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A B S T R A C T

Different geodynamic models exist for the growth and differentiation of Archean continental crust, ranging from
horizontal tectonics with subduction zones to vertical tectonics with foundering of greenstone sequences. U–Pb
zircon geochronology, field relationships, and pressure–temperature constraints from granulite-facies metabasite
of the Akia Terrane of the North Atlantic Craton in West Greenland show that this terrane grew through two
major magmatic growth episodes: an earlier one at c. 3.2 Ga, and a later one at c. 3.05–2.97 Ga. Phase equi-
librium modelling for assemblages related to the latter indicates temperatures of> 800 °C at< 0.9 GPa, con-
sistent with a high apparent geothermal gradient and implies thin crust. Granulite-facies metamorphism and
partial melting occurred in the absence of pervasive ductile deformation as indicated by nebulitic, undeformed
pyroxene-bearing leucosome in metabasite gneiss. Trace element modelling suggests that c. 3.0 Ga tonalite at the
current exposure level in the Akia Terrane was generated at pressures of> 0.8 GPa in the stability field of
garnet. U–Pb zircon geochronology and existing Hf isotope data are also consistent with a model involving
protracted Mesoarchean magmatic growth with limited mantle addition during a prolonged period of high
temperatures in a relatively stagnant tectonic regime prior to Neoarchean compressional tectonism in the Akia
Terrane.

1. Introduction

Much of the continental crust on Earth was generated in the
Archean (e.g. Dhuime et al., 2012; Belousova et al., 2010; Rudnick and
Gao, 2014; Condie et al., 2016), but whether this occurred via Pha-
nerozoic-like tectonic processes, or in alternative settings in a subduc-
tion zone-free environment is debated (e.g. Hamilton, 2011; Wyman,
2013; 2018; Bédard et al., 2013; Johnson et al., 2017; Bédard, 2018;
Palin and Dyck, 2018). Modern continental crust is thought to be
generated at subduction zones through the accretion of oceanic arcs,
and through supra subduction-zone magmatism. In contrast, Archean
cratons are dominated by sodic tonalite–trondhjemite–granodiorite
(TTG) suites that are commonly tectonically reworked with metabasic
rocks to result in composite grey gneiss (e.g. Moyen and Martin, 2012;
White et al., 2017). TTGs are derived from the partial melting of hy-
drated mafic rocks (e.g. Rapp et al., 1991; Moyen and Martin, 2012;
Nagel et al., 2012; Martin et al., 2014; Moyen and Laurent, 2018), and

the rarity of similar rocks in the Phanerozoic has triggered three prin-
cipal geodynamic models for the generation of Archean continental
crust: (1) melting of subducted oceanic crust due to a hotter ambient
mantle (e.g. Hastie et al., 2010), (2) reworking of juvenile oceanic
plateaux driven by periodic mantle overturn and not through subduc-
tion (e.g. Smithies et al., 2005; Bédard, 2006; 2018; Sizova et al., 2010,
2015; Johnson et al., 2014), or (3) melting at the base of tectonically
thickened arc (Nagel et al., 2012). Differentiating between these models
is complicated by the fragmentary and complex rock archive, but of
clear importance in our understanding of the construction and evolu-
tion of Earth’s first stable continental crust. However, it may be that all
processes operated concurrently in different regions (c.f. van
Kranendonk, 2010) or that there was a transition between vertically
and horizontally driven tectonics in particular areas (e.g. Laurent et al.,
2019).

Rare exposures of deep Archean crust provide critical opportunities
to investigate the processes that reworked juvenile Archean rocks into
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more evolved stable continental crust, and to test and refine contrasting
models of Precambrian and Phanerozoic crustal evolution. The North
Atlantic Craton is made up of several Eoarchean to Neoarchean ter-
ranes, including one of the largest exposures of mid- to lower-crustal,
Archean amphibolite and mafic granulite (Garde, 1990; Friend and
Nutman, 1994; Friend et al., 1996; Friend and Nutman, 2005). The
Mesoarchean era represents the primary timeframe for crustal growth
in West Greenland, which is a substantial component of the North
Atlantic Craton. In the Mesoarchean Akia Terrane of the North Atlantic
Craton, the apparent coeval timing of granulite-facies metamorphism
and generation of extensive tonalitic crust implies that deep crustal
granulite-facies metabasite are a potential source of the tonalite.
However, this interpretation is based on U–Pb geochronology and
thermobarometry of a limited number of samples.

In this contribution, we use U–Pb zircon geochronology, whole-rock
geochemistry as well as phase equilibrium and trace element modelling
to evaluate the timing and duration of high-temperature metamorphism
and investigate the implications for the source of Mesoarchean tonalite
magmatism in the Akia Terrane of West Greenland. The low-pressure
(P)–high-temperature (T) conditions of anatexis coupled with evidence
for a prolonged thermal event in this terrane are compatible with a
stagnant lid or extensional tectonic regime. Trace element modelling
also shows that the concentrations of rare earth elements in c. 3.0 Ga
tonalite can be generated by partial melting at the base of the crust and
do not require melting of a subducted slab. This evidence suggests that
the Mesoarchean tectonic history of the Akia Terrane may have not
been solely controlled by singular terrane accretion and arc-related
magmatic processes. Therefore, Phanerozoic-style plate tectonics may
not be an appropriate geodynamic mode to explain the formation of
Mesoarchean terranes of the North Atlantic Craton.

2. Geological setting

2.1. Regional geology

The Akia Terrane extends to the north of Nuuk in West Greenland
(Fig. 1). Garde et al. (2000) proposed that the Akia Terrane developed
by formation of a 3076–≤3068 Ma magmatic arc, including tholeiitic
basalts and calc-alkaline andesites (Garde, 2007; Polat et al., 2015;
Szilas et al. 2017), over a c. 3.2 Ga dioritic crustal core, followed by
voluminous emplacement of Mesoarchean TTG and dioritic gneiss and
synchronous low-pressure granulite-facies metamorphism (Riciputi
et al., 1990; Friend and Nutman, 1994; Garde et al., 2000) as well as
late-tectonic felsic magmatism. In addition, other researchers (Garde
et al. 2012a, 2014; Scherstén and Garde, 2013; Keulen et al., 2015)
suggested that a giant bolide impact at ≥3000 Ma was responsible for a
prolonged Mesoarchean thermal event, resulting in a range of melting
and cataclastic features in the region. Gardiner et al. (2019) recently
reported U–Pb zircon ages coupled with in situ Hf-isotope data for TTG
gneiss from across the northern Akia Terrane, including samples within
the proposed impact-affected area, and showed that these units are
indistinguishable and thus inconsistent with the bolide model. Further,
Gardiner et al. (2019) suggested that TTG was derived from the melting
of basic crust at variable depths that does not require a subduction
origin.

Supracrustal units in the region deposited between c. 2877 and
2857 Ma record subsequent high-temperature metamorphism and
partial melting during Neoarchean ductile deformation at c.
2857–2700 Ma (Kirkland et al., 2018a). This may be, at least in part,
correlative with the tectonic assembly of Paleo- to Neoarchean terranes
of the Nuuk region at c. 2720 Ma (Friend and Nutman 2005; Nutman
and Friend 2007; Dziggel et al., 2014). A further younger metamorphic
event in the Akia Terrane, at c. 2630 Ma, at> 450 to<850 °C, is re-
corded by metamorphic zircon overgrowths and neoblastic apatite
(Nutman et al., 2007; Kirkland et al., 2018b) and is synchronous with
amphibolite-facies metamorphism also recorded in distinct terranes in

the Nuuk region (Nutman et al., 2007; Nutman and Friend, 2007).
Subsequent metamorphism at c. 2560 Ma recorded on the Alanngua
peninsula (Fig. 1) was interpreted by Dyck et al. (2015) to record the
final assembly of the North Atlantic Craton, whereas this is the timing
of post-tectonic suturing of the Nuuk region terranes by the Qôrqut
Granite Complex (Nutman et al. 2010).

2.2. Field relationships

The Akia Terrane is dominated by c. 3200 Ma and c. 3050–3000 Ma
Mesoarchean felsic orthogneiss that have been intruded into, or tecto-
nically interleaved with, supracrustal rocks and metabasite (e.g. Garde
et al. 2000; Garde, 2007). These are intruded by Mesoarchean tonalitic
to dioritic rocks of the Finnefjeld and Taserssuaq orthogneiss com-
plexes, and the late-tectonic 2980–2970 Ma Qugssuk and Igánánguit
granites (Garde 1997; Garde et al., 2000; Scherstén and Garde, 2013).
Regionally, mafic rocks in the Akia Terrane are volumetrically more
common than in other parts of the North Atlantic Craton (Allaart,
1982).

The felsic orthogneiss comprise polyphase dioritic to tonalitic or-
thogneiss that underwent several phases of isoclinal recumbent and
upright folding (e.g. Berthelsen, 1962; Garde et al., 1987; Kirkland
et al., 2018a) and subsequently experienced brittle deformation during
the Paleoproterozoic. Based on cross-cutting intrusive relationships
preserved in low-strain domains, the oldest components are dioritic
rocks associated with metabasite (Fig. 2a) that were subsequently in-
truded by voluminous tonalite (Fig. 2b).

Metabasite shows textures ranging from relict magmatic gabbroic to
high-strain metamorphic fabrics, defined by recrystallised, elongate
amphibole. Metabasite bodies in excess of tens of metres in diameter
commonly show strain variations, from typically lower-strain cores to
higher strain fabrics and structures, including isoclinal folding, at their
margins. In most cases, the protoliths of metabasite are unclear due to
pervasive recrystallization and deformation. Outside of low-strain do-
mains (e.g. fold hinges) and cores of larger mafic bodies, metabasite
commonly holds a moderate to strong gneissic fabric defined by aligned
amphibole. In some cases, such as on the Alanngua peninsula (Fig. 1),
these fabrics are correlated with Neoarchean deformation and high-
pressure granulite-facies partial melting (Kirkland et al., 2018a).

Some interior regions of metabasite bodies contain coarse-grained
orthopyroxeneclinopyroxene-bearing leucosome (Fig. 3a, b). In some
cases, leucosome networks have sufficiently disrupted the structural
integrity of the rock to produce agmatitic textures, in which individual
restite blocks have rotated relative to each other (Fig. 2c). Leucosome
networks display this morphology regardless of orientation. Close to the
tectonic contacts between metabasite bodies and their host felsic or-
thogneiss, orthopyroxene associated with the two-pyroxene leucosome
have amphibole rims and are elongate within a gneissic fabric (Fig. 2d).
On a larger scale, entire metabasite blocks at these margins with the
host felsic orthogneiss are also elongate within the gneissic fabric
(Fig. 2e) and, in some cases, are isoclinally folded within the fabric
(Fig. 2f). These observations are consistent with static granulite-facies
partial melting, followed by ductile deformation producing strain par-
titioning related to rheology contrasts between the more competent
metabasite units and the enveloping felsic orthogneiss.

In the Maniitsoq region, defined here as coastal outcrops from
Maniitsoq Island in the north to Fiskefjord in the south, metabasite
commonly contains pyroxene-bearing leucosome. The presence of an-
hydrous ferromagnesian minerals (e.g. orthopyroxene, clinopyroxene)
in leucosome in high-temperature metamorphic rocks is diagnostic of in
situ partial melting (e.g. White et al., 2004; Brown, 2013). Additional
evidence for in situ partial melting includes progressive plagioclase-
enrichment from the host metabasite toward the leucosome, melt-
pooling textures, and grain-size coarsening toward the centre of leu-
cosome (Fig. 3a, b). The preservation of the high-temperature mineral
assemblages (e.g. orthopyroxene bearing) is also consistent with the
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loss of anatectic melt (White and Powell, 2002; White et al., 2004;
Stuck and Diener, 2018), which indicates that pyroxene-bearing me-
tabasite represents the residue after the extraction of anatectic melt as
well as any residual melt that may have been left in the system prior to
cooling through an elevated solidus. Finally, extensive retrogression
generating amphibolite-facies overprinting on earlier granulite-facies
assemblages also occurs in the Akia Terrane (Garde, 1990) and to its
south (McGregor and Friend, 1992, 1997).

2.3. Sample descriptions and petrography

Orthopyroxene-bearing metabasite was examined from the
Maniitsoq region. Representative samples are described below. Here,
leucosome refer to the light-coloured material in outcrop that is
dominated by plagioclase and quartz with minor amounts of pyroxene,
and is interpreted to represent a combination of former melt, peritectic
minerals and any entrained components. It is unlikely that the

Fig. 1. Map of the Akia and Nuuk terranes of the North Atlantic Craton (modified from Gardiner et al., 2019). Metamorphic U–Pb zircon ages from sample VM90-18
are from Friend and Nutman (1994) and zircon ages from sample 339199 are from Garde et al. (2000). Interpreted U–Pb metamorphic ages of zircon and monazite
from the Qussuk peninsula are from Garde et al. (2012b).
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leucosome represents unmodified melt compositions due to processes
associated with melt generation, segregation and extraction in mig-
matites (e.g. Sawyer, 1987; Brown et al., 1995; Brown et al., 2016;
Yakymchuk, 2019). We refer to the darker-coloured portion of the
outcrop as melanosome, which contains proportionally more ferro-
magnesian minerals than the leucosome. Melanosome may represent
the residue of partial melting after melt extraction, especially when
spatially associated with leucosome, or be refractory material that did
not melt. Samples of melanosome in this study are spatially associated
with and have diffuse boundaries with pyroxene-bearing leucosome;
these samples are interpreted to represent residual material after melt
extraction. Accessory minerals include zircon, apatite and ilmenite;
rutile is absent from the investigated samples.

Sample 725 (64.99026°N, −52.1488°W) is from the melanosome of
a metabasite enclave. The outcrop contains patchy orthopyroxene- and
clinopyroxene-bearing leucosome in a finer-grained equigranular mel-
anosome (Fig. 3a). The leucosome is dominated by plagioclase with cm-
scale, randomly oriented porphyroblasts of euhedral orthopyroxene and

clinopyroxene (Fig. 3b). The melanosome contains ~80 vol% amphi-
bole with minor amounts of plagioclase, orthopyroxene and biotite
(Fig. 4a). Orthopyroxene contains small inclusions of biotite, but biotite
is also present in the matrix and has sharp grain boundaries with or-
thopyroxene and amphibole, which suggests that it is part of the same
metamorphic assemblage. Clinopyroxene was not observed in the
melanosome, but was observed in leucosome in outcrop and is inferred
to be part of the peak metamorphic assemblage. Therefore, the inter-
preted peak metamorphic assemblage of this sample includes amphi-
bole, plagioclase, biotite, orthopyroxene and clinopyroxene.

Sample 304 is from the base of Finnefjeld mountain (65.26859°N,
−52.16566°W) and contains a network of orthopyroxene-bearing leu-
cosome (Fig. 3e, f). The leucosome contains plagioclase, clinopyroxene
and orthopyroxene (Fig. 4b) whereas the melanosome contains am-
phibole, plagioclase, rare quartz and accessory ilmenite and titanite.
Considering the assemblages in both the melanosome and leucosome,
the peak metamorphic assemblage for this sample is interpreted to be
amphibole, quartz, plagioclase, clinopyroxene and orthopyroxene.

Fig. 2. Field pictures of structures and rock types from the Maniitsoq region. (a) Diorite represents the oldest exposed unit and are spatially associated with
metabasite. (b) Diorite intruded by tonalite. (c) Agmatic morphology of leucosome in migmatitic metabasite. (d) Two-pyroxene leucosome with amphibole rims
aligned parallel with the gneissic fabric. (e) Elongate restitic metabasite blocks. (f) Isoclinally folded metabasite blocks.
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Sample 756 is from Imartorngup Timaa (65.4414°N, −52.58055°W)
and contains rare centimetre-scale garnet in melanosome in outcrop
(Fig. 3c) that we were not able to sample. The same unit contains
patchy orthopyroxene- and clinopyroxene-bearing leucosome with
much less amphibole than the melanosome (Fig. 3d). The melanosome
contains an idioblastic to subidioblastic assemblage of amphibole,
plagioclase, orthopyroxene, clinopyroxene and rare quartz (Fig. 4c, d)
that is inferred to be the peak metamorphic assemblage. Garnet may be
part of the peak metamorphic assemblage in the same outcrop, but it is
not clear if this was controlled by local bulk composition heterogeneity.

Sample 309 is from just west of Portusoq island (65.2433°N,
−52.370278°W) and is a migmatitic amphibolitic gneiss that is re-
folded in decimeter scale isoclinal folds. Leucosome within the gneiss
are pyroxene bearing and a later generation of granitoid dykes, pods
and sheets cut an earlier foliation within this rock. The melanosome is
dominated by a framework of amphibole (~70 vol%) with isolated
subidioblastic to xenoblastic plagioclase (~20 vol%) and quartz

(~10 vol%) (Fig. 4e, f) as well as trace amounts of calcite. Xenoblastic
quartz in the melanosome has low dihedral angles between amphibole
and plagioclase that are interpreted as pseudomorphs after anatectic
melt (e.g. Sawyer, 1999; Holness and Sawyer, 2008). The leucosome
contains clinopyroxene, orthopyroxene and amphibole as well as blocky
plagioclase and rare quartz (Fig. 4e). The interface between leucosome
and melanosome is sometimes slightly enriched in amphibole relative
to other portions of the sample (Fig. 4e).

Samples 741 and 740 (65.47126°N, −53.07131°W) are from the
same outcrop on west Maniitsoq Island (Fig. 1). The outcrop contains a
metabasite with orthopyroxene-bearing leucosome. The melanosome
has a granoblastic texture and contains orthopyroxene, clinopyroxene,
amphibole, plagioclase and ilmenite (Fig. 4d); this is interpreted to
represent the peak metamorphic assemblage. The leucosome contains a
framework of coarse-grained orthopyroxene and blocky plagioclase.
Quartz interstitial to plagioclase is xenoblastic and rounded quartz
occurs in blocky plagioclase (Fig. 4g). Thin quartz films separating

Fig. 3. Field relationships of metabasite from the Maniitsoq region. (a) Patchy leucosome surrounded by a melanocratic halo. Sample 725 was collected in the
melanosome away from this halo. (b) Coarse-grained euhedral orthopyroxene and clinopyroxene in leucosome. (c) Garnet and clinopyroxene in metabasite. (d)
Clinopyroxene and orthopyroxene in leucosome and location of sample 756. (e) Irregular leucosome network in a metabasite. (f) Coarse-grained peritectic ortho-
pyroxene and clinopyroxene in the leucosome indicative of in situ partial melting.
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Fig. 4. Petrology of metabasite. (a) Plagioclase- and orthopyroxene-bearing assemblage in sample 725 from the melanosome in Fig. 3b. (b) Two-pyroxene lecosome
in an amphibole and biotite rich matrix. (c) Inferred peak metamorphic assemblage of plagioclase, amphibole, orthopyroxene in sample 756. (d) Crossed-polarized
light image of (c) for sample 756. (e) Pyroxene–amphibole–plagioclase matrix with a clinopyroxene-rich leucosome in sample 309. (f) Quartz films with low dihedral
angles in sample 309 interpreted as former remnants of partial melt. (g) Granoblastic two-pyroxene assemblage of sample 741 with rare amphibole. (f) Quartz films
with low dihedral angles separating clinopyroxene from plagioclase interpreted as a melt pseudomorph.
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plagioclase from pyroxene with low dihedral angles are interpreted to
represent pseudomorphs after anatectic melt (Fig. 4h).

Sample 202 from near Seqi (65.00960°N, −51.67560°W) is a peg-
matitic orthopyroxene–clinopyroxene leucosome in a metagabbro. The
anastomosing leucosome cuts across a weak foliation defined by aligned
amphibole in the host metagabbro.

The above observations at the outcrop and thin section scale are
consistent with partial melting of the melanosome by a continuous
reaction that consumes amphibole and quartz to produce anatectic melt
and peritectic pyroxene, a common reaction in granulite-facies meta-
basite (Hartel and Pattison, 1996; Palin et al., 2016a, b). The presence
of amphibole, plagioclase and minor quartz in the melanosome indicate
that the reaction did not completely exhaust the reactants and, thus, a
relatively limited volume of melt was produced.

3. Methods

3.1. Geochronology

Zircon U–Pb geochronology was performed on three samples of two-
pyroxene leucosome in metabasite (samples 202, 309 and 740) from the
Maniitsoq region in order to determine the timing of partial melt
crystallization. The U–Pb data are reported in electronic Supplementary
Table S1. Zircon crystals were separated from each sample using
magnetic and density techniques. These zircons, together with zircon
reference standards, were cast in epoxy mounts, which were then po-
lished to approximately half of the grain thickness for analysis. Each
mount was documented with transmitted and reflected light micro-
graphs and cathodoluminescence (CL) images prior to analysis. CL
imaging used a Tescan Mira 3 VP-FESEM scanning electron microscope
with Tescan panchromatic CL detector (185–850 nm spectral range) at
10 kV accelerating voltage and 16.5 mm working distance.

Zircon mineral fractions for samples 309 and 704 were analysed
using secondary ionization mass spectrometry (SIMS) at the John de
Laeter Centre, Curtin University, using a SHRIMP II ion microprobe.
U–Th–Pb ratios and absolute abundances were determined relative to
CUYZ reference zircon (238U/206Pb age 568.55 Ma; 207Pb/206Pb age
569.49 Ma; U = 582.7 ppm; Th = 82.7 ppm; Tedeschi et al., 2019;
Mole et al., 2018; A. Kennedy, John de Laeter Centre), analyses of
which were interspersed with those of unknown zircon. Fractionation of
207Pb*/206Pb* (Pb* = radiogenic Pb) was monitored during each ses-
sion by analysis of the 3465 Ma OG1 zircon standard (Stern et al., 2009)
and no 207Pb/206Pb fractionation correction was deemed necessary.
Measured compositions were corrected for common Pb using non-
radiogenic 204Pb for all SIMS analyses, as per the method implemented
in the data reduction software (SQUID; Ludwig, 2009). Prior to ana-
lysis, each site was cleaned by rastering the primary ion beam over the
area for up to three minutes. In most cases, corrections are sufficiently
small to be insensitive to both the choice of common Pb composition
and the application of a correction. 204Pb correction used an average
crustal composition (Stacey and Kramers, 1975) appropriate to the in-
ferred age of the mineral. External spot-to-spot (reproducibility) un-
certainties of< 1.0% (1σ) and 238U/206Pb* calibration uncertainties
of< 0.6% (1σ) were achieved in this work, as estimated by repeated
measurement of the primary reference material. Calibration un-
certainties are propagated by quadratic addition of the quoted un-
certainties of 238U/206Pb* ratios and dates listed in Supplementary data
Table S1. Data were reduced using SQUID, in-house macros, and Isoplot
(Ludwig, 2003, 2009), using decay constants of Steiger and Jäger
(1977). Calculated mean ages are quoted in the text with 95% un-
certainties (tσ√MSWD; Ludwig, 2003), unless specifically stated
otherwise, and the value of the mean square of weighted deviates
(MSWD) is also cited.

Zircon from sample 202 was analysed by LA-ICPMS, at the
GeoHistory Facility, John de Laeter Centre, Curtin University. Targeted
portions of individual zircon grains were ablated using a Resonetics M-

50 193 nm ArF excimer laser ablation system. Following two pre-ab-
lation cleaning pulses spots were ablated for 35 s at a 10 Hz repetition
rate using a 50 μm beam and laser energy at the sample surface of 2.3 J/
cm2. An additional 40 s of baseline was collected after ablation. The
sample cell was flushed with ultrahigh purity He (300 mL/min) and N
(1.0 mL/min). Isotopic intensities were measured using an Agilent
7700 s quadrupole ICPMS with high-purity Ar as the carrier gas. Most
elements were measured for 0.01 s with the exception of 204Pb, 206Pb,
207Pb, 208Pb at 0.03 s, 232Th at 0.0125 s and 238U at 0.0125 s. Reference
materials were run after 10 unknowns with OG1 (3465 Ma; Stern et al.,
2009) used as a primary standard as it has an ablation response similar
to the Archean unknown grains of interest in this work. Secondary
standards GJ1 (601.7 ± 1.4 Ma; Jackson et al., 2004), Mud Tank
(732 ± 5 Ma; Black and Gulson, 1978); and R33 (419.26 ± 0.39 Ma;
Black et al., 2004) were employed to verify the procedure. No common-
Pb correction is applied due to low 204Pb counts and difficulties to
obtain accurate 204Pb measurements. Data reduction used the U/Pb
Geochronology3 data reduction scheme in Iolite (Paton et al., 2011)
and in-house Microsoft Excel macros. The weighted mean 238U/206Pb
ages determined for secondary standards treated as unknowns and re-
duced using appropriate standards were: GJ1 604 ± 5 Ma (n = 15;
MSWD = 0.37), Mud Tank 736 ± 10 (n = 16; MSWD = 0.45), and
R33 419 ± 4 (n = 15; MSWD = 0.63), consistent with the re-
commended values. Ages include internal and external sources of un-
certainty propagated in quadrature.

3.2. Geochemistry

Bulk rock compositions were determined at ALS Laboratories
(Ireland) using the ME-ICP06 analytical package. Samples were di-
gested after lithium metaborate fusion and major element concentra-
tions were determined by ICP-AES and trace elements by ICP-MS. The
ratio of ferric to ferrous iron was determined by titration (package Fe-
VOL05) at ALS Laboratories. Results are presented in Supplementary
Table S2.

3.3. Phase equilibrium modelling

Phase equilibrium modelling was used to determine the P–T
conditions of Mesoarchean metamorphism in the Maniitsoq region
of the Akia Terrane. Melanosome of the four metabasite samples
that host orthopyroxene-bearing leucosome were selected for
modelling based on the range of SiO2 and MgO concentrations
(Fig. 5a) and spectrum of chondrite-normalized rare earth element
(REE) patterns (Fig. 5b) of mafic rocks in the Akia terrane. Meta-
morphic assemblages were modelled in the NCKFMASHTO
(Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O) chemical
system using the activity-composition models from Green et al.
(2016), the internally consistent thermodynamic database (ds62) of
Holland and Powell (2011) and the THERMOCALC software package
(Powell and Holland, 1988). Pure phases considered in our modelling
include quartz, rutile, sphene, and aqueous fluid (H2O). Mineral ab-
breviations are from Holland and Powell (2011).

Modelling anatectic systems requires an estimate of the amount of
H2O and oxidation state (i.e. Fe3+ versus Fe2+) of the system.
Suprasolidus rocks are generally not considered to have excess H2O as
the very small amount of free H2O at the solidus is partitioned into
anatectic melt (e.g. Clemens and Vielzeuf, 1987) and the preservation
of high-temperature assemblages requires that melt was extracted from
the system during prograde metamorphism (e.g. White et al., 2005). At
crustal conditions, along the solidus, the solubility of H2O in anatectic
melt increases with pressure (e.g. Palin et al., 2016a). Therefore, for
phase equilibrium modelling of suprasolidus rocks, the amount of H2O
in the bulk composition must be set such that there was no excess fluid
in the system. Temperature–composition (T–X) diagrams were con-
structed at 0.5 GPa to constrain the appropriate amount of H2O in each
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sample. Using the T–X diagrams, the amount of H2O in the system was
chosen to just stabilize the interpreted peak metamorphic assemblage at
the solidus at 0.5 GPa. High-temperature metamorphic assemblages are
also sensitive to the oxidation state of the system and the ratio of ferric
to ferrous iron in the system affects the stability of oxides and major
silicate minerals (e.g. Diener and Powell, 2010). Consequently, we use
the values of ferric and ferrous iron measured by ICP-OES and titration.
All modelled compositions are specified in Table 1.

Trace element modelling was also conducted to determine the
equilibrium concentration of trace elements in anatectic melt at a range
of P–T conditions near the estimated peak of metamorphism. The
methodology used here is similar to that applied in previous studies and
combines the output of phase equilibrium modelling with mineral–melt
partitioning expressions for trace elements (Nagel et al., 2012;
Yakymchuk and Brown, 2019; Janousek and Moyen, 2019). Briefly,
melt and mineral weight fractions were calculated from the THERMOCALC

output and combined with partition coefficients for mafic rocks from
the compilation of Bédard (2006). Using the batch melting expression
of Hanson (1978) and the whole-rock concentrations determined from
ICP-MS, the concentrations of rare earth elements in the model melt
were calculated from 0.4 to 1.0 GPa at 900 °C at 0.1 GPa intervals.
Modelled melt compositions were then compared with published
compositions of tonalites from the Maniitsoq region (Gardiner et al.,
2019).

Several important assumptions must be made to apply the results of
phase equilibrium modelling to the trace element compositions of to-
nalites from Maniitsoq. First, we assume that the preserved high-

temperature metamorphic assemblage in the metabasite was similar to
that of the residue when melt was extracted. Second, we assume that
the measured trace element composition of the residue was similar to
that when the melt was extracted and that melt extraction occurred as a
single pulse (c.f. Yakymchuk and Brown, 2014a). Considering that the
fertility of these rocks is expected to be fairly limited (< 20 vol% melt)
at the exposed crustal level, the assumption that the trace element
composition of the residue is similar to that of the protolith is con-
sidered a reasonable approximation. Third, we do not consider the
accessory minerals to contribute to the trace element composition of the
melt. The low concentrations of Zr (< 100 ppm) and P2O5 (< 0.10 wt
%) in the measured compositions (Supplementary Table S2) imply that
the modes of zircon and apatite are very low and their absence from the
modelling is not expected to substantially change the composition of
the modelled melt. Low modes of zircon are also expected due to Zr
accommodation in amphibole (e.g. Bea et al., 2006), which is part of
the metamorphic assemblage for the four investigated metabasite
samples. Finally, the composition of the magma extracted from the
source will likely be a combination of melt and entrained minerals or
residue (e.g. Stevens et al., 2007; Clemens et al., 2011) – the entrain-
ment of these components is not considered in the modelling here when
comparing the modelled melt compositions to measured compositions
of tonalite in the Maniitsoq region. Although the assumptions listed
above will have subtle effects on the modelled melt compositions versus
the composition of tonalite, the modelling provides a first-order test of
the genetic link between the tonalite and the granulite-facies mafic
rocks that builds on existing Hf isotope evidence (Gardiner et al., 2019).

Fig. 5. (a) Whole rock MgO versus SiO2 (wt%) for metabasite samples modelled here compared with metabasite compositions from Garde et al. (2012b) for the
Maniitsoq region. (b) Chondrite-normalized rare-earth element profiles of four metabasite samples compared with the metabasite and metavolcanics rocks from the
Akia Terrane (Garde et al., 2012b). Chondrite values are from McDonough and Sun (1995).

Table 1
Compositions used in phase equilibrium modelling.

wt%

Sample Latitude Longitude SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total

304 65.44140 −52.58055 47.60 0.79 14.95 3.66 9.30 0.24 6.93 10.75 2.69 0.43 0.06 0.41 97.81
725 64.99026 −52.14880 48.00 0.35 10.65 2.01 7.95 0.18 18.05 8.57 1.62 1.01 0.03 0.79 99.21
741 65.47126 −53.07131 56.20 0.55 13.95 2.55 9.45 0.21 4.63 9.04 2.63 0.47 0.07 < 0.01 99.75
756 65.44140 −52.58055 47.20 0.60 15.85 2.18 8.70 0.19 9.99 12.75 1.39 0.13 0.03 0.40 99.41

mol%

Sample Figures H2O SiO2 Al2O3 CaO MgO FeO K2O Na2O TiO2 O Fe3+/[Fe2+ + Fe3+] Total

304 6c, 7c 3.14 49.24 9.11 11.91 10.69 10.90 0.28 2.70 0.62 1.43 0.26 100.00
725 6a, 7a 6.77 43.97 5.75 8.41 24.65 7.48 0.59 1.44 0.24 0.69 0.19 100.00
741 6d, 7d 2.46 57.68 8.44 9.94 7.08 10.08 0.31 2.62 0.42 0.98 0.20 100.00
756 6b, 7b 4.15 46.78 9.26 13.54 14.76 8.84 0.08 1.34 0.45 0.81 0.18 100.00
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4. Results

4.1. Geochemistry

The compositions of the metabasite samples investigated here are
compared with the compositions of mafic rocks from the Akia Terrane
(Garde et al., 2012b) in Fig. 5. Sample 725 contains 17 wt% MgO
(Fig. 5a), the highest of the samples investigated in detail, and has a flat
chondrite-normalized rare earth element pattern and the lowest con-
centrations of the REE of the investigated samples (Fig. 5b). Sample 756
has a moderate concentration of MgO (10 wt%), low SiO2 (~47 wt%)
and is slightly depleted in the LREE compared with the HREE (Fig. 5).
Sample 304 has ~ 6 wt% MgO, ~47 wt% SiO2 and a flat chondrite-
normalized REE pattern (Fig. 5). Sample 741 has the lowest MgO
(~5 wt%) and highest SiO2 (~56 wt%) of the four samples. It is slightly
enriched in the LREE compared with the HREE and contains a pro-
nounced negative Eu anomaly (Fig. 5b).

Compared with the compilation of unaltered rocks of Garde et al.
(2012b), samples 756 and 304 plot near the values for their amphibo-
lite (Fig. 5). Sample 741 plots among their metavolcanic rocks and 725
plots at much higher MgO values than their amphibolite for a similar
SiO2 content (Fig. 5a). Samples 725 and 756 have similar chondrite-
normalised profiles to the amphibolite of Garde et al. (2012b) (Fig. 5b).
Samples 304 and 741 have similar chondrite-normalized profiles to the
most LREE-enriched metavolcanic rocks from Garde et al. (2012b), but
have higher concentrations of the HREE (Fig. 5b). In general, the four
samples investigated here are considered broadly representative of the
range of compositions of amphibolite and mafic metavolcanic rocks
observed in the Akia Terrane.

4.2. Phase equilibrium modelling

4.2.1. Pressure–temperature estimates
The results of phase equilibrium modelling of four orthopyroxene-

bearing samples are shown in Fig. 6. All modelled metamorphic as-
semblages shown in Fig. 6 include the presence of anatectic melt.
Subsolidus phase assemblages were not calculated due to the un-
certainty of the prograde P–T path that is required for a melt re-
integration calculation to retrieve the protolith composition (e.g.
Bartoli, 2017).

For sample 725, plagioclase is predicted at< 760 °C and clinopyr-
oxene is restricted to> 900 °C (Fig. 6a). The presence of plagioclase
and absence of clinopyroxene (Fig. 4a) in sample 725 is not compatible
with a single modelled stability field in Fig. 6a. However, the mineral
assemblages throughout the outcrop are heterogeneous. The bulk
sample used to calculate the phase diagram was taken from the mela-
nosome and away from pyroxene-bearing leucosome and does not
contain clinopyroxene. A narrow melanocratic halo between the clin-
opyroxene-bearing leucosome and the melanosome (Fig. 3a) suggests
that plagioclase was locally consumed to produce the clinopyroxene-
bearing leucosome. Therefore, the peak metamorphic temperatures
may have reached>900 °C as indicated by the presence of peritectic
clinopyroxene in leucosome in outcrop and local depletion of plagio-
clase in the melanosome immediately surrounding the leucosome. At
~850–900 °C and 6 kbar, the modelling predicts ~75–80 one-oxide
normalized mol.% (~equivalent to vol.%) hornblende, which is broadly
consistent with the amount of amphibole observed in thin section
(Fig. 4a). Nonetheless, the modelling does not predict that plagioclase is
stable at these conditions, which contrasts with the observation of
plagioclase in thin section (Fig. 4a). Garnet is predicted to be stable at
P > 1.4 GPa at these temperatures and is not observed in outcrop.
Phase equilibrium modelling also predicts the presence of biotite at
ultra-high temperature (> 900 °C) conditions. This may be due to the
absence of quartz and plagioclase in the modelling at high tempera-
tures, which are necessary reactants in fluid-absent incongruent biotite-
breakdown melting reactions (e.g. Patiño Douce and Beard, 1995).

Therefore, the modelled peak P–T conditions are restricted to>900 °C
and< 1.4 GPa, which equates to an apparent thermal gradient of>
650 °C/GPa. However, these P–T estimates should be treated with
caution given the outcrop-scale heterogeneity and the inconsistency
between the modelled phase assemblages and the observed mineral
assemblages.

Sample 756 contains an interpreted peak assemblage of orthopyr-
oxene, clinopyroxene and rare garnet. Garnet was only observed in
outcrop and not in thin section. Without garnet, the peak metamorphic
assemblage is restricted to>800 °C and< 0.8 GPa (Fig. 6b). With
garnet and orthopyroxene, the assemblage is restricted to 0.8–1.0 GPa
at 850 to>1000 °C (Fig. 6b). Both assemblages are consistent with an
apparent thermal gradient of> 1050 °C/GPa.

Sample 304 contains an interpreted peak assemblage that includes
orthopyroxene and clinopyroxene without garnet. This assemblage is
restricted to< 0.8 GPa and> 770 °C to> 850 °C with increasing
pressure (Fig. 6c). Given the strong sensitivity of magnetite stability to
the amount of Fe3+ in the modelled system and the possibility of oxi-
dation due to sample processing (e.g. Diener and Powell, 2010), it is
unclear if magnetite was part of the peak metamorphic assemblage
(Fig. 6c). In addition, there is some uncertainty in how robust the ac-
tivity–composition models for augite and amphibole are regarding site
mixing of Al and Fe3+ (e.g. Forshaw et al., 2019). Nonetheless, the
estimated P–T conditions equate to an apparent thermal gradient
of> 1050 °C/GPa.

For sample 741, the predicted stability field of orthopyroxene is
restricted to>730 °C at 0.2 GPa and> 850 °C at 0.7 GPa (Fig. 6d).
Garnet is predicted to be stable at> 0.75 GPa at these temperatures,
but is absent from the sample. Amphibole is present in the sample,
which restricts peak temperatures to< 870 °C. However, amphibole
only represents < 5 vol% of the sample and its preservation may be
due to local bulk compositional control (i.e. local volumes with higher
aH2O); hence this sample may have reached temperatures higher than
the hornblende-out phase boundary in Fig. 6d. Nonetheless, the pre-
dicted P–T conditions represent an apparent thermal gradient of>
1050 °C/GPa

In summary, the investigated samples all contain orthopyroxene-
bearing metamorphic assemblages that are consistent with suprasolidus
conditions at pressures of< 0.9 GPa and temperatures ≫750 °C across
the Maniitsoq region of the Akia Terrane. With the exception of sample
725, which is a compositional outlier (Fig. 5a) and has a modelled wide
range of possible pressures at peak temperatures (Fig. 6a), the re-
maining samples all record minimum apparent thermal gradients
of> 1050 °C/GPa. The presence of peritectic clinopyroxene in sample
725 suggests that temperatures may have locally exceeded 900 °C
(Fig. 6a) in parts of the Maniitsoq region, although the results from this
sample need to be treated with caution given the outcrop-scale het-
erogeneity in P–T-sensitive mineral assemblages (Fig. 3a).

4.2.2. Trace element modelling
Chondrite-normalized REE profiles for modelled melt compositions

for 0.4–1.0 GPa at 900 °C of each of the four modelled compositions is
shown in Fig. 7. Also shown in Fig. 7 for comparison are the range of
REE profiles measured in c. 3.0 Ga tonalite from Gardiner et al. (2019).
As a group, 3.0 Ga tonalite have negatively sloping REE profiles, typical
of the TTG series (e.g. Moyen and Martin, 2012), with minor negative
to strong positive Eu anomalies (Fig. 7).

For sample 725, all melt compositions from 0.4 to 1.0 GPa are ap-
proximately the same and are depleted in LREE relative to tonalite.
Middle and heavy REE plot in the field of the tonalities in Fig. 7a, but
concentrations of the LREE in the model melts are lower than measured
compositions.

For sample 756, all modelled melt compositions have lower La, Ce,
Pr and Eu than tonalite and have HREE concentrations that plot within
the field of the tonalite with the exception of Lu for the 0.4–0.8 GPa
model melts (Fig. 7b). However, model melt from a garnet-present
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assemblage (0.9 and 1.0 GPa) have predicted HREE concentrations that
plot in the range of tonalite (Fig. 7b).

For sample 304, model melt compositions from 0.4 to 0.8 GPa (with
orthopyroxene but no garnet in the source) have slightly enriched LREE
that plot in the range of tonalite values, but also have flat HREE that are
more enriched than measured tonalite compositions (Fig. 7c). Melt
compositions at 0.9 and 1.0 GPa (which includes garnet in the source)
are more depleted in the HREE and fall in the range of measured to-
nalite compositions (Fig. 7c). These modelled melt composition provide
the best match to the measured compositions of tonalite in the Man-
iitsoq region.

For sample 741, modelled melt compositions are all enriched in Pr,
Nd and Sm relative to the tonalite compositions and have moderate to
strong Eu anomalies. Melt compositions calculated at 0.4–0.8 GPa are
more enriched in the HREE than tonalite (Fig. 7d). When garnet is in
the residue at 0.9 and 1.0 GPa, the HREE are depleted and model melt
compositions plot within the field defined by tonalite (Fig. 7d).

In summary, with the exception of sample 756, which may have
garnet in the peak assemblage, the modelled melt compositions in the
other three samples at peak P–T conditions do not produce the appro-
priate low concentrations of the HREE in tonalite from the Maniitsoq
region. However, extrapolation from the estimated peak metamorphic
conditions into the garnet stability field by 0.1–0.2 GPa from the

estimated pressures of peak metamorphism generates model composi-
tions that are generally compatible with measured tonalite composi-
tions.

5. U–Pb geochronology

5.1. 309 – two-pyroxene leucosome

Zircon crystals are subhedral to euhedral and have moderate to high
aspect ratios (1:3 to 1:5). In CL images the grains display oscillatory
zoned cores overgrown and partially resorbed by dark-CL response rims
(high U) which in turn are overgrown by bright-CL response rims (low
U) (Fig. 8a). One analysis is greater than 10% discordant and one
analysis which failed to yield U/Pb ratios (Group D) are not considered
further. Fourteen analyses (Group P) on high uranium overgrowths and
lower uranium core domains yield 207Pb*/206Pb* ages of
3026–2988 Ma (Fig. 8a), are interpreted to reflect either prolonged
metamorphic growth or the partial retention of the isotopic signature
from dissolved inherited cores and new zircon growth. The youngest
statistically coherent component of this group yields a weighted mean
207Pb*/206Pb* age of 2989 ± 5 Ma (MSWD 0.68, n = 4), which is
interpreted as dating one period of high-temperature metamorphism
and leucosome crystallization. No correlation is apparent between U

Fig. 6. Pressure–temperature isochemical phase diagrams for four metabasite samples from the Maniitsoq region of the Akia Terrane. The inferred peak metamorphic
assemblage is outlined by a red line. Dashed lines represent the one-oxide normalized molar percentage of melt in the system, which is approximately equivalent to
vol%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and 207Pb*/206Pb* age, which under normal crustal conditions would
be inconsistent with radiogenic-Pb mobility as the dominant influence
on the age pattern observed (that is higher U would be expected to
correlate with younger age). Nonetheless, at temperature condi-
tions> 900 °C crystal structure control would be diminished as all
zircon would be above their Pb blocking temperature and radiogenic-Pb
mobility viable to explain the U–Pb scatter. Hence, ages of core and
rims may relate to near simultaneous radiogenic-Pb mobility and
growth, potentially a natural occurrence of high-grade metamorphism
and leucosome development (e.g. Kirkland et al., 2018c). One low U
(51 ppm) rim analysis (Group M) yields an imprecise 207Pb*/206Pb*age
of 2871 ± 88 Ma (1σ). While only a single analysis, and so must be
interpreted with caution, this result may be interpreted as an estimate
of the timing for a low-temperature metamorphic (hydrothermal)
overprint on these rocks. Four analyses (Group X) of oscillatory zoned
cores yield a weighted mean 207Pb*/206Pb* age of 3048 ± 5 Ma
(MSWD = 1.05), interpreted as the magmatic crystallization age of the
host rock now inherited into the leucosome.

5.2. 740 – Pyroxene bearing leucosome

Zircon crystals recovered from sample 740 are subhedral to eu-
hedral and typically elongate. In CL images, oscillatory zoned partially
reabsorbed cores are common, low CL response and many grains are
overgrown by additional homogeneous low CL response rims (Fig. 8b).
Eleven analyses (Group M) of cores and homogenous rims (including
four analyses with extreme uranium content) yield a weighted mean
207Pb*/206Pb* age of 3009 ± 3 Ma (MSWD = 1.9), interpreted as the
age of high-grade metamorphism, leucosome crystallization and iso-
topic resetting of protolith zircon. Six analyses (Group P) of both rims

and cores yield 207Pb*/206Pb* ages of 2993–2914 Ma (Fig. 8d), and are
interpreted to have lost radiogenic-Pb consistent with their Ter-
a–Wasserberg discordant character.

5.3. 202 – Orthopyroxene-clinopyroxene leucosome in gabbroic gneiss

The zircon crystals are euhedral and under CL display well-devel-
oped idiomorphic zoning with occasional dissolution fronts. Three
analyses (Group D) are> 5% discordant (Fig. 8c) and are interpreted to
have been influenced by radiogenic-Pb loss or common Pb. Seventeen
analyses (Group I) of idiomorphically zoned zircon yield a weighted
mean 207Pb/206Pb age of 3001 ± 14 Ma (MSWD= 0.2), interpreted as
the magmatic crystallization age of the zircon in the leucosome, con-
sistent with the zircon internal textures. These analyses yield moderate
to high Th/U ratios of 1.4–2.5.

6. Discussion

6.1. Mesoarchean high-temperature metamorphism and anatexis

The three ages from in situ orthopyroxene-bearing leucosome
(samples 202, 309 and 740) in the Maniitsoq region range from c. 3010
to c. 2990 Ma (Fig. 8a–c). These ages are broadly consistent with pre-
viously reported zircon U–Pb geochronology of the timing of granulite-
facies metamorphism within the southern Akia Terrane. Garde et al.
(2000) report an age of 2981 ± 8 Ma from a grey gneiss from the
mouth of Fiskefjord (sample 339199; Fig. 1) as the granulite-facies
thermal maximum. Friend and Nutman (1994) report an age of
2999 ± 4 Ma for the granulite-facies metamorphism of a metasedi-
mentary rock from Nordlandet (sample VM90-18; Fig. 1). When

Fig. 7. Modelled chondrite-normalized rare earth element profiles of melt in equilibrium with the metamorphic assemblages in Fig. 6 at 900 °C and for a variety of
pressures. The grey fields are the range of tonalite orthogneiss compositions from Gardiner et al. (2019). Except for sample 725, all other modelled melt compositions
are most consistent with the tonalite compositions at pressures of 0.9 and 1.0 Ga. For sample 725, the modelled compositions from 0.4 to 1.0 GPa overlap on the
diagram.
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combined with previous geochronology, the three new ages reported
here are consistent with a regional granulite-facies metamorphic event
that occurred from at least Maniitsoq Island in the north to Nordlandet
in the south in the western portion of the Akia Terrane. The range of
ages may reflect diachronous metamorphism (e.g. Garde et al., 2000) or
may alternatively represent a protracted granulite-facies metamorphic

event across the Akia Terrane, which is more likely given that there is
no clear spatial trend in ages (Fig. 1). Finally, these ages generally
overlap the timing of tonalitic crustal growth (e.g. Gardiner et al.,
2019).

The timing of zircon growth in the pyroxene-bearing leucosome
relative to the P–T evolution has important implications for the absolute
timing of the thermal maximum of the Akia terrane at c. 3.0 Ga. Zircon
in anatectic systems is expected to dissolve during prograde meta-
morphism and partial melting and only grow when zircon saturation is
reached in the melt during cooling and melt crystallization (e.g. Kelsey
et al., 2008; Yakymchuk and Brown, 2014b; Kohn et al., 2015;
Yakymchuk et al., 2017). Variable zircon U–Pb ages from granulite-
facies terranes have been attributed to different solidus temperatures of
residual rocks and zircon crystallization near the estimated solidi (e.g.
Korhonen et al., 2013). The calculated solidus temperatures for the
different samples investigated in this study are not considerably dif-
ferent (Fig. 6). Therefore, the range of zircon ages recording granulite-
facies metamorphism cannot be explained by slow cooling through
variable solidus temperatures. Nonetheless, the Mesoarchean thermal
maximum in the Akia Terrane must have been earlier than these c.
3.0 Ga zircon U–Pb ages. Whether the thermal maximum migrated
across the Akia Terrane (c.f. Garde et al., 2000) or was coeval across the
terrane is not possible to evaluate with the current data set due to three
reasons; (1) growth of zircon is not necessarily expected to record the
timing of the thermal maximum (i.e. peak metamorphism) in high-
temperature metamorphic rocks; (2) zircon growth and Pb diffusion
processes may be simultaneous or diachronous and distinguishing high-
grade growth versus resetting processes is inherently challenging; and
(3) in contrast to neoblastic growth, radiogenic-Pb mobility may be
most prevalent during the thermal maximum in a system that exceeds
the zircon Pb blocking temperature (~900 °C) or in a system below this
temperature in the case of fluid-induced zircon dissolution or dis-
turbance. Our phase equilibrium modelling suggests that peak meta-
morphic temperatures may have locally exceeded this blocking tem-
perature (sample 725; Fig. 6a). Despite these restrictions, it is
nonetheless clear that granulite-facies metamorphism was broadly
contemporaneous across the western extent of the Akia Terrane (from
Maniitsoq in the north to Nordlandet in the south) at c. 3.0 Ga and may
have slightly predated this if temperatures exceeded the Pb-blocking
temperature in zircon.

The P–T conditions of peak metamorphism obtained using phase
equilibrium modelling reported in this work are similar to the results of
Riciputi et al. (1990) and Dymek (1984) from Nordlandet in the
southern Akia Terrane, although they estimated slightly higher pres-
sures (0.8–0.9 GPa) based on conventional thermobarometry; these
estimates are probably within uncertainty of those from our phase
equilibrium modelling (c.f. Palin et al., 2016c). Garde et al. (1986)
report an undated orthopyroxene- and garnet-bearing agmatite in me-
tabasite from just north of the head of Qussuk to the southwest of the
Maniitsoq region (Fig. 1); this assemblage is consistent with the para-
geneses observed in our metabasite samples. Applying our phase
equilibrium modelling, the orthopyroxene leucosome-bearing meta-
basic rocks suggest apparent thermal gradients at the metamorphic
peak of> 1000 °C/GPa. Such elevated geothermal gradients reflect the
high dT/dP metamorphic group of Brown and Johnson (2018) and are
usually found in two tectonic environments: (1) the base of thick crustal
plateaus (e.g. Jamieson and Beaumont, 2013), or (2) regions with thin
lithosphere such as in back-arc settings in modern environments (e.g.
Currie and Hyndman, 2006). The relatively low pressures (< 0.8 GPa)
of high-temperature metamorphism in the Akia Terrane—roughly
equivalent to burial depths of< 26 km assuming a crustal density of
2700 kg/m3—are inconsistent with the base of substantially thickened
crust. This maximum depth is also probably overestimated if the
overlying material was not granitic crust. Furthermore, extrapolation
along this apparent thermal gradient to 1.2 GPa (~45 km deep) equates
to temperatures of ~1200 °C, which is approaching the liquidus for

Fig. 8. U–Pb Tera-Wasserberg diagrams for three leucosome samples from the
Akia Terrane. Different zircon groups are discussed in the text. D = outside
discordance limits, I = idiomorphically zoned, P = radiogenic Pb loss,
M = metamorphic (subsequent events appended a number), and
X = xenocryst. Error bars are shown at 2σ.

C. Yakymchuk, et al. Precambrian Research 339 (2020) 105615

12



crustal rocks (e.g. Gerya et al., 2008); such melt-rich rocks would be
unable to mechanically support a thick crustal plateau. The estimated
maximum crustal thickness of< 45 km given the apparent thermal
gradients calculated from the assemblages in the metabasite in the Akia
terrane (Fig. 6) is also too thin to be associated with a tectonic en-
vironment where partial melting occurs in laterally-thickened arc crust
(e.g. Nagel et al., 2012). Therefore, a geodynamic setting with thin
crust is the best candidate for the Akia Terrane at c. 3.0 Ga during
granulite-facies metamorphism.

6.2. Geodynamic setting of the Akia Terrane in the Mesoarchean

In Archean cratons, the source of TTGs is the partial melting of
hydrated metabasite (e.g. Rapp et al., 1991; Moyen and Martin, 2012;
Nagel et al., 2012; Martin et al., 2014; Moyen and Laurent, 2018), but
the geodynamic setting of anatexis that generates these rocks is con-
troversial (e.g. Bédard, 2006; Johnson et al., 2014, 2017). In the Akia
Terrane, c. 3.0 Ga tonalite was suggested to have been derived from
partial melting of subducted oceanic crust based primarily on their
trace element compositions (Winther and Newton, 1991; Garde, 1997)
or melting of (older) mafic crust at variable depths that do not require a
subduction origin (Gardiner et al., 2019), such as a stagnant-deform-
able lid regime (c.f. Sizova et al., 2015, 2018). Because each of these
processes implies different depths of melting, this is an important factor
in determining the geodynamic setting of tonalite generation in the
Akia Terrane at 3.0 Ga.

Trace element modelling of the four metabasite in this study sug-
gests that the depleted concentration of HREE in the melt (modelled
equivalents for tonalite) cannot be reproduced by melting at the peak
P–T conditions recorded by the samples. Although the modelling does
not reproduce the very low concentrations of the HREE in some tonalite
samples (Fig. 7), this may be due to several factors. First, the tonalite
may be derived from slightly higher pressures (> 1.0 Ga) where garnet
modes were probably higher. Importantly, however, extrapolation
along an apparent thermal gradient of 1000 °C/GPa to 0.9 GPa and
900 °C (~3 km deeper) predicts garnet-bearing assemblages. These
yield model melt compositions that better reproduce the measured
trace element compositions of tonalitic orthogneiss (Gardiner et al.,
2019). Second, because garnet stability and modal proportions are
bulk-composition dependant (e.g. Moyen and Martin, 2012; Palin et al.,
2016a, b; Johnson et al., 2017), our four modelled compositions may
not have encompassed the complete variety of metabasite in the Akia
terrane. Some compositions may have generated melt with higher
proportions of garnet in the residue at< 1.0 GPa (e.g. Palin et al.,
2016a), resulting in more HREE-depleted melt compositions. Finally,
the fractionation of HREE-rich hornblende out of the tonalite magma
during ascent or emplacement may result in depleted HREE composi-
tions in the measured tonalite relative to the melt extracted from their
sources (e.g. Reichardt and Weinberg, 2012; Liou and Guo, 2019;
Yakymchuk et al., 2019). Nonetheless, our modelling suggests that
partial melting of> 3.0 Ga metabasite in the Akia Terrane at crustal
depths as shallow as ~30 km can generate tonalite with depleted
chondrite-normalized HREE profiles found in the c. 3.0 Ga tonalite.

Partial melting at depths of ~30 km does not necessarily require
melting of a subducted slab at depths exceeding the estimated thickness
of the Archean crust (30–45 km for basaltic oceanic crust; Herzberg and
Rudnick, 2012). In contrast, depths of ~30 km are broadly consistent
with the results of numerical models of stagnant-deformable lid tec-
tonics in an oceanic plateau environment without subduction (e.g.
Sizova et al., 2018). However, our results do not preclude the possibility
that some tonalite may have been derived from greater depths, possibly
associated with melting of a subducted slab. However, a subduction
zone is not required to explain the REE compositions of tonalite in the
Maniitsoq region. Further, Gardiner et al. (2019) used Hf isotopes to
show that the mafic parent to 3.0 Ga tonalite was mafic crust of some
antiquity, perhaps Eoarchean or even Hadean. A stagnant lid

environment may better explain the incorporation of a component
of> 800 Myr old mafic crust in the genesis of these tonalities (e.g.
Gardiner et al., 2019).

6.3. Duration of Mesoarchean high temperatures

The similar ages of high-T–low-P metamorphism determined across
the Akia Terrane and to its north on Maniitsoq Island suggest that this
region was a coherent entity at this time. Tectonic models for the Akia
Terrane include accretion of volcanic arcs to a Mesoarchean core and
subsequent subduction-related magmatism (Garde et al., 2000). Recent
work also speculates that this was followed by the impact of a giant
bolide at ≥3000 Ma (Garde et al. 2012a, 2014; Scherstén and Garde,
2013; Keulen et al., 2015). Alternatively, the region may have been
relatively stagnant or undergoing extension during the Mesoarchean
followed by terrane accretion and associated metamorphism in the
Neoarchean (e.g. Kirkland et al., 2018a; Friend and Nutman, 2019). We
evaluate these models below by using a combination of field evidence
and results of zircon geochronology.

Across the Akia Terrane and to its north, zircon morphologies sup-
port a complex history of magmatic and metamorphic growth, resorp-
tion, and recrystallization through the Mesoarchean from 3240 to
2860 Ma (Friend and Nutman, 1994; Kirkland et al., 2018a; Gardiner
et al., 2019). Specifically, temperature estimates of up to (and possibly
exceeding) 900 °C from our phase equilibrium modelling permit ther-
mally activated volume diffusion of Pb to be viable processes affecting
zircon (e.g. Cherniak and Watson, 2001). Evidence for radiogenic-Pb
loss, in U–Pb age data and zircon morphologies, is very common in
zircon from Mesoarchean orthogneiss of the Akia Terrane (Friend and
Nutman, 1994; Garde et al., 2012b; Kirkland et al., 2018a; Gardiner
et al., 2019). The spectrum of Pb loss is inconsistent with being related
only to a c. 3000 Ma bolide impact, as Pb loss both pre-dates (by up to
200 Ma) and significantly postdates (by up to 140 Ma) the proposed
event. The timing of Mesoarchean metamorphism and anatexis also
overlaps the timing of magma crystallization, which is consistent with
‘autometamorphism’ during ongoing magmatic growth. Finally, gran-
ulite-facies metamorphism in the Akia terrane also occurs to the south
of the Maniitsoq region (Fig. 1; Friend and Nutman, 1994; Garde et al.
2000), which is inconsistent with a local metamorphic event but com-
patible with a regional high-temperature event.

Tonalite in the Akia Terrane have zircon crystallization ages that
range from 3.06 to 2.98 Ga (Garde 1997; Garde et al., 2000; Gardiner
et al., 2019) compatible with the minimum timing (based on zircon
crystallization ages in leucosome) of high-temperature–low-pressure
granulite metamorphism from 3.02 to 2.98 Ga in the Akia terrane
(Garde 2007; Garde et al., 2000; this study). A similar duration of to-
nalite crystallization is recorded in the Fennoscandian Shield from 2.92
to 2.83 Ga and was interpreted to record intracrustal TTG formation in
a mafic plateau environment (Laurent et al., 2019). In the Akia terrane,
zircon and monazite geochronology from orthogneiss and meta-ande-
site at Qussuk yield ages of 2995–2975 Ma that were interpreted to
record the timing of upper amphibolite metamorphism (Garde et al.,
2012b; Scherstén and Garde, 2013), which is consistent with the timing
of high-temperature metamorphism and partial melting elsewhere in
the Akia terrane. Considering that the trace element modelling of me-
tabasite anatexis reproduces most of the tonalite compositions (Fig. 7)
at the inferred temperatures of peak metamorphism and in the im-
mediately underlying crust, tonalite magmatism can be genetically
linked to partial melting of the metabasite. The>40 My duration of the
high-temperature thermal event at c. 3.0 Ga suggests a prolonged heat
source. We speculate that the generation of tonalite and co-production
of dense residue at the base of the crust was rapidly followed by residue
delamination; this potentially provided a mechanism to maintain ele-
vated heat flow from the mantle into the crust (c.f. Bédard, 2006;
Sizova et al., 2018) especially if there was a long-lived mantle upwel-
ling, which has been proposed for other Archean cratons (Bédard,
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2018).
Field relationships support a geodynamic model involving crustal

melting by stagnant-lid or extensional magmatism (i.e. no penetrative
deformation associated with ca 3.0 Ga metamorphism). Such field
evidence is also consistent with the zircon morphologies and age data
that support prolonged high-temperature processes. There is no sys-
tematic change in the timing of Mesoarchean granulite-facies meta-
morphism across the western portion of the Akia terrane (Fig. 1), which
is inconsistent with the lateral accretion of crustal blocks with different
tectonometamorphic histories. Hf-isotope data from zircon suggest that
magmatic addition largely occurred through reworking of existing crust
with limited input from mantle melting (Gardiner et al., 2019). Hence,
the voluminous magmatism derived from reworking of Akia Terrane
crust at c. 3.0 Ga may have been in a stagnant lid or possibly exten-
sional tectonic environment prior to latest Mesoarchean collisional or-
ogenesis at< 2.98 Ga (Garde, 2007; Friend and Nutman, 2019).

7. Conclusions

Mesoarchean (c.>3.02–2.98 Ga) granulite-facies metamorphism
and partial melting without associated penetrative ductile deformation
occurred during the addition of tonalitic magma, consistent with me-
tamorphism during ongoing magmatic accretion at c. 3.0 Ga in the Akia
Terrane of the North Atlantic Craton. Phase equilibrium modelling in-
dicates temperatures of at least 800 °C at< 0.8 GPa at the current ex-
posed crustal level, consistent with a high thermal gradient and thin
crust. Tonalite is probably derived from slightly deeper in the crust in
the garnet stability field at 0.9 GPa and may be related to partial
melting of the base of thinned mafic crust. Together, the high apparent
thermal gradient and implied thin crust, lack of pervasive penetrative
deformation, long-durations (> 40 Ma) at high temperatures, and po-
tential crustal sources of contemporaneous tonalite suggest that
Mesoarchean (c. 3.0 Ga) metamorphism in the Akia terrane occurred in
a stagnant (or extensional) tectonic regime prior to Neoarchean com-
pressional tectonism.
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