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Abstract

The Tussaap ultramafic complex (TUC) is located within the ~3.65 to 3.81 Ga Itsaq Gneiss
complex of southern West Greenland. The TUC is part of numerous ultramafic enclaves in the
Itsaq Gneiss complex that are thought to predate the gneisses. Some of these enclaves have been
interpreted as lithospheric mantle material while others are interpreted as layered cumulates. In
this study, measurements of mineral chemistry and whole rock major-, trace-, and platinum-group-
element abundances of the previously unstudied TUC were used to evaluate its origin as cumulate
or residual mantle material. Rhenium-Os isotopic systematics were used to place chronological

constraints on the enclave.

The TUC comprises dunites, ol-clinopyroxenites, amphibolites, and hornblende gabbros. The
mineral chemistry of the TUC largely reflects secondary processes, and, where possibly shielded
from these processes, show no indication of partial melting. The whole-rock FeO contents of the
dunites are high, up to 15.5 wt%, and with variable iridium group platinum group elements (IPGE:
Os, Ir, and Ru) are not consistent with a depleted mantle origin for the rocks. Inter-element
variations in major- and trace-element geochemistry of the TUC fit well with fractional
crystallization models. In such models the dunites are explicable as olivine and chromite
cumulates, the ol-clinopyroxenites as clinopyroxene, olivine, and chromite cumulates, the
amphibolites as clinopyroxene and Cr-magnetite cumulates, and the hornblende gabbros as
crystallized melts. Variable relative and absolute IPGE abundances and enrichments in IPGEs
relative to palladium group platinum group elements (PPGE: Pd and Pt) in the cumulate lithologies
are accounted for if the parental melts of the TUC were sulphide undersaturated and platinum-
group-element contents in the cumulates were controlled by their compatibility in fractionating

silicate, oxide, and platinum group minerals. In contrast to cumulate lithologies, one hornblende



gabbro sample was PPGE enriched relative to IPGEs, consistent with these samples originating as

crystallized melts.

Major-element variations in ol-clinopyroxenites and trace-element systematics in all rocks of the
TUC suggest their parental melts had arc-like affinities. However, Re-Os isotopic measurements
revealed that these melts were moderately enriched in '®’Os relative to estimates for primitive
upper mantle at 3.8 Ga. This largely contrasts with other less evolved refractory peridotite enclaves
in the area which have less radiogenic Os isotopic compositions. These differences are interpreted
to reflect the proportionally higher degree of assimilation of basaltic crust experienced by the
parental melts of the TUC. In addition, relative to Phanerozoic intra-plate magmas the Pd content
was high, which was not considered to be a melt source characteristic, but likely due to crustal
assimilation by the parental melts of the TUC. The extent to which crustal assimilation was
responsible for generating arc-like signatures in major and trace elements is unclear. Thus, there

is no strong evidence that parental melts of the TUC formed in a subduction-zone environment.

Relative to primitive upper mantle at 3.8 Ga, the TUC is moderately enriched in '*’Os, resulting
in inconclusive age determinations. Although this radiogenic Os isotopic composition is
interpreted to be the result crustal assimilation, resulting Tma and Trp ages are younger than ~2.85
Ga, which places some uncertainty on the inferred Eoarchean age of the TUC and, therefore, other

enclaves in the Itsaq Gneiss complex.
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al., (2012), respectively. Metasomatised Fe-rich mantle xenoliths from Bodinier et al., (1990) and lonov et
al., (2005). Serpentinized peridotites from Deschamps et al., (2013). NAC peridotite xenoliths from Wittig
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Fig. 2-14. REE Classification diagram for mantle enclaves from Rollinson (2007). Data sources are as
follows: SW Greenland mantle xenoliths from Wittig et al. (2008 and 2010); Abyssal peridotites are from
Niu (2002); IGC mantle enclaves are PPGE depleted samples from south of the ISB of van de Locht et al.
(2018); Mantle enclaves from the Saglek-Hebron block are from Ishikawa et al. (2017); ISB cumulates are
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Fig. 2-15. A plot of FeO vs Ir/(Os+Ir+Ru) partially separating mantle and cumulate peridotites. Data
sources are as follows: SW Greenland peridotite xenoliths from Wittig et al. (2008 and 2010); IGC mantle
enclaves are PPGE depleted samples from south of the ISB of van de Locht et al. (2018); Mantle enclaves
from the Saglek-Hebron block are from Ishikawa et al. (2017); Cumulates are from Day et al. (2008), Li et
al., 2013, Wang et al. (2014), and Szilas et al. (2015 and 2017). ...c.cccveeerrecrieriieieiiecee e e 47

Fig. 2-16. Classification diagram after Jenner et al. (2009) for mafic and ultramafic rocks in the ISB. Data
sources are as in Fig. 2-6. Normalization values from McDonough and Sun (1995). ......ccccceeiviiiinnnennn. 49

Fig. 2-17. Hornblende gabbros and recalculated melts for cumulate rocks of the TUC on A. the Nb/YDb vs.
Th/Yb diagram of Pearce (2008), and B. Nb/Th vs. Zr/Nb discrimination diagram of Condie (2005). Also
shown are basaltic rocks of tholeiitic and boninitic affinities from ISB. Data sources for the ISB rocks are
the same as in Fig. 2-6. Partitioning coefficients used in recalculating the melts from which the TUC rocks
formed are as in Fig. 2-8. An interstitial melt of 12 % was assumed. Concentrations were modelled with
the equation: Cme=Csampie/(F+0.88* Dmineravmett), Where C is the concentration of the element and D is the
partitioning coefficient of that element in the mineral. Recalculated melt compositions are in Appendix 6.

Fig. 2-18. Box plots of absolute concentrations of Pd and Ir/Pd ratios for the hornblende gabbro from the
TUC and Phanerozoic basalts with MgO contents ranging from 7.5 to 12.5 wt%. Data sources are as
follows: LIP from Song et al. (2009), Hughes et al. (2015), and Arguin et al. (2016); OIB from Ireland et
al. (2009), Pitcher et al. (2009), and Day et al. (2009); Arc basalts from Woodland et al. (2002) and Dale et
al. (2012); MORB from Rehkamper et al. (1999), Bezos et al. (2005), and Dale et al. (2008).................. 55

Fig. 2-19. '®Re/"*¥0s vs "¥70s/'%80s plot for samples of the TUC, and cumulate and mantle peridotites in
the IGC, which, for cumulates, includes the ISB. Data sources are as in Fig. 2-10 with additional data from
Rollinson et al. (2002). The reference isochrons for the TUC were calculated using an initial '¥"Os/'**Os
ratio back calculated from the '¥"Re/"*®Os ratio of the least radiogenic TUC sample to 3.8 Ga. The primitive
upper mantle derived melts utilize modern values of '*70s/!%30s from Meisel et al. (2001) and Walker et al.
(2002), back-calculated to the time of proposed interaction. The '®’Re decay constant use in the calculations
1S rom SeIbY €t @l. (2007)..ccuviiiiiiieiieciece ettt et e er e e teeste e s tae s tbesebeesbeesbe e baestaeeabeerbeebaesreesraesraeans 57

Fig. 2-20. Fig. 2-20. 1/0s vs '870s/"*®0s for samples of the TUC, and cumulate and mantle peridotites in
the IGC, which, for cumulates, includes the ISB. Data sources are as in Fig. 2-10, with additional data from
Rollinson et al. (2002) and Coggon et al. (2015). Also shown are reference isochrons for hypothetical 3.8
Ga cumulates precipitated from a melt with '¥’Os/'®¥Os ratios of PUM at 3.8 Ga and of that back calculated
to 3.8 Ga of the least radiogenic sample in the TUC. The concentration of Re is held constant at 0.02 ppb,
the average of the cumulate rocks of the TUC, while Os varies. Values for PUM and the '®’Re decay
constant are as N FiZ. 2-19. ....couiiiiiiiiieeeeeeee ettt ettt sttt et et e s teesaaesnteeseesseesnaesnneans 58
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Fig. 3-1. Al/Si vs Mg/Si weight ratio diagram commonly used in the literature as a discrimination diagram
for mantle rocks. Abyssal peridotites and mantle fractionation trend are from Rollinson (2007). Red and
blue arrows are olivine MORB mixing lines for different wt% MgO in the olivine. The olivine is assumed
to have 40 wt% SiO; and the length of the lines represents 0 to 20% mixing with MORB. MORB
composition from Bezos et al. (2005). Cumulate dunites are from Himmelberg and loney (1995), Day et al.
(2008), Jagoutz and Schmidt (2012), Li et al. (2013), Wang et al. (2014), and Szilas et al. (2017). The IGC
mantle enclaves are from Friend et al. (2002) and van de Locht et al. (2018). The Saglek-Hebron data are
from Ishikawa et al. (2018). .. .cciuiiririeeieieee ettt ettt s bbb s et eresbees s eresteansesane st senses 77

Fig. A-1. Ruthenium ratios in some samples do not lie on a sample spike mixing line, potentially resulting
in erroneous data. Correlation in Ru isotopic ratios and Cr may indicate a potential interference by

Xi
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Chapter 1

Introduction

1.1. Background

The development of Earth’s geochemical reservoirs in the Hadean and Eoarchean remains poorly
understood. The timing and extent of crustal differentiation (e.g., Kemp et al., 2010; Hoffmann et
al., 2011; Rizo et al., 2013; Griffin et al., 2014; Fisher and Vervoort, 2018), and the nature of early
Earth’s tectonic regimes (Stern, 2005; Bedard, 2006; Nair and Chacko, 2008; van Hunen and
Moyen, 2012; Griffin et al., 2014; Polat et al., 2015) are topics of uncertainty and debate. Remnants
of Eoarchean or Hadean crust and lithospheric mantle are invaluable sources of information on the
development of these reservoirs during this time. Yet, these rocks are rarely preserved at the
surface of the Earth (Nutman et al., 1996). Eoarchean and Hadean crust is thought to be dominantly
mafic in composition (Griffin et al., 2014; Reimink et al., 2014), and fragments of such a crust
(Chadwick and Crewe, 1986; Nutman et al., 1996; Nutman and Friend, 2009) and possible
associated lithospheric mantle (Bennett et al., 2002; Friend et al., 2002; Rollinson, 2007; van de
Locht et al., 2018) are preserved in the Itsaq Gneiss Complex (IGC) of southern West Greenland
(Fig. 1-1). As these fragments have been hosted in gneisses for >3.8 Byr, they have not been
subject to late convective mixing and homogenization experienced by much of the Earth’s silicate
system, and, thus, offer a unique opportunity to understand the Eoarchean and Hadean crust-mantle

system.

Although, remnants of lithospheric mantle in the IGC may offer a clear view of the composition
of the early mantle and the processes affecting it, studies of ultramafic lithologies, potential mantle
material, within the IGC are few and there is uncertainty concerning the true nature of this material,
1.e., whether it represents mantle restite materials or ultramafic cumulates (cf. Dymek et al., 1988;
Bennett et al., 2002; Friend et al., 2002; Rollinson et al., 2007; Friend and Nutman, 2011; Szilas
et al., 2015; van de Locht et al., 2018). This uncertainty may, in part, be due to alteration, as the
ancient crustal residence time (>3.65 Byr) for such rocks means that they have typically undergone
high-grade metamorphism, arguably altering many geochemical characteristics and obscuring
many petrogenetic indicators (Rollinson, 2007). In addition, globally, mantle xenoliths older than

~3.2 Ga are rare (Carlson et al., 2005) and absent from the West Greenland mantle xenolith suite



(Wittig et al, 2010). As such, there is currently no reliable proxy of Eoarchean lithospheric mantle

with which to make comparisons.

Ultramafic lithologies in the IGC which have been interpreted as pristine mantle material, have
some contradictory geochemical characteristics. This has led some authors to hypothesize that the
lithospheric mantle was different from typical cratonic mantle (Friend et al., 2002). These
ultramafic lithologies are dunitic and harzburgitic, which implies that, to be of restite origin, such
lithologies must have experienced high degrees of melt extraction (Wittig et al., 2008). This is
supported by the platinum group element (PGE) composition of some of the ultramafic rocks (van
de Locht et al., 2018). However, whole rock Mg #’s average 88 + 1 (Friend et al., 2002; van de
Locht et al., 2018), which is inconsistent with a depleted mantle origin, unless significantly altered
through metasomatism (Wittig et al., 2008). Given that questions surrounding the origin of
ultramafic enclaves in the IGC, there is a need to investigate further their geochemical and isotopic

composition.

The nature of the Eoarchean lithospheric mantle associated with the North Atlantic craton is further
complicated by the isotopic systematics of its crustal magmatic/metamorphic rocks. The Lu-Hf
isotopic record preserved in zircons from the tonalites implies a chondritic source for the tonalites
(Fischer and Vervoort, 2018). Similarly, potentially unaltered whole rock Lu-Hf isotopes of
tholeiitic basalts indicate a chondritic source for the basalts (Polat et al., 2003; Hoffmann et al.,
2011; Rizo et al., 2011). This is in contrast to the '*¢!47Sm - 42143Nd record of the tonalites and
basalts (Bennet et al., 2007; Rizo et al., 2011 and 2013; O’Neill et al., 2016) and with the *°Pt -
1860s isotopic systematics of ultramafic cumulate rocks (Coggon et al., 2013), which imply that
the basalts and tonalitic gneisses formed from a melt extracted from a long-lived depleted
reservoir. This emphasizes our limited current understanding of the crust-mantle system during

Eoarchean times and illustrates the potential benefit of evaluating ultramafic enclaves in the IGC.

An additional rationale for studying Eoarchean ultramafic rocks from West Greenland revolves
around gaining a better understanding of the tectonic setting of early Earth rocks. Although there
1s some contention over whether Phanerozoic-style plate tectonics was operating in the Archean
(Stern, 2005; Bedard, 2006), with few exceptions (e.g. Komiya et al., 2004), the mafic and
ultramafic lithologies of the IGC are interpreted as having formed at convergent plate margins

(Polat et al., 2002; Polat and Hofmann, 2003; Jenner et al., 2009; Nutman and Friend, 2009; Furnes



et al., 2009; Szilas et al., 2015; Polat et al., 2015). Although, this assertion is widely accepted,
further evaluation of the tectonic setting of Eoarchean rocks, is warranted given the attention to
the topic in the literature and the importance to understanding early Earth (e.g. Stern, 2005; Bedard,
2006; Nair and Chacko, 2008; van Hunen and Moyen, 2012; Griffin et al., 2014; Polat et al., 2015).

Finally, analysis of potential Eoarchean mantle rocks is important from the perspective of
understanding the highly siderophile element evolution of the Earth. The abundances and
chondritic siderophile element composition of the modern mantle is inconsistent with extraction
of these elements into the early Earth’s core (Chou, 1978), with no replenishment. To reconcile
this, Chou (1978) proposed that the addition ~1% chondritic material to the bulk silicate earth
(BSE) following core differentiation could account for modern siderophile element abundances in
the BSE, a concept known as the “late-veneer” hypothesis. The timing of the addition and mixing
of the late-veneer into the mantle is uncertain, but can be evaluated using PGE contents and '*W

isotopes in crustal rocks (e.g. Maier et al., 2009; Willbold et al., 2015; Rizo et al., 2016).

Crust that formed prior to ~3.65 Ga has small excesses in '3?W relative to that of the modern day
(e.g. Touboul et al., 2014; Willbold et al., 2015; Rizo et al., 2016; Dale et al., 2017) and this has
been suggested to be a result of the extraction of this crust from a mantle lacking late veneer
contributions of chondritic material (Willbold et al., 2015). However, using '**W to estimate the
timing of the late veneer is questionable for two reasons. 1) Many crustal rocks with '32W excesses
also have modern BSE PGE concentrations and relative abundances (e.g. Touboul et al., 2014;
Rizo et al., 2016; van de Locht et al., 2018). 2) The high mobility of W in crustal fluids makes
evaluations of '82W excesses in ancient terranes composed of different lithologies with large

temporal gaps questionable (Liu et al., 2018).

Maier et al. (2009) proposed that broad temporal trends in the PGE abundances of komatiites
suggest that the lower mantle did not have PGE re-enrichment prior to ~3.3 Ga. However, in the
IGC, the inference of late veneer contributions to the melt source for the crustal rocks based on
PGEs and '®?W is in some contention. The mafic and ultramafic lithologies in the IGC have '#*W
excesses (Rizo et al., 2016; Dale et al., 2017) which may imply a source lacking a late veneer
component (Willbold et al., 2015). This is supported by Dale et al., (2017) who argue that the
source had only received a partial late veneer component to its PGE budget by Eoarchean times.

However, other authors (Bennett et al., 2002; Szilas et al., 2015; Rizo et al., 2016; van de Locht et



al., 2018) argue that the source for mafic-ultramafic crustal lithologies had modern BSE-like PGE
concentrations and relative abundances, implying a well-mixed mantle with a full compliment of
HSE:s at that time. This problem is far from resolved and further evaluation of PGE systematics in

Eoarchean crustal rocks is required.

1.2 Research Objectives

To address the above issues this study undertook a mineral and whole rock major-, trace-, and
platinum-group element and Re-Os isotopic study of a previously unstudied large ultramafic
enclave in the IGC. Due to its proximity to Lake Tussaap Tasia, the enclave is named the Tussaap
ultramafic complex (TUC). The initial goal of this research was to determine whether the enclave
was an ultramafic cumulate sequence or fragment of depleted lithospheric mantle. In the past,
interpretations based on mineral chemistry and whole-rock major- and trace element geochemistry
have been controversial (e.g. Dymek et al., 1988; Bennett et al., 2002; Friend et al., 2002; Rollinson
et al., 2007; Friend and Nutman, 2011; Szilas et al., 2015; van de Locht et al., 2018). However,
platinum group elements were deemed to be a good approach to this problem, as they are relatively
resistant to alteration (Szilas et al., 2015) and their inter-element fractionation patterns can used to
distinguish mantle rocks from cumulates crystallized from mafic or ultrmaifc magmas (e.g.

Pearson et al., 2004; Szilas et al., 2015).

In addition to determining the process responsible for forming the ultramafic rocks of the TUC,

the study attempts to constrain the nature of the parent magma or source with respect to

a) Determining whether an accurate estimate can be made of the HSE abundances in the
mantle at the time of formation, and

b) Attempting to constrain the tectonic setting that the TUC formed within.

Lastly, the study tries to assess the age of formation of the TUC and its subsequent evolution within

the context of the host IGC.

1.3 Geological Overview

1.3.1 The Godthdbsfjord Region

The Godthébsfjord region is an amalgamation of Mesoarchean to Eoarchean terranes forming part
of the North Atlantic Craton in southern West Greenland (Fig. 1-1). What is referred to here as the
Godthabsfjord region (Nutman et al., 1996) is also referred to in the literature as the Akulleq



Terrane (McGregor et al., 1991) or the Nuuk region (Friend and Nutman, 2005). The Region is
fault bounded to the north by the ~3220 to 2970 Ma Akia Terrain and to the south by the ~ 2920
to 2860 Ma Tasiusarsuaq terrane (Friend and Nutman, 2005; Crowley et al., 2002). The
Godthabsfjord region consists of four terranes: the Faeringhavn terrane, the Isukasia terrane, the
Kapisilik terrane, and the Tre Brodre terrane (Friend and Nutman, 2005). As the area of interest in
this study is the Isukasia terrane in which the TUC is located (Fig. 1-2), only a brief description of
the Godthébsfjord region is given here.
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Fig. 1-1. Geology of the Godsthabfjord region in southern West Greenland modified from Koppelberg et
al. (2013). The area in the red square is expanded in Fig. 1-2.
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The terranes of the Godthabsfjord region are largely composed of rocks of the tonalite-
trondhjemite-granodirorite suite (TTG) with lesser sedimentary and mafic-ultramafic belts and
enclaves (Friend and Nutman, 2005). The terranes range in age from ~2825 Ma to 3850 Ma and
partially amalgamated by horizontal tectonics throughout this time interval (Nutman and Friend,
2002; Friend and Nutman, 2005; Polat et al., 2007; Friend et al., 2009; Nutman et al., 2015).
Renewed zircon growth during metamorphism in crustal rocks from the Godthabsfjord region, the
Akai terrane, and Tasiusarsuaq terrane at ~2700 Ma has been suggested to be the result of the final
amalgamation of all the terranes in the area (McGregor et al., 1991; Crowley, 2002; Friend and

Nutman, 2005).

The term IGC refers to all crustal rocks in the Godthabsfjord region that are >3600 Ma and does
not refer to rocks of a specific lithology, petrogenesis, or association (Nutman et al., 1996). In this
regard the IGC refers to both the Faeringhavn terrane and the Isukasia terrane (cf. Nutman et al.,
1996; Friend and Nutman, 2005). The dominant lithology of the IGC is the TTG suite. However,
the IGC also hosts Eoarchean or older supracrustal enclaves and belts and potential lithospheric

mantle fragments (Nutman et al., 1996).

The IGC in the Faeringhavn terrane is located in the southern west portion of the Godthabsfjord
region (Fig. 1-1). The protolith age for the TTG gniesses are ~3850 Ma and the gneisses
experienced granulite-facies metamorphism between 3660 and 3600 Ma (Nutman et al., 2007).
The terrane is in tectonic contact with the Tre Brodre terrane throughout the Godthabsfjord region
(Fig. 1-1). The Tre Brodre terrane (Fig. 1-1) is composed of minor layered anorthosite complexes
(Owens and Dymek, 1997) intruded by the more voluminous 2.82 Ga Ikkattoq gneiss (Friend et
al., 2009).

The Faeringhavn and Tre Brodre terranes are tectonically juxtaposed with the Tasiusarsuaq terrane
along the southeastern margin of the Godthabsfjord region (Fig. 1-1) (Friend et al., 2009).
Uncertainty in cross-cutting relationships in the area has led to some doubt asto the the exact timing
of the intercalation of these three terranes in this area but this may have occurred by ~2720 Ma
(Crowley, 2002). The northeastern portion of the Faeringhavn and Tre Bodre terranes are in
tectonic contact with the Kapisilik terrane and Akai terrain (Fig. 1-1). The timing of these events
is also poorly constrained but has an upper limit of 2825 Ma, constrained by the age of the Ikkatoq
gneisses of the Tre Brodre terrain (Friend et al., 2009) and a lower limit of ~2700 Ma by a shared



amphibolite-facies metamorphic event in the Godsthabsfjord region, Akai terrane, and the

Tasiusarsuaq terrane (McGregor et al., 1991; Friend and Nutman, 2005).

The Kapisilik terrane, located in the central to northeastern portion of the region (Fig. 1-1),
contains orthogneisses, granites, and the region’s largest supracrustal belt, the Ivisaartoq
supracrustal belt (Friend and Nutman, 2005; Polat et al., 2007; Nutman et al., 2015). The Ivisaartoq
supracrustal belt has an age of 3075 Ma and is composed of pillow basalts, ultramafic flows,
gabbros, and serpentinized ultramafic rocks, and has been suggested to represent a Mesoarchean
supra-subduction zone ophiolite (Polat et al., 2007). Arc-like trace element signatures in the 3070
to 3000 Ma tonalitic gneisses suggest continued subduction zone development (Nutman et al.,
2015). The granites of the terrane are younger, ~2970 Ma, and have ¢Hf values in zircons at this
age of -15.1 to -3.8 (Nutman et al., 2015). These eHf values are distinct from the older tonalitic
gneisses which range from +2.1 to +4.6 (Nutman et al., 2015). On this evidence, Nutman et al.
(2015) suggest that the older supracrustal belt and tonalitic gneisses developed as an island arc
complex which collided with and overrode the southern portion of the Isukasia terrane at ~2970
Ma. The granites resulted from the melting of the underlying Eoarchean Isukasia terrane (Nutman
et al., 2015). The overriding Kapisilik terrane may have extended as far north as the Tussaap
surpacrustal belt (TSB) in the Isukasia terrane (Fig. 1-2) (Nutman et al., 2015). The Isukasia terrain
is the most north easterly extension of the Godthébsfjord region and the IGC and is discussed in

more detail below.

Finally, the ~2530 Ma Qorqut granite complex intruded the central part of the Godthabsfjord
region (McGregor, 1991). This has been suggested to be the result of partial melting of the crust
in the southern parts of the region where there are high abundances of radiogenic heat producing

elements, K, U, and Th in the crust (McGregor, 1991).

1.3.2 Overview of the Isukasia Region:

The Isukasia terrane of southern West Greenland refers to the northern most outcropping of the
IGC in the Godthabsfjord region (Fig. 1-1 and 1-2). The terrane is composed of three gneissic TTG
domains separated by two surpa crustal belts, the Isua supracrustal belt (ISB) and the TSB (Fig. 1-
2) (Nutman et al., 2002). Uranium-Pb zircon analyses from the gneissic domains range from 3650
to 3810 Ma (Nutman et al., 1996; Nutman et al., 2002). These domains are separated by structural

boundaries that cut the two supracrustal belts (Fig. 1-2), and these boundaries were active between



3600 and 3650 Ma (Nutman et al., 2002). Nutman et al. (2002) suggest that these gneissic domains
and associated supracrustal belts formed before ~3650 Ma and amalgamated in a convergent plate

setting between 3600 and 3650 Ma.

The ISB consist of variably strained, stacked, and fault-bounded tectonic domains (Polat et al.,
2002). The lithologies of the different domains within the ISB are similar and consist of volcanic
and distal facies volcano/chemical-sedimentary packages, which include pillowed basalts
intercalated with ultramafic rocks (of unknown origin), banded iron-formation, chert, siliciclastic
turbidites and conglomerates (Polat et al., 2002). The lithotectonic domains within the belt are
separated by structural boundaries (Fig. 1-2) (Nutman and Friend, 2002; Nutman et al., 2009). On
the most southernly side of the belt (Fig. 1-2) the volcano-sedimentary units are cut by tonalitic
dykes with an age of ~3.8 Ga, whereas those north of the most southernly structural boundary are
cut by 3.7 Ga tonalitic dykes. The most detailed synthesis of the ISB is given in (Nutman et al.,
2009). The TSB is less studied, but the lithologies in the belt are like those in the ISB; intercalated
basalts and ultramafic rocks and distal chemical and siliciclastic sedimentary rocks. In addition,

the TSB contains tectonic domains that potentially vary in age (Nutman and Friend, 2002).

The gneisses are host to abundant sedimentary and mafic-ultramafic enclaves in addition to the
volcanic and volcano/chemical-sedimentary supracrustal belts (Nutman et al., 1996). In places, the
enclaves and supracrustal belts are intruded by the protolith of the gneiss and, thus, predate them
(Nutman et al., 1996). Like the supracrustal belts, the enclaves are largely composed of mafic
(basaltic in origin) and distal facies chemical and siliciclastic sedimentary sequences (Chadwick
and Crewe, 1986; Nutman et al., 1996). Ultramafic lithologies occur as concordant ultramafic
sheets within mafic lithologies or layered and massive dunitic-harzburgitic enclaves (Chadwick
and Crewe, 1986; Nutman et al., 1996). The enclaves and supracrustal belts are likely fragments
of an earlier crust that was largely composed of oceanic basalts and volcano/chemical-sedimentary
rocks (Chadwick and Crewe, 1986; Polat et al., 2002). However, some of the massive dunitic or
harzburgitic enclaves may be mantle fragments (Nutman et al., 1996; Bennett et al., 2002; Friend

et al., 2002; Nutman et al., 2002; Rollinson, 2007; van de Locht et al., 2018).

Of these pre-TTG supracrustal enclaves and belts, an overwhelming majority of the work has been
focused on the ISB (e.g. Dymek et al., 1988; Rosing et al., 1996; Blichert-toft et al., 1999; Polat et
al., 2002 and 2003; Polat and Hofmann, 2003; Frei et al., 2003; Furnes et al., 2009; Nutman and



Friend, 2009; Polat et al., 2014; Rizo et al., 2011, 2013, and 2016) with only minor focus on a
limited number of enlcaves south of the ISB (Chadwick and Crewe, 1986; Bennett et al., 2002;
Friend et al., 2002; Rollinson et al., 2002; Coggon et al., 2013; Coggon et al., 2015; van de Locht
et al., 2018). In part, the dearth of studied ultramafic enclaves in the IGC is the reason that the

focus of this project is on a previously unstudied ultramafic enclave in the IGC.

These earlier studies on both the ISB and enclaves south of the belt provide a solid platform of
geochemical characteristics of the mafic-ultramafic rocks that may have formed part of the early
crust and lithospheric mantle. In terms of basaltic rocks in the area, there are both tholeiitic and
boninitic basalts (Polat et al., 2002; Polat and Hofmann, 2003; Jenner et al., 2009; Szilas et al.,
2015). Unfortunately, the rocks have undergone metamorphic alteration up to at least amphibolite
facies, overprinting many isotopic systems (Lu-Hf, Sm-Nd, and U-Th-Pb) that otherwise would
have been ideal for assessing mantle source characteristics (e.g. Gruau et al., 1996; Blichert-Toff
et al., 1999; Frei et al., 2002; Polat et al., 2003; Boyet et al., 2003). Some studies have inferred that
Lu-Hf isotope systematics may have been preserved in rocks with a low degree of alteration (Polat
et al., 2003; Hoffmann et al., 2011; Rizo et al., 2011). Notably, the Hf isotope signatures of such
whole-rock studies vary far more widely than those conducted on zircon where the effects of
alteration are less (e.g., Heiss et al., 2009; Fisher and Vervoort, 2018). From these whole-rock
studies, the tholeiitic basalts are thought to have formed from sources with chondritic Hf isotopic
ratios and the boninitic basalts from one that was severely Hf depleted. If the difference in Hf
isotope compositions between these two groups of rocks is primary, it is somewhat odd that both
types of basalts share a similar 2Nd excess (Rizo et al., 2011 and 2016; O’Neill, 2016). Given
that the more volumetrically important gneisses in the area share this '*’Nd excess and that Nd
may have been added to the basalts by fluids derived from the gneisses (Frei et al., 2002), these

data do not provide a consistent history of Eoarchean mantle melting events.

With respect to lithospheric mantle material in the area, based on rare earth elements (REE)
abundances, Dymek et al. (1988) suggested that some ultramafic units in the ISB may be
metasomatized mantle material, but that the results were somewhat inconclusive. Similarly, Friend
and Nutman (2011) suggested a mantle origin for some of the dunitic units in the ISB, based on
whole-rock major- and trace- element compositions and the trace-element composition of

clinohumite. Using PGE analyses of the same ultramafic units as those of Friend and Nutman
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(2011), Szilas et al. (2015) found no evidence for any melt depletion history for the dunites and

interpreted them as cumulates.

Bennett et al. (2002) and Friend et al. (2002) interpreted some ultramafic enclaves located between
the ISB and the TSB to be unmodified lithospheric mantle material. Based on whole-rock, major-
and trace-element chemistry and mineral chemistry in chromite, Rollinson (2007) argued that not
all these enclaves could be unmodified mantle material but conceded that the area south of ISB
potentially preserves fragments of Eoarchean mantle. As an extension of the earlier work of Friend
et al. (2002), van de Locht et al. (2018) applied PGE data to four of these samples, assessing the
PGE systematics to reflect depleted lithospheric mantle (Fig. 1-3).

These potential lithospheric mantle fragments have similarities with Eoarchean TTG-hosted
ultramafic enclaves within the North Atlantic Craton in the Saglek-Hebron area of northeastern
Labrador (e.g. Collerson et al., 1991; Ishikawa et al., 2017). This area is an eastern extension of
the North Atlantic Craton and these enclaves were first interpreted as lithospheric mantle material
by Collerson et al. (1991). Major, trace, and platinum group element compositions of these mantle
fragments closely resemble those hosted within the IGC (Fig. 1-3) (cf. Collerson et al., 1991;
Bennett et al., 2002; Friend et al., 2002; Ishikawa et al., 2017; van de Locht et al., 2018). This

resemblance further supports the contention that ultramafic enclaves south of the ISB may be
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Fig. 1-3. Primitive mantle normalized PGE abundances of mantle xenoliths from the North Atlantic
Craton (NAC) (Wittig et al., 2010) and possible mantle enclaves in the IGC (van de Locht et al., 2018)
and Saglek-Hebron block (Ishikawa et al., 2017). Only data from PPGE depleted peridotites south of
the ISB are shown from van de Locht et al., (2018) and only PPGE depleted lithospheric mantle
peridotites are shown from Ishikawa et al., (2017). The W. Greenland peridotite data is constrained as
suggested by Ishikawa et al. (2017) by 0.11>'870s/"*¥Os. Normalization values are from Becker et al.
(2006).
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representative of Eoarchean lithospheric mantle. This potential for the preservation of Eoarchean
lithospheric mantle remnants was the main reason for the targeting of an IGC ultramafic enclave

in this study. The TUC is located south of the TSB (Fig. 1-2) and has not previously been studied.

1.4 Thesis Outline

The main body of this work is encompassed in Chapter 2 and is intended for publication in a peer
reviewed journal. The layout follows the typical layout for any geological scientific work: local
geology, methods, unbiased representation of the data, interpretation and discussion, and
conclusions. The data includes petrographic observations, and measured mineral chemistry,
whole-rock major- and trace- element abundances, PGE abundances, and Re-Os isotopic ratios.
The initial portion of the discussion largely focuses on differentiating secondary and primary
geochemical characteristics and how these can be applied to assessing a potential cumulate vs.
mantle origin for the rocks. Trace-element characteristics are then applied to discussing the
operation of Archean plate tectonics. Platinum group elements are applied to assessing the effects
of Eoarchean cumulate processes on the distribution of these elements in the TUC. These
observations on PGE processes in the TUC are then used to estimate the PGE abundance in the
source. Finally, potential chronological constraints are placed on the TUC using the distribution

of Re-Os isotopes in the rocks.

Chapter 3 encompasses the broader conclusions, how the work answered the research objectives
and where future work should be directed in terms of targeting potential mantle enclaves, the
operation of plate tectonic processes in the Eoarchean, and the timing of modern BSE and

chondritic relative PGE abundances in the mantle.
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Chapter 2

A Newly Studied Ultramafic Enclave of the Itsaq Gneiss Complex
2.1 Regional Geology

2.1.1 South of the Tussaap supracrustal belt:

The Tussaap ultramafic complex (TUC) is a large (about 1 km long and 400 m wide) enclave
hosted within the northern portion of the Itsaq Gneiss Complex (IGC) in southern West Greenland
(Fig. 1-2). The enclave is located in Archean gneisses just south of the Tussaap supracrustal belt
at 64°58.81 N and 50°04.00 W (Fig. 1-2) and is composed of massive dunite, clinopyroxenites,
and amphibolite with minor hornblende gabbro. A review of the geology of the IGC in this area,
referred to as the Isukasia terrane, is given by Nutman et al. (2002). The terrane comprises of two
supracrustal belts; the Tuvssaap supracrustal belt (TSB) and the Isua supracrustal belt (ISB). These
are intercalated with three gneissic geologic domains; the area south of the TSB, the area between
the TSB and the ISB, and the area north of the ISB (Nutman et al., 2002). The rocks of the
geological domains are between 3650 and 3810 Ma in age and were tectonically juxtaposed

between 3650 and 3600 Ma (Nutman et al., 2002).

The gneisses south of the TSB are predominantly tonalitic with lesser volumes of trondhjemites,
diorites, granodiorites, and granites (Nutman et al., 1996). Trains of ultramafic pods, hosted in the
gneiss, range from a few meters wide to up to 800 m long and 200 m wide and can be traced for
several km along the foliation of the gneiss (Chadwick and Crewe, 1983 and 1986). The TUC
comprises an exceptionally large pod belonging to this train of ultramafic exposures. The
ultramafic pods of the gneisses south of the TSB are variably altered to tremolite-talc-chlorite
schists (Chadwick and Crewe, 1986). Many of the pods are zoned, showing strong metasomatic
alteration toward the contact with the gneiss (Chadwick and Crewe, 1983). Dunite is the most
common lithology of the ultramafic pods (Chadwick and Crewe, 1983). Some enclaves are also
composed of layered chromitite and dunite (Chadwick and Crewe, 1986; Appel et al., 2002;
Rollinson et al., 2002; Lowry et a., 2003; Coggon et al 2015) or harzburgite (Chadwick and Crewe,
1986). Some of the massive dunite and harzburgite pods have been interpreted as upper mantle

“xenoliths” in the gneiss (Nutman et al., 1996; Nutman et al., 2002).

More abundant in the gneiss south of the TSB are enclaves of supracrustal packages composed of

amphibolites, gabbros, garnet paragneisses, and metamorphosed banded iron formations
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(Chadwick and Crewe, 1986). Concordant ultramafic sheets are commonly found within the
supracrustal enclaves (Chadwick and Crewe, 1986). The above lithological associations have led
to the interpretation that the enclaves once formed a large layered complex that was intruded and
disaggregated by the protolith of the gneiss (Chadwick and Crewe, 1986). Later tectonic
interleaving resulted in further disaggregation and the pod-like shape of the enclaves (Chadwick

and Crewe, 1986).

The most well studied ultramafic enclave in the gneisses south of the TSB is the Ujaragssuit nunat
layered intrusion (Chadwick and Crewe, 1986; Appel et al., 2002; Rollinson et al., 2002; Lowry
et al., 2003; Coggon et al., 2013; Coggon et al 2015). The enclave is located ~5 km SE of the TUC
(Fig. 1) and is composed of layered dunite and chromite fractionated from a basaltic, boninitic, or
komatiitic magma (Rollinson et al., 2002). A tonalite band in the gneiss from this area yielded a
U-Pb zircon age of 3810 = 7 Ma with metamorphic zircon growth recorded at 3630 + 6 Ma
(Nutman et al., 2002). Platinum-Os isotopic model ages from the Ujaragssuit nunat layered
intrusion are as old as 4360 £ 421 Ma (Coggon et al., 2013). These provide useful age constraints
on the TUC. The minimum age for the gneiss in the area is ~3810 Ma (Nutman et al., 2002).
However, some of the enclaves may be much older, or may have recorded older mantle melting

events.

The Isukasia region experienced polyphase metamorphism, but likely never reached granulite-
facies conditions (Nutman et al., 1996). A pre-3600 Ma metamorphic event is inferred from the
renewed zircon growth in the gneisses south of the TSB and may be related to the juxtaposition of
the different geological domains in the area during this time (cf. Nutman et al., 2002). Additional
thermal events caused regional folding between 3560 and 3580 Ma (Nutman et al., 2002). Further
regional metamorphism occurred between 2800 and 3000 Ma reaching pressures of ~5 kbar and a
minimum temperature of 550°C (Gruau et al., 1996; Frei et al., 2002; Cruz et al., in prep). The
Mesoarchean event is possibly related to the collision of the Kapisilik terrane with the gneisses
south of the TSB at ~2960 Ma (cf. Nutman et al., 2015). Additional metamorphism occurred during
the amalgamation of the Godthabsfjord region, the Akai terrane, and the Tasiusarsuaq terrane at
~2700 Ma. Further metamorphic events reset the K-Ar isotopic system in the gneisses hosting the
TUC at about 2500 Ma and between 1800 and 2000 Ma (Cruz et al., in prep). Table 2.1 summarizes

these metamorphic events.
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Table 2. 1 — An abbreviated history of metamorphic events in the Isukasia terrane.

Timing of Technique Possible Relevant Geological Events Reference

Event (Ma)

>3810 Cross cutting Formation of the mafic-ultramafic crust ~ Nutman et al.
relationships and lithospheric mantle. (1996 and 2002)

~3810 U-Pb zircon in Protolith of the Gneiss intrudes the crust Nutman et al.

~3600 to 3650

~3500 to 3580

~2800 to 3000

~2700

~2500

~1800 to 2000

Gneiss

U-Pb zircon
overgrowths in
Gneisses

U-Pb zircon
overgrowths and
reset Ar-Ar isotopic
system in gneisses

Reset U-Th-Pb and
Sm-Nd isotopic
systems in mafic
rocks and Ar-Ar
isotopic system in
the gneisses

U-Pb zircon
overgrowth and
metamorphic
monazite.

Reset Ar-Ar
isotopic system

Reset Ar-Ar
isotopic system

and lithospheric mantle.
Intercalation of gneissic domains in the

Isukasia terrane.

Regional folding.

Accretion of the Kapisilik terrane to the
southern margin of the Isukasia terrane.

Intercalation of the Godthabsfjord region,
the Akai terrane, and the Tasiusarsuaq
terrane.

Intrusion of the Qo6rqut granite.

Unknown

(1996 and 2002)

Nutman et al.
(1996 and 2002)

Nutman et al.
(2002) and Cruz et

al. (in prep.)

Gruau et al.
(1996), Frei et al.
(2002), and Cruz
et al. (in prep.)

Friend and
Nutman, (2005)

McGregor et al.
(1991) and Cruz et
al. (in prep.)

Cruz et al. (in
prep.)
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2.2 Methods

2.2.1 Mineral chemistry

Analysis by electron probe micro analysis (EPMA) were performed at the University of Alberta
EPMA laboratory. Olivine, chromite, clinopyroxene, and orthopyroxene were measured on a
JEOL JXA-8900R instrument, and amphiboles on a Cameca SX-100 instrument. Operating
conditions were 20 kV accelerating potential, 100 nA current, and 2 um spot size for all minerals
except amphiboles, which were measured with operating conditions of 15 kV accelerating
potential, 20 nA current, 5 pm spot size. Counting times for most elements was 30 s on each of
peak and background. Mineral standards were measured at regular intervals within each analytical
session to monitor accuracy and precision and the standards used are given in Appendix 1. Matrix
corrections were done using ZAF or phi rho Z algorithms. Interference corrections were applied
to Cr for interferences by V, Mn for interferences by Cr, V for interferences by Ti, and Co for

interferences by Fe.

2.2.2 Sample preparation for whole-rock analyses

For whole-rock analyses, the samples were first cut into rectangular chunks of approximately
2.5 cm across by a diamond impregnated saw. To remove any residual metal left by the saw blade,
the cut sample material was first washed with distilled water and then sanded with corundum paper.
Then the samples were put in a sonic bath of distilled water for about 20 minutes. To crush the
samples, the cut and washed material was then placed in at least three plastic sample bags and
crushed on a metal plate with a sledge hammer. If the bags were broken, the sample was carefully
removed and placed in new bags and crushed further. This process was continued until the samples
were crushed to fragments of approximately <0.8 cm. The samples were then further pulverized

to a fine powder in an agate mill.

2.2.3 Major and trace element geochemistry

Whole rock major- and minor- element compositions were determined by X-ray fluorescence on
fused Li2B4O7 disks at Franklin and Marshall College. Five replicate analyses of the certified
reference material MUH-1 were performed to monitor accuracy and precision and the results are
given in Appendix 2. Most oxides below 0.12 wt % in MUH-1 (TiOz, K>2O, and P>0Os) had poor
reproducibilities of 12 to 33 % relative standard deviation (RSD). The more abundant major

elements, MgO, CaO, and Al,O3 were reproducible to 5 %RSD or better. Most oxides were
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accurate to within 3.5 % the certified reference values for MUH-1. The average of TiO; analyses
was 12 % less than the certifie reference value. However, if the analyses of the TUC were
inaccurate to such an extent, petrogenetic interpretations made in this study based on TiO2 would
remain the same. Minor elements Ni, and Cr were reproducible to <3 % RSD. While the precision

of Ni was very good, the measured value was ~30 % higher than the accepted value for MUH-1.

Trace elements were measured at the Arctic Resources Laboratory at the University of Alberta.
Sample aliquots of 0.1 + 0.01 g were dissolved in Savillex PFA beakers with 4 ml of 28.7 M HF
and 1 ml of 15.4 M HNOs for 144 hrs at 150 °C. The samples were evaporated to near dryness and
re-dissolved in 15.4 M HNOs three times. The final solution was spiked with In as an internal

standard and diluted to 3.5 % HNOj for mass spectrometry.

The samples were measured with a Nu Attom inductively coupled plasma mass spectrometer
(ICPMS) equipped with a Peltier cooled quartz spray chamber. Twelve replicate analyses of the
certified reference material OKUM where used to monitor accuracy and precision and are given
in Waterton et al. (2018). The precision for most elements was to <3 % RSD, while Th, Nb, and
Zr were to <5.5% RSD. Most elements were reproducible to within 5 % of the certified reference
values, except Zr which was reproducible to 9 %. In addition, Th was reproducible only to within
14% of the certified values. However, recent analyses (Peters and Pettke, 2017) yielded Th values
of 0.027 ppm, within 1% of the average analyses here.

2.2.4 Platinum group elements

Platinum group elements and Re were measured at the Arctic Resources Laboratory at the
University of Alberta. Approximately 1 g samples were equilibrated with a mixed PGE and Re
spike, enriched in isotopes '*°Os, !Ir, ”Ru,'%Pd, **Pt, and '%°Re, using inverse aqua regia (6mL
15.4 M HNO;s and 3.5 mL 10.6 M HCI). Samples were equilibrated in quartz vials in an Anton-
Paar high pressure asher at 290 °C and 100 bars for 16 hrs. Osmium was extracted from the inverse
aqua regia in CCl3, back extracted into HBr, and further micro distilled using HBr. After Os
extraction, PGEs and Re in the inverse aqua regia were separated from the sample matrix via the
method of Pearson and Woodland (2000). The above procedures were performed on three sets of
samples. With each sample batch, the certified reference material OKUM and a procedural blank

were included.
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Osmium was measured on a Thermo Triton Plus thermal ionization mass spectrometer in negative
ion mode. Spike unmixing was calculated offline with corrections for mass fractionation and O
isotopic variation and interferences using an in-house Excel spread sheet. The Durham Romil Os
standard (DROsS) was measured in each analytical session with load sizes of between 0.5 and 2.5
ng. The resulting mean '¥70s/!0s value of 0.16096 + 35 (n=14) is in good agreement with values
published by Luguet et al. (2008) and Dale et al. (2012). In addition, OKUM was measured three
times, resulting in a mean '¥’0s/'*¥0s 0f 0.275 + 0.007 and a mean Os concentration of 0.78 + 0.02
ppb. Both measurements agree well with the results of Chen et al. (2016), and references therein

and are consistent with longer term results within the UofA laboratory (e.g., Waterton, 2018).

Following chromatographic separation, the remaining PGEs and Re were measured using a Nu
Attom ICPMS. Separate solutions of both natural PGEs plus Re and mixed oxides where measured
within each analytical session to monitor for mass fractionation and oxide production rates.
Isobaric and oxide interferences were measured within each sample analysis and corrected for. In
addition, the reference material OKUM was measured three times averaging Ir of 0.88 = 0.07 ppb,
Ru of 4.56 = 0.02 ppb, Pt of 11.6 £ 0.3 ppb, Pd of 11.9 + 0.3 ppb, and Re of 0.51 £ 0.02 ppb, in
agreement with certified values. Offline mass fractionation and interference corrections for PGEs

and Re were performed with an in-house Excel spread sheet.

The average of the three procedural blanks are as follows: Os 1 + 0.7 ppt, Ir of 0.7 £ 0.3 ppt, Ru
estimated to be less than oxide interferences, Pt of 108 + 13 ppt, Pd of 40 + 38 ppt, and Re of 1 +

0.6 ppt. These blank values were applied as corrections to all measured samples.

2.3 Results:

2.3.1 Samples and petrography

Based on mineralogy, the samples of the TUC have been grouped into four lithologies; dunite, ol-
clinopyroxenite, amphibolite, and hornblende gabbro. Excluding alteration minerals, the dunites
contain 97 to 99 % olivine, 1 to 3 % chromite, and minor orthopyroxene. Where preserved, the
dunites are typically characterized by a granoblastic texture composed of olivine and chromite
with grain sizes of 2 to 15 mm and 30 to 200 pum, respectively. However, in some samples olivine
grains have been extensively replaced along grain boundaries by alteration minerals which has

obscured this texture. Some dunites have a porphyroclastic texture in which 1 to 10 mm olivine
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porphyroclasts are surrounded by a matrix of smaller 0.1 to 1 mm grains of olivine extensively

altered by hydrous phases.

The most abundant large (greater than 10 um) inclusions in olivine are chromites that are rounded
to euhedral grains up to 200 um (Figs. 2-1 A and B), and these are locally associated with tremolite
and phlogopite that form portions of larger inclusions up to 500 um (Figs. 2-1 A and B). In
addition, large inclusions of tremolite up to 800 um in length occur in the olivine grains (Figs. 2-
1 A and B). Olivine grains also contain inclusions that are elongate parallel to the crystallographic
axes of the olivine grains and are typically less than 10 um long and 1 pum wide (Fig. 2-1 C). These
inclusions are tremolite, chromite, and magnetite and are abundant giving the olivine grains a

cloudy appearance in transmitted light (Fig. 2-1 A).

Chromite also occurs interstitial to olivine and is euhedral to anhedral in shape, in places having
lath-like inclusions of chlorite (Fig. 2-1 D). With the exception of one serpentinite, alteration
minerals constitute about 5 to 25 % of the dunites and consist predominantly of tremolite, minor
talc, phlogopite, and serpentine, with subordinate apatite. The alteration minerals locally form
large irregular shaped aggregates up to 10 mm in size that are interstitial to olivine. These are
largely composed of tremolite, magnetite, and talc. However, in some instances, orthopyroxene is
found in these interstitial areas, being replaced by tremolite. In addition, a mesh texture is present
in the dunites forming networks of serpentine which cross cuts other metamorphic minerals and is

a late alteration characteristic.

Olivine-clinopyroxenites occur as two types; hydrous and anhydrous. Excluding secondary
minerals, the anhydrous ol-clinopyroxenites contain 70 to 85 % clinopyroxenite, 15-30% olivine,
and less than 1 % chromite. Minor pargasite, phlogopite, and plagioclase occur locally (Fig. 2-1
E). Clinopyroxene grains are 0.5 to 3 mm in size and have highly irregular grain boundaries
ubiquitously inundated by orthopyroxene. These grains have extensive inclusions of chromite
approximately 1 pm in size (Fig. 2-1 E), giving the grains a brownish colour in transmitted light.
In addition, clinopyroxene has exsolved abundant orthopyroxene (Fig. 2-1 E). Orthopyroxene also
forms large poikiloblastic crystals up to 2 mm in size (Fig. 2-1 F) and usually rims both
clinopyroxene and olivine. Rarely, less than 10 pm inclusions of pargasite are hosted in
clinopyroxene grains (Fig. 2-1 E). Chromite also occurs as inclusions in olivine with similar

characteristics as those in the dunites. Inclusions in olivine that host chromite usually also contain
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pargasite, orthopyroxene, and phlogopite. Although lath like inclusions occur in olivine in these

samples, none are large enough to accurately identify.

Hydrous ol-clinopyroxenites have been altered to tremolite, talc, phlogopite, and magnetite, to the

extent that up to 80% of the samples consist of these minerals. Olivine is being replaced by

. 1{_‘ '-;‘;; ~,W e s L R

Fig. 2-1. Representative transmitted light (TL) and back-scatter electron (BSE) images for samples from
the TUC. A) TL image of a large olivine grain in a dunite sample with inclusions of tremolite, chromite,
phlogopite, and chlorite. White circles show areas that are “cloudy” from elongate micro inclusions
discussed in text and in C. B) BSE image of A. C) TL image of elongate micro inclusions in olivine.
Inclusions are tremolite, chromite, and magnetite. D) BSE image of subhedral unzoned chromite with
chlorite laths. E) BSE image of clinopyroxene (light lamellae) exsolving orthopyroxene (dark lamellae)
and chromite (white flecks). F) BSE image of large poikiloblast of orthopyroxene containing inclusions
of clinopyroxene and rimmed by plagioclase and pargasite. G) TL image of olivine in hydrous ol-
clinopyroxenite samples being cross cut by phlogopite and tremolite. H) TL image of amphibolite sample
largely composed of tremolite and clinopyroxene. I) TL image of hornblende gabbro sample consists of
hornblende and plagioclase. Minor blebs of quartz occur in this sample. Abbreviations: Ol — olivine, Chr
— chromite, CPX — clinopyroxene, OPX — orthopyroxene, Tr — tremolite, Phl — phlogopite, Chl — chlorite,
Hb — hornblende, Qz — quartz, and PI — plagioclase.
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alteration minerals (Fig. 2-1 G). Relic clinopyroxene is now replaced by tremolite, which
pseudomorphs the exsolution lamellae. In addition, clinopyroxene occurs as aggregates of grains
0.2 to 1.5 mm in size, with irregular grain boundaries lacking exsolution lamellae. Clinopyroxene
lacking exsolution lamellae often has extensive inclusions of tremolite, phlogopite, magnetite, and

minor orthopyroxene and, thus, is secondary after these minerals.

Amphibolites consist of approximately 95 % tremolite, 5 % clinopyroxene, and minor apatite (Fig.
2-1 H). The grain size of tremolite is variable between 0.5 and 2.5 mm and grain boundaries exhibit
~120° triple junctions (Fig. 2-1 H). Clinopyroxene occurs in groups of grains that are 0.2 to 0.7
mm across and have straight and sharp grain boundaries with adjacent tremolite. Clinopyroxene

lacks orthopyroxene exsolution. In addition, apatite forms aggregates of grains that are 0.2 to 0.5
mm in size.

The hornblende gabbros consist of 55 to 80 % hornblende, 20 to 45 % plagioclase, and minor
quartz. Grain boundaries between hornblende and plagioclase are sutured. Both minerals have
grain sizes of 0.5 to 10 mm. Where hornblende has a high modal proportion, grain boundaries
between adjacent grains of this mineral are polygonal. Both hornblende and plagioclase contain
inclusions of each other. Quartz occurs as small blebs that are less than 50 um across in hornblende

crystals (Fig. 2-1 1).

2.3.2 Mineral chemistry

Mineral chemistry of the TUC is tabulated in Appendix 1. The Mg # (Mg/(Mg+Fe)) of olivine in
the dunites range from 81.3 to 84.0 and are lower in the ol-clinopyroxenites, ranging from 77.5 to
81.7. Similarly, the concentration of NiO in olivine is generally higher in the dunites (0.34 to 0.47
wt%) and lower in the ol-clinopyroxenites (0.23 to 0.39 wt%). The concentration of MnO in olivine
is invariant between dunites (0.24 to 0.40 wt%) and ol-clinopyroxenites that have a mostly
anhydrous mineralogy (0.27 to 0.30 wt%). However, in ol-clinopyroxenites, in which amphibole
has extensively replaced precursor phases, the MnO concentration of olivine is very high, from
0.86 to 1.38 wt%. In addition, the lowest olivine Mg # and concentration of NiO in olivine of all
the samples is in the hydrous ol-clinopyroxenites (Fig. 2-2). These mineral-scale variations do not
extend to a whole-rock scale where anhydrous and hydrous ol-clinopyroxenites have similar

major- and trace-element characteristics (Appendix 2).
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Oxides in the TUC are dominated by Cr-rich spinel (chromite) variably rimmed by magnetite.
Where present, magnetite rims are generally narrow (less than 5 um). However, when in contact
with amphibole, chlorite, or phlogopite, the magnetite proportion of the grains may be large or the
chromite may be completely replaced by magnetite. In the dunites, chromite cores have Fe*
numbers (molar Fe**/Mg + Fe?") of 0.87 to 0.94, Fe** numbers (molar Fe*"/Al + Cr + Fe*") of 0.21
to 0.39, and Cr numbers (molar Cr/Al + Cr) of 0.72 to 0.91 (one outlier excluded and Fe*" was
calculated as in Droop (1987)). In the ol-clinopyroxenites chromite compositions show significant
variations depending on the proportion of secondary amphibole present. In samples that have a
nearly anhydrous mineralogy, chromite cores have Fe?" numbers of 0.79 to 0.83, Fe** numbers of
0.09 to 0.12, and Cr numbers of 0.57 to 0.61. In contrast, oxides in the ol-clinpoyroxenite samples
with a high modal proportion of amphibole are mostly ferrichromite with Fe** numbers of 0.93 to
0.99, Fe*" numbers of 0.44 to 0.99, and Cr numbers of 0.87 to 1. Between all samples Cr numbers
covary with Fe*" numbers (Fig. 2-3). Relative to Eastern Pacific Rise MORB chromites, those of
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Fig. 2-2. Forsterite vs NiO content in olivine for samples from the TUC, ISB, Ujaragsuuit nunat layered
intrusion, peridotite enclaves in the IGC, and West Greenland cratonic mantle. Sources are as follows:
ISB from Dymek et al. (1988) and Szilas et al. (2015); West Greenland mantle from Bernstein et al.
(2013); IGC cumulate enclaves from Rollinson et al. (2002); IGC mantle enclaves in the IGC from Friend
et al. (2002).
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Fig. 2-3. Average chromite cores from each sample and average magnetite from the TUC normalized
to MORB spinel from Page and Barnes (2009).

the TUC display enrichment in TiO2, ZnO, MnO, CoO, Fe;03, and FeO and depletions in Al,O3

and MgO (Fig. 2-4).
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The pyroxene compositions of rocks from the TUC classify as diopside and clinoenstatite (Fig. 2-
5). Clinopyroxenes from anhydrous ol-clinopyroxenite samples have lower Mg #’s (0.80 to 0.90)
and higher TiO2 (0.11 to 0.25 wt%) and Al,O3 (1.45 to 2.24 wt%). Clinopyroxene from hydrous
ol-clinopyroxenites have high Mg #’s (0.90 to 0.93) and low TiO2 (0.02 to 0.05 wt%) and Al,O3
(0.12 to 0.26 wt%). The clinopyroxenes from the amphibolites have Mg #’s from 81 to 82, and
similar TiO> (0.03 to 0.06 wt%) and Al>O3 (0.27 to 0.3 wt%) to clinopyroxenes from the hydrous

ol-clinopyroxenites.

Orthopyroxene occurs in ol-clinopyroxenites as an exsolution phase, reaction coronas on olivine
and clinopyroxene, as a poikiloblastic phase. It occurs rarely in dunites as an interstitial phase
partially replaced by amphibole. In the ol-clinopyroxenites, two populations of orthopyroxene
exist with high En contents ranging from 78 to 81 and low En contentsranging from 67 to 70 (one
outlier excluded) (Fig. 2-5). These correspond to higher and lower Mg/Fe ratios in the
clinopyroxenes from which the orthopyroxene exsolved. Secondary orthopyroxene, forming
reaction coronas and poikiloblastic phases, have higher Wo components than exsolved
orthopyroxene (Fig. 2-5). In addition, orthopyroxene in the dunites has the highest En contents of
all orthopyroxenes in the TUC ranging from 83 to 84.
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CPX - Hydrous samples 50
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Amphibolite

O CPX
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> P> EO

Pigeonite

5
Clinoenstatite K
En / M — S

50

Fig. 2-5. Classification of pyroxenes from the TUC based on a portion of the Mg-Fe-Ca quadrilateral
triangle of Morimoto (1988).
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2.3.3 Major-element geochemistry

The major-element geochemical data is given in Appendix 2. The whole-rock geochemistry of the
TUC largely reflects that of the mineral constituents which characterize the samples. The dunites
(n=7) have a high concentration of refractory elements MgO (37.6 to 41.5 wt%), FeO (12.5to 15.2
wt%), Ni (1794 to 2865 ppm), and Cr (4508 to 16545 ppm) and low SiO> (40.5 to 45.6 wt%), CaO
(1.04 to 2.88 wt%), Al>Os3 (1.18 to 1.63 wt%), and TiO2 (0.10 to 0.14 wt%).

The ol-clinopyroxenites have significantly less MgO (17.8 to 23.7 wt%) than the dunites, a gap
which separates the dunites from the other lithologies of the TUC (Fig. 2-6). In addition, the ol-
clinopyroxenites have lower FeO (8.07 to 9.90 wt%), Ni (437 to 810 ppm), and Cr (1384 to 4274
ppm) and higher SiO> (50.8 to 53.1), CaO (13.2 to 15.5 wt%), Al203 (1.56 to 2.66 wt%), and TiO>
(0.12 to 0.25 wt%).

Relative to the ol-clinopyroxenites, amphibolites (n=2) have similar CaO (13.8 and 14.1 wt%)),
lower MgO (17.1 and 18.5 wt%), Ni (397 and 423 ppm) and Cr (1398 and 1816 ppm) and higher
Si0; (53.5 and 54.5 wt%), AlO3 (2.51 and 3.29 wt%), and TiO2 (0.26 and 0.28 wt%). There is
some overlap between the ol-clinopyroxenites and amphibolites, in that one of the ol-

clinopyroxenites (565467) is similar to amphibolites (Figs. 2-6 and 2-7).

Relative to the amphibolites, the hornblende gabbros (n=2) have lower SiO> (52.6 and 52.7 wt%),
MgO (9.77 and 13.7 wt%), and CaO (10.0 and 11.2 wt%) and higher FeO (11.7 and 12.0 wt%),
ADOs3 (7.33 and 11.7 wt%), Ti1O2 (0.45 and 0.71 wt%), Ni (177 and 324 ppm), and Cr (446 and
739 ppm).

Fig. 2-6. Whole rock MgO vs major elements in the TUC samples compared with mineral chemistry and data
from the literature for ISB, mantle enclaves in the IGC, West Greenland cratonic mantle, and clinopyroxenite
cumulates from arc environments. Where not classified as tholeiitic or boninitic, samples from the ISB have
been grouped into these affinities based on (Gd/Yb)pm and/or Al,O3/TiO; ratios discussed in text. The green
star is the most magnesian rich olivine measured in this study and the orange star is an analysis of
clinopyroxene in this study furthest from orthopyroxene exsolution lamellae. Red and Blue arrows are from
MELTS modelling discussed in text. The gap in MgO in the cumulates is due to the rapid transition from
olivine accumulation (high MgO) to clinopyroxene accumulation (lower MgO) in the model. Data sources
are as follows: for the ISB from Dymek et al. (1988), Rosing and Rose (1993), Polat et al. (2002), Polat et al.
(2003), Polat and Hofmann (2003), Frei and Jensen, (2003), Komiya et al. (2004), Furnes et al. (2009), Jenner
et al. (2009), Hoffmann et al. (2011), Rizo et al. (2013), and Szilas et al. (2015); Mantle enclaves in the IGC
are from Friend et al. (2002); clinopyroxenite cumulates from Himmelberg and Loney (1995), Helmy and
Mahallawi (2003), Jagoutz and Schmidt (2012), Li et al. (2013), and Tilhac et al. (2016); West Greenland
cratonic mantle from Wittig et al. (2008).
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In the dunites MgO and CaO are negatively correlated, however, other elements in these samples
do not covary with MgO (Fig. 2-6). Between the ol-clinopyroxenite, amphibolite and hornblende
gabbros there is an inverse relationship between MgO and FeO, AlOs, TiO;, and NaO, and

positive relationship between MgO and CaO. In addition, there is a positive relationship between

MgO, Ni, and Cr between all samples.
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2.3.4 Trace-element geochemistry

The trace element geochemical data is given in Appendix 3. Most samples from the TUC have
primitive mantle normalized trace-element patterns that are characterized by depletions in high
field strength elements (HFSEs) relative to rare earth elements (REEs), enrichments in Th relative
to Nb, and fractionated REEs such that light REEs (LREESs) are enriched relative to heavy REEs
(HREEs) (Fig. 2-7). In some samples, LREEs are fractionated such that PUM-normalised
abundances of Nd are greater than La. With some overlap, the dunites tend to have the lowest
concentrations of trace elements, followed by ol-clinopyroxenites, amphibolites, and hornblende

gabbros.

One hornblende gabbro sample does not have negative Th, Hf, or Zr anomalies, and is
characterized by a slightly negatively sloped trace-element pattern, enriched in LREEs and with
negative Nb and Ti anomalies. In addition, sample 565462, a serpentinite from a narrow shear
zone near the edge of the TUC, displays Zr, Hf, and Nb enrichment and depletions in LREE and
Eu relative to other samples, and shows inconsistent behavior in plots of Zr and Hf vs Al,Os (Figs.
2-7 and 2-8), which are characteristics of samples in the ISB that have suffered significant
alteration by COz-rich fluids (Polat and Hofmann, 2003). In addition, sample 565455 (a dunite)
plots towards the serpentinite, and these samples have likely undergone significant alteration (Fig.
2-8). In addition to these samples, dunite 565453 is adjacent to an intrusive pegmatite vein and has
enriched Ta, Nb, and HREE, which are not characteristic of any other samples in the TUC, and
hence this sample is characterized as altered. As such, these samples have been excluded from any

petrogenetic interpretations.

In plots of Al,O3; vs REESs, dunite, ol-clinopyroxenite, and amphibolites show good correlations
(Fig. 2-8). However, hornblende gabbros fall away from such trends. Thorium and Nb are
generally poorly correlated with Al,Os. Plots of A1,O3 vs TiO; are well correlated, and, with the

exception of altered samples, so are Hf and Zr with ALOs.

32



TUC Cumulates vs. Mantle

10 ¢ 10
r : ISB Cumulates
w Altered Dunite w N
A —_ .
c c "
(30} 1+
= =
v v
> >
2 B
E1 E
A j -
o o
~ =~
o O
3 e [ WERMS WY |- Tholeiitic
3 Dunite = ¥ -~~~ Boninitic
0.1 L L L 1 L L s L L L s - L s L " s L L 001 1 Il 1 I Il I 1 1 1 1 1 .‘ : 1 fi i I 1
Th Nb La Ce Pr Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Ho Er Yb Lu Th Nb La Ce Pr Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Ho Er Yb Lu
10 10
@ Amphibolite & Eoarchean Mantle Enclaves
= =
o c
(] [0}
= |
g s 1t
El E |
& a
‘B- Ol-Clinopyroxenite En 0.1 ¢
= a
€ £
o [y}
(75} W
0 l L il L L L I L L L L I L 1 L I L 1 L O 01 L L L L 1 I 1 L L L L 1 1 L I 1 1 1
" ThNblaCePr SrNdzr HiSmEu Ti GdTb Dy Ho Er Yo Lu ' Nbla Ce Pr SrNd Zr Hf smEu Ti Gd Tb Dy Ho Er Yb Lu
100 ¢ 100
o L - West Greenland Cratonic Mantle Xenoliths
= =
c N
° © 10
= Hornblende Gabbro = L
v u
= >
E =
£ 10 - .\ — € 1
= F =
[N <
L )
o a 0.11L
E E
L‘g g A7 %
1 L L L L I L 1 L 1 L I L 1 1 L L L 0 01 L ' L L L L L L L ' ' L L L L ' ' L
Th Nb La Ce Pr Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Ho Er Yb Lu ! Th Nb La Ce Pr Sr Nd Zr Hf Sm Eu Ti Gd Th Dy Ho Er Yb Lu
Fig. 2-7. Primitive mantle normalized trace element patterns for samples from the TUC, ISB, mantle

enclaves form the Saglek-Hebron block of the North Atlantic craton, IGC mantle encalves, and West
Greenland cratonic mantle. Data source are as follows: ISB from Szilas et al. (2015); Saglek-Hebron area
from Ishikawa et al. (2017); IGC from Friend et al. (2002); West Greenland cratonic mantle from Wittig et
al. (2008) Primitive mantle values from McDonough and Sun (1995).

2.3.5 Platinum group element geochemistry

Platinum group element data are given in Appendix 4. Iridium group PGEs (IPGEs) behave as
compatible elements in the TUC rocks (Fig. 2-9), having the highest concentration in the dunites
(n=5; Os; 6.2+ 5.0 ppb, Ir; 4.8 £ 4.5 ppb, Ru; 13.8 = 9.0 ppb) followed by ol-clinopyroxenite (n=4;
Os; 1.65 0.7 ppb, Ir; 1.2 £ 0.6 ppb, Ru; 4.4 £ 1.3 ppb), amphibolite (n=2; Os; 0.28 and 0.29 ppb,
Ir; both at 0.31 ppb, Ru; 0.98 and 1.71 ppb), and hornblende gabbros (n=1; Os; 0.12 ppb, Ir; 0.17
ppb, Ru; 0.28 ppb). In contrast, platinum group PGEs (PPGEs) and Re show little variability
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between dunites, ol-clinopyroxenites, and amphibolites in the TUC. The dunites have Pt of 2.4 +

Hf (ppm)

Fig. 2-8. Plots of Al,Os vs trace elements in the TUC. Data sources for boninitic and tholeiitic fields are
the same sources as in Fig. 2-6. Solid and dashed grey arrows are modelled cumulate and melt discussed in
text. Both modelled cumulate and melt were extrapolated through the three stages of fractional
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crystallization. Partition coefficients and methods for the model are given in Appendix 6.
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1.9 ppb, Pd of 0.76 £ 0.46 ppb, and Re of 0.02 £ 0.01 ppb; the ol-clinopyroxenites have Pt of 0.34
+ (.17 ppb, Pb of 0.47 £ 0.21 ppb, and Re of 0.02 £ 0.01 ppb; the amphibolites have Pt of 0.03
and 0.87 ppb, Pd of 0.15 and 0.21 ppb, and Re of 0.004 and 0.009. Platinum group PGEs in the
hornblende gabbro sample are relatively enriched compared with other samples, with Pt of 4.2

ppb, Pd of 5.1 ppb, and Re of 0.177 ppb.

Dunite, ol-clinopryoxenite, and amphibolites from the TUC display inter-element PGE
fractionation such that primitive mantle normalized abundances are characterized by positive Ru
anomalies and an enrichment in IPGEs relative to PPGEs (Fig. 2-10). Positive Ru anomalies in
some samples are likely due to Cr-based interferences (Appendix 5). In contrast, the one
hornblende gabbro sample analyzed displays relatively flat primitive mantle normalized [-PGE
patterns and IPGE abundances that are depleted relative to PPGEs (Fig. 2-10). In addition, most
samples in the TUC are characterized by a depletion in Pt relative to Pd (Fig. 2-10).

2.3.6 Re-Os isotopes and model ages

Re-Os isotope systematics within the TUC and associated rocks (Table 2.2) vary systematically
with lithofacies. The dunites have the lowest '¥70s/!*0s (0.109 to 0.114) and '3’Re/!*30s (0.003
to 0.039) ratios. The ol-clinopyroxenites have ¥70s/!®80s from 0.112 to 0.123 and '¥’Re/!*0s
from 0.044 to 0.174. The amphibolites have '3’0s/!%30s of 0.115 and 0.126 and '®’Re/!'%30Os of
0.079 and 0.152. The one hornblende gabbro sample measured has a '*’70s/!%30s of 0.904 and

187Re/!880s of 7.79, much more radiogenic than the other samples.

Ratios of '#70s/!®0s are moderately radiogenic relative to estimates for primitive upper mantle
(PUM) (Meisel et al., 2001; Becket et al., 2006) at 3.8 Ga. The average yOs; values for the dunites
is 7.4 + 1.3, for the ol-clinopyroxenites is 7.6 + 1.2, for the two amphibolites measured is 8.1 and
14, and for the hornblende gabbro is 286.
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Fig. 2-9. MgO vs PGEs samples from the TUC and, for comparison, data from the literature for the Isukasia
region. Sources are as follows: ISB cumulates from Szilas et al. (2015), and Rizo et al. (2016); Saglek-
Hebron mantle enclaves from Ishikawa et al., (2017); IGC mantle enclaves from Bennet et al. (2002) and
van de Locht et al., (2018). Only data from PPGE depleted peridotites south of the ISB are shown from van
de Locht et al., (2018). In addition, only PPGE depleted lithospheric mantle peridotites are shown from
Ishikawa et al., (2017). Note: there are no published data for the whole rock content of both MgO and PGEs
for samples from the Ujaragssuit nunat layered intrusion.
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Table 2. 2 — Summary of the Re-Os abundances and isotopic data from the TUC whole rock analyses.

Sample (p(:sb) 20 abs. (pRpeb) 20 abs. ®7Re/'%80s Abs.2c '®70s/'%80s  Abs. 20 yOs* Azb:' (:lr;\:) (:Ur:n)
Dunite
565452 15.61 0.08 0.0095 0.0004 0.0031 0.0003 0.10906 0.00007 6.79 0.07 2.87 2.85
565470 4.65 0.03 0.0193 0.0104 0.0206 0.0108 0.11037 0.00008 6.96 0.70 2.81 2.67
565471 2.72 0.03 0.0150 0.0006 0.0277 0.0022 0.1140 0.0001 10.03 0.18 2.33 2.18
565472 1.30 0.02 0.0100 0.0005 0.0392 0.0043 0.1113 0.0001 6.65 0.30 2.81 2.55
565455 6.77 0.04 0.0476 0.0015 0.0342 0.0013 0.11071 0.00007 6.42 0.11 2.85 2.63
Ol-clinopyroxenite
565451 2.66 0.03 0.0421 0.0009 0.0774 0.0019 0.1144 0.0002 7.20 0.24 2.60 2.13
565450 1.82 0.02 0.0164 0.0004 0.0439 0.0012 0.1119 0.0002 6.96 0.20 2.74 2.46
565467 0.59 0.02 0.0205 0.0005 0.1742 0.0083 0.1233 0.0003 9.73 0.60 1.51 0.89
565469 1.53 0.02 0.0151 0.0004 0.0497 0.0014 0.1119 0.0002 6.62 0.24 2.78 2.46
Amphibolite
565464 0.29 0.02 0.0090 0.0003 0.152 0.011 0.1262 0.0002 13.99 0.72 0.76 0.49
565466 0.28 0.02 0.0044 0.0002 0.0790 0.0058 0.1153 0.0003 8.06 0.48 2.45 2.00
Hornblende Gabbro
565463 0.12 0.01 0.1768 0.0038 7.79 0.95 0.904 0.003 285.82 61.05 5.99 N/A

Estimates for PUM are from Meisel et al. (2001) and Walker et al. (2002). Decay constant used from Selby et al. (2007).
*Relative to PUM at 3.81 Ga.
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2.4 Discussion

2.4.1 Mineral chemistry — discerning primary and secondary effects

The mineral chemistry of the TUC has largely been affected by a redistribution of elements on a
hand-sample scale. All olivine grains contain inclusions of tremolite, phlogopite, chromite, and
magnetite which indicate a prograde metamorphic origin for the olivine (Dymek et al., 1988;
Peltonen, 1990). Olivine from other ultramafic lithologies in the Isukasia region are not considered
to reflect primary compositions, but rather compositions that re-equilibrated with alteration phases
during metamorphism (Dymek et al., 1988; Szilas et al., 2015). Such metamorphic re-equilibration
may result in an increase or decrease in the forsterite content of olivine in altered rocks (Dymek et
al., 1988; Peltonen, 1990; Szilas et al., 2015). In addition, increases in NiO in olivine are the result
of the lower affinity of NiO for amphibole relative to olivine (Peltonen, 1990). Indeed, the high
NiO at low forsterite contents of the olivines observed in the TUC dunites are high relative to
phanerozoic cumulates (Fig. 2-2). In addition, high MnO contents of olivine, similarly found in
the TUC hydrous ol-clinopyroxenites (1.1 + 0.2 wt%), have been attributed to prograde
crystallization of olivine after serpentine in picritic basalts (Peltonen, 1990). However, MnO
contents in olivines from other TUC lithologies (0.27 + 0.04 wt%) are in the range of igneous
olivines (e.g. Simkin and Smith, 1970). It is difficult to assess if any of the geochemical
characteristics of the TUC olivines are preserved from the primary olivine compositions. More
likely, much of the present-day composition of the olivine in the TUC is the product of whole-rock
Mg # (Fig. 2-11), the partitioning of Fe and Mg between olivine and other Fe-Mg minerals, and

the temperature of metamorphic equilibration.

Despite its advantage as a petrogenetic indicator, the chemistry of chromite in the peridotites of
the TUC has largely been altered by secondary processes. Comparing the composition of chromite
in the TUC to the igneous and mantle compositional trends of Barnes and Roeder (2001), variations
in Fe?", Fe*", and Cr are inconsistent with either igneous or mantle processes. The TUC chromite
compositional variations differ from chromite analyses from the Ujaragssuit nunat layered
intrusion peridotites which have been interpreted as retaining igneous signatures (Rollinson et al.,
2002) (Fig. 2-3). Instead, TUC chromite compositions likely indicate sub-solidus equilibration
with olivine of low forsterite content at low temperature (Fig. 2-3). The low MgO and Al,O3 and
high TiO2, ZnO, MnO, CoO, Fe,>03, and FeO in the chromite cores, relative to, for example, eastern
pacific MORB chromites (Fig. 2-4), is considered to reflect metamorphic equilibration with
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Fig. 2-11. The olivine forsterite contents in the dunites largely reflecting whole rock Mg #’s.

hydrous phases followed by chromite recrystallization (Gervilla et al., 2012; Colas et al., 2014).
The result of this process is manifest in the major- and trace- element patterns characterizing the
chromites of the TUC (Fig. 2-4), and also accounts for the presence of chlorite inclusions in
otherwise homogeneous chromite (Fig. 2-1 D). Finally, magnetite rims on these chromite grains
indicate further late alteration by oxidizing fluids. From these results, it is evident that, in the TUC
peridotites, the composition of the original magmatic chromite has been obliterated by

metamorphic processes and cannot be used as a petrogenetic indicator.

There are two types of clinopyroxene in the TUC ol-clinopyroxenites and amphibolites; those
which have exsolved orthopyroxene plus oxides and those that lack exsolution lamellae and
commonly contain inclusions of alteration phases, such as tremolite and phlogopite.
Clinopyroxene without exsolution lamellae only occurs in hydrous ol-clinopyroxenites and
amphibolites and is characterized by low Al,Os3 at a given Mg # (Fig. 2-12). The very low Al,O3
is uncharacteristic of most mantle or igneous clinopyroxene, however, such low Al>O3, as well as
low TiO; concentrations are found in secondary clinopyroxene closely associated with amphibole

in metasomatized mafic and ultramafic igneous rocks (Fig. 2-12). As these compositions are a
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hallmark of the clinopyroxenes in the hydrous ol-clinopyroxenites of the TUC that have high
modal amphibole, they are interpreted as metamorphic in origin and related to the recrystallization
of the clinopyroxene and exchange of these elements between clinopyroxene and replacive

amphibole.

Clinopyroxene with orthopyroxene exsolution lamellae only occur in anhydrous ol-
clinopyroxenites. The exsolution of orthopyroxene and oxides from clinopyroxene is a feature both
of slowly cooled magmatic rocks (Poldervaart and Hess 1951; Maeda et al., 2002; Zhu et al., 2017)
and those that have experienced granulite-facies metamorphism (Liu et al. 2003). Calculated
temperatures of clinopyroxene-orthopyroxene exsolution pairs, using the thermometer of Brey and
Kohler (1990), gives a narrow temperature range of between 745 and 774 °C. Considering the
Ca0-Si0,-MgO-H2O system (Spear, 1993), this would be consistent with metamorphic
equilibration of the mineral assemblage of anhydrous ol-clinopyroxenites; olivine, enstatite, and
diopside. However, many of the peridotites in the TUC show olivine and tremolite to be in
equilibrium and lack orthopyroxene, suggesting an upper temperature limit of ~700 °C. An
exception is a single dunite sample that has orthopyroxene partially consumed by tremolite,
perhaps indicating that the forsterite-tremolite assemblage was retrogressed from granulite-facies

conditions. In addition, regional metamorphism is thought to have not exceeded amphibolite facies
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Fig. 2-12. Mg # vs Al>O3 in clinopyroxene for rocks of the TUC. Also, shown are the fields for secondary
clinopyroxene in igneous mafic and ultramafic rocks (Dungan, 1979; Maeda et al., 2002), metasomatic
mantle clinopyroxene (Coltorti et al., 1999; Franz et al., 2002; Simon et al., 2003; Pivin et al., 2009; Sun et
al., 2012), and clinopyroxenes from mid-ocean ridge layered gabbros (Maeda et al., 2002), Arc
clinopyroxenite cumulates (Himmelberg and Loney, 1995; Ma et al., 2016), ophiolite clinopyroxenite
cumulates (Elthon et a., 1982; Parlak et al., 1996; Koga et al., 2001), and mantle peridotite xenoliths (Simon
et al., 2003; Harvey et al., 2012).
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metamorphism (Nutman et al., 2002). These results are speculative, in part because they depend
on the presence of H>O in the system. The modal mineralogy of the anhydrous ol-clinopyroxenites
is similar to that expected in from igneous processes considering the major-element composition
of these samples (see section 2.4.2), and the composition of the clinopyroxenes may not
significantly differ from a precursor pyroxene, if one existed. If the Mg # of the clinopyroxenes in
the TUC are reflective of primary processes, a cumulate origin for clinopyroxenites is most

plausible.

2.4.2 Constraints on the origin of the TUC — partial melting or crystal accumulation

It has been suggested that some massive peridotite enclaves within the IGC are relics of Eoarchean
lithospheric mantle (Nutman et al., 1996; Friend et al., 2002), i.e., residues from partial melting,
while other layered peridotite enclaves have been interpreted to be of a cumulate origin (Rollinson
et al., 2002; Appel et al., 2002; Coggon et al., 2015). The geochemistry of the TUC is far too
evolved to imply that the enclave, as a whole, is a fragment of unmodified mantle material as the
whole rock Mg#’s are more fertile than estimates of primitive mantle (cf. Pearson et al., 2004, and
references therein). However, being surrounded by more evolved rocks of the IGC and having a
complex metamorphic history does not preclude that some areas of the TUC were derived from
alteration of pristine mantle and this possibility is evaluated below on the basis of major-, trace-,

and platinum-group element geochemistry.

Major-element systematics of peridotite enclaves in the IGC, interpreted as Eoarchean mantle, as
well as other peridotites in the ISB, that are interpreted as cumulates, are very similar to each other,
with the compositions of both overlapping with the composition of the dunites in the TUC for most
elements (Fig. 2-6). However, those enclaves interpreted as lithospheric mantle have low FeO
contents relative to the dunites of the TUC and some ISB ultramafic cumulates (Fig. 2-6). In their
review of serpentinites, Deschamps et al. (2013) find that serpentinization causes only minor
variations in FeO and MgO contents relative to the precursor rocks and so the elevation in FeO is
unlikely to be due to this process. However, some increase in FeO in abyssal and subduction-
related peridotites can occur via melt/rock interaction (Deschamps et al., 2013). Increases in FeO
are also observed in melt metasomatized mantle xenoliths (Bodinier et al., 1990; Weyer and lonov,
2007; Wittig et al., 2008). However, with the exception of some extreme cases, FeO enrichment

via melt/rock interactions with mantle rocks does not produce the exceptionally high FeO content
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found in the dunites of the TUC (Fig. 2-13). In contrast, such elevated FeO contents (>12 wt%)
are a common characteristic of cumulate dunites (Szilas et al., 2015) (Fig. 2-13). In addition, very
few mafic rocks in the Isukasia area have FeO contents higher than those in the TUC (Fig. 2-6).
The high proportion of mixing between primitive mantle and these basalts needed to generate the

high FeO in the TUC dunites would result in a rock more similar to the basalts than the dunites.

To further evaluate a cumulate origin for the rocks of the TUC, hypothetical cumulates and melts
resulting from fractional crystallization were modelled using the MELTS package (Ghiorso and
Sack, 1995; Asimow and Ghiorso, 1998) (Fig. 2-6). The model parameters were set to 3 kbar
pressure, FMQ of +1, and a starting composition of the least altered tholeiitic picritic basalts of
Polat and Hofmann (2003) with 3.6 wt% H2O. The H>O content of the melt was set to saturation
(3.6 wt% H20) as this is the approximate minimum H>O required to produce clinopyroxenite
cumulates, and the pressure of 3 kbar is the minimum pressure required to dissolve this amount of
H>O in the melt. The modelling was evaluated at various oxygen fugacities from FMQ -2 to FMQ
+3. However, there are only slight variations in the results at different oxygen fugacities. An
oxygen fugacity of FMQ+1 was chosen to be the approximate middle ground between modern
MORB, ocean-island basalts, and island-arc basalts (cf. Ballhaus et al., 1990), and is consistent
with the estimated parental melt composition of some >3.8 Ga cumulate peridotites enclaves in
the IGC (Rollinson, 2002). The normalized starting composition of the modelled melt at the
liquidus temperature of 1390 °C, 3 kbar, and +1 FMQ is given in Table 2.3. The model is only
considered for a mass fraction of crystallization of 0.4. Initially olivine and minor chromite are
precipitated to a mass fraction of ~0.28. This is followed by crystallization of clinopyroxene and

minor Cr-rich magnetite to a mass fraction of ~0.12.

Table 2. 3 Normalized starting composition of the picritic basalts used in the MELTs modelling.

Oxide SiO2; TiO; ALOs Fe;O3 FeO MnO MgO CaO Na,O K.O NiO Cr,03 HO

Wt% 47.00 068 7.88 259 988 0.18 1835 881 048 006 01 036 3.6

The model fits well with the major-element composition of the TUC (Fig. 2-6) in that the dunites
can be produced as olivine/chromite cumulates with minor interstitial melt. In terms of Al>O3,

TiO,, SiO2, and FeO, three ol-clinopyroxenites appear to be clinopyroxenite cumulates with
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Fig. 2-13. MgO vs FeO content for mantle peridotites and cumulate dunite compared to the dunites from
the TUC. Sources: Cumulate dunites from Day et al., (2008), Jagoutz and Schmidt (2012), Wang et al.,
(2013), and Li et al., (2013). On and off craton mantle xenoliths from Pearson et al., (2004) and Harvey et
al., (2012), respectively. Metasomatised Fe-rich mantle xenoliths from Bodinier et al., (1990) and lonov et
al., (2005). Serpentinized peridotites from Deschamps et al., (2013). NAC peridotite xenoliths from Wittig
et al. (2010).

variable olivine, and the amphibolites and one ol-clinopyroxenite plot with clinopyroxene
cumulates. It must be noted that the MELTs modelling does not produce olvine-clinopyroxene
cumulates resulting a large gap in MgO between largely olivine cumulates and clinopyroxene
cumulates (Fig. 2-6). The reason for this is unknown, as ol-clinopyroxenite cumulates exist in the
nature (e.g. Himmelberg and Loney; 1995; Day et al., 2008; Li et al., 2013). However, this may
indicate some limitations to the MELTs program. The hornblende gabbros have compositions
similar to melts resulting from the fractional crystallization of the cumulate sequence and/or with
mafic rocks from ISB, and these are interpreted to be crystallized melt.

The similarity of the major-element composition of these samples to previously studied,
geographically proximal volcanic rocks combined with their compositions being explicable as

modelled cumulates and melts for most major elements, provides strong evidence against a melt
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modified mantle origin for the TUC. Instead, the dunites, ol-clinopyroxenites, and amphibolites
are interpreted to be of cumulate origin. This origin also explains well the high Cr content of the
dunites, which ranges to values far higher than typical cratonic mantle (Fig. 2-6) and is consistent

with igneous chromite accumulation.

Archean mantle material and cumulate peridotites from the North Atlantic craton have a high
degree of variability in both relative and absolute trace-element abundances (Fig. 2-7) and this
may imply that many of these rocks have altered trace-element characteristics. Indeed, due to their
lower trace element concentrations and the susceptibility of olivine and pyroxene to low pressure
metasomatism, ultramafic rocks exhibit greater degrees of alteration and trace element variability
than mafic to felsic rocks (Gruau et al., 1996, Frei et al., 2002, 2004; Wittig et al., 2008; Szilas et
al., 2015). This is further evaluated in section 2.4.3 based on a cumulate model for the TUC. In
addition, the trace-element characteristics that define the TUC (HFSE depletion, LREE
enrichments, and negatively sloped HREEs) are found in both postulated mantle enclaves and
cumulates (Fig. 2-7). Despite probable alteration, variations in LREEs relative to HREEs have
been used to imply a residual mantle origin for ultramafic enclaves in the IGC (Friend et al., 2002;
Rollinson, 2007). However, ultramafic cumulate lithologies in the IGC overlap with those of
postulate mantle lithologies when investigating LREE enrichment relative to HREEs (Fig. 2-14).
Thus, it is unlikely that REEs offer unequivocal constraints on a cumulate or residual mantle origin
for ultramafic enclaves in the IGC, and therefore these elements are not further considered for this

purpose here.

Primitive mantle normalized PGE abundances of cumulate rocks can be PPGE enriched or
depleted relative to IPGEs, whereas depleted mantle lithologies are typically PPGE depleted (Fig.
2-10). The TUC are depleted in PPGEs and therefore resemble either cumulates or depleted mantle
(Fig. 2-10). Differences in IPGE characteristics between PPGE depleted cumulates and
lithospheric mantle material (Fig. 2-10) may allow cumulate and mantle peridotites to be
differentiated. As IPGEs are resistant to alteration, they are ideal for petrogenetic interpretation in
ancient metamorphosed rocks (Szilas et al., 2015). As noted by Ishikawa et al. (2017), there is a
large range in IPGE abundances in cumulates whereas mantle peridotites tend to have a limited
range from approximately primitive mantle normalized abundances and lower (Fig. 2-10). In

addition, relative IPGE abundances in mantle rocks show little variability, whereas in cumulates
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these are highly variable, typically with negative Ir anomalies and positive Ru anomalies (Fig. 2-
10) (Ishikawa et al., 2017). In these aspects the dunites, ol-clinopyroxenites, and amphibolites of
the TUC resemble cumulates, as they have a large range of absolute and relative IPGE abundances
(Fig. 2-10). The primitive mantle normalized PGE abundances of the hornblende gabbro sample
are PPGE enriched relative to IPGEs and the pattern is consistent with a melt the has undergone

fractional crystallization (e.g. Philipp et al., 2001; Woodland et al., 2002; Dale et al., 2012).

Combining FeO abundances with variation in IPGEs may offer a unique constraint for
differentiating between mantle and cumulate origins for dunite/harzburgite rocks in metamorphic
terranes (Fig. 2-15). In this way the variable IPGE abundance in the TUC dunites, combined with

their high FeO content strongly implies that these samples are of cumulate origin.
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Fig. 2-14. REE Classification diagram for mantle enclaves from Rollinson (2007). Data sources are as
follows: SW Greenland mantle xenoliths from Wittig et al. (2008 and 2010); Abyssal peridotites are from
Niu (2002); IGC mantle enclaves are PPGE depleted samples from south of the ISB of van de Locht et al.
(2018); Mantle enclaves from the Saglek-Hebron block are from Ishikawa et al. (2017); ISB cumulates are
from Szilas et al. (2015). Primitve mantle (PM) normalization values are from of McDonough and Sun
(1995)
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Fig. 2-15. A plot of FeO vs Ir/(Os+Ir+Ru) partially separating mantle and cumulate peridotites. Data
sources are as follows: SW Greenland peridotite xenoliths from Wittig et al. (2008 and 2010); IGC mantle
enclaves are PPGE depleted samples from south of the ISB of van de Locht et al. (2018); Mantle enclaves
from the Saglek-Hebron block are from Ishikawa et al. (2017); Cumulates are from Day et al. (2008), Li et
al., 2013, Wang et al. (2014), and Szilas et al. (2015 and 2017).

2.4.3 Trace element alteration characteristics

The Isukasia area has been subject to multiple phases of deformation and metamorphism up to at
least amphibolite-facies conditions (Gruau et al., 1996; Frei et al., 2002; Nutman et a., 2002; Cruz
et al., in prep), resulting in metasomatism that, in some cases, has extensively modified the trace-
element compositions of the rocks in the region (e.g. Rosing and Rose, 1993; Rose et al., 1996;
Rosing et al., 1996; Myers, 2001; Frei et al., 2002; Boyet et al., 2003). Presumably the TUC has
experienced a similar alteration history. Previous studies of igneous rocks from the Isukasia region
have concluded that fluid mobile elements, K, Na, Rb, Ba, Sr, Pb, U, are generally subject to
significant mobilization in rocks that may be otherwise unaltered (Dymek et al., 1988; Polat et al.,
2002; Polat and Hofmann, 2003; Hofmann et al., 2011; Szilas et al., 2015) and therefore these

mobile elements are not considered here.

To assess the degree to which the concentration of less mobile trace elements in the TUC reflect
crystal accumulation or alteration characteristics, the trace element variation in a hypothetical
cumulate and resulting melt was modelled (Fig. 2-8). The methods, calculations, and partitioning

coefficients used are given in Appendix 6. In the model, three stages of accumulation were used
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1) olivine, 2) olivine and clinopyroxene, and 3) clinopyroxene. Trapped interstitial melt was
estimated to be the amount of initial melt needed to account for the average Al,O3 in the dunites
(~12 %). For most trace elements, this accumulation and melt-trapping model fits well with trace-
element variations in the TUC. However, LREEs tend to be significantly more enriched in the
samples than in the modelled results. This is consistent with results from studies on the assessment
of trace element mobility in rocks from the ISB (Dymek et al., 1988; Polat et al., 2002; Polat and
Hofmann, 2003; Frei et al., 2002), in which LREEs were found to be more mobile than most other
trace elements considered here. That the HREE and HFSE distribution in the TUC mirrors that of
the modelled results, and that many studies in the Isukasia region find that these elements are
relatively immobile during alteration (e.g. Dymek et al., 1988; Polat et al., 2002; Polat and
Hofmann, 2003; Szilas et al., 2015) indicates little significant redistribution of these elements in
the TUC. In addition, the primitive mantle normalized trace-element patterns of these rocks are
consistent and coherent between lithologies (Fig. 2-7), a characteristic typically associated with

low degrees of alteration (Polat, et al., 2002).

2.4.4 Nature of the parent melts

In the Isukasia region, mafic and ultramafic magmatic rocks are classified as having either
boninitic or tholeiitic affinities (Polat and Hofmann, 2003; Furnes et al., 2009; Jenner et al., 2009;
Szilas et al., 2015). A useful parameter for distinguishing the two groups of rocks is the Al>O3/TiO»
ratio, which, if above 30, designate boninitic affinities whereas values below 30 denote tholeiitic
affinities. The samples from the TUC have a narrow range of Al,O3/TiO;ratios of 12 + 2, a strong
indication of a tholeiitic affinity for these rocks. In addition, mafic and ultramafic rocks in the
Isukasia region with either boninitic and tholeiitic affinities are readily distinguishable in plots of
AL O3 vs trace-elements (Fig. 2-8). Samples from the TUC plot with tholeiitic-like rocks from the
Isukasia region (Fig. 2-8). Relative to the boninitic-like rocks, tholeiitic-like samples from the
Isukasia region and samples from the TUC are enriched in REEs and HFSEs and have high
(Gd/Yb)pm ratios. The two groups of rocks are best distinguished on a plot of Al2O3/TiO2 and
(Gd/Yb)pm (Fig. 2-16), in which samples from the TUC are clearly defined as tholeiitic. Thus, the
TUC likely formed from a melt that was similar in composition and origin to basalts with tholeiitic

affinities in the Isukasia region.
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Although Al/Ti ratios and trace elements can readily be used to distinguish between TUC cumulate
lithologies with tholeiitic and boninitic affinities, most major elements in the TUC cumulates are
not systematic enough to do so. For the dunites, this is largely because, with the exception of
AL O3, peridotites of boninitic and tholeiitic affinities in the Isukasia region with greater than 35
wt% MgO, have very similar major-element compositions (Fig. 2-8). This may reflect the
mineralogical control on MgO, FeO, and SiO; by olivine. Other elements may be controlled by
trapped interstitial melt, and some of these (CaO and Na>O) do not significantly differ between
boninitic and tholeiitic basalts in the Isukasia region (Fig. 2-8). The Al/Tiratio is distinctive in that
both elements are likely controlled by trapped interstitial melt in cumulate dunite lithologies and
have significantly different concentrations between boninitic and tholeiitic basalts in the area (Fig.
8). Thus, in terms of major-element systematics, the dunites of the TUC can only be classified as

boninitic and tholeiitic on the basis of Al/Tiratios.

More problematic is that, with the exception of Al/Ti ratios, the major elements of the ol-
clinopyroxenites and amphibolites of the TUC cannot be used to define them as belonging to either

boninitic or tholeiitic suites. This is largely because clinopyroxenites have not previously been
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Fig. 2-16. Classification diagram after Jenner et al. (2009) for mafic and ultramafic rocks in the ISB. Data
sources for the ISB are as in Fig. 2-6. Normalization values from McDonough and Sun (1995).
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found in the ISB or peridotite enclaves in the IGC. The ol-clinopyroxenites and amphibolites plot
towards or within the field of clinopyroxenite cumulates from arc environments. Arc
clinopyroxenites are a possible affinity, as clinopyroxenites from other environments tend to be
enriched in ALO; (e.g. Qi et al., 1994; Garuti et al., 2001; Scoates et al., 2008), which is
uncharacteristic of similar rock types in the TUC. In addition, accumulation of clinopyroxene at
low pressure may require precipitation from a hydrous melt, as this lowers the plagioclase liquidus
relative to that of clinopyroxene (Gaetani et al., 1993). An interpretation in which the ol-
clinopyroxenites and amphibolites largely formed from the accumulation of clinopyroxene from a
hydrous melt can account for the overlap in some elements between these lithologies and the
boninitic field for peridotites in the area (Fig. 2-6). A boninitic affinity is not a characteristic of

the magmas which formed the TUC.

The hornblende gabbros of the TUC largely plot within the tholeiitic field for basalts in the area
(Fig. 8), consistent with the interpretation that samples of this lithology originated as crystallized

melts and the TUC formed from a melt with tholeiitic affinities.

Like the basaltic rocks of the ISB, hornblende gabbros and recalculated melts of the cumulates of
the TUC display evidence for arc-like affinities in the most commonly used trace-element
discrimination diagrams (Fig. 2-17). In the absence of evidence for extensive alteration of trace
element signatures in the TUC, increases in Th relative to other HFSE and negative Ta, Nb, and
Tianomalies are proxies for crustal input (Pearce, 2008). Crustal contamination may occur through
assimilation fraction crystallization, where the melt is contaminated by partial melts of a hydrous
basaltic country rock during emplacement (Pearce, 2008). This may be a possible interpretation
for the arc-like trace element signatures, as many of the ultramafic pods in the area have intruded
into possible oceanic crustal lithologies (cf. Chadwick and Crewe, 1986). Alternatively, such trace-
element signatures may have been genuinely produced in an arc-like environment - the typical
interpretation for rocks with these signatures in the Isukasia region (e.g. Nutman et al., 1996; Polat
et al., 2002; Jenner et al., 2009; Szilas et al., 2015). Although alternatives to generating arc-like
geochemical signatures have been proposed (e.g. Bedard, 2006), such models depend on the

delamination of anhydrous restites. If clinopyroxenite cumulates are abundant in the ultramafic
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Fig. 2-17. Hornblende gabbros and recalculated melts for cumulate rocks of the TUC on A. the Nb/Yb vs.
Th/Yb diagram of Pearce (2008), and B. Nb/Th vs. Zr/Nb discrimination diagram of Condie (2005). Also
shown are basaltic rocks of tholeiitic and boninitic affinities from ISB. Data sources for the ISB rocks are
the same as in Fig. 2-6. Partitioning coefficients used in recalculating the melts from which the TUC rocks
formed are as in Fig. 2-8. An interstitial melt of 12 % was assumed. Concentrations were modelled with
the equation: Cre=Csample/(F+0.88* Dineraimett), where C is the concentration of the element and D is the
partitioning coefficient of that element in the mineral. Recalculated melt compositions are in Appendix 6.

enclaves south of the TSB it remains unclear if such non-uniformitarian models can generate the

required H2>O to produce an extensive assemblage of clinopyroxenite cumulates.

2.4.5 Platinum group element geochemistry in Eoarchean cumulates

The ultramafic rocks of the TUC provide a rare opportunity to examine highly siderophile element
abundances and behavior in an Eoarchean magmatic system. The altered nature of many of the
TUC lithologies means that caution must be exercised in interpreting their behavior. Iridium group
PGE:s are largely immobile during alteration (Szilas et al., 2015). However, desulphurization by
oxidizing fluids can cause a loss of PPGEs during metamorphism (Szilas et al., 2015; Rizo et al.,
2016). Nonetheless, the melts of the TUC (hornblende gabbros) have high PPGE concentrations
and are enriched in PPGEs relative to IPGEs (Fig. 2-10), consistent with magmas produced via
fractional crystallization (e.g. Philipp et al., 2001; Woodland et al., 2002; Dale et al., 2012). The
cumulate lithologies (dunites, ol-clinopyroxenites, and amphibolites) are depleted in PPGEs and
enriched in IPGEs (Fig. 2-10), similar to some other peridotite cumulates in the southern West
Greenland (e.g. Coggon et al., 2015; Szilas et al., 2017). It is possible that the low PPGE
abundances in the TUC cumulates result from preferential loss of PPGEs during metamorphism.
However, both cumulates and melts of the TUC have been metasomatically enriched in LREEs
(Fig. 2-8), suggesting both experienced similar degrees of alteration. Alternatively, the low
abundance of PPGEs relative IPGEs in the cumulates of the TUC may be accounted for if the

magma was sulphide-undersaturated, and the abundances of PGEs in the TUC were controlled by
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the partitioning of PGEs into fractionating silicate and oxide phases, precipitating platinum group

minerals (PGMs), and trapped interstitial melt.

In sulphide-saturated silicate magmas, exsolved sulphide will scavenge almost all PGEs from a
silicate melt (Mungall and Brenan, 2014). Thus, to retain PGEs in cumulate rocks precipitated
from sulphide-saturated magmas, sulphide would need to be trapped in growing minerals or
interstitially. For all PGEs, the relative partition coefficients between sulphide and silicate melts
are approximately the same (Mungall and Brenan, 2014), and exsolved sulphides should reflect
the relative PGE abundances of the melt. Melts of the TUC (hornblende gabbro) are enriched in
PPGEs relative to IPGEs (Fig. 2-10), like Phanerozoic melts (e.g. Philipp et al., 2001; Pitcher et
al., 2009; Ireland et al., 2009; Hughes et al., 2015). Because the cumulate rocks of the TUC are
enriched in IPGEs relative to PPGEs, the abundances of these elements are unlikely to be
controlled by trapped sulphide, as such a characteristic is not consistent with inter-element PGE
abundances in magmatic rocks. Furthermore, PGE evolution in sulphide-saturated magmas results
in positively sloped primitive mantle normalized PGE patterns (e.g. Bezos et al., 2005; Dale et al.,
2008), whereas, evolved sulphide-undersaturated magmas tend to display a stepped pattern of low
abundances of IPGEs and a sharp increase in PPGEs (e.g. Woodland et al., 2002; Dale et al., 2012),
similar to magmatic rocks of the TUC (Fig. 2-10).

Further insight requires more stringent constraints from other elements. To obtain a
clinopyroxenite cumulate with the composition of that of the most evolved amphibolite sample
with MELTS (section 2.4.2) about 40 % fractional crystallization of a picritic basalt is required.
The high (Gd/Yb)pm ratio of the hornblende gabbro samples and recalculated melts of the TUC
(section 2.4.3) indicates that the source of the melt for the TUC originated in the garnet stability
field (see also Polat and Hofmann, 2003). At 1350 °C, garnet is stable in a fertile lherzolite
composition above about 23 kbar (Klemme and O’Neill, 2000). A greater than 20 kbar
decompression of basaltic melt, effectively doubles the sulphide content at sulphide saturation of
that melt (Mavrogenes and O’Neill, 1999). Thus, unless the TUC melt assimilated abundant

sulphide on route to surface, it is unlikely to have reached sulphide saturation.

The relative PGE abundance of the cumulate rocks of the TUC are similar throughout all
lithologies (Fig. 2-10) and hence the major phases controlling these elements are likely the same.

During fractional crystallization, IPGEs behave as compatible elements fractionating into early
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precipitating phases (Peck et al., 1992; Philipp et al., 2001; Putchel and Humayun, 2001; Coggon
et al., 2015; Gannoun et al., 2016). Indeed, IPGEs in the TUC behave compatibly, positively
correlating with MgO (Fig. 2-9). Iridium group PGEs are compatible in chromite (Coggon et al.,
2015; Page and Barnes, 2016; Arguin et al., 2017; Park et a., 2017), which can also host the PGM
laurite (Andrews and Brenan, 2002). The “zig-zag” primitive mantle normalized IPGE pattern of
the TUC cumulates (Fig. 2-10) are characteristic of both chromite (Park et al. 2017) and laurite
(Gannoun et al., 2016). Laurite requires a melt to be sulphide undersaturated but have high fS, and
an fO» of about QFM at magmatic temperatures between 1200 and 1250°C (Andrews and Brenan,
2002). Such an fO> has been suggested for the melt which precipitated the Ujaragssuit nunat
intrusion (Rollinson et al., 2002). However, differentiating between the contribution of laurite and
chromite to the abundances of PGEs in the TUC is not necessary as both have similar PGE patterns,

as discussed above, and commonly occur together.

Iridium group PGEs are also compatible in olivine with distribution coefficients of up to 3 (Brenan,
2003, 2005; Mungall and Brenan, 2014). In addition, PGMs are extremely insoluble in melts (Park
et al., 2017) and tend to crystallize with early precipitating phases during fractional crystallization
(e.g. Peck et al., 1992; Brenan and Andrew, 2001; Park et al., 2012, 2013 and 2017; Coggon et al.,
2015). Experimental evidence suggests that Pt is compatible in clinopyroxene (Righter et al.,
2004). However, Pt compatibility in clinopyroxene is unlikely to have affected the PGE

systematics of the TUC, as Pt is significantly more depleted in the cumulates relative to gabbros.

In contrast to IPGEs, PPGEs do not correlate with other elements and occur in low abundances in
the cumulate rocks of the TUC (Fig. 2-9). These elements are not compatible in olivine (Brenan,
2003, 2005) or chromite (Park et al., 2012 and 2017; Coggon et al., 2015; Arguin et al., 2016) and
are absent or in low abundances in laurite (e.g. Zaccarini et al., 2004). In addition, Pt and Pd are
more soluble in melts than IPGEs (cf. Mungall and Brenan, 2014). However, Pt-Fe alloys have
been found to co-precipitate early with olivine and chromite (e.g. Peck et al., 1992; Coggon et al.,
2015; Anguin et al., 2016), and may account for some elevated Pt in the dunites of the TUC.
However, excluding one anomalously PGE-rich sample and another with elevated Pt, PPGEs in
the other cumulate lithologies of the TUC can be accounted for by 4 to 15 % trapped interstitial

melt with the composition of the hornblende gabbros.
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In conclusion, the solubility of PGMs in the melt and partitioning of PGEs into fractionating phases
can account for the PGE abundances in the TUC. The dunites have the highest concentration of
IPGEs due to the partitioning of IPGEs into chromite, olivine, higher concentrations of PGEs in
the melt, and precipitation of PGMs. Decreasing abundances of IPGEs in the melt and the lower
modal abundances of olivine resulted in lower IPGE conents in the ol-clinopyroxenites and
amphibolites relative to the dunites. The fractionation of IPGEs into the early forming cumulates
depleted the melt in these elements, resulting in the low abundance IPGEs in the magmatic rocks
of the TUC (Fig. 2-10). Although platinum may have been somewhat depleted by the formation
of alloys, the lack of other significant host phases for Pt or Pd resulted in an increase in the

abundance of these elements relative to IPGEs in the melts of the TUC (Fig. 2-10).

2.4.6 Source PGE characteristics
As there is significant interest in whether the PGE systematics of the Eoarchean and Archean
mantle were different from those of the post-Archean mantle (e.g., Maier et al., 2009) a key aim

of this study is to try to constrain the nature of the source of the melts parental to the TUC.

The PGE characteristics of the TUC melt source are ultimately difficult to estimate due to the
fractionation of PGEs into precipitating phases as the melt travels towards the surface. Palladium
is the most soluble PGE (cf. Mungall and Brenan, 2014) behaving incompatibly even at high
degrees of fractional crystallization (e.g. Philipp et al., 2001; Pitcher et al., 2009; Dale et al., 2012).
This behavior is clear in the TUC, as Pd behaves incompatibly in the most evolved cumulates.
Hence the lithologies that best approximate melt compositions should be scrutinized instead. By
comparing the concentrations of Pd in the hornblende gabbro to those of modern basalts at similar
MgO contents (a proxy for the degree of fractional crystallization), some constraints can be placed

on the PGE content of the melt source.

The concentration of Pd in the hornblende gabbro is 5.0 ppb. Except for arc basalts and some LIPs
and OIBs, this concentration of Pd is high relative to Phanerozoic basalts with a similar MgO
content (Fig. 2-18 A). If mantle melting and fractional crystallization processes were similar in
the Eoarchean to that of today, any magmatic environment other than an arc, would imply that the
mantle from which the TUC magmas were derived had higher Pd contents relative to that of the

modern bulk silicate earth.
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The degree of fractionation of IPGEs from PPGEs in the TUC hornblende gabbro is high relative
to modern ocean island basalts and large igneous provinces (Fig. 2-18 B). Mid ocean ridge basalts
have low PGE contents relative to that of the hornblende gabbro (e.g. Bezos et al., 2005; Dale et
al., 2008), and this environment is not further considered here. The exceptionally low Ir/Pd ratios
in the hornblende gabbro may reflect preferential PPGE transport from subducted or delaminated
crustal components to the mantle source for the TUC (e.g. Woodland et al., 2002). As the
hornblende gabbros display evidence for crustal contamination (Fig. 2-17), this possibility is
implicated by these results. Alternatively, exogenous Pd may have been derived from assimilation
of sulphide from the oceanic crust into which the magmas of the TUC intruded. Even in this
scenario, the PGE systematics imply that the melt remained sulphide undersaturated which is

consistent with the relatively S-poor and PGE-poor nature of oceanic crust.

As only one mafic sample was analyzed here, future work is required to target gabbroic and
basaltic enclaves in the IGC, which are understudied and may yield additional information on the
HSE systematics of the Eoarchean mantle and geodynamic setting of the earlier crust of which the
TUC was a part. For now, the altered nature of these samples, their low melt fraction and their

possible crustal contamination make their use for estimating the PGE systematics of the early Earth

tenuous.
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Fig. 2-18. Box plots of absolute concentrations of Pd and Ir/Pd ratios for the hornblende gabbro from the
TUC and Phanerozoic basalts with MgO contents ranging from 7.5 to 12.5 wt%. Data sources are as
follows: LIP from Song et al. (2009), Hughes et al. (2015), and Arguin et al. (2016); OIB from Ireland et
al. (2009), Pitcher et al. (2009), and Day et al. (2009); Arc basalts from Woodland et al. (2002) and Dale et
al. (2012); MORB from Rehkamper et al. (1999), Bezos et al. (2005), and Dale et al. (2008).

2.4.7 Re-Os isotope constraints on the age and origin of the TUC

Following the reasoning of previous studies of ultramafic bodies in the IGC, we infer the minimum

age of 3.8 Ga for the TUC constrained by the age of the well-dated felsic IGC units in that area
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that intrude many of the ultramafic bodies (Nutman et al., 2002). Unfortunately, the Re-Os isotope
systematics of the TUC measured here do not lead to a simple age interpretation for the body.
Cumulate and magmatic rocks of the TUC scatter about a 3.8 Ga reference Re-Os isochron (Fig.
2-19) whose initial Os isotope composition is significantly more radiogenic than PUM at the
inferred >3.8 Ga age of these rocks (Fig. 2-19). As such, Tma model ages (Table 1) are young
relative to the gneisses which enclose the TUC. There are three possible explanations for the
modern Re and Os isotopic characteristics of the TUC: 1) Rhenium was higher in the protolith of
the TUC, relative to the Re content at present, generating radiogenic Os, and was subsequently
lost during metamorphism, in a way that did not totally disrupt the 3.8 Ga isochron slope. 2) The
melt which formed the TUC was enriched in '¥7Os relative estimates for PUM at 3.8 Ga. 3) The
TUC is a Mesoarchean intrusion in the IGC, rather than of Eoarchean age. If the latter scenario is
true, future work should should consider the possibility that other enclaves in the IGC, previously

considered to be Eoarchean in age, may be younger intrusions.

In the first scenario, the TUC would have to have been affected by a major metamorphic event in
which greater than 90 % of Re was systematically lost from most samples. The TUC has
experienced multiple metamorphic events, the most significant likely being the ~3.0 Ga regional
amphibolite-facies event (Gruau et al., 1996; Frei et al., 2002; Cruz et al., in prep). Magmas derived
from an undepleted upper mantle that formed at 3.8 Ga and, underwent a large scale Re loss at 3.0
Ga would require '®’Re/!#0s ratios of about 0.51 to 0.6 prior to metamorphism to produce the
current '870s/'*¥0s and '8’Re/'®®0s ratios for most low '8’Re/!®0s cumulate samples. For
cumulates of the TUC, this requires an initial Re content of between 0.03 and 1.9 ppb (sample
dependent), not outside the range found in peridotites of the Ujaragssuit nunat layered intrusion
(Rollinson et al., 2002; Coggon et al., 2015). However, this scenario requires the eight low
187Re/1880s samples that best fit this scenario to have roughly the same '®’Re/!38Os ratios in the
protolith. The Os contents for these samples ranges from 0.28 to 15.6 ppb. As Os behaves
compatibly and Re incompatibly during fractional crystallization (Ireland et al., 2009), it is
unlikely that the cumulate lithologies had similar initial '’Re/!®¥Os ratios prior to metamorphism.
So, while we think that such systematic loss of Re to preserve a 3.0 Ga isochron is unlikely, we
acknowledge that some of the scatter of the TUC samples about the 3.8 Ga reference isochron for
radiogenic initial Os compositions (Fig. 2-19) may be the result of much lower degrees of late

metamorphic Re redistribution.
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In the second scenario, the magma which formed the TUC cumulates had a high initial '3’0s/!%30s
ratio relative to estimates of PUM at 3.8 Ga. Modern mantle-derived melts with high '370s/!%¥0s
ratios may have a source enriched by the introduction of radiogenic Os to a mantle wedge via slab
dehydration (Brandon et al., 1996) or deep crustal recycling (Dale et al., 2009). Alternatively, the
melts may have been contaminated by crustal assimilation (e.g., Lassiter and Luhr, 2001). It is
necessary assess the potential for crustal contamination prior to making inferences about mantle
source characteristics or slab contributions to Os isotopic abundances in the melts which formed
the TUC. In addition, crustal assimilation in a layered intrusion can produce Re-Os isochron ages
consistent with the crystallization age of cumulates, but at highly radiogenic initial '*’0s/!*0s
(e.g. Schoenberg, et al., 1999). Crustal assimilation in modern mantle-derived melts can manifest
itself as an inverse correlation between Os and #70s/'®0s (Lassiter and Luhr, 2001). However, as
discussed above, Re is likely controlled by trapped interstitial melt in the TUC cumulates, which
results in relatively low and invariable Re contents through all the cumulate lithologies (Table 1).

In contrast, Os, which is controlled by cumulate phases, decreases with fractional crystallization.
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Fig. 2-19. '¥"Re/'®80s vs '*70s/'*0s plot for samples of the TUC, and cumulate and mantle peridotites in
the IGC, which, for cumulates, includes the ISB. Data sources are as in Fig. 2-10 with additional data from
Rollinson et al. (2002). The reference isochrons for the TUC were calculated using an initial '*’Os/'#0s
ratio back calculated from the '¥’Re/!38Os ratio of the least radiogenic TUC sample to 3.8 Ga. The primitive
upper mantle derived melts utilize modern values of '*’Os/'**Os from Meisel et al. (2001) and Walker et
al. (2002), back-calculated to the time of proposed interaction. The '®"Re decay constant use in the
calculations is from Selby et al. (2007).
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This causes Re/Os and, with time, '70s/!®®Os to be approximately proportional to 1/Os. Hence, in

cumulate igneous rocks, such a trend is not a definitive indicator of crustal assimilation.

A 3.8 Ga reference isochron for the TUC and hypothetical cumulates of PUM derived melts can
be projected onto a plot of 1/0s vs '¥70s/'#0s if a constant Re content is assumed (Fig. 2-20). The
cumulate lithologies of the TUC scatter about a reference isochron for a hypothetical cumulate
precipitated from a melt with a higher initial '¥’Os/!%8Os ratio at 3.8 Ga relative to PUM-derived
melts (Fig. 2-20). On such a plot, the effects of crustal assimilation on the cumulates from the
assimilating melt are difficult to estimate, because the age, concentration of Os, and '®’Re/!%%0s
and '870s/!%0s ratios of the potential crustal assimilant are unknown. Nevertheless, an attempt is
made to model this process to try to understand the general effects that it might have on the Re-Os
isotope systematics. A fractional crystallization-crustal assimilation model is used to produce 3.8

Ga pseudo-isochrons for hypothetical cumulates on a plot of 1/Os vs 1¥70s/!%0s (Fig. 2-20).
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Fig. 2-20. Fig. 2-20. 1/0s vs '870s/'™0s for samples of the TUC, and cumulate and mantle peridotites in
the IGC, which, for cumulates, includes the ISB. Data sources are as in Fig. 2-10, with additional data from
Rollinson et al. (2002) and Coggon et al. (2015). Also shown are reference isochrons for hypothetical 3.8
Ga cumulates precipitated from a melt with ¥70s/!#0s ratios of PUM at 3.8 Ga and of that back calculated
to 3.8 Ga of the least radiogenic sample in the TUC. The concentration of Re is held constant at 0.02 ppb,
the average of the cumulate rocks of the TUC, while Os varies. Values for PUM and the '*'Re decay constant
are as in Fig. 2-19. The dashed lines are the fractional crystallization-crustal assimilation model discussed
in text and in Appendix 7. They are numbered for different '8’Os/'*¥Os ratios of the crustal assimilant.
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Because many of the ultramafic enclaves in the area of the TUC are composed of oceanic
lithologies (Chadwick and Crewe, 1986), it is assumed the assimilant was a basaltic crust.
Calculated '#70s/!#0s at 3.8 Ga for basaltic rocks in the area are highly variable, ranging as high
as 13, with the wide range reflecting Re redistribution (Frei and Jensen, 2003; Frei et al., 2004;
Rizo et al., 2016). This variability offers no valid reference point for a crustal assimilant. The
Re/Os ratios of Phanerozoic basalts can range to values greater than 1000 (Gannoun et al., 2016),
and given a potential 500 Myr evolution time (the approximate difference between the oldest Pt-
Os model ages of the Ujaragssuit nunat layered intrusion (Coggon et al., 2013) and the age of the
host gneiss to the TUC), '¥70s/'®0s ratios may reach as high as 40 in such basalts. For these
reasons a broad range of '¥70s/!%30s was modeled, for various possible crustal assimilants, at a
constant 1% crustal assimilation (Fig. 2-20). Further details of the model are available in Appendix

7.

The modelled crustal assimilation drives the pseudo-isochrons of hypothetical cumulates of PUM-
derived melts to high '370s/!3¥Os ratios relative to the trajectory of the TUC peridotites and their
projected reference isochron (Fig. 2-20). It is possible that higher degrees of crustal assimilation
or a more radiogenic crustal assimilant can produce a melt with a high enough '#70s/!*0s ratio to
produce cumulates that replicate the high Os TUC cumulates. However, the TUC does not follow
the general trajectories of the modelled pseudo-isochrons, implying that if crustal assimilation is
responsible for the radiogenic Os isotopic compositions of the TUC, it was halted prior to the
formation of the cumulates. Such a process could be envisioned if the magma interacted with high
1870s/1880s lithologies during migration within the crust. Such lithologies may include chemical
or siliciclastic sediments (cf. Siebert et al., 2005; Ripley et al., 2008) or hydrothermally altered
basalts (Gannoun et al., 2016). In addition, “least altered” boninitic basalts (Polat et al., 2002) may
be a potential low '870s/!#0s lithology ('*’0s/'*¥0s at 3.8 Ga of 0.1+ 0.02 (Frei et al., 2004)) in
which to host the TUC and not affect the '#7Os/!%8Os ratio of the melt even if crustal assimilation
was continuing to occur. Alternatively, following crustal contamination of the melt, in some
layered intrusions, crystal accumulation on the margins of intrusions may seal and buffer the

fractionating magma from further crustal contamination (Day et al., 2008).

Additional radiogenic Os may be added to the TUC when the enclave was entrained in the host

gneiss. However, using the Os content (0.006 ppb) and '¥70s/!%¥Os ratio (3.6) of the most
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radiogenic Archean tonalite of Putchel et al. (2016), there is no resolvable difference in
hypothetical cumulates from PUM-derived melts unless this style of contamination reaches greater
than 20 % addition of tonalitic melt to the cumulates. Even at such high mass fractions of crust
addition, the effect will only be evident in cumulate rocks with ~1 ppb Os or less. Such a scenario

cannot account for the radiogenic Os isotopic composition of the high Os cumulates of the TUC.

Although the above model scenario implies specific conditions for crustal assimilation to account
for the more radiogenic Os isotopic nature of the TUC, relative to PUM, such conditions are
plausible. Furthermore, late Re redistribution likely caused variations in '®’Re/!%30s vs '370s/!%80s
space, as is suggested by the scattering of the TUC lithologies about the 3.8 Ga reference isochron
(Fig. 2-19), obscuring some earlier Os isotopic variations. Thus, differentiating between
contributions from the mantle source, slab melting or dehydration, and those from crustal
assimilation to the Os isotopic composition of the TUC is not possible. However, it seems clear
from the above considerations that if the TUC formed before the host gneiss, the initial '#’Os/!*0s

ratio of the melts was moderately high relative to PUM.

In the third scenario, the TUC represents a Mesoarchean intrusion into the IGC. This contrasts
with studies on other enclaves in the area that have Re-Os and Pt-Os systematics which constrain
the age of some of the enclaves to be at least as old as the surrounding crustal gneisses (Rollinson
et al., 2002; Coggon et al., 2013 and 2015). In addition, many of the ultramafic enclaves are
intruded by the host gneiss (Chadwick et al., 1983). The TUC displays many of the same
characteristics as other ultramafic enclaves in the area (Chadwick and Crewe, 1986), such as,
concentric metasomatic zonation and a pod-like shape. These characteristics are possibly related
to events that may be older than the 2.8 Ga model age of TUC (Chadwick and Crewe, 1986).
However, this is speculative, as the age of these features is not well constrained (Chadwick and

Crewe, 1986).

If the TUC represented a Mesoarchean intrusion it would likely be associated with the collision of
the Kapisilik terrane, with the southern edge of the IGC in the Isukasia region at ~3.0 Ga (Nutman
et al., 2015). The Kapisilik is thought to have collided with and partially overridden the gneisses
south of the TSB (Nutman et al., 2015). Thus, in that scenario the TUC would have intruded the
IGC in a forearc setting. This provides a plausible Mesoarchean tectonic event in the which the

TUC may have intruded.
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In summary, unfortunately, the Re-Os isotope systematics of the TUC do not provide definitive
constraints on its age and evolution. The enrichment in '¥’Os of the cumulate rocks within it may
be due to crustal assimilation during migration of the melts within the crust or the addition of Re
or may represent the introduction of radiogenic Os to the mantle source from the dehydration or
partial melting of subducted or delaminated crust. Alternatively, Re-Os model age systematics
could be interpreted as implying a possible Mesoarchean rather than Eoarchean age for the TUC
rather than Eoarchean. To resolve this issue, it is suggested that future work targets multiple

enclaves in the IGC which may clarify some of these issues.

2.5 Conclusions

The principal finding of this study is that the TUC largely formed by crystal accumulation. Major-
element variations can be convincingly modelled via crystal accumulation, and the high FeO
content of the dunites strongly argues against a mantle restite origin for these rocks. Similarly,
trace-element patterns for relatively immobile elements track well with the proposed crystal
accumulation melt trapping model. In addition, the wide variations in platinum group elements

appear to be best explained by accumulating silicate, oxide, and PGM phases.

Concluding that the TUC is largely composed of ultramafic cumulates poses some difficulty in
using this complex to constrain early plate tectonic processes and mantle source PGE
characteristics because melt source characteristics must be inferred from partition coefficients. For
lithophile/REE elements and HFSE:s this is less problematic as most of the HFSE and HREE are
hosted in the trapped melt phase of the cumulates. Hence, uncertainty in the partition coefficients
of these elements is relatively insignificant in estimating the recalculated melt compositions. In
contrast, this error is much larger for the PGEs due to uncertainties in our knowledge of the
solubility of PGMs in melts and imprecision in the partition coefficients of PGEs into silicate and
oxide phases. Thus, in terms of PGEs, assessments of plate tectonic and mantle source
characteristics are restricted to Pd because this element would not significantly partition into

crystallizaiong phases during fractional crystallization of a sulphide-undersaturated melt.

The inter-element fractionations of the modelled parental magma to the TUC have arc-like
geochemical signatures. Although this signature may indicate that the complex formed in a
convergent margin setting, these characteristics may also have been inherited from crustal

assimilation and fractional crystallization. Distinguishing between these alternatives in Archean
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rocks is very challenging. Both scenarios can equally apply to Pd concentrations. The Pd
concentration of the calculated TUC parent melt is high relative to Phanerozoic intra-plate basalts
(Fig. 2-18). Alternatively, the high Pd may have been inherited from crustal assimilation of
sulphide.

The radiogenic Os isotopic composition of the TUC offers limited insight into evaluating the origin
of geochemical signatures that appear to suggest an arc-like setting for the TUC. Many modern
and ancient layered intrusions tend to have high yOs values due to crustal assimilation (e.g.
Schoenberg et al., 1999; Marques, et al., 2003; Day et al., 2008). Alternatively, radiogenic Os
isotopic ratios in some primitive-subduction zone magmas cannot fully be accounted for by crustal
assimilation and require a mantle source with radiogenic Os possibly related to subduction zone
processes (e.g. Lessiter and Luhr, 1999; Woodland et al., 2002). However, given that many of the
enclaves in the IGC are basaltic and intruded by ultramafic sills (Chadwick and Crewe, 1986), the
likelihood of crustal contamination is high, and these results cannot be used with any confidence

to support the idea that the TUC formed in an arc-like setting.

The possibility that the high Pd contents and radiogenic Os isotopic ratios of the TUC likely result
from crustal contamination, complicates estimates for PGE contents in the melt source. It is unclear
whether the high Pd content in the hornblende gabbro is due to high abundances of PGEs in the
melt source, crustal assimilation, or arc-like volcanic processes. It seems unlikely that this is a
mantle source characteristic, as other rocks in the area suggest their source had similar or lower
PGE contents than the modern BSE (Bennett et al., 2002; Szilas et al., 2015; Rizo et al., 2016; van
de Locht et al., 2018) or less (Dale et al., 2017).

There is uncertainty in the partitioning of Re and Os between mantle and core during core
segregation (Walker et al., 2009). However, it has been suggested that Re may have been retained
in the mantle during core formation to greater extent than Os (Dauphas, et al., 2002). At ~3.8 Ga,
a source that had not received a chondritic late veneer, could have evolved to a highly radiogenic
Os isotopic composition imparting this characteristic to the maficultrmafic rocks in the IGC (Rizo
et al., 2016). This is observed in the Re-Os isotopic systematics of the TUC (Fig. 2-19 and 20).
However, other ultramafic enclaves do not have radiogenic Os isotopic compositions relative to
chondrites at ~3.8 Ga, outside the range that may be attributable to Re redistribution (e.g. Bennet
et al., 2002; Rollinson et al., 2002; Rizo et al., 2016). Thus, the radiogenic Os isotopic composition
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of the TUC is likely the result of crustal assimilation or arc-like volcanic processes rather than an
inherent feature of its mantle source. Furthermore, the more radiogenic Os isotopic composition
relative to less evolved nearby cumulate rocks (e.g. Rollinson et al., 2002; Coggon et al., 2015),
likely illustrates a significant effect of crustal assimilation on the TUC. Whether arc-like processes

contributed to the Os isotopic character of the TUC remains unclear.

The radiogenic Os isotopic composition of the TUC also results in uncertainty about the age of the
complex. Re-Os model ages suggest the TUC formed at ~2.8 Ga (Table 2.2). However, radiogenic
Os isotopic compositions are not uncommon in cumulate rocks in which the melts experienced
crustal assimilation fractional crystallization (e.g. Schoenberg et al., 1999; Marques, et al., 2003;
Day et al., 2008). In addition, data for the TUC scatter about a 3.8 Ga Re-Os reference isochron
(Fig. 2-19). Although, the excess scatter is likely the result of late Re redistribution, the data cannot
be differentiated from a 3 Ga reference isochron, due to the very low '®’Re/!38Os ratios. Thus, age

constraints from Re-Os isotopic systematics in these rocks are largely inconclusive.

Although the geochemistry of the TUC strongly implies the rocks originated as cumulates, in other
encalves composed of more MgO-rich rocks, differentiating mantle and cumulate lithologies
remains fraught with uncertainty, and the composition of the Eoarchean lithospheric mantle in the
Isukasia region is still unclear. A recent study by van de Locht et al. (2018) supports the contention
of Bennett et al. (2002), Friend et al. (2002), and Rollinson (2007) that some enclaves in the IGC
are composed of lithospheric mantle material. Perhaps, future studies should target these specific
enclaves to constrain the composition of the lithospheric mantle at ~3.8 Ga. Other ultramafic
enclaves originating as cumulates or crystallized melts may offer a unique opportunity to
understand the extent and effect of crustal contamination on magmatic rocks in the area. Finally,
these data could be applied to understanding whether crustal contamination occurred via slab
dehydration/partial melting or crustal assimilation and could be further used to place some

constraints on the Eoarchean tectonic regime operating in the Isukasia region.
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Chapter 3

Conclusions and Future Directions

3.1 Main Conclusions

This study has focused on one of the larger, until now unstudied ultramafic enclaves of the IGC
— the Tussaap ultramafic complex (TUC). The main conclusions of this study are as follows:

The geochemistry of the TUC strongly implies that the peridotites within it originated as
cumulates. Fractional crystallization models of both major and trace elements fit very well
with variations of these elements in the TUC (Figs. 2-6 and 8). In addition, PGE and Re-
Os isotopic systematics are consistent with a cumulate origin.

Interelement fractionation of trace elements, high Pd abundances, and Re-Os isotope
systematics suggest significant crustal contamination of the TUC parental melts. Whether
this was entirely the result of crustal assimilation or in part from arc-like volcanic processes
is unclear. In conclusion, there is no significant geochemical evidence to implicate arc-like
processes in the pretrogenesis of the TUC.

Cumulate processes and significant crustal contamination has obscured PGE systematics
that may have otherwise been used to estimate the abundance of PGEs in the parental melt
source of the TUC.

Furthermore, crustal contamination increased the '3’0s/!%80s ratio of the parental melts,
leading to anomalously '3’0s/!®0s high ratios in the TUC, and casting some doubt on the

the proposed Eoarchean age of the TUC.

3.2 Identifying Eoarchean lithospheric mantle

The positive identification of fragments of mantle rocks in Eoarchean crustal terranes has become

a critical goal in understanding early mantle geochemistry and, particularly, in trying to constrain

the continued flux of meteoritic material to Earth’s mantle long after it had formed (e.g., Morino

et al., 2017; Ishikawa et al., 2018; van de Locht et al., 2018). There are no explicit characteristics

that can be used to identify remnants of Eoarchean or Hadean mantle hosted in crustal rocks.

Because of this there is debate and uncertainty in what ultramafic constituents of the IGC

originated from partial melting or crystal accumulation (Dymek et al., 1988; Bennet et al., 2002;
Friend et al., 2002; Rollinson, 2007; Friend and Nutman, 2011; Szilas et al., 2015; van de Locht
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et al., 2018). The same uncertainty surrounds ultramafic enclaves in other Eoarchean terranes (e.g.

Morino et al., 2016; Ishikawa et al., 2018).

As the geochemical characteristics of the TUC peridotites constrain their origin to crystal
accumulation, a unique opportunity is available to evaluate discrimination diagrams used to
differentiate between crustally hosted Eoarchean lithospheric mantle and ultramafic cumulates. Of
interest is the ubiquitous use of the Al/Si vs Mg/Si weight ratio diagram as a rigorous
discrimination of these rock types (e.g. Friend et al., 2002; Rollinson, 2007; van de Locht et al.,
2018). However, olivine with varying forsterite contents and trapped interstitial melt, cumulate
dunites, and the TUC dunites cover the same range in Al/Si and Mg/Si ratios as postulated
Eoarchean mantle lithologies (Fig. 3-1). Thus, this diagram does not clearly differentiate cumulate

and mantle lithologies.
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Fig. 3-1. Al/Si vs Mg/Si weight ratio diagram commonly used in the literature as a discrimination diagram
for mantle rocks. Abyssal peridotites and mantle fractionation trend are from Rollinson (2007). Red and
blue arrows are olivine MORB mixing lines for different wt% MgO in the olivine. The olivine is assumed
to have 40 wt% SiO, and the length of the lines represents 0 to 20% mixing with MORB. MORB
compositions are from Bezos et al. (2005). Cumulate dunites are from Himmelberg and loney (1995), Day
et al. (2008), Jagoutz and Schmidt (2012), Li et al. (2013), Wang et al. (2014), and Szilas et al. (2017). The
IGC mantle enclaves are from Friend et al. (2002) and van de Locht et al. (2018). The Saglek-Hebron data
are from Ishikawa et al. (2018).
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Chromite chemistry, Cr# and Fe#, is also used to evaluate cumulate and mantle origins for
ultramafic rocks in the IGC (Friend et al., 2002; Rollinson, 2007). However, Cr# in chromites have
similar ranges between layered and massive peridotite enclaves in the IGC (Rollinson, 2007), and,
except for potential igneous trends, the Fe# in chromite appears to be controlled by equilibration
with olivine in the TUC, layered peridotites, and postulated mantle lithologies in the IGC (Fig. 2-
3). This implies that chromite chemistry is not a unique discriminator between ultramafic cumulate

and mantle material in the IGC or other ultramafic enclaves in Eoarchean terranes.

Rare earth element systematics have been used to determine the origin of ultramafic enclaves in
the IGC (Friend et al., 2002; Rollinson, 2007). However, the large variation and overlap of
primitive mantle normalized REE abundances of both cumulate and postulated mantle lithologies
in the IGC (Figs. 2-7 and 14) makes the use of these elements questionable for this purpose. In
addition, the ubiquitous disturbance of the Sm-Nd isotopic system in the area strongly implies that
LREEs were highly mobile during late Archean metamorphism (e.g. Gruau et al., 1996; Blichert-
Toff et al., 1999; Frei et al., 2002; Polat et al., 2003; Boyet et al., 2003). These findings are
consistent with REE systematics in the TUC that suggest that LREE have been mobilized in these
rocks. Thus, LREEs should not be used to identify mantle lithologies in the IGC. It is suggested
here that, given the uncertainty in the composition of the mantle in the Eoarchean, mantle material
should be identified by other means, and then trace element characteristics of the mantle at this

time can be assessed.

The inter-element distribution of PGEs has been used as a potential indicator of mantle or cumulate
lithologies (e.g. Locht et al., 2018). Primitive mantle normalized PPGE depletion relative to IPGEs
is not a definitive indicator of depleted mantle material as this signature is found in the TUC and
both mantle and cumulate lithologies in the IGC (Fig. 2-10). However, as noted by Ishikawa et al.
(2017), relatively flat IPGE patterns and consistent abundances may be used as evidence for a
mantle origin. This signature should be used in combination with the concentration of FeO in the
rocks, as this is elevated in most cumulate lithologies relative to cratonic mantle (Figs. 2-13 and

15).

Based on the combination of these geochemical indicators, we agree with Friend et al. (2002),
Rollinson (2007), and van de Locht et al. (2018), that some ultramafic enclaves south of the ISB

may be composed of lithospheric mantle material. The four samples of van de Locht et al. (2018),
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characterized as “group 1 peridotites south of the ISB”, are the most likely rocks studied thus far

to represent fragments of depleted mantle in the Isukasia region (Fig. 2-15).

3.2 Crustal assimilation: arc-like geochemical signatures and modern BSE like PGE
characteristics

Within the TUC suite the interelement fractionation of trace elements, Pd abundances, and Re-Os
isotope systematics, indicate some addition of crustally derived geochemical signatures to the
melts which formed the TUC. Whether this crustal contamination was entirely the result crustal
assimilation or, in part, derived from arc-like processes transferring the crustal signature in the
mantle remains unclear. Many studies in the Isukasia region have used trace element
characteristics in mafic and ultramafic rocks to infer arc-like volcanic processes (e.g. Polat et al.,
2002; Polat and Hofmann, 2003; Jenner et al., 2009; Nutman and Friend, 2009; Furnes et al., 2009;
Szilas et al., 2015; Polat et al., 2015). However, the results of this study suggest a further need to
evaluate crustal assimilation as a mechanism for producing arc-like geochemical signatures in the

arca.

Evaluating late veneer additions to the early mantle requires an understanding of the effects of
crustal assimilation on PGE abundances and Re-Os isotope systematics. Crustal assimilation can
result in contamination of melts with Pd and will elevate '870s/'#0s ratios making it difficult to
estimate mantle source PGE characteristics and their time-integrated evolution. The TUC has high
Pd and radiogenic '¥’0s/'®0s ratios implying that some crustal components were added to the
TUC melts. In contrast, other studies in the Isukasia region suggest that the source for many of the
melts in the area had modern BSE-like PGE abundances implying that their source was replenished
or partially replenished in PGEs by a late chondritic veneer (Bennett et al., 2002; Szilas et al.,
2015; Dale et al., 2016; Rizo et al., 2016; van de Locht et al., 2018). Unfortunately, the evolved
nature of the TUC offers little insight into this source characteristic for the melts. However, that
these other studies suggest modern BSE-like PGE characteristics for the source of most rocks in
the region, supports the case made here for the significant crustal contamination experienced by

the melt which formed the TUC.

3.3 Future Direction
In the exploration of mantle enclaves in the IGC, it appears that some enclaves south of the ISB

explored by van de Locht et al. (2018) are the best estimate for early Archean lithospheric mantle.
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These have limited trace element, PGE, and Re-Os isotopic data available, and no data from other
isotopic systems. Further studies of these enclaves may confirm the suggestion that they are in fact
mantle material, in addition to providing a fundamental platform for understanding the

composition of the lithospheric mantle in the area.

A complement to such studies would be the exploration of new ultramafic enclaves in the IGC in
the Isukasia region that would help in understanding the possible role of crustal assimilation, if the
enclaves originated as cumulates and underwent varying degrees of fractionation. In this latter
scenario, indices of crustal contamination may covary with '¥7Os/'®8Os ratios across multiple
enclaves possibly allowing for the extrapolation to a common source or, at least, a better
understanding the degree of crustal assimilation. In addition, the enclaves south of the ISB are
relatively underexplored and may yield additional Eoarchean mantle fragments. Finally, as far as
the author is aware, there are no geochemical studies of mafic enclaves in the Isukasia region south

of the ISB, and such studies would provide further insight into the nature of the early crust.
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Appendices

Appendix 1: Mineral Chemistry

Mineral Standards Used in Analyses

Mineral Olivine Chromite Clinopyroxene Orthopyroxene = Amphibole
SiO; Fo83 or F090.5 F090.5, Fo 83, or Dopside Enstatite Gore Garnet
Enstatite
TiO, Rutile IImenite Rutile Rutile Rutile
Zn0 Gahnite, Gahnite, Willemite, Gahnite or Gahnite or
Willemite, or or Sphalerite Sphalerite Sphalerite
Sphalerite
Al,O; Pyrope Pyrope Pyrope Pyrope Gore Garnet
Cr,03 Chromium Oxide  Chromium Oxide Chromium Chromium Chromium
Oxide Oxide Oxide
Vv Vanadium Metal  Vanadium Metal Vanadium Metal Vanadium Metal
Co Cobalt Metal Cobalt Metal Cobalt Metal Cobalt Metal
Ni Nickel Metal Nickel Metal Nickel Metal Nickel Metal Nickel Metal
MnO Spassertine Spassertine Spassertine Spassertine Spassertine
MgO Fo83 or F090.5 Fo83, F090.5, or Diopside Enstatite Diopside
enstatite
Cao Diopside Diopside Diopside Diopside Diopside
Na,O Albite Albite Tugtapite
K20 Sanidine
F Apatite
cl Tugtupite
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Olivine

Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#

Anhydrous Ol-

565451 CPXite 39.03 0.00 0.00 0.00 19.01 0.00 0.39 0.29 0.01 100.31 79.59
Anhydrous Ol-

565451 CPXite 39.02 0.00 0.01 0.00 19.16 0.09 0.39 0.29 0.01 100.49  79.44
Anhydrous Ol-

565451 CPXite 39.11 0.00 0.00 0.00 18.96 0.00 0.39 0.28 0.01 100.44  79.67
Anhydrous Ol-

565451 CPXite 39.08 0.00 0.01 0.00 18.95 0.06 0.40 0.28 0.01 100.36  79.64
Anhydrous Ol-

565451 CPXite 38.99 0.00 0.01 0.02 18.90 0.00 0.40 0.29 0.01 100.20  79.68
Anhydrous Ol-

565451 CPXite 39.40 0.00 0.00 0.06 18.55 0.03 0.40 0.28 0.01 99.11 79.67
Anhydrous Ol-

565451 CPXite 39.28 0.00 0.01 0.00 18.65 0.03 0.38 0.28 0.01 99.34  79.55
Anhydrous Ol-

565451 CPXite 39.28 0.00 0.00 0.00 18.71 0.04 0.39 0.28 0.01 99.43 7951
Anhydrous Ol-

565451 CPXite 39.06 0.00 0.00 0.00 18.78 0.03 0.37 0.29 0.01 99.24 7943
Anhydrous Ol-

565451 CPXite 39.01 0.00 0.00 0.00 18.82 0.04 0.39 0.28 0.01 99.23  79.39
Anhydrous Ol-

565451 CPXite 38.98 0.00 0.00 0.01 18.60 0.03 0.35 0.28 0.01 99.19  79.69
Anhydrous Ol-

565451 CPXite 39.04 0.00 0.00 0.00 18.59 0.03 0.36 0.28 0.01 99.18  79.67
Anhydrous Ol-

565451 CPXite 39.23 0.00 0.01 0.08 18.75 0.03 0.36 0.28 0.01 99.55  79.51
Anhydrous Ol-

565451 CPXite 39.24 0.00 0.00 0.00 18.55 0.03 0.37 0.28 0.01 99.36  79.71
Anhydrous Ol-

565451 CPXite 39.32 0.00 0.00 0.00 18.54 0.03 0.36 0.28 0.01 99.41 79.71
Anhydrous Ol-

565451 CPXite 38.71 0.00 0.00 0.00 18.52 0.03 0.36 0.28 0.01 98.74  79.72
Anhydrous Ol-

565451 CPXite 39.71 0.00 0.00 0.00 18.46 0.03 0.36 0.27 0.01 99.74  79.79
Anhydrous Ol-

565451 CPXite 39.11 0.00 0.00 0.01 18.52 0.03 0.36 0.27 0.01 99.26  79.76
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#

Anhydrous Ol-

565451 CPXite 39.11 0.00 0.00 0.00 18.56 0.03 0.35 0.27 0.01 99.34  79.75
Anhydrous Ol-

565451 CPXite 39.08 0.00 0.01 0.00 18.47 0.03 0.36 0.28 0.01 99.19  79.80
Anhydrous Ol-

565451 CPXite 38.93 0.00 0.00 0.00 18.48 0.03 0.36 0.28 0.01 99.07  79.81
Anhydrous Ol-

565451 CPXite 38.85 0.00 0.01 0.00 18.50 0.03 0.36 0.27 0.01 99.03  79.80
Anhydrous Ol-

565451 CPXite 39.17 0.00 0.00 0.00 18.53 0.03 0.37 0.27 0.01 99.47  79.81
Anhydrous Ol-

565451 CPXite 39.31 0.00 0.00 0.00 18.44 0.03 0.38 0.28 0.01 99.40  79.84
Anhydrous Ol-

565451 CPXite 38.97 0.00 0.00 0.01 18.42 0.03 0.36 0.28 0.01 99.03  79.84
Anhydrous Ol-

565451 CPXite 3891 0.00 0.00 0.07 18.48 0.03 0.36 0.28 0.01 99.01 79.75
Anhydrous Ol-

565451 CPXite 38.94 0.00 0.00 0.00 18.48 0.03 0.36 0.27 0.01 99.10  79.81
Anhydrous Ol-

565451 CPXite 39.06 0.00 0.01 0.02 18.69 0.03 0.36 0.28 0.01 99.29  79.56
Anhydrous Ol-

565451 CPXite 39.08 0.00 0.00 0.00 18.89 0.03 0.36 0.28 0.01 99.40  79.37
Anhydrous Ol-

565451 CPXite 39.11 0.00 0.02 0.00 18.79 0.03 0.37 0.29 0.01 99.47 7948
Anhydrous Ol-

565451 CPXite 39.01 0.00 0.01 0.00 18.82 0.03 0.36 0.29 0.01 9932 7943
Anhydrous Ol-

565451 CPXite 38.99 0.00 0.01 0.00 18.76 0.03 0.37 0.28 0.01 99.25  79.49
Anhydrous Ol-

565451 CPXite 39.14 0.00 0.02 0.00 18.78 0.03 0.36 0.28 0.01 99.47  79.50
Anhydrous Ol-

565451 CPXite 38.94 0.00 0.00 0.00 18.54 0.03 0.36 0.27 0.01 99.14  79.76
Anhydrous Ol-

565451 CPXite 38.88 0.00 0.00 0.00 18.65 0.03 0.35 0.28 0.01 99.21  79.67
Anhydrous Ol-

565451 CPXite 38.87 0.00 0.00 0.00 18.62 0.03 0.36 0.28 0.01 99.10  79.67
Anhydrous Ol-

565451 CPXite 39.11 0.00 0.01 0.00 18.78 0.03 0.37 0.28 0.01 99.51 79.53
Anhydrous Ol-

565451 CPXite 39.08 0.00 0.00 0.00 18.85 0.03 0.37 0.28 0.01 99.36  79.40
Anhydrous Ol-

565451 CPXite 39.07 0.00 0.00 0.00 18.92 0.03 0.37 0.29 0.01 99.38  79.32
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Sample Lithology SiO2 TiO> Zn0 Cr0s FeO CoO NiO  MnO Ca0O  Total Mg#
Anhydrous Ol-
565451 CPXite 38.74 0.00 0.00 0.00 18.79 0.03 0.37 0.29 0.01 99.04  79.47
Anhydrous Ol-
565451 CPXite 38.97 0.00 0.01 0.00 18.88 0.03 0.37 0.29 0.01 99.31 79.38
Anhydrous Ol-
565451 CPXite 39.10 0.00 0.01 0.00 18.88 0.03 0.37 0.28 0.01 99.51 79.39
Anhydrous Ol-
565451 CPXite 39.14 0.00 0.00 0.20 18.35 0.03 0.37 0.27 0.01 99.37  79.93
Anhydrous Ol-
565451 CPXite 39.16 0.00 0.00 0.02 18.81 0.03 0.38 0.29 0.01 99.49  79.46
Anhydrous Ol-
565451 CPXite 39.31 0.00 0.00 0.00 18.84 0.03 0.37 0.28 0.00 99.61 79.42
Anhydrous Ol-
565451 CPXite 39.32 0.00 0.00 0.00 18.84 0.03 0.38 0.29 0.01 99.64  79.42
565470 Dunite 39.62 0.00 0.00 0.02 16.37 0.00 0.35 0.28 0.01 99.67 8242
565470 Dunite 38.97 0.00 0.01 0.01 16.64 0.03 0.36 0.28 0.00 98.22  81.79
565470 Dunite 39.17 0.00 0.01 0.00 16.63 0.03 0.35 0.28 0.01 98.39  81.80
565470 Dunite 39.17 0.00 0.00 0.00 16.70 0.03 0.35 0.28 0.01 98.42  81.72
565470 Dunite 39.32 0.00 0.01 0.00 16.69 0.03 0.35 0.29 0.00 98.65  81.76
565470 Dunite 39.01 0.00 0.00 0.00 16.75 0.03 0.35 0.28 0.01 98.28  81.66
565470 Dunite 39.40 0.00 0.00 0.00 16.76 0.03 0.35 0.28 0.01 98.72  81.67
565470 Dunite 39.26 0.00 0.00 0.01 16.85 0.03 0.34 0.29 0.00 98.55  81.54
565470 Dunite 39.01 0.00 0.00 0.00 16.85 0.03 0.35 0.28 0.01 98.31 81.55
565470 Dunite 39.18 0.00 0.02 0.00 16.80 0.03 0.34 0.28 0.00 98.46  81.61
565470 Dunite 39.27 0.00 0.00 0.00 16.88 0.03 0.35 0.29 0.01 98.56  81.50
565470 Dunite 39.38 0.00 0.02 0.00 16.81 0.03 0.35 0.28 0.01 98.68  81.60
565470 Dunite 39.37 0.00 0.01 0.01 16.72 0.02 0.36 0.28 0.00 98.70  81.71
565470 Dunite 39.55 0.00 0.00 0.00 16.91 0.02 0.35 0.28 0.01 98.96  81.52
565470 Dunite 37.87 0.00 0.02 0.00 16.89 0.03 0.34 0.28 0.00 9726  81.53
565470 Dunite 39.29 0.00 0.02 0.00 16.89 0.03 0.34 0.28 0.00 98.66  81.53
565470 Dunite 39.44 0.00 0.01 0.00 16.86 0.03 0.35 0.28 0.00 98.94  81.60
565470 Dunite 39.38 0.00 0.00 0.03 16.67 0.02 0.35 0.28 0.01 98.76  81.80
565470 Dunite 39.23 0.00 0.00 0.00 16.82 0.02 0.35 0.28 0.00 98.79  81.68
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565470 Dunite 39.24 0.00 0.00 0.00 16.84 0.03 0.35 0.29 0.00 98.67 81.60
565470 Dunite 39.35 0.00 0.01 0.00 16.83 0.03 0.35 0.28 0.00 98.87 81.65
565470 Dunite 39.33 0.01 0.01 0.11 16.93 0.03 0.35 0.29 0.00 99.15 81.59
565470 Dunite 39.30 0.00 0.00 0.00 16.99 0.02 0.36 0.29 0.00 98.90  81.49
565470 Dunite 39.22 0.00 0.00 0.00 16.81 0.03 0.37 0.28 0.00 98.72 81.66
565470 Dunite 39.34 0.00 0.00 0.00 16.84 0.03 0.36 0.28 0.00 99.10  81.72
565470 Dunite 39.37 0.00 0.00 0.00 16.74 0.03 0.36 0.28 0.00 99.02 81.82
565470 Dunite 39.28 0.00 0.00 0.01 16.80 0.03 0.35 0.28 0.01 98.80  81.69
565470 Dunite 39.39 0.00 0.01 0.00 16.84 0.03 0.35 0.29 0.00 98.79 81.60
565470 Dunite 39.33 0.00 0.02 0.00 16.84 0.03 0.35 0.28 0.00 98.86  81.64
565470 Dunite 39.33 0.00 0.00 0.00 16.87 0.02 0.35 0.28 0.00 98.89 81.61
565470 Dunite 39.29 0.00 0.01 0.00 16.77 0.02 0.35 0.28 0.00 98.79 81.72
565455 Dunite 39.71 0.00 0.00 0.00 16.01 0.02 0.44 0.24 0.00 98.98 82.58
565455 Dunite 39.82 0.00 0.00 0.00 16.04 0.03 0.44 0.24 0.00 99.16  82.55
565455 Dunite 39.67 0.00 0.00 0.00 16.06 0.03 0.44 0.24 0.00 98.97 82.52
565455 Dunite 39.73 0.00 0.00 0.00 15.93 0.03 0.44 0.24 0.00 99.08 82.69
565455 Dunite 39.76 0.01 0.00 0.00 16.15 0.03 0.43 0.24 0.00 99.03 82.40
565455 Dunite 39.80 0.00 0.00 0.00 15.98 0.03 0.44 0.24 0.00 99.14  82.63
565455 Dunite 39.71 0.00 0.00 0.00 16.08 0.03 0.43 0.24 0.00 99.23 82.57
565455 Dunite 39.75 0.00 0.00 0.00 16.10 0.03 0.43 0.24 0.00 99.31 82.57
565455 Dunite 39.32 0.00 0.00 0.00 17.11 0.03 0.42 0.34 0.00 98.95 81.29
565455 Dunite 39.85 0.00 0.00 0.00 15.96 0.02 0.44 0.24 0.00 99.19 82.65
565455 Dunite 39.76 0.00 0.01 0.00 16.02 0.03 0.43 0.24 0.01 99.13 82.58
565455 Dunite 39.64 0.01 0.00 0.01 16.79 0.03 0.42 0.31 0.00 99.15 81.65
565455 Dunite 39.71 0.00 0.00 0.00 16.00 0.03 0.44 0.24 0.00 99.17 82.65
565455 Dunite 39.67 0.00 0.00 0.04 16.01 0.03 0.44 0.26 0.00 99.14  82.61
565455 Dunite 39.62 0.00 0.00 0.01 16.36 0.03 0.41 0.31 0.00 99.09 82.18
565455 Dunite 39.64 0.00 0.00 0.00 16.08 0.02 0.44 0.25 0.00 98.96  82.50
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565455 Dunite 39.55 0.00 0.01 0.00 16.05 0.02 0.44 0.24 0.00 99.04  82.59
565455 Dunite 39.45 0.00 0.01 0.00 15.95 0.03 0.44 0.24 0.00 98.91 82.71
565455 Dunite 39.68 0.00 0.00 0.00 15.97 0.03 0.44 0.24 0.00 99.11 82.67
565455 Dunite 39.40 0.00 0.00 0.01 18.07 0.03 0.16 0.39 0.01 99.09 80.19
565455 Dunite 39.60 0.00 0.01 0.00 16.53 0.03 0.44 0.27 0.00 99.12 82.00
565455 Dunite 39.48 0.00 0.00 0.01 16.10 0.02 0.44 0.24 0.00 99.03 82.55
565455 Dunite 39.55 0.00 0.01 0.00 16.03 0.03 0.44 0.24 0.00 99.01 82.61
565455 Dunite 39.49 0.00 0.00 0.00 15.96 0.03 0.44 0.23 0.00 98.79 82.64
565455 Dunite 39.18 0.00 0.00 0.00 16.16 0.02 0.43 0.27 0.01 98.61 82.43
565455 Dunite 39.36 0.00 0.00 0.01 16.10 0.03 0.43 0.25 0.01 98.77 82.50
565455 Dunite 40.05 0.00 0.00 0.01 15.94 0.03 0.46 0.24 0.00 99.45 82.69
565455 Dunite 40.10 0.00 0.00 0.00 16.00 0.03 0.46 0.24 0.00 99.62 82.66
565455 Dunite 40.00 0.00 0.00 0.03 15.96 0.03 0.46 0.25 0.00 99.47 82.69
565455 Dunite 39.99 0.00 0.00 0.01 15.97 0.03 0.47 0.24 0.00 99.52 82.69
565455 Dunite 40.05 0.00 0.00 0.00 15.83 0.03 0.47 0.24 0.00 99.40  82.81
565455 Dunite 39.93 0.00 0.00 0.00 1591 0.02 0.44 0.24 0.00 99.30  82.72
565472 Dunite 39.64 0.00 0.00 0.00 15.31 0.02 0.43 0.29 0.00 99.04  83.46
565472 Dunite 39.70 0.00 0.00 0.00 15.13 0.02 0.42 0.28 0.00 99.08 83.68
565472 Dunite 39.60 0.00 0.00 0.00 15.78 0.03 0.42 0.33 0.00 98.94  82.85
565472 Dunite 39.80 0.00 0.01 0.00 14.94 0.02 0.42 0.25 0.00 99.11 83.89
565472 Dunite 39.73 0.00 0.02 0.00 15.11 0.02 0.41 0.26 0.00 99.07 83.69
565472 Dunite 39.82 0.00 0.01 0.00 15.13 0.02 0.42 0.26 0.00 99.22 83.69
565472 Dunite 39.77 0.00 0.00 0.02 14.94 0.02 0.42 0.25 0.01 98.92 83.84
565472 Dunite 39.81 0.00 0.02 0.00 15.03 0.02 0.42 0.26 0.00 99.20  83.81
565472 Dunite 39.82 0.00 0.01 0.00 15.06 0.03 0.41 0.25 0.01 99.23 83.78
565472 Dunite 39.67 0.00 0.00 0.00 15.10 0.02 0.41 0.26 0.00 98.95 83.69
565472 Dunite 39.56 0.00 0.01 0.00 16.18 0.03 0.43 0.37 0.00 99.01 82.38
565472 Dunite 39.79 0.00 0.00 0.03 15.11 0.02 0.42 0.28 0.00 99.11 83.67
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565472 Dunite 39.69 0.00 0.01 0.00 14.88 0.02 0.43 0.25 0.00 98.89 83.94
565472 Dunite 39.74 0.00 0.01 0.00 14.92 0.02 0.42 0.25 0.00 98.94  83.88
565472 Dunite 39.77 0.00 0.02 0.00 15.07 0.02 0.42 0.26 0.00 99.06  83.73
565472 Dunite 39.94 0.00 0.01 0.00 15.05 0.02 0.42 0.25 0.00 99.17 83.74
565472 Dunite 39.88 0.00 0.00 0.00 15.06 0.02 0.42 0.25 0.01 99.12 83.72
565472 Dunite 40.08 0.00 0.00 0.03 14.87 0.02 0.42 0.25 0.01 99.30  83.94
565472 Dunite 39.91 0.00 0.02 0.00 14.97 0.03 0.42 0.25 0.01 99.25 83.85
565472 Dunite 40.01 0.00 0.01 0.00 14.96 0.02 0.42 0.25 0.01 99.21 83.82
565472 Dunite 39.91 0.00 0.01 0.00 15.02 0.03 0.42 0.25 0.01 99.26  83.80
565472 Dunite 39.84 0.00 0.00 0.00 14.96 0.02 0.41 0.26 0.00 99.01 83.83
565472 Dunite 39.79 0.00 0.01 0.02 15.23 0.02 0.42 0.27 0.00 99.17 83.55
565472 Dunite 39.82 0.00 0.00 0.00 15.05 0.02 0.42 0.25 0.00 99.19 83.77
565472 Dunite 39.81 0.00 0.01 0.01 15.06 0.02 0.42 0.26 0.01 99.29 83.79
565472 Dunite 39.89 0.00 0.00 0.01 15.12 0.02 0.41 0.26 0.00 99.25 83.69
565472 Dunite 39.88 0.00 0.00 0.05 15.02 0.03 0.43 0.25 0.00 99.41 83.86
565472 Dunite 39.87 0.00 0.00 0.00 15.05 0.03 0.42 0.25 0.00 99.49 83.86
565472 Dunite 39.88 0.00 0.01 0.00 15.14 0.02 0.42 0.28 0.00 99.42 83.72
565472 Dunite 40.02 0.00 0.00 0.00 15.02 0.02 0.42 0.25 0.00 99.47 83.85
565472 Dunite 39.88 0.00 0.00 0.00 15.02 0.02 0.42 0.25 0.00 99.34  83.85
565472 Dunite 39.88 0.00 0.00 0.01 15.12 0.02 0.43 0.27 0.00 99.47 83.76
565472 Dunite 39.88 0.00 0.00 0.00 15.53 0.03 0.42 0.30 0.00 99.59 83.29
565472 Dunite 38.35 0.01 0.00 0.00 17.30 0.03 0.44 0.61 0.00 98.78 81.24
565472 Dunite 38.60 0.00 0.00 0.00 17.51 0.03 0.44 0.64 0.00 98.98 80.95
565471 Dunite 39.81 0.00 0.00 0.00 15.03 0.00 0.40 0.27 0.00 99.76  84.00
565471 Dunite 39.74 0.00 0.00 0.00 15.00 0.00 0.41 0.27 0.00 99.61 84.00
565471 Dunite 39.79 0.01 0.02 0.00 15.00 0.00 0.41 0.27 0.01 99.71 84.01
565471 Dunite 39.79 0.00 0.00 0.00 15.03 0.00 0.41 0.27 0.01 99.70  83.98
565471 Dunite 39.49 0.01 0.01 0.00 15.30 0.00 0.40 0.27 0.01 99.09 83.55
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565471 Dunite 39.82 0.00 0.00 0.05 15.47 0.02 0.41 0.27 0.00 99.35 83.30
565471 Dunite 39.87 0.00 0.00 0.00 15.50 0.02 0.41 0.28 0.00 99.37 83.27
565471 Dunite 38.99 0.06 0.04 1.20 16.45 0.03 0.41 0.28 0.00 100.68 82.37
565471 Dunite 39.73 0.00 0.01 0.00 15.70 0.02 0.42 0.27 0.00 99.17 83.00
565471 Dunite 39.97 0.00 0.01 0.00 15.44 0.02 0.41 0.27 0.00 99.44 8333
565471 Dunite 39.91 0.00 0.01 0.00 15.35 0.03 0.42 0.27 0.00 99.35 83.42
565471 Dunite 40.27 0.00 0.02 0.03 15.23 0.02 0.41 0.27 0.00 99.72 83.57
565471 Dunite 40.22 0.00 0.01 0.00 15.30 0.02 0.41 0.27 0.01 99.54 8346
565471 Dunite 40.13 0.00 0.00 0.00 15.32 0.02 0.39 0.27 0.00 99.56  83.47
565471 Dunite 40.19 0.00 0.01 0.00 15.29 0.02 0.42 0.27 0.01 99.54 8348
565471 Dunite 38.97 0.05 0.03 1.04 16.13 0.03 0.41 0.28 0.01 99.75 82.49
565471 Dunite 40.23 0.00 0.01 0.00 15.36 0.02 0.41 0.28 0.00 99.64 8341
565471 Dunite 40.44 0.00 0.02 0.01 15.49 0.02 0.41 0.28 0.01 100.04  83.31
565471 Dunite 39.73 0.00 0.00 0.00 15.45 0.02 0.42 0.28 0.00 99.21 83.32
565471 Dunite 39.67 0.01 0.01 0.08 15.55 0.02 0.42 0.28 0.00 99.20  83.18
565471 Dunite 39.79 0.00 0.02 0.00 15.42 0.02 0.42 0.27 0.00 99.23 83.34
565471 Dunite 39.68 0.00 0.02 0.01 15.39 0.02 0.41 0.27 0.00 99.11 83.38
565471 Dunite 39.47 0.00 0.01 0.00 15.44 0.03 0.42 0.27 0.00 98.88 83.32
565471 Dunite 39.70 0.00 0.01 0.00 15.42 0.02 0.42 0.27 0.00 99.20  83.36
565471 Dunite 39.63 0.00 0.00 0.00 15.45 0.02 0.42 0.27 0.00 99.21 83.36
565471 Dunite 39.52 0.00 0.01 0.00 15.45 0.02 0.42 0.27 0.00 99.00  83.32
565471 Dunite 39.73 0.00 0.01 0.00 15.45 0.03 0.42 0.28 0.00 99.21 83.32
565471 Dunite 39.69 0.00 0.01 0.00 15.44 0.02 0.42 0.27 0.00 99.16  83.33
565471 Dunite 39.51 0.00 0.01 0.00 15.43 0.02 0.42 0.27 0.00 98.88 83.31
565471 Dunite 39.88 0.00 0.00 0.00 15.53 0.02 0.42 0.28 0.00 99.58 83.29
565471 Dunite 39.37 0.00 0.01 0.00 15.56 0.02 0.43 0.27 0.00 99.01 83.24
565471 Dunite 39.63 0.00 0.01 0.00 15.65 0.02 0.41 0.27 0.00 99.17 83.11
565471 Dunite 39.54 0.00 0.00 0.04 15.44 0.02 0.42 0.27 0.00 99.20  83.38
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565471 Dunite 39.79 0.00 0.01 0.00 15.52 0.02 0.41 0.28 0.01 99.51 83.32
565471 Dunite 39.83 0.00 0.02 0.00 15.56 0.02 0.41 0.28 0.01 99.54  83.26
565471 Dunite 39.81 0.00 0.00 0.00 15.59 0.02 0.42 0.28 0.00 99.60  83.26
565452 Dunite 39.65 0.00 0.00 0.06 15.26 0.03 0.35 0.26 0.00 99.46  83.66
565452 Dunite 39.67 0.00 0.00 0.00 15.21 0.03 0.36 0.26 0.00 99.37 83.71
565452 Dunite 39.73 0.00 0.00 0.00 15.24 0.02 0.34 0.25 0.00 99.29 83.64
565452 Dunite 39.54 0.00 0.00 0.00 15.06 0.02 0.36 0.26 0.00 98.94  83.80
565452 Dunite 39.64 0.00 0.00 0.00 14.90 0.02 0.36 0.24 0.00 98.87 83.94
565452 Dunite 39.33 0.00 0.01 0.01 14.81 0.02 0.35 0.25 0.00 98.23 83.95
565452 Dunite 38.99 0.00 0.01 0.00 1491 0.02 0.35 0.25 0.00 97.95 83.85
565452 Dunite 39.54 0.00 0.01 0.00 15.10 0.02 0.34 0.26 0.00 98.64  83.66
565452 Dunite 39.21 0.00 0.00 0.00 15.14 0.02 0.35 0.26 0.00 98.22 83.57
565452 Dunite 39.36 0.00 0.00 0.00 15.14 0.03 0.35 0.27 0.00 98.46  83.61
565452 Dunite 39.12 0.00 0.00 0.01 15.12 0.03 0.34 0.26 0.00 98.29 83.65
565452 Dunite 39.25 0.00 0.00 0.00 15.20 0.02 0.34 0.26 0.00 98.57 83.61
565452 Dunite 39.41 0.00 0.00 0.00 15.04 0.02 0.35 0.26 0.00 98.64  83.77
565452 Dunite 39.63 0.00 0.00 0.00 15.14 0.02 0.35 0.26 0.00 99.04  83.70
565452 Dunite 39.53 0.00 0.01 0.00 15.20 0.02 0.34 0.26 0.00 99.06  83.66
565452 Dunite 39.45 0.00 0.00 0.00 15.27 0.02 0.35 0.26 0.00 98.83 83.54
565452 Dunite 39.74 0.00 0.00 0.00 15.26 0.02 0.35 0.26 0.00 99.34  83.62
565452 Dunite 39.70 0.00 0.00 0.00 15.35 0.02 0.35 0.27 0.00 99.42 83.55
565452 Dunite 39.81 0.01 0.00 0.00 15.32 0.02 0.35 0.26 0.00 99.66  83.63
565452 Dunite 39.70 0.00 0.01 0.00 15.35 0.02 0.35 0.28 0.00 99.43 83.55
565452 Dunite 39.55 0.00 0.00 0.00 15.07 0.02 0.35 0.26 0.00 99.28 83.89
565452 Dunite 39.91 0.00 0.00 0.01 15.10 0.03 0.34 0.25 0.02 99.56  83.82
565452 Dunite 39.46 0.00 0.01 0.02 15.03 0.02 0.34 0.26 0.00 98.89 83.83
565452 Dunite 39.49 0.00 0.00 0.01 15.14 0.02 0.35 0.25 0.01 99.12 83.78
565452 Dunite 39.73 0.00 0.00 0.00 15.15 0.02 0.34 0.26 0.00 99.34  83.76
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Sample Lithology SiO2 TiO: Zn0O Cr203 FeO CoO NiO MnO CaO Total Mg#
565452 Dunite 39.79 0.00 0.00 0.00 15.02 0.02 0.34 0.26 0.00 99.33  83.90
565452 Dunite 39.68 0.00 0.00 0.01 14.88 0.02 0.34 0.25 0.00 99.13  84.04
565452 Dunite 39.48 0.00 0.00 0.00 15.12 0.03 0.35 0.26 0.00 99.10  83.80
565452 Dunite 39.81 0.00 0.00 0.04 15.10 0.02 0.33 0.26 0.00 99.35  83.78
565452 Dunite 39.42 0.00 0.00 0.01 15.22 0.03 0.34 0.25 0.00 98.97  83.66
565452 Dunite 39.49 0.00 0.00 0.00 15.24 0.02 0.34 0.26 0.00 99.17  83.67
565452 Dunite 39.65 0.00 0.00 0.00 15.13 0.02 0.34 0.25 0.00 99.11 83.74
565452 Dunite 39.75 0.00 0.00 0.00 15.13 0.02 0.34 0.26 0.00 99.21 83.74
565452 Dunite 39.66 0.00 0.00 0.03 15.07 0.02 0.34 0.25 0.00 99.01 83.76
565452 Dunite 39.80 0.00 0.00 0.00 15.19 0.02 0.35 0.25 0.00 99.32  83.68
565452 Dunite 39.71 0.00 0.00 0.01 15.25 0.03 0.34 0.26 0.00 99.24  83.61
565452 Dunite 39.50 0.00 0.00 0.00 15.07 0.03 0.34 0.25 0.01 98.80  83.75
565452 Dunite 39.44 0.00 0.01 0.01 15.03 0.03 0.35 0.25 0.00 98.82  83.83
565452 Dunite 39.67 0.00 0.00 0.00 15.13 0.02 0.35 0.25 0.00 99.11 83.73
565452 Dunite 39.62 0.00 0.00 0.01 15.02 0.02 0.35 0.26 0.00 98.98  83.83
565452 Dunite 39.52 0.00 0.01 0.00 15.32 0.02 0.34 0.27 0.00 99.05  83.53
565452 Dunite 39.35 0.00 0.00 0.00 15.13 0.02 0.34 0.26 0.01 98.74  83.72
Hydrous Ol-

565469 CPXite 38.91 0.00 0.01 0.00 19.99 0.03 0.27 0.98 0.00 100.27  78.14
Hydrous Ol-

565469 CPXite 38.80 0.00 0.01 0.00 20.50 0.03 0.26 0.93 0.00 100.15  77.50
Hydrous Ol-

565469 CPXite 38.82 0.00 0.01 0.00 20.22 0.03 0.27 1.00 0.00 100.25  77.86
Hydrous Ol-

565469 CPXite 38.87 0.00 0.01 0.00 20.11 0.03 0.27 0.96 0.00 100.23  77.99
Hydrous Ol-

565469 CPXite 38.71 0.00 0.01 0.00 20.51 0.03 0.26 0.89 0.00 100.17  77.56
Hydrous Ol-

565469 CPXite 38.99 0.00 0.01 0.00 18.94 0.03 0.26 1.25 0.00 100.44  79.40
Hydrous Ol-

565469 CPXite 38.97 0.00 0.01 0.00 20.27 0.03 0.27 0.87 0.00 100.64  77.96
Hydrous Ol-

565469 CPXite 39.01 0.00 0.00 0.00 16.96 0.03 0.25 1.35 0.00 100.02  81.68
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Sample Lithology SiO2 TiO> Zn0 Cr203 FeO CoO NiO  MnO CaO Total Mg#

Hydrous Ol-

565469 CPXite 38.95 0.00 0.01 0.00 17.91 0.03 0.25 1.33 0.00 100.23  80.60
Hydrous Ol-

565469 CPXite 39.05 0.00 0.01 0.00 17.20 0.04 0.28 1.35 0.00 100.21 81.42
Hydrous Ol-

565469 CPXite 38.57 0.00 0.01 0.01 20.03 0.04 0.25 0.93 0.00 99.85  78.08
Hydrous Ol-

565469 CPXite 38.62 0.01 0.01 0.01 19.50 0.03 0.27 1.10 0.00 99.95  78.69
Hydrous Ol-

565469 CPXite 39.02 0.00 0.00 0.00 17.33 0.04 0.26 1.38 0.00 99.88  81.15
Hydrous Ol-

565469 CPXite 39.02 0.00 0.01 0.00 17.41 0.03 0.25 1.31 0.00 99.81 81.05
Hydrous Ol-

565469 CPXite 38.53 0.00 0.01 0.00 20.02 0.03 0.25 1.11 0.00 99.87  78.04
Hydrous Ol-

565469 CPXite 38.64 0.00 0.01 0.00 20.02 0.03 0.26 0.91 0.00 99.84  78.06
Hydrous Ol-

565469 CPXite 38.63 0.00 0.00 0.00 19.57 0.03 0.26 1.14 0.00 99.85  78.55
Hydrous Ol-

565469 CPXite 38.61 0.01 0.02 0.00 20.25 0.02 0.27 0.86 0.00 99.85  77.80
Hydrous Ol-

565469 CPXite 39.00 0.00 0.01 0.00 17.36 0.04 0.25 1.33 0.01 99.93  8l1.15
Hydrous Ol-

565469 CPXite 38.76 0.00 0.00 0.00 18.09 0.04 0.25 1.29 0.00 99.77  80.29
Hydrous Ol-

565469 CPXite 38.59 0.00 0.00 0.00 18.49 0.03 0.25 1.33 0.00 99.76  79.84
Hydrous Ol-

565469 CPXite 38.62 0.00 0.01 0.00 17.74 0.04 0.25 1.24 0.00 99.48  80.69
Hydrous Ol-

565450 CPXite 38.18 0.00 0.02 0.00 19.61 0.05 0.24 0.97 0.00 99.24  78.49
Hydrous Ol-

565450 CPXite 38.18 0.00 0.00 0.00 19.58 0.06 0.25 0.96 0.00 99.23  78.54
Hydrous Ol-

565450 CPXite 38.10 0.00 0.01 0.00 19.88 0.06 0.23 1.24 0.01 99.34  78.11
Hydrous Ol-

565450 CPXite 38.11 0.00 0.01 0.00 19.77 0.05 0.24 1.01 0.00 99.18  78.28
Hydrous Ol-

565450 CPXite 38.18 0.00 0.02 0.01 19.67 0.06 0.23 0.93 0.01 99.08  78.36
Hydrous Ol-

565450 CPXite 38.30 0.00 0.01 0.00 19.61 0.05 0.23 0.96 0.00 9949  78.57
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Chromite

Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM

565451  Anhydrous Ol- Altered 18.66 3.74 0.02 0.03 0.53 39.34 0.45 34.56 0.09 0.5 97.98
CPXite

565451  Dunite Altered 2.19 0.93 0.02 0.00 1.71 34.42 0.62 54.30 0.19 031 94.69

565452  Dunite Altered 0.00 0.45 0.53 0.00 0.08 0.20 0.03 88.50 034  0.00 90.13

565452  Dunite Altered 0.96 0.85 0.09 0.01 1.37 29.11 0.54 61.67 026 0.14 95.00

565451  Anhydrous Ol- C 18.90 4.09 0.00 0.00 0.98 37.53 0.43 35.70 0.13 046 98.22
CPXite

565451  Anhydrous Ol- C 18.94 4.10 0.00 0.00 0.98 37.51 0.43 35.73 0.14 047 98.30
CPXite

565451  Anhydrous Ol- C 18.49 3.66 0.01 0.01 0.62 39.34 0.46 34.94 0.10 0.6l 98.24
CPXite

565451  Anhydrous Ol- C 17.18 3.28 0.03 0.03 0.60 40.06 0.46 35.07 0.10  0.68 97.50
CPXite

565451  Anhydrous Ol- C 18.34 3.28 0.03 0.02 0.69 38.61 0.47 35.21 0.11 0.71 97.47
CPXite

565451  Anhydrous Ol- C 16.64 3.15 0.02 0.00 0.68 39.15 0.47 36.97 0.11 0.54 97.74
CPXite

565451  Anhydrous Ol- C 18.68 3.76 0.00 0.00 0.55 39.66 0.44 34.42 0.09  0.56 98.17
CPXite

565451  Anhydrous Ol- C 17.90 3.81 0.00 0.00 0.93 37.81 0.45 36.97 0.13 045 98.44
CPXite

565451 Anhydrous Ol- C 17.83 3.74 0.01 0.00 0.92 37.86 0.46 37.00 0.12 0.45 98.39
CPXite

565451  Anhydrous Ol- C 18.67 3.60 0.02 0.00 0.84 37.24 0.45 36.77 0.13  0.50 98.21
CPXite
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565451  Dunite C 6.48 1.81 0.02 0.00 1.95 33.37 0.57 51.40 024 033 96.17
565451  Dunite C 6.71 1.75 0.00 0.00 1.62 33.63 0.62 51.16 0.24 0.38 96.11
565451  Dunite C 4.87 1.36 0.02 0.00 1.51 34.97 0.62 51.78 0.19 043 95.75
565451  Dunite C 5.98 1.43 0.00 0.02 1.57 36.02 0.67 49.90 0.18  0.42 96.19
565451  Dunite C 6.02 1.82 0.00 0.00 1.77 36.01 0.58 49.47 020 0.33 96.21
565451  Dunite C 5.53 1.58 0.01 0.00 1.98 35.08 0.63 50.94 020 0.34 96.29
565451  Dunite C 4.28 1.43 0.03 0.00 2.03 34.66 0.62 52.26 022  0.29 95.82
565451  Dunite C 4.36 1.12 0.02 0.02 1.54 35.03 0.64 52.16 0.18  0.40 95.47
565455  Dunite C 9.13 1.75 0.02 0.00 1.53 37.37 0.82 45.06 0.21  0.70 96.58
565455  Dunite C 1.05 0.75 0.03 0.01 1.40 34.59 0.74 55.08 0.18  0.39 94.22
565455  Dunite C 9.23 2.12 0.02 0.02 1.03 37.65 0.59 4537 0.18  0.46 96.68
565455  Dunite C 8.33 1.82 0.01 0.00 1.70 35.68 0.79 47.57 025 0.62 96.78
565455  Dunite C 1.31 0.79 0.02 0.00 1.40 33.15 0.71 57.17 0.20 0.36 95.10
565455  Dunite C 2.01 0.86 0.01 0.00 1.33 33.33 0.71 56.56 0.19  0.38 95.38
565455  Dunite C 0.06 0.37 0.46 0.00 0.36 9.46 0.16 82.24 0.29  0.04 93.43
565455  Dunite C 8.74 1.48 0.00 0.00 0.98 36.76 0.84 46.90 0.14  0.68 96.52
565455  Dunite C 1.27 0.77 0.03 0.00 1.26 34.06 0.74 55.60 0.17  0.38 94.29
565455  Dunite C 9.15 1.96 0.04 0.00 1.25 37.33 0.56 4537 020 0.44 96.31
565455  Dunite C 9.28 1.78 0.02 0.00 1.41 36.55 0.80 46.02 021  0.66 96.73
565455  Dunite C 9.13 1.68 0.00 0.00 1.28 35.77 0.80 47.34 0.18  0.64 96.82
565455  Dunite C 1.32 0.79 0.02 0.00 1.45 32.61 0.69 57.47 0.13  0.34 94.83
565455  Dunite C 0.93 0.74 0.02 0.00 1.38 31.98 0.68 58.50 0.13 0.33 94.69
565455  Dunite C 2.54 1.04 0.03 0.02 1.43 35.10 0.63 53.41 0.29 0.45 94.95
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565455  Dunite C 8.59 1.94 0.02 0.01 1.34 37.06 0.56 46.12 0.23  0.47 96.32
565472  Dunite C 0.00 0.10 0.08 0.00 0.19 0.19 0.01 91.54 0.39  0.00 92.50
565472  Dunite C 1.02 1.98 2.13 0.04 0.18 0.09 0.02 86.33 0.37  0.00 92.15
565472  Dunite C 7.76 1.66 0.02 0.01 1.24 40.97 0.91 43.33 0.17  0.70 96.76
565472  Dunite C 0.00 0.06 0.02 0.01 0.14 0.19 0.02 92.05 0.38  0.00 92.88
565472  Dunite C 7.65 1.88 0.01 0.00 1.61 39.65 0.89 44.09 0.20  0.66 96.64
565472  Dunite C 1.41 0.77 0.01 0.00 1.19 36.11 0.86 54.20 0.24  0.40 95.19
565472  Dunite C 0.00 0.07 0.03 0.00 0.15 2.26 0.03 90.65 0.39  0.01 93.60
565472  Dunite C 6.27 1.52 0.02 0.00 1.66 37.84 0.93 46.99 0.23  0.58 96.03
565472  Dunite C 2.40 0.84 0.03 0.00 0.95 38.53 0.92 49.85 0.20  0.49 94.20
565472  Dunite C 7.22 1.42 0.02 0.00 1.20 36.29 0.91 48.12 022  0.58 95.98
565472  Dunite C 1.47 0.76 0.02 0.00 1.19 34.60 0.81 55.10 0.27  0.40 94.60
565472  Dunite C 7.64 1.71 0.02 0.00 1.36 40.38 0.90 43.75 0.18  0.68 96.64
565472  Dunite C 1.14 0.74 0.02 0.00 1.13 37.70 0.90 52.19 021  0.44 94.48
565472  Dunite C 0.01 0.08 0.04 0.00 0.13 4.18 0.04 87.24 0.46  0.00 92.19
565472  Dunite C 8.50 2.38 0.01 0.01 1.26 40.83 0.63 42.22 0.17  0.51 96.51
565472  Dunite C 8.56 2.20 0.02 0.01 1.10 40.77 0.65 42.46 0.16  0.51 96.43
565472  Dunite C 7.67 1.68 0.02 0.00 1.15 40.02 0.91 44.75 0.18  0.67 97.04
565472  Dunite C 1.87 0.83 0.01 0.00 1.06 37.76 0.89 52.38 022 045 95.46
565472  Dunite C 7.74 1.65 0.02 0.00 1.51 39.73 0.91 43.82 0.19  0.67 96.25
565472  Dunite C 7.79 1.56 0.02 0.00 1.34 39.38 0.92 43.90 0.20  0.69 95.81
565472  Dunite C 1.76 0.82 0.02 0.00 1.06 37.58 0.88 51.86 0.22 0.45 94.65
565472  Dunite C 0.05 0.16 0.04 0.00 0.41 8.65 0.19 81.60 0.43 0.06 91.59
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565472  Dunite C 8.07 2.15 0.01 0.00 1.30 39.65 0.62 43.96 0.19  0.49 96.44
565472  Dunite C 8.09 2.10 0.02 0.02 1.20 39.34 0.62 43.94 0.19  0.50 96.02
565472  Dunite C 7.40 1.66 0.01 0.00 1.51 3891 0.93 45.07 020  0.64 96.32
565472  Dunite C 7.88 1.55 0.02 0.00 1.18 39.66 0.92 44.13 0.18  0.69 96.21
565471  Dunite C 4.55 1.62 0.01 0.01 1.58 36.65 0.64 50.04 025 0.50 95.86
565471  Dunite C 4.01 1.37 0.00 0.00 1.73 38.72 0.73 48.75 022 0.1 96.04
565471  Dunite C 6.95 2.26 0.01 0.00 1.26 40.42 0.60 44.47 0.18  0.49 96.64
565471  Dunite C 2.79 1.33 0.00 0.00 1.82 39.20 0.74 49.27 021 048 95.83
565471  Dunite C 6.81 2.00 0.01 0.00 1.45 39.78 0.69 45.05 0.19  0.64 96.61
565471  Dunite C 3.63 1.47 0.01 0.01 1.44 38.48 0.65 49.00 0.20 0.54 95.40
565471  Dunite C 2.93 1.31 0.01 0.00 1.99 38.55 0.74 49.70 024  0.46 95.93
565471  Dunite C 2.37 1.05 0.00 0.00 1.66 36.91 0.71 52.06 023 045 95.43
565471  Dunite C 6.50 1.48 0.00 0.00 1.31 37.48 0.72 47.85 0.20  0.61 96.16
565471  Dunite C 5.17 4.46 1.39 0.00 1.33 36.92 0.61 44.80 022 0.84 95.74
565471  Dunite C 2.79 1.35 0.01 0.00 2.00 39.01 0.74 49.68 0.24  0.47 96.29
565471  Dunite C 2.74 1.33 0.01 0.00 1.79 39.93 0.73 48.92 022 048 96.17
565471  Dunite C 7.87 2.33 0.01 0.00 0.96 3991 0.66 44.47 0.18  0.53 96.92
565471  Dunite C 7.27 1.86 0.02 0.01 1.20 38.29 0.66 46.13 020  0.57 96.21
565452  Dunite C 7.97 2.26 0.01 0.00 1.00 41.47 0.62 43.02 0.14 033 96.82
565452  Dunite C 7.43 2.11 0.01 0.00 1.13 40.85 0.73 43.41 0.14  0.30 96.11
565452  Dunite C 7.78 2.08 0.02 0.00 0.98 39.84 0.61 43.29 0.14 0.34 95.10
565452  Dunite C 7.69 2.11 0.02 0.00 1.00 40.58 0.62 43.05 0.13 0.33 95.53
565452  Dunite C 7.93 2.08 0.01 0.00 1.00 41.44 0.72 42.98 0.13 0.32 96.61
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565452  Dunite C 7.64 2.38 0.01 0.00 1.05 41.64 0.73 43.00 0.14  0.28 96.88
565452  Dunite C 8.18 2.15 0.01 0.00 0.96 41.49 0.73 42.87 0.12  0.32 96.83
565452  Dunite C 7.82 2.41 0.00 0.00 1.06 41.82 0.71 42.73 0.14 0.28 96.97
565452  Dunite C 8.16 2.31 0.01 0.00 0.96 41.32 0.59 42.79 0.13  0.28 96.56
565452  Dunite C 8.08 2.18 0.01 0.00 0.98 41.12 0.72 43.01 0.13 0.3l 96.55
565452  Dunite C 7.75 2.28 0.01 0.00 1.10 41.27 0.72 43.03 0.13  0.30 96.58
565452  Dunite C 8.00 2.09 0.01 0.00 1.08 4143 0.71 42.84 0.13 031 96.60
565452  Dunite C 8.12 2.11 0.02 0.00 1.01 39.53 0.65 43.57 0.14  0.32 95.47
565452  Dunite C 8.02 241 0.00 0.00 1.07 41.64 0.70 42.42 0.14  0.27 96.67
565452  Dunite C 7.20 1.73 0.00 0.00 1.43 40.32 0.91 44.17 020  0.65 96.62
565452  Dunite C 8.12 1.69 0.02 0.00 1.31 39.80 0.93 43.96 020 0.71 96.73
565472  Dunite Frature 1.23 0.84 0.01 0.00 1.37 38.40 0.90 51.72 023 042 95.13
565472  Dunite M 2.08 0.88 0.02 0.00 1.15 37.02 0.87 52.46 023  0.44 95.15
565451  Anhydrous Ol- Not 18.73 3.83 0.02 0.00 0.54 39.72 0.44 34.42 0.09 0.55 98.35
CPXite
565451  Anhydrous Ol- R 18.80 3.97 0.00 0.00 0.98 37.51 0.43 35.86 0.13  0.46 98.14
CPXite
565451  Anhydrous Ol- R 18.27 3.55 0.02 0.01 0.71 39.04 0.46 35.10 0.10  0.63 97.88
CPXite
565451  Anhydrous Ol- R 16.80 3.30 0.02 0.00 0.68 39.52 0.48 36.78 0.11 0.56 98.25
CPXite
565451 Anhydrous Ol- R 17.88 3.79 0.02 0.00 0.93 37.80 0.44 36.89 0.14 0.45 98.32
CPXite
565451  Anhydrous Ol- R 17.77 3.61 0.01 0.00 0.92 37.59 0.45 37.26 0.13  0.44 98.19
CPXite
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565451  Anhydrous Ol- R 18.83 3.42 0.04 0.00 0.81 36.72 0.44 36.94 0.12  0.51 97.85
CPXite
565451  Dunite R 5.93 1.72 0.03 0.00 1.93 33.09 0.58 51.69 024 031 95.52
565451  Dunite R 6.71 1.64 0.00 0.01 1.49 34.13 0.63 50.83 0.20  0.40 96.04
565451  Dunite R 3.45 1.15 0.03 0.00 1.54 33.78 0.61 53.40 0.21  0.38 94.55
565451  Dunite R 6.02 1.38 0.00 0.00 1.51 36.04 0.67 50.01 0.16  0.42 96.22
565451  Dunite R 5.88 1.80 0.00 0.01 1.78 35.75 0.58 49.71 0.20 0.33 96.03
565455  Dunite R 9.08 1.83 0.02 0.00 1.66 37.37 0.80 4497 024  0.70 96.68
565455  Dunite R 1.57 0.79 0.04 0.02 1.28 34.93 0.76 54.40 0.18 041 94.38
565455  Dunite R 9.30 2.05 0.03 0.06 0.97 37.54 0.60 4521 0.18 048 96.43
565455  Dunite R 8.45 1.73 0.01 0.00 1.45 35.70 0.78 47.78 023  0.62 96.76
565455  Dunite R 9.22 2.06 0.00 0.00 1.39 37.66 0.56 45.05 022 044 96.60
565455  Dunite R 7.66 1.67 0.03 0.01 1.38 34.83 0.55 48.24 0.26  0.50 95.13
565472  Dunite R 0.01 0.10 0.04 0.00 0.13 6.89 0.09 85.71 0.45  0.02 93.45
565472  Dunite R 7.22 1.59 0.01 0.00 1.28 40.07 0.93 44.50 0.17  0.67 96.45
565472  Dunite R 0.30 0.46 0.04 0.00 0.81 31.44 0.76 59.39 025 033 93.77
565471  Dunite R 5.22 1.69 0.02 0.00 1.41 37.18 0.63 48.55 023 0.3 95.47
565471  Dunite R 7.23 2.29 0.01 0.00 1.18 40.13 0.59 44.05 0.18  0.50 96.18
565471  Dunite R 2.81 1.27 0.01 0.00 1.78 39.23 0.74 49.40 020 048 95.92
565471  Dunite R 2.81 1.27 0.01 0.00 1.85 39.47 0.74 48.96 0.21 0.48 95.79
565471  Dunite R 2.14 1.07 0.00 0.01 1.31 37.71 0.67 51.78 0.21 0.45 95.36
565471  Dunite R 2.78 1.39 0.03 0.00 1.25 39.14 0.66 48.43 0.21 0.53 94.42
565471  Dunite R 2.83 1.21 0.00 0.00 1.61 39.23 0.75 49.38 021 049 95.70
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Sample Lithology Core/Rim  ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM
565471  Dunite R 1.67 0.96 0.03 0.04 1.42 37.28 0.70 51.99 023 043 94.74
565471  Dunite R 3.33 1.02 0.02 0.01 1.12 36.49 0.65 51.86 022 051 95.23
565471  Dunite R 2.72 1.23 0.02 0.00 1.60 40.22 0.75 48.79 021 049 96.03
565471  Dunite R 6.31 2.00 0.01 0.02 1.13 39.14 0.65 46.40 020 048 96.35
565452  Dunite R 8.03 2.23 0.03 0.00 0.95 40.65 0.61 42.98 0.13  0.32 95.94
565452  Dunite R 7.33 1.63 0.02 0.00 0.86 40.66 0.76 43.79 0.12 031 95.48
565452  Dunite R 0.62 0.72 0.04 0.00 1.86 31.41 0.64 58.33 024 0.15 94.01
565452  Dunite R 7.71 2.09 0.01 0.04 0.97 42.22 0.73 42.56 0.13 031 96.78
565452  Dunite R 591 1.31 0.03 0.00 0.94 39.92 0.72 47.16 0.15 0.29 96.42
565452  Dunite R 7.86 2.07 0.00 0.01 0.97 42.20 0.72 42.29 0.12 031 96.56
565452  Dunite R 8.10 2.29 0.02 0.00 0.96 40.86 0.59 4297 0.13  0.28 96.22
565452  Dunite R 8.05 1.97 0.01 0.01 0.90 40.39 0.73 43.22 0.13  0.30 95.70
565452  Dunite R 7.57 1.82 0.01 0.00 0.94 41.15 0.75 43.55 0.12  0.31 96.22
565452  Dunite R 8.01 1.97 0.01 0.00 1.07 41.16 0.72 42.93 0.13  0.32 96.34
565452  Dunite R 2.18 0.91 0.03 0.00 1.16 37.86 0.88 51.25 021 046 94.94
565452  Dunite R 5.35 1.21 0.04 0.00 1.00 38.33 0.91 47.89 0.18  0.59 95.50
565469  Hydrous Ol- Altered 2.90 1.21 0.00 0.31 2.19 28.64 1.39 58.81 020 0.21 95.87
CPXite
565469  Hydrous Ol- Altered 0.11 0.53 0.00 0.06 1.70 11.19 1.08 79.31 024  0.10 94.33
CPXite
565469  Hydrous Ol- Altered 0.16 0.66 0.00 0.14 1.88 16.32 1.55 73.57 024 0.18 94.71
CPXite
565469  Hydrous Ol- Altered 2.70 1.17 0.00 0.45 2.68 26.38 1.45 59.61 0.21 0.20 94.85
CPXite
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Sample Lithology Core/Rim ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM

565469  Hydrous Ol- Altered 0.15 0.51 0.00 0.04 1.03 15.74 1.30 75.53 0.16  0.16 94.63
CPXite

565469  Hydrous Ol- Altered 0.11 0.42 0.00 0.01 0.55 12.50 1.00 78.84 021 0.3 93.75
CPXite

565469  Hydrous Ol- Altered 0.15 0.64 0.00 0.06 2.06 16.49 1.66 73.57 0.12  0.18 94.92
CPXite

565469  Hydrous Ol- Altered 0.09 0.48 0.00 0.05 1.08 10.60 0.96 80.43 025  0.09 94.04
CPXite

565469  Hydrous Ol- Altered 0.15 0.69 0.00 0.34 1.79 1391 1.42 74.58 025 0.14 93.25
CPXite

565469  Hydrous Ol- Altered 0.16 0.63 0.00 0.01 1.87 16.01 1.49 74.34 020 0.15 94.86
CPXite

565450  Hydrous Ol- Altered 0.11 0.40 0.00 0.06 1.80 12.93 1.29 77.10 0.14 0.14 93.98
CPXite

565450  Hydrous Ol- Altered 0.12 0.42 0.00 0.02 1.84 13.84 1.37 76.38 0.12  0.15 94.24
CPXite

565450  Hydrous Ol- Altered 0.11 0.36 0.00 0.12 1.22 13.63 1.28 76.67 0.12  0.15 93.65
CPXite

565450  Hydrous Ol- Altered 0.14 0.53 0.00 0.02 2.25 15.01 1.52 74.97 0.19 0.16 94.80
CPXite

565450  Hydrous Ol- Altered 0.11 0.50 0.00 0.06 2.16 13.16 1.38 76.36 020 0.14 94.07
CPXite

565450  Hydrous Ol- Altered 0.10 0.43 0.00 0.12 1.76 12.01 1.24 77.64 0.20 0.11 93.61
CPXite

565450 Hydrous Ol- Altered 0.08 0.33 0.00 0.09 0.97 10.18 1.00 80.34 0.15 0.11 93.26
CPXite

565450 Hydrous Ol- Altered 0.13 0.40 0.00 0.09 1.43 14.16 1.37 76.05 0.15 0.16 93.94
CPXite
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Sample Lithology Core/Rim ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM

565450  Hydrous Ol- Altered 0.14 0.45 0.00 0.02 1.99 15.24 1.50 74.82 0.19 0.16 94.51
CPXite

565450  Hydrous Ol- Altered 0.10 0.41 0.00 0.10 1.87 11.44 1.22 78.34 0.18  0.11 93.76
CPXite

565450  Hydrous Ol- Altered 0.02 0.20 0.00 0.02 0.40 5.83 0.39 85.87 0.09  0.02 92.83
CPXite

565450  Hydrous Ol- Altered 0.09 0.47 0.00 0.03 1.90 11.29 1.16 78.74 021  0.11 94.00
CPXite

565450  Hydrous Ol- Altered 0.13 0.41 0.00 0.06 1.68 1522 1.51 74.68 0.18 0.18 94.04
CPXite

565450  Hydrous Ol- Altered 0.10 0.34 0.00 0.04 1.09 11.97 1.12 78.95 0.17  0.11 93.89
CPXite

565450  Hydrous Ol- Altered 0.01 0.14 0.01 0.02 0.26 0.27 0.09 92.71 0.14  0.00 93.63
CPXite

565450  Hydrous Ol- Altered 2.03 0.96 0.00 0.05 2.11 29.51 2.69 58.44 0.19 0.26 96.22
CPXite

565450  Hydrous Ol- Altered 2.34 0.97 0.00 0.01 2.14 29.56 2.70 58.11 0.19  0.27 96.28
CPXite

565450  Hydrous Ol- Altered 2.60 1.01 0.00 0.00 2.08 29.78 2.71 57.72 0.19 0.27 96.37
CPXite

565450  Hydrous Ol- Altered 2.51 0.98 0.00 0.03 2.10 29.77 2.72 57.86 0.18  0.27 96.43
CPXite

565450  Hydrous Ol- Altered 0.69 0.84 0.00 0.15 222 25.12 2.14 63.11 0.18 0.33 94.78
CPXite

565450 Hydrous Ol- Altered 0.25 0.70 0.00 0.00 2.56 24.37 2.31 65.02 0.16 0.32 95.69
CPXite

565469 Hydrous Ol- Altered 1.89 1.07 0.00 0.00 1.90 34.43 2.84 54.78 0.16 0.54 97.61
CPXite
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Sample Lithology Core/Rim ALO3 MgO SiO2 CaO TiO2 Cr203 MnO FeO NiO ZnO SUM

565469  Hydrous Ol- Altered 0.82 0.94 0.00 0.01 1.97 33.48 2.82 55.74 0.15 048 96.40
CPXite

565469  Hydrous Ol- Altered 0.29 0.86 0.00 0.00 2.37 26.22 2.35 63.63 0.18  0.31 96.21
CPXite

565469  Hydrous Ol- Altered 0.30 0.85 0.00 0.00 2.32 26.15 2.36 63.64 0.18  0.31 96.12
CPXite

565469  Hydrous Ol- Altered 0.30 0.84 0.00 0.01 2.32 25.78 232 64.13 0.19 031 96.19
CPXite

565469  Hydrous Ol- Altered 0.28 0.82 0.00 0.01 2.21 25.43 2.30 64.18 020 0.32 95.75
CPXite

565469  Hydrous Ol- Altered 0.23 0.79 0.00 0.00 2.29 22.01 1.97 68.01 023 0.25 95.78
CPXite

565469  Hydrous Ol- Altered 0.23 0.79 0.00 0.00 2.29 21.82 1.97 68.23 022 025 95.80
CPXite

565469  Hydrous Ol- Altered 0.21 0.79 0.00 0.01 2.24 21.46 1.93 68.59 022 024 95.70
CPXite

565469  Hydrous Ol- Altered 0.20 0.76 0.00 0.03 1.96 20.78 1.86 69.09 021 0.25 95.14
CPXite

565469  Hydrous Ol- Altered 0.12 0.49 0.00 0.00 0.94 13.36 1.14 77.68 0.15 0.14 94.02
CPXite

565469  Hydrous Ol- Altered 0.22 0.71 0.00 0.00 2.25 19.42 1.82 70.98 022 021 95.82
CPXite

565469  Hydrous Ol- Altered 0.21 0.66 0.00 0.00 1.92 19.26 1.76 71.54 020 0.22 95.77
CPXite

565469 Hydrous Ol- Altered 0.21 0.70 0.00 0.00 1.86 19.50 1.80 70.81 0.20 0.23 95.31
CPXite
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Clinopyroxene

Sample Lithology SiO2 TiO2 ZnO ALOs3 Cr203 FeO NiO MnO MgO CaO Na0 TOTAL
565469  Hydrous Ol-CPXite 55.57 0.02 0.00 0.18 0.10 3.26 0.03 0.23 17.04 24.04 0.12 100.59
565469  Hydrous Ol-CPXite 55.53 0.03 0.00 0.18 0.11 3.17 0.03 0.25 17.06 24.14 0.11 100.62
565469  Hydrous Ol-CPXite 55.50 0.01 0.00 0.14 0.08 3.07 0.03 0.27 17.13 24.26 0.08 100.56
565469  Hydrous Ol-CPXite 55.38 0.02 0.01 0.09 0.02 2.59 0.03 0.25 17.22 24.55 0.03 100.19
565469  Hydrous Ol-CPXite 54.68 0.03 0.00 0.18 0.09 3.30 0.03 0.25 17.04 23.95 0.10 99.65
565469  Hydrous Ol-CPXite 55.42 0.03 0.00 0.19 0.10 3.08 0.03 0.27 16.98 24.17 0.10 100.38
565469  Hydrous Ol-CPXite 55.04 0.03 0.00 0.19 0.10 3.25 0.03 0.25 17.15 23.96 0.12 100.12
565469  Hydrous Ol-CPXite 55.01 0.03 0.00 0.23 0.17 2.99 0.03 0.27 16.93 24.18 0.12 99.96
565469  Hydrous Ol-CPXite 54.89 0.03 0.00 0.25 0.20 3.07 0.02 0.27 16.88 24.12 0.11 99.84
565469  Hydrous Ol-CPXite 55.02 0.03 0.00 0.20 0.12 3.04 0.02 0.28 16.97 24.16 0.10 99.94
565469  Hydrous Ol-CPXite 5491 0.03 0.00 0.21 0.12 2.68 0.02 0.30 17.16 24.33 0.06 99.82
565469  Hydrous Ol-CPXite 55.09 0.03 0.00 0.17 0.12 2.87 0.02 0.29 17.03 2432 0.09 100.04
565469  Hydrous Ol-CPXite 55.03 0.03 0.00 0.18 0.10 3.22 0.03 0.23 16.97 23.94 0.11 99.83
565469  Hydrous Ol-CPXite 54.76 0.03 0.00 0.20 0.11 3.20 0.06 0.25 16.99 24.04 0.12 99.74
565469  Hydrous Ol-CPXite 55.01 0.04 0.01 0.23 0.29 3.04 0.03 0.26 16.95 24.15 0.15 100.16
565469  Hydrous Ol-CPXite 54.50 0.05 0.00 0.26 0.63 3.44 0.03 0.28 17.02 24.01 0.13 100.34
565469  Hydrous Ol-CPXite 54.94 0.03 0.00 0.22 0.27 3.11 0.02 0.26 16.96 24.12 0.14 100.07
565469  Hydrous Ol-CPXite 55.02 0.01 0.01 0.10 0.04 2.57 0.03 0.24 17.12 24.65 0.05 99.82
565450  Hydrous Ol-CPXite 55.56 0.03 0.00 0.20 0.16 2.98 0.02 0.32 17.20 24.12 0.10 100.70
565450  Hydrous Ol-CPXite 54.86 0.03 0.00 0.22 0.19 3.22 0.03 0.26 17.12 23.75 0.13 99.80
565450  Hydrous Ol-CPXite 55.96 0.02 0.00 0.10 0.09 2.68 0.03 0.30 17.09 24.37 0.10 100.73
565450  Hydrous Ol-CPXite 55.72 0.03 0.00 0.11 0.12 2.74 0.02 0.30 17.05 24.32 0.11 100.53
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Sample Lithology SiO2 TiO2 ZnO ALOs3 Cr203 FeO NiO MnO MgO CaO Na0 TOTAL
565450  Hydrous Ol-CPXite 55.43 0.03 0.00 0.19 0.10 3.19 0.03 0.21 17.08 23.85 0.12 100.24
565450  Hydrous Ol-CPXite 55.55 0.03 0.00 0.18 0.11 3.19 0.03 0.25 17.09 23.83 0.11 100.39
565450  Hydrous Ol-CPXite 55.54 0.03 0.01 0.20 0.14 3.35 0.03 0.23 17.06 23.76 0.14 100.50
565450  Hydrous Ol-CPXite 55.59 0.03 0.00 0.19 0.14 3.36 0.03 0.24 17.09 23.78 0.12 100.57
565450  Hydrous Ol-CPXite 55.69 0.04 0.00 0.26 0.15 3.31 0.03 0.31 16.99 23.83 0.13 100.74
565450  Hydrous Ol-CPXite 55.88 0.03 0.00 0.19 0.17 3.16 0.03 0.26 17.03 24.00 0.11 100.85
565450  Hydrous Ol-CPXite 55.65 0.04 0.00 0.17 0.12 3.22 0.03 0.33 17.01 23.94 0.08 100.59
565450  Hydrous Ol-CPXite 55.70 0.02 0.00 0.12 0.07 3.16 0.03 0.31 17.07 24.07 0.09 100.65
565450  Hydrous Ol-CPXite 55.71 0.04 0.00 0.21 0.17 3.13 0.02 0.31 16.99 24.05 0.11 100.72
565450  Hydrous Ol-CPXite 55.56 0.03 0.00 0.20 0.17 3.20 0.03 0.31 17.01 23.93 0.10 100.53
565450  Hydrous Ol-CPXite 55.57 0.04 0.00 0.17 0.12 3.33 0.03 0.30 16.94 23.86 0.08 100.44
565450  Hydrous Ol-CPXite 55.56 0.03 0.00 0.18 0.14 3.25 0.03 0.29 17.01 23.89 0.08 100.47
565450  Hydrous Ol-CPXite 55.99 0.01 0.00 0.07 0.04 2.38 0.02 0.27 17.27 24.58 0.06 100.69
565450  Hydrous Ol-CPXite 55.62 0.02 0.00 0.09 0.07 3.12 0.02 0.31 17.06 24.11 0.08 100.51
565467  Anhydrous Ol-CPXite 54.20 0.26 0.00 2.18 0.29 5.61 0.05 0.25 14.84 22.80 0.45 100.93
565467  Anhydrous Ol-CPXite 54.21 0.24 0.00 2.24 0.29 5.67 0.05 0.25 14.80 22.68 0.46 100.90
565467  Anhydrous Ol-CPXite 54.15 0.26 0.00 222 0.30 5.60 0.05 0.26 14.85 22.78 0.46 100.92
565467  Anhydrous Ol-CPXite 54.20 0.24 0.00 2.17 0.30 5.68 0.05 0.26 14.85 22.64 0.45 100.83
565467  Anhydrous Ol-CPXite 54.40 0.22 0.00 2.13 0.28 6.59 0.05 0.28 15.28 20.93 0.45 100.60
565467  Anhydrous Ol-CPXite 53.26 0.17 0.00 1.86 0.24 10.54 0.06 0.39 18.64 15.70 0.17 101.03
565467  Anhydrous Ol-CPXite 54.27 0.20 0.00 1.80 0.29 5.80 0.05 0.25 14.98 22.73 0.43 100.81
565467  Anhydrous OI-CPXite 54.48 0.19 0.00 1.46 0.27 541 0.05 0.23 15.23 23.10 0.36 100.79
565467  Anhydrous OI-CPXite 54.34 0.24 0.01 2.05 0.29 5.79 0.04 0.26 14.85 22.85 0.42 101.14
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Sample Lithology SiO2 TiO2 ZnO ALOs3 Cr203 FeO NiO MnO MgO CaO Na0 TOTAL
565467  Anhydrous Ol-CPXite 54.74 0.18 0.00 1.51 0.27 5.95 0.05 0.25 15.17 22.99 0.38 101.50
565467  Anhydrous Ol-CPXite 54.14 0.26 0.00 2.17 0.27 5.82 0.04 0.25 14.80 22.82 0.41 100.99
565467  Anhydrous Ol-CPXite 54.76 0.14 0.00 1.49 0.30 5.17 0.05 0.22 15.36 23.28 0.36 101.14
565467  Anhydrous Ol-CPXite 54.37 0.17 0.00 1.61 0.30 5.50 0.04 0.24 15.16 23.03 0.38 100.80
565467  Anhydrous Ol-CPXite 54.31 0.20 0.00 1.81 0.32 5.43 0.05 0.23 15.25 22.76 0.38 100.74
565467  Anhydrous Ol-CPXite 54.78 0.15 0.01 1.45 0.27 5.31 0.05 0.23 15.33 23.18 0.38 101.14
565467  Anhydrous Ol-CPXite 54.74 0.15 0.00 1.52 0.28 5.52 0.05 0.25 15.14 23.07 0.37 101.10
565467  Anhydrous Ol-CPXite 54.37 0.20 0.00 1.92 0.55 5.35 0.05 0.23 15.00 22.93 0.48 101.08
565467  Anhydrous Ol-CPXite 54.60 0.16 0.00 1.57 0.28 5.04 0.04 0.21 15.50 23.22 0.40 101.03
565467  Anhydrous Ol-CPXite 54.60 0.17 0.00 1.57 0.31 5.13 0.05 0.21 15.51 23.10 0.40 101.03
565467  Anhydrous Ol-CPXite 54.24 0.25 0.01 1.96 0.30 4.88 0.05 0.20 15.63 22.63 0.44 100.58
565467  Anhydrous Ol-CPXite 54.36 0.16 0.00 1.50 0.28 5.71 0.04 0.26 15.04 22.93 0.38 100.65
565467  Anhydrous Ol-CPXite 54.55 0.18 0.00 1.64 0.27 5.57 0.04 0.26 15.08 23.16 0.38 101.13
565467  Anhydrous Ol-CPXite 54.27 0.22 0.00 1.82 0.30 5.76 0.04 0.25 15.01 22.85 0.41 100.94
565451  Anhydrous Ol-CPXite 54.45 0.09 0.00 1.40 0.85 7.92 0.05 0.20 20.61 18.22 0.31 104.09
565451  Anhydrous OIl-CPXite 5391 0.13 0.00 1.48 0.86 3.51 0.04 0.14 16.38 23.06 0.57 100.07
565451  Anhydrous Ol-CPXite 53.34 0.13 0.00 1.60 1.27 3.63 0.05 0.14 16.29 23.05 0.57 100.06
565451  Anhydrous Ol-CPXite 53.85 0.11 0.02 1.58 0.68 3.30 0.05 0.13 16.60 22.78 0.60 99.71
565451  Anhydrous Ol-CPXite 54.06 0.13 0.00 1.54 0.72 3.28 0.05 0.14 16.48 23.34 0.59 100.33
565451  Anhydrous Ol-CPXite 53.93 0.17 0.00 1.56 0.76 3.23 0.04 0.13 16.51 23.40 0.51 100.25
565451  Anhydrous Ol-CPXite 53.83 0.15 0.02 1.64 0.84 3.20 0.04 0.13 16.46 23.29 0.61 100.20
565451  Anhydrous OI-CPXite 53.82 0.20 0.00 1.72 0.80 3.14 0.05 0.12 16.27 23.30 0.53 99.93
565451  Anhydrous OI-CPXite 53.84 0.19 0.00 1.74 0.67 3.21 0.05 0.13 16.38 23.48 0.57 100.26
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Sample Lithology SiO2 TiO2 ZnO ALOs3 Cr203 FeO NiO MnO MgO CaO Na0 TOTAL
565451  Anhydrous Ol-CPXite 53.88 0.15 0.00 1.69 0.96 3.45 0.05 0.13 16.28 23.14 0.68 100.41
565451  Anhydrous Ol-CPXite 53.66 0.17 0.00 1.86 0.90 3.43 0.05 0.13 16.21 23.11 0.68 100.18
565451  Anhydrous Ol-CPXite 53.08 0.15 0.00 1.67 0.97 4.28 0.05 0.15 16.89 20.78 0.61 98.63
565451  Anhydrous Ol-CPXite 53.82 0.17 0.00 1.63 0.84 3.41 0.04 0.13 16.30 23.02 0.68 100.03
565451  Anhydrous Ol-CPXite 53.86 0.16 0.00 1.60 0.65 3.35 0.04 0.13 16.45 23.54 0.56 100.34
565451  Anhydrous Ol-CPXite 53.80 0.12 0.00 1.26 0.62 3.15 0.04 0.12 16.80 23.44 0.46 99.80
565464  Amphibolite 53.97 0.03 0.30 0.12 6.20 0.00 0.27 15.45 23.61 0.31 100.25
565464  Amphibolite 53.74 0.04 0.27 0.10 6.48 0.02 0.28 15.65 23.00 0.24 99.84
565464  Amphibolite 53.42 0.06 0.29 0.12 6.37 0.03 0.27 15.56 23.07 0.27 99.46
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Orthopyroxene

Sample Lithology Si02 TiO2 ZnO Al203 Cr203 FeO NiO MnO MgO CaO Na20 TOTAL
565467  Anhydrous Ol-CPXite 53.25 0.05 0.01 1.65 0.15 19.44 0.07 0.64 23.70 1.59 0.00 100.56
565467  Anhydrous Ol-CPXite 53.11 0.04 0.01 1.60 0.14 19.72 0.08 0.65 2391 1.05 0.06 100.37
565467  Anhydrous Ol-CPXite 53.52 0.06 0.01 1.66 0.16 19.00 0.07 0.64 23.23 1.73 0.05 100.14
565467  Anhydrous Ol-CPXite 53.46 0.10 0.02 1.26 0.13 19.88 0.08 0.66 24.20 0.42 0.00 100.20
565467  Anhydrous Ol-CPXite 53.60 0.04 0.02 1.01 0.09 20.20 0.06 0.67 24.24 0.36 0.00 100.30
565467  Anhydrous Ol-CPXite 53.22 0.04 0.01 1.59 0.14 19.65 0.07 0.65 23.99 1.18 0.00 100.53
565467  Anhydrous Ol-CPXite 53.35 0.03 0.02 1.36 0.12 20.09 0.07 0.66 24.05 0.40 0.00 100.16
565467  Anhydrous Ol-CPXite 53.69 0.05 0.02 1.18 0.09 20.26 0.06 0.68 24.08 0.40 0.00 100.51
565467  Anhydrous Ol-CPXite 53.67 0.17 0.01 1.44 0.14 17.83 0.07 0.58 24.08 2.54 0.03 100.57
565467  Anhydrous Ol-CPXite 53.75 0.33 0.02 1.42 0.15 18.39 0.07 0.58 24.44 1.56 0.00 100.69
565467  Anhydrous Ol-CPXite 53.96 0.05 0.00 1.48 0.15 18.08 0.07 0.58 24.45 1.96 0.02 100.80
565467  Anhydrous Ol-CPXite 53.77 0.27 0.01 1.59 0.16 18.43 0.07 0.58 24.40 1.62 0.00 100.91
565467  Anhydrous Ol-CPXite 53.70 0.05 0.01 1.51 0.15 18.57 0.07 0.61 24.39 1.59 0.01 100.66
565467  Anhydrous Ol-CPXite 53.50 0.52 0.01 1.39 0.15 18.81 0.07 0.62 24.10 1.74 0.02 100.93
565467  Anhydrous Ol-CPXite 53.76 0.06 0.02 1.50 0.16 18.36 0.07 0.60 24.36 1.72 0.02 100.63
565467  Anhydrous Ol-CPXite 53.44 0.05 0.01 1.34 0.13 19.34 0.06 0.63 24.70 0.38 0.00 100.09
565467  Anhydrous Ol-CPXite 53.58 0.08 0.02 1.21 0.12 20.09 0.07 0.68 2433 0.32 0.00 100.51
565467  Anhydrous Ol-CPXite 53.48 0.04 0.02 1.43 0.12 20.04 0.07 0.66 24.05 0.36 0.00 100.27
565467  Anhydrous Ol-CPXite 53.67 0.07 0.02 1.59 0.15 18.33 0.07 0.59 24.42 1.64 0.02 100.56
565467  Anhydrous Ol-CPXite 53.71 0.07 0.02 1.59 0.15 17.79 0.07 0.56 24.30 241 0.03 100.72
565467  Anhydrous Ol-CPXite 53.78 0.05 0.02 1.54 0.14 18.43 0.07 0.59 25.08 0.80 0.00 100.49
565467  Anhydrous Ol-CPXite 53.67 0.06 0.01 1.61 0.16 17.54 0.07 0.54 24.60 2.19 0.02 100.49
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Sample Lithology SiO: TiO:2 ZnO ALO3 Cr20s FeO NiO MnO MgO CaO Na;O TOTAL
565467  Anhydrous Ol-CPXite 53.88 0.05 0.02 1.40 0.14 17.85 0.07 0.56 25.12 1.53 0.01 100.64
565467  Anhydrous Ol-CPXite 54.07 0.05 0.02 1.19 0.13 18.58 0.07 0.58 25.43 0.36 0.00 100.47
565467  Anhydrous Ol-CPXite 53.47 0.04 0.01 0.96 0.08 20.30 0.07 0.68 24.06 0.33 0.00 100.00
565467  Anhydrous Ol-CPXite 53.51 0.05 0.02 1.17 0.12 20.35 0.06 0.67 24.00 0.38 0.00 100.35
565451  Anhydrous Ol-CPXite 54.31 0.05 0.00 1.04 0.14 12.90 0.08 0.34 30.00 0.36 0.00 99.22
565451  Anhydrous Ol-CPXite 54.33 0.07 0.00 1.31 0.25 12.16 0.09 0.32 28.87 1.90 0.01 99.31
565451  Anhydrous Ol-CPXite 54.17 0.05 0.00 1.37 0.26 12.37 0.08 0.33 29.15 1.40 0.00 99.19
565451  Anhydrous Ol-CPXite 54.33 0.06 0.00 1.29 0.24 12.53 0.07 0.34 29.55 1.14 0.00 99.55
565451  Anhydrous Ol-CPXite 53.79 0.07 0.00 1.78 0.31 12.91 0.08 0.33 28.96 1.04 0.00 99.26
565451  Anhydrous Ol-CPXite 55.11 0.04 0.00 0.85 0.15 11.95 0.07 0.31 30.96 0.29 0.00 99.74
565451  Anhydrous Ol-CPXite 54.65 0.05 0.00 1.15 0.17 12.39 0.07 0.34 30.52 0.34 0.00 99.69
565451  Anhydrous Ol-CPXite 54.35 0.06 0.00 1.11 0.18 12.67 0.08 0.34 29.72 0.33 0.00 98.84
565451  Anhydrous Ol-CPXite 54.45 0.06 0.00 1.09 0.17 12.67 0.09 0.34 2991 0.28 0.00 99.06
565451  Anhydrous Ol-CPXite 54.50 0.06 0.00 1.28 0.19 12.79 0.08 0.35 30.02 0.35 0.00 99.63
565451  Anhydrous Ol-CPXite 54.14 0.08 0.00 1.43 0.31 12.19 0.08 0.32 29.14 1.70 0.00 99.38
565451  Anhydrous OIl-CPXite 54.71 0.06 0.00 1.06 0.16 12.22 0.07 0.33 30.58 0.34 0.00 99.52
565451  Anhydrous Ol-CPXite 54.50 0.09 0.00 1.27 0.24 11.30 0.06 0.31 30.06 1.81 0.00 99.65
565470  Dunite 55.95 0.04 0.00 0.24 0.07 10.68 0.06 0.33 32.20 0.21 0.00 99.78
565470  Dunite 55.67 0.04 0.00 0.17 0.05 11.16 0.04 0.33 31.81 0.09 0.00 99.36
565470  Dunite 55.82 0.04 0.00 0.22 0.05 10.71 0.05 0.34 32.16 0.13 0.00 99.52
565470  Dunite 55.93 0.04 0.00 0.23 0.08 10.73 0.05 0.32 32.17 0.13 0.00 99.67
565470  Dunite 55.93 0.04 0.01 0.24 0.07 10.57 0.05 0.33 32.15 0.21 0.00 99.59
565470  Dunite 55.81 0.03 0.00 0.22 0.07 10.66 0.05 0.32 32.12 0.13 0.00 99.41
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Amphibole

Sample Lithology SiO: TiO2 AlkOs Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL
565450 Hydrous Ol- 56.78 0.07 1.52 0.20 3.50 0.05 0.13 2246 127 0.46 0.1 0.00 00 00 0.0 98.05
clinopyroxenite 4 2 2 0 0
565450 Hydrous Ol- 55.90 0.10 1.96 0.32 3.75 0.08 0.14 2227 127 0.56 0.2 0.02 00 0.0 00 98.02
clinopyroxenite 2 0 2 0 0
565450 Hydrous Ol- 55.90 0.09 1.45 0.26 3.71 0.07 0.16 2243 126 045 0.1 0.00 00 0.0 00 97.39
clinopyroxenite 8 7 1 0 0
565450 Hydrous Ol- 57.67 0.06 0.90 0.11 3.48 0.07 0.16 23.03 12.6 029 00 000 00 00 0.0 98.54
clinopyroxenite 8 9 1 0 0
565450 Hydrous Ol- 57.80 0.05 0.84 0.09 3.80 0.08 0.15 22.81 125 0.27 0.1 003 00 00 0.0 98.55
clinopyroxenite 3 1 0 0 0
565450 Hydrous Ol- 56.61 0.07 0.96 0.13 3.90 0.06 0.15 22.76 124 034 0.1 0.00 00 0.0 0.0 97.57
clinopyroxenite 4 3 1 0 0
565450 Hydrous OI- 57.21 0.04 0.95 0.14 366 0.04 0.17 22.77 12.5 0.34 0.1 0.02 0.0 0.0 0.0 97.98
clinopyroxenite 1 2 1 0 0
565450 Hydrous Ol- 57.17 0.06 0.89 0.09 3.55 0.06 0.15 22.87 12.7 032 0.1 0.00 00 00 0.0 98.02
clinopyroxenite 3 1 2 0 0
565450 Hydrous Ol- 57.74 0.04 0.99 0.16 337 0.11 0.15 2290 129 0.28 0.1 0.00 00 00 0. 98.76
clinopyroxenite 0 2 0 0 0
565450 Hydrous Ol- 57.20 0.06 1.00 0.17 3.39 0.08 0.15 2298 128 0.26 0.1 0.00 00 00 0. 98.23
clinopyroxenite 0 2 1 0 0
565450 Hydrous Ol- 57.14 0.06 1.08 0.17 3.39 0.09 0.17 22.84 127 031 0.1 0.03 00 00 0. 98.13
clinopyroxenite 0 4 1 0 0
565450 Hydrous Ol- 57.03 0.05 0.82 0.13 3.45 0.05 0.17 2291 127 022 0.1 0.00 00 00 0. 97.72
clinopyroxenite 7 0 2 0 0
565450 Hydrous Ol- 56.94 0.06 0.81 0.12 3.17 0.07 0.15 2298 128 022 00 000 00 00 0.0 97.46
clinopyroxenite 5 8 0 0 0
565450 Hydrous Ol- 56.92 0.06 0.80 0.12 331 0.10 0.15 2296 12.7 0.26 0.1 0.02 00 00 0.0 97.54
clinopyroxenite 6 0 0 0 0
565450 Hydrous Ol- 56.83  0.05 1.01 0.16 3.46 0.07 0.16 2278 12.7 035 0.1 0.00 00 00 0. 97.72
clinopyroxenite 0 2 2 0 0
565450 Hydrous Ol- 58.38 0.05 0.92 0.13 3.69 0.05 0.19 22,67 126 031 0.1 0.00 00 00 0.0 99.14
clinopyroxenite 4 0 1 0 0
565450 Hydrous Ol- 56.29 0.07 1.03 0.18 3.98 0.08 0.18 2274 123 033 0.1 0.00 00 00 0. 97.35
clinopyroxenite 3 3 1 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL
565450 Hydrous Ol- 56.37 0.05 0.98 0.13 3.87 0.05 0.15 2259 124 035 0.1 003 00 00 0.0 97.19
clinopyroxenite 6 3 2 0 0
565450 Hydrous Ol- 56.96 0.04 0.94 0.14 3.28 0.05 0.15 2295 127 0.26 0.1 003 00 00 0.0 97.66
clinopyroxenite 7 0 0 0 0
565450 Hydrous Ol- 56.21 0.07 0.90 0.13 3.85 0.07 0.15 2273 124 030 0.1 0.02 00 00 0.0 97.03
clinopyroxenite 6 3 1 0 0
565450 Hydrous Ol- 55.95 0.05 0.96 0.11 3.53 0.07 0.17 2294 127 0.27 0.1 0.02 00 00 0.0 96.92
clinopyroxenite 2 2 2 0 0
565450 Hydrous Ol- 55.11 0.05 0.93 0.08 3.51 0.09 0.16 22.68 129 026 00 003 00 00 0.0 95.97
clinopyroxenite 8 9 0 0 0
565450 Hydrous Ol- 55.30 0.04 0.95 0.14 3.81 0.09 0.17 2273 126 030 0.1 0.02 0.0 0.0 - 96.33
clinopyroxenite 3 3 2 0 0.0

1

565450 Hydrous Ol- 54.86 0.05 1.02 0.17 4.10 0.09 0.15 22,55 122 038 0.1 0.02 00 00 0.0 95.81
clinopyroxenite 9 4 0 0 0

565450 Hydrous Ol- 54.39 0.08 1.26 0.21 4.09 0.10 0.16 2226 122 037 0.1 001 00 00 0.0 95.35
clinopyroxenite 4 7 1 0 0

565450 Hydrous Ol- 55.58 0.04 0.80 0.11 3.79 0.08 0.15 22,63 125 0.27 0.1 0.00 00 00 0.0 96.08
clinopyroxenite 0 1 1 0 0

565450 Hydrous Ol- 55.78 0.03 0.60 0.08 3.74 0.06 0.16 2274 124 022 00 002 00 00 0.0 96.01
clinopyroxenite 7 9 1 0 0

565450 Hydrous Ol- 56.01 0.06 0.63 0.11 3.73 0.08 0.15 22.83 125 022 00 002 00 00 0.0 96.47
clinopyroxenite 4 8 0 0 0

565450 Hydrous Ol- 56.13 0.06 0.63 0.09 3.70 0.06 0.18 22.81 125 020 00 001 00 00 0.0 96.50
clinopyroxenite 2 9 1 0 0

565450 Hydrous Ol- 55.94 0.03 0.71 0.09 3.35 0.09 0.15 22.86 12.7 026 00 000 00 00 0.0 96.30
clinopyroxenite 4 8 1 0 0

565450 Hydrous Ol- 55.85 0.06 0.82 0.11 3.73 0.06 0.17 2279 124 024 0.1 0.00 00 00 0. 96.41
clinopyroxenite 8 1 0 0 0

565455 Dunite 5091 0.42 6.55 0.71 475 0.15 0.10 20.51 118 1.65 0.2 0.00 0.0 0. - 97.89
7 3 6 0 0.0
1

565455 Dunite 4991 044 7.31 0.90 4.88 0.12 0.10 20.22 119 1.81 0.2 0.02 0.0 0.0 97.93
4 4 5 0 0.0
1
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Sample Lithology Si02 TiO2 ALOs Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 cl F O TOTAL

565455 Dunite 50.73 0.39 6.82 0.84 4.67 0.11 0.10 20.53 11.8 1.76 0.1 0.02 0.0 0.0 - 97.91
1 0 4 0 0.0
1

565455 Dunite 50.92 0.36 6.60 0.80 4.56 0.09 0.14 20.77 119 1.67 0.0 0.00 0.0 0. - 97.90
0 7 3 0 0.0
1

565455 Dunite 50.11 0.47 7.25 0.95 499 0.11 0.10 20.25 11.8 1.80 0.1 0.02 0.0 0.0 - 98.13
4 9 5 0 0.0
1

565455 Dunite 49.83 0.45 7.35 0.89 4.76 0.13 0.09 20.21 118 1.81 0.1 0.00 0.0 0.0 - 97.61
7 9 6 0 0.0
1

565455 Dunite 48.89 0.45 7.19 0.90 4.87 0.11 0.10 20.07 11.7 1.81 0.1 0.02 0.0 0.0 - 96.33
2 6 5 0 0.0
1

565455 Dunite 50.89 0.40 6.72 0.83 4.62 0.13 0.11 20.61 118 1.70 0.4 0.00 0.0 0. - 98.01
8 0 3 0 0.0
1

565455 Dunite 49.85 0.43 7.19 0.98 4.69 0.11 0.09 20.02 116 1.78 0.2 0.00 0.0 0. - 97.10
9 3 5 0 0.0
1

565455 Dunite 51.44 0.30 5.87 0.65 4.01 0.13 0.14 21.03 118 146 0.0 0.03 0.0 0.0 - 97.00
5 7 3 0 0.0
1

565455 Dunite 49.12 0.44 7.46 0.98 4.88 0.12 0.10 1998 11.8 1.78 0.2 0.00 0.0 0. - 96.96
0 7 5 0 0.0
1

565455 Dunite 49.23 0.46 7.45 0.99 4.86 0.12 0.10 19.99 11.7 1.86 0.2 0.01 0.0 0.0 - 97.12
9 2 5 0 0.0
1

565455 Dunite 50.29 0.37 6.69 0.79 4.43 0.09 0.11 20.53 11.7 1.71 0.0 0.00 0.0 0.0 - 96.87
3 9 3 0 0.0
1

565455 Dunite 50.13 0.36 6.96 0.89 4.56 0.12 0.11 2041 118 1.76 0.1 0.02 0.0 0.0 - 97.33
1 5 5 0 0.0
1
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl (0] TOTAL

565455 Dunite 50.19 0.35 6.59 0.84 459 0.12 0.12 20.72 11.7 1.65 0.1 0.00 0.0 0. - 97.06
7 1 3 0 0.0
1

565455 Dunite 48.44 043 7.28 095 4.74 0.11 0.12 2031 11.7 1.83 0.1 0.02 0.0 0. - 96.21
6 7 4 0 0.0
1

565455 Dunite 50.06 0.37 6.80 0.85 4.51 0.10 0.10 20.62 11.7 1.69 0.1 0.03 0.0 0.0 - 97.02
6 2 3 0 0.0
1

565471 Dunite 55.56 0.12 1.68 0.43 2.84 0.11 0.13 23.08 12.3 0.55 0.0 0.03 00 00 0.0 96.97
8 5 0 0 0

565471 Dunite 52.47 0.33 5.21 0.78 4.01 0.10 0.12 21.28 12.0 1.36 0.2 0.00 0.0 0.0 0.0 97.96
6 1 3 0 0

565471 Dunite 53.15 0.21 3.92 0.61 3.70 0.13 0.13 2191 119 1.13 041 0.03 00 00 0. 96.97
1 3 2 0 0

565471 Dunite 51.92 0.28 4.93 0.77 3.90 0.1 0.13 2156 119 1.34 041 0.04 00 00 0. 97.07
5 3 3 0 0

565471 Dunite 53.38 0.26 471 0.74 390 0.10 0.12 21.77 12.0 1.34 0.1 0.00 0.0 0.0 0.0 98.49
4 1 3 0 0

565471 Dunite 53.38 0.28 4.32 0.65 3.69 0.13 0.11 2160 121 1.21 01 0.00 00 00 0. 97.61
0 3 2 0 0

565471 Dunite 52.58 0.25 4.66 0.74 3.80 0.10 0.12 2155 12.0 1.30 0.2 0.01 00 00 0. 97.41
6 0 3 0 0

565471 Dunite 54.85 0.18 2.81 0.36 3.39 0.11 0.10 2246 122 0.82 0.0 0.00 00 00 0.0 97.47
8 9 1 0 0

565471 Dunite 52.58 0.29 4.64 0.73 3.79 0.11 0.12 2156 121 1.24 0.1 0.02 00 00 0.0 97.41
4 9 2 0 0

565471 Dunite 53.95 0.24 3.82 0.65 3.62 0.10 0.11 22.05 12.0 1.09 0.1 0.02 00 00 0. 97.81
5 1 0 0 0

565471 Dunite 52.67 0.24 4.17 0.58 3.75 0.11 0.11 21.71 120 1.13 041 0.01 00 00 0. 96.77
7 9 2 0 0

565471 Dunite 52.27 0.30 4.49 0.69 3.79 0.12 0.09 2151 121 1.24 041 0.02 00 00 0.0 96.91
8 8 2 0 0

565471 Dunite 52.98 0.22 4.22 0.61 3.62 0.13 0.10 22.26 11.7 1.03 0.2 0.02 00 00 0.0 97.15
2 0 2 0 0

565471 Dunite 57.96 0.00 0.07 0.06 10.6 0.13 0.46 27.50 0.59 0.07 0.0 0.00 00 00 0.0 97.52
9 0 0 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL
565471 Dunite 56.80 0.02 0.22 0.23 112 0.12 0.51 27.10 0.46 0.03 0.0 0.00 00 00 0. 96.74
6 0 0 0 0
565471 Dunite 53.74 0.22 3.61 0.59 3.42 0.09 0.11 2212 121 1.06 0.1 0.02 00 0.0 0.0 97.25
5 0 1 0 0
565471 Dunite 52.67 0.28 4.65 0.72 3.74 0.11 0.11 2155 119 1.30 0.1 0.00 00 0.0 0.0 97.16
0 2 2 0 0
565471 Dunite 5591 0.14 2.03 0.31 3.04 0.10 0.13 2294 124 0.62 0.0 0.00 00 00 0.0 97.69
2 5 1 0 0
565471 Dunite 52.37 0.28 5.02 0.75 3.89 0.10 0.12 21.47 119 1.39 041 0.02 00 00 0. 97.55
9 2 2 0 0
565471 Dunite 52.04 0.34 5.31 0.79 393 0.10 0.14 21.35 119 1.43 0.1 0.01 0.0 0.0 0.0 97.56
8 2 3 0 0
565471 Dunite 5251 0.31 4.97 0.74 3.89 0.10 0.11 21.42 119 1.34 0.1 0.00 0.0 0.0 0.0 97.53
8 1 4 0 0
565471 Dunite 55.53 0.11 2.11 0.37 2.85 0.09 0.09 23.11 123 0.63 0.0 0.03 00 00 0.0 97.31
1 5 2 0 0
565471 Dunite 58.64 0.00 0.04 0.02 1.29 0.10 0.12 2429 132 0.05 0.0 0.00 00 00 0. 97.80
4 1 0 0 0
565471 Dunite 53.16 0.23 4.02 0.60 3.67 0.13 0.11 21.74 12.1 1.10 0.1 0.00 0.0 0.0 0.0 97.05
1 5 3 0 0
565471 Dunite 52.61 0.27 4.49 0.69 3.72 0.12 0.09 2161 121 1.17 04 0.02 00 00 0. 97.13
4 8 2 0 0
565471 Dunite 51.66 0.31 4.95 0.77 3.84 0.1 0.12 2157 12.0 1.29 0.2 0.01 00 00 0. 96.88
0 1 3 0 0
565471 Dunite 53.45 0.22 3.77 0.60 3.54 0.11 0.13 2199 121 1.08 0.1 0.00 00 00 0. 97.14
3 0 2 0 0
565471 Dunite 58.29 0.02 0.16 0.08 10.3 0.12 0.43 27.75 0.62 0.05 0.0 0.00 00 00 0. 97.92
9 0 1 0 0
565471 Dunite 53.45 0.24 3.81 0.57 3.63 0.10 0.10 22.07 121 1.07 041 0.00 00 00 0.0 97.29
0 0 2 0 0
565471 Dunite 53.38 0.23 3.74 0.56 3.53 0.12 0.12 2221 121 1.10 0.0 0.02 00 00 0.0 97.24
1 9 2 0 0
565471 Dunite 52.83 0.25 3.99 0.58 3.50 0.12 0.12 2196 12.0 1.12 041 0.02 00 00 0.0 96.71
7 3 3 0 0
565471 Dunite 52.52 0.26 4.19 0.59 3.64 0.09 0.10 21.84 121 1.19 0.1 0.01 00 00 0. 96.74
5 4 2 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL
565471 Dunite 52.36 0.26 4.11 0.63 3.69 0.10 0.11 21.88 121 1.14 0.1 0.00 0.0 0.0 0.0 96.55
0 3 3 0 0
565471 Dunite 51.33 0.28 4.57 0.65 3.87 0.11 0.13 2159 121 1.27 0.2 0.02 00 00 0.0 96.14
0 0 3 0 0
565451 Anhydrous Ol- 4451 092 1150 131 533 0.13 0.08 1799 121 2.80 0.5 0.00 00 00 0. 97.25
Clinopyroxenite 7 2 0 0 0
565452 Dunite 52.33 0.21 4.72 0.74 3.68 0.09 0.12 21.63 121 1.27 0.1 0.00 00 0.0 0.0 97.05
3 2 2 0 0
565452 Dunite 52.27 0.25 4.88 0.73 3.86 0.12 0.10 2147 121 131 01 0.00 0.0 0.0 0.0 97.35
9 5 2 0 0
565452 Dunite 53.10 0.19 4.42 0.71 3.67 0.10 0.11 21.78 12.2 1.20 0.0 0.00 0.0 0.0 0.0 97.65
7 9 1 0 0
565452 Dunite 5235 0.21 475 0.75 3.78 0.11 0.11 21.65 12.1 1.29 0.1 0.00 0.0 0.0 0.0 97.32
8 3 2 0 0
565452 Dunite 53.24 0.19 4.38 0.66 3.70 0.09 0.10 21.75 12.2 1.20 0.1 0.02 00 0.0 0.0 97.68
1 1 2 0 0
565452 Dunite 52.29 0.23 471 0.75 3.87 0.10 0.09 21.55 12.2 1.26 0.2 0.00 0.0 0.0 0.0 97.34
6 0 2 0 0
565452 Dunite 53.08 0.21 4.39 0.64 3.65 0.08 0.11 21.85 122 1.12 0.1 0.03 00 00 0.0 97.60
3 7 3 0 0
565452 Dunite 52.02 0.18 4.67 0.68 3.78 0.10 0.11 2166 121 1.23 01 0.02 00 0.0 0.0 96.87
9 8 2 0 0
565452 Dunite 54.77 0.11 2.52 0.34 3.23 0.07 0.10 22.73 124 0.74 0.0 0.01 00 0.0 0.0 97.10
2 4 1 0 0
565452 Dunite 53.39 0.13 3.36 0.65 3.38 0.07 0.13 2245 121 093 0.0 0.00 00 0.0 0.0 96.73
6 6 2 0 0
565452 Dunite 51.30 0.23 4.79 1.50 4.11 0.07 0.13 2153 120 1.26 0.1 0.00 00 0.0 0.0 97.14
1 8 2 0 0
565452 Dunite 5429 0.15 3.13 0.48 3.20 0.08 0.13 22,51 123 0.89 0.0 0.00 0.0 0.0 0.0 97.29
5 7 1 0 0
565452 Dunite 51.82 0.24 5.24 0.73 396 0.14 0.09 2133 120 135 0.2 0.02 00 0.0 0.0 97.24
8 1 3 0 0
565452 Dunite 51.73 0.22 4.99 0.71 3.87 0.11 0.09 21.27 121 1.28 0.2 0.00 00 0.0 0.0 96.64
5 0 3 0 0
565452 Dunite 52.25 0.23 5.07 0.74 3.87 0.09 0.11 2139 120 131 0.1 0.03 00 0.0 0.0 97.37
9 8 3 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL

565452 Dunite 52.63 0.24 4.56 0.62 3.74 0.08 0.12 2166 12.0 1.21 041 0.02 00 00 0. 97.12
7 5 2 0 0

565452 Dunite 52.88 0.18 3.70 0.59 3.41 0.11 0.10 2210 121 1.02 0.0 003 00 00 0.0 96.33
4 5 2 0 0

565452 Dunite 52.32 0.24 4.78 0.69 3.85 0.09 0.09 2145 121 1.29 01 0.01 00 0.0 0.0 97.13
2 9 2 0 0

565452 Dunite 51.85 0.20 4.67 0.73 3.85 0.09 0.09 2162 119 1.25 0.1 0.00 00 00 0.0 96.44
6 1 2 0 0

565452 Dunite 52.18 0.22 4.81 0.71 3.80 0.10 0.09 2153 121 1.29 041 0.02 00 00 0. 97.06
2 6 2 0 0

565452 Dunite 57.92 0.06 0.18 0.04 0.97 0.09 0.07 2419 134 0.04 0.0 0.00 00 00 0. 97.06
6 4 0 0 0

565464 Amphibolite 53.01 0.29 2.96 0.25 9.03 0.07 0.23 1858 11.8 0.67 0.2 0.00 00 00 0. 97.19
1 5 4 0 0

565464 Amphibolite 51.94 0.23 3.52 0.15 9.20 0.07 0.22 1844 119 0.74 03 0.00 00 00 0. 96.83
6 2 4 0 0

565464 Amphibolite 52.35 0.25 3.35 0.13 9.21 0.06 0.24 1855 11.8 0.75 0.2 0.02 00 0.0 0.0 97.10
8 9 3 0 0

565464 Amphibolite 52.60 0.24 3.15 0.12 9.11 0.05 0.24 18.55 12.0 0.60 0.2 0.01 0.0 0.0 0.0 97.01
0 8 5 0 0

565464 Amphibolite 52.94 0.29 2.96 0.15 8.89 0.07 0.22 1864 12.0 0.65 0.2 0.03 00 00 0.0 97.16
4 6 3 0 0

565464 Amphibolite 53.13 0.27 2.86 0.20 8.79 0.05 0.22 1862 123 0.56 0.2 0.00 00 00 0.0 97.30
2 5 3 0 0

565464 Amphibolite 54.19 0.19 2.52 0.23 8.56 0.05 0.14 1862 12.8 0.40 0.2 0.02 00 00 0.0 98.01
4 2 3 0 0

565464 Amphibolite 52.48 0.23 2.97 0.24 8.80 0.08 0.20 1860 12.3 051 0.2 0.00 00 00 0. 96.68
1 3 2 0 0

565464 Amphibolite 53.19 0.25 2.89 0.30 8.72 0.06 0.22 1860 12.3 0.58 0.2 0.03 00 00 0.0 97.47
4 3 4 0 0

565464 Amphibolite 53.52 0.26 2.82 0.27 8.86 0.07 0.21 1866 12.0 0.68 0.2 0.00 00 00 0.0 97.63
1 3 4 0 0

565464 Amphibolite 52.82 0.29 3.00 0.27 9.13 0.08 0.24 1870 115 0.64 0.2 0.01 00 00 0. 97.06
9 6 3 0 0

565464 Amphibolite 53.46 0.24 2.60 0.26 9.06 0.04 0.27 1893 116 0.54 0.2 0.00 00 00 0. 97.32
7 3 3 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL

565464 Amphibolite 52.64 0.27 3.04 0.29 9.03 0.07 0.23 1863 115 079 03 003 01 00 0.0 97.05
8 2 3 0 0

565464 Amphibolite 53.21 0.30 2.83 0.29 9.10 0.03 0.26 18.70 11.8 0.58 0.2 0.00 00 00 0. 97.42
5 4 3 0 0

565464 Amphibolite 53.24 0.27 2.88 0.28 8.90 0.07 0.23 1879 117 0.63 0.2 0.00 00 00 0. 97.33
8 3 3 0 0

565464 Amphibolite 53.45 0.28 2.85 0.27 9.20 0.05 0.25 1878 11.6 0.62 0.2 0.02 00 00 0. 97.72
5 6 4 0 0

565464 Amphibolite 53.16 0.28 2.86 0.26 8.95 0.04 0.23 1868 11.8 0.64 0.2 0.02 00 00 0. 97.26
6 5 3 0 0

565464 Amphibolite 53.32 0.25 2.64 0.24 9.27 0.08 0.28 1838 119 0.57 0.2 0.03 00 00 0.0 97.30
1 5 9 0 0

565464 Amphibolite 53.67 0.24 2.66 0.25 9.11 0.05 0.25 18.74 11.6 0.57 0.2 0.00 0.0 0.0 0.0 97.49
8 3 3 0 0

565464 Amphibolite 53.25 0.29 2.84 0.27 9.19 0.06 0.27 1841 119 0.61 0.2 0.03 00 00 0.0 97.43
3 5 5 0 0

565464 Amphibolite 52.28 0.32 2.89 0.30 8.78 0.06 0.21 1866 12.3 0.55 0.2 0.00 00 00 0. 96.73
6 6 7 0 0

565464 Amphibolite 52.47 0.27 2.86 0.24 9.46 0.06 0.17 18.24 12.2 0.53 0.2 0.02 0.0 0.0 0.0 96.83
1 6 4 0 0

565464 Amphibolite 53.85 0.25 2.84 0.22 8.81 0.05 0.23 1864 125 0.52 0.2 0.00 00 00 0. 98.26
9 5 3 0 0

565464 Amphibolite 53.12 0.24 2.80 0.25 8.71 0.05 0.18 1874 123 0.56 0.2 0.01 00 00 0. 97.29
7 4 3 0 0

565464 Amphibolite 53.31 0.26 2.89 0.33 8.70 0.05 0.18 1846 12.8 0.57 0.2 0.03 00 00 0.0 97.88
2 5 3 0 0

565464 Amphibolite 54.03 0.26 2.81 0.32 9.00 0.05 0.25 1871 119 0.66 0.2 0.00 00 00 0. 98.29
0 5 4 0 0

565464 Amphibolite 52.06 0.24 2.93 0.32 8.94 0.00 0.20 1841 124 0.54 0.2 0.00 00 00 0.0 96.33
2 3 3 0 0

565464 Amphibolite 52.08 0.27 2.74 0.28 9.08 0.05 0.25 1863 11.7 072 0.2 0.00 00 00 0.0 96.09
4 2 3 0 0

565464 Amphibolite 52.23 0.26 2.90 0.31 9.41 0.06 0.23 1867 11.6 0.72 0.2 0.00 00 00 0. 96.69
3 5 3 0 0

565464 Amphibolite 52.56 0.32 3.01 0.31 9.22 0.09 0.23 1854 115 0.77 0.2 0.02 00 00 0. 96.94
8 5 3 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL

565464 Amphibolite 52.80 0.27 2.94 0.32 9.25 0.05 0.25 1854 11.7 0.73 0.2 0.00 0.0 0.0 0.0 97.17
2 7 3 0 0

565464 Amphibolite 53.40 0.27 2.91 0.31 9.08 0.05 0.23 18.72 119 0.70 0.2 0.02 00 00 0.0 97.90
3 4 4 0 0

565464 Amphibolite 53.02 0.28 2.99 0.33 9.27 0.05 0.23 1866 11.8 0.62 0.2 0.00 00 00 0. 97.58
5 6 3 0 0

565464 Amphibolite 52.99 0.23 2.78 0.30 9.19 0.06 0.28 18.60 12.0 059 0.2 0.04 00 0.0 0.0 97.40
4 5 4 0 0

565464 Amphibolite 52.74 0.27 2.93 0.31 9.32 0.03 0.27 1862 11.7 0.67 0.2 0.00 0.0 0.0 0.0 97.23
7 6 4 0 0

565464 Amphibolite 52.70 0.25 2.88 0.30 9.33 0.06 0.30 1864 11.6 0.62 0.2 0.02 00 00 0. 97.03
3 6 3 0 0

565464 Amphibolite 52.82 0.27 2.87 0.29 9.15 0.06 0.24 18.68 11.8 0.67 0.2 0.00 0.0 0.0 0.0 97.15
0 5 4 0 0

565464 Amphibolite 52.32 0.26 2.95 0.31 9.16 0.06 0.24 1864 11.7 061 0.2 0.00 0.0 0.0 0.0 96.55
0 6 4 0 0

565463 Hornblende 45.05 0.82 9.72 0.11 156 0.00 0.27 11.72 11.8 1.12 0.9 0.01 0.2 0.0 - 97.48
Gabbro 5 9 2 5 0 0.0
6

565463 Hornblende 45.05 0.92 9.70 0.10 15.7 0.00 0.29 11.61 118 1.14 09 0.02 01 0.0 - 97.48
Gabbro 2 9 0 9 0 0.0
4

565463 Hornblende 45.77 0.78 9.12 0.09 153 0.04 0.26 12.19 119 1.15 0.8 0.00 0.1 0.0 - 97.62
Gabbro 5 1 3 6 0 0.0
4

565463 Hornblende 47.33 0.64 7.66 0.07 14.7 0.00 0.27 13.01 119 092 0.6 0.00 0.1 0.0 - 97.34
Gabbro 2 8 2 4 0 0.0
3

565463 Hornblende 48.87 0.49 6.67 0.07 14.2 0.03 0.25 13.70 121 08 0.4 0.00 0.1 0.0 - 97.88
Gabbro 6 1 9 0 0 0.0
2

565463 Hornblende 49.09 0.44 6.83 0.09 14.0 0.05 0.27 13.54 121 0.79 0.5 0.00 0.1 0.0 - 97.91
Gabbro 6 6 0 3 0 0.0
3

565463 Hornblende 46.34 0.80 8.62 0.06 15.0 0.04 0.27 1244 120 097 0.7 0.00 0.2 0.0 - 97.46
Gabbro 0 2 4 2 0 0.0
5
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Sample Lithology SiO: TiO2 AlkOs Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl (0] TOTAL
565463 Hornblende 44.32 0.90 9.90 0.12 15.8 0.03 0.26 11.30 11.8 1.10 0.8 0.02 0.2 0.0 - 96.67
Gabbro 0 8 8 4 0 0.0

5

565463 Hornblende 48.03 0.55 7.64 0.09 14.3 0.00 0.26 13.30 121 094 0.5 0.03 01 0.0 - 97.98
Gabbro 5 1 9 1 0 0.0
3

565463 Hornblende 49.22 0.50 5.89 0.00 13.5 0.00 0.26 14.22 121 083 03 0.01 0.0 0.0 - 97.10
Gabbro 7 6 8 8 0 0.0
2

565463 Hornblende 4493 0.79 10.35 0.13 158 0.00 0.29 11.06 11.8 1.08 0.9 0.02 0.2 0.0 - 97.44
Gabbro 6 3 3 4 0 0.0
5

565463 Hornblende 4493 0.80 10.09 0.11 15.7 0.00 0.28 11.24 119 1.13 0.9 0.00 0.1 o0.0 - 97.30
Gabbro 0 7 1 9 0 0.0
4

565463 Hornblende 44.38 0.87 9.79 0.13 155 0.04 0.27 1161 119 1.12 0.9 0.01 0.1 0.0 - 96.73
Gabbro 3 1 3 9 0 0.0
4

565463 Hornblende 4453 0.87 10.08 0.10 158 0.04 0.27 11.34 11.8 1.11 0.9 0.02 0.2 0.0 - 97.18
Gabbro 3 8 3 3 0 0.0
5

565463 Hornblende 5191 0.16 3.99 0.08 124 0.03 0.24 1542 122 050 0.1 0.00 0.0 0. - 97.30
Gabbro 9 9 5 5 0 0.0
1

565463 Hornblende 53.03 0.06 2.67 0.09 121 0.05 0.25 16.05 125 032 0.0 0.00 00 0.0 0.0 97.24
Gabbro 5 1 5 2 0 0

565463 Hornblende 45.64 0.74 8.92 0.06 15.0 0.00 0.26 12.07 119 1.04 0.7 0.00 0.1 0.0 - 96.65
Gabbro 9 5 8 5 0 0.0
3

565463 Hornblende 47.66 0.62 7.30 0.15 13.4 0.00 0.28 13.76 119 092 0.5 0.00 0.1 0.0 - 96.79
Gabbro 5 9 8 1 0 0.0
2

565463 Hornblende 44.82 0.86 9.60 0.15 15.0 0.00 0.27 1194 11.7 1.18 0.9 0.01 01 0.0 - 96.66
Gabbro 0 4 2 9 0 0.0
4
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Sample Lithology Si02 TiO2 ALOs Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 cl F O TOTAL
565463 Hornblende 44,58 0.89 9.69 0.12 15.1 0.00 0.25 11.84 11.7 1.19 09 0.00 0.2 0.0 - 96.63
Gabbro 9 7 4 1 0 0.0

5

565463 Hornblende 44,78 0.87 9.81 0.09 15.3 0.00 0.29 11.71 119 1.13 0.9 0.00 0.2 0. - 97.07
Gabbro 8 1 6 0 0 0.0
4

565463 Hornblende 54.63 0.06 1.49 0.06 10.7 0.00 0.24 1737 126 0.18 0.0 0.01 00 00 0. 97.46
Gabbro 6 0 4 2 0 0

565463 Hornblende 46.62 0091 7.87 0.07 14.2 0.03 0.27 1276 12.0 092 0.6 0.02 0.1 0.0 - 96.62
Gabbro 6 9 5 9 0 0.0
4

565463 Hornblende 52.82 0.06 2.25 0.02 114 0.00 0.25 16.53 124 032 0.0 0.00 00 00 0. 96.22
Gabbro 8 4 5 2 0 0

565472 Dunite 5196 0.26 4.73 0.66 3.87 0.12 0.11 2166 122 1.17 0.2 0.00 00 00 0. 97.03
1 4 3 0 0

565472 Dunite 51.15 0.31 5.50 0.85 4.02 0.12 0.11 21.22 122 1.34 0.2 0.00 00 00 0. 97.18
5 6 4 0 0

565472 Dunite 51.31 0.29 5.06 0.75 391 0.14 0.11 21.49 12.2 1.27 0.2 0.00 0.0 0.0 0.0 96.86
6 3 4 0 0

565472 Dunite 52.20 0.29 4.59 0.67 3.68 0.14 0.12 2181 122 1.16 0.1 0.02 00 00 0.0 97.12
5 7 3 0 0

565472 Dunite 51.84 0.29 4.86 0.67 3.90 0.12 0.11 2150 12.2 1.17 0.2 0.00 00 00 0.0 96.92
1 3 3 0 0

565472 Dunite 52.11 0.25 4.76 0.69 3.74 0.11 0.12 2169 121 1.22 041 0.00 00 00 0.0 97.09
8 6 3 0 0

565472 Dunite 50.63 0.32 5.65 0.86 4.10 0.12 0.08 21.21 123 134 0.2 0.02 00 00 0.0 96.96
0 9 3 0 0

565472 Dunite 52.99 0.20 4.03 0.65 3.63 0.12 0.12 22.15 12.0 1.08 0.0 0.00 00 00 0.0 97.12
5 8 2 0 0

565472 Dunite 52.16 0.23 4.53 0.67 3.91 0.08 0.13 2191 119 1.17 04 0.00 00 00 0.0 96.89
7 0 3 0 0

565472 Dunite 51.48 0.24 4.95 0.76 3.94 0.13 0.09 2148 120 1.28 0.1 0.00 00 00 0. 96.54
0 4 3 0 0

565472 Dunite 51.18 0.29 4.52 0.59 3.80 0.09 0.09 2172 121 1.17 041 0.00 00 00 0. 95.73
2 3 2 0 0
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl F (0] TOTAL

565472 Dunite 52.65 0.21 4.41 0.69 3.60 0.13 0.13 21.88 12.0 1.18 0.1 001 00 0.0 0.0 97.09
7 1 2 0 0

565472 Dunite 52.27 0.23 4.29 0.65 3.77 0.10 0.14 2192 121 1.09 0.1 0.00 00 00 0. 96.72
3 0 2 0 0

565472 Dunite 52.50 0.23 4.08 0.67 3.57 0.11 0.12 22.06 121 1.14 00 002 0.0 0.0 0.0 96.73
2 8 2 0 0

565472 Dunite 53.12 0.30 4.83 0.70 4.07 0.12 0.11 2164 12.0 1.26 0.1 0.00 00 0.0 0.0 98.41
5 7 3 0 0

565472 Dunite 52.35 0.27 4.58 0.60 3.86 0.14 0.11 2157 121 1.22 01 0.03 00 0.0 0.0 97.06
1 9 3 0 0

565472 Dunite 52.23 0.28 4.62 0.58 4.00 0.13 0.11 21.64 12.1 1.16 0.1 0.03 0.0 0.0 0.0 97.10
3 6 3 0 0

565472 Dunite 53.11 0.23 3.72 0.39 3,65 0.09 0.10 22.06 12.1 1.04 0.1 0.00 0.0 0.0 0.0 96.77
8 6 3 0 0

565472 Dunite 52.54 0.18 3.67 0.51 3,57 0.11 0.11 2211 12.0 1.02 01 0.00 00 0.0 0.0 96.05
7 2 3 0 0

565472 Dunite 53.33 0.22 3.68 0.38 355 0.11 0.11 22.13 12.1 1.01 0.1 0.00 0.0 0.0 0.0 96.79
0 3 3 0 0

565472 Dunite 53.08 0.20 3.43 0.32 3.57 0.10 0.08 2220 121 096 0.1 0.00 00 00 0. 96.29
7 5 3 0 0

565472 Dunite 52.95 0.22 3.92 0.47 3.70 0.10 0.10 2195 121 1.02 01 0.02 00 0.0 0.0 96.77
4 6 2 0 0

565472 Dunite 51.98 0.27 4.24 0.55 3.83 0.12 0.13 2193 121 1.12 01 0.02 00 0.0 0.0 96.55
9 3 4 0 0

565472 Dunite 53.40 0.25 4.20 0.60 3.72 0.10 0.10 21.83 122 1.07 0.1 0.00 00 00 0. 97.66
0 7 2 0 0

565472 Dunite 51.88 0.29 5.11 0.70 3.88 0.09 0.11 2139 121 1.30 0.2 0.00 00 00 0. 97.15
4 2 4 0 0

565472 Dunite 51.72 031 5.19 0.75 3.87 0.14 0.10 2130 121 1.29 0.2 0.00 00 0.0 0.0 97.06
3 4 3 0 0

565469 Hydrous Ol- 54.20 0.20 3.18 0.40 4.63 0.09 0.15 21.85 123 0.86 0.2 0.00 0.0 0.0 - 98.12
clinopyroxenite 4 0 4 0 0.0
1

565469 Hydrous Ol- 53.54 0.15 2.81 0.40 4.29 0.08 0.18 22.00 125 073 0.1 0.01 0.0 0.0 - 96.91
clinopyroxenite 4 5 4 0 0.0
1
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Sample Lithology SiO: TiO2 Alk0Os Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 Cl (0] TOTAL
565469 Hydrous Ol- 53.17 0.16 3.30 0.43 456 0.06 0.21 21.88 12.0 092 0.1 0.00 0.0 0.0 - 96.93
clinopyroxenite 8 2 5 0 0.0

1
565469 Hydrous Ol- 53.11 0.22 3.93 0.50 4.62 0.09 0.24 2155 119 1.08 0.1 0.00 0.0 0.0 - 97.45
clinopyroxenite 5 2 4 0 0.0
1
565469 Hydrous Ol- 5430 0.13 2.65 0.39 3.97 0.09 0.13 22.07 126 0.74 0.2 0.01 0.0 0.0 - 97.44
clinopyroxenite 9 2 3 0 0.0
1
565469 Hydrous Ol- 55.92 0.08 1.34 0.13 3.56 0.08 0.12 2260 12.8 041 0.1 0.02 00 0.0 00 97.24
clinopyroxenite 7 0 1 0 0
565469 Hydrous OI- 56.59 0.04 0.52 0.05 361 0.11 0.14 23.02 12.7 0.22 0.0 0.01 0.0 0.0 0.0 97.11
clinopyroxenite 8 3 1 0 0
565469 Hydrous Ol- 55.64 0.06 1.76 0.24 3,51 0.08 0.10 2275 13.0 054 0.1 001 00 00 0.0 97.85
clinopyroxenite 3 3 1 0 0
565469 Hydrous Ol- 54.13 0.12 2.48 0.31 4.18 0.08 0.16 22.18 12.6 071 0.1 0.00 0.0 0.0 - 97.23
clinopyroxenite 5 8 4 0 0.0
1
565469 Hydrous Ol- 56.16 0.06 1.42 0.15 3.68 0.08 0.13 22,61 128 045 0.1 0.00 00 0.0 0.0 97.70
clinopyroxenite 4 1 0 0 0
565469 Hydrous Ol- 56.12 0.05 1.24 0.22 331 0.06 0.14 2299 129 035 00 002 00 00 0.0 97.55
clinopyroxenite 7 7 2 0 0
565469 Hydrous Ol- 53.72 0.14 2.96 0.50 4.68 0.10 0.16 21.85 12.3 081 0.1 0.02 0.0 0.0 - 97.55
clinopyroxenite 8 9 3 0 0.0
1
565469 Hydrous Ol- 5433 0.13 2.47 0.29 4.26 0.09 0.14 2218 125 071 0.2 0.02 0.0 0.0 - 97.42
clinopyroxenite 9 0 4 0 0.0
1
565469 Hydrous Ol- 55.25 0.05 1.21 0.11 3.15 0.06 0.15 23.07 129 037 0.1 0.00 00 00 0.0 96.42
clinopyroxenite 0 0 1 0 0
565469 Hydrous Ol- 54.44 0.10 2.07 0.24 3.71 0.07 0.12 2234 128 0.58 0.1 0.02 00 00 0.0 96.71
clinopyroxenite 2 8 2 0 0
565469 Hydrous Ol- 57.20 0.06 1.37 0.10 3.57 0.08 0.14 2276 129 045 0.1 0.00 00 00 0. 98.76
clinopyroxenite 2 0 0 0 0
565469 Hydrous Ol- 55.06 0.11 2.30 0.38 3.92 0.05 0.13 2236 128 0.66 0.1 0.05 0.0 0.0 - 98.06
clinopyroxenite 6 6 2 0 0.0
1
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Sample Lithology Si02 TiO2 ALOs Cr03 FeO NiO MnO MgO CaO Na20 K20 P205 cl F O TOTAL
565469 Hydrous Ol- 54.45 0.09 2.49 0.37 3.78 0.07 0.11 2235 129 073 0.1 0.00 0.0 0.0 - 97.55
clinopyroxenite 0 9 3 0 0.0

1
565469 Hydrous Ol- 55.57 0.06 0.88 0.04 3.42 0.10 0.14 23.10 13.0 033 00 002 00 00 00 96.75
clinopyroxenite 1 7 1 0 0
565469 Hydrous Ol- 55.31 0.17 2.68 0.37 4.22 0.08 0.15 22.09 12.6 0.77 0.1 0.00 0.0 0. - 98.67
clinopyroxenite 2 9 3 0 0.0
1
565469 Hydrous Ol- 54.46 0.15 2.83 0.41 4.17 0.08 0.17 2199 126 0.74 0.2 0.00 0.0 0.0 - 97.93
clinopyroxenite 7 3 4 0 0.0
1
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Appendix 2: Major and Trace Element Geochemistry XRF

Sample 565458 565463 565466 565464 565467 565451 565469 565450
Lithology Hornblende Hornblende Amphibolite Amphibolite  Anhydrous — Anhydrous Hydrous Hydrous
Gabbro Gabbro OIl-CPXite  OIl-CPXite OI-CPXite  OIl-CPJXite
Latitude (N) 64° 58.967 64°58.832  64° 58.859 64° 58.910 64° 58.817  64° 58.780 64° 58.810  64°58.772
Longitude (W) 50°02.994 50°03.993  50° 03.529 50° 03.606 50°03.692  50°03.967 50°03.867 50°03.965
SiO; 52.70 52.64 53.50 54.48 53.14 50.81 52.37 51.96
TiO; 0.45 0.71 0.28 0.26 0.25 0.19 0.14 0.12
ALO; 7.33 11.70 3.29 2.51 2.66 2.33 1.72 1.56
FeO 11.99 11.68 10.86 9.23 9.90 8.88 8.07 8.18
MnO 0.22 0.19 0.24 0.21 0.21 0.20 0.19 0.21
MgO 13.67 9.77 17.07 18.54 17.85 23.72 23.02 23.48
CaO 11.20 10.05 13.85 14.07 15.49 13.22 13.95 13.86
Na,O 1.86 2.49 0.64 0.47 0.33 0.54 0.27 0.16
K,O 0.50 0.70 0.24 0.19 0.16 0.09 0.25 0.46
P,0s 0.07 0.08 0.03 0.04 0.02 0.02 0.02 0.01
LOI 0.38 0.47 0.98 0.35 0.84 0.23 0.93 1.37
A% 159 165 161 144 158 78 62 58
Ni 324 177 423 397 437 810 730 759
Cr 739 446 1398 1816 1384 4274 4049 4229
Co 67 49 71 53 62 64 63 65
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Sample 565452 565470 565472 565471 565455 565462 565453

Lithology Dunite Dunite Dunite Dunite Altered Dunite  Altered Dunite  Altered Dunite
Latitude (N) 64°58.792  64°58.795 64°58.819 64°58.811 64°58.809 64° 58.767 64° 58.798
Longitude (W) 50°03.981  50°03.971 50°03.994 50°03.993 50° 04.011 50° 04.134 50° 03.993

SiO; 51.96 40.49 42.26 41.16 40.49 43.64 45.61
TiO, 0.12 0.10 0.10 0.10 0.11 0.12 0.14
AlLOs 1.56 1.29 1.19 1.23 1.34 1.63 1.55
FeO 8.18 15.52 14.95 14.20 14.89 14.00 12.47
MnO 0.21 0.29 0.26 0.30 0.26 0.24 0.22
MgO 23.48 40.03 37.92 41.50 40.88 37.60 38.35
CaO 13.86 1.89 2.89 1.04 1.38 2.37 1.56
Na,O 0.16 0.14 0.19 0.10 0.12 0.27 0.04
K20 0.46 0.23 0.22 0.35 0.51 0.11 0.03
P>0s 0.01 0.02 0.02 0.02 0.03 0.03 0.03
LOI 1.37 0.70 -0.06 1.42 0.06 1.33 9.92
A% 56 37 35 32 38 42 42
Ni 2386 2064 2453 2865 2548 1794 2050
Cr 16545 6191 7517 5968 4508 5155 5583
Co 180 173 181 159 155 160 188

Note: Oxides in wt % and elements in ppm
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Analyses of the reference material MUH-1
Specimen MUH-1 MUH-1 MUH-1 MUH-1 MUH-1 AVERAGE Standard RSD%  Certified Anhydours Percent

(A) (B) (C D) (E) Deviation Values Certified Difference
Values in

Accuracy
SiO, 43.92 44.20 43.98 43.81 44.10 44.00 0.15 0.35 40.38 44 .85 -1.88
TiO; 0.03 0.03 0.03 0.04 0.03 0.03 0.00 12.20 0.03 0.04 -12.05
ALO; 1.53 1.49 1.48 1.52 1.49 1.50 0.02 1.44 1.33 1.48 1.38
Fe;OsT 9.81 9.91 9.85 10.04 9.67 9.86 0.14 1.38 8.59 9.54 3.31
MnO 0.129 0.127 0.127 0.128 0.127 0.13 0.00 0.70 0.12 0.13 -2.63
MgO 42.44 42.16 42.26 41.97 42.12 42.19 0.17 0.41 38.25 42.48 -0.68
Ca0 1.36 1.34 1.34 1.40 1.35 1.36 0.02 1.84 1.21 1.35 0.79
Na,O 0.12 0.11 0.11 0.11 0.11 0.11 0.00 4.29 0.10 0.12 -3.55
K;O 0.012 0.010 0.009 0.019 0.017 0.01 0.00 32.78 0.01 0.01 0.55
P20:s 0.008 0.008 0.008 0.009 0.006 0.01 0.00 14.04 0.01 0.01 -6.36

Total 99.362  99.389  99.190  99.046  99.021 99.20 0.17 0.17 90.04 100.00
LOI 9.84 9.87 9.79 9.87 9.80 9.83 0.04 0.38 9.38 9.38 4.84
v 38 44 34 43 45 40.80 4.66 11.42 41 45.53 -10.40
Ni 2921 3060 3068 3021 2866 2987.20 89.50 3.00 2104 2336.66 27.84
Cr 2954 2946 2917 2828 2871 2903.20 53.14 1.83 2710 3009.68 -3.54
Co 119 127 111 106 108 114.20 8.70 7.62 106.7 118.50 -3.63

Certified values are from the International Association of Geoanalysts.
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Appendix 3: Trace Elements ICPMS

Sample 565458 565463 565466 565464 565467 565451 565469 565450
Lithology Hornblende Hornblende Amphibolite Amphibolite Anhydrous Anhydrous Hydrous Hydrous OI-
Gabbro Gabbro OIl-CPXite Ol-CPJXite OIl-CPXite  CPXite

Th 0.77 1.50 0.31 0.18 0.21 0.10 0.15 0.20
Nb 1.84 3.17 1.07 0.61 0.45 0.33 0.35 0.47
Ta 0.12 0.21 0.08 0.04 0.03 0.02 0.02 0.02
La 8.08 9.46 2.63 1.80 2.50 2.21 1.66 1.22
Ce 22.47 24.30 8.21 6.03 7.49 6.19 5.13 3.89
Pr 3.04 3.04 1.38 1.06 1.25 0.94 0.78 0.62
Sr 97.87 222.55 48.42 21.41 19.57 43.45 13.48 9.47
Nd 14.17 13.33 7.38 5.86 6.68 4.57 3.73 3.14
Zr 53.46 87.82 21.44 12.20 12.81 12.36 8.45 8.23
Hf 1.54 2.35 0.73 0.47 0.54 0.39 0.26 0.26
Sm 3.38 3.12 2.13 1.81 2.02 1.16 0.96 0.87
Eu 0.94 0.94 0.53 0.47 0.50 0.31 0.25 0.20
Gd 3.40 3.23 2.33 2.05 2.27 1.22 1.02 0.96
Tb 0.52 0.51 0.38 0.34 0.37 0.19 0.16 0.15
Dy 3.11 3.10 2.32 2.08 2.30 1.17 1.00 0.95
Y 15.45 15.70 11.41 10.15 11.40 5.67 4.81 4.62
Ho 0.62 0.62 0.47 0.42 0.46 0.23 0.20 0.19
Er 1.72 1.75 1.30 1.15 1.29 0.66 0.56 0.54
Yb 1.51 1.56 1.13 0.99 1.13 0.58 0.50 0.48
Lu 0.22 0.23 0.17 0.14 0.16 0.09 0.07 0.07
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Sample 565452 565470 565472 565471 565455 565462 565453
Lithology Dunite  Dunite  Dunite  Dunite Altered Altered Altered
Dunite Dunite Dunite
Th 0.10 0.09 0.13 0.11 0.16 0.18 0.13
Nb 0.22 0.29 0.36 0.46 0.52 0.96 1.44
Ta 0.02 0.02 0.02 0.03 0.03 0.04 0.19
La 1.34 1.40 0.67 0.96 2.37 0.78 0.76
Ce 3.87 3.55 1.98 2.60 5.65 2.73 2.81
Pr 0.53 0.48 0.29 0.38 0.75 0.47 0.49
Sr 4.43 11.31 2.58 4.18 26.55 3.00 3.47
Nd 2.25 2.12 1.27 1.76 3.27 2.39 2.48
Zr 5.53 6.07 7.21 10.02 16.87 23.72 8.23
Hf 0.16 0.19 0.19 0.27 0.42 0.61 0.27
Sm 0.43 0.47 0.28 0.41 0.69 0.61 0.82
Eu 0.10 0.13 0.07 0.09 0.19 0.05 0.12
Gd 0.39 0.47 0.27 0.40 0.67 0.62 0.98
Tb 0.06 0.07 0.04 0.06 0.10 0.10 0.18
Dy 0.34 0.43 0.24 0.35 0.58 0.60 1.23
Y 1.70 2.10 1.13 1.71 2.81 3.30 7.83
Ho 0.07 0.09 0.05 0.07 0.12 0.13 0.27
Er 0.20 0.25 0.13 0.20 0.33 0.38 0.82
Yb 0.21 0.24 0.13 0.19 0.31 0.41 0.91
Lu 0.03 0.04 0.02 0.03 0.05 0.07 0.14

Note: all values in ppm
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OKUM analyses reported in Waterton et al. (2018)

Sample OKUM- OKUM- OKUM- OKUM- OKUM- OKUM- OKUM- OKUM- OKUM-
number 724-1 724-2 724-3 724-4 724-5 724-6 724-7 724-8 724-9

Th 0.027 0.026 0.027 0.025 0.026 0.026 0.028 0.027 0.028
Nb 0.363 0.354 0.369 0.359 0.355 0.361 0.386 0.357 0.387
Ta

La 0.389 0.386 0.390 0.388 0.388 0.387 0.400 0.385 0.404
Ce 1.259 1.248 1.246 1.255 1.247 1.264 1.277 1.219 1.276
Pr 0.229 0.229 0.227 0.230 0.228 0.230 0.238 0.226 0.239
Sr 15.308 15.233  15.329 15.492 15453 15.680 16.064 15.370 16.036
Nd 1.455 1.441 1.440 1.469 1.443 1.461 1.508 1.459 1.503
Zr 14.855 14.602 15.593 14.742 14.458 15.442 16.361 14.708 16.820
Hf 0.526 0.510 0.529 0.528 0.508 0.532 0.545 0.517 0.556
sm 0.712 0.685 0.699 0.699 0.702 0.703 0.702 0.680 0.712
Eu 0.305 0.304 0.301 0.304 0.298 0.307 0.313 0.301 0.311
Gd 1.168 1.147 1.155 1.178 1.167 1.186 1.178 1.129 1.183
Tb 0.219 0.218 0.219 0.219 0.219 0.223 0.229 0.221 0.230
Dy 1.540 1.522 1.533 1.546 1.523 1.542 1.606 1.537 1.606
Y 9.248 9.231 9.274 9.342 9.298 9.406 9.670 9.306 9.688
Ho 0.336 0.332 0.335 0.341 0.336 0.340 0.345 0.334 0.345
Er 0.990 0.990 0.987 1.002 0.980 0.997 1.031 0.990 1.034
Yb 0.993 0.971 0.973 0.989 0.978 0.994 1.006 0.977 1.014
Lu 0.147 0.145 0.148 0.150 0.147 0.150 0.149 0.145 0.151
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Sample OKUM- OKUM- OKUM- Average  (%RSD) Certified Percent

number 724-10 724a-11 724b-12 Reference Difference
Values from Certified
Values

Th 0.027 0.027 0.027 0.027 3.0 0.031 -13.8
Nb 0.370 0.344 0.347 0.363 3.6 0.370 -2.0
Ta

La 0.396 0.387 0.401 0.392 1.7 0.412 -4.9
Ce 1.255 1.215 1.246 1.251 1.4 1.270 -1.5
Pr 0.232 0.231 0.233 0.231 1.7 0.235 -1.7
Sr 15.735 15.726 15.943 15.614 1.8 16.100 -3.0
Nd 1.466 1.431 1.464 1.462 1.6 1.494 -2.2
Zr 15.333 16.456 16.468 15.486 5.2 17.000 -8.9
Hf 0.535 0.538 0.557 0.532 2.9 0.551 -3.5
sm 0.704 0.676 0.699 0.698 1.6 0.715 -2.4
Eu 0.307 0.302 0.302 0.304 1.4 0.300 1.5
Gd 1.161 1.170 1.194 1.168 1.5 1.170 -0.2
Tb 0.228 0.224 0.223 0.223 1.8 0.229 -2.8
Dy 1.580 1.526 1.563 1.552 1.9 1.610 -3.6
Y 9.525 9.274 9.392 9.388 1.6 9.080 3.4
Ho 0.339 0.330 0.335 0.337 1.3 0.355 -5.0
Er 1.025 0.991 1.018 1.003 1.8 1.041 -3.7
Yb 0.993 0.978 0.999 0.989 1.3 1.009 -2.0
Lu 0.147 0.147 0.150 0.148 1.3 0.148 0.1
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Appendix 4: Platinum Group Element Chemistry

sample Lithology Os 206 abs. Ir 206 abs. Ru 20 abs. Pt 26 abs. Pd 2cabs. Re 20 abs.
565463 Hornblende Gabbro  0.12 0.01 0.17 0.00 0.28 0.01 4.15 0.10 5.02 0.12 0.1768 0.0038
565464 Amphibolite 0.29 0.02 0.31 0.01 1.71 0.11  0.87 0.02 0.21 0.02 0.0090 0.0003
565466 Amphibolite 0.28 0.02 0.31 0.01 0.98 0.02 0.030 0.009 0.15 0.02 0.0044 0.0002
565451 OI-CPXite 2.66 0.03 223 0.05 6.23 0.14 0.52 0.02 0.36 0.02 0.0421 0.0009
565450 OI-CPXite 1.82 0.02 0.78 0.02 4.68 0.10 0.14 0.01 0.19 0.02 0.0164 0.0004
565467 OI-CPXite 0.59 0.02 0.84 0.02 2.64 0.07  0.50 0.02 0.64 0.02 0.0205 0.0005
565469 OI-CPXite 1.53 0.02 0.88 0.02 4.00 0.10 0.22 0.01 0.71 0.05 0.0151 0.0004
565452 Dunite 15.61 0.08 13.46 0.31 31.69 0.68 3.36 0.07 1.53 0.04 0.0095 0.0004
565470 Dunite 4.65 0.03  3.55 0.29 11.46 049 133 0.22 0.36 0.08 0.0193 0.0104
565471 Dunite 2.72 0.03 1.86 0.04 8.47 0.17 5.73 0.12 0.99 0.05 0.0150 0.0006
565472 Dunite 1.30 0.02 1.03 0.02 9.48 0.19 042 0.02 0.27 0.02 0.0100 0.0005
565455 Altered Dunite 6.77 0.04 4.33 0.09 8.12 0.17 0.98 0.03 0.63 0.10 0.0476 0.0015

Note: values in ppb
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Appendix 5: Cr as an Interference on Ru

Ratios of 'Ru/*’Ru and '"'Ru/*’Ru, largely in the dunite samples, do not lay on a mixing line
between Ru isotopic ratios in the spike used and natural Ru (Fig. A-1). A potential interference on
Ru is Cr, as samples with high Cr deviate in their Ru isotopic ratios from the mixing line between
spike and natural Ru (Fig. A-1). Furthermore, a correlation exists between Cr and Ru isotopic
ratios in all lithologies of the TUC (Fig. A-1), and further investigation may be required if this is

prevalent among dunite samples from other unrelated studies. Thus, it is unclear if large Ru

anomalies in the TUC are real or reflect unsolved analytical issues.
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Fig. A- 1. Ruthenium ratios in some samples do not lie on a sample spike mixing line, potentially
resulting in erroneous data. Correlation in Ru isotopic ratios and Cr may indicate a potential

interference by Cr.
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Appendix 6: Trace Element Modelling

The model follows the order of crystallization and degree of fractionation of the MELTS modeling
in section 2.4.2, as well as using the same samples for the initial starting composition (least altered
tholeiitic basalts of Polat and Hofmann (2003)). In the initial stage, olivine is precipitated to a mass
fraction of 0.28. Although in the modelling from MELTS there is no significant cotectic olivine
and clinopyroxene precipitation, the petrography of the TUC indicates that either such a stage
existed or olivine and clinopyroxene cumulates were mechanically mixed. Thus, in the second
stage, olivine and clinopyroxene are precipitated to a mass fraction of 0.1 with a modal proportion
of 25:75, the approximate modal minerology of the TUC ol-CPXites. A third stage consists of
clinopyroxene precipitation to a mass fraction of 0.1. Because of the low partitioning coefficients
used for all trace elements in olivine (Bedard, 2005) and some in clinopyroxene (Norman et al.,
2005), trace elements in the cumulate rocks of the TUC may be significantly affected by trapped
interstitial melt. For this reason, trapped interstitial melt was estimated from the minimum initial
melt that would need to be added to account for the average concentration of Al>O; in the dunite
samples, about 12 %. This quantity of melt, with the trace element concentration of melt at the end
of each stage, was added to the cumulate fraction of that stage. The results were extrapolated

through the calculated cumulate and melts from each stage.

Calculations were done using the model of Albarede and Bottinga (1972), in which diffusion rates
in cumulate crystals precipitating and settling from a finite reservoir are too slow to allow re-
equilibration with the liquid (i.e. fractional crystallization). The equations used to calculate the
change in precipitate and liquid compositions are Csolia=Cinitial(1/F)(1-[1-F]”) and Ciiquia=Cinitial[ 1-
F]®-D, respectively, where C is the concentration of element i, D is the distribution coefficient of
1 between precipitate and melt, and F is the mass fraction of precipitate. Distribution coefficients

for olivine are from Bedard (2005) and clinopyroxene from (Norman et al., 2005).

The concentration of elements in the minerals and melt at the end of each stage are given below.
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F* ALO; TiO; Th Nb La Nd Zr Hf Yb

Initial melt 7.72 0.65 0.93 1.73 2.84 6.13 416 1.85 1.32

D (mineral/melt)

Ol 0.002 0.02 0 0 0.006 0.002 0.003 0.005 0.02

CPX 0.2 0.27 0 0.004 0.03 0.15 007 0.13 040
BULK 0.2501
0.75CPX 0.15 0.21  0.00 0.00 0.03 0.11 0.05 0.10 031

Stage 1: Olivine

Olivine + Melt 0.25 1.29 0.17 0.16 0.29 0.48 1.02 693 032 0.27

Final Liquid
Stage 1 0.25 10.28 0.87 1.24 2.31 3.78 8.17 5542 246 1.75
F* ALO; TiO; Th Nb La Nd Zr Hf Yb
Stage 2:
Olivine/CPX
CPX
0.02 2.07 0.23  0.00 0.01 0.12 1.23 374 032 0.71
0.04 2.09 0.24  0.00 0.01 0.12 124 378 032 0.71
0.06 2.11 0.24  0.00 0.01 0.12 1.25 381 032 0.71
0.08 2.13 0.24  0.00 0.01 0.12 126 385 033 0.72
0.1 2.14 0.24  0.00 0.01 0.13 1.28 389 033 0.72
Ol
0.02 0.021 0.017 0.000 0.000 0.023 0.017 0.168 0.012 0.035
0.04 0.021 0.018 0.000 0.000 0.023 0.017 0.170 0.013 0.036
0.06 0.021 0.018 0.000 0.000 0.023 0.017 0.171 0.013 0.036
0.08 0.021 0.018 0.000 0.000 0.024 0.017 0.173 0.013 0.036
0.1 0.022 0.018 0.000 0.000 0.024 0.017 0.175 0.013 0.037
OL:CPX:Melt
22:66:12

0.02 2.77 0.28  0.17 0.33 0.61 193 10.15 055 0.71
0.04 2.78 028 0.17 0.33 0.61 1.94 10.17 0.55 0.71
0.06 2.79 028 0.17 0.33 0.61 1.95 1020 0.55 0.71
0.08 2.81 028 0.17 0.33 0.61 195 1022 0.56 0.72

0.1 2.82 028 0.17 0.33 0.61 1.96 1025 056 0.72

Final Liquid

Stage 2
0.1 11.25 094 138 2.56 4.19 897 6125 271 1.88
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Stage 3 CPX

CPX + Melt
0.02 3.51 035 0.19 0.36 0.70 241 12.06 0.68 0.92
0.04 3.53 035 0.19 0.36 0.70 242 12.10 0.68 0.92
0.06 3.55 035 0.19 0.36 0.70 243 12.14 0.68 0.92
0.08 3.56 035 0.19 0.37 0.70 244 1217  0.69 0.93

0.1 3.58 036 0.19 0.37 0.70 245 1221 0.69 0.93
Liquid Stage 3
End

0.1 12.24 .02 1.53 2.85 4.64 981 6757 297 2.01

*Fraction factor.

Recalculated TUC melts for Fig. 2-17. Partitioning coefficients are as in the trace element
modelling above.

Sample Lithology Zr/Nb Nb/Th Th/Yb Nb/Yb
565466 Amphibolite 13.97 341 103  3.52
565464 Amphibolite 1395 337 068 230

565467 Anhydrous Ol-CPXite 21.66 2.05 0.59 1.21
565451 Anhydrous Ol-CPXite  28.61 3.22 0.53 1.72
565469 Hydrous OI-CPXite 18.10 2.33 0.93 2.16
565450 Hydrous OI-CPXite 13.10 2.33 1.31 3.05

565452 Dunite 24.90 2.19 0.54 1.19
565470 Dunite 20.17 3.21 0.43 1.38
565472 Dunite 19.59 2.73 1.15 3.14
565471 Dunite 21.28 4.18 0.68 2.83
565455 Altered Dunite 31.68 3.25 0.60 1.94
565462 Altered Dunite 24.15 5.37 0.50 2.68
565453 Altered Dunite 5.60 1091 0.17 1.81

Note: Melt is assumed to be 12%. The Ol:CPX ratio in the Ol-clinopyroxenites is assumed to be
25:75.

References:

Albarede, F. and Bottinga, Y. (1972). Kinetic disequilibrium in trace element partitioning between
phenocrysts and host lava. Geochim. Cosmochim. Acta, 36, 156.

Bedard, J.H. (2005). Partitioning coefficients between olivine and silicat melts. Lithos, 83, 394-
419.

Norman, M., Garcia, M. O., and Pietruszka A. J. (2005). Trace-element distribution coefficients
for pyroxenes, plagioclase, and olivine in evolved tholeiites from the 1955 eruption of
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Polat, A. and Hofmann, A.W. (2003). Alteration and geochemical patterns in the 3.7 — 3.8 Ga Isua
greenstone belt, West Greenland. Geochim. Cosmochim. Acta, 126, 197-218.
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Appendix 7: Fractional Crystallization Crustal Assimilation Pseudo Isochron Model

The model for fractional crystallization-crustal assimilation first calculates the relative increase in
1870s/!%80s in the melt by the addition of a crustal assimilant. It is somewhat subjective to estimate
the timing of initiation of fractional crystallization in the model. This is because realistically the
precipitation of anomalously high abundances of Os rich minerals, such as chromite (Putchel et
al., 2001; Arguin et al., 2016), may form at any point in the fractional crystallization process due
variations in melt chemistry (cf. Splander et al., 2005). Were this to occur late in the crustal
assimilation-fractional crystallization process, anomalously high and variable '¥70s/!®0s ratios at
high Os contents should be produced if a significant amount of crustal assimilation has occurred.
However, this is unlikely to have occurred in the TUC as high Os samples do not have significantly
scattered ¥70s/!®80s ratios (Fig. 2-20). Thus, the model assumes that the samples with the highest
Os contents formed earlier in the fractional crystallization sequence than those with lower Os
contents. The highest Os sample in the TUC is anomalous, for this reason a lesser Os content in
the hypothetical cumulates was used to estimate the initial starting point of fractional
crystallization. For simplicity fractional crystallization initiates at 10 ppb Os in the hypothetical

cumulates.

The model assumes that prior to fractional crystallization, the melt as 50% more Os than the
basaltic assimilant. When fractional crystallization commences, Os in the melt is decreased via the

1P, where D

fractional crystallization equation of Albarede and Bottinga (1972): Ciiquic=Cinitial 1 -F
is bulk distribution coefficient in the cumulates for Os, and F is the degree of fractional
crystallization. Due to the evolved nature of the TUC cumulates relative to others in the area (e.g.
Rollinson et al., 2002), the melt was modelled to have assimilated 0.2% crust prior to fractional

crystallization.

The model follows the fractional crystallization sequence of the MELTS modelling in Section
2.5.3. Olivine and chromite are precipitated from the melt to a mass fraction of 0.28. The
proportion of chromite in the cumulate was estimated by dividing the whole rock Cr concentration
by that of the average Cr content of chromite in each dunite. The average chromite content was
2.6%. Following the formation of the dunite, chromite bearing clinopyroxenite was a precipitated

to mass fraction of 0.15. Chromite content was estimated as in the dunite samples and averaged
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1%. Partitioning coefficients used for chromite and olivine were 150 and 1.7, respectively (Putchel

et al., 2001). Clinopyroxene was assumed to not be a significant host for Os (Righter et al., 2004).

Between the precipitation of 10 and 1 ppb Os cumulates, 0.4% crustal assimilation occurred in the
melt and, in this interval, chromite bearing dunite was modelled to have precipitated. Between 1
and 0.1 ppb Os, another 0.4 % crustal assimilation occurred and chromite bearing CPXite was
modelled to have precipitated. Finally, to produce the pseudo-isochrons Re was assumed to be
0.02 ppb, the average of the TUC cumulates. The decay constant used was 1.666e-11 (Selby et al.,
2007). Initial of '¥70s/!%80s ratios for PUM were calculated at 3.8 Ga from the of '870s/!%%0s ratios
of Meisel et al. (2001) (0.1296) and the Re/Os ratio from Becker et al. (2006) (Calculated
1¥7Re/1%80s of 0.434).
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