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Abstract 22 

We report a Hf isotope investigation of zircons from four Eoarchaean orthogneisses from the 23 

Godthåbsfjord region of southern West Greenland by laser ablation MC-ICPMS, to elucidate 24 

crust-mantle differentiation processes in the early Earth. Zircons of all samples record a 25 

complex, multi-stage growth and disturbance history, and these discrete growth phases also 26 

exhibit disparate Lu-Hf isotope systematics. The oldest (3.84-3.82 Ga) zircon cores have 27 

tightly clustered 
176

Hf/
177

Hf ratios that are consistent with derivation of their tonalitic 28 

precursors from chondritic mantle at this time, with no evidence of input from older crustal or 29 

depleted mantle sources. Younger (3.67-3.62 Ga) zircon overgrowths have subchondritic Hf 30 

and plausibly grew from small fraction partial melts of the tonalitic host, involving variable 31 

dissolution of the older zircon cores. The Neoarchean (ca. 2.7 Ga) zircon component in some 32 

samples extends to significantly higher 
176

Hf/
177

Hf than the > 3.65 Ga zircon, a feature that is 33 

interpreted to reflect addition of radiogenic Hf from the rock matrix during metamorphic 34 

zircon growth and recrystallisation at 2.7 Ga. The strongly positive Hf (3.82 Ga) values 35 

obtained by dissolution of GGU110999 zircons are interpreted to be an artifact of calculating 36 

Hf values at ages that are too old, and also from the inclusion of radiogenic younger domains 37 

in the analysed multi-grain fractions, rather than to a contribution from depleted Eoarchean 38 

mantle. Such data – from zircon grains with multiple age and isotopic components – should 39 

not be used to define the evolution of crust-mantle reservoirs. A re-interpretation of the 40 

existing Pb isotope data, incorporating the new Hf isotope constraints, posits that the 41 

protoliths to the Godthåbsfjörd gneisses were influenced by radiogenic Pb introduced as a 42 

fluid mobile component during recycling of a high-μ stagnant basaltic lid at ≥3.8 Ga. The 43 

destruction of this mafic protocrust, with attendant fluid release into chondritic mantle, may 44 

have been instrumental for the generation of stable Eoarchean tonalitic crust from ca. 3.8 Ga. 45 

 46 
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1. Introduction 48 

Earth's continental crust grows from, and depletes, the underlying peridotitic mantle. The 49 

chemical legacy of this differentiation process operating throughout geological time is 50 

recorded by long-lived radiogenic isotope tracers, such as the 
147

Sm–
143

Nd (t1/2 =106 Ga) and 51 

176
Lu–

176
Hf (t1/2 = 37.1 Ga) systems. Because the daughter element (viz., Nd and Hf) in these 52 

systems is more incompatible during melting of spinel and garnet peridotite, separation of 53 

partial melt from the mantle drives the residual peridotite towards elevated Sm/Nd and Lu/Hf. 54 

With time, this 'depleted' mantle therefore evolves towards 
143

Nd/
144

Nd and 
176

Hf/
177

Hf ratios 55 

that are higher than those of the primordial mantle. The existence of strongly radiogenic upper 56 

mantle at the present day, as sampled globally by mid-ocean ridge basalts, is conventionally 57 

viewed as the outcome of long-term crust extraction (Hofmann, 1988), although how far back 58 

in time a strongly depleted mantle reservoir existed is uncertain. Establishing the timing and 59 

magnitude of ancient mantle depletion is fundamental for models of continental growth, since 60 

this provides key constraints on when significant volumes of continental crust were stabilised, 61 

as well as on the rate at which continental materials have been recycled back into the mantle. 62 

The latter, in turn, has geodynamic implications (e.g., Dhuime et al., 2012). 63 

 64 

In the quest to unravel early crust–mantle evolution, much attention has focused on the most 65 

ancient terrestrial rocks, which typically comprise small, highly tectonised gneiss complexes 66 

in a number of Archean Cratons (e.g., Yilgarn Craton; Myers, 1988; Slave Craton, Bowring 67 

and Williams, 1999; North China Craton, Liu et al., 2007; Superior Province; Bickford et al., 68 

2006). Of these, the 3.9–3.5 Ga orthogneisses and associated supracrustal packages of 69 

southern West Greenland, which cover ~3000 km
2
, are arguably the best exposed and the best 70 

preserved (see Nutman et al., 2013). Interpretation of the isotopic information from these 71 

rocks has not been without controversy. Most critically, the Sm-Nd and Lu-Hf systems appear 72 

to provide contradictory information. The Greenland gneisses have elevated 
143

Nd/
144

Nd and 73 



142
Nd/

144
Nd, suggesting derivation of the magma sources from mantle that had undergone 74 

significant, early (pre 4 Ga) depletion in incompatible elements (i.e. with super-chondritic 75 

Sm/Nd, Bennett et al., 2007), and yet a commensurate depletion is not recorded by 
176

Hf/
177

Hf 76 

(Vervoort et al., 1996; Vervoort and Blichert-Toft, 1999). This is puzzling, given the 77 

covariant behaviour of Hf and Nd isotopes observed in most terrestrial rock reservoirs (e.g. 78 

Vervoort et al., 1999), although it is notable that other strongly deformed and metamorphosed 79 

Eoarchean rocks also have decoupled Hf-Nd isotope systems (e.g., Guitreau et al., 2013). 80 

Initial debates over the role of isotope disturbance on whole-rock Sm-Nd isotope systematics 81 

of the Greenland gneisses (Vervoort et al., 1996; Moorbath et al., 1999; Vervoort and 82 

Blichert-Toft, 1999) and uncertainties over the 
176

Lu decay constant have been supplanted by 83 

complex, but speculative, models where Lu/Hf and Sm/Nd were decoupled during deep 84 

crystallization of a Hadean magma ocean (e.g. Caro et al., 2005; Shirey et al., 2008) or 85 

metasomatism of mantle sources by slab-derived fluids (Hoffmann, et al., 2011), or where the 86 

Earth has a non-chondritic Hf and Nd isotope composition (e.g., Caro and Bourdon, 2010).  87 

 88 

Although 
176

Hf/
177

Hf in the Greenland gneisses is lower than predicted from global Hf – Nd 89 

correlations, it remains that zircon crystals separated from these rocks, when analyzed as 90 

multi-grain fractions, have returned positive Hf values when calculated at nominal protolith 91 

ages (Vervoort et al., 1996; Vervoort and Blichert-Toft 1999). These data, taken at face value, 92 

could suggest at least some prior depletion of the Eoarchean mantle (e.g., Vervoort and 93 

Blichert-Toft, 1999) associated with very early, possibly Hadean, extraction of crust. It is, 94 

however, important to note that zircon crystals in many Greenland gneisses preserve 95 

microstructural and geochronological evidence for multi-stage thermal histories spanning up 96 

to 1.1 billion years. This observation greatly complicates the interpretation of Hf isotope data 97 

derived by digestion of these complexly zoned grains (Vervoort and Blichert-Toft 1999; 98 

Whitehouse et al. 1999; Kemp et al. 2009). The distinctly positive Hf values of Eoarchaean 99 



Greenland zircons (up to +3.3, recalculated from data in Vervoort et al., 1996 using the 100 

current 
176

Lu decay constant and Lu-Hf CHUR values; Söderlund et al., 2004; Bouvier et al., 101 

2008) have not been unambiguously reproduced by laser ablation Hf isotope analysis, where 102 

growth domains of well-constrained age have been targeted (Kemp et al., 2009; Hiess et al., 103 

2009; Naeraa et al., 2012; Fisher and Vervoort, 2018). These microanalytical studies suggest 104 

derivation of the Eoarchean Greenland magmas from a source with a time-integrated near-105 

chondritic Lu/Hf ratio, illustrating the discrepancy between the Hf and Nd isotope systems for 106 

these rocks.  107 

 108 

A further complication lies in the interpretation of Pb isotope systematics of the Greenland 109 

gneisses. Although these data are the subject of a long-standing debate (e.g., McGregor, 2000 110 

vs. Kamber and Moorbath, 2000) there is evidence that at least some of the Greenland 111 

tonalitic gneisses incorporated Pb from an older, perhaps 4.3 Ga, basaltic source (Kamber et 112 

al., 2003). This has underpinned models for nascent development of crust on Earth (e.g., 113 

Kamber, 2015). The problem is that existing Hf and Nd isotope data from the same rocks 114 

provide no compelling support for such a Hadean source component. Until these apparent 115 

discrepancies between different radiogenic isotope systems are resolved, our understanding of 116 

the timing and processes of ancient continental crust formation on Earth must be regarded as 117 

incomplete. 118 

 119 

It is increasingly clear that interpretation of Hf isotope data from early Archean gneiss 120 

complexes critically depends on the timing and mode of formation of the zircon crystals in 121 

these rocks. Establishing this is typically far from straightforward. Ion microprobe studies of 122 

gneisses from the Godthåbsfjord region of southern West Greenland have established multiple 123 

generations of zircon growth, most notably at ca. 3.89–3.80 Ga, 3.68–3.5 Ga and 2.65 Ga. 124 

Whitehouse et al. (1999) argue that the ca. 3.65 Ga zircon crystallised from an intrusive felsic 125 



magma in which the 3.82–3.85 Ga component was present as inherited or xenocrystic nuclei. 126 

Conversely, Nutman et al. (2001) consider that the 3.82 Ga zircon dates the crystallization age 127 

of the igneous precursor to the gneisses, with the ca. 3.65 Ga overgrowths being acquired 128 

during a later episode of metamorphism and partial melting. Distinguishing between these 129 

competing scenarios is important because zircon formed during metamorphism can develop 130 

elevated 
176

Hf/
177

Hf ratios that reflect incorporation of radiogenic Hf derived from the rock 131 

matrix (Patchett, 1983). In this case, the Hf isotope composition of the zircon cannot then be 132 

used to constrain the evolution of major terrestrial reservoirs. 133 

 134 

Here, we report a detailed Hf isotope investigation of complexly zoned zircons from four 135 

Eoarchaean orthogneisses from southern West Greenland by laser ablation MC-ICPMS, and 136 

also whole rock geochemical and Sm-Nd and Lu-Hf isotope data for one key sample 137 

(GGU110999). The goal is to use the Hf isotope information from the discrete zircon growth 138 

phases, dated by prior ion microprobe analysis, to elucidate the magmatic and metamorphic 139 

evolution of the host rocks, constrain the nature of the magma source(s), and to shed further 140 

light on the thermal and growth history of this important segment of Eoarchean crust - with 141 

implications for the existence of a depleted mantle reservoir and crust-mantle differentiation 142 

processes in the early Earth. We also evaluate the significance of previously published Pb 143 

isotope data in the light of these new Hf isotope results, and, incorporating these constraints, 144 

propose a new mechanism for the formation of felsic Eoarchean crust. 145 

 146 

2. Background 147 

We report Hf isotope data from zircons of gneiss samples GGU110999, SM/GR/97/2, 148 

SM/GR/97/7 and SM/GR/97/8 from the Godthåbsfjord region of southern West Greenland. 149 

The U-Pb age and trace element composition of these same zircon grains were previously 150 



determined by SIMS (Whitehouse et al. 1999; Whitehouse and Kamber, 2003; Whitehouse 151 

and Kamber, 2005). 152 

 153 

Sample GGU110099 is an archetypal Eoarchaean tonalitic gneiss that holds a special place in 154 

crustal evolutionary studies of the early Earth. Analytical data from this intensely studied rock 155 

encapsulate many of the debates around the origin of early Archean gneisses and the 156 

significance of these rocks for understanding ancient crust-mantle differentiation processes. 157 

Originally collected from the eastern shoreline of Angisorsuaq Island, the rock has been 158 

described as a ‘weakly banded, relatively homogeneous, grey tonalitic gneiss’ (Whitehouse et 159 

al., 1999) in which the original igneous fabric has been obliterated by intense later 160 

deformation and recrystallisation. Bennett et al. (1993) state that at the sample site the gneiss 161 

is ‘devoid of partial melt segregations and strong banding’, although Nutman et al. (2001) 162 

indicate that the gneisses are ‘somewhat heterogeneous and layered’ and allude to a ‘network 163 

of veins of new melt, associated with granulite facies metamorphism at 3.65 Ga’.  164 

 165 

Aliquots of GGU110999 have been widely distributed for geochemical and isotope analysis. 166 

The zircon crystals have been dated by conventional multi-grain thermal ionization mass 167 

spectrometry (Baadsgaard, 1973) and by ion microprobe (Kinny, 1986; Whitehouse et al., 168 

1999). Kinny (1986) first recognized the multi-stage growth history of these zircon grains. He 169 

interpreted the (U-Th)-Pb isotope data as evidence for magmatic crystallization of the 170 

tonalitic protolith at ~3.82 Ga, with isotope disturbance and growth of younger zircon rims 171 

during metamorphism at ~3.63 Ga. Sample GGU110999 was, therefore, the first Amîtsoq 172 

gneiss for which an age considerably greater than 3.65 Ga was reported.  173 

 174 

Cathodoluminescence imaging and carefully targeted ion microprobe analysis (Whitehouse et 175 

al. 1999) subsequently revealed the full complexity of the GGU110999 zircons. Whitehouse 176 



et al. (1999) documented three main microstructural phases, (1) large, oscillatory-zoned cores 177 

with 
207

Pb/
206

Pb ages in the range 3.85–3.71 Ga, (2) a finely banded ‘inner rim’ enclosing the 178 

core, yielding a spread of apparent ages from 3.68–3.53 Ga and (3) a euhedral shell of 179 

uniformly CL-bright zircon (‘outer rims’) of Neoarchean age (2.89–2.47 Ga; see Figure 1a, 180 

1b). The range of 
207

Pb/
206

Pb dates yielded by each of these microstructural phases was 181 

attributed to varying amounts of ancient Pb loss. Whitehouse et al. (1999) conclude that the 182 

inner zircon rims formed during crystallization of intrusive tonalitic magma at ca. 3.67 Ga. 183 

The older cores are considered to be either xenocrystic or inherited from the melt source; the 184 

outer rims are ascribed to Neoarchean metamorphic growth. This interpretation was supported 185 

by trace element data (Whitehouse and Kamber, 2003) but contested by Nutman et al. (2001), 186 

who favored igneous crystallization of the tonalite precursor at 3.82 Ga, followed by incipient 187 

partial melting of this rock at ca. 3.67 Ga to form the inner rims. Mojzsis and Harrison (2002) 188 

argue for a similar interpretation for tonalitic gneisses from the nearby island of Akilia, based 189 

on consideration of U-Th-Pb systematics obtained by depth profiling of complexly zoned 190 

zircons (but see counter arguments in Whitehouse and Kamber, 2005). Importantly, the 191 

scenario of Nutman et al. (2001) and Mojzsis and Harrison (2002) permits the protolith to 192 

these tonalitic gneisses to have been emplaced into their present geological context by 3.82 193 

Ga, thus conferring a minimum 3.82 Ga age for any contained enclaves or geological units 194 

that the tonalite magma may have crosscut, should primary intrusive relationships still be 195 

recognizable.  196 

 197 

A number of other studies have published radiogenic isotope data for GGU110999. Bennett et 198 

al. (1993) report a whole rock Nd (3.82 Ga) value of +0.1, and quoted a depleted mantle 199 

model age of 3.97 Ga. Vervoort et al. (1996) determined a somewhat higher Nd (3.82 Ga) 200 

value (+2.7) and Nd concentration (17.5 ppm, compared to 13.1 ppm given by Bennett et al. 201 

1993), suggesting heterogeneity in the sample splits. These Nd (3.82 Ga) values change 202 



slightly to -0.1 and +2.5 using the CHUR Sm-Nd parameters recommended by Bouvier et al. 203 

(2008). Vervoort et al. (1996) also report the Hf isotope composition of two multi-grain 204 

zircon aliquots (80-125 m size fraction). These yielded positive Hf values of +2.6 and +2.8 205 

(recalculated at 3.82 Ga and using the 
176

Lu decay constant of Söderlund et al. 2004 and the 206 

CHUR parameters of Bouvier et al. 2008), which plot close to a nominal MORB-source 207 

depleted mantle curve (Figure 2) and are significantly higher than Hf values of Eoarchaean 208 

igneous rock-hosted zircons in Greenland and elsewhere determined more recently using in-209 

situ methods (section 5.5). The implications of the Nd-Hf isotope data for mantle evolution 210 

are, however, predicated on a primary igneous crystallization age for the entire zircon aliquot 211 

of 3.82 Ga. Kamber and Moorbath (1998) argue that this protolith age is difficult to reconcile 212 

with the markedly unradiogenic Pb isotope composition of the whole rock and constituent 213 

feldspar (amongst the least radiogenic Pb measured from a terrestrial rock), which plot close 214 

to the Kramers and Tolstikin (1997) depleted mantle growth curve at 3.65 Ga. Moreover, the 215 

whole rock Hf isotope composition of GGU110999 (Hf –1.3 at 3.82 Ga; Vervoort and 216 

Blichert-Toft, 1999) is less radiogenic than the constituent zircon fractions, hinting at 217 

complex Lu-Hf isotope systematics for this sample. The same discrepancy (i.e., where zircon 218 

Hf is elevated relative to the corresponding whole rock) is evident for a number of other 219 

Eoarchean Greenland gneisses analyzed by Vervoort and Blichert-Toft (1999). Noting this, 220 

and following the interpretation of Patchett (1983) for the Archean Watersmeet Gneiss, 221 

Vervoort and Blichert-Toft (1999) attribute the high 
176

Hf/
177

Hf of the zircons to the addition 222 

of radiogenic Hf from the whole rock during later metamorphism. The mechanism of this 223 

inferred Hf exchange has yet to be determined, and so the significance of whole-grain zircon 224 

Hf isotope data from the Greenland gneisses for Eoarchean crustal evolution remains unclear.  225 

 226 

In a more recent development, Fisher and Vervoort (2018) reported U-Pb and Hf isotope data 227 

obtained from zircon grains of GGU110999 by the laser ablation split stream (LASS) method. 228 



Cognizant of the existence of younger growth zones in GGU110999 (e.g., Whitehouse et al., 229 

1999) these authors specifically targeted the core regions of the zircons. The U-Pb data are 230 

complex, variably discordant, and yield a spectrum of 
207

Pb/
206

Pb ages from 3.85 Ga to 3.5 Ga 231 

– the ca. 3.67 Ga age group recognized in SIMS studies was not evident, and the outer zircon 232 

rims were avoided. When calculated at 3.82 Ga, a mean zircon Hf (3.82 Ga) value of +0.8 ± 1.8 233 

(2SD, n=14) was obtained. On the basis of these data, the authors suggest that the analyzed 234 

zircons contain a single Hf isotope population and a protolith age of 3.82 Ga. The cause of the 235 

elevated whole zircon Hf for this rock was not addressed. 236 

 237 

The other three samples of the present study, SM/GR/97/2, SM/GR/97/7 and SM/GR/97/8 238 

were collected from Akilia island (see Whitehouse et al., 1999 and Whitehouse and Kamber, 239 

2005 for details). The first two of these are described as banded quartz diorite gneisses 240 

(Whitehouse et al. 1999), whereas SM/GR/97/8 is classified as granodiorite gneiss that, 241 

according to Whitehouse and Kamber (2005), is equivalent to sample G93-05 of Nutman et 242 

al. (1997) and GR9716 of Mojzsis and Harrison (2002). Notably, samples SM/GR/97/7 and 243 

SM/GR/97/8 comprise part of a 0.7m-wide composite gneissic sheet hosted by amphibolites 244 

of the Akilia association supracrustal package. This heterogeneous gneissic sheet, and the 245 

interpretation of the U-Pb ages of its constituent zircon, has been at the centre of the debate 246 

over the possible age of the Akilia supracrustal units and the putative biogenic remnants they 247 

contain (Mojzsis and Harrison, 2002; Whitehouse and Kamber, 2005; Whitehouse et al., 248 

2009).  249 

 250 

Zircon crystals of SM/GR/97/2 (hereafter 97/2) exhibit the same three-fold growth structure 251 

as zircons of GGU110999, with age components at ~3.82 Ga, ~3.65 Ga and ~2.7 Ga 252 

(Whitehouse et al., 1999). Broadly similar age groups occur in SM/GR/97/8 (hereafter 97/8), 253 

although here the ~3.6–3.5 Ga and ~2.7 Ga zircon forms discrete, low cathodoluminescent 254 



grains, as well as overgrowths and embayments into the ca. 3.88–3.57 Ga cores. The 3.6–3.5 255 

zircon, in particular, occurs as equant, multi-faceted 'soccer balls' that, along with some of the 256 

Neoarchean zircon domains, have pronounced depletions in the HREE relative to the ca. 257 

3.88–3.57 Ga cores (Whitehouse and Kamber, 2005). Sample SM/GR/97/7 (hereafter 97/7) 258 

represents a simpler case, being dominated by oscillatory-zoned igneous zircon grains that 259 

date the crystallization of the magmatic precursor at ~3.65 Ga. One small core (out of 20 260 

grains analysed) yielded a 
207

Pb/
206

Pb age of ~3.82 Ga, confirming that older components 261 

were present in the magma, albeit sparsely. The U-Pb systematics of zircon grains in all 262 

samples show complexities attributed to Pb loss, both ancient and recent (Whitehouse et al. 263 

1999, Whitehouse and Kamber, 2005). 264 

 265 

3. Methods 266 

 267 

3.1 Whole rock geochemistry and Nd and Hf isotopes 268 

A texturally homogeneous aliquot of GGU110999, removed from a sawn slab of this sample, 269 

was crushed, milled in an agate ball mill, and analysed for major and trace elements (X-ray 270 

fluorescence, solution ICPMS), and whole rock Sm-Nd and Lu-Hf isotope composition at 271 

Washington State University. Methods for XRF and ICPMS analysis are described by 272 

Johnson et al. (1999) and Knaack et al. (1994), respectively. The Sm-Nd and Lu-Hf isotope 273 

data were obtained from two 250 mg powder splits, closely following the method outlined by 274 

Vervoort et al. (2011). In brief, rock powders were dissolved at high pressure in steel-jacketed 275 

Teflon digestion vessels with a 10:1 mix of concentrated HF and HNO3 at 150°C for 5 days. 276 

After conversion from fluoride to chloride form, samples were spiked with mixed 
149

Sm-277 

150
Nd and 

176
Lu-

180
Hf tracers and fluxed in closed Savillex beakers on a hotplate at 120°C for 278 

2-3 days to facilitate sample-spike equilibration. Hf, Lu-Yb, and the light REE (LREE) were 279 

initially separated on cation exchange columns using AG 50W-X12 resin. Hf aliquots were 280 



further purified using columns with Ln spec resin following the methods of Münker et al. 281 

(2001). Lu was separated from Yb on columns with Ln spec resin (Vervoort et al., 2004). Nd 282 

and Sm were separated from the LREE aliquot on columns with Ln spec resin, mirroring the 283 

procedure using HDEHP-coated Teflon powder and HCl (Vervoort and Blichert-Toft, 1999).  284 

 285 

All isotope analyses were conducted using a Thermo-Finnigan Neptune multicollector (MC)-286 

ICPMS. Nd analyses were corrected for mass fractionation using 
146

Nd/
144

Nd = 0.7219 and 287 

normalized using an in-house Ames Nd solution tied to the La Jolla Nd reference solution. Sm 288 

analyses were corrected for fractionation using 
147

Sm/
152

Sm = 0.56081. Whole-rock Hf 289 

analyses were corrected for mass fractionation using 
179

Hf/
177

Hf = 0.7325 (Patchett and 290 

Tatsumoto, 1983) and normalized using the JMC-475 reference Hf solution. Lu 291 

measurements were made according to the procedure of Vervoort et al. (2004). Mass 292 

fractionation corrections were made using the exponential law.  293 

 294 

3.2 Laser ablation Lu-Hf isotopes 295 

Hf isotope analyses were conducted on zircons in the original grain mounts studied by 296 

Whitehouse et al. (1999) and Whitehouse and Kamber (2003, 2005). Hafnium isotope 297 

compositions were measured with a Thermo-Scientific Neptune MC-ICPMS coupled with a 298 

Coherent GeoLas 193 nm ArF laser at James Cook University, Townsville, following 299 

protocols described by Kemp et al. (2009, 2015). A custom modified sample cell was used for 300 

all measurements, where the effective volume was reduced to ~1 cm
3
 using a teardrop-shaped 301 

polycarbonate insert. Laser beam diameters of 58 m, 42 m or 31 m were employed, as 302 

dictated by the size of the targeted growth domain, with a 4 Hz repetition rate over a 60 303 

second ablation period.  The laser was operated in ‘energy constant’ mode to deliver a 304 

consistent output energy of 100 mJ. The corresponding energy density on the sample was ~5 J 305 

cm
-2

, regulated by an attenuator in the beam path and measured by an energy meter at the 306 



ablation site. At this fluence, the ablation rate in zircon is ca. 0.05 m per pulse, resulting in a 307 

pit of around 12 microns deep at the end of the analysis. Slow ablation rates and rapid aerosol 308 

washout are important for depth profiling of complexly zoned zircons, so as to detect changes 309 

in 
176

Hf/
177

Hf that may signal intersection of different-aged growth zones. Ablation was 310 

conducted in He, with the He carrier gas (~0.9 l/min) exiting the cell being combined with Ar 311 

(~0.8 l/min) prior to transport into the ICP-MS via Teflon-lined Tygon® tubing. A small N2 312 

flow (ca. 0.005 l/min) was introduced into the Ar carrier gas downstream of the mixing 313 

chamber to enhance sensitivity (Iizuka and Hirata, 2005; Kemp et al. 2006). Ablation was 314 

conducted as close as practical to any pits resulting from SIMS analysis, avoiding cracks and 315 

subsurface inclusions as far as possible, and targeting the same CL-defined growth phase 316 

from where the age information was derived. Post-analysis CL imaging was used to verify 317 

spot placement with respect to the complex growth zonation in these zircons (Figure 1). This 318 

proved especially critical for the Neoarchean rims, given that these are very thin and exhibit 319 

large trace element and isotopic contrasts with the Eoarchean cores they enclose (see below).  320 

 321 

The correction for the isobaric interference of Lu and Yb on 
176

Hf involved monitoring the 322 

interference-free 
171

Yb during the analysis and then calculating the magnitude of the 
176

Yb 323 

interference using the 
176

Yb/
171

Yb ratio determined by Segal et al. (2003) (
176

Yb/
171

Yb = 324 

0.897145). The much smaller Lu correction was performed in the same fashion by measuring 325 

175
Lu, and using 

176
Lu/

175
Lu = 0.02655 (Vervoort et al., 2004). To correct for instrumental 326 

mass fractionation, Yb isotope ratios were normalised to 
173

Yb/
171

Yb = 1.130172 (Segal et al. 327 

2003) and Hf isotope ratios to 
179

Hf/
177

Hf = 0.7325 (Patchett and Tatsumoto, 1980) using the 328 

exponential law. The mass bias behaviour of Lu was assumed to follow that of Yb. A small 329 

(15 to 45 ppm) external normalisation factor was then applied to the mass bias and 330 

interference corrected 
176

Hf/
177

Hf ratios. This adjustment was based on the difference between 331 

the mean measured 
176

Hf/
177

Hf value of Mud Tank zircon, which was analysed repeatedly 332 



throughout each session, and that determined from purified solutions of this zircon (0.282507 333 

± 6, Woodhead and Hergt, 2005, reported relative to JMC475 
176

Hf/
177

Hf = 0.282160, 334 

Vervoort and Blichert-Toft, 1999). This procedure effectively anchors zircon laser ablation 335 

data to the JMC475 Hf solution (e.g., Naeraa et al., 2012).  336 

 337 

Hf isotope data quality was monitored by the frequent analysis of well-characterised reference 338 

zircons during each analytical session (Table 1). Of these, FC1 and R33 have 
176

Yb/
177

Hf 339 

ratios that exceed those of all sample zircons analysed in this study, thus providing the best 340 

indication of the veracity of 
176

Yb and 
176

Lu interference corrections on 
176

Hf. The mean 341 

176
Hf/

177
Hf ratios determined from the reference zircons are indistinguishable from the 342 

solution values (Table 1). Accurate 
176

Lu/
177

Hf ratios are important for calculation of the 343 

correct initial 
176

Hf/
177

Hf given the antiquity of the Greenland zircons. The mean 
176

Lu/
177

Hf 344 

ratios measured from zircons Temora 2 (0.0011) and FC1 (0.0012) agree with the solution 345 

values (0.0011 and 0.0013, respectively) quoted for these zircons (Woodhead and Hergt, 346 

2005). Reference zircon analyses are tabulated in supplementary Table 1. All initial Hf 347 

isotope ratios and Hf values reported in this paper were determined using the 
176

Lu decay 348 

constant of Söderlund et al. (2004) and the CHUR parameters of Bouvier et al. (2008). 349 

 350 

4. Results  351 

 352 

4.1 Whole rock geochemistry and Hf and Nd isotopes  353 

GGU110999 shows the characteristic geochemical features of the Archean tonalite-354 

trondhjemite-granodiorite (TTG) association, with intermediate silica content (64.9 wt%) and 355 

high Al2O3 (17.2 wt%) and Na2O (5.2 wt%), but low K2O/Na2O (0.25) and Y (7.9 ppm) 356 

(Table 2).  The silica content is toward the lower end of the TTG range shown by Moyen and 357 

Martin (2012), and MgO (1.9 wt%) and FeOt (4.5%) are on the higher side. The lower silica, 358 



together with moderate Sr (436 ppm), Sr/Y (~55) and La/Yb (~25), and Eu/Eu* ~ 1, are 359 

consistent with the 'medium pressure TTG' group of Moyen (2011). 360 

 361 

Both sample splits have low 
147

Sm/
144

Nd (~0.11) and 
176

Lu/
177

Hf (0.004), and yield similar 362 

143
Nd/

144
Nd and 

176
Hf/

177
Hf ratios that translate into identical Nd(3.82Ga) (both +2.4) and 363 

Hf(3.82Ga) values (+0.5 and +0.7) (Table 3). The Nd is the same within analytical uncertainty to 364 

that determined by Vervoort et al. (1996); the Hf values are slightly higher than the Vervoort 365 

and Blichert-Toft whole rock values (-1.3 at 3.82 Ga). GGU110999 therefore resembles other 366 

Eoarchean tonalitic gneisses from southern West Greenland in having near-chondritic Hf but 367 

distinctly superchondritic Nd at the inferred protolith crystallisation age (e.g., Hoffmann, et 368 

al., 2011). 369 

 370 

4.2 Laser ablation MC-ICPMS  371 

The Lu-Hf isotope data obtained by laser ablation MC-ICPMS are reported in Table 4 372 

(individual analyses) and Table 5 (summary), and plotted on Figures 2 to 6. Two general 373 

points are emphasised at the outset. First, post-analytical CL imaging revealed that in the 374 

majority of cases the pit resulting from laser ablation analysis was located entirely within the 375 

microstructural domain being targeted. The few clear exceptions to this are marked with an 376 

asterisk in Table 4, highlighted in Figure 1, and discussed below. Second, multiple analyses 377 

were undertaken of the same microstructural growth zone in a number of different zircons to 378 

assess internal isotopic homogeneity (e.g., 3 analyses of inner rim of grain #13 in 379 

GGU110999). In all cases these replicate measurements were identical within analytical 380 

uncertainty.  381 

 382 

When Hf values are computed at the 
207

Pb/
206

Pb age measured for each analytical site by 383 

SIMS, the data from GGU110999, 97/2 and 97/8 collectively plot along a steeply inclined 384 



linear Hf – time trend. This extends from slightly super-chondritic values at 3.85 Ga (Hf 385 

+1.4) to scattered, markedly unradiogenic values at 2.7 Ga (Hf ~ –16 to –29) (Figure 2a, 2b). 386 

A similar trend is described by the LASS data of Fisher and Vervoort (2018) for sample 387 

GGU110999 (Figure 3), although over a smaller age rage (the younger overgrowths were not 388 

targeted in that study). Zircons of 97/7 yield variable Hf values that plot between CHUR and 389 

Hf = – 4. Despite the heterogeneity implied by the large range in Hf values of Eoarchean 390 

zircon, the data define a sub-horizontal array on a corresponding 
176

Hf/
177

Hf – time diagram 391 

between 3.85 – 3.53 Ga (Figure 3, 4a, 4b). In detail, the sub-horizontal 
176

Hf/
177

Hf – time 392 

trend defined by inner rim microstructural domains of zircons in GGU110999 is offset to 393 

slightly more radiogenic Hf (mean 
176

Hf/
177

Hf ~ 0.28036) compared to the older zircon cores 394 

they enclose (mean 
176

Hf/
177

Hf ~ 0.28032; Figure 3). In contrast, the multifaceted 3.6-3.5 Ga 395 

'soccer ball' type zircons in 97/8, and inner rim domains of 97/2, have very similar 
176

Hf/
177

Hf 396 

to the >3.8 Ga zircon cores in these rocks. Of the Eoarchean zircon, the highest 
176

Hf/
177

Hf(t) 397 

values are shown by zircon grains of 97/7 (0.28035 to 0.28041) (Figure 4). 398 

 399 

The Neoarchean zircon domains extend to distinctly higher 
176

Hf/
177

Hf than the Eoarchean 400 

zircon in these gneisses (the rims on zircons in 98/2 were too thin for laser ablation analysis) 401 

(Figure 4a). The 
176

Hf/
177

Hf values of the luminescent Neoarchean zircon rims in 402 

GGU110999 scatter between 0.28037 and 0.28059, whereas the CL-dark Neoarchean zircons 403 

in 97/8 have a similar, but slightly smaller range of 
176

Hf/
177

Hf (0.28045 to 0.28056). The 404 

corresponding Hf values collectively spread over almost 15 epsilon units (Figure 2a). 405 

Multiple analyses establish that individual Neoarchean zircons in 97/8 are homogeneous for 406 

Hf isotopes, despite the core–rim microstructures that are obvious in these grains. The 407 

176
Hf/

177
Hf variation in Neoarchean zircon of this sample thus reflects isotopic differences 408 

between grains.  409 

 410 



Whitehouse and Kamber (2003) demonstrate that the three main microstructural zircon 411 

domains of the Greenland gneisses (i.e., cores, inner rims and outer rims) show clear 412 

differences in trace-element composition. This is also evident in the laser ablation data 413 

reported here, where these differences can, in part, be linked to disparate Hf isotope 414 

compositions (Figure 5). The zircon cores in GGU110999 and 97/2 show moderate variability 415 

in 
176

Lu/
177

Hf (0.00019 to 0.00084) and Yb/Hf values (0.007-0.033), comparable to that 416 

measured by ion microprobe (Whitehouse and Kamber, 2003). The 
176

Lu/
177

Hf ratios of the 417 

inner zircon rims in these samples are significantly lower on average and much more tightly 418 

clustered (between 0.00017 and 0.00026). The CL-bright outer rims of zircons from 419 

GGU110999 have the lowest and most uniform 
176

Lu/
177

Hf values (0.00008 to 0.00019), 420 

coupled with the largest variation in 
176

Hf/
177

Hf. Ion microprobe analysis reveals that the low 421 

Lu/Hf signature reflects a distinct REE depletion in the inner and outer rim domains 422 

compared to the cores (Whitehouse and Kamber, 2003). Data from zircons of these two 423 

gneisses thus define a hyperbolic array on a 
176

Hf/
177

Hf(t) versus 
176

Lu/
177

Hf diagram (Figure 424 

5a). Results from the other samples do not entirely conform to this trend (Figure 5b). The ca. 425 

3.62 Ga 'soccer ball' type zircons in 97/8 extend to lower Lu/Hf than similar aged domains of 426 

zircons from GGU110999 and 97/2. The Neoarchean zircons in 97/8, while showing the same 427 

elevated 
176

Hf/
177

Hf ratios relative to the 3.8 Ga cores, span the entire range of Lu/Hf values 428 

shown by zircons of the other gneisses and also range to extremely low Lu/Hf.  Grains with 429 

the lowest Lu/Hf also have the lowest 
176

Hf/
177

Hf (~0.28045). The single-phase ~3.65 Ga 430 

zircons in sample 97/7 show a much larger spread of 
176

Lu/
177

Hf values (from 0.00023 to 431 

0.00162) compared to 3.65 Ga zircon of GGU110999 and 97/2. 432 

 433 

5. Discussion  434 

 435 

5.1 Determining the initial Hf isotope ratios of zircon growth phases 436 



Geochronological studies of the Greenland gneisses (e.g., Kinny, 1986; Nutman et al., 1996; 437 

Whitehouse et al., 1999; Mojzsis and Harrison, 2002, Whitehouse and Kamber, 2005), and of 438 

many other Eoarchean gneisses (e.g., Bowring and Williams, 1999), consistently invoke Pb 439 

loss to help explain the complex U-Th-Pb systematics shown by zircon crystals of these 440 

ancient, highly metamorphosed rocks. Disturbance of the U-Pb system has a pronounced 441 

effect on interpretation of zircon Hf isotope data (e.g., Amelin et al., 2000; Vervoort and 442 

Kemp, 2016), and that is further highlighted by the datasets presented here (see also Kemp et 443 

al., 2009 and Fisher and Vervoort, 2018). With respect to the Eoarchean microstructural 444 

zircon domains (i.e., the cores and inner cores of GGU110999, 97/2 and 97/8), the uniform 445 

176
Hf/

177
Hf ratios measured from each of these over a range of apparent 

207
Pb/

206
Pb ages, 446 

accompanied by the steep Hf – time arrays that correspond to 
176

Lu/
177

Hf ~ 0, is the hallmark 447 

of ancient Pb loss (e.g., Amelin et al., 2000; Gerdes and Zeh, 2009; Whitehouse and Kemp, 448 

2010; Kemp et al. 2010; Vervoort and Kemp, 2016). The large spread of Hf values shown by 449 

the zircon cores and inner rims, when calculated using the measured 
207

Pb/
206

Pb dates (e.g., 450 

Figure 2), are not representative of the zircon domain at the time of crystallization, but 451 

artifacts of using ages that are too young. 452 

 453 

The initial Hf isotope compositions are therefore derived using the oldest concordant age 454 

group obtained from each zircon microstructural domain, which is assumed to approximate 455 

the true time of zircon growth (Whitehouse et al., 1999; Figure 6, Table 5). With this 456 

approach, much of the heterogeneity implied by the variable Hf values is eliminated. The ca. 457 

3.82 Ga zircon cores in GGU110999 and 97/2 have an identical, very small range of Hf 458 

isotope compositions indistinguishable from CHUR (GGU11099, mean Hf = +0.5 ± 0.5, 2 459 

SD; 97/2, mean Hf = +0.6 ± 0.3, 2 SD). Importantly, these values, from zircon cores of 460 

known age, are identical to those of the whole rock GGU110999 sample at 3.82 Ga but 461 

considerably less radiogenic than the multigrain zircon fractions of Vervoort et al. (1996), 462 



points we return to below. The slightly older cores in sample 97/8 also have close to 463 

chondritic Hf at 3.84 Ga (mean Hf = +1.1 ± 0.8, 2 SD). 464 

 465 

The inner rims of GGU110999 also yield a small spread of Hf (3.67 Ga) values, from –0.9 to 466 

–2.7. The corresponding 
176

Hf/
177

Hf (3.67 Ga) values (mean 0.280359 ± 29, 2SD; weighted 467 

mean 0.280360 ± 9, MSWD = 1.7) are slightly higher than those of the 3.82 Ga cores 468 

(0.280315 ± 15, 2SD; weighted mean 0.280315 ± 4, MSWD = 0.49). CL images suggest that 469 

the inner rim analyses #12b (Figure 1c) and #16c (Figure 1d) sampled material from the 3.82 470 

Ga cores and 2.7 Ga outer rims, respectively. The Hf (3.67 Ga) values calculated from these 471 

analyses (–2.7 and –0.9) overlap those of the other inner rims within analytical uncertainty, 472 

although a small contribution from 3.82 Ga zircon could explain the slightly lower 
176

Hf/
177

Hf 473 

of analysis #12b (0.280329 ± 24) compared to the mean for this population at 3.67 Ga. 474 

Clearly negative εHf values are also shown by the inner zircon rims on 97/2 (Hf –2.3 to –2.9), 475 

and the 3.62 Ga 'soccer ball' zircon in 97/8 (Hf –3.5) (Figure 6). 476 

 477 

As with the other two samples, the ca. 3.65 Ga zircon in sample 97/7 has entirely sub-478 

chondritic 
176

Hf/
177

Hf (Figure 6). Several analyses, however, have higher corresponding Hf 479 

values that approach the CHUR reference line. The measured 
176

Hf/
177

Hf range (0.000046, 2 480 

SD) is larger than the reproducibility of reference zircons analysed during the same session 481 

(average ± 0.000017, 2 SD).  482 

 483 

When calculated at 2.7 Ga, the range of Hf values of the Neoarchean zircon in gneiss samples 484 

GGU110999 and 97/8 contracts from that shown by Figure 2, but is still large, being –16 to –485 

24 for the luminescent outer rims of GGU110999, and –17 to –21 for the discrete, CL-dark 486 

grains in 97/8 (Figure 6). Post-analytical CL images reveal that in three cases the laser pits in 487 

the narrow outer zircon rims in GGU110999 impinge on the 3.67 Ga inner rim domains 488 



(Figure 1e, 1g). For example, analyses 1a and 1c from the opposite tips of grain#1 sample the 489 

inner rim, and yield low Hf values (–23.5 and –24.1 at 2.7 Ga).  An identical value, was, 490 

however, obtained from the outer rim of grain #54 (Hf –24.2), where the analytical site 491 

appears to be wholly sited within this growth domain (Figure 1f). The laser pit from the outer 492 

rim analysis of grain 52 (Hf –17.9) appears to straddle the inner rim, but the same Hf values 493 

are obtained from other outer rims where mixed analysis was not apparent (Figure 1h). In all 494 

of these cases, time-resolved 
176

Hf/
177

Hf signals showed no indication of mixed sampling of 495 

components of different Hf isotope composition. We therefore conclude that the full Hf range 496 

yielded by 2.7 Ga zircon in GGU110999 (–16 to –24) is not simply due to laser induced 497 

mixing of inner and outer rim material, but reflects small-scale variation in the Hf isotope 498 

composition of the source materials from which these domains grew during Neoarchean 499 

metamorphism (see section 5.3). The similarly large Hf isotope range evident within the 500 

discrete 2.7 Ga zircon grains in 97/8, which lack older domains, supports the interpretation 501 

that the Hf isotope composition of the Neoarchean zircon component is heterogeneous. The 502 

significance of these data is explored below.  503 

 504 

5.2. Crystallization of Eoarchaean zircon 505 

Whitehouse et al. (1999) interpreted the CL-defined domains in zircon crystals of gneisses 506 

GGU110999, 98/2 and 97/2 to reflect a discrete episode of zircon growth or recrystallization, 507 

which is also supported by the trace element characteristics of these domains (Whitehouse 508 

and Kamber, 2003). This interpretation is further strengthened by the Hf isotope data 509 

presented here, which shows that, notwithstanding the superimposed effects of ancient Pb 510 

loss, these microstructural domains exhibit rather disparate Lu-Hf isotope systematics, most 511 

noticeable for GGU110999 (Figures 3, 4, 6). These data, and the full spread of 
207

Pb/
206

Pb 512 

ages yielded by these zircon crystals, cannot, therefore be explained solely by Pb loss from a 513 



single 3.84–3.82 Ga protolith zircon population (c.f. Fisher and Vervoort, 2018), but attest to 514 

a more complex, multi-stage growth history. 515 

 516 

The in situ Hf isotope data permit some constraints on the mechanism of zircon formation in 517 

the Greenland gneiss samples of this study. The ca. 3.84–3.82 Ga zircon cores in 518 

GGU110999, 97/2 and 97/8 present the most straightforward case. The sharp oscillatory 519 

zoning of these attest to their melt-precipitated origin, where the invariant 
176

Hf/
177

Hf ratios 520 

over a range of Lu/Hf and Yb/Hf values are consistent with isotopically closed system 521 

crystallization. The range of REE/Hf ratios of these zircons suggest crystallisation over a 522 

significant interval of melt evolution, as typical of zircon forming from magmatic bodies. 523 

These cores evidently crystallised from melts derived from an approximately chondritic (for 524 

Hf) source reservoir.  525 

 526 

Whitehouse and Kamber (2003) emphasized that the fine growth banding and REE patterns of 527 

the 3.67 Ga inner zircon rims in GGU110999 and 97/2 are consistent with crystallization from 528 

melt. This scenario is also favoured for the non-luminescent 'soccer-ball' 3.62 Ga zircon in 529 

97/8 (Whitehouse and Kamber, 2005). The interpretation of the isotope data from this zircon 530 

growth phase is, however, less clear-cut. The subtle, but resolvably elevated 
176

Hf/
177

Hf of the 531 

inner zircon rims in GGU110999 and 97/2 precludes an origin simply by metamorphic 532 

reconstitution of the 3.82 Ga cores they enclose (Figure 3, 4b). This also applies to the 3.62 533 

Ga 'soccer ball' zircon in 97/8, although these zircon grains are only marginally more 534 

radiogenic than the evolutionary path defined by 3.82 Ga zircon. In the model of Whitehouse 535 

et al. (1999), the 3.67-3.62 Ga zircon crystallised from an intrusive felsic magma derived by 536 

fusion of a 3.82 Ga tonalitic precursor, undissolved relics of which are now preserved as the 537 

ca. 3.82 Ga cores. This conclusion is consistent with the Hf isotope data from 3.65-3.62 Ga 538 

zircon of samples 97/2 and 97/8, which are distinctly subchondritic and disperse along a line 539 



corresponding to the evolution of a 3.82 Ga tonalite (Figure 4b, 6). The ca. 3.67 Ga inner rims 540 

of GGU110999 are also subchondritic but plot slightly above this evolution line. This 541 

difference could possibly be explained if an external source of radiogenic Hf contributed to 542 

the formation of the 3.67 Ga zircon growth phase in GGU110999, as could be introduced into 543 

the gneiss from an infiltrating partial melt or fluid. Importantly, however, the whole rock 544 

176
Hf/

177
Hf of GGU110999, calculated at 3.82 Ga, is identical to that of the contained 3.82 Ga 545 

zircon cores (Figure 6b). This suggests that the Hf isotope composition of the whole rock 546 

reflects that of the magmatic zircon component, arguing against addition of externally derived 547 

Hf at the whole rock scale. 548 

 549 

The alternative is that the 3.67 Ga zircon in GGU110999 crystallised from low degree partial 550 

melt fractions generated by in situ anatexis of a 3.82 Ga tonalitic precursor, as proposed by 551 

Nutman et al. (2001). During partial melting of a crustal rock, Hf will be contributed from the 552 

dissolution of pre-existing zircon. This is consistent with the rounded and embayed 553 

morphology of the 3.82 Ga cores in GGU110999 and 97/8, and the sharp truncation of 554 

internal zoning in these cores by the enveloping inner rims (Whitehouse et al., 1999). Some 555 

Hf in the anatectic melt will, however, also be derived from other minerals in the rock matrix. 556 

Patchett (1983) emphasized that because zircon dominates the Hf budget of a rock and has 557 

very low Lu/Hf, the environment external to the zircon crystal must have a complementary 558 

high Lu/Hf ratio, and, over time, will acquire relatively radiogenic 
176

Hf/
177

Hf. This would 559 

particularly be the case for REE-rich accessory minerals, such as apatite or allanite. It is 560 

therefore possible to envisage a scenario wherein the Hf isotope composition of the 3.67–3.62 561 

Ga zircon reflects variable contributions of unradiogenic Hf released from older protolith 562 

zircon and relatively radiogenic Hf incorporated from high Lu/Hf minerals in the rock matrix. 563 

In such a model, dissolution of the older cores would have supplied most of the Hf for growth 564 

of the 3.62 Ga zircon grains in 97/8, since the Hf isotope composition of these plot close to 565 



the evolution line of 3.84 Ga zircon cores in this rock. The elevated 
176

Hf/
177

Hf of inner rims 566 

in GGU110999 relative to the 3.82 Ga cores these enclose could then reflect incorporation of 567 

radiogenic Hf from the rock matrix. Preferential dissolution of a phase such as apatite or 568 

titanite could cause a higher melt 
176

Hf/
177

Hf, provided that this mineral formed significantly 569 

prior to melting (e.g., at 3.82 Ga) so as to accumulate sufficient radiogenic Hf. Intuitively, one 570 

would expect this mechanism to generate a REE-rich melt, which would seem at odds with 571 

the REE depletion in the 3.67 Ga inner zircon rims relative to the 3.82 Ga cores they enclose 572 

(Whitehouse and Kamber, 2003). The behaviour of phosphates during partial melting is, 573 

however, complex and strongly dependent on melt chemistry (e.g., Pichavant et al., 1992). In 574 

peraluminous systems, apatite dissolves incongruently, producing monazite and a REE-poor 575 

liquid (Wolf and London, 1995). Crystallisation of the ca. 3.67 Ga zircon from such a melt 576 

could explain the observed lower REE of the inner rims compared to the older cores. 577 

Furthermore, the low and clustered Lu/Hf and Yb/Hf ratios of the inner rims are typical of 578 

zircon crystallising from small volume anatectic melts in migmatites, where REE contents are 579 

buffered by co-existing accessory minerals (e.g., Liu et al., 2010). 580 

 581 

An in situ partial melting scenario, coupled with later Pb loss, seems capable of explaining the 582 

Lu-Hf isotope systematics of the ca. 3.67 Ga zircon in tonalitic gneiss GGU110999. This 583 

would also explain the agreement between the Hf isotope composition of the whole rock and 584 

that of the magmatic zircon cores, calculated at 3.82 Ga, since this characterizes the initial Hf 585 

isotope composition of the tonalitic protolith from which the rock formed. It is, however 586 

difficult to develop a robust quantitative model of the partial melting process at 3.67 Ga (i.e., 587 

to evaluate the proportion of Hf in the inner zircon rims derived from zircon dissolution 588 

versus matrix minerals), since this depends on protolith zircon dissolution rates and is highly 589 

sensitive to the Lu/Hf ratios of the rock matrix and contained high REE/Hf minerals. None of 590 

these parameters are currently well constrained for GGU110999.  591 



 592 

A different scenario is required to explain the zircon Hf isotope data from banded quartz 593 

diorite gneiss, 97/7. The spread of Hf shown by these 3.65 Ga zircons is less likely to reflect 594 

localised anatectic processes, given that the zircons mostly comprise a single igneous growth 595 

phase (Whitehouse et al., 1999). One older core is obvious on CL images, and although we 596 

attempted to avoid it during laser ablation microanalysis, we cannot exclude the possibility 597 

that the scattered zircon Hf reflects the sampling of cryptic older, less radiogenic domains 598 

within these grains. Another option is that the zircon Hf variability reflects open system 599 

evolution of the host quartz diorite magma, perhaps involving assimilation of 3.82 Ga 600 

tonalitic crust by a relatively juvenile magma during zircon crystallisation (Figure 5a). This 601 

would be consistent with sparse 3.82 Ga zircon inheritance and the field juxtaposition of this 602 

dioritic sheet with tonalitic rocks containing abundant 3.82 Ga zircon (e.g., sample 97/8 603 

analysed here, and see Whitehouse et al., 2001 and Whitehouse and Kamber, 2005). 604 

Resolution of these possibilities requires further, detailed work (such as zircon U-Pb, Hf and 605 

O isotopes, in tandem with whole rock Hf and Nd isotopes), and is impeded by the complex 606 

field setting and thermal and deformational history of gneissic rocks from these 607 

heterogeneous outcrops (e.g., Whitehouse et al., 2001).    608 

 609 

5.3 Formation of the ca. 2.7 Ga rims 610 

There is general consensus that the ca. 2.7 Ga zircon in the Greenland gneisses grew during 611 

intense Neoarchean deformation and amphibolite-facies metamorphism, including localized 612 

anatexis (Friend et al., 1996). Potential mechanisms for zircon rim formation under these 613 

conditions (summarized by Hoskin and Black, 2000) include -  (1) recrystallization of older 614 

protolith zircon, accompanied by resetting of 
207

Pb/
206

Pb ages, (2) crystallization from a small 615 

degree inter-granular melt or aqueous metamorphic fluids, and/or (3) solid state growth of 616 

new zircon. The Zr for mechanisms (2) and (3) could be either liberated by metamorphic 617 



reactions involving decomposition of Zr-bearing minerals (e.g., Fraser et al. 1997; Bingen et 618 

al., 2001; Kohn et al., 2015) or introduced from an external source. Hf isotope data can 619 

potentially constrain these various possibilities (e.g., Gerdes and Zeh, 2009).  620 

 621 

The Neoarchean zircon in GGU110999 occupies embayments in the 3.67 Ga zircon 622 

(Whitehouse et al., 1999), suggesting dissolution of protolith zircon either prior to, or during, 623 

the 2.7 Ga metamorphism. However, these 2.7 Ga outer zircon rims, and the discrete 2.7 Ga 624 

zircons in 97/8, extend to substantially higher 
176

Hf/
177

Hf ratios than either the 3.67 Ga zircon 625 

inner rims or the 3.84–3.82 Ga cores, and could not have formed exclusively by reconstitution 626 

of the older zircon (i.e., mechanism (1) above); another source of relatively radiogenic Hf is 627 

indicated. For GGU110999, at 2.7 Ga the tonalitic rock matrix would have evolved to much 628 

higher 
176

Hf/
177

Hf than the most radiogenic outer zircon rim analyses, even allowing for large 629 

uncertainty in the actual 
176

Lu/
177

Hf of the matrix (see Figure 5b). Taken together, these 630 

observations suggest that the range of 
176

Hf/
177

Hf shown by the Neoarchean zircon reflects 631 

variable mixing between Hf released from pre-existing zircon and that contributed by the rock 632 

matrix. These data are therefore permissive of a combination of all three metamorphic zircon 633 

formation mechanisms listed above, but where introduction of externally derived Hf via fluid 634 

or melt was not required. The observed Hf isotope heterogeneity of the Neoarchean zircon 635 

could reflect small-scale variations in the availability of matrix-derived Hf versus that 636 

contributed by protolith zircon dissolution, perhaps controlled in turn by the textural contact 637 

of the growing zircon grain within the rock. Such complexities in 
176

Hf/
177

Hf during crustal 638 

reworking are characteristic of in situ anatectic and metamorphic processes (e.g., Flowerdew 639 

et al., 2005). The low REE contents of the 2.7 Ga zircon in GGU110999 relative to the 3.67 640 

Ga and 3.82 Ga domains (Whitehouse and Kamber, 2003) suggests crystallisation (or 641 

recrystallisation) of a REE-rich mineral concomitant with zircon growth during 642 

metamorphism.  643 



 644 

In summary, we suggest that the Hf isotope variations shown by the ca. 2.7 Ga zircon in the 645 

Greenland gneisses reflect growth in a metamorphic environment, involving redistribution of 646 

Hf from older, magmatic zircon cores and the rock matrix. Recognizing such isotope signals 647 

as the product of metamorphic processes requires careful consideration of microstructural and 648 

chemical features, and is easiest where the original textural context of the zircon grain has 649 

been preserved (i.e., as in meta-igneous rocks, rather than for detrital grains). 650 

 651 

5.4 Implications for multi-grain zircon Hf isotope data 652 

It is necessary to reconcile the in situ Hf isotope data reported here with the multigrain Hf 653 

data reported for the Greenland gneiss zircons (Vervoort et al., 1996; Vervoort and Blichert-654 

Toft, 1999), given the fundamental importance of these implied positive Hf values for isotope 655 

evolution of the early Earth. The obvious conclusion, in light of the new data, is that the 656 

analyzed multi-grain fractions were mixtures of zircon growth domains of different age and 657 

Hf isotope composition. This would invalidate the initial 
176

Hf/
177

Hf calculations that assume 658 

all Hf was incorporated into the analysed zircon fractions at 3.82 Ga, and remove any 659 

implication for the existence of depleted Eoarchean mantle based on these data. Vervoort and 660 

Blichert-Toft (1999) suggest that the higher Hf of multi-grain zircon fractions compared to 661 

the whole rock could be due to incorporation of radiogenic Hf from the bulk rock matrix 662 

during later metamorphism. For GGU110999, this suggestion is consistent with the 663 

occurrence of 2.7 Ga metamorphic zircon rims that extend to much higher 
176

Hf/
177

Hf than the 664 

inner rims or cores (Figure 6). Including these younger, more radiogenic Hf contributions in 665 

the calculation of initial Hf isotope compositions at 3.8 Ga would result in higher Hf values 666 

for the multigrain zircon fractions. A significant contribution from the 2.7 Ga outer rims is 667 

also suggested by the low 
176

Lu/
177

Hf ratios yielded by the multi-grain fractions of Vervoort et 668 

al. (1996) (0.00034 and 0.00007) compared to those of the 3.8 Ga cores determined by this 669 



study (mean = 0.00049) and by Whitehouse and Kamber (2003) (mean = 0.00055), recalling 670 

that the 2.7 Ga rims are characterized by low 
176

Lu/
177

Hf (ca. 0.0001).  671 

 672 

Zircon grains from other Greenland samples, such as 97/8, also have radiogenic (for Hf) outer 673 

rims, suggesting that this is a common feature of Neoarchean metamorphic zircon in the 674 

Greenland gneisses. For example, Kemp et al. (2009), reporting laser ablation Hf isotope data 675 

for 3.64 Ga granodioritic gneiss GGU125540 (type Amîtsoq Gneiss from the Ameralik fjord), 676 

obtained a 
176

Hf/
177

Hf ratio from a luminescent zircon overgrowth (0.280469 ± 11, 2SE) that 677 

is much higher than that of the 3.64 Ga cores in this sample (mean 0.280364 ± 10, 2SD). 678 

Luminescent rims also occur on zircon grains in 3.64 Ga tonalitic gneiss GGU158850 of 679 

Vervoort et al. (1996) (see Figure 1 in Fisher and Vervoort, 2018). We note that the positive 680 

Hf (3.64 Ga) values obtained from multigrain zircon fractions from this sample (+3.3 and 681 

+2.6; Vervoort et al. 1996) were not reproduced by LASS analyses targeting the 3.64 Ga 682 

cores (Hf = –0.3 ± 0.3; Fisher and Vervoort, 2018), suggesting a high 
176

Hf/
177

Hf zircon 683 

component that was not sampled during laser ablation. 684 

 685 

Incorporation of radiogenic 2.7 Ga rim material in a multigrain zircon fraction will clearly 686 

influence the measured 
176

Hf/
177

Hf, and the data presented here, and in Whitehouse and 687 

Kamber (2003), permit this effect to be modeled quantitatively. We take the 
176

Hf/
177

Hf and 688 

Hf concentration of the three age/micro-structural domains in GGU110999, and model the 689 

proportion of 2.7 Ga outer rim zircon required to reproduce the present-day 
176

Hf/
177

Hf values 690 

determined by Vervoort et al. (1996) (Figure 7). This calculation utilizes the most radiogenic 691 

176
Hf/

177
Hf determined from the outer rims (0.28060); mean 

176
Hf/

177
Hf and Hf concentration 692 

values (from Whitehouse and Kamber, 2003) are used for inner rims and cores. According to 693 

this model, 2.7 Ga zircon would need to have comprised ~5-18% of the zircon fraction 694 

analysed by Vervoort et al. (1996) to account for the measured 
176

Hf/
177

Hf, the exact value 695 



depending on the proportion of 3.67 Ga inner rim material present in these grains.  This 696 

estimate seems commensurate with the relative volume of late Archean overgrowths apparent 697 

from the CL images of GGU110999 zircons in Whitehouse et al. (1999).  The required 698 

proportion of Hf contributed by the 2.7 Ga zircon is significantly greater (~10-40%) if the 699 

mean 
176

Hf/
177

Hf value of the outer rims (0.28047) is used in the calculation.  In this respect, 700 

it is notable that the TIMS data of Vervoort et al. (1996) were derived from much smaller 701 

zircon grains (80-125 m) than the large crystals (> 250m) shown by Whitehouse et al. 702 

(1999), and other studies have found that the 2.7 Ga rims are thickest in these small grains; 703 

some even comprise entirely 2.7 Ga zircon (Whitehouse and Kamber, 2005). The inclusion of 704 

wholly 2.7 Ga zircons could explain why the abraded and non-abraded grains analysed by 705 

Vervoort et al. (1996) yielded similar 
176

Hf/
177

Hf.   706 

 707 

5.5 Significance for early crust-mantle reservoirs and Hf-Nd decoupling 708 

The new Hf isotope data reinforce previous findings that the ca. 3.85 – 3.82 Ga igneous 709 

zircon of the Greenland gneisses overwhelmingly has a near-chondritic Hf isotope 710 

composition (Kemp et al., 2009; Hiess et al. 2009; Naeraa et al., 2012; Fisher and Vervoort, 711 

2018; see summary in Nutman et al., 2013). This argues against the reworking of significantly 712 

older crust during the formation of the igneous precursors to the gneisses, and re-affirms the 713 

paucity of robust evidence for a depleted mantle reservoir with super-chondritic Lu/Hf ratios 714 

contributing to Eoarchaean continental crust. As shown above, the positive Hf values of 715 

multigrain zircon fractions from the Eoarchean Greenland gneisses do not reflect a depleted 716 

mantle heritage but are artifacts of in situ metamorphic reworking. Some caution is warranted, 717 

however, before a contribution from a depleted reservoir is dismissed entirely, since (1) the 718 

Greenland rocks sample a relatively small area that may not be representative of Earth’s 719 

actual 3.82 Ga crust, and (2) the Greenland tonalites are unlikely to have been directly 720 

extracted from mantle peridotite, and thus may not accurately portray the isotope composition 721 



of the contemporary mantle. Most models envision derivation of TTG suites from an enriched 722 

basaltic precursor (e.g., Barker and Arth, 1976; Hoffmann et al., 2014), and this could have 723 

had a protracted crustal residence time prior to tonalite magma generation, during which the 724 

radiogenic isotope composition may have diverged from contemporary mantle. Nonetheless, 725 

it is striking that globally, the Hf isotope composition of Eoarchean felsic meta-igneous rocks 726 

clusters around CHUR (e.g., Hiess et al., 2009; Guitreau et al., 2012; Kemp et al., 2015; Hiess 727 

and Bennett, 2016; Reimink et al., 2016; Fisher and Vervoort, 2018). A simple explanation 728 

for this consistency is that the oldest continental crust on Earth was extracted from a mantle 729 

source reservoir with a chondritic Hf isotope composition (e.g., Hiess et al., 2009). 730 

Metabasaltic rocks in southern West Greenland erupted at ~3.80 Ga and ~3.72 Ga attest to the 731 

existence of near chondritic (for Lu-Hf) mantle at this time, and are plausible candidates for 732 

such a source (Hoffmann et al., 2011). Much more depleted Hf isotope compositions are 733 

shown by unusual 3.72 Ga boninite-like metabasalts from the Isua Supracrustal Belt 734 

(Hoffmann et al., 2010), but, even if primary, the apparent lack of this signature in coeval and 735 

younger felsic igneous rocks indicates that this reservoir did not contribute to continental 736 

crust formation.  737 

 738 

The results of this study further underline the disparity between the Lu-Hf and 
147

Sm-
143

Nd 739 

isotope systems for felsic meta-igneous rocks from southern West Greenland. Although the 740 

cause of this discrepancy remains unresolved, the zircon Hf isotope data emphasizes the 741 

complex, polyphase evolution of the Greenland gneisses, involving the punctuated growth 742 

and dissolution of discrete zircon domains with different Hf isotope signatures, and the 743 

subsequent disturbance of the Pb/U systems of these zircon domains. In felsic rocks, Sm and 744 

Nd are concentrated in REE-rich accessory minerals such as apatite and allanite, which have 745 

variable Sm/Nd ratios and are known to be much less robust during high-grade 746 

metamorphism than zircon (e.g., Hammerli et al. 2015). A complex growth and dissolution 747 



history for such phases, with attendant modification of whole rock Sm-Nd isotope 748 

systematics, therefore seems inescapable.  We therefore concur with Vervoort et al. (1996) 749 

and Moorbath et al. (1997) and regard it improbable that the initial 
143

Nd/
144

Nd ratios 750 

calculated for the Greenland tonalitic gneisses are reliable. Studies of the behavior of the 751 

constituent REE-bearing minerals may help unravel the 
147

Sm-
143

Nd isotope evolution of 752 

these ancient gneisses. 753 

 754 

5.6 Reconciling the Hf and Pb isotope data 755 

The zircon Hf isotope data presented here, together with those previously published (Kemp et 756 

al. 2009), point towards a model of crustal reworking in the Godthåbsfjord region since ca. 757 

3.8 Ga that is apparently in conflict with the model proposed on the basis of whole-rock and 758 

leached feldspar Pb isotopes by Kamber and Moorbath (1998; Figure 8). Those authors 759 

proposed that the ca. 3.65 Ga regression line through TTG gneisses from the Godthåbsfjord 760 

and Ameralik (including the four samples investigated in the present paper) dated their 761 

magmatic protolith. The intersection of this regression line with the mantle evolution curve of 762 

Kramers and Tolstikhin (1995), also at ca. 3.65 Ga (labelled A in Figure 8a), further being 763 

used to support a model in which the precursors to the gneisses were derived from a 'normal' 764 

mantle source close to this time.  765 

 766 

Subsequently, Pb isotope data from a variety of lithologies in and around the Isua 767 

Supracrustal Belt (ISB) (ca. 150 km to the northeast of Nuuk) including a suite of 3.82 Ga 768 

TTG gneisses from south of the ISB (South of Isua or SOI gneisses), were interpreted as 769 

requiring a component from a source region that had evolved with a higher time-averaged 770 

238
U/

204
Pb ratio (μ value) than typical depleted mantle (Kamber et al., 2003). According to 771 

this model, a high-μ reservoir separating from the mantle as early as 4.3 Ga with a μ value of 772 

10.5 (cf. typical convecting mantle with μ ≈ 8, similar to the Kramers and Tolstikhin (1995) 773 



model at this time), can explain the observed Pb isotope systematics of the ISB lithologies. 774 

This was argued as support for the existence of a stagnant basaltic lid and an absence of plate-775 

tectonic style crustal recycling during the Hadean, the latter to explain the persistence of this 776 

lid into the Eoarchean (Kamber et al., 2005; Shirey et al. 2008; Kamber, 2015).  777 

 778 

A lively, and complex, debate surrounds the geodynamic controls on crust formation and 779 

reworking in the early Earth (e.g., Bédard et al., 2013). If plate tectonics operated in the 780 

Archean, the processes and products of this are likely to have differed from those observed in 781 

the modern, cooler Earth, and this complicates direct analogies between modern and ancient 782 

regimes.  Nonetheless, the initiation of some form of plate boundary tectonics at ca. 3.8 Ga 783 

would have started to irreversibly recycle any basaltic lid into the convecting mantle. This 784 

would have provided a mechanism whereby fluid-mobile elements, including isotopically 785 

distinctive Pb, could be transferred from the foundering basaltic protocrust into the magmatic 786 

precursors to the SOI TTG gneisses. As recognized by Kamber et al. (2002), these gneisses 787 

show the same enrichments in the fluid mobile elements that characterize subduction-related 788 

magmas. The magmatic precursors to these gneisses would, however, retain a mantle-like (in 789 

this case near-chondritic) isotopic character of less fluid-mobile elements such as Hf and Nd. 790 

In this regard, we note that a sample of 3.82 Ga SOI TTG (SM/GR/98/2) combines the high-μ 791 

Pb signature with a near-chondritic initial Hf isotopic composition (Kemp et al., 2009; see 792 

Figure 6).  793 

 794 

With respect to the Godthåbsfjörd TTG gneisses, none of these have feldspar Pb isotope 795 

compositions plotting to the left of the depleted mantle curve, providing no direct evidence 796 

for a high-μ source (Figure 8a). Kamber et al. (2003) noted, however, that the 3.65 Ga 797 

regression line on a Pb isotope diagram intersects the putative high-μ reservoir at ca. 3.85 Ga 798 

(labelled B in Figure 8a). These authors state that “… individual whole rock data points that 799 



plot along the regression line cannot, therefore, be unambiguously assigned to the 3.65 Ga 800 

sample suite or to potentially older … TTGs”. Indeed, the spread of feldspar data along the 801 

isochron raises the possibility that even the least radiogenic leached feldspars do not 802 

accurately record an initial composition and so cannot be used to argue against an older 803 

protolith. In view of this, we consider that the simplest way to reconcile our new Hf isotope 804 

constraints with the existing Pb-isotope data from the ~3.8 Ga Godthåbsfjörd TTG gneisses  805 

(i.e, samples GGU110999, 97/2, 97/8) is for the latter to have been influenced by the same, or 806 

a similar, high-μ source reservoir to that postulated for the SOI TTGs at ≥3.8 Ga, where the 807 

high-μ Pb was also introduced as a fluid-mobile component during recycling of an older 808 

basaltic protocrust. Unradiogenic Hf was not transported from this basaltic crust into the 809 

magmatic precursors of the ~3.8 Ga Godthåbsfjörd TTG gneisses, thus preserving the 810 

chondritic signature of their ultimate mantle source. Subsequent to TTG generation, and in 811 

contrast to the SOI region, the Godthåbsfjord region then evolved in two stages, separated by 812 

high-grade metamorphism at ca. 3.65 Ga, including extensive partial melting and 813 

remobilization, which explains the alignment of these samples along a 3.65 Ga regression line 814 

in Pb isotope space. In principle, this model could be tested by more extensive leaching of the 815 

feldspars, which might reveal diagnostic compositions lying to the left of the depleted mantle 816 

curve, but we consider the Hf isotope data already unambiguously support such a chronology 817 

of events. 818 

 819 

6. Conclusions 820 

The Hf isotope systematics of complexly zoned zircons from four Eoarchaean gneisses, in 821 

tandem with detailed microstructural imaging and ion microprobe U-Pb geochronology, 822 

places new constraints on the evolution of these rocks and their significance for understanding 823 

Eoarchean crustal processes. The new data are consistent with crystallisation of the igneous 824 

precursors of three key samples (GGU110999, SM/GR/97/2, SM/GR/97/8) at 3.84-3.82 Ga, 825 



followed by in situ partial melting at ca. 3.65 Ga and high-grade metamorphism/deformation 826 

at ca. 2.7 Ga to form sequential zircon overgrowths of these ages. The Hf isotope data 827 

confirm variable Pb loss in all zircon microstructural components. The elevated 
176

Hf/
177

Hf of 828 

the 2.7 Ga outer zircon rims is attributed to incorporation of radiogenic Hf released from the 829 

rock matrix during metamorphic reactions in the Neoarchean. The previously reported 830 

superchondritic Hf isotope composition of whole-zircon fractions from GGU110999, and a 831 

number of other Eoarchean Greenland gneisses (Vervoort et al., 1996; Vervoort and Blichert-832 

Toft, 1999), can be explained by a contribution from radiogenic younger zircon in the 833 

dissolved multi-grain aliquots — and calculating the initial Hf values at the older protolith 834 

age — rather than signifying a depleted mantle ancestry and complementary large volumes of 835 

stabilized crust on the early Earth. A fourth gneiss sample (SM/GR/97/7) shows a range of 836 

zircon Hf isotope compositions that could suggest mixing between relatively juvenile magma 837 

and older tonalitic crust at 3.65 Ga, in accordance with field relationships.  838 

 839 

This study reiterates the imperative of establishing accurate crystallization ages as a 840 

framework for meaningful interpretation of zircon Hf isotope data, and also highlights the 841 

importance of understanding the mode of formation of zircon crystals in early Archean 842 

gneisses with complicated thermal histories. For example, the Hf isotope composition of the 843 

ca. 3.67 and 2.7 Ga zircon components in GGU110999 reflects variable equilibration of older 844 

protolith zircon with the tonalitic rock matrix during high grade metamorphism, and so cannot 845 

be used to infer the crustal residence prehistory of magma sources, or to define the evolution 846 

of crust-mantle reservoirs. To achieve the latter requires, at minimum, detailed documentation 847 

of zircon microstructures and careful targeting of these by micro-analytical techniques to 848 

facilitate integration of U-Pb and Hf isotope data. Micro-analytical data are ideally augmented 849 

by whole rock Hf isotope compositions. Even with this approach, unraveling the history of 850 

poly-metamorphosed gneiss samples with complex zircon U-Pb systematics and multiple Hf 851 



isotopic components, as established here for GGU110999, remains challenging; the least 852 

ambiguous record of early Earth evolution is likely to be preserved in meta-igneous rocks 853 

with simpler histories. Consideration of the behavior and Sm-Nd isotope systematics of REE-854 

rich accessory minerals may offer additional insight into evolution of Archean gneisses, 855 

particularly the lack of congruence between the Hf and Nd isotope systems of these rocks.  856 

 857 

The new Hf isotope data from the inferred magmatic zircon components of the Greenland 858 

gneisses conform to those of previous laser ablation MC-ICPMS studies (Hiess et al., 2009; 859 

Kemp et al., 2009; Naeraa et al., 2012; Fisher and Vervoort, 2018) in providing no evidence 860 

for the reworking of substantially older crust, or for input from a depleted mantle reservoir, 861 

during felsic magmatism in southern West Greenland at 3.84-3.82 Ga. We therefore consider 862 

that emplacement of these > 3.8 Ga tonalitic magmas was associated with the generation of 863 

juvenile continental crust from a chondritic (for Hf) mantle source.  To reconcile this scenario 864 

with published Pb isotope data, we suggest that the tonalitic protoliths to the Greenland 865 

gneisses incorporated radiogenic Pb derived from an older, high μ basaltic protocrust (e.g., 866 

Kamber et al., 2003, 2005), with this component introduced by hydrous fluids that did not 867 

substantially mobilise Hf. The foundering and recycling of this stagnant, long-lived basaltic 868 

lid, with attendant fluid release into chondritic mantle, may have been instrumental in the 869 

generation of stable Eoarchean continental crust from 3.8 Ga. 870 

 871 

Acknowledgements 872 

TK acknowledges support from the Australian Research Council (DP0773029 and 873 

FT100100059). Insightful reviews by Stephen Mojzsis, Chris Hawkesworth and Jesse 874 

Reimink helped to clarify and strengthen the paper. 875 

 876 

References 877 



 878 

Amelin Y., Lee D.-C. and Halliday A.N., (2000) Early-middle Archaean crustal evolution 879 

deduced from Lu-Hf and U-Pb isotopic studies of single zircon grains. Geochim. 880 

Cosmochim. Acta 64, 4205-4225. 881 

 882 

Barker F. and Arth J. G. (1976) Generation of trondhjemitic-tonalitic liquids and Archean 883 

bimodal trondhjemite-basalt suites. Geology 4, 596-600. 884 

 885 

Bédard, J.H., Harris, L.B., and Thurston, P. (2013) The hunting of the snArc. Prec. Res. 229, 886 

20–48. 887 

 888 

Bennett V.C., Nutman, A.P. and McCulloch, M.T. (1993) Nd isotopic evidence for transient, 889 

highly depleted mantle reservoirs in the early history of the Earth. Earth Planet. Sci. 890 

Lett. 119, 299-317.  891 

 892 

Bennett V.C., Brandon A.D. and Nutman A.P. (2007) Coupled 
142

Nd-
143

Nd isotopic evidence 893 

for Hadean mantle dynamics. Science 318, 1907-1910. 894 

 895 

Bickford M.E., Wooden J.L. and Bauer R.L. (2006) SHRIMP study of zircons from Early 896 

Archean rocks in the Minnesota River Valley: Implications for the tectonic history of the 897 

Superior Province. GSA Bull. 118, 94-108. 898 

 899 

Bingen J., Austrheim, H. and Whitehouse M. (2001) Ilmenite as a source for zirconium 900 

during high-grade metamorphism? Textural evidence from the Caledonides of W. Norway 901 

and implications for zircon geochronology. J. Petrol. 42, 355–375.  902 

 903 



Blichert-Toft. J. (2008) The Hf isotopic composition of zircon reference material 91500. 904 

Chem. Geol 253, 252-257. 905 

 906 

Bouvier A., Vervoort J.D. and Patchett P.J. (2008) The Lu-Hf and Sm-Nd isotopic 907 

composition of CHUR: constraints from unequilibrated chondrites and implications for 908 

the bulk composition of terrestrial planets. Earth Planet. Sci. Lett. 273, 48-57. 909 

 910 

Bowring S.A. and Williams I.S. (1999) Priscoan (4.00–4.03 Ga) orthogneisses from north- 911 

western Canada. Contrib. Mineral. Petrol. 134, 3–16.  912 

 913 

Caro G., Bourdon B., Wood B.J. and Corgne A. (2005) Trace-element fractionation in 914 

Hadean mantle generated by melt segregation from a magma ocean. Nature 436, 246–249.  915 

 916 

Caro G. and Bourdon B. (2010) Non-chondritic Sm/Nd ratio in the terrestrial planets: 917 

consequences for the geochemical evolution of the mantle-crust system. Geochim. 918 

Cosmochim. Acta 74, 3333–3349. 919 

 920 

Chauvel, C. and Blichert-Toft, J. (2001) A hafnium isotope and trace element perspective on 921 

melting of the depleted mantle. Earth Planet. Sci. Lett. 190, 137-151. 922 

 923 

Dhuime B., Hawkesworth C.J., Cawood P.A. and Storey C.D. (2012) A change in the 924 

geodynamics of continental growth 3 billion years ago. Science 335, 1334–1336.  925 

 926 

Fisher C.M., Vervoort J. and DuFrane A. (2014) Accurate Hf isotope determinations of 927 

complex zircons using the ‘‘laser ablation split stream’’ method. Geochem. Geophys. 928 

Geosyst. 15, 121-139. 929 



 930 

Flowerdew M.J., Millar I.L, Vaughan A.P.M., Horstwood M.S.A. and Fanning C.M. 931 

(2006) The source of granitic gneisses and migmatites in the Antarctic Peninsula: a 932 

combined U-Pb SHRIMP and laser ablation Hf isotope study of complex zircons.  Contrib. 933 

Mineral. Petrol. 151, 751-768. 934 

 935 

Fraser G., Ellis D. and Eggins S. (1997) Zirconium abundance in granulite-facies minerals, 936 

with implications for zircon geochronology in high-grade rocks. Geology 25, 607–610.  937 

 938 

Friend C.R.L., Nutman A.P., Baadsgaard H., Kinny P.D. and McGregor V.R. (1996) Timing 939 

of late Archaean terrane assembly, crustal thickening and granite emplacement in the 940 

Nuuk region, southern West Greenland. Earth Planet. Sci. Lett. 142, 353–365.  941 

 942 

Gerdes A. and Zeh A. (2009) Zircon formation versus zircon alteration — New insights from 943 

combined U–Pb and Lu–Hf in-situ LA-ICP-MS analyses, and consequences for the 944 

interpretation of Archean zircon from the Central Zone of the Limpopo Belt. Chem. Geol. 945 

261, 230-243. 946 

 947 

Guitreau M., Blichert-Toft J., Martin H., Mojzsis S.J. and Albarede F. (2012) Hafnium 948 

isotope evidence from Archean granitic rocks for deep mantle origin of continental 949 

crust. Earth Planet. Sci. Lett. 337, 211-223. 950 

 951 

Guitreau M., Blichert-Toft J., Mojzsis S.J., Roth A.S.G. and Bourdon B. (2013) A legacy of 952 

Hadean silicate differentiation inferred from Hf isotopes in Eoarchean rocks of the 953 

Nuvvuagittuq supracrustal belt (Quebec, Canada). Earth Planet. Sci. Lett. 362, 171-181. 954 

 955 



Hiess J., Bennett V. C., Nutman A. P. and Williams, I. S. (2009) In situ U-Pb, O and Hf 956 

isotopic compositions of zircon and olivine from Eoarchaean rocks, West Greenland: 957 

new insights to making old crust. Geochim. Cosmochim. Acta 73, 4489-4516.  958 

 959 

 960 

Hiess J. and Bennett V.C. (2016) Chondritic Lu/Hf in the early crust-mantle system as 961 

recorded by zircon populations from the oldest Eoarchean rocks of the Yilgarn Craton, 962 

West Australia and Enderby Land, Antarctica. Chem. Geol. 427, 125-143. 963 

 964 

Hoffmann J. E., Münker C., Polat A, Konig S., Mezger K. and Rosing M. T. (2010) Highly 965 

depleted Hadean mantle reservoirs in the sources of early Archean arc-like rocks, Isua 966 

supracrustal belt, southern West Greenland. Geochim. Cosmochim. Acta 74, 7236 –7260  967 

 968 

Hoffmann J.E., Münker C., Polat A., Rosing M.T., and Schulz T. (2011) The origin of 969 

decoupled Hf–Nd isotope compositions in Eoarchean rocks from southern West 970 

Greenland. Geochim. Cosmochim. Acta 75, 6610–6628.  971 

 972 

Hoffmann J.E., Nagel T.J., Munker C., Naeraa T. and Rosing M.T. (2014) Constraining the 973 

process of Eoarchean TTG formation in the Itsaq Gneiss Complex, southern West 974 

Greenland. Earth Planet. Sci. Lett. 388, 374–386.  975 

 976 

Hofmann A.W. (1988) Chemical differentiation of the earth: the relationship between mantle, 977 

continental crust and oceanic crust. Earth Planet. Sci. Lett. 90, 297-314. 978 

 979 



Iizuka, T. and Hirata, T. (2005) Improvements of precision and accuracy in in situ Hf isotope 980 

microanalysis of zircon using the laser ablation MC-ICPMS technique. Chem. Geol. 981 

220, 121-137. 982 

 983 

Johnson D. M., Hooper P. R. and Conrey R. M. (1999) XRF analysis of rocks and minerals 984 

for major and trace elements on a single low dilution Li-tetraborate fused bead. Advances 985 

in X-ray Analysis 41, 843-867.  986 

 987 

Kamber B.S. and Moorbath S. (1998) Initial Pb of the Amîtsoq gneiss revisited: implication 988 

for the timing of early Archaean crustal evolution in West Greenland. Chem. Geol. 989 

150,19–41. 990 

 991 

Kamber B.S. and Moorbath S. (2000) Initial Pb of the Amîtsoq gneiss revisited: implications 992 

for the timing of early Archaean crustal evolution in West Greenland—reply. Chem. 993 

Geol. 166, 309–312. 994 

 995 

Kamber B.S., Ewart A., Collerson K.D., Bruce M.C. and McDonald G.D. (2002) Fluid- 996 

mobile trace element constraints on the role of slab melting and implications for 997 

Archaean crustal growth models. Contrib. Mineral Petrol. 144, 38–56.  998 

 999 

Kamber B.S., Collerson K.D., Moorbath S. and Whitehouse M.J. (2003) Inheritance of Early 1000 

Archaean Pb-isotope variability from long-lived Hadean protocrust. Contrib. Mineral 1001 

Petrol. 145, 25-46. 1002 

 1003 

Kamber B.S., Whitehouse M.J., Bolhar R. and Moorbath S. (2005) Volcanic resurfacing and 1004 

the early terrestrial crust: zircon U-Pb and REE constraints from the Isua Greenstone 1005 



Belt, southern West Greenland. Earth Planet. Sci. Lett. 240, 276-290. 1006 

 1007 

Kamber B.S. (2015) The evolving nature of terrestrial crust from the Hadean, through the 1008 

Archaean, into the Proterozoic. Prec. Res. 258, 48-82. 1009 

 1010 

Kemp A.I.S., Foster G.L., Schersten A., Whitehouse M.J., Darling J. and Storey, C. (2009) 1011 

Concurrent Pb-Hf isotope analysis of zircon by laser ablation multi-collector ICP-MS, 1012 

with implications for the crustal evolution of Greenland and the Himalayas. Chem. Geol. 1013 

261, 244-260.  1014 

 1015 

Kemp A.I.S., Wilde S.A., Hawkesworth C. J., Coath C.D., Nemchin A., Pidgeon R. T., 1016 

Vervoort J. D. and DuFrane S. A. (2010) Hadean crustal evolution revisited: New 1017 

constraints from Pb–Hf isotope systematics of the Jack Hills zircons. Earth  Planet. Sci. 1018 

Lett., 296, 45-56. 1019 

 1020 

Kemp A.I.S., Hickman A.H., Kirkland C. and Vervoort J.D. (2015) Hf isotopes in detrital and 1021 

inherited zircons of the Pilbara Craton provide no evidence for Hadean continents. Prec. 1022 

Res. 261, 112-126.  1023 

 1024 

Kinny P. D. (1986) 3820 Ma zircons from a tonalitic Amîtsoq gneiss in the Godthab district 1025 

of southern West Greenland. Earth Planet. Sci. Lett. 79, 337-347. 1026 

 1027 

Knaack C., Cornelius S. and Hooper P. R. (1994) Trace element analysis of rocks and 1028 

minerals by ICP-MS. Open File Report, Department of Geology. Pullman: Washington 1029 

State University.  1030 

 1031 



Kramers J.D. and Tolstikhin I.N. (1997) Two terrestrial lead isotope paradoxes, forward 1032 

transport modelling, core formation and the history of the continental crust. Chem. 1033 

Geol. 139, 75–110.  1034 

 1035 

Liu D., Wan Y., Wu J., Wilde S.A., Zhou H., Dong C. and Yin X. (2007) Eoarchean rocks 1036 

and zircons in the North China Craton. In Van Kranendonk, M., Smithies, R.H., and 1037 

Bennett, V.C. (editors) Earth’s Oldest Rocks. Amsterdam, The Netherlands, Elsevier 1038 

series ‘Developments in Precambrian Geology’, 251-273. 1039 

 1040 

Liu F.L., Robinson P.T., Gerdes A., Xue H.M., Liu P.H. and Liou, J.G. (2010) Zircon U-Pb 1041 

ages, REE concentrations and Hf isotope compositions of granitic leucosome and 1042 

pegmatite from the north Sulu UHP terrane in China: constraints on the timing and 1043 

nature of partial melting. Lithos 117, 247-268. 1044 

 1045 

McGregor V.R.  (2000) Initial Pb of the Amîtsoq gneiss revisited: Implications for the timing 1046 

of early Archaean crustal evolution in West Greenland—Comment. Chem. Geol. 166, 1047 

301–308. 1048 

 1049 

Mojzsis S. J. and Harrison T. M. (2002) Establishment of a 3.83 Ga magmatic age for the 1050 

Akilia tonalite (southern West Greenland). Earth Planet. Sci. Lett. 202, 563–576. 1051 

 1052 

Moorbath S., Whitehouse M. J. and Kamber, B. S. (1997) Extreme Nd-isotope heterogeneity 1053 

in the early Archaean—fact or fiction? Case histories from northern Canada and West 1054 

Greenland. Chem. Geol. 135, 213-231. 1055 

 1056 



Morel M.L.A., Nebel O., Nebel-Jacobsen Y.J., Miller J.S. and Vroon P.Z. (2008) Hafnium 1057 

isotope characterization of the GJ-1 zircon reference material by solution and laser 1058 

ablation ICPMS. Chem. Geol. 255, 231-235. 1059 

 1060 

Moyen J.F. (2011) The composite Archaean grey gneisses: petrological significance, and 1061 

evidence for a non-unique tectonic setting for Archaean crustal growth. Lithos 123, 21–1062 

36.  1063 

 1064 

Moyen J.F. and Martin H. (2012) Forty years of TTG research. Lithos 148, 312-336. 1065 

 1066 

Münker C., Weyer S., Scherer E. and Mezger K. (2001) Separation of high field strength 1067 

elements (Nb, Ta, Zr, Hf) and Lu from rock samples for MC-ICPMS measurements. 1068 

Geochem. Geophys. Geosyst. 2, 2001GC000183.  1069 

 1070 

Myers J.S. (1988) Early Archaean Narryer Gneiss Complex, Yilgarn Craton, Western 1071 

Australia. Prec. Res. 38, 297–307. 1072 

 1073 

Naeraa T., Schersten A., Rosing M.T., Kemp A.I.S., Hoffmann J.E., Kokfelt T.F. and 1074 

Whitehouse M.J. (2012) Hafnium isotope evidence for a transition in the geodynamics 1075 

of continental growth after 3.2 Ga. Nature 485, 627-630. 1076 

 1077 

Nutman A. P., McGregor V. R., Friend C. R. L., Bennett V. C., and Kinny P. D. (1996) The 1078 

Itsaq Gneiss Complex of southern West Greenland; the world’s most extensive record of 1079 

early crustal evolution (3900-3600 Ma). Prec. Res. 78, 1–39.  1080 

 1081 

Nutman, A.P., Mojzsis, S.J. and Friend, C.R.L. (1997) Recognition of 3850 Ma water-lain 1082 



sediments in West Greenland and their significance for the early Archaean Earth. 1083 

Geochim. Cosmochim. Acta 61, 2475–2484.  1084 

 1085 

Nutman A.P., McGregor V.R., Bennett V.C. and Friend C.R.L. (2001) Age significance of U-1086 

Th-Pb zircon data from early Archean rocks of west Greenland- a reassessment based 1087 

on combined ion microprobe and imaging studies- comment. Chem. Geol. 175, 191-1088 

199. 1089 

 1090 

Nutman A. P., Bennett V. C., Friend C. R. L., Horie K., and Hidaka H. (2007) ~3850 Ma 1091 

tonalites in the Nuuk region, Greenland: Geochemistry and their reworking within an 1092 

Eoarchaean gneiss complex. Contrib. Mineral. Petrol. 154, 385– 408.  1093 

 1094 

Nutman A.P., Bennett V.C., Friend C.L., Hidaka H., Yi K., Lee S.R. and Kamiichi T. (2013) 1095 

The Itsaq Gneiss Complex of Greenland: episodic 3900 to 3660 juvenile crust formation 1096 

and recycling in the 3660 to 3600 Ma Isukasian Orogeny. Am. J. Sci. 313, 877-911. 1097 

 1098 

Patchett J.P. (1983) The importance of the Lu-Hf isotopic system in studies of planetary 1099 

chronology and chemical evolution. Geochim. Cosmochim. Acta 47, 81-91.  1100 

 1101 

Patchett P.J. and Tatsumoto M. (1980) A routine high-precision method for Lu-Hf isotope 1102 

geochemistry and chronology. Contrib. Mineral. Petrol. 75, 263-267.  1103 

 1104 

Pichavant M., Montel J-M and Richard L.R. (1992) Apatite solubility in peraluminous 1105 

liquids: experimental data and an extension of the Harrison-Watson model. Geochim. 1106 

Cosmochim. Acta 56, 3855-3861  1107 

 1108 



Reimink J. R., Davies J. H. F. L., Chacko T., Stern R. A., Heaman L. M., Sarkar C., 1109 

Schaltegger U., Creaser R. A., and Pearson D. G. (2016) No evidence for Hadean 1110 

continental crust within Earth/'s oldest evolved rock unit. Nat. Geosci. 9, 777-780. 1111 

 1112 

Segal I., Halicz L. and Platzner I.T. (2003) Accurate isotope ratio measurements of ytterbium 1113 

by multi-collector inductively coupled plasma mass spectrometry applying erbium and 1114 

hafnium in an improved double external normalisation procedure. J. Analytical Atom. 1115 

Spect. 18, 1217-1223. 1116 

 1117 

Shirey S.B., Kamber B.S., Whitehouse M.J., Mueller P.A. and Basu A.R. (2008) A review of 1118 

the isotopic and trace element evidence for mantle and crustal processes in the Hadean 1119 

and Archean: implications for the onset of plate tectonic subduction. In Condie, K.C., and 1120 

Pease, V., eds., When Did Plate Tectonics Begin on Planet Earth? Geological Society of 1121 

America Special Paper 440, 1–29.  1122 

 1123 

Söderlund U., Patchett J.P., Vervoort J.D. and Isachsen C.E. (2004) The 
176

Lu decay constant 1124 

determined by Lu-Hf and U-Pb isotope systematics of Precambrian mafic intrusions. 1125 

Earth Planet. Sci. Lett. 219, 311-324. 1126 

 1127 

Vervoort J.D., Patchett P.J., Gehrels G.E. and Nutman A.P. (1996) Constraints on early Earth 1128 

differentiation from hafnium and neodymium isotopes. Nature 379, 624-627.  1129 

 1130 

Vervoort J.D. and Blichert-Toft J. (1999) Evolution of the depleted mantle: Hf isotope 1131 

evidence from juvenile rocks through time. Geochim. Cosmochim. Acta 63, 533-556. 1132 

 1133 

Vervoort J.D., Patchett P.J., Söderlund U. and Baker M. (2004) The isotopic composition of 1134 



Yb and the precise and accurate determination of Lu concentrations and Lu/Hf ratios by 1135 

isotope dilution using MC-ICPMS. Geochem. Geophys. Geosyst. 5 Q11002.  1136 

 1137 

Vervoort J.D., Plank T. and Prytulak J. (2011) The Hf–Nd isotopic composition of marine 1138 

sediments. Geochim. Cosmochim. Acta 75, 5903-5926. 1139 

 1140 

Vervoort J.D. and Kemp A.I.S. (2016) Clarifying the zircon Hf isotope record of crust-mantle 1141 

evolution. Chem. Geol. 425, 65-75. 1142 

 1143 

Whitehouse M.J., Kamber B.S. and Moorbath S. (1999) Age significance of U-Th-Pb zircon 1144 

data from early Archaean rocks of west Greenland - a reassessment based on combined 1145 

ion microprobe and imaging studies. Chem. Geol. 160, 201-224. 1146 

 1147 

Whitehouse M.J. and Kamber B.S. (2003) A rare earth element study of complex zircons 1148 

from early Archaen Amitsoq gneisses, Godthåbsfjord, south-west Greenland. Prec. Res. 1149 

126, 363-377. 1150 

 1151 

Whitehouse M.J. and Kamber B.S. (2005) Assigning dates to thin gneissic veins in high-grade 1152 

metamorphic terranes: a cautionary tale from Akilia, southwest Greenland. J. Petrol. 46, 1153 

291-318.  1154 

 1155 

Whitehouse M.J., Myers J.S. and Fedo C.M. (2009) The Akilia Controversy: field, structural 1156 

and geochronological evidence questions interpretations of >3.8 Ga life in SW Greenland. 1157 

J. Geol. Soc London 166, 335–348.  1158 

 1159 

Whitehouse M.J. and Kemp A.I.S. (2010) On the difficulty of assigning crustal residence, 1160 



magmatic protolith and metamorphic ages to Lewisian granulites: constraints from 1161 

combined in situ U-Pb and Lu-Hf. In Law, R.D., Butler, R.W.H., Holdsworth, R.E., 1162 

Krabbendam, M and Strachan, R.A. (eds) Continental Tectonics and Mountain Building: 1163 

the Legacy of Peach and Horne. Geological Society, London, Special Publications 335, 1164 

79-99. 1165 

 1166 

Wolf M.B. and London D. (1995) Incongruent dissolution of REE- and Sr- rich apatite in 1167 

peraluminous granitic liquids: Differential apatite, monazite, and xenotime solubilities 1168 

during anatexis. Am. Mineral. 80, 765-775.  1169 

 1170 

Woodhead J.D. and Hergt J.M. (2005) A preliminary appraisal of seven natural zircon 1171 

reference materials for in situ Hf isotope determination. Geost. Geoanalyt. Res. 29, 183-1172 

195. 1173 

 1174 

Figure captions 1175 

 1176 

Figure 1. Cathodoluminescence images of zircons from GGU110999, showing the pits 1177 

resulting from laser ablation analysis (the alphabetic labels correspond to analyses listed in 1178 

Table 2). A SIMS pit (from U-Pb measurement) is also visible in the outer rim of grain #13.   1179 

 1180 

Figure 2. Lu-Hf isotope data measured by LA-MC-ICPMS for zircon grains from the four 1181 

Greenland gneiss samples of this study (error bars are at 2 SE). The whole-rock Hf isotope 1182 

composition for GGU110999 is also plotted, calculated at 3.82 Ga. Epsilon Hf values for 1183 

zircon analyses are calculated at the corresponding 
207

Pb/
206

Pb age determined for the same 1184 

growth zone by SIMS (data from Whitehouse et al. 1999). The diagram includes the zircon Hf 1185 

isotope data for Greenland samples reported by Kemp et al. (2009) (green circles; LA-MC-1186 



ICPMS), these being SM/GR/98/2 (3.81 Ga), GGU462511 (3.71 Ga) and GGU125540 (3.64 1187 

Ga). The Hf isotope compositions of multi-grain zircon fractions extracted from Eoarchean 1188 

Greenland gneisses determined by Vervoort et al. (1996) (TIMS) and Vervoort and Blichert-1189 

Toft (1999) (TIMS and MC-ICPMS) (both in pink circles) are plotted as ‘GL zircon 1190 

(multigrain)’ (note these data are recalculated using the 
176

Lu decay constant of Söderlund et 1191 

al. 2004 and normalized to JMC475 
176

Hf/
177

Hf = 0.282160, and are plotted at the protolith 1192 

ages given in Vervoort et al. 1996). The dashed line ‘MORB-DM’ represents the mean Hf 1193 

isotope composition of radiogenic modern MORB (e.g., Chauvel and Blichert-Toft, 2001) 1194 

extrapolated to Hf  = 0 at 4.5 Ga, and is shown for comparative purposes only.  1195 

 1196 

Figure 3. Comparison between zircon Hf isotope data obtained for GGU110999 by this study 1197 

(plotted at the measured SIMS 
207

Pb/
206

Pb age from Whitehouse et al. 1999), with that 1198 

reported by Fisher and Vervoort (2018), determined by laser ablation split streaming (i.e., 1199 

simultaneous measurement of U-Pb and Hf isotopes). The lines labeled ‘Pb loss’ show the 1200 

trajectories that would be produced if data from the ca. 3.82 Ga (core) and 3.67 Ga (inner rim) 1201 

zircon components were plotted at ages that were too young due to ancient lead loss (these 1202 

trajectories were calculated using the initial 
176

Hf/
177

Hf and mean 
176

Lu/
177

Hf of each 1203 

component). Analytical uncertainties are 2 SE. 1204 

 1205 

Figure 4. Alternate depiction of the Hf isotope data shown in Figure 2, also plotting the 1206 

evolutionary trajectory of the whole rock and contained zircon of sample GGU110999, 1207 

derived by back-calculating the present-day (measured) isotope compositions to 3.82 Ga. The 1208 

approximate evolutionary path of the zircon-free rock matrix (dotted line) was derived using a 1209 

Lu/Hf value estimated by mass balance calculations, using data in Table 2 and Table 3, and 1210 

assuming an mean of 11500 ppm Hf in zircon (from data in Whitehouse and Kamber, 2003).  1211 

 1212 



Figure 5. Plots of initial 
176

Hf/
177

Hf (calculated at the estimated crystallisation age of each 1213 

growth phase) versus 
176

Lu/
177

Hf for sample GGU110999 (top) and all four Greenland 1214 

samples (bottom).  1215 

 1216 

Figure 6. As for Figure 2, but where epsilon values are calculated at the pooled crystallisation 1217 

age estimated for each zircon growth phase by Whitehouse et al. (1999) and Whitehouse and 1218 

Kamber (2005). The evolutionary paths for 'mafic crust' were calculated using Lu/Hf ratios 1219 

for two different tholeiitic amphibolites from the Isua Supracrustal Belt, considered by 1220 

Hoffmann et al. (2014) to be source rock candidates for Eoarchean tonalitic magmas, and 1221 

assuming a 
176

Hf/
177

Hf value at 3.82 equal to that of GGU110999. 1222 

 1223 

Figure 7. Mixture modelling of the present-day Hf isotope composition of zircons from 1224 

GGU110999 to simulate the bulk analysis of zircons with different proportions of the 2.7 Ga, 1225 

3.65 Ga and 3.82 Ga growth phases. Curves plot the Hf isotope ratio resulting from addition 1226 

of Hf from the 2.7 Ga outer rims to Hf from the 3.82 Ga cores (curve with solid diamonds), 1227 

and where the 'core' composition is actually a 50:50 mixture of Hf from the 3.82 Ga and 3.67 1228 

Ga components (curve with open diamonds). Markers are at 5% mixing increments. Case (a) 1229 

uses the most radiogenic Hf measured from the outer rims (
176

Hf/
177

Hf = 0.28060), whereas 1230 

case (b) uses a mean 
176

Hf/
177

Hf value of the outer rims (0.28048). Mean Hf contents of the 1231 

different growth phases were taken from Whitehouse and Kamber (2003). The horizontal 1232 

dashed lines (1) and (2) represent the 
176

Hf/
177

Hf values of the two multigrain zircon fractions 1233 

reported by Vervoort et al. (1996).  1234 

 1235 

Figure 8. Lead isotope systematics of early Archean gneisses in West Greenland. (a) 1236 

207
Pb/

204
Pb vs. 

206
Pb/

204
Pb diagram showing whole-rock and feldspar analyses from the 1237 

Godthåbsjord and Isua regions (data from Kamber et al., 2003 and references therein) in 1238 



relation to the growth curve for typical depleted mantle (Kramers and Tolstikhin, 1997; K&T) 1239 

and a reservoir separated from this at 4.3 Ga that evolved with a μ of 10.5 required by 1240 

lithologies in the Isua region (Kamber et al., 2003). A 3.65 Ga regression line defined by the 1241 

Godthåbsfjord TTG gneisses intersects the K&T mantle at ~ 3.66 Ga (A) and the high-µ 1242 

source at ~ 3.84 Ga (B). Labelled tick marks on the regression correspond to μ values that 1243 

apply from 3.65 Ga to present day, assuming derivation from the K&T mantle. Analyses of 1244 

samples discussed in the present study are highlighted by larger symbols containing numbers 1245 

corresponding to their original sample name: 9 =110999, 2 = SM/GR/97/2, 7 = SM/GR/97/2, 1246 

8 = SM/GR/97/8. Note that the whole rock symbol for 110999 is largely obscured by the 1247 

feldspar symbol for SM/GR/97/2). (b) 
207

Pb/
206

Pb vs. 
204

Pb/
206

Pb diagram showing a range of 1248 

source characteristics for the Godthåbsfjord TTG gneisses. As in (a) the K&T depleted 1249 

mantle, 3.65 Ga regression and μ = 10.5 growth curves are shown, together with four 1250 

additional high-µ growth curves with μ values from 9 to 11, which also start at 4.3 Ga on 1251 

K&T mantle. Paleo-geochrons for the high-μ reservoirs at 100 Ma intervals are shown by pale 1252 

dashed lines, along with two specific paleo-geochrons corresponding to the oldest zircon date 1253 

from sample 110999 at 3.82 Ga and the 3.65 Ga partial melting/remobilization event in the 1254 

Godthåbsfjord gneisses.  Shaded area in the top right of the diagram corresponds to the range 1255 

of possible gneiss protolith age and apparent source μ values, which cannot lie to the left of 1256 

either the regression line or the 3.82 Ga paleo-geochron. Within this shaded area, a range of 1257 

mixtures between a high-µ component and normal (K&T) mantle remain permissible. Black 1258 

dashed line C is an example of a paleo-isochron derived from a μ = 10 source at ca. ~3.84 Ga 1259 

along which compositions would lie at 3.65 Ga. Dashed line D is the locus of possible 1260 

protolith age and apparent source μ values for which there will be no change in the TTG μ 1261 

value (based on the average TTG composition) during the 3.65 Ga event; older protolith ages 1262 

would require some lowering of μ value at 3.65 Ga while younger protoliths would require an 1263 

increase. In either case, these small changes remain consistent with the arguments against 1264 



significant depletion of U at 3.65 Ga (Kamber and Moorbath (2000) cf. McGregor (2000). 1265 

The scatter of points around the 3.65 Ga regression will result in variation in these 1266 

parameters, which should be taken as illustrative only; nonetheless, the requirement for high-1267 

μ component remains in order to reconcile the Pb and Hf isotope data.  1268 

 1269 



Zircon n 
176

Hf/
177

Hf 
176

Hf/
177

Hf
 176

Lu/
177

Hf 
176

Hf/
177

Hf
b
 

  mean ± 2 SD weighted mean ± 

95% conf., (MSWD) 

mean ± 2 SD published 

values, mean ± 

2 SD 

      

GJ1 9 0.282012 ± 13 0.282014 ± 5 (0.51) 0.00024 ± 0.1 0.282000 ± 5 
1
 

      

91500 4 0.282309 ± 11 – 0.00036 ± 3 0.282308 ± 6 
2
 

      

Temora 2 55 0.282690 ± 19 0.282690 ± 2 (1.09) 0.00107 ± 64 0.282686 ± 8 
3
 

      

FC1 67 0.282182 ± 17 0.282182 ± 2 (1.18) 0.00116 ± 51 0.282184 ± 16 
3
 

      

R33 10 0.282762 ± 25 0.282760 ± 7 (1.11) 0.0037 ± 33 0.282764 ± 14 
4
 

 

 

Table 1. Summary of results obtained from a number of different reference zircons by laser 

ablation MC-ICPMS throughout the course of this study. Full analyses are listed in supplementary 

Table 1. References for solution Hf isotope data are: 
1
Morel et al. (2008), 

2
Blichert-Toft (2008), 

3
Woodhead and Hergt (2005), 

4
Fisher et al. (2014). 

Table 1



Wt%  

  

SiO2   64.86  

TiO2   0.52 

Al2O3  17.25  

FeO* 4.51  

MnO    0.07 

MgO    1.93  

CaO    4.71  

Na2O   5.15  

K2O    1.27  

P2O5   0.136 

LOI  0.32  

Sum 100.72  

  ppm  

  

Sc 9.4   

Cr* 36 

Ni* 29 

V* 61   

Cs 1.02 

Ba 168 (173*) 

Rb 30.4 (33*) 

Sr 436 (448*) 

Zr 99 (116*) 

Y 7.90 (9*) 

Nb 2.85 

Ga* 23   

Cu* 2   

Zn* 79   

La 15.47 

Ce  32.21 

Pr  4.12 

Nd  16.52 

Sm  3.14 

Eu  0.87 

Gd  2.37 

Tb  0.33 

Dy  1.72 

Ho  0.31 

Er  0.78 

Tm  0.10 

Yb  0.63 

Lu  0.09 

Hf  2.58 

Ta  0.08 

Pb 9.57 

Th 0.07 

U 0.03 

  K2O/Na2O 0.25   

Mg# 0.43 

ASI 0.94 

Sr/Y 55.2 

La/Yb 24.7 

Eu/Eu* 0.97 

 

Table 2. Whole rock major and trace element analysis of GGU110999. Trace 

elements marked with an asterisk were determined by XRF. 

Table 2



Sample# [Sm] [Nd]  [Lu]  [Hf]  
147

Sm/
144

Nd 
143

Nd/
144

Nd 
176

Lu/
177

Hf 
176

Hf/
177

Hf 
176

Hf/
177

Hf(t) 
143

Nd/
144

Nd(t) Nd (3.82 Ga) Hf (3.82 Ga) 

 

g/g g/g g/g g/g 

        

 

  

          110999.1 2.916 15.853 0.089 2.932 0.11121 0.510608 ± 6 0.004323 ± 9 0.280635 ± 5 0.280315 0.507795 2.4 ± 0.3 0.5 ± 0.2 

110999.2 2.978 16.365 0.088 3.164 0.11002 0.510578 ± 5 0.003963 ± 8 0.280614 ± 4 0.280321 0.507795 2.4 ± 0.3 0.7 ± 0.2 

 

 

Table 3. Whole rock Lu-Hf and Sm-Nd isotope data for sample GGU110999 obtained by solution MC-ICPMS. Each analysis represents a separate dissolution of ~ 0.25 g 

of rock powder.  Nd, Sm and Lu solutions were run at 100 ppb, whereas Hf was run at 50 ppb. Uncertainties in 
143

Nd/
144

Nd and 
176

Hf/
177

Hf include the reproducibilities of 

the Ames Nd solution (100ppb) and JMC475 Hf solution (50 ppb) measured repeatedly throughout the session, added in quadrature. Ames Nd yielded 
143

Nd/
144

Nd = 

0.512114 ± 14 (2 SD, n= 8) and JMC475 Hf yielded 
176

Hf/
177

Hf = 0.282148 ± 4 (2 SD, n=9). Epsilon Nd and Hf values were calculated with the CHUR parameters of 

Bouvier et al. (2008). 

Table 3



Sample/spot Comment 176Hf/177Hf ± 2SE 178Hf/177Hf  ± 2SE 180Hf/177Hf ± 2SE 176Lu/177Hf ± 2SE 176Yb/177Hf ± 2SE 

Total  

Hf (V) Age Hf (t) ± 2SE 

   
 

 
 

        
Group (Ma) 

  

GGU-110999 

  

 

 
 

         

 

 
 

1b OZ core 0.280364 0.000019 1.46729  0.00004 1.88685 0.00005 0.000637 0.000008 0.0196 0.0003 20.3 3820 0.6 0.7 

3a OZ core 0.280354  0.000019 1.46722  0.00006 1.88679 0.00007 0.000474 0.000021 0.0141 0.0007 18.9 3820 0.6 0.7 

4a OZ core 0.280342  0.000022 1.46726  0.00003 1.88677 0.00008 0.000577 0.000016 0.0162 0.0004 20.1 3820 -0.1 0.8 

4c OZ core 0.280395  0.000027 1.46729  0.00004 1.88685 0.00008 0.000837 0.000046 0.0265 0.0015 10.8 3820 1.1 1.0 

7a OZ core 0.280338  0.000021 1.46723  0.00009 1.88681 0.00008 0.000396 0.000008 0.0121 0.0002 18.9 3820 0.3 0.7 

5a OZ core 0.280351  0.000021 1.46727  0.00007 1.88680 0.00008 0.000450 0.000015 0.0143 0.0005 18.7 3820 0.6 0.8 

5b OZ core 0.280330  0.000019 1.46726  0.00004 1.88689 0.00005 0.000401 0.000014 0.0109 0.0003 20.7 3820 0.0 0.7 

8c OZ core 0.280347  0.000019 1.46724  0.00003 1.88670 0.00004 0.000364 0.000013 0.0096 0.0004 21.6 3820 0.7 0.7 

9b OZ core 0.280361  0.000020 1.46728  0.00004 1.88687 0.00006 0.000498 0.000030 0.0136 0.0007 17.6 3820 0.8 0.7 

11a OZ core 0.280369  0.000021 1.46724  0.00003 1.88679 0.00008 0.000799 0.000108 0.0234 0.0033 19.4 3820 0.3 0.8 

11c OZ core 0.280357  0.000025 1.46727  0.00003 1.88686 0.00007 0.000502 0.000088 0.0151 0.0027 15.1 3820 0.7 0.9 

12a OZ core 0.280356  0.000017 1.46727  0.00004 1.88677 0.00006 0.000542 0.000033 0.0159 0.0011 18.6 3820 0.5 0.6 

14a OZ core 0.280354  0.000020 1.46727  0.00004 1.88682 0.00006 0.000594 0.000010 0.0168 0.0003 21.2 3820 0.3 0.7 

14b OZ core 0.280331  0.000020 1.46729  0.00004 1.88681 0.00007 0.000260 0.000004 0.0076 0.0001 21.2 3820 0.4 0.7 

14c OZ core 0.280333  0.000022 1.46727  0.00004 1.88675 0.00008 0.000193 0.000001 0.0050 0.0000 14.4 3820 0.6 0.8 

50a OZ core 0.280361  0.000019 1.46723  0.00004 1.88679 0.00005 0.000615 0.000122 0.0189 0.0039 26.0 3820 0.5 0.7 

51a OZ core 0.280356  0.000018 1.46725  0.00007 1.88684 0.00005 0.000498 0.000007 0.0146 0.0002 20.6 3820 0.6 0.6 

51b OZ core 0.280341  0.000020 1.46727  0.00003 1.88680 0.00006 0.000369 0.000023 0.0099 0.0006 21.3 3820 0.5 0.7 

53 OZ core 0.280348  0.000017 1.46726  0.00003 1.88682 0.00006 0.000466 0.000010 0.0129 0.0002 22.2 3820 0.4 0.6 

56b OZ core 0.280335  0.000019 1.46724  0.00005 1.88677 0.00005 0.000204 0.000007 0.0051 0.0001 24.1 3820 0.7 0.7 

3b CL dk embayment 0.280354  0.000023 1.46724  0.00007 1.88682 0.00009 0.000166 0.000003 0.0045 0.0001 15.0 3668 -2.2 0.8 

7b inner rim 0.280360  0.000021 1.46731  0.00007 1.88684 0.00007 0.000206 0.000003 0.0056 0.0001 16.8 3668 -2.1 0.8 

8a OZ inner rim 0.280378  0.000019 1.46729  0.00003 1.88682 0.00007 0.000228 0.000001 0.0058 0.0001 15.6 3668 -1.5 0.7 

8_ir OZ inner rim 0.280393  0.000029 1.46725  0.00006 1.88673 0.00010 0.000215 0.000004 0.0050 0.0001 8.6 3668 -0.9 1.0 

9a zoned inner rim 0.280369  0.000023 1.46730  0.00004 1.88688 0.00009 0.000199 0.000000 0.0049 0.0000 15.1 3668 -1.7 0.8 

12b** inner rim 0.280343  0.000024 1.46723  0.00004 1.88685 0.00007 0.000191 0.000008 0.0050 0.0002 15.4 3668 -2.7 0.8 

13a OZ inner rim 0.280384  0.000019 1.46724  0.00003 1.88684 0.00007 0.000193 0.000001 0.0050 0.0000 15.4 3668 -1.2 0.7 

13b OZ inner rim 0.280369  0.000021 1.46728  0.00005 1.88682 0.00007 0.000230 0.000004 0.0062 0.0001 14.4 3668 -1.8 0.7 

13c OZ inner rim 0.280387  0.000022 1.46725  0.00005 1.88677 0.00006 0.000247 0.000001 0.0059 0.0000 15.1 3668 -1.2 0.8 

16a zoned inner rim 0.280376  0.000023 1.46727  0.00004 1.88682 0.00009 0.000210 0.000002 0.0056 0.0001 14.3 3668 -1.5 0.8 

16b zoned inner rim 0.280371  0.000022 1.46725  0.00004 1.88680 0.00007 0.000212 0.000001 0.0049 0.0000 16.4 3668 -1.7 0.8 

16c** zoned inner rim 0.280395  0.000015 1.46727  0.00003 1.88681 0.00008 0.000255 0.000002 0.0062 0.0001 16.8 3668 -0.9 0.6 

Table 4



31 irregular inner rim 0.280389  0.000028 1.46731  0.00008 1.88679 0.00010 0.000255 0.000010 0.0060 0.0002 8.2 3668 -1.2 1.0 

4b CL bright tip 0.280524  0.000036 1.46732  0.00008 1.88681 0.00009 0.000084 0.000004 0.0017 0.0001 9.0 2700 -18.8 1.3 

32 CL bright tip 0.280548  0.000021 1.46735  0.00005 1.88678 0.00007 0.000187 0.000010 0.0046 0.0002 13.5 2700 -18.1 0.7 

7c CL bright tip 0.280443  0.000021 1.46730  0.00004 1.88686 0.00007 0.000122 0.000002 0.0031 0.0001 14.0 2700 -21.8 0.7 

7d CL bright tip 0.280443  0.000020 1.46724  0.00004 1.88674 0.00005 0.000126 0.000001 0.0028 0.0000 14.5 2700 -21.8 0.7 

12c CL bright tip 0.280598  0.000031 1.46727  0.00008 1.88695 0.00012 0.000106 0.000008 0.0024 0.0002 8.3 2700 -16.2 1.1 

52 CL bright tip 0.280552  0.000024 1.46735  0.00004 1.88689 0.00006 0.000138 0.000008 0.0034 0.0001 12.0 2700 -17.9 0.9 

54 CL bright tip 0.280379  0.000022 1.46732  0.00004 1.88689 0.00008 0.000194 0.000003 0.0052 0.0001 14.8 2700 -24.2 0.8 

55 CL bright tip 0.280489  0.000022 1.46730  0.00004 1.88687 0.00010 0.000119 0.000002 0.0025 0.0000 15.6 2700 -20.1 0.8 

1a** CL bright tip 0.280395  0.000020 1.46727  0.00003 1.88691 0.00006 0.000148 0.000001 0.0041 0.0000 14.2 2700 -23.5 0.7 

1c** CL bright tip 0.280381  0.000030 1.46727  0.00006 1.88674 0.00009 0.000181 0.000003 0.0043 0.0001 8.3 2700 -24.1 1.1 

   
 

 
 

           
SM/GR/97/2 

  

 

 

 

           
1a OZ core 0.280354  0.000018 1.46727  0.00005 1.88686 0.00007 0.000421 0.000008 0.0122 0.0003 19.6 3820 0.8 0.6 

3a OZ core 0.280349  0.000019 1.46724  0.00004 1.88680 0.00006 0.000514 0.000023 0.0148 0.0007 21.1 3820 0.3 0.7 

4a OZ core 0.280365  0.000018 1.46726  0.00004 1.88687 0.00006 0.000540 0.000015 0.0155 0.0005 21.3 3820 0.8 0.6 

7f OZ core 0.280355  0.000025 1.46731  0.00004 1.88687 0.00007 0.000541 0.000014 0.0164 0.0005 10.9 3820 0.5 0.9 

8a OZ core 0.280353  0.000018 1.46730  0.00005 1.88689 0.00010 0.000451 0.000036 0.0125 0.0012 11.7 3820 0.7 0.7 

9b OZ core 0.280365  0.000017 1.46726  0.00003 1.88685 0.00005 0.000642 0.000024 0.0173 0.0006 19.5 3820 0.6 0.6 

11a OZ core 0.280346  0.000018 1.46728  0.00003 1.88677 0.00008 0.000380 0.000017 0.0105 0.0005 20.9 3820 0.6 0.6 

12a OZ core 0.280361  0.000018 1.46725  0.00003 1.88687 0.00007 0.000538 0.000027 0.0159 0.0008 20.1 3820 0.7 0.7 

13b OZ core 0.280355  0.000025 1.46728  0.00004 1.88683 0.00011 0.000415 0.000005 0.0115 0.0002 11.3 3820 0.8 0.9 

16a OZ core 0.280349  0.000018 1.46726  0.00005 1.88685 0.00008 0.000407 0.000014 0.0120 0.0004 18.0 3820 0.6 0.6 

3b inner rim, CL-dk 0.280357  0.000020 1.46732  0.00006 1.88694 0.00006 0.000226 0.000002 0.0061 0.0001 14.8 3648 -2.7 0.7 

6b inner rim, CL-dk 0.280352  0.000022 1.46729  0.00004 1.88689 0.00009 0.000110 0.000006 0.0028 0.0002 12.6 3648 -2.6 0.8 

11b inner rim, CL-bright 0.280368  0.000017 1.46728  0.00004 1.88684 0.00007 0.000221 0.000014 0.0062 0.0005 15.0 3648 -2.3 0.6 

14b inner rim, CL-bright 0.280352  0.000025 1.46727  0.00004 1.88687 0.00008 0.000242 0.000004 0.0075 0.0001 12.0 3648 -2.9 0.9 

   

 

 

 

           
SM/GR/97/7 

  
 

 
 

           
6a core 0.280459  0.000026 1.46728  0.00005 1.88678 0.00007 0.001417 0.000071 0.0402 0.0022 13.8 3650 -2.0 1.0 

6b core 0.280465  0.000026 1.46727  0.00005 1.88680 0.00006 0.001617 0.000156 0.0449 0.0047 16.5 3650 -2.3 1.0 

6c rim 0.280417  0.000018 1.46729  0.00004 1.88686 0.00007 0.000468 0.000017 0.0114 0.0004 18.4 3650 -1.1 0.6 

7b core 0.280471  0.000031 1.46729  0.00006 1.88687 0.00008 0.001353 0.000041 0.0360 0.0009 10.3 3650 -1.4 1.1 

17a core 0.280435  0.000023 1.46729  0.00007 1.88687 0.00009 0.000479 0.000089 0.0150 0.0031 14.2 3650 -0.5 0.9 

18a core 0.280454  0.000031 1.46725  0.00018 1.88687 0.00013 0.000594 0.000002 0.0196 0.0001 23.8 3650 -0.1 1.1 

5 outer rim 0.280415  0.000021 1.46728  0.00006 1.88685 0.00009 0.000229 0.000010 0.0059 0.0003 14.6 3650 -0.6 0.8 

12 core 0.280437  0.000018 1.46727  0.00003 1.88684 0.00006 0.000427 0.000009 0.0119 0.0002 25.6 3650 -0.3 0.6 



   

 

 

 

           
SM/GR/97/8 

  
 

 
 

           
1-16b CL dk core (1b) 0.280582  0.000017 1.46729  0.00004 1.88681 0.00006 0.000451 0.000073 0.0131 0.0023 24.0 2712 -17.1 0.6 

1-16a CL dk rim (3b) 0.280580  0.000021 1.46730  0.00004 1.88681 0.00006 0.000533 0.000005 0.0143 0.0001 19.6 2712 -17.4 0.7 

1-15a CL dk soccer ball core (2) 0.280466  0.000017 1.46726  0.00003 1.88680 0.00006 0.000025 0.000001 0.0010 0.0000 21.2 2712 -20.5 0.6 

1-15b CL dk soccer ball rim (3b) 0.280447  0.000018 1.46726  0.00003 1.88685 0.00006 0.000015 0.000000 0.0006 0.0000 20.2 2712 -21.1 0.6 

1_14 CL dk rim (3b) 0.280582  0.000016 1.46723  0.00003 1.88679 0.00004 0.000464 0.000010 0.0130 0.0003 38.6 2712 -17.1 0.6 

1-9a CL dk core (1b) 0.280584  0.000024 1.46730  0.00003 1.88688 0.00006 0.000861 0.000158 0.0265 0.0049 23.7 2712 -17.8 0.9 

1-8b CL dk rim, OZ (3b) 0.280463  0.000018 1.46726  0.00003 1.88684 0.00005 0.000047 0.000006 0.0016 0.0002 21.3 2712 -20.6 0.6 

1-8a CL dk core (1b) 0.280537  0.000021 1.46726  0.00003 1.88679 0.00005 0.000580 0.000103 0.0178 0.0032 22.6 2712 -19.0 0.8 

1-4a (3b) 0.280536  0.000015 1.46723  0.00003 1.88680 0.00005 0.000351 0.000032 0.0101 0.0009 42.3 2712 -18.6 0.5 

1-12b soccer ball (2) 0.280349  0.000015 1.46726  0.00002 1.88678 0.00005 0.000116 0.000017 0.0037 0.0005 36.4 3619 -3.4 0.5 

2_13a soccer ball (2) 0.280341  0.000018 1.46723  0.00003 1.88681 0.00006 0.000033 0.000000 0.0009 0.0000 17.9 3619 -3.5 0.7 

2_12a soccer ball (2) 0.280342  0.000019 1.46721  0.00003 1.88683 0.00006 0.000077 0.000004 0.0027 0.0002 17.5 3619 -3.5 0.7 

2_3a soccer ball (2) 0.280344  0.000020 1.46724  0.00004 1.88681 0.00006 0.000031 0.000001 0.0010 0.0000 17.3 3619 -3.4 0.7 

2_20a CL bright OZ core (1a) 0.280396  0.000028 1.46728  0.00005 1.88680 0.00008 0.000939 0.000163 0.0301 0.0054 12.2 3842 1.4 1.1 

2_8a CL bright OZ core (1a) 0.280361  0.000023 1.46727  0.00005 1.88680 0.00009 0.000501 0.000021 0.0123 0.0005 13.3 3842 1.3 0.8 

2_1a CL bright OZ core (1a) 0.280362  0.000025 1.46722  0.00005 1.88679 0.00006 0.000775 0.000090 0.0195 0.0022 12.1 3842 0.6 0.9 

   

 

 

 

            
 

Table 4. Hf-Lu-Yb isotope data obtained from zircon grains of the Greenland gneisses by laser ablation MC-ICPMS. Pooled age groups for the different 

microstructural domains and/or growth phases are taken from Whitehouse et al (1999) and Whitehouse and Kamber (2005). The microstructural zircon groups 1a, 1b, 2 

and 3b are indicated for sample SM/GR/97/8 (in brackets in ‘comments’ column, from Whitehouse and Kamber, 2005). Analyses where the laser spot has clearly 

straddled different growth phases, as evident from post-analytical CL images, are marked with **. OZ = oscillatory zoning. 

 



Sample Growth domain Age (Ga) Number 

of analyses 

Mean 
176

Hf/
177

Hf 

± 2 SD 
Mean Hf  

± 2SD 

Weighted mean Hf  

± 95% conf. 

MSWD 

        
GGU110999 Core 3.82 20 0.280315 ± 15 +0.5 ± 0.5 +0.5 ± 0.2 0.49 

 Inner rim 3.67 13 0.280359 ± 29 –1.6 ± 1.0 –1.5 ± 0.3 1.7 

 Outer rim 

 

2.70 10 0.280468 ± 159 –20.6 ± 5.7   

SM/GR/97/2 Core 3.82 10 0.280319 ± 9 +0.6 ± 0.3 +0.7 ± 0.2 0.19 

 Inner rim 

 

3.65 4 0.280343 ± 14 –2.6 ± 0.5 –2.6 ± 0.4 0.48 

SM/GR/97/7 OZ 3.65 

 

8 0.280386 ± 46 –1.0 ± 1.6 –0.9 ± 0.6 3.1 

SM/GR/97/8 OZ core 3.84 3 0.280318 ± 24 +1.1 ± 0.8   

 ‘Soccer ball’ 3.62 4 0.280339 ± 4 –3.5 ± 0.1   

 CL dark 

 

2.71 9 0.280511 ± 89 –18.8 ± 3.1   

 

Table 5. Summary of the zircon Hf isotope data obtained from the Greenland gneiss samples analysed as part of this study (OZ = oscillatory 

zoned). Individual analyses are listed in Table 4. Weighted means are not calculated for the highly variable Neoarchean zircon domains, or for 

where the number of analyses is less than 8. 

Table 5
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