-history of crustal recycling in the
AGC. In contrast, Scherer et al. (2010) recorded signifi-
cantly positive eyr values (+6) on whole-rock samples that
were used to define an isochron indicating an age of about
4010 + 60 Ma.

These conflicting results have obfuscated what can be
inferred about the chemical and isotopic nature and evolu-
tion of the AGC mantle source and the earliest history of
the crust. Although negative initial eyr values for the
AGC could be interpreted as representative of the mantle
source prior to 4 billion years ago, no evidence in favor
of this hypothesis can be extracted from the accessible rock
record. The data available for Acasta rocks point to some
degree of crust assimilation, but the actual emplacement
ages of the Acasta gneisses have long remained poorly
known and hence the meaning of the overall distribution
of zircon ages inadequately understood. Recently, however,
Mojzsis et al. (2014) reported integrated U-Th-Pb and
trace element (Ti, REEs) zircon versus whole-rock data in
such a way as to enable the identification of different litho-
logical components of an AGC gneiss collected in the cen-
tral part of the complex (their sample BNB99-151B; see
Section 5.1) and compared these findings to other gneisses
from elsewhere in the AGC. Results from that work show
that some of the oldest lithologies match the mineral chem-
istry of zircon populations based on predicted partition
coefficients for REE elements between mineral (zircon)
and melt (whole-rock compositions). An important out-
come was to show that the AGC emplacement age from
U-Pb zircon geochronology can be conservatively assigned
to 3920 + 18 Ma, and that the compositions of all older
(>3960 Ma) zircons in the Acasta gneisses thus far sampled
cannot be reconciled with the composition of the rocks that
hosted them. Mojzsis et al. (2014) concluded that all pre-
3960 Ma zircons in the AGC were inherited from incom-
pletely assimilated pre-existing crust of probable tonalitic
nature.

In this work, we study the same well-characterized sam-
ples reported in Mojzsis et al. (2014) for their Lu—Hf iso-
tope systematics and compare them with a wider sample
collection from various AGC outcrops. Owing to the fact
that most of the Acasta rocks documented for U-Pb zircon
geochronology are felsic gneisses with tonalite-trondhje-
mite—granodiorite (TTG) protoliths — wherein Hf is princi-
pally contained in zircon — it becomes possible to determine
whether the ancient crust assimilation effect is significant by
comparing Lu-Hf isotope systematics between the whole-
rocks and their constituent zircons. Consequently, this
detailed level of characterization opens the way for
Lu-Hf whole-rock isotope compositions to be understood
and interpreted more completely in the context of existing
U-Pb zircon data and Sm—Nd whole-rock isotope system-
atics. Together with field observations, whole-rock major
and trace element data, and Hf isotopes on Acasta gneisses
and zircons pre-characterized for their U-Pb ages, we
document the preservation of isotopic signatures within
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the AGC and interpret these values with the goal of deci-
phering the early magmatic history of the AGC.

2. GEOLOGICAL BACKGROUND

The Acasta Gneiss Complex outcrops along the Acasta
River approximately 300 km north of the town of Yellow-
knife, Northwest Territories, Canada (as reviewed by
lizuka et al., 2007). These gneisses are exposed in the domal
cores of several large basement culminations along the wes-
tern margin of the Archean Slave craton (Bleeker et al.,
2000). They form an integral part of a much larger regional
basement complex that underlies much of the central and
western parts of this craton termed the Central Slave Base-
ment Complex by Bleeker et al. (1999a,b, 2000); see also
Bleeker (2002). The flanks of these domes are outlined by
a thin ca. 2800 Ma cover sequence of deformed and meta-
morphosed (but, importantly, not migmatized) quartzites,
banded iron-formations, and metavolcanic rocks. In earlier
descriptions of the Acasta gneisses, some of these metasedi-
mentary and metavolcanic rocks, locally tightly infolded,
were considered as candidate supracrustal components of
the AGC (e.g. Bowring et al., 1990). It has since been rec-
ognized that they unconformably overlie the more highly
metamorphosed basement gneisses (e.g. Blecker et al.,
2000). All of these basement gneisses, including those of
the AGC, are thus older than 2800 Ma, with ages ranging
from about 2900 Ma (Mesoarchean) to ca. 4000 Ma
(Hadean). As extensive (and ill-defined) outcrops along
the Acasta River, they consist of variably migmatized het-
erogeneous tonalitic gneisses that host cm- to km-scale lay-
ers and boudins of more mafic gneiss and leucocratic
metagabbro; in general, the gneisses are poly-deformed
and poly-metamorphosed with the exception of some rare
lower-strain windows.

Archean basement culminations along the western mar-
gin of the Slave craton form themselves inliers of Archean
rocks within the foreland and eastern internides of the ca.
1800-1900 Ma Wopmay orogen (King, 1986; Hoffman,
1988), a Paleoproterozoic orogen that deformed the wes-
tern margin of the Slave craton and may have involved
the accretion of allochthonous terranes. Basal quartzitic
sediments, overlain by metacarbonates and metapelites,
representing a ca. 2000 Ma autochthonous cover on the
western margin of the craton, were deformed during these
Proterozoic collisional processes and locally overlie and
dip away from the Acasta gneisses. The Archean basement
domes were thus re-deformed and amplified during Paleo-
proterozoic deformation, with metamorphic grade reaching
amphibolite facies. The severity of this ca. 1800-1900 Ma
overprint is more intense at higher structural levels, in more
highly deformed Paleoproterozoic rocks, than in the base-
ment (e.g. St-Onge and King, 1987).

The antiquity of the Acasta gneisses was discovered in
the 1980s, following regional mapping of the Wopmay oro-
gen by the Geological Survey of Canada. Earlier maps
depicted the inlier of crystalline rocks along the Acasta
River as possible granitoid rocks of the Paleoproterozoic
Hepburn Suite intrusives, known from the internides of
the Wopmay orogen further north (e.g. Lalonde, 1989).

Field observations along the Acasta River, however,
showed the rocks to be migmatitic gneisses and thus likely
older than foliated granitoids of the Hepburn Suite, and
likely also older than ca. 2600 Ma granites known from
the Slave craton further east. A sample taken during the
1983 field campaign by Janet King (M. St-Onge, pers.
comm., 2000) indeed proved to be ancient, with early mea-
surements of zircons pointing to ages as old as 3500 Ma
(Bowring and Van Schmus, 1984). Further investigations
with the Australian National University’s ion microprobe
SHRIMP-I of these zircons, as well as zircons from other
Acasta samples, yielded an overall age of about 3960 Ma
(Bowring et al., 1989a).

In the mid-1990s, the Geological Survey of Canada
began a more in-depth study of the age distribution in the
AGC in an effort to better understand its chronology and
to identify additional rocks from the terrane suitable for
further isotopic analyses (e.g. Sm—Nd, Lu-Hf). Up until
that time, what had previously been reported was limited
to a relatively small number of samples from a restricted
area around the original discovery site on an island in the
Acasta River (Bowring et al., 1990; Bowring and Housh,
1995). Bleeker and Stern (1997) re-interpreted the forma-
tion age of ca. 4017 Ma of the oldest AGC tonalitic gneiss
in their new sample collections and presented evidence for
several magmatic and metamorphic events subsequent to
emplacement of the protolith(s). These events were esti-
mated to have occurred in the Eoarchean at about 3800
and 3740 Ma (both based on zircon cores), in the Paleo-
archean to Mesoarchean at about 3630-3618 Ma (based
on crystallization of tonalites and gabbros), 3519-
3509 Ma (based on zircon cores and metamorphic over-
growths), 3382-3346 (based on overgrowth and granite for-
mation), 3100 (based on evidence for a metamorphic event),
and culminating in a Neoarchean event at about 2875 Ma
associated with late granite crystallization. It was also
noted that the 3382-3346 Ma ages were widespread within
the >2700 Ma areas of the Slave craton and corresponded
to either a metamorphic or a magmatic event, depending
on location. The Neoarchean age is recorded as over-
growths and lower-discordia intercepts (Pb-loss) in zircons
from the 4017 Ma tonalitic gneiss cited above, and is inter-
preted as a high-grade metamorphic event associated with
crustal anatexis and large granitic sheet intrusions. Stern
and Bleeker (1998) subsequently refined the oldest U-Pb
zircon age to 4025 + 15 Ma.

At about the same time, Moorbath et al. (1997) reported
a compilation of Sm—Nd data for a separate collection of
Acasta gneisses and used these in conjunction with data
from Bowring et al. (1990) and Bowring and Housh
(1995) to obtain a whole-rock “isochron” age of 3371 Ma.
This age was interpreted by Moorbath et al. (1997) as indic-
ative of a metamorphic event that had so pervasively
affected the oldest components of the Slave craton that
the Acasta gneisses could not provide useful information
about early Earth processes, much less the presence (or
absence) of surviving primordial (Hadean) mantle heteroge-
neities inferred from earlier work.

Work on the AGC resumed in the mid-2000s with inves-
tigations of igneous zircons in terms of their coupled U-Pb
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and Lu-Hf isotope systematics using improved laser-
ablation mass spectrometry techniques (lizuka et al., 2006,
2007, 2009). These detailed studies, along with new field
investigations, were used to define four dominant lithotypes
in the AGC terrane: (i) a mafic-intermediate series; (ii) a fel-
sic gneiss series; (iii) a layered gneiss series; and (iv) foliated
granites. lizuka and co-authors also reported a major fault
(trending NE-SW) that divides the area into a western
domain dominated by the “layered gneiss series” and an
eastern domain typified by the “felsic gneiss series”. The
“mafic-intermediate series” rocks in this classification occur
as enclaves of plagioclase + hornblende gneisses through-
out the eastern domain, whereas they are only present in
the western domain as small (<10 m) pods. According to
lizuka et al. (2007), all of these series host 4000 and
3700 Ma ages except for the “foliated granites”, which have

BNB99-151B

simple age spectra confined to around 3600 Ma. This level
of detailed work has shown that although the field relation-
ships between the four defined lithotypes can be relatively
clear at the outcrop scale, the interpretation of age distribu-
tions within each of the rock groups is far less obvious.

3. SAMPLE PROTOCOLS
Sampling localities with exact sample locations are
shown on the geological map of the known extent of the
AGC in Fig. 1.

3.1. Relative ages of different rock samples

The diverse gneisses that comprise the AGC display
highly variable states of strain, but in general are strongly

u|

Quaternary
Proterozoic

[ ] Foliated Granite

P Layered Gneiss Felsic Dike
[ | White Gneiss
Bl Gray Gneiss

'] Mafic Dike

~u Fault (inferred dashed)

Fig. 1. Geological map of the AGC showing sample locations (after lizuka et al., 2007 and Mojzsis et al., 2014). The prefix “AG09-" has been
removed from sample labeling for easier reading. Note that locations of samples AG09-005, AG09-008, BNB99-151B, and AG09-016 are
equivalent to those of SP-405 (Bowring et al., 1989a), BNB95-103 (Bleeker and Stern, 1997), SAB94-134 (Bowring and Williams, 1999), and

ACO012 (lizuka et al., 2006, 2009), respectively.
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deformed. Complex structures frequently prevent interpre-
tation of spatial relations between various highly deformed
mafic and felsic gneissic components. What can be deduced
about the relative chronology of the different gneisses in the
field — outside of the few outcrops that preserve lower strain
— is severely hampered by a complicated deformation his-
tory that overprints the whole of the Acasta Gneiss Com-
plex. Overcoming this dilemma requires detailed sampling
guided by mapping at the scale adequate to follow field
relationships, and sometimes retrospective chronological
ordering of components based on the results of radiometric
dating. Moreover, the disparate Pb loss patterns and
207pp/2%Ph age ranges displayed by most AGC zircons
can lead to apparent temporal overlap between different
events (e.g. Bowring et al., 1989a; Stern and Bleeker,
1998; Tizuka et al., 2007; Guitreau et al., 2012). This is a
serious limitation when attempting to determine accurate
ages of different lithologies. Accurate crystallization age
determinations of the gneisses are necessary for determining
meaningful initial Hf isotope compositions for specific sam-
ples but are rendered problematic due to ancient Pb loss
effects on 2°’Pb/?*Pb ages, even for a <5% discordant zir-
con (>50 Myr). For example, if a zircon crystallized at
4000 Ma and lost 20% of its Pb at 3600 Ma, at the present
day it would show 0.5% discordant U/Pb ages associated
with a 2°Pb/?°°Pb age of 3937 Ma. This example under-
scores the challenges faced when seeking accurate crystalli-
zation ages for such old rocks. In some cases, ages can even
contradict apparent field relationships as discussed in

[ Metagabbro
[_] TG sheets
[ Granite sheets
Bl Hornblendite dikes
:l Epidote veins

== Fractures

lizuka et al. (2007). Plagioclase-hornblende (“metagabbro”)
rocks that comprise the “mafic-intermediate gneiss series”
are usually interpreted as the oldest AGC components in
most outcrops (Stern and Bleeker, 1998), but these rocks
have apparent U-Pb zircon ages that are several hundreds
of millions of years younger than the enclosing and cross-
cutting granitoid gneisses which host them (Mojzsis et al.,
2014). The reason for this is that the melts that gave rise
to these rocks had primary igneous compositions that
rarely resulted in crystallization of magmatic zircon
(Zr <40 ppm). Later metamorphic zircon growth can, how-
ever, occur from breakdown of nominally Zr-containing
minerals, hence causing U-Pb zircon age determinations
that merely identify the time when metamorphic conditions
led to new zircon growth. “Young” zircon ages for such
rocks turn out to be irrelevant to both emplacement and
crystallization times.

3.2. The Corner outcrop

An embayment on an island within the Acasta River in
the central part of the complex (Fig. 1) — site of some of
the first geological observations of the area made by King
(1986) — hosts several good quality outcrops that encom-
pass many of the key geological features of the AGC.
One of these, informally named by the present authors as
“the Corner” (Fig. 2a), contains several generations of
transposed granitoid intrusions, mafic dikes, and mafic
gneiss enclaves (Fig. 2b). The layers have a general

Fig. 2. Northwest-facing view of “the Corner” outcrop (a) with close-up for more detailed unit relationship studies (c) and their respective

interpretative sketches (b and d). See text for more details.
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northwesterly dip and are composed of a massive but foli-
ated plagioclase + hornblende (“metagabbro”) gneiss
(AG09-020) that is dark grey to black on fresh surfaces
and reddish-brown when weathered. It is intruded by tona-
litic to trondhjemitic gneiss sheets (AG09-019, AG09-021-
025; light grey in Fig. 2b and d). These two rock types in
turn are intruded by younger (lesser- to un-deformed) gran-
ites and leucogranitoids (AG09-026), which occasionally
occur at the boundary between the purported leucocratic
metagabbro and the granitoid gneisses. The youngest
recognizable event to affect this outcrop is intrusion by dark
green mafic (hornblende-rich) dikes into all other litholo-
gies. In terms of relative proportions of the different
lithologies present at this outcrop, the metagabbro makes
up roughly 50% by area, whereas the granitoid gneisses,
granite, and hornblendite dikes represent, respectively,
15%, 15%, and 20% by area. These field relationships pro-
vide a first-order approximation of the chronological
sequence of emplacement and later alteration.

Two further volumetrically important lithologies exist
on the island outcrops labeled in Fig. 1 (but are not shown
in Fig. 2): a massive tonalitic gneiss (AG09-008), which
occurs under the last leucogabbroic layer at the base of “the
Corner” outcrop, and a granodioritic layer (AG09-009)
that sits above another metagabbro body visible at the
top of Fig. 2. The massive tonalitic gneiss (AG09-008) pre-
sents a conformable transition to sample AG09-008g,
which is a less melanocratic garnet-bearing tonalite
(Fig. 3a and b). These lithologies have analogs in other
locations within the AGC as reviewed by lizuka et al.
(2007).

3.3. Sample description

General descriptions of gneisses encountered in the
AGC can be found in Bowring et al. (1989a,b, 1990),
Bowring and Williams (1999), lizuka et al. (2007),
Guitreau et al. (2012), and Mojzsis et al. (2014). Detailed
petrographic descriptions of rock samples AG09-001, 008,
008g, 009, 014, 015, 016, 017, and 032 are given in the Sup-
plementary material of Guitreau et al. (2012). Sample
BNB99-151B (“Slab”) components, as well as samples
AG09-008, 009, 014, 015, 016, 017, and 020 are described
in terms of their petrography and geochemistry in Mojzsis
et al. (2014). Based on mineralogy, texture, and crosscutting
relationships (see Mojzsis et al., 2014), sample BNB99-151B
has been divided into components that belong to five
lithologies. The components analyzed here (A, D, F, H, 1,
K, O, and P) are from lithologies 1 (A, F, and H), 2 (D,
I, and K), and 3 (O and P). Lithologies 4 and 5 were not
analyzed for Lu—Hf isotope systematics because the former
was too small to also be measured for major and trace
element concentrations, and the latter, which is a leucocratic
vein of trondhjemitic composition, contains abundant
inherited zircons from other lithologies, hence providing
no unique information about the AGC.

3.3.1. Petrographic characteristics
The Slab (sample BNB99-151B; Fig. 1) is strongly
foliated and displays a migmatitic texture overprinted by

S-type deformation. The components of this sample essen-
tially display a tonalitic normative mineralogy. Samples
AGO09-001, 006, 008, 008g, 009, 014-019, 021-025, and
027-032 are all felsic (TTG to granite) gneisses strongly
banded and composed of quartz, plagioclase, + biotite, +
hornblende, and very minor K-feldspar for the major
phases. Previously cited ferro-magnesian phases are not
always both present in the Acasta gneisses, and biotite is
generally the one visible, except in AG09-008, 008g, and
017, where hornblende is abundant (Fig. 3). Two samples
contain garnet (AG09-008g and AG09-017) as shown in
Fig. 3.

Sample AG09-020, a leucocratic hornblende-plagioclase
gneiss corresponding to the massive metagabbro unit in
Fig. 2, is composed for the most part of plagioclase and
hornblende (Fig. 3e and f). It also has biotite, quartz, and
abundant secondary epidote veins.

Samples AG09-007 and 026 are pinkish undeformed late
K-rich leucocratic pegmatite and granite (quartz + K-feld-
spar + biotite + muscovite), respectively. These rocks
intrude and transect all units to which previously cited sam-
ples belong and are equivalent to the pinkish granitic veins
visible in Fig. 2.

Samples AG09-019 and AG09-021 to 025 correspond to
relatively parallel intrusive tonalitic sheets within the meta-
gabbro (AG09-020) in Fig. 2. In terms of mineralogy they
resemble AGO09-009, 014, and 015 as described in
Guitreau et al. (2012).

3.3.2. Geochemical characteristics

All AGC units analyzed by Mojzsis et al. (2014), except
AG09-008, 017, and 020, display typical TTG-like frac-
tionated REE patterns (Fig. 4) and high Sr/Y, high La/
Yb, as well as high Na,O/K,O. The metagabbro (AG09-
020) has a weakly fractionated REE pattern with slight
enrichment in light REE, and shows a positive Eu
anomaly. We find that this is also the case for all slab com-
ponents, as well as for a 3962 + 3 Ma gneiss sample
(BGXM) reported in Bowring et al. (1989a), and we inter-
pret this to indicate a cumulative origin. An incomplete
published REE pattern for sample BGXM nevertheless
matches well that of lithologies 1 (3946 &+ 26 Ma) and 2
(3902 + 4 Ma) reported in Mojzsis et al. (2014). Lithology
3 displays more enriched and less fractionated REE pat-
terns and has been dated at 3881 + 38 Ma by Mojzsis
et al. (2014). Dating of generally xenomorphic zircons,
with low Th/U ratios and no clear internal zoning, from
samples AG09-020 and 008 by these authors produced
very heterogeneous results mostly due to discordance,
and indicated poorly defined concordant ages at about
3750-3800 Ma (Mojzsis et al., 2014). A similar observation
was made by Guitreau et al. (2012) on samples AG09-008
and AGO09-001 estimated at 3750 Ma, which may be a
metamorphic age.

3.4. Sample collection and preparation
The sampling strategy for this project employed

high-resolution photomapping (1:10 scale) and plane table
oriented grid mapping by hand-held GPS and compass of
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Fig. 3. Thin-section photos of samples AG09-008g (a and b), AG09-017 (c and d), and AG09-020 (e and f) in plane-polarized light except for
f, which shows cross-polarized light. Pale pink xenomorphic garnets are conspicuous in both AG09-008g and -017, with higher modal
abundance in the latter. The main ferromagnesian phases are biotite in AG09-008g and blue to dark-green hornblende in AG09-017 and
AG09-020. In addition to these Fe- and Mg-bearing phases, both samples contain quartz and plagioclase feldspar for the major phases. Both
samples have recrystallized metamorphic textures. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

outcrops to comprehensively guide sampling of representa-
tive lithologies at each site. Where possible, we directed our
sampling priorities to those rocks without secondary vein-
ing and away from contacts with other lithologies. This
was done with the aim of eliminating potential effects of
mechanical mingling or diffusive exchange between unre-
lated rocks. Any visible secondary veins or weathered sur-
faces were removed from samples prior to processing, and
care was taken to avoid contact with metal tools from the
time the sample was collected through to the grinding pro-
cess. Whole-rock samples were crushed and powdered in
either agate mortars at the Laboratoire Magmas et Volcans

(Clermont-Ferrand, France), or ceramic mills at the
University of Colorado. Thorough cleaning of the pulveriz-
ing apparatus with ethanol was done between each sample,
and mortar parts were pre-conditioned with small sample
aliquots prior to each main sample powdering step.

4. ANALYTICAL TECHNIQUES
4.1. Lu—Hf separation and isotopic analysis

After dissolution of ~250 mg aliquots of whole-rock
powder using steel-jacketed Teflon Parr bombs, Lu and Hf
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Fig. 4. REE patterns for samples from Mojzsis et al. (2014) and for the Acasta samples analyzed for Lu—Hf isotope systematics in this study
and in Guitreau et al. (2012). Patterns for BGMX (Bowring et al., 1990) and the common TTG range (Moyen and Martin, 2012) are shown
for comparison. Panel (a) shows samples that are older than 3900 Ma, while panel (b) shows samples that are about 3600 Ma, except for

AG09-020, which is shown for comparison.

were separated by ion-exchange column chromatography
and measured for their isotopic compositions by MC-ICP-
MS (Nu Plasma 500 HR) following the procedures of
Blichert-Toft et al. (1997), Blichert-Toft (2001), and
Blichert-Toft et al. (2002). Lutetium and Hf concentrations
were determined by isotope dilution using a >98% pure
mixed 7°Lu—'8CHf spike added to the samples prior to the
digestion procedure and resulted in a precision of 0.2% on
the determined '"Lu/!"’Hf ratios. The IMC-475 Hf stan-
dard was analyzed in alternation with the samples, and the
mass fractionation-corrected !7*Hf/'7"Hf ratios gave a mean
value of 0.282162 + 0.000012 (20, n = 15) during the course
of the analytical session. This value is identical within error
to the accepted value of 0.282163 + 0.000009 (Blichert-Toft
et al., 1997), hence no corrections were applied to the data.
Instrumental mass bias was corrected using ""Hf/'7"Hf =
0.7325 as a reference ratio. Total procedural blanks for Hf
and Lu were less than 20 pg. The Lu-Hf isotope results
for 26 whole-rock samples and two replicates are listed in
Table 1 with ey calculated using the chondritic uniform res-
ervoir (CHUR) values of Bouvier et al. (2008). Initial Hf iso-
tope compositions and ey values for literature data have
been re-calculated using this reference frame, even though
nearly identical within the quoted error bars to that used
in previous studies (Blichert-Toft and Albarede, 1997).
The decay constant used in this study for 7®Lu is that of
Séderlund et al. (2004), slightly improved in precision over
the original determination of Scherer et al. (2001). Lu-Hf
regression ages together with associated initial Hf isotope
compositions were calculated using the ISOPLOT® 3.71
software package of Ludwig (2008).

5. RESULTS
The new Lu—Hf isotope data for the AGC whole-rocks

analyzed in this study and described in the following section
are listed in Table 1.

Fig. 5 presents the new whole-rock Lu—Hf isotope data in
6H£/17THf — 7SLu/'"7Hf space together with already pub-
lished whole-rock data from Guitreau et al. (2012), for
which corresponding igneous zircons had also been ana-
lyzed for their Lu-Hf isotope compositions and dated using
the U-Pb chronometer. The data display a broad positive
correlation with, for the new data (Table 1), 176 w/VTHE
ranging from 0.00149 to 0.027 and '"°Hf/""’Hf ranging from
0.280297 to 0.282264 (Table 1), and extending to
6Lu/'THf and '°Hf/'’Hf of, respectively, 0.034 and
0.282653 when adding the data from Guitreau et al.
(2012). Two samples, which are a late Archean to Protero-
zoic pegmatite and K-rich granite, stand out in Fig. 5 by
falling above the general trend. For '"°Lu/'7"Hf values
below 0.007, the broad positive correlation breaks into
two roughly parallel sub-trends (Fig. 5). The upper trend
is defined mainly by data for 3600 Ma samples from
Guitreau et al. (2012) and tonalitic-trondhjemitic gneiss
intrusive sheets from “the Corner” outcrop, which Bleeker
and Stern (1997) argued crystallized 3618 +21 Ma ago
(see Section 3.2; Table 1). The lower trend is defined by data
for 3750 and 3960 Ma samples from Guitreau et al. (2012),
data for slab components with ages estimated between 3881
and 3942 Ma, as well as new data for undated samples. All
data with "7°Lu/"""Hf above 0.007, with the exception of the
late Archean/Proterozoic pegmatite and K-rich granite,
correspond to gneisses either dated to be older than
3600 Ma, equivalent to samples for which >3900 Ma
igneous zircons have been reported (see Fig. 1), or oldest
identifiable components from outcrops (e.g. sample AG09-
020; a metagabbro from “the Corner” outcrop). Two slab
components (A and D) plot differently than their counter-
parts with one falling between the two sub-trends and the
other plotting away from the positive correlation. Data
from Guitreau et al. (2012) show that samples dated at
about 3600 Ma have a limited '"Lu/'”’Hf range, while
older samples have a much wider range. When considering



Table 1

Lu-Hf isotope data for samples from the Acasta Gneiss Complex. The letter “r”

after some of the sample names indicates replicate analyses.

Sample type Sample name Age + 20 (Ma) [Hf] (ppm) [Lu] (ppm) 176 w/M"THE 20 7HE/' T HE 20 Latitude N Longitude W
Slab component A 3942 + 26 417 0.237 0.00805 2 0.281054 3 65°10.058' 115°35.196¢
Slab component D 3902 + 24 1.92 0.0360 0.00267 1 0.280527 6 65°10.058' 115°35.196
Slab component F 3942 + 26 6.71 0.0800 0.00169 1 0.280347 3 65°10.058' 115°35.196¢
Slab component H 3942 + 26 9.05 0.125 0.00197 1 0.280344 5 65°10.058' 115°35.196
Slab component I 3902 + 24 12.84 0.131 0.00149 1 0.280336 5 65°10.058' 115°35.196¢
Slab component K 3902 + 24 11.85 0.125 0.00150 1 0.280297 3 65°10.058' 115°35.196
Slab component (0] 3881 + 38 12.14 0.258 0.00301 1 0.280444 3 65°10.058’ 115°35.196¢
Slab component P 3881 £ 38 16.00 0.449 0.00398 1 0.280404 4 65°10.058' 115°35.196
TTG AG-09-005 Unknown 8.05 0.898 0.0158 1 0.281496 3 65°10.865' 115°35.005
TTG AG-09-005 r Unknown 8.02 0.880 0.0156 1 0.281511 4 65°10.865' 115°35.005'
TTG AG-09-006 Unknown 2.45 0.0773 0.00447 1 0.280596 3 65°09.872 115°33.640
Pegmatite AG-09-007 Unknown 7.05 0.391 0.00787 2 0.281613 3 65°09.872 115°33.640
Mafic Tonalite AG-09-008 3770 + 31 6.68 0.691 0.0147 1 0.281298 4 65°10.118' 115°33.549
TTG AG-09-019 Unknown 4.65 0.082 0.00250 1 0.280549 4 65°10.050 115°33.803'
Metaggabbro AG-09-020 Minimum of 3856 0.85 0.161 0.0270 1 0.282264 6 65°10.050 115°33.803'
TTG AG-09-021 Unknown 11.40 0.251 0.00312 1 0.280629 3 65°10.050 115°33.803'
TTG AG-09-022 Unknown 9.98 0.304 0.00433 1 0.280702 5 65°10.050 115°33.803’
TTG AG-09-023 Unknown 9.43 0.269 0.00405 1 0.280681 4 65°10.050 115°33.803’
TTG AG-09-024 Unknown 11.37 0.124 0.00155 1 0.280490 4 65°10.050 115°33.803’
TTG AG-09-025a Unknown 11.37 0.177 0.00221 1 0.280551 4 65°10.050 115°33.803'
TTG AG-09-025b Unknown 8.51 0.105 0.00174 1 0.280517 3 65°10.050 115°33.803’
Coarse grain granite AG-09-026 Unknown 2.16 0.171 0.0112 1 0.281514 4 65°09.872 115°33.640'
TTG AG-09-027 Unknown 2.76 0.0911 0.00468 1 0.280540 4 65°09.872 115°33.640
TTG AG-09-028 unknown 4.25 0.136 0.00453 1 0.280530 3 65°09.872 115°33.640
TTG AG-09-029 Unknown 8.12 0.127 0.00222 1 0.280484 3 65°09.872 115°33.640
TTG AG-09-030 Unknown 3.85 0.0611 0.00226 1 0.280371 3 65°09.872 115°33.640
TTG AG-09-031 Unknown 3.11 0.297 0.0135 1 0.281090 4 65°09.872 115°33.640
TTG AG-09-031 r Unknown 3.14 0.292 0.0132 1 0.281061 6 65°09.872 115°33.640
Data from Guitreau et al. (2012)

Slab component zircon 2-17 3571 +£ 30 179.69 0.565 0.00045 2 0.280407 4

Slab component zircon 4-10 3700 £+ 28 47.40 0.224 0.00067 3 0.280329 10

Slab component zircon 4-4 3720 £ 16 39.70 0.117 0.00042 2 0.280316 9

Slab component zircon 2-14 3847 +£22 284.85 1.111 0.00055 3 0.280167 4

Slab component zircon 2-15 3850 £ 20 79.26 0.328 0.00059 3 0.280235 4

Slab component zircon 1-12 3909 + 24 247.18 0.843 0.00048 2 0.280229 3

Slab component zircon 3-5 3922 +£20 39.65 0.105 0.00038 2 0.280250 9

Slab component zircon 2-3 3993 £+ 26 97.34 0.630 0.00092 5 0.280252 6

Slab component zircon 1-1 4008 £ 20 402.41 1.894 0.00067 3 0.280247 3
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Fig. 5. Whole-rock '7°Hf/'"7Hf versus '7°Lu/'7’Hf diagram showing the new data from this study together with data for Acasta samples

analyzed by Guitreau et al. (2012).

ages expected from field relations for the samples analyzed
in this study (see Section 3.2), the new data comply with this
behavior, which further matches observations that lizuka
et al.’s (2007) “mafic-intermediate series” is often the oldest
identifiable component from available outcrops, while more
felsic series seem to be younger.

Lu-Hf isotope data for 3600 Ma samples from Guitreau
et al. (2012) yield a least squares regression age of
3530 + 354 Ma (MSWD =8.7), while all samples from
the upper sub-trend, when excluding sample AG09-029
(which plots slightly below the upper trend), yield an age
of 3879 + 540 Ma (MSWD = 7.8). The same rocks have a
least squares regression age of 4017 4+ 790 Ma
(MSWD = 18) if sample AG09-029 is included. Within
the quoted uncertainties both ages are in agreement, but
are far too imprecise to be conclusive. However, the initial
Hf isotope compositions inferred from the two age esti-
mates cited above are, respectively, 0.280373 4+ 31 (20)
and 0.280361 + 45 (20), hence mutually consistent, and also
consistent with the initial '"Hf/'7"Hf of 0.280380 + 41 (20)
determined for the 3600 Ma samples from Guitreau et al.
(2012) alone. The two samples supposed to be 3750 Ma
from U-Pb zircon geochronology (Guitreau et al., 2012)
yield a least squares regression age of 3484 + 58 Ma (initial
TSHE/1TTHE = 0.280269 + 6), which is consistent within
errors with the age of 3371 £59 Ma reported by
Moorbath et al. (1997) and interpreted by these authors
as a resetting age. All other samples yield a common least
squares regression age of 3850 4+ 210 Ma associated with
an initial "*Hf/'7"Hf of 0.280193 + 55 (2¢), while gneisses

dated at about 3960 Ma by Guitreau et al. (2012) display
a consistent, though poorly defined, least squares regression
age of 3823 + 590 Ma (2¢) with an initial "°Hf/""’Hf of
0.28014 + 24 (20).

6. DISCUSSION

6.1. Preservation of the Lu—Hf isotope systematics in the
Acasta gneisses

Actual preservation of radiogenic isotope systems after
closure (i.e. rock crystallization) is an important issue to
address before trying to interpret Lu—Hf isotope data for
such old rocks. This is especially critical for the AGC as
Moorbath et al. (1997), and more recently Mojzsis et al.
(2014), reported severe disturbance of the Sm—Nd isotope
system for AGC gneisses. However, the sensitivity, or resis-
tance, of radiogenic isotope systems to disturbance depends
on undergone metamorphic conditions as well as on the
mineralogy of the rocks in question so that a particular
radiogenic isotope system may be preserved while another
has been largely reset. The AGC mostly is constituted of
felsic gneisses containing abundant igneous zircons which
buffer the Hf isotope budget of their host rocks.
Consequently, as zircon is a highly refractory mineral, the
Lu-Hf isotope systematics may well be preserved in some
AGC gneisses while the Sm—Nd isotope system is disturbed.
One way to test this scenario is to compare Lu-Hf isotope
data for whole-rocks with those for their corresponding
igneous zircons.
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6.1.1. Comparison with igneous zircon Hf isotope systematics BNB99-151B whole-rock component and zircon data show

Figs. 6 and 7 present whole-rock initial Hf isotope com- three main groups according to both Hf isotopes (0.28020,
positions for the oldest identified components (lithologies 1, 0.28029, and 0.28038) and *°’Pb/*°°Pb ages (3960, 3710,
2, and 3) documented by U-Pb zircon geochronology in and 3571 Ma). These observations are comparable to those
Mojzsis et al. (2014) for Acasta Slab sample BNB99- made by Amelin et al. (1999, 2000) and Tizuka et al. (2009).
151B, as well as data from nine single zircons extracted The patterns in Figs. 6 and 7 show that the large age range
from these same sample components and analyzed by solu- displayed by zircons from a given sample is due merely to
tion MC-ICP-MS in Guitreau et al. (2012). The zircon ini- discordance owing to significant ancient Pb loss as
tial Hf isotope compositions were calculated using the described by Zeh et al. (2011) and Guitreau et al. (2012)
207pp/296ph ages measured on the same zircon dissolutions and characterized by sub-horizontal distributions in the
as those yielding the Hf isotope compositions. Laser- Hf isotope versus age diagram. If only concordant zircons
ablation zircon Hf isotope data by lizuka et al. (2009) and are considered — indicative of the crystallization age of their
solution chemistry zircon Hf isotope data by Amelin et al. host rock for which 7°Hf/!""Hf ratios are reported in Fig. 7
(1999, 2000) are also plotted in Fig. 6 for comparison, while — three age groups (3960, 3730, and 3600 Ma) and two clus-
in Fig. 7, Hf isotope data from Guitreau et al. (2012) for ters of Hf isotope data (~0.28015-0.28020 and 0.28035-
whole-rocks and their corresponding igneous zircons mea- 0.2804) emerge from the data. Therefore, the different age
sured by laser-ablation are shown. Figs. 6 and 7 illustrate and Hf isotope clusters identified in the different data sets
the relationship between initial Hf isotope compositions presented in Figs. 6 and 7 (Amelin et al., 1999, 2000;
and 2°’Pb/**®Pb ages in zircons from different AGC gneis- lizuka et al., 2009; Guitreau et al., 2012) are consistent even
ses but also between initial '"°Hf/!”’Hf in zircons and their though they are not all found in every study. However, not
host rock. It is apparent from the data in these figures that unlike what is visible from the whole-rock Lu—Hf isotope
not all slab BNB99-151B components have the same initial systematics shown in Fig. 5, two groups seem to dominate:
76H£/17THF calculated at the time they formed but that five the youngest, which is ca. 3600 Ma and associated with the
out of eight of the whole-rock component samples have most radiogenic '"*Hf/'7"Hf group, and the oldest, which is
mutually consistent initial "*Hf/"’’Hf, which also are in >3900 Ma and corresponds to the least radiogenic
good agreement with those of their igneous zircons. If dis- 176Hf/""THf group. The 3750 Ma group, as mentioned ear-
similar components are excluded from consideration, the lier, is statistically far less represented and has '"°Hf/!"’Hf
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Fig. 6. Initial "°Hf/'"Hf versus Pb-Pb age diagram with slab component (BNB99-151B) whole-rock measurements compared to previously
published zircon solution data from Amelin et al. (1999, 2000) and laser-ablation data from lizuka et al. (2009). Also reported are solution
data from Guitreau et al. (2012) that correspond to zircons extracted from the slab components. Outlined (dashed lines) and shaded grey fields
enclose actual zircon data. Samples AY066, AC458, AC012, AY 120, and AC478 are from lizuka et al. (2009) and corresponding zircon fields
contain 9, 8, 5, 5, and 18 data points, respectively. Big and small fields from Amelin et al. (1999, 2000) are outlines containing 31 and 2 data
points, respectively. Note that sample AC478 from lizuka et al. (2009) has a zircon population with consistent Hf isotope compositions, while
207pp/296pp ages vary considerably, which we attribute to ancient Pb loss that affected the zircon crystals to different degrees. Symbol sizes are
similar to analytical uncertainties or larger.
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Fig. 7. Initial "7*Hf/'"Hf versus age diagram showing slab component (BNB99-151B) whole-rock measurements together with Guitreau et al.
(2012) slab zircon solution data from Fig. 6. For comparison, whole-rock and corresponding zircon laser-ablation data for eight Acasta
samples from Guitreau et al. (2012) are also plotted. The prefix “AG09-" has been removed for clarity. Zircon fields corresponding to samples
from Guitreau et al. (2012), which are AG09-001, 008, 008g, 009, 014, 016, 017, and 032, contain 8, 8, 19, 5, 4, 23, 18, and 6 data points,
respectively. Note that sample AG09-008 analyzed in this study is a replicate of sample AG09-008 analyzed by Guitreau et al. (2012). Zircons
from sample AG09-016 and -008g show the same behavior (between Hf isotopes and ages) as zircons from sample AC478 of lizuka et al.
(2009), indicating ancient Pb loss. Symbol sizes are similar to analytical uncertainties or larger. This figure compares Lu-Hf isotope
systematics between zircons and their host rocks and illustrates the relationship between initial '7®Hf/!”"Hf and **’Pb/***Pb ages in zircons
showing that when considering the samples with the smallest Pb loss (i.e. most concordant), the initial '"Hf/'”’Hf of the corresponding AGC

rocks was enriched relative to CHUR.

ratios indistinguishable from those of the 3960 Ma group.
Fig. 7 further indicates that in most cases initial "°Hf/!"’Hf
ratios displayed by whole-rocks comport well with the ini-
tial Hf isotope compositions of their corresponding igneous
zircons implying that the Lu-Hf isotope system for these
samples evolved in a closed system.

To complement the observations made from Figs. 6 and
7, as well as to more precisely define initial '"®Hf/!”’Hf and
207pp/2%Ph ages for AGC age groups, histograms for
igneous zircons are reported in Fig. 8. Fig. 8a shows that
the earlier Lu-Hf isotope work reported by Amelin et al.
(1999, 2000) did not capture the complete Hf isotope
spectrum carried by the AGC rocks (see also Fig. 6) but
defines a main peak centered about 0.28039-0.28042. The
data set of lizuka et al. (2009) shows two major peaks
for Hf isotopes, with the most radiogenic group
corresponding well to the results of Amelin et al. (1999,
2000). The oldest cluster of ages, with Hf isotopes centered
about 0.28015-0.28018, matches the peak obtained by
Guitreau et al. (2012). Data from the latter study also
include a small peak of less radiogenic values interpretable
as a result of the presence of inherited old zircon cores
(Mojzsis et al., 2014).

The histograms in Fig. 8a underscore the Hf isotope
dichotomy that arises from Figs. 5-7. In contrast, the distri-
bution of °’Pb/?°°Pb ages is far more complex. As for the

Hf isotope data of Amelin et al. (1999, 2000), the corre-
sponding Pb isotope data yielded a single well-defined peak,
this time corresponding to ages of 3550-3575 Ma. lizuka
et al. (2009) identified other 2°’Pb/*°°Pb age peaks with
their youngest ages matching those of Amelin et al. (1999,
2000); the other two peaks broadly center about 3750—
3775 Ma and 3950-3975 Ma. Data from Guitreau et al.
(2012) show an indistinct 2°’Pb/>*°Pb age distribution as
only one significant peak about 3900-3975 Ma can be
confidently identified. A broad peak about 3600 Ma can,
however, still be inferred from these data (Fig. 8b); the
PDb loss effects seen in Fig. 7 for samples containing zircons
older than 3900 Ma are responsible for this broad distribu-
tion. When these samples are removed from consideration,
a better defined peak centered about 3600 Ma appears. This
result is consistent with the reports of Amelin et al. (1999,
2000) and lizuka et al. (2009) cited above (Fig. 8b). Taken
together, the 2°’Pb/?°°Pb age distributions, similarly to Hf
isotopes, point to a major age dichotomy (at ca. 3600 and
ca. 3960 Ma) with a possible weak peak at about
3750 Ma. The age of 3960 Ma was chosen as an average
for the oldest samples, despite some small (~1%) differences
in their estimated crystallization ages (ranging from ca.
3920 to ca. 3980 Ma; lizuka et al., 2009; Guitreau et al.,
2012; Mojzsis et al., 2014). This is because the range of ages
is broadly consistent within uncertainties, and because
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Fig. 8. Histograms showing the distribution of AGC igneous zircon (a) initial 7°Hf/!”’Hf and (b) 2°’Pb/>°°Pb ages for samples analyzed by
Amelin et al. (1999, 2000), lizuka et al. (2009), and Guitreau et al. (2012). These histograms indicate a major dichotomy in the AGC, which is
most visible for Hf isotopes as Pb—Pb ages show a large spread (see also Hf isotopes versus age distribution in Figs. 6 and 7). The samples
referred to as showing Pb loss patterns in Fig. 6 are AG09-008g, 016, and 017.

zircon ages from these oldest samples show a broad peak in
Fig. 8b, indicating a maximum frequency for ages between
3950 and 3975 Ma. This result compares well with the ori-
ginal age estimate of 3962 + 3 Ma reported by Bowring
et al. (1989a). Furthermore, ancient Pb losses that affected
these old zircon crystals to different degrees (Bowring
et al., 1989a; Stern and Bleeker, 1998; lizuka et al., 2009;
Guitreau et al., 2012; Mojzsis et al., 2014) result in variable
apparent present-day 2°’Pb/?*°Pb ages, even for <5% dis-
cordant zircons. Consequently, major and key temporal
geological events that correspond well with those defined
by Bleeker and Stern (1997) and lizuka et al. (2007) based
on different long-lived radiogenic systems are associated
with distinct Hf isotopic signatures (Figs. 6-8) that addi-
tionally are in good agreement between different studies
(lizuka et al., 2009; Guitreau et al., 2012).

6.1.2. Comparison with reference isochrons

Ages and initial Hf isotope compositions identified in
the previous section can be used as a test for preservation
of the Lu-Hf isotope systematics in undated Acasta gneis-
ses analyzed in this study through the construction of three
reference isochrons representing the three major events that
occurred in the AGC at 3600, 3750, and 3960 Ma. Initial
SHE/'THE of 0.28039 and 0.28015 attributed to the 3600
and 3960 Ma events, respectively, correspond to the major

peaks visible in the histograms in Fig. 8a. The initial
76HE/17THf for the 3750 Ma group has been determined
to be 0.280167, which is the average value derived from zir-
con data for samples of this age analyzed by both lizuka
et al. (2009) and Guitreau et al. (2012). The 3600 Ma
reference isochron fits well the upper sub-trend identified
in Fig. 5, which is constituted by an array of gneisses that
have ages consistent within analytical uncertainty with
that of the reference isochron. The two samples supposed
to be 3750 Ma (see Figs. 5 and 7) from U-Pb zircon geo-
chronology show a poor fit to the corresponding reference
isochron. Samples identified as the oldest based on U-Pb
zircon geochronology and field relationships, globally plot
about the 3960 Ma reference isochron (Fig. 9) with a
relatively good fit for samples with '"®Lu/"""Hf below
0.01 and sample AG09-020. Two replicates of sample
AG09-008, which is supposed to be 3750 Ma, plot closer
to the 3960 than the 3750 Ma reference isochron (Fig. 9).
The 3960 Ma group is more complicated than the
3600 Ma group (Fig. 9), but its larger range in Lu/Hf
should allow for more robust ages to be inferred. One of
the only mafic rocks of our AGC sample suite (AG09-
020; a metagabbro from “the Corner” outcrop) plots where
the 3960 and 3600 Ma isochrons cross, which prevents an
age inference to be made for this sample. However,
Mojzsis et al. (2014) reported that only metamorphic
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zircons were recovered from this mafic rock, which indi-
cate ages of ca. 3770 Ga, with the oldest zircon domain
being discordant and dated at about 3850 Ma, hence
precluding an age of 3600 Ma for this metagabbro. The
samples most consistent with the 3960 Ma reference
isochron are the main BNB99-151B components as well
as samples AG09-030, 027, 028, 020, 008g, and 016, even
though the latter two samples have initial Hf isotope
compositions different from those of the Slab samples
(Fig. 7). Sample AG09-008g, contrary to AG09-016 but
similarly to AG09-017, displays lower initial '7®Hf/"""Hf
than its igneous zircons (Fig. 7), hence casting some doubt
on the meaningfulness of this value. Therefore, when
AG09-008g is excluded, the remaining samples yield a
regression age of 3955 4 120 Ma with an initial '"Hf/"""Hf
of 0.280193 +22 (eyr= —0.6 +0.8). When AG09-016 is
excluded, the age becomes 3946 + 87 Ma with an ini-
tial 7SHf/'"Hf of 0.280200 £ 16, which translates into
egr of —0.6 +£0.6. Consequently, ages determined from
whole-rock Lu-Hf isotope systematics are consistent with
U-Pb chronology (e.g. Bowring et al., 1989a; lizuka
et al., 2007; Mojzsis et al., 2014), and the initial Hf isotope
composition for the 3960 Ma group is well defined and
equivalent to —0.2 0.6 epsilon Hf units when calculated
at 3960 Ma.

We view the good agreement between reference isoch-
rons and data for some of the AGC samples (Fig. 9) as a
key finding. Some Acasta gneisses have kept their Lu-Hf
isotope systematics relatively intact since they crystallized
and hence significantly raises the importance of the Acasta
rocks as valuable archives of the early evolution of Earth’s
Hadean crust and mantle.

6.2. Disturbance of the Lu—Hf isotope system

Despite overall good preservation of the Lu-Hf isotope
systematics in a number of AGC gneisses as discussed in the
previous section, a few AGC rocks are not well behaved
with respect to their reference isochrons, and otherwise
differ from the samples from their presumed age groups,
hence preventing straightforward interpretation of their
Lu-Hf regression ages and initial Hf isotope compositions.
In Fig. 10 is shown how average initial Hf isotope compo-
sitions can be determined from each group’s regression line.
In the same figure, the two garnet-bearing samples (see
Fig. 3) show a digression from the 3960 Ma group initial
76H£/77HS as Lu concentration increases, which we inter-
pret to arise from overcorrection of radiogenic '"°Hf
ingrowth. It is important to note that these samples
(AG09-008g and 017) have >3900 Ma zircon populations
with associated initial '"®Hf/'”’Hf that match other
similarly aged populations (Fig. 7). The whole-rock initial
76Hf/""TH for both samples is not the same as the initial
Hf isotopic signature of their corresponding zircon popula-
tions, but is significantly less radiogenic at the time these
samples formed (Fig. 7).

Garnet has a high partition coefficient for Lu but a low
partition coefficient for Hf (Duchéne et al., 1997; Herwartz
et al., 2011), such that involvement of this mineral can
strongly influence the Lu-Hf isotope system (e.g. Vervoort
and Patchett, 1996). Available data for one of the garnet-
bearing Acasta samples (AG09-017) show high Y and Yb
concentrations (73.5 and 7.67 ppm, respectively) that fall
outside the range wusually observed for magmatic
rocks (0 <Y <20 ppm and 0 <Yb <2.5ppm; data from
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reference isochrons (see Fig. 9). Open circles are samples dated at ca. 3960 Ma but which have lower initial "’*Hf/'”Hf than samples identified
as undisturbed. Samples AG09-008g and -017 are both garnet-bearing and have initial Hf isotope compositions that when calculated at the
age indicated by their igneous zircons (ca. 3960 Ma) are lower than those of the zircons (see Fig. 7). The deviation displayed by these garnet-
bearing samples from the 3960 Ma group in terms of their initial '"°Hf/!”"Hf as Lu increases is interpreted as overabundance of garnet leading

to overcorrection of '"Hf ingrowth.

Geochemical Earth Reference Model). Sample AG09-017
contains more garnet than sample AG09-008g (Fig. 3),
and hence, Lu whole-rock concentrations correlate with
the modal abundance of garnet (Fig. 10). Metamorphic gar-
nets could be responsible for this behavior. The appearance
and/or disappearance of metamorphic garnet in a rock
should not a priori unbalance the Lu-Hf isotope system
as metamorphism alone is an isochemical process. If, how-
ever, these gneisses did not behave as a closed system, the
presence of excess garnet can result in an overestimation
of ®Hf ingrowth; this would mean that garnets were heter-
ogeneously distributed within the gneisses and that the rock
samples collected are not representative of their original
protoliths. The AGC underwent general migmatization that
affected the different generations of gneisses to variable
degrees from clearly melted to almost unaffected (Section 2).
This partial melting process marks the transition between
metamorphism and magmatism leading to significant dis-
turbance of the isotope systems (e.g. Chavagnac et al.,
1999, 2001). Complexities observed with AGC whole-rock
Lu-Hf isotope systematics are due to generalized migmati-
zation, which at the same time also accounts for the fact
that samples containing ca. 3960 Ma zircons align along a
3371 4+ 59 Ma Sm-Nd isochron (Mojzsis et al., 2014 and
references therein). Samples with higher proportions of
leucosomes or melanosomes, which are no longer represen-
tative of their magmatic protolith, should plot on internal
instead of whole-rock (external) isochrons. Consequently,
their present-day Lu-Hf isotope systematics reflect

metamorphic/migmatization resetting ages rather than
original magmatic protolith ages.

6.3. The Hf isotope composition of AGC source(s) deduced
from undisturbed gneisses

As seen in Fig. 10, the initial Hf isotope compositions of
the two identified major age groups (3960 and 3600 Ma)
can be rather well determined using whole-rock Lu-Hf iso-
tope systematics. This figure also shows the initial
76Hf/17"Hf determined for each age group using igneous
zircon Lu-Hf isotope systematics together with the range
displayed by these zircons. Initial '"®Hf/'’"Hf estimates
are consistent between whole-rocks and zircons for the
3600 Ma group but different for the 3960 Ma group with
the initial " Hf/'7"Hf derived from zircons being lower
than that derived from whole-rocks. However, when igne-
ous zircon initial "®Hf/'7"Hf variability is taken into
account, initial estimates overlap and zircon data reproduce
the whole of the spectrum displayed by whole-rock data. In
addition, as also observed in Figs. 6 and 7, the 3960 Ma
group probably contains two end-members, represented
by AG09-016 for the least radiogenic of them and by the
rest of the AGC gneisses for the most radiogenic of them.
Therefore, the initial "*Hf/'7"Hf estimate, based on igne-
ous zircons, for this group strongly depends on the actual
number of analyzed grains from each sample as this
corresponds to a statistical mode. In the present case, the
estimate is pulled toward lower initial '"Hf/!"Hf values
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systematics of these gneisses. Sample AG09-016, however, may originate from a different source than the rest of this oldest group, giving rise
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with felsic samples from the 3960 Ma group at 3600 Ma, likely indicating the absence of interaction between them. However, sample AG09-
020 (metagabbro in Fig. 2) is consistently located on the low-Ce/Pb side of the hyperbola. Diagram (b) is a close-up of (a) for the 3600 Ma
samples and AG09-020 at 3600 Ma. Also shown is a calculated mixing curve between AG09-015 and AG09-020, which is consistent with the
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because samples with the highest yield of zircons belong to end-member. This said, all zircon populations mutually
the least radiogenic end-member, even though the vast overlap and display a certain variability in initial Hf isotope
majority of analyzed gneisses belong to the most radiogenic compositions (Figs. 6 and 7), which is not unexpected for
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such old and sometimes complex zircons, and can be attrib-
uted to the fact that U-Pb age determination and Hf
isotope analysis have not been done on the same laser-
ablation spots for data published by lizuka et al. (2009)
and Guitreau et al. (2012). In line with this statement,
Fisher et al. (2014) have shown that such an approach
applied to complex zircons tends to induce higher variabil-
ity in calculated initial '"*Hf/'”’Hf, in contrast to concur-
rent analysis of U-Pb and Hf isotopes. In addition, the
presence of °Yb and "°Lu isobaric interferences on
7Hf in LA-MC-ICP-MS analyses enhances variability in
the signal measured on mass 176, resulting in added noise
to the measured "*Hf/""’Hf compared with solution MC-
ICP-MS for which Lu and Yb are separated from Hf by
ion-exchange chromatography prior to mass spectrometric
analysis.

The 3600 Ma gneisses are characterized by subchondrit-
ic (negative) initial egr values (ranging from —2.9 to —1.3),
while the 3960 Ma group shows negative to near-CHUR
values (ranging from —2.4 to +0.6; Section 5). These results
point to the involvement of a dominant enriched source in
both groups because of the commonly displayed subchon-
dritic initial '"Hf/'”’Hf (Figs. 6, 7 and 10). This source
was attributed by lizuka et al. (2009) to pre-existing crust
owing to the fact that evidence for older zircon inheritance
and, therefore, crust inheritance in the AGC is indisputable
(see also Mojzsis et al., 2014). Most of the samples for
which zircons were analyzed show inherited zircons or zir-
con cores dated at 3700-3800, 3900-4000, 4000-4060, and
4200 Ma (Bleeker and Stern, 1997; Bowring and Williams,
1999; lizuka et al., 2006, 2007; Guitreau et al., 2012;
Mojzsis et al., 2014), which is consistent with interaction
with felsic crust. Although inheritance is widespread, it
may not have been ubiquitous and thus questions remain
concerning its magnitude for both groups. Some samples
have preserved their original magmatic Hf isotope compo-
sitions as testified to by the reasonably good match between
whole-rock initial "7®Hf/'7"HIf ratios and those of their igne-
ous zircons (Figs. 7, 9 and 10, Section 6.1). This at least
shows that Lu-Hf isotope systematics within these samples
have not been significantly disturbed by either post-
emplacement metamorphism or crust assimilation, unless
igneous zircon crystallization started after significant
crust-magma interaction occurred and hence dominated
the system.

Two hypotheses can be formulated regarding the inter-
pretation of initial '7®Hf/"""Hf values in the AGC rocks
and their actual range. First, we can assume that crust
assimilation caused a shift from the original magma Hf iso-
tope composition shared by all rocks from a given age
group and hence can explain both initial '"*Hf/"""Hf values
and their observed range within this group. Second, despite
crust assimilation, primary Hf isotope compositions of
some AGC magmas were not significantly modified and
hence initial ratios reflect those of multiple sources, includ-
ing an enriched source (negative initial &gy).

Fig. 11a plots the relationship between epgy) and avail-
able Ce/Pb data as a proxy for crustal contamination
(e.g. Jackson et al., 2007). No relationship between the
two parameters is observed for the 3960 Ma group

indicating that the crust contamination effect on the Lu-Hf
isotope systematics was insignificant. This observation
suggests very limited allowable interaction of 4200 Ma crust
with 3960 Ma magmas, even if it does not exclude such
interactions with 4020 Ma crust identified by Mojzsis
et al. (2014). The reason for this is that similar initial
6H{/17THY displayed by the Slab sample (BNB99-151B)
and ca. 4000 Ma zircon compared to other >3900 Ma
grains (Figs. 6 and 7) prevents 4020 Ma crust assimilation
effects on the Hf isotope composition of the 3960 Ma mag-
mas to be detected. The near-chondritic Hf isotope signal
carried by the 3960 Ma Acasta gneisses likely is that of their
mantle source.

Sample AG09-016 stands out in Fig. 11a, as it does in
Fig. 10. Its REE pattern (Fig. 4) is different from those of
the other 3960 Ma lithologies and it is the only AGC sam-
ple that contains primary muscovite (Guitreau et al., 2012).
We therefore postulate that this sample originated from a
more evolved source than the rest of the 3960 Ma group.
Coupled with its equivalence to lizuka sample ACO012 (to
the best of our knowledge) that contains 4200 Ma xenocry-
stic zircon cores (lizuka et al., 2006), we hypothesize that
this rock is the end result of reworked (pre-existing) conti-
nental crust and hence of an ancient enriched source.

Also shown in Fig. 1 1a are ey and Ce/Pb data for AGC
gneisses that belong to the 3600 Ma group. These define a
hyperbola, which on the low-Ce/Pb side is consistent with
the Hf isotope signature of sample AG09-020, a metagabbro
into which these 3600 Ma gneisses intrude (Fig. 2). Fig. 11b
is a close-up of Fig. 11a focusing on the hyperbola displayed
by 3600 Ma group gneisses and AG09-020 with ey
calculated at 3600 Ma. Mixing lines calculated between
AG09-015 and AG09-020 match the observed trend within
analytical uncertainty and hence would suggest interaction
between these gneisses. Contamination of the 3600 Ma
gneisses by AG09-020 is, however, impossible given the
amount of contamination required to explain the initial egf)
of AG09-014 and the fact that its REE pattern is similar to
that of AG09-015 but significantly different from that of
AGO09-020 (Fig. 4). Rather, this relation may be indicative
of involvement (partial melting) of a rock type equivalent
to AG09-020 in the petrogenesis of the 3600 Ma gneisses.
Another evolved source is needed to explain the gy versus
Ce/Pb relationship for the 3600 Ma group but available data
do not allow for its identification.

7. CONCLUSIONS

This work presents new whole-rock Lu—Hf isotope data
for 26 samples of the Hadean—Eoarchean Acasta Gneiss
Complex. Data reveal the existence of two main Hf isotope
signatures that distribute into three age groups that match
those previously described for the AGC (Bleeker and Stern,
1997; lizuka et al., 2007). The age groups are ca. 3600, 3750,
and 3960 Ma; the 3600 and 3960 Ma ages are the most com-
monly represented by far. Remarkably, whole-rock Lu-Hf
isotope data for some of the AGC gneisses show good
agreement with those of their igneous zircon populations
indicating preservation of the Lu-Hf isotope system in
the whole-rocks since the crystallization of their protoliths.
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The whole-rock data mainly align along two reference
isochrons corresponding to ages of 3600 and 3960 Ma.
For the 3600 Ma group, the narrow spread in '7®Lu/!'"’Hf
(0.0016-0.0043) combined with the low absolute values
result in an imprecise age, while the larger spread for the
3960 Ma group ('7°Lu/'7"Hf = 0.0015-0.027) results in a
robust age of 3946 + 87 Ma in good agreement with U-Pb
chronology (Bowring et al., 1989a; Stern and Bleeker,
1998; Mojzsis et al., 2014). A few samples do not follow
these general observations and their Lu-Hf isotope system-
atics are shown to have been modified after crystallization
by migmatization that disturbed modal proportions of min-
erals (e.g. garnet) through the development of banding.

The undisturbed AGC samples show subchondritic
(negative) initial eg¢ values for the 3600 Ma gneisses (—2.9
to —1.3), while the 3960 Ma group show negative to
near-CHUR values (—2.4 to +0.6). Keeping in mind that
widespread inheritance from pre-existing crust is docu-
mented in the AGC (lizuka et al., 2006, 2007; Mojzsis
et al., 2014), the lack of correlation between initial ey
and Ce/Pb nevertheless indicates that the primary Hf iso-
tope signal carried by the 3960 Ma group is likely that of
its mantle source. This is notably expressed in the metagab-
bro sample AG09-020. In contrast, ¢y and Ce/Pb for the
3600 Ma group define a hyperbola that matches calculated
mixing lines between the 3960 Ma metagabbro and one of
the 3600 Ma samples at 3600 Ma. This finding, together
with whole-rock geochemical considerations, indicate deri-
vation of part of the 3600 Ma group from this metagabbro
at 3600 Ma.

The uniqueness of the AGC is that it stands as the oldest
terrane thus far discovered on Earth, and is the only
accessible direct terrestrial rock record from the Hadean—
Archean transition. The preservation of Lu-Hf isotope sys-
tematics in some AGC domains calls for further work using
complementary elemental and isotopic analyses that have
the potential to greatly advance our knowledge of the
crust-mantle system on early Earth.
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