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“There are two possible outcomes:

if the result confirms the hypothesis, then
you've made a measurement.

If the result is contrary to the hypothesis,

then you've made a discovery.”

E. Fermi






ABSTRACT

Robust and reliable time constraints are necessary to infer the formation and evolution
of the cratonic mantle. Due to the large fractionation of Re from Os during mantle melting,
the Re-Os decay system has been largely used for dating the melting event that led to the
formation of the subcontinental lithospheric mantle (SCLM). In mantle rocks Re, Os and
the other highly siderophile elements (HSE: Ru, Rh, Pd, Re, Os, Ir, Pt, and Au) are
controlled by base metal sulfides (BMS), which can be residual phases of partial melting
processes or can be re-introduced in mantle rocks during metasomatism. The present study
aimed at the improvement and enhancement of our ability to use the Re-Os system and the
HSE to unravel geological processes recorded in BMS. The contribution of this work is
twofold because it provides new data on natural samples as well as a novel analytical
technique for future applications. In the first part of this dissertation (Chapter 1) some basic
concepts are introduced to make the reader more familiar with the topics encountered in the
next sections. This includes an overview of the HSE behavior in terrestrial reservoirs and

the explanations of the geochemical tools that will be used in the following sections.

The second part of this dissertation (Chapter 2) is focused on the investigation of partial
melting and metasomatic processes recorded in four mantle xenoliths from Somerset Island
(Rae craton, Canada). After textural and mineralogical investigations, individual BMS
grains were micro-sampled and analyzed for *®’0Os/*®80s. The two xenoliths with the most
metasomatic HSE signature (e.g. suprachondritic Pd/Pt) are distinguished for the high BMS
modal abundance, the occurrence of large interstitial BMS grains, and the extreme
870s/'%80s variation measured in BMS grains (**’0s/**®0s = 0.172-0.108). Archean Re-
depletion model ages (Trp) are recorded in BMS grains from three different xenoliths,
suggesting a main formation of the SCLM at 2.7-2.8 Ga, in association with the local Rae
greenstone belts. A similar scenario was proposed for the nearby Slave craton, which
confirms that different terrains of the Canadian Shield share a similar Neoarchean history.
At the whole rock scale, the Trp age of 2.7-2.8 Ga is clearly recorded only in one xenolith
with residual HSE signature (i.e. subchondritic Pt/Ir, Pd/Pt, and Re/Pd). This supports and
further stresses that: 1) whole rock Trp ages should be used carefully in xenoliths with
metasomatic HSE signature, and 2) single grain BMS can record the age of formation of

the SCLM even in heavily metasomatized mantle xenoliths. Single BMS grains yielded two



distinct Paleoproterozoic Trp ages (~1.9 and ~2.2 Ga) that are not resolvable at the whole
rock scale. The two Trp ages are consistent with a scenario where metasomatic BMS were
introduced in the SCLM during a first phase of rifting of the Slave from the Rae craton (2.2
Ga) and a later collision of the two cratons (1.9 Ga, Thelon-Talston orogeny). In the third
part of this dissertation (Chapter 3) a novel analytical method is proposed to analyze
870s/"%0s along with Ru, Pd, Re, Os, Ir, and Pt concentrations in individual pg-weight
BMS grains. To set up this method, two Fe-Ni sulfides were synthetized and independently
characterized for HSE content and *®’0s/*®80s. Fragments of the two sulfides were used to
test different digestion and separation methods. It is here shown that a simultaneous
digestion and Os extraction yields inaccurate Os concentrations. The improved procedure
proposed in this study includes BMS digestion in HBr + HCI, Os micro-distillation, and
cation resin separation of Ru, Pd, Re, Ir and Pt. The **’0s/*®0s ratio and the HSE
concentrations are measured by mass spectrometry (N-TIMS and SF-ICP-MS). The
independently determined HSE concentrations are reproduced by this technique with
differences < 10% for Pd, Os and Ir, and < 20% for Ru, Re, and Pt. The *¥’0s/*®0s ratio is
indistinguishable within the analytical precision (2SD ~ 0.1%). Owing to the chemical
separation of the analytes, the proposed procedure overcomes many of the analytical issues
encountered during LA-ICP-MS analyses (e.g. **'Re isobaric interference on ¥’0Os and
matrix effects). Moreover, the analysis of the entire grain, avoid any sampling bias related

to the complex mineralogical assemblage typically observed in natural BMS.

As shown in this dissertation, BMS grains record a multitude of magmatic and
metasomatic processes that cannot be individually discriminated at the whole rock scale.
The comprehension of these processes represents an exciting challenge as it will improve
our ability of using the Re-Os system and, ultimately, to constrain the timing of mantle
dynamics. Coupled HSE and **’0s/**®0s investigations in individual BMS grains will

provide an essential tool towards this goal.
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Chapter 1:

INTRODUCTION

1.1 THE CRATONIC MANTLE

In the last century, many geophysical, petrological and geochemical studies have
investigated the structure and the physico-chemical properties of the Earth’s mantle.
According to these studies, which are summarized in several textbooks (e.g. Anderson,
1989; Jackson, 2000; Schubert et al., 2001; Smith, 1986), the mantle is subdivided into
three layers on the basis of its physical and chemical properties: 1) the lower mantle, which
extends from the core boundary (2890 km) to about 660 km depth; 2) a transition zone that
ranges between 660 and 410 km depth and 3) the upper mantle, which starts at 410 km
depth and it is overlain by the Earth’s crust (Mohorovi¢i¢ discontinuity 3-90 km). With
respect to its rheological behavior, most of Earth’s mantle behaves as a ductile medium.
However, the shallowest part of the mantle is mechanically rigid and, when combined with
the equally rigid crust, forms the Earth’s lithosphere. The lithosphere is the outer shell of
the Earth, which is involved in plate tectonics. It has a thickness of 50-100 km in oceanic
environment and 40-250 km in continents. The oldest crustal rocks are systematically
recovered within continents, suggesting that the continental lithosphere is less efficiently
involved in recycling processes. The oldest fragments of the crust, which have Hadean-
Archean ages (e.g. Acasta Gneiss, 4.0 Ga, Bowring and Williams, 1999), are found within
large tectonically stable domains called cratons (Figure 1-1). Due to their old age signature,
it is likely that cratons formed when the bulk silicate Earth (BSE, i.e. the silicate fraction
left after core formation) began to differentiate into crust and mantle. Understanding the
genesis of cratons thus allows inference about the first pieces of the puzzle that forms the
geodynamic framework of our planet.


http://en.wikipedia.org/wiki/Mohorovi%C4%8Di%C4%87_discontinuity
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Figure 1-1 Global map showing the distribution of cratonic terranes. From Pearson and Wittig (2008).

Cratons are characterized by thick (> 150 km) subcontinental lithospheric mantle
(SCLM) roots, which formed as residue of partial melting (O’Hara et al., 1975). Because of
the high fraction of magma extracted, these mantle rocks are characterized by low density
(Jordan, 1978), which contributed to the chemical buoyancy and the long term stabilization
of cratons (e.g. Herzberg and Rudnick, 2012; Jordan, 1978). The exact mechanism of
formation of the SCLM and its genetic linkage with overlying crustal domains are still
unclear and are a matter of ongoing debate (cf. Aulbach, 2012; Griffin et al., 2003; Lee et
al., 2011). The proposed SCLM formation processes range between two end-member
scenarios, one involving deep melting of a mantle plume (Arndt et al., 2009; Aulbach,
2012; Griffin et al., 2003) and the other invoking the stacking of lithospheric blocks
(Pearson and Wittig, 2008; Rollinson, 2010; Tappe et al., 2011). One strategy used to
discriminate between these two processes consists in the investigation of the age
distribution within the SCLM (Lee, 2006; Pearson, 1999). In the plume model, the melting
can be considered instantaneous on a geological timescale and thus no age variation is
expected inside the SCLM (Figure 1-2a). In the second scenario, which involves stacking

of lithospheric blocks, the ages inside the SCLM will vary depending on the age of each
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individual block. For instance, simple underthrusting and imbrication of oceanic
lithosphere would lead to the presence of an age gradient perpendicular to the direction of
thrusting (Figure 1-2b) while thickening or accretion in an arc environment would generate
a more irregular age distribution (Figure 1-2c). It is important to note that more complex
models for SCLM formation are possible and include hybrid scenarios (Pearson and Wittig,
2008). Robust geochronology investigations on SCLM xenoliths are essential to understand
which processes lead to the formation of the earliest lithosphere on Earth. Moreover, a
comparison between crustal and mantle ages might shed light on the genetic link between
these two domains on a global (cf. Pearson et al., 2007) and regional (e.g. Luguet et al.,
2009; Mundl et al., 2014) scale.

a b C
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Figure 1-2 Three different models proposed for SCLM formation and their expected age distribution. a) Plume model.
The highest degrees of partial melting (F in figure) are expected in the shallower portions. In this scenario the formation
of the SCLM is related to a single event and no age variation is expected. b-c) Stacking of lithospheric blocks. b)
Underthrusting and imbrication of lithosphere formed in mid oceanic ridges. In this scenario the age distribution within
the SCLM depends on the age of each individual block. ¢) Thickening/accretion of lithosphere formed in arc
environment. An age gradient perpendicular to the thrusts would form after a thickening process, while a more chaotic
distribution is expected after accretion. White arrows indicate the direction of the motion. Modified from Lee et al.
(2011).
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1.2 DATING THE FORMATION OF THE SUBCONTINENTAL

LITHOSPHERIC MANTLE

The direct study of large portions of the SCLM is possible in tectonically emplaced
domains that occur as orogenic massifs and ophiolite complexes. Alternatively, smaller
portions of the mantle are available as xenoliths in volcanic rocks. Kimberlites are volcanic
and sub-volcanic rocks that often occur in cratons and commonly host ultramafic xenoliths.
Kimberlites are thought to have formed in the deep portion of the Earth’s mantle before
reaching the surface after fast rising through the mantle and the crust (cf. review by Sparks,
2013). Because they are emplaced rapidly, kimberlite-hosted mantle xenoliths record the
conditions of the SCLM at the moment of the eruption, being less affected by low-
temperature re-equilibration processes when compared to mantle domains in orogenic
massifs and ophiolite complexes. Therefore, kimberlite-hosted mantle xenoliths provide a

unique opportunity to directly study and date the lithospheric mantle below cratons.

1.2.1 Basics of isotope geochronology

Isotope geochronology is the main tool that can be used to determine absolute ages of
geological processes. It makes possible to constrain the timing of processes that operate
over timescales inaccessible to human observation. The key mechanism for isotope
geochronology is based on the decay of radioactive isotopes (parents) to radiogenic ones
(daughters). The number of decays per unit of time is directly proportional to the number of
parent isotopes. Thus, the decay process is described by the following exponential law

equation:
D =Dy + N(e* —1) (1)

Where D and N are the number of atoms of the daughter and parent isotope,
respectively, t is the elapsed time, and 1 is the decay constant, which controls the rate of the
decay. As shown in Equation 1, ideally, a chemical process can be directly dated by
measuring the concentration of the parent (N) and daughter (D) isotopes in one product,

provided that the initial concentration of the daughter isotope (Do) is known.
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Measurements of absolute isotopic concentrations are typically less precise than
isotopic ratios. This is the main reason why it is usually more convenient to normalize both
terms of Equation 1 to a stable reference isotope (Dyef) of the same element of D, hence:

D D, N

= +— (M -1) 2
Dref Dref Dref ( )

The term Do/Dys of Equation (2) is critical for dating because not directly measurably.
The “isochron method” and the “model ages” are the two main approaches used for

overcome this issue and are briefly described below.

1.2.1.1 The isochron method

If x = Dy/Dyer and y = N/D,.r, Equation 2 can be rewritten asy =y, + x(er — 1),
which is the equation of a straight line with a slope of e** — 1. This implies that in a
diagram where D/Dy is reported against N/Dy all the co-genetic products (e.g. mineral
phases of a single rock or different rocks from a magmatic suite) lie on a straight line,
whose slope is direct function of t and therefore can be used to infer the age (Nicolaysen,
1961). This line is called an isochron and the plot is known as the isochron diagram (Figure
1-3). The isochron method is applicable for dating when D/Dye and N/D,; are determined

in at least two coeval products (i.e. mineral phases or whole rocks) with variable N/D .
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Figure 1-3 Principles of the isochron dating method. The age can be determined by the slope of the isochron which can be
inferred by measuring several co-genetic products (filled symbols). The starting compositions (at t = 0) of the products is
reported as grey open symbols. The effect of aging for each product is represented by the dashed arrows.

1.2.1.2 Model ages
By the use of Equation 2, it is possible to describe the isotopic evolution of a geological
reservoir that behaves as a closed system:

e G B o B @
= e J—
Dref res Dref res Dref res

We can assume that a sample is extracted from the reservoir at a certain time. At this

time (tp) the sample and the reservoir will have the same isotopic composition, which is
(Do/Dref)res. Over time, the isotopic evolution of the sample can then be expressed as:

D (D N s
D ~\D D (™ =1) (4)
ref smp ref/ res ref smp

As shown by Equation (4), the D/Dy of a given sample can diverge from that of the

reservoir if they have different N/Dyes. In order to have (N/Dref)res = (N/Dref)smp the sample
needs to be extracted from the reservoir during a process that is able to fractionate N from
D. When this is the case, Equations 3 and 4 can be solved with respect to t, making it

possible to date when the sample was extracted from the reservoir.
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Isochrons and model ages provide different age information and hence they can be used
to date different processes. With the first method, the obtained age dates an equilibrium
condition between the analyzed products. With model ages, a single product is analyzed
and the equilibrium is assumed to have occurred within a certain reservoir of known
evolution. For example, in an ideal case it is possible to date the crystallization of a magma
by an isochron (i.e. analyzing different mineral phases) and to date the extraction of the

primitive magma from the mantle by the use of a model age.

1.2.2 The Re-Os decay system

The applicability of a decay system to date a geological process depends on the value of
the decay constant, the behavior of N and D during such process, and the available
analytical techniques. The most commonly used decay systems (e.g. ®’Rb-¥Sr, *'Sm-
3Nd, 28U-2pp, 2°y-2"pp, 22Th-2ph) are based on elements that show an incompatible
geochemical behavior, i.e. they partition preferentially into the liquid phases during mantle
melting (e.g. Dickin, 2005). Thus, mantle peridotites formed as residues of melting
processes are depleted in these elements after melt extraction. The application of these
isotopic systems to date melt extraction events in mantle peridotites is limited because
parent and daughter isotopes can be easily affected by overprinting processes. This can
occur, for example, when a small amount of liquid (usually enriched in incompatible

elements) percolates through a residual peridotite.

When compared to other parent-daughter isotope couples, the *¥’Re-'®’Os decay system
shows a different behavior in magmatic processes because Re is moderately incompatible
during partial melting while Os is compatible (e.g. Shirey and Walker, 1998 and references
therein). As a consequence, Os is enriched in residual peridotites and is expected to be
relatively depleted in metasomatic melts/fluids. Due to the large fractionation of Os from
Re during mantle melting and the relative robustness to overprinting processes, the Re-Os
decay system is the most suitable tool to date melting events in peridotites.

1.2.3 Dating melting events with the Re-Os decay system
In principle, melting events can be dated in mantle rocks using Re-Os isochrons or Re-

Os model ages. The most robust ages are derived from isochrons because they directly
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allow for the dating of events without depending on the assumptions of model ages.
However, if we exclude the isochron reported by Westerlund et al. (2006) for sulfide
inclusions in diamonds, there have been no statistically significant Re—Os isochrons
reported from whole rock peridotites or from their mineral separates (Rudnick and Walker,
2009).

Due to the lack of Re-Os isochrons, melting events are commonly dated with Re-Os
model ages (Carlson, 2005; Rudnick and Walker, 2009; Shirey and Walker, 1998; Walker
et al., 1989). With this approach, the mantle, which is assumed to evolve as a closed and
homogenous system, is used as the reference reservoir. Combining Equations 3 and 4 and
solving them with respect to t (re-named Tya in the following equation) it is possible to

obtain:

1 n ((18705/18705)5mp _ (18705/18705)7'@5 1) (5)

Tva = =
MA 1 (187Re/18705)smp _ (187Re/18705)res

This is the equation of the “classic” Tma model age (cf. Figure 1-4) and it is commonly

used also in other systematics (e.g. Sm-Nd, Lu-Hf).

Due to the incompatible behavior, Re can be easily re-introduced to peridotites during,
for example, magma percolation. When this is the case, Equation 5 gives artificially old
ages because it does not take into account that Re may have been added after the melting
event. In this case, Twa ages will overestimate the time of melt depletion events (e.g.
Carlson, 2005; Rudnick and Walker, 2009). In order to prevent an over-correction for Re

decay, the term (**’Re/**®0s)qm, of Equation 5 can be omitted, which leads to:

(6)

1 (18705/18705)5mp _ (18705/18705)res
71 +1

Trp = =In
xP _(187Re/18705)res

This model age is called Re-depletion age (Trp) (cf. Figure 1-4 Walker et al., 1989). With
this approach the decay of *®’Re after the melting event is considered zero. Hence, Tro

model ages represent a minimum melting age.

In mantle xenoliths, enrichment in Re can occur during the infiltration of the Re-rich

host magma (e.g. Irvine et al., 2003; Pearson et al., 1995a, 1995b). When the eruption age
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is known, the measured **’0s/*®0s can be corrected for the decay of *’Re only after the
emplacement. This model age is called Trp eruption age (Pearson et al., 1995b cf. Figure 1-
4) .

The choice of the reference reservoir, which is used to define the mantle evolution line
(Figure 1-4), is a critical point. Two approaches are commonly used. The first one utilizes
the chondritic (**’0s/*®0s),es and (**’Re/**0s),es (Fischer-Godde et al., 2010; Walker et al.,
2002), while the second one is based on direct estimates of the present-day upper mantle

values (Meisel et al., 2001).

0.135
2 0.125 A
2 Mty
B 0115 de @"%rf
. 7 -...‘___- O N
o S S i
0.105 A b
Tirp Tirp eruption TEMA
0.095 . 2o . L
0 1000 2000 3000 4000 5000
Age (Ma)

Figure 1-4 Example of different Re-Os model ages calculated from a hypothetical mantle with ¥0s/*®0s = 0.115 and
187Re/*%0s = 0.2. The eruption age of the host magma is assumed to be 1 Ga. The mantle evolution line is calculated
using the estimation of the present day composition reported by Meisel et al. (2001) (**’Os/*®80s=0.1296 and
187Re/*%0s = 0.4353). The Tgrp age of a sample is simply obtained by plotting the measured *¥’0s/*®80s on the mantle
evolution line. The Ty represents the intersection of the mantle evolution line with the evolution line of the sample. The
evolution line of the sample starts from the measured ¥’0s/*®0s and it can be extrapolated backwards with a slope that is
a function of *¥’Re/*®0s. The Txp eruption age follows the same evolution line of the Ty but only until the eruption age.

Afterwards the *¥"0s/*#80s is constant and moves parallel to the x-axis until it intersects the mantle evolution line.
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1.3 THE HIGHLY SIDEROPHILE ELEMENTS

Rhenium and Os belong to the Highly Siderophile Elements (HSE), a group of elements
that show peculiar comportment when compared to lithophile elements. Understanding the
geochemical behavior of HSE provides important constraints for the interpretation of Re-
Os ages. The HSE include Ru, Rh, Pd, Re, Os, Ir, Pt, and Au, which are geochemically
grouped together because of their high affinity for the metal-rich phases during core
formation (e.g. O’Neill et al., 1995). In the Earth, the HSE are heterogeneously distributed
following a general radial trend: they are enriched in the core (expected in the order of
ug/g), depleted in the mantle (in the order of ng/g), and extremely rare in the crust
(typically < ng/g) (Table 1-1 and references therein). This radial distribution is especially
pronounced for Os, Ir, Ru (i.e. the IPGE, Ir-like Platinum Group Elements) and Rh, while
Pt, Pd (i.e. the PPGE, Pd-like Platinum Group Elements), Au and Re show more variable

concentrations (Table 1-1).

Table 1-1 HSE concentrations in different terrestrial reservoirs and CI chondrites.

Os Ir Ru Rh Pt Pd Au Re

187 188,
(hgle) (glg) (nglg) (nglg) (nolg) (nglg) (nglg) (glg) O O°

Primitive upper mantle 3.9 3.5 7 1.2 7.6 7.1 1.7 0.35 0.1296

Residual mantle 2.74 2.89 5.47 0.84 4.16 1.73 0.95 0.09
Oceanic crust 0.05 0.13 0.7 2.1 2.1 0.7 0.15
Continental crust 0.041 0.037 0.57 0.38 15 15 1.3 0.188 11
ClI chondrite 4495 4184 6272 130 8714 567.4 1488 36.6 0.1260

Primitive upper mantle estimates from Becker et al. (2006) except Rh and Au from Fischer-Goédde et al. (2011) and
1870s/'880s from Meisel et al. (2001). The residual mantle is the average (n = 71-350) of global non-orogenic harzburgite
downloaded from the Georoc database (Max Planck Institute for Chemistry - Mainz - Germany, March 2015). Harzburgite
from orogenic settings were excluded in order to do not include samples affected by subduction processes. Oceanic crust
estimates from Peucker-Ehrenbrink et al. (2012). Continental crust estimates from Rudnick and Gao (2014). CI chondrite

values are concentration averages from Fischer-Godde et al. (2010).

1.3.1 The origin of HSE in the mantle

The HSE are refractory elements as were among the first elements that condensed from
the solar nebula (Lodders, 2003). Refractory elements are thought to have similar
concentrations in the bulk Earth and in CI chondrites, a group of meteorites that is

generally considered to be compositionally representative of the whole solar system
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(McSween Jr and Huss, 2010; Palme et al., 2014). The HSE concentrations in the bulk
silicate Earth is about two orders of magnitudes lower than in CI chondrites (Table 1-1).
This relative depletion is thought to be caused by HSE scavenging into the Earth’s metallic
core during accretion and differentiation of our planet. Interestingly, even though HSE
concentrations in BSE are much lower than those found in CI chondrites, their relative
proportions are broadly chondritic (e.g. Becker et al., 2006, Table 1-1).

For several decades a plethora of experimental studies have tried to reproduce the
conditions of core-mantle differentiation in order to explain the concentrations of HSE in
the mantle. These studies reported HSE partition coefficients between silicates and metals
that are typically > 10* (e.g. Borisov and Palme, 2000; O’Neill et al., 1995). Thus, starting
from a chondritic reservoir, the mantle after core formation is expected to contain > 50 pg/g
for each HSE, which is about two orders of magnitude lower than what is observed (Table
1-1). This experimental evidence, along with the fact that the relative HSE proportions of
the BSE are similar those observed in CI chondrites, led many researchers to the conclusion
that the HSE budget of the mantle is not fully controlled by an equilibrium process during
core segregation, and that an additional process after core formation is required. The most
accepted hypothesis is the so called “late veneer” (Kimura et al., 1974; Morgan, 1985;
O’Neill et al., 1995). In this scenario it is assumed that a small portion of meteoritic
material (chondrite-like) was added to an extremely HSE-depleted BSE after core
formation. The contribution of the late veneer is estimated to be about 0.5-4.0% of the total
mass of the BSE (Albaréde et al., 2013; Ballhaus et al., 2013; Brenan and McDonough,
2009; Dauphas and Marty, 2002; Holzheid et al., 2000). The exact amount, the composition
and the timing of this later addition are the subject of many recent studies and are still
matter of debate (e.g. Albaréde et al., 2013; Herwartz et al., 2014; Jacobson et al., 2014).
However, it is largely accepted that the late veneer occurred in the Hadean (e.g. Albaréde et
al., 2013; Coggon et al., 2013; Morbidelli et al., 2012) and that the added material was
likely fully homogenized in the mantle at the beginning of the Proterozoic (Maier et al.,
2009; Willbold et al., 2011).

11
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1.3.2 Behavior of HSE during mantle melting

Studies on primitive melts and mantle residues suggest a variable bulk partitioning of
the HSE during mantle partial melting (Table 1-1; Day, 2013; Fischer-Godde et al., 2011,
Lorand et al., 2013; Pearson et al., 2004; Rehk&mper et al., 1999). Osmium, Ir, and Ru are
compatible elements, and become more concentrated in mantle residues. Conversely, Rh,
Pt, Pd, Au, and Re show enrichment in basaltic melts and are consequently depleted in
mantle residues. There is general agreement that bulk peridotite-melt partition coefficients
follow the sequence: Re < Au < Pd < Pt < Rh < Ir < Ru < Os (e.g. Day, 2013; Fischer-
Godde et al., 2011; Lorand et al., 2013; Pearson et al., 2004). However, large variations in
HSE concentrations and patterns are observed in different samples belonging to the same
petrological type (i.e. basaltic melts or mantle residues) (Table 1-1). The observed
variability of HSE concentrations in basalts and in mantle residues may be related to
differences in pressure, temperature, and redox conditions during partial melting, as well as
the extent of melting (e.g. Fonseca et al., 2012; Luguet et al., 2007; Mallmann and O’Neill,
2007; Mungall and Brenan, 2014; Rehkamper et al., 1999). Moreover, differences in source
composition and the possibility of post-melting events (e.g. melt/fluid percolation in mantle
residues and differentiation processes in basaltic melts) will likely lead to variability in
HSE systematics (e.g Alard et al., 2000; Ballhaus et al., 2006; Bézos et al., 2005; Dale et
al., 2012; Harvey et al., 2010; Jenner et al., 2010; Lissner et al., 2014; Liu and Brenan,
2015; Lorand et al., 2013; Luguet et al., 2015).

In the Earth’s mantle, the HSE are chalcophile with the partial exception of Re (see
section 1.3.3). Because of this, the behavior of HSE during mantle melting is controlled by
base metal sulfides (BMS), which, when present in the source, are the main host for these
elements (up to 90% of the total HSE budget; Alard et al., 2000; Hart and Ravizza, 1996;
Lorand et al., 2008a; Lorand and Alard, 2001).
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Figure 1-5 HSE (Os, Ir, Ru, Pt, Pd, Re) in melts and residual mantle sources. a) Mid ocean ridge basalts (MORB)
concentrations from a global compilation (Bézos et al., 2005; Lissner et al., 2014; Rehkamper et al., 1999; Tatsumi et al.,
1999; Yang et al., 2014). b) Residual mantle concentrations from a global compilation of harzburgite (dataset downloaded
from Georoc database in March 2015). The grey fields include the data between the first and the third quartile of the
whole dataset.

During partial melting of the Earth’s upper mantle, BMS are expected to be completely
molten (Fonseca et al., 2012; Hart and Gaetani, 2006; Mungall and Brenan, 2014). For this
reason, much effort was spent to infer the HSE partition coefficient between a sulfide melt
and a silicate melt (cf. Mungall and Brenan, 2014 and references therein). A quantitative
model to describe the behavior of HSE during partial melting is complex because the
sulfide liquid, which retains the HSE in the mantle source, is continuously consumed due to
sulfur dissolution in silicate melts (Haughton et al., 1974; Li and Ripley, 2009; Mavrogenes
and O’Neill, 1999; Wallace and Carmichael, 1992). Moreover, S-exhaustion can be reached
in the source depending on the initial sulfur content and the degree, pressure and
temperature of partial melting. In particular, the total consumption of the sulfide liquid is
favoured by high degrees of partial melting at low-pressure. Such conditions are expected
in mid ocean ridges or back-arc basins but are unlikely for oceanic islands (Fonseca et al.,
2011; Luguet et al., 2007).

A different scenario has been proposed to explain the HSE fractionation during mantle
melting. According to some experimental data, sulfides can be partially molten during
mantle melting (Ballhaus et al., 2006; Bockrath et al., 2004). Following these studies, the
HSE budget is controlled by the partitioning of HSE between the sulfide solid phase

(monosulfide solid solution) and the Cu-Ni rich sulfide liquid. In this case, the different
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HSE patterns observed in basalts and mantle residues is explained by the physical removal
of the sulfide liquid (enriched in Pt and Pd) via the rising silicate melt (Ballhaus et al.,
2006).

At conditions in which sulfur is extremely depleted in a mantle source, BMS are no
longer expected to be the main hosts of the HSE. Thus, other phases must host the HSE in
the absence of BMS. Mass balance calculations based on mineral separates in S-free mantle
rocks show that less than 30% of the HSE is contained in spinel and silicates (Luguet et al.,
2007). Moreover, the solubility of IPGE is limited in silicate melts, as it is typically in the
sub ng/g level (cf. Borisov and Palme, 2000; Ertel et al., 2008 for a review). Thus, due to
the low solubility in silicate melts and the low concentrations observed in natural silicates
and oxides, the IPGE are thought to form their own discrete phases as platinum group
minerals, which include Ru-Os-Ir alloys and sulfides (e.g. laurite-erlichmanite) (Brenan and
Andrews, 2001; Cabri and Weiser, 1996; Fonseca et al., 2012; Luguet et al., 2007, and
reference therein). Other HSE, such as Pd, Re and Au are thought to leave the mantle
source due to their higher solubility (up to pg/g) in basaltic melts (Laurenz et al., 2010;
Mallmann and O’Neill, 2007; Mungall and Brenan, 2014).

1.3.3 Rhenium

In nature, Re occurs with two isotopes, the stable **Re and the radioactive **'Re. The
latter is the most abundant (62.6%) and decays to **’Os with a half-life (t;;= In(2)/A) of
4.12 10" years (Smoliar et al., 1996).

During partial melting of the mantle, the Re bulk partition coefficient (i.e. the
concentration of Re in the solid residue divided by that of the melt) has been compared to
that of the heavy rare earth elements (HREE) (Schiano et al., 1997) or Ti (Mallmann and
O’Neill, 2007). However, the geochemistry of Re is complex and unique since it can show
lithophile, siderophile, or chalcophile behavior and can partition into a vapor phase
depending on pressure, temperature, and oxygen fugacity (e.g. Lassiter, 2003; Sun et al.,
2003). The different behavior of Re in high-temperature processes is largely controlled by
its oxidation state, which in natural systems can be 0, +4, +6 and +7. In moderately reduced
conditions, as expected in mid-oceanic ridges, Re occurs in the +4 and +6 oxidation states.

During partial melting, Re** mostly partitions into sulfide phases (Fonseca et al., 2007),
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clinopyroxene, and garnet (Mallmann and O’Neill, 2007). When present as Re®" it behaves
as an incompatible element and fractionates into the silicate melt (Brenan, 2008; Mallmann
and O’Neill, 2007). Overall, under mid-oceanic ridge conditions, Re is slightly
incompatible during partial melting (Mallmann and O’Neill, 2007). In more oxidized
environments, like in arc settings, the dominant oxidation state is +6 and Re becomes more
incompatible because its affinity for both silicates minerals and sulfide phases decreases
(Brenan, 2008; Fonseca et al., 2007; Mallmann and O’Neill, 2007).

1.3.4 Osmium

In nature Os occurs with seven isotopes: *30s, 1%°0s, #'0s, 180s, #¥°0s, *°0s, and
1920s. Two of these isotopes are the product of natural decay of radioactive isotopes: **0s
is produced from **°Pt by a-decay (half-life 4.7 x 10™ years, Begemann et al. 2001) and
8705 by p-decay of **'Re. The two radiogenic isotopes *¥’Os (~2%) and **°0s (~1.6 %) are
typically normalized to the stable **0Os (13.24%). The oxidation states of Os in nature are
0, +3, +4, +6, and +8. The most reduced form, 0O, is observed in terrestrial and meteoritic
alloys (Sakakibara et al., 2005) while the oxidized +8 is expected to be the main specie in
seawater (Yamashita et al., 2007). In silicate melts, the most common oxidation state for Os
is +3 (Fortenfant et al., 2006), but it might also occur in the +4 state in mantle sulfides and
Pt group minerals (cf. Fonseca et al., 2011).

Under mantle conditions, Os is chalcophile and is hosted primarily by BMS phases
provided that the mantle is BMS saturated. In a MORB-like setting, where S solubility in
basalt is about 1000 pg/g (Mavrogenes and O’Neill, 1999), a fertile mantle source (i.e.
representing the BSE) is expected to be S-free after 15-20% partial melting took place
(Fonseca et al., 2011; Luguet et al., 2007). It has been proposed that Os-rich sulfides and
alloys may exsolve from the last remnant of mantle sulfides prior to complete S-depletion
(Fonseca et al., 2011; Luguet et al., 2007). Recently Mungall and Brenan (2014) proposed
that once the sulfide liquid is fully extracted the IPGE do not form alloys immediately but,
for a certain extent of partial melting, are controlled by olivine. This is justified by the
relatively high partition coefficient (> 1) determined experimentally between olivine and
silicate melts (Brenan et al., 2003). In this scenario Os alloys would form only after about

25% of partial melting (Mungall and Brenan, 2014). However, in natural depleted samples
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(i.e. harzburgite), olivine usually contains only a marginal fraction of the bulk Os (< 20%)
(Luguet et al., 2007), which suggests that this mineral plays only a small role in controlling

Os during mantle melting.

1.4 MANTLE METASOMATISM AND ITS EFFECT ON THE HSE
SYSTEMATIC AND THE RE-OS DECAY SYSTEM

Metasomatism can be defined as metamorphism accompanied by changes in whole-
rock composition (e.g. Winter, 2014). Therefore, the term metasomatism is used to identify
a large variety of endogenic processes that involve a chemical exchange between a rock and
the surrounding environment. These processes include reactions with fluids and melts that
percolate/infiltrate in the host rock. In the mantle, metasomatic agents have a variable
composition and they comprise silicate melts, carbonate melts/fluids, or aqueous fluids (e.g.
Coltorti and Grégoire, 2008; O’Reilly and Griffin, 2013). Mantle metasomatism can affect
the absolute and relative HSE concentrations (e.g. Ackerman et al., 2009; Lorand et al.,
2013, 2008a; Reisberg et al., 2005). Since Pt, Pd, and Re are depleted in peridotites that
underwent high degree of partial melting, these elements are particularly sensitive to
metasomatism. As observed in many mantle suites, metasomatism in residual peridotites is
typically displayed by an increase in Pd/Ir, Pt/Ir, and Re/Ir ratios(e.g. Irvine et al., 2003;
Lorand et al., 2013; Maier et al., 2012; Pearson et al., 2004). However, it has been shown
that the IPGE can also be affected by metasomatism (e.g. Ackerman et al., 2009; Bichl et
al., 2002; Reisberg et al., 2005).

As observed for lithophile elements, the metasomatic agents change composition during
their interaction with the mantle rocks, leaving behind mantle domains with variable
chemical composition (lonov et al., 2002). As a consequence, the trace element budget of
metasomatized mantle rocks cannot be described by mass balance calculations where a
metasomatic component is simply added to the original mantle rock. This is especially true
for the HSE because they are mostly controlled by accessory phases, which can precipitate
or dissolve owing to small scale chemical gradients. The complexity of the processes
controlling the HSE during metasomatism is illustrated, for example, by the lack of clear

correlation between proxies of melt/fluid addition based on lithophile elements (e.g. Nb,
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Ba/Th) and HSE ratios clearly affected by metasomatism (e.g. Pd/Ir) (e.g. Chesley et al.,
2004; Hanghgj et al., 2010). This lack of correlation also testifies that, similarly to what
observed in magmatic processes, the lithophile elements and the HSE are controlled by

different phases during metasomatism.

Melt percolation can have an important influence on the HSE budget. A melt, with a
basalt-like composition, that percolates in peridotites can result in either precipitation or
dissolution of BMS, depending whether the melt is saturated or undersaturated in sulfur
(Ackerman et al., 2009; Buchl et al., 2002; Marchesi et al., 2014). The dissolution of BMS
can lead to a decrease in the HSE content, which can vary depending on the melt/rock ratio
(Bichl et al., 2002). There is evidence that metasomatic processes can affect HSE patterns,
as well as the Re-Os system. For instance, the Re/Os ratio of peridotite may either increase
or decrease by melts/fluids percolation. Rhenium, the most incompatible HSE, can be
introduced during metasomatism by reaction with silicate melts (Ackerman et al., 2009;
Chesley et al., 1999; van Acken et al., 2008), resulting in an increase over time of the
18705/1%80s ratio. Conversely, other studies have shown that Re can also be removed after
interaction with basalt-like melts (e.g. Reisberg et al., 2005). Osmium is thought to be less
affected by metasomatism due to its compatible behavior in mantle conditions. However, it
has been proposed that Os can be mobile under oxidizing conditions as expected in sub-arc
mantle wedges (e.g. Saha et al., 2005; Suzuki et al., 2011; Woodland et al., 2002). The
effect of mantle-metasomatism on the Re-Os decay system is also testified by the large
scatter observed in **'Re/**®0s vs. *¥'0s/**80s diagrams, which do not provide statistically
significant isochrons neither for whole rocks nor for mineral separates (cf. Rudnick and
Walker, 2009).

1.4.1 Residual and metasomatic BMS

Upon closer inspection peridotites contain BMS with variable petrographic features,
mineral composition, HSE signature and Os isotopic composition (e.g. Alard et al., 2011,
2002, 2000; Burton et al., 1999; Griffin et al., 2004; Harvey et al., 2011). The mineral
assemblage of BMS included in silicates usually resembles that of high temperature
monosulfide solid solution (mss). Included BMS show typically high IPGE content, low
PPGE/IPGE, and unradiogenic *¥’0s/**0s. Conversely, interstitial BMS grains often show
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larger portions occupied by chalcopyrite (> 10% in volume) and pentlandite (up to 100%),
and tend be lower in IPGE, higher in PPGE/IPGE, and more radiogenic in **’0s/**®0s (e.g.
Alard et al., 2011, 2002, 2000; Burton et al., 1999; Harvey et al., 2011). Based on these
mineralogical and geochemical observations, it has been proposed that interstitial BMS
grains are mostly metasomatic and can precipitate from silicate melts that percolate in the
host rock (Alard et al., 2000; Lorand and Alard, 2001; Luguet et al., 2004). On the contrary,
due to their textural position, BMS grains that are enclosed in silicates are less affected by
metasomatism and their unradiogenic Os can be inherited from ancient melt depletion
events (Alard et al., 2002, 2000). However, the Os isotopic composition recorded in BMS
grains do not necessarily correlates with the petrographic setting of the grains. In fact, some
BMS grains included in silicates can have radiogenic Os isotopic composition or less
unradiogenic than other BMS grains from the same rock (Alard et al., 2002; Griffin et al.,
2004; Xu et al., 2008). Moreover, beside the typical enrichment in PPGE/IPGE observed in
sulfides formed after percolation of silicate melts, metasomatic sulfides can also show more
complex HSE signatures, like super-chondritic Os/Ir as observed after interaction with
volatile rich fluids (Alard et al., 2011; Delpech et al., 2012; Lee, 2002; Lorand et al., 2004).

From what observed on whole rock and single grain investigations, it is clear that the
whole rock Os isotopic signature can be strongly affected by metasomatic processes as it
carries the Os isotopic signature inherited from multiple sources (Figure 1-6). Therefore,
the whole rock Tya model age can lose any age significance and the Trp model age can
significantly underestimate the age of mantle melting events (Figure 1-6). The issues
encountered in whole rock studies can be solved by investigations on the mineral scale
because BMS (and PGM) have the ability to carry the original signature that was inherited

from discrete events such as partial melting or metasomatic processes.

18



Introduction

=
4
s Metasomatic
Y BMS (or PGM)
=
)
©
S
S
v
Q
W
18705/18805 -
Trp age

Figure 1-6 Schematic illustration showing the *8’0s/**¥0s of residual and metasomatic BMS (and PGM) plus the
corresponding whole rock. The whole rock Os isotopic composition provides only a minimum estimate (Trp model age)
for the melting age of the mantle rock.

1.5 MOTIVATIONS AND OUTLINE OF THE THESIS

1.5.1 The Canadian Shield

The Canadian Shield comprises many Archean terrains, including the Slave, the Rae,
the Hearne, and the Superior cratons (e.g. Canil, 2008). Diamond exploration in the
Canadian Shield started in the 1980s and received a new spin in 1991, after the discovery of
the first economically exploitable kimberlite in the Lac de Gras area (Slave craton). Due to
the industrial and scientific interest and the availability of material extracted by the mining
activities, many mantle xenoliths have been studied to investigate the SCLM of the
Canadian Shield. With the exception of the Victor mine, in the Superior craton, all the
opened mines are located in the Slave craton. As a consequence, many studies have been
focused on the SCLM beneath the Slave craton (e.g. Aulbach et al., 2011, 2004; Griffin et
al., 1999; Heaman and Pearson, 2010; Irvine et al., 1999; Kopylova and Caro, 2004). In

contrast, little is known about the deep continental roots beneath other portions of the
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Canadian Shield, which also contain diamond-bearing kimberlites but are less economically
exploited. Besides the Slave craton, the few available studies on mantle xenoliths from the
Canadian Shield are limited to the Superior (e.g. Smit et al., 2014) and Rae (Irvine et al.,
2003; Kjarsgaard and Peterson, 1992; Schmidberger et al., 2003, 2002, 2001; Schmidberger
and Francis, 2001, 1999).
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Figure 1-7 Simplified geological map of the Canadian Shield (modified from Berman et al., 2005 and Pehrsson et al.,
2013) showing the location fo the diamond mines. QM-Queen Maud block, CB:Cumberland batholith, Ch:Chesterfield
block, MI:Metalncognita terrane, Wo:Wollaston group, WB:Wathaman batholith, SI:Somerset Island, LDG: Lac de Gras.

The SCLM beneath the Slave craton has been characterized with geophysical methods
and by petrographic-geochemical investigations on mantle xenoliths from kimberlites (for a
review see Heaman and Pearson, 2010). The SCLM of the Slave craton has a strong
stratified structure with a shallow refractory layer and a deep more fertile domain (Carbno
and Canil, 2002; Griffin et al., 1999; Heaman and Pearson, 2010; Irvine, 2001; Kopylova
and Caro, 2004; Menzies et al., 2004; Stachel et al., 2003). Irvine et al. (1999) observed

that mantle xenoliths from the north portion of the craton (Jericho mine), show Trp ages
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that are usually older (3.0-2.5 Ga) in the shallow spinel-bearing layer when compared to the
ages of the more fertile and deeper garnet-bearing layer (2.8-1.2 Ga). The decrease in age
with depth can be interpreted either as a primary feature with the formation of the two
domains at different times (e.g. Aulbach et al., 2011; Griffin et al., 1999; Helmstaedt, 2009)
or due to a metasomatic event in the deeper layer that caused a partial reset of the Re-Os
isotopic system (Heaman and Pearson, 2010). In the central area of the Slave craton,
seismic and geoelectric studies identified a volume of anomalous SCLM (Jones et al.,
2003) that broadly correlates with the depth (100-150 km) of highly depleted peridotites
xenoliths from the Lac de Gras kimberlite field (Griffin et al., 1999). An age of ~3.5 Ga
was proposed for this layer on the basis of one isochron and one errorchron (i.e. an
isochron with scatter exceeding the analytical error) obtained in sulfide inclusions from
diamonds (3.52 £ 0.17 Ga isochron, Westerlund et al., 2006) and silicates (3.27 + 0.34 Ga
errorchron, Aulbach et al., 2004). However, the geological significance of these ages has
been questioned as the isochron and the errorchron can also be described as mixing lines
between two components with variable Re/Os and *¥’0s/**0s (Pearson and Wittig, 2008).
Regardless of the geological significance of the ~3.5 Ga isochron and the ~3.3 Ga
errorchron, there is evidence from Tgrp model ages that mantle xenoliths from the Slave
craton record pre-Neoarchean depletion events. This is supported by the fact that among the
analyzed samples, about 25% of the bulk peridotites and 10% of the peridotitic BMS
yielded Trp model ages > 2.9 Ga (Aulbach et al., 2011, 2009, 2004; Irvine, 2001; Irvine et
al., 1999; Westerlund et al., 2006). Overall, the oldest Trp model age recorded in whole
rocks is 3.1 Ga (Irvine, 2001; Westerlund et al., 2006) while one BMS included in olivine
from Lac de Gras yielded a Trp model age of 3.9 £ 0.3 Ga (Aulbach et al., 2004). When
Tro model ages from whole rocks and BMS grains are combined in probability density
plots, there is a clear predominant peak at ~2.8 Ga that was interpreted to date the main

event of SCLM formation in the Slave craton (cf. Heaman and Pearson, 2010).

From what observed in the Slave craton, the Canadian Shield shows a variable Os
isotopic signature, with a predominance of 2.8 Ga Tgp model ages and hints of older ages
in more depleted and deeper lithologies. However, the exact time of formation of different
portions of the SCLM is hampered by possible metasomatic events (e.g. Aulbach et al.,

2013; Heaman and Pearson, 2010). A key tool to estimate the effect of metasomatism on
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Re-Os ages is provided by a combined Re-Os study from whole rock and individual BMS
grains. Unfortunately mantle xenoliths from the Slave and Superior cratons are typically
too small (< 10 cm across, Kopylova and Caro, 2004) to be characterized for both whole
rock and single BMS grain investigations. Larger xenoliths (up to 40 cm across) are

recovered from Somerset Island (e.g. Irvine et al., 2003), in the north of the Rae craton.

A Re-Os geochronological investigation of BMS from Somerset Island, will therefore
add important constraints to study the local SCLM in the framework of the Canadian
Shield. It is of particular interest to ascertain if single BMS grains record Re-depletion
events older than the whole rock (i.e. 2.8 Ga, Irvine et al., 2003), which would indicate a
Meso or Paleoarchean history of the mantle roots beneath the Rae craton. This type of
study will also reveal if the 2.8 Ga Trp model age signature of the whole rock is mirrored at
the mineral scale and if this age can be used to infer a major event in the formation of the
local SCLM as observed in the Slave craton. A mineral scale investigation will also shed
light on the effects of metasomatism in the SCLM beneath the Canadian Shield. This will
further help to constrain the distribution of ages in the Canadian SCLM and can be used to

highlight genetic relationships within mantle roots and crustal domains.

1.5.2 Outline of the thesis

The presented study included both, a case study from Somerset Island (Rae craton)

(Chapter 2) and the development of an improved analytical technique (Chapter 3).

The suite of xenoliths analyzed by Irvine et al. (2003) from Somerset Island is further
investigated in the second chapter of this thesis. Due to the large size of the xenoliths, it
was possible to obtained several thin sections (up to 20) for the four analyzed samples.
BMS grains were texturally and chemically characterized and 20 of them were analyzed for
their Os isotopic composition. The analytical approach used in this thesis comprises the
removal of individual BMS grains from thin sections before extracting the Os fraction via
wet chemistry and measuring *’0s/**®0s via mass spectrometry (N-TIMS). This
procedure, adapted from Pearson et al. (1998) differs from the more common LA-ICP-MS
(laser ablation - inductively coupled plasma - mass spectrometry) as it allows measuring a
larger fraction of BMS grains. In fact, LA-ICP-MS is applicable only to BMS grains that
are larger than 50 pm (Pearson et al., 2002), have *'Re/*®0s < 0.5 (Nowell et al., 2008)
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and contain at least 5-20 pg/g of Os (Reisberg and Meisel, 2002), depending on the laser
spot size. The Os isotopic variations observed at the mineral scale, along with the
mineralogical/textural evidence, are used to constrain magmatic and metasomatic processes
that are recorded by BMS grains. The age significance of Trp model ages is then discussed

in the context of the complex geodynamic setting of Somerset Island and the Rae craton.

The third chapter of this thesis is dedicated to the development of an improved
analytical method to allow the analyses of *¥’0s/*®®0s and HSE concentrations from the
same BMS grain via wet chemistry. This approach will allow future studies to better
constrain the origin of BMS grains thanks to the integration of the Re-Os geochronometer
with the HSE signature, i.e. a proxy that can be used to discriminate genetic processes. The
analytical procedure is set up using a sulfide standard that was synthetized and

independently characterized for this scope.
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Chapter 2:
OSMIUM ISOTOPIC COMPOSITION OF BASE METAL
SULFIDES IN MANTLE XENOLITHS FROM SOMERSET

ISLAND (CANADA)

2.1 INTRODUCTION

Ultramafic xenoliths hosted in kimberlites provide a unique opportunity to study the
subcontinental lithospheric mantle (SCLM) below cratons. These xenoliths are fragments
of the mantle lithosphere, which was mainly formed in the Archean as a residue of partial
melting. Thus, these rocks can be dated to shed light on the time-scale of craton formation
and they can be used to study the magmatic and metasomatic history of ancient mantle
roots. Moreover, the horizontal and vertical age distribution within the SCLM provides
essential information towards identifying the mechanism of cratonic formation (Lee, 2006;

Pearson, 1999) as described in section 1.1.

Of all the geochemical tools at our disposal, the Re-Os decay system is the chronometer
of choice to infer the melting age of mantle rocks (Carlson, 2005; Rudnick and Walker,
2009; Shirey and Walker, 1998; Walker et al., 1989). In mantle lithologies Re, Os, and the
other highly siderophile elements (HSE) are controlled by platinum group minerals (PGM)
and base metal sulfides (BMS) (Keays et al., 1981; Lorand et al., 2008b; Luguet et al.,
2007). In particular, BMS are commonly observed as micro-phases (typically <500um
across). Their origin can be residual or metasomatic (e.g. Alard et al., 2000; Lorand et al.,
2010; Luguet et al., 2004, 2003). Residual BMS consist of sulfides that are left over in
mantle rocks after a melting event, and their modal abundance decreases with increasing
degree of partial melting. In contrast, metasomatic BMS can be introduced into residual
peridotites via magma percolation (e.g. Alard et al., 2000; Luguet et al., 2004, 2003) or
fluid infiltration (Alard et al., 2011; Delpech et al., 2012). Residual BMS are characterized
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by unradiogenic Os, while metasomatic BMS typically contain more radiogenic Os (Alard
et al., 2002). The whole rock Os isotopic composition and the Re/Os elemental budget are
strongly affected by the presence of different generations (residual and metasomatic) of
BMS (e.g. Alard et al., 2002; Griffin et al., 2004). Therefore, whole rock investigations,
aiming to date melting events are hampered by widespread metasomatic processes. This
issue can be overcome by analysing individual BMS because these phases can record
information on single melting and metasomatic processes (e.g. Alard et al., 2002; Griffin et
al., 2004).

Due to the new discovery and economic exploitation of kimberlite bodies, from the
1990s many mantle xenoliths became available for the investigation of the subcontinental
lithospheric mantle (SCLM) below the Slave craton (Canada). Rhenium-Os investigations
on peroditites (Irvine, 2001; Irvine et al., 1999; Westerlund et al., 2006) and BMS
inclusions in silicates (Aulbach et al., 2004) show a predominance of Re-depletion ages
(Trp) of ~2.8 Ga. This age was interpreted to date the major growth of the Slave SCLM
(Heaman and Pearson, 2010). Similar Neoarchean model ages are also reported from
mantle xenoliths of the Kaapvaal craton (e.g. Griffin et al., 2004; Irvine, 2001; Pearson et
al., 2004, 1995a; Richardson et al., 2001; Simon et al., 2003), the Siberian craton (Griffin et
al., 2002; lonov et al., 2006; Pearson et al., 2004, 1995b), the North Atlantic craton (Wittig
et al., 2010), the Tanzania craton (Chesley et al., 1999), the Superior craton (Smit et al.,
2014), and the Rae craton (Irvine et al., 2003). In addition to the widespread occurrence of
2.8 Ga ages, the distribution of older and younger Trp ages varies largely within and
between cratons (cf. Heaman and Pearson, 2010).

Whole rock investigations on mantle xenoliths from Somerset Island (Rae craton,
Canada) show oldest Trp eruption ages of 2.7-2.8 Ga (Irvine et al., 2003; Table A-1),
which are similar to those observed in other cratons and in the nearby Slave craton.
Interestingly Irvine et al. (2003) observed a correlation between Re-Os model ages and
HSE signature in this suite of samples. These authors showed that samples with a residual
HSE signature (i.e. strongly depleted in Pt, Pd, and Re relative to Os, Ir, and Ru) yielded

the oldest Trp (Or Trp eruption) model ages of 2.7-2.8 Ga. In contrast, samples where Re
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and Pd were clearly enriched during metasomatic events, show a large spread in Trp ages
(Irvine et al., 2003).

A Re-Os geochronology on individual BMS from these samples will provide
constraints to understand the reliability of Re-Os model ages in whole rocks with increasing
metasomatic HSE signature. This will help to distinguish events recorded in the cratonic
SCLM, with particular regard to the evolution of the Canadian Shield. Rhenium-depletion
model ages from BMS are here used to date melting and metasomatic processes and they
are interpreted in the context of the geodynamic relationships between the Rae and Slave

cratons.

2.2 GEOLOGICAL SETTING

Somerset Island is located in the north of the Rae craton (Figure 2-1), which represents
one of the fragments of the Canadian (Laurentian) Shield. The Rae craton is separated from
the Slave craton to the north-east by the Taltson-Thelon Paleoproterozoic orogeny and from
the Hearne craton to the south-west by the Snowbird zone (e.g Berman et al., 2007;
Hoffman, 1988). The Thelon orogen (Figure 2-1) extends to the Boothia Uplift (Hoffman,
1988) and represents the 1.9-2.0 Ga magmatic arc formed during the collision of the Slave
and Rae craton. Historically the Rae and the Hearne cratons have been called the “Churchill
province” along with the Early Proterozoic Trans-Hudson orogeny (e.g. Hoffman, 1988).
Zircon U-Pb ages show the occurrence of Paleo-Mesoarchean terrains up to 3.7 Ga
(Hartlaub et al., 2005). Most of the terranes consist of Neoarchean orthogneisses,
greenstone belts and plutons, as well as Paleoproterozoic and younger intrusions (e.g. Ryan
et al., 2009). The greenstone belts are confined to a small age range (e.g. Ryan et al., 2009;
Young et al., 2007) and include the Woodburn Lake (2.74-2.63 Ga), Prince Albert (2.73-
2.69 Ga) and Mary River (2.85-2.69 Ga) groups (Figure 2-1). Almost simultaneously (2.64-
2.58 Ga), widespread granodioritic magmatism is recorded (Lecheminant and Roddick,
1991). The Archean terranes were intruded by Paleoproterozoic magmatism associated with
the Macquoid (e.g. Pehrsson et al., 2013), Arrowsmith (e.g. Berman et al., 2013), Taltson-
Thelon (e.g. Hoffman, 1988), and Trans-Hudson (e.g. Hollings and Ansdell, 2002)

orogenies and by dyke swarms during the whole Proterozoic (Schetselaar and Ryan, 2009).
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Figure 2-1 On top: Simplified geological map of the Canadian Shield (redrawn after Berman et al., 2005 and
Pehrsson et al., 2013). PA: Prince Albert group, WL: Woodburn Lake group, MA: Mary River group. On the
bottom: inset of Somerset Island (redrawn from Wu et al., 2010).

Somerset Island is covered by Paleozoic sedimentary rocks mainly comprising
limestone, dolomite, sandstone, siltstone, shale and conglomerate (Frisch, 2011). The
sedimentary cover is thought to overlie the crystalline basement of the Boothia Uplift
which outcrops in the eastern part of Somerset Island and in the near Boothia Peninsula
(Stewart, 1987). Few U-Pb ages are available for the crystalline basement giving protolith
ages of 2.5-2.2 Ga and metamorphic ages of 1.9-2.0 Ga (Frisch and Hunt, 1993; Hartlaub et
al., 2007). The occurrence of 3.0-2.8 Ga Sm-Nd model ages hints to the presence of
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Archean crust in the Boothia Uplift as also suggested by a 2.5 Ga xenocryst zircon from the
Batty kimberlite (Parrish and Reichenbach, 1991). Kimberlites from Somerset Island are
aligned along a SW-NE trend (Figure 2-1) following the orientation of fractures in the
Precambrian basement that generated local weakness suitable for the emplacement of the
diatremes (Mitchell, 1975). On a larger scale, the kimberlites from Somerset Island belong
to the “Central Cretaceous corridor” (Heaman, 1989) formed during a continental event
related to a crustal extension process or to a change in the Kula-Farallon subduction, which
takes place on the west of North America since the Jurassic. The age of Somerset island
kimberlites range between 88 Ma (Ham Kimberlite; Heaman, 1989) and 108 Ma (Peuyuk
Kimberlite; Wu et al., 2010).

2.3 MANTLE XENOLITHS FROM SOMERSET ISLAND

Mantle xenoliths from seven kimberlites (Batty Bay, JP, Nikos, Elwin Bay, Nord,
Nanorluk, Amayersuk) of Somerset Island have been extensively studied (Irvine et al.,
2003; Kjarsgaard and Peterson, 1992; Mather et al., 2011; Mitchell, 1978, 1977;
Schmidberger et al., 2003, 2002, 2001; Schmidberger and Francis, 2001, 1999; Smith et al.,
1989; Wittig et al., 2008). According to the nomenclature introduced by Harte (1977),
xenoliths from Somerset Island show coarse equant to coarse tabular texture and minor
porphyroclastic texture (Irvine et al., 2003; Kjarsgaard and Peterson, 1992; Mitchell, 1978;
Schmidberger and Francis, 1999). Garnet-peridotite is the dominant lithology but garnet-
spinel and spinel peridotites are also reported along with rare dunites and garnet—
pyroxenites (e.g. Irvine et al.,, 2003; Schmidberger and Francis, 1999). The P-T
equilibration conditions for mantle xenoliths from Somerset Island vary between 1.5 and 5
GPa and between 650 and 1200 °C (Mather et al., 2011). Isotopic investigations on
lithophile elements show that the Sr, Nd and Pb isotopic composition is inconsistent with a
simple single-stage Archean melt extraction and that these three isotopic systems were
variably affected by infiltration of the host kimberlitic magma (Schmidberger et al., 2001).
A large Sr isotope variation (0.11%) was observed in different pyroxenes within individual
xenolith and it was ascribed to the interaction with the kimberlitic magma (Schmidberger et

al., 2003). An Archean 2.8 Ga age, although affected by a large uncertainty (x 0.8 Ga), was
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reported by Schmidberger et al. (2002) on the basis of a Lu-Hf errorchron on mantle
xenoliths from Nikos kimberlite.

Rhenium-Os model ages corrected for the age of the host magma (i.e. Tgrp eruption
ages), display a variation between 1.4 and 2.8 Ga, with most of the samples grouped in the
2.0-2.7 Ga range (Irvine et al., 2003, Table A-1). From the perspective of the Re-Os
systematic, the suite of samples investigated by Irvine et al. (2003) show some peculiar and
interesting features. Xenoliths with whole rock **’Re/*®0s in excess of 0.6 are positively
correlated with ¥’0s/*®0s ratios (Figure 2-2A). The samples aligned along this trend
define an errorchron of 94 +24/-20 Ma (“robust regression”, isoplot Ludwig 2003), which
overlaps with the kimberlite emplacement age (93-108 Ma: Wu et al., 2010). The observed
trend could also be explained by mixing during post-emplacement alteration such that the
age obtained with the errorchron is simply coincidental. However, this scenario is unlikely
because no correlation is observed in an **’0s/**®0s vs. 1/0s plot (Figure 2-2B). Xenoliths
aligned along this trend show a correlation between '*’Re/*®0Os and Re but not Os,
therefore the errorchron corresponded to a variable Re enrichment processes related to the
kimberlite eruption. The initial *®’Os/*®0s of the errorchron is 0.1094 + 0.0006, which is
similar to that of the primitive mantle (Meisel et al., 2001) at 2.64-2.81 Ga. This time range
overlaps with the oldest Trp eruption age recorded in Somerset Island (Table A-1).
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Figure 2-2 A) Rhenium-Os isochron diagram for whole rock xenoliths from Somerset Island. The purple line represents
an errorchron with an age of 94 Ma. All calculations were performed using the “robust regression” of isoplot (Ludwig,
2003). B) 1/0s vs. ¥"0s/**0s diagram. The samples that were used for errorchron calculations are highlighted by a grey
circle. Blue circles belong to group A; green triangles belong to group B; yellow diamonds belong to group C; red
squares belong to group D (Irvine et al., 2003). All data are from Irvine et al. (2003).

2.3.1 Description of the studied samples

The present study is based on the suite of 33 samples already investigated by Irvine et
al. (2003) and Wittig et al. (2008). These xenoliths consist of coarse equant harzburgites
and lherzolites. The whole rock major element composition is characterized by relative
small variation in SiO, (43-46 wt.%), MgO (40-48 wt.%), and FeO (6.9-8.3 wt.%). Despite
an overall homogenous major element composition, the whole rock Al,O3 and CaO
contents vary between 0.1 and 3.3 wt.%, and 0.3 and 3.4 wt.%, respectively. The
concentrations of TiO; and Na,O are always lower than 0.25 wt.% and 0.1 wt.%. The
depleted nature of these xenoliths is testified by the high Mg# (Mg# = Mg/[Mg + Fe])a of
olivine, which varies from 0.917 to 0.926. Rare earth elements (REE) patterns show that
samples from this suite are enriched in light REE relative to heavy REE, with La/Luy (i.e.
the Cl-normalized La/Lu ratio, McDonough and Sun, 1995) ranging between 3 and 87
(Wittig et al., 2008).

Irvine et al. (2003) subdivided this suite of xenoliths into four groups on the basis of the
HSE signature. Group A and B show the most residual Cl-normalized HSE pattern with a

progressive depletion in Pt and Pd relative to the IPGE (i.e. Os, Ir, Ru), while group C and
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D are variably enriched in Pd/Pt. Group B and D are distinguished from group A and C for
an enrichment in Re relative to Pd. Interestingly, Irvine et al. (2003) observed that the
oldest Trp eruption ages are usually observed in samples from groups A and B, while group
C and D show typically younger Trp eruption ages. For the present study, the four samples
X07, JPN11, JPN3A and JPS6A of Irvine et al. (2003) were selected because they are
representative for the petrological and HSE chemical variability observed in the whole suite
of samples. The four investigated xenoliths, belong to each different HSE group of Irvine et
al. (2003) (Figure 2-3). Following this classification, and for the sake of clarity, samples
X07, JPN11, JPN3A and JPS6A will hereafter be referred as A, B, C and D, respectively.

0.1000

0.0100

Rock/CI

0.0010

0.0001

Os Ir Ru Pt Pd Re

Figure 2-3 HSE pattern of the selected samples normalized to Cl-chondrite (Irvine et al., 2003). Black line : A,
dashed black line : B; grey line : C; dashed grey line : D.

Sample A is a garnet-spinel harzburgite with low Al,O3 content (0.21 wt.%), samples
B, C and D are garnet lherzolites with variable Al,O3 content (0.72, 1.14, 1.47 wt.%).
Sample A shows a Trp eruption age of 2.69 Ga and a Tya of 3.04 Ga. In the Re-Os
isochron diagram (Figure 2-2), this sample plots close to the intercept of the 94 Ma
errorchron. Sample B and C display Trp eruption ages of 2.01 and 2.29 Ga, and Tua of
2.30 and 2.62 Ga, respectively. Sample D lies on the 94 Ma errorchron, and it has an
extremely high **’Re/*®0s of 2.8, which results in an unrealistic Tya and in an unprecise

Trp eruption age of 2.72 + 0.09 Ga (2SD, i.e. two times the standard deviation). Additional
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petrographic observations on samples A, B, C and D show a variable degree of
serpentinization (10-20%). Sample D also contains carbonate rich veins. Olivine in the four
samples reaches 1 cm in size and shows large fractures filled with a fine serpentine matrix.
Orthopyroxene is smaller (1-3 mm) and it is less fractured when compared to olivine, with
the exception of sample D where large portions of orthopyroxene (10-30%) are altered and
filled with the serpentinite matrix. Moreover, the orthopyroxene in this sample is
commonly surrounded by a rim of clinopyroxene (~10 um in size). The grain size of garnet
varies between few mm and 1 cm and shows kelyphitic rims containing euhedral spinel.
Large spinel (hundreds of um), not associated with garnet, is only observed in sample A.
Clinopyroxene, absent in sample A, has a round shape and occurs as clusters or small

chains. The kelyphitic rim around the garnet in samples C and D also contains phlogopite.

2.4 ANALYTICAL METHODS

Between 7 and 20 thin sections (~200 um thickness) were prepared from each sample.
Thin sections were investigated using transmitted and reflected light microscopy prior to
microprobe and *¥’0s/*®0s analyses. Moreover, an aliquot of the nodules was coarsely

crushed using a disk mill and used for hand-picking additional BMS grains.

2.4.1 Microprobe analyses

Silicates and sulfides were analyzed using a JEOL JXA 8900 electron microprobe
(Steinmann Institut, Universitdt Bonn, Germany). The measurements were performed using
15 kV acceleration voltage, 15 nA beam current, and 1 um beam size. Sulfides were
analyzed for S, Fe, Ni, Co, Cu, K and O content. Sulfur and Fe were calibrated on the
Canyon Diablo troilite, Ni, Co, Cu on pure metals, K on microcline. Oxygen was measured
with LDE1 crystal on the Ko line and calibrated on MgO. Silicates were analyzed for MgO,
Al,O3, FeO, Ca0, TiO,, SiO,, Cr,03, Na,O, KO, MnO and NiO. Calibration on silicates

was performed using conventional silicate standards.
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2.4.2 Base metal sulfides microsampling

The routine procedure to extract BMS grains from natural samples consists in hand-
picking from a coarsely crushed rock (Aulbach et al., 2010; Burton et al., 2012; Dale et al.,
2009; Gannoun et al., 2007, 2004; Harvey et al., 2011, 2010, 2006). In this study, some
BMS have been collected using this technique which, however, does not allow a full
textural and mineralogical characterization. To preserve this information, here, most of the
studied BMS grains were extracted from thin sections. A simple technique to remove BMS
from thin sections was proposed by Warren & Shirey (2012) using a diamond scribe.
However, during the present study the use of a diamond scribe without a pre-isolation of
the grain was found to often result in the loss of portions of the sulfides. For this reason,
two new procedures were developed in the present study to precisely extract individual

BMS grains from thin sections.

2.4.2.1 Extraction via MicroDrill

The silicates surrounding the BMS grains were removed from thin sections using a
NewWave Research MicroDrill combined with a Q-Finishers (Komet USA) tungsten
carbide mill bit. In this case, the thin sections were prepared with acetone-dissolvable glue.
The conical shape of the mill bit has a small tip (200 um) and it allows a relative precision
in the drilling process. Several linear passes were made to progressively mill the silicates
until reaching the glue layer at the bottom of the section. With this procedure it was
possible to isolate a small portion containing the BMS grain. After soaking for 1 hour in
acetone (80 °C), the isolated volumes were removed from the thin sections using a stainless
steel needle. In order to completely remove the glue, samples were rinsed at least twice in

acetone and finally in ultrapure water (H,O-MQ).

2.4.2.2 Extraction via Excimer Laser ablation

The laser ablation apparatus (Resonetics M50-E ATL excimer 193 nm) of the
Steinmann Institut (Universitat Bonn) was used to ablate the silicates around the BMS
grains. With this technique, transmitted light pictures were used to define the ablation path
in order to prevent any loss of sulfide portions that are not exposed on the surface. A small
rim of silicates around most of the grains was additionally preserved to avoid any thermal

shock inside the BMS and to compensate for any possible offset of the laser optics. Laser
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pulses with a spot size of 20 um and ablation rate of 15-20 Hz were applied while moving
the sample stage at a speed of 0.3-0.4 pum/sec. These settings can be slightly modified
according to the thickness of the section as well as the size of the BMS grain. The
measured laser fluence was ~10 J/cm? The surface was then cleaned with ethanol to
remove any dust and particles that may have settled on the surface of the sample during the
laser ablation process. Extraction of the BMS grain from the surrounding silicates was
achieved after widening the ablated path with a diamond scribe under a binocular
microscope. The BMS grain was subsequently removed from the thin section and

transferred to a pre-cleaned small container.

JPS6A-(d)-b-C

Figure 2-4 A) microphotograph of a pseudoinclusion in olivine (grain JPS6A-(d)-b-C), which consists of a core of
pentlandite (pn) surrounded by an overgrowth of djerfisherite (dj) B) Microphotograph of the same grain after ablating
most of the djerfisherite corona. The leftover djerfisherite was removed while extracting the BMS grain from the thin

section.

2.4.2.3 Comparing microsampling techniques

Both procedures were tested extensively on grains of different sizes (30-500 pum), and
the results of these tests show that both the MicroDrill and the laser apparatus can be used
to successfully extract BMS from thin sections. The advantages of the Microdrill reside in
the simplicity of the technique: it can be used by a single operator after short training, it is
fast (one BMS grain can be extracted in about 20 min) and the consumable cost is limited
as one mill bit can be used for several extractions. However, the MicroDrill does not enable
to drill directly into silicates at the edge of the BMS because the grain can become detached

from the thin section and get destroyed by the mill during the process. Therefore, a
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minimum radius of 200 um from the center of the grain is necessary to minimize such a
risk. This limitation is overcome when the BMS grain is extracted via laser ablation.
Importantly, the high spatial resolution of the laser also allows selective investigation of
different portions of individual grains (Figure 2-4), which can be essential in the case of

BMS that are surrounded by overgrowth of metasomatic phases.

2.4.3 Osmium chemical separation and N-TIMS analyses

Single BMS collected with different micro-sampling techniques were individually
digested following the protocol of Pearson et al. (1998). According to this procedure, a
spike solution (enriched in **Os and '®Re) was added to the samples to determine Os and
Re contents. As shown in section 3.4, the Os and Re concentrations obtained with this
technique are not reliable. Therefore, only *¥’0s/*®0s isotopic ratios are presented and
discussed in this section. The analytical procedure includes the digestion of the BMS in 20
uL of a Cr®* + H,S0, solution on the lid of a PFA Savillex conical vial. The beaker,
containing a drop of HBr on the top, is placed on a hotplate for two hours at 80 °C. The
HBr fraction is then dried down and used for Os measurements. Further details on the

analytical procedure are given in section 3.2.3.

Measurements of the '*’0s/**®0s isotopic ratio from individual BMS grains were
carried out at the Northern Centre for Isotopic and Elemental Tracing (NCIET) of the
University of Durham using a TIMS (ThermoScientific Triton) in negative mode. All Os
isotopes were measured as OsO3” on a SEM in peak jumping mode. The measurements
were corrected for mass bias and oxygen isotopic composition (for more details see Dale et
al., 2008; Luguet et al., 2008 and section 3.2.4). **ReO5” was measured in order to estimate
any possible isobaric interference of **’ReO5” on **’0s05". Four measurements of 10-100 pg
of the in-house standard DROsS (Luguet et al., 2008) vyield an average
870s/'%80s of 0.16090 (SD = 0.00011, n = 4), which is in excellent agreement with the
values reported in the literature for 10-100 ng loads of Os (e.g. 0.16092 + 0.000004, Luguet
et al., 2008).

As already stated Os concentrations are not reliable and in section 3.4.1 it is shown that
this analytical procedure overestimate the Os concentration, up to a factor of almost three.
Both BMS grains and blanks are similarly affected by this issue, which is likely due to

36



Dating base metal sulfides from Somerset Island

spike loss (see section 3.4.1). Therefore, despite the extreme lack of accuracy, Os
concentrations can be used to assess any possible blank contribution. The average Os
concentrations measured in five procedural blanks is 0.2 pg (SD = 0.1 pg). The majority of
the BMS grains yielded Os concentrations > 20 pg, and therefore it is possible to exclude
for them any significant blank contribution (> 1%). The remaining two BMS grains yielded
Os concentrations of 4 pg (JPN3A-a-D) and 9 pg (JPS6a-d-A). However, the high
18705/1%80s (> 0.13) measured in these two BMS grains makes any possible small blank
contribution negligible for the interpretation and discussion of the data. Two BMS grains
(SGSMO01 and SGSMO02) were not spiked. The Os measurements of these two grains
yielded '*?0s0; intensities of 2:10* and 4-10* cps, which are in the range of those obtained
from other BMS grains (typically between 10* and 10° kcps), and significantly lower than
those measured in procedural blanks (typically < 500 cps). Therefore any significant blank

contribution for these two measurements can be excluded.

A possible issue of BMS grains extracted with MicroDrill sampling is related to the
silicates placed around the analyzed grains. Optical observations on the leftover after the
micro-distillation reveal an almost intact silicate portion. However, the Os contained in
silicates can be potentially liberated (e.g. leached) during CrO3; + H,SO, digestion. Silicate
phases usually contain < 1 ppb of Os (Luguet et al., 2007; Wittig et al., 2010). Assuming a
content of 1 ppb in the silicates around the sulfides and an extracted volume of 0.025 mm®
(a cylinder of 0.2 mm thickness and 0.2 mm radius), the expected total amount of Os is

< 0.1 pg, which is lower than the average procedural blank.

2.5 RESULTS

2.5.1 Silicate mineral chemistry and geothermobarometry

Olivine from the four samples shows only a small variation in Mg# between 0.919 and
0.927. NiO and CaO are in the range of mantle values, respectively at ~0.4 and 0.05 wt.%.
Orthopyroxene is enstatite-rich (Mg# = 0.927-0.936) and its composition is almost constant
with 1.3 wt.% Al,O3, 0.6-0.7 wt.% CaO, 0.4-0.6 wt.% Cr,0O3. Clinopyroxene is rich in
Cr,03 (up to 2.5 wt.%) and Na,O (up to 2.3 wt.%) and poor in TiO; (< 0.3 wt.%). The Mg#
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of clinopyroxene is constant (0.93-0.92), CaO varies between 18.3 and 19.6 wt.%, and
Al,O3 between 2.3 and 3.1 wt.%. The garnet is Cr-rich pyrope with 20-21 wt.% MgO and
18-22 wt.% Al,O3. The Cr,O3 content of garnet is between 4 and 9 wt.% and CaO varies
between 4.7 and 6.3 wt.%, while FeO is almost constant (5.9-6.7 wt.%). Overall, silicates
mineral chemistry is in agreement with the literature data for Somerset Island (Irvine et al.,
2003; Kjarsgaard and Peterson, 1992; Schmidberger and Francis, 1999). No chemical

zonation was observed within silicates.

Analyses on silicates were used to infer the P-T equilibration conditions of the
xenoliths. Recent reviews by Nimis and Grutter (2012, 2010) pointed out that the two-
pyroxene thermometer, initially proposed by Taylor (1998), is the most reliable one for
Iherzolites, while the orthopyroxene-garnet thermometer of Nimis and Grutter (2010) is the
best suited for clinopyroxene-free samples (i.e. harzburgites). The same authors suggested
the use of the orthopyroxene-garnet barometer (Nickel and Green, 1985). The combination
of the two-pyroxene thermometer with the orthopyroxene-garnet barometer gives for
samples B, C and D pressures of 3.9, 4.0 and 3.7 GPa and temperatures of 1070, 1060 and
1040 °C, respectively. The small variation in P-T is comparable to the analytical
uncertainties and suggests that the three samples equilibrated at similar depth (~130 km)
and temperature. The same orthopyroxene-garnet barometer combined with the
orthopyroxene-garnet thermometer gives a larger range in P-T estimates, with pressures of
4.0, 3.9, 4.5, and 3.6 GPa and temperatures of 1067, 1067, 1181, and 1019 °C for samples
A, B, C and D, respectively. All the P-T estimates are in agreement with the range of
published ones obtained in Somerset Island using the same geothermobarometers (i.e. 1.5-5
GPa and 650-1200 °C, Mather et al., 2011).

2.5.2 Base metal sulfides

Hereafter, the name of the analyzed BMS grains will follow the criteria described in the

example below:

JPS6A -(d) b C

Xenolith name of HSE group of Thin section BMS grain
Irvine et al. (2003) Irvine et al. (2003)
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BMS modal abundances vary between samples. If we exclude the ubiquitous small
sulfides (usually <5 pm) inside the serpentine matrix veinlets, the number of BMS grains
observed for each thin section of a given sample varies between zero and eight. Base metal
sulfides are rare in sample A and especially in B. The average exposed BMS grains per thin
section is about one for sample A (nine BMS grains exposed over 10 thin sections) and
0.25 for sample B (five BMS grains exposed over 20 thin sections). BMS are more
abundant in samples C and D where, on average, more than four grains are observed per
thin section (29 and 44 BMS grains exposed over seven and ten thin sections, respectively).
The BMS grains are heterogeneously distributed also within a given sample. In sample C
and D, the distribution of BMS is not uniform across the thin section as BMS grains are
often concentrated in discrete areas (up to five large BMS grains over 1 cm?). Sample A
and B, show a similar heterogeneous distribution of BMS as testified by two large BMS

grains distant by ~1 cm in one thin section of sample B.

2.5.2.1 Habitus and textural relationships
Based on their habit and textural relationships, BMS grains can be subdivided in four
distinct groups (Figure 2-5):

1) Inclusions consist of BMS blebs located within one single silicate crystal. They have
a round or ovoid shape with a diameter ranging usually between 20 and 250 pum. They are
hosted in olivine, orthopyroxene, clinopyroxene and garnet. Sometimes, decrepitation trails
can extend into the host phase in the form of chains of small round sulfides (< 2 pm).

Only five inclusions appear to have no connection with the serpentine-rich veins. These
BMS blebs are the only ones showing a surface fully occupied by preserved sulfides and
they will be called hereafter isolated inclusions. Four of them are included in olivine
(JPN11-(b)-0-A, JPS6A-(d)-0-F, JPS6A-(d)-a-C, JPS6A-(d)-a-B) and one in orthopyroxene
(X07-(a)-a-F). Isolated inclusions consist of different sulfide phases such as monosulfide
solid solution (mss), pentlandite, chalcopyrite and pyrrhotite. X07-(a)-a-F consists of a
complex association of pentlandite and pyrrhotite in similar proportion (Figure 2-5). The
largest portions (> 80%) of the other four isolated inclusions are made of fine exsolutions
lamellae (<1 pm). The only mineral that is clearly distinguished in these areas is mss,
while other phases are too small to be identified (JPN11-(b)-0-A and JPS6A-(d)-0-F in
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Figure 2-5). Chalcopyrite is observed only on the rim of two isolated inclusions (up to
about 15% of the surface, JPS6A-(d)-0-F in Figure 2-5). Relatively large portions (> 10
pum) of pentlandite can also occur as patches on the rim of BMS blebs (JPN11-(b)-0-A in
Figure 2-5) or along the boundary between chalcopyrite and the rest of the BMS bleb
(JPS6A-(d)-0-F in Figure 2-5).

In contrast to isolated BMS blebs, the majority of the inclusions are clearly connected
to the serpentine matrix through a network of large veins (several pm across). Such BMS
show alteration features with variable portions (20-60%) of the original mineral assemblage
being filled with serpentine and magnetite. The alteration is often concentrated in the core
of the BMS blebs (JPN3A-(c)-d-C in Figure 2-5). The preserved areas consist mostly of
pentlandite (up to 100%). Chalcopyrite is observed on the majority of the rims, occupying
< 5% of the total surface. Micrometer-sized heazlewoodite and Cu-sulfides (chalcocite or
digenite) were seldom observed along rims. About half of the BMS inclusions of sample D
are surrounded by 10-100 pum thick coronae of djerfisherite (JPS6A-(d)-d-A in Figure 2-4).
Small round blebs or rods (usually < 1 um) of pentlandite are spread inside the djerfisherite
coronae of BMS grains (Figure 2-6A-B). Pyrrhotite and mss were not observed in BMS

inclusions that are in contact with the vein network.

2) Pseudoinclusions are BMS grains partially included in the host phases and partially

exposed to serpentine matrix. Only one grain clearly belongs to this group (JPS6A-(d)-b-C,
Figure 2-4). It has an ovoid shape, with the two axes being ~100 and ~80 um long. This
pseudoinclusion is made of an altered pentlandite core and a corona of djerfisherite (~10
pm thick).

3) Large interstitial BMS grains are up to 500 pm in size and were found at the grain

boundary between olivine, garnet and pyroxene. Their shape is more irregular than that of
inclusions and they often show small dihedral angles (<< 90°). Large interstitial BMS
grains are observed only in sample C (n =3) and D (n =1). Like the inclusions connected
to veins, large interstitial blebs display altered cores with preserved rims of pentlandite. The
large interstitial BMS grain from sample D shows a djerfisherite corona with minor
pentlandite, similar to what is observed in BMS blebs included in silicates from the same

sample.
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4) Small interstitial BMS grains are generally <5 pum in size and occur exclusively

within the serpentine veins. They tend to be elongated following the direction of the veins
and may cluster to form chains of tens of um. In every sample the majority of the small
interstitials consist of Ni-sulfide in the form of heazlewoodite (sample A, B and C) and
millerite (sample D). A minor fraction (<30%) of small interstitial BMS consists of
pentlandite. In sample D, small interstitial grains of djerfisherite are also abundant.

Small interstitial BMS are ubiquitous in every sample and they are especially abundant
in sample C and D (Table 2-1). Beside the small interstitial grains, inclusions are the most
abundant type of BMS grains in every sample (Table 2-1). Most of the BMS blebs included
in silicates show alteration features while isolated inclusions are rare (~10% of the total
inclusions). Large interstitial BMS grains are only observed in sample C (n =3) and D
(n=1).

In an extensively serpentinized area of sample A, heazlewoodite is observed to replace
a BMS grain, which was mostly made of pentlandite (Figure 2-6C). Due to the large
alteration observed in this portion of the thin section, it is not possible to classify the BMS
grain as interstitial or inclusion. Sub-micron PGM are observed on the boundary between
the two phases. Their size is too small to be individually analyzed with the microprobe.
However, spot analyzes centered on the PGM show Ru, Ir, Pt concentrations up to 9, 3 and

1 wt. %, respectively.
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Table 2-1 BMS grains petrography.

N Inclusion Pseudoinclusion . Large_ . Sma_ll_
interstitial interstitial
+ +++
Sample A 10 - -
[pn, cp, po] [hz]
(+) +++
Sample B 20 - -
[pn, cp, mss] [hz]
++ (+) ++++
Sample C 7 -
[pn, cp] [pn] [hz]
++ + + ++++
Sample D 10 _ ( )_ ( )_ )
[pn, cp, dj, mss] [pn, dj] [pn,dj] [ml,dj]

N : number of thin section investigated. - : not detected, (+) : between 0.1 and 0.5 grains on average per thin section,

+ : about one grain on average per thin section, ++ : more than two grains on average per thin section, +++ : abundant,

++++ : extremely abundant. The most abundant phases of each type of BMS grains are reported in square brackets. cp :

chalcopyrite, dj : djerfisherite, hz : heazlewoodite, ml : millerite, po : pyrrhotite, pn : pentlandite.
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JPN11-(b)-0-A JPS6A-(d)-0-f

Large interstitial small interstitial

Figure 2-5 Back scattered electron (BSE) images of BMS grains with different textures and mineralogy. JPN11-(b)-0-
A, JPS6A-(d)-0-F and X07-(a)-f-A are well preserved isolated inclusions. JPN11-(b)-0-A consists mostly of fine
lamellae of mssl (i.e. Fe-rich mss, dark lamellae) and mss2 (Ni-rich mss, light lamellae). A patch of pentlandite (pn) is
observed on the left rim. The largest areas of JPS6A-(d)-0-F are made of lamellae of mss1 and a Fe-Ni BMS that was
not identified due to the small fine-grained texture. A band of pn separates this area from the chalcopyrite (cp) rim.
X07-(a)-f-A is made of pyrrhotite (po) and pn. JPS6A-(d)-d-B is an inclusion clearly connected to cracks and it is made
of pn and cp (on the top rim). JPN3A-(c)-d-C has an altered core and a rim made of pn, a structure commonly observed
in BMS grains in contact with the serpentine matrix. JPS6A-(d)-d-A shows a large corona of djerfisherite (dj)
overgrowing on an altered pentlandite core. JPN3A-(c)-0-C is a large interstitial BMS located between two olivine
grains. The small interstitial grain is from sample B and consists of heazlewoodite. The white bar is always 100 pum.

ol:olivine, opx: orthopyroxene.
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2.5.2.2 Chemical composition

Pyrrhotite shows M/Sy (i.e. the total metal content over the S content expressed in
moles) of 0.89-0.90 and Fe/Ni, of 95-130. No pure analysis of mss could be obtained due
to the fine-grained exsolutions lamellae. Mixed analyses on multiple lamellae yielded
M/S4 =0.90 and Fe/Niy = 3-3.5, which correspond to Fe-rich mss (i.e. the mssl field of
Craig, 1973). The presence of Ni-rich mss (i.e. the mss2 field of Craig, 1973) is suggested
by one mixed measurement that yielded M/Sy = 0.91 and Fe/Niy = 1.6 (light grey lamellae
of JPN11-(b)-0-A in Figure 2-5).

Pentlandite displays variable Fe/Nig , ranging between 0.6 and 1.5. The Fe/Nig does not
show a systematic variation with the habit or the texture of BMS grains. Small domains
located on the rims of grains in contact with the serpentine-rich veins can be enriched in Ni
(up to 50 wt.%) and Co (up to 17 wt.%, i.e. cobalt-pentlandite). Small round blebs or rods
(usually < 1 pm) of pentlandite inside djerfisherite grains are typically enriched in Co (> 1
wt.%) and Ni (> 30 wt.%). Microprobe analyses on three included BMS show Cu content
up to 77 wt.%, revealing the presence of Cu-sulfides, most likely in the form of digenite or

chalcocite.

Djerfisherite (K,Na)s(Fe,Cu,Ni)25S,6Cl) is only observed in sample D. It occurs in the
serpentine-rich matrix or around other sulfide grains. In sample D, about 50% of inclusions
and large interstitials are surrounded by a corona of djerfisherite whose thickness varies
between 10 and 100 um (Figure 2-5). Compositionally, djerfisherite shows an almost
constant Fe content (35-40 wt.%) but a variable Cu and Ni content (Cu/Fe, =0.27-0.49;
Ni/Fey = 0-0.22).
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Figure 2-6 A) BSE image of JPS6A-(d)-d-A showing the djerfisherite corona around the core of pentlandite. Some
portions of pentlandite are also observed within the corona (light grey). B) detail of JPS6A-(d)-d-E where
pentlandite (light grey) forms rods and patches inside djerfisherite C) BSE image of a pentlandite grain (dark grey)
partially replaced by heazlewoodite (light grey). The grain is located in a vein and submicron sized PGM (white
spots) are located on the boundary between the two phases. The high resolution BSE image was taken by J-P.

Lorand, using a field emission gun electron microscope (FEG-SEM) at the University of Nantes.

2.5.3 ¥70s/*®0s of single grain BMS

The BMS grains show a large range of **’0s/*®0s (Table 2-2, Figure 2-7), from very
radiogenic (0.1724) to un-radiogenic (0.1084). The four BMS grains with Os isotopic
composition higher or equal to the present-day primitive mantle value (i.e. *¥’0s/**®0s >
0.1296, Meisel et al. 2001), are observed in samples C and D (Figure 2-7). However, the

majority of BMS grains from these two samples show un-radiogenic ®’Os/*®0s,
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overlapping with the range observed in samples A and B (i.e. between 0.1084 and 0.1160).
The lowest *¥’0s/*®0s (0.1084, Figure 2-7) was observed in one BMS grain from sample
C. Similarly unradiogenic Os was also measured in BMS grains from samples A
(**0s/*®80s = 0.1094, Figure 2-7) and D (**'0s/*®0s = 0.1088, Figure 2-7). Differently,
the lowest **’0s/*®0s from BMS grains of sample B is less unradiogenic (**’0s/**®0s =
0.1133, Figure 2-7).

With the possible exception of BMS grains that were not characterized for textural
relationships, only grains included in silicates were analyzed for *’0s/**®0s. Overall, there
is no systematic variation in *’0s/"®0s between isolated inclusions (n = 2) and inclusions
in contact with the vein network (n = 11). The most radiogenic isotopic composition was
obtained from one BMS grain included in olivine with a large djerfisherite corona (JPS6a-
(d)-d-A, see Figure 2-5). All the other inclusions extracted from orthopyroxene and olivine
show '¥0s/**80s < 0.1160. Orthopyroxene- and olivine-hosted BMS show no systematic
difference in '*’0s/**®*0s. The only inclusion hosted in garnet (from sample D) and
measured for *¥’0s/*®0s, vyielded '*70s/**¥0s = 0.1345. With the exception of the
djerfisherite-rich grain, no clear correlation between mineral assemblage and *3’0s/*®0s

could be observed.

Rhenium and Os concentrations for each sample were not measured, which precluded
the possibility of calculating any model age corrected for *®’Os ingrowth (i.e. Tma and Tro
eruption). The Trp model ages (Table 2-2) were calculated using the present-day primitive
mantle estimates of *¥’0s/**0s = 0.1296 and **’Re/*®0s = 0.4353 (Meisel et al., 2001) and
the *®’Re decay constant of 1.666 -10™! year (Smoliar et al., 1996). The uncertainties on
single measurements were propagated to the calculated Trp ages. Except for four grains
with ¥’0s/*®¥0s > 0.12, BMS grains yielded Trp ages from Paleoproterozoic to
Mesoarchean (1.85 Ga < Tgrp < 2.86 Ga). These BMS grains are clustered around three
groups of Trp ages: seven grains have 2.86 < Trp < 2.63 Ga; four grains have 2.13 < Tgp <

2.23 Ga; four grains have 1.86 < Trp < 1.94 Ga. The only exception is one BMS grain
(Tro = 2.35 Ga), which is affected by large analytical uncertainty (2SD = 0.09 Ga).
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Table 2-2 ¥70s/*®0s measurements and calculated Tgp, for single BMS grains.

mineral
assemblage

RD
(Ma)

I+

sample host-phase type 18705/18805,

Hand-picked

JPN3A-(c)-x-01 C - 0.10998 0.00013 2647 17
JPN3A-(c)-x-02 C - 0.11595 0.00022 1854 30
JPN3A-(c)-x-5 C - 0.12962 0.00043

JPN3A-(c)-x-08 Cc - 0.10838 0.00031 2857 42

Micro-sampled (microdrill)

X07-(a)-c-A A n.d. n.d. 0.10937 0.00034 2727 46
JPN11-(b)-c-A B n.d. orthopyroxene  f-in 0.11530 0.00013 1940 18
JPN3A-(c)-a-D Cc n.d. n.d. 0.17079 0.00080
JPN3A-(c)-a-G C n.d. n.d. 0.11359 0.00011 2168 16
JPS6A-(d)-d-C D pn-cp garnet f-in 0.13445 0.00044

Micro-sampled (laser)

X07-(a)-a-D A pn olivine f-in 0.11385 0.00054 2134 73
X07-(a)-bll-A A *ch/dig-hz? olivine f-in 0.10935 0.00011 2729 14

X07-(a)-f-A A pn-po orthopyroxene i-in 0.11013 0.00014 2627 20

JPN11-(b)-all-A B *cph%?é;_ orthopyroxene  f-in  0.11533 0.00025 1936 34
JPN11-(b)-0-A B pn-mss olivine i-in 0.11329 0.00027 2208 38
JPN3A-(c)-f-B C pn olivine f-in 0.11219 0.00063 2353 86
JPN3A-(c)-h-A C pn olivine f-in 0.10868 0.00010 2817 14
JPS6A-(d)-b-C D (dj)-pn olivine f-in 0.10883 0.00038 2798 51
JPS6a-(d)-d-A D dj-pn olivine f-in 0.17242 0.00099
JPS6a-(d)-d-B D pn-cp olivine f-in 0.11315 0.00009 2226 12
JPS6a-(d)-e-A D pn-cp olivine f-in 0.11582 0.00041 1871 56

Tro Model ages were calculated using the present-day primitive mantle values of *¥’0s/*%0s = 0.1296 and **'Re/*®80s =
0.4353 (Meisel et al., 2001). pn : pentlandite; cp: chalcopyrite; dj: djerfisherite; po: pyrrhotite; hz: heazlewoodite; ch:
chalcocite; dig: digenite; i-in: isolated inclusion; f-in: inclusion in contact with the vein network (fractured inclusion);
(dj): djerfisherite corona removed before Os analysis; *: only tip of the grain exposed. n.d: not determined. Uncertainties
are reported as 2SD.
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Figure 2-7 Osmium isotopic composition and Re-Os ages in single BMS grains and whole rocks. On the left, the
Os isotopic composition measured in BMS grains and subdivided for xenolith parental group. Purple circles are
BMS grains fully characterized for textures and major elements composition (microprobe analyses); grey circles are
BMS collected from a coarse crush or not characterized for their mineral assemblage. On the right side, inset from
the left diagram with Os isotopic composition converted to Trp ages. Whole rock Tgp eruption ages and Tya ages
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2.6 DISCUSSION

2.6.1 Origin of base metal sulfides, PGM and silicates

2.6.1.1 Magmatic BMS

The mantle xenoliths studied here, contain different BMS grains that can be
distinguished by size, mineral assemblage, and textural relations with silicates. The
polysulfide  assemblages of the five isolated inclusions is made of
pentlandite+chalcopyrite+mss and pentlandite+pyrrhotite and they suggests a magmatic
origin as observed in peridotites (e.g. Alard et al., 2002; Lorand and Grégoire, 2006;
Luguet et al., 2004; Shindo et al., 2009) and in basalts (Czamanske and Moore, 1977,
Francis, 1990; Mathez, 1976; Patten et al., 2013, 2012; Peach et al., 1990) from other
localities. Inclusions connected with the serpentinite veins formed likely in similar
magmatic conditions, with the original portions of metal rich sulfides (e.g. mss and
pyrrhotite) being replaced by magnetite and silicates during later low temperature processes
(Abrajano and Pasteris, 1989; Lorand, 1985; Lorand and Grégoire, 2006; Luguet et al.,
2004; see section 2.6.1.3). A high temperature origin of inclusions connected with the
serpentinite veins is also testified by the habit of the preserved sulfide portions that

resembles that of exsolution lamellae (Figure 2-5).

In mantle rocks, BMS can be either residual phases left behind after partial melting or
they can be metasomatic phases that formed during melt or fluid percolation (e.g. Alard et
al., 2002, 2000; Harvey et al., 2010; Lorand et al., 2003; Luguet et al., 2004, 2003). Partial
melting generally leads to a decrease of the abundance of BMS in a mantle rock. This is
related to the high solubility of S in silicate melts, which is a direct function of pressure and
to a smaller extent of temperature (Mavrogenes and O’Neill, 1999). The melting pressure
can be constrained from whole rock major element concentrations using the model
proposed by Herzberg and O’Hara (2002) and Herzberg (2004). A rough estimation of the
melting parameters is obtained by plotting the four analyzed samples in a MgO-FeO
diagram (Figure 2-8). According to this model, samples A, B, C and D show starting
melting pressures of about 4.5, 4.5, 5 and 3.5 GPa, and final melting pressures of about 2.5,

3, 4 and 2 GPa, respectively. The estimated degree of partial melting for samples A through
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D is 0.31, 0.26, 0.24, and 0.25, respectively. The model of Herzberg and O’Hara (2002)
and Herzberg (2004) assumes a polybaric melting that begins at the starting pressure and
ends at the final pressure. The independent estimates of pressure and the degree of partial
melting can be used to calculate the amount of S that is removed from the mantle residue
after melt extraction. In order to simplify the calculations, the melting processes can be
assumed to occur in two steps. In this simplified scenario, 50% of the total produced melt is
extracted at the starting pressure and the remnant 50% is extracted at the final pressure.
With the equation of Mavrogenes and O’Neill (1999), it is then possible to calculate the
amounts of S that is removed from the source in these two steps. The sum of the two
amounts gives an indicative estimate of the total S that can be extracted from the samples
during partial melting. The calculated amounts are 310, 270, 240 and 240 pg/g of S,
respectively, for samples A, B, C and D. In light of these estimates, and given that a fertile
Iherzolite is assumed to contain 250 = 50 pg/g of S (McDonough and Sun, 1995), the four
samples are expected to be extremely depleted in S.

If one takes the average S content and the modal abundance of BMS grains, it is
possible to estimate their contribution on the whole rock S budget. In the case of samples A
and B, included BMS grains are rare (less than one grain per thin section). For these two
samples, a maximum whole rock S content of 10 pg/g can be estimated assuming one BMS
grain with a diameter of 150 um per thin section. Thus, considering the large uncertainty of
the melting model (e.g. on the estimates of the melting pressures and the S content of the
primitive mantle), it cannot be excluded that these BMS may be residues of partial melting.
However, most likely S was completely extracted by the silicate melt. In this case PGM are
expected to crystalize in the form of Ru-Os-Ir sulfides/alloys and Pt-Ir alloys (e.g. Fonseca
et al.,, 2011; Luguet et al., 2007; Mungall and Brenan, 2014). The lack of such PGM in
Somerset Island xenoliths could be explained by later re-introduction of BMS and
subsequent redissolution of PGM (Delpech et al., 2012; Griffin et al., 2004, 2002; Lorand
et al., 2010, 2008b) due to the high solubility of HSE in sulfide phases (e.g. Mungall and
Brenan, 2014 and references therein). In this scenario, the required amount of metasomatic
sulfides is extremely limited as they account for less than 10 pg/g of S on the bulk rock. In
samples C and D, large BMS grains are more abundant than in samples A and B. They can

be relatively large in size (up to 500 um) and the extreme variation in size makes a proper
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quantification of the BMS modal abundance difficult. Nevertheless, a reasonable minimum
estimate can be obtained when four grains with a dimeter of 250 pm per thin section are
assumed. This leads to about 100 pg/g of S on the whole rock. This amount is too high to
be inherited from the original melting process and later metasomatism is necessary to
reintroduce BMS in these two xenoliths. Sulfide-bearing metasomatism in sample C and D
is also suggested by the occurrence of large interstitial BMS, which are typically, but not
solely, formed during the percolation of melts through the mantle (e.g. Alard et al., 2000).
A metasomatic origin of large interstitial BMS grains is additionally supported by their size
that is larger than included BMS grains. In fact, during partial melting, interstitial BMS are
expected to be more consumed than included BMS (Harvey et al., 2011). Interestingly, the
two samples with petrographic indications of metasomatic BMS show the most overprinted

a whole rock HSE signature, characterized by supra-chondritic Pd/Pt.
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Figure 2-8 Somerset Island xenoliths plotted in the MgO vs FeO diagram of Herzberg (2004). Purple symbols are the
whole rock compositions of the studied samples. Grey symbols are xenoliths from Irvine et al. (2003), and orange
symbols are xenoliths from Schmidberger and Francis (1999). Bold lines labelled with squares are initial melting

pressures (GPa); light lines labelled with circles are final melting pressures (GPa); light dashed lines are melt fractions.
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2.6.1.2 Kimberlite infiltration

Processes able to introduce metasomatic sulfides in mantle Xxenoliths include
interactions with the kimberlite host magma (e.g. Grégoire et al., 2002; Griffin et al., 2004)
and fluid/melts reactions that can also occur shortly before the kimberlite magmatism (e.g.
Giuliani et al., 2013). The presence of djerfisherite in sample D testifies a strong BMS
metasomatism associated with the kimberlite magmatism (Misra et al., 2003; Sharygin et
al., 2012, 2007). In fact, djerfisherite typically occurs in alkali-rich fluids and is found in
kimberlites from many localities (e.g. Chakhmouradian and Mitchell, 2001; Clarke, 1979;
Sharygin et al., 2007), including Somerset Island (Clarke et al., 1994). Often djerfisherite
contains small domains of pentlandite, which could represent the residue of older BMS
(Figure 2-6A). However, the arrangement and shape of some blebs and rods (Figure 2-6B)
resemble the texture observed in sphalerite affected by the “chalcopyrite disease” (e.g.
Barton Jr. and Bethke, 1987). This texture is thought to results from re-equilibration of the
original homogenous assemblage after changes of the chemical and/or physical conditions
(Bente and Doering, 1995). This suggests an early formation of djerfisherite, probably at
relative high temperature as confirmed by the high thermal stability of this mineral ( > 600
°C, Clarke 1979).

In sample D, djerfisherite is also observed inside the clinopyroxene rims that surround
altered orthopyroxene crystals (Figure 2-9). This suggests that the crystallization of
clinopyroxene at the expense of orthopyroxene is coeval with djerfisherite, and thus most
likely related to the kimberlite magmatism. The late crystallization of clinopyroxene during
kimberlite magmatism was also observed in other localities (e.g. Boyd and Mertzman,
1987; Dawson, 2002; Kopylova and Caro, 2004; Simon et al., 2007, 2003) and might

indicate an important and widespread metasomatic process in kimberlite-hosted xenoliths.
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Figure 2-9 BSE image (left) and WDS magnesium map (right) of a partially dissolved orthopyroxene grain surrounded
by a clinopyroxene rim containing djerfisherite. cpx: clinopyroxene, ol: olivine, opx: orthopyroxene, dj: djerfisherite.

2.6.1.3 Serpentinization and low temperature PGM

Inclusions that appear to be connected with the serpentine veins are made of pentlandite
and chalcopyrite and are characterized by portions filled with silicates and magnetite. This
type of alteration of Fe-Ni BMS is consistent with serpentinization processes (Abrajano and
Pasteris, 1989; Lorand, 1985; Lorand and Grégoire, 2006; Luguet et al., 2004).

Serpentine-rich veins are characterized by the ubiquitous presence of small grains of
heazlewoodite (samples A, B and C) or millerite (sample D). These two sulfides are
characteristic for serpentinization processes due to desulfurization of sulfides such as
pyrrhotite or pentlandite (Abrajano and Pasteris, 1989; Alt and Shanks, 1998; Klein and
Bach, 2009; Lorand, 1985; Lorand and Grégoire, 2006; Luguet et al., 2004; Shiga, 1987). A
snapshot of this process is observed in some pentlandite grains that are partially replaced by
heazlewoodite (Figure 2-6C). Interestingly, Ru-Ir-Pt-rich PGM were observed along the
boundary between the two phases. Pentlandite is known to be able to accommodate high
amounts of HSE (up to wt.%, Makovicky et al., 1986), thus the exsolution of discrete PGM
phases was likely triggered by the formation of heazlewoodite at the expenses of

53



Chapter 2

pentlandite. The PGM grains are observed on the boundary but not inside heazlewoodite,
suggesting that they migrate along the interface between the two minerals and that they
might grow and coalesce to form pum-sized grains. In the case of Somerset Island, PGM are
clearly secondary and related to a desulfurization process. Desulfurization has been
proposed to lead to the formation of PGM starting at relatively high f(S;) during the
breakdown of mss (e.g. Pt-Ir alloys as shown by the experiments of Peregoedova et al.,
2004) or at extremely low f(S;) during the exhaustion of BMS to form Fe-Ni alloys
(Foustoukos et al., 2015). However, the PGM observed here formed during intermediate

f(S,) conditions when pentlandite is consumed and heazlewoodite is still stable.

In sample D, the small Ni-rich interstitial sulfide grains mainly consist of millerite
while heazlewoodite is absent. During serpentinization, it is suggested that millerite forms
whenever fluids have higher f(H,S) or lower f(H,), in opposition to heazlewoodite (Klein
and Bach, 2009). Such conditions are obtained if the fluid to rock ratio increases in
association with a more extensive serpentinization process (Klein and Bach, 2009). Thus,
small interstitial BMS from sample D record different conditions when compared to those
of the other three samples. A possible reason for this might be a more extensive

serpentinization process in sample D.

2.6.2 Mantle processes and Re-Os model ages

2.6.2.1 Probability density plots of Os model ages

The ages of melting events are often determined from peaks on probability density plots
of Os model ages from mineral phases (e.g. BMS grains and PGM) or whole rocks (Griffin
et al., 2002; Heaman and Pearson, 2010; Pearson et al., 2007; Rudnick and Walker, 2009).
When the Trp ages obtained from single BMS grains of Somerset Island are plotted in such
a diagram, they display three well defined peaks (Figure 2-10). In contrast, density
probability plots of model ages (Tgrp eruption ages and Trp ages) from whole rock data
show only two peaks (Irvine et al., 2003). On a closer look, the ~2.2 and ~1.9 Ga peaks
observed in single BMS grains overlap with a wide peak at ~2.1 Ga on the whole rocks

scale (Figure 2-10). The 2.7-2.8 Ga age is not visible in whole rock Trp ages and is
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recorded by Tgrp eruption ages only in a limited subset of samples (Figure 2-10). Thus, the
information obtained from BMS grains is only partially visible on the whole rock scale.
This demonstrates that single BMS grain investigations provide a better resolution to

identify the presence of mantle portions with distinct Trp age signatures (i.e. ¥’ 0s/**80s).
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Figure 2-10 Compilation of Re-Os model ages from Somerset Island. From left to right: Trp ages from single grain BMS
as reported in Figure 2-7; probability density plot of Trp ages for single grain BMS; probability density plot of Tgp and
Trp eruption ages for 33 whole rocks from Somerset Island (Irvine et al., 2003); crustal events recorded in the Rae craton
that overlap in age with Re-Os model ages. Data in probability density plots are reported assuming an uncertainty of 200

Ma (cf. Pearson et al., 2007).
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2.6.2.2 Re-Os model ages from whole rocks and BMS: an integrated view

Sample A has a residual HSE signature. Although less affected by post-melting events,
rocks with residual HSE signature are not completely immune to sulfide metasomatism (cf.
Griffin et al., 2004; Harvey et al., 2011), which can result in the introduction of BMS with
variable Re/Os and **’0s/*®0s (e.g. Alard et al., 2002). In sample A, Trp ages obtained
from the whole rock (2.69 Ga) and from three of the four analysed BMS grains (2.63-2.73
Ga) are in very good agreement (Figure 2-7). This suggests that the whole rock Os budget
is controlled by one population of BMS grains with relatively homogeneous **’0s/**80s
and that the contribution of metasomatic Os is negligible. For this reason it is likely that the
Trp ages observed in three BMS grains and in the whole rock record the first melting event

of sample A, which occurred at ~2.7 Ga.

Sample B is the only sample that does not show any Re-Os model age in the 2.7-2.8 Ga
range (Figure 2-7). This sample has a clear depleted PGE signature. However, the recovery
of a BMS grain with Trp age significantly older than the whole rock Trp age (Figure 2-7)
implies that the whole rock Os budget is not controlled by the BMS population with the
most unradiogenic Os. This suggests that the sample experienced significant Os
metasomatism. A minimum depletion age of 2.2 Ga can be estimated for sample B but it is
worth to stress that this age is constrained by only one BMS grain and that only three BMS

grains were successfully measured for *¥’0s/*®0s.

When compared to sample A and B, sample C and D show more petrographic evidence
of BMS metasomatism and they are characterized by a more overprinted whole rock HSE
signature (i.e. supra-chondritic Pd/Pt). The Os isotopic composition is also clearly affected
by metasomatism as highlighted by the four BMS grains with radiogenic Os, which yielded
18705/1%80s higher than the present-day primitive mantle (Figure 2-7).

Sample C shows a relatively narrow range in whole rock Re-Os model ages (Tma-Trp =
0.3 Ga, Figure 2-7) and Trp ages from BMS grains spread well outside this range,
indicating that sample C underwent a complex history that strongly affected the Re-Os
isotopic systematic. Due to metasomatic processes, the whole rock Re-Os model ages do

not provide meaningful age information.

56



Dating base metal sulfides from Somerset Island

The oldest Trp age from BMS grains (2.80 Ga) of sample D is older than the whole
rock Trp age (2.1 Ga, Appendix A) but similar to the whole rock Trp eruption age (i.e. 2.72
Ga, Appendix A, Figure 2-7). This is consistent with a strong enrichment in Re during the
kimberlite magmatism, as also testified by the fact that this sample lies on the 94 Ma
errorchron. The 2.8 Ga Trp age was obtained from one BMS grain that was extracted after
the removal of the djerfisherite rim by laser ablation (Figure 2-4). In contrast, the most
radiogenic Os isotopic composition (*¥'0s/**®0s = 0.1724) was measured from one BMS
grain with a preserved large djerfisherite corona. This is in agreement with a crystallization
of djerfisherite from the Re-rich kimberlite liquid and it suggests that this process resulted
in heterogeneous Os isotopic composition at the micro-scale (i.e. within the same grain).

2.6.3 Age significance and geodynamic interpretation of BMS Trp model

ages

2.6.3.1 The 2.7-2.8 Ga melting event

The Trp ages probability density plot of BMS grains from Somerset Island shows a
well-defined peak at 2.7-2.8 Ga. This age is recorded in BMS grains from three of the four
analyzed samples and similar ages were also reported by Re-Os and Lu-Hf studies on
xenoliths from Somerset Island (Irvine et al., 2003; Schmidberger et al., 2002). Based on
this, there is large evidence that the major SCLM-forming process occurred in the
Neoarchean. This event overlaps in age with the formation of the Rae greenstone belts,
including the Woodburn Lake (2.74-2.63 Ga), Prince Albert (2.73-2.69 Ga) and Mary River
(2.85-2.69 Ga) groups (Hartlaub et al., 2004; Ryan et al., 2009; Young et al., 2007). In
particular, Somerset Island is located near the Prince Albert group, which outcrops in the
mainland of Nunavut (~500 km south of Somerset Island, Figure 2-1), and the Mary River
group, which is located in Baffin Island (~500 km east of Somerset Island, Figure 2-1).
Thus, the 2.7-2.8 Ga age recovered in mantle xenoliths from Somerset Island might be
related to the formation of the nearby Prince Albert and Mary River greenstone belts (Irvine
et al., 2003). It has been proposed that the Rae greenstone belts derived from mantle
melting in a continental rift setting as suggested by stratigraphic investigations, which
reported a sialic basement overlain by continental-like sediments and mafic and ultramafic
volcanic rocks (Hartlaub et al., 2004; Nadeau et al., 2008; Skulski et al., 2003; Zaleski et
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al., 2001, 2000). Following these considerations the SCLM beneath Somerset Island

formed during continental rifting.

A similar scenario was also proposed for the Slave craton. The main formation of the
Slave SCLM occurred at 2.7-2.8 Ga as testified by a pronounced peak in Trp ages from
mantle xenoliths and BMS grains (e.g. Heaman and Pearson, 2010). Moreover, the Slave
greenstone belts (e.g. Yellowknife supergroup) have a similar age (2.7-2.8 Ga) and they
likely formed in a continental rift setting (Cousens et al., 2006; Cousens, 2000; Helmstaedt,
2009). Therefore, it seems consistent that the Slave and the Rae cratons share a common
Neoarchean history (Heaman and Pearson, 2010; Pehrsson et al., 2013). However, in
contrast to the Slave craton, so far there is no evidence of pre-Neoarchean depletion in the
SCLM of the Rae craton.

2.6.3.2 Age significance of the ~1.9 Ga and ~2.2 Ga Trp model ages

The ~1.9 Ga and ~2.2 Ga peaks observed in the Trp ages density probability plot is
defined by BMS grains from all four samples (Figure 2-10). The discussion of the origin of
these two populations is hampered by the lack of distinctive mineralogical composition and
by the fact that their Re content is not known. Nevertheless, there are several possibilities to
explain the two Paleoproterozoic peaks in Tgrp ages. For example, the three BMS
populations with Trp ages of ~1.9 Ga, ~2.2 Ga and 2.7-2.8 Ga could share the same origin.
In this case the different Os isotopic signature could have resulted from a variable
interaction with metasomatic agents and/or by in situ Re decay.

The first possibility requires partial metasomatic overprinting of ‘¥’0s/**0s. This
scenario is supported by the relatively fast diffusion of Os in pyrrhotite at magmatic
temperature (the diffusion coefficient is ~10™* m?s at 950 °C, Brenan et al., 2000).
However, after a partial re-equilibration with metasomatic fluids/melts, the Os isotopic
composition is expected to vary largely between different BMS, depending on many
variables, such as the original Os content of BMS, the BMS grain size and the exposure to
metasomatic agents. Thus a diffusion driven re-equilibration cannot easily justify the
clustered '¥’0s/*®0s of BMS grains. Moreover, an independent evidence against a
significant effect of Os diffusion during metasomatism is provided by the extreme

870s/'%80s variation between djerfisherite coronae and the older pentlanditic cores.
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Furthermore, for the same reasons discussed for metasomatic Os, metasomatic Re can

unlikely explain the clustered ¥70s/**®0s.

Alternatively, the three BMS populations with Trp ages of ~1.9 Ga, ~2.2 Ga and 2.7-
2.8 Ga can be co-genetic if they formed with variable Re/Os. Assuming a *®’Re/*®0s ratio
of zero in the oldest population with 2.7-2.8 Ga Trp age, the BMS grains with ~1.9 Ga and
~2.2 Ga Trp ages would require **’Re/*®0s of ~0.15 and ~0.10, respectively. In this
scenario, the discrete distribution in **’Re/*®0s would resemble the variable partitioning of
the two elements between different sulfide phases (e.g. Ballhaus et al., 2006; Liu and
Brenan, 2015). As a consequence, populations with different Trp ages are expected to show
peculiar mineral assemblages, with fixed proportion of mineral phases. The lack of
correlation between Trp ages and sulfide mineral assemblages argues against this scenario.
Therefore, most likely, the two BMS populations yielding Trp ages of ~1.9 Ga and ~2.2 Ga
are not related to the melting event at 2.7-2.8 Ga and their Os signature derives from later

metasomatic processes.

Metasomatic BMS can be re-introduced in a residual peridotite by migration of sulfide
melts or by sulfide precipitation from melts/fluids (Ackerman et al., 2009; Alard et al.,
2011, 2000; Chesley et al., 1999; Delpech et al., 2012; Lorand et al., 2003; Lorand and
Alard, 2001; Luguet et al., 2003; Mungall and Su, 2005). Since the ~2.2 Ga and ~1.9 Ga
Tro ages are recovered from BMS grains that are included in silicates, a recrystallization of
the rock is required after sulfide addition. After this event, any textural evidence of the
transport mechanism would be likely deleted, making it difficult to infer the nature of the

metasomatic agent.

Although the behavior of Os (and Re) during melt/fluid percolation is not well known,
it has been suggested that meaningful Tgrp ages can be obtained from metasomatic BMS
grains (Griffin et al., 2004). This possibility was proposed on the basis of a correlation
between major crustal collision events and Trp ages from mantle BMS grains. This implies
that metasomatic BMS inherited their Os signature directly from a mantle reservoir with a
primitive-like composition that melted in response to changes in the geodynamic setting
(Griffin et al., 2004). Following these considerations, the ~1.9 Ga and ~2.2 Ga Tgrp ages

recorded in BMS from Somerset Island can be correlated to crustal events.
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A Nd model age of an orthogneiss in the Boothia uplift provides hints of magmatism in
the area of Somerset Island at ~2.2 Ga (Frisch and Hunt, 1993). On a larger scale, at 2.19
Ga, the east part of the Rae craton (~1200 km south of Somerset Island) was intruded by
the Tulemalu-MacQuoid dyke swarm (Hanmer et al., 2006; Tella et al., 1997).
Interestingly, almost simultaneous magmatism is observed in the Slave craton with the
formation of the 2.23 Ga Malley and 2.21 MacKay dykes (Buchan et al., 2012). Based on
paleomagnetic data, Halls (2014) proposed that the 2.2 Ga magmatism in the area occurred
during extensive rifting of the Slave from the Rae craton. The rifting process resulted in
large-scale melting of the asthenospheric mantle to form oceanic crust between the two
cratons (Halls, 2014). Therefore, it is likely that portions of the produced melts percolated
in the lithospheric mantle and that metasomatic BMS were introduced into the mantle that

was already depleted at 2.7-2.8 Ga.

The Boothia uplift, which is interpreted as an extension of the 1.9-2.0 Ga Taltson—
Thelon orogen (Frisch and Hunt, 1993; Hoffman, 1989; Kitsul et al., 2000), is located only
100 km from the JP and Nikos kimberlite pipes (Figure 3-1). Moreover, three of the four
xenocryst zircons collected from Battey kimberlite (Somerset Island) yielded U-Pb ages
between 1.89 and 1.94 Ga (Parrish and Reichenbach, 1991). This evidence, along with
aeromagnetic anomaly maps, suggests that the main crystalline basement of Somerset
Island is Paleoproterozoic in age and possibly related to the Thelon orogen (Frisch, 2011;
Parrish and Reichenbach, 1991). Due to the intense tectonic activity of the area, it is likely
that a portion of the mantle melted during the Thelon orogeny. In particular, the eastward
subduction of the Slave craton beneath the Rae craton (Hoffman, 1989), supports the
formation of a mantle wedge in the area of Somerset Island. Thus, some of the metasomatic
BMS might have formed due to the percolation of the magma produced in an arc-like

setting.

In conclusion, Trp model ages recorded by metasomatic BMS can be interpreted in the
context of the complex geodynamic setting that interested the SCLM beneath Somerset
Island. If the interpretation is correct, this portion of the mantle experienced metasomatism
associated with mantle melting events that resulted from the relative movements of the Rae

from the Slave craton. The peculiar position of Somerset Island, on the edge of the Rae
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craton, and in proximity of the Thelon orogeny, might justify the geological record of
mantle xenoliths from this locality.

According to the proposed geodynamic scenario, the metasomatic BMS inherited their
Os isotopic composition from a mantle with a primitive like composition. This requires that
the two mantle sources were not enriched or depleted before the melting process at 1.9 and
2.2 Ga. Since the 1.9 Ga melting event was interpreted to have occurred in an arc like
setting, this implies that no radiogenic Os was transferred to the mantle wedge from the

subducting plate.

2.7 CONCLUDING REMARKS

The two investigated xenoliths with the most overprinted HSE signature (e.g. supra-
chondritic Pt/Pd) are distinguished by their high sulfide modal abundance, the occurrence
of large interstitial BMS grains and the extreme ¥’0s/*®0s variation measured in BMS
grains (**’0s/*®0s = 0.172-0.108). The whole rock Trp ages (and Trp eruption ages) of
these samples largely underestimate the real melting age, confirming that caution should be
taken in interpreting Re-Os model ages from samples with evidence of metasomatism.
Instead, BMS can still preserve the original Os isotopic composition, providing reliable age

information.

Petrographic investigations combined with literature HSE data, reveal a strong
interaction between many mantle xenoliths from Somerset Island and the kimberlite host
magma. This process is visible on the whole rock scale as a strong Re-enrichment, which
yielded an errorchron overlapping with the age of the kimberlite (94 +24/-20 Ma). On the
mineral scale, the interaction with the kimberlite resulted in the formation of djerfisherite
and in the crystallization of clinopyroxene at the expense of orthopyroxene. Portions of
BMS that survived the interaction with the kimberlite preserved unradiogenic Os
(**’0s/*®80s = 0.109) while the djerfisherite overgrowth contain highly radiogenic Os
(**’0s/*®80s = 0.172). This attests the ability of BMS grains (or portions of them) to

preserve the original Os isotopic composition even after extensive metasomatism.
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Single BMS Trp ages confirm that the ages recorded in the SCLM beneath Somerset
Island are younger (< 2.8 Ga) than the oldest ages observed in the nearby Slave (up to 3.9 £
0.3 Ga, Aulbach et al. 2004), Superior (up to ~3.7 Ga, Smit et al. 2014) and North Atlantic
cratons (up to ~3.1 Ga, Wittig et al. 2010). Three of the four analyzed samples show
evidence of a large melting event at 2.7-2.8 Ga, coeval with the widespread formation of
greenstone belts in the Rae craton (Irvine et al., 2003). Because a similar Neoarchean
scenario was proposed for the Slave craton (Heaman and Pearson, 2010), it is consistent
that the Slave and the Rae Cratons shares the same Neoarchean history (Heaman and
Pearson, 2010; Pehrsson et al., 2013).

Two more Trp ages (~1.9 and ~2.2 Ga) are clearly recorded by BMS grains from
Somerset Island. The two ages are not resolvable on the whole rock scale (Figure 2-10) and
they might record a complex tectonic and magmatic history. The Trp ages of metasomatic
BMS grains are consistent with two processes of mantle melting in the Paleoproterozoic. In
this scenario, the ~2.2 Ga Tgp age testifies the opening of a new ocean between the Slave
and Rae craton (Halls, 2014), while the ~1.9 Ga can be related to the subduction of such

ocean beneath the Rae craton at the beginning of the Thelon orogeny (Hoffman, 1989).

It is shown here that BMS grains underwent a complex geological history, which needs
to be better constrained in order to make the best use of the age information carried by the
Os isotopic composition. A fundamental progress in this direction might be provided by the
combined determinations of *¥’0s/**®0s and HSE content from the same individual BMS
grain. A method that allows this type of investigation is developed in the next chapter of
this thesis.
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187 188
HSE AND “°'0Os/**°*OS CHARACTERIZATION OF

SINGLE SULFIDES VIA MICRO-CHEMISTRY

3.1 INTRODUCTION

Due to the compatible behavior of Os and the relative incompatibility of Re during
mantle melting, the *’Re-'®’Os decay system is the chronometer of choice to date the
formation of lithospheric roots (Carlson, 2005; Rudnick and Walker, 2009; Shirey and
Walker, 1998; Walker et al., 1989). Despite being the most robust geochemical tool for
dating mantle rocks, the Re-Os isotopic systematic can still be affected by overprinting
processes (e.g. melts/fluids percolation) as usually revealed by modifications of the original
whole rock HSE signature (Lorand et al., 2013 and references therein). A whole rock HSE
and *¥’0s/*®0s investigation, thus provides only average estimations, which are the result
of mixed signatures inherited from several geological events, represented by multiple
generations of base metal sulfides (BMS) (Alard et al., 2011, 2000; Griffin et al., 2004;
Rudnick and Walker, 2009). As the main host phase of the HSE in mantle rocks, BMS
control the Re-Os isotopic system along with platinum group minerals (PGM). Residual
BMS are enriched in IPGE (i.e. Ir, Os, Ru) and depleted in PPGE (i.e. Pt, Pd) while
metasomatic BMS formed during percolation of basaltic melts are typically enriched in
PPGE over IPGE (e.g. Alard et al., 2000). Moreover, volatile rich fluids are thought to form
metasomatic BMS enriched in Os over other IPGE (Alard et al., 2011; Delpech et al., 2012;
Lee, 2002; Lorand et al., 2004). Hence, the coupled investigation of **’0s/**®0s and HSE
signature of BMS represents a fundamental tool to discriminate and characterize melting

and metasomatic processes occurring in the mantle.

In recent years several studies have been carried out on BMS using laser ablation (LA-
ICP-MS) for in situ Re-Os dating and HSE characterization (e.g. Alard et al., 2000; Griffin
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et al., 2004; Luguet et al., 2001; Pearson et al., 2002). However, the LA-ICP-MS technique

has some limitations:

1) Measurements via LA-ICP-MS are affected by the isobaric interference of *’Re on **'Os
(Nowell et al., 2008; Pearson et al., 2002). The maximum limit on the *’Re/**®0s ratio for
accurate measurements varies in the literature between 0.5 (Nowell et al., 2008) and 3
(Brueckner et al., 2004).

2) The application is restricted to relatively large grains (> 50 um) with a sufficiently high
Os content, which varies between 5 and 20 pg/g, depending on the spot size (Reisberg and
Meisel, 2002). Moreover, very few grains are large enough (> 150 pum) to be analyzed with
the two laser spots that are necessary for a combined characterization of HSE signature and

18703/18805-

3) The presence of ubiquitous polymineral assemblages among BMS grains results in
heterogeneous distribution of the HSE even within a single grain. Thus, two LA-ICP-MS
measurements (for Re-Os geochronology and HSE signature) carried out in two different
volumes of BMS might not be comparable and in any case unrepresentative of the whole
BMS grain (Aulbach et al., 2004).

4) Ablation properties of sulfide reference materials and natural BMS can be different due
to the large compositional variability of natural BMS assemblages (e.g. Gilbert et al.,
2014).

5) Poor inter-laboratory reproducibility observed when sulfide reference materials are cross
calibrated (Gilbert et al., 2013).

To date single BMS grains with the Re-Os systematic, Pearson et al. (1998) used an
alternative approach based on isotope dilution with chemical separation of the analytes.
This technique overcomes the aforementioned issues encountered in LA-ICP-MS analyses
and allows the combination of multi-isotope (e.g. Pb and Os Burton et al., 2012; Warren
and Shirey, 2012) and elemental (e.g. Re and Os concentrations) analyses from the same
BMS grain. Moreover, very precise and accurate measurements can be achieved because of
the chemical separation of the analytes from matrix elements and from their isobaric
interferences. In the procedure of Pearson et al. (1998), the sample is digested in a H,SO4-

CrOj3 solution with Os being simultaneously separated by distillation into HBr. Rhenium is
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further separated from the residue of the micro-distillation via anion exchange resin.
Hereafter, this procedure will be called “S-DuD” for “Simultaneous digestion and micro-
distillation”. Using a small amount of reagents, the S-DuD allows to minimize procedural
blank contributions, which can be as low as 5 fg for Os and 50 fg for Re (e.g. Gannoun et
al., 2007; Pearson et al., 1998; Wiggers de Vries et al., 2013). A characteristic of S-DuD is
that the sample-spike equilibration and the Os extraction take place at the same time.
Hence, S-DuD differs significantly from typical isotope dilution analyses where the full
spike-sample equilibration is achieved before extracting the analytes of interest. Pearson et
al. (1998) tested the accuracy of S-DuD by measuring Os concentrations on fragments of
the Filomena iron meteorite and aliquots of an eclogitic BMS grain. These concentrations
were than compared with those obtained on the same materials after Carius tubes digestion
followed by Os extraction via double distillation-from H,SO, (Shirey and Walker, 1995).

The Os concentrations obtained after Carius tube digestion and S-DuD differ for < 10%.

The single grain procedure of Pearson et al. (1998) is modified here with the addition
of elemental analyses of Ru, Pd, Ir, and Pt. A homogeneous sulfide was synthetized and
fully characterized before being used to test different micro-analytical procedures
optimized for single BMS grain analyses. Variations in the analytical procedure include
two digestion methods, different micro-distillation temperatures and two resin-exchange
methods. It is here shown that accurate and precise measurements for HSE concentrations
and *¥"0s/*®0s ratios can be achieved when a pre-digestion step is added to the procedure
of Pearson et al. (1998). Concentrations obtained with this modified technique are in
agreement with those independently determined after HP-Asher digestion. Deviations are
within 10% for Pd, Os and Ir, and within 20% for Ru, Re and Pt. The Os isotopic
composition is indistinguishable from the one obtained after HP-Asher digestions within
the analytical precision of the method, which is typically 0.01% (2SD, i.e. two times the
standard deviation).

3.2 EXPERIMENTAL AND ANALYTICAL METHODS

A large, homogenous and well characterized sulfide is required to test the accuracy of

single BMS grain analytical techniques. For this purpose, the use of natural sulfide
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materials has some intrinsic limitations. Mantle or melt-derived BMS are small (typically
<500 pm across) and show ubiquitous polymineral assemblages, resulting in
heterogeneous distribution of major and trace elements. Larger BMS can be found in ore
deposits but they are also heterogeneous and they are compositionally different when
compared to typical mantle BMS. Therefore, the synthesis of a homogenous mantle-like

BMS is necessary.

Two sulfides were synthetized and sufficient material was produced to: 1) characterize
large fragments (mg amount) for bulk HSE measurements with an already well-established
analytical procedure (i.e. isotope dilution combined with HP-Asher digestion); 2) analyze
two aliquots with LA-ICP-MS to establish spatial homogeneity of HSE contents; 3) use

small fragments (15-340 ug) to test micro-procedures for analyzing single BMS.

3.2.1 Synthesis of the sulfide standard materials

The two sulfides (BonnSulfll and BonnSulfVI) were synthetized following the
procedure described by Wohlgemuth-Ueberwasser et al. (2007). Sulfur powder (Alfa
Aesar, Puratronic 99.9995% purity) was weighed and crushed into an agate mortar.
Rhenium was pipetted directly from HNO3 based solutions (Alfa Aesar, Specpure) into the
sulfur powder before introducing the mixture into an oven at 60 °C for one day. Ruthenium,
Rh, Pd, Os, Ir, and Pt were then added to the powder (Rh was added only to BonnSulfV1)
as HCI based solutions (Alfa Aesar, Specpure) before placing the mixture into a drying
oven for at least 24 hours at 60 °C. Iron and Ni metallic powders (Alfa Aesar, Puratronic
> 99.995% purity) were then added to obtain a molar sulfide composition of 53% S, 43%
Fe, and 4% Ni. This composition was chosen in order to resemble a typical mantle BMS
and to avoid the formation of exsolution lamellae during cooling (Wohlgemuth-
Ueberwasser et al., 2007).

After crushing and homogenizing the reagents in a mortar, the powder ( ~200 mg) was
introduced into a SiO; glass tube with SiO, wool on top. The tube was then evacuated with
a vacuum pump reaching an internal pressure of 10° Pa. The tube was sealed before
placing it in a one atmosphere furnace for 3 days at 900 °C. After breaking the capsule, the
sulfide was carefully extracted to avoid collecting any portion of the glass tube or SiO;

wool. The resulting fragments were carefully ground into homogeneous powder using an
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agate mortar. The fine material was then transferred into a silica capsule and covered with
silicate powder. To better isolate the sulfide material from the Re-W thermocouple (used
for checking the temperature during the high pressure synthesis), an additional MgO disk
was placed on top of the silica powder during the preparation of BonnSulfVI. The capsule
was positioned in a 1/2 inch talc-borosilicate pressure assemblage and introduced into a
piston cylinder apparatus for 3 hours at 1.5 GPa and 1050 °C. The resulting materials
consist of polycrystalline sulfides exhibiting polygonal textures with a crystal size between
50 and 500 pm.

3.2.2 Characterization of the sulfide standard materials

3.2.2.1 Electron microprobe

Two sulfide fragments, collected from the bottom and the top of the quartz capsule
were analyzed with a JEOL JXA 8900 electron microprobe (Steinmann-Institut, Universitat
Bonn, Germany). No exsolution features were observed in backscatter images and the
material appeared monomineralic except for some minor SiO, grains (< 5 vol.%) in
BonnSulfll. These fragments are likely remnants of the SiO, wool that was not completely
removed during the sulfide preparation. Sulfur, Fe and Ni were measured in wavelength
dispersive mode (WDS). Thirteen and eleven spot analyses were performed on BonnSulfll
and BonnSulfV1 respectively using 15 kV acceleration voltage, 15 nA beam current, and 1
pum beam size. Calibrations were carried out on Canyon Diablo troilite (for Fe and S), and
pure Ni metal, following the procedure described in Fonseca et al. (2012).

3.2.2.2 LA-ICP-MS

The two synthetized standards were measured via LA-ICP-MS to test for elemental
homogeneity and to determine HSE concentrations. The used LA-ICP-MS instrument
consists of a Resonetics M50-E ATL excimer 193 nm laser system combined with an X-
Series 2 Q-ICP-MS (Steinmann-Institut, Universitdt Bonn). Measurements were performed
monitoring the isotopes *S, *’Fe, ®Ni, ™Ru, ®Rh, ®pd, *°Re, *0s, **Ir, and **°Pt.
Ruthenium, Rh, Pd, Re, Os, Ir, and Pt content were determined on spot analyses using the
PGE sulfide reference material PGE_Ni7b (Wohlgemuth-Ueberwasser et al., 2007) for

external calibration. Ablation yield correction was made by internal normalization to °'Fe
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(Longerich et al., 1996). The spot size used in the analysis varied between 44 and 100 pm.
Laser fluence energy was measured to be 4-6 J/cm? and the frequency was set at 5 Hz.

3.2.2.3 Isotope dilution analyses with HP-Asher digestion

For bulk HSE isotope dilution and *¥'0s/*®0s characterization, three and four aliquots
were taken for BonnSulfll and BonnSulfVI, respectively. Each fragment was weighed
using an ultra-microbalance Mettler Toledo XP6U. The error on the weighing is negligible
due to the relatively large amount of analyzed material (> 1 mg). After weighing, the
fragments were introduced in quartz reaction vessels before adding a multi-element spike
solution (*°Ru, 1°°Pd, **Re, 1*°0s, ***Ir and **Pt) and 7.5 ml of reverse aqua regia (2.5 ml
concentrated HCI and 5 ml concentrated HNO3). Due to the immediate reaction, the reverse
aqua regia was introduced ice-cold and any sulfide fragment attached to the vessel walls
was washed out while adding the acids. BonnSulfll and BonnSulfVI fragments were
digested for 14 hours in an Anton Paar HP-Asher at 220 °C and > 100 bar. After digestion,
the solutions were clear and no solid particles were observed. Osmium was extracted from
the reverse aqua regia using CHCI3 or CCl,and then back-extracted into HBr (Cohen and
Waters, 1996). The HBr solutions containing Os were dried down and re-dissolved in
H,SO. before being microdistilled using a Cr°*-H,S0, solution (Birck et al., 1997). After
extracting the Os, the reverse aqua regia solutions were dried down, re-dissolved in 10 mL
6 N HCI, dried down again and re-dissolved in 5 mL 0.5 M HCI. The solutions were then
loaded onto columns filled with 1 mL of a Bio-Rad AG1X-8 (100-200 mesh) anion
exchange resin. Ruthenium, Pd, Re, Ir, and Pt were collected following the procedure of
Pearson and Woodland (2000) and modified by Luguet et al. (2015).

3.2.3 Single grain procedures

Fragments of the two synthetized sulfides were used to test different analytical
procedures for single grain analysis. The grains were weighed with a Mettler Toledo XP6U
ultra-microbalance (0.1 pg nominal precision). Every fragment was weighed between 5 and
15 times to assess weighing errors. Repeated weighing of the same grain yielded a
reproducibility of about £ 0.3 pg resulting in almost negligible error (minimum weight 15
ng). Twenty fragments were treated following the S-DuD procedure of Pearson et al.

(1998). Twenty-one more tests were performed adding a pre-digestion step. This procedure
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will be called “Pre-digestion followed by microdistillation” or “P-DuD”. The S-DuD and

P-DuD procedures are described hereafter.

3.2.3.1 Simultaneous digestion and microdistillation (S-DuD)

A multi-elemental HSE spike solution (HCI based) was pipetted and weighed on the
center of a lid of a 5 mL PFA Savillex conical vial (step 1S in Figure 3-1). The lid was then
placed on a hotplate at 60 °C (step 2S in Figure 3-1). Once the spike droplet was fully
evaporated, 10 pL 12 M H,SO, (Millipore-Ultrapur) were pipetted to the lid being careful
to re-dissolve the spike by moving the H,SO,4 drop around the center of the lid. The sulfide
fragment was placed on the top of the H,SO,4 drop before adding 10 puL of a 4 M H,SO,
solution saturated in Cr®* (Aldrich) (step 3S in Figure 3-1).

3.2.3.2 Pre-digestion followed by microdistillation (P-DuD)

The sulfide fragments were first digested in 5-7 mL PFA Savillex beakers. A multi-
element HSE spike solution was added to the beaker followed by 1 mL of reagent. For this
purpose three different reagents were used: concentrated HBr (~9 M), concentrated HCI
(~10 M) or a diluted mixture of both (0.4 mL concentrated HCI + 0.4 mL concentrated HBr
+ 0.2 mL H,O-MQ). The sulfide fragment was then introduced in the beaker, which was
immediately closed and placed on a hotplate (step 1P in Figure 3-1). The temperature of the
hotplate during the digestion was varied between 90 and 120 °C. After about 8 and 20
hours on the hotplate, the warm beaker was placed in an ultrasonic bath for 15 minutes, and
then put back on the hotplate. After a total of at least 48 hours on the hotplate, the beaker
was allowed to cool down and was subsequently opened and checked for any solid particles
before evaporating the solution on a hotplate at 70 °C (step 2P in Figure 3-1). Once
evaporated, four tests were further treated with the following extra re-dissolution step: 1)
0.5 mL 8 M HCI were added to the residue (step 3P-bl in Figure 3-1); 2) the beaker was
placed on hotplate at 70 °C until the volume is reduced to < 100 pL; 3) the solution was
transferred to the lid of a conical vial (step 3P-b2 in Figure 3-1); 4) the solution was
evaporated to dryness at 70 °C; 5) the residue was re-dissolved in 10 pL 12 M H,SO, (step
3P-b3 in Figure 3-1). When the extra re-dissolution step was not performed, the residue
was directly re-dissolved with 10 pL 12 M H,SO, (step 3P-al in Figure 3-1) inside the 5-7
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mL beaker. The H,SO, drop was then transferred to the lid of a conical vial before adding

10 pL of a 4 M H,S0, solution saturated in Cr®* (steps 3P-a2 in Figure 3-1).
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Figure 3-1 Flowchart describing the different procedures tested for single grain chemistry.

70



HSE and **’0s/*®80s via micro-chemistry

3.2.3.3 Microdistillation

After adding the H,SO4-Cr®* solution, the procedure proceeds in a similar way for both
P-DuD and S-DuD. The first step consists in the typical micro-distillation technique (from
step 4 to 6 in Figure 3-1) that is also used for Os purification during whole rock Os
chemistry (Birck et al., 1997). During the micro-distillation, the H,SO4-Cr®* solution acts as
strong oxidizing agent, it digests the sulfide in the case of S-DuD, and it promotes the
formation of the highly volatile OsO4. The Os released from the spike and the sulfide is
then trapped in the HBr drop where it is reduced to form OsBr¢> (Birck et al., 1997).

Ten pL of concentrated HBr were placed on the tip of the conical vial (step 4 in Figure
3-1). The vial was closed upside down being careful to avoid moving/dislodging the
H,S0,-Cr®" and HBr drops. The vial was then wrapped in aluminum foil, leaving only the
tip uncovered and placed on hotplate (step 5 in Figure 3-1). The duration of the micro-
distillation ranged from to 2 to 20 hours and the temperature of the hotplate was set at 70 or
80 °C. After the micro-distillation, the beaker was carefully opened and the HBr drop in the
conical tip of the vial was dried down. The H,SO,-Cr®* solution was then treated to collect
the Ru, Pd, Re, Ir, and Pt fractions.

3.2.3.4 HSE chemistry: Pre-treatment

After the micro-distillation all the HSE, except Os, are contained in the H,SO,-Cr®*
residue. This solution was transferred to a 1.5 mL centrifuge tube together with 100 pL of
H,O-MQ and 400 pL 1 M (anion chemistry) or 0.2 M (cation chemistry) HCI. One hundred
uL of a BaCl, saturated solution was added to precipitate H,SO4 and Cr®* as BaSO, and
BaCrO,, respectively (step 7 in Figure 3-1). The centrifuge tube was placed in a vortex and
in a centrifugation device before removing the precipitate by transferring the supernatant
liquid into a new 1.5 mL centrifuge tube (step 8 in Figure 3-1). After transferring the
supernatant liquid into a new centrifuge tube, any Cr®* still present in the liquid was further
reduced to Cr** by the addition of 20 uL H,O, (Pearson et al., 1998).

The treatment with BaCl; is necessary because the H,SO, residue is otherwise not fully
removed during the following column chemical separation and can therefore disturb the
HSE measurements via ICP-MS. Tests done with a ThermoScientific Element XR SF-1CP-
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MS (Steinmann-Institut, Universitat Bonn) revealed that the HSE background measured in
0.5 M HCI changes significantly when traces (~3 vol %) of H,SO, are added. During one
day of testing, this effect was particularly pronounced for Ir as the background signal was
observed to increase of about ten times in the presence of H,SO4. A change in the
background signal in the presence of H,SO;4 is likely due to “transport effects” as small
amounts of H,SO, can significantly change the physical conditions during sample
introduction (e.g. during the nebulization process) in the ICP-MS (Hu and Qi, 2014; Todoli
and Mermet, 1999). However, it remains unclear why this effect was more pronounced for
Ir than for other HSE.

3.2.3.5 Anion and cation HSE separation

Six tests resulting from the previous S-DuD and P-DuD were treated with anion
exchange chromatography (Pearson and Woodland, 2000) using 150 pL of Bio-Rad
AG1X-8 (100-200 mesh) resin loaded in columns prepared from polyethylene Pasteur
pipettes. Seventeen more tests were treated with cation exchange chromatography (Ely et
al., 1999) using 2 mL of Dowex 50W-X8 (200400 mesh) resin loaded in a Bio-Rad
polypropylene column. In eight tests the cation exchange procedure was repeated twice in

order to further purify the HSE fractions.

The anion exchange procedure was obtained by scaling down the whole rock HSE
separation procedure of Pearson and Woodland (2000) and modified by Luguet et al.
(2015). The resin was cleaned with 0.8 mL H,0O-MQ, 0.8 mL 13.5 M HNOs3, 0.8 mL H,0-
MQ, 0.8 mL 9 M HCI and pre-conditioned with 0.8 mL 1 M HCI. The solution containing
the digested sulfide fragment was loaded in ~0.5 mL 1 M HCI and eluted with 1.5 mL 1 M
HCI, 0.8 mL H,0-MQ, 0.8 mL 0.8 M HNO3 to remove matrix elements. The cut containing
Re, Ir, Pt, and Ru was then collected with 3 mL 13.5 M HNOs. Further 0.8 mL H,O-MQ
were eluted before collecting in a new beaker the Pd cut with 3.5 mL 9 M HCI. The 13.5 M
HNOj3 cut was evaporated and re-dissolved in 0.5 M HCI for Re, Ir, and Pt measurements.
After carrying out the ICP-MS analyses for these elements, the leftover solution (ca. 50%
of the original one) was transferred into the dried 9 M HCI cut, evaporated and re-dissolved
in 0.56 M HNO;; for Ru and Pd measurements.

72



HSE and **’0s/*®80s via micro-chemistry

The cation exchange resin was cleaned with 15 mL 6 M HCI and pre-conditioned with
10 mL 0.2 M HCI. The solution containing the digested sulfide fragment was loaded in
~0.5 mL 0.2 M HCI. The HSE cut was collected upon loading and during the following two
elutions with 1 mL 0.2 M HCI. After evaporation, the HSE cut was re-dissolved in 0.5 M
HCI for Re, Ir, and Pt measurements. The leftover solution was then evaporated again and

re-dissolved in 0.56 M HNO; for Ru and Pd measurements.

3.2.4 Mass spectrometry

The Os isotopic and elemental composition was measured at the Northern Centre for
Isotopic and Elemental Tracing (NCIET) of the University of Durham (UK) by thermal
ionization mass spectrometry in negative ion mode (N-TIMS) using a ThermoScientific
Triton. Osmium was loaded in concentrated HBr (Romil) on a 99.99% Pt-filament with
~0.5 pL of a 0.1 M NaOH/Ba(OH), solution as activator (Luguet et al., 2008). Osmium
was measured as OsO; and any isobaric interference of *’ReOs; on '*'0sO; was
monitored and corrected by measuring **ReQs". All measurements were performed in peak
jumping mode using an electron multiplier and analyzing **ReOs, **0s05, ¥’0s05,
180505, %0505, 0s0;5, %20s05. Each mass was corrected for isobaric oxide
interference formed by 'O and 0 with other lighter Os isotopes. Mass fractionation is
corrected using *%20s/*®0s = 3.083 (Luguet et al., 2008). Accuracy was daily monitored by
measuring 10 and 100 pg loads of the Durham Romil Os Standard (DROsS, Luguet et al.,
2008) prior to sample measurements. The ¥’0s/*®0s measured in DROsS (average
0.16094, SD =0.00016, n =5) is in good agreement with the range reported by Luguet et
al. (2008) (**’0s/*®®0s=0.160924, SD =0.000004) who used larger loads of Os
(10-100 ng).

Ruthenium, Pd, Re, Ir, and Pt were analyzed with a ThermoScientific Element XR SF-
ICP-MS (Steinmann-Institut, Universitat Bonn). Rhenium, Ir, and Pt were measured in the
same session using a double pass spray chamber made of borosilicate glass. Hafnium oxide

193|y 19%pt 19pt and %Pt were corrected by analyzing "®Hf in each

interferences on
measurement and by quantifying the Hf oxide production on a 1 pg/L Hf standard solution
at the beginning and the end of each analytical session. Palladium and Ru were measured in

0.56 M HNOj3 using an ESI-Apex introduction system in order to minimize molecular
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interferences. Oxide interferences on Pd isotopes were corrected measuring *Y, *°Zr, and
®Mo after estimating their relative oxide production by running 1 pg/L Y, Zr, and Mo
standard solutions. Possible isobaric interferences of Cd on Pd isotopes were monitored
using the mass 111. One single analysis for Re, Ir, Pt, or Ru-Pd consists of 50

measurements of each mass for a total measurement time of ~150 seconds.

3.3 RESULTS

3.3.1 Total procedural blanks

Total procedural blanks were obtained for HP-Asher digestions and single BMS grain
procedures (Table 3-1). The only HP-Asher blank shows high Os content (30 pg) when
compared to blanks routinely obtained for the same analytical procedure in the same
laboratory (usually < 1 pg, e.g. Lissner et al. 2014, Luguet et al. 2015). The procedural
blank yielded **’0s/**®0s = 0.161, which suggests that the high Os content results from
cross contamination during the chemical procedure. However, the large amount of Os
contained in sulfide fragments dissolved via HP-Asher (minimum 8.4 ng of Os) makes any
blank correction negligible (< 1%). HP-Asher procedural blanks for Ru, Pd, Re, Ir, and Pt
are 50, 3.0, 0.8, 1.6, 4.8 pg, respectively, and in agreement with blanks routinely obtained
in the same laboratory (Lissner et al., 2014; Luguet et al., 2015).

For the single BMS grain procedure, Os procedural blanks show a variation between 22
and 150 fg (n = 9, average = 86 fg, Table 3-1). Other HSE blanks (Table 3-1) vary between
0.5 pg and 95 pg for Pd (n =10, average = 14 pg), 0.03 pg and 4.3 pg for Re (n =11,
average 2.1 pg), 0.4 pg and 1.4 pg for Ir (n = 8, average 0.6 pg), and 0.07 pg and 2.8 pg for
Pt (n = 10, average 1.4 pg). No reliable procedural blanks were obtained for Ru due to the
poor counting statistics of the measurements. However, despite the large uncertainties,
counts on *Ru/*Ru were always < 1 (n = 4), which correspond to blanks < 30 pg. The
18705/'%80s ratio measured in blanks (n = 5) varies between 0.298 and 0.137, with an
average value of 0.190. Overall, there is no systematic difference between HSE blanks
obtained with P-DuD and S-DuD (Table 3-1). The large variation in both P-DuD and S-

DuD blanks show that there was no significant contribution from the reagents and that the
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main blank sources are un-systematic. Despite the small size of the analyzed sulfides, any
blank correction is negligible (< 1%).

Table 3-1 Procedural blanks obtained using different digestion methods.

Predigestion steps | Microdis.

blanks step T step Il t T HSEresin Ru Pd Re Os Ir Pt
| ° hrs — °C pg  pPg pg pg pg  pg
S-DuD
blkAB61 2 70 - - - 0.034
blkAB62 20 70 - - 0.141 - -
blkAB66 2 70 anion - 2.87 3.10 0.022 0.92 270
blkAB65 20 70 cation - 0.47 1.67 0.079 0.05 1.52
P-DuD
blkAB60 HBr 90 14 70 - - # 0.152 # #
blkAB64 HBr 120 2 70 - - 0.062 - -
blkAB63 HBr 90 20 70 cation - 15.64 1.58 136 2381
blkAB59 HBr 90 14 70 cation - - 0.03 - # #
blkAB67 HBr 120 2 70 cation - 1.67 1.91 - # 1.37
blkAB68 HBr 120 2 70 cation - 3.87 1.81 - 040 1.29
blkAB70 HBr 120 2 70 cation - 0.72 1.58 - # 1.23
blkAB73 HBr 120 2 70 2*cation § 5.39 245 0.140 0.06 0.07
blkAB74 HBr 120 HCI 2 70 2*cation § 9494 1.84 0.110 0.69 1.51
blkAB75 HBr+HClI 120 2 70 2*cation § 11.01 3.19 0.035 0.77 0.91
blkAB76 HBr+HClI 120 HCI 2 70 2*cation § 3.68 4.26 - 0.04 0.32
HP-Asher digestion 50 3.0 0.77 30 1.63 4.78

Step | is the main reagent used to dissolve the sulfide in P-DuD, Step 1l is the reagent used for re-dissolving the residue
before micro-distillation. (#) measurement yielding negative concentration. (s) Ruthenium measurement with poor
counting statistics as the background/sample signal is > 50% for at least one of the masses used for isotope dilution
calculations (i.e. ®Ru and ®Ru). (-) not analyzed.

3.3.2 Composition of the two synthetized sulfide standards

Electron microprobe analyses show S, Fe, and Ni molar (%) content of 52.2 (SD = 0.3),
445 (SD = 0.3), 3.3 (SD = 0.1) for BonnSulfll (n = 13) and 50.8 (SD = 0.2), 45.8 (SD =
0.2), 3.4 (SD = 0.1) for BonnSulfVI (n =11). For each sulfide standard the microprobe
analyses were performed on two different portions of the sample (bottom and top of the
experimental run). The small standard deviation proves that the distribution of all major

elements is homogeneous within the two synthetized sulfides.

Laser ablation spot analyses (LA-ICP-MS) show a standard deviation < 10% for every
HSE except for Re in BonnSulfll (Table 3-2). Moreover, anomalous peaks in the HSE
signals were not observed in any LA-ICP-MS spectra. This proves that the synthetized

materials have a homogenous HSE distribution at the scale of tens of microns (except Re in
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BonnSulfll). The poor reproducibility of Re concentrations in LA-ICP-MS analyses from
BonnSulfll (average = 2 ng/g, SD = 71%) is due to four spots analysis with very high Re
content (up to 7 ng/g). These spot analyses were performed in the middle of the top portion
of the experimental run, which was in close proximity to the Re-W thermocouple wire
during the piston cylinder synthesis. If these spot analyses are excluded, the average Re
concentration in BonnSulfll is 1.5 pg/g (n = 16) and the standard deviation is 0.1 pg/g (6%
RSD, i.e. the relative standard deviation). The Re enriched area is not observed in
BonnSulfVI where a MgO disk was placed between the top of the quartz capsule and the

tip of the thermocouple.

The average HSE content measured with ID-ICP-MS after HP-Asher digestion varies
between 1.5 png/g (Re) and 11.1 pg/g (Ir) in BonnSulfll and between 3.9 ng/g (Re) and 20.8
pg/g (Ir) in BonnSulfVI (Table 3-2). The replicates for BonnSulfll (n = 3) and BonnSulfVI
(n = 4) show an excellent reproducibility in HSE concentrations as they yield a RSD that is
typically <2% (Ru, Ir, Pt in BonnSulfll and Ru, Pd, Ir, Pt in BonnSulfVI) and always
< 4%. The only exception is Re in BonnSulfll that displays a RSD of 18%. The calculated
average for ¥’0s/*®0s is 0.16001 in BonnSulfll and 0.16052 in BonnSulfVI (Table 3-2).
The *¥’0s/**80s measured in different aliquots are always in agreement within two times
the standard deviation of the analytical error, except ID1 and ID3 from BonnSulfVI where

they overlap within three times the standard deviation of the analytical error (Table 3-2).

Overall, the average concentrations obtained by ID-ICP-MS and LA-ICP-MS are in
agreement within 10% for both, BonnSulfVVl and BonnSulfll (Table 3-2). Hereafter, the
concentrations obtained after HP-Asher digestions are used as reference values as this
isotope dilution procedure is largely accepted to provide accurate and precise HSE
compositional data (e.g. Meisel et al., 2003), while LA-ICP-MS data are more easily
affected by analytical biases (e.g. isobaric and polyatomic interferences, calibration of the

reference materials).
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Table 3-2 Highly Siderophile Element concentrations (Ru, Rh, Pd, Re, Os, Ir, Pt) and isotopic composition
(¥70s/*%80s) of the two synthetized standards via HP-Asher digestions and LA-ICP-MS.

weight 18705/18805 i Ru Rh Pd Re Os Ir Pt
mg - ug/g Ka/g Ka/g  ug/g Ka/g  ug/g  ug/g
BonnSulfil
Isotope dilution (HPA digestion)
ID1 4.472 0.16004 0.00009 4.8 7.1 1.4 8.4 11.3 10.8
ID 2 2.042 0.16004 0.00016 5.0 7.5 1.3 8.4 11.2 10.8
ID3 2.058 0.15996 0.00048 4.8 7.5 1.8 8.9 11.0 10.7
Average 0.16001 4.9 7.4 1.5 8.6 11.1 10.8
SD 0.00005 0.1 0.2 0.3 0.3 0.2 0.1
RSD (%) 0.03 1.7 3.3 17.6 3.3 1.6 0.5
LA-ICP-MS
Average (n = 20) 5.4 7.9 2.0 9.8 112 100
SD (n=20) 0.4 0.2 1.4 0.4 0.4 0.3
RSD (%) 7 2 71 4 4 3
BonnSulfVvi
Isotope dilution (HPA digestion)
ID1 2.8122 0.16066 0.00010 19.4 16.4 3.9 19.0 21.0 17.7
ID 2 3.0017 0.16050 0.00015 19.2 16.4 3.8 18.9 20.9 17.4
ID 3 5.7928 0.16036 0.00010 19.2 16.4 4.1 17.6 20.2 17.8
ID 4 0.4374 0.16057 0.00028 19.6 16.0 3.9 19.2 21.1 17.7
Average 0.16052 19.4 16.3 3.9 18.6 20.8 17.6
SD 0.00011 0.2 0.2 0.1 0.6 0.4 0.2
RSD (%) 0.07 0.9 1.0 2.8 3.3 1.7 0.9
LA-ICP-MS
Average (n = 35) 21.7 20.4 17.0 44 22.6 213 16.6
SD (n=35) 1.5 0.9 0.8 0.4 1.4 1.3 1.0
RSD (%) 6.9 4.5 4.7 8.1 6.2 5.9 6.3

Replicate analyses by isotope dilution (ID) from the same sulfide material standard yielded very reproducible HSE
concentrations and Os isotopic composition. Their average is considered as the best estimate for trace element content in
the two sulfides. HPA : HP-Asher. The uncertainty on ®’0s/*®®0s is expressed as 2SD.
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3.3.3 Osmium concentration and **’0s/*®0s in single grain procedures

In order to test the ability of S-DuD and P-DuD to provide reliable Os isotopic and
elemental composition, the results obtained with these two techniques are compared to the
ones determined after HP-Asher digestion.

Single grain tests on BonnSulfll were done only for S-DuD (Table 3-3). These five
tests were performed varying the temperature (70 and 80 °C) and the duration of the micro-
distillation (2-20 hours). In all of them no solid residue was observed after the S-DuD. The
Os concentration varies between 7 and 11 pg/g and only one test yielded a concentration
(8.5 ng/g) that overlaps with the concentration range obtained after HP-Asher digestion
(8.4-8.9 pg/g) (Figure 3-2A). The ¥’0s/*®0s varies between 0.1596 and 0.1603, with an
average of 0.1600 which is similar to that observed after HP-Asher digestion (0.1601)
(Figure 3-3B). One test with long micro-distillation duration (20 hours) yielded
870s/"%0s = 0.1595, which does not overlap with the HP-Asher range within the analytical
error (Figure 3-3B).

Most of the tests (n = 36) were carried on BonnSulfVI (Table 3-3). No solid residues,
clearly attributable to undigested sulfide fragments, were observed in these tests after S-
DuD and P-DuD in HBr or HBr + HCI. On the contrary, after P-DuD in HCI only, a clear
solid particle was recovered. The shape of this solid particle resembled that of the starting

fragment suggesting that the sulfide was barely digested.
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Table 3-3 Highly Siderophile Elements concentrations (Ru, Pd, Os, Re, Ir, and Pt) and isotopic composition
(**"0s/*®80s) obtained in BonnSulfVI and BonnSulfll using S-DuD and P-DpD.

Predigestion steps | Microdis.
sample wt. HSE

name step T step t T resin ¥70s/"%%0s Ru Pd Re Os Ir Pt
ug I °c I ks °C + Kg/9  K9/9 K9/9 Kg/g  Kg/g  Hg/g
BonnSulfil
S-DuD
SGBNII-2 204.9 20 80 0.1595 0.0001 - - - 10.9 - -
SGBNII-3 141.2 2 80 0.1602 0.0001 - - - 8.5 - -
SGBNII-4 28.7 2 80 0.1602 0.0002 - - - 10.7 - -
SGBNII-5 15.4 2 70 0.1603 0.0002 - - - 9.5 - -
SGBNII-6 137.0 2 70 0.1596 0.0007 - - - 7.1 - -
HP-Asher average (n = 3) 0.1600 4.9 7.4 1.5 8.6 11.1 10.8
BonnSulfvi
S-DuD
SGBNVI-32 28.6 2 70 0.1605 0.0002 - - - 36.9 - -
SGBNVI-9 40.4 2 70 0.1604 0.0001 - - - 239 - -
SGBNVI-10 79.1 2 70 0.1607 0.0001 - - - 21.8 - -
SGBNVI-2 344.0 2 70 ES - - - 9.9 - -
SGBNVI-28 72.5 2 70 an. 0.1606 0.0001 ° 17.2 3.7 26.6 0.2 0.2
SGBNVI-29 33.6 2 70 an. 0.1604 0.0001 ° 17.2 3.7 41.2 0.3 0.3
SGBNVI-30 433 2 70 cat. 0.1604 0.0002 ° 16.2 3.4 28.6 5.3 0.2
SGBNVI-31 28.2 2 70 cat. 0.1604 0.0001 ° 16.6 3.5 25.2 6.7 0.2
SGBNVI-8* 25.5 2 70 0.1608 0.0002 - - - - - -
SGBNVI-12 64.2 20 70 § - - - 28.6 - -
SGBNVI-24 38.8 20 70 an. 0.1606 0.0001 ° 16.1 3.6 38.7 19 0.2
SGBNVI-25 36.4 20 70 an. 0.1605 0.0002 ° 16.2 3.5 314 0.9 0.6
SGBNVI-26 27.4 20 70 cat. 0.1604 0.0002 ° 16.9 3.1 52.1 5.7 0.3
SGBNVI-27 32.6 20 70 cat. 0.1606 0.0001 ° 15.9 33 45.0 6.2 0.4
SGBNVI-1 131.3 20 80 0.1601 0.0001 - - - 28.7 - -
P-DuD
SGBNVI-4 99.1 HCl 90 14 70 0.1583 0.0005 - - - 0.7 - -
SGBNVI-5 28.3 HBr 90 14 70 0.1607 0.0002 - - - 12.4 - -
SGBNIV-6 35.1 HBr 90 14 70 0.1604 0.0001 - - - 12.0 - -
SGBNVI-15 20.8 HBr 90 20 70 an. 0.1608 0.0001 ° 15.7 3.5 14.9 # 12.7
SGBNVI-16 46.1 HBr 90 20 70 an. 0.1599 0.0002 ° 13.4 2.9 11.2 # 14.0
SGBNVI-19 18.4 HBr 90 2 70 cat. 0.1604 0.0001 ° 14.2 3.8 14.5 17.0 10.2
SGBNVI-17 213 HBr 90 20 70 cat. 0.1598 0.0001 ° 16.3 3.1 12.7 17.3 24.7
SGBNVI-18 37.1 HBr 90 20 70 cat. 0.1602 0.0003 ° 14.6 2.6 8.5 18.2 57.2
SGBNVI-13 67.6 HBr 120 2 70 0.1603 0.0003 - - - 18.5 - -
SGBNVI-14 43.4 HBr 120 2 70 0.1604 0.0001 - - - 19.9 - -
SGBNVI-23 35.2 HBr 120 2 70 0.1603 0.0001 - - - 16.0 - -
SGBNVI-21 52.3 HBr 120 2 70 cat. 0.1605 0.0001 ° 18.0 3.9 19.6 21.9 16.2
SGBNVI-22 26.3 HBr 120 2 70 cat. 0.1605 0.0001 ° 15.1 33 18.3 20.5 13.7
SGBNVI-42 17.6 HBr 120 2 70 2*cat ® 15.9 16.3 3.6 17.5 # 14.1
SGBNVI-43 50.0 HBr 120 2 70 2*cat 0.1603 0.0001 18.4 16.4 3.8 17.0 25.6 14.6
SGBNVI-44 45.8 HBr 120 HCl 2 70 2*cat 0.1604 0.0003 17.6 16.1 5.5 17.6 16.7 15.3
SGBNVI-45 33.7 HBr 120 HCl 2 70 2*cat - 16.8 15.8 4.6 - 16.7 14.5
SGBNVI-48 18.1 HBr+HCI 120 HCl 2 70 2*cat - 18.8 16.6 4.6 - 19.5 17.0
SGBNVI-49 28.8 HBr+HCI 120 HCI 2 70 2*cat - 20.4 16.9 4.2 - 20.4 17.0
SGBNVI-46 46.7 HBr+HCI 120 2 70 2*cat 0.1600 0.0001 229 16.6 3.7 15.9 20.5 15.8
SGBNVI-47 39.3 HBr+HCI 120 2 70 2*cat 0.1606 0.0004 233 16.5 4.2 19.2 22.0 16.3
HP-Asher average (n = 4) 0.1605 19.4 16.3 3.9 18.6 20.8 17.6

Step | is the main reagent used to dissolve the sulfide in P-DuD, Step Il is the reagent used for re-dissolving the residue before micro-
distillation. cat : cation, an : anion. Uncertainties are expressed as 2SD. *Unspiked. (#) measurement with poor counting statistics as the
background/sample signal is > 10% for at least one of the masses used for isotope dilution calculations. (°) Unreliable Ru analysis due to
shift in ™™ Ru/**Ru over the time of the measurement. (§) anomalous TIMS analysis with Os isotopic ratios changing over time (**°0s/*®®0s
increased of about 1%). The observed shifts do not have a significant effect on the calculated Os concentrations. () Measurement with
signal on mass 233 (**Re'®03) higher than 0.003*[signal on mass 235]. These measurements, when corrected for the **’ReQs isobaric
interference on *¥’0s03 (mass 235), yield anomalously low *¥’0s/*®0s (< 0.1592). This is possibly due to secondary interferences on mass
233, which were also observed running blank filaments. Thus, these measurements are considered unreliable and are not reported. (-) not

analyzed.
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Figure 3-2 Osmium concentration measured with different methods in BonnSulfll (A) and BonnSulfVI (B). S-DuD are
single grain tests with "Simultaneous digestion and microdistillation", i.e. the grain is digested while microdistilling the
Os. P-DuD are single grains tests with a pre-digestion step (in HBr, HCI or HBr + HCI) followed by microdistillation. The
light grey field shows the concentration range obtained after HP-Asher digestions.

Single grain tests on BonnSulfVI yielded Os concentrations between 1 and 52 pg/g
(Figure 3-2B). None of the S-DuD (n =12) shows Os concentrations in the range of the
HP-Asher values (18-19 pg/g) and only one test yielded a Os concentration <21 ng/g
(Figure 3-2B). In S-DuD, long micro-distillation duration (20 hours) tend to yield higher
Os concentrations (average 37 ug/g) when compared to shorter (2 hours) micro-distillation
procedures (average 27 ug/g). However, there is a large overlap in the Os concentrations
obtained by the 2 and 20 hours micro-distillation tests (Figure 3-2). Tests with P-DuD
generally yielded lower Os concentrations (1-20 pg/g) when compared to S-DuD. The
lowest concentration is observed for P-DuD in HCI where a clear solid residue was
observed. If only the P-DuD in HBr and HBr + HCI are considered, the Os concentration is
limited between 9 and 20 pg/g and two distinct ranges are observed depending on the
temperature of the digestion (Figure 3-2B). The P-DuD in HBr and HBr + HCI with a first
digestion step at 120 °C yielded an Os concentration between 16 and 20 pg/g, with an
average of 18 pg/g, which is in good agreement with the HP-Asher range (18-19 pg/g).
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Conversely, the P-DuD in HBr with a low digestion temperature (90 °C), show

systematically lower Os concentrations ranging between 9 and 15 pg/g (average 12 pg/g).

0.1615 ' r r : :
A
0.1610 F % +
0.1605 F § % }%+ { } %} i { %
& o.1600 F % 0.1606 . . '
3 B
a 0.1604 | ]
3 : [ §lt 1
= 01595 | 80.1602 - 4
-l
g 0.1600 | ! 1
-
& 0.1598 | -
0.1590 t ]
0.1596 } ® } 4
0.1594 } 4
0.1585 | 0.1592 . , .
5 9 11
Os [ug/g]
0.1580 ' ' ' ' '
0 10 20 30 40 50
Os [ug/g]

Figure 3-3 Osmium concentration and ¥’0s/*®0s composition of the standard BonnSulfV1 (A) and BonnSulfll (B)
obtained using different single grain analytical procedures and HP-Asher digestions. Symbols as in Figure 3-2. The light
grey field represents the concentration range obtained for HP-Asher digestions. Error bars are 2 std. dev. Analytical

uncertainties obtained after HP-Asher digestions are not reported for BonnSulfV1 and they are < 0.0003 (2 std. dev).

The average **'0s/*®0s measured in single grain tests on BonnSulfVI does not change
significantly between S-DuD and P-DuD in HBr or HBr + HCI (Table 3-2, Figure 3-3A).
The *870s/*®80s scatter is similar in all S-DpD and in P-DuD for 120 °C digestion. With the
exception of SGBNVI-66, in each of these test, the **’0s/***0s overlap within the analytical
error (2SD) with those obtained after HP-Asher digestions (0.1604 < *¥’0s/*%0s < 0.1607).
A larger scatter is observed for P-DuD in HBr with 90 °C digestion. In this case, only four

of the seven measurements are in agreement (within 2SD of the measurements) with the
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HP-Asher range and two tests yielded significantly lower *’0s/**®0s (< 0.1600) (Figure 3-
3A). The lowest *”0s/**0s (0.1583) is observed after P-DuD in HCI.

3.3.4 Ruthenium, Pd, Re, Ir, and Pt concentrations in single grain

procedures

Only tests performed with BonnSulfVl were measured for Ru, Pd, Re, Ir, and Pt. These
tests include S-DuD and P-DuD in HBr and HBr + HCI. The concentrations determined
with S-DuD (n = 8) are always extremely low for Pt (< 1 pg/g) and Ir (0-7 pg/g) (Figure
3-4A-B, Figure 3-5A). In the five P-DuD in HBr with 90 °C digestion, Pt concentrations
varies between 10 and 57 pg/g (n = 5), while Ir varies between 17 and 18 pg/g (n =3). In
these tests the concentrations of Pt are always at least 30% higher or lower than the HP-
Asher range (17-18 pg/g) while Ir concentrations are systematically lower (10-20%) than
any HP-Asher value (20-21 pg/g) (Figure 3-4A-B, Figure 3-5A). The results obtained using
a similar digestion method (P-DuD in HBr) but at higher temperature (120 °C) yielded
concentrations between 17 and 25 pg/g (n = 5) for Ir and between 14 and 16 for Pt (n = 6).
Overall, these tests show average concentrations for Pt (15 pg/g) and Ir (20 pg/g) that differ
for less than 20% from the ones observed after HP-Asher digestion (Figure 3-4A-B, Figure
3-5A). The four P-DuD in HBr + HCI tests show a small variation in concentrations with
respect to both Ir (20-22 pg/g) and Pt (16-17 pg/g). The latter concentrations are almost
identical to the ones obtained after HP-Asher digestion as every P-DuD in HBr + HCI
yielded Pt and Ir concentrations that overlap with the HP-Asher range within a 10%
difference (Figure 3-4A-B, Figure 3-5A).

In P-DuD and S-DuD, Pd shows a concentration range between 13 and 18 pg/g (Figure
3-4C, Figure 3-5B-C). The smallest scatter is obtained for S-DuD (15.9-17.2 pg/g, n=8)
and P-DuD in HBr + HCI (16.5-16.9 ug/g, n=4) (Figure 3-4C, Figure 3-5B-C). A larger
scatter in Pd concentrations is observed for P-DuD in HBr for both 120 °C (15.1-18 pg/g,
n=6) and 90 °C (13.4-16.3 pg/g, n=5) digestions. With the exception of P-DuD with 90 °C
digestion, the Pd concentrations obtained with different digestion methods are in good
agreement (< 10% difference) with that inferred after HP-Asher digestions (16.0-16.4

ng/g).
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Figure 3-4 Highly Siderophile Elements vs. Os concentrations measured in BonnSulfV1 after HP-Asher digestions and

single grain tests. The light grey fields represent the concentration range obtained after HP-Asher digestions. Symbols

surrounded by a light green circle are tests re-dissolved in HCI after the pre-digestion (see text for explanation).
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Figure 3-5 A-C) Highly Siderophile Elements concentrations measured after HP-Asher digestions and single grain tests
(BonnSulfVI). D) Highly Siderophile Elements procedural yields for different sets of single grain test. Only test
performed with cation exchange resin are reported, each point is the average of at least two tests. The S-DuD tests are not

shown in (A) because out of scale. Symbols as in Figure 3-4.

Tests with S-DuD show a Re content between 3.1 and 3.7 pg/g (n = 8); P-DuD (120 °C
digestions) between 3.3 and 5.5 pg/g (n = 10), P-DuD (90 °C digestions) between 2.6 and
3.8 ug/g (n =5) (Figure 3-4C-D, Figure 3-5B). The latter tests show a positive correlation
with the Os content (Figure 3-4D). The P-DuD in HCI + HBr show a narrower range in the
Re content (3.7-4.6 pg/g, n=4) when compared to tests performed at the same temperature
in HBr only (3.3-5.5 pg/g, n=6) (Figure 3-4C-D, Figure 3-5B). Despite the large scatter, the
average Re concentrations obtained after P-DuD with 120 °C digestion (4.1 pg/g) is in
agreement with the Re content measured after HP-Asher digestions (3.8-4.1 pg/g).
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Rhenium measured after S-DuD is always lower than the HP-Asher values (Figure 3-4D,
Figure 3-5B).

Only eight tests were successfully measured for Ru. In these tests, which include only
P-DuD with 120 °C digestion, Ru varies between 16 and 23 pg/g (Figure 3-4E, Figure
3-5C) with an average of 19 ug/g. P-DuD in HBr + HCI yielded higher concentrations (19-
23 pg/g) when compared to P-DuD in HBr only (16-18 pg/g). The concentrations measured
after HP-Asher digestion range between 19.2 and 19.6, overlapping with the range of P-
DuD in HBr + HCI (Figure 3-4E, Figure 3-5C).

Overall, no significant difference is observed using cation or anion exchange chemistry.
The only exception is the Ir concentration after S-DuD, which is at least a factor of two

higher in all the cation-based tests when compared to the anion-based ones (Table 3-3).

3.4 DISCUSSION

3.4.1 Osmium concentrations and **’0s/**Os in single grain procedures

3.4.1.1 Osmium concentrations: incomplete sulfide digestion and spike loss
Osmium concentrations show a large variation depending on the used analytical

technique, and only few tests yielded concentrations in agreement with those determined

after HP-Asher digestion. The different concentrations will be interpreted here in terms of

spike loss and/or incomplete sulfide digestion.

The four tests performed on BonnSulfll (Table 3-3, Figure 3-2A, Figure 3-3B) show
that the Os concentrations obtained with S-DuD are usually significantly higher (three
tests) or lower (one test) when compared to those obtained after HP-Asher digestions. The
only test that yielded a Os concentration of 8.5 pg/g, i.e. in agreement with the HP-Asher
range (8.4-8.9 ng/g) is not reproduced by the test that was run at the same conditions (2
hours and 80 °C micro-distillation), which resulted in an Os content of 10.7 pg/g. The tests
on BonnSulfll show that changes in temperature and in the duration of the micro-

distillation does not have a direct effect on the determined Os concentration, which often
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differs from the ones obtained after HP-Asher digestions (up to 30%). Tests on BonnSulfVI
were thus performed with the micro-distillation temperature fixed at 70 °C (except
SGBNVI-1). Hereafter, only the results from BonnSulfVI, which also includes Ru, Pd, Re,
Ir and Pt concentrations for both P-DuD and S-DuD, are discussed.

The majority of S-DuD tests in BonnSulfVI yielded Os concentrations higher than
those obtained after HP-Asher digestion (Table 3-3, Figure 3-2B). This can be explained by
spike loss during the evaporation of the spike solution on the beaker lid (step 2S in Figure
3-1), or by incomplete re-dissolution of the spike during micro-distillation (steps 4 and 5 in
Figure 3-1). The highest Os concentrations are observed for small grains (Table 3-3); hence
the fraction of spike lost was larger for small grains. This argues against an incomplete re-

dissolution after evaporation because small amount of spike are likely easier dissolved.

Regarding the P-DuD tests, it is clear that the HCI does not fully dissolve the sulfide as
shown by the presence of a solid residue after digestion. The use of HBr or HBr + HCI for
P-DuD tests resulted in the absence of any solid residue. However, P-DuD in HBr with 90
°C digestion yielded Os concentrations between 8 and 15 pg/g, which are systematically
lower than those determined after HP-Asher digestion (18-19 pg/g), and thus suggesting
that portions of the sulfide fragments were not fully dissolved. Given that a rough inverse
correlation is observed between the Os concentrations and the size of the original fragments
for P-DuD in HBr with 90 °C digestion (Table 3-3), it is likely that the kinetic of the
dissolution process is relatively slow at 90 °C and not sufficient to fully digest sulfides in
two days. The fact that no solid residue was clearly visible after the digestion is probably
due to the very small size of the analyzed material (18-46 pg). In fact, a partial dissolution
would likely result in particles that are too small to be detected with naked eye. The
average Os concentration obtained after P-DuD with 120 °C digestion (18 pg/g) is in very
good agreement with the one determined after HP-Asher digestion (18-19 pg/g). The small
scatter in Os concentrations shown by these tests (16-20 pg/g) is similar to the variation
observed between LA-ICP-MS spot analyses (2SD = 3 pg/g) and might reflect small scale
heterogeneities in the analyzed material. This indicates that digestions carried out in HBr or
HBr + HCI at high temperature (120° C) are well suited for the dissolution of sulfide

fragments and allow accurate determination of Os concentrations in BMS.
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In order to test if HBr and HBr + HCI are also able to successfully dissolve natural
BMS with variable composition, relatively large fragments (a few mg) of pentlandite,
pyrrhotite, chalcopyrite, and pyrite were placed into 3 mL of HBr and HBr + HCI. No solid
residue was observed in the beaker containing pentlandite, pyrrhotite, and chalcopyrite after
one day at 120 °C, while the pyrite fragment was clearly undissolved in both HBr and
HBr + HCI. Because of the large size of the initial fragments, the lack of visible residue of
pentlandite, pyrrhotite, and chalcopyrite, suggests that many natural BMS are quickly
digested by HBr and HBr + HCl at 120 °C.

3.4.1.2 Variations from 1870s/1880s obtained after HP-Asher digestion

Overall the measured Os isotopic compositions determined after S-DuD, P-DuD with
120 °C digestion and HP-Asher are in good agreement (Figure 3-3A). In contrast, the P-
DuD in HCI and three tests of P-DuD in HBr with 90 °C digestion show anomalous
18705/1%80s as they plot outside the range defined by HP-Asher digestions. As previously
discussed, these tests were affected by incomplete digestion of the sulfide fragments.
Poorly digested samples might yield anomalous **’0s/*®®0s if the starting material has a
heterogeneous isotopic composition. Because no significant variation is observed in the Os
isotopic composition of other tests, an isotopic heterogeneity is only possible at the very
small scale (um or sub um level). In this scenario, the analyzed material can be assumed to
consist of two components with different isotopic composition and Os concentration. Thus,
a linear correlation would be expected in a **’0s/**®0s vs. 1/0s plot as the result of a binary
mixing of two components. This is not observed in Figure 3-6A-B, arguing against a

heterogeneous *8’0s/*®0s composition of the synthetized sulfide.

Tests with anomalous *#’0s/**®0s are the only ones that yielded *°0s/***0s more than
1% lower than the natural value of 0.12197 (Luguet et al., 2008) (Figure 3-6C). Since these
tests show the lowest Os concentrations, they are characterized by high spike/sample ratio.
In fact, all the tests were spiked depending on the weight, assuming an Os concentration of
18 pg/g and aiming for **°0s/**?0s of 2.5. Therefore, the tests yielding Os concentrations
lower than 18 pg/g were “overspiked” (**°0s/®?Os up to 4.4). In the process of data
reduction (e.g. spike deconvolution, oxygen correction and mass bias correction),

overspiked measurements are more affected by uncertainties (e.g. on the measured
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1%90s5/'%80s and on the spike composition) that are usually not considered. Disregarding
these uncertainties can potentially lead to overestimate the precision of critically
“overspiked” samples and possibly explain the apparent poor accuracy. In order to test this
hypothesis, a Monte Carlo simulation was carried out in few samples to fully propagate the
uncertainties. All the uncertainties on the measured ratios were included (i.e. on
18505/'%80s, 180s/1%80s, ¥70s/*%0s, 1890s/1*80s, 1°0s/*%0s, 1920s/*#0s) as well as on
spike and sample weighing (2SD of 0.1 mg and 1 pug respectively). The uncertainty on the
spike composition was assumed to be 1% (2SD) on each isotope normalized to **0s (e.g.
on ¥’0s/*®0s). When all these deliberately overestimated uncertainties are considered, the
increase on the 2SD associated with *¥’0s/*®0s measurements is larger for overspiked tests
(e.g. 2SD on SGBNVI-16 and SGBNVI-17 are 195 pg/g and 135 pg/g respectively, while
unpropagated 2SD are 150 and 92 pg/g respectively) than for underspiked tests (e.g. 2SD
on SGBNVI-28 is 155 pg/g while the unpropagated 2SD is 141 pg/g). However, the small
effect on 2SD is not sufficient to justify the poor reproducibility of overspiked tests.

In conclusion, at this stage it is not possible to give a clear explanation of the
unexpected '#’0s/**0s measured in some of the tests that yielded the lowest Os
concentrations. However, the data depicted here show that measurements are critical when,
using a **°0s spike, the measured *°0s/**0s is higher than 10. Moreover, it is shown that
non accurate *3’0s/*®0s measurements yield *%°0s/*®0s that differs for more than 1%
from the natural value. Therefore this ratio can be used (when not adopted for corrections)

as a monitor for critical conditions.
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Figure 3-6 A) and B) ‘¥’0s/**80s vs.1/0s showing that there is no linear correlation. This argues against a *’0s/**¢0s

variation due to the mixing of two different components. C) ¥70s/*®0s vs. #°0s/*®0s for HP-Asher digestions and

single grain tests in BonnSulfVI. Both isotopic ratios are fully corrected for oxides interferences, mass bias and spike

contribution. One analysis after HP-Asher digestion is not reported due to anomalous behavior of the *#°0s signal during

the N-TIMS measurement. The grey area represents the natural isotopic ratio reported by Luguet et al. (2008). Symbols as

in Figure 3-2.
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3.4.2 Ruthenium, Pd, Re, Ir, and Pt concentrations in single grain

procedures

3.4.2.1 Palladium and Re concentrations

Both S-DuD and P-DuD with 120 °C digestion yielded Pd concentrations that always
agree within 10% with the HP-Asher values (Figure 3-4C, Figure 3-5B-C). This proves that
the BMS were fully digested and that the two techniques provide reliable Pd
concentrations. Furthermore, the overall good reproducibility of Pd concentrations implies
that the spike loss observed for Os in S-DuD does not necessary affect the other HSE. The
P-DuD with 90 °C digestion comprise the only group of tests that result in almost
systematic lower Pd and Re concentrations when compared to those obtained after HP-
Asher digestions (Figure 3-4C-D, Figure 3-5B). As mentioned before, low HSE
concentrations could result from an incomplete digestion of the fragments at 90 °C. The
correlation between Re and Os in these tests seems to confirm this possibility. At this stage,
it is difficult to explain the scatter observed in Re concentrations obtained with P-DuD with
120 °C digestion (i.e. between 3.3 and 5.5 pg/g, 2SD = 1.2 pg/g) because Re does not
correlate with any other HSE concentrations. A possible explanation might be the
heterogeneity of the starting material because Re shows the largest relative variability in
LA-ICP-MS measurements (2SD = 0.8 pg/g, Table 3-2). It is worth to note that the average
Re concentrations obtained with P-DuD with 120 °C is 4.1 pg/g and that it is in good
agreement with the values obtained after HP-Asher digestions (3.9-4.1 pg/g). This indicates
that this technique provides accurate Re concentrations. In contrast, every test performed
with S-DuD vyielded Re concentrations (3.1-3.7 pg/g) that are systematically lower than the
range defined by HP-Asher digestions, attesting the inaccuracy of this technique for Re

concentrations.

3.4.2.2 Implications for Re-Os geochronology

For Re-Os geochronology it is important to note that S-DuD yielded concentrations that
are slightly lower for Re (about 10%) and much higher for Os (up to more than 250%)
when compared to the expected values. This leads to an underestimation of the Re/Os ratio
of a given sample, and will therefore affect Re-Os model ages. In particular, any Re-decay

corrected age (e.g. Tma) Will result in artificially younger ages. The use of S-DuD for Re-
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Os dating would also hamper the investigation of any preserved isochron. According to
these considerations it is somehow surprising that Westerlund et al. (2006) reported an
isochron after analyzing BMS inclusions with the S-DuD procedure. Moreover, in the
pioneer study of Pearson et al. (1998), where four fragments of the same BMS inclusion
were analyzed, it was shown that none of the three S-DuD replicates yielded Os
concentrations higher than the replicate obtained after Carius tube digestion. Since the data
of Westerlund et al. (2006) and Pearson et al. (1998) were obtained in the same laboratory
(DTM, Carnegie Institution of Washington, USA) it is possible that these authors used
some measures in the S-DuD procedure that improved the accuracy of their data when
compared to the tests performed in the present study. However, it is important to stress that
the S-DuD tests performed on BonnSulfll and BonnSulfVI followed strictly the procedure
described by Pearson et al. (1998) and that they clearly failed in reproducing the
concentrations obtained after HP-Asher digestion. This leads to suggest extreme caution in
using the S-DuD procedure at least as far as details about the method are not available to
solve any possible analytical issue (e.g. on spike loss) and the accuracy of the procedure is
fully attested. From what discussed before, these issues can be successfully overcome by
the use of P-DuD with 120 °C digestion, which was shown to provide more accurate Re

and Os concentrations and is more likely to yield realistic age information.

3.4.2.3 Platinum and Ir concentrations: the effect of PGM?

Surprisingly, S-DuD leads to extremely low Pt and Ir concentrations (Figure 3-4A-B,
Figure 3-5A). Reasons for that are difficult to address because the sulfides were fully
digested as shown by the good recovery of Pd. One possibility is that the spike and the
sample do not fully equilibrate during the H,SO,-Cr®* digestion. In this scenario Ir and Pt
would be released from the sulfide but, in spite of equilibrating with the spike, they would
form insoluble compounds. A second possibility is that Pt and Ir are not located in the
crystal lattice of the synthetic sulfide and are controlled by other nano-phases that are not
digested in H,SO,-Cr®*. The formation of nano-phases carrying HSE (i.e. PGM) is common
in sulfides and they can also occur in HSE-unsaturated media (Helmy et al., 2013). If this is
the case, the PGM controlling Pt and Ir should be homogenously distributed in the synthetic
material and should be extremely small (<100 nm) as they are not detectable in

backscattered electron images (electron microprobe) and laser ablation spectra. According
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to this, one might speculate that the low Re concentration observed after S-DuD (about
10% lower than what observed after HP-Asher digestion) might be due to the fact that
about 10% of Re is controlled by PGM. The occurrence of PGM seems to do not affect the
tests performed with a pre-digestion step in HBr and HBr + HCI because these tests show
Pt and Ir concentrations always higher than 10 pg/g. As it is not clear if the PGM were
present as nano-phases in the starting material or they formed during the sulfide digestion
in H,SQy, it is difficult to assess if HBr and HBr + HCI are able to dissolve such phases or
if their formation is hampered by the pre-digestion step. However, both possibilities are not
surprisingly since Pt and Ir show a high affinity for anionic chloride and bromide
complexes (e.g. Cotton, 1997). Regardless the presence of Pt- and Ir-bearing PGM, tests
with P-DuD in HBr + HCI yielded Ir and Pt concentrations that always overlap with the
range defined by HP-Asher digestions within 10%. Therefore, this technique seems to
provide the most accurate Pt and Ir concentrations for the analyses of BMS. The large
scatter in Pt and Ir concentrations observed after P-DuD in HBr with digestion at 90 and

120 °C is difficult to explain since it is not observed for other HSE.

3.4.2.4 Ion exchange resins and procedural yield

Both types of exchange resin, cation and anion, give reliable and similar results with
similar efficiency in removing interferences (Hf, Y, Zr, Mo), which in this case were most
likely introduced via the reagents. The main difference resides in the yield of the columns
(Figure 3-5D). An estimation of the full procedure yield was qualitatively determined by
comparing the counts of each measurement with the expected ones. The expected count
rates were calculated considering the dilution of the measured solution and the daily
sensitivity of the ICP-MS. A yield > 40% is achieved with both resins for Re and Pd.
However, with anion separation, very poor yields (< 1%) are obtained for Pt and Ir.
Conversely, when cation exchange resins are used, the yield is always > 10% for both
elements. The tests that included two steps of cation exchange separation show similar
yields when compared to the tests with only one step, attesting the overall good yield of the
resin. When only one separation step was made, it was not possible to measure Ru as the
ORuRu ratio increased during the measurement. This most likely results from
polyatomic Cr-based interferences on '°*Ru (Dale et al., 2012; Wittig et al., 2010). In fact, a

green residue, likely Cr-rich, was observed to form after evaporating the samples, while it
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was not observed after a second step of cation exchange separation. A significant
improvement of the Ru, Pt, and Ir yields is observed when the tests are re-dissolved in HCI
after the pre-digestion. In this case the yield is always > 60% for Pd, Ir and Pt, > 40% for
Re, and > 20% for Ru. The improvement of the procedural yield is particularly pronounced
for Pt, Ir, and Ru (between 2 and 10 times) and likely results from a better recovery of these
elements during the transfer of the pre-digested aliquot to the micro-distillation beaker.
This would suggest that Pt, Ir, and Ru are not easy to dissolve in H,SO, so that, in the
absence of a second pre-digestion step, they are mostly left behind in the 5 ml beaker.
Ruthenium can be volatile during the micro-distillation process (Becker et al., 2002; Chu et
al., 2014), which might explain the general low procedural yield of Ru (always < 30%).

Due to the high yields and the ability of reproducing HP-Asher concentrations, the P-
DuD in HBr+ HCI with a second digestion step in HCl and two passes into cation
exchange resin allows the accurate determination of *¥’0s/*®0s and HSE concentrations in
natural single grain BMS.

3.5 CONCLUDING REMARKS AND PROPOSED PROTOCOL

Two sulfides with major element compositions similar to that of natural BMS were
synthetized and doped with HSE. LA-ICP-MS analyses on the two materials show a
homogenous HSE content at the scale of tens of microns. The HSE concentrations and the
Os isotopic composition were determined by isotope dilution after HP-Asher digestion HSE
concentrations are between 1.5 pg/g (Re) and 11.1 pg/g (Ir) in BonnSulfIl and between 3.9
ng/g (Re) and 20.8 pg/g (Ir) in BonnSulfVI. The HSE concentrations of the two sulfides
resemble those of typical mantle BMS (e.g. Alard et al., 2000; Aulbach et al., 2004).
Therefore, both the elemental composition and the homogeneous distribution of HSE in the
two synthetized sulfides, makes them perfectely suitable as standard materials for the

determination of 8’0s/*®0s and HSE contents in natural BMS.

A novel analytical technique that allows the determination of the HSE content along
with *870s/*%0s in BMS was set up (Figure 3-7). In order to fully dissolve sulfides and to

ensure full sample/spike equilibration (i.e. no spike loss and full BMS digestion) the
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technique of Pearson et al. (1998) was modified by adding a pre-digestion step. In the
procedure proposed here (Figure 3-7), the BMS is first digested in an HBr-HCI mixture
(0.4 mL concentrated HBr + 0.4 mL concentrated HCI + 0.2 mL H,O-MQ) along with a
multi-element HSE spike solution at 120 °C for two days with two intermediate steps of
ultrasonication. The solution is then evaporated at 70 °C, re-dissolved in 0.5 mL 8 M HCI,
and re-evaporated on the lid of a conical vial. The residue is dissolved in H,SO,4 and micro-
distilled to separate the Os fraction. Afterwards, the H,SO,4-based solution is then treated
with BaCl, and H,O, to separate SO* and Cr®* by centrifugation and to reduce the remnant
Cr®* to Cr**. The HSE are separated using two steps of cation exchange columns before
being analyzed with SF-ICP-MS. The Os isotopic and elemental composition is measured
with N-TIMS.

HBr+HCI pre micro pre-HSE HSE
digestion distillation separation separation

sample

spike
0.4 ml HBr}
0.4 ml HCI ﬁ 1
0.2 ml MQ K
120 °C 60 °C M L]
2
70°C 70°C
H,S0,+CrO,

0.5mIHCI8 M HBr

I
70°C —l—L
H,S0,
2w ""... 4 5 0.5mI HCI 0.5 M I 15 16

Figure 3-7 Flowchart describing the procedure proposed for analyzing Os isotopic composition and HSE

|~

concentrations in single grain sulfides.

The accuracy of this technique was estimated by comparing the concentrations with
those obtained after HP-Asher digestion on the same sulfide material. Accuracy is better
than 90% for Pd, Os, and Ir concentrations, and better than 80% for Ru, Re, and Pt

concentrations. Within the analytical precision of the measurements (typical 2SD = 0.01%),
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the Os isotopic composition is also consistent with the one obtained after HP-Asher
digestions. A well-known critical condition for accurate '*’0s/**®0s measurements is
represented by the sample/spike solution ratio. In this study, where a *°Os-enriched spike
was used, a reasonable limit for accurate measurements is obtained when the measured
1%90s/"%0s is < 10.
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Chapter 4:

SUMMARY, CONCLUSIONS AND FUTURE WORK

This work provides information and tools to investigate processes affecting the **'Re-
870s decay system and the highly siderophile elements (HSE - Ru, Rh, Pd, Re, Os, Ir, Pt,
and Au) in the sub-continental lithospheric mantle (SCLM). This aim was achieved by the
investigation of single base metal sulfides (BMS) in natural samples (Chapter 2) and the

development of an improved analytical method for further studies (Chapter 3).

Mantle xenoliths from Somerset Island show a complex record of geological processes,
which include high degrees of partial melting, mantle metasomatism, interaction with the
kimberlite magma and serpentinization. The two analyzed samples with the most
overprinted HSE signature (i.e. supra-chondritic Pd/Pt) show evidence of sulfide
metasomatism as indicated by the high sulfide modal abundance, the occurrence of large
interstitial BMS grains and the extremely variable **’0s/**®0s recorded in individual BMS
grains (**’0s/**®0s = 0.172-0.108). The whole rock Os budget of these two samples is
controlled by different populations of BMS grains. As a result, the whole rock Trp age of
one sample predates the first Re-depletion event for more than 500 Ma. This confirms that
whole Re-Os model ages is of limited value in samples with metasomatic HSE signature
and it should be used with caution (e.g. Luguet et al., 2015; Pearson et al., 2004;
Wainwright et al., 2015).

The kimberlite magmatism strongly affected many mantle xenoliths from Somerset
Island. It is shown here that the interaction with the kimberlite can led to a large enrichment
in Re along with the formation of djerfisherite and the crystallization of clinopyroxene at
the expense of orthopyroxene. Djerfisherite is the most abundant sulfide formed during the
kimberlite infiltration and it occurs in fractures or as overgrowth coronae around older Fe-
Ni sulfides. The Os isotopic composition of djerfisherite is extremely radiogenic
(**’0s/*®80s > 0.172) while portions of older BMS surrounded by djerfisherite show
unradiogenic Os (*¥'0s/*®0s=0.109). This suggests that, even in extremely
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metasomatized peridotites, pristine portions of BMS can preserve the original pre-

metasomatism Os isotopic signature.

During serpentinization, the replacement of pentlandite by heazlewoodite can trigger
exsolutions of PGM (Ir, Ru, Pt-rich). These submicron phases are observed along the
interface between the two sulfide phases, suggesting that during the pentlandite-
heazlewoodite reaction they might grow and coalesce to form larger grains. The formation
of PGM does not seem to affect the mobility of HSE as indicated by the residual pattern of

the hosting xenolith.

Single BMS grains from samples with overprinted HSE signature yielded Tgrp ages that
are as old as 2.8 Ga, in agreement with Trp ages (BMS and whole rock) recorded in the
most residual sample. This leads to conclude that single BMS grain investigations can
overcome the issue observed on the whole rock scale to successfully date melting events in
samples with an overprinted HSE signature. Single BMS grains with Trp ages of 2.7-2.8
Ga were recovered from three samples over a total of four analyzed xenoliths. This
suggests a large-scale event of SCLM formation in the north portion of the Rae craton,
which might be associated with the emplacement of the local greenstone belts in a
continental rift setting. A similar scenario was also proposed for the nearby Slave Craton,
attesting a similar Neoarchean evolution for the two cratons (Heaman and Pearson, 2010;
Pehrsson et al., 2013).

The Tgrp ages obtained from BMS grains in different samples are clearly grouped in
three time ranges of ~1.9, ~2.2 and 2.7-2.8 Ga. In a speculative scenario, the ~1.9 and ~2.2
Ga Trp ages can be reconciled with the geodynamic evolution of the Canadian Shield. At
~2.2 Ga, following extensive rifting, a new ocean formed between the Slave and the Rae
craton (Halls, 2014). This process required large partial melting of the astenospheric
mantle. It is thus possible that part of melt percolated through the already depleted SCLM
mantle, leaving behind metasomatic BMS. At 1.9-2.0 Ga, after the ending of the rifting, the
Slave and the Rae craton converged again, consuming the oceanic crust in an eastward
subduction (Hoffman, 1989). As a consequence, it is likely that a mantle wedge formed
beneath Somerset Island and that part of it experienced partial melting. Some of the rising

magma could have impregnated the SCLM, crystallizing a second generation of
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metasomatic BMS. This scenario implies that the two Paleoproterozoic melting processes
occurred in a mantle with a primitive-like composition and that the Os isotopic composition
of the melts was not affected by the migration through the mantle. Moreover, the role of Re
decay after the melting events is assumed to be negligible. With the awareness that further
investigations are required to confirm the proposed interpretation, the former considerations
highlight the potentialities of single grain Re-Os investigations to study a large variety of

mantle events.

In order to provide new tools to exploit the abilities of single grain Re-Os
investigations, in Chapter 3 a new analytical method is proposed to measure the Os isotopic
composition and the HSE concentrations from single sulfide grains (ug-scale) by isotope
dilution. This method was developed and its accuracy established by performing tests on
fragments of two sulfide standards that were synthesized specifically for that purpose. The
proposed protocol consists of a first pre-digestion step where a spike solution and the
sulfide grain are dissolved in HBr and HCI. Afterwards the solution is evaporated and
micro-distilled to collect the Os fraction, which is then measured by N-TIMS. The residue
of the micro-distillation is processed with BaCl, and H,O, to remove H,SO4 and Cr®",
which can cause interferences during mass spectrometry measurements. The HSE are then
separated with cation-based exchange chemistry and measured with SF-ICP-MS. Large
fragments of the two analyzed sulfides were independently characterized by isotope
dilution and HP-Asher digestion. The concentrations obtained with the two methods
differ < 10% for Pd, Os and Ir and <20% for Ru, Re and Pt. The total procedural yield
is > 60% for Pd, Ir and Pt, > 40% for Re, and > 20% for Ru. The Os isotopic compositions
measured with the two techniques are identical within the analytical precision of the
measurements (2SD ~0.1%). Conversely, tests that were performed following the protocol
proposed in the literature for Re-Os geochronology (Pearson et al., 1998) yielded inaccurate

concentrations.

The proposed analytical procedure can be combined with the technique developed in
Chapter 2 to extract single sulfide grains from thin sections. By this, it is possible to
perform in-situ textural and mineralogical investigations before extracting and analyzing

the grain of interest for its Os isotopic composition and HSE concentrations. When
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compared to LA-ICP-MS analyses, this approach has the advantage to provide HSE
concentrations and **’0s/**0s from the whole sulfide grain. Moreover, analytical issues
encountered with LA-ICP-MS analyses like, polyatomic interference of **’Re on **’Os and

matrix-dependent effects can be overcome.

Investigations on the mineral-scale provide supplementary information when compared
to whole rock analyses and thus help us to understand and infer metasomatic and magmatic
processes within the Earth’s mantle. Therefore, this method can be used to characterize
sulfides from the lithospheric mantle, to better constrain its origin and age, but it is also
open to other applications. Ultra-deep mantle xenoliths (Haggerty and Sautter, 1990) could
represent a promising target for this method since these samples might provide the
opportunity to trace asthenospheric processes, like deep subduction. As a further
application, investigations on sulfides from different crustal lithologies, as for example,
differentiated magmas can be used to constrain the behavior of HSE during differentiation
processes (cf. Liu and Brenan, 2015). Altogether, this method yields the opportunity to
study a number of processes with the advantage of enhanced spatial resolution and optical
control of the material under investigation, in combination with accurate and precise

concentration and isotope data.
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Table A-1 Whole rock Re-Os Isotopic data for Somerset Island peridotites (Irvine et al., 2003).

sample 1875 /1880y g + 187R0/880g + Tma + Tro + Trp eruption +

name (Ma) (Ma) (Ma)

K11A16 0.11227 0.00010 0.0506 0.0036 2645 28 2343 13 2354 13
K13A3 0.11100 0.00013 0.0317 0.0022 2704 24 2511 17 2518 17
K13B4 0.10940 0.00012 0.0180 0.0013 2837 19 2723 16 2727 16
X07 0.10973  0.00012 0.0534 0.0038 3045 35 2679 16 2691 16
K13A1 0.11113 0.00012 0.1438 0.0102 3688 131 2494 16 2526 16
K15A4 0.11871 0.00010 6.2511 0.4420 - 1483 13 2869 191
JP2X2 0.11150 0.00011 0.0343 0.0024 2650 23 2445 15 2453 15
JP3X1 0.11135 0.00027 1.4213 0.1005 - 2465 36 2778 56
JPN11 0.11487 0.00014 0.0574 0.0041 2295 33 1998 19 2010 19
JPS1 0.11092  0.00009 1.3058 0.0923 - 2522 12 2809 42
K11A14 0.11291 0.00009 0.0347 0.0025 2450 20 2258 12 2266 12
K11A15 0.11431 0.00014 0.0526 0.0037 2351 31 2072 19 2084 19
K11A17 0.11157 0.00016 0.0384 0.0027 2667 30 2436 21 2445 21
K11A18 0.11493 0.00015 0.1051 0.0074 2609 64 1990 20 2013 20
K12A1 0.11460 0.00015 0.0732 0.0052 2436 42 2034 20 2050 20
K13A4 0.11955 0.00018 0.0866 0.0061 1706 42 1370 24 1390 24
N2B 0.11348 0.00016 0.1153 0.0082 2950 80 2183 21 2208 22
JP1X2 0.11339 0.00012 0.1567 0.0111 3395 137 2195 16 2229 17
JP3X 0.11388 0.00010 0.0852 0.0060 2636 48 2129 13 2148 14
JPN2 0.11086 0.00012 0.0569 0.0040 2901 36 2530 16 2543 16
JPN3A 0.11274 0.00010 0.0568 0.0040 2616 31 2281 13 2294 13
JPN3B 0.11445 0.00011 0.1318 0.0093 2924 91 2054 15 2083 15
JPN4 0.11593 0.00010 0.0447 0.0032 2065 22 1856 13 1866 13
JPNS 0.11256 0.00012 0.1042 0.0074 3013 70 2305 16 2328 16
K13A5 0.11279 0.00010 0.3012 0.0213 - 2274 13 2341 16
N1C 0.11448 0.00011 0.2966 0.0210 - 2050 15 2115 17
X04 0.11644 0.00016 0.3331 0.0236 - 1788 21 1862 24
X05 0.11474 0.00016 0.5755 0.0407 - 2015 21 2143 28
X06 0.11393 0.00027 0.2198 0.0155 4214 316 2123 36 2172 37
JPS4 0.11036 0.00010 0.6213 0.0439 - 2596 13 2733 23
JPS6A 0.11410 0.00011 2.8099 0.1987 - 2100 15 2721 87
JPS6B 0.11390 0.00010 2.4125 0.1706 - 2127 13 2660 75

All the age estimates are recalculated using the present-day mantle values of Meisel et al. (2001) (**’0s/**®0s = 0.1296
and *®"Re/*®80s = 0.4353). Uncertainties are reported as 2 std. dev. Uncertainties on **’Re/*®0s is assumed to be 3%,
which is similar to the reproducibility of Re measurements reported by Irvine et al. (2003). For Tgp eruption ages
calculations, the age of the kimberlite eruptions are assumed to be 100+12 Ma, following the range of ages reported by
Wau et al. (2010).
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Appendix B

Table B-1 Selected microprobe analyses of sulfides from Somerset Island.

Sulfide name (o] S K Cu Ni Fe Co Total type host phase core/rim
Sample A
2.28 26.02 0.00 0.00 69.08 1.76 0.02 99.19 s-int
X07-a-F 1.39 31.88 0.01 0.77 4145 21.18 0.77 97.43 fi olivine
X07-a-F 2.98 30.44 0.00 0.50 40.82  20.61 0.82 96.22 fi olivine
X07-a-F 3.00 29.97 0.00 0.32 40.49  19.82 1.02 94.62 fi olivine
X07-a-D 9.26 23.84 0.02 0.05 54.26 6.23 0.30 94.02 fi? olivine
0.49 27.82  0.01 0.00 66.53 2.12 3.22 100.20 s-int
1.87 26.67 0.04 0.00 70.17 1.76 0.02 100.53 s-int
0.52 27.42 0.00 0.00 72.00 1.59 0.00 101.55 s-int
0.47 26.60 0.00 0.00 70.75 1.85 0.00 99.67 s-int
1.33 26.83  0.00 0.00 69.31 1.68 0.01 99.16 s-int
X07-e-A 0.26 32.09 0.00 0.00 34.84 11.79 16.56 95.54 fi olivine rim
X07-e-A 1.72 27.21 0.00 0.07 55.98 8.02 0.81 93.80 fi olivine core
X07-e-A 0.29 3330 0.00 0.13 3460 11.67 17.12 97.11 fi olivine
X07-e-A 0.77 28.08 0.00 0.00 59.95 6.18 0.72 95.70 fi olivine
X07-f-A 0.11 39.32 0.00 0.02 0.67 60.54 0.06 100.72 i-in orthopyroxene
X07-f-A 0.14 33.84 0.00 1.71 29.59 34.30 0.56 100.13 i-in orthopyroxene
X07-f-A 1.01 3299 0.00 0.00 30.30 34.63 0.61 99.54 i-in orthopyroxene
X07-f-A 0.28 39.70 0.00 0.00 0.50 61.39 0.10 101.97 i-in orthopyroxene
X07-g-A 0.25 33.03 0.00 0.00 43.00 18.66 4.11 99.06 s-int
X07-g-B 0.14 27.07 0.00 0.00 72.16 1.65 0.00 101.02 s-int
X07-g-B8 0.19 33.28 0.00 0.00 47.27 17.65 0.41 98.80 s-int
X07-i-A 0.61 2593 0.00 60.14 1.37 12.36 0.06 100.47 fi olivine rim
X07-i-A 0.68 33.16 0.00 0.44 40.67 22.16 1.03 98.13 fi olivine core
X07-i-A 2.42 32.36 0.00 0.64 39.23 21.74 0.64 97.02 fi olivine core
X07-i-A 231 31.44  0.00 0.01 40.02  20.94 0.83 95.53 fi olivine rim
X07-bll-A 0.62 20.89 0.00 77.09 1.58 1.75 0.16 102.09 fi olivine rim
X07-bll-A 0.27 27.49 0.00 4.81 66.00 191 0.03 100.51 fi olivine rim
X07-bll-B 2.95 31.71 0.00 0.00 41.09 18.41 3.68 97.83 fi olivine rim
X07-blI-B 1.88 33.24 0.00 3.12 39.76  20.59 0.84 99.44 fi olivine rim
X07-blI-B 1.25 32.64 0.00 0.00 40.23  17.65 7.55 99.30 fi olivine rim
X07-bll-B 141 31.74 0.00 0.00 44.06 19.47 1.28 97.95 fi olivine core
2.38 26.98 0.00 0.00 69.20 1.72 1.28 101.55 s-int
X07-cll-A 1.29 32.85 0.00 0.00 36.18 27.53 0.62 98.48 fi orthopyroxene core
X07-cll-A 2.56 3390 0.00 26.75 7.55 29.06 0.19 100.00 fi orthopyroxene rim
X07-cll-A 0.98 33.17 0.00 0.00 35.32 28.59 0.59 98.63 fi orthopyroxene core
X07-fll-A 0.47 33.43 0.00 4.74 28.98 29.86 0.68 98.16 fi olivine rim
X07-fll-A 1.06 33.13  0.00 0.00 3469 29.32 0.82 99.02 fi olivine core
X07-fll-A 0.73 32.82 0.00 28.09 4.67 28.61 0.18 95.11 fi olivine rim
X07-all-A 1.98 21.43 0.00 72.68 2.03 2.27 0.13 100.52 fi olivine
X07-all-A 0.19 3361 0.01 0.80 43.14  20.50 0.78 99.03 fi olivine core
X07-all-A 0.08 3297 0.00 3.65 40.22 1991 2.36 99.20 fi olivine rim
X07-all-A 0.19 3365 0.02 0.00 42.37 22,67 0.51 99.41 fi olivine core
X07-all-A 0.32 2225 001 6571 6.11 3.99 0.15 98.54 fi olivine
X07-dII-A 0.92 33.25 0.00 0.84 3490 27.65 0.59 98.14 fi orthopyroxene
X07-dIl-A 1.38 32.57 0.00 0.02 36.92 26.53 0.58 97.99 fi orthopyroxene rim
Sample B
JPN11-0-a 0.10 39.04 0.00 0.00 13.20 47.60 0.13 100.07 i-in olivine
JPN11-0-a 0.48 3394 0.00 0.00 3234  31.69 0.73 99.17 i-in olivine
JPN11-0-a 0.11 38.41 0.00 0.00 1253  48.72 0.16 99.93 i-in olivine
JPN11-0-b 0.04 33.17 0.00 1.23 30.64 31.40 0.48 96.96 i-in olivine core
1.20 27.43  0.00 0.00 69.66 1.85 0.02 100.15 s-int
2.50 27.56  0.00 0.00 66.47 2.03 0.00 98.56 s-int
1.18 26.01 0.00 0.00 68.09 1.95 0.00 97.23 s-int
JPN11-0-a 0.31 33.94 0.02 0.00 37.31  28.90 0.59 101.11 i-in olivine
JPN11-0-a 0.19 39.16  0.00 0.00 16.18  46.09 0.17 101.79 i-in olivine
JPN11-0-a 0.18 38.52 0.02 0.00 2454  37.26 0.73 101.27 i-in olivine
JPN11-all-A 5.00 27.75 0.00 0.00 50.47 7.86 0.49 91.57 fi orthopyroxene rim
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Sulfide name (o} S K Cu Ni Fe Co Total type host phase core/rim
JPN11-all-A 6.48 19.15 0.01 64.45 1.35 2.18 0.10 93.73 fi orthopyroxene rim
JPN11-all-A 5.84 30.09 0.00 0.00 3570  21.45 1.07 94.15 fi orthopyroxene rim
JPN11-all-A 4.97 29.31  0.00 0.00 37.03 20.64 0.56 92.52 fi orthopyroxene core
JPN11-bll-A 0.37 33.47 0.00 0.00 3391 29.81 0.75 98.31 fi garnet rim
JPN11-bll-A 0.92 3295 0.01 0.00 33.47  28.59 0.74 96.68 fi garnet rim
JPN11-bll-A 0.56 3334 0.01 0.12 32.74 2890 0.90 96.57 fi garnet rim
JPN11-bll-A 1.80 3234  0.00 0.00 3420 28.27 0.38 96.99 fi garnet core
JPN11-blI-A 11.57 28.67 0.10 0.00 3232 2742 0.32 100.39 fi garnet core
JPN11-n-A 1.45 31.69  0.00 0.00 3435 1471 1441 96.60 fi olivine

Sample C

JPN3A-0-B 0.16 34.18 0.00 0.00 36.20 30.74 0.81 102.14 fi olivine rim

JPN3A-0-B 0.16 33.79 0.00 0.00 36.21  30.62 0.56 101.34 fi olivine rim

JPN3A-0-B 0.12 33.49 0.00 0.00 37.06  30.40 0.55 101.60 fi olivine core

JPN3A-0-C 0.21 33.47 0.03 0.00 36.72  30.63 0.75 101.82 l-int

JPN3A-0-C 0.61 32.97 0.04 0.00 34.58 32.30 0.60 101.10 l-int

JPN3A-0-D 0.27 33.72 0.01 0.00 33.37 34.17 0.55 102.08 fi olivine

JPN3A-0-D 0.12 33.43  0.00 0.52 33.85 32.60 0.61 101.14 fi olivine

JPN3A-0-F 0.21 33.80 0.03 0.00 39.64 26.22 0.91 100.79 fi olivine rim

JPN3A-0-F 0.22 33.38 0.01 0.00 38.67 25.65 1.74 99.67 fi olivine rim

JPN3A-0-F 1.53 3295 0.00 0.00 39.87 25.29 0.69 100.34 fi olivine core

JPN3A-0-F 0.50 33.80 0.00 0.00 40.60  26.26 0.79 101.94 fi olivine core
5.33 29.18  0.00 0.00 39.36 14.42 9.94 98.23 s-int

JPN3A-d-A 0.21 33.03 0.00 0.00 38.07 28.28 0.77 100.36 fi olivine

JPN3A-d-A 0.14 33.23  0.00 0.00 38.30 26.56 1.17 99.40 fi olivine rim

JPN3A-d-C 1.12 31.83  0.00 0.00 38.01 24.83 1.70 97.48 fi olivine rim

JPN3A-d-C 0.61 33.03 0.00 0.23 38.12 26.94 0.57 99.50 fi olivine core

JPN3A-d-B 0.24 33.42 0.00 0.00 38.83 28.03 0.48 100.99 fi olivine core

JPN3A-d-B 0.27 33.00 0.00 0.00 37.95 27.33 0.87 99.42 fi olivine rim

JPN3A-d-D 0.17 33.19 0.00 0.00 3430 3241 0.80 100.87 l-int core

JPN3A-d-D 0.19 33.77 0.00 0.00 33.18 33.29 0.73 101.16 l-int rim

JPN3A-c-A 0.48 3329 0.00 0.00 35.52  28.53 1.05 98.86 fi olivine

JPN3A-c-A 0.80 32.66 0.00 0.00 37.28  28.27 0.65 99.65 fi olivine

JPN3A-c-A 1.16 31.82  0.00 0.00 36.67 26.82 0.89 97.36 fi olivine

JPN3A-c-B 0.33 33.27 0.00 0.00 37.51  28.56 0.97 100.64 fi olivine

JPN3A-c-B 0.13 33.15 0.00 0.00 38.78 27.67 0.70 100.44 fi olivine

JPN3A-c-B 0.36 33.16 0.00 0.00 35.48 31.54 0.50 101.05 fi olivine

JPN3A-c-B 0.05 33.12 0.00 0.00 36.98  28.57 0.68 99.40 fi olivine

JPN3A-c-C 0.41 3330 0.00 0.00 4092  25.00 0.83 100.45 fi olivine core

JPN3A-c-C 0.35 32.75 0.00 0.00 40.84  25.16 0.78 99.87 fi olivine core

JPN3A-c-C 0.33 33.17 0.00 0.00 37.09 2133 8.49 100.41 fi olivine rim

JPN3A-c-C 0.44 3335 0.00 0.00 40.13  24.79 1.31 100.02 fi olivine rim

JPN3A-e-B 0.89 32.40 0.00 7.08 26.78  27.98 0.63 95.77 fi clinopyroxene

JPN3A-e-B 0.71 32.38 0.00 0.00 33.91 29.56 0.48 97.04 fi clinopyroxene

JPN3A-e-B 0.89 32.34 0.00 0.00 3421 30.24 0.73 98.40 fi clinopyroxene

JPN3A-e-A 0.12 33.53  0.00 0.00 33.99 33.08 0.60 101.31 l-int core

JPN3A-e-A 0.15 33.22  0.00 0.00 34.54 32,59 0.65 101.14 l-int rim

JPN3A-e-A 1.13 32.59 0.00 0.00 33.74 31.77 0.93 100.16 l-int rim

JPN3A-e-A 0.35 33.84 0.00 0.00 34.04 32.08 0.65 100.96 l-int rim

JPN3A-h-A 0.06 3339 0.00 0.00 37.87 29.20 0.63 101.16 fi olivine core

JPN3A-h-A 0.43 33.43  0.00 0.95 37.42  27.47 0.79 100.49 fi olivine core

JPN3A-h-A 0.30 3339 0.00 0.00 36.70  28.96 0.96 100.30 fi olivine rim

JPN3A-h-A 0.17 3332  0.00 0.00 38.13 27.41 0.94 99.96 fi olivine rim
0.29 33.12  0.00 0.00 38.51 24.98 2.21 99.11 s-int

JPN3A-h-C 0.72 32.41  0.00 0.00 3451  29.48 0.88 97.99 fi olivine rim

JPN3A-h-C 0.35 3239  0.00 0.00 37.81 2831 0.53 99.38 fi olivine core

JPN3A-h-C 0.27 33.64 0.00 0.00 38.23  28.68 0.57 101.40 fi olivine core

JPN3A-h-C 0.22 33.56 0.00 0.00 34.86 32.04 0.74 101.42 fi olivine rim

JPN3A-f-A 0.09 33.94 0.00 0.22 33.64 3227 0.58 100.73 fi olivine core

JPN3A-f-A 0.36 3334 0.00 0.00 34.65 31.05 0.74 100.15 fi olivine rim

JPN3A-f-A 0.26 33.63 0.00 0.00 34.89  30.79 0.86 100.42 fi olivine rim

JPN3A-f-A 0.21 33.54 0.00 0.00 3237 33.19 0.73 100.04 fi olivine rim

JPN3A-f-A 0.21 33.48 0.00 1.25 33.83  30.39 0.74 99.90 fi olivine core

JPN3A-f-A 0.29 3334 0.00 0.49 32.86 32.24 0.55 99.77 fi olivine core

JPN3A-f-B 0.14 33.66 0.00 0.00 36.36  28.66 1.16 99.98 fi olivine rim

JPN3A-f-B 0.25 32.93 0.00 0.00 36.68  29.29 0.96 100.11 fi olivine rim
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Sulfide name [0} S K Cu Ni Fe Co Total type host phase core/rim
JPN3A-f-B 0.23 33.00 0.00 0.00 36.31 29.60 0.98 100.11 fi olivine rim
JPN3A-f-B 0.26 33.29 0.00 0.00 36.05 29.45 1.11 100.16 fi olivine
JPN3A-f-B 0.53 32.07 0.00 0.04 38.59 26.22 0.72 98.16 fi olivine core
JPN3A-f-B2 0.18 32.99 0.00 0.00 36.86 28.09 0.60 98.71 fi olivine rim
JPN3A-f-B2 0.08 32.99 0.00 0.00 36.21 28.88 0.59 98.74 fi olivine rim
JPN3A-f-B2 0.22 32.11 0.00 0.00 35.72 30.09 0.75 98.89 fi olivine rim
JPN3A-i-D 0.19 33.81 0.00 0.00 33.78 33.27 0.63 101.69 fi orthopyroxene
JPN3A-i-D 0.03 33.99 0.00 0.00 33.73 33.40 0.60 101.75 fi orthopyroxene
JPN3A-i-D 0.21 33.60 0.00 1.40 31.77 32.67 0.54 100.19 fi orthopyroxene
JPN3A-i-D 0.13 33.39 0.00 0.00 33.85 32.68 0.71 100.76 fi orthopyroxene
JPN3A-i-D 0.64 33.44 0.00 1.34 31.45 31.60 0.72 99.19 fi orthopyroxene
JPN3A-i-C 0.11 33.30 0.00 0.00 37.22 27.79 1.31 99.72 fi olivine rim
JPN3A-i-C 0.10 33.91 0.00 0.00 35.98 29.92 0.74 100.65 fi olivine rim
JPN3A-i-C 0.10 33.39 0.00 3.93 32.53 29.42 0.56 99.93 fi olivine core
JPN3A-i-C 0.23 34.25 0.00 0.00 36.55 29.99 0.55 101.57 fi olivine core
JPN3A-i-C 0.18 33.85 0.00 1.71 34.88 28.70 0.50 99.83 fi olivine core

JPS6-0-C 0.27 33.53 0.03 0.00 33.63 32.63 1.09 101.18 fi olivine
JPS6-0-C 0.15 33.46 0.00 0.00 33.68 32.90 0.96 101.16 fi olivine
Sample D
1.83 32.19 8.10 0.11 19.23 34.89 1.62 97.98 s-int
2.28 32.15 8.67 0.29 17.77 35.47 1.37 98.01 s-int
JPS6-0-F 0.00 34.80 0.00 32.39 0.69 30.74 0.01 98.64 i-in olivine rim
JPS6-0-F 0.11 32.92 0.00 0.00 36.41 29.07 0.57 99.07 i-in olivine
JPS6-0-F 0.01 39.32 0.00 0.00 14.84  45.69 0.32 100.16 i-in olivine
JPS6-0-E 0.07 32.73 0.00 0.00 34.28 31.67 0.91 99.67 fi clinopyroxene
JPS6-0-E 0.25 33.06 0.00 0.00 34.20 3141 1.01 99.94 fi clinopyroxene
JPS6-0-E 0.23 3236 943 5.15 1298 37.25 0.17 97.58 fi clinopyroxene
0.25 33.11 9.10 1.51 18.42 35.72 0.28 98.43 s-int
0.25 32.50 9.42 4.55 15.45 35.73 0.28 98.25 s-int
JPS6-0-F 0.21 39.63 0.00 0.00 14.23  48.16 0.27 102.50 i-in olivine
JPS6-0-F 0.08 35.08 0.04 33.11 0.21 31.27 0.07 99.98 i-in olivine
JPS6-0-F 0.26 33.77 0.00 0.00 36.37 30.31 0.63 101.39 i-in olivine
JPS6-0-D 0.26 34.79 0.01 32.93 0.72 30.95 0.08 99.93 fi olivine rim
JPS6-0-D 0.63 35.40 0.00 32.95 0.58 31.01 0.05 100.73 fi olivine rim
JPS6-0-D 1.26 33.20 0.00 0.00 32.78 32.25 0.74 100.22 fi olivine core
JPS6-0-C 0.29 34.04 0.01 0.89 32.10 32.24 0.89 100.45 fi olivine rim
JPS6-0-A 0.85 32.64 9.63 0.91 15.99 39.10 0.19 99.30 fi olivine core
JPS6-0-A 0.24 32.55 9.36 1.43 16.16 38.16 0.67 98.59 fi olivine rim
JPS6-0-A 0.35 33.45 9.87 0.70 14.60 39.69 0.19 98.86 fi olivine rim
0.27 33.37 9.47 3.59 13.68 38.69 0.22 99.30 s-int
0.41 32.89 9.41 0.71 17.20 36.97 0.26 97.86 s-int
0.45 35.02 0.00 0.00 60.07 2.47 0.95 98.97 s-int
0.96 32.36 9.26 4.44 15.07 35.89 0.42 98.46 s-int
JPS6A-e-A 0.00 34.47 0.00 32.63 0.17 31.55 0.31 99.13 fi olivine rim
JPS6A-e-A 0.07 34.74  0.00 32.98 0.22 31.38 0.13 99.51 fi olivine rim
JPS6A-e-A 1.49 32.95 0.00 0.00 30.95 33.06 1.40 99.86 fi olivine
JPS6A-e-E 0.24 32.95 9.49 3.71 13.65 38.80 0.25 99.08 l-int
JPS6A-e-E 0.19 32.83 9.30 3.08 14.25 39.10 0.27 99.01 l-int
JPS6A-e-E 0.20 32.38 9.57 2.62 15.01 38.84 0.21 98.83 l-int
JPS6A-e-D 0.15 33.04 0.00 0.00 34.80 30.64 1.36 99.99 fi olivine
JPS6A-e-D 0.18 32.98 0.00 0.00 3454 30.78 1.29 99.77 fi olivine
JPS6A-e-D 0.03 34.68 0.00 31.93 0.43 30.30 0.09 97.45 fi olivine
JPS6A-e-C 0.07 32.67 9.50 9.29 11.19 35.96 0.11 98.78 fi olivine
JPS6A-e-C 0.21 33.23 0.00 0.00 35.10 31.34 0.98 100.85 fi olivine
JPS6A-e-C 0.25 3254 9.25 8.04 11.78 37.25 0.08 99.18 fi olivine
JPS6A-d-A 0.39 31.84 397 0.04 29.46 32.98 1.12 99.81 fi olivine
JPS6A-d-A 0.34 32.18 9.55 1.22 17.46 38.42 0.29 99.46 fi olivine
JPS6A-d-C 0.66 32.23 0.00 0.00 33.76 31.82 1.86 100.33 fi garnet core
JPS6A-d-A 0.15 33.06 0.01 0.00 34.70 31.93 1.84 101.69 fi olivine core
JPS6A-d-A 0.15 33.41 0.03 0.00 34.72 31.93 1.78 102.01 fi olivine core
JPS6A-d-A 0.25 32.29 9.64 1.14 18.03 37.50 0.31 99.16 fi olivine rim
JPS6A-d-D 0.24 32.96 0.00 0.00 33.11 33.82 0.98 101.11 fi garnet
JPS6A-d-B 0.06 33.54 0.00 33.22 0.31 31.12 0.00 98.25 fi olivine rim
JPS6A-d-B 0.12 30.81 0.00 0.00 34.28 30.74 1.72 97.68 fi olivine rim
JPS6A-a-B 0.45 38.96 0.02 0.00 15.42  44.70 0.28 99.83 i-in olivine
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Sulfide name [0} S K Cu Ni Fe Co Total type host phase core/rim
JPS6A-a-C 1.28 3447 002 3154 113 3096 0.10 99.49 i-in olivine rim
JPS6A-a-C 0.47 36.66 000 0.00 16.58 47.29 0.39  101.39 i-in olivine core
JPS6A-a-C 0.86 3396 002 005 2871 36.02 0.63 100.24 i-in olivine core
JPS6A-a-C 0.51 34.14 0.02 0.00 24.49 41.43 0.46 101.04 i-in olivine core
JPS6A-a-C 1.72 3653 000 072 1483 4580 031 99.90 i-in olivine
JPS6A-a-D 0.30 3349 000 000 3442 3177 078 100.76 fi olivine
JPS6A-a-D 0.72 3265 913 721 1204 3763 0.11 99.49 fi olivine
JPS6A-d-F 0.26 33.38 000 000 3381 3199 1.01  100.45 fi olivine
JPS6A-d-F 0.34 3339 000 0.00 3445 3223 0.88 101.29 fi olivine core
JPS6A-d-F 0.69 3264 940 811 1034 3733 0.12 98.64 fi olivine rim
JPS6A-d-C 1.19 3259 002 000 3229 3284 0.70 99.62 fi garnet
JPS6A-d-C 0.00 3522 001 3246 031 3126 0.03 99.29 fi garnet rim
JPS6A-d-C 0.18 3455 002 3260 033 3120 0.08 98.96 fi garnet rim
JPS6A-d-C 0.48 3649 002 3263 024 3142 0.04 101.33 fi garnet rim
JPS6A-d-E 0.19 33.19 098 0.00 3342 3041 236  100.55 fi olivine
JPS6A-d-E 0.36 3261 949 231 1664 3726 0.24 98.90 fi olivine
JPS6A-d-E 0.33 33.06 369 011 3001 31.07 260 100.85 fi olivine
JPS6A-d-E 0.58 33.15 949 263 1622 3710 0.5 99.32 fi olivine
JPS6A-b-A 1.68 33.10 000 000 3209 3146 0.80 99.13 fi olivine rim

All the concentrations are reported as wt.%. The sulfides are subdivided in four types following the classification
described in the text (fi : fractured inclusions, i-in :
interstitial). Some analyses have poor totals because they were performed in small sulfide domains (< 2 pum across)
due to the lack of larger homogenous portions. The data with totals < 98% are reported only for qualitative

considerations.
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APPENDIX C

SULFIDE MINERAL FORMULAE

In order to help the reader with the sulfide mineral nomenclutere, in the following table the

sulfide cited in this thesis are reported along with their chemical formulae.

Sulfide name Chemical formula
Chalcocite Cu,S
Chalcopyrite CuFeS,
Digenite CuoSs
Djerfisherite Ks(Fe,Cu,Ni)25S26Cl
Erlichmanite OsS;
Heazlewoodite NisS;
Laurite RuS;
Millerite NiS
Monosulfide solid solution (mss) (Fe,Ni,Cu)1 xS
Pentlandite (Fe,Ni)eSg
Pyrite FeS,
Pyrrhotite Fe1xS
Sphalerite ZnS
Troilite FeS
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