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16  Abstract

17  Large slivers and enclaves (up to 100 x 2000 meters) of serpentinites form tectonic imbricates
18  within mafic supracrustal rocks of the Mesoarchaean Tartoq Group in SW Greenland. In this study
19 we present new bulk-rock major, trace and platinum-group element data, and preliminary Re-Os
20 isotope data for these serpentinites. Additionally, we present in situ major and trace element data for
21 chromite and magnetite.

22 Bulk-serpentinite major and trace element compositions allow us to rule out komatiitic, picritic,
23 boninitic or residual mantle origins. Rather, the fractionated platinum-group patterns for the Tartoq
24  Group serpentinites suggest a cumulate origin. The bulk-rock Re-Os isotope data shows Re-
25 depletion ages @p) of ca. 2300, 2800 and 2950 Ma for the three analysed samples. These ages are
26  younger than the 2986 + 4 Ma minimum age of the Tartog Group, and suggest disturbance of the
27 Re-Os system during metamorphism or post-magmatic metasomatic events. Late resetting and

28  metamorphic overprinting is in agreement with oxide mineral compositions, which are not primary
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as indicated by negligible Mg and Al contents and elevatétRe55). Although the major and
trace element data do not provide conclusive evidence for thegpeesis of these Mesoarchaean
serpentinites, we observe remarkable similarities wittam#fic rocks associated with the lower
crustal cumulates. In particular, ultramafic cumulates of Kbhistan and Talkeetna island arc
sections are compositionally comparable, if we allow fajhslioss of MgO and addition of SjO
during early alteration, serpentinisation and metamorphismdBas¢hese similarities, we propose
an arc origin for the Tartog Group serpentinites. Previous geocHangtatructural studies of the
enclosing Tartoq Group supracrustal rocks also point to formationuindustion zone geodynamic
setting. This suggests that this assemblage of imbricatéid toaultramafic rocks and minor

sediments represents a Mesoarchaean arc-related ophiolite.

Keywords: Archaean; Ultramafic cumulates; Metamorphic spinel; Platinum-group elements;

Olivine fractionation

1. Introduction

Serpentinites, especially those of Archaean age, are commifiidylt to interpret in terms of
their petrogenesis, because relics of their primary miogyaare rarely preserved and hydration is
assumed to have modified their bulk-rock compositions (e.g., ddegh et al., 2013; Matchesi et
al., 2013). Here, we present new geochemical data for senpenidf Mesoarchaean age from the
Tartoqg Group of SW Greenland, and show that these ultramafks rpoeserve sufficient
geochemical characteristics to reconstruct their protdditiastheir likely geotectonic setting.

Detailed information on the structural geology and the geochemmamposition of the
Mesoarchaean Tartoq Group has recently become availablerg¢Kedteal., 2012; Szilas et al.,

2013a). Nevertheless, the petrogenesis of the large serfeiiiaiies (up to 100 x 2000 meters)
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that are associated with the supracrustal rocks is poorly aoreddrat present, and several possible
origins can be imagined for these ultramafic rocks, e.g., 1l)tiplkkomatiitic lava flows, 2)
ultramafic cumulates, 3) mantle residues, 4) melt-mardgbction products, or 5) tectonised
subcontinental mantle.

The structural analysis of Kisters et al. (2012) concludedtleafabrics of the Tartog Group are
consistent with burial and subsequent return flow during subductiontiancadong an obliquely
convergent margin. This interpretation is in agreement witlgeloehemical signatures of the mafic
rocks, which Szilas et al. (2013a) interpreted as being ikcaif a fore-arc or back-arc
geodynamic setting. These authors further argued that the Tamog Gpresents a dismembered
arc-related ophiolite (cf., Dilek, 2003), and the associatquesénites were inferred to represent
the lower crustal ultramafic cumulate/mantle portion of tHend arc-related oceanic crust section.
Here, we test this hypothesis in a detailed study of bulk-rogkrmttace and platinum-group
element data from these serpentinites, which we comparepwiilished data of ultramafic rocks

from a broad range of geological settings.

2. Regional geology

The Tartog Group supracrustal rocks are located within Archaedogneisses near the
southern margin of the North Atlantic craton (see Windley and Ga@aR9). The Tartoq Group
comprises several km-sized, tectonic and subsequently intruded ancthie@ mafic slivers and
enclaves along the Sermiligaarsuk Fjdrig( 1). Early work suggested that the Tartoq Group was
deposited onto Archaean basement (Higgins and Bondesen, 1966; Higgins, vil®&&as later
studies re-interpreted the mafic volcanic sequenceebss of oceanic crust with associated

volcanogenic massive sulfide deposits (e.g., Appel and Setd@4; Petersen, 1992; Evans and
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King, 1993). It is now well-established that intrusive granishéets of the tonalite-trondhjemite-
granodiorite (TTG) suite cut the Tartog Group and that the suptakrosks predate all of the
regional orthogneisses. These TTG intrusives yield U-Pb zirdaimum ages of 2944 + 7 Ma
(Nutman and Kalsbeek, 1994) and 2986 + 4 Ma (Szilas et al., 2013ajndfic supracrustal rocks
themselves yield a Lu-Hf errorchron age of 3189 + 65 Ma, ciemisvith the Mesoarchaean
minimum age from TTG sheets (Szilas et al., 2013a). Mb8te supracrustal slivers display both
fault-bounded and intrusive contacts with the TTG gneisses, whiehldesen interpreted to reflect
burial and exhumation of the supracrustal rocks along a convergeginniidgisters et al., 2012).
This is consistent with the overall geochemical charactesisti the Tartoq Group mafic tholeiitic
rocks, which indicates an island arc-related affinity (Sz#aal., 2013a). The mafic supracrustal
rocks record metamorphic conditions ranging from greenschist to Igveswlite facies (Van
Hinsberg et al., 2010; Kisters et al., 2012). Large partseof #itoq Group have undergone variable
degrees of retrogression and hydrothermal overprint (Van Hinsbetg €010). Early mylonitic
and late cataclastic fabrics are commonly observed in carlboh&jé strain zones that show
evidence of extensive hydrothermal fluid flow and which are agsdoiweith Au occurrences (King,
1985; Petersen, 1992; Evans and King, 1993). These high-strain zenesuatly marked by
mylonitic felsic schists from which detrital zircon witlyes as young as 2824 + 6 Ma have been
extracted (Nutman et al., 2004). This age represents the ammnage constraint for the imbrication
of the Tartoq Group with younger TTG gneisses. The late thrusim carbonate alteration
postdates the TTG formation, but predates the ca. 1800 Ma dkaetilorogen based on the
structural geology (Van Hinsberg et al., 2010; Kisters ep@l 1, 2012).

Berthelsen and Henriksen (1975) suggested that sheet-like serpenitinthe Bikuben sliver
(Fig. 1) could be intrusive into the Tartoq Group and that they may represtramafic sills or

dykes. However, Szilas et al. (2013a) noted that that threren@ crosscutting relationships to
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support this claim. Instead the steeper-dipping fabric of saamhescthists, relative to the
surrounding mafic amphibolites and greenschists likely resulted fomalised strain in the
relatively incompetent talc schists. Moreover, talc fabdommonly postdate the foliation in the
enclosing schists and gneisses. Thus, the highly sheared caitutsserpentinites provide little
information about their original contact relationships or protolithstheamore, the geochemical
compositions of the serpentinites are not compatible with any knavamalfic magmasSection
6.2). Nevertheless, it should be noted that the serpentinitesahbiyaoccur in areas with strong
deformation, and are commonly in contact with TTG gneiss thhesits. This suggests at least a
local structural control on their position within the Tartog Grsugtigraphy.

Pegmatites and granites of currently unknown ages intrude the Tadaop,@s well as the TTG
orthogneisses. These are themselves cut by several generdtipast-tectonic mafic dykes of
likely Mesozoic age (Higgins, 1990). The Palaeoproterozoic Keitiidsupracrustal rocks
unconformably overly the Tartog Group and the Archaean orthogneiasedp the east (Higgins

and Bondesen, 1966; Berthelsen and Henriksen, 1975).

3. Samples and petrography

Serpentinite samples presented in this study were collectedfifrerdifferent mafic slivers in
the Tartoq GroupHig. 1). The serpentinites generally crop out as elongate bodiesatihdie traced
for tens of metres to several kilometres and have thickaegst® 100 meters-(g. 2). They always
have a margin consisting of talc—carbonate—magnetite schisthddihickness of this rind varies
considerably (Fig. 2d). For example, at Iterlak most outcraps@npletely hydrated to carbonated
talc schists, whereas at Bikuben talc schists form onlyrthds of a few cm, thereby mimicking

the extent of retrogression of their mafic host rocks. Theesdéinites consist mainly of serpentine
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and disseminated magnetite/chromite, although some samplesoatatnanagnetite segregations
and veins. In one locality (Amitsuarsua), chromite forms a baxwormesh that outlines relict
mineral texturesKig. 3a). This serpentinite sliver is the least deformed ultr&amaddy observed in
the Tartog Group, and, together with its metamorphic grade, Iquhidlites facies (van Hinsberg
et al., 2010), is the most likely locality to preserve priraxtures. Szilas et al. (2013a) interpreted
this texture as that of a primary olivine-rich cumulatem@ntle rock. In contrast, the magnetite
veins in several higher grade metamorphic grade serpentinitdgeiBikuben sliverKig. 3b),
which give the rock a spinifex-like texture, are resulting flater segregation of magnetite, likely
during growth of metamorphic amphibole. These magnetites lack ithroares and are texturally
distinct. Transitions from serpentinite to the enclosing saltsts are abrupt and no gradual change
in mineralogy is observed. Although this could be a reaction front,ctimeplete absence of
carbonate minerals in the serpentinites, and the differenclimion generation between
serpentinite and talc-schists lead us to conclude thaititaenafic rocks have been subjected to two
metasomatic events: 1) initial serpentinisation of primaiperals; and 2) later hydration and
carbonation to form the talc-schist rinds.

The serpentinite bodies either occur close to the shearedttsonédween the supracrustal rocks
and the surrounding TTG gneisses or in the central parts of stigBes Fig. 2). In the latter case,
the serpentinites are spatially closely associated withnaitshear zones that led to the structural
assembly of larger mafic slivers. For example, in the téumirsua sliver a ca. 50 x 200 m
serpentinite body is completely enveloped by sheared greensitiaistorm part of the central,
several tens of meter wide strike-slip zone within the supstad belt (Kisters et al., 2012). In the
eastern part of Iterlak the serpentinites are stronglgrskdnto a thin linear belt on the thrust plane
(Fig. 2). These rocks can be traced into a unit of sheared and fiaelyhated (mm-scale)

magnetite-amphibole rocks that have the appearance of banded matidor (BIF). This locality
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was described as BIF sensu stricto by Appel (1984), but dudetcalbove-mentioned field
observations, we re-interpret it as a metasomatic lithologgh Strongly metasomatised rocks are

not included in the present study.

4. Methods

We have acquired major and trace element data by ICP metbodACMELabs, Vancouver.
Platinum-group element data were obtained at Université du QaéBacoutimi by NiS-FA pre-
concentration followed by MC-ICP-MS measurement (Savard eR@L0Q). Electron microprobe
and LA-ICP-MS trace element analysis of oxide minerals w@nducted at McGill University,
Montreal. Re-Os isotope analysis was completed at the tditiweof Alberta by carius tube
digestion and N-TIMS measurement. The reader is reféordte onlineAppendix A for a detailed
description of the analytical procedures. We present additgemdhemical plots and diagrams in
Appendix B and give the references to these figures the prefix ‘B’'gdbchemical diagrams were

made in the GCDKIit freeware program of Janosek et al. (2006).

5. Reaults

5.1. Bulk-rock major and trace element data

We have acquired major and trace element data for six seffestmples SUpplementary

Table 1), which supplement the fifteen samples that were previously sidiin Szilas et al.

(2013a) and the following presentation of the Tartoq Group serpenimitesed on the combined

dataset. These data are fully comparable, because the neweanakre performed at the same
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laboratory in a batch that immediately followed the previously pubtisdata. All data have been
normalised to a volatile free composition. Loss on ignition (L&Ym dehydration and
decarbonation range from 9.4 to 23.6 wt.% (median value of 12.2)wi\% have divided the
serpentinites into a low- and high-Ir group, as explainegskation 5.2. However, these two groups
do not appear to have significant major or trace elememreiftes and are thus described together
in the following section.

The Tartoq Group serpentinites (n = 21) are MgO-rich (34.94-41.95)veind have variable
Al,0O3 (0.13-5.51 wt.%), CaO (0.02-2.97 wt.%) and 7i(.00-0.26 wt.%). They have FeOt of
9.50-17.27 wt.% and SiJanges between 40.61 and 49.70 wt.%, as seEigune 4. NaO, K,O
and ROs are virtually absent in these rocks. Chromium concentratianbetween 452 and 5337
ppm and Ni ranges between 229 and 3110 dgiqn 4). Many of the incompatible trace elements
are present in abundances that are below the analyticatidetémits in our data set. This is the
case for Th, Ta, U and W and to some degree for Ba, Can#ifNd. The serpentinites have
variable chondrite-normalised rare earth element (REE) patteith (La/Smyy from 0.70 to 3.64
and Eu/Eu* from 0.41 to 2.0G~(g. B1). Their primitive mantle-normalised trace element paster
are relatively flat with large positive anomalies for Riogé negative anomalies for &id. 5).

We have calculated the normative mineralogy of the sanpest following the procedure of
Kelemen et al. (1992, 1998) in order to estimate the mineralogpeinfdrotoliths Supplementary
Table 1). Our calculations suggest that these rocks were originatbhagites Fig. B2) with
olivine Mg# between 73 and 84. However, we point out that theréaege uncertainties in these
estimates, and the Mg# in particular, resulting from obvious pagimatic disturbance to these

ultramafic rocks during serpentinisation and metamorphismSgzton 6.1).

5.2. Platinum-group element data
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We have acquired platinum-group element (PGE) data for tied?1 serpentinite samples from
the Tartoq Group. This data can be foundSupplementary Table 2. We present the PGEs
normalised to the chondrite abundances of Fisher-Godde et al. (2@dOhave added Au to
complete the incompatible part of the pattern.

In general, two different types of PGE patterns can bengdisshed in the Tartoq Group
serpentinitesKig. 6): 1) high-Ir group and 2) low-Ir group, which can be differentiatedhdnying
values of above or below 1.5 ppb Ir, respectively (the detectiahdf Ir is 0.025 ppb and thes1
uncertainty is 0.07 ppb).

We found that the textures of the high-Ir group are commonly @fbibxwork/mesh type,
whereas the low-Ir group samples are generally of the magvetited type. However, given that
these two groups may simply represent a continuum of two end-mgrttiie classification may be
rather arbitrary.

The high-Ir group is characterised by relatively high Os amaduindances (>2.0 and >1.79 ppb,
respectively) and by having negative slopes from Os to Pt. \&&hé¢ie serpentinites of the low-Ir
group have distinctly positive Ru anomalies with the exceptioramwipte 510777, which has the

lowest Ru value of all samples (1.06 ppb). Almost all ofsthimples display negative Pt anomalies.

5.3. Electron microprobe data

Major element data for oxide minerals in the serpentinitepkearshow that these are spinels,
with most of their compositional variation between the chromité magnetite end-members
(Supplementary Table 3). The highest chromite contents, with up to 85% chromite component,

were observed in the cores of large oxide grains and in thedeBsmed samples. No high-Cr
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oxides were observed among small grains or in the minor oxide segnsg&ne sample from
Amitsuarsua (509632) also contained ilmenite, which was intergrowim lwv-Cr magnetite.
Overall the Tartog Group chromites have very low Mg# (<2 i@g# (>74) and high B& (>55)

as shown irFigures B3-B4.

5.4. In situ spinel trace element data

Trace element concentrations were determined for a subegidef grains analysed by electron
microprobe Fig. 7; Supplementary Table 4). Concentrations broadly split the analyses into two
groups, and these groups correlate directly to the chromitentaftthe grains. High-Cr oxides are
enriched in V, Mn, Cu, Zn, and U, and depleted in Ni compardukttotv-Cr group. The difference
is particularly striking for Zn, with the high-Cr group havingncentrations up to 1.4 wt.%,
whereas the low-Cr group has a Zn content on the order of tens of Timmlow-Cr group
represents a later generation compared to the high-Cr graumseen from their textural
relationships in thin section. There is a consistent deciaade content, as well as in the other
elements associated with decreasing Cr-content in the higheGp. There are also region-specific
compositional features. For examples, oxides from the Ilterlgdestnites are characteristically
rich in Ga, but low in Ti and Mn, and this persists when the ocxtdeposition is divided by its host

rock bulk composition.

5.5. Re-Os isotope data

We have measured the Re-Os isotope compositions in three sempesamples in order to

calculate the time when melt was last extracted from thesyming that they may represent mantle

10



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

residues. Alternatively, in the case of a magmatic ofithe serpentinites the Re-depletions ages
may represent their final metamorphic resetting and/oraaten with metasomatic fluids. The Re-
Os isotope data are presentedSupplementary Table 5. Furthermore, we have recalculated
existing Re-Os data from regional subcontinental lithosphericlengemoliths (Wittig et al., 2010),
by using the same parameters that we use below to maketcomeparison possible.

The Tartoq Group serpentinite samples haVs ranging from -12.0 to -15.5, using the chondrite
values of Shirey and Walker (1998). The model ageg )(&re ca. 2650, 3650 and 3500 Ma and

their corresponding Re-depletion agegd)Tare ca. 2300, 2800 and 2950 Ma.

6. Discussion

6.1. Alteration and element mobility

The geochemical signatures of the Tartoq Group serpentiv@testo be treated with caution to
avoid over-interpretation, because the trace element abundarecegenerally low, with several
element concentrations being below their respective detdutids, which makes them susceptible
to compositional overprinting. Furthermore, the complex history adetHdesoarchaean rocks,
involving metasomatism and metamorphism, will likely have madiifiesir primary compositions,
as also documented in other supracrustal belts in SW Greg@andPolat and Hofmann, 2003;
Ordoiez-Calderdn et al., 2008; Szilas and Garde, 2013). klisestablished that serpentinisation
during seawater interaction results in enrichment in laygdithophile elements (LILE) and LREE
(resulting in positive Eu anomalies), as well as carbonatethdsice elements (Pb and Sr) when
accompanied by carbonation (Niu, 2004; Paulick et al. 2006; Kodolanyi @0&2; Marchesi et

al., 2013a). We note that Sr is actually lost in thespesginites, which could either be due to

11
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alteration or because plagioclase phenocrysts retained $heinmagmas. MgO can show
considerable depletion or enrichment depending on the temperatwiecht the serpentinisation
occurs, but commonly MgO-loss is observed during seafloor waagh@now and Dick, 1995).

Similar element mobility is observed during high-temperatureesgirpsation by crustal-derived
fluids (Liu et al., 2008; Deschamps et al., 2013; Xie et al., 2013)

SiO;, is generally not affected by serpentinisation, however, gikenlarge chemical gradient
between the serpentinites and the surrounding TTG gneissesioit unlikely that mobilisation of
SiO; into the serpentinites could have occurred to at least degree. If this was the case, then it
would obviously affect our calculations of the normative minesalo§ the protolith for the

serpentinites, and subtraction of silica would result in duratiher than harzburgitic compositions.

6.2. Bulk-rock major and trace element signatures

In the following we compare the compositions of the Tartoq Group derpes with
geochemical data for ultramafic rocks from a broad ranggeoflynamic settings, with the aim of
identifying, or at least narrowing down, the possible originhee serpentinites.

When considering potential protoliths for the Tartog Group serpestithitgr very high MgO
contents (34.94-41.95 wt.%) and their generally low trace eleatindances rule out a picritic or
komatiitic magma origing5-B8). The tight clustering of MgO concentrations in the serpeatng
a first-order argument against an origin as a fractionatioesselerived from komatiite/picrite
magmas, as discussed below. Given our large and represesttipée set of the Tartoq Group,
the observed bimodal MgO variation is not consistent with continuousitewolof high-Mg
magmas and in particular the elevated FeOt in the semgestis not similar to any of these

ultramafic magmas.
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We have compared our serpentinite data with the extensive kientitia set of Fiorentini et al.
(2011) in FiguredB5 andB6. Primary komatiite liquids have MgO ranging from 18 to 30 wt.%
(Arndt et al., 2008), which is significantly lower than the medialue of 39 wt.% for the Tartoq
Group serpentinites. Although these serpentinites would fall on gieMNhgO cumulate part of the
magmatic trend in variation diagrams for komatiites, theeeirmportant differences in their FeOt
content Fig. B5). It is also clear that only cumulates derived from kateatcan attain these low
incompatible element abundances, but that the geochemical caonmsf the corresponding
Tartoq Group basalts are not consistent with a komatiitic ofigiopp B6). The narrow MgO range
of the serpentinites and the relatively low MgO (4.2-16.4 wit¥e)he Tartoq Group basalts is
therefore not consistent with derivation of either from continuiastionation of a komatiite
magma.

We have also compared the Tartog Group serpentinites withepiérom the Georoc database
(2013), as illustrated iRigures B7-B8. As was observed for the komatiite data, the Tartoq Group
serpentinites have significantly lower incompatible elembohdances and unusually high MgO in
comparison with these data. The low incompatible element abursdaacmot represent later
compositional overprinting of the serpentinites, because the erglusiks all have significantly
higher concentrations of these elements, and enrichment ratimeddp&tion should thus occur
during overprinting. Given that accompanying (more evolved) mik@matiitic rocks are not
observed anywhere in the Tartoq Group stratigraphy, and thaethentinites form a tight cluster
at around 40 wt.% MgO, and finally that they have FeOt well allbg magmatic trends, leads us
to exclude an ultramafic magma origin.

Even if substantial element mobility had affected the Tartoqufsrserpentinites, their
systematically low incompatible element compositions anda tigit MgO range is not consistent

with any known ultramafic magma composition. We can additipmale out a boninitic origin due

13



317 to the undepleted trace element patterns and the relativelgilowof the Tartoq Group basalts.
318  Furthermore, we can rule out that the serpentinites representatamderived from such picritic,
319  komatiitic or boninitic magmas, because none of these rock typebseeved in the Tartoq Group,
320 which is instead entirely dominated by tholeiitic basal&l#S et al., 2013a).

321 It is further unlikely that the Tartoq Group serpentinites es@nt tectonised subcontinental
322  lithospheric mantle (SCLM), because their bulk-rock compositeassignificantly different from
323 the regional SCLM data reported by Wittig et al. (2010), as showigure B9. The serpentinites
324 are not as depleted in major elements as SCLM xenoliths, whiehsignificantly higher MgO and
325 lower FeOt. The Tartoqg Group serpentinites have flat teleenent patterns, whereas SCLM
326  xenoliths generally have enriched patterns due to metasomatgm(étig et al., 2008; Maier et
327 al., 2012). We do note that peridotites exposed in the Ussuit areatladongrthern margin of the
328 North Atlantic craton, which were described by Kalsbeek andakéahal (1999), have similar
329 major and trace element compositions compared to the Tartoq Gngnsnites, except for lower
330 FeOt in the former rockg=(gs. B10-B11). These authors interpreted the Ussuit rocks as depleted
331  mantle harzburgites that were related to crustal scaleniecactivity of the Archaean basement.
332 Therefore, these rocks could either represent remnants of digmesirdiphiolite mantle or parts of
333  the subcontinental lithospheric mantle. The Tartoq Group is loctded to the southern margin of
334 the North Atlantic craton, and therefore the serpentinibedcin principle have been sheared off
335 from the SCLM during the Ketilidian collisional orogeny at £800 Ma (Windley, 1991). Such a
336  scenario has been documented in western Norway by Beger(2004, 2012). However, with the
337  exception of a similar tectonic setting, there is no geochéenadence to support this, and we find
338 this model difficult to reconcile with the large geochemic#fiedénces between the Tartoqg Group

339 serpentinites and the regional SCLM xenolith data. More impoytandither the metamorphic
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grades, nor the deformational textures are compatible with thake Ketilidian orogen in this part
of SW Greenland.

The major and trace element compositions of the Tartog Grougnseifes are also not
consistent with these rocks representing hydrated abyssal orcfaraatle residues (e.g., Bodinier
and Godard, 2003). When compared to the abyssal peridotite dafa\set(2004), it is clear that
the Tartoq Group serpentinites are too Fe-rich to represergteéVlORB mantle and they also
have higher Nb and LREE contentsigs. B12-B13). In particular, they have nearly flat trace
element patterns, whereas abyssal mantle rocks are mostyede@ithough there is some overlap
(Figs. B14). An even larger discrepancy is observed when compared tm@mantle peridotites
(Godard et al., 2000; Hanghgj et al., 2010) and Mariana fore-arttengaridotites , which are
strongly depleted (Parkinson and Pearce, 1998)s.(B15-B20). We also note that the normative
olivine compositions suggest fosterite-contents (Mg#) from 73 to 84, which is far too low
compared to mantle values (M@#e ~ 90-92). The large proportion of normative orthopyroxene
(up to 56%) is also not consistent with a mantle residue oxigiith would be expected to be less
than 30% in mantle harzburgites.

Although the Tartoq Group serpentinites clearly do not representnsarped residual mantle
rocks, it should be pointed out that mantle rocks can become mdulffieghction with percolating
melts (Kelemen et al., 1992) and that this is the case my m@zhiolites and lower arc crust sections
worldwide (e.g., Takazawa et al., 1992; Bédard et al., 199&ntémn et al., 2003; Garrido et al.,
2007; Marchesi et al., 2009). Therefore, we can only conclude ttesidual mantle origin is not
compatible with the Tartoq Group serpentinite data, but the &lereent patterns of the Tartoq
Group serpentinites could potentially have been modified by trappedranlgiegng melts in the
case of a melt-mantle reaction origin. However, ;S not significantly elevated despite large

amounts of normative orthopyroxene. The Tartoq Group serpentiniteshdwoestrace element
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abundances in the same range as has been documented for modenodiiield mantle rocks

(Deschamps et al., 2013). However, we cannot distinguish betwekmmantle reaction products
and ultramafic cumulates on the basis of the bulk-rock majorteaté element data alone.
Platinum-group elements may help with discrimination of theseptvgsibilities as explained in the

following section.

6.3. Platinum-group element patterns

The previous discussion has allowed us to eliminate several gossigins for the Tartoq
Group serpentinites (i.e., picritic/lkomatiitic/boninitc magmasantle residues and tectonised
subcontinental mantle), so that only two likely candidates for piretoliths remain: 1) ultramafic
cumulates or 2) melt-mantle reaction products. Unfortunately, bathesé lithologies share many
major and trace element characteristics, as a resuitashctions between olivine, orthopyroxene
and percolating or trapped melts. It is therefore impossibleffierefitiate between the two origins
based on bulk-rock major and trace element data alone. Idealtyargrimineral compositions
would be used, but as we explainSection 6.4 below, there is good evidence to suggest that the
Tartoq Group serpentinites have been completely overprinted ymogihic and metasomatic
processes and no primary minerals remain.

The platinum-groups elements (PGEs) remain largely immobilénglualteration and
metamorphism (e.g., Barnes et al., 1985; Crocket, 2000; Wang, €2088). Only extensive
oxidation during soil and gossan formation, not observed in the T&togp, can lead to
significant mobility (Suéarez et al., 2010), although Pt and Pdlsarba lost during serpentinisation
(Lorand, 1989; Alard et al., 2000; Guillot et al., 2000; Marchesilet2013b). The PGEs thus

provide a robust indicator of serpentinite protolith, and mantle uesicand cumulates can
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potentially be distinguished on the basis of their Ir abundancegshaidgeneral PGE patterns
(Hattori and Hart, 1997; Hattori and Shirahase, 1997; Guillot e2@00; Hattori et al., 2010).
PGEs are highly compatible in the mantle, where they are caudoyl monosulfide solid solutions
(MSS) and sulfide liquids (Li et al., 1996; Alard et al., 200allliaus et al., 2006; Luguet et al.,
2007; Lorand et al., 2008). As shown in these studies, alloys anddet8B8nines the abundances
of iridium-type PGEs (IPGEs: Os, Ir and Ru), whereas platitype PGEs (PPGEs: Pt, Pd, Rd) are
highly compatible in Cu-Ni-rich sulfides. In general, mantlerigotites have flat chondrite-
normalised PGE patterns at about 0.01 times chondritic valuesabutlso have minor loss of Pt
and Pd, depending on the geological setting in which they formed,diégriee of melt depletion
and if they were later modified by metasomatism (Rehkampat.,e1997; Lorand et al., 2008;
Hanghgj et al., 2010).

During mantle melting, however, PPGEs behave moderately indiimepaso that the derived
melts will have positively fractionated PGE patterns (Bgrnes and Picard, 1993). Furthermore,
evolution of the magmas during fractional crystallisation vetid to increase Pd/Ir ratios of the
melts (Maier and Barnes, 2004), and thus the corresponding cumuithteawe low Pd/Ir due to
precipitation of compatible IPGE-rich phases. Therefore, mamtlés and their derived cumulates
have characteristic positively fractionated PGE pattelures to the strongly compatible nature of
IPGEs and the moderately incompatible behaviour of PPGEs (Moshrak, 2002; Woodland et
al., 2002; Bézos et al., 2005; Fiorentini et al., 2011; Peucker-Eimkrddral., 2012). Cumulate
PGE patterns can additionally become fractionated by acctiamutetf PGE-rich phases.

The positive Ru anomalies that we observe for the low-Ir group qmtentially be explained
by accumulation of chromite, which has high partition coefficiéotsku (Capobianco and Drake,
1990; Economou-Eliopoulos and Vacondios, 1995; Ballhaus et al., P8€®glis et al., 2011). We

note a strong correlation between the occurrence of magnetiteitthimrwork/mesh textures (as
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seen in the Amitsuarsua sliver) and flattish PGE pattéigh{r group), in contrast to the presence
of magnetite/chromite veining and fractionated PGE patternsifignoup). It would appear that
the textures and distribution of chromite is directly responsibtettie PGE patterns and in
particular the abundances of Os and Ir, which are mainly regpohgr the two different patterns
(Fig. 6). This could in part, be due to differences in IPGE-alloys included in chromite.

The PGE patterns of the Tartoq Group serpentinites are sagrlficdifferent from the Oman
mantle peridotites of Hanghgj et al. (2010), which are genetatiaf about 0.01 times chondritic
values Fig. B21). However, there is some resemblance between the PtB#ngafrom the local
SCLM xenoliths of Pyramidefjeld (Wittig et al., 2010) and thehHigsamples as seen kigure
B22. Similar PGE patterns are also observed for some of theMS¢@nolith data from South
Africa and Finland reported by Maier et al. (2012). Although the p&kerns of the Tartoq Group
serpentinite have some resemblance to those observed for ,S@dMave already ruled out a
SCLM origin based on the highly dissimilar major and trdement abundances.

Overall, the PGE patterns of the high-Ir group are compatilitle a mantle origin for their
protoliths (e.g., Hattori and Hart, 1997; Hattori and Shirahase, T2%Hot et al., 2000; Hattori et
al., 2010). Thus a melt-mantle reaction origin cannot be completjeicted. However, high degree
melting (>30%) of mantle can also lead to PGE abundances nartlje observed for the high-Ir
group, as for example, for komatiite cumulates in the datalidSerentini et al. (2011), although
komatiites do not have as fractioned PGE patterns as the Tadap &rpentinitesd={g. B23). We
consider that the high degrees of mantle melting, that vehieveed during the Archaean (Herzberg
et al., 2010), would likely result in elevated IPGE abundancesirimulates derived from mantle
melts. The high Os-Ir contents of the high-Ir group could inquignulate precipitation of IPGE-
alloys, likely included in chromite. A cumulate origin is thussistent with PGE concentrations

and patterns observed in the Tartog Group serpentinites. The P@Hodahe low-Ir group
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conclusively indicates a cumulate origin based on the lowen@é and the positive Ru anomaly.
The latter suggests accumulation of either chromite or ortbgpgie in which Ru is compatible

(Ballhaus et al., 2006, Luguet et al., 2007).

6.4. Mineral compositions

As mentioned inSection 1, petrogenetic studies of serpentinites are made difficulthBby
obliteration of primary minerals due to hydration and breakdown ofcnmaiherals, as well as
oxides such as spinel. Bernstein et al. (2013) found tha# an be used as a guide to identify
primary spinel compositions in mantle xenoliths by havinii#e 10. A similar value of P& <
12 was used by Hattori and Guillot (2007) for identification of primgpynel in Himalayan
serpentinised mantle chromites. However, as seen by thatede#&%# of the Tartoq Group
chromites (>55), metasomatic disturbance and oxidation haseaff¢hese minerals significantly
(Fig. B4). This is also indicated by the very low Mg# (<2) in conalion with high Cr# (>74) as
seen inFigure B3, which are unlike primary magmatic or mantle-related chronjétes, Arai et al.,
1992; Parkinson and Pearce, 1998; Barnes and Roedder, 2001; Matsuk&ydand003). We
interpret grains with low chromite content as late-stagavitr@nd replacement, although none of
these grains represent primary compositions, as metamorphismalhenghifts magmatic
compositions to high Cr# and Mg# (Evans and Frost, 1974; Barnes and R&afdgr, Thus, we
consider that metasomatic disturbance has completely resehdfor element compositions of
spinel in the Tartoq Group serpentinites, which is also supportdw ety low Al and Mg content
measured with LA-ICP-MSSection 6.5).

Similar resetting of chromites is reported by Bazylevle{(2013) in lower crustal ultramafic

rocks and by O'Hanley (1996) and Santti et al. (2006) for serpestimtetamorphosed at
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amphibolite facies conditions. Even more relevant for our serpestirs the study of the Isua
supercrustal rocks by Rollinson (2007), who found similar Mg# and Cr#piioels in serpentinites
associated with those rocks. The geological setting and metamarphditions of these two
different supracrustal associations are indeed very siifiaters et al., 2012; Rollinson, 2002).
These results therefore suggest that primary magmatic ckromitunlikely to survive

serpentinisation followed by amphibolite facies metamorphism.

6.5. In situ chromite trace element compositions

As stated above, the major element compositions of the oxides éxgerienced complete
resetting. The question is then whether or not any of the tracemenm these chromites have
preserved their primary compositioidgure 7 shows the Tartog Group chromites normalised to
MORB chromites. These chromites have likely experiencedreghycing conditions due to release
of H, during serpentinisation. This would have had a strong effect onotiheatibility of the
transition metals (Ti, V, Co, Zn and Cr), which indeed showelatotal variability. Zinc is
positively correlated with Cr, and so are Co and V to some degrleereas Fe and Cr are
negatively correlated. These relations among the transitidalsnguggest consistent partitioning
behaviour. But because there are no systematic variationsdmetwees and rims, and the fact that
the major element compositions of the chromite are certdistyrbed by metasomatism, it appears
unlikely that any of the trace element variation records pyirsampositions. The specific trace
element abundances are likely a function of the local conposif the metamorphic fluids and the
compositions of the mineral phases that were in immediateatomitl the chromites. Thus, for
lack of preservation, we are unable to use the major or tlraceet composition of Tartoq oxides

to determine the origin of their ultramafic host rocks. In paldr the very low Al and Mg contents
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of the Tartoq Group chromites is unlike those found in MORB or boninitbgh suggests that

these are not primary magmatic compositidfig.(7).

6.6. Isotope constraints

The observation that the calculated Re-depletion agg$ &fe younger that the minimum age of
2986 Ma for the Tartog Group (Szilas et al., 2013a), strongly sugigaisthe Re-Os isotope
compositions of the serpentinites were overprinted after extrugidhe Tartoq Group volcanic
sequence. Metamorphism and metasomatism have indeed recentBhbaa to have the ability to
disturb the Re-Os isotope system (Gonzales-Jiménez et al;, 2xdhd et al., 2012). Bulk-rock
Re-depletion ages thus only represent minimum ages. Howevetruthenagmatic age may be
preserved within single minerals (Bragagni et al., 2013; GemnzhAinénez et al., 2013). Therefore it
is possible that our bulk-rock Re-depletion ages record thetéimaine assembly/metamorphism if
Re was introduced by early melt-rock reactions and was loshgdddater metamorphism.
Alternatively, metasomatic fluids could have brought in Os \aittlifferent isotope composition,
which overprinted the primary magmatic depletion ages.

When we compare our new Re-Os isotope data with those publishedgfonal SCLM
xenoliths it is apparent that the Tartoq Group serpentinites peeseme of the oldest Re-depletion
ages in SW Greenlan®ypplementary Table 5). Although the geochemical compositions of the
serpentinites are very different from those of the SCLM »xthlit is possible that they originally
formed in a similar geological setting and that theiredéhces simply reflect dissimilar evolution
in terms of initial melt depletion, metamorphism and metasorhaitory.

Szilas et al. (2013a) reportestiNdsigoma Of +3.0 £0.4 andeHfz;9oma Of +2.1 £0.5 for one

serpentinite sample (510766). This result plots right on the @epheantle (DM) evolution of the
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Sm-Nd system, but aboutsdunits below the Lu-Hf evolution of the DM (Griffin et al., 2000he
large discrepancy between these two isotope systems isifiesreted as resulting from
disturbance of the Lu-Hf systematics due to lack of an apptepn@neral host for Hf in the
serpentinites. This is consistent with their extremely Idvalblindances, so they would be prone to
crustal contamination and overprinting of their Hf-isotope compositiblasvever, the fact that
eNds190madoes indeed plot on the DM evolution line, is not robust evidence fisaten from this
source, but could equally well reflect interaction with percotatnelts from this source. The latter
interpretation would indeed be consistent with the relativelyrfialt-like trace element patterns
that are observed for the serpentinites, as discuss&kction 6.2. On the other hand these
observations are also consistent with a cumulate origingyf were in equilibrium with the Tartoq
Group volcanic rocks. In conclusion, the possibility of younger sostatism and melt percolation
in these rocks, limits the usefulness of the Re-Os, Sm-Nd a#df isotope systems with regards

to the discrimination between a cumulate and a mantle origheofartog Group serpentinites.

6.7. Petrogenetic implications

There is mounting consensus that the Mesoarchaean supracmitdalofo SW Greenland
represent formation in subduction zone settings (e.g., Klausgn 2011; Ord6fiez-Calderén et al.,
2011; Polat et al., 2011; Szilas et al., 2012a, 2012b, 2013b, in pesEs et al., 2013). The
overall island arc-like geochemical features of the Tartam@mafic tholeiitic rocks (Szilas et al.,
2013a), are consistent with such an origin, and this is further sadpbyt the Tartoq Group
structures (Kisters et al., 2012). In the following, we theeexplicitly compare the Tartoq Group

lithologies to published arc sequences.
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The geochemical data for the Tartoq Group displays a good ovéttagata from the Mesozoic
Kohistan Island Arc Kigs. B24-B25). Interestingly, the ultramafic lithologies of the Kohistan
sequence show similar ranges in both major and trace elemeiiie adartog Group serpentinites.
In particular, we find that the similarities that are obsgnvethe ranges of MgO, FeOt, A3, Ni
and Cr between the Tartog Group serpentinites and the ultrasgfion of the Kohistan Arc
Complex provides the best fit of all rocks with which we én@empared our data. This suggests
that similar magmatic processes could explain these reekrddagesHig. 8).

Unfortunately, the petrogenetic interpretation of the Kohistanméfig rocks is ambiguous and
explanations include origins as ultramafic cumulates, as alimelt-modified mantle rocks
(Jagoutz et al., 2006; Garrido et al., 2007; Jagoutz et al., daybputz and Schmidt, 2012). No
detailed discussion of platinum-group element data is availabteddfohistan Island Arc, and the
data are limited to two abstracts (Hattori and Hart, 199dpHand Shirahase, 1997). The fact that
controversy still surrounds the origin of the ultramafic rock$efrelatively fresh and well-studied
Kohistan Arc Complex, shows that this geological problem iscdiffito solve. In fact, it has only
recently been possible to discriminate between peridotitid-mmahtle reaction products and
cumulates in the extremely well-preserved peridotites of thes¥au Sud Ophiolite in New
Caledonia (Pirard et al., 2013) and the Oman Ophiolite (Abily ande@eer, 2013). Detailed PGE
data, which could have suggested a clear discriminant applicatile taverprinted Tartoq Group
serpentinites, are lacking for both of these occurrences.

Geochemical and lithological similarities are also destween the Talkeetna arc section and
the Tartoq GroupKig. B26-B27). The slightly higher Si@in the Tartoq Group serpentinites
relative to the dunites of the Kohistan and Talkeetna Arc Corepleruld be explained if the
protoliths of the Tartoq Group serpentinites were not dunites, bzibdrgites as indeed suggested

by their normative mineralogyF{g. B2). However, SiQ and MgO are notoriously mobile in
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metamorphosed Archaean supracrustal rocks (e.g., Polat and Hofa@@®) Szilas and Garde,

2013), and the small discrepancies between fresh ultramafks rand the Tartoq Group

serpentinites are inconsequential considering the tectonic anchamptac history of the latter. As

is the case for the Kohistan section, it is difficult to pinpauttere the actual contact between
ultramafic cumulates and the mantle occurs in the Talkeatn, which is made additionally
difficult because it is unknown how much of the cumulate sectiondlasninated from the base of
the arc (DeBari and Coleman, 1989; Greene et al., 2006; Hatlatr 2008; DeBari and Greene,
2011). Thus, it seems that at the present there is no consegatdinmg the exact petrological

origin of the lowermost ultramafic portion of island arc compdexee. mantle vs. magmatic

cumulate.

One key-feature of the Tartog Group serpentinites, in additidhe PGE argument presented
above, that makes us propose a cumulate origin, rather thalt-enoddied mantle origin, is their
high FeOt (9.5-17.3 wt.%) leading to bulk Mg# of 80-88. If we asstimmtthese Mg#'s reflect
those of the primary rock and that serpentinisation and metamorpldsnot significantly affect
MgO and FeOt, then the Mg# is much too low to be of mantle oidihough minor Fe-mobility
is observed in the Tartoq Group serpentinites, it appears tedttic segregation of magnetite,
rather than significant Fe-metasomatism. This is supportetidoglobal serpentinite database of
Deschamps et al. (2013), which is dominated by mantle-derived rackahich Fe-rich
serpentinites are relatively rare. In contrast cumufaedotites are commonly Fe-rich (e.g.,
Nielsen, 1981; Johnson et al., 2004; Liu et al.,, 2008; Thakurta.,e2@d8). Our preferred
interpretation of the Tartoq Group serpentinites is thus thatrdmgsent harzburgitic cumulates
derived from magmas that formed by variable degrees aaparelting of an arc-related mantle

source. Large degree melts resulted in the high-Ir group, whenear degrees of melting formed
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578 the low-Ir group. However, it is also possible that these mwams simply represent early and late
579 cumulates, respectively.

580 Given that a harzburgitic normative composition dominates thmlghs of the Tartog Group
581 serpentinites, we can rule out a cumulate origin derived from amiydnagmas, because these
582  would crystallise plagioclase after olivine, wherea®Hlepresses the crystallisation of plagioclase
583 and additionally pushes resulting cumulates to harzburgitic congasiiMintener et al., 2001;
584 Feig et al., 2006; Muntener and Ulmer, 2006). Furthermore, the appdxsgence of clinopyroxene,
585 evidenced by low CaO and A&); content, and hence the potential crystallisation of orthopyroxene
586 indicates that the mantle source was either depleted hgitebor that the primary magma was
587 relatively silicious (e.g., Tatsumi, 1981; Umino and Kushiro, 1986pd and Turner, 2003). One
588 alternative possibility, which cannot be ruled out from the mtedata, is that the normative
589  orthopyroxene could be a result of reaction between dunite cumulatdsapped inter-cumulus
590 melt (see below), which would also explain the relativelwaled incompatible trace element
591 abundances of the Tartoq Group serpentinites.

592 All of the above considerations are consistent with the arcigffofithe Tartoq Group volcanic
593  sequence and thus an origin of the protoliths of the serpentasitearzburgitic cumulates. Finally,
594  our trace element modelling of the evolution of the tholelitisalt during fractional crystallisation
595  of olivine (69%), orthopyroxene (30%) and chromite (1%), fit reasonably with the observed
596 ranges for the more compatible trace elements (e.g.,INC& Sc) and suggests about 30% melt
597 crystallisation from least to most evolved sampligy(B28). The incompatible trace element ratios
598 are largely unaffected by crystallisation of this ultramafimulate as would be expected, and the
599 residual enrichment in the magmas also fit well with the eleskeevolution of the Tartoq Group
600 mafic sequenceHg. B29). The major element variation is also compatible with tioaal

601  crystallisation of olivine and orthopyroxene from the mafic sequémdke Tartoq GroupHig.
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B30). However, it should be noted that this model would not be signific different if only
olivine and chromite crystallised.

Finally, we have tested the cumulate model by calculatindgjgbel line of descent of our data
set using the Melts software (Ghiorso and Sack, 1995; Asimow hiwdsB, 1998). We used one of
the least evolved samples (510687) that we considered to repagmanitive liquid, as the starting
composition. Oxygen fugacity was buffered at QFM, pressure wpsdonstant at 2 Kb, initial
H,O was arbitrarily assumed to be 0.5 wt.% and we usedt#@ofratmodel from 1310°C to 1150°C
at 10° intervalsFigure 9 shows that the model is able to reproduce much of the majoreat
variation, although the match is obviously not perfect. The corresppiilk cumulate is even
more depleted than the Tartoq Group serpentinites and variapteed of trapped inter-cumulus
liquid would be able to explain the major element compositionswel as the elevated
incompatible trace element abundances of the serpentinite profolitlugh mass balance suggests
that these cumulate rocks consisted of up to 25% trapped liquidd.itdportantly, the modelled
cumulates would have up to 13 wt.% FeOt, which support a primarylatenorigin of the
serpentinites. SiQis also elevated in the serpentinites relative to theulzed cumulate. This
could either be due to reaction with trapped inter-cumulus melsilicea metasomatism during
metamorphism/alteration. Both of these scenarios would exgilaimormative orthopyroxene in
these rocks without a need for fractional crystallisation of ghisicular mineral. The model does
not take into account that sulfide liquids may also have pretgditaith these cumulates and this
may explain why Ni is too low in our model (not shown), or alternbtitiee partition coefficient
was incorrect for the given conditions. Likewise, chromitite fdiomain other parts of the cumulate
pile or within the delaminated mantle section could potentially @xpltee observed lower Cr

contents in the serpentinites. In summary, we find that anneldominated cumulate, which

26



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

reacted with trapped inter-cumulus melts, would indeed be able to pradecobserved bulk
compositions of the Tartoq Group serpentinites.

Regardless of whether we can conclusively distinguish betwemelt-modified mantle or a
cumulate origin for the Tartoq Group serpentinite protoliths, ayligeblogical setting for these
rocks would be at the ultramafic crust-mantle interface,the. petrological Moho. This is entirely
compatible with the previous interpretation of the Tartoq Grouprasaets of arc-related oceanic
fore-arc or back-arc crust (Szilas et al., 2013a). TherefoeeTartoq Group essentially represents
an arc-related ophiolite section (cf., Dilek and Polat, 2008; Rilek Furnes, 2011; Furnes et al.,
2013). Moreover, Kisters et al. (2012) proposed that the Tartoq Groeneted in a convergent
margin based on the structural characteristics of these robks.would be consistent with the
observation that serpentinisation in fore-arcs has an importantnralee development of shear
zones, thrusting and obduction of arc-related oceanic crust (egiodR et al., 2002; Lee et al.,
2008). The serpentinites were thrust from the base of theqr@mtoup (regardless of their origin)
and are now found along structural features, as observed in thsuAraua, Bikuben and lIterlak
slivers Figs. 1 and 2).

Overall, the broad suite of geological and geochemical estdgom the Tartoq Group points to
its formation in an arc-related environment. This has impottaptications for understanding
Archaean geodynamics, because it indicates that subduction-zonespegre operating in the
Mesoarchaean. This conclusion adds to a growing body of evidenca florarse range of studies,
which all suggest that modern-style tectonic processes begfmme 3 Ga (e.g., Shirey and
Richardson, 2011; Dhuime et al., 2012; Neeraa et al., 2012; Hynes, 2018 et al., 2013b;

Gerya, 2014).

7. Conclusions

27



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

The Tartog Group serpentinites have bulk-rock geochemical compositidnish are
significantly different from ultramafic magmas (picriteshinites/komatiites), as well as
from mantle residues (both abyssal and arc-related) or subsatatinithospheric mantle
(SCLM) xenoliths. In particular, the bimodal rather thanoatinuous variation, does not
support an ultramafic magma origin.

Based on the bulk-rock geochemical data and their normative hatizboagnposition, we
find that the Tartoq Group serpentinites share many sitielsivith peridotitic cumulates or
melt-modified mantle rocks.

The chondrite-normalised platinum-group element (PGE) patterreoamgatible with both
cumulate and melt-modified mantle origins for the high-Ir groupofaGroup serpentinites,
whereas the low-Ir group is best interpreted as of magmatitlate origin.

Although it proves challenging to conclusively distinguish betweeunaulate and a melt-
modified mantle origin for these serpentinites, we preferfonmer model owing to the
fractionated PGE patterns and the elevated FeOt content {®5wt.%), which is much
higher than what is found in mantle rocks, but within the rangedotitic cumulates. The
Cr and Ni ranges are also more compatible with a cumitilatea mantle origin.

A cumulate origin is also supported by modelling using the MELT Svaodt (Ghiorso and
Sack, 1995; Asimow and Ghiorso, 1998). In particular, the modeltsaauFeOt up to 13
wt.%, which is unique to ultramafic cumulates relative ammas and mantle residues.
Laser ablation and electron microprobe analysis of magnetite hramite in the
serpentinites indicates significant metasomatic overprititaxfe minerals. Thus, they do not

preserve any primary petrogenetic information.
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« Re-Os isotope data suggests that the serpentinites haveieegpd post-magmatic
disturbance, although not to the same degree as the regidodl (8@ttig et al., 2010) and
thus record the oldest Re-depletion eventg)in this region with ages up to ca. 2950 Ma.

¢ Overall, we interpret the bulk-rock geochemical data forfthdog Group serpentinites as
being consistent with an origin as lower crustal ultramafimudates, which formed by
fractional crystallisation of olivine and chromite, only joineddigigioclase at late stages.
The negligible normative plagioclase and clinopyroxene in these atesusuggest hydrous
melting conditions of the mantle source, possibly in combinatidih @antamination with
silica to displace the melt evolution to crystallise eadsthopyroxene instead of
clinopyroxene. Alternatively, the normative orthopyroxene could refieaction between
dunite cumulates and trapped inter-cumulus melt, which is indeedstaddoy the elevated

incompatible trace element abundances in the serpentinites.
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Figure captions

Figure 1. Geological map of the Mesoarchaean Tartoq Gralgrk (green) and the
Palaeoproterozoic Ketilidian supracrustal rocks (light greemjiclwunconformably overlie the

former. Based on mapping by GEUS.

Figure 2. Detailed geological maps of the serpentinite itaemlof the Tartoq Group. Overview
maps modified after van Hinsberg et al. (2010). Detailed mapsdbon 2010 mapping by the
authors. Figure 2d is a close-up of the box on the Iterlak mapd&)jgFigure 2e is a close-up of

the box on the Amitsuarsua map (Fig. 2b).
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Figure 3. Microphotographs of the Tartoq Group serpentinites. axdlyperpentinite showing
distinct boxwork/mesh texture. Serpentine patches seem to pseudomgipél oninerals (olivine
and/or orthopyroxene) and are surrounded by a mesh of chromite. Notegimmeadi of the
elongated mineral-pseudomorphs. b) Serpentinite from Bikuben, showingxample of the
characteristic veined texture type, containing abundant magnelie width of both

microphotographs is 5 mm.

Figure 4. Element variation of the Tartoq Group serpentinitatepl against MgO. Note the general
lack of correlations and the tight compositional ranges. Ma@mehts are in wt.% and trace
elements in ppm. Although there are no obvious correlations in ther miement variation

diagrams (Fig. 4), there is a tendency for elevated Cnairdthe low-Ir group of serpentinites,

which are commonly veined by magnetite and chromite $set¢on 5.2).

Figure 5. Primitive mantle-normalised trace element diagfor the Tartoq Group serpentinites.
There are no significant differences between these two groups dndrleagenerally parallel with
the Tartoq Group mafic volcanic sequence (Szilas et al., 20R8a)itive mantle abundances are

from Palme and O’Neill (2003).

Figure 6. Chondrite-normalised platinum-group element (PGE) pattemthe Tartoq Group
serpentinites. Chondrite abundances from Fisher-Godde et al. (20he). low-Ir group
serpentinites have distinctly positive Ru anomalies, whichpassibly related to accumulation of

chromite. The high-Ir serpentinites have flattish PGE pattdut also negative Pt anomalies.
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Figure 7. In situ laser ablation element patterns for théodGaGroup spinels. Normalised to
chromites from MORB (Pagé and Barnes, 2009). Circles reprelsamhite core analyses, triangles
are from rims and squares are from massive grains. Thedlsada marks the total range of the

samples.

Figure 8. Comparison between the Tartogq Group and the Kohistan aplegorData of the

Kohistan arc complex from Jagoutz and Schmidt (2012). Note the broadmweérihe ultramafic

lithologies, which covers the same ranges in compatible eleraadtin particular the similar range

in FeOt, which is a diagnostic feature of these ultramafiks.

Figure 9. Comparison between the Tartoq Group assemblage aradcthiated liquid evolution and

corresponding bulk cumulates. Oxygen fugacity is buffered at QFMhamaréssure is constant at 2

Kb with an initial HO content of 0.5 wt.%. The initial cumulate is dominated hyirgdi (98%) and

chromite (2%), which are joined by plagioclase below 1180°C (th¢ evo$ved cumulates are not

shown).

Supplementary online material

Appendix A: Detailed methods description

Appendix B: Supplementary diagrams

Supplementary Table 1. Bulk-rock major and trace elementdataormative mineralogy.
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Supplementary Table 2. Bulk-rock platinum-group element data.

Supplementary Table 3. Electron microprobe data.

Supplementary Table 4. In situ laser ablation ICP-MS spinal dat

Supplementary Table 5. Bulk-rock Re-Os isotope data.
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Figure 5

Low-Ir group serpentinites
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Figure 6

High-Ir group serpentinites

L0 L00 000 10000 100000

Low-Ir group serpentinites

10 100 L1000 10000 100000


http://ees.elsevier.com/lithos/download.aspx?id=360627&guid=429cc389-4c70-4722-b4f3-489ac3ac646b&scheme=1

Figure 7

Bikuben

Iterfak



http://ees.elsevier.com/lithos/download.aspx?id=360628&guid=a9bafb1b-6e3c-45cc-bc2a-9a4b6630ede6&scheme=1

Figure 8

2 m &> a ©
o ° (] °
W : W - o "
M ] - s -u‘n @
o - v u Ll
5 m m. .o ® b
(LR} e ono
11 3
i i ¥
e v m ° - e ® \.._w
3 v o
.
©
| ] ] 1 1 | I I I I 1 1
GE O0E S 0z St 0Ol S 0 0062 0051 008§ 0
0y IN
.
. » e
" . .
A - J- .« Re,
Sug
.
%
o .. [ ]
°
g u
O -
.mc\x
1 } | | | 1 | |
Sl 01 S 0 000S 000¢ 000L 0
1024 1D

50

40

30

20

10

50

30

20

10

MgO

MgO


http://ees.elsevier.com/lithos/download.aspx?id=360629&guid=4431d5fb-1717-433c-8654-85bc6cafc719&scheme=1

Figure 9

% o Magnetite
& . 55 ~ | " accumulation g ug
- S 4 g @
g a . =+ OO ?Q N
= S 37% %, o~ # -
i O o ’ +30 % loha 4 3
2 = 2% o | Lo -
(28 2, e 8 + u
S 0 - " \ o-1s o
ud 7
= é = © - s
< _— &
1 1 | 1 1 1 1 1 1 1 1
w0 + " & w_| | » Tartog Group mafic rocks
- = | = | ® Tartoq Group serpentinites
S . g X MELTS fractional liquid
& %, g B - + MELTS bulk cumulate
() o o~ - o
S "6, % S oF S .
O 2 OC‘/ =) < = ;
+ 0@0' N S - . o | =" Trapped inter-
a + %»/@ N Early = 1" ,‘ “# cumulus melt
"'.' F ¢ j = chromite : y o
< . %l " segregation? 9. + &
I 1 1 1 1 1 1 1 ] 1 i
10 20 30 40 10 20 30 40 10 20 30 40
MgO MgO MgO


http://ees.elsevier.com/lithos/download.aspx?id=360630&guid=0374e8d1-092b-4909-92dc-4be259cdb5c9&scheme=1



