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Abstract: The present contribution reviews bulk-rock geochemical data for mid-Archaean
(ca. 3075-2840 Ma) metavolcanic rocks from the North Atlantic Craton of southwest Greenland.
The data set includes the most recent high quality major and trace element geochemical analyses
for ten different supracrustal/greenstone belts in the region. When distilling the data set to
only include the least altered metavolcanic rocks, by filtering out obviously altered samples,
mafic/ultramafic cumulate rocks, late-stage intrusive sheets (dolerites) and migmatites, the remaining
data (N = 427) reveal two fundamentally distinct geochemical suites. The contrasting trends that
emerge from the filtered geochemical data set, which best represents the melt compositions for
these mid-Archaean metavolcanic rocks are: (1) tholeiitic (mainly basaltic) versus (2) calc-alkaline
(mainly andesitic). These two rock suites are effectively separated by their La/Sm ratios (below or
above three, respectively). It is demonstrated by geochemical modelling that the two contrasting
suites cannot be related by either fractional crystallization or crustal assimilation processes,
despite occurring within the same metavolcanic sequences. The tholeiitic basaltic rocks were directly
mantle-derived, whereas the petrogenesis of the calc-alkaline andesitic rocks involve a significant
(>50%) felsic component. The felsic contribution in the calc-alkaline suite could either represent
slab-melt metasomatism of their mantle source, mafic-felsic magma mixing, or very large degrees
of partial melting of mafic lower crust. At face value, the occurrence of andesites, and the negative
Nb-Ta-Ti-anomalies of both suites, is consistent with a subduction zone setting for the origin of these
metavolcanic rocks. However, the latter geochemical feature is inherent to processes involving crustal
partial melts, and therefore independent lines of evidence are needed to substantiate the hypothesis
that plate tectonic processes were already operating by the mid-Archaean.
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1. Introduction

Our understanding of the geodynamic environments that existed during the Archaean Eon is
limited by a fragmented rock record for Earth’s early history. Furthermore, ancient metavolcanic
rocks are commonly affected by a range of modifying effects, including hydrothermal alteration,
tectonic deformation, metamorphic overprint, and even melt loss [1,2]. In the present study,
the Archaean record of metavolcanic rocks from southwest Greenland, part of the North Atlantic
Craton, is examined with the aim of identifying their potential geodynamic setting(s) of formation.

Archaean tectonics is a contentious topic that has been debated for decades, and yet has not
reached any consensus (see recent debate in other studies [3,4] and references therein). The erratic
nature of the supracrustal belts of southwest Greenland (Figure 1) makes it difficult to gather large
co-magmatic volcanic rock suites that can be used to determine their petrogenetic histories.
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Figure 1. Geological map of the North Atlantic Craton of southern West Greenland. The red circles
outline the areas that are discussed in the present review. Based on mapping by the Geological Survey
of Denmark and Greenland (GEUS) [5].
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These metavolcanic rocks occur as random inclusions and enclaves ranging in scales from
decimeter to kilometer within the dioritic-tonalitic orthogneiss that comprises the continental crust
of the North Atlantic Craton [5]. Systematic geological studies have been carried out on many
individual metavolcanic rock suites in the region, and essentially all studies have concluded that they
formed in a subduction zone-related setting [6,7]. However, this conclusion hinges on the negative
Nb-Ta-Ti-anomalies observed in the geochemical data for the metavolcanic rocks, which resembles the
trace element systematics of modern-style volcanic arc rocks [8].

The structural evolution also appears to support a horizontal tectonic regime during the Archaean
Eon [7,9,10]. Finally, recent metamorphic modelling also points to pressure-temperature paths that
are consistent with subduction zone settings [11,12]. Although the region has generally experienced
amphibolite- to granulite-facies metamorphism, the geochemical composition of the metavolcanic
belt have generally not been significantly affected, although there are areas which have indeed locally
experienced melt loss and thus geochemical modification [2,6]. It is also important to point out that
there appears to have been Eoarchaean basement for at least some of the Mesoarchaean supracrustal
belts, as documented for the 3075 Ma Ivisaartoq Supracrustal Belt [13]. However, this is likely to be the
case only in the Nuuk region in associated with the Eoarchaean Itsaq Gneiss Complex (Figure 1).

In the present study the approach is to evaluate a geochemical database of Mesoarchaean
metavolcanic rocks, with the overall aim of investigating the large-scale petrogenetic variation.
The samples range in age from 3075 Ma to 2840 Ma with no apparent geochemical differences with age.
The main conclusion of the present study is that the mid-Archaean metavolcanic rocks of southwest
Greenland fall in two discrete geochemical suites, which cannot be related by fractional crystallization
and/or crustal assimilation processes.

The larger of the two groups is comprised of tholeiitic meta-basalts, which have essentially flat
trace element patters, and are typical of greenstone belts worldwide. The other group consists of
calc-alkaline meta-andesites, which is a rock type last is far less common in Archaean cratons.

Geochemical modelling rules out simple assimilation of continental crust during the eruption
of mafic magmas to produce the calc-alkaline andesitic suite. Instead it is a requirement of that its
parental mantle-derived mafic magma mixed with a significant (>50%) felsic component, which could
represent either: (1) slab-melt overprint of a mantle wedge, (2) large degrees of partial melting of mafic
lower crust, or (3) moderate degrees of partial melting of continental crust.

Similar observations of rare andesitic rocks in other Archaean cratons have been made by other
studies from China [14,15], Australia [16,17] and Canada [18,19]. Therefore, a better understanding
of the petrogenesis of the mid-Archaean calk-alkaline andesites of southwest Greenland could have
global implications and may thus lead to better constraints for Earth’s early geodynamic settings.

2. Materials and Methods

A large geochemical data set (N > 500) of well-characterized metavolcanic rocks was
compiled from the most recent literature about the Archaean rock record of southwest Greenland.
The compilation only includes rock suites for which modern high quality inductively coupled
plasma mass spectrometry (ICP-MS) trace element data, as well as detailed field and petrographic
observations are available. The data set was further constrained to only include supracrustal
metavolcanic sequences.

Deep-seated layered complexes (e.g., Amikoq) and anorthosites (e.g., Fiskeneesset) were not
considered to avoid significant effects of fractional crystallization processes, and/or unusual
parental magma compositions. For this reason, coarse gabbroic rocks were also excluded from
the data compilation, even when they were associated with metavolcanic sequences, because such
cumulate rocks are commonly affected by intercumulus liquid fractionation and the disproportionate
accumulation of single minerals skew the geochemical composition of bulk-rock analyses [20].

It is important to point out that ultramafic rocks within the supracrustal sequences have major
element compositions consistent with them representing cumulate portions of the metavolcanic
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sequence that formed either as a consequence of in-situ crystal fractionation (olivine £ pyroxene) in
sills, or as magma conduits/feeder pipes for the associated volcanic sequence [21,22]. Such ultramafic
rocks are commonly overprinted by alteration and metasomatism and now consist of serpentinite or
amphibole-mica schist.

Because this review is concerned with the geochemical systematics of the metavolcanic rocks,
and their implications for their geodynamic setting of formation, the ultramafic cumulate rocks were
excluded from the final data set.

The above criteria for selection of samples resulted in a data set with a total of 436 bulk-rock
analyses from the sources presented in Table 1 above. The metavolcanic data set was then subjected to
minimal filtering, to avoid samples with obviously anomalous trace element patterns (e.g., extreme
Zr-Hf-Ti-REE, high-field strength and rare earth elements, anomalies), which resulted in discarding
nine samples (2% rejection rate). These anomalies can be both positive and negative and have no
systematic trends. Some samples have one or more anomalies, but in all cases are interpreted at
a “nugget effect” due to accessory minerals. The resulting data set that is investigated in the present
study therefore includes 427 metavolcanic samples from ten different supracrustal belts across the
North Atlantic Craton of southwest Greenland (Figure 1).

Table 1. Overview of the different literature sources of data used in the present review listed from
north to south (see Figure 1). The full data compilation can be obtained upon request from the author.

Supracrustal Belt/Greenstone Belt = Magmatic Age Metavolcanic Samples (#) References

Ivisaartoq 3075 Ma 54 [23-25]

Qussuk 3075 Ma 17 [26,27]
Bjorneoen 3075 Ma 11 [28]

Store 2840 Ma 39 [29-31]
Ameralik ~3000 Ma 12 [32]
Nunatak 1390 ~3000 Ma 29 [33]
Graedefjord 2975 Ma 35 [34]
Ikkattup Nunaa 2975 Ma 108 [35]
Nigerlikasik 2975 Ma 73 [36]
Tartoq Group >3000 Ma 58 [37]

It was found that the most effectively way to classify the metavolcanic rocks in distinct
petrogenetic suites of tholeiitic and calc-alkaline affinity was to use their La/Sm ratio,
which distinguishes a bimodal population within the data set as seen in Figure 2 above. The main
argument for the robustness of this bimodal distribution is the fact that it occurs even on an outcrop
scale, and that both geochemical suites display primary volcanic features, such as pillow structures
and volcaniclastic features [23,26,27,35,36].

The geochemical freeware programme GCDKit [38] Version 5.0 was used to plot the data and
trace element normalization values are also taken from this software.

Please note that I refer to the rocks interchangeably as tholeiitic basalt and melanocratic
amphibolite, and calc-alkaline andesite and leucocratic amphibolite, respectively. Given that the entire
region has undergone amphibolite- to granulite-facies metamorphism, and all rocks are metamorphic,
the prefix “meta” is taken as being implicit for all lithological units described in the following. Also note
that the term supracrustal belt is used for the metavolcanic belts of this region, and that this is
equivalent with the term greenstone belt that is used in other cratons where the dominant metamorphic
conditions are of greenschist-facies.
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Figure 2. The basis for division in two distinct geochemical trends is a La/Sm ratio of below or
above 3 for the tholeiitic and calc-alkaline suites respectively. The ratio is not normalized and uses
the measured trace elements abundances.

3. Results

The geochemical database, which forms the basis of the present review, includes 427 metavolcanic
samples of both tholeiitic (N = 287) and calc-alkaline (N = 140) affinity. To a first order, the mafic index
of the rocks can be used as well, because the tholeiitic suite consists of mafic melanocratic amphibolites,
whereas the calc-alkaline suite comprises intermediate leucocratic amphibolites, as a previous study
pointed out [35]. However, as outlined in Figure 2 above, the data are bimodal in terms of their
La/Sm, which is a ratio that effectively separates the metavolcanic rocks in the two discrete suites.
In the following, the main geochemical features of the two metavolcanic suites are outlined.

3.1. Tholeiitic Basalts

The melanocratic amphibolites have La/Sm ratios below 3 with an average of 1.7 (Appendix A,
Figure A1), and are therefore classifed as the Low La/Sm group throughout this work. These rocks
follow a tholeiitic fraction trend as seen in Figure 3 below, which is also the case in other types of
discrimination diagrams (Appendix A, Figure A2). This suite is basaltic with an average SiO, of
50.9 wt % (Appendix A, Figure A3a), which is also observed when only considering immobile element
ratios for a more robust classification of metavolcanic rocks (Figure 4).

The tholeiitic basaltic suite is metaluminous with an average Al,O3 of 14.8 wt % (Figure 5),
but with significantly higher average NayO (2.1 wt %) than K;O (0.3 wt %). The average CaO contents
is 10.8 wt % consistent with the large modal abundance of plagioclase in these rocks. The average TiOp
contents of the tholeiitic Low La/Sm group is 1.1 wt % with a total range from 0.3 to 3.0 wt %.

The Low La/Sm group has an average MgO of 7.4 wt %, however as can be seen in Figure 5,
there is a sub-group with slightly higher MgO clustering at around 15 wt %. Please note that this data
set has been filtered for apparent gabbroic and ultramafic cumulate rocks (see Section 2), although
this step inherently relies on the rock descriptions found in the literature. Total FeO averages 12.4,
with a range from 5.6 to 19.7 wt %. The broad range in FeO' and MgO results in an equally wide
bulk-rock Mg# from around 75 to 30 as seen in Figure 6.

The primitive mantle-normalized trace element diagram for the tholeiitic Low La/Sm group
is rather flat, consistent with the average La/Sm ratio of 1.7 (Figure 7). However, there are subtle
negative Nb-Ta-Ti-anomalies, and obvious positive anomalies for U and Pb.
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Figure 3. AFM diagram [39] showing the tholeiitic fractionation trend of the basalts, in contrast to the

mainly calc-alkaline trend of the andesites.
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Figure 4. Classification diagram for volcanic rocks that rely on fluid immobile element ratios [40],

which is also applicable to metamorphic rocks. The two metavolcanic suites display distinct populations

in this diagram, where the Low La/Sm tholeiitic group is basaltic, and the High La/Sm calc-alkaline

group is main basaltic andesite to andesite.
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Figure 5. Major elements plotted against SiO, content. At face value, the two metavolcanic suites

appear to represent a continuum that could potentially be related by fractional crystallization.

However, such a relationship is incompatible with their range in Mg# (Figure 6), as well as with

the discrete trace element groups (Figure 7).
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Figure 6. Major elements plotted against Mg#, which is calculated as the atomic proportions of
MgO/(MgO + FeOT). Note the overlapping ranges of Mg# for the two suites, which is inconsistent
with a relationship between the basalts and andesites by fractional crystallization processes.
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Figure 7. Primitive mantle-normalized trace element diagram for the two groups of metavolcanic rocks.
Note the negative Nb-Ta-Ti-anomalies in both suites. Normalization values from reference [41].

3.2. Calc-Alkaline Andesites

The leucocratic amphibolites mostly have La/Sm ratios above 3 with an average of 5.1.
(Appendix A, Figure Al). They follow a distinct calc-alkaline fractionation trend, as seen in Figures 3
and A2. For simplicity, the High La/Sm group of intermediate rocks are here referred to as calc-alkaline
andesites, although they have SiO, ranging from 45.3 to 68.8 wt %, and thus technically classify
as basaltic to dacitic with a mean value of an andesitic composition (Appendix A, Figure A3a).
However, this nomenclature appears reasonable despite the range of SiO; (Figure 5). This is seen in
Figure 3, which is a diagram that only relies on fluid immobile element ratios, rather than SiO,, and is
therefore far less susceptible to disturbance during metamorphic processes.

Figures 3 and A2, clearly demonstrates the calc-alkaline affinity of the High La/Sm group.
These calc-alkaline andesites are also characterized by a wide range of CaO (0.7-24.1 wt %),
NaO (0.1-5.5 wt %), and K;O (0.0-4.2 wt %), as seen in Figure 5. A subset of the andesites are
peraluminous (Figure A3b).

The calc-alkaline andesitic suite has systematically lower FeO' (average of 6.8 wt %) and MgO
(average of 4.2 wt %) than the tholeiitic basaltic suite (Figure 5). Nevertheless, the High La/Sm group
covers essentially the same range of bulk-rock Mg# from 40 to 70 (Figure 6).
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The primitive mantle-normalized trace element diagram of the calc-alkaline andesitic suite shows
enriched patterns with a negative slope. The combination of negative Ta-Nb-Ti-anomalies with
otherwise continuous enrichment resembles typical crustal rocks in continental settings. Some of the
andesites have positive Zr-Hf-anomalies, and others have negative Sr-anomaly, whereas Pb can be
both positive or negative (Figure 7).

Although the andesites generally have high abundances of the incompatible elements (Figure A4),
it is worth noting that the High La/Sm group has relatively low Y and heavy rare earth elements
(HREE) in comparison with the Low La/Sm group (Figures 7 and A1l). The andesites have lower
abundances of compatible trace elements, despite the general overlap in bulk-rock Mg# (Figure A4).

The calc-alkaline andesitic suite has systematically lower FeOT (average of 6.8 wt %) and MgO
(average of 4.2 wt %) than the tholeiitic basaltic suite (Figure 5). Nevertheless, the High La/Sm group
covers essentially the same range of bulk-rock Mg# from 70 to 40 (Figure 6).

The primitive mantle-normalized trace element diagram of the calc-alkaline andesitic suite shows
enriched patterns with a negative slope. The combination of negative Ta-Nb-Ti-anomalies with
otherwise continuous enrichment resembles typical crustal rocks in continental settings. Some of the
andesites have positive Zr-Hf-anomalies, and others have negative Sr-anomaly, whereas Pb can be
both positive or negative (Figure 7).

Although the andesites generally have high abundances of the incompatible elements
(Appendix A, Figure A4), it is worth noting that the High La/Sm group has relatively low Y and HREE
in comparison with the Low La/Sm group (Figures 7 and A1). The andesites have lower abundances
of compatible trace elements, despite the general overlap in bulk-rock Mg# (Figure A4).

4. Discussion

The observation that the supracrustal belts of southwest Greenland hosts two distinct
metavolcanic suites is important for the understanding of their geodynamic setting(s). As emphasized
at the outset, the La/Sm ratio is effective at separating the metavolcanic sequence in two distinct suites,
with minimal overlap also as seen in Figure 8 below.
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Figure 8. Plot of Nb-anomaly calculated as Nb/Nb* = Nby /+/(Thy-Lay) against La/Sm. ‘N’ denotes
normalization to primitive mantle abundances (see Figure 7).
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The rocks of the tholeiitic basaltic suite (Low La/Sm group) have geochemical compositions
typical of Archaean basalts with overall flat trace element patterns, negative Nb-anomalies (Figure 8),
and relatively high Ni, Cr and Co [42,43]. These features are consistent with an origin by decompression
melting of primitive mantle, potentially with the influence of fluids to account for the stability of
a residual phase that can accommodate Nb [44]. The high MgO rocks plot in the mid-range in terms
of Nb-anomalies and there appears to be no systematic trend between MgO and Nb/Nb* within the
basaltic metavolcanic group.

The calc-alkaline andesites (High La/Sm group) have enriched incompatible trace element
compositions with negative Nb-Ta-Ti-anomalies that are typical features of arc-related rocks [45].
However, the fact that the andesitic rocks have overall lower abundances of the HREE (Figure 7),
as well as Y (Appendix A, Figure A4), indicates that garnet was present in their residual source
region [46], as also pointed out in a previous study [36].

Andesites are commonly associated with subduction zone settings, although their petrogenesis is
somewhat ambiguous with interpretations ranging from them representing fractional crystallization
products of initial basaltic mantle-derived magmas [47], direct melts of metasomatized mantle [48],
or result of bimodal magma mixing [49]. Although geotectonic discrimination diagrams have
essentially been abandoned [50], they still serve a purpose to distinguish rock suites with geochemical
features that are characteristic of crustal settings and/or crustal contamination, as seen in Figures 9
and 10 on the next page. The tholeiitic basalts plot in regions typical of mid-ocean ridge basalts (MORB)
or oceanic island arcs, whereas the calc-alkaline andesites plot as continental or alkaline arcs.

o
S
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W Average
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8 — @ Average
~
® Oceanic
o K
S islands

Nb/La
050
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Figure 9. Tectonic discrimination diagram [51] demonstrating the bimodality of the metavolcanic
rocks of southwest Greenland. Figure A5 also displays similar distinct trace element systematics.
Abbreviations: MORB = mid-ocean ridge basalts.

In these diagrams the two metavolcanic rock suites are almost completely separated with minimal
overlap, which is incompatible with them having a relationship by simple crystal fractionation. This is
also obvious when considering the bulk-rock Mg#-trends of Figure 6, where the andesites have values
up to about 70, and could thus potentially represent direct mantle melts [48].
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Figure 10. Pearce discrimination diagram showing various mantle reservoirs and vectors of
crust-mantle interaction [52]. Archaean TTG crust (asterisk symbol) is shown for reference as a potential
contaminant for the metavolcanic rocks. Abbreviations: TTG = tonalite-trondhjemite-granodiorite;
OIB = oceanic island basalts; SZ = subduction zone component; AFC = assimilation during

fractional crystallization.

Figure 11 below shows trace element modelling of the effects of fractional crystallization (FC),
assimilation during fractional crystallization (AFC), and magma mixing, respectively. The modelling
parameters were taken from a recent study of the Qussuk Supracrustal Belt [27]. The local average
Archaean tonalite-trondhjemite-granodiorite (TTG) crust was used as the contaminant and felsic
mixing end-member, and an R-factor of 0.3 was used. A primitive basalt (sample 477378) was applied
as a potential parental melt composition. For simplicity, the steps for each model are not shown,
but only the overall trend lines to demonstrate the effects of the different processes.
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Figure 11. Trace element modelling of fractional crystallization (FC), assimilation during fractional
crystallization (AFC), and magma mixing (Mixing).

The main observation of the FC model is that the variation within the Low La/Sm tholeiitic
suite can be adequately explained by simple crystal fractionation using equal proportions of olivine,
clinopyroxene and plagioclase. This is consistent with the systematic trends of both major and trace
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elements, when plotted against bulk-rock Mg# (Figures 6 and A4), as well as the minimal change in
La/Sm ratio within this group.

The AFC model shows the effect of TTG-type crust assimilation in a mafic parental melt, as would
be expected during eruption of tholeiitic basalts through Archaean continental crust. This effect has
been proposed as an explanation for the general offset of Archaean basalts from the mantle array
typically seen in Pearce Diagrams as the one in Figure 10 [53]. However, the data for calc-alkaline
andesitic rocks from southwest Greenland presented in this study cannot be explained by AFC
processes involving continental crust, because the trajectories are offset from the majority of the
samples, including the average composition. It would simply require an unrealistically high R-factor
and would effectively mean that the crustal assimilant was dominating the system, which is not
consistent with thermal conditions controlled by the latest heat of crystallization [54].

Instead, a model involving large degrees of magma mixing of a mafic and a felsic endmember,
seems to be the best of the three trace element models presented in Figure 11 above. This is also
consistent with the bimodal trace element systematics observed in Figures 9 and 10, as well as the
continuous SiO, variation seen in Figure 5, which seems to be converging at a felsic endmember.

Several recent studies of modern andesites including comprehensive melt inclusion
measurements [49,55], indicate that such intermediate compositions can indeed form as a result
of melt mixing in deep-seated magma chambers with homogenization to form andesitic melts prior to
the eruption of arc lavas.

Interestingly, although the geochemical systematics of the andesites strongly support
a petrogenesis involving magma mixing between mafic and felsic endmembers, a modern-style
subduction zone origin for the Archaean andesites is not necessarily needed. One recent study
proposed that such rocks represents mixing of mantle-derived mafic melts with high-pressure
(garnet-bearing) anatectic melts within complex plumbing system [56]. Yet another study argued for
the involvement of komatiitic melt contaminated by TTG-type dacite in petrogenesis of mid-Archaean
andesites from the Yilgarn Craton of Australia [57]. Therefore, one outcome of the present review is that
geochemical data alone is not sufficient by itself to determining the geodynamic setting of Archaean
metavolcanic rocks. Several lines of evidence are needed, including detailed field observations,
structural studies, and metamorphic P-T-t modelling.

One entirely different way to form the observed trace element systematics of discrete basaltic
and andesitic rocks would be if there was mechanical mixture of tholeiitic metavolcanic rocks with
tonalitic continental crust. However, in that case one would expect significant alteration of the mixed
product due to associated fluid migration in thrust zones. This is not seen when plotting the data in
a weathering plot as seen in Figure A6, which would also highlight altered samples. Although the
andesites have the highest W-index samples (W = weathering), the vast majority plots right on the
igneous fractionation line, which is inconsistent with them being significantly altered. Nevertheless, a
model of tectonic intercalation should be kept in mind for the origin of similar andesites, due to the
structurally complex and poly-metamorphic history of many Archaean cratons.

Future work on the petrogenesis of the mid-Archaean metavolcanic rocks of southwest Greenland
(or global occurrences) could focus on testing one or several of the following hypotheses, which would
help rejecting some of current models:

e  Leucocratic amphibolites of intermediate composition (andesites) represent melts derived from
slab-melt metasomatized mantle wedge [48]. This process would be an analogue for subduction
zone processes found at modern-style island arcs.

e The andesites represent mixing/homogenization of juvenile mafic magmas with felsic partial
melts derived from lower crust of either mafic or felsic composition in deep-seated magma
chambers that underwent subsequent fractional crystallization of plagioclase + clinopyroxene
=+ garnet. This process would be an analogue for modern-style andesite formation along
continental margins, although non-uniformitarian scenarios have also been proposed [56,57].
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e The andesites formed by large degree melting of the same mafic source as the regional TTG-suite
orthogneiss. In this case the andesites would therefore represent an early stage volcanic equivalent
to the regional granitoid crust, which would explain their common hafnium-isotopic features.

e  Finally, the andesites formed by tectonic intercalation of mafic metavolcanic rocks and younger
TTG-suite continental crust, and thus simply represents a mechanical mixture. This case would
negate any pervious study of the andesites, which interprets these rocks in a context volcanic
processes with implications on geodynamic settings. Detailed field and structural observations
would be essential for testing this latter tectonic intercalation model.

In all the above hypotheses, bulk-rock Sm-Nd and Lu-Hf isotopes in combination with zircon
in situ Hf-isotopes would serve as important tools for constraining the involved geochemical
reservoirs. Modern methods of integrated metamorphic pseudo-section and trace element geochemical
modelling would be instrumental in discriminating between the different scenarios outlined above.
However, underlying detailed field observations and structural studies are of vital importance when
assessing ancient rocks, such as those of the Archaean cratons worldwide.

5. Conclusions

The main result of the present study of the geochemical database for mid-Archaean metavolcanic
rocks from southwest Greenland, is the occurrence of two fundamentally distinct petrogenetic suites,
namely: (1) tholeiitic basalts versus (2) calc-alkaline andesites.

The tholeiitic basalts consistently have flat/unfractionated patterns with subtle negative anomalies
for Nb-Ta-Ti on primitive mantle-normalized trace element diagrams. The calc-alkaline metavolcanic
rocks on the other hand, display steep/fractionated trace element patterns in combination with even
stronger negative Nb-Ta-Ti-anomalies, and thus point to a strong crustal affinity.

Trace element modelling can be used to reject models involving simple fractional crystallization
or crustal assimilation as a means of relating the petrogenesis of the andesites from a basaltic parental
melt. Instead it is a requirement that the andesites formed in a process that involves significant mixing
of mafic and felsic endmember magmas. However, from geochemical data alone it is not possible to
demonstrate in which geodynamic setting such andesites formed.

Future work on Archaean andesites should integrate several lines of evidence, including field,
structural and metamorphic studies to reject some of the competing petrogenetic models.
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Appendix

Below are given several supplementary diagrams to further illustrate the main geochemical
differences between the two metavolcanic suites of southwest Greenland, which can be divided into
a tholeiitic basaltic suite and a calc-alkaline andesitic suite based on their La/Sm ratios:
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Figure A1. Rare Earth Element (REE) diagram for the two groups of metavolcanic rocks. Normalization
to chondrite from [58]. (a) High La/Sm calc-alkaline andesites; (b) Low La/Sm tholeiitic basalts.
Both groups have dominantly mild negative Eu-anomalies with averages around 0.9.

High-Fe
tholeiite

Fe'+Ti

® Low La/Sm group
m Average

@ High La/Sm group
@ Average

Al

Mg

FeO/MgO

o 00 °
Tholeiite series

.o *2°® o
R o 00 ° o
° 0: e

Calc—alkaline series

T T
60 70

Si0,

(b)

80

Figure A2. (a) Jensen diagram [59] showing that the average compositions of the two metavolcanic

suites are tholeiitic basalts and calc-alkaline andesites, respectively; (b) Miyashiro diagram showing

that the two metavolcanic suites are broadly tholeiitic and calc-alkaline [60]. CA = calc-alkaline;

TH = tholeiitic.
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of the two metavolcanic suites. The incompatible trace element concentrations are generally elevated for
the calc-alkaline high La/Sm rocks apart from Y (and Heavy Rare Earth Elements (HREE)). The latter
may indicate garnet in their source region. The compatible trace elements are generally higher in the
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Figure A5. Tectonic discrimination diagrams with (a) Zr, Ti/100, 3*Y, (b) Zr, Ti/ 100, Sr/2 [63], showing
the two discrete populations within the metavolcanic data set. The tholeiitic suite consistently plots in
the mid-ocean ridge basalt (MORB) or island arc tholeiite (IAT) fields, whereas the calc-alkaline suite
always plots as continental arc basalts (CAB). WPB = within-plate basalts.
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Figure A6. Weathering index (W) and the igneous trend from mafic (M) to felsic (F) volcanic rocks [64].
Most of the mid-Archaean metavolcanic rocks from southwest Greenland plot along the igneous
fractionation line, although some samples appear to be overprinted. The shift off the igneous trend can
be the result of sedimentary reworking of volcanoclastic deposits, hydrothermal alteration, or perhaps
melt modification during metamorphism.
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