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Abstract

Constraining the source, genesis, and evolution of Archaean felsic crust is key to understanding the growth and stabilization 
of cratons. The Akia Terrane, part of the North Atlantic Craton, West Greenland, is comprised of Meso-to-Neoarchaean 
orthogneiss, with associated supracrustal rocks. We report zircon U–Pb and Lu–Hf isotope data, and whole-rock geochem-
istry, from samples of gneiss and supracrustals from the northern Akia Terrane, including from the Finne�eld Orthogneiss 
Complex, which has recently been interpreted as an impact structure. Isotope data record two major episodes of continental 
crust production at ca. 3.2 and 3.0 Ga. Minor ca. 2.7 and 2.5 Ga magmatic events have more evolved εHf, interpreted as 
reworking of existing crust perhaps linked to terrane assembly. Felsic rocks from the Finne�eld Orthogneiss Complex were 
derived from the same source at the same time as the surrounding tonalites, but from shallower melting, requiring any 
bolide-driven melting event to have occurred almost simultaneously alongside the production of the surrounding crust. A 
simpler alternative has the Finne�eld Complex and surrounding tonalite representing the coeval genesis of evolved crust over 
a substantial lithospheric depth. Hafnium isotope data from the two major Mesoarchaean crust-forming episodes record a 
contribution from older mafic Eoarchaean crust. Invoking the involvement of an Eoarchaean root in the growth of younger 
Mesoarchaean crust puts important constraints on geodynamic models of the formation of the discrete terranes that ultimately 
assembled to form Earth’s cratons.
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Introduction

Up to 75% of Earth’s continental crust may have had its 
genesis during the Archaean Eon (4.0–2.5 Ga) (Belou-
sova et al. 2010; Dhuime et al. 2012; Hawkesworth et al. 
2017). This early felsic crust is largely comprised of 
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composite gneisses, volumetrically dominated by rocks of 
the tonalite–trondhjemite–granodiorite (TTG) series (Moyen 
2011 and refs therein). Constraining the nature of Archaean 
felsic crust production, including: source, geodynamic 
setting, rate of production and volumetric extent, tempo-
ral melting patterns, and geochemical evolution, is key to 
understanding the inception and development of Earth’s 
continental nuclei—the Archaean cratons. Most exposed 
Archaean cratons are, however, dominated by low-grade 
granite–greenstone associations, hindering study of their 
high-grade gneissic cores. In contrast, the North Atlantic 
Craton (NAC), cropping out in Labrador, southern West 
Greenland, eastern Greenland, and northwestern Scotland, is 
mainly comprised of well-exposed Eo-to-Neoarchaean TTG 
orthogneisses, with supracrustal associations of tholeiitic 
meta-basaltic, meta-sedimentary, and ultramafic rocks, all 

variously metamorphosed at amphibolite–granulite facies 
(e.g., Friend and Nutman 2005; Garde 1990, 2007; Windley 
and Garde 2009). The NAC thus provides the opportunity 
to investigate Archaean crustal growth, in particular using 
temporally constrained geochemical tools sensitive to source 
and crustal differentiation processes, such as the Lu–Hf iso-
topic system deployed here.

The Nuuk region of southern West Greenland (Fig. 1) 
includes the most extensive tract of Eoarchaean crust 
exposed on Earth: the Itsaq Gneiss Complex (Nutman et al. 
1996), as well as younger orthogneiss units. The gneisses 
cropping out within the Nuuk region have been sub-divided 
into a number of distinct terranes, largely on the basis of 
geochronology and structural relationships (e.g., Friend 
and Nutman 2005). The Akia Terrane is one of the most 
northerly of these crustal blocks, and is largely comprised 

Fig. 1  Geological map of the 
Nuuk region, with major ter-
ranes marked, and samples for 
this study identified. Samples 
from the Finne�eld Orthogneiss 
Complex are in blue text, and 
those samples from outside in 
red text. Crosses represent sam-
ples for which only geochem-
istry is reported. K = outcrops 
of Kangerluarsuk supracrustal 
rocks. Geology based on 
geological maps published by 
Geological Survey of Green-
land with revision of the Nuuk 
terrane assemblage according to 
Nutman et al. (2015)
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of Mesoarchaean dioritic and tonalitic orthogneisses and 
supracrustal successions, with later minor magmatism (e.g., 
Garde 1997; Steenfelt et al. 2005). To date, however, there 
have been few Hf isotope studies from across the NAC, and 
these are especially lacking with respect to providing a better 
understanding of the genesis and evolution of the volumetri-
cally significant Meso-to-Neoarchaean crustal growth and 
reworking which served to stabilize the craton.

In this contribution, we report zircon U–Pb and Lu–Hf 
isotope data, and major and trace element whole-rock geo-
chemistry, from a range of meta-igneous intrusive rocks 
sampled from within the northern part of the Akia Terrane. 
We also report U–Pb and Lu–Hf isotope data in zircons 
from metasedimentary rocks sampled from supracrustal 
successions, cropping out within the same region. We inter-
rogate the data for crustal evolution trends through time with 
respect to the nature of source and conditions of melting, and 
use this information to elucidate the generation of this crust 
and its subsequent modification, with implications for the 
development of Mesoarchaean terranes.

Regional geology

The Nuuk region in southern West Greenland (Fig.  1) 
is a component of the NAC, and is a classic example of 
Archaean horizontal tectonics and terrane accretion (e.g., 
Bridgwater et al. 1974; Friend et al. 1988; Windley and 
Garde 2009). The NAC is largely comprised of Palaeo-to-
Neoarchaean orthogneisses, compositionally dioritic–TTG, 
with intercalated supracrustal successions of mafic meta-
volcanic and rare meta-sedimentary rocks, all variously 
metamorphosed to amphibolite and granulite facies (Friend 
and Nutman 2005; Kalsbeek and Garde 1989). Minor com-
ponents include gabbro-anorthosite, diorite, and ultramafic 
sequences.

Eoarchaean gneiss complexes occur within West Green-
land in three recognized tectono-metamorphic terranes: 
Færingehavn, Isukasia, and Aasivik (Friend and Nutman 
2005). In addition, four Palaeo-to-Mesoarchaean gneiss 
terranes in the central NAC are also identified: Tre Brødre, 
Tasisuarsuaq, Kapisilik, and Akia (Friend et al. 1987; Næraa 
and Scherstén 2008). These terranes are interpreted to have 
had their final assembly and suturing by granites during the 
latest Neoarchaean (Friend et al. 1996; Nutman et al. 2007).

The Akia Terrane

The Mesoarchaean Akia Terrane is one of the northern-most 
crustal blocks identified within the NAC (Fig. 1) (Friend 
et al. 1988; McGregor et al. 1991), and was built through at 
least two major phases of crustal growth. A dioritic phase—
the Nordlandet diorite—is mainly exposed in the southern 

Akia Terrane, due south of Fiske�ord (Fig. 1), where it has 
yielded zircon 207Pb/206Pb magmatic ages of 3.22–3.18 Ga 
(Garde et al. 2000). The magmatic record implies that after a 
hiatus of ca. 130 Ma, the emplacement of extensive tonalitic 
crust occurred, a period of rapid and voluminous magma-
tism, dated through zircon U–Pb geochronology between 
3.05 and 3.02 Ga (Garde et al. 2000, 2012b). This tonalitic 
crust dominates the Akia Terrane north of Fiske�ord.

The tonalitic components now crop out as orthogneiss, 
and are tectonically intercalated with supracrustal rocks 
and associated mafic–ultramafic intrusive complexes. A 
recently proposed unit of supracrustal rocks in the Maniitsoq 
region, informally known as the Kangerluarsuk supracrustal 
belt (Fig. 1), consists largely of heterogeneous, composi-
tionally layered meta-basalts, meta-pelite–meta-psammite 
sequences, with siliciclastic components. The Kangerluarsuk 
supracrustal belt has detrital zircon ages indicating deposi-
tion between 2.88 and 2.86 Ga (Kirkland et al. 2018a), simi-
lar in age to the ca. 2.8 Ga Storø Supracrustal Belt cropping 
out further south (Szilas et al. 2014). Supracrustal rocks are 
also found intercalated with meta-gabbronoritic and ultra-
mafic rocks that may represent layered intrusive complexes 
(Szilas et al. 2015). The supracrustal rocks found in the Akia 
Terrane are interpreted as remnants of arc-related oceanic 
crust, a model which has the precursor to the orthogneiss 
intruded within a convergent plate-tectonic setting (Garde 
1990, 1997; Garde et al. 2000; Szilas et al. 2017). Phase 
equilibria modelling of metapelites from the Kangerluarsuk 
supracrustal belt suggests that after deposition, these rocks 
were buried to > 30 km depth, where they experienced par-
tial melting at ~ 820–850 °C and 8–10 kbar in the period 
2.86–2.70 Ga (Kirkland et al. 2018a).

In accord with the current interpretation of a predomi-
nantly horizontal geodynamic regime during the formation 
of the NAC, it has been proposed that the 3.0 Ga tonalitic 
gneisses of the Akia Terrane had their petrogenesis through 
slab melting of subducted oceanic crust (e.g., Garde 1997; 
Winther and Newton 1991). The model of Garde et  al. 
(2000) has the Akia Terrane developing by inception of a 
ca. 3.1 Ga magmatic arc over an older Mesoarchaean crus-
tal nuclei. In this model the arc, exposed in Nuuk Fjord 
(Godthåbs�ord) and the Qussuk peninsula, and dated to 
ca. 3.075 Ga on the basis of zircon sourced from volcano-
sedimentary sequences, is inferred to have generated inter-
mediate and subordinate felsic volcanic rocks (Garde 2007; 
Garde et al. 2012a; Szilas et al. 2017). Then, the arc, and 
underlying dioritic crust, was intruded by voluminous TTG 
gneisses in the period 3.06–3.02 Ga (Garde 1990, 1997; 
Garde et al. 2000). Low-pressure granulite facies metamor-
phism followed swiftly thereafter at 2.99–2.975 Ga (Friend 
and Nutman 1994; Garde 2007; Garde et al. 2000), an event 
which resulted in widespread partial melting evidenced by 
two-pyroxene leucosomes in dioritic–mafic gneisses. This 
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metamorphism was synchronous with the emplacement of 
late-tectonic tonalitic intrusions at 3.01–2.97 Ga, including 
the Taserssuaq Tonalite, Finne�eld Gneiss, and the Qugssuk 
and Igánánguit granites (Garde 1997; Garde et al. 2000; 
Scherstén and Garde 2013). However, a second model has 
also been proposed for the development of the northern Akia 
Terrane, that of a giant bolide impacting at ≥ 3.0 Ga, result-
ing in prolonged Mesoarchaean thermal reworking, and a 
range of melting and cataclastic deformation features and 
inferred hydrothermal alteration across the region (Garde 
et al. 2012a).

The NAC subsequently experienced terrane assembly 
and minor Neoarchaean granitic magmatism. To the north, 
the Akia Terrane is bounded by the (latest) Meso-to-Neo-
archaean Tuno terrane (Friend and Nutman 1994; Yi et al. 
2014). To the south, it is juxtaposed against several Eo-to-
Mesoarchaean terranes of the Nuuk region, which amalga-
mated in the early Neoarchaean (Friend and Nutman 2005; 
Friend et al. 1996) (“Nuuk terrane assemblage”, Fig. 1). 
Later events include Palaeo- and Neoproterozoic rifting and 
dyke emplacement (Berthelsen 1962; Bridgwater et al. 1995; 
Cadman et al. 2001; Nutman et al. 1999), the intrusion of 
Neoproterozoic kimberlite dykes, and finally a Jurassic car-
bonatite complex (Larsen and Rex 1992; Tappe et al. 2011).

The Finne�eld Orthogneiss Complex

The Finnefjeld Orthogneiss Complex crops out over a 
broadly circular region ~ 30 km in diameter, within the 
northern Akia Terrane (Fig. 1). It is comprised of a leuco-
cratic orthogneiss, termed the Finne�eld Gneiss (Berthelsen 
1962; Garde et al. 2014). This unit has minor mafic enclaves, 
but which are less common than observed within the sur-
rounding tonalitic gneisses. Here we refer to the gneiss 
unit as the Finne�eld Orthogneiss Complex (FOC), since 
it comprises several generations of dioritic–granitic gneiss. 
This poly-phase intrusive complex has as a dominant com-
ponent a homogeneous leucocratic, medium–coarse-grained, 
occasionally porphyritic (porphyroblastic), hornblende and 
biotite bearing quartz dioritic–granodioritic rock (Berthelsen 
1962). Although the FOC has been ductilely deformed, it is 
less deformed than, and distinct from, the surrounding mul-
tiply deformed and mafic enclave-rich complex of tonalitic 
and dioritic orthogneisses which volumetrically dominate 
the Akia Terrane.

The FOC has previously been considered to represent 
either (a) the intrusion of a dome-shaped tonalitic body into 
the banded ca. 3.0 Ga TTG-suite gneisses which comprise 
the majority of the Akia Terrane (e.g., Marker and Garde 
1988; Steenfelt et al. 2005); or (b) their subsequent rework-
ing during a later thermal event, most recently reinterpreted 

as a domain of cataclasis and remelting following a bolide 
impact (Garde et al. 2012a).

Samples

To characterize the crust which makes up the northern 
Akia Terrane, 27 samples of both meta-igneous (mafic–fel-
sic), and meta-sedimentary rocks, were taken from a range 
of localities across the Maniitsoq region, including from 
within, and thus considered representative of, the FOC 
(Fig. 1). These samples were analyzed for zircon U–Pb 
and Lu–Hf isotopes, and a subset of igneous samples for 
whole-rock major and trace element geochemistry. U–Pb 
geochronology for samples 158, 250 and 747 is reported in 
Kirkland et al. (2016); Hf isotopes from these previously 
dated zircons are reported here. An additional eight sam-
ples of igneous rocks were analyzed for whole-rock major 
and trace element geochemistry only. Table 1 summarizes 
sample lithologies, location, and U–Pb ages and Lu–Hf 
isotope data, where available.

Meta‑igneous samples

Samples 220, 221 and 222 are from the same locality on 
an island off the west coast (Fig. 1). All three samples 
were taken from a low strain zone within a fold hinge, 
hence the rock relationships are well constrained due to 
the relatively weak deformation. Sample 220 is a dioritic 
gneiss, which we interpret to represent an outlier of the 
Nordlandet diorite which crops out extensively further 
south (Fig. 1). Sample 222 is a trondhjemitic phase with 
an intrusive relationship into both the diorite (220; out-
crop photograph Fig. 2a) and an amphibolite, and thus is 
interpreted as a younger magmatic phase. Sample 221 is 
a later granitic dyke that cross-cuts all other lithologies at 
this locality.

A number of the samples taken are representative of the 
tonalitic orthogneiss which volumetrically dominates the 
northern Akia Terrane (sample numbers 566, 575, 158, 
325, 235, 250, 306 and 747). Figures 2b, c show typical 
outcrop patterns for this rock type (samples 235 and 306, 
respectively). A thin section photomicrograph of tonalite 
sample 747 is shown in Supplementary Figure S1A. This 
sample contains a weak–moderate foliation defined by the 
parallel alignment of biotite and the sample is dominated 
by subhedral plagioclase (~ 60 vol.%) with subordinate 
quartz (~ 30 vol.%) and biotite (~ 10 vol.%).

Samples 173, 215, 307, 407, 530 and 534 are all com-
ponents of the Finne�eld Orthogneiss Complex (Fig. 1). 
Samples 407 and 534 are samples of the leucocratic phases 
of the FOC; 307 and 530 are dioritic phases (Fig. 2d is of 
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sample 307 and Fig. 2e shows a leucocratic phase). Sample 
407 is dominated by blocky quartz and feldspar with large 
phenocrysts of hornblende (Fig. S1B). Sample 534 is a 
biotite tonalite with a foliation defined by the alignment of 

biotite and elongate recrystallized quartz (Fig. S1C). Sam-
ple 173 is a two-pyroxene leucogabbro with plagioclase 
(~ 50 vol%) and quartz (~ 10 vol%) (Fig. S1D).

Table 1  Summary of samples, 
lithologies, locations, zircon U–
Pb ages and mean Hf isotopes

Maximum depositional age is quoted for metasedimentary samples, except for sample 483 where a meta-
morphic age (m) is given

*Sample taken from the Finne�eld Orthogneiss Complex (FOC)
‡ Ages from Kirkland et al. (2016)
† Ages from Kirkland et al. (2018a)
◊ Samples for which only whole-rock geochemistry is reported

Sample ID Lithology Latitude Longitude Age (Ma, 2σ) εHf (1σ)

Meta-igneous samples

 220 Diorite 64.97035 − 52.29851 3231 ± 5 − 1.2 ± 1.6

 222 Trondhjemite 64.97035 − 52.29851 3240 ± 8 − 4.0 ± 2.0

 306 Tonalite 65.29019 − 52.30963 3019 ± 12 − 1.6 ± 0.8

 566 Tonalite 65.08117 − 51.92203 3018 ± 13 − 1.5 ± 1.0

 575 Granite 65.32964 − 51.78435 3013 ± 16 − 2.4 ± 1.5

 158 Tonalite 65.17606 − 51.56314 3008 ± 9‡ − 2.5 ± 0.8

 221 Granite 64.97035 − 52.29851 2977 ± 7 − 7.0 ± 1.8

 224 Granite 65.03800 − 52.19400 2986 ± 8 − 2.2 ± 1.0

 235 Tonalite 65.22751 − 52.48842 2992 ± 7 − 3.9 ± 1.9

 250 Tonalite 65.35717 − 52.71120 2998 ± 16‡ − 3.2 ± 1.5

 325 Tonalite 65.48295 − 51.98221 3002 ± 13 − 1.7 ± 0.5

 747 Tonalite 65.35616 − 52.43367 2990 ± 7‡ − 1.5 ± 0.6

 704 Pegmatite 65.13022 − 52.42159 2729 ± 9 − 7.6 ± 1.0

 318 Pegmatite 65.29624 − 52.45278 2729 ± 11 − 4.9 ± 1.2

 507 Tonalite◊ 64.96360 − 52.14213

 159 Tonalite 65.47260 − 51.82899 3019 ± 11

 316 Tonalite◊ 65.39074 − 52.39485

 173 Leucogabbro* 65.29379 − 51.59563 3007 ± 9 − 2.4 ± 0.9

 307 Diorite–tonalite* 65.32594 − 52.30472 3011 ± 10 − 2.3 ± 2.5

 534 Granite* 65.18602 − 51.98658 2999 ± 5 − 2.8 ± 1.2

 530 Diorite* 65.17720 − 51.98555 2998 ± 6 − 2.9 ± 2.3

 407 Tonalite* 65.34633 − 52.13923 2994 ± 5 − 2.7 ± 2.1

 215 Granite* 65.19257 − 52.22268 2558 ± 8 − 12.2 ± 1.0

 212 Tonalite*◊ 65.29507 − 52.03476

 219 Tonalite*◊ 65.18705 − 51.99236

 570 Tonalite*◊ 65.13620 − 51.90170

 627 Tonalite*◊ 65.17939 − 52.17053

 631 Tonalite*◊ 65.20760 − 52.12929

 719 Tonalite*◊ 65.10191 − 52.18739

Metasedimentary samples

 739 Psammite 65.41284 − 52.52253 ≥ 2958 ± 10 − 1.9 to − 4.1

 729 Psammite 64.95424 − 52.40747 ≥ 2891 ± 26† 0.3 to − 6.7

 535 Paragneiss 64.96708 − 52.41281 ≥ 2924 ± 16 − 0.6 to − 4.7

 483 Paragneiss 65.67670 − 52.78071 2729 (m) − 2.4 to − 4.7

 537 Paragneiss 64.97586 − 52.28866 ≥ 2970 ± 14 − 0.3 to − 5.0

 315 Psammite 64.97409 − 52.41509 ≥ 2877 ± 22† 4.2 to − 7.5
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Samples 318 and 704 are pegmatites which cross-cut 
the tonalitic orthogneiss, and sample 215 is a late-stage 
cross-cutting granitic phase (Fig. 2f).

Meta‑sedimentary samples

Samples of six metasedimentary rocks were taken (Nos 315, 
483, 535, 537, 729, 739), ranging in lithology from psam-
mite to paragneiss (including migmatitic components). All 
of these samples are units of the informally named Kanger-
luarsuk supracrustal belt (Kirkland et al. 2018a), which is 
primarily found cropping out along the coastal regions of the 
northern Akia Terrane (Fig. 1).

Sample 315 is a meta-psammite comprising quartz, feld-
spar, amphibole and biotite. Leucosomes are well-developed 
throughout the outcrop, although these were avoided during 
sampling. This quartzo-feldspathic unit represents the most 
felsic component of a supracrustal sequence dominated by 

rusty-weathering amphibolites. The zircons separated from 
sample 315 have been previously analyzed for U–Pb geo-
chronology, the cores yielding 207Pb/206Pb ages of between 
3189 and 2877 Ma, and the rims yielding younger ages of 
2582 ± 24 and 2550 ± 30 Ma (2σ) interpreted as the timing 
of later high-grade metamorphic events affecting the unit 
(Kirkland et al. 2018a).

Sample 729 is a meta-psammite taken from a coastal 
outcrop of folded felsic paragneiss interlayered with mafic 
meta-volcanic schist, and is found within the same suprac-
rustal sequence as sample 315. Garnet–bearing leucosomes 
are present throughout this meta-sedimentary sequence, 
indicative of in situ partial melting. Kirkland et al. (2018a) 
also reported U–Pb analyses of zircons from sample 729, 
which yielded 207Pb/206Pb ages between 3199 and 2891 Ma, 
with a youngest concordant age of 2891 ± 26 Ma (2σ), taken 
as the maximum depositional age of this unit.

Fig. 2  Field photos. a Outcrop 
photo of samples 220 and 222. 
Sample 220 is a diorite, and 
222 is a tonalitic phase with 
an intrusive relationship into 
diorite 220; b, c outcrop photos 
of the tonalitic orthogneiss 
which dominates the northern 
Akia Terrane. b is of sample 
235 and c of sample 306; d, e 
Representative outcrop photos 
of the Finne�eld Orthogneiss 
Complex; d is of sample 307, 
and e a more leucocratic phase. 
f Late stage 2.5 Ga granite, 
sample 215
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Samples 535 and 537 are both migmatitic paragneisses. 
In thin section, sample 535 has two domains: (1) a coarser-
grained domain dominated by quartz and blocky plagio-
clase with rare biotite, and (2) a finer grained region with 
more biotite (~ 10 vol.%). Sample 537 is medium grained 
(1–2 mm) and dominated by plagioclase (~ 50 vol.%), quartz 
(~ 30 vol.%) and biotite (~ 20 vol.%). The parallel alignment 
of biotite defines a moderate foliation in this sample. Quartz 
contains irregular grain boundaries and undulose extinction, 
which indicates significant dynamic recrystallization. Biotite 
is euhedral and found along grain boundaries.

Sample 739 contains a fine-grained (< 0.5–1 mm) min-
eral assemblage of plagioclase (~ 40 vol.%), quartz (~ 40 
vol.%), biotite (~ 10 vol.%), amphibole (~ 5 vol.%) and minor 

K-feldspar (~ 5 vol.%). K-feldspar (microcline) is found 
along grain boundaries between quartz and plagioclase and 
sometimes surrounds corroded biotite (Fig. S1E). The low 
dihedral angles of some K-feldspar are consistent with it 
representing a remnant of anatectic melt (Fig. S1F).

Analytical methods

U–Pb geochronology on undated samples was performed 
using in situ analytical techniques on zircon separates. Zir-
con grains were separated using magnetic and heavy liquid 
techniques. The zircons, together with reference standards, 
were cast in epoxy mounts, which were then polished to 
approximately a half-grain thickness for analysis. Each 

Fig. 3  Representative cathodo-
luminescence images of zircon 
grains from selected samples, 
highlighting U–Pb analyses (age 
in Ma). Scale bar is 50 µm long
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mount was documented with transmitted and reflected light 
micrographs and cathodoluminescence (CL) images prior 
to analysis. Figure 3 shows representative CL images of 
selected zircon grains, and all CL images are in the Supple-
mentary Data. Combined U–Pb geochronology and Lu–Hf 
isotope analysis of all but one sample was performed at the 
John de Laeter Centre of Mass Spectrometry, Curtin Uni-
versity, using split-stream combined LA-ICPMS (U–Pb; 
quadrupole-based analytical sessions) and multi-collector 
LA-ICPMS (Lu–Hf) techniques. Geochronology of sample 
212 was undertaken separately using SIMS (SHRIMP), also 
at the John de Laeter Centre of Mass Spectrometry, with fol-
low up LA-ICPMS Lu–Hf isotope analyses located on the 
SIMS spots. Detailed descriptions of the analytical method-
ologies are provided in the Supplementary Data.

Whole-rock compositions were determined at ALS Lab-
oratories (Ireland) using their ME-ICP06 analytical pack-
age for major oxides. Samples were digested by lithium 
metaborate fusion and major element concentrations were 
determined by ICP-AES. Trace element concentrations were 
determined by ICPMS using the ME-MS81 and ME-MS61 
packages.

Results

Zircon U–Pb geochronology

Supplementary Table S1 details U-Pb analytical results, 
from both LA-ICPMS and SIMS sessions. Isotope analyses 
were categorized as either igneous (group I), metamorphic 
(M), detrital (S), or xenocrystic (X) on the basis of zircon 

texture (imaged through CL) and age context. Figure 4a 
shows a stacked U–Pb concordia plot for all meta-igneous 
samples, and Fig. 4b for meta-sedimentary samples. A sum-
mary of age data is given below; analyses > 10% discordant 
(on the basis of percent difference between the calculated 
individual 238U/206Pb and 207Pb/206Pb ages) were excluded 
from sample-level age calculations. Detailed geochronology 
for each sample is in the supplementary data. All uncertain-
ties are reported at 2σ unless otherwise stated.

Meta-igneous samples

Two samples have U–Pb ages similar to that of the ca. 3.2 Ga 
dioritic component cropping out further south. Sample 220 
has a magmatic age of 3230 ± 5 Ma, while zircons taken 
from sample 222 have an age of 3240 ± 8 Ma, interpreted as 
reflecting assimilation of the older dioritic gneiss, a conclu-
sion substantiated by it having an intrusive relationship to 
sample 220. A single rim analysis from sample 220 yielded 
a younger age of 3025 ± 9 Ma, interpreted as the age of crys-
tallization. Sample 221 is a cross-cutting granitic dyke taken 
from the same locality as 220 and 222, and a 207Pb/206Pb age 
of 2977 ± 7 Ma was calculated for this sample. The zircon 
textures for sample 221 indicate significant reabsorption and 
regrowth and/or recrystallization (Fig. 3), and this age may 
reflect a metamorphic event.

Samples of the dominant tonalitic orthogneiss yielded 
magmatic crystallization ages of between 3019 and 
2910 Ma. In addition, sample 325 hosted xenocrystic zir-
con components which have ages of 3157–3092 Ma. Some 
samples also preserved 2821–2816 Ma metamorphic zircon 
overgrowths (Fig. 3). The five felsic samples interpreted as 

Fig. 4  a U–Pb concordia plot for all meta-igneous samples; B U–Pb concordia plot for all meta-sedimentary samples. Group identification: I 
igneous; M (M2) metamorphic; S detrital; X xenocrystic; P concordant, but interpreted to have lost radiogenic Pb; D discordant
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belonging to the FOC yielded magmatic ages ranging from 
3011 to 2993 Ma.

Sample 224, a granite, yielded a weighted mean 
207Pb/206Pb age of 2986 ± 8 Ma, interpreted as the age of 
magmatic crystallization. These analyses indicate moderate 
Th/U ratios (~ 0.54) and are located on textures indicative of 
primary magmatic growth (Fig. 3). In addition, leucogabbro 
sample 173 yielded a magmatic age of 3007 ± 9 Ma, and 
sample 307, a dioritic tonalite, also recorded a magmatic 
age of 3011 ± 10 Ma.

Three samples were interpreted as representing later, 
minor Neoarchaean magmatism. Two pegmatite samples, 
318 and 704, yield younger ages of 2729 ± 11  Ma and 
2729 ± 9 Ma, respectively, both interpreted as the crystal-
lization age of the rock. The youngest sample, 215 is a late 
undeformed granite within the FOC, and this yielded a mag-
matic 207Pb/206Pb age of 2558 ± 8 Ma.

We report U–Pb data on four samples interpreted to 
be meta-sedimentary. Analyses from paragneiss sample 
483 yield a 207Pb/206Pb age of 2729 ± 11 Ma, interpreted 
as the age of high-grade metamorphism, and these analy-
ses have generally low Th/U ratios of ~ 0.78. For sample 
535, six analyses of zircon cores yielded 207Pb/206Pb ages 
of 3008–2924 Ma, interpreted as the age of detrital com-
ponents, while younger ages (2798 ± 30 Ma, 2664 ± 25 Ma, 
and 2567 ± 12 Ma) were all interpreted as the timing of 
high-grade metamorphism. For sample 537, concordant 
207Pb/206Pb ages of 3049–2970 Ma are interpreted as the 
age of detrital components. A single texturally homogeneous 
zircon analysis yielded a 207Pb/206Pb age of 2704 ± 16 Ma, 
interpreted as dating a high-grade metamorphic event 
(Fig. 3). Psammite sample 739 has detrital components with 
ages of 3065–2973 Ma, with the maximum age of deposition 
of the sedimentary protolith as 2958 ± 10 Ma.

Zircon Lu–Hf isotopes

Full zircon Hf isotope analytical results are presented in 
Supplementary Table S2. The decay constant of Scherer 
et al. (2001) was used in the calculation of initial Hf isotope 
ratios. Hf isotope analyses paired with concordant U–Pb 
are shown on an evolution plot in Fig. 5 for all magmatic 
samples.

Analyses from zircons from igneous rocks with U–Pb 
ages of ca. 3.2 and 3.0 Ga have mostly chondritic–sub-
chondritic Hf isotope values (Fig. 5), ranging from approx-
imately + 2 to − 10 epsilon units. The younger magmatic 
phases (ca. 2.7 and 2.5 Ga), have consistently more evolved 
Hf isotope values, as low as -14 epsilon units for the young-
est phase.

Whole‑rock geochemistry

Supplementary Table S3 details whole-rock major and trace 
element geochemistry for those igneous samples analyzed. 
To provide a more complete comparison between the 3.0 Ga 
tonalitic orthogneiss “country rock” (henceforth “tonalite”), 
and the 3.0 Ga TTG samples of the FOC, we include geo-
chemical analysis from eight additional samples, all of 
which are components of the same 3.0 Ga magmatic event, 
and identified in Table 1.

Selected major and trace element plots for the same set 
of orthogneiss samples are shown in Fig. 6. All the samples 
fall within the TTG/adakite field of Martin (1986), but a 
plot of Sr/Y versus Y shows a significant difference in the 
trends of the two groups of orthogneiss, although there is 
some overlap between the groups. In terms of major element 
variations, the two groups of orthogneiss are distinct in that 
the FOC samples are less evolved with respect to most major 

Fig. 5  Hf isotope evolution plot 
showing calculated εHf versus 
207Pb/206Pb magmatic age on 
a per analysis basis, for all 
magmatic samples. Evolution 
line defined by 176Lu/177Hf of 
0.020 is for average mafic crust, 
perhaps the source to the 3.2 
and 3.0 crust
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elements by having systematically lower  SiO2 and higher 
MgO and CaO than the more evolved tonalite; titanium is 
lower in the tonalite.

Figure 7 shows chondrite-normalized REE, and primitive 
mantle (PM)-normalized trace element diagrams for the two 
sets of orthogneiss samples. The most obvious feature is the 
positive Eu-anomaly recorded in the tonalite, which is not as 
pronounced in the FOC. The other key difference between the 
two groups of orthogneiss is the generally lower abundances 
of HREE in the tonalite, whereas the FOC orthogneiss have 

abundances of up to ten times that of chondrite for the HREEs. 
The PM-normalized trace element diagram in Fig. 7 displays 
several pronounced positive anomalies (Ba–U–La–Pb–Sr–Zr) 
for both groups of orthogneiss. Thorium shows remarkable 
variation extending from 1 to about 100 times the chondrite 
abundance.

Fig. 6  Whole-rock trace and major element plots for samples of the 
tonalitic orthogneiss “country rock” (red triangle) and TTG-like sam-
ples of the Finne�eld Orthogneiss Complex (blue square). The grey 

shading is the range of TTG analyses from the database  of Moyen 
and Martin (2012)
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Discussion

Phases of crustal growth and reworking

Zircon U–Pb geochronology highlights that four magmatic 
episodes are recorded in the igneous rocks sampled for this 
study: ca. 3.2, 3.0, 2.7 and 2.5 Ga (Figs. 4, 5). Sample 220, 
and perhaps sample 222, yield magmatic 207Pb/206Pb ages 
of 3.23 and 3.24 Ga, respectively. We interpret these sam-
ples as representative of the Nordlandet diorite, the oldest 
extant crustal unit found in the Akia Terrane with reported 
ages of 3.22–3.18 Ga (Garde et al. 2000; Naeraa et al. 
2012), and which mainly crops out in the south (Fig. 1). 
Hf isotope data from samples 220 and 222 record mostly 
sub-chondritic values, with εHf between + 1.7 and − 7.7, 
and a mean of − 3.2.

After this early crustal growth phase, zircon U–Pb ages 
record a hiatus in magmatic activity of ca. 130 Ma, which is 
then followed by a major, voluminous, intrusive event com-
prising dominantly tonalitic crust at 3.02–2.98 Ga (Figs. 4, 

5). This Mesoarchaean emplacement of what amounts to a 
significant volume of evolved crust rapidly occurred over 
a relatively short time period of about 40 Ma (Fig. 4A). 
The 3.0 Ga tonalitic orthogneiss from the Maniitsoq region 
records sub-chondritic εHf of between + 0.7 and − 9.3, 
with a mean of − 2.7 epsilon units (Fig. 5), within analyti-
cal error of the earlier diorites. Recently reported zircon Hf 
data (εHf − 3.8 to − 15.1) for the similarly aged ca. 2.97 Ga 
felsic orthogneisses from the Kapisilik Terrane (Nutman 
et al. 2015) are significantly more evolved than we find for 
the Akia Terrane, perhaps implying this crust incorporated 
a greater proportion of older pre-existing crust of possi-
bly Eoarchaean age, than the Akia tonalites.

The Finne�eld Orthogneiss Complex

The petrogenetic origin of the FOC can be compared through 
geochemistry to that of the tonalitic orthogneiss which dom-
inates the northern Akia Terrane. Figure 8a shows a Hf evo-
lution plot separately identifying samples from within the 

Fig. 7  Trace element plots for samples of the tonalitic orthogneiss 
(red) and TTG-like samples of the Finne�eld Orthogneiss Complex 
(blue). The chondrite-normalized rare earth element (REE) plot uses 
the values of Anders and Grevesse (1989). The Primitive Mantle-
normalized trace element spider diagram uses the values of Palme 

and O’Neill (2003). Table S3 details the whole-rock geochemistry for 
those samples plotted here. Representative medium-P (MP-TTG) and 
high-P (HP-TTG) TTG compositions of Moyen and Martin (2012) 
are also plotted for comparison
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FOC, and those which characterize the dominant, banded 
tonalitic “country rock”. There is no resolvable age nor Hf 
isotopic difference between these two sets of samples, with 
the implication that both units were derived from an isotopi-
cally similar magmatic source at a similar time.

Trace element trends for both sets of samples are shown 
in the PM-normalized plot in Fig. 7, and these highlight 
some differences in their respective petrogenesis. The obvi-
ous positive anomalies for Sr and Eu imply a significant 
role for plagioclase in the genesis of both the FOC and 
tonalite, either reflecting plagioclase accumulation during 
fractionation, or the lack of plagioclase in the source region. 

However, the marked difference in Sr/Y between the two 
groups of samples (Fig. 6), in combination with differences 
in HREE abundances (Fig. 7), is consistent with an interpre-
tation that the FOC formed from melting at lower pressures, 
where garnet was not stable, than the tonalite, which likely 
had garnet in the source region.

Comparing these trends with the average medium and 
high-P TTGs of Moyen and Martin (2012) (Fig. 7), the FOC 
samples have a similar pattern to the medium-P baric types, 
which implies melting in the absence of rutile. In contrast, 
the tonalite has a higher pressure affinity, with perhaps a 
greater role for rutile in the source—a feature also hinted at 
in the more pronounced Ti anomalies, the lower  TiO2 con-
tents, and the generally lower concentrations of Nb (Fig. 6). 
The interpretation of a shallower melting origin for the FOC 
samples is also consistent with higher Y concentrations than 
that measured for the tonalite, as well as lower La/Yb ratios. 
In a similar fashion, whole-rock major element trends can 
be interpreted in terms of a combination of both depth, and 
degree, of partial melting of the source region. The higher 
MgO and CaO contents in combination with lower  SiO2 
(Fig. 6) implies that the FOC perhaps formed through higher 
degrees of partial melting than the tonalite. The lower  SiO2 
content of the FOC implies that it cannot be directly derived 
from the tonalite, which has a higher  SiO2 content.

In summary, the Hf isotope data and trace element geo-
chemistry for the 3.0 Ga tonalite and the FOC TTG samples, 
imply a similar source but a different depth, and perhaps 
degree, of melting. While the tonalite clearly formed from 
melting within the garnet stability field at some depth (pos-
sibly > 10 kbar; Moyen and Stevens 2006), the FOC appears 
to have resulted from melting within a shallower garnet-free 
source region (possibly < 10 kbar) (Fig. 7).

The impact model of Garde et al. (2012a) interprets the 
FOC as having its origin through crustal melting of the 
surrounding tonalitic orthogneiss along with amphibolite, 
associated with a massive bolide impact. Melting of the 
tonalite alone to produce the FOC felsic rocks is not sup-
ported with the higher MgO and lower  SiO2 as mentioned 
above. Furthermore, the overlap of U–Pb ages for the two 
sets of samples (Fig. 8a) would require this bolide event to 
have occurred almost simultaneously alongside the produc-
tion of the tonalitic crust itself proposed to have remelted 
during impact.

The Taserssuaq Orthogneiss Complex is a large magmatic 
body within the east of the Akia Terrane, at the northern 
end of Nuuk Fjord (Fig. 1). It is much larger than the FOC, 
but is similarly comprised of weakly deformed tonalitic and 
granodioritic phases, and dated to 2982 Ma (Garde et al. 
1986). In the older literature this complex has been mapped 
as a similar unit to the FOC (e.g., McGregor et al. 1991) and, 
given the overlap in magmatic ages, and similar rock types, 
they are probably related. Thus, any model for the formation 

Fig. 8  Individual Hf evolution plots as per Fig.  5 showing a Mag-
matic samples from the Finne�eld Orthogneiss Complex samples 
(blue) versus the Akia tonalites (red); b Metamorphic samples; c 
Metasedimentary samples. Evolution line with 176Lu/177Hf is for aver-
age tonalitic crust (e.g., Gardiner et al. 2018)
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of the FOC would likely also have to explain the origin of 
the Taserssuaq Orthogneiss Complex.

We consider the scenario of a bolide impact as the ori-
gin of the FOC to be unrealistic, especially given the likely 
requirement for it to also explain the origin of the Taserssuaq 
Orthogneiss Complex. We thus prefer a simpler alternative 
of the FOC representing coeval intrusion of evolved crust 
from the same source as the tonalite, but from a shallower 
melting process. This shallower melting may be structurally 
controlled, or it may reflect a setting of coeval melting over 
a substantial lithospheric depth. This simpler model is more 
aligned with the conclusions of Berthelsen (1962), whose 
structural work demonstrated that the FOC was perhaps an 
‘ordinary’ part of the local geology.

Nordlandet diorite

The petrogenetic relationship between the 3.2 Ga Nordlan-
det diorite and the 3.0 Ga tonalite is poorly constrained. 
The diorite predominates south of Fiske�ord, whilst the 
tonalite mainly crops out to the north (Fig. 1). The field 
relationships between diorite sample 220, and trondhjemite 
(sample 222) (Fig. 2a) highlight an intrusive relationship, 
and the xenocrystic zircon crystals imply some degree of 
assimilation of the diorite into the tonalite, at least on a local 
level. The model of Garde (2007) has tonalite intruding into 
pre-existing dioritic crust. As noted by Garde (1997), the 
volumetric extent of the Nordlandet dioritic gneiss found 
cropping out within the southern part of the Akia Terrane is 
unusual, both within the NAC and amongst Archaean cra-
tons, and Garde (1997) interpreted its genesis as requiring 
a mantle component.

Reported whole-rock Sm–Nd isotope data for the Nord-
landet diorite plots at a highly radiogenic εNd3221 of +4.9 
(Garde et al. 2000), above depleted mantle. On the basis of 
whole-rock major and trace element geochemistry, and age, 
we interpret sample 220 to be representative of the Nor-
dlandet diorite. If this thesis is correct, it implies a mis-
match between the subchondritic Hf and superchondritic Nd 
isotope analyses recorded for this unit. This disparity may 
be explained as either: (a) the whole-rock Sm–Nd analy-
sis experienced isotopic disturbance; or (b) a decoupling 
of the Hf and Nd isotopic systems. Such decoupled Hf–Nd 
compositions have been measured in Eoarchaean tholeiitic 
basalts of the Isua supracrustal sequences (Hoffmann et al. 
2011b), which have superchondritic Sm/Nd, but slightly sub-
chondritic Lu/Hf. Although the origin of this decoupling 
is unclear, it may reflect crustal extraction from a highly 
depleted mantle reservoir (Gardiner et al. 2019).

Later magmatic and metamorphic events

The current geological model for the Akia Terrane (Friend 
and Nutman 1994; Garde et  al. 2000) proposes a rapid 
high-T, low-P, granulite-facies metamorphic event to have 
affected the nascent tonalitic crust immediately on or after 
its emplacement (ca. 2.97 Ga), although there is only lim-
ited geochronological data to constrain the timing and dura-
tion of this event. The northern Akia region was then sub-
sequently affected by two widespread, but volumetrically 
minor, late Archaean thermal events: (a) at 2.86–2.70 Ga, 
responsible for widespread metamorphism, deformation, and 
partial melting leading to volumetrically minor melts and 
the formation of pegmatites (Friend et al. 1996; Kirkland 
et al. 2018a); and (b) ca. 2.5 Ga expressed by volumetrically 
minor cross-cutting granitic (s.s.) magmatism.

Our isotope data record both these later phases of crus-
tal reworking (Fig. 5). Samples 318 and 704 are examples 
of the pegmatites, with identical weighted average zircon 
207Pb/206Pb magmatic ages of 2.73 Ga. Sample 318 records 
zircon εHf between − 3.2 and − 7.1; that for sample 704 is 
slightly more evolved, with εHf between − 6.7 and − 10.0 
(Fig. 5). These data all plot within a Hf evolution trend 
extrapolated from the 3.0 Ga magmatism (176Lu/177Hf = 
0.010), implying the Hf isotopic composition of these peg-
matites can largely be attained through reworking of the 
older 3.0 Ga tonalitic crust. Similar 2.72–2.71 Ga ages of 
magmatism and metamorphism have been recorded from 
across the Nuuk region and have been interpreted as result-
ing from terrane accretion (Friend et al. 1996).

The youngest phase of magmatism recorded in our Mani-
itsoq samples is a granite (sample 215), for which we date 
the timing of magmatism to 2.56 Ga. This sample yielded 
the most evolved Hf isotope data of all the samples, with 
εHf between − 9.7 and − 13.9, and a mean of − 12.2 (Fig. 5). 
This sample also plots within the same Hf evolution trend 
as samples 318 and 704, again implying the granite pre-
dominately resulted from reworking of the existing tonalitic 
crust. The zircon crystallization in sample 215 was coeval 
with the growth of metamorphic apatite in leucosomes 
within the TTGs (Kirkland et al. 2018b). Hf isotope data 
from the similarly aged 2.55 Ga Qôrqut granite, within the 
Nuuk region, has a slightly more evolved Hf isotopic sig-
nature (Hiess et al. 2011; Næraa et al. 2014), interpreted as 
reflecting melting of an older crustal source than that found 
outcropping within the Akia Terrane.

Zircon domains from our samples that we interpret as 
metamorphic growth events have U–Pb ages of between 
2.85 and 2.75 Ga. This growth may be attributed to the 
high-pressure granulite facies event which affected the 
Maniitsoq region between 2.86 and 2.70 Ga. Kirkland et al. 
(2018a) interpreted peak P–T metamorphic conditions of 
820–850 °C and 8–10 kbar, which is sufficient to precipitate 
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new rims in pre-existing zircon grains. The Hf isotope trends 
of these metamorphic rims lie within the evolution trend 
of the 3.0 Ga tonalitic rocks (Fig. 8b), which implies that 
the Hf incorporated into metamorphic zircon was likely 
sourced from the dissolution of pre-existing zircon during 
anatexis, with no breakdown of radiogenic phases, or little 
time between growth and breakdown (e.g., Flowerdew et al. 
2006; Li et al. 2018). We link these metamorphic events to 
the thermal events associated with magmatic accretion as 
recorded in the coeval minor magmatism.

Kangerluarsuk supracrustal belt

Zircon grains from the metasedimentary rocks analyzed 
here are largely considered to be of detrital origin, although 
some grains may have domains or be discrete crystals rep-
resenting growth from in situ melt. Recent detrital U–Pb 
geochronology suggests these metasedimentary successions 
had their provenance from the surrounding TTGs (Kirkland 
et al. 2018a). In particular, age peaks at 3.2 and 3.0 Ga were 
identified, which correlate with the magmatic ages of the 
Akia diorites and tonalites.

Figure 8c shows a Hf evolution plot for the metasedi-
mentary samples. These data are for the most part identical, 
in terms of both ages and Hf isotope values, to the 3.0 Ga 
magmatism. This isotopic similarity supports the interpreta-
tion that the clastic units of the Kangerluarsuk Supracrus-
tal Belt were largely sourced from the local TTG succes-
sions. Our data also show evidence of detrital zircon grains 
with younger U–Pb ages, in particular, ages clustering at 
2.94–2.88 Ga.

Origin of the Mesoarchaean crust

The continental crust which volumetrically dominates the 
Akia Terrane is notable for being rapidly generated dur-
ing two major phases: the diorite at ca. 3.2 and the tonalite 
at 3.0 Ga (this study, and Garde 1997; Garde et al. 2000; 
Naeraa et al. 2012). Importantly, no magmatic rocks have 
been identified from the intervening period. Although an 
island arc complex, invoked as the setting for the genesis 
of the 3.0 Ga tonalites, was proposed to be as old as ca. 
3.1 Ga in age, this interpretation is largely based on rare 
zircon U–Pb ages both from a schist, and from xenocrystic 
zircon cores sourced from meta-volcanic rocks, all found 
within supracrustal sequences (Garde 2007). The exten-
sive 3.0 Ga tonalitic orthogneiss, including the Finne�eld 
Orthogneiss Complex, was all rapidly emplaced within a ca. 
40 Ma period of activity (3.05–2.99 Ga).

Tonalitic, and perhaps dioritic, crust is formed from 
the partial melting of hydrated basalts, i.e. amphibolites, 
at depth (e.g., Drummond and Defant 1990; Johnson et al. 
2014; Rapp 1991). Archaean basalts have Lu/Hf com-
positions ranging from enriched towards more depleted, 
chondritic values (Gardiner et al. 2018; Kemp et al. 2010; 
Smithies et al. 2009). To assess crustal residence times 
we model the Hf evolution of a (hydrated) basaltic source 
to the Akia felsic crust, taking a range in 176Lu/177Hf for 
the parent basalt of 0.017–0.024 (Gardiner et al. 2018; 
Hoffmann et al. 2011b), representing a range in mafic 
protolith compositions. Projecting these evolution trends 
back from the minimum and maximum εHf analyses, for 
both the diorite and tonalite, to a modelled depleted man-
tle, yields some estimate of crustal residence time—the 
time since extraction of the parent basalt from the mantle 
(Fig. 9). The Lu/Hf composition of Eoarchaean mantle 

Fig. 9  Hf evolution plot with 
Lu/Hf evolution trends from 
both the ca. 3.2 and 3.0 Ga crust 
forming events, projected back 
to two different depleted mantle 
lines. See text for discussion
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reservoirs, especially within the context of West Green-
land, has been under debate specifically regarding the 
timing of the onset of mantle depletion. Therefore, both 
the “4.56 Ga” and “3.8 Ga” modelled depleted mantle 
evolution trends of Griffin et al. (2000), and Fisher and 
Vervoort (2018), respectively are plotted on Fig. 9; the 
latter trend assumes that a chondritic Lu/Hf mantle res-
ervoir persisted until 3.8 Ga.

The most evolved Hf data from both magmatic events 
clearly implies some incorporation of material which was 
extracted from the mantle in the Eoarchaean (Fig. 5; Sup-
plementary Figure S3), even taking into account the 
uncertainties surrounding the application of model ages. 
Although it is possible that the Eoarchaean component 
included TTG gneisses, we interpret it to most likely 
be mafic crust on the basis of a lack of inherited zircon 
grains yielding appropriate U–Pb ages. Further, the het-
erogeneous nature of the Hf isotope data implies a mixed 
source to both the tonalite and diorite: that of a reworking 
of older Eoarchaean mafic crust with the incorporation 
of younger, more juvenile, mafic crust, this latter perhaps 
now represented by the intercalated greenstones found 
within the Akia orthogneiss. Such Hf isotope heteroge-
neity is unlikely to result from variable degrees of melt-
ing of the mafic sources (Gardiner et al. 2018), probably 
implying it resulted from different degrees of mixing. The 
heterogeneity may alternatively originate from a hetero-
geneous source, but that is difficult to constrain. Notably, 
there is a geographic trend across the sampling region, 
with more evolved Hf values predominating in the west 
(Supplementary Figure S4), implying a regional control 
to the degrees of mixing of older Eoarchaean crust with 
juvenile input.

Our Hf data contradicts the previous whole-rock 
Sm–Nd isotope data on selected tonalite samples from 
the Akia Terrane (Garde et al. 2000), which records chon-
dritic εNd between 0.0 and − 0.4 (when calculating ini-
tial 143Nd/144Nd ratios using zircon U–Pb crystallization 
ages). Garde et al. (2000) used Sm–Nd isochrons to inter-
pret a crustal extraction age for the Akia tonalites of ca. 
3.05 Ga. However, this age does not reflect any incorpo-
ration of older crust, which may be because a whole-rock 
approach does not provide the level of precision yielded 
through individual zircon Hf isotope analyses, or it may 
reflect heterogeneities between different samples.

In summary, our Hf isotope data strongly argues for 
the incorporation of some degree of Eoarchaean crust, 
most likely of mafic composition, in the genesis of the 
Mesoarchaean Akia crust.

Implications for geodynamic models

Although TTGs are formed from the partial melting of 
amphibolites at sufficient depths to stabilize garnet and/
or amphibole (e.g., Foley et al. 2002; Hoffmann et al. 
2011a; Johnson et al. 2014; Rapp 1991), much ongoing 
debate surrounds the geodynamic settings in which melt-
ing occurred to produce such felsic crust. The calc-alkaline 
affinities of the diorites and tonalites cropping out within 
the Nuuk region has led workers to propose a subduction 
origin for their genesis (Garde 1997, 2007; Garde et al. 
2000; Steenfelt et al. 2005). However, these so-called “arc-
like” geochemical signatures (i.e. Ta and Nb anomalies, 
and high Sr/Y ratios), which are commonly found in TTG 
rocks globally, may alternatively originate through infrac-
rustal melting of an enriched basaltic source, within the 
high geothermal gradients invoked for a vertical tectonic 
setting during the Eo-to-Palaeoarchaean (Bédard 2006; 
Johnson et al. 2017).

The East Pilbara Terrane of Western Australia has been 
critically interpreted as such an example of Archaean verti-
cal tectonics (Hickman 1984; Van Kranendonk et al. 2007), 
with crustal residence times for Palaeoarchaean TTGs of 
some 200–700 Ma (Gardiner et al. 2017). Such crustal resi-
dence times are greater than that found for oceanic crust on 
modern Earth, where its longevity is of the order of 200 Ma 
prior to its destruction at subduction zones (Hawkesworth 
et al. 2010), and perhaps are significantly more than might 
be expected during any putative Archaean plate tectonic 
regime when the mantle was on average hotter (e.g., Her-
zberg et al. 2010) and mantle convection would have been 
more vigorous. Long crustal residence times may therefore 
be interpreted as reflecting the slow development of a vol-
canic plateau through plume-driven activity, which then 
infracrustally melts to produce evolved crust (Sizova et al. 
2015; Smithies et al. 2009).

The volcanic plateau model thus provides a mechanism 
for the incorporation of long-lived, older mafic crust in the 
genesis of younger TTGs. Further, it provides a means for 
juvenile mafic material to be buried down to the depths 
where melting occurs through “sagduction” (e.g., John-
son et al. 2014), allowing the mixing of older and younger 
components. The TTG record from the East Pilbara Ter-
rane also records an episodicity in magmatism (e.g., Gar-
diner et al. 2017) similar to that recorded within the Akia 
Terrane. However, whether all this translates to a similar 
geodynamic model for Mesoarchaean west Greenland is cur-
rently debatable. There are no reported enriched basalts of 
the type invoked as the origin of the Pilbara TTGs. More 
problematic is explaining the occurrence of a succession of 
volcaniclastics and amphibolites with an andesitic affinity, 
as reported south of Fiske�ord (Garde 1997, 2007), although 
proper determination of their relationship to the dioritic 
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orthogneiss is hindered by the degree of deformation and 
metamorphism.

The diorite and tonalite clearly represent separate thermal 
events. Large-scale Archaean dioritic crust is unusual, and 
it is curious why the earlier extensive crust-forming event 
in Akia is dominated by diorite, with the subsequent one by 
tonalite; they may respectively reflect different degrees of 
melting of a similar amphibolite source, or perhaps a secular 
change in geodynamics. Interestingly, our data imply that 
for the tonalite there is no magmatic age trend across the 
northern Akia region; these significant volumes of felsic 
crust were effectively formed in one major geological event.

The development of Mesoarchaean terranes

A key conclusion from this study is that the Mesoarchaean 
continental crust that forms the Akia Terrane is in part built 
upon older Eoarchaean crust. A similar inference has been 
made elsewhere in West Greenland, for the ca. 2.8 Ga Ikkat-
toq TTG gneisses south of Nuuk which, on the basis of their 
unradiogenic Nd and Pb isotope compositions, were also 
interpreted to contain a component of Eoarchaean crust 
(Friend et al. 2009). This mix of juvenile and older mate-
rial in the genesis of Mesoarchaean crust contrasts with 
the dominance of juvenile material inferred for older TTG 
suites from the Nuuk region, including the Eoarchaean Itsaq 
Gneisses (Bennett et al. 1993; Hoffmann et al. 2014; Moor-
bath et al. 1972), although Pb isotope evidence may suggest 
a component of even older, Hadean material in this ancient 
crust (Kamber et al. 2003).

A number of studies have used isotopic methods to arrive 
at the interpretation that, globally, younger Archaean ter-
ranes are built on older, long-lived Eoarchaean, or even 
Hadean, crust (e.g., Kamber 2015). In particular, isotopic 
studies strongly indicate the involvement of older crustal 
components in the development of Palaeoarchaean TTGs in 
both the East Pilbara Terrane (Bickle et al. 1993; Champion 
and Smithies 2007; Gardiner et al. 2017), and in the Ancient 
Gneiss Complex and Barberton areas of the Kaapvaal craton 
(e.g., Amelin et al. 2000; Hoffmann et al. 2016; Kroner et al. 
2014; Zeh et al. 2009, 2011).

Building Mesoarchaean terranes on Eoarchaean crus-
tal roots is conceptually straightforward within a volcanic 
plateau-type setting. Repeated cycles of basaltic volcanism, 
which buries existing crust to successively deeper crustal 
levels where it may partially melt and/or drip into the mantle 
(i.e. “vertical tectonics”), best explains the Hf and Nd iso-
topic evolution of Palaeo-to-Mesoarchaean crust in the East 
Pilbara Terrane (e.g., Gardiner et al. 2017). However, the 
involvement of ancient crust is less easily reconciled with a 
subduction setting (Johnson et al. 2017). For example, the 
Mesoarchaean granitic rocks of the West Pilbara Superter-
rane, which is inferred to have amalgamated with the East 

Pilbara Terrane during assembly of the Pilbara Craton in a 
subduction-accretion setting, are geochemically and isotopi-
cally juvenile, with no suggestion of any significant Eoar-
chaean component (e.g., Smithies et al. 2007). Thus, how 
the presence of a significant component of older Eoarchaean 
crust in the extensive tonalitic crust of the Akia Terrane 
can be reconciled with existing models that invoke crustal 
formation by subduction-accretion is unclear. In summary, 
we suggest that the involvement of an Eoarchaean root puts 
important constraints on geodynamic models of the forma-
tion of the discrete Palaeo-to-Mesoarchaean terranes that 
ultimately assembled to form Earth’s cratons.

Conclusions

• Two major phases of crust formation at ca. 3.2 Ga (dior-
ite) and 3.0 Ga (tonalite) are recorded in the northern 
Akia Terrane. Two subsequent minor magmatic events 
are at ca. 2.7 Ga (pegmatites) followed by late-stage 
granites at ca. 2.5 Ga.

• Zircon Hf isotopes imply a component of older, Eoar-
chaean crust in the genesis of both diorite and tonalite, 
most likely of mafic composition. The Hf isotopes sug-
gest that the 2.7 and 2.5 Ga magmatism both represent 
reworking of the older tonalitic crust.

• The similarities in U–Pb age and Hf isotope composition 
between the 3.0 Ga tonalitic orthogneiss and rocks from 
the Finne�eld Orthogneiss Complex, imply they were 
formed from a similar source at a similar time. The mag-
matic precursor to the Finne�eld Orthogneiss Complex 
likely formed by partial melting at shallower conditions 
outside the stability field of garnet (probably < 10 kbar) 
than the tonalitic orthogneiss, which probably formed in 
the presence of garnet. The lower  SiO2 content of the fel-
sic rocks of the Finne�eld Orthogneiss Complex implies 
they cannot be directly derived from the surrounding 
tonalite, which is more evolved.

• These results appear incompatible with the recently pro-
posed impact origin of the Finne�eld Orthogneiss Com-
plex, and we prefer an alternative explanation of coeval 
melting of the same magmatic source over a substantial 
lithospheric depth.

• The involvement of Eoarchaean crust in the growth of 
the Mesoarchaean Akia Terrane places an important 
restriction on the development of models for growth and 
assembly of the North Atlantic Craton.
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