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ABSTRACT 13 

 14 

We present new whole-rock major, trace and platinum-group element data, as well as Sm-Nd and 15 

Lu-Hf isotope data for meta-volcanic rocks from the Mesoarchaean Grædefjord Supracrustal Belt 16 

(GSB), located within the Tasiusarsuaq terrane, southern West Greenland. We also present new in-17 

situ zircon U-Pb isotope data (by LA-ICP-MS) for associated felsic rocks. This region has 18 

experienced amphibolite to lower granulite facies metamorphism, causing re-equilibration of most 19 

mineral phases (including zircon). 20 

An intrusive tonalite sheet with a zircon U-Pb age of 2888 ±6.8 Ma, yields a minimum age for 21 

the GSB. The Sm-Nd and Lu-Hf isotope data do not provide meaningful isochron ages, but the 22 

isotope compositions of the mafic rocks are consistent with the ca. 2970 Ma regional volcanic 23 

event, which is documented in previous studies of the Tasiusarsuaq terrane. The major and trace 24 

element data suggest a significant crustal contribution in the petrogenesis of andesitic volcanic 25 
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rocks in the GSB. The trace element variation of these andesitic leucoamphibolites cannot be 26 

explained by bulk assimilation-fractional-crystallisation (AFC) processes involving local basement. 27 

Rather, the observed patterns require binary mixing between basaltic and felsic end-member 28 

magmas with between 50-80% contributions from the latter (depending on the assumed felsic 29 

composition). Hf-isotope constraints point to contamination with pre-existing continental crust with 30 

an age of ca. 3250 Ma. Basement gneisses of this age were previously described at two localities in 31 

the Tasiusarsuaq terrane, which supports the mixing hypothesis. Thus the felsic end-member likely 32 

represents melts derived from the local basement.  33 

Ultramafic rocks (18.35-22.80 wt.% MgO) in GSB have platinum-group element (PGE) patterns 34 

that are similar to magmas derived from high-degree melting of mantle, but they have relatively 35 

enriched trace element patterns. We propose that the ultramafic rocks represent arc-related picrites 36 

or alternatively were derived by melting of metasomatised sub-continental lithospheric mantle. 37 

Overall these new geochemical data from the Mesoarchaean Grædefjord Supracrustal Belt and 38 

the petrogenetic mixing model in particular, are similar to observations from modern continental 39 

subduction zone environments, which also require large degrees of mixing with felsic basement 40 

melts. Therefore, we propose that the metavolcanic rocks formed in a modern-style subduction zone 41 

geodynamic setting, which due to the hotter Archaean mantle conditions allowed for substantial 42 

amounts of partial melting and magma mixing, rather than assimilating pre-existing continental 43 

crust.  44 

 45 
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1. Introduction 51 

 52 

 Volcanic rocks of calc-alkaline andesitic composition are often regarded as a feature mainly 53 

associated with subduction zones (e.g. Kelemen et al., 2003). Here we present geochemical data for 54 

an assemblage of andesites of Mesoarchaean age from southern West Greenland. However, 55 

controversy exists about what type of geodynamic setting(s) operated during the Archaean and it is 56 

questioned by some if modern-style subduction zones even existed then (e.g. Bédard, 2006; Gerya, 57 

2012; Van Kranendonk, 2011). Thus, it is relevant to study Archaean examples of andesites and 58 

evaluate their petrogenesis, because this may provide important constraints on the  possible 59 

geodynamic setting that existed during the Archaean Eon.  60 

The Archaean craton of Greenland has generally been interpreted in terms of a subduction zone 61 

model (e.g. Nutman and Friend, 2007; Polat et al., 2002; Windley and Garde, 2009), which is 62 

supported by the arc-like geochemistry of supracrustal rocks (Garde, 2007; Polat et al., 2011a; 63 

Szilas et al., 2012a, 2013), and the presence of hydrous primary magmatic minerals (Polat et al., 64 

2012).  65 

The Grædefjord supracrustal rocks presented in this paper represent yet another example of an 66 

Archaean supracrustal belt in southern West Greenland, which contains abundant andesitic rocks. 67 

The area surrounding Grædefjord was mapped during the Geological Survey of Greenland (GGU) 68 

mapping campaigns in southern West Greenland in the late 1960’s. Later work on the Grædefjord 69 

Supracrustal Belt involved a M.Sc. thesis at the University of Copenhagen by Celina I.Z. Wilf 70 

(1982), focussing on the volcanogenic nature of the belt. 71 

Polat et al. (2008) described Mesoarchaean andesitic rocks from the Ivisaartoq belt and Garde 72 

(2007) presented similar, but even more abundant, andesites from the Qussuk supracrustal belt, both 73 

located in the Nuuk region of southern West Greenland and both interpreted as having arc-related 74 
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origins. Similarly, Szilas et al. (2012a) ascribed the Mesoarchaean mafic to andesitic Ikkattup 75 

Nunaa Supracrustal Association south of the Fiskenæsset Complex to an arc-related geodynamic 76 

setting. In particular these andesites showed geochemical evidence of having an origin related to 77 

modern-style arc-processes, such as melting-assimilation-storage-homogenisation (MASH) by 78 

incorporating TTG-like felsic melts either in a magma chamber process or by melt-metasomatism 79 

of the mantle source of the andesites (Szilas et al., 2012a). Preliminary detailed geochemical studies 80 

of a relatively well-preserved volcanic section in the Kvanefjord region further support evidence for 81 

widespread occurrence of Mesoarchaean andesitic volcanic rocks in SW Greenland (Klausen et al., 82 

2011). The relative abundance of metavolcanic rocks of intermediate compostion shows, that at 83 

least half of the supracrustal sequences, so far described in detail in southern West Greenland 84 

contain andesites sensu stricto with arc-like geochemistry (Garde, 2007; Klausen et al., 2011; Polat 85 

et al., 2007; Szilas et al., 2012a; this study). Thus, andesites are apparently more common in the 86 

North Atlantic craton than in Archaean cratons elsewhere in the world and therefore systematic 87 

studies of these andesites could help constrain the geodynamic processes that operated during the 88 

Mesoarchaean in this region. 89 

 90 

2. Regional geology 91 

 92 

The west Greenland part of the North Atlantic Craton consists of several Eo- to Mesoarchaean 93 

terranes ranging in age from ca. 3900 to 2800 Ma (e.g., Friend et al., 1988; Nutman et al., 1996; 94 

Nutman et al., 2007; Windley and Garde, 2009). The predominant rock type making up the different 95 

terranes are felsic gneisses of the tonalite-trondhjemite-granodiorite (TTG) suite. Scattered within 96 

the TTG domains are partly fragmented mafic supracrustal belts consisting predominantly of meta-97 

basaltic rocks (now amphibolites) that were metamorphosed at amphibolite to lower granulite facies 98 
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conditions. Arguably some regions experienced  granulite facies conditions, but were retrogressed 99 

to amphibolite facies metamorphic assemblages (e.g. Friend and Nutman, 2007; Riciputi et al., 100 

1990; Schumacher, 2011). Late magmatic activity in the area is expressed by cross-cutting granite 101 

sheets. 102 

The Grædefjord Supracrustal Belt is situated on the southern side of Grædefjord in the northern 103 

part of the Fiskenæsset region within the Tasiusarsuaq terrane (Fig. 1). This terrane is an extensive 104 

crustal block dominated by tonalite-trondhjemite-granodiorite (TTG) orthogneisses of mainly 105 

Mesoarchaean age and forms part of the North Atlantic craton (Kolb et al., 2012; Nutman et al., 106 

1989). Early studies of the Fiskenæsset region concluded from field evidence that the supracrustal 107 

belts generally predate the regional TTG gneisses based on intrusive relationships (Kalsbeek and 108 

Myers, 1973). Geochronological work showed that the TTG gneisses yield ages of ca. 2880-2950 109 

Ma (Kalsbeek and Pidgeon, 1980; Pidgeon and Kalsbeek, 1978), in good agreement with recent 110 

work based on Sm-Nd and Lu-Hf isochron ages on amphibolites and anorthosites of about 2970 Ma 111 

(Polat et al., 2010; Szilas et al., 2012a) and TTG gneiss ages of ca. 2900 Ma (Friend and Nutman, 112 

2001; Kolb et al., 2012; Næraa and Scherstén, 2008; Szilas et al., 2012a). However, small fragments 113 

of older orthogneiss inclusions with ages of ca. 3250 Ma have also been described in the 114 

Tasiusarsuaq terrane (Næraa et al., 2012), which suggest that continental crust that predates the 115 

volcanic rocks did once exist in this region. The Ilivertalik granite is located immediately north-east 116 

of the Grædefjord Supracrustal Belt on the northern side of Grædefjord. It is charnokitic and 117 

commonly contains granulite facies mafic lenses with orthopyroxene and garnet. This granite 118 

represents a syn-tectonic intrusion with an age of 2795 +11/-7 Ma (Pidgeon and Kalsbeek, 1978). 119 

The region is dominated by amphibolite facies rocks, although some show evidence for 120 

retrogression from granulite facies conditions in the form of orthopyroxene pseudomorphs within 121 

the orthogneisses (Chadwick and Coe, 1983; McGregor and Friend, 1992; Pidgeon and Kalsbeek, 122 
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1978). The first metamorphic event occurred around 2800-2700 Ma, with a second event following 123 

between 2670-2580 Ma (Crowley, 2002; Kolb et al., 2012). Peak metamorphic conditions in the 124 

Tasiusarsuaq terrane were estimated at 10.5 kbar and 810°C in mafic granulites and were followed 125 

by amphibolite facies retrogression at 7 kbar and 630°C (Riciputi et al., 1990). The retrogression 126 

was dated at ca. 2740-2700 Ma by U-Pb data from zircon, monazite and titanite (Crowley, 2002), 127 

consistent with the age of metamorphic zircon rims (Næraa and Scherstén, 2008; this study). 128 

The Tasiusarsuaq terrane generally display an open to close fold pattern with southeast to south 129 

trending axial traces, however the area around the Grædefjord Supracrustal Belt is characterised by 130 

intense E-W trending cataclastic deformation and brittle-ductile mylonites (Kolb et al., 2010). The 131 

general high degree of deformation makes interpretation of primary magmatic features difficult. 132 

Nevertheless, Wilf (1982) described the presence of agglomerates, tuff beds and volcanic breccias 133 

in the leucoamphibolites of the Grædefjord Supracrustal Belt and interpreted this as a 134 

metamorphosed pyroclastic sequence.  135 

 136 

3. Samples and petrography 137 

  138 

The samples collected from the Grædefjord Supracrustal Belt (GSB) have been classified 139 

according to their field characteristics into the following petrographic groups: amphibolite, 140 

leucoamphibolite, mafic dyke, ultramafic rock, TTG gneiss and pegmatite. The samples used in this 141 

study were collected during field work lead by the Geological Survey of Denmark and Greenland 142 

(GEUS) in 2009.  143 

The GSB comprises abundant leucoamphibolites of andesitic composition. We estimate that 144 

between 40-50% of the rocks in GSB are of this type of leucoamphibolite, and we admit that the 145 

present sample collection is moderately biased by an interest in this particular rock type. The 146 
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leucoamphibolites appear to be present only at the central part of the GSB, whereas dark 147 

homogeneous amphibolite is exposed along the margin of the belt.  148 

In the following we briefly described the main petrographic features of the different lithological 149 

units: 150 

The amphibolites are dark, medium-grained, hornblende-plagioclase-quartz-bearing rocks. They 151 

are homogeneous and no primary structures are preserved. The foliation is defined by a hornblende 152 

fabric. Mafic dykes are found in the northern part of the belt and are characterised by being 153 

distinctly plagioclase-phyric (Fig. 2a). Angular multi-domained plagioclase  phenocrysts (ocelli?) a 154 

few centimetres in size are common in this lithological unit. The contacts to the mafic matrix 155 

appears sharp in hand samples, but under the microscope irregular gradation of the plagioclase 156 

contents is observed, which is perhaps related to metamorphic recrystallisation. Oxides generally 157 

comprise less than 3 vol.% in the amphibolites. 158 

The leucoamphibolites are grey, fine- to medium-grained, plagioclase-quartz-hornblende-biotite-159 

bearing rocks. Plagioclase often has a ‘dirty’ altered appearance from sericitisation. Biotite (up to 160 

30 vol.%) and hornblende are oriented to give the rock a foliation, and modal variation often results 161 

in banding from mm- to cm-scale (Fig. 2c). Quartz veins (mm- to cm-scale) are common in these 162 

rocks. The leucoamphibolites often preserve various structures, such as fine grained modal layering 163 

and fragments of various sizes, which have been interpreted to represent primary volcaniclastic 164 

features (Wilf, 1982). Although breccias and agglomerates as described by Wilf (1982) were not 165 

observed during the field work in 2009, well-preserved ash layers and possible volcanoclastic 166 

bombs were found in low strain domains near the centre of the belt. The foliation bends around the 167 

bomb-like inclusions and lithic fragments, as well as around locally observed diopside- and 168 

hornblende porphyroblasts (Fig. 2b). The leucoamphibolites also preserve compositional layers 169 

with modal variation of plagioclase and amphibole, which resembles volcaniclastic tuffs or ash flow 170 
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deposits (Fig. 2c) and possible volcaniclastic fragments (Fig. 2d). The contacts between the 171 

leucoamphibolites and the above-mention regular dark amphibolites are concordant and generally 172 

sharp, although a gradual transition is also observed in places. This suggests a volcanic 173 

depositional, rather than intrusive relationship between the two units. 174 

Ultramafic rocks are generally rare, but have been found in one outcrop in the southern part of 175 

the belt. These rocks are fine grained, serpentine- and biotite-rich with less amphibole and epidote. 176 

They commonly contain calcite patches about 2-3 cm in size. They all contain about 10 vol.% 177 

oxides. One sample has large (mm-size) olivine grains. It is not clear from the field observations if 178 

this unit represents a discordant dyke or a co-genetic lava bed, due to structural transposition.  179 

TTG gneisses are found throughout the Grædefjord Supracrustal Belt as discordant aplite sheets, 180 

as well as surrounding the belt with distinctly intrusive relationships along their contact. The TTG 181 

aplites are fine- to medium-grained, quartz-plagioclase-biotite-bearing and are mostly with a well-182 

developed foliation. At one locality an intrusive gneiss band (ca. 3 m thick) contains plagioclase 183 

phenocrysts (<2 cm), which contain cores of magnetite rimmed by a fine grained dark green 184 

mineral. 185 

 Granitic pegmatites are observed to cut all rock types, although they are not abundant. They are 186 

medium- to coarse grained, quartz-alkali feldspar-plagioclase-biotite rocks. Feldspars are 187 

commonly dirty/altered in thin section. 188 

 189 

4. Methods 190 

 191 

Whole-rock major (by XRF) and trace element (by ICP-MS) data were acquired at the 192 

commercial ACME labs in Vancouver, Canada. Key samples were analysed for their 
147

Sm-
143

Nd 193 

and 
176

Lu-
176

Hf isotope compositions by MC-ICP-MS at the joint laboratories of Cologne and Bonn 194 
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universities. Radiometric age data consisting of U-Pb isotope compositions in zircon from intrusive 195 

aplite sheets were measured at the Geological Survey of Denmark and Greenland (GEUS). Platinum 196 

group elements (PGE) were measured on the three ultramafic samples at Université du Québec à 197 

Chicoutimi following the procedure described by Savard et al. (2010). Detailed descriptions of the 198 

analytical procedures can be found in Appendix A of the online supplementary material. All data 199 

are available in Tables 1-4 in the online supplementary material. 200 

 201 

5. Results 202 

 203 

5.1. Major, trace element and platinum group element geochemistry 204 

 205 

The whole-rock major and trace element data are presented in Table 1 and platinum-group 206 

element (PGE) data for the three ultramafic samples are listed in Table 2 in the online 207 

supplementary material. In addition to analysis of PGEs in three samples from the Grædefjord 208 

Supracrustal Belt (GSB), three samples from the Ikkattup Nunaa Supracrustal Association (Szilas et 209 

al., 2012a) were also analysed for comparison.  Below we briefly outline the main geochemical 210 

features of the different lithological units. Supplementary geochemical diagrams can be found in the 211 

online Appendix B and references to these are given the prefix ‘B’. 212 

Amphibolites (n = 4) have SiO2 of 46.53-52.02 wt.%, TiO2 of 0.60-1.19 wt.% and MgO of 4.95-213 

10.36 wt.% (Fig. 3). They are of tholeiitic basalt composition (Figs. B1-B5). Trace element range 214 

as follows: 34.4-69.6 ppm Zr, 1.4-2.8 ppm Nb, 14.1-29.2 ppm Y, 17.4-75.0 ppm Ni and 27.4-280.5 215 

ppm Cr (Fig. 4). The chondrite-normalised REE patterns are mostly flat with a LaCN/SmCN of 0.84-216 

1.25, LaCN/YbCN of 0.90-1.28 and Eu/Eu* of 0.88-0.98 (Fig. B6). Their primitive-normalised 217 

patterns are generally flat, but have negative Nb-anomalies (calculated as Nb/Nb* = 218 
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NbN/(√(ThNxLaN)))  with Nb/Nb* of 0.59-1.08 (Fig. 5). The amphibolites in the GSB have flat trace 219 

element patterns that are similar to Archaean tholeiitic metabasalts found in other parts of the North 220 

Atlantic craton (e.g. Polat et al., 2008; Hoffmann et al., 2012; Szilas et al., 2013). They have subtle 221 

negative Nb-Ta anomalies and all but one sample (508219) plot above the mantle array in the 222 

Th/Yb vs. Nb/Yb Pearce diagram (Fig. 6).  223 

Leucoamphibolites (n = 31) have a wide range of SiO2 of 52.74-68.34 wt.% and MgO of 1.85-224 

11.09 wt.%, and less so for TiO2 of 0.39-0.86 wt.%. They straddle the border between being 225 

metaluminous and peraluminous (Fig. B7). The leucoamphibolites are of calc-alkaline affinity and 226 

have mostly andesitic compositions, although basaltic andesites and dacites also occur (Figs. B1-227 

B5). Trace element concentrations range as follows: 78.1-221.3 ppm Zr, 3.4-7.9 ppm Nb, 8.5-18.0 228 

ppm Y, 4.5-145.8 ppm Ni and 13.7-875.8 ppm Cr. The chondrite-normalised REE patterns are 229 

mostly steep with LaCN/SmCN of 2.71-5.74, LaCN/YbCN of 5.40-23.10 and Eu/Eu* of 0.69-1.12 (Fig. 230 

B8). Their primitive mantle-normalised patterns are moderately enriched, with negative anomalies 231 

for Nb (Nb/Nb* of 0.01-0.45), Ta and Ti, and variably negative anomalies for Sr and Pb (Fig. 5). 232 

Mafic dykes (n = 3) have SiO2 of 50.19-52.02 wt.%, TiO2 of 0.83-0.96 wt.% and MgO of 4.03-233 

6.19 wt.%. They are generally of tholeiitic basaltic composition (Figs. B1-B5). Trace element range 234 

as follows: 49.3-62.1 ppm Zr, 2.4-2.7 ppm Nb, 19.6-23.2 ppm Y, 11.5-32.6 ppm Ni and 82.1-205.3 235 

ppm Cr. The chondrite mantle-normalised REE patterns are mostly flat with a LaCN/SmCN of 1.37-236 

2.17, LaCN/YbCN of 1.47-2.29 and Eu/Eu* of 0.90-0.95 (Fig. B9). Their primitive mantle-237 

normalised patterns are generally flat, but have negative Nb-anomalies with Nb/Nb* of 0.19-0.40 238 

(Fig. 5). The mafic dykes are geochemically similar to the amphibolites in many ways, but they are 239 

characterized by elevated Th, U and LREE concentrations relative to the amphibolites. This results 240 

in more pronounced negative Nb-Ta anomalies and they fall well within the arc-field of the Th/Yb 241 

vs. Nb/Yb Pearce diagram (Fig. 6).  242 
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Ultramafic rocks (n = 3) have SiO2 of 45.78-51.87 wt.%,  MgO of 18.35-22.80 wt.% and TiO2 of 243 

1.00-1.25 wt.%. Trace element range as follows: 56.8-70.5 ppm Zr, 10.6-14.2 ppm Nb, 10.3-13.5 244 

ppm Y, 337.0-601.2 ppm Ni and 1388.9.-1724.2 ppm Cr. The chondrite-normalised REE 245 

concentrations show fairly enriched patterns with LaCN/SmCN of 1.68-2.22, LaCN/YbCN of 5.99-8.19 246 

and with variable negative Eu anomalies (Eu/Eu* of 0.69-0.90) (Fig. B10). Their primitive mantle-247 

normalised patterns are moderately enriched, with positive anomalies for Nb (Nb/Nb* of 1.16-1.82) 248 

and Ta, and strong negative anomalies for Pb and Sr (Fig. 7). The chondrite-normalised (Fisher-249 

Gödde et al., 2010) PGE patterns show fractionated positive slopes with smoothly increasing trends 250 

from Os to Pd (Fig. 8). 251 

TTG gneisses (n = 5) have SiO2 of 69.97-76.38 wt.%, TiO2 of 0.07-0.23 wt.% and MgO of 0.24-252 

0.51 wt.% and are of calc-alkaline affinity. Trace element range as follows: 67.5-251.1 ppm Zr, 3.5-253 

8.9 ppm Nb, 5.3-28.3 ppm Y, 0.1-3.5 ppm Ni and <13.7 ppm Cr. The chondrite-normalised REE 254 

concentrations show fairly enriched patterns steep with LaCN/SmCN of 4.65-6.42, LaCN/YbCN of 255 

10.30-113.84 and with variably negative Eu anomalies (Eu/Eu* of 0.60-0.90) (Fig. B11). Their 256 

primitive mantle-normalised trace element patterns are strongly enriched, and they have negative 257 

anomalies for Nb (Nb/Nb* of 0.03-0.17), Ta, Pb, Sr and Ti (Fig. 5). 258 

 259 

5.2. Sm-Nd and Lu-Hf isotope compositions 260 

  261 

Eight whole-rock samples were analysed for their Sm-Nd and Lu-Hf isotope compositions using 262 

isotope dilution techniques and measurement by MC-ICP-MS at the joint laboratories of 263 

Cologne/Bonn at the Steinmann-Institute (see method details in Appendix A). The Sm-Nd and Lu-264 

Hf isotope results are presented in Table 3 in the online supplementary material. 265 
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We have calculated the initial εNdt and εHft using the minimum age constraint of 2888 Ma from 266 

a crosscutting TTG sheet (see Section 5.3) and at 2970 Ma, which is the age of the nearby 267 

Fiskenæsset Anorthosite Complex (Polat et al., 2010) and the Ikkattup Nunaa Supracrustal 268 

Association (Szilas et al., 2012a). Nevertheless, we have also calculated initial εNdt and εHft at 269 

3200 Ma to see what their hypothetical isotope compositions would be at this time, although this 270 

age seems unlikely for the GSB.  271 

Unfortunately, none of the two isotopic systems provide meaningful isochron ages for the rocks 272 

of the Grædefjord Supracrustal Belt (GSB). The reason for this is that either these rocks are not co-273 

genetic, or they were derived from different mantle sources or else this simply means that some of 274 

them have been disturbed by crustal contamination.  275 

The Sm-Nd system yields an isochron age of about 3300 Ma for all samples, whereas the Lu-Hf 276 

system yields an isochron age of about 3200 Ma. These ages are similar to their DM-model-ages, 277 

but the large errors (>100 Ma) and high mean standard weighted deviations (MSWD >40), suggest 278 

an influence of metamorphic disturbance, crustal contamination or dissimilar mantle sources.  279 

The reader is referred to the online supplementary Table 3 for the ranges of the calculated ε-280 

values at the three different ages. Figure 9 shows the εHft evolution of the samples since 2970 Ma 281 

and the εNdt evolution is presented in Appendix B (Fig. B12). It is worth noting that εHf2970Ma and 282 

εNd2970Ma correlate positively with 1/Hf and 1/Nd, respectively (Figs. B13 and B14) and the same 283 

is the case when these initial ε-values are plotted against Th/Yb and Nb/Nb*. 284 

 285 

5.3. In-situ zircon U-Pb isotope data 286 

  287 

 Zircon separated from two TTG gneisses, one granitic pegmatite, three leucoamphibolites and 288 

one mafic dyke were analysed for their U–Pb isotope compositions by LA-ICP-MS at the 289 
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Geological Survey of Denmark and Greenland (see method details in Appendix A). Spots were 290 

mainly aimed at igneous zircon cores to obtain intrusion ages, although some metamorphic rims 291 

were also included in the analysis. The U–Pb isotope data are presented in Table 4 in the online 292 

supplementary material. Concordia diagrams and probability density diagrams (PDD) were plotted 293 

using the Isoplot software for Excel (Ludwig, 2003) and are presented in Appendix B of the online 294 

supplementary material. All of these rocks show strong metamorphic disturbance by the ca. 2720 295 

Ma regional event (Crowley, 2002; Næraa and Scherstén, 2008). Therefore we have resorted to use 296 

unmixing models to filter out scatter and older tails in the concordia diagrams. 297 

 TTG sample 511110 was measured in two sessions, but the data were pooled to yield more 298 

robust statistics. The PDD in Fig. B15a shows a peak close to 2900 Ma that is skewed slightly 299 

towards lower ages. A two-component unmixing model shows a peak at ca. 2898 and 2834 Ma. 300 

When the data is filtered for the younger component a concordia plot yields a regression line with 301 

an age of 2888.0 ±6.8 Ma (Fig. B15b). 302 

 TTG sample 508221 shows a normal distribution with one outlier at ca. 2803 Ma, which may 303 

represent an inherited grain (Fig. B15c). When the outlier is removed from the data the regression 304 

line in the concordia diagram yields an age of 2708 ±11 Ma (Fig. B15d). 305 

Pegmatite sample 511134 shows one dominant peak at ca. 2700 Ma and one sub-peak at ca. 306 

2800 Ma (Fig. B15e). When filtering the data for the sub-peak the regression line in the concordia 307 

diagram yields an age of 2731 ±19 Ma (Fig. B15f). 308 

(INSET INLINE FIGURE B15 HERE) 309 

Leucoamphibolite sample 508223 has a main peak around 2728 Ma, but is skewed slightly 310 

towards older ages (Fig. B16a). A two component unmixing model reveals a possible component at 311 

around 2772 Ma. When the latter is removed from the data the regression line in the concordia 312 

diagram yields an age of 2729.6 ±8.2 Ma (Fig. B16b). 313 



14 

 

Leucoamphibolite sample 508227 shows a normal distribution in the PDD (Fig. B16c), and the 314 

regression line in the concordia diagram yields an age of 2713.9 ±9.2 Ma (Fig. B16d). 315 

Leucoamphibolite sample 511142 has a main peak around 2720 Ma, but is skewed towards older 316 

ages (Fig. B16e). A three component unmixing model reveals a possible component at around 2775 317 

Ma. When data older than the latter are filtered out, the regression line in the concordia diagram 318 

yields an age of 2721 ±13 Ma (Fig. B16f).Mafic dyke sample 508218 shows a normal distribution 319 

except for one outlier at ca. 2824 Ma (Fig. B17a). When this outlier is removed from the data the 320 

regression line in the concordia diagram yields an age of 2717.5 ±7.6 Ma (Fig. B17b). 321 

(INSET INLINE FIGURE B16 HERE)  322 

(INSET INLINE FIGURE B17 HERE) 323 

 324 

6. Discussion 325 

 326 

6.1. Assessment of major and trace element mobility  327 

 328 

 An influence of element mobility on the major and trace element compositions, as a result from 329 

post-magmatic alteration, has been described previously from several supracrustal belts in southern 330 

West Greenland (e.g., Polat and Hofmann, 2003; Rose et al., 1996; Szilas et al., 2012a, Szilas and 331 

Garde; in press). The rocks of the Grædefjord Supracrustal Belt (GSB) were deformed to various 332 

degrees and were metamorphosed to amphibolite and lower granulite facies (Kolb et al., 2010, 333 

2012). Therefore it is a possibility that fluid-mobile elements in particular could have been 334 

disturbed during post magmatic events. 335 

However, following the weathering index of Ohta and Arai (2007) the samples fall on the 336 

igneous fractionation line, providing evidence that secondary processes had only minor influence on 337 
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the major element compositions (Fig. B18). Nevertheless, we rely only on the least mobile trace 338 

elements (HREE, HFSE and some transition metals) for the petrogenetic interpretations, as these 339 

have been shown to be largely unaffected by post-magmatic processes (e.g., Hoffmann et al., 2012; 340 

Polat and Hofmann, 2003; Polat et al., 2002, 2007; Szilas and Garde, in press). Although 341 

disturbance of these elements cannot be fully excluded, and some scatter is likely the result of mild 342 

alteration, weathering and/or metamorphic modification, the samples from the different lithological 343 

groups generally form coherent trends in variation diagrams (Figs. 3-4). The observed trends are 344 

consistent with those expected for the igneous processes that we discuss in the following sections.  345 

 346 

6.2. Evaluation of fractional crystallisation, assimilation and magma mixing 347 

 348 

The trace element and isotope compositions of igneous rocks can be influenced by various 349 

magmatic processes, such as fractional crystallisation, assimilation of older crustal components and 350 

binary magma mixing processes (e.g., DePaolo, 1981; Perugini and Poli, 2012). Hence, in the 351 

following section we evaluate the potential influence of such processes on the different rock types 352 

found in the GSB. 353 

The amphibolites have variably depleted isotope compositions (Fig. 9; εHf2970Ma +3.7 to +6.8 354 

and Fig. B12; εNd2970Ma +3.6 to +4.6). Their trace element patterns are parallel to each other 355 

resembling primary mantle melts. Therefore we consider it unlikely that assimilation or mixing 356 

processes influenced their isotope compositions. The Hf-Nd isotope heterogeneity is rather likely to 357 

reflect the tapping of variably depleted mantle sources. This interpretation is similar to what has 358 

been concluded for other basaltic rocks with tholeiitic trace element patterns from other 359 

Mesoarchaean supracrustal belts in southern West Greenland (Polat et al., 2008; Hoffmann et al., 360 

2012; Szilas et al., 2013). Furthermore, there is direct evidence against a relationship between the 361 
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mafic and andesitic rocks resulting from fractional crystallisation (FC). Firstly, their trace element 362 

patterns are distinctly different with no intermediate patterns (Fig. 5) and secondly the andesites 363 

form fanned rather than linear arrays in variation diagrams (Fig. 3 and 4). The amphibolites and the 364 

mafic dykes form a sub-vertical trend in the Pearce diagram (Fig. 6), which could reflect a 365 

subduction zone component with recycling of older unradiogenic sediments or alternatively minor 366 

mixing with slab melts (Kessel et al., 2005; Klimm et al., 2008). Their isotope compositions do not 367 

suggest significant crustal contamination. 368 

 The calc-alkaline leucoamphibolites are mainly andesites with many similarities to modern arc 369 

rocks (e.g. enrichment in LREE, Th, U and negative Nb-Ta anomalies relative to MORB), however 370 

they do generally possess negative Pb and Sr anomalies, which are usually not seen in modern 371 

volcanic arc rocks (e.g. Kelemen et al., 2003). It remains a possibility that extensive regional 372 

metamorphism caused post-magmatic mobilisation of Pb and Sr, which could have been lost to a 373 

fluid phase, but we do not find correlation with other fluid mobile trace elements. It is important to 374 

note that similar supracrustal rocks from the INSA also share these unusual negative Pb and Sr 375 

anomalies, whereas anorthosites from the Fiskenæsset Complex are strongly enriched in these two 376 

trace elements (Polat et al., 2011b; Szilas et al., 2012a). This suggests that the extensive anorthosite 377 

bodies of the Fiskenæsset region are co-genetic with both the GSB and INSA supracrustal rocks and 378 

that Sr and Pb were fractionated by the segregation of the anorthosite. One possible interpretation 379 

would be that the supracrustal belts represent the surface expressions of an arc complex, whereas 380 

the Fiskenæsset Complex represents the middle to lower arc crust. Alternatively, the negative Pb 381 

and Sr anomalies are simply a general feature of the Archaean geodynamic setting in which these 382 

volcanic rocks formed.  383 

In contrast to the mafic lithologies, the leucoamphibolites have rather low εNd2970Ma and 384 

εHf2970Ma of zero (Fig. 9), whereas the estimated depleted mantle value of εHt at 2970 Ma is about 385 
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+6. Therefore, crustal contamination with older less radiogenic crust might have led to the observed 386 

difference. By plotting the isotope data of the lithological units (amphibolites, dykes and 387 

leucoamphibolite) into 1/Nd and 1/Hf diagrams a positive correlation with the initial εHf2970Ma and 388 

εNd2970Ma values is observed (Figs. B13-14). This could indeed be explained by crustal 389 

contamination or binary mixing. However, the fact that the leucoamphibolites do not form a 390 

continuum, in terms of trace element abundances extending from the basaltic amphibolites toward 391 

the TTGs, suggests that the contamination might not have been due to bulkassimilation fraction 392 

crystallization (AFC) processes. This is interpretation is supported by their restricted range in 393 

element variation diagrams (Figs. 3-4), their nearly constant trace element patterns (Fig. 5) and by 394 

the tight clusters of εNd2970Ma and εHf2970Ma for each lithological unit (Fig. 9). 395 

 We have modelled the observed trace element variations of the meta-volcanic rocks by 396 

calculating fractional crystallisation (FC),  bulk assimilation and fractional-crystallisation (AFC), as 397 

well as binary magma mixing trends using the Excel spread sheet program of Ersoy and Helvacı 398 

(2010). For practical purposes we have used the median values of the five local TTG samples 399 

presented in this study, as an approximation of the regional TTG crust that may have acted as a 400 

contaminant. Although these TTGs are clearly younger than the supracrustal rocks, we justify this 401 

approximation by the fact that the geochemical compositions of the TTGs are fairly homogeneous 402 

throughout this region, regardless of their age (Kolb et al., 2012). However, we also did the 403 

calculations with several different types of TTG as the contaminant and the younger TTG-type 404 

analogue represented by the median Grædefjord TTG did in fact yield the most reasonable results, 405 

because many other end-members had too low contents of incompatible trace elements.  406 

The TTG gneisses have major and trace element compositions that fall within those of Archaean 407 

TTGs and bear some resemblance to modern adakites (e.g. Martin, 1999; Martin and Moyen, 2002; 408 

Martin et al., 2005). For certain major and trace elements the TTGs form an end-member, which 409 
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suggests mixing with basalts to produce the leucoamphibolites (Figs. 3-4). This mixing hypothesis 410 

is supported by the clear isotopic evidence for crustal contamination of the leucoamphibolites and 411 

also by our trace element modelling (Figs. B19-B22).  412 

Fractional crystallisation is not able to cause evolution of the basaltic magmas to the andesitic 413 

magmas in this case, as seen by their distinctly different trace element patterns and the lack of 414 

transitional compositions (Fig. 5). Another important observation from our trace element modelling 415 

is that none of the trace element trends can be explained by a bulk assimilation-fractional-416 

crystallisation (AFC) model, even if we assume an unrealistically high r-ratio of 0.9 (Fig. 10). In 417 

fact the modelling consistently point towards magma mixing to produce the observed trends (B19-418 

B22). Therefore we find that a simple binary mixing model between the local Grædefjord TTGs and 419 

the amphibolites can explain the composition of the leucoamphibolites for most elements. This is 420 

also suggested by the variation diagrams, where the data for the leucoamphibolites fan out from the 421 

TTGs towards the mafic end-members (Figs. 3-4). However, there are a few exceptions, such as 422 

CaO, P2O5, Sr, Nb and Ta, which are all slightly elevated in the leucoamphibolites relative to the 423 

mixing arrays between various combinations of the TTGs and amphibolites. Thus the local TTGs 424 

are probably not a perfect proxy for the actual contaminant or perhaps the anomalous elements were 425 

supplied by an additional component, such as subducted sediments or slab-derived melts. 426 

Interestingly, Szilas et al. (2012a) also found that certain leucoamphibolites of the Ikkattup Nunaa 427 

Supracrustal Association (INSA) showed enrichment of the above mentioned elements, and argued 428 

for a low silica adakite component produced by slab melting to explain the data. In addition, Ni and 429 

Cr are also elevated in the leucoamphibolites and form vague trends towards the ultramafic rocks, 430 

indicating that perhaps ultramafic cumulates, picritic melts or mantle rocks were also involved in 431 

the petrogenesis of the leucoamphibolites. 432 
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The fact that our modelling requires mixing of 50-80% TTG-like melts with mafic material 433 

similar to the Grædefjord amphibolites (Figs. 10 and B19-B22), essentially rules out bulk AFC 434 

processes, because this would require far too great amounts of crystallisation to supply the heat for 435 

melting of the contaminant. Therefore we can reject the possibility of contamination during ascent 436 

of mafic magmas through pre-existing continental crust. However, the exact proportion of felsic 437 

end-member depends on the assumed TTG composition, but regardless of this, binary mixing is 438 

required to explain the observed trace element variation. On the other hand, the Sm-Nd and Lu-Hf 439 

isotope data also clearly necessitate some form of contamination/mixing with pre-existing 440 

unradiogenic crust with low initial εNdt and εHft values. We discuss a possible geodynamic model 441 

for the mixing of mafic and felsic magmas in the petrogenesis of the andesitic leucoamphibolites in 442 

Section 6.6. We note that the mechanism of chaotic mixing could possibly explain some of the 443 

geochemical variation, which is observed in the leucoamphibolites by differential diffusion of 444 

elements during mixing between mafic and felsic end-members (e.g. De Campos et al., 2011; 445 

Morgavi et al., 2012; Perugini et al., 2012). 446 

 447 

6.3. Geochemical characteristics of the ultramafic rocks 448 

 449 

The ultramafic rocks from the Grædefjord Supracrustal Belt (GSB) are moderately enriched in 450 

incompatible trace elements and the negative slope of their HREE suggests presence of garnet in 451 

their source (Fig. 7). They also have the same unusual negative Sr- and Pb-anomalies, as the 452 

volcanic rocks of GSB. As previsouly mentioned in Section 6.2, the anorthosite bodies in the 453 

Fiskenæsset region, which are of similar age, have correspondingly positive Pb and Sr anomalies 454 

(Polat et al., 2010, 2011b). This suggests that the regional metavolcanic supracrustal belts (GSB and 455 

INSA) are co-genetic with the Fiskenæsset Complex as discussed above. 456 
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The Grædefjord ultramafic rocks have platinum-group element (PGE) patterns that resemble 457 

those of mantle-derived melts (Fig. 8), which generally have positive fractionated PGE patterns and 458 

higher abundances with decreasing compatibility (e.g. Bézos et al., 2005). In addition we have 459 

analysed three samples from the Ikkattup Nunaa Supracrustal Association (INSA), which were 460 

interpreted to represent ultramafic cumulate rocks (Szilas et al., 2012a). The cumulates from INSA 461 

show complicated patterns with anomalies for Ru and Rh. This is consistent with variable sulfide 462 

and/or chromite contents in the cumulates, which cause different degrees of fractionation of the 463 

PGEs. The fact that the ultramafic rocks in Grædefjord have melt-like PGE patterns, which are 464 

similar to the median abundances of different types of komatiites (data from Fiorentini et al., 2011), 465 

suggest that they are not cumulates but represent magmas (Fig. 8).  466 

Interestingly, two ultramafic samples with similar enriched trace element patterns, as observed 467 

for the GSB ultramafic rocks, were reported from a locality less than 100 km NE of Grædefjord by 468 

Kolb et al. (2012), suggesting a regional occurrence of such rocks. When taking into account that 469 

depleted ultramafic rocks of Ti-enriched komatiitic affinity occur on the nearby ‘Nunatak 1390’ 470 

(Szilas et al., 2012b), we find a striking resemblance to the reported association of enriched and 471 

depleted ultramafic rocks in a Palaeoproterozoic supracrustal belt in northern Finland (Hanski et al., 472 

2001). Also noteworthy is the observation of picrites from Finland by Hanski and Kamenetsky 473 

(2013), which contain melt inclusion of both enriched and depleted ultramafic composition within 474 

single spinel grains. This suggests that these two compositionally distinct melts were genetically 475 

related. A similar association of enriched and depleted ultramafic rocks were also reported by 476 

Goldstein and Francis (2008) in an association of ferro-picrites from Archaean supracrustal belts in 477 

the Western Superior Province, Canada.  478 

The subcontinental lithospheric mantle (SCLM) that underlies the North Atlantic craton in 479 

southern West Greenland (Wittig et al., 2008) has somewhat similar enriched trace element 480 
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patterns, with the exception that it generally has positive Sr and Pb anomalies. The similar 481 

enrichments of incompatible trace elements does suggest that the metasomatising agent that affected 482 

the SCLM could also be responsible for the enrichment found in the Grædefjord ultramafic rocks, 483 

perhaps by metasomatising their mantle source. Weiss et al. (2011) proposed that such 484 

metasomatism of the SCLM is caused by high-Mg carbonatitic high-density fluids and kimberlite 485 

melts. Accordinly, it is possible that the mantle source of the Grædefjord ultramafic rocks may also 486 

have interacted with similar exotic components causing their unusual trace element composition. 487 

Therefore, the Grædefjord ultramafic rocks may represent magmas derived by actual melting of the 488 

local SCLM.  489 

Given the limited data on these ultramafic rocks, we can only speculate about the geodynamic 490 

setting in which these different possible processes could have occurred. However, we do note that 491 

the Grædefjord ultramafic rocks have trace element patterns that are similar modern picrites from 492 

the Lesser Antilles, including the negative Pb and Sr anomalies for some of the latter (Thirlwall et 493 

al., 1996). Thus, it appears even more likely that deep high-degree melting of garnet-lherzolite in a 494 

subduction zone environment was responsible for the unusual geochemical compositions of the 495 

GSB ultramafic rocks. This also appears compatible with a model in which anorthosite segregation 496 

was responsible for the regional negative Pb and Sr anomalies, which are observed in virtually all 497 

lithological units in GSB. In this model the GSB represents the shallow volcanic environment of an 498 

arc complex, whereas the Fiskenæsset Complex would represent the deeper intrusive and cumulate 499 

portion of this subduction zone system. However, at the moment the petrogenesis of the Grædefjord 500 

ultramafic rocks remains enigmatic and future studies are needed to resolve this question. 501 

  502 

6.4. Sm-Nd and Lu-Hf isotope constraints 503 

 504 
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 It is well-documented that the Sm-Nd isotope system is not as robust as the Lu-Hf isotope 505 

system in most metamorphosed rock types, whereas the former can be disturbed during alteration 506 

and metamorphism (e.g. Gruau et al., 1996; Hoffmann et al., 2011; Polat et al., 2003; Rosing, 1990; 507 

Thompson et al., 2008). Therefore we emphasise the Lu-Hf over Sm-Nd systematics in the 508 

discussion of the isotope data. However, this assumption requires that there is a mineral host for Lu 509 

and Hf.  510 

We note that even the Lu-Hf system yields very high MSWD (>40) for the isochron and errors 511 

over 100 Ma. This is likely due to the fact that the samples have very different initial isotope 512 

compositions at 2970 Ma, resulting from a combination of various processes including mixing, 513 

source heterogeneity, inheritance of older crust and/or metamorphic disturbance, which rendered 514 

the Lu-Hf and Sm-Nd isochron ages meaningless.  515 

Given the great abundance of supracrustal and gabbro-anorthosite rocks in this region with an 516 

age of ca. 2970 Ma (e.g. Hoffmann et al., 2012; Polat et al., 2010, Szilas et al., 2012a, 2012b) we 517 

speculate that this is also the likely magmatic age for the Grædefjord Supracrustal Belt (GSB). This 518 

is supported by the fact that four of five mafic samples from GSB fall on the isochron line presented 519 

by Szilas et al. (2012a) as seen in Fig. B23. 520 

(INSET INLINE FIGURE B23 HERE) 521 

 Additionally, the εHf2970Ma of one amphibolite sample (511116) from GSB fall directly on the 522 

DM-array at 2970 Ma. However, the rest of the amphibolites and mafic dykes have εHf2970Ma at 523 

around +4 and the leucoamphibolites have values around 0 (Fig. 9). Thus, these two groups appear 524 

to have been influenced by crustal contamination by two distinct processes with limited isotope 525 

ranges. It is also worth noting that the GSB data plots on the exact same three source regions (Fig. 526 

B24-B25) as those found by Szilas et al. (2012a) for INSA. This further substantiates the great 527 

resemblance of these two supracrustal sequences. Although impossible to prove with the current 528 
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data there is the remote possibility that the Tasiusarsuaq hosted crust with a chondritic Sm-Nd and 529 

Lu-Hf isotopic composition at 2970 Ma, as displayed in Figs. B24-B25. This is partly supported by 530 

the Hf isotope data of Souders et al. (2012), which also show a possible near-chondritic influence. 531 

However, this may simply be a coincidence. 532 

An important fact is that rememnats of TTG crust have been documented from the Tasiusarsuaq 533 

terrane, which predates the likely igneous age of 2970 Ma for the GSB. One such example is TTG 534 

gneiss sample 515747 with a zircon age of 3260 Ma (T. Næraa, unpublished data) and also sample 535 

468645 of Næraa et al., (2012). Figure 11 shows the evolution of 
176

Hf/
177

Hf of the GSB rocks, as 536 

well as that of the 3255 Ma old TTG gneiss sample 468645 of Næraa et al. (2012). We have used 537 

the average data of four analyses older than 3200 Ma from sample 468645 to calculate the possible 538 

Hf-isotope evolution of pre-existing continental crust in the Tasiusarsuaq terrane. Mixing between 539 

this crust and juvenile mafic magma at 2970 Ma shows remarkably similar mixing ratios (ca. 60% 540 

TTG-like component), as what we obtained from our trace element modelling (ca. 50-80%). This 541 

further supports our model for the andesitic leucoamphibolites, as the product of mixing between 542 

mafic and felsic magmas in a ratio of about 2:3. 543 

  544 

6.5. U-Pb zircon age constraints 545 

 546 

 The U-Pb isotope data point towards a significant event at ca. 2720 Ma, which affected the all 547 

of the Grædefjord supracrustal rocks. This is in good agreement with the regional metamorphic 548 

event identified in the Tasiusarsuaq terrane (Crowley, 2002; Kolb et al., 2012). Wilf (1982) 549 

obtained an age of 2709 ±30 Ma for a 19 point Rb-Sr isochron on the leucoamphibolites, which is 550 

in good agreement with the U-Pb zircon data presented in this paper (Section 5.3). The mobility of 551 

both Rb and Sr suggest that this age reflects metamorphic resetting rather than an igneous age. This 552 
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is consistent with the minimum age of 2888 ±6.8 Ma for the supracrustal rocks as dated by the 553 

intrusive TTG gneiss (Fig.  B15a-b). It is surprising that TTG sample 508221 points to an age of ca. 554 

2700 Ma, but this indicates that the metamorphic event was associated with intrusion of TTG sheets 555 

or perhaps that some were reset by this event. However, the same ages of metamorphic zircons and 556 

magmatic zircons from TTGs have been observed for TTG samples from the Naajat Kuuat 557 

Complex, which is also part of the Tasiusarsuaq terrane (Hoffmann et al., 2012). There, the 2800 558 

Ma zircon age has been interpreted in previous studies to reflect the granulite facies metamorphic 559 

event (Nutman and Friend, 2007), whereas the 2700 Ma event was interpreted to be associated with 560 

the terrane accretion with the Tre Brødre terrane (e.g., Hoffmann et al., 2012).  561 

We have no explanation for the abundant magnetite, rimmed by plagioclase that is found in some 562 

of the TTG sheets, but we do note that abundant magnetite phenocrysts are also observed in modern 563 

rhyolites associated with boninites in the Izu-Bonin arc (Woodland et al., 2002).  564 

The pegmatite sample (511134) has a minor peak around 2800 Ma, and an adjacent much larger 565 

peak at 2700 Ma, which we interpret is due to metamorphic thermal overprinting (Fig. B15e-f). 566 

Thus its true magmatic age is probably around 2800 Ma. Alternatively, the true age is in fact 2700 567 

Ma with a distinct inherited population. With the present data we are not able to distinguish 568 

between these two possibilities. 569 

All zircon ages in the leucoamphibolites represent the regional metamorphic event with virtually 570 

no relict magmatic grains. Two of the leucoamphibolites show small tails towards older ages, which 571 

we interpret to reflect intense metamorphic resetting of magmatic zircon that has essentially 572 

obliterated any older grains. Evidence for this type of resetting of volcanic zircon was described in 573 

similar leucoamphibolites from INSA (Szilas et al., 2012a). 574 

The zircon age of ca. 2717 Ma the mafic dyke sample (508218) also likely reflects late 575 

metamorphic zircon growth, because mafic rocks rarely carry magmatic zircon and because this 576 
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sample has initial εNdt and εHft, which falls well within the range of the other measured Grædefjord 577 

rocks. 578 

 579 

6.6. A model for Archaean andesite petrogenesis 580 

  581 

Essentially every single supracrustal belt, that has been studied in detail, in southern West 582 

Greenland is comprised of mainly tholeiitic basalts with distinctly negative Nb- and Ta-anomalies 583 

(e.g. Garde, 2007; Polat et al., 2008; Szilas et al., 2012a, 2012b, 2013). Such mafic belts always 584 

predate the surrounding intrusive TTG orthogneisses, unless the contacts are tectonic as in the case 585 

of the Storø Supracrustal Belt (van Gool et al., 2007). However, as discussed in Section 6.4 586 

sporadic evidence suggests minor relicts of pre-existing crust also exists in the Tasiusarsuaq terrane 587 

(Næraa et al., 2012). The relatively great abundance of andesites that have been identified in the 588 

Archaean supracrustal belts of southern West Greenland in recent years (see Section 1), show that 589 

such rocks are likely more common in this region than in other cratons. Based on our field work, we 590 

estimate that in the Grædefjord Supracrustal Belt, andesites comprise about 40-50% of the exposed 591 

meta-volcanic rocks. However, the lack of firm field relationships between the different lithological 592 

units complicates this estimate and there is a large uncertainty as to how much of the primary 593 

volcanic sequence has actually been preserved.  594 

The geochemical data of Szilas et al. (2012a) for andesites from the Ikkattup Nunaa Supracrustal 595 

Association (INSA) located about 100 km SE of the Grædefjord Supracrustal Belt (GSB), shows 596 

that the two basaltic to andesitic sequences bear great resemblance. Their trace element patterns are 597 

very similar, although there are minor differences in their absolute elemental abundances. 598 

Isotopically they are also quite similar with the exception that the leucoamphibolites of the GSB 599 

have distinctly lower (around 0) initial εNdt and εHft (Figs. B24-B25). Based on geochemical 600 
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arguments, Szilas et al. (2012a) concluded that the rocks of INSA likely formed in a subduction 601 

zone geodynamic setting. Given the great similarity between INSA and GSB, it is tempting to 602 

assume the same geodynamic environment of formation for the latter. The striking geochemical 603 

resemblance between modern arc andesites and the GSB andesites does indeed support this 604 

assumption. Furthermore, Polat et al. (2011b) also concluded that the nearby Fiskenæsset Complex 605 

was formed by subduction zone processes. Thus there seems to be growing evidence of a significant 606 

magmatic event at ca. 2970 Ma in the Tasiusarsuaq Terrane, which was associated with subduction 607 

zone volcanism.  608 

We need to point out an important correction to the work of Szilas et al. (2012a); because they 609 

concluded that the leucoamphibolites of INSA are juvenile.We find that these rocks do in fact plot 610 

below the depleted mantle (DM) array at between +3.6 to +5.2, when using the DM-evolution line 611 

of Griffin et al. (2000) for the Lu-Hf isotope system. However, the INSA volcanic rocks do not 612 

have as low isotopic compositions (εHf2970Ma = 0) as the most enriched rocks from GSB. The INSA 613 

data does also not show the same good correlations between initial εNdt vs. 1/Nd, Th/Yb, Nb/Nb* 614 

and εHft vs. 1/Hf, Th/Yb, Nb/Nb* that the data from the GSB shows (Figs. B13-B14). The revision 615 

regarding the juvenile composition of the INSA has important implications for the conclusions of 616 

Szilas et al. (2012a), and we find that the model presented below for the GSB is probably more 617 

appropriate also for the INSA considering the strong geochemical resemblance of these two 618 

supracrustal sequences. 619 

Any geodynamic model for the GSB must take the obvious mixing relationships seen in the 620 

leucoamphibolites into account (Section 6.2). Given that we can rule out bulk AFC-processes (Figs. 621 

10 and B19-B22), the extensive degrees of mixing between TTG-like magmas and juvenile mafic 622 

magmas must have occurred in a well-mixed magma chamber. It also seems likely that this mixing 623 

could have occurred slightly before or after the eruption of the mafic magmas. This would explain 624 
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the observation that we do not find a geochemical gradation between the mafic and andesitic rocks, 625 

neither in terms of major or trace elements, nor in terms of their isotopic compositions. It is possible 626 

that the mafic sequence represents an early juvenile stage of volcanism, but it also remains possible 627 

that they erupted after the andesites, once a stable conduit had formed and crustal mixing was no 628 

longer occurring. However, we cannot resolve this temporal issue with the present isotope data and 629 

the field relationships do also not provide evidence for wither case. 630 

Several lines of evidence point to an active continental margin setting in which mafic magmas 631 

interacted with pre-existing crust. This is suggested by the TTG-type mixing end-member and the 632 

resulting binary major and trace element trends, as well as by the distinctly unradiogenic 633 

contaminant (Fig. 11). A subduction zone setting would accommodate the general picture that has 634 

emerged for southern West Greenland based on previous geochemical (Polat et al., 2011a; Szilas et 635 

al., 2012a) and structural studies (Kisters et al., 2012; Kolb et al., 2012). We note that the 636 

Grædefjord andesites are virtually identical to andesites and dacites from the ca. 2724 Ma Lac 637 

Lintelle sequence in the Vizien greenstone belt (Skulski and Percival, 1996) and andesites from the 638 

ca. 2800-2680 Ma Schreiber–Hemlo greenstone belt (Polat et al., 1998), Superior Province, Canada. 639 

These andesitic rocks were interpreted to have formed in a continental arc volcanic complex. There 640 

are also some resemblance to 2700 Ma andesites of the Wawa greenstone belt, Superior Province 641 

(Polat and Kerrich, 2001).  642 

According to the Georoc database (2013), the major and trace element geochemical 643 

compositions of the mafic to andestic volcanism recorded by GSB, are comparable to the 644 

compositions of andesites that are sampled in modern mature island arcs (except for the unusual 645 

negative Pb and Sr anomalies in all samples of the GSB). 646 

A sanukitoid-type origin for the GSB andesites can be excluded due to the different geochemical 647 

compositions and modes of occurrence. Sanukitoids are granitoid rocks that are characterised by a 648 
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high content of incompatible trace elements in combination with a high content of compatible trace 649 

elements, such as MgO, Cr and Ni (Stern et al., 1989). They are generally interpreted as melts 650 

derived from a crustally contaminated mantle source, perhaps in a similar way as high-Mg andesites 651 

in a subduction zone environment (Halla, 2005; Kovalenko et al., 2005). Sanukitoid magmatism is 652 

commonly attributed to slab break-off (Halla, 2009; Heilimo et al., 2012), but it is also a possibility 653 

that sanukitoids represent melting of metasomatised subcontinental lithospheric mantle during the 654 

rebound of a craton after the tectonic activity ceases. Sanukitoid magmatism generally postdates 655 

TTG formation, but has so far only been identified in one place in the Archaean craton of Greenland 656 

(Steenfelt et al., 2005). An adakitic origin for the GSB andesites can also be ruled out due to the 657 

different geochemical characteristics when compared in detail (e.g. Martin, 1999; Martin and 658 

Moyen, 2002; Martin et al., 2005). 659 

From recent melt-inclusion studies it has become evident that andesites in modern subduction 660 

zone settings are the product of mixing between mafic and felsic magmas in about equal 661 

proportions (Kent et al., 2010; Kovalenko et al., 2010; Reubi and Blundy, 2009). Price et al. (2005) 662 

argued for a model for modern andesites from New Zealand, where juvenile mafic magmas under-663 

plated the lower crust initiating partial melting of this, and subsequent mixing to produce 664 

intermediate compositions. This is much in line with our observations of the geochemical mixing 665 

trends for the Grædefjord Supracrustal Belt.  666 

Given that the thermal conditions of the Mesoarchaean were significantly hotter than at present 667 

(Herzberg et al., 2010), it would perhaps be possible that large quantities of juvenile mafic magmas 668 

that were intruded into the lower portions of hot continental crust, could cause significant melting of 669 

the crust and allow for actual magma mixing rather than wall-rock assimilation, exactly as our trace 670 

element modelling requires (Figs. 10 and B19-B22). Such a scenario is capable of explaining the 671 

substantial mixing required by the GSB data. From the compatible trace elements it is evident that 672 
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an ultramafic third component also interacted with these andesites. This could represent ultramafic 673 

picrites, cumulate or mantle rocks.  674 

Based on the sum of our new data, we conclude that the Mesoarchaean Grædefjord Supracrustal 675 

Belt likely formed in a subduction zone environment. This is consistent with the overall 676 

geochemical similarities with modern arc-related andesites. In particular, similar mixing 677 

relationships are required for the petrogenesis, of GSB andesites, as those that are observed for 678 

andesites in modern subduction zone environments (Kent et al., 2010; Kovalenko et al., 2010; 679 

Reubi and Blundy, 2009).  This interpretation is consistent with the emerging picture from several 680 

distinct lines of evidence for the operation of subduction zone processes since at least the 681 

Mesoarchaean (Dhuime et al., 2012; Næraa et al., 2012; Shirey and Richardson, 2011). 682 

 683 

7. Conclusions 684 

  685 

 Geochronlogical data from the Tasiusarsuaq terrane suggests the existence of rare remnants 686 

of ca. 3200 Ma old continental crust followed by regional volcanism at ca. 2970 Ma, TTG 687 

generation at ca. 2900 Ma and metamorphism at ca. 2700 Ma.  688 

 We propose the formal name the ‘Grædefjord Supracrustal Belt’ (GSB) for the ca. 2970 Ma 689 

old association of ultramafic to andesitic volcanic rocks, which crop out a few kilometres to 690 

the south of Grædefjord, southern West Greenland (Fig. 1). 691 

 Overall the major and trace element data of the mafic to andesitic rocks of the GSB 692 

resembles modern arc-related rocks. 693 

 Our trace element modelling reveals that bulk assimilation-fractional-crystallisation (AFC) 694 

cannot account for the variations observed in the andesitic leucoamphibolites. Instead the 695 

trace element modelling suggests that tholeiitic mafic magmas mixed with 50-80% felsic 696 
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magmas of tonalite-trondhjemite-granodiorite (TTG) composition (Fig. 10). Although, the 697 

exact proportion of the required felsic end-member depends on the actual TTG composition, 698 

we would argue that the slightly higher than present mixing ratio is consistent with the 699 

hotter Archaean mantle conditions. 700 

 Our Hf and Nd isotope data corroborates a significant crustal contribution in the 701 

petrogenesis of the andesitic volcanic rocks in the GSB and are consistent with mixing of 702 

about 60% TTG-type crustal-derived melts with juvenile mafic magmas in order to produce 703 

the andesitic leucoamphibolites (Fig. 11). 704 

 Rare ultramafic rocks in the GSB have enriched trace element patterns (Fig. 7), which are 705 

similar to picrites reported by Hanski et al. 2001. They have melt-type platinum-group 706 

element patterns that are similar to those observed in high-degree mantle melts (Fig. 8). We 707 

propose that these ultramafic rocks were either derived by melting of metasomatised sub-708 

continental lithospheric mantle or represent arc-related picrites similar to those reported 709 

from the Lesser Antilles (Thirlwall et al., 1996). 710 

 The GSB can likely be correlated with the Ikkattup Nunaa Supracrustal Association 711 

described by Szilas et al. (2012a) located about 75 km to the south. These two supracrustal 712 

belts share many field, geochemical and isotopic features, including clear evidence for 713 

significant crustal contamination and mixing in order to explain the geochemical 714 

compositions of their andesitic volcanic rocks. Furthermore, both of these supracrustal 715 

sequences generally have negative Pb and Sr anomalies, whereas the anorthosites from the 716 

Fiskenæsset Complex have large positive Pb and Sr anomalies (Polat et al., 2011b). This 717 

together with their similar age and arc-type geochemical features, suggest that this entire 718 

region was co-magmatic and that the supracrustal belts represent the shallow volcanic arc-719 
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environment, whereas the Fiskenæsset Complex represents the deeper intrusive and 720 

cumulate portion of the same arc complex. 721 

 We propose that modern-style subduction zone processes have been in operation since at 722 

least the Mesoarchaean, because of the distinct similarities in the geochemistry of these 723 

supracrustal rocks with modern arc rocks, and in particular because of the specific 724 

similarities in the petrogenetic mixing model of andesitic rocks as outlined in this study. 725 
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Figure captions 1052 

 1053 

Figure 1. Geological map of SW Greenland showing the major crustal lithological units. The 1054 

location of the Grædefjord Supracrustal Belt is outlined by the red box. Based on mapping by 1055 

GEUS. 1056 

 1057 

Figure 2. Field photos showing examples of possible magmatic structures. a) Mafic dyke with 1058 

quartz-plagioclase macrocrysts in dark amphibolite groundmass (pencil for scale). b) 1059 
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Leucoamphibolite with large felsic fragments which could represent ‘bombs’ and ‘lapilli’ (hammer 1060 

is about 1 m). c) Layered leucoamphibolite with distinct modal variation (pencil for scale). d) 1061 

Leucoamphibolite with felsic patches that may have been relict volcaniclastic fragments. 1062 

 1063 

Figure 3. Variation diagrams for major elements versus MgO. Note that the leucoamphibolites 1064 

generally form an array with the TTGs and the mafic rocks as end-members. 1065 

 1066 

Figure 4. Variation diagrams for trace elements versus MgO. Note that the leucoamphibolites 1067 

generally also form an array with the TTGs and the mafic rocks as end-members, but certain 1068 

compatible elements form arrays between the TTGs and the ultramafic rocks. 1069 

 1070 

Figure 5. Primitive mantle-normalised (Palme and O’Neill, 2003) trace element diagrams for the 1071 

amphibolites, mafic dykes, leucoamphibolites and the TTGs. 1072 

 1073 

Figure 6. The discrimination diagram of Pearce (2008) with all lithological units from the 1074 

Grædefjord Supracrustal Belt plotted. The samples generally plot above the mantle array and within 1075 

the arc-related field, except for on amphibolite (sample 508219) and the ultramafic rocks. 1076 

 1077 

Figure 7. Primitive mantle-normalised (Palme and O’Neill, 2003) trace element diagrams for the 1078 

ultramafic rocks. Note the fractionated HREE pattern, which suggest garnet was present in the 1079 

source of these rocks. 1080 

 1081 

Figure 8. Platinum-group element patterns for the ultramafic rocks normalised to chondrite 1082 

(Fischer-Gödde et al., 2010). For comparison we have measured ultramafic cumulate rocks from the 1083 
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Ikkattup Nunaa Supracrustal Association (INSA) and also show the median patterns for three 1084 

different types of komatiites (data from Fiorentini et al., 2011). 1085 

 1086 

Figure 9. εHft evolution of the Grædefjord Supracrustal rocks since 2970 Ma as a function of time. 1087 

DM from Griffen et al. (2000) and CHUR values of Bouvier et al. (2008). 1088 

 1089 

Figure 10. Y vs. Ti diagram for the Grædefjord Supracrustal Belt. Our AFC model cannot account 1090 

for the observed variation in the leucoamphibolites, whereas a simple binary mixing model provides 1091 

a much better fit. See Figures B19-B22 in the online supplementary Appendix B for more 1092 

examples of our trace element modelling. 1093 

 1094 

Figure 11. 
176

Hf/
177

Hf vs. time diagram showing the isotopic constraints for the mixing process. As 1095 

the contaminant we use sample 468645 from Næraa et al. (2012), which is a TTG gneiss of 1096 

appropriate age (3255 Ma) from the Tasiusarsuaq terrane. The Grædefjord amphibolites and mafic 1097 

dykes can be explained by about 25% mixing with older TTG-type crust. About 60% mixing of 1098 

felsic crust with 40% juvenile mafic magma (sample 511116) can explain the observed isotopic 1099 

shift in the leucoamphibolites. Alternatively the leucoamphibolites were in fact derived from source 1100 

with a chondritic isotope composition. DM from Griffen et al. (2000) and CHUR values of Bouvier 1101 

et al. (2008). 1102 

 1103 

Figure captions for Inline figures 1104 

 1105 

Figure B15. LA-ICP-MS zircon U-Pb isotope data for felsic intrusive rocks. a) Probability density 1106 

diagram (PDD) for the crosscutting TTG sheet (sample 511110). b) Concordia diagram for TTG 1107 
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sheet (511110) indicating an age of 2888 ±6.8 Ma. c) PDD for the plagioclase-rimmed magnetite 1108 

phenocrysts-bearing TTG sheet (sample 508221). d) Concordia diagram for sample 508221 with 1109 

an age of 2708 ±11 Ma. e) PDD for a pegmatite sheet (sample 511134). f) Concordia diagram for 1110 

the pegmatite suggesting a main event at 2731 ±19 Ma. 1111 

 1112 

Figure B16. LA-ICP-MS zircon U-Pb isotope data for the leucoamphibolites. Left-hand column 1113 

show PDDs centred on ca. 2720 Ma and the right-hand column shows concordia diagrams for the 1114 

corresponding peaks after filtering (see Section 5.3 for details). 1115 

 1116 

Figure B17. LA-ICP-MS zircon U-Pb isotope data for the mafic dyke sample 508218 with an age 1117 

population centred on 2717.5 ±7.6 Ma. 1118 

 1119 

Figure B23. Lu-Hf isochron diagram with samples from Szilas et al. (2012) in blue and four mafic 1120 

samples from the Grædefjord Supracrustal Belt in red. 1121 
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 1124 

Appendix A - Analytical methods descriptions. 1125 

 1126 

Appendix B - Supplementary geochemical diagrams. 1127 

 1128 

Table 1 - Whole-rock major and trace element data. 1129 
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Table 2 - Platinum group element data. 1131 
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 1134 

Table 4 - Zircon U-Pb isotope data. 1135 
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