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Abstract

Short-lived isotope systems can be utilized to track differentiation processes that had occurred
during Earth’s early history. Both the 182Hf-182W and 146Sm-142Nd systems are sensitive to silicate
fractionation events due to differing parent-daughter incompatibilities. The 82Hf-182W system is
also affected by metal-silicate fractionation events due to the siderophile nature of W. An
increasing number of mantle-derived rocks, mainly formed during the Archean (4.0-2.5 Ga),
have presented variable anomalies in the daughter products of both systems, indicating their
sources contain isotope signatures established shortly after the formation of the Earth.

Some Archean Fe-rich primitive magmas known as ferropicrites, have been suggested to derive
from mantle domains that differentiated after the crystallization of a Hadean (>4.0 Ga) magma
ocean. In order to investigate the potential involvement of a Hadean source in the petrogenesis
of Archean ferropicrites, we have studied the Nd and W isotopic compositions of rocks from the
Pulpwood-Playter Harbour sequence in the Wawa subprovince, Ontario, Canada. This sequence
is composed of ferropicritic intrusive rocks and lavas in association with tholeiitic mafic lavas. A
147Sm-143Nd isochron including all lithologies yields an age of 2681+51 Ma (MSWD =6.6) with an
initial €43Nd of +2.5. This Nd initial isotopic composition indicates the rocks were derived from
a long-term incompatible-element depleted mantle source. Both the ferropicritic and the
tholeiitic rocks plot on the same isochron, suggesting they derived from the same mantle
source, despite their different geochemical compositions. Negative ¥?Nd anomalies compared
to the Nd terrestrial standard were found in the majority of the rocks studied here, yielding an

average u*2Nd value of -2.0+3.9. Although not resolvable from the terrestrial standard given
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the current analytical precision, the fact that almost all analysed samples exhibit negative
u'*2Nd values could suggest the influence of a Hadean source in their formation. If this is the
case, a single early silicate fractionation event occurring between 4.56 and 4.47 Ga could
explain both the £3Nd and u!#’Nd values obtained for the studied rocks. Alternatively, the
involvement of eclogitic material, with a Hadean basaltic protolith, interacting with Archean
peridotitic mantle could explain the Nd isotopic composition of the ferropicrites, but this would
not account for the identical isotopic composition of the tholeiites — thus rendering a garnet
pyroxenite source improbable. One intrusive ferropicritic sample yielded a resolvable 82w
excess of +14.1 +6.7 ppm. If this excess 18W is characteristic of the Pulpwood-Playter Harbour
sequence, it indicates the decoupling of 82Hf-182W and 46Sm-142Nd systems. This decoupling
could be explained by early metal-silicate fractionation recorded in the Hf-W systematics of

these rocks or the contribution of Fe-rich meteoritic material into the source of ferropicrites.
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1.0 Introduction

Ferropicrites are Fe-rich ultramafic rocks whose occurrence was widespread during the Archean
Eon (4.0 -2.5 Ga) and seem to have become increasingly rare since (Gibson, 2002). They have
been commonly misidentified as aluminum depleted komatiites (ADK), but studies have
suggested that their geochemical characteristics are different to that of komatiites (Hanksi and
Smolkin, 1989; Gibson et al., 2000; Gibson, 2002; Goldstein and Francis, 2008). Ferropicrites can
be alkaline or subalkaline in composition and are characterized by a high FeO content (>14
wt.%), with MgO content generally similar to that of picrites and komatiites (~12-18 wt.%). They
are also characterized by depletions in Al;0s, and enrichments in TiO2 and incompatible trace
elements.

Ferropicrites predominantly occurred during the Archean, but Proterozoic and Phanerozoic
ferropicrites have also been identified. Their decrease in occurrence has been attributed
towards a decrease in the temperature and Fe contents of the mantle since the Archean
(Francis et al., 1998; Gibson et al., 2000; Gibson, 2002). The petrogenesis of Archean,
Proterozoic, and Phanerozoic ferropicrites remains debated and different hypotheses have
been put forward. Studies have suggested that ferropicrites could source from olivine cumulate
domains that crystallized from a deep-seated Hadean magma ocean (Goldstein and Francis,
2008; Kitayama and Francis, 2014), from garnet pyroxenite domains produced from the
interaction of eclogite melt and peridotitic mantle (Gibson 2002; Milidragovic and Francis,
2014; Jennings et al., 2016), or from late accreted Martian or Vesta-like affinity material into

the mantle (Milidragovic and Francis 2014).



This thesis provides a geochemical and isotopic study of ferropicrites from the Pulpwood-
Playter Harbour (PPH) volcanic sequence from the Wawa subprovince (Superior Province,
Canada). This sequence was previously studied by Kitayama and Francis (2014), where detailed
petrography and geochemical compositions of the different lithologies were determined. They
identified Fe-rich and tholeiitic-like lavas, as well as Fe-rich intrusive rocks grading from dunites
and peridotites to clinopyroxenites and gabbros. The parental magma of the Fe-rich intrusive
rocks was estimated to have ~19 wt.% FeO and ~9 wt.% MgO, representing one of the most Fe-
rich magmas of the Wawa subprovince. These geochemical characteristics, along with a well-
preserved field sequence, have made the PPH rocks a prime example of an Archean ferropicritic
occurrence.

The main goal of this study was to use the *?Nd and W short-lived isotopes to investigate
any possible involvement of a Hadean mantle source in the formation of Archean ferropicrites.
These early-formed isotopes are ideal tracers of early-silicate differentiation events. For this
study, 61 samples were collected from the PPH sequence. All samples were analysed for whole-
rock major and trace element concentrations, which allowed for the selection of the most
representative lithological samples for isotopic work (*4’Sm-143Nd, 1#2Nd and ¥2W).

An overview of the characterization, occurrences and current existing petrogenetic models for
ferropicrites is provided in Section 2.0; the geological setting of the Pulpwood-Playter Harbour
sequence is described in Section 3.0; and Section 4.0 explains the isotope systematics applied in
this study. The detailed analytical methods are presented in Section 5.0 and Appendix A, B and

C. The results of the major and trace element analyses are found in Section 6.0 and in



Appendices D to F. Finally, Section 7.0 gives the interpretation and discussion of the results, and

the conclusions can be found in Section 8.0.

2.0 Main characteristics, occurrences and theories of the origin of ferropicrites

Ferropicrites are rocks that can be classified as picritic in composition, but are distinguished
from picrites by a higher Fe content. In general, a ferropicritic magma is characterized by FeO
contents above 14 wt.%, MgO contents between 12 and 18 wt.%, AlO3 contents lower than 10
wt.%, TiO; ranging from 1 to 2 wt.% and enrichments in light rare earth elements (LREE) (Hanski
and Smolkin, 1989; Gibson et al., 2000; Gibson, 2002; Heinonen and Luttinen, 2008; Goldstein
and Francis, 2008; Kitayama and Francis, 2014; Milidragovic and Francis, 2016; Jennings et al.,
2016). Ferropicrites can compositionally be reminiscent of aluminum-depleted komatiites
(ADK). However, the aforementioned studies suggest that due to some of their geochemical
differences (e.g. higher Fe contents, LREE enrichments and depletions in Al,O3), their
petrogenesis cannot be the same as the ADK.

Ferropicrites were first identified by Hanski and Smolkin (1989) in the Proterozoic Kola
Peninsula from the Pechenga Province (Russia). Since their discovery, ferropicrites have been
identified worldwide (Figure 2.1), with Archean occurrences commonly associated with
greenstone belts located in the Superior, Slave, Yilgarn and Kaapvaal cratons (Goldstein and

Francis, 2008; Kitayama and Francis, 2014; Milidragovic and Francis, 2016).



Figure 2.1: Global distribution of ferropicritic occurrences, Archean (yellow circles), Proterozoic (blue circles) and
Phanerozoic (red circles). Modified after maps presented by Heinonen and Luttinen (2008), Milidragovic and
Francis (2016), Jennings (2016).

The decrease in ferropicritic occurrences after the Archean has loosely been attributed towards
the mantle being hotter (Campbell and Griffiths, 1992) and more Fe-enriched during the
Archean compared to the Proterozoic and Phanerozoic mantle. This is supported by the
observation that post-Archean ferropicrites have lower FeO contents (Francis et al., 1999;
Gibson, 2002). Given their Fe contents and related density, Archean ferropicritic lavas would
have been able to become buoyant in the Archean mantle (Kitayama and Francis, 2014) and
rise to the surface; this would be more difficult after the Archean due to the aforementioned
mantle changes. It has also been noted that some occurrences of Archean ferropicrites, within
the Superior Province, cannot have come from the melting of the peridotitic mantle (Goldstein
and Francis, 2008). This was shown through experimental petrological studies where melting at
up to 20 GPa of peridotite with Mg# = 89-90, did not reach the necessary enrichment to

generate ferropicrites despite resulting in an Fe-enrichment in the produced magma (Goldstein



and Francis, 2008). However, assuming a more Fe-rich Archean mantle source with an Mg# 85,
melting at ~5 GPa, would produce a magma with Fe-enrichments comparable to ferropicrites
(Goldstein and Francis, 2008). As such, Goldstein and Francis (2008) suggest that Archean
ferropicrites from the Superior Province could be the result of melting of an olivine cumulate
that had crystallized from a deep-seated Hadean magma ocean.

Post-Archean ferropicrite occurrences have been noted in association with large igneous
provinces and continental flood basalts (Hanski and Smolkin, 1989; Gibson et al., 2000; Gibson,
2002; Heinonen and Luttinen, 2008; Jennings et al., 2016). Gibson et al. (2000) suggested that
this association results from variations in the composition of their contributing melt source
regions; while flood basalts would derive from melting of peridotitic mantle, ferropicrites could
derive from the preferential melting of Fe-rich pyroxenite ‘streaks’ in upwelling mantle plume
heads. The nature and origin of these Fe-rich streaks is unclear, and hypotheses include the
existence of eclogite/pyroxenite heterogeneities in the convective mantle or high-Fe domains in
the lower mantle created after the crystallization of a magma ocean or input of core material
into the lower mantle (Gibson 2000 and references therein; Francis et al., 1998). Alternatively,
they could come from the denser Fe-rich portions of iron-silica immiscibility melts (Jakobsen,
2005). These Fe-rich portions of the mantle would preferentially melt over normal peridotic
mantle, and as such form the head of the plume. The geochemical composition of these Fe-rich
layers, however, is different to that of ferropicrites and mixing with picritic mantle material
would be necessary (Jakobsen et al., 2005).

Alternatively, it has been proposed that a garnet pyroxenite (Gibson, 2002) or a silica-deficient

pyroxenite (Jennings et al., 2016) could be the source of post-Archean ferropicrites. Mantle



pyroxenite is formed through the metasomatism of mantle peridotite by melts from eclogite,
formerly subducted basaltic crust (Green and Ringwood, 1967). This interaction could produce
a pyroxenite which, when undergoing partial melting is characterized by a high FeO and low
Ca0 contents due to low degrees of partial melting and depleted in Al,03 due to their high
pressure of formation (Jennings et al., 2016). A study on Pleistocene silica-poor ferropicrites
from North China suggested they were formed by melting of silica deficient/iron rich eclogite
that has come from a continental protolith and stagnated in the upper mantle (Zhang et al.,
2017). The pressure dependent compatibility of Fe in garnet will also fractionate Y, Yb and Lu,
with Fe and Y becoming incompatible in eclogitic garnet at pressures >5 GPa (Tuff et al., 2005;
Zhang et al., 2017). The breakdown of garnet under these conditions releases Fe and allows the
upper mantle to undergo Fe enrichment. The resulting iron-enriched silica-deficient pyroxenite
would be less dense than the surrounding peridotite, allowing the plume to rise.

Milidragovic and Francis (2016) noted that ferropicritic compositions, particularly subalkaline
ferropicrites, overlapped with that of shergottite-nakhlite-chassignite (SNC) and howardite-
eucrite-diogenite (HED) achondritic meteorites. These meteorites are thought to be
representative of the Martian or Vesta surface, respectively. The similarities in geochemical
compositions suggest that ferropicrites have derived from a mantle source that was subjected
to an influx of SNC and HED material (Milidragovic and Francis, 2014). These sources would be

characterized by Fe and Mg enrichments, and could give rise to Archean ferropicrites.



3.0 Geological Setting

The PPH sequence is part of the Schreiber-Hemlo greenstone belt (SHGSB) (Figure 3.1), which is
located in the northern section of the Wawa subprovince of the Superior Province (Canada).
The SHGSB evolved as an oceanic plateau between 2750-2725 Ma (Polat et al., 1998) and
consists of tholeiitic and transitional to alkaline basalts (Polat, 2009). The SHGSB transitioned
from an oceanic plateau to a subduction margin at ~2.72 Ga, forming an oceanic island arc
(Polat, 2009; Polat et al., 1998).

The SHGSB can be further subdivided into three lithotectonic metavolanic assemblages; Heron
Bay, Hemlo-Black River and Schreiber greenstone belt assemblages. The Heron Bay assemblage
hosts the PPH sequence and is bounded to the south by the Pukaskwa gneissic complex (2.72-
2.69 Ma) and the Heron Bay Pluton (2.69 Ga) to the north (Figure 2.1). The estimated age of the
PPH sequence is ~2.72 Ga (Corfu and Muir, 1989), and has been inferred from field
relationships and U-Pb dating of surrounding plutons, which range in age from 2.69-2.72 Ga. It
has been interpreted that the PPH sequence was intruded by these plutons, as such rendering it

older.
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Figure 3.1: Simplified map of the Schreiber-Hemlo greenstone belt. Blue square — study area, yellow star on inset —
location of SHGSB in the Wawa subprovince, modified after Kitayama and Francis, 2014.

Figure 3.2 shows a simplified geological map of the PPH sequence with the main lithologies
described by Kitayama and Francis (2014), and Figure 3.3 shows a simplified stratigraphic log of
lithologies. Three distinct units compose the PPH sequence: 1) underlying pillow basalts with
tholeiitic-like affinity, 2) differentiated alkaline Fe-rich intrusive rocks, and 3) overlying Fe-rich

basaltic pillow lavas.
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Figure 3.2: Simplified geological map of the Pulpwood-Playter Harbour. Coordinates are in UTM NAD 27, zone 16.
Modified after Kitayama and Francis (2014).
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Figure 3.3: Stratigraphic log of the Pulpwood-Playter Harbour sequence with relative unit thicknesses, modified
after Kitayama and Francis (2014).

Field relationships (Figure 3.3) suggest that the underlying tholeiites are older than the
overlying Fe-rich rocks and despite their close spatial association with the ferropicrites, it is not
known if they are coeval, or if they have been sourced from the same mantle source (Kitayama
and Francis, 2014). The PPH sequence has been metamorphosed to greenschist facies, but both
the overlying and underlying volcanic occurrences exhibit well-preserved pillow lava structures
(Kitayama and Francis, 2014).

The intrusive rocks are composed of three distinct units, ultramafic rocks (dunites and
peridotites), green and black clinopyroxenites, and gabbros (Kitayama and Francis, 2014). There
is no sharp contact between the intrusive rocks, but each unit is evident based on their
mineralogy phases that are present (Kitayama and Francis). The ultramafic rocks are primarily
composed of serpentinite pseudomorphing olivine serpentine, the clinopyroxenites consist of
elongated amphibole minerals and the gabbroic samples are composed of plagioclase feldspar

and amphibole (Kitayama and Francis, 2014). As a whole, the intrusive unit is relatively well
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preserved, although calcite, quartz veining and sulphides are found throughout the units
(Kitayama and Francis, 2014). The underlying tholeiites are green in colour, fine-grained, and
are not as well preserved as the overlying Fe-rich lavas, which are black in colour (Kitayama and

Francis, 2014).

4.0 Isotope Systematics

4.1 Sm-Nd isotopes

Samarium (Sm) and Neodymium (Nd) are lithophile, refractory, rare earth elements, and have
similar incompatibilities, however, Nd is slightly more incompatible than Sm. Samarium has
seven naturally occurring isotopes, of which #’Sm is still undergoing radioactive decay into
143Nd with a half life of 106 Ga, and is utilized for Sm-Nd geochronology. The short-lived, now
extinct, %6Sm decayed into *2Nd with a half-life of 103 Ma, and is used to detect processes

causing Sm/Nd fractionation within the first ~500 Ma of the Solar System history.

4.1.1 Long-lived ¥7Sm-1*3Nd isotope systematics

The decay of 4Sm to *3Nd can be used to date rocks using their different minerals or suites of
co-genetic rocks, as well as to trace crust-mantle differentiation processes throughout the
history of Earth. The high closure temperature (600-650°C) of Sm-Nd allows for the system to
remain closed during relatively high metamorphic grade events, resulting in a greater reliability
on isochron dating, compared to the Rb-Sr system. In order to apply isochron dating to a suite
of rocks, several assumptions must be made; the rocks must be co-genetic, and therefore have
the same initial isotopic composition (**3*Nd/***Nd), and the system must not have reopened

(i.e. not have undergone metamorphic resetting) since their time of formation. The amount of
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daughter product (**3Nd) in the system is dependent on two things: 1) how much *3Nd was in
the system (minerals or rocks) at the time of crystallization, and 2) how much of the parent
147Sm nuclide has decayed into *3Nd since crystallization. This can be expressed with the

following radioactive decay equation:
143514 1437 147 ¢,
@) = (e* — 1)
144N g 144 )4 o 144N 4

where t=0 is the time of crystallization, t is the time between crystallization and present day,

and A is the ¥Sm decay constant. The present day *3Nd/!**Nd and *’Sm/***Nd isotopic
compositions can be measured and plotted on a *3Nd/***Nd vs. ¥’Sm/**Nd diagram (Figure
4.1) called the “isochron diagram”. Co-genetic samples and that have not been subjected to
post-formation disturbances will show correlations between the measured 43Nd/!4*Nd vs.
147Sm/*4Nd (Figure 4.1b). The slope in an isochron diagram is proportional to the age of the
samples, where the slope is equivalent to e*-1. Since the decay constant of *’Sm is known
(A*%Sm=6.54x10"'2) time can be calculated. The intercept of the y-axis, when **’Sm/*4Nd=0,
gives the initial ***Nd/***Nd composition of the co-genetic suite, which reflects the isotopic
composition of the rocks at the time of their formation as well as the isotopic composition of

their source.
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Figure 4.1: Schematic of the evolution of the #’Sm-143Nd system. (a) At the time of crystallization (t=0), the
samples have the same *3Nd/**Nd ratio, but varying *¥’Sm/%**Nd ratios. (b) As time elapses, the 1#’Sm decays to
43Nd, increasing the *3Nd/'*Nd ratio and decreasing the **7Sm/**%*Nd ratio.

Due to the differences in incompatibility of Sm and Nd within most minerals in the mantle and
the crust, partial melting and fractional crystallization fractionates the Sm/Nd ratio of the
differentiated products, which will evolve to variable **3Nd/***Nd compositions. During igneous
processes, Nd is more incompatible than Sm; therefore, melts will have a lower Sm/Nd ratio
compared to the solid. When the system closes (i.e. cools below the closure temperature), the
Nd-depleted reservoir with the higher Sm/Nd ratio will evolve to become more radiogenic
compared to the Nd-enriched reservoir with a lower Sm/Nd ratio, becoming less radiogenic

with time (Figure 4.2).
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Figure 4.2: Evolution of the **Nd/***Nd ratios for three reservoirs. Differentiation of the initial source (blue) occurs
at t=0, forming an Nd-depleted reservoir (green) and an Nd-enriched reservoir (red). As time elapses to t=1 the
isotopic compositions of these reservoirs will evolve differently depending on their Sm/Nd ratios. Modified after
Allégre (2008).

The initial *3Nd/'**Nd isotopic compositions can be expressed as £'4Nd values, which are

deviations of the 1*3Nd/***Nd ratio from the chondritic uniform reservoir (CHUR):
143Nd
144-Nd
sample

143Nd
(144Nd>
CHUR

CHUR isotopic compositions are determined from undifferentiated chondritic meteorites and

—1 |=10*

the present day values are *3Nd/***Nd=0.512630 and '4’Sm/!4*Nd=0.1960 (Bouvier et al.,
2008). Reservoirs evolving with a lower Sm/Nd compared to CHUR will have £*3Nd<0 and

reservoirs evolving with a suprachondritic Sm/Nd ratio will have €'43*Nd>0 (Figure 4.3).
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Figure 4.3: (a) *3*Nd/***Nd vs. time for a depleted reservoir and an enriched reservoir with respect to CHUR (b)
€3Nd vs. time for an enriched and depleted reservoir, with respect to CHUR (g***Ndcnur = 0).

4.1.2 Short-lived 1*6Sm-142Nd isotope systematics

The short-lived 1%6Sm decayed into 1*?Nd with a half-life of 103 Ma, resulting in the system
becoming extinct after ~500 Ma of Solar System formation. Therefore, variations in *?Nd can
only be produced by Sm/Nd fractionation occurring within the Hadean Eon (4.56-4.0 Ga) (Figure
4.4). This system cannot be used to date samples that have formed after the extinction of
145Sm), but its applications are useful for studying early silicate differentiation events that would

occur shortly after Earth’s accretion.
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Figure 4.4: (a) *Sm decays to *2Nd until ~500 Ma after Solar System formation. At this point, **¢Sm becomes
undetectable. (b) Fractionation events solely taking place during the Hadean will form reservoirs with *#2Nd/***Nd
variations (or u**?Nd values, which are deviations from the terrestrial standard).

The deviation of the *’Nd/***Nd ratio from the Nd terrestrial standard is expressed as p'4’Nd

values, which are differences in parts per million and is calculated as:
14-2Nd
T4 4
sample

142Nd
(14-4Nd>
standard

Differentiation events occurring during the Hadean will form complementary Nd-enriched and

ur**Nd = -1 [*10°

Nd-depleted reservoirs that will continue to evolve until the extinction of 4¢Sm (~4.0 Ga) to
variable pu'*2Nd values (Figure 4.4b). Such differentiation events can be early crust-mantle
differentiation processes, which will form an enriched crust characterized by p'4’Nd<0 and a
depleted mantle reservoir with p'*?Nd>0 (Figure 4.4b). Early magma ocean crystallization

events will also fractionate the Sm/Nd ratio creating depleted and enriched mantle reservoirs.
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Post-Hadean differentiation events, after the extinction of *6Sm, will form enriched and
depleted reservoirs characterized by the same p'4?Nd values. Therefore, any rock or reservoir
younger than 4 Ga, but with a u'*>Nd that deviates from the terrestrial standard has to have

acquired its 1*?Nd isotopic composition from a source produced during the Hadean.

4.2 Hf-W isotope systematics

Another extinct chronometer that has been utilized to study early Earth processes is the 18Hf-
182\V isotopic system. The short-lived 182Hf decayed to '¥W, with a half-life of 8.9 Ma, allowing
it to be a powerful tool to study events occurring within the first 50 Ma of Earth’s history. The
difference in chemical behaviour between the lithophile parent (*¥2Hf) and siderophile daughter
(82W) in metal-silicate fractionation events results in Hf preferentially partitioning into the
silicate portion during events such as formation of the core, with W going into the metallic

portion (Figure 4.5).

50myr after :
Solar System |
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< >
: M'82W mantle > u'#2W chondrite (u'®2W >0)
= |
= ; M'82W chondrite (~-200) > u'8W core
|
I core (U'82W <0)
I
|
I
I
I
today 4.56Ga

Time
Figure 4.5: Fractionation of Hf/W whilst 182Hf was still extant. Metal-silicate fractionation events will result in the
entire available W partitioning into the core, and Hf being preferentially retained in the mantle. After such events,
the core essentially contains no Hf (thus no 182Hf) and u182W will not change. However, since 182Hf is retained in
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the mantle, decay to 182W will continue until it is extinct, causing the u182W of the mantle to increase compared
to chondrite.

Measurements of 82W are relative to the stable ¥*W and can be expressed as u'®?W notation.
This notation reflects parts per million deviations of the 82W/184W ratio of samples from the W

terrestrial standard (u*¥2W=0) using the following equation:
182y
T84y,
sample

(182W>
184W
standard

Furthermore, W is more incompatible than Hf during silicate differentiation events, and

—1|=10°

therefore the 182Hf-182W system is also useful to study early silicate-silicate fractionation events.
If a silicate differentiation event were to occur whilst 182Hf is still extant, a depleted reservoir,
characterized by a high Hf/W ratio and an enriched reservoir, characterized by a low Hf/W ratio
will be formed (Figure 4.6). The 82Hf will continue to decay within these reservoirs until it is no
longer extant, leading to an enriched reservoir with lower pu*¥?W values compared to the
depleted reservoir. If a differentiation event were to occur after the extinction of ¥2Hf, the

ui82W of both reservoirs will be that of their source.
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Figure 4.6: Fractionation of Hf and W in the mantle, the depleted reservoir will preferentially incorporate Hf,

evolving to a higher u182W, the enriched reservoir, with a lower Hf/W ratio will evolve to a lower u182W than its
source.

5.0 Methods

This section details the methods that were followed for sample collection and preparation for
W concentration analysis and isotopic analysis. The detailed procedures for whole-rock major
and trace element analysis can be found in Appendix A and B respectively. The
chromatographic column separation procedures followed for determination of W-

concentrations and for 1¥/Sm-143Nd, *42Nd and 8W analyses are found in Appendix C.

5.1 Rock Sample Collection
Sample collection occurred in the summer of 2017 and took place in Pukaskwa National Park in
Northern Ontario. A total of 61 samples were collected, from all lithologies of the PPH (Figure

5.2), sample locations can be found in Appendix D.
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Whilst in the field, sample collection was undertaken to note surrounding geological features,
and to collect samples that were as fresh as possible. A variety of each lithology was collected
to ensure that we had a representative rock collection for analysis. All 61 samples were
analyzed for major and trace element concentrations, 29 were analyzed for W concentrations
by isotopic dilution, 19 for #’Sm-14’Nd, 15 of which were also analyzed for #°Nd, and 5 for

182W

5.2 Sample preparation for petrography

Polished thin sections were prepared for all samples at the University of Ottawa. Cut slabs (~ 5
cm x 3 cm x 2 cm) were used to make thin sections at the University of Ottawa rock preparation
facilities. The slabs were chosen to be representative of the sample, in order to be able to gain

insights into the various lithologies of the PPH sequence.

5.3 Preparation of sample powders for whole-rock geochemical and isotopic analysis

In preparation for geochemical and isotopic analysis rock samples were reduced to powder
through a number of steps, which removed the weathered surfaces, veining and sulphides, and
reduced the overall impacts of possible sample contamination by the tools used to during the
powdering process. These precautions were taken since we would be analyzing selected
samples for W concentrations at the ppb level. Since steel from a hammer or a jaw crusher can
have W concentrations up to wt. % level, having any metal residue could result in W
contamination of the samples. The samples were first cut with a diamond-bladed rock saw to
remove weather edges, veining and sulphides. Samples were cut into ~1cm thick slabs and

visually inspected for any remaining weathering, veining or sulphides, which was cut out if
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observed. Slabs were then sanded with silicon carbide sandpaper to remove metal marks left by
the saw and washed in an ultrasonic bath for 15 minutes to remove the dust.

The cleaned rock slabs were then wrapped in plastic and broken in <2 cm sized pieces using a
plastic hammer. These pieces were visually inspected for any weathering, sulphides or veining
was picked out, or sanded out if found. The pieces were then crushed to < 0.5 cm in size using a
ceramic jaw crusher. Several precautionary steps were taken in order to reduce the effects of
contamination between samples. Prior to the sample being crushed, the jaw crusher was pre-
contaminated with some of the same sample that was to be crushed. Between crushing
samples, the crusher jaws, ceramic sides, lid, and collection box was washed and dried using
ethanol and compressed air. If sample residue remained on the crusher jaws, sandpaper was
used to clean these residues and the jaws were then washed.

A ceramic ring mill was used in the final step to reduce crush to powder. The ring mill was
cleaned after each use by powdering silica sand, then rinsing the ring mill water and drying it
with compressed air and ethanol. The ring mill was pre-contaminated with some sample crush
before each samples, this was discarded and the ring mill was cleaned prior to powdering the

sample that would be used for geochemical analysis.

5.4 Sample preparation and W concentration analysis via isotope dilution

A selection of 29 samples of varying lithologies were analysed for their W concentrations. These
samples were selected to represent a spread of the major and trace element chemistry and
lithology of samples collected. Two USGS geo-reference materials BCR-2 and BHVO-2 were also
analysed for their W concentration. All tungsten concentrations were determined using an

isotope dilution method with a spike enriched in ¥W,
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About 100 mg of sample with added spike solution were dissolved in a 5:1 ratio of concentrated
HF:HNOs. Samples were dissolved in capped 15 mL Savillex Teflon beakers, placed on the
hotplate at 80°C for 3 days, before being cooled and opened. 2 mL of 7M HNOs was added to
each beaker, and the beakers placed on the hotplate to evaporate to dryness at 80°C. Once dry,
several drops of concentrated HNOs was added to each beaker and allowed to dry down at
90°C — this was repeated 4-5 times until the samples had turned a rusty brown colour. Samples
were dissolved in 6M HCI, the beakers sealed and placed on the hotplate at 80°C for 1-2 days,

before being cooled, opened and evaporated to dryness.

The W separation protocol used is similar to the one reported by Nagai & Yokoyama (2014) and
only the main steps are mentioned here. Before column chromatography, samples were
dissolved in 5 mL of 0.5M HF and centrifuged. Insoluble fluorides (e.g. MgF and CaF) that could
bond with W, are removed in this step. The supernatant was extracted and dried down at 80°C.
Samples were then dissolved in 1 mL of 0.4M HCl — 0.5M HF and centrifuged prior loading them
into columns filled with an anion resin AG1-X8, 200-400 mesh. Tungsten was eluted from the
resin in 10 mL of 9M HCl — 1M HF. The eluted samples were then dried down on a hotplate
before being treated with aqua regia 4-5 times to remove any traces of Os, which has iso