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Abstract

“ABSTRACT

- Eighty-five peridotitic and pyroxenitic xenoliths from the Arnie, Pigeon and Misery kimberlites in the
Lac de Gras region, Northwest Territories, Canada were selected for inclusion in this study. The three
kimberlites are 51tuated w1thm a 40 km radius of -one another on the BHP property, and all are

d1amond bearmg The Mlsery kimberlite is presently bemg mmed and the Pigeon kimberlite is pax’t of

E the future BHP-Dia’ Met Ekat1 mmmg plan.

A petrograp'hie study of the xenoliths using both transmitted light microscopy and binocular
microscopy was followed by major and trace element aﬁalysis. Major element compositions of
individual minerals were determined using a wavelength dispersive electron microprobe, and trace
element abundances were determiﬂed using laser ablation ICP-MS. Pressures and temperatures of

equ111brat10n were then determmed using gamet-ohvme gamet-orthopyroxene and trace element

geothermobarometers (TNI, Pcp).

The petrographic study was limited by the small sample size (0.5-1.5 cm) in comparison to the large
grain size (0.05-1 cm). Rock types were determined using mineral associations within the xenolith in
conjunction with mineral compositions. Xenoliths containing game;t were preferentially selected for
geothermobarometric and mineral compositional studies. The pefidotite suite consisted of both gamet;

harzburgites and garnet-lherzolites, whereas the pyroxenitic suite consisted of garnet—clinopyroxenites

and garnet-websterites.

Peridotite xenoliths were dominant at all three kimberlite loc.alities, but the Misery kimberlite entrained
a higher proportion of eclogitic and websteritic xenoliths relative to peridotite xenoliths than the Pigeon
and Arnie kimberlites. Spinel exsolution from ortho- and clinopyrexene in both peridotitic and
pyroxenitic xenoliths from the Misery and Arnie kimberlites is indicative of partial re-equilibration of
these xenoliths from a region of high pressure and temperature to lower pressure and temperature.
Such dynamic processes and small scale heterogeneity suggest a complex histery for the lithosphere

beneath the Slave province.

The major element study showed that the pyroxenitic minerals are more Fe-rich and CrpO3-poor than
the peridotitic minerals. The harzburgitic xenoliths -were divided into two sub-groups based on CaO
and CrpO3 content in garnet, namely a high-Ca group with similar major element compositions to the ’

lherzolitic ‘xenoliths, but with similar trace element 'co'rhpositions to the second group, the low-Ca
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harzburgites. In general the low-Ca harzburgitic minerals are more Mg-rich than the lherzolitic

qminerals.

Trace element studies focused on garnet and clinopyroxene as these are the main repositories for trace
elements in the _mantlé. The lherzolitic and pyroxenitic garnets have chondrite-normalised LREE-
| depleted patterns, whereas the harzburgitic garnets have sinusoidal and MREE-enriched patterns in
addition to the LREE-depIeted pattern. Various models have been proposed in the literature for the
formation of the MREE-enriched pattern, but none for the sinusoidal pattem This study shows that 1f
" majorite’ had a’sinusoidal ' REE pattern and it exsolved into pyrope and orthopyroxene durmg
, decompresswn re-equilibration, the pyrope would retain the sinusoidal REE pattern of the majorite.
~ However, if pyrope and clinopyroxene are the eXsolution_producfs, the pyrope has a LREE-depleted

pattern, as seen in the lherzolitic garnets.

Major and trace element geothermobarometry reveal-that the peridotitic xenoliths define a 40 mW.m-2
geotherm.  Major element geothermobarometry mdlcates that although there are geochemlcal
" similarities between the low-Ca garnets in harzburgltes and perldotltlc gamets mcluded in dlamond not
all low-Ca harzburgites have pressures and temperatures of equilibration in the diamond stability field.
Those low-Ca harzburgitic xeholiths with <6 wt% Cr0O3 in garnet (ARN008, ARN026) have shallow
pressures and .temperatures_gf equilibration. In contrast, the low-Ca and high-Ca harzburgitic xenoliths
~ with >8 wt% Cr03 (e.g.'ARNOO2, PGN312) have pressures and temperatures of equilibration within
the diamond stability field. Xenoliths with 6-8 wt% CrO3 straddle the graphite-diamond stability
field.

Numerous studies of the Slave craton have recognised layering within the underlying lithospheric
mantle. Single mineral trace element abundances and geothermobarometry (TNj) support this concept
with the lherzolites having higher pressures and temperatures of equilibration and more enriched
“compositions than the harzburgites. However, major e.lemen-t geothermobarometry using coexisting
mineral pairs for a larger number of samples shows that ;[he harzburgites and lherzolites are inter-

layered with depth, rather than separated into two distinct layers.
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_ I_ntroduction

1. INTRODUCTION

1.1 OVERVIEW OF MANTLE STUDIES

“Everything happening at the surface of the Earth, including such diverse phenomena as the
building of mountain ranges the formation af ‘ocean basins, volcanic activity, and even
:’--»fchanges in sedzmentatlon (wzth ‘their attendant rise or-déclinie Of faurial avid. “floral populatlons)

is a response 10 events taking place within the upper mantle...” 1.B. Dawson (1981)

Mantle dynamics have intrigued scientists for well over 2500 years (Bergman, 1987). The ‘Greek
philosophers such as Aristotle, Ahaxagoras, Democritus and Anaximenes believed that surface
phenomena, such as earthquakes, were linked to processes occurring within the mantle. Early

hypotheses €xplaining the-cause of earthquakes included: the decent of ether into the Earth’s interior,

. or the ascent of water from-the interior, or alternatlvely by “volcanic eruptions due to the inflammation

of moving wind imprisoned within the 1nter10r (see Geikie, 1897; review by Bergman, 1987).
Theories of mantle processes and their effects on Earth processes have changed dramatically since that

time.

Daly (1914) and Barrell (1914) were among the first to recognise the existence of a less rigid
asthenospheric mantle. beneath a more rigid lithospheric mantle. ‘Wegner’s theory of plate tectonics
further explained many processes influenced by mantle pfocesses, such as eéx’chquakes and volcanism

at convergent plate margins.

As instrumentation and resolution become more refined, the understanding of the mantle and the
processes driven by the dynamic mantle will become better understood. Geophysical investigations
such as the Southern African Kaapvaal project and the Canadian LITHOPROBE project have revealed
some of the structural complexities within the upper mantle. Particularly the seismic profile

SNORCLE Corridor 1 (Clowes, 1997 in Helmstaedt and Harrap, 1999).

The isolated nature of the mantle makes direct study of the upper ‘mantle difficult. Tectonic
emplacement of Alpine peridotite and ophiolite sequences provide insight into the mantle beneath
oceanic provinces, as do volcanic rocks from hot spots and other oceanic volcanism. To obtain an
understanding of the upper mantle beneath the cratonic regions, one has to rely on out-of situ fragments

of the mantle derived from ascending mafic and ultramafic magmas such as basalts and kimberlites.
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Petrographic and geochemical analysis of these mantle xenoliths provide insight into the mode of

formation, and the processes affecting the mantle.

Petrographic studies of .rhantle xeholiths reveal the existence of different rock suites, namely
peridotites, pyroxenites, eclogites and megacrysts. These attest to the heterogeneous, and complex
nature of the upper mantle. Whereas many mantle xenoliths have attained textural equilibrium, others
have recrystallization and exsolution features which are transient (F ield and Haggerty, 1995). These

reflect dynamic processes occurring within the mantle.

n . [ T S SR o .- . . . b men e e

The relative depletion or fertility of different rock suites in major elements such as Na, Ca, Al and Fe
suggests different processes affecfing the mantle. Mantle xenoliths depleted in these elements are
likely to be the residues of ,p'ar»tia'lg melting events (Nixon and Davies, 1987). Correspondingly,
xenoliths enriched in these lower temperature melting elements may represent the crystallisation
product of partial melting, or the enrichrrient of those elements due to metasomatic processes. Major
elemént analyses are therefore used to.infer different modes of formation of different rock suites.
Stables aﬁd radibgénic isdtopes may. also be ésed to determine the mode and age of formation of

portions of the mantle (review by Menzies and Hawkesworth, 1987).

Trace element studies of the minerals within xenoliths are further used to: constrain the different
processes affecting the mantle. Whereas modal metasomatism may be detected by the presence of
metasomatic clinopyroxene, phlogopite, K-richterite, and/or amphibole; cryptic metasomatism may be

detected in enrichment in incompatible trace element contents in minerals (Harte, 1987).

Coexisting minerals within equilibrium assemblages are useful for obtaining pressures and
temperatures of equilibration. Assuming that the rocks have not moved stratigraphically since the time
of equilibration, nor re-equilibrated during entrainment in the kimberlite, cross-sections of the

continental lithosphere may be constructed (Boyd and Gurney, 1986; Kopylova et al., 1999a).

Kimberlites are one of the few melts that originate from sufficient depth to sample the deep lithosphere
beneath the craton. Based on majoritic garnet inclusions in diamond (Moore and Gurney, 1985),
Ringwood et al. (1992) suggest a depth of origin for kimberlite of 400-650 km, from an area
corresponding to the seismic transition zone. Therefore the volumetrically small kimberlite intrusions
(carrot-shaped pipes, dykes, and sills) play an important role in mantle studies due to the xenoliths they
entrain. The kimberlite is itself described as a “volatile-rich, potassic, ultrabasic igneous” rock
(Clement et al,, ‘1984) and provides a mantle signature for further study. The mantle xenoliths

entrained within three kimberlite from the Northwest Territories, Canada, are the focus of this study.
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1.2 RECENT X‘ENOLITH STUDIES FROM CANADA

- Numerous spinel lherzolites, websterites, wehrlites and clinopyroxenites have been described from
basaltic rocks of the Canadian Cordi.llera, an area extending over 200km * 50km ffom the Alaska-
Yukon ‘border, throﬁgh British Columbia and into the Snake River Plains (USA), (Mitchell, 1987).
Xenoliths from an alndite in fle Bizard (Quebec) and from lamprophyres from Ontario and Labrador

+ have also been described; Yet by 1987, xenoliths from only one kimberlite province had been

described, namely xenoliths from the Somerset Island kimberlite province (review by Mitchell, 1987).

" This k1mberhteprovmce contained both "gzimétv évnc"i“spi‘he'l lllérisziiflés, and Was'fﬁfsi bneﬂydescrlbedby '

Mitchell (1976).

Numerous research projects have been initiated as a result of the recent kimberlite discoveries in the
Slave craton (Carison et al., 1999). These include geophysical, kimberlite, mantle xenolith and

diamond studies. All of which lead to a better understanding of the lithosphere beneath the Slave

craton.

To name but a few of the recent studies: Bc;yd and Canil (1997) have studied xenoliths from the
Grizzly kimberlite, located within the central Lac de Gras region. Kopylova and associates have
investigated the emplacement, kimberlite and mantle xenoliths of the Jericho kimberlite, ~150 km
north of Lac de Gras (Kopylova et al., 1996, 1998, 1999, 2001; Kopylova and Russell, 2000). Pearson
et al. (1999) and Doyle et al. (1999) have worked on mantle xenoliths and diamonds from the Tli Kwi
‘Cho kimberlite complex to the south of Lac de Gras. Griffin et al. (1999a) have ma}ﬁped the mantle
beneath Lac de Gras and the surrounding region using garnet and chromite xenocrysts. Many of these
authors recognise a layering within the lithosphere beneath the Slave craton (Pearson et al., 1999;

Griffin et al., 1999a; Kopylova and Russell, 2000), as discussed further in chapter 9.

1.3 AIMS OF THIS STUDY

The aims of this study are :

1) To characterise the mantle xenoliths from three kimberlites in the Lac de Gras region, Canada in
terms of petrography, major and trace element content.

2) To determine the xenolith geotherm for the Lac de Gras region using both major element and trace
element geothermobarometers, and furthermore, to compare the results of both methods.

3) To use petrographic and geochemical signatures of xenoliths to suggest processes having affected

the mantle beneath the Lac de Gras region of the Northwest territories, Canada.

i



Geological Setting

2. GEOLOGICAL SETTING

2.1 OVERVIEW

Physiographic Setting

The xenoliths in this study are derived from three kimberlites located within the Northwest Territories
(NWT), von'e o”f“the thlrteen poiit‘icval provmces4 of Canada (ﬁ-gure 21) The .-Noijth\i;ést Tér?i%éfiés isa
large province (1 171 918 km?2) that straddles the Arctic circle, and can be divided into two broad
geographical regions. Th(_e north has Arctic and sub-Arctic winters and is characterized by tundra, a
rocky expanse where the cold climate has stunted vegetation growth. The south is more temperate with
mild summers and cold winters. Much of the land is low lying with numerous lakes, the land having

been sculptured by past glaciations (Doyle et al., 1999).

Figure 2.1 Geographical

Location of study samples
(modified from Kjarsgaard et al., 1999)

Dot - Sample locality
Outline - The Northwest
Territories (NWT)

Broad Geological Domains within Canada

About two-fifths of Canada is composed.of exposed Archean crust (figure 2.2). G.M. Stott (1997)
noted that “almost a quarter of all exposed Archean crust in the world lies in the Superior province of
“North America”. The Superior province is the largest of the Archean provinces in Canada, and forms
the core of the Canadian shield- which consists of a number of smaller cratonic nuclei, namely: the

Hearne, Rea and Slave Province (Stott, 1997).

These Archean nuclei are cemented together by Proterozoic orogenfc belts. The easterly Proterozoic
orogenic belt is itself bound to the east by a Paleozoic orogenic belt, as shown in figure 2.2 (Carlson et
al., 1999). Paleozoic rocks are also found in the center of the Canadian Shield adjacent to Hudson Bay.
The western margin of the Canadian Shield is not well defined as Phanerozoic rocks cover much of the

western portion of Canada. These Phanerozoic rocks are in turn bound to the west by a Mezozoic

~ orogenic belt.
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Figure 2.2 Broad geological domains within Canada and known kimberlite provinces. The Slave craton
is one of the smaller cratonic nuclei that compose the Canadian Shield (Carlson et al., 1999; modified

from Kjarsgaard, 1996).

Geological provinces of the Slave Craton

The Slave craton may be divided into three main doméins, namely: the Anton terrane, the Hackett
River terrane and the Contwoyto terrane, figure 2.3 (Carlson et al., 1999). It consists predominantly of
granites, migmatite gneisseé and metasedimentary schists in a granite-turbidite-greenstone terrane (2.7-
2.6 Ga) with inliers of older gneiss-granite (4.0-2.8 Ga) (review by King and Helmstaedt, 1997). The
Anton terrane, believed to be the oldest terrane, consists of migmatites, quartzo-feldspathic gneisses
and deformed granites, and is bound to the east by a thrust belt. The easterly portion of the craton may
‘be divided into the ndrthern Hackett River terrane, and the central Contwoyto terrane (Griffin et al.,
1999a). The Hackett River terrane is composed of volcanic rocks and their associated subvolcanic
plutons. It is bounded to the east by the back-arc sediments of the Beechy Lake domain (Kusky, 1989;

King et al., 1992). The Contwyoto terrane consists of turbidites with Fe-formations and tectonic slivers

of mafic volcanics (Kusky, 1991).

The Slave craton is bound to the south by the MacDonald fault, juxtaposing Proterozoic rocks of the
Churchill province with the Archean rocks of'the Slave craton (figure 2.3). It is bound to the north by
the sea, and to both the east and west by Proterozoic belts. To the east it is bound by the Thelon orogen

and to the west by the Wopmay orogenic belt (Grifﬁn et al., 1999a).
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Many authors propose a plate-tectonic model for the formation of the Slave Craton in which the
| younger, eastern portion of late Archean island arc complexes (magmatic arcs and accretionary prisms)
accreted onto the older, Anton terrane (review by King and Helmstaedt, 1997, and references therein).
Thrust sheets of oceanic affinity to the east of the Anton terrane (Kusky, 1991), and the complex
structures lin the mantle‘ben_eath the Northwest Territories as revealed by geophysical investigations
-such as the LITHOPROBE projrect would support such a theory. Several eastward-dipping imbricated
reflectors reaching depths of 100 km (figure 2.4) within the LITHOPROBE SNORKLE Corridor 1

" profile (Clowes, 1997 in Hélmstaedt and Harrap, 1999) Would fufher Suggest tectonic underplating of

~ the lithosphere and westward accretion of continental fragments onto the Anton terrane (Helmstaedt

and Harrap, 1999).

Figure 2.3. The Slaﬂle craton may be divided into three dominant terranes, namely the Anton terrane,
the Hackett River terrane and the Contwoyto terrane. Dashed lines define approximate boundaries for
these terranes (Carlson et al., 1999). The Misery kimberlite forms part of the operational Ekati Mine

located in the Lac de Gras region in the central portion of the craton.
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Figure 2.4 An interpretation of the seismic profile of the LITHOPROBE SNORKLE Corridor 1
(Clowes, 1997 in Helmstaedt and Harrap, 1999). Numerous eastward dipping reflectors can be seen,
some are evident to depths of >100 km. These features suggest a tectonic nucleation of the Slave

craton.

Dyke swarms

Numerous diabase dykes intrude the rocks of the Slave craton. The Lac de Gras, Mackenzie and
Contwyoto dyke swarms are of interest due to the position of the Misery kimberlite in relation to these
dykes (figure 2.5). The Contwyoto dyke swarm trends at 045°, and the individual dykes are between
20-40m wide (Kjarsgaard and Wyll.ie, 1993). These dykes were emplaced around 2.03 Ga (U-Pb
baddeleyite ages, LeCheminant and O’ Breemen, pers comm. in Kjarsgaard and Wyliie, 1993). The
individual dykes of the Lac de Gras dyke swarm are between 35-60m wide, and generally trend along a
bearing of 010° (Kjarsgaard et al., 1994). They were emplaced at 2.03-2.02 Ga (LeCheminant et al.,
1995). According to field relations, they are younger than the Contwoyto dyke swarm.  The
Mackenzie diabase dykes trend 330°-340°, and individually may be up to 100m wide. Field relations
reveal that they are younger than the Lac de Gras and Contwyoto dykes (Kjarsgaard and Wyllie, 1993).
These dykes have been dated to be 1.72 Ga (LeCheminant and Heaman, 1989) and extend over 2300

km (Griffin et al., 1999a).

A northerly source for both the Lac de Gras and Mackenzie dyke swarm has been suggested. The

source for the north-to-south divergent Lac de Gras dyke swarm is suggested to be below the Kiohogok
Basin in the north (figure 2.3), (Griffin e.t al., 1999a). A plume head with a focus west of Victoria
Island has been suggested to explain the radiating pattern of the Mackenzie dykes (Fahrig, 1987). This
would be in agreement with the fact that the Mackenzie dykes are intruded vertically in the northern

part of the craton, whereas in the south they appéar to have been injected horizontally (Ernst and
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Baragar, 1992). The plume activity in the north associated with these dyke swarms may have
.destroyed portions of the mantle root beneath the northern portion of the Slave craton. The horizontal
injection of the magma thro_u'gh the crust in the southerly portion of the Slave craton would not have
affected the mantle root to fhe_same degree, thereby preserving the diamonds in the southern portion of

the mantle root (Helmstaedt and Gurney, 1995).

...2.2. RECENT KIVBERLITE DISCOVERIES

Since fhe discovery .of the Point Lake kimberlite in 1991 (Carlson et al., 1999), exploration activities
within Canada have greatly increased. - Numerous kimberlitic provinces have now been identified
(figure 2.2), many of which are 'diam%nd bearing e.g. in the Lac de Gras region (NWT), Saskatehewan,

Ontario, Quebec, and those in the Buffalo Hills province.

On 14 October 1998 the Ekati Diamond mine operated by BHP Diamonds Inc. came into operation
(Kjarsgaard et al., 1999). This mining project is’;a Jjoint venture between BHP Diamonds Inc., and Dia
Met Minerals 1td. (Carlson et al., 1999). Diainet has since been bought out by BHP Diamonds Inc.
Presently this mine recovers diamonds from two of the kimberlites from the Lac de Gras province,
namely the Panda and Misery kimberlites. A further six kimberlites form part of the proposed mining

plan, namely the Koala, Fox, Pigeon, Beartooth, Sable and Koala North kimberlites (Dia Met Annual

Report, 1999-2000).

Now more than 200 kimberlite pipes have been found in the Slave Province alone, the majority of
which are concentrated in the central portion of the craton (Carlson et al., 1999). Few pipes exceed 20
hectares in size (Carlson et al.', 1999). Rb-Sr dating of selected kimberlites, and pollen and spore
studies from kimberlite-derived mudstone suggest that there is more than one phase of kimberlite
emplacement in the Slave craton (Northern Miner, 1993). Emplacement ages of kimberlites in the
Central Slave craton range from 47 to 84 Ma based on Rb-Sr phlogopite and U-Pb perovskite
respectively (Davis and Kjarsgaard, 1997; Carlson et'al. 1999). The emplacement ages of those
kimberlites in the northern portion of the craton are 172 Ma, whereas those in the southern portion are
older, 539 Ma (Carlson et al. 1999). South-eastern kimberlites are dominated by hypabyssal facies
kimberlite, whereas those in the north -by tuffisitic kimberlite breccia and hypabyssal kimberlite.
Kimberlites in the central, Lac de Gras regioﬁ have a basaltic kimberlite affinity and are generally

volcanoclastic in nature (Carlson et al., 1999).-
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» 2.3 HOST KIMBERLITE PIPES

Geologlcal settmg

The three kimberlite localities in thi's‘sutudy lie within a 40 km radius of one another within the Lac de
Gras region near the g_eographicvcentér of the Slave craton. The Pigeon kimberlite is the most northerly
locality, the Arnie kimberlite lies about 20km east-south-east of the-Pigeon kimberlite, with the Misery
kimberlite béing thé most southerly locality (ﬁguré 2.5).

" The Arme klmberllte ‘intrudes metagreywackes I‘conélstlng of massive psammltlc beds an& gr:;déd
psammite- pehte sequences (Kjarsgaard and Wyllie, 1993). The Pigeon kimberlite intrudes a
hornblende-biotite tonalite body (Kjarsgaard et al., 1994), whereas the Misery kimberlite intrudes an
area of structural weakness within a two-mica ‘granite body. The Misery klmberllte lies on one of the
Contwoyto dyke swarm lineaments, about 2 km away from a three-way 1ntersect10n_between dykes of

the Contwyoto, Lac de Gras and Mackenzie dyke swarms (figure 2.5).

Diamond-bearing capacity 5
All three ‘k'imbe‘rlites in this study are diamdnd-bearing (J.J. Gurney, pers. comm. 2000). Both the
Pigeon and‘Misery kimberlites form part of the Ekati diamond mine plan, and will be mined by open
cast methods. Diamonds from the Misery klmberllte are presently being mined, whereas those from

Pigeon form part of the future mining plan (Dia Met Annual Report 1999-2000).

The Pigeon kimberlite consists of both a crater and a hypabyssal facies (Dia Met Annual Report, 1998-
1999). The diamond grade and valuation results for the “1998 Summer RC Drilling program” reveal
the diamond grade and quality are better for the crater facies than the hypabyssal faéies. The average
diamond grade for the crater facies sample was 0.5] carats/tonne at $71 per célrat, whereas that for the
hypabyssal facies is lower at 0.39 ct/tonne, and $39/ct (Dia Met Annual Report, 1998-1999). The 1996
feasibility study on the Misery kunberhte revealed an average grade of 4.26 ct/tonne at $26/ct (Dia Met

Annual Report, 1997-1998).
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Figure 2.5 The relative positions of the three kimberlite localities from which the xenoliths in this
study were obtained. The kimberlites are located in the central portion of the Slave craton in the Lac de
Gras region (figure 2.3). The position the Pigeon and Arnie kimberlites are shown in relation to the
Misery kimberlite (direction and distance from the Misery kimberlite indicated by arrow). The Misery

kimberlite is located in close proximity to the intersection of three dyke swarms.
Geological map: Kjarsgaard and Wyllie (1993)
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3. SAMPLE PREPARATION AND ANALYSIS

3.1 SAMPLE SELECTION AND P:R‘EPARATION

Small fr'agments of over 1925 mantle -xeﬁoliths from the three kimberlite pipes Arnie, Misery and

Pigeon were collected by BHP and Mineral Services personhel, and made available for study at the

" University 6f Cape Town (UCT). The"samples Wer rétriéved aftef preliminaty Crishifi diting an"

exploration program, and are therefore all less than 1.5 cm in longest dimension. On close inspection,
the majority of the samplés were monomineralic (1360), 320 were bi-mineralic, and about 245

contained three phases or more.

Peridotitic and pyroxenitic xenolith fragments that contained two or more mineral phases were
selectively mounted in epoxy for further study. Eclogitic fragments were explicitly not selected for
study by prior arrangement with BHP, who have allocated a study of the eclogitic population from the "

kimberlites in the Lac de Gras region to an independent researcher.

Thirty—sevén samples from the Arnie kimberlite, forty-three samples from the Pigeon kimberlite and

fifty-five samples from the Misery kimberlite were selected and mounted in ‘epoxy anvd polished for

further study. From this subgroup, samples that contained garnet and c’linopyroXene, and garnet-
orthopyroxene-olivine mineral assemblages were preferentially chosen for analysis. This sample
selection allows for: ‘

a) fhe examination of the peridotitic and pyroxenitic component of the mantle beneath the Lac de Gras
region of the NWT, using both major and trace elements. Garnet and clinopyroxene are the two
main repositories for trace elements, And are therefore of interest in trace element studies. |

b) the calculation of a xenolith geotherm for the area. Samples with garnet-orthopyroxene-olivine

mineral assemblages are particularly useful for such geothermobarometric calculations.

It was noted that the samples from Misery exhibited some exsolution featﬁres, not common in the
xenoliths from the Pigeon and Arnie kimberlites. For this reason, thin sections were made of five of

the Misery epoxy disks. These five epoxy disks were re-polished for laser ablation ICP-MS trace

element analysis.
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3.2 ANALYTICAL TECHNIQUES -

Major element analysis

Equipment Utilised o

The major element analyses were undertaken on the wavelength dispersive Cameca/Camebax electron
microprobe in the Department of Geological Sciences at the University of Cape Town (UCT) ‘As the
samples are non- conductlve they needed to be coated w1th a thm (~25nm) layer of carbon to ensure the
Aﬂow of electrons off the sample tonearth thereby preventrng an electron charge burld up on’ the sample
The samples were coated with a ‘peacock-blue’-thin layer of carbon using a Cressington carbon coater

located in the bepartment of Geological Sciences, UCT.

Method and Operating Conditions

An electron beam was accelerated to a set voltage (15kV) and focused onto the sample, striking it at
90°. The atoms of the sample under the beam become excited, generating characteristic x-rays. The
»ihtensity of these x—rays are measured using- four wavelength dispersive spectrorneters. Corrections for
matrix effects were made by the P.A.P. computer software. Count data are then quantified by

comparing the counts with data from known standards.

Navigation using the high magnification probe ocular was difficult as transmitted light could not be
used with samples mounted in epoxy. Navigation of samples mounted in epoxy was therefore
undertaken using sound pitch and intensity related to the abundance of SiO_j and AlpO3 in the mineral

under the electron beam.

A minimum of two or three analyses with totals within the range 98.5 to 101.0 weight % (wt%) were
obtained per mineral analysed. To test homogeneity, both rim and core analyses were obtained,
- particularly for the garnet grains. Analyses of homogeneous minerals were averaged. When
differences between analyses were noted, more arralyses were obtained to verify if the difference was
due to analytical error, alteration or if the variability was systematic and had a spatial relation. In most
cases, the anomalous analyses could be discounted due to variable operating conditions or due to
analysis of an altered region within the mineral. Where variations appeared to be natural (e.g. garnet in
ARNO026), they appeared to be random, showing no systematic variation with distance from grain

boundary to core.
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Table 3.1 A summary of the operating conditions.

Accelerating Potential 15 kV

~ Beam Current 40nA -
Beam Size - 1-2pm
Analysing Crystals 1) TLAP - Mg, Na
2) TLAP. Si, Al
3) LIF Fe, Mn, Ni
~ 4)PET Ca, Ti, Cr
Peak Count Times - Orthopyroxene - Al»O3 40 seconds
-+ -~ . -~~~ Orthopyroxene - NapO ~ 60 seconds

All other oxides 10 seconds
Lower Limit of Detection
The lower limit of detection is defined by the relationship: LLD = (6/m)*(R/T)172

where: R=Rp+Rp- (and RpB .Rp-are Background and Peak counts per second respectively)
T=Tg+Tp (and T ,Tp are Background and Peak counting times respectively)
m = (Rp-Rp)/concentration (in wt%)

Table 3.2 Lower limits of detection (in wt%) for the various oxides based on counting statistics *.

{ Oxide ' Olivine. _Pyroxene Garnet Mica ~ Chromite
SiO, [ 0.04 0.04 0.04 0.04 ~0.04
TiO, 0.04 0.04 - 0.04 0.04 0.05
ALO, 0.03 0.01 005 0.05 0.04
Cr,0, 0.04 0.04 ©0.06 0.04 0.05
FeO 0.08 - 0.08 008 0.08 0.08
MnO 0.06 006 0.09 0.05 0.07
MgO 0.04 0.04 0.04 0.04 0.04

| Ca0 0.03 0.05 0.09 . 0.03 0.02
Na,0 - 0.01 0.01 0.03 -

| K,0 - - - 0.03 -
NiO 0.10 . - - -
Standard Deviation

26 (in wt%) defines the error in concentration according to the following formula:
26 =2 * concentration (wt%) * (Rg/TR + Rp/Tp)}/2 / (Rp - Rp): (abbreviations as above)

Table 3.3 Standard deviation (wt%) for the various oxides based on counting statistics *.

Oxide Olivine Pyroxene Garnet Mica Chromite
Si0, 0.28 028 0.27 0.28 ~0.04
TiO, | 0.04 004 0.04 0.10 0.34
Al,0, 0.03 0.02 019 0.14 0.04
'Cr,0, 0.05 0.08 0.09 ' 0.05 0.08
| FeO 0.35 0.21 0.31 - 0.20 0.46
MnO 0.06 0.07 0.12 j 0.06 0.09
MgO 0.25 0.14 0.15 0.16 0.16
CaO 0.06 0.18 0.12 0.02 0.03
Na,O - 0.01 0.02 003 -
K,O - - 003 0.13 -
NiO 0.08 - - - -

* Lower limits of detection and standard deviations adapted (Baurh-gartner, 1994).
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Trace element analysis

- Equipment Utilised

The precisvion, low detection limits and the fact that a large number of elements can be measured
simultaneously by ICP-MS techniques makes the analysis of trace elements by this technique fast and
efficient. There are several advantages to using laser ablaﬁon ICP-MS (LA-ICP-MS) techniques rather
than soiutioq ICP-MS techniques: mineral compositions may be obtainedwfrom individual minerals;
fresh, unaltered gfains may be selected for analysis; and within-grain compositional variation m‘ay be

* studied.

Trace element compositions for individual minerals were obtained using the Perkin Elmer Elan 6000
Inductively Coupled Plasma-Mass S;Sectrometer (ICP-MS), coupled to a CETAC LSX-200 UV Laser.
This equipment is housed in the Department of ‘Geologicai Sciences, UCT. After major element
analysis by the electron microprobe, the carbon coating on the sarhples needed to be removed. No

further sample preparation was necessar)'; before analysis by LA-ICP-MS.

Method and Operatiﬁg Conditions

Solid samples were ablated using a pulsed.laser.- The very fine ablated solid particles are introduced to
an Argonbplasma by a stream of argon gas. This Ar plasma, which reaches temperatures between 6000
and SOOOK at atmospheric pressure and is an efficient source of‘positively charged analyte ions ionises
the sample particles. The ions are then taken into an area of high vacuum where theylare focused by an
. ion lens system and separated by mass/cha'rge ratios by a quadruple mass s_p'ectrometer. They are then
detected and measured by a detector (commonly an electron multiplier). The operating conditions used

are detailed in table 3.4 below.

Table 3.4 Operating conditions for the LA-ICP-MS

‘Laser power 5.0 mJ per pulse
Pulse repetition rate 4Hz :
Diameter of laser beam Spot 4: +/- 100 pm

Spot 5: +/- 200 pm

Analytical calibration is achieved by external standardisati-on usihg natural and artificial reference
materials. A re-standardisation was u11dertaken every hour. Two standards were used during the
analysis of the samples, namely NIST610 and NISTéli (Perkins et al., 1997). NIST610 and NIST612
are artificial silicate giasses produced by the United States National Institute of Standard Technology.
To ensure the standardisation was correct, and that operating conditions were comparable between

analytical runs on different days, two reference standards were used. MON-32 and MON-34 were used
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- as the reference standard for gamet and JJG1424 for pyrouene. These analyses are included in

Appendix 3.

A single analysis consisted of three replicates of a hundred readings each. The time for one analysis
was typically two minutes. A minimum of three analyses were obtained per mineral in any particular
sample. To account for instrumental drift and different ablation characteristics between the standard
and the sample,. an internal standardisation is requlred Ca and Sl abundances obtained by e]ectron
mlcroprobe analysls are often used for th1s purpOSe Si was used in preference to Ca in this study as the
very low CaO contents (1 4 wt%) in many of the harzburgltes analysed ‘made normalisation by Ca

unsuitable. Analyses from homogeneous minerals were averaged if found to be within error of each

other.

Lower Limit of Detection
The lower limit of detection (LLD) was calculated using the relationship:
LLD =6/m * Std deviation on background' - »
Where m= (Peak counts per second - Background coztnts per second) / concentration (in ppm)
‘and Std deviation was the standard deviation computed on 3 consecutive “blank” analyses

(analysis of pure Argon gas). Each analysis consisted of three replicates of a hundred readings

~ each.

A summary of the results are detailed in table 3.5 below. The laser spot size 5 is larger (+/- 200 pm)
than that of spot 4 (+/- 100 um), the lower limit of detection of spot size 5 is therefore lower than that
for spot size 4 (table 3.5). Spot size 5 was used where possible, but due to the small size of the
Samples, and the fractured nature of many of the mineral grains, spot size 4 was used more regularly

than spot size 5.

. Possible Sources of Error
During the ablation process there is a danger that the mineral grain is breached, in which case the laser
continues to ablate an underlying mineral. Care was taken to avoid this complication by choosing fresh
grains that had considerable depth. A real-time graphical representation of the isotope intensities
during the ana]y51s was examined in order to note large variations in Si, Ca, Sr and Ba. Any sudden
changes in Si and Ca concentration would indicate that the laser had started ablating a second mmeral
Concentrations of Sr and Ba were momtored as large peaks (orders of magnitude difference) infer
alteration and/or fluid interaction along microscopic fractures in a grain have taken place. Analyses
with high Sr and Ba peaks were discarded as only the primary trace element content of minerals were

sought.
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Table 3.5 Lower limits of detection (LLD) for the trace elements anélysed based on counting statistics.

LLD - Spot size 5
Element LLD (ppm)

LLD - Spot size 4
Element LLD (ppm)
Sc 3.77
Ti 25.62
\Y 32.07
Co 1.81
Ni . 3.29
Rb 0.74 .
v esSro . 0.37
Y 0.71
Zr - 0.21
Nb 0.22
Ba 1.61
La 043 *
Ce 0.13
. Nd 0.21
Sm 0.26
Eu 0.54
Gd 0.41
Dy 0.50
Er 0.47
Yb 0.26
Hf 0.47
Ta 0.05 -
Th 0.29
U 0.17

- Nd

Sc
Ti
\Y
Co
Ni

Rb
4 e Sr

Y

Zr
Nb
Ba
La
Ce

St
Eu

.Gd

Dy
Er

Yb

Hf
Ta
Th
U

0,031 |
- 0.064

0.33
1.8
2.7

0.16

0.87

0.055

0.020
0.022
0.14
0.044
0.012
0.021
0.027
0.051 ,
0.048 -
0.056
0.054
0.029
0.052
0.005
0.029
0.013
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4. PETROGRAPHY

4 .1 ‘|:NTRO!DUCTION

Petrographlc investigations form the ba51s of any xenolith study. Mineral associations within xenoliths,
and textural features are first order observatlons that allow one to define dlfferent rock types and the
state of equ111br1um of the mantle sampled by a imbetlite. Secondary mmeral growth, ahd: alteration-
products allow one to infer processes occurring w1th1n the mantle and upon emplacement. These may'
include: interaction with metasomatic fluids within the mantle, and kimberlitic fluids during

entrainment, and alteration by deuteric fluids in the secondary environment.

The eighty-five xenoliths in this study have been divided into three rock types, hamely harzburgites,
therzolites anci pyroxenites. The small sample size (0.5-1.5 cm) in eomparison to the large grain size
" '(O.'OS-I cm) of the xenoliths places limitations on petrographic ariaijsis. vRock. types were therefore
defined both on the mineral associations withi; the xenolith, and on petrographic and geochemical

similarities to samples that displayed a fuller mineral compliment.

A textural study of the samples was undertaken to determine the state of equilibrium of the xenoliths.
Mineral equilibratien is a necessity for geothermobarometric calculations, samples with evidence of
exsolution or recrystallization are not suitable for geothermobarometric calculations.  These
disequilibrium features are transient, and have important implications for the interpretation of dynamic

processes occurring within the mantle.

This petrographic study reveals minor mineralogical and textural differences between the xenoliths
from the three différent kimberlite localities. This has ‘implications for small scale mantle

heterogeneity beneath the Slave province, as will be discussed toward the end of this chapter.

4.2 MANTLE XENOLITH CLASSIFICATION SCHEMES

Xenolith Nomenclature

Based on primary mineral associations, mafic and ultramafic Xeno‘l_iths may be divided into four broad
categories, namely peridotites, pyrexenites, eclogites and m’egacfysts. Peridotites are olivine (ol)
bearing, and may contain orthopyroxene and/or clinopyroxene, whereas pyroxenites are orthopyroxene

(opxj and/or clinopyroxene (cpx) bearing rocks that'may contain olivine. Eclogites are rocks
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consisting of pyrope-almandine garnet and omphacitic clinopyroxene, with accessory minerals such as
_kyanite, ilmenite, rutile, sulphides, amphibole and or the rare occasion, diamond (Carswell, 1990).
- Megacrysts are- larger than 2 cm in longest dimension. They are commonly monomineralic, but may

form coarse intergrowths (Gurney et al., 1979).

Only the TUGS nomenclature for peridotitic and pyroxenitic xenoliths will be discussed further as
neither. eclogites nor megacrysts were included in this project. According to the IUGS classification
scheme (Streckelsen 1980), per1dot1tes are ultramafic rocks con51stmg predomlnantly of olivine
(>40%) and may contam the ferromagnesran‘ mmerals orthopyroxene cl1nopyroxene or gamet
Peridotitic xenollths may further be subdivided according to the modal percentage the minerals olivine,
orthopyroxene and cl1nopyroxene present Dunite refers to xenoliths with >90% olivine, harzburgites
contain <5% clinopyroxene and wehrlltes contain <5% orthopyroxene as .shown in figure 4.1.
Lherzolites are those peridotitic xenoliths that contain >40% olivine, >5% clinopyroxene and >5%
orthopyroxene Pyroxenites are olivine-poor ultramafic xenoliths (<40% olivine). Pyroxenites may
also be subdivided accordmg to the modal percentage of the minerals present. Orthopyroxenites
contain >90% orthopyroxene likewise, clmopyroxenltes contain >90% cllnopyroxene Websterites

consist predominantly of clinopyroxene or orthopyroxene, with less than 5% olivine. Those xenoliths

with >5% olivine are qualified by the term “olivine-pyroxenite” depending on the dominant pyroxene,

as shown in figure 4.1.

Notably, the Al-phase is not included in the ITUGS classification scheme. The Al-phase varies with
depth from plagioclase (0 to ~40 km depth) to spinel (~30-75 km depth) to garnet (below ~100 km),
depths derived from White (1997) and Boyd et al. (1999). .

OLIVINE

Dunite
90

Harzburgite Wehrlite

Peridotite

Lherzolite

- Olivine
Clinopyroxenite

QOlivine v
Orthopyroxenite Olivine Websterite
' Pyroxenite

90 90

CLINOPYROXENE

90 R\Websterite

ORTHOPYROXENE . /
Orthopyroxenite’ Clinopyroxenite

Figure 4.1 Xenolith nomenclature according to the IUGS classification scheme (Streckeisen, 1980)
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Xenohth nomenclature of kimberlite-derived mantle xenoliths does not strictly follow the TUGS
classification scheme as described above. Harzburgltes are regarded as those xenoliths that contain no
clinopyroxene . (Dawson, 1981), and those xenoliths containing even one grain of clinopyroxene are

termed lherzolites. This convention has been adopted by this study.

The small size (<1.5 cm) of the samples in this study relative to the large grain size (0.05-0.5 cm)
placed limits on the petrographic analysis. Hence a further simplification of the IUGS classification

~ was applied. The clmopyroxene beanng fragments that contained olivine were termed lherzolites,

whereas those that were olxvxne free were termed pyroxenltlc " This contrasts with the TUGS™

classification ‘which terms xenoliths with <40% olivine as pyroxenitic. ~Using this simplified

classification scheme the xenoliths could be divided into two main suites as shown in figure 4.2.

Olivine Bearing Olivine Free

" Clinopyroxene free Clinopyroxene bearing | | Orthonyroxene >10% Orthopyroxene <10%

Harzburgite Lherzolite Websterite Clinopyroxenite

Peridotite Suite Pyroxenite Suite

Figure 4.2 Classification of the samples into two main petrographic suites (full explanation in text).

Even application of this scheme was difficult as a number of the xenolith fragments consist of portions
of only two grains (e.g. ARN023 and ARN024). Being only fragments of a larger rock, classification
purely based on the modal mineralogy"i‘s likely to be inconsistent with the whole rock rnineral
assemblage for these xenolith fragments. The xenolith fragments within this study were therefore
placed into two petrographic groups using a combination of the following criteria: mineral assemblage,

.garnet colour and CaO and CryO3 content in garnet.

The method employed was as follows: The principle diagnosis of a sample’s petrographic suite was
based on mineral assemblage. But in particularly coarse-grained samples, where it is apparent that the
entire mineral assémb]age is not present, garnet colour was used to Ihelp distinguish the xenoliths into
petrographic suites. Past studi‘es have shown that garnet colour and chemistry (particularly CaO and
Crp0O3 content in garnet) are related to -different parageneses (Sobolev et al., 1973; Dawson and
Stephens, 1975). Most xenolith fragments with three or more phases could be distinguished using these
methods. The CaO and CrpO3 content in garnet (Gurney, 1984) was used to verify the classification
based on garnet colour, and help classify the bimodal xenolith fragments into the different petrographic

suites.
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Textural Classification

Boyd and Nixon (1972) described two ‘fhain types of textufes in the kimberlite hosted peridotites
namely, little deformed (granular) perldotltes and strongly deformed (sheared) peridotites. All the

peridotite xenoliths in this study are of the granular variety.

Various textural cléssiﬁcations have been proposed (e.g. Mercier and Nicolas, 1975; Basu, 1977) and a

correlation between texture and composmon has been observed in spmel lherzolites, for example

‘Fran01s (1978). A standardised-textural cla551ﬁcat10n schiemie-for-peridotitic xenoliths was‘proposed by -

H_arte (1977), in collaboration with numerous scientists. The classification is based on the textural

features of the-olivine within the sample, as shown in table 4.1.

The samples in this study are difficult to classify using the classiﬁcation scheme by Harte (1977) for

the following reasons:

e The xenoliths are all small (<1.5cm), and may not be representatlve of the overall textural pattern of
the larger rock body. ' ‘

e Many xenoliths lack olivine entirely.

e Many xenoliths that contained olivine did not contain it in significant amounts. Many of the

xenoliths consist of >80% garnet, allowance for which does not feature in the classification scheme

by Harte (1977).

This study has therefore used the classification scheme by Harte (1977) where possible, with the
addition of the term “poikilitic” to describe an unusual texture noted in many of the xenoliths.
Xenoliths with a poikilitic texture have one minerai grain that completely encloses smaller grains of
other minerals. Whereas garnét is the most common host phase, vlarge clinopyroxene, orthopyroxene
and olivine grains can completely enclose smaller grains of other minerals, as shown in figure 4.3. The
“mineral inclusions are generally sub-rounded and of a similar size to each other. Samples such as
MIS426 and PGN329 reveal that the poikilitic texture may not be a texture representative of a whole
rock, but rather a localised texture within coarser grained rocks (figure 4.4). In sample MIS426,
rounded inclusions of olivine, orthopyroxene, clinopyroxene and chromlte are enclosed by a single
garnet grain surrounded by a kelyphite rim, whereas larger gramed clinopyroxene and altered olivine
occur outside the kelyphite rim. Likewise, half of sample PGN329 may beconsidered poikilitic,
whereas the other half is coarse grained (figure 4.4). On closer inspection one notices that the small,
rounded garnet in the poikilitic portion is joined to a larger‘ grain beneath the epoxy surface. This

shows one of the advantages of mounting xenoliths in epoxy in preference to thin section.
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Table 4.1 Adapted textural classification scheme

Textural
nomenclature

Classification‘according to Harte
1977)

Adaptation of »
classification to this study

| Coarse

A rock lacking ‘porphyroclasts and which
is predominantly formed by mineral
grains greater than 2mm in average

dimension.

As for Harte, 1977.

Porphyroclastic

| (Porphyroclast

| A rock containing porphyrociasts and in
| whlch the propomon of ohvme occurrmg

SR e P e

as porphyroclasts to that in the ﬂner‘

grained matrix is greater than 10%.
- A relatively large,
strained mineral grain surrounded by
markedly smaller mineral grains.)

As for Harte, 1977. Although 100%

certainty of strain_in_ the larger |

olivine grams cannot be assured
without the aid of thin section
the
recrystallized olivine has been used |

microscopy, presence of

to determine samples of this textural

type.

Mosaic
| Porphyroclastic

A rock containing porphyroclasts, and in
which 90% of the olivine occurs in small

grains with a mosaic texture..

No samples in this study have this

texture.

Granuloblastic

| A rock without, -or with very few (<5%)

porphyroclésts, and in which the grains of
each mineral show a small size range and

1 a granuloblastic texture. The average

grain size of this texture is less than 2

mm.

As for Harte, 1977,

Poikilitic

Not in Harte 1977 scheme

One mineral completely encloses |

smaller grains of other minerals (also | -

noted by Nielson etal., 1977).

Figure 4.3 Various poikilitic textures noted in this study: (figure on following page)

- a) Poikilitic-garnet texture - Garnet encloses orthopyroxene and chromite grains.

Chromite needles

exsolving from the orthopyroxene and chromite grains on the perimeter of the orthopyroxene grains
indicates a change environment and the state of equilibrium of the minerals. '
b) Poikilitic-orthopyroxene texture - Garnet grains within orthopyroxene host. -
. ¢) Poikilitic-olivine - Clinopyroxene grains within poikilitic olivine host.
d) Poikilitic clinopyroxene texture - Garnet and olivine grains within clinopyroxene host.
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*a) Sample ARNO19

b) Sample PGN308

Scale bar: 5 mm. Plane-polarised light.

Scale bar: 7 mm. Plane-polarised light
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Scale bar: 6 mm. Plane-polarised light.

Figure 4.3 Various poikilitic textures noted in this study: (caption on previdus page)
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a) Sample PGN329 b} Sample MIS426
Scale bar 7 mm. Plane-polarised hght : Scale bar: 4 mm. Plane-polarxsed llght

50 P LS

Figure 4.4 It is likely that the poikilitic texture may a small textural feature within a large rock body.

a) A two dimensional section of PGN329 would exhibit two textural features: about half of the xenolith is coarse
grained, and on the surface the other portion appears to have a poikilitic texture. The smali garnets surrounded
by orthopyroxene resemble the orthopyroxene-hosted poikilitic texture of sample PGN308 (figure 4.3). On
closer inspection, and utilising the depth perspective provided by the epoxy mounts, one notes that the small
gamet grains are connected to larger grains in three dimensional space.

b) The large (>2 mm) olivine and clinopyroxene grains on the perimeter of MI1S426 mdlcate that the larger rock
mass may be coarse grained, and the poikilitic garnet is a small scale feature.

4.3 PETROGRAPHIC DESCRIPTIONS

Harzburgitic suite

Mineral assemblages _

The harzburgitic suite constitutes about two-thirds of the samples in this study, and all contain garnet.
The large number of garnet-harzburgites is due to physi'cal sample selection rather than a reflection of
the random mantle sampling that occurs during kimberlite emplacement. Xenoliths with garnet-
olivine-orthopyroxene mineral assemblages were preferentially selected for geothermobarometric
calculations, as described in chapter 3. Many of the harzburgites contain primary chromite, parti.cularly

those from the Arnie kimberlite pipe.” In some xenoliths the chromite occurs as anhedral grains within
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the: mmeral assemblage e.g. ARNO07 and ARNO02S. In other cases, the chromite is in close spatial
relatlon_to orthopyroxene, and appears to have exsolved from the adjacent orthopyroxene, e.g. ARN002
and MIS417. This process is-espec:rafl':]‘ye\;ident in _ARN019', where chromite grains are noted on the
rim of an orthopyroxene grain from which chromite needles wére in the process of exsolving (ﬁgure
4.3). Smal]er‘(<<0.5.mm), euhedral Cr-spinel grains are c.o'mm'on within the alteration rims of garnet
grains and regions of fluid interaction, e.g. ARNOO7. These are believed to be part of alteration
processes and are tfrerefore 'secondary in nature. The olivine' is cloudy in many of the harzburgitic
xenoliths.  The cloudy nature may be attrlbuted to secondary alteratlon processes as it is especrally

appare'nt in ‘xenoliths wrth a p01k111t1c texture n whrch the “host gamet is’ hlghly fractured (e g.

PGN341).

Textures noted within the Harzburgific suite

The samples in.the harzburgite suite exhibit three different textures, namely: granuloblastic (fine

grained), coarse equant and poikilitic. The poikilitic texture is the most common texture noted amongst-

the harzburgitic xenoliths (table 4.2).

Poikilitic textured xenoliths generally have large host crystals (5-10mm) enclosing small (0.5*0.5mm
to 1*Imm) grains of other minerals, commonly olivine and/or orthopyroxene (figure 4.3). The

inclusions are generally rounded to sub-rounded in shape. Very little alteration is noted between the

host grain and the enclosed ‘minerals. Garnet-hosted poikilitic textures, where large garnet grains

enclose smaller grains of olivine, pyroxene and/or chromite are more common than orthopyroxene-, or
olivine-hosted poikilitic textured xenoliths. The outer rim of dominantly garnet xenoliths, if preserved
after crushing, has a thick kelyphite rim (~1mm), e.g. ARNO08 and ARN025. The garnets in the garnet

hosted poikilitic textured xenoliths are usually fractured along one prominent direction.

Those xenoliths with a coarse equant texture (>2mm grain size) contain minerals characterised by both
curvi-linear grain boundarles with approx1mately 120° grain intersection (e.g. ARNO005), and straight
grain boundarles (e.g. PGN337, figure 4.4). Most of the garnets feature a orange- brown kelyphite rim,
and are fractured. The majority of the xenoliths are extremely fresh (e.g. ARNO00S), whereas others
have been highly altered (e.g. ARN027). ARN026 is a remarkably fresh xenolith that exhibits only a
few fractures and no kelyphite rim. The xenoliths with a granuloblastic texture (<2mm average grain
size) also have straight grain boundaries and 120° grain intersections indicating textural equilibrium.

Some xenoliths are fresh (e.g. ARN006), whereas others are extremely altered (e.g. ARN021).
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Table 4.2 Table of mineral assemblages and texture of the Harzburgite suite xenoliths.

Mineral

rar i R

Kimberlite | Sample Rock Type Texture Exsolution Features
Locality | Number ' Assemblage (host mineral)
|Arnie TARNO02 |Harzburgite (low-Ca)*  igt-opx-ol-spinel |Coarse equant
Arnie ARNO03 {Harzburgite (high-Ca)** igt-opx-ol-spinel iCoarse equant
Arnie ARNO004 {Harzburgite (high-Ca)  |gt-opx-0l Poikilitic (gt)
Arnie ARNOQS |Harzburgite (high-Ca)  |gt-opx-ol .jCoarse equant
Armnie ARNO006 [Harzburgite (high-Ca)  |gt-opx-ol-spinel |Granuloblastic
Armnie ARNO007 {Harzburgite (low-Ca) gt-opx-ol-spiniel  |Poikilitic (gt)
|Amie -~ - -|ARNO008 |Harzburgite (low-Ca) ~ |gt-opx-ol - |Poikilitic (gt)
Amie ARNO09 |Harzburgite (high-Ca)  |gt-opx-spinel Poikilitic (gt)
Atnie -+ |ARNOTO |Harzburgite (fow-Ca)  “igt-opx - =~ {Poikilitic’(gt)y> - = e v g
JArnie ARNO11 Harzburgite (low-Ca) gt-opx-ol-spine] |Granuloblastic
|Amie ARNO12 [Harzburgite (low-Ca) gt-opx-spinel Poikilitic (gt)
Amie ARNO13 [Harzburgite (high-Ca)  igt-opx-ol {Granuloblastic
Arnie ARNO14 [Harzburgite (high-Ca)  |gt-opx-ol Granuloblastic
Arnie ARNO17 {Harzburgite (low-Ca) gt-opx-ol-spinel  |Poikilitic (gt)
Amie ARNO18 |Harzburgite (high-Ca)  jgt-opx-ol Granuloblastic
{Amie ARNO19 [Harzburgite (low-Ca) gt-opx-spinel Poikilitic (gt) Spinel exsolution in opx
Arnie ARNO021 |Harzburgite (low-Ca) gt-opx-ol Granuloblastic
Amie ARNO022 {Harzburgite (high-Ca)  |gt-opx-ol Coarse equant
"JAmie ARNO025 {Harzburgite (low-Ca)" * |gt-opx-ol-spinel |Coarse equant
Arnie ARNO026 |Harzburgite (low-Ca) gt-opx-ol Coarse equant .
Arnie ARNO27 {Harzburgite (low-Ca) ‘ gt-opx-ol-spinel {Coarse equant
Arnie ARNO029 |Harzburgite (high-Ca)  ;gt-opx-ol Poikilitic (gt)
Misery MIS401 |Harzburgite (low-Ca) - |gt-opX Poikilitic (gt)
Misery MIS408 {Harzburgite (low-Ca) gt-opx-ol Coarse equant
Misery  |[MIS411 |Harzburgite (low-Ca) gt-opx-ol Poikilitic (gt)
Misery MIS412 |Harzburgite (high-Ca)  (gt-opx Poikilitic (gt)
- [Misery MIS413 |Harzburgite (high-Ca)  |gt-opx-ol Granuloblastic
Misery MIS417 |Harzburgite (high-Ca)  |gt-opx-ol-spinel  [Poikilitic (gt) Spinel exsolution in oyx
Misery MIS420 {Harzburgite (high-Ca) gt-opx Granuloblastic
Misery MIS430 [Harzburgite (high-Ca)  |gt-opx-ol Coarse equant
Misery MiS434 {Harzburgite (high-Ca)  |gt-opx-ol Coarse equant
[Misery MIS463 |Harzburgite (low-Ca) gt-opx-ol {Poikilitic (ol)
{Pigeon PGN301 |Harzburgite (low-Ca) gt-opx-ol Coarse equant
|Pigeon  |PGN303 [Harzburgite (low-Ca) . |gt-opx-ol Poikilitic (gt)
|Pigeon IPGN312 |Harzburgite (high-Ca)  |gt-opx-ol Coarse equant
Pigeon PGN313 |Harzburgite (high-Ca)  jgt-opx-ol Coarse equant
Pigeon PGN314 |Harzburgite (low-Ca) gt-opx-ol - Coarse equant
Pigeon PGN315 |Harzburgite (high-Ca)  ;gt-ol Poikilitic (gt)
Pigeon PGN317 Harzburgite (low-Ca) gt-opx-ol Poikilitic (gt)
|Pigeon PGN318 iHarzburgite (low-Ca) gt-opx Poikilitic (gt)
Pigeon PGN340 |Harzburgite (low-Ca) gt-opx-ol-spinel  |Coarse equant
|Pigeon PGN341 [Harzburgite (low-Ca) gt-opx-ol Poikilitic (gt)
{Pigeon PGN342 [Harzburgite (low-Ca) gt-ol Poikilitic (gt)
Pigeon PGN343 [Harzburgite (low-Ca) gt-opx-ol-spinel |Poikilitic (gt)

* low-Ca and high-Ca refers to the harzburgitic sub-groups defined by the CaO content in garnet

(Chapter 5)

o Gt = Garnet

¢ Cpx = Clinopyroxene
o Opx = Orthopyroxene

e Ol = Olivine
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a) Sample ARN0OS b) Sample PGN337
Scale bar: 7 mm. Plane-polarised light. Scale bar: 7 mm.

Plane-polarised light.

Fe

d) Sample PGN307
Scale bar: 7 mm. Plane-polarised light.

c) Sample ARNO006 :
Scale bar: 6 mm. Plane-polarised light.

Figure 4.5 Textures noted within the peridotitic xenoliths

a) Coarse equant - Curvy-linear grain boundaries with 120° grain intersections in coarse equant xenolith.

b) Coarse equant - Straight grain boundaries with 120° grain intersections in coarse equant xenolith.

c) Granuloblastic - Average grain size <2 mm in size. Textural equilibrium has been achieved.

d) Porphyroclastic - Olivine has been recrystallized, forming olivine porphyroclasts in matrix of smaller olivine
neoblasts. .
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"~ Lherzolite Suite

Mineral assemblages

The lherzblite suite_constifutes about a third of the sample population. Xenoliths that are not strictly
lherzolitic (i.e. lack one or more of the minerals olivine, orthopyroxene or clinopyroxene) have been
included in this suite due to petrographic (texture or mineral cdlour) and/or chemical similarity to

lherzolitic fragments. Only six xenoliths in this study do not contain garnet, namely ARN032,

ARN033 ARN034 ARNO3S, ARNO36 and ARN037 Four lherzo]mc xenollths contam prlmary Cr-

R T RN N L iR R ey ¢ e L Al e b N r X A

.splnel all of which come from the Mlsery klmberllte locallty (MIS409 MIS426 MIS431 MIS433)

One xenolith from the Pigeon kimberlite contains exsolved Cr-spinel (PGN333). The olivine i in many
of the'.]herzo]i'te xenoliths is c]o.'udy' due to secondary alteration processes (e.g. PGN310). Two
xenoliths contained phlogopite, oriée is garnet’—Bearing (PGN33-8),V the other is not (ARNO033). The
phlogopite in sample ARNO33 was noticed before sample preparation but was unfortunately removed
during sample preparation.

Textures ﬁoted in tize Lherzolite suite .

The lherzolitic xenoliths exhibit a ‘variety of textures, namely: coarse equant, poikilitic and
porphyroclastic. The coarse equant texture is the most dominant texture noted, followed by the
poikilitic texture. Those xenoliths with a coarse equant texture are texturally indistinct from those of
the harzburgite suite. S’pinel exsolution has occurred from the clinopyroxene grain in one of the coarse
equant samples, namely MIS431. The poikilitic texture is not as dominant in the lherzolite suite as in
the llarz-burgite suite. In contrast to the harzburgite suite, where garnet is iypically fhe host phase in
poikilitic textured xenoliths, within the lherzolite suite orthopyroxene and clinopyroxene are common
host phases in the lherzolite suite (e.g. PGN311 and PGN336). The orthopyroxene in the
orthopyroxene-hosted poikilitic textured xenoliths (PGN308, PGN309, PGN311) is honey yellow and

encloses red, sub-rounded gémets that are all less than 2 mm in size. Clinopyroxene grains are only

“enclosed by garnet in three poikilitic textured xenoliths, namely PGN323, PGN333 and MIS409.

PGN329 shows an intermediate texture between the poikilitic texture and the coarse equant texture

(figure 4.4).

Two samples (PGN306 and PGN316) have a porphyroclastic texture, in which a small portion of the
olivine has been recrystéllized. These may indeed be true porphyroclastic textured xenoliths, but as
the xenoliths are mounted in epoxy, one ce;nnot verify if the larger olivines are strained. The garnets in
these xenoliths are rounded, fractured and have a large kelyphite rims (0.5-1mm). Sample PGN324

also has a porphyroclastic-like appearance: the olivine shows a small amount of recrystallization, and
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the clinopyroxene and olivine .are small (0.5 mm) in comparisbn to the sub-rounded garnet grains (>2

A mm).

for Table'4.2;

"Table 4.3 Table of mineral assemblages and texture of the Lherzolite suite xenoliths. Abbreviations as

Kimberlite] Sample | Rock Type | Mineral Assemblage " Texture Other Exsolution Features
Locality | Number o (bost mineral) |
--|Amie - ARNO023 . iLherzolite igt-ol Poikilitic (ol)
Arnie ARNO024 Lherzolite igt-ol Poikilitic (ol)
JAmies: JARNOB0 ... Lherzolite . gt-0l. . v v oo POIKIHC (8 (. coimmss’ oimmmmameti ngiaci - to - s
Armnie ARNO32 {Lherzolite igt-opx-cpx-ol 1Poikilitic (ol)
Arnie ARNO033 Lherzolite icpx-ol-phlogopite Poikilitic (ol)
Armie ARNO034 |Lherzolite icpx-ol Poikilitic (ol)
Arnie ARNO035 |Lherzolite icpx-ol {Poikilitic (o).
{Amie ARNO036 |Lherzolite |cpx-ol Poikilitic (o)
Arnie ARNO037 |Lherzolite jopx-cpx-ol Poikilitic (ol)
Misery MIS409  |Lherzolite gt-opx-cpx-spinel  |Poikilitic (gt)
Misery  |MIS419  iLherzolite gt-opx-cpx Coarse equant
Misery MIS426  Lherzolite gt-opx-cpx-ol-spinel  [Coarse equant
. (near poikilitic)
{Misery ~ [MIS431 |Lherzolite  gt-opx-cpx-ol-spinel . |Coarse equant Spinel exsolution in pyroxene
Misery MIS433  Lherzolite ' igt-opx-cpx-ol-spinel  |Coarse equant
|Pigeon PGN306 iLherzolite igt-opx-ol - Poikilitic (gt)
Pigeon PGN307 |Lherzolite |gt-opx-ol Porphyroclastic
Pigeon PGN308 |Lherzolite igt-opx Poikilitic (opx)
Pigeon PGN309 Lherzolite gt-opx Poikilitic (opx)
{Pigeon PGN310 Lherzolite gt-opx-cpx-ol Coarse equant
Pigeon PGN311 [Lherzolite igt-opx Poikilitic (opx)
Pigeon PGN316 Lherzolite igt-opx-ol Porphyroclastic
Pigeon PGN321 iLherzolite igt-cpx Coarse equant
Pigeon PGN323  iLherzolite jgt-cpx Poikilitic (gt)
Pigeon . |PGN324 Lherzolite |gt-cpx-ol Porphyroclastic
Pigeon PGN325 |Lherzolite igt-opx-cpx |Coarse equant
Pigeon PGN329 [Lherzolite |gt-opx-cpx Coarse equant
{Pigeon PGN333  iLherzolite  igt-cpx-ol-spinel Poikilitic (gt)
{Pigeon PGN336 iLherzolite igt-cpx-ol _1Poikilitic (cpx)
|Pigeon PGN337 :Lherzolite gt-opx-cpx {Coarse equant
Pigeon PGN338 Lherzolite igt-opx-cpx-phlogopite {Coarse equant
|Pigeon PGN339 |Lherzolite  gt-cpx-ol ' Coarse equant

Pyroxenite suite

Mineral assemblages

This suite consists of two websterites (garnet-orthopyroxene-clinopyroxene bearing xenoliths) and
eight gamnet-clinopyroxenites. One of the clinopyroxenites does contain orthopyroxene (10%), yet it is
texturally and chemically distinct from the two websterites (>10% orthopyroxene), and has therefore

been described with the clinopyroxenites. The colour of the garnet of the pyroxenitic xenoliths are
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»dis‘tinct from that of the olivine-free lherzolite suite xenoliths: the garnets are orange, whereas those in

the lherzolite suite are red.

Oxide exsolution has occﬁrred within the pyroxene and garnet 6f several xenoliths from the Misery
kimberlité. Spinel has exsolved from the pyroxene in samples MIS451 ‘and MIS454. Whereas
macroscopic needles of rutile were noted within the garnet of both MIS438 and MIS454, as shown in
figure 4.6d. | '

e I - iy 4 £ < - i
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Textures noted in the Pyroxemte suzte

The two garnet websterites (MIS438 and MIS439) are fine gramed with well equilibrated, 120° grain
- intersections. The garnets are ringed with a thin ketyphite rim (figure 4.6a). Due to the fine gramed
(<2mm) nature of these rocks and thelr even mineral distribution, these xenoliths are believed to be
representative of the larger rock package from which they originate. The fine grained nature of these
garnet-orthopyroxene-clinopyroxene xenoliths texturally discriminates them from the coarse grained
_and poikilitic garnet-orthopyroxene—clmOpvroxene assemblages of the lherzolite suite. The fine
grained websterltes are also chemically different to those gamet-orchopyroxene—clmopyroxene‘

assemb’lages included in the lherzolite suite, as will be shown in Chapter 5.

The garnet-clinopyroxenite that contains 10% orthopyroxene (MIS428) is .t,exturall»y different to the
fine- grained  garnet-websterites. Large (>2mm) clinopyroxene grains exhlblt both spinel and garnet
exsolution lamellae that are orientated in the same direction. - It also features fine grained

orthopyroxene and garnet along the clinopyroxene grain boundaries forming a necklace texture, as

shown in figure 4.6b.

Two of the clinopyroxenites have a poikilitic texture where clmopyroxene completely encloses small
(1*1mm), rounded garnet grains (PGN319 and MIS454). The remalnmg five clmopyroxemtes have a
" coarse equant texture (ARN028, ARN031, MIS454, PGN320 and PGN322). They have straight grain
boundaries and 120° grain intersections. The two xenoliths from the Arnie kimberlite feature smaller (%
1 by 1 mm) garnet grains located at triple junction between three larger (2mm) clinopyroxene grains
(figure 4.6c) suggesting that these xenoliths have updérgone recrystallization. The garnets from
PGN320 and PGN322 are almost completely altered, whereas the Cr-diopside is fresh. In contrast to
the kelyphite rims of other garnets, the alteration around the garnets in PGN320 and PGN322 is gréy

and spongy.

4-13
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Table 4.4 Table of mineral assemblages and texture of the Pyroxenite suite xenoliths. Abbreviations as

for Table 4.2.

Kimberlite | Sample | = Rock Type | Mineral Texture Other Exsolution Features

_ Locality | Number |. Assemblage | (host mineral) .
Amie ARNO028 {Clinopyroxenite igt-cpx  Coarse equant

Arnie ARNO31 |Clinopyroxenite gt-cpx Coarse equant

Misery  {MIS428 {Clinopyroxenite jgt-opx-cpx :Coarse equant . |Spinel and garnet exsolution from

' with-necklace texture iclinopyroxene '

Misery - \MIS451 iClinopyroxenite jgt-cpXx Poikilitic (cpx) {Spinel exsolution in pyroxene
"Misery MIS454 Cllnopyroxemte gt-cpx Coarse equant {Spinel  exsolution in pyroxene,

Ry Sup bbb o BGaGE L oarg I e g e e g Omde;{lcedles (in'.‘game_t BT SR, §
Pigeon PGN319 iClinopyroxenite gt-cpx ‘ P01k111tlc (cpx) ‘
Pigeon PGN320 {Clinopyroxenite :gt-cpx- Coarse equant

Pigeon PGN322 - iClinopyroxenité gt-cpx Coarse equant’
Misery MIS438 Websterite “igt-opx-cpx  |Granuloblastic Needles in garnet

Misery MIS439 'Websterite gt-opx-cpX - /Granuloblastic

Figure 4.6 Textures of the pyroxenite suite. (figure on following page)

a) Granoblastic texture of the pyroxenite suite websterites.
b) Necklace texture -of garnet and orthopyroxene on grain boundaries of large clinopyroxene grains.

Spinel and garnet exsolution within clinopyroxene grains.
c) Recrystallization textures: Fine grained garnets at intersection of three clinopyroxene grain.
d) Macroscopic rutile needles in MIS451, also noted in MIS438.and MIS454.
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a) Sample MIS438
’ Scale line: 5 mm.

T

¢) Sample ARN028
Scale line: 5 mm. Plane-polarised light.

light.
i

¥

b) Sample MIS428
Scale line: 4.5 mm. Plane-polarised light.
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d) Sample MIS451

Scale line: 0.25 mm. Plane-polarised light.
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Figure 4.6 Textures of the pyroxenite su ite (caption on previous page).
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4.4 DISCUSSION

Modal mineralogy

Petrography

Harzburgite and lherzolite suite xenoliths dominate over the pyroxenite suite xenoliths at both the

Arnie and Pigeon kimberlite localities. Misery, located just 20km SSW of Arnie, has a far larger

proportion of eclogitic and pyroxenite suite xenoliths than the other two Jocalities. This observation is

based on both the relative proportion of the samples in this study (table 4.5), and on observed

proport-_ions'of peridotitic to eclogitic xenoliths during initial sample selection.

T PR R A T g oy
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The garnet-bearing xenoliths from the Pigeon kimberlite contain relatively more clinopyroxene than the

garnet-bearing xenoliths from both the Arnie and Misery kimberlites. Primary chromite is more

abundant in the xenoliths from the Arnie kimberlite than in those from the Misery or Pigeon

kimberlites. Whereas this feature may be an artefact of the small sample size, the fact that gamet-

orthopyroxene-olivine-bearing xenoliths were preferentially selected, and that the xenoliths are all of a

similar size, means the secondary mineral association (clinopyroxene and/or chromite) of the garnet-

bearing xenoliths ought to be independent of sample selection. The abundance is therefore believed to

be a true representation of the mineral abundance at the respective localities rather than a relic of

sampling bias.

The different modal abundances of minerals in the xenoliths from the different

kimberlites would suggest small scale heterogeneities within the mantle beneath the Slave province.

Table 4.5 Summary of the mineral associations of the prepared xenoliths in the study.

Textural features

_ deg_rées.

* Coarse equant (Harte, 1977) - most grains in xenolith >2*2mm,

e Granuloblastic (Harte, 1977) - most grains in xenolith <2*2mm, -

- Most textures are observed in xenoliths from all three kimberlite localities.

4-16

| Mineral combinations Number of Samples "Percentage (%) per Pipe
Arnie Pigeon  Misery Total Arnie Pigeon Misery

Harzburgite Suite 22 12 10 48 67 38 50

| Lherzolite Suite 9 17 5 27 27 53 25

Pyroxenite Suite 2 3 5 10 6 9 25

‘Total 33 32 20 85 100 100 100

The samples from the three kimberlite localities can be divided into four main textural groupings:

¢ Porphyroclastic (Harte, 1977) - where larger olivine occur within a matrix of recrystallized olivine,

¢ Poikilitic xenoliths - one mineral encloses finer, sub-rounded grains of other minerals.

Xenoliths from every

locality exhibit evidence of recrystallization and exsolution processes, yet they appear to variable
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The poikilitic texture is the most dominant texture noted within the xenoliths from the Arnie and
Pigeon kimberlites (table 4.6). Coafsevequant textured xenoliths are the second most dominant textural
type noted from these kimberlites. The most dominant texture of the xenoliths from the Misery
kimberlite is the coarse equant texture. No granuloblastic textured xenoliths are evident within the
Pigeon kimberlite xenoliths, however, the only xenoliths with porphyroclastic textures originate from

the Pigeon kimberlite locality.

e SRKRERETT 0 eipas

Poikilitic texturesmay not t;:: indicative of the overalltexfureofafargerro?:kbackage,butrHay :
- represent localised textures within coarser grained rocks. Even within the srﬁall samples in this study
(0.5 - 1.5 cm), there is evidence that it forms part of a coarser grained texture (figure 4.4). The high
proportion of this texture may reflect the competence of the poikilitic grains. These coherent hodules
may have remained intact whereas the surrounding rock disintegrated during the preliminary crushing

phase of the exploration process.

Table 4.6 Summary of the textures of all the prepared xenoliths in the study.

Texture ' - Number of Samples Percentage of Samples
Arnie Pigeon Misery | Arnie Pigeon  Misery

Coarse equant -9 ' 14 9 27 44 45

Granuloblastic 6 0 4 18 - 20

Porphyroclastic 0o 3 0 9

Poikilitic xenoliths (host mineral): 18 15 7 - 55 v 35
Poikilitic (gt) - 70 10 5 31 317 23
Poikilitic (cpx) 0 2 I 6 5
Poikilitic (opx) 0 3 ) , 10 3
Poikilitic (ol) 8 0 0 24 .

| Total 33 32 20 100 100 100

Exsolution and Recrystallisation features .

Exsolution is more common in the xenoliths from the Misery kimberlite than the other two localities.
Especially common is spinelvexsolution from both orthopyroxene and clinopyroxene minerai grains.
Microscopic needles within garnet are also common (MIS438 and 454). Kopylova et al. (1999a) also
noted needles within garnets from the Jericho kimberlite (NWT), and indicatéd that they were rutile
needles. One clinopyroxenite xenolith from the Misery kimberlite (MIS428) exhibits both garnet and
spinel exsolution from clinopyroxene, and a well developed neqklace texture where smaller,
recrystallized garnet and ortho.pyroxene surround the clinopyroxehe grains. Neither the xenoliths from
the Arnie kimberlite, nor those from the Pigeon kimberlite exhibit extensive exsolution features. Only
one xenolith from Arnie featured spihel.e){éolution in orthopyroxene (ARNO019), and one from the

Pigeon kimberlite (MIS417). Hence the amount of exsolution noted within the xenoliths is greater in
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the ‘southerly kimberlite (Misery kimberlite) than the two northerly kimberlites (Pigeon and Arnie

- kimberlites).

Recrystalli.zatibn of constituent minerals is evident in a number of xenoliths from each pipe. For
example, pyroxenite xenoliths from both the Arnie and Misery kimberlites have finer grained, rounded
garnets at the 120° triple junction of clinopyroxene grains (ARN028, ARNO31 and MIS428). Olivine-
rich xenoliths from the Pigeon kimberlite show evidence of recrystallization of olivine to form a
porphyrocléstic texture (e.g. PGN307 and PGN316). | |
Exsolution of garnet lamellae from eclogitic clinopyroxene is fairly common (Harte and Gurney, 1975;
Jerde et al., 1993; Bilal and Touret, 2001), whereas exsolution of orthopyroxene and spinel from
clinopyroxene is less common. The latter has been noted in localities such as: the Hawaiian chain (Sen,
1987) and the Syrian Rift on the extension of the Dead Sea fault (Bilal and Touret, 2001). Exsolution
isa texture that records transitional stages in a 're—equi’libratvion process (Tuttle and Bowen, 1958; Field
and Haggerty 1994; Pearson et al., 1995) Various studies have shown that the development of garnet
exsolution lamellae suggest slow cooling and re—equ111brat10n of Al-rich pyroxenes from near solidus
conditions (1400°C) towards normal mantle lithosphere temperatures (Harte and Gurney, 1975; Sautter
and Har_te, 1988; Pearson et al., 1995; Chen et al., 1996; Zhang and Liou, 1999). The abundant
exsolution feat_ures within many of the pyroxenites from the Misery kimberlite suggests that they have
experienced a change in pressure and temperature conditions. This re-equilibration process was

arrested-at the time of entrainment into the kimberlite magma.
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5. MAJOR ELEMENT MINERAL CHEMISTRY

5.1 INTRODUCTION

Major element mineral compositions from the eighty-five samples described in the petrographic

chapter were determined using a wavelength disperse electron microprobe in the Department of

""" Geological Sciénces, -University “of Cape “Town, RSA Operating “condifions and lower limits of™

detection are included in Chapter 3.

Duplicate or triplicate analyses were obtained from‘each mineral in a xenolith. The freshest, least
fractured grains were preferentially selectéd for‘arialysis. The presence of compositional zoning was
evaluated by analysing the core and rim of individual grains. The majority of the grains were found to
be homogeneous and were averaged to pfo,vide a repreéentative composition for each xenolith.

A few garnets showed subtle, but random variations in CaO (<0.89 wt% in 6.13 wt%) and Cry0O3
(<0.89 wt% in.8.92 wt%). The maximum variation in CaO and CrpO3 content was noted in MIS413,
smaller,‘ but marked variation was noted in ARN026 and MIS412. A few orthopyroxene grains
(ARNO13, ARNO18, MIS420) similarly showed subtle variation in AlpO3 (<0‘.19 wt% in 0.65 wt%) .
and CrpO3 (0.20 wt% in 0.36 wt%). Maximum variation noted in ARNO13 and MIS420 respectively.
These analyses weré also averaged. The variations in the garnets and orth'opyroxenés are attributed to
alteration of the grains near grain boundaries and vfractures, or dﬁe to exsolution processes.
Compositional variation between different phromite crystals in a single sample are large. For this

reason, none of the chromite analyses were averaged.

- Geochemical classification

Orthopyroxene and olivine, the majori mineralogical components of peridotitic xenoliths have relatively
simple crystallographic structures which allow for few elemental variations. In contrast, clinopyroxene
and garnet are structurally more complex (Deer, Howie and Zussman, 1995). The garnet structure
especially, allows for greater geochemical diversity than the other minerals commonly found within
ultramafic nodules. This variety may be used to discriminate between different parageneses and as a
tracer for petrogenetic processes taking place within the mantle. Garnet geochemistry has therefore
been the focus of many mantle xenolith studies (Gurney and Switzer, 1973; Gurney, 1984; Kopylova et
al., 2000). Dawson and Stephens (1975) were among thc first to attempt to classify garnets according

to their composition. They discriminated twelve coherent groups on the basis of five oxides, namely
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- Crp03, TiO2, MgO FeO and CaO For example per1dot1t1c gamets are generally Cr-rich (>2 W%
Crp03), whereas pyroxenitic and eclogltlc garnets are generally Cr-poor (<2 wt%) (Dawson and
Stephens, 1975; Fipke et al., 1995). '

Within the peridotitic field (>2wt% CrpQ3) the 85% line of Gurney (1994) is widely used today to
distinguish between sub-calcic (harzburgitic) and high-Ca (lherzolitic) garnets. This has found
application both in kimberlitic xenolith studies and in the diamond exploration industry (Fipke et al.,

» 1995) ThlS 1s an emplrlcal 11ne that apportloned 85% of the known gamet 1nclusnons in dlamond

within the Ca-poor field (Gumey, 1984). For the purposes of this study, thi line has been

approximated to be: (Crp03 wt%) = 3.9(CaO wt%)'—13.6 on a plot of CrpO3 vs CaO in garnet (as
deduced from Gurney, 1984). " ’

Based on garnet composition and the 85%. line of Gurney-(1994) the harzburgitic suite may be divided
into two groups, narnely a low-Ca and a high-Ca harzburgite group. Whereas the high-Ca garnets are
more alike the lherzolite suite in major element Composition, their trace element chemistry is more

alike that of the low-Ca harzburgitic suite.

. Peridotitic Suite

N

Harzburgite Suite Lherzolite Suite
low-Ca - high-Ca

Harzburgite Suite  Harzburgite Suite

Pyroxenitic Suite

O\

Websterites © Clinopyroxenites

Figure 5.1 The subdivision of the samplesibased on petrography and major element compositions. The
subdivision of the harzburgite suite is based primarily on the CaO and CrpO3 content in garnet in

conjunction with the 85% line of Gurney (1984).

5-2



- Major Element Mineral Chemistry

5.2 CHEMICAL CHARACTERISATION |

Harzburgite Suite

Low-Ca Harzburgite Suite

The garnets of the lbw-Ca harzburgite suite are all pyrope in composition (table 5.2 and figure 5.2).
They have high Mg#’s (81.4-85.3, figure 5.3, Mg# = 100*Mg/(Mg+Fe)), and contain between 1.0 to
55 wi% Ca0, diid bétween 4:6 and 10.2 wt% CryO3 (figure 5.4) ‘They all have TiO2 contents below: -
0.1 wt% (figure 5.5).

The orthopyroxenes of the low-Ca-harzburgite suite are enstatite, and are all Mg-rich (Mg# 93.0-94.0,
table 5.5 and figure 5.6 and 5.7). All But one have CaO content below 0.3 wt% (MIS463 has an
elevated CaO content of 0.63 wt%). There is a significant range in Crp03 (0.20-0.52 wt%) and Al203
(0.27—0.92 wt%) content in the orthopyroxenes (figure 5.8). This has irhplications for the derived
pressure of eqﬁilibration for the hafzburgitic xenoliths, as discussed in chapter 7. o
The olivine of the low-Ca harzburgitic suite is Mg-rich (Mg#’s 91-93), and their NiO contents range
from 0.32 to 0.50 wt% (table 5.3). One sample lies outside this range (PGN301)with Mg# 93.7, and
NiO 0.15 wt% (figure 5.9), and a noticeébly higher Ca0O, CrpO3 and MnO content. The olivine is .

cloudy, and the anomalous chemistry is interpreted to be a reflection of the secondary alteration.

The low-Ca harzburgitic chromiteﬁ:s.have‘ high CrpO3 contents (60.2-63.2 wt%) and low Al»O3 contents
(5.8-8.2 wt%). The chromite of ARNO19 has exsolved out of the orthopyroxene and has a slightly
lower average CroO3 content (58.6 wt%) and a higher A1_203 content (10.0 wt%) (figure 5.10, table
5.4). The chromites have a MgO content between 11.4 and 13.5 wt% (Mg# 51.1-60.3).

High-Ca Harzburgite Suite

The garnets of the high-Ca harzburgites have highef CaO (5.2-7.7 wt%) and have a larger range in
Mg#’s (77.9-84.7) than the low-Ca harzburgitic garnets (figure 5.3). 76.5 to 84.7, and the CaO content
from 5.2 to 7.7 wt%. The garnet of MIS420 has a lower Mg# (76.5) and higher CaO (9.6 wt%)
contents, but this sample is extremely altered. The CrpO3 (5.5-11.5 wt%) and TiO2 (<0.1 wt%)
content of the high-Ca harzburgitic garnéts is similar to that of the low-Ca harzburgitic garnets (figure

5.4, figure 5.5).
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. The majority of the high-Ca harzburgitic orthopyroxenes have high Mg#’s (93.0-93.6) and low Ca0
contents (less than 0.41 wt%). They have a 1arge range in Cry03 (0.08-0.49 wt%) and AlpO3 (0.28-
0.70 wt%) content (figure 5.8).

The olivine in the high-Ca harzburgite suite is similar to that of the low-Ca harzburgitic olivine, with a
marginally larger range in Mg# (90.0-94‘.2), and a similar NiO content (0.35-0.51 wt%). The Mg-rich
(Fog4 2) olivine of sample ARNO30 is a single olivine grain (<0.5mm) on the edge of a garnet
_ fragment and thc cloud<y appe |

rance suggests it has undergone secondary alteration.
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There are two clusters of chromites, a sm'al-l group similar to the majority of the low-Ca harzburgitic
chromites, and a larger group akin to the exsolved chromite of ARNO19 (figure 5.10). The first group
has high CrpO3 contents (60.8-61.§ wt%) and low AlpO3 contents (6.2-6.5 wt%), whereas thé second
group has slightly lower CryO3 contents (56.8-59.5 wt%) and higher Alp0O3 contents (10.2-11.7 wt%).
The chromites have a MgO content between 11.2-12.8 wt%, (Mg# 51.5-55.9).

The minerals within sample MIS413 are geherally more Fe-rich' than those of the other harzburgitic
samples. The minéral chemistry has therefore not been included in the Mg# fanges reported above.
The Mg#’s are as follows: garnet (70.4), orthopyroxene (89.6) and olivine (87.4). The olivine also has
a lower NiO content (0.30 wt%). Although the best available grains were:analysed, the minerals in
MIS413 are highly altered. The Fe-rich nature of the minerals in MIS413 may reflect secondary Fe-

enrichment.

Lherzolite Suite

The lherzolitic garnets are marginally more Fe- and more Ca-rich than the low-Ca harzburgitic garnets
(figure 5.2, 5.3 and 5.4). The lherzolitic garnets have Mg#’s between 70.0 to 84.5, and CaO contents
between 4.9 to 7.1 wt%. The CrpO3 range is larger than that of the high-Ca harzburgites, ranging from
 2.8t011.8 wt%. The Ti02 content is also higher, ranging up to 0.9 wt% TiO9 (figure 5.5). Lherzolitic
garnets (clinopyroxene-bearing) generally have a higher Al/Cr cation ratio, than those of the

harzburgite suite (clinopyroxene-free), table 5.2.

The clinopyroxénes of the Therzolite suite are all Mg-rich, with Mg#’s between 90.7-and 94.6 (figure
5.12), and Ca# 41.7-50.3 (Ca# = 100*Ca/(Ca+Mg)). Three clusters are noted within based on AlpO3
and Crp03 content (figure 5.13). The majorify of the clinopyroxenes have a low AlpO3 contents (1.0-
2.4 wt%), and fall into two clusters based on CrpO3 content: a high CryO3 (2.2 to 3.7 wt%) and a low
Crp03 content (0.8-1.3 wt%) group. 'Those clinopyroxenes with a high CrpO3 content have generally

equilibrated with high-Cr garnet, or are garnet-free. The third cluster (with a higher AlO3 content:
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3.4-3.9 wt%) consists of four samples, all of which have equilibrated with primary chromite.  The
Iherzolitic clinopyroxenes all have low TiO contents ‘(<0.4 wt%), and a small range in CaO (18.3-21.3

wt%) and NapO (0.9-2.0 wt%) content (figure 5.14),

The orthopyroxenes of the therzolite suite are more Ca-rich (0.14-0.97 wt% CaO) and Fe-rich (Mg#
91.2-93.7) than those of the harzblirgité suite (92.4-94.0) (figure 5.7). The lherzolitic orthopyroxenes
have a larger range in Cr203 (0.15 - 0.74 wt%) and AlpO3 (0.44 - 1. 1>6 wt%) than the harzburgitic
orthopyroxenes (ﬁgure 5. 8) The Na20 content is below 0. 17 wt%. The T102 content of the lherzolltxc

The olivine of the lherzolite suite has a range in forsterite content from Fogg 4 to Fogp 7, and a larger

range in NiO content (0.26-0.47 th%) than the harzburgitic olivines.

Two distinct groups of chromites aré observed: a low Al»O3 and a high AlpO3 group (figure 5.10).
The low AlpO3 group (ARN032, ARNO033 and PGN333) are similar.in chemistry to the harzburgitic
chromites. They have AlpO3 contel}lts of 6.1-7.7 wt%, high Crp03 contents (57.6-60.2 wt%), and
MgO contents between 10.1 and 12.9 wt%. Those chromites with high Alp03 (15.6-24.5 wt%) have
high MgO contents (11.3-15.1 wt%) and low. CrpO3 (42.0-50.5 wt%). There is a general trend in the
lherzolific chromites from chromite compositions to more pleonaste compositions, becoming more Al-

and Fe3*- rich.

Disequilibrium is noted between the chromite grains of MIS409: three chromite grélins were analysed
from MIS409, two in close spatial relation’ to orthopyroxene and élinopyroxene and the third
completely surrounded by garnet. The chromites are.not homogeneous: the chromite grain surrounded
by the garnet has slightly higher MgO and Al0O3, and lower Crp0O3 contents than the chromite grains

adjacent the pyroxenes (figure 5.11).

Two lherzolitic xenoliths contained. phlogopite (ARN033 and PGN338). The phlogopite in ARNO033

was removed during sample preparation.

The phlogopite in PGN338 has high SiO7 contents (43.8%) and very low TiO2 contents (0.07 wt%). In
other respects it typical of other mantle derived phlogopites, having 13.5% Al»O3, 3.0% FeO, 24.6%
MgO and 9.5% K5O, as shown in table 5.1.
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Table 5.1 Major element composition of phlogopite in PGN338.

1Sample No. PGN338

-18i02 43.82

TiO2 0.07

Al203 13.49

FeO : 2.96

{MnO <0.05

MgO 24.63

ca0 : <0.03

Nag0 ' <0.03|

K20 | 9.46

Total | 94.50 MR

"Atomic Proportions
based on 24(0, OH, F)

Si 6.703
Ti ‘ 0.008
Al 2.433
Fe : 0.379
Mn 0.005
Mg © 5618
Ca ' 0.001
Na 0.005 )
K 1.846
Total 16.998

Pyroxenite Suite
All the minerals of the pyroxenitic suite xenoliths are more Fe-rich, and have lower CrpO3 contents
than the minerals of the peridotitic suite xenoliths. The pyroxenite suite consists of two garnet-

websterites and eight gamet-clinopyroxenite’s. :

Websterites

The garnets of the granoblastic websterites are the most Fe-rich of all the garnets in this study (Mg#
45.3 and 54.7). They are Cr-poor (below 0.45 wt% Crp03), with Ca0 (5.4 and 5.7 wt%) and TiOp
.contents below 0.08 wt%. They have much higher Al/Cr ratios (75.8 and 122.2) than the peridotitic

garnets (1-12) and the clinopyroxenite gamets(7.0-76.4, table 5.2).

The clinopyroxenes of the websterites distinguish these samples from the other pyroxenitic suite
samples. The clinopyroxenes have lower. Mg# (83.5 and 85.3), and higher AlpO3 contents (4.4 and 5.1
wt%) than the other clinobyroxenes. They have similar CaO (21.0 and 22.2 wt%) and NapO (1.2 and
1.8 wt%) contents to the peridotitic and other pyroxenvitic'clinopyroxenes. They have high TiOp
‘contents (0.6 wt%), and similar CrpO3 contents (0.2 and 0.3 wt%) to the recrystallized garnet-

clinopyroxenes.
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The websteritic orthopyroxenes are Fe-rich (Mg#’s 74.6 and 81.0). CrpO3 contents are low (0.9 and
0.13 wt%), whereas the AlpO3 contents are high (1.7 and 2.0 wt%). The CaO content is also low (0.2
and 0.4 wt%). MIS438 has a high TiO7 content (0.2 wt%).

Clinopyroxenites

The clinopyroxenites may be divided into two subgroups types based on texture, and the AlpO3 content

in clinopyroxene.

Tll.:e‘lc‘:]indp;rvc)xélwlitic ga_rnéts are all morg}:e—wrﬁiélrl ﬂ‘lan.’.thevperidrovtiticb.gar(r;ets’ (Mg#’5595 to 81 O) The
garnets within the sample MIS428 (contains exsolved orthopyroxene) . are moré Fe-rich than those
samples only with exsolved garnet, whereas PGN320 and PGN322 are more Mg-rich. The garnets
have low TiO contents (<0.15 wt%) vThe'clinopyroXenitic garnets have a small range in CaO content
(4.2-6.1 wt%), apart from PGN320 and PGN322 (10.0 wt% CaQ) vﬁgure 5.3. The garnets have low
CryO3 contents (<2.3 wt%) apart from ARN028 (4.17 wt%). ARN028 has compositional (high Mg#),
“and petrographic affinities with the pyroﬁenitic suite, and has thereforé’been included in the pyroxenite

suite.

The clinopyroxenes of samples ARN028, ARNO31 and MIS428 (with recrystallized textured) have
similar Mgi’s to the lherzolite suite clinopyroxenes, 89.7-92.4 (ﬂgur¢ 5.12). They continue the trends
of the Iherzolite suite clinopyroxenes to lower Crp03 (0.1-0.4 wt%), Al03 (0.4-1.2 wt%) and NayO
(0.4-0.5 wt%) contents, and higher CaO (22.0-23.8 wt%) contents. The clinopyroxenes of the coarse
equant textured clinoplyro'xenites do not act as one coherent group. Two of'the five sémples (PGN319

and MIS451) have clinopyroxenes with low CrpO3 contents (0.2-0.3 wt%), whereas the remaining |
three samples (MIS454, PGN320, PGN322) have a higher Cr2'03‘ content (1.2-1.4 wt%). The
clinopyroxene in PGN319 has a much lower Mg# (83.3) and CaO content (19.3) than the other
clinopyroxenes (Mg# 92.9 to 94.4; 20.9—22.3 wt% Ca0). The clinopyroxenes have a similar Al203
(2.9-43 Wt%) and NapO contents (1.6-2.4 wt%). The clinopyroxenes in. the two samples that
equilibrated with high-Ca ga.rrie;cs (~10wt%) have slightly higher Al203 and Crp03 contents than those

of the other coarse equant garnet-clinopyroxenites.

Only one of the three recrystallized garnet-clinopyroxene samples contains orthopyroxene (MIS428).
This orthopyroxene is Fe-rich (Mg# 85.8), with low Alp03, Cry03 and CaO contents (0.56 wt%, 0.15

wt% and 0.2 wt% respectively).

* Figure 5.39 (page 5.37) is a schematic summary of the main chemical differences of the xenolith

suites as described in the preceding sections.
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Table 5.2 Selected major element mineral compositions - Harzburgitic garnets

Low-Ca 'Harszrgi-tic garnets

H_igh-Ca Harzbi_}rgitié garnets |

5-8

Sample ARNOO7 ~ ARNO08  ARNO19  ARNO25 ARN026  MIS401  PGN340] ARN003  ARNO05  ARNO06  MISA13 MIS417 - PGN311
No. : .

SiO3 41.36 4218 42,33 41.59 42.28 4127 41.83 40.93 40.64 4120 % 39.74 41.02. 41.77
TiO3 <0.04* <0.04 0.07 <0.04 0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 - <0.04
Al203 18.20 20.11 19.63 -18.97 20.96 18.11 18.44|  17.94 18.13 19.70 16.67 19.52 20.43
Crp03 7.12 4.91 5.86 7.26 4.70 8.21 8.01 8.02 7.70 5.50 ° 8.92 5.59 3.79
|Feo 6.99 7.78 7.72 7.07 7.36 7.42 7.31) 7.06 7.38 . 8.22 11.83 .8.42 7.65
MnO 0.42 0.43 0.44 0.42 0.40 0.50 0.47 0.48 0.42 0.58 0.71 . 0527 0.30} "
MgO 2263 22.47 20.23 20.95 20.49 12291 21.28 - 19:19 18.27 1892 - 1579 . 17.87 20.12
CaO 296 1.35 3.28 3.49 3.96 1.10 2.36 '6.60 6.89 592" 6.13 6.97 5.16
Na20 - 0.04 0.03 ND . 0.04 0.02 0.04 ND 0.04 0.02 0.04 10.02 0.02 0.04
Total 99.73 99.27 99.72 99.79 100.21 99.56 99.83 100.27 99.45 100.09 99.80 99.93 99.26
Atomic Proportions based on 12 Oxygens ‘ - :

Si 2981 ° 3.020 3.040 2.996 3.010 2.978 3.012 2.975 2,981 2.983 ° 2.978 2.987 3.013)
Ti 0.001 0.000 - - 0.004 0.000 0.002 0.000 0.000 - 0.000 0.000 0.000 0.000 0.000 0.000
Al 1.546 1.697 1.662 1.610 1.759 1.540 1.565 1.536 1.567 1.681 1.472 1.675 1.736
Icr 0.406 0.278 0.333 0.413 - 0.265 0.468 0.456 0.461 0.446 0315 - 0528 0.322 0.216
Fe 0.421 0.466 0.463 0.426 0.438 0.448 0.440 0.429 0.453 0498 :  0.741 0.513 0.462}
Mn 0.026 0.026 0.027 0.026 0.024 0.031 0.029 0.030 0.026 0.035 -  0.045 0.032 0.018
Mg 2432 2399 2.167 2.250 2.175 2.464 2.284 2.079 1.997 2043~ 1.764 1.940 2.164
Ca 0.228 0.103 0.252 0.269 0.302 0.085 0.182 0.514 0.541 0.460 - 0.492 0.544 0.399
Na 0.005 0.005 0.022 0.006 0.003 0.006 0.018 0.008 0.003 0.006 * 0.003 0.003 0.005
Total 8.045 7.994 7.969 7.995 7.977 8.020 7.987 8.031 8.014 8.021 8.023 8.016 8.013
Mg# 85.23 83.74 82.38 84.09 83.22 84.62 83.84 82.90 81.53 80.41 70.42 79.08 82.42
Al(Cr ratio 3.81 6.10 4.99 3.90 6.65 3.29 3.43 333 3.51 5.34 2.79 5.20 8.02
# Analyses 7 9 4 11 5 4 4 4 5 5 9 12 7
*<LLD A
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Table 5.2 continued

: Selected major element mineral compositions - Lherzolitic and Pyroxenitic garnets

Lherzolite Clinopyroxenite : ‘ Websterite

- |[Sample MIS409 PGN310 PGN329 PGN336 PGN337 PGN338| ARN028 ARNO31  MIS428 MIS454 PGN319. PGN322| MIS438  MIS439
No. : . Y ' :
Si02 41.68 41.19 41.49 40.84 42.28 41.01 40.59 41.56 40.46 4215 ©  39.95 40.94; 38.91 39.30
TiO2 <0.04 0.11 0.86 0.17 0.62 0.04 0.11 0.05 0.05 0.13 <0.04  <0.04 0.08. 0.06
Al203 21.24 18.26 19.52 16.75 20.77 15.17 19.67 22.21 21.02 22.35 22.34 22.96 2226 22.44
Cry03 3.64 7.19 4.45 8.99 3.39 11.73 417 1.72 2.04 2.03 0.65 213 0.44 0.27
FeO - 8.16 7.26 8.10 7.54 8.50 6.80 12.66 10.04 16.58 9.15.  18.26 8.39 22.03 18.73
MnO 0.41 0.39 0.38 0.38 0.35 0.42 0.48 0.41 078 - 0.41 0.36 0.14 051 . 0.50
MgO 19.36 19.41 19.70 18.10 19.47. 17.28 16.38 19.30  -13.70 19.05 © 1453 16.14 10.25 12.67

.{ca0 517 5.56 5.33 692 492 7.10 6.09 4.84 600 - 468 . 429 10.00) 5.66 5.39
Na20 10.02 ND 0.05 ND ND " ND 0.02 0.02 0.02 0.03 0.03 0.02| 0.02 0.02]
Total 99.68 99.49 99.87 99.82  100.48 99.68) 100.18 100116  100.64 99.98  100.42  100.70{  100.14 99.38{
Atomic Proportions based on 12 Oxygens v 4 : ,
Si 2.998 3.000 2.994 3.000 3.018 3.032 2.988 2.982 2.998 3.014 2.959 2.944 2.955 2.958
Ti 0.000 0.006 - 0.047 0.009 0.033 0.002 0.006 0.003  0.003 0.007 0.000 0.000 0.004  0.003
Al 1.801 1.567 1.660 1.450 1.747 1.321 1.706 1878 . 1835 1.883 1.950 1.945] 1992 = 1.9909
Cr 0.207 0.414 0.254 0522  0.191 0.685 0.243 0.098 - 0.120 0.115 0.038 0.121]  0.026 0.016|
Fe . 0.491 0.442  0.489 0.463 0.507 0.421 0.779 0.603 1.027 0.547 1.131 0.504 1.399 1.179
Mn 0.025 0.024 0.023 0.023 0.021 0.026 0.030 0.025 0.049 0.025 0.023 0.008 0.033 0.032
Mg 2,077  2.108 2.119 1.982 2.072 1.904| = :1.798 2065 - 1513 2.030 1.604 1.730 1.161 1.421
Ca 0.399 0.434 0.412 0.544 0.377 0.562 0.481 0.372 0.476 0.358 0.340 0.770 0.460 0.435
Na 0.003 0.017 0.007 0.021 0.025  0.019 0.002 0.002 0.002 0.004 0.005 :0.001 0.000 0.004
Total 7.999 8.012 8.005 8.015 7.992 7.973 8.033 8.028 8.023 7.983 8.050 8.024 8.031 8.038
Mg# 80.89 82.65 81.25 81.06 80.33 81.90 69.76 77.40 59.57 78.77 58.65 77.42 45.35 5467
AlCr ratio 8.70 3.79 6.53 2.78 9.14 1.93 7.03 1922 . 1532 16.41 51.52 16.08 75.84 12224
# Analyses 5 7 5 4 4 4 8 7 4 3 5 4 3 4
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Table 5.3 Selected major element mineral compositions - Harzburgitic and Lherzolitic olivines

Major Element Mineral Chemistry

Low-Ca Harzburgite

High-Ca Harzburgite

Lherzolite

Sample No- | ARNOO7 ARNO08 ARN025 ARN026 MIS408 PGN340| ARN003 ARN005 ARNOO6 MIS413 MiS417 PGN315| ARN0O34 MIS426 PGN310 PGN336
Si0g 4051 4118 4029 4098 4056 4146 4055 4140 4128 4017 4098 4010 4024 ' 4135 3948 4081
TiO2 <0.04 <004 <004 <004 <0.04 <0.04) <004 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <0.04 <004  <0.04
Al203 0.03° 004 <0.03 <0.03 <0.03 <003 <003 <0.03 003  0.03 <003 <003 <003 <003 <0.03 0.03
Cr203 0.05 0.06 0.03 <004 - 004 0.05{ 004 005 <0.04 <0.04 <0.04 <0.04 <0.04 <004 0.13 0.07
FeO 7.38 6.93 7.15 734 712 7.75| 754 7.91 769 - 11.98 697 7.02 770 . 738 7.72 9.39
MnO 0.11 0.1 0.11 0.07 0.0 0.13 0.12 0.09 011 045 008  0.08 0.10 007 0.09 0.15
MgO 50.79  51.07 - 51.38 5036 5146  51.15| 5010 5020 50.34 46.52 5078  5217| 5195 5055  50.98  49.93
Ca0 <0.03  <0.03 <0.03 <0.03 <0.03 <0.03] <0.03 <003 <0.03 . 0.04. 006 <003/ <0.03 . <0.03 003  *0.04
NiO 0.35 0.42 0.37 035 032 0.36 038  0.42 038 030 042 0.41 -0.31 027 046  0.41
Total - 99.23  99.83  99.37 9912 9965 100.92] 98.76 100.11  99.86 = 99.21  99.32  99.80| 100.38  99.67  98.90 100.85
Atomic Proportions based on 4 Oxygens t :

si - 0092 0:999 0985 1.002 0988  0.998 0998 1.005 1004 1.003 . 0999 0976 0977 1.005 0975 0992
Ti 0.000 0.000 0.000 0.000 0.000 0.000] 0000 0000 0.000 0.000 0.000 0.000 0{600 ., 0.000 0.000  0.000
Al 0.001 0001 0000 0000 0001 0001 0001 0000 0001 0001 0000 0000 0}000 0000 0000  0.001
Cr 0.001 0001 0001 0.000 0001 0001 0001 0001 0000 0.000 0.000 0.000f 0001 0001 0003 0.001
Fe 0151 0141 0146 0450 0.145 0156 0155 0.161 0.156 0250 0.142 ~ 0.143] 0156 0150  0.159  0.191
Mn 0.002 0002 0002 0001 0002 0003 0002 0002 0002 0003 0002 0002 0002 0001 0002 0.003
Mg 1853 1847 . 1873 1836 1868 1.836| 1.837 1.817 1.825. 1732 1.846 - 1.894] 1.880 . 1.832  1.876  1.809
Ca 0.001 0000 0.001 ° 0000 0001 0.000{ 0000 0000 0.000 0001 0002 0000 - 0000 0000 0001  0.001
Ni 0.007 0008 0007 0007 0006 0.007, 0.008 0008 0007 0.006 0008 0008 ~ 0006 0005 0009  0.008
Total 3.007 3.000 3.015 2998 3.011  3.001| - 3.002 2994 2996 2996 3.000 3.023] 3.023 & 2994  3.024  3.007
Mg# 9247 9293 9276 9244 9280 9217] 9222 9188 9211 87.38 9285 9299 9232 9243 9217 9046
Fo 9247 9293 9276 9244 9280 9217 9222 9188 -9211 87.38 9285 9209] 9232 9243 9217  90.46
Fa 7.53 7.07 7.24 756  7.20 7.83 7.78  8.12 789 1262 715 7.01 7.68 7.57 7.83 9.54
# Analyses 3 3 5 3 2 2 3 2 2 2 5 3 52 2 3 2
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Table 5.4 Selected major element mineral compositions - Peridotitic chromites and Cr-spinels

Low-Ca Harzburgite High-Ca Harzburgite Lherzolite .
Sample Noj ARN007 ARNO17 ARNO19 ARNO019 ARN025] ARNO006 ARNO009 MiS413 Mis417 MIS409 = MIS409 MIS426  PGN333
SiOg 0.03 0.07 0.00 0.00 0.04 0.02 0.06 0.09 0.00 0.02 = 0.03 0.00 0.07
TiO2 0.07 0.07 0.62 0.55 <0.05{ <0.05 0.25 1.02 0.05| 0.29% 10.27 0.54 0.25
Al203 8.20 7.50 9.96 10.03 7.33 10.55 6.41 10.41 11.68 21.29 24.30 17.00° 7.68
Crp03 61.87 61.77 58.95 57.88 61.23 58.93 61.10 52.50 57.10 4517 42.05 49.75 60.17
FeO 12.73 13.67 156.22 14.77 13.52 14.97 13.68 15.97 14.95 14.09 . 12.75 17.00 15.00
Fe203 317 3.42 2.46 3.19 4.29 3.14 5.10 6.86 3.99, 3.93 4.73 4.28 5.03
MnO 0.29 0.27 0.30 0.21 0.33 0.40 - 0.33 0.38 - 0.39 017, 0.13 0.22 0.31
MgO 13.28 12.58 12.13 12.30 . 12.53 12.02 12.55 - 11.85 1225 13.74 - 15.08 11.90 12.05
Ca0 <0.02 <0.02 - <0.02 <0.02 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 . 0.02 - 0.02
Total 99.65 99.35 99.65 98.93 99.30 100.02 99.48 99.08 100.42 98.69 - 99.35 100.71 100.58
Atomic Proportions based on 4 Oxygens h . , ]
Si 0.001 0.002 0.000 0.000 0.001 0.001 0.002 0.003 0.000 0.001 " 0.001 0.000 0.002
Ti 0.002 0.002 0.015 0.014 0.000 0.000 0.006 ,0.026 0.001{. 0.007 - 0.006 -0.013 0.006
Al 0.319 -0.295 0.387 0.392 0.290 0.409 0.255 0.413 - 0.449 0.790%; 0.881 0.640 0.302
Cr 1.615 1.631 1.536 1.519 1.625 1.531 1.630 1.396 1.474) 1124 1.022 1.256 1.585
Fe2+ 0.352 0.382 0.419 0.410 0.379 0.411 0.386 0.449 0.408 0.371 - 0.328 0.454 0.418
Fe3+ 0.079 0.086 0.061 0.080 0.108 0.078 0.129 0.174 0.098 0.093: 0.109 - 0.103 0.126
Mn 0.008 0.008 0.008 0.006 0.010 0.011 0.009 0.011 0.011 0.004 0.003 0.006 0.009
Mg 0.654. 0.626 0.596 0.609 0.627 0.589 0.632 0.595 0.596 0.645 0.691 0.567 0.599
Ca 0.000 0.000 0.000 0.000 0.001 0.000 0.000 . 0.000 0.000 0.000 0.000 0.001 0.001
Total 3.030 3.033 3.023 3.030 3.041 3.029 3.049 3.067 3.037 3.035°¢ 3.042 3.039 3.048
Mg# 60.31 57.24 55.36 55.42 56.24 54.64 55.06 " 48.84 54.08] 58.14;:’ 61.25 50.43 52.37
Cri# 83.50 84.68 79.88 79.47 84.85 78.94 86.48 77.19 76.63 58.74¢ - 53.72 66.25 84.02
1# Analyses 1 1 1 1 1} 1 1 1 1 15 1 1 1
Type Primary Primary Exsolved Needle in Exsolved |Exsolved Primary Secondary Exsolved |Primary - Primary - Primary Primary
. Opx adjacent pyx :Wwithin gt )
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Table 5.5 Selected major element mineral compositions - Harzburgitic and Lherzolitic orthopyroxene (Pyroxenitic orthopyroxenes continue on following page).

Low-Ca Harzbu'rgite

High-Ca Harzburgite '

Lherzolite

5-12

Sample No| ARNOO8 ARNO013 ARNO25  MIS401 PGN340; ARN005. MIS413  MIS417 PGN311|{ MIS409 = MiS426 PGN310 PGN329 PGN338
Si02 57.78 58.37 57.52 58.67 57.91 57.58 56.85 57.52 56.75| 57.47 5861 5795 57.37 5873
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04| <004 ~ 0.05 0.05 013  <0.04]
Al203 0.61 0.53 0.59 0.48 0.45 0.60 0.28 0.43 0.63 0.88 *0.74 0.57 063 0.44
Crp03 0.28 0.26 0.40 0.34 0.24 0.34 0.16 0.10 0.18 0.30 _ 0.30 0.32 0.21 0.41
|FeO 4.18 4.14 4,34 4.36 4.24 4.47 7.23 457 5.55 443 447 4.7 5.77 4.46
MnO 0.10 0.10 0.12 0.13 0.11 0.12 0.19 0.12 012 009 - 007 0.10 - 0.12.  0.11
MgO 36.83 36.52 36.94 36.22 36.98 35.48 34.88 36.55 35.08 36.36 3552 3577 3509 . 35.86
Ca0 0.12 0.17 0.24 0.07 '0.15 0.33 ~ 0.05 <0.05 0.93 0.14 " 0.19 0.52 0.85 0.50
Naz0 . 0.09 0.08 0.13 0.07 0.01 0.03 0.04 . 0.03 0.13 0.03 002 0.14 0.15 0.11
Total 100.25 100.20 100.30 100.36 100.11 99.16 99.84 99.52 99.38 99.80 100.00 100.14 100.34 -*'100.64
Atomic Proportions based on 6 Oxygens ' »
Si 1.972 1.987 1.964 1.994 1.976 1.987 1.975 1.979 1968/ 1.970 1999 1982  1.972 1.995
Ti 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000{ 0:000 *0.001 0.001 0.003 " 0.000
Al 0.025 0.021 0.024  0.019 0.018 0.024 0.011 . 0017 0.026/] 0036 0030 0023 0025 0018
ler 0.007 = 0.007 0.011 0.009 0.007 0.009 0.004 10.003 0.005| 0.008 :0.008  0.009 0.006 = 0.011
Fe 0.119 0.118 0.124 0.124 0.121 0.129 0.210 0.132 0.161 0127 0128 0135 0.166  0.127
Mn 0.003 0.003 0.003 0.004 0.003 0.003 0.005 0.003 0.003} 0003 0002 0003 0.004 - 0.003
Mg 1.874 1.853 1.880 1.835 1.881 1.825 1.807 1.875 1814/ ~ 1.858  1.806  1.824 1798 1.816
Ca 0.004 0.006 0.009  ~0.003 0.005 0.012 0.002  0.000 0.034f 0005 "0.007 0.019  0.031 0.018
Na 0.006 0.005 0.008 0.005 0.000 0.002 0.003 0.002 0.009{ 0002  0.001 0.009 0010  0.007
Total 4.021 4.001 4,023 3.993 4,012 4.001 4.018 4.012 4.021| 4.009 3.982 4005 4.015  3.995
Mg# 94.01 94.02 93.81 93.68 93.95 93.40 89.58 93.44 91.86 9361 9340 9312 9156  93.48
Cait 0.23 0.33 0.46 0.15 0.29 0.67 0.10 0.00 1.86 0.27 . 0.38 1.03 1.71 0.99
# Analyses 4 2 4 4 4] 5 4 4 4 7 2 3 2 2
En 0.94 0.93 0.94 0.92 0.94 0.91 0.90 0.94 0.91 093 090 0.91 0.90 0.91
Fs 0.06 0.06 - 0.06 0.06 0.06 0.06 0.11 0.07 008 006  0.06 0.07 0.08 0.06
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Table 5.5 cont. Pyroxenitic Orthopyroxene. Table 5.6 Selected major element mineral compositions - Lherzolitic and Pyroxenitic clinopyroxene.

Clino- Websterite Lherzolite Lherzolite Clinopyroxenite Websterite

Dyrpxemte (no garnet) ]
Sample # MIS428; MIS438 MIS439| |Sample # ARNO33 MIS409 MIS426 PGN310 PGN329] ARNO28 MiS428 MIS454 PGN322 MiS438
Si0z 57.27 54.46 55.54| [SiOg 54.45 54.14 5417 - 54.50 54.67 53.81 53.92 54.36 52.99 52.16
Li[e}} 0.06 0.21 0.05] [TiOg 0.17 <0.04 0.15 0.10 0.25 <0.04 0.07 - 0.28 0.12 0.60
Al203 056 °~ 1.71 2.02{ |Al203 1.35 3.42 3.80 1.89 1.70 0.44 1.21 3.35 4321 . 4.4
Cr03 0.15 0.13 0.09{ {Cra03 219 2.26 12.32 2.23 1.00 0.24 0.38 $1.42 1.26 0.30
FeO 9.64 16.48 12.62| {FeO 2.30 1.57 167 236 3.26 3.74 - 2.63 2.04 1.75 5.10
MnO 013 © 0.5 0.13} [MnO 0.10 0.06 0.06 0.08 0.09 0.1 0.05 . <0.06 <0.06| . 0.07
MgO 32.65 27.10 30.22f IMgO 16.48 15.40 14.65 16.87 18.12 18.26 16.60 15.00 15.84 14.48
Ca0o 0.25 0.35 0.20] [CaO 21.27 20.83 20.17 19.31 ° 19.00 22.01 2375 . 20.91 22.27 22.19
Naz0 . 0.01 0.02 0.03| [Na20 ] 1.72 2.35 2.69 211 1.44 0.49° 0,4';9 2.40 2.38 1.21
Total ~ 100.74|  100.62 100.89( {Total 100.09 100.03  99.70 '99.56 99.58 99.17 99.10 99.82  100.90 100.50

Atomic Proportions based on 6 Oxygens Atomic Proportions based on 6 OXygens ' : R
Si - 1.987 1.955 1.851| |Si 1.978 1.958  1.963 1981 '1.982| 1.978 1.979 1.970 1909 . 1.905
Ti 0.002 0.006 0.001| |Ti 0.005 0.000 0.004 0.003 0.007 v0.001 0.002 0.008 0.003¢ - 0.016
Al 0.023 0.072 0.084| |Al 0.058 0.146 0.162 0.081 0.073 0.019 0.053 0.143 0.184 0.190
Cr 0.004 0.004 0.002] {Cr 0.063 0.064 = 0.066 0.064 0.029;  0.007 0.011 0.041 0.036 0.009
Fe 0.280 0.495 0.371] |Fe 0.070 0.047 0.051 0.072 0.099 0.115 0.081 0.062 0.053 0.156
Mn 0.004 0.004 0.004} |Mn 0.003 0.002 0.002 0.002 0.003 0.003 0.002 0.002 0.000 0.002
Mg 1.689 1.451 1.583| [Mg 0.892 0.830 0.792 0.914 0.980 1.001 0.903 0.810 0.851 0.788
Ca 0.009 0.014 0.008| |Ca 0.828 0.807 0.783 0.752 - 0.738 0.867 0.934 0.812 0.860 0.869
Na 0.000(" 0.002 0.002| |Na 0.121 0.164 0.189 0.149 0.101 0.035 0.035 0.169 0.166 0.086
Total 3.998 4.002 4.006| |Total 4.018 4.019 4.013 4.018 4.011 4.026 4.004 4.015 4.061 4.022
Mg# 85.79 74.56 81.02 (Mg# 92.74 9461 ~ 93.99 92.72 90.83] . 89.70 91.85 92.92 94.17 83.49
Ca# 0.54 0.93 0.48| {Ca# 48.12 49.29 49.73 4513 42.97 46.41 50.70 50.05 50.26 52.42
# Anal* 3 3 2| |# Anal.* 2 6 2 5 2 5 3 2 2 3
En 0.84 0.73 0.79| |Wollastonite 0.405 0.382 0.375 0.368 0.364 0.423 0.458 0.395 0.386 0.395
Fs 0.14 0.25 0.19} |Enstatite 0.446 0.415 0.396 0.457 0.490 0.500 0.454 0.405 0.425 0.394
Ferrosilite 0.035 0.024 0.025 0.036 0.049 0.057 0.040 0.031 0.026 0.078
Key: Acmite 0.035 0.038 0.026 0.036 0.022 0.051 0.009 0.030 0.122 0.043
*) # Anal. = Number of analyses CaTs** 0.017 0.042 0.033 0.016 0.011 0.021 0.019 0.023 0.088 0.078
**) CaTs = Ca-Tschermacks Jadeite 0.086 0.126 0.164 0.113 0.079] 0.000 0.02§‘ 0.138 0.044 0.042
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Figure 5.2 Ca, Mg and Fe compositions of xenolith garnets. The low-Ca harzburgites are more Mg-rich than

the high-Ca harzburgitic and Iherzolitic garnets. The clinopyroxenites and websterites are more Fe-rich than the
peridetitic garnets.(Symbols as for figure 5.3)
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Figure 5.3 Mg# versus CaO in garnet. The peridotitic garnets have a small range in Mg# (76.5-85.3) in

comparison to the pyroxenitic garnets (45.3-78.8), and mark a subtle negative relationship between the CaO

‘ _content and Mg#. The garnet in MIS413 is more Fe-rich {Mg# 70.4) than the other peridotitic garnets. The

o Clmopyroxemﬂc garnets have a narrow range in CaO content (4.2 - 6.1 wt%), apart from PGN320 and PGN322
v (with 10 wt% CaO0). .
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have >2 wt% Cr,0s, and the majority of the

Figure 5.4 Cr;0; vs CaO in garnet. The peridotitic garnets ;
line of Gurney (1984) divides the harzburgitic

pyroxenitic garnets <2 wit% (ARN028 has 4.2 wt%). The 85%

suite into a low-Ca group and a high-Ca group. The Iherzolitic garnets all plot in the high-Ca quadrant.
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- Figure 5.5 The low-Ca and high-Ca harzburgitié garnets all have low TiO, contents (<0.15 wt%). The

',Iﬁhe}rZ'olitic garnets (4.9-7.0 wt% CaO) have high TiO, contents (0-0.9 wt%).
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-Figure 5.6 Ca, Mg, Fe compositions of orthopyroxene and clinopyroxene. (Symbols as for fig 5.3)
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Figure 5.7 CaO vs Mg# in orthopyroxene. The harzburgitic orthopyroxenes have lower CaO contents than the

lherzolitic orthopyroxenes (LLD-0.4 wt%, and LLD-1.0 wt% respectively).

One ‘harzburgitic orthopyroxene

(MIS463) has a higher CaO content of 0.6 wt%. The lherzolitic orthopyroxenes (Mg# 91.2-93.7) are more Fe-
rich than those of the harzburgitic suite (Mg# 93.0-94.0). The pyroxenitic orthopyroxenes (not shown) are more

Fe-rich than the peridotitic orthopyroxenes (Mg# 74.5-85.7).
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Figure 5.8 A1203 vs Cr;,0; in orthopyroxene The websteritic orthopyroxenes have higher Al,O; contents (1.7-
2.0 wt%) than the peridotitic and clinopyroxenitic orthopyroxenes (0.2-1.2 wt%). The pendotmc orthopyroxenes
define a rough positive ; relatlonshlp between ‘Al,O5 and Cr;0s. .
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Flgure 5.9 NiO vs Mg# in olivine. The majority of the olivines have Mg# s 89.9 - 93.0. The three outliers are:
MiS413 (Mg# 87.38), ARNO30 (Mg# 94. 22) and PGN301 (NiO-0.15, Mg# 93.7).
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Figure 5.10 Cr,0; vs Al,O; in ¢hromite.. The'harzbﬁrgitic chromites all have high Cr,O; contents (58.6-63.4
- wit%) and low ALLO; contents (5.8-11.7 wt%). The lherzolitic chromites have a large range in Cr;0; (42.0-59.2

wt%) and ALO; content (6.1-24.6 wt%).
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65 | Compositional field of chromite inclustons
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Figure 5.11 Cr,0; vs MgO in chromite. The majority of the haizburgitic chromites plot within, or close to the
compositional field for chromite inclusions in diamond. All the Iherzolitic chromites plot outside this field,
having lower Cr,0; contents. The chromite grains in sample MIS409 situated adjacent pyroxene have a different
chemistry to those grains totally enclosed by garnet.
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Figure 5.12 CaO vs Mg# in clinopyroxene. The lherzolitic clinopyroxenes have a small range in Mg# (90.7 -
94.6) compared to the pyroxenitic clinopyroxenes (Mg# 83.3-94.4). The clinopyroxene in PGN319 and the
websterites (MIS438, MIS439) are more Fe-rich than the other samples.
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~ Figure 5.13 Al,0; vs Cr,0; in clinopyroxene. Three clusters are noted within the Therzolitic clinopyroxenes: a
low ALO; and Cr,0; cluster; a low Al,Os and high Cr,0s cluster (some of these samples contain no garnet); and
a high AL,O; and Cr,0; cluster (all in equilibrium with primary chromite). The pyroxenitic clinopyroxenes
_generally have higher Al,Os, and lower Cr20; contents than those of the lherzolite suite.
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Figure 5.14 Cr;O; vs Na,O in clinopyroxene. The lherzolitic clinopyroxenes define a positive relationship

between Cr,Os and Na,O.
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© Figure5.15 A coupled substitution of Na'* with AI** or Cr** would be indicated by points lying on the 1:1 line.

The é!iﬁOQyOxenes in eight samples indicated by the fields above are enriched in Cr and Al relative to Na.
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Figure 5.16 Cr;0; vs CaO in garnet. The low-Ca harzburgitic garnets from the Pigeon kimberlite are more Cr-
rich than those from the Arnie kimberlite. The Misery kimberlite has a lower proportion of low-Ca harzburgitic,
and higher proportion of pyroxenitic garnets (<2 wt% Cr,0;) than the Arnie and Pigeon kimberlites. Rock types

indicated in figure 5.4.
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'Fig_ure 5.17 The exsolved chromites have ‘a larger compositional range than the primary chromites. The
% mary Cr-spinels (<51% Cr,0;) are lherzolitic in nature (figure 5.10). The secondary Cr-spinels, located in
** "zones of alteration, tend toward more pleonaste compositions (more Fe- and Al-rich).
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General Chemical Trends

Garnet trends

Mg# and Crp03 content are the best discriminating factors between the peridotite suite and the
pyroxenitic suite. The peridotitic garnets have a higher CrpO3 and MgO content than the pyroxenitic
suite garnets. The peridotitic garnets define a negative trend of decreasing CaO with increasing Mg#
(figure 5.3). The range in Mg# is more restricted (77.9 to 85.3) than those of the pyroxenitic suite
(45.3-81.0).

A distinct positive trend is defined by the lherzolite suite samples in a plot of CaO vs Crp03 (figure
5.4). This is a narrow band with an approximate Ca:Cr ratio of 2.2:1 cations. Since the 1970’s studies
such as Gurney and Switzer ( 1973): Sobolev et al. (1973) and Sobolev (1977) have all noted this trend

for lherzolitic garnets in equilibrium with clinopyroxene.

All the low-Ca harzburgitic samples have TiO7 contents below 0.1 wt%. The lherzolitic and high-Ca
harzburgiti.c gamets have measurable TiO7 contents, with a sharp rise in TiOz contents for garnets with

CaO contents greater than 4.9 wt% (figure 5.5).

A negative correlation between Mg# and Al;03, CaO and MnO was noted for all the peridotitic
gamnets. The gamnets displays a negative correlation between CrpO3 and Alp03, as expected from the
substitution of Cr3* for AI3* in the garnet structure. The negative correlation of Mg# with AlpO3; and

between CrpO3 with AlpO3 translates into a positive correlation between CrpO3 and Mg# in garnet.

Clinopyroxene trends

None of the clinopyroxenes in the pyroxenitic suite have an omphacitic composition (figure 5.6 inset).
This fact was verified using the classification by Morimoto ( 1988). The Ca-Mg-Fe nature of the
clinopyroxenes of the pyroxenite suite (figure 5.6) imply that the samples do not have a classical

eclogitic nature, in which the clinopyroxenes have an omphacitic composition.

‘Most of the peridotitic clinopyroxenes define a positive trend between AlyO3 and CryO3, with a ratio
of Alp03: Crp03 of 0.2:1 (figure 5.13). Four clinopyroxenes from the Misery kimberlite lie off this
trend. All four of these samples (MIS409, MIS426, MIS431, MIS433) contain primary spinel. The

";C"r203 content in these clinopyroxenes may have been preferentially partitioned into the chromite,

O leaving the clinopyroxene Cr-poor in relation to the other clinopyroxenes. PGN333, the. only other

AN :l»lierZo‘litic sample that contains spinel, lies in the positive lherzolitic trend. The modal proportion of
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spinel in PGN333 is much smaller than the other four spinel-bearing samples, due to this fact the

'Crp03 content of the clinopyroxene in PGN333 may not have been affected by the spinel formation.

A similar positive correlation is noted between Na0 and Crp03, with a ratio of NayO: Crp03 of 0.7:1
(figure 5.14). The pyroxenitic suite samples have a highly variable AlyO3 and NayO content and low
Crp0O3 content below 0.5 wt% (apart from PGN320, PGN322, MIS454, which have Crp03 contents
around 1 3 wt%). A coupled substitution of Nal* with AI3* or Cr3+ would be indicated by points
lying on the 1:1 lme (figure 5.15). - The clinopyroxenes in eight samples are ennched in Cr and Al
~ relative to Na namely the websteritic - clinopyroxenes (MIS438 MIS439) the coarse equant
clinopyroxenites PGN320, PGN322, and the four clinopyroxenes in equilibrium with primary chromite
(MIS409, MIS426, MIS431, MIS433):

Orthopyroxene .

The peridotitic orthopyroxenes define a positive. correlation between Al203 and CrpO3 (figure 5.8),
and a slight negative correlation between MnO and Mg#, and CaO and Mg#. Based on Mg# and CaO
two subtle éroups can be defined within the Iherzolitic oxthopyroxenes: a more Fe-rich group with

higher CaO valﬁes, and a Mg-rich group with lower CaO contents (figure 5.7).

Olivine

The olivine in the harzburgites and lherzolites are very similar, and no compositional trends were
noted. It should however be noted that three samples have anomalous olivine compositions. The
olivine in MIS413 is more Fe-rich than the other olivines, and the olivine i_nv ARNO30. more Mg-rich.
PGN301 has a very low NiO content. The cloudy appearance of the olivines suggests that they may

have undergone secondary alteration.

Chromite

Three different forms of chromite were noted in the petrographic study, namely: primary, exsolved and
trace chromites. The primary and exsolved spinels of the harzburgite suite are similar in nature, and
have a chromite composition (>56.8 wt% Cr03). 'Thekexsolved chromite (56.8-63.4 wt% CrpO3) has
a slightly larger compositional range than the primary chromites (60.6-62.0 wt% Cr03, figure 5.17).
~ The chromite within the Iherzolite suite samples contain progressively more AloO3 and less Crp03
than the harzburgite suite chromites (60.1-42.0 wt% Crp03, and 6.1-24.5 wt% Al03), thus tending

toward pleonaste compositions. None of the pyroxenitic suite samples contained primary chromite.

The secondary trace chromites are located in the alteration rims of minerals, especially the kelyphitic

rims of garnet. They trend toward higher MgO and AlHO3 contents with decreasing CrpO3. They also
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tend to have higher TiO2, MnO and FepO3 contents than the exsolved and primary chromites.. There is
a direct correlation between the size of.the chromite and it’s chemlstry As the chromites become

smaller they tend toward more pleonaste composmons becommg more Al- and Fe3*- rich.

5.3 DiscussioN

Comparison between Lac de Gras and Kaapvaal peridofites

Major element compositions’ from céarée-'gfé{nﬁiaf, Jow ”te.mperafkur‘e peridotites from the Bultfontein,
Bultfontein F loors, De Beers, Dutoitspan, Finsch, ‘Frank Smith, Jagersfontein, Koffiefontein,
Monastery, Mothae, Orapa-01, River Ranch, Roberts Vi-ctor and Wesselton kimberlites were obtained
from the Kimberlite Research Gréup’s Database at the University of Cape Town. The major,element
data from these lecalities on the Kaapv‘a_al craton were combined into one data set and compared with

the major element compositions of the peridotitic minerals from the three kimberlite localities in this

study. " : .

Figures 5.18 to 5.38 show that the major element composition of the peidotitic minerals from the Lac
de Gras region are similar to those from various localities on the Kaapvaal craton. The garnets from
the peridotites in this study extend to slightly lower Mg#’s (fig 5.18), but.are more CrpO3-rich (fig
5.21) than the Iﬁejority of the garnets from the Kaapvaal craton. The chromites are also more Cr03-
rich (fig 5.36), and MgO-poor (fig 5.37) than those from the Kaapvaal craton. The harzburgitic

orthopyroxenes from the Lac de Gras region are depleted in AlpO3 relativ_e'to those from the Kaapvaal

craton (fig 5.25).

Garnet and chromite mineral chemistry in relation to diamond bearing capacity

A large number of the garets from both the Pigeon and Arnie kimberlites are low-Ca harzburgitic
. garnets, whereas only four lew-Ca harzburgitic garnets from the Misery kimberlite were analyeed
(figure 5.16). In addition a large number of the chromites from the Arnie kimberlite plet close to the
diamond stability field (figure 5.11, table 5.4), whereas those of the Misery kimberlite do not. The
‘Misery kimberlite is however presently being mined by BHP. - The diamonds from the Misery
kimberlite are predominantly eclogitic ‘(J.J. Gurney, ‘pers comm. 2001), a fact that would be
corroborated by the high proportion of eclogitic and websteritic xenoliths from the Misery kimberlite.
This highlights the importance of invesﬁgating the eclogitic population in any diamond exploration and

feasibility study.
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Figure 5.19 A comparison between the
MgO in garnet for the peridotites in this
study (upper histogram) and those from
various localities on the Kaapvaal
craton (lower histogram).
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igure 5.23 A comparison between the

“Fi
NiQ in olivine for the peridotites in this

study (upper histogram) and those from
" various localities on the Kaapvaal
craton (lower histogram).
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Figure 527 A comparison between the
Ca0 in orthopyroxene for the peridotites
in this study (upper histogram) and those
from various localities on the Kaapvaal
craton (lower histogram).
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Mg# ratios between coexisting pyroxenes '

A ratio of the orthopyroxene Mg# to the clinopyroxene Mg# was computed for all samples which
contained both orthopyroxene and cliﬁopyroxene grains within the small xenolith fragment. Averages ‘.
were computed for eleven lherzolitic ‘and three pyroxenitic xenoliths. An aVerage of the Mg# of
orthopyroxene to clinopyroxene for the lherzolitic xenoliths is 1.00 +/- 0.0068. The average ratio of
Mg# of orthopyroxene to clinopyroxene is however lower for the pyroxenitic samples (0.93 +/-
10.0293). - This difference may be due to a compositional effect, or be an indication of disequilibrium

between, the orthopyroxene arndwclinoplyroxenev in the pyroxenitic xenoliths.

Possible relations between different suites

The garnets and clinopyroxenes of th’grecrystal-li'zed garnet-clinopyroxenite samples continue the trend
of the lherzolite samples to lower CrpO3 and AlpQO3 contents. They are slightly more Fe-rich than the
mineralé of the peridotite suite, and yet less Fe-rich than the granoblastic websterites. They may
therefore be a gradational link between the peridotite samples and the websteritic samples. This can
also be attested by the intermediate composition of the recrystallized orthopyroxene in sample MIS428.
Possible causes for the compositiohal trends within garnet

The low-Ca harzburgitic garnets from individual kimberlites Pigeon and Arnie form rough fields of
increasing CaO with increasing CrpO3. This rough correlation is a less Cr-enriched trend than the

“lherzolite trend” (figure 5.16).

The “lherzolite trevnd”, a steep correlation between CaO and Crp03 in lherzolitic garnets was first noted
in the 1970’s (Gurney and Switzer, 1973;'Sobolev et al., 1973; Sobolev, 1977). 1t has since-been well
documented in numerous on- and off-craton kimberlite localities (Burgess and Harte, 1999; Griitter et
al., 1999; Steifenhofer et al., 1999). Hatton (1978) proposed that the Iherzolite trend could be
explained by a buffering of Ca2t in the garnet by a reaction also involving orthopjrox«ene and
clinopyroxene. Harzburgitic garnets, not being in equilibrium with clinopyroxene, do not lie on the
lherzolite trend. Gurney (1984) found that the garnets on the Ca-poor side of the lhefzolite trend (the
harzburgitic garnets) were under-saturated with respect to Ca, and have a similar composition to
garnets found in diamond inclusions. Yet no distinct trends are known within the Ca-poor field, which
makes the roughly positive Ca-Cr correlation of the iow~Ca harzburgites from individual kimberlites in

this study unusual.

Within the garnets from the spinel-garnet peridotite from the Jericho kimberlite (about 150 km north of
Lac de Gras) Kopylova et al. (2000) have noted a trend of lower Cr-enrichment with increasing CaO

than the normal lherzolite trend. They attributed this trend to the buffering effect of spinel and
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4 clindpyrdxene in equilibrium with garnet. The les'S‘-C'r-en'r_ic_hed nature of this trend is similar to the
rough correlation noted in the low-Ca harzburgite suite. Many of the low-Ca harzburgitic garnets have
equ»ilibra.ted with chromites, but are under-saturated with respect to calcium, implying that they have
not equ-ilibra-ted with clinopyroxene (Harte et al., 1980; Boyd and Gurney, 1‘982). Hénce the formation
of the correlation in CrpO3-CaO could not be due to the same garnet—spinel-clinopyfoxene
equilibration and bﬁfféring as suggested by Kopylova et al. (2000) for the exotic trend from the Jericho
kimberlite..

Analternative meaﬁs of creating the szO3-CaO trend is by metasomatismv | or melt ‘inter)nacti‘csn,d
modifying a homogeneous precursor to ‘different degrees by Ca—enrichmentv or by Ca-depletion.
Crp03-Ca0O zoning within individual garnet grains has lead _numerouS authors to suggest that the low-
Ca harzburgites can be modified to more enriched lheerlitic‘compositions'by' interact»io_n with a melt,
be it a megacrystic melt, a proto-kimberlitic fluid or an Asthenospheric melt (Burgess and Harte, 1999,
Grifﬁﬁ et al., 1999b; Pokhilenko et al., 1999; Stachel et'lal., 199,9)' Luth (1999) however suggests that

interaction of harzburgites with a liquid carbonate would deplete harzburgitic garnets of Ca.
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Figure 5.39 Summary of the different chemical characteristics of the subgroups within the peridotite
and pyroxenite suite samples respectively. The subdivision of the peridotite suite sample suite is based

-on the garnet composition, whereas that of the pyroxenite suite is based on texture and the
clinopyroxene composition. '
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6. TRACE ELEMENT MINERAL CHEMISTRY

6.1 INTRODUCTION

Trace elements may be considered as those elements that constitute <0.1% of a melt and that obey
. Henry s Law for d11ute solutlons They may be cons1dered as “those elements that are not’
.A stomhrometrrc constltuents of phases in the system of mterest” (Whlte 1997) “The appllcatlon of this
definition depends on the system of interest, for example K may be considered a trace element in a

basaltic system, but not in a gran1t1c system

Trace elements, and particularly rare earth element (REE) studies of minerals can be used to infer
partial melting, crystal fractionation and metasomatic processes, such as cryptic metasomatism (Harte,

1987). Small scale mantle heterogenelty suggests that processes affecting one portion of the mantle
may not have affected others. Hence not all mantle rocks may have experlenced metasomatic
processes, but all would experience mmeral mmeral trace element interactions. These interactions may -
have important application in understanding the state of equilibrium between minerals (van Agterburgh

et al., 1998),. and have geothermobarometric applications (Griffin et al., 1989; Ryan et al., 1996; Canil,
1999). '

Garnet and clinopyroxene are the two main REE repositories within thev diamond stability region
(Wang and Gasparik, 2001) as the incovmpati'ble trace elements are hosted more readily in the complex
crystallographic structures of these minerals than in ‘the other ultramafic minerals {olivine and
orthopyroxene). The heavy REE’s partition well into the gamet structure, substituting for Mg.
(Shim'izu and Kushiro, 1975), whereas the light REE’s pa_rtiti'cn well into the clinopyroxene structure

" (Wang and Gasparik, 2001).

General Trace Element Characteristics

The behaviour .of trace elements is largely determined by their radius and ionic charge. These
characteristics determine the nature of the bonds they form, and the relative ease with which they
substitute intothe structure of minerals. The trace elements studied within this chapter may broadly be
grouped into fo_ur categories, namely‘.thc large ion lithophile elements (LILE), the high field strength

elements (HFSE), the first series transition metals and the rare earth elements (REE).
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K, Rb, Sr, Cs and Ba are collectively known as the large ion lithophile elements (LILE). These
elements have a large ionic radius ( 1:21A for Sr and 1.78A for Cs, after. Whittaker and Muntus, 1970)
and low ionic charge (+2 or +1). The ionic radii of the LILE’s are Llarger than those elements that
normally compose the major minerals in mafic and ultramafic rocks. Substitution of the LILE’s into
the mineral structuré of these rocks therefore causes distortion of the tetrahedral and octahedral sites,
which- is energetically unfavourable (White, 1997). | LILE’s are therefore generally considered

incompatible elements in mafic and vultrama‘ﬁc rock-mineral systems.

| High ﬁeld étréngt’h el:e'm'er'l»ts? (PIFSE) have Smallerlomc radii Qnd hi:-gher io‘nivi:'charge than the 'l'érgfe"ioh" A'
lithophile elements (LILE). Zr and Hf both have a +4 valence state and ionic radius of ~0.80A,
whereas Nb and Ta both have a +5 valence state, and an ionic radius of 0.72A (after Whittaker and
Muntus, 1970). Th (+4) and U (+4 or +6) are sometimes included in this group due to théir high
valence states. In the mineral-melt systerﬁ, the HFSEs are incompatible elements in silicate minerals.
Their high ionic charge makes substitution for the common mafic and ultramafic elements (Mg2¥,
Fe2*, Ca2™) unfavourable, and coupled substitutions would be required to maintain charge balance.
The first series transition metals (Sc, Ti, V,.Cr, Co, 'Ni, >Cu and Zn) are all siderophile and/or

chalcophile in nature, apart from Mn which is a lithophile.

The REE’s are part of the lanthanide series of elements, and usually act as a coherent group. They are
used extensively in trace element studies to define processes affecting the mantle. The REE’s all have a
3+ valence state, apart from two elements which may have a second valence state, namely Ce (+3 and
+4) and Eu (+2 and +3). These valence characteristics are useful for defining oxygen fugacities and
partial melt processes. REE concentrations are typically normalised to chondritic values to remove the
saw-tooth effect caused by the absolute abundance of elements, and allows for the comparison of REE

patterns between different phases.

" A quantitative analysis of the following elements was undertaken using the LA-ICP-MS at UCT:
LILE: Rb, Sr, Ba

HFSE: Zr, Nb, Hf, Ta, Y, Th, U

REE: La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb

First Series T ran:sition Metals and Compatible Elements: Sc, Ti, V, Co, Ni

The trace element concentration of garnet and clinopyroxene are discussed in detail as these two

minerals are the main two repositories for trace elements in ultramafic xenoliths. The compatible

elements within orthopyroxene and olivine will be discussed briefly.
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Method

Trace element compositions for individual minerals we'ré obtained using the Perkin Elmer Elan 6000
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) coupled to a CETAC LSX-200 UV Laser in
the Department of Geo'logical Séiences, UCT. A minimum of three analyses were obtained per
mineral. A single analysis consisted of three réplicates of a hundred readings each. Methods and

standardisation procedures are detailed in chaptér 3.

. The REE’s were normalised accordmg to the chondrmc values defined by Anders and Grevesse (1989)
and the trace elements are normallsed to the pr1m1t1ve ‘mantle values. glven by McDonough and Sun
(1995). In these plots the trace elements are presented in decreasing order of incompatibility from left

to right (figures 6.8-6.14). Rb and Ba as most incompatible on the left, and Co and Ni as the most

compatible on the right.

As minerals/mineral partition coefficients are of interest to unravelling mantle processes, where
mineral/mineral partition coefficients were not available they were inferred by dividing published

mineral/melt by mineral/melt partition coefficients for similar melts.

6.2 CHEMICAL CHARACTERIZATION

Harzburgite Suite
Due to the similar trace element characteristics of the low-Ca and high-Ca harzburgitic suite minerals,

they have been described together as a single suite below.

Large Ion Lithophile Elements (LILE) and High Field Strength Elements (HFSE)

The harzburgitic garnets have higher Sr contents (LLD - 6.7 ppm) than in the lherzolites or pyroxenites
- (<l ppm). The harzbyrgitic garnets have a wide range in Zr content (0.4-64 ppm), and lower Y
contents (<2.8 ppm) than the lherzolitic and pyroxenitic garnets (2.3-47.0 ppm). The gamnets in
ARNOO3 are exceptional and have elevated Y (35 ppm) and Zr (107 ppm) contents (figure 6.1).

First Series Transition Metals

The harzburgitic garnets have low Ti contents (<371 ppm), and a large range in Sc content (117-448
ppm), figure 6.2. The abundance of Sc appears to be related to the Mg# in the garnet, as Mg#
increases, so does the abundance of Sc (figure 6.3). The harzburgitic garnets have lower Ni (11-56
ppm) contents and similar C;o.(32-50' ppm) contents to the therzolitic garnets (figure 6.4), the garnet in

ARNO025 however contains more Co (70 ppm).
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Neither the orthopyroxene, nor the olivine of the low-Ca harzburgitic suite contain many detectable
incompatible trace elements. They do however contain appreciable amounts of compatible elements:
the orthopyroxene contains 434-797 ppm Ni, and 34-48 ppm Co (figure 6.5), and the olivine contains
2264-2881 ppm Ni and 108-127 ppm Co (figure 6.6).

Rare Earth Elements (REE) ' _

Three distinct REE patterns are found.within the garnets of the low-Ca harzburgites: a MREE-enriched
pattern, a sinusoidal pafterri and a LREE;dépiéted péttern (ﬁigure 6.7). The MREE-enriched 7patterrr1ﬁivs>
characterised by enriched MREE (~20 times chondrite) relative to the LREE’s and HREE’s (~5 times
chondrite). The maximum is around Sm. The sinusoidal pattern is LREE enriched (~10 times
chondrite) compared to the MREE (~2 times chondrite) and HREE’s (~ chondritic). In contrast to the
MREE-enriched pattern, the sinusoidal pattern has a smaller maximum around Nd, and a minimum
around Dy-Er. The third pattern is a simple pattern of LREE depletion, where the LREE’s have
chondritic values, and the HREE’s are about five times the chondritic value. It is interesting to note
that all the garnets that have MREE-enriched patterns coexist with primary chromites (ARN007,

ARNO17, ARN025, ARN027).

The high-Ca harzburgitic garnets have similar chondrite normalised REE patterns to those of the low-
Ca harzbu‘rgife garnets. The sinusoidal and LREE depleted enriched patterns are identical, whereas the
MREE-enriched pattern varies slightly (figure 6.7). The MREE-enriched pattern of the garnet in
ARNOI3 has considerably lower abundance’s of the MREE (~chond_fite) than the other MREE-
enriched garnets (~20 times chondrite). ARNOO03 on the other hand has an enriched REE abundance
(~50 times chondrite, Gd maximum), in contrast to the other MREE-enriched garnets (with a maximum

around Sm).

Trace element abundance’s relative to Primitive Mantle

Although the REE patterns of the harzburgitic garnets differ, the majority of the garnéts have similar
trace element characteristics. The garnets that di;play.ed sinusoidal REE patterns (MIS401, MIS408
and PGN340) have lower Sm, Zr, Hf, Eu and Gd concentrations, and higher Sr contents than the other
harzburgitic garnets (figure 6.8 and 9). All the garnets are depleted in Dy, Y, Er and Yb apart from that
of sample ARN003. The garnets of ARNO0O3 are enriched in trace elements relative to the other
harzburgitic garnets, particularly the compatible elements Sm, Zr, Hf, Eu, Gd, Dy, Y, Er, Yb and Sc.
ARNO26 is enriched in Zr and Hf relative to the other garnets. Generally _the low-Ca harzburgitic
gamets are slightly more depleted in Nb, Sr and Ti, and enriched in Sc.than the high-Ca harzburgitic

garhets.
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‘Lherzoli-te Suite

Large Ion Lithophz'le Elements (LILE) and High Field Strength Elements (HFSE)
The lherzolitic garnets have similar Zr contents to those of the hafzburgite suite (4-54 ppm), and higher

Y contents (1.4-17 ppm; figure 6.1). They all have low (<1 ppm) Sr contents.

Apart from Sr, the lherzolmc clmopyroxenes have low LILE abundance s (<13 ppm Ba, and <5 ppm
Rb). The majorlty of the lherzolitic clmopyroxenes contam between 109 and 332 ppm Sr and have
low HFSE contents (<10 ppm Zr; <5 ppm‘Hf, Nb, Ta). The clinopyroxene in ARN032 is an exception
and has much higher Sr (1803 ppm). and Zr content (58 ppm) than the other clinopyroxenes.

First Series Transition Metals _
The lherzolitic garnets have higher Ti contents (500-3 878 ppm) than those in other suites (figure 6.2),
and have a small range in Sc content (99 148 ppm). Apart from the garnet in MIS409, the Ni content
of the lherzolltlc garnets (53-101 ppm) is higher than those of the harzburgitic su1te but have similar
Co contents (37-54 ppm). Garnets in MIS409 have a lower Ni and subtly lower Co content (13 and 31

ppm respectively; figure 6.4).

The lherzolitic clinopyroxenes have lower abundances of the compatible elements Co (10-26 ppm) and
Ni (188-143 ppm) than the pyroxenites (figure 6.10), but V (128-328 ppm) and Sc (9-31 ppm) are more
abundant than in the clinopyroxenes from the clinopyroxenites (figure 6.11). The Ilherzolitic

clinopyroxenes contain between 94 and 1180 ppm Ti. The trace element content of ARNO32 is higher

‘than the lherzolitic clinopyroxenes (102 pp.m Sc).

The compatible element content of the lherzolitic orthopyroxenes is higher than that of the harzburgitic
orthopyroxenes (46-52 ppm Co; 620-800 ppm Ni; figure 6.5). The orthopyroxene in MIS409 is
howevef much lower than any of the other peridotitic orthopyroxenes, with 444 ppm Ni and 29 ppm
Co. The lherzolitic orthopyroxenes contain more Ti than‘the harzburgitic orthopyroxenes (177-653 °

ppm Ti), but have a similar V content (33-44 ppm).

The lherzolitic olivines have lower Ni (2061-2552 ppm) and Co (107-119 ppm) abundance’s than the

harzburgitic olivines (figure 6.6).

The trace element composmon of the minerals in sample MIS409 are different to the other lherzolitic

minerals. The garnet, clmopyroxene and orthopyroxene are all depleted in the compatible elements Ni
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(13 ppm) and Co (31 ppm) compared to the other lherzolitic minerals (figure- 6.4), and appears to be
more like the harzburgitic minerals in this fegard. Intereetingly, MIS409 has a lower temperature of
equilibration than the other therzolitic sam'ples (figure 6.20), and is the only lherzolitic sample that was

analysed for trace elements that coexists with chromite.

Rqre Earth Elements (REE)
In contrast to the three 'varieties of REE patterns noted in the harzburgitic garnets, only one pattern is
noted in the lherzolitic garnets. The Iherzolite garnets are all LREE depleted (<1 times chondrlte)

relatlve to HREE S (~10 times chondrlte) figure 6.12.

Two REE patterns are noted in the lherzolitic clinopyroxenes (figure 6.13). The majority are slightly
LREE enriched 10 times chondrite) relative to the HREE (~3 times chondrite), forming a sinusoidal
REE pattern. In contrast, MIS409 has a relatively flat (~3 times chondrite), slightly concave upward
pattern (La ~ 5 times chendrite). One sample (ARN032) is‘ extremely LREE enriched (>250 times
_ chondrite) relative to HREE (~4 times chondrite).

Trace element abundance’s relative to Primitive Mantle _

The lherz_ohtic garnets have a distinctly different trace element profile to the harzburgites. Whereas
they have a similar Sr depletion, they contain greater amounts of Ti and Nb than the harzburgitic
garnets. The lherzolitic garnets are also enriched in the compatible elements Gd, Dy, Y, Er and Yb

relative to the harzburgites, but are not as enriched in Sc (figure 6.8, 6.9 and 6.16).
Pyroxenite Suite

Large Ion Lithophile Elements (LILE) and High Field Strength Elements (HFSE)
The majority. of the pyroxehitic garnets have low Sr (<1 ppm), Zr contents (<3 ppm), and Y contents
* (<20 ppm). The garnet in sample MIS438 has higher Y (47 ppm) and Zr contents (26 ppm). Their low

Zr content may be used to discriminate them from the peridotitic garnets (figure 6.1).

The pyroxenitic clinopyroxenes have low LILE abundance’s (<10 ppm Ba, and <2 ppm Rb), but higher
Sr contents (8-368 ppm). Apart from the clinopyroxene in the websteritic sample MIS438 (Zr 54 ppm),
the pyroxenitic clinopyroxenes all have low HFSE contents (<10 ppm Zr; <5 ppm Hf, Nb, Ta).

First Series Transition Metals
The pyroxenitic garnets have lower Sc contents than the perldotltlc garnets (21-222 ppm), and

moderate Ti contents (263-921 ppm) The Ni content (10-48 ppm) of the pyroxenitic gamets is similar
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to that of the harzburgitic garnets, whereas the Co content is higher (websteritié gamets:.60 and 70 ppm
~ Co; clinopyroxenitic garnets: 50-53 ppm Co; figure 6.4); The garnet in PGN319 has much higher Co
content (101 ppm). | ’ '

The pyroxenitic cli‘nopyroxenes have high compatible element contents compared to the lherzolitic
clinopyroxenes (318-573 ppm Ni; 16-50 ppm Co). The Sc (4-27 ppm) and V (92-212 ppm) content of
the clinopyroxenite clinopyroxenes is lower than that of the wcbstéritic clinopyroxenes (36-38 ppm Sc;
438-578 ppm V). The websterites have high Ti contents'(-2659-5219 ppm) in comparison to the other

‘pyroxenites (74-727 ppm).

The orthopyroxene in the two web‘stéritic’samples (MIS438 and MIS439) have higher Co abundance’s
(99-108 ppm ) than the peridotitic o'?thopyroxe’nes.(ﬁgure 6.5). The Ni content.of the orthopyroxene in
MIS438 (517 ppm) is similar to that of the peridotitic orthopyroxenes, whereas the orthopyroxene in
sample MIS439 is much highef (1080 ppm). The V. content of the orthopyroxene in both the
websteritic samples is much higher than those of ‘the peridotitic suite (97 and 102 ppm), as is the Ti

content (377 and 1174 ppm). /

Rare Earth Elements (REE)

The garnets of the pyroxenite suite are similar to those of the lherzolite suite. garnets in terms of both
REE patterh and abundance (figure 6.14). They are LREE depleted (<1 times chondrite) and HREE
enriched (~10 times chondrite) relative to chondrite. The websteritic garnets (MIS438, MIS439) are

more HREE enriched (15-35 times chondrite).than the clinopyroxenitic gam_éts.

Two REE patterns are noted within the clinopyroxenes of the pyroxenite suite. The samples MIS438
and PGN319 form convek—upward REE patterns, with MREE’s between 30-45 times bhondrite, in
éomparison to the HREE’s (<10 times chondrite). Thevseé'ond websteritic sample (MIS439) also has a
convex-upward pattern, but with lower absolute REE conééntraﬁons than MIS438 and PGN319 (<7
times chondrite). These three clinopyroxenes are more Fe-rich than the other pyroxenitic
clinopyroxenes (figure 5.12). The remaining clinopyroxenitic clinopyroxenes have flat to concave-

upward patterns, being more enriched in LREE (10-15 times chondrite) than MREE (<10 times

chondrite), figure 6.15.

Trace element abundance’s relative to Primitive Mantle (PM)
The trace element content of the pyroxenitic and lherzolitic garnets are similar (figure 6.16 and 6.17),
being enriched in the compatible elements Gd, Dy, Y, Er and Yb relative to the harzburgitic garnets.

The negative Ti anomaly is not as marked as for the low-Ca harzburgites. The websteritic garnets
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(MIS438, MIS439) are more enriched in the compatible elém_ents Gd, Dy, Y, Er and Yb than the
garnet-clinopyroxenite garnets. Wher,eés the Iherzolitic gamefs have lower Sc contents (5-7 tirhes PM)
than the harzburgitic garnets (10 -3'0 times PM), the pyroxenitic garnets (apart from ARNO028 and
ARNO31) have even lower Sc contents (1-5 times PM). The garnets in ARN028 and ARNO31 have

similar Sc contents to the harzburgites (14 times PM).
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Table 6.1 Selected trace element abundances in garnet. Elemental abundance in ppm.

Suite Low-Ca Harzburgite High-Ca Harzburgite Lherzolite ) Clinopyroxenite | Websterite
Sample No| ARNOO7 ARN025 MiS401 PGN303 PGN314| ARNO03 ARN0O04 ARNO13  MIS417| MIS409 PGN307 PGN310 PGN337 ARN028 PGN320| MiS438
Sc 270 495 424 222 1’17 448 286 202 231 129 103 148 ~ 100 227 21 64
Ti 56 <25.62* 19 182 371 125 38 13 133} 567 2241 1270 ’-2850 537 3857 921
Vv 176 319 153 297 269 288 297 167 '233| 106 355 344 -290| 538 67 132
Co - 44 70 37 45 39 43 . 39 36 33 31 37 48 39¢{" 50 53 60
Ni 36 56 26 30 56 31 22 11 22 12 67 53 53 44 23 10.2
Rb 0.14 <0.74 0.13 1.5 <0.74| <0.055 <0.055 0.06 0.079 0.24 <0.74 <0.74 <0.74 <Q.74 A1 <0.74
Sr. 1.2 1.8 2.3 0.75 0.57 1.8 18 0.18 0.71 0.22 0.87 0.82 0.54] - <0.37 0.42 <0.367
Y ' 0.65 <0.71 1.3 24 2.1 35 1.2 ©0.09 1.4 8.6 4.13 14 12 9.6 .23 47
zZr 32 53 57 27 29 107 33 0.70 42| 47 15 54 27 19 12| . 26
Nb 0.33 0.50 0.19 0.84 <0.22 1.3 0.090 0.057 0.10 0.34 0.50 0.39 0.44 0.77 0.31 <0.224
Ba ) 0.50 2.78 0.23 2.86 <1.61 0.44 1.1 0.30 - 0420 0.19 <1.61 1.6 <1.61 <1.61 <1.61 <1.611
La -0.13 0.92 0.73 0.52 0.44 0.25 0.67 0.15 0.33 0.05 <0.43 <0.43 <0:43 <0.43 <0.43 - <0.433
Ce 1.3 2.3 5.5 2.85 0.44 2.0 54 0.32 286 0.15 0.78 0.66 0.16 0.27 0.21 0.69
Nd : 52 9.4 54 3.32 1.4 17 6.2 0.47 6.0 0.27 2.19 2.44 0,75 0.54 0.87 1.1
Sm 3.4 5.1 0.63 0.98 0.50 5.5 0.92 017 1.3 0.36 0.77 2.1 0.54 <0.26 <0.26 1.3
Eu 0.94 1.3 - 015 <0.54 0.58 2.4 0.25 <0.051 0.30 0.24° <054 1.1 <0.54 <0.54 <0.54 0.9

1Gd 2.2 ‘3.6 0.42 0.67 0.85 10.2 0.49 0.17 0.62 1.2 0.96 3.2 1.3 <0.41 0.57 4.8
Dy 0.39 0.68 0.39 1.2 0.79 8.8 0.16 0.11 0.32 1.8 0.93 3.0 21 1.7 0.80 ) 8.0
Er <0.054 0.66 - 013 <0.47 0.57 3.2 0.15 <0.054 0.20 1.2 0.65 13 14 1.3 0.53! 5.2
Yb 0.16 0.30 0.46 0.88 0.56 2.2 0.26 0.05 0.71 1.3 <0.26 1.3 186 1.3 0.48 5.7
Hf 0.63 1.0  0.084 0.78 0.66 1.7 0.082 <0.052 0.1 0.24 0.75 0.78 0.86] <0.474 <0.47 0.64
Ta 0.026 0.11 '0.037 <0.045 <0.045 0.13 0.025 <0.005 0.057 0.11 0.094 0.076 <0.045 0.13 0.11 <0.045
Th <0.029 0.45 0.13 <0.29 <0.29 0.037 011 <0.029 = 0.12{ <0.029 <Q.29 <0.29 <0.29 <0.29 <0.29 <0.288
U 0.046 0.21 0.21 0.35 <0.17 0.11 0.067 .0.03 0.05 0.076 <0.17 <0.17 <0.17| <017 <0.17 <0.169
Y/Nd - 0.13 Y <LLD 0.24 0.74 1.5 4.6 0.20 0.19 0.23 32 1.8 5.9 16 18 2.7 42
TilNd 11 Ti<LLD 3.5. 55 272 16 6.2 27 22| 2100 1022 520 3798 991 444 818
Spot size ** 5 4 . 5 4 4 5 5 5 5 5 4 4 4 4 4 4
Garnet REE/MREE- MREE- . Sinusoidal. MREE- LREE- |MREE-  Sinusoidal MREE-  Sinusoidal [LREE- LREE- . LREE- LREE- |LREE- LREE- |[LREE-
pattern enriched enriched enriched depleted |enriched enriched depleted depleted depleted depleted |depleted depleted idepleted

* < Lower Limit of Detection  ** Laser beam spot size during analysis
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Table 6.2 Selected trace element abundances in clinopyroxene. Elemental abundance in ppm.

Suite Lherzolite Clinopyroxenite Websterite

Sample No| ARN032  MIS409 PGN310  PGN337 ARNO28  PGN319  PGN320 MiS438
Sc 102 31 18 12 4.9 27 46 36
Ti 97 941 402 1075 74 550 647 5219
v 223 271 328 254 93 212 145 438
Co 12 10.4 19 . 25 32 50 16 40
Ni 188 197 315 - 350 430 558 442 318
Rb 35 1.0 <0.74" <0.74 <0.74 <0.74 <0.74 <0.74
Sr 1803 109 . 332 132 8.2 368 195 29
Y 8.6 <0.71 1.7 1.6 <0.714 1.4 <0.714 4.1
Zr 58 4.0 9.7 33 0.90 5.8 1.1 54
Nb 14° 0.56 1.00 0.42 0.49 <0.22 0.72 <0.22
Ba 2.8 26 46 6.0 9.4 <1.61 29 <1.61
La 59 1.2 4.0 24 24 8.3 2.0 47
Ce 170 23 15 8.4 3.7 24 47 18
Nd 90 15 13 5.7 1.0 19 1.9 19
Sm 11 0.41 2.4 1.1 0.36 2.4 <0.261 5.3
Eu 2.7 <0.54 0.63 <0.54 <0.54 0.75 .<0.54 1.3
Gd 59 0.59 1.4 0.71 <0.414 15 <0.414 3.9
Dy 2.8 <0.50 <0.50 0.55 <0.50 0.57 <0.50 1.8
Er 0.82 <0.47 <0.47 <0.47 <0.47 <0.47 <0.47 <0.47
Yb 0.66 <0.26 <0.26 0.53 <0.26 0.32 <0.26 0.36
Hf 2.0 <0.47 0.63 <0.47 <0.47 0.51 <0.47 25
Ta 0.15 <0.045 0.054 <0.045 0.082 <0.045 0.19 ' <0.045
Th. 0.79 <0.29 <0.29 <0.29 <0.29 <0.29- <0.29 <0.29
u 0.35 <0.17 0.24 <0.17 <0.17 0.42 <0.17 <0.17
Spot size™ 4 4 4 4 4 4 4 4

* <[ ,ower Limit of Detection

** [ aser beam spot size during analysis
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Table 6.4 Selected trace element abundances in olivine. Elemental abundance in ppm. : '

Suite Low-Ca Harzburgite High-Ca Harzburgite Lherzolite

Sample No | ARN025 ARN026 PGN314 PGN317  ARNO03  ARNOO5 ARNO13  MIS417 ARNO032 PGN306 PGN310 PGN316
Sc <3.77* <3.77 <3.77 . <3.77 <3.77 <3.77 <3.77 <3.77 23 <377 <377 <377
Ti <25.62 <2562 <25.62 <25.62 <25.62 <25.62 <2562 <2562 16 <2562 . 49 38
\" <32.07 <32.07 <32.07 <32.07 <32.07 <32.07 <32.07 <32.07 50 <3207 <3207 <32.07
Co 108 111 110 115 114 127 120 109 117 120 107 116
Ni ‘ 2298 . 2264 2510 2496 2521 2881 2868 2547 2061 2340 2414 2552
Rb 0.90 <0.74 22 <074 2.4 0.80 0.76 <0.74 0.11 10 <074 - 12
Sr 0.41 1.3 2.0 <0.37 <0.37 <0.37 <0.37 <0.37 12, 059 <037 . 044
Y : 0.077 <071  <0.71 <0.71 <0.71 <0.71 <071 <0.71| <0.064  <0.71 <0.71 <0.71
Zr <0.21 0.65 <0.21 0.44 0.34 0.51 058 ~  0.33] 0.44 0.59  <0.21 0.63
Nb 1.5 <0.22 077 - 050 = 35 <0.22 0.69 0.39 5.9 1.1 0.31 <0.22]
Ba . <1.61 26 11 <1.61 <1.61 2.1 <1.61 <1.61 16  <1.61 <1.61 <1.61
La 0.80 1.2 <0.43 <0.43 <0.43 <0.43 074 \ <043 050 <043 <043 075
Ce - 0.20 0.22 0.84 0.15 0.23 0.16 0.24 <0.13 0.38 0.23 028  <0.13
Nd <0.21 0.31 0.61 <0.21 0.43 0.34 061 0.24 027  <0.21 0.30 0.32)
I1Sm 0.77 0.99 <0.26 0.65 0.60 1.01 1.0 = <0.26|/ 0.081 <0.26 <026 <0.26
Eu <0.54 - 0.89 <0.54 <0.54] © <0.54 <0.54 <0.54 <0.54| <0.051 <0.54 <0.54 0.54
Gd 070 <0.41 <0.414 <0.41 0.44 0.58 .79 <0.41 0.078  <0.41 <0.41 <0.41|
Dy <0.50 0.70 <0.50 <0.50 0.79 0.76 13 <0.50] <0.056 <050 <050 <050
Er 0.48 0.59 <0.47 <0.47] <0.47 1.1 <0.47 <0.47| <0.054 <0.47 <047 0.71
Yb 0.31 0.41 <0.26 0.66 1.3 0.70 0.89 <026 034 <026 <026 0.63
Hf <0.47 - <0.47 <0.47 <0.47 <0.47 <0.47 <0.47 <0.47| <0.052 <047 <047 <047
Ta : 0.13 0.068 0.088 0.065| 0.32 0.17 0.25 0.10 0.31 010 0.066  0.16
Th <0.29 <0.29 <0.29 <0.29 <0.29 <029 . <0.29 <0.29] <0029 <029 <029 <029
] <0.17 <0.79 0.17 <0.17 <0.17 <0.17 <0.17 <0.17| <0.013 <017 020  <0.17
Spot size ** 4 4 4 4 4 4 4 4 5 4 4 4

* <Lower Limit of Detection  ** Laser beam spot size during analysis
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Figure 6.1 Y vs Zr in garnet. The pyroxenitic garnets have low Zr:coﬁ'tents (0-26 ppm), whereas the peridotitic
garnets have a wide range in Zr content (0-64 ppm). ARNO003 has an exceptionally high Zr content (107 ppm).

The harzburgitic garnets generally have lower Y

contents than the lherzolitic and pyroxenitic garnets.
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Figure 6.2 Ti vs Sc in garnet. The harzburgitic
Sc content (117-448 ppm). :
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garnets have low Ti contents (<371 ppm), and a large range in
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Figure 6.3 Sc vs Mg# in garnet. The harzburgitic garnets define a rough positive relationship between Mg# and
Sc. Sc increases as Mg# increases. PGN314 has lower Sc contents than the other harzburgitic garnets (117

ppm), and lies off the positive trend.
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Figure 6.4 Ni vs Co in garnet. The therzolitic garnets (apart from MIS409) have higher Ni contents (53-101
ppin) than the harzburgitic and pyroxenitic garnets (11-56 ppm). Whereas the pyroxenitic garnets contain
sitnilar Ni contents to the harzburgitic garnets, they have higher Co contents (50-101 ppm).
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Figure 6.5 Ni vs Co in orthopyroxene. The websteritic orthopyroxenes have a higher Co content (99-105 ppm)
than the peridotitic orthopyroxenes (28-52 ppm). The lherzolitic orthopyroxenes (apart from MIS409) have
slightly higher Ni (620-800 ppm) and Co (56-62 ppm) contents than the harzburgitic orthopyroxenes (434-797

ppm Ni, and 34-48 ppm Co).
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F'g"ﬂre 6.6 Nivs Co inolivine. The trace clement content in harzburgitic and Iherzolitic olivine is very similar.
The high-Ca harzburgites have a slightly higher Ni content (2521-2881 ppm) than the therzolites and low-Ca
harzburgites (2061-2552 ppm). , :
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Figure 6.7 Chondrite normalised REE diagrams of harzburgitic garnets (a-¢). The MREE-enriched (a and b)
and sinusoidal REE patterns (c and d) are characteristic of the harzburgitic garnets. The straight pattern (¢) is
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trace element diagrams for the high-Ca
harzburgitic garnets. The garnet in

ARNOO03 is more enriched in trace

elements than the other harzburgitic
garnets. ‘



Trace Element Mineral Chemistry

600
A
550 | ®
Peridotite Suite
500 | .
+ Lherzolite
@
’ Pyroxenite Suite
450 + ® +
. - ® ® Clinopyroxenite
) 40} ® v . A Websterite
' :w"hg-"'!-'lv'i’ [ TR e + M+ ’ i : i e L A i P L T T or TR RCRP S .
g ; s
= 350 +
+ A
300 ¢+ +
250 |
200 |
t oy
150 .
5 15 25 35 45 55
Co (ppm)

Figure 6.10 Ni vs Co in clinopyroxené. The lherzolitic clinopyroxenes have lower abundances of the compatible
elements Co and Ni than the pyroxenitic clinopyroxenes.
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Figure 6.11 V vs Sc in clinopyroxene. The websterites are more enriched in V and Sc than the lherzolitic
i g!;in_opyroxenes; and the lherzolitic clinopyroxenes are more.enriched in these elements than the clinopyroxenes
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Figure 6.12 Chondrite normalised REE pattern for lherzolitic garnets. Lherzolitic garnets all have LREE-
depleted patterns. The garnets in PGN306, PGN307 and 316 are slightly depleted in HREE’s relative to the
other lherzolitic garnets. ‘
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Figure 6.13 Chondrite normalised REE pattern for Iherzolitic _clindpyroxenes. The majority of the
clinopyroxenes have a moderately LREE-enriched pattern. There are two exceptions: the clinopyroxene in
* ARNO032 is highly enriched in LREE’s, whereas that in MIS409 shows no enrichment in LREE’s.
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depleted patterns like the lherzolitic garnets. The websterites are more enriched in HREE’s than the other
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Figure 6.15 Chondrite normalised REE pattern for pyroxenitic clinopyroxenes. The three Fe-rich
clinopyroxenes MIS438, PGN319, and MIS439 (figure 5.12) have convex-upward patterns, with high MREE
content. relative to LREE content. The remaining clinopyroxenitic clinopyroxenes have flat or concave-upward
REE patterns. :
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Figure 6.17 Primitive mantle (PM) normalised pyroxenitic garnets. The pyroxenitic and lherzolitic garnets have
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Texture and Rare Earth Element (REE). patt_erhs

Many of the pyroxenite 4samp1e‘s Ai'n this study displayed disequilibrium textures such as garnet
exsolution and recrystallization frorﬁ clinopyroxene (ARN028 and ARNO31). The clinopyroxene in
ARNO031 has a concave upward REE pattern of moderate light REE enrichment of La and Ce relative to
the middle REE’s (figure 6.15). Eclogitic clinopyroxenes from Bellsbank (South Africa) and
Obanazhénnaya (Yakutia,'Russia) analysed by Jerde et al. (1993) have a similar REE pattern to the
| pyroxenitic q_l_inopyroxené in ARNO31, the garnets were however more HREE enriched (>10' times
chofidrite). Jerde et al. (1993) suggested that the REE patterns in the Bellsbank and Obanazhénnaya
clinopyroxenes reflect metastable partitioning of REE during exsolution processes. The clinopyroxene.
REE patterns ‘of the recrystal:liied sample ARNO31 may therefore be attributed to metastable

conditions.

Partition coefficients - Dz, PX/gt ‘ _

van Achterbergh et al. (2001) suggested that DZrCPX/gt partition coefficients may be used to indicate
the state of equilibrium between the two nﬁnerqls. They noted that equilibrium gamet-clinopyroxene
pairs generally had DZrCPX/gt < 1.9 and “most commonly” DZrCPX/gt < 0.2. Gallahan and Nielsen
(1992) have however shown that partition coefficients, particularly those of clinopyroxene are pressure,
temperature and compositionally dependant. This study agrees, suggesting that the partitioning of Zr
between garnet-and clinopyroxene is more likely related to compositional or temperature effects than

the state of equilibrium between the minerals, as-shown below:

Table 6.5 shows that all but one of the lherzolitic samples have DZrCPX/gt < 0.2 (MIS409 has a
Dz;°PX/gt of 0.85), the clinopyroxenites have 0.4 < Dy,CPX/gt < 2 and websterites have Dz CPX/8t >2.
The major element chemistry of the three different suites of xenoliths are markedly different,

suggesting that the DZrCPX/gt is compositionally dependant. In particular, it appears to be related to

~ the CryO3 content in garnet as DZrCPX/gt decreases with an increase in CrpO3 (figure 6.19). In

addition, according to van Achterbergh et al. (2001), the high DZr¢PX/gt (>2) of the websteritic
samples (MIS438 and MIS439) would suggest they are out of equilibrium, having a Dy, CPx/gt>1.9.
This would contradict the textural evidence. Both websterites have well equilibrated granoblastic
textures with stfaight grain boundaries and 120° grain intersections, whereas many of the xenoliths
with Dz,;SPX/8t<1.9 have poikilitic textures (MIS409, PGN323) or show evidence of recrystallization
(ARN028). |

The Tyj temperatures obtained for the xenoliths also indicates that the D7,SPX/8t may be temperature

dependant. Those xenoliths with high temperatures (1052-1185°C) have DZGCX/gt <0.18, whereas
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those xenollths with lower temperatures of equ111brat10n have higher Dz, PX/gt (0.48-2.49 at 664-
1015°C). The findings of Gregq__;r}_ie’tﬁe_l;;_(_m pres\s_,,_;:&_20(,‘),_1_)’ support this correlation with temperature.
Within their'sam_ple suite which‘ in‘ciuded Jbeth sheared and granular peridotites, they found that the
lower temperature Iherzolite xerioliths (841-999°C) had higher D7,°pX/gt values ( 1.25-1.82) than the
xenoliths equilibrated at higher temperatures, .two of which are deformed peridotites (1076-1306°C;
Dz;cPX/gt 0.39-0.49). |

Table 6 5 Calculated Zr partmon coefﬁc1ents between gamet and clmopyroxene

' Sample 7R TT CPX ' DZGCX/gt Cr203 in gamet Temperature "Rock Sulte o

~ [Number ) o (wt%) (°C) * ‘
MIS409 47 4.0 . 0.853 - 3.64 ST 692 Lherzolite

- [MIS419 12.3 0.56°  0.046 - 535 oo 1208 Lherzolite
PGN310 54 9.7 0.180 C719 1053  Lherzolite
PGN323 = 48 2.6 0.054 5.06 1070 Lherzolite
PGN329. - 39 . 35 0:090 4.45 1185 ‘Lherzolite
PGN337 27 33 0.120 3.39 1052 Lherzolite
ARNO028 1.9 0.90 0.484 4.17 ‘ 994 Gt-Clinopyroxenite

- JARNO31 -.043 * 049 1.153. .. . . L72.. ... ‘1015 . Gt-Clinopyroxenite
PGN319 3.0 58" 1932 : 0.65 971 Gt-Clinopyroxenite
PGN320 1.2 1.1 0.951 " 229 824 Gt-Clinopyroxenite
PGN322 - 0.69 093 - 1.362 2.13 763 Gt-Clinopyroxenite
MIS438 26 54 2067 044 664 Websterite
MIS439 2.8 6.8 2.488 v 0.27 712 Websterite

* Temperature obtained using TN; (Chapter 7).

Conclusion

The textural evidence of the clinopyroxenites supports the theory by Jerde et al. (1993) that the unusual
REE pattern in clinopyroxene may be due to partial re—equilibration, whereas the textural evidence of
the websterites contradicts the suggestion by van Achterberg (2001) that mineral pairs with D7, cpx/gt
>2 are not in equilibrium. The DZGCX/gt appears to be dependant on either temperature or

composition (or both), rather than a test of elemental equilibration between minerals.
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Garnet REE patterns

MREE-enriched REE pattern in harzburgztzc garnets

The LREE depleted REE pattern of the lherzolite and pyroxenite garnets are ‘the most common REE
pattern noted in garnets, and are belleved to reflect equilibrium conditions (Hoal et al., 1994). The
MREE-enriched and sinusoidal REE patterns hoted in the harzburgitic garnets have been well

documented in numerous mantle derived sub-calcic garnets and garnets included in diamonds

H(Shlmlzu 1975 leon et al 1987 Hoal et al., 1994 Shlmlzu and Sobolev, 1995; Stachel et al 1999'
Stlefenhofer et al 1999) The smusmdal” REE pattem in garnet dlscussed by Hoal et al (1994) hasa o

peak around Sm, more alike the MREE-enriched than the sinusoidal REE pattern described in this

‘study. REE pattern-s from garnet vi.‘nclusions in diamond have sinusoidal REE patterns that peak around

Nd, similar to the sinusoidal patterrl.%described in this study (Shimizu and Richardson, 1987).

Various suggestions have been proposed for the formation of the MREE-enriched REE pattern in the
harzburgltlc garnets. Most authors agree that the MREE—enrlched pattern reflects a state of
dlsequ111br1um and are related to partial re- egulllbratlon with melt. Shimizu and Sobelev (1977)‘
suggest that the dlsequlllbrxum may be due to rapid crystal growth relative to the rate of diffusive mass
transport in the melt present, causing elevated incompatible trace element concentrations in the crystal
relative to the equilibrium value. Hoal et al. (1994) suggest that the MREE-enriched REE pattern may
be attributed to partial re-equilibration of the REE with LREE enriched metasomatic agents (figure
6.20). They suggest that the different partition coefficients for the LREE, MREE and HREE (Kp<0.1,
0.1<Kp<1.0 and Kp >1 respectively; Shimizu and Kushiro, 1975) may affect the rate of diffusion of
the REE. They therefore propose that the LREE, MREE and HREE reach equilibrium at different
times: the HREE’s taking longer to re-equilibrate than the LREE’s, thereby causing the MREE-
enriched pattern (figure 6.7). Griffin et al. (1999b) however question how the LREE’s, with a larger
radius could have a faster rate of diffusion than the relatively smaller HREE’s. Griffin et al. (1999b)

- suggest that the MREE-enriched pattern reflects a partial re-equilibration state of the harzburgitic

garnets with a carbonatitic melt. The low HREE and enrichment in MREE’s reflect the steep
chondrite-normalised pattern of carbonatitic melts. The LREE’s have a larger ionic radii (La3+:
1.26A) than the HREE’s (Lu3t: 1.05A). The LREE’s therefore typically replace Ca2t (1.2A) in the
garnet structure. Due to the Ca-poor nature of the harzburgitic garnets, fewer sites are available for
LREE substitution. Re-equilibration of the LREE’s therefore lag behind that of the MREE and
HREE’s, causing the MREE-enriched pattem.
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Figure 6.20 Schematic model by Hoal et al. (1994) to account for the MREE-enriched patterns noted in
numerous sub-calcic garnets and garnet inclusions in diamond. Interaction of melt (4) with refractory
~ garnet (1) produces a partially equilibrated garnet (2). If process had continued to completion, garnets

with REE patterns of (3) would result.

Whereas both Hoal et al. (1994) énd Griffin et al. (1999b) propose partial re-equilibration with a melt
for the formation of the MREE;enriched pattern, the mechanism proposed by Griffin et al. (1999b) is
favoured as the relation between diffusion rate and partition coefficient (Hoal et val ; 1994) is not well
understood. The intuitive observation by Griffin et al. (1999b) that the larger LREE’s would have a
slower rate of diffusion than the HREE’s would nullify the argument by Hoal et al. (1994).

Interaction of the mantle beneath the Lac de Gras region with- a LREE enriched fluid during the
Archean is likely. Two regions of carbonatite magmatism of Archean age have been mapped within
the Slave craton alone (Villeneuve and Relf, 1998). The extreme LREE enrichment in the
clinopyroxene of ARNO032 (figure 6.13) is likely to be evidence of interaction with a LREE enriched

fluid, whether it be carbonatitic, or from metasomatic agénts’ or from proto-kimberlite interaction.
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Sinusoidal and LREE depleted REE patterns in harzburgitic garnets

" Whereas numerous suggestions hqve_ Pg:gn proposed for the MREE-enriched pattern, none have been
proposed for the formation of the“ smusmdal REE pattern. An overlay of the LREE-depleted patterns in
the harzburgitic and Iherzolitic garhets with the sinusoidal REE pattern of the harzburgitic garnets
produced a spiralling pattern pivoting around the MREE’s (figure 6.21). It would appear that as the

LREE content decreases, the HREE content increases.

.One‘-pOssible mechanism for this-change in REE abundance could be melt interaction. But by the

" mechanisms described by Hoal et al. (1994) and Griffin et al. (1999), ;ﬁglt’”iﬁfé’raétibﬁ“k‘v_iiﬁ low-Ca -

harzburgitic gamets would .produce MREE-enriched patterns if arrested b'e"fore equilibrium is reached.
Yet the sinusoidal pattern is LREE enriched relative to both the MREE and HREE, hence an alternative

mechanism needed to be sought to create, or preserve, the sinusoidal REE pattern in the harzburgitic

garnets.

Exsolution of pyrope and pyroxene from majorite is a mechanism that may account for the original
sinusoidal pattern, and provide a means of presgrving the sinusoidal pattern in harzburgitic garnets, as

described below:

The LREE enrichment relative to MREE and HREE . content in the harzburgitic gamets with a
sinusoidal pattern is very similar to the clinopyroxene’ REE pattern (figure 6.22). This raises the
possibility of a relation between the two patterns via majorite, as majorite is a solid solutionl between
garnet and pyroxene. Whereas majorite retains a garnet structure, it cpntains a large proportion of

pyroxene in solid solution as pyroxene becomes more soluble in the garnet structure with increasing

depth.

The mineral/melt partition coefficients of majorite are more alike those of clinopyroxene, than those of
- pyrope (Xie et al., 1995; table 6.6). This characteristic has an interesting implication for the original
REE distribution within majorite, and for the distribution of REE’s in the exsolution product:

1) The majoritic garnet REE pattern may look like that of clinopyroxene, i.e. it could initially be
sinusoidal. The sinusoidal REE pattern in the low-Ca harzburgitic garnets may therefore reflect the
original REE distribution within majorite.

2) The partition coefficients of the LREE in pyrope are lower than those of majorite, whereas those of
the HREE’s are higher for pyrope than majorite. Exsolved pyrope should therefore contain
progressively more HREE’s and less LREE’s than majorite, pivoting around the MREE’s, as shown

in figure 6.21.
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Figure 6.21 An overlay of the LREE-depleted patterns in the lherzolitic (PGN337) and barzburgitic
(PGN314) gamets with the sinusoidal REE pattern of the harzburgitic gamets (PGN303, MIS401)
produces a spiralling pattern pivoting around the MREE’s. It would appear that as the LREE content
decreases, the HREE content increases. : .
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Flgure 6.22 v Chondrite normalised REE pattern for selected harzburgitic - gamets and lherzolitic
‘chinopyroxenes. There is a similarity between the clinopyroxene REE pattern and the sinusoidal REE
' 'p?lttem of the harzburgitic gamets.
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Table 6.6 Mineral/Silicate Melt Partition ¢oefﬁcien__ts for the minerals in ultramafic xenoliths (after

Xie et al., 1995)

Element = Pyrope Majorite Clinopyroxene Orthopyroxene | Olivine
La 0.01 0.09 0.054 0.002 0.005
Ce 0.02 10.095 ~0.098 ' 0.003 0.005
Nd 0.005 0.1 005 | 0.01 0.01
Sm , 0227 0.2 0.26 0.01 0.005
Fu 032 0:2 : 0.31 0.013 0.007
Gd 05 - 0.26 03 - - 0.016 0.006
b Ybiasnn e b e L g e 0 028 e 0049 e L 03002

But what supporting evidence is there for a majoritic companeht beneath the Slave province? -
Haggerty (1995) noted that majoritic inclusions in diarr_16nd are recognisable as they retain th’eir_
crystallographic structure, whereas majoritic rocks re-equilibrate by exsolution and may form “jigsaw”-
like textures. Although the sample size in {his study is small (<1.5 cm), those samples that have
sinusoidal REE patterns in garpep do exhibit “jigsaw”-type textures (ﬁgur‘e 4.5a). | |

-

Numerous super-deep mineral inclusions in diamond have been found in diamonds from the Lac de

‘Gras region and the southern slave craton: five of thirty-seven mineral inclusions in diamond from the

Tli Kwi Cho kimberlite complex (DO-27) were ferropericlase, and one had a majoritic component
(Davies et al., 1999); and four of twelve gar;et inclusibns in diamond from the Snap Lake kimberlite
contained a significant majoritic cofnponent (two eclogitic, and two peridotitic; Pokhilenko et al.,
2001). The concentration of low-Ca harzburgitic gamets 1s also higher in-the central region (Griitter et
al., 1999). The presence of super-deep mineral inclusions in diamond (Davis et al, 1999) suggests that
they had a super-deep origin. They may therefore either be plume related (Griffin et al., 1999a), or the

continental keel may have been deeper then normal, possibly extending into the majorite stability zone

. (Helmstaedt and Gurney, 1992; Pokhilenko et al., 2001).

Quantitative modelling

A model was formulated to quantitatively predict the REE distribution between exsolution products

from majorite based on the following equation:

Reaction: Majorite + Olivine — Pyrope + Orthopyroxene + Olivine

Intermediate phases: N Majorite + Pyrope + Orthopyroxene + Olivine 4
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The calculations needed to include different modal proportions of the minerals present during the
intermediate phases in order to fiiimic the exsolution process. It also needed to maintain a mass

balance of the minerals. present in-the system in order to model closed system behaviour.

Various basic asshmpti_ons were made:
1) Modal proportion of starting material: 40% majorite, 60 % olivine.
2) Modal proportion of end product: 10% pyrope, 30% pyroxene, 60% olivine.

3) Olivine is excluded from the. calculation based on two assumptions: 1) Olivine h_osts‘n‘egligible

 “amounts of REE’s" and would therefore mot infliience trace ‘élemefit Partitioning; and 2)"as the

relative start and“end product contain the same amount of olivine, olivine is not involved in the

exsolution process.
4) The initial concentration of REE’s to be partitioned between the minerals during the exsolution
process is equal to those present within the majorite i.e. 40% of the rock.

5) Closed system behaviour is assumed.

The exsolution process was modelled in five independent stages, as shown in table 6.7. The modal

percentages of the minerals present varied in each stage from 100% majorite in Stage 1 to 0% majorite

in Stage 5 (table 6.7).

Table 6.7 Hypothetical percentagés of the minerals involved in the exsolution process in different

stages. The ratio of pyrope:pyroxene is constant at 1:3.

Stage % Majorite (%Maj) - % Pyrope (%Py) % Pyroxene (%Pyx)
1 Initial 100 . ' 0 ) 0
2 | Intermediate 80 : 5 15
3 Intermediate 50 13 37
4 | Intermediate : 20 , 20 60
5 Final 0 25 75

i

An example of the calculation of the distribution of La between the various phases is as follows:
[La]Maj = [LalInnitial / ((%Maj) + (%Py * DLapy/ DLayg,;) + (%Pyx * DLapy,/ DLay,) )
[Lalpy = [LalMaj * DL2py/ DLayg,;

[Lalpyx = [LalMaj * DLapyy/ DLapy;

A mass balance cross-check was employed to verify that the distribution of the REE’s between the
minerals was correct. This was achieved by checking that the sum of the calculated concentrations
multiplied by the modal percentage of the mineral equalled the initial REE concentration. .

Calculation correct if: [Lalfpitia] - (YoMaj*[La]Maj) - (%Py*[La]py) - (YePyx*[La]pyx) =0
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Results.

Initially two models were attempted. - Both ‘used the REE cbntent of ARNO026 as a starting material.
Model (A) involved exsolution into pyrope and brthopyroxene (table 6.8), whereas Model (B) modelled
exsolution into pyrope and clinopyroxene (table 6.9). Results of both models are detailed below.
Model C is an extension of the-Basic calculation to include the exsolution of a small portion of

clinopyroxene alongside pyrope and orthopyroxene (table 6.10).

~Table 6.8 "'RéS’qlts of Model (AY: 'Elémental'abundance‘in‘pﬁ'm‘: R

Exsolution process; - Majorite (1.0) — Pyrope (0.25) + Orthopyroxene (0.75). (x)= wt fraction.

Mineral | -~ |- Majorite .Pyrope ' Orthopyroxene

Wt fraction 1.0 080 0.50 .0.20] 0.05 0.13° 020 025 015 037 060 0.75
Stage _ 1 2 3 4 2 3 4 s 2 3 4 5
La T1.05 129 200 444 014 022 049 261 0029 0044 0.099 0523
Ce 6.14 753 114 235 158 24 495 169 0238 0359 0742 254
Nd . 47 565 808 144] 282 404 72 149 0247 0354 0630 1.30
sm | 061 071 093-136/ 078 102 - 1.5 216/ 0036 -0.046 0.068 0.098
Eu 014 0.16 019 025/ 025 031 041 050/ 0.010 0013 0.016 0.021
Gd 039 043 050 062 082 096 1.19 141 0026 0031 0.038 0.045
{Dy 030 034 039 048 068 079 098 1.14] 0016 0019 0023 0.027
Er 047 018 018 020| 058 060 064 066 0009 0009 0010 0.010
Yb 040 042 045 051] 121 13 145 155 0015 0016 0.018 0.019

Table 6.9 Results of Model (B). Elbemenfal abundance in ppm.
Exsolution process: Majorite (1.0) — Pyrope (0.25) + Clinopyroxene (0.75). (x)= wt fraction.

Element Majorite Pyrope Clinopyroxene
Wt fraction |- 1.0 080 050 020f 005 013 020 025 015 037 060 0.75
Stage 1 2 3 4 2 3 4 5 2 3 4 5
La 1.05 117 142 180/ 013 0.16 020 0.24| 0700 0.852 1.077 1.313
Ce 6.14 636 675 713} 134 142 150 156 656 696 735 766
Nd 470 460 447 432} 230 224 216 212 6.03 587 L 567 5.56
ISm 061 058 055 051] 064 060 056 054) 075 0709 0.664 0.637
Eu 0.14 013 011 0.10{ 020 0.18 0.6 0.15] 0.197 0171 0.151 0.140
Gd 039 036 033 0.30; 069 063 058 0.55/ 0416 0.378 0.348 0.331
Dy 0.30 031 031 031, 0.63 063 064 064 0188 0.188 0.191 0.183
Er 017 017 0.16 0.16; 055 052 051 049 0073 0069 0.067 0.066
Yb _ 040 0.41 042 045 118 1.21 129 1.33] 0.082 0.085 0.090 0.093
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Table 6.10 Results of Model (C). Elemental abundance in ppm. (x)= wt fraction.

Exsolution process: Majorite (1. 0) - Pyrope (0. 25) + Orthopyroxene (0.70) + Clinopyroxene (0.05)

Majorite Pyrope Orthopyroxene Clinopyroxene
Wt :
frac. | 1.0 080 0.50 0.20{ 0.05 0.3 020 025 0.14 035 057 070, 001 002 003 0.05
Stage] 1 2. 3 4 2 3 4 5 2 3 4 5 2 3 4 5
La 1.05 1.28 196 4.13] 014 022 046 1.58/0.029 0.043 0092 0.317|0.770 1.17 2.48 855
Ce 6.14 7.44 10.98 21.08| 1.57 2.31 4.44 10.23/0.235 0.347 0.666 1.534| 7.67 11.32 21.75 50.11
Nd 470 556 7.75 12.90| 278 3.87 6.45 10.62{0.243 0.339 0.564 0.929| 7.30 10.17 16.93 27.87
Sm | 061 070 0.89 126 0.77 098 138 1.80/ 0.035 0.045 0.063 0.082/0.910 1.16 1.63 2.12
Eu | 014 016 0.19 023 025 030 0.38 0.43/0.010 0.012 0.015 0.018]0.243 0.288 0.364 0.420
Gd 4 039, 042 049 059 081 093 113 1280026 0.030 0.036,0.041/0.486 0.560 0.680 0.765 .
“loy |7030- 03% 0238 T0.47] 068 078 095 1.08/'0.018 0.018 0.022 0.025| 0904 0.235 0.286 0.325|
Er | 0.47. 0.18 0.18 0.19 0.57 059 .0.63 0.65/0.0089 0.0092.0.0088 0.0100| 0.077 0.079 0.084 0.086
Yb. | 040. 042 045 0.50] 121 129 1.44 1.530.015 0.016 0.018 0.019,0.084 0.090 0.101 0.107

Figure 6.23 shows the different REE patterns produced at different stages during the exsolution process

for models A and B. As predicted from the partition ceefﬁcients,.the pyrope becomes more enriched in

.HREE’s; and is relatively depleted in LREE’S in comparison to majorite. Flgure 6.23 also shows that*

when majorlte exsolves into pyrope and orthopyroxene it retains the sinusoidal REE pattern, whereas

when it exsolves into pyrope and clinopyroxene the REE pattern tends more towards the LREE

depleted pattern of the lherzolitic garnets. Where both clinopyroxene and orthopyroxene exsolve, the

REE pattern formed is intermediate between the two extremes of figure 6.23.

Conclusion

Whereas the absolute abundance’s of the resultant phases from exsolution processes are dependant on

the initial concentration, the model shows that:

1) Partition coefficients predict that the pyrope exsolving from a majoritic source would be become

increasingly depleted in LREE, and enriched in HREE relative to the initial REE composition of

majorite.

2) Due to the similar partition coefficients of clinopyroxene and majorite, the REE pattern of majorite

may be sinusoidal in shape.

3) Majorite that exsolved into pyrope and orthopyroxene may retain the sinusoidal REE pattern of the

majoritic-source, whereas Ca-rich majorite exsolving into pyrope and clinopyroxene would produce

the LREE depleted REE pattern noted in the Iherzolitic garnets.
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Model A: Majorite -> Pyrope + Orthopyroxé‘né Model B: Majorite -> Pyrope + Clinopyroxene
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Figure 6.23 Graphical result of majorite exsolution models A and B. The chondrite
normalised REE patterns are depicted for four stages of pyrope and pyroxene
exsolution from majorite. The sinusoidal REE pattern is preserved by the gamet in
Model A, when orthopyroxene is exsolved, whereas the pyrope forms a
LREE-depleted pattern in Model B, when clinopyroxene is the exsolved pyroxene.
Stages 3 and 4 show the intermediate stages in the exsolution process. The two
horizontal lines provide visual reference points at: chondritic values and 10 times
chondrite. All plots are chondrite normalised:
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7 . GEOTHERMOBAROMETRY

7 .1. INTRODUCTION

- Since Boyd (1973)'proposed a geotherm for the mantle beneath Lesotho, geothermobarometric

“calculations have become an integral part of mantle xenolith studies. It is generally assumed that

- vequilibriuti- mineral assemblages “within® nianitle"xenoliths provide ‘a- temperature-‘with~depth ‘profile

. (geotherm). of the mantle in a spéc':iﬂc'location at the time of kimbe‘r_lite emplacement. Helmstaedt and
Harrap (1999) have h'_owevei questioned the validity of this assumption. They suggest that diamonds.
-"and mantle material can be stored-»f‘ioutside their ambient géothermal environment, in which case the
constructed geotherm may not reﬂect the vertical section of the mantle at the time of kimberlite
emplacement. This chapter is however based on the-assumption that the pressures and temperatures

obtained from individual xenoliths define it’s ambient thermal environment at the time of kimberlite

emplacement.

Lithospheric cross-sections constructed using geothermobarometry (Boyd and Gurney, 1986) support
the theory of a deep keel beneath old cratonic lithosphere, and a shallower litno_sphere beneath younger
mobile belts. Clifford (1970) noted that primary di;imond localities are almost always found within the
borders of the old cratonic regions. The lithospheric component beneath the deeper keel could attain
pressures and temperatures consistent with the diamond stability field (900-1300°C and 40-55 kbar,
Nickel and Green, 1985). The depths from which xenoliths within kimberlite originate therefore‘has
important implications for diamond exploration as it provides an indication of the mantle sampled and

a minimum -depth‘from which the kimberlite originated.

~ Geothermobarometry is based on cation exchanges between minerals in equilibrium using the equation:
0 = AGO + RTInK. Where GO is Gibbs Free energy, R is the gas constant, T is temperature and K is
the equilibrium constant. K is a function of the activities of the phase components in the minerals,
‘whereas AG® is dependant on pressure (P) and temperaiure (T) by the equation: AG = AH - TAS + (P-1)
AV. Where H is enthalpy, S is entropy and V is volume (Wood and Fraser, 1976).. By employing the
| relationship dP/dT = AS/AV, the slope of a line in P-T space is equal to AS/AV. Ideally, geobarometers
have large AV’s (shallow slope), whereas geothermométers have small AV’s (steep slope). The point of
intersection of these two arrays determines the temperature and pressure of a rock. This point varies
depending on the calibration used. Cation exchange ieactions are ideal geothermometers as they have a

small AV, and large enthalpy and/or entr(ipy, e.g. Fe2t «» Mg2t ion exchange between coexisting
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different co-ordination numbers, ar¢ ugeful. for baroiiie

eembmations 3 avallable for geothermobar

Geothermometer of Choice

garnet and olivine. Mass transfer reactions, in which the cations in the reactants and products have

16 calculations (large AV).

7 .2. MAJOR ELEMENT GEOT.HE-R‘MOBARO‘METRY

Selection of Geothermobarometers for garnet-harzburgltes

Ultramafic rocks are composed of a limited number of mineral assemblages Th1s means the mmeral

calculatlons are les$ fiimerous than for crustal rocks
For rocks of ‘a .harzburgmc composnion (gt-opx-ol+/-chromite), the number of app11eable
geothermobarometers is even more limited. ”G_eotheﬁndmejters are restricted to .the thineral
assemblages garnet-olivine and. garnet-orthopyroxene (eg. O.’N:Eill and Wood, 1979; O’Neiil, 1980;
and Harley, 1984, respectively), .whereas the Al-in-orthopyroxene remains the most useful

geobarofneter (e. g. MacGregor, 1974; Nickel and Green, 1985; Brey and Kohler,‘ 1990).

-

Relative to other Fe-Mg silicates, garnet has a strong preference for iron over magnesium which has
proved to be temperature dependant, with a subordinate pressure depen.dence‘ (Banno, 1970; O’Neill
and‘Wooéé 1979). Within the ultramafic suite of minerals, the relatively simgle structure of olivine,
essentiall.j/'. a binary solid solution (FepSiO4 <> Mgy SiOy), facilitates the simpluest Fe &> Mg exchange
with garnet. The exChange of the ions Al, Ca and Fe3T do not complicate the ion exchange system

between garnet-olivine as they might in the garnet-orthopyroxene system.

The garnet-olivine geothermometer was therefore chosen in preference to the garnet-orthopyroxene
geothermometer for two reasons: Firstly, due to the simplicity of the garnet-olivine exchange reaction,

which makes for an accurate geothermometer (Smith, 1999), and secondly, in order to compare the

 trace element geothermometry that also relies. on the garnet-olivine equilibrium assemblage.

The garnet-olivine geothermometer of O’Neill and Wood (1979) makes use of the Fe o% Mg exchange

between garnet and olivine in the following reaction:

3Fe)SiOg4 + 2Mg3AlSi3012 < 2Fe3AlrSiz012  + 3MgaSiOyg
Fe-olivine + Mg-gamnet Fe-garnet + Mg-olivine

Brey and Kohler (1990) found that the calibration of O’Neill and Wood (1979, and correction by
O’Neill, 1980) agreed well with their experir’nental data. Although they did note that the scatter was

larger than_ some of the more recent calibrations (such as Carswell and Harley, 1989), the correlation to

~ the experimental temperatures compared better than various recent calibrations (such as Lee and
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_ Ganguly, 1988; Carswell and Harley, 1989). The O’Neill and Wood (1979) calibration is therefore

i

well suited for the samples of the per1dot1tlcsu1te, andwasused as the favoured geothermometer.

O’Neill and Wood (1979) cautioned that for garnets with high X8t (above 0.3), their calibration was
inadequate. This is not a concém in this study as all the garnets had low Ca contents, with X 58t below
0.17, where X;,8!=Ca/(Ca+Mg+Fe). They also noted that the geothermometer is most sensitive in
regions where the KD .'is substantially greater than 1 [ KD=(Fe/Mg)gt/(Fe/Mg0)01 ]. The Kp’s
calculated,'for the sarhples in this. study’have-KD values between 1.9 and 3.5." For such Mg—rich

T (pRABttiC) compositions O°N&ill'and Wobd (1979) prediét that theé caltulited femperatiires shouldbs™ ™

within 60° of the true value. Should any Fe3+ be present within the garnet structure, it would lead to
an underestimation of the temperature (Brey and Kohler, 1990). This calibration is pressure dependant, -
hence an iterative process was used to obtain calculated temperatures. O’Neill and Wood (1"’5'979) note

that for a fixed Kp the calculated temperature would rise between 3-6° per kbar.

For these reasons the garnet-olivine g_ebthennometer by O’Neill and Wood (1979) is the most suitable

geothermometer and has been selected for the geothermobarometric calculations.

Geobarometer of Choice
Boyd and England (1964) were among the first to demonstrate the strong pressure dependence of the
Al-content in orthopyroxene coexisting with garnet in a simple system. The geobarometer is based on

the solid solution of garnet in orthopyroxene, by the following reaction (Nickel and Green, 1985):

2MgpSip0Og + MgAlpSiOg < Mg3AlLSi3072
Enstatite =+ Mg-tschermak’s molecule <«  Pyrope
in orthopyroxene solid solution : in garnet solid solution

Calibrations based on the MgO-Al»03-Si0y (MAS) system (MacGregor, 1974) and the Ca-FeO-
MgO-Alr03-Si07 (CFMAS) system (Harley, 1984) are not suitable for this suite of rocks as the

" samples have a large Cr component (up to 0.02 cations per 4 oxygens in orthopyroxene and up to 0.69

- cations per 12 oxygens in garnet). The Cr3* in peridotitic garnets competes with A13* for position in

both the garnet and orthopyroxene crystal structure. Hence the calibration used in this study needs to
take the Cr content of the sample into account. The 'calibratioﬁs by"Nickel and Green (1985) and Brey
and Kohler (1990) both take the Cr3* cation into consideration. They also take the Ti4+ and Na*
content into account. Brey and Kohler further take the Fe3* cation into consideration. Both equations

are solved iteratively with temperature.

Brey and Kohler (1990) found that the Al-in-orthopyroxene geobarometer by Nickel and Green (1985}

formul_ated most closely. to their eXperimental pressure, in the calibrated range (10-40 kbar). The figure
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used by Brey and Kéhler (1990 Figure 9.a), and the worked example in their paper however shows the
calibration of Nickel and Green to_beﬁ, _srmrlar in the range 28 to 60 kbar, the range of interest in this

project.

This study compares the results of the Brey and Kéhler (1990) with those of Nickel and Green (1985).
The calibration by Nickel and Green (1985) is favoured by this study for two reasons: 1) due to
inconsistencies in the Fe3*-related terms in the calculation of the Brey and Kohler (1990) barometer as

described in methodology below, and 2) the dlscrepancy between the Brey and Kohler (1990) results

Ec A A - Sy

~~~~

Methodology
Two excel spreadsheets were ‘constructed for. tli‘e calculation of the peridotite pressures and
temperatures. . These were for the two pressure calibrations Nickel and Green (1985) and Brey and

Kohler (1990) in conjunction with temperature determinations according to O’Neill and Wood (1979).

- Temperatures and pressures were obtained iteratively.

During constructiori of the Brey and K&hler (1990) spreadsheet discrepancies were noted associated

with the addition of Fe3* to the mineral formula as many of the XAI,Tle terms became negative.

_The Fe3*+ content in minerals cannot be directly determined using the wavelength dispersive electron

i microprobe at UCT, and the error associated with recalculations based on stoichiometry (e.g. Droop,

1987) for silicate minerals is large (Luth et al., 1990; Canil and O’Neill, 1996; Smith, 1 999). For these

reasons Fe3™ content in pyroxene was not used in the Brey and Kohler (1990) calibration.

The validity of the output from the constructed spreadsheets was verified using the worked example of
Brey and Kohler (1990). The calibrations by Nickel and Green (1985) and O’Neill and Wood (1979)

returned the correct pressure and temperature within 60°C and 3 kbar of the experimental temperature

~ and pressure. The temperature calculated by O’Neill and Wood (1979) was further checked by using

the compositional data published by Nixon and Boyd (1973), and the corresponding temperature
calculations included in O’Neill and Wood’s calibration. Slight deviations between calculated and
published temperatures were expected as O’Neill and Wood (1979) used the pressure calculation by
Wood (1974), whereas the iterative calculation in this study used the pressure calibration from Nickel
and Green (1985), yet the calculated and published temperatures were within error of each other (60°,

O’Neill and Wood, 1979).
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Possible sources of error

Fe3+ in garnet is one of the major s es of error. m geothermobarometrlc calculations. Luth et al.
(1990) found that the presence of Fe3* in garnet 51gmﬁcantly influenced the temperature calculated
(>200°C), and therefore indirectly affected the derived pressure. This study assumes that the Fe3t
content of garnet in peridotites is zero as the stoichiometric calculation of Fe3* from microprobe
analysis 1s associated with large uncertainties, particularly for Fe-poor minerals such as those found in
the mantle (Luth et a1 1990). Temperatures calculated may therefore be underestrmates of the actual

equrllbrrum temperature

vl LT e e g e e P L et \ e

Uncertainties that may have been introduced through analytical techniques were minimised by
extending the counting times for elements of i interest, partrcularly those that have low abundances. For
example, the peak countmg time for AlyO3 and Na20 in orthopyroxene was increased from 10 seconds

to 40 and 60 seconds respectively (electron microprobe analysis).

Mineral disequilibrium is another possible source of error. As geothermobarometric calibrations rely
on the elemental exchange between two minerals, elemental equilibrium needs to have been attained
between these minerals. Disequilibrium may be caused by a change in environmental conditions, such
as in influx of heat from a plume, or due to interaction with a fluid. Major elements however re-
equilibrate on relatively “short geological time scales” at mantle pressures and temperatures (Smith,
1999), hence mantle mrneral assemblages have a high probability of representing equiiibrium.
Xenoliths not in elemental equilibrium would record events that occurred shortly prior to kimberlite
emplacement (Griffin et al., 1996). The rapid eruption of the host kimberlite would ‘ensure that the

geochemical signature of the xenoliths would not have had time to re-equilibrate to shallower depths

(Smith, 1999).
Results

- The temperatures and pressures derived using the chosen geothermobarometer pairs are detailed in

~~ Table 7.1. A graphical representation of the results are shown in figures 7.1 a and b.
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Table 7 .1 Temperature determinations by O’Neill and Wood (1979) and. pressure determinations by

Nickel and Green (1985) and Brey and"Khler (1990) respectively.

Kimberlite| Sample | O'Neill & | Nickel & | O'Neill & | Brey & Rock Suite
Locality No. Wood Green Wood Kohler
gt-ol gt-opx gt-ol gt-opx
(0C) (Kbar) (°C) (kbar)
Arnie ARNO002 1969 509 931 42.6 Low-Ca Harzburgite
Arnie ARNO003 {1006 474 983 423 High-Ca Harzburgite
- |Amie - |ARN004 957 51.5 945 48.5 . |High-Ca Harzburgite
JAmie” - |ARNO0S. (970 471 952 42.9 '|High-Ca Harzburgite
[Arnie” " **| ARNOOE ™" |842 ' 143.1 771823 7 1389 0 |High-Ca Harzbirgite
Arnie ARNO007 {1035 146.4 992 37.9 . |Low-Ca Harzburgite
Arnie ARNOO08 738 130.1 635 13.9 ‘|{Low-Ca Harzburgite
Arnie ARNOI1 1879 142.1 831 324 Low-Ca Harzburgite
|Arnie ARNO13 655 . 128.0 592 16.5 High-Ca Harzburgite
Arnie ARNO14  [891 46.5 855 38.4 High-Ca Harzburgite
Amie ARNO17 {995 46.6 950 137.4 Low-Ca Harzburgite
Arnie ARNO18 {841 37.7 791 28.1 High-Ca Harzburgite -
Armie ARNO21 {1043 152.5 1017 46.4 Low-Ca Harzburgite
Arnie ARNO022 |884 45.1 854 384 High-Ca Harzburgite
Arnie .. . |[ARNO025. [896 . 40.1 840 129.4 . {Low-Ca Harzburgite
Arnie ARNO026 {871 353 1841 292 Low-Ca Harzburgite
Arnie ARNO027 916 40.0 847 27.5 Low-Ca Harzburgite
ARNO029 970 44.4 920 34.1 High-Ca Harzburgite
MIS408 917 . 59.5 1857 ] 457 Low-Ca Harzburgite
MIS413 834 47.6 Does not converge  |High-Ca Harzburgite
MIS417 702 333 669 27.2 High-Ca Harzburgite
MIS426 735 31.2 708 126.0 Lherzolite
MIS430 768 38.5 734 131.5 High-Ca Harzburgite
MIS431 586 17.9 541 10.4 Lherzolite
MIS433 677 25.0 640 18.6 {Lherzolite
MIS434 782 39.5 739 304 High-Ca Harzburgite
MIS463 1242 584 1241 58.1 Low-Ca Harzburgite
PGN301 688 350 588 T li69 T Low-Ca Harzburgite
PGN303 {1001 56.1 937 42.0 Low-Ca Harzburgite
PGN306 |1075 48.9 1044 42.1 Lherzolite
PGN307 1034 49.6 1001 42.0 Lherzolite
PGN310 {952 43.4 918 36.4 Lherzolite
PGN312 {1045 44.1 1045 44.0 High-Ca Harzburgite
PGN313 842 40.6 825 36.9 High-Ca Harzburgite
PGN314 |1039 49.9 997 40.8 Low-Ca Harzburgite
PGN316 |1024 44.5 996 38.5 Lherzolite
PGN317 {793 40.5 1709 25.0 Low-Ca Harzburgite
PGN339 1039 473 1017 423 Lherzolite
PGN340 1980 52.0 922 40.0 Low-Ca Harzburgite
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Figure 7.1 (a) Pressure (Nickel and Green, 1985) vs Temperature (O'Neill and Wood, 1979). The
peridotites lic on the 40 mWm™ geotherm (Pollack and Chapman, 1977). There is no systematic spatial

variation between lherzolitic and harzburgitic xenoliths.
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Figure 7.1 (b) Pressure (Brey and Kohler, 1990) vs Temperature (O'Neill and . Wood, 1979). The
peridotites define an array between the 40 and 50 mWm™ geotherm (Pollack and Chapman, 1977). The
lower temperature xenoliths (<640°C) lie above the 50 mWm™ geotherm. There is no.systematic spatial
variation between lherzolitic and harzburgitic xenoliths.
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Selection of Geothermobarometer for the webs‘teriteé

A temperature and pressure was obtamed for the two g‘fahébl'{istic websterites (gt-opx-cpx). Although
these two rocks are not the focus of this study, the relative épatial relation within the mantle of this
suite to the peridotitic rocks is of interest to stratified mantle theories (Pearson et al., 1999; Griffin et
al., 1999a). Whereas the garnet-olivine geothermometer of O’Neill and Wood (1979), and the garnet-
orthopyroxene geobgrometer of Nickei and Green (1985) were ideal for the peridotitic rocks, they were
not suitable to obtain a pressure and temperature _f_or the pyroxenitic webs_terites. Hence the Brey and
- Kohler (1990) gamet—oﬁhopyroxené geothermobarometer and - geobarometer were used to obtain the

PEIRE

BT i e A B g, Lo e A W, A A el "
equilibrilim pressure and temperature of these two samples.

Although one should not diréctly compare the pressures and temperatures obtained using different
geothermobarometric calibrations, ‘the relative pressure and temperature of these rocks in comparison

with those of the peridotite paragenesis is of interest.

Methodology A ,
'TBKN (Brey and Kéhler, 1990) based on'the Fe <> Mg exchange between garnet and orthopyroxene
coexisting with clinopyroxene was used to determine the temperature. Pressure was calculated using

the Nickel and Green spreadsheet devised for the peridotitic samples.

Results
Table 7.2 shows the temperature and pressure derived using the Brey and Kohler (1990)

geothermobarometers.

Table 7 .2 Temperature and pressure of two granoblastic websterites (gt-opx-cpx) of the pyroxenite

suite.

Kimberlite| Sample No. | Brey &  Brey & | Rock Suite
Locality Kdhler Kdohler |
' gt-opx gt-opx
©C) (kbar)
Misery MIS438 738 17.4 |Websterites
Misery MIS439 812 17.6  |Websterites
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Discussion

Calculated Pressure-Temperature arrayS

The calculated pressure and temperatures of the peridotitic samples are indicated in table 7.1. Whereas
the absolute pressure and temperature of the Brey and Kéhier (1990)- O’Neill and Wood (1979)
combination is systematically lower than that of the Nickel and Green (1985) - O’Neill and Wood

(1979) combination, the relative position of the samples to each other is the same.

+*Ks Figiite 7:1(a) and’(b) $how, the Sorhbinafion of O*Neill and Wdod'(1979) and Bréy and Kéhler ™

(1990) define a xenolith geotherm between 40 and 50 me'2 (Pollack and Chapman, 197‘7). This is
highef than other cratonic geotherms (é.g. 40 mWm-2 Ka’épvaal, Finnerty and Boyd, 1987). ‘That
determined by the O’Neill and Wood (1979) and ‘Nickel ‘and Green (1985) combination deﬁne a
geotherm of 40 mWm-2 (Pollack and Chaf)man, 1977). Other studies from the Slave craton also define
geotherms of 40 mWm-2 or below. The xenoliths from the Grizzly pipe (located between Arnie and
Pigeon) plot close to_the 40 me‘z. conductive geotherm with three samples plotting in the diamond
stability field (Boyd and Canil (1997), using calibrations by O’Neill and Wood (1979) and MacGregor
(1974)). A study of xenoliths from the Tli Kwi Cho kimberlite complex (south of Lac.de Gras) by
Pearson et al. (1999) found that the low-temperature xenoliths (<900°C) plot near the 35 mWm-2
geotherm of Pollack and Chapman (1977), whereas the higher temperature xenoliths (>900°C) plot
alongi'ithe 40 mWm-2 geotherm. This step was evident in most of the geothermobarometers used by

Pearson et al. (1999), including the combination Nickel and Green (1985) - O’Neill and Wood (1979).

Anomalous Ps and Ts

The anomalous temperature and pressure shown by sample MIS463 may be attributed to the high
degree of alteration of the garnet. The garnet in MIS463 has a large kelyphite rim (2mm) around the
remaining garnet core (2mm). 'The lower pressures recorded by samples MIS408 and MIS413 may
also be due to alteration. As in the case of MIS463, MIS408 has very large kelyphite alteration around

the garnets. MIS413, on the other hand, has very small olivines (0.05mm) in comparisz)n to the other

minerals (2.5mm).

- Comparison between pipes

As figure 7.2 shows, the peridotitic xenoliths from both the Arnie and Pigeon kimberlites (the two
northerly kimberlite localities) have a wide range in pressure and temperature (655-1075°C and 28-56

kbar). They define a geotherm of 40 mWm-2 (Pollack and Chapman, 1977). The peridotitic samples

- from the Misery kimberlite have a similar temperature and pressure range to the other kimberlite

localities (586-1242°C and 18-59.5 kbar). They do however have lower mean temperatures (804°C)
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and- pressures (39 kbar) than those of xenoliths from the Arnie and Pigeon kimberlites (929°C and 44
kbar), which are within error of each ot{h,er_(908°C and ;959?C_; 43 kbar and 46 kbar respectively).

Systematic vanatzon of Cr content in garnet

There is a systematic varxatlon of CrpO3 in garnet with depth (ﬁgure 7.3). The higher the Cr-content,
the closer the peridotitic xenolith to the diamond stability field (900-1300°C and 40-55 kbar, Nickel
and Green 1985). The low-Ca harzburgites that have a low CrpO3 content have equilibrated at
shallower depths than the diamond stability zone, whereas some lherzolites with high CrpO3 content
have equ111brated w1thm ‘the dramond s%abrhty zone (PGN339 and PGN310). in general safples With .
a Cry0O3 content above 8 wt% have equ111brated within the diamond stability zone, those samples with

CrpO3 content between 6-8 wt% straddle the diamond-graphite transition line (Keh'nedy and Kennedy,

1976).
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Figure 7.2 Pressure (Nickel and Green, 1985) vs Temperature (O'Neill and Wood, 1979) according to
kimberlite locality. Whereas the xenoliths from the three kimberlites have similar pressure and
temperature ranges (586-1242°C and 18-59.5 kbar), the xenoliths from the Misery kimberlite have lower
mean temperatures (804°C) and pressures (39 kbar) than those from the Arnie and Pigeon kimberlites

(929°C and 44 kbar).
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Figure 7.3 Pressure (Nickel and Green, .1985) versus Cr,O; content in gémet.. There is a direct

relationship between Cr,O; content in gamnet and pressure. The high pressure xenoliths contain more
Cr;0s. The one outlier is the altered garnet of MIS463.
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7 .3. TRACE ELEMENT GEOTHERMOBAROMETRY

Several trace element geothermometers and geobarometers may be applied to peridotitic rock
assemblages. Geothefmdmeters include the Ca-in-olivine, using the Ca exchange between olivine and
clinopyroxene (KGhler and Brey, 1990), Zn exchange between.chromite and olivine (Ryan et al., 1996),
and Ni exchange be‘gween garnet and olivine (Griffin et al., 1989; Ryan et al., 1996; Canil, 1999). The

Cr content in garnet in equilibrium with chromite has been shown to be pressure dependant (Ryan et

~al,, 1996).

Yoo i

v walas e I e - e . e G

This section compares the pressures and temperatures .obtained using trace elements from single

minerals with those obtained from the major element compositions of coexisting minerals.

Ni-in-garnet geothermometers

Only one trace element geothermometer is readily applicable to rocks of a harzburgitic composition
(gt-opx-ol), namely the Ni-in-garnet géothermometer. Two Ni-in-garnet calibrations are compared in
this section: the empirical calibration of Ryan et,él. (1996), and the experimental calibration by Canil

(1999).

The calibration of Ryan et al. (1996) is a revised calibration of Griffin et al. (1989) using a larger
database and the garnet-olivine temperature calibration of O’Neill and Wood (1979) in preference to
the two-pyroxene geothermometer of Finnerty and Boyd (1987) used by Griffin et al. (1989). This
recalibration is more suited to rocks of a harzburgitic (clinopyroxene-free) composition. Whereas a
comparison between the Ryan et al. (1996) and Griffin et al. (1989) geothermometers will not be
discussed further, it was found that the calibration by Ryan et al. (1996) showed a closer correlation

with the calculated xenolith geotherm described in section 7.2 than the calibration by Griffin et al.

(1989).

Mechanism

There is a strong temperature dependant partitioning of Ni between olivine and garnet (Ryan et al.,
1996), with garnet accepting more Ni into its structure at high temperatures (Griffin et al., 1989). The
Ni content in olivine is 6n the order of 100 times greater than the Ni content in garnet and may
therefore be seen as a buffering reservoir of Ni. Griffin et al. (1989) found the average of 76 olivine
inclusions in African diamonds to be 3140+/-215 ppm. Ryan et al. (1996) also found that the measured

Ni content in olivine was “essentially constant” at 2900+/360 ppm. They suggested an assumed Ni
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content in olivine of 3000 ppm for Griffin et al.’s calibration (1989; equation IIb3).  Single mineral

‘ temperature-determination may thé_t@f@re' be possible if the fQ]]QWing two assumptions are valid: (1) the

Ni content in olivine is uniform, and (2) that garnet was in equilibrium with olivine at the time of -

formation.

Methodology

An excel spreadsheet was constructed to compute the Ni-in-garnet geothermometers using the

following équations:

7 Ryan 6 31°(1996) equation (1); T (°Cy = {1000/[1.506 - 0.189In{ppm Nip-273)

Canil (1999) equation (3): T (°C) = {8772/(2.53-InDy,#"*') - 273} where Dy#°'=[Ni],, ppm/[Ni],, ppm

Verification of Ni content in olivine _

Griffin et al. (1989) and Ryan et al. (1996) proposed that the Ni content in olivine is fairly uniform
(2900 +/- 360 ppm) and acté as a buffer for the Ni content in garnet. A Ni in olivine of 3000 ppm is
assumed in order to facilitate the determination of temperature from a single garnet grain (Ryan et al.,
1996). The'applicability of the assumed averégg of 3000 ppm Ni in olivine to this sample suite was.

investigated, as was the difference in temperature determined using the assumed Ni in olivine content

-and actual Ni content. As Ni content determined using the electron microprobe was used for those

olivines not suitable for LA-ICP-MS analysis (too fractured or too thin), a comparison between the Ni

content determined using these two methods was. investigated.

Both major and trace element analyses of olivine were obtained from eighteen of the tWenty—two
samples used in trace element geothermoi)arometry. The olivine in the femaining four samples was
unsuitable for analysis by LA-ICP-MS due to size. The difference between the Ni content obtained
from the electron microprobe, and the Ni content from the LA-ICP-MS was within the 4-sigma error

range (157 ppm) for all but-one sampie (ARNO024). Based on the accuracy of these samples, the Ni

_content measured by electron microprobe for the remaining four samples is assumed to be within

statistical error, and are therefore used in the following discussions:

The mean Ni in olivine composition of the twenty-one of the twenty-two samples is 3085 +/-139 ppm
(+/- 95% confidence level), figure 7.4. This is in error of the assumed 3000 ppm of Griffin et al.
(1989). The olivine in PGN301 is small and altered, and has an anomalously low Ni content (1190

ppm) which has not been included in the mean quoted above.

2 Griffin et al. (1989) equation IIb - T (°C) = {1000/[-O.435]og10(Nigt/30)+0.83]}-273
7-13
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The temperature determined using_ the actua] Ni cer}terrt In olivine is similar to that determined using
the assumed Ni content of 300‘20; ppkmb‘('table v7.3). Geherally the difference between the two
temperatures is vsmall (<35°C), and within the error associated with major element geothermometers
(60°C for O°Neill and Wood, 1979). The difference in determined temperatures for four samples
exceeds 35°C, three of these have higher Ni in olivine contents (>3300 ppm, with temperature
differences of 53°C, 63°C and 86°C respectively). The temperature determined using the assumed Ni-
in-olivine content of 3000 ppm is generally higher (16 of 21 samples), but is occasionally lower (5 of
21 samples) than the temperature determmed using the actual Ni-in- ohvme content. The largest

" différence is found in the” temperature determmed for PGN301 (191 OC) but this sample has an

anomalously low Ni in olivine content (1190 ppm).

Mean Ni content in Olivine for 21 samples

<— Outlier - PGN301, 1190 ppm Ni

Number of observations

0 % Z % / i Z i
2300 2400 2500 2600 2700 zaoo 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800
Ni (ppm)

Figure 7.4 The mean concentration of Ni in olivine in the samples is similar to the assumed Ni in

olivine of 3000 ppm of Griffin et al. (1989) and Ryan et al. (1996)
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Table 7.3 leference in temperature determlned usmg actual and assumed Ni content in ollvme

Sample | Ni Content T,,, in Gt (°C) Trll in Gt (°C) Difference in
No ~ (ppm) (Griffin et al., (Griffin et al, | temperatures
: 1989) 7989) (°C)
Actual Ol, Assumed Ol of
- 3000 ppm
ARNOO3 2985 926 942 16
ARNO0O4 3300 817 848 31
ARNO005 3300 .. 786 817 31
ARNQOS 2985. 704 709 5
~|ARNOO7. | 2750 . 990 981, . 10,
IARNO13 . 2829 720 715 5
ARNO17 2985 972 989 18
ARNOQ18 3536 662 696 34
ARNO025 2907 1123 1134 11
1ARNOQ26 2750 722 711 11
ARNO027 2907 971 986 15
MIS408 2514 859 829 30
MIS417 3300 818 852 34
PGN301 1190 904 713 191
PGN303 3615 873 936 63
PGN306 3064 1164 1200 35
PGN307 3064 1168 1199 30
‘PGN3.1O 3615 1028 1114 86
PGN314 3300 1075 1129 53
PGN316" 2907 1111 1122 11
PGN317 3300 704 728 24
.IPGN340 2828 . 833 832 1

Results — geothermometry

The temperatures derived using the Ni-in-garnet geothermometers are detailed in Table 7.4. A

graphical representation of the results are shown in figures 7.5 a and b.

As the coexistence of garnet and olivine in the xenolith from which the temperature is being derived is

one of the assumptions on which the TNi-in-garnet geothermometers is based, the results have been

split into two groups; namely: a) those samples with olivine present, and b) the olivine-free xenolith

fragments (both pyroxenitic and lherzolitic). The trace element geothermobarometry section on page

7-21 justifies the inclusion of these olivine-free samples. (The classification of olivine-free xenoliths

as lherzolitic is discussed in Section 4.2.)
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‘ Table 7 .4 Ni-Temperature determinations following Ryan etal. {1996) and Canil ( 1999)‘ with O’Neill
and Wood (1979)-in combination with Nickel and Green (1985) for comparison.

Samples in equilibrium with olivine ( used in comparison with temperatures obtained from xenoliths)

Pipe Sample No | Major element Geothermometer Trace element Geothermometers
O'Neill and Wood (1979) " Ryan et al. {1996) Canil (1999)
with Nickel and Green (1985) Ty, in Garnet Ty; in Garnet
QO ' ) 49

|Arnie ARNOO3 = | ‘ 1006 895 962

Amie == [ARN004 957 , 808 . 889

Amie . ARNO00S . 970 779 - 867

Amie ARNO007 1035 - 931 1003 o
Arnie ARNO13 655 . 684 - 819

Arnie ARNO17 995 1 939 991

|Arnie ARNO18 841 = - 666 775

Amie ARNO025 w896 . 1071 1083

Arnie ARNO026 871" ' - 680 820

Arnie ARNO027 916 935 991

Misery  |MIS408 [ TTTTTTToir T 790 | 918 ]
Misery, MIS417 702 811 889

Pigeon  |PGN301 | T 688 T es T 947 T
{Pigeon  [PGN303.. | 1001 889 927

Pigeon PGN306 1075 g 1131 1106

Pigeon PGN307 1034 1130 1109

Pigeon PGN310 952 1053 1026

Pigeon PGN314 1039 1067 1055

Pigeon PGN316 1024 1060 : 1076

Pigeon  {PGN317 793 ' 696 807

Pigeon PGN340 980 . 793 900

Pyroxenitic xenoliths and lherzolitic xenoliths with no olivine in xenolith fragment.

Pipe Sample No Major element Geothermometer Trace element Geothermometers
Brey and Kohler (1990) gt-opx | Ryan.etal. (1996) Canil (1999)
with Brey and Kohler (1990) Ty, in Gamet Ty; in Gamet - (°C)
(°C) °C)- Assumed Ni of 3000 ppm
Misery MIS438 . 738 664 795
Misery ~ |MIS439 ' 812" 712 832
|Arnie ARNO028 - - 994 1028
Arnie ARNO31 - 1015 1041
Misery  [MIs401 | A R -
Misery MIS409 - 692 817
Misery MIS412 - 718 837
Misery MIS419 - 1208 . 1156
Pigeon  |PGN311 | T S 13057 T 1200 ]
Pigeon PGN319 - 971 1013
Pigeon PGN320 - 824 ' 914
Pigeon PGN322 - 763 870
Pigeon PGN323 - 1070 1075
|Pigeon PGN329. - ‘ 1185 1143
“{Pigeon PGN337 - 1052 : 1064
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Figure 7.5 Ty temperature plotted against temperature derived from coexisting minerals (O’Neill and
Wood, 1979). There is a better correlation between Ty; and the xenolith temperature in the temperature
range 800°C - 1100°C for Ty; Canil (1999) (7.5 b) than Ty; Ryan et al. (1996) (7.5 a). However, at
lower temperatures (<800°C) Canil (1999) overestimates temperature, whereas Ty by Ryan et al. (1996)
provides a better correlation with the xenolith temperature.
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Cr;in-garnet geobarometer } _

Brey et al. (1991) showed that the Cr-content of chromite coexisting with garnet increases with
pressuré,-and is insensitive to terﬁperature. The Cr-content of the coexistirig garnet is however both
temperature and pressure dependant (figure 7.3., Ryan et al., 1996). Ryan et al. (1996) also noted that
the Cr-content in garnet depends on the specific geotherm, and that those garnets coexisting with

chromite contain maximum chrome.

s . B

ThéCr— m-gamet vééobarér.nvéter 1s baééd' on the assumptxon that’m garnetcoex1sted w1th orthopyroxene i
and chromite, in which case the garnet would be in equilibrium with. a Cr-saturated rock, i.e. Cr m
“garnet and ofthopyro'xene bufferéd by coexisting chromite. Ryan et al. (1996) noted that in cratonic "
areas the garnet geotherm is acciirate to pressures of 60-70 kbar for depleted garnets with high Cr
contents. At high pressure and temperature, Cr is absorbed into the garnet and orthopyroxene structure,
and chromite no longer exists as an independent phése, and the system would thérefore no longer be

. Cr-saturated. Cr-undersaturated rocks produce underestimates of pressure (Ryan et al., 1996).

-

Method ‘

The calculation of Pcy is corﬁplex. It is dependant on the composition of the garnet, the estimated
orthopyroxene composition, the calculated Cr-orthopyroxene-garnet pressure, and temperature (TNj)
(Ryan et al., 1996). The Pc; pressures of this sample suite were calculated using a program by Ryan et

al. (1996).

Since trace element geothermobarometry makes it possible to obtain pressures and temperatures from
single mineral grains they can be used to determine geotherms from mineral grains in mining and
exploration concentrates (Griffin and Ryan, 1995). In such cases, the coexisting mineral associations
are unknown. To simulate such a situation, temperatures and pressures were obtained from all the
garnets from which trace element concentrations were attained, inc‘iuding those with low-Cr contents.
Knowing the associated minerals allows one to evaluate the operation of the geothermobarometers, as

will be discussed in more detail later.

Results — barometry

The pressures derived using the Cr-in-garnet geobarometers are detailed in Table 7.5. Although the
barometer is not dependant on the coexistence of olivine, for the sake of continuity the grouping used

in Table 7.4 is used in Table 7.5. A graphical representation of the results are shown in figure 7.6.
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Table 7.5 Comparison of calculated PCr (I%yan et al., 1996) and Nickel and Green (1985)

Samples in equilibrium with olivine (used in comparison with temperatures obtained from xenoliths)

Pipe | Sample | Nickeland | = P Rock Suite Minerals
: No Green (1985)| Ryan et al.
. (kbar) (1996)
Arnie  JARNOO3 47.4 40.1 High-Ca Harzburgite |[Chromite-bearing
Arnie  |ARN004 51.5 . 374 |High-Ca Harzburgite {Chromite-free
Arnie  JARN0OOS 47 .1 36.5 High-Ca Harzburgite |Chromite-free
Arnie  [ARN0O6 43.1 31.5 High-Ca Harzburgite [Chromite-free
-jArnie - JARNOO7 46.4 46.5 Low-Ca Harzburgite |Chromite-bearing
Arnie  JARNO013 28.0 - 326 |High-Ca Harzburgite |Chromite-free
tArmies <ARNQA7= | »-46.6° - |- .45 . |Low-Ca Harzburgite-~{Chromite-bearing- [ -~
—{Armie  |ARNO18 37.7 34.3 High-Ca Harzburgite |Chromite-free
Arnie  |[ARN025 40.1 46.1 Low-Ca Harzburgite  |[Chromite-bearing |
Arnie  [ARNO26 35.3- 34.1 Low-Ca Harzburgite |Chromite-free
Amie |ARN0O27 | 400 | 447 |Low-Ca Harzburgite |Chromite-bearing
Misery [MIS408 505 44.6 ILow-Ca Harzburgite - |Chromite-free _
Misery |MIS417 | 333 .. 314 |High-Ca Harzburgite |Chromite-bearing
Pigeon |PGN301 35.0 39.7  |Low-Ca Harzburgite {Chromite-free
Pigeon |PGN303 56.1 47.1 Low-Ca Harzburgite |Chromite-free
Pigeon |PGN306 48.9 46.1 Lherzolite Chromite-free
Pigeon |PGN307 49.6 477 |Lherzolite Chromite-free -
Pigeon |PGN310 43.4 42.9 Lherzolite Chromite-free
Pigeon |[PGN314 49.9 48.1 Low-Ca Harzburgite |Chromite-free
Pigeon [PGN316 445 46.8 Lherzolite Chromite-free
Pigeon [PGN317 40.5 39.1 Low-Ca Harzburgite |Chromite-free
Pigeon |PGN340 52.0 46.1 Low-Ca Harzburgite  |Chromite-free

Pyroxenitic xenoliths an

d lherzolitic xenoliths with no olivine in xenolith fragment.

Pipe Sample | Nickel and P Rock Suite Minerals
No Green (1985)] Ryan et al.
(kbar) - (1996)

Arnie  |ARNO028 - - 29.9  [Clinopyroxenite Chromite-free
Amie  JARNO3Y | - 224 |Clinopyroxenite Chromite-free
Misery |[MiS401 | - 51.0  |Low-Ca Harzburgite |Chromite-free
Misery MIS409 - 28.1 Lherzolite Chromite-bearing
Misery [MIS412 - 34.9 High-Ca Harzburgite |Chromite-free
Misery |[MIS419 - 39.9 Lherzolite Chromite-free
Misery |M1S438 - - Websterite Chromite-free
Misery |MIS439 | s [Websterite Chromite-free
Pigeon [PGN311 - 36.2 Lherzolite Chromite-free
Pigeon |PGN319 - 8.2 |Clinopyroxenite Chromite-free
Pigeon {PGN320 - 15.1 Clinopyroxenite Chromite-free
Pigeon |PGN322 - 12.2 Clinopyroxenite Chromite-free
Pigeon {PGN323 - 35.3 Clinopyroxenite Chromite-free
Pigeon |PGN329 - 376 Lherzolite Chromite-free
Pigeon [PGN337 - 325 Lherzolite Chromite-free
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Figure 7.6 P(; plotted against pressure obtained from coexisting minerals (Nickel and Green, 1985).
The correlation between the Pcr and_pre‘ssure derived using coexisting minerals is better for the

chromite-bearing xenoliths than the chromite-free xenoliths.

Discussion

Comparison between the major and trace element geothermobarometers

Twenty-two samples have temperatures and pressures from both trace element data and major element
data of coexisting garnet-olivine-orthopyroxene. A comparison was therefore made of. the
temperatures obtained using the trace element geothermometers (TNj) and those obtained using O’Neill

and Wood (1979) in combination with Nickel and Green (1985).

The calculated Ni-in-garnet temperatures are in broad agreement with the calculated xenolith
| temperatur;:s (figure 7.5). For high temperature xenoliths (>800°C) the temperatures calculated using
Canil (1999) correspox;;\i. more closely with the calculated xenolith temperatures than those calculated
by Ryan et al. (1996). If this were the only criteria in question, then the calibration by Canil (1999)
would be favoured above that by Ryan et al. (1996). However, for the low temperature samples
(<800°C) the calibration by Ryan et al. (1996) corresponds more closely with the calculated xenolith
temperatures, whereas those calculated by Canil (1999) deviate to higher temperatures. If one were
considering only temperatures, the low temperature samples may be placed at a higher stratigraphic
level than they should be using temperaturés: obtained by Canil (1999). Both calibrations therefore
have their advantages and their disadvantages. A larger sample size would allow one to determine

which of the calibrations is more true to nature.
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_Pressures and temperatures from srngle mrneral grarns can be obtamed usrng trace element

LT e

A ,comparison also-made between the pressures calculated using the Al-in-orthopyroxene barometer
(Nickel and Green, 19'85) and the P‘Cr’ (l{yan et al., 1996). The chromite-bearing samples show a better
correlation with the calculated xenolitll geotherm "(-l-/i 5 kbar) than the chromite-free samples (figure
7.6). The Pcy geobarometer generally underestimates the pressure of the chromite-free xenoliths, a

result which Ryan et al. (1996) predicted for Cr-undersaturated rocks.

Geotherms produced using trace element data

v A b . o g
geothermobarometry. This allows one to construct geotherrns from srngle m1neral grams from mining
and exploration - concentrates. The coexisting mineral associations of these grains are unknown.
Temperatures and pressures were obtained from allthe garnets for which trace element concentrations

were attained, including those with low-Cr contents, in  order to simulate such a situation.

Geotherms defined by heavy mineral concentrates show a large amount of scatter due (at least in part)

~to- the coexistence of ~Cr-saturated (chromite-bearing) and Cr-undersaturated (chromite-free)

xenocrysts. Ryan et al. (1996) noted that this scatter was about 3 kbar around a 35 mWm-2 geotherm.
Due to the small number of samples, and the large scatter of determined pressure and temperatures, no

distinct geotherm would have been defined using the (Pcr) and (TNj) data alone for the xenoliths in

thi‘s study (figure 7.7).

The advantage of knowing the associated mineral assemblage allows one to evaluate the performance

of the geothermobarometer by reducing the scatter of pressures and temperatures obtained by
¢

discounting those that violate the basic assumptions of the geothermometer (needing coexisting

olivine), or geobarometer (needing coexisting orthopyroxene and chromite).

This study found that the trace element. geothermobarometers (Pcr and Ty ; Ryan et al. 1996)
compare well with the pressures and temperatures calculated from coexisting mineral pairs (O’Neill
and Wood, 1979; Nickel and Green, 1985) for those samples that do not violate the basic assumpticns
on which the calculations are based. The majority of the peridotitic xenoliths (particularly the chromite-
bearing xenoliths) plot around the 40 me'z geotherm and in the range of the calculated pressures
and temperatures using coexisting mineral pairs. Six olivine-free samples were placed in the lherzolite
suite due to petrographic similarities and similar major element compcsitions, three of these plot off the
geotherm at shallower depths, whereas three plot close to the 40 mWm-2 geotherm. The computed Pcy
and Tyj the pyroxenite suite samples are‘u.nnatural, but these samples (<2 wt% CrpO3 in garnet)
violate one of the assumptions on which the Pcy is based, namely that the garnet is in a Cr-saturated

environment.
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Therefore, trace element geothermobarometers (Pc; and Tyy) provide rehable pressures and temperatures
from which to construct a geotherm from smgle mmeral graitis provided that the following basic
assumptions are valid:

1. garnet coexisted with both olivine (for TNi); orthopyroxene (for Pc,) and‘ chromite (for ‘PC,);

2. olivine contained about 3000 ppm Ni;

3. gamet in equilibrium with a Cr-saturated rock, ie. Cr in gamet and orthopyroxene buffered by

| cqexisting chromite. -

PR e g e PO
RORRSEER G e et e e ]

Ti (°C) Ryan et al. (1996) ,
500 SR _ 1000 -~ 1200 1400

0 T - v r —— 0
Trace Element Geothermobarometry
] Peridotite Paragenesis (>2 wi% Cr_0; Ingt) |
10 ¢ 28 Chromite-bearing 1
& @ . {3 Chromite-free
e ] @ : A No olivine present in fragment 50
. g b ® Low-Cr Suite (<2 wt% Cr,03 in gt)

< Of B h ' *--.. 40mW™2 (Pollack and Chapman, 1977)
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Figure 7.7 Pressures and temperatures calculated using: Ty; and P, in garnet (Ryan et al., 1996).

In order to simulate a scenario where pressures and temperatures are obtained from single minerals.
with unknown mineral associations (e.g. an exploration concentrate) the Ty and Pc, temperatures and
- pressures were calculated for all gamnets from which trace element concentratlons were attained, including
those that do not coexist with olivine and/or chromite.

The chromite-bearing peridotitic (>2 wt% Cr,0; in garnet) gamets plot close to the 40 mWm
geotherm of Pollack and- Chapman (1977). The chromite-free peridotitic xenoliths have a larger scatter,
but also plot close to the 40 mWm™ geotherm.

The Pc, and Ty; for the pyroxenitic (<2 wt% Cr,0; in gamnet) gamets and three of the olivine-free
xenoliths that were presumed to be fragments of peridotitic xenoliths based on -their major element
chemistry are unnatural. The pressure of these xenoliths has apparently been underestimated. These
xenoliths violate the basic assumptions on which the trace element geothermobarometers are based (i.e.
the geothermometer needing coexisting olivine; and the geobarometer needing coemstmg orthopyroxene
and chromite/Cr-saturated environment).

-2
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Discussion and Conclusions

8. DISCUSSION AND CONCLUSIONS

8.1 INTRODUCTION

Eighty-five peridbti;[ic ahd pyroxenitic mantle xenoliths from the Arnie, Misery and Pigeon kimberlites

" in the Lac de Gras region of the Northwest Territories were selected for this study. After a
N “ﬁetfb'grép'hic sfudy’*‘"ﬂi"e”'rhajdr elemefit compositions of individual minefals were detertiiined using™a ¥
aneiength dispersive electron microprobe; trace element abundances were then determined using laser
ablation ICP-MS. Pressures- and températures of equilibration were then calculated using garnet-
olivine, garnet-orthopyroxene and trace element geothermobarometefs. ~ The findings of these
investigations are detailed at the end of their respective chapters. This chapter seeks to bring unity to

these findings, and place them in context with other published work.

8.2 MANTLE HETEROGENEITY AND DISEQUILIBRIUM FEATURES

A petrographic study of the xenoliths was undertaken using both transmitted light microscopy and
binocular microscopy. It was limited by the small sample sizé (0.5-1.5 cm) in comparison to the large
grain si'ze‘(0.0S-l cm). Rock types were determined using. mineral associaﬁons within the .xenoli.th in
conjunction with mineral compositions. The peridotitic suite consists of both garnet-.harzburgites and
garnet-lherzolites, whereas the pyroxenitic sﬁite consists of garnet-clinopyroxenites and garnet-'

websterites.

Peridotitic xenoliths were dominant at all three kimberlite localities, but the Misery kimberlite
entrained a higher proportion of eclogitic and websteritic xenoliths to peridotitic xenoliths than the
Pigeon and Arnie kimberlites. The Misery kimberlite also had a lower proportion of low-Ca
harzburgitic xenoliths to lherzolitic xenoliths than the Pigeon and Arnie kimberlites. The variation in
the mantle xenoliths entrained in three kimberlites within a 40 km radius of one another may be -
indicative of small-scale mantle heterogeneity. Other xenoliths studies from the Slave craton have
noted the large variety of xenoliths (lherzolites, harzburgites, Wehrlites, eclogites, pyroxenites and
megacrysts; Kopylova et al., 1999b) and lateral heterogeneity (Kopylova and Russell, 2000) of the

mantle beneath the Slave province.

- A large number of the pyroxenitic xenoliths (ARN028, ARNO031, MIS428, MIS451, MIS454) have

- recrystallization and/or exsolution features. - Spinel exsolution from clinopyroxene and/or

2 orthopyroxene is also evident in lherzolitic (MIS431) and harzburgitic (ARN019) xenoliths. Similar
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dlsequrlibrium features have been noted in other kimberlite localities on the Slave craton, e.g. the
Jericho kimberlite (Kopyloya et ai.,_ v1_99‘9b). These transient. features (Tuttle and Bowen, 1958; Field |
and Haggerty, 1994) are indicatiye .of partial re-equilibration of these xenoliths from a region of high
pressure and temperature to lower pressure and terhperature, where the pyroxene structure can no-
longer accommod.ate Cr3* in it’s structure (Ryan et al. 1996). The breakdown of garnet to kelyphite in
the xenoliths from the Lac de Gras region also suggests a period of decompression and/or heating in
order to retum to the spinel stability field (Kempton et al., 1999). If the kelyphite rim was not caused
by decompressron then a source of heat may have been provrded by the mtruding kimberlites The re-'

ethbration Of these xenoliths was arrested by entrainment in ascendmg kimber ites.

“Such dynamic processes and small scale heterogeneity suggest a cbrriplex history for the li_thosphere
beneath the Slave .province. A céld, brittle lithospheric keeli subjected to multiple orogenies (i.e. the
Thelon and Wopmay orogenies, 2.2-1.92 Ga, Doyle et al., 1999) may fracture and produce complex
| stratigraphic sections within the mantle. The fact that the Misery kimberlite is located less than 2 km

away from the intersection of three different dyke swarms (figure 2.5) suggests that it is a region of

' structural weakness within the continental lithesphere. This weakness may be related to faulting as the
dykes and the Misery kimberlite may preferentially have used the faults as a conduits. Helmstaedt and
Harrap (1999) suggest that fault movements within the lithosphere, or isostatic rebound of Archean :
lithosphere due to erosion of overlying strata may trap and store diamonds .and mantle rocks outside

their stability fields. Although their theory cannot be validated without more information about the
internal structure of the continental lithosphere, it may explain the small scale hete’ro"geneities in the

mantle sampled by kimberlites in close proximity to one another.

8.3 COMPOSITION AND MIODE OF FORMATION

The harzburgitic xenoiiths were subdivided into twov groups based on the CaO and CrpO3 content in
. garnet using the 85% line of Gurney (198.4). The major element mineral composition of the high-Ca
harzburgitic xenoliths is similar to that of the lherzolitic xenoliths, whereas the trace element mineral
composition of the garnets are characteristic of the low-Ca harzburgitic garnets in this study and other

studies (Shimizu, 1975; Nixon et al., 1987; Hoal et al., 1994; Shimizu and Sobolev, 1995; Stachel et al.,
1999; Stiefenhofer et al., 1999).

The minerals of the low-Ca harzburgitic xenoliths tended to be more Mg rich and Ca poor than those of

the lherzolitic xenoliths. In a discussion about different mechanisms for the formation of the low-Ca

harzburgites Boyd et al. (1993) also noted that in general low-Ca harzburgites are slightly more
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_depleted in Sl Ca, Al and Fe, and have- hlgher Mg and Ni contents in comparlson to lherzolitic

xenoliths.

The compositional differences between the therzolitic xenoliths and the harzburgitic xenoliths would
suggest that they either had a different mode of formation, or that they have undergone different
processes since fdrmation. Several theories have been suggested in literature for the formation of low-

Ca garnet harzburgltes namely:

1. subductlon and pamal meltmg of oceanic hthosphere (Kesson and ngwood 1989 Boyd etal., -

1993) _
2. depletion due to multiple melt extraction (Boyd et al., 1993);

3. extraction of Ca from garnet into crystalline carbonate (Boyd and Gurney, 1982) or_cafbonate

melt (Luth, 1999)

The low-Ca harzburgitic minerals are- geochemically similar to peridotitic mineral inclusions in

diamond, which suggests a g¢11_etic link (Gurn_ey and Switzer, 1973, Guméy, 1984; Richardson et al.,

1984; Meyer, 1987). In addition to providing a mechanism for the formation of the low-Ca
harzburgites, the third mechanism (Boyd ‘and Gurney, 1982; Luth, 1999) would provide a source of
carbon for diamond formation, and compliment the theory of Griffin et al. (1999b) for the formation of
the MREEfenriched pattern in low-Ca harzburgitic garnets. Griffin et al. (1999b) suggest that due to
size similarities the LREE’s which normally ,éubstitute for Ca have fewer sites available for substitution
in the Ca-poor har_zburgitic garnets than in the Ca-rich Iherzolitic garnets. A carbonate-rich fluid would
both strip the rock of Ca (Luth, 1999), and may provide a source for.the LREE;S. Whereas these
processes may be contemporaneous, they need not be. A carbonate-rich fluid may strip the host rock of
carbonate in one process, and LREE enrichment may occur at a later time from a second carbonate-rich
fluid, or metasomatic fluid or proto-kimberlitic fluids. Coexistence of harzburgitic xenoliths with a
carbonate may also explain the appafent rérity of these rocks in comparison to lherzolitic rocks. The
explosive decomposition and reaction of the carbonate during assent of the kimberlite would result in

the disaggregation of the harzburgitic xenolith (Boyd and Gurney, 1982).

8.4 REE MODELLING

This study, and numerous other studies (Shimizu, 1975; Nixon et al., 1987; Hoal et al., 1994; Shimizu
and Sobolev, 1995; Stachel et al., 1999; Stiefenhofer et al., 1999) have noted two REE patterns that
commonly occur in hvarzburgitic garnets (both high- and low-Ca) and garnet inclusions in diamond, but

not in lherzolites, namely a MREE enriched pattern (Sm-peak) and a sinhsoidal pattern (Ce, Nd-peak).
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Whéreas the MREE-enriched pattern may be eXplained by melt interaction (Hdal et al., 1994; Griffin et v

al., 1999b), no model was found to explain the formétion of the sinusoidal REE patterns.

In order to suggest an explanation for the sinusoidal REE pattern in low-Ca harzburgitic garnets this -.
study investigated the partitioning of REE’s between phases during processes of exsolutioh from a .
mineral with a chondrite normalised sinusoidal REE pattern. Majorite was selected as the starting
material as it may have a sinusoidal REE pattern as it has  similar partitioning coefﬁéients to

clinopyroxene. In addition, the lithosphefic mantle beneath' the Slave craton has a majoritic

g e A e e e b e Y e ey BRI gt B et U e, T bk,
“component.’ Majoriti¢'inclusions in diamond have been found in the Lac de Gras region (Davies et al.,

1999; Pokhilenko et al., 2001).

Whereas the absolute abundanc_;e"s"? of the resultant phases from exsolution processes are dependant on
the initial concentration, the model shows that the sinusoidal REE pattern from a majoritic starting

material could be preserved in the exsolved pyrope if the exsolution products are pyrope and

orthopyroxene (i.e. a harzburgitic éompositio_n; Model A). However, if the starting majoritic

component was more Ca-rich and. the exsolution products were clinopyroxene and pyrope then the

exsolved pyrope would have a LREE-depleted pattern (Model B), as seen in the Therzolitic garnets.

8.5 GEOTHERMS AND P-T-COMPOSITION RELATIONSHIP

Geothermobarometric calculations indicate that the xenoliths from the Arnie, Misery and Pigeon
kimberliteé define a cratonic geotherm of 40 mW.m 2. The pressures and tempefatures determined
using trace element geothermobarometry were similar to those determined using coexisting mineral
pairs for those xenoliths for which the assumptions on which the geothermobarometers were based
were true. The geotherm determined using the trace element éeothenﬁobarometcrs was therefore

similar to that calculated using coexisting minerals.

Geothermobarometry has shown that although there is a geochemical similarity between low-Ca
harzburgitic garnets and peridotitic garnets included in diamond, not all low-Ca harzburgitic xenoliths
have pressures and temperatures of equilibration within the diamond stability field (900-1300°C and
40-55 kbar, Nickel and Green, 1985). The low-Ca harzburgites that have a low CrpO3 content (<6
wt%) have equilibrated at shallower depths than the diamond stability zone (ARNO08, ARNO13,
MIS417), whereas some lherzolites with high CrpO3 conteht (>8 wt%) have equilibrated within the
diamond stability zone (PGN339 and PGN310). In general, those samples with CrpO3 content between
6-8 wt% straddle the diamond-graphite trar'lsition line of Kennedy and Kennedy (1976).
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8.6 LAYERED MANTLE'BENEATH THE SLAVE PROVINCE?

Numerous mantle stud1es from k1mberl1te localities within the NWT recognrse a layered lithosphere

beneath the Slave craton (Griffin et-al., 1999a; Pearson et al., 1999; Kopylova and Russell 2000).

" A plot of Y and Ti versus temperature (Tyj;) would suogeSt that the lherzolitic garnets have higher

temperatures of equilibration and are more enriched in Y. and Ti than the harzburgmc garmnets.-(figures

8.1 and 8. 2) These ﬁndmgs would correlate well w1th the layered mantle theory proposed by Gr1fﬁn et

RIS ST EIP et

| al. (l999a) and Pearson et al.: (1999) The two layers mapped out by Gr1fﬁn et al. (19992a) are based on

the major and trace element concentrations of single garnet ‘and chromite grains from numerous
krmberlrtes over an area of 9000 km2 They recognise an ultra-depleted layer above a less depleted
layer that contains eclogite, with the contact at 150 +/-10 km beneath Lac de Gras. This ultra-depleted
layer is restricted to the northern part of the Contw_yoto terrane (Grifﬁn et al., 1999a). The garnets in
peridotites derived from the ultra-depleted layer have low median values of Y (1.5 ppm), Zr (5 ppm),
Ti (380.ppm) and Ga (4 ppm) in comparison to those from the deeper layer having median values of Y

(8 ppm), Zr (33 ppm); Ti (1800 ppm) and Ga (8 ppm).

The compositional boundary of Griffin et al. (1999a) at 150 +/-10 km coincides with a step in a
geotherm calculated for. the xenoliths from ‘the Tli Kwi Cho kimberlite complex south of Lac de Gras
(kimberlite pipes DO-18, DO-27 and- A154S; Pearson et al, 1999). The numerous
geothermobarometers used (including O’Neill and Wood, 1979; and Nickel and Green, 1985) concur
that below 900°C the xenoliths lie on the '35 mWm-2 geotherm, whereas between 900°C and 1250°C
they lie on the 40 mWm-2 geotherm of Pollack and Chapman (1977).

However, a larger number of pressures and temperatures have been determined for the peridotitic

population using coexisting garnet-olivine and garnet-orthopyroxene geothermobarometry in this study

* than trace element techniques. This major element geothermobarometry does not support two distinct

layers within the lithospheric mantle beneath the central Slave craton. Figure 8.3 shows that

harzburgites and lherzolites are inter-layered throughout the mantle beneath the Slave craton.

Only a small number of xenoliths were selected for trace element analysis in this study. A more
extensive study of the trace element composition and geothermobarometric state of xenoliths in
comparison to single grain geothermobarometry from the Lac de Gras region would be necessary to
decide if the layering beneath the Lac de Gras region is real or not. Such a large-scale trace element

study is beyond the scope of this project.
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Figure 8.1 Ti in gamet vs Ty . Based on single grain trace element geothermobarometry it appears that
the there are two distinct layers within the lithospheric mantle beneath the Slave craton. The therzolitic
gamets are more enriched in Ti, and have higher temperatures of equilibrium than the harzburgitic

garnets.
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Figure 8.2 T in gamet vs Ty . This plot also shows two distinct layers defined by the lherzolitic and
harzburgitic gamets. According to single mineral trace element geothermobarometry the therzolitic
gamets are more enriched in Y, and have higher temperatures of equilibrium than the harzburgitic

gamets.
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Figure 8.3 In contrast to the Tn-Composition plots (fig 8.1 and 8.2), pressures and temperatures
determined using coexisting mineral pairs indicate that harzburgitic xenoliths are abundant at depth (110-
180 km), and that although there is a higher concentration of lherzolites at greater depth (140-170 km),
they are inter-layered with harzburgites over a large depth interval (80-170 km).
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8.7 CONCLUSIONS

* A large variety of mantle xenoliths were entrained by the Arnie, Misery and Pigeon kimberlites,
namely lherzolites, harzburgites, clinopyroxenites and websterites. Eclogites and megacrysts were
noted during sample selection, but were not selected for study as they form part of an independent

~study.

e Spinel exsolution from clindpyroxene and orthopyroxene has been observed in both .the peridotitic
e e B R S SARTE T A Y FL Y S v A e e r o

PIA

and pyr;)xenitic xenoliths. Garnet exsolution from clinopyroxene is apparent in one clinopyroxenite
from t}ie Misery kimberlite. ‘A greater number of xenoliths with exsolution features were noted
from the Misery licirri;berlite.tlian the Arnie and Pigeon kimberlites. These exsolution textures attest
to dynamic processce._s in o_pération within the lithospheric mantle beneath the Slave craton. The
variety and different proportions of xenolith types sampled by individual kimberlites also suggests

small scale mantle heterogeneity.

e Major and trace element studies highlight the-compositional differences between the pyroxenitic and

peridotitic xenbliths, and subtle differences between the lherzolitic and harzburgitic xenoliths:

o The minerals of the pyroxenitic xenoliths aie more Fe-rich and Cr-poor than those of the
peridotitic minerals. The minrerals of the harzburgitic xenoliths are generally more Mg-rich
than those of the lherzolitic xenoliths.

e Trace element abundances. in garnet differ between different suites. The elements (Ti, Y,
Nd and Zr) in garnet discriminate well between the harzburgitic, lherzolitic and pyroxenitic
suites. The majority of ihe harzburgitic garnets (both low-Ca and high-Ca) are LREE-
enriched with respect to the lherzolitic garnets, as reflected in their higher Nd content. In
contrast, the lherzolitic garnets are more enriched in Ti and Y than the harzburgitic garnets.
The abundance of Zr in garnei discriminates well between the lherzolitic and pyroxenitic

garnets. The lherzolites have higher Zr contents than the pyroxenites (figure 6.1).

e The distribution of REE’s between phases during exsolution processes were modelled using

mineral/mineral partition coefficients. Based on the assumptioh that majorite has a sinusoidal REE

pattern, the models show that the sinusoidal REE pattern can be preserved in the exsolved pyrope if
pyrope and orthopyroxene are the exsolution products. However, the exsolved pyrope has a LREE-

depleted pattern if pyrope and clinopyroxene are the exsolution products.
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Discussion and Conclusions

. 'Geothermobarom‘etry using the calibrations by Nickel and Green (1985) and O’Neill and Wood
(1979) show that the xenoliths from the Arnie, Misery and Pigeon kimberlites define a cratonic

geotherm of 40 mW.m'z.

e The pressure and temperature détermined using trace element geothermobarometry (P and Tyjj) is
similar to that determined using major element geothermbbarometry (Fe and Mg exchange between
garnet-and olivine; and Al in orthopyroxene). ‘
. *.The deviation of Ty from the major clement temperature (O'Neill and Wood, 1979) is. .
- Srﬁall;:r for thej ’TNi. (éanil, _ 1999) tﬁan the TNI (Ryaﬁ{ ét al., 1996) for _xeﬁoliths .wi.th
tempefatures above 800°C. - However, the calibration by Canil (1999) overestimates the
terﬁperature of xenolith§_ that equilibrated at temperatures below 800°C according to major
element geothermbbarometry. The calibration of Ryan et al. (1996) provides a better
temperature estimate for those xenoliths with equilibration temperatures below 800°C.
Future study required: A larg'ér data set would be required to determine which of these
calibrations provide a better reflection of the true pressure and temperature.
e The Pcr determined using R.yan et al. (1996) compares favourably with the pressure
determ‘inéd using major element geothermobarometry for those samples that coexist with
chromite, and garnets with high CrpO3 contents, i.e. those samples that did not violate the

assumptions-on which the geobarometer is based.

* Trace element compositions and geothermobarometry appéar to support a two-layered lithospheric
mantle model (Griffin et al, 1999; Pearson et al., 1999). -However, major element
geothermobarometry does not support the two-layer model, but shows that harzburgites and

 Iherzolites are inter-layered with depth throughout the lithospheric mantle. Future study required:
Further investigations using coexisting mineral (major element) geothermobarometry and trace
-element compositions wéuld be required to determine if a two-layered lithospheric mantle exists

beneath this region of the central Slave craton.
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Appendix 1 - Petrographic descriptions

PETROGRAPHIC DESCRIPTIONS

Modal proportions quoted herein are visual approximations of the modal prop'ortion'of the minerals in
the sample. Not much weight should be placed in the modal proportions of these samples. The sample
size is small, and the modal proportions may not reflect the true modal proportion of the larger rock body. This is

particularly relevant for poikilitic samples.

XENOLITHS FROM THE ARNIE KIMBERLITE

ARNO002 - Low-Ca Harzburgite _
This sample has a coarse equant texture (Harte, 1977) and consists of ~50% gamet 23% orthopyroxene
and 22% olivine. The 5% primary chromite is in close spatial relation to the orthopyroxene grains. The
garnet ‘rims have been altered into kelyphite (1 mm), and small (<0.5 mm) small (<0.5 mm) Spinels are
abundant in these altered zones. The sample is 0.5 by 0.75 cm in size.

-

ARNO003 - High-Ca Harzburgite

This coarse equant textured xenolith consists of about 45% garnet, 5% orthopyroxene 45% ollvme and

5% prlm'ary chromite. The garnet grains are surrounded by a kelyphite rim. It‘ is 0.6 by 1.0 cm in size.

ARNO004 - High-Ca Harzburgite
This 0.7 by 0.8 cm xenolith has a poikilitic texture. It consists of 80% garnet, 10% olivine and 10%

orthopyroxene (~1 by 1 mm in size). Both the orthopyroxene and olivine have been altered. The

olivine is cloudy, and the altered orthopyroxene is brown.

~ ARNO00S - High-Ca Harzburgite
This sample has a coarse equant texture, with curvy-linear grain boundaries and 120° grain

intersections. It is 0.7 by 0.75 cm in size, and consists of about 30% garnet, 40% orthopyroxene and

30% olivine.

ARNO06 - High-Ca Harzburgite
This 0.6 by 0.6 cm xenolith has a granoblastic texture (Harte, 1977). It consists of about 40% garnet,

38% orthopyroxene, 20% olivine and 2% primary chromite. The grains have straight grain boundaries

and 120° grain intersections.
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ARNO007 - LoW-Ca Harzburgite ‘

-This sample consists predominantly of garnet (80%). It contains about 5% orthobyroxene in one very
small sub-rounded grain, and about 10% olivine. Th.e garnet 1s fractured, and has been altered along
the fractures. Small grains (<0.5mm) of spinel can be found in the altered region. One grain of
primary chrorhite is sub-rounded and enclosed on three sides by garnet. The chromite is not spatially

related to the orthopyroxene.

ARNOO8 - Low-Ca Harzburgite

ThlsOSby 0.5 ¢m sampleé has a poikilitic texture. - 1t onsists ‘prédominantly of garnet (95%); but **-

includes rounded <0.5-by 0.5 mm orthopyroxene (1%) and olivine (4%) grains. The garnet has a lilac

colour, and a thick kelyphite rim (1 mm).

ARNO09 - High-Ca Harzburgite

This poikilitic textured sample consists predominantly of garnet (75%). Smaller (1 by 2 mm) grains of
orthopyroxene are sub-oval in shape. Primary chromite (5%) is present. One chromite grain has an
orthopyroxene core. Portions of the xenolith are highly altered, and tiny spinel grains are common

within this alteration.

ARNOI0 - Low-Ca Harzburgite _
This poikilitic sample is dominantly. garnet, and is similar in many respects to ARNOO8. It has a large

kelyphite rim, and is lilac in colour. It encloses one 1 by 1 mm orthopyroxene grain.

ARNO11 - Low-Ca Harzburgite
This granuloblastic textured xenolith is 0.5 by 0.5 cm in size. It consists of 70% garnet, 24%

orthopyroxene, 2% olivine and 4% chromite. The chromite is spatially related to the orthopyroxene.

ARNO12 - Low-Ca Harzburgite
This 0.5 by 0.5 cm poikilitié textured sample is dominantly composed of garnet (70%). The garnet
encloses a subhedral hexagonal orthopyroxene grain (1.5 by 1.5 mm). Orthopyroxene composes 25%

of the sample, and chromite about 5%. The chromite is spatially related to the orthopyroxene.
ARNO13 - High-Ca Harzburgite

This granoblastic 0.5 by 0.7 cm sample has 120° grain intersections. It consists of about 50% garnet,

277% orthopyroxene, and 23% olivine.
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ARNO14 - High-Ca Harzburgite
This granoblastic 0.5 by 0.8 cm sample has 120° grain'intersections It consists of about 50% garnet' v
25% orthopyroxene, and 25% 011v1ne There has. been kelyphlte formation around the garnets, with

associated small (<0.5 mim) spmel in the alteration r1m

ARNO017 - Low-Ca Harzburgite

This '1.‘0 by 0.7 cm 'poikilitic xenolith consists predominantly of garnet (83%). A thick kelyphite rim
. surrounds the ‘garnet (1 mm). The garnet completely encloses numerous (5%) rounded chromite grains
“(1°by 1 mm) dnd $fialler (<0.05 mm) orthopyroxené (2%) grains. “The olivine’grains (7%) occur*both
within the poikilitic garnet and breach the- kelyphite rim. The olivine breaching the rim has undergone
alteration and is cloudy. The larger olivine grams on the perrphery of the poikilitic garnet suggest that

the poikilitic texture is a small scale‘texture within a larger textural feature

ARNO018 - High-Ca Harzburgite
This granuloblastic sample has 120° grain intersections. and straight grain boundaries. It consists
predominantly .of garnet (50%) and orthopyroxene (40%), and to 4 lesser degree olivine (10%). It'is

0.7 by 0.75 cm in size.

ARNO19 - Low-Ca Harzburgite .

This poikilitic textured sample consists predominantly of garnet (58%). The garnet encloses 1 by
Imm, and 2 by 2mrr1 sub-rounded orthopyroxene grains that compose about 40% of the sample.
Macroscopic chromite needles have exsolved from the orthopyroxene. Small (<0.05 mm) chromite
grains border the orthopyroxene grains. This is evidence of chromite exsolution from orthopyroxene.

This sample is 0.6 by 0.75 cm in size.

ARNO021 - Low-Ca Harzburgite

. This sample consists predominantly of garnet (78%). The gamet in this granuloblastic sample has
undergone a high degree of alteration, and consequently has a high proportion of small spinel grains
within the altered portions. The majority of the olivine and ox‘thopYroxene grains are also highly

.altered. Olivine comprises about 5% of the sample, and orthopyroxene about 15%. This sample is 0.6

by 0.9 cm in size.

ARNO022 - High-Ca Harzburgite

This coarse equant sarrrple has undergone very little alteration. The grains are subhedral, with 120°
grain intersections. The orthopyroxene grainsvare slightly smaller in size than the garnet and olivine
grains. Garnet is dominant (55%), with 3.5% olivine and 10% orthopyroxene. This sample is 0.6 by

0.8 cm in size.
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ARNO23 - Lherzolite _
This 0.5 by 0.7 cm sample consists of portions of two grains: a red garnet (10%) and cloudy olivine

(90%). The garnet has a rounded grain boundary.

ARNO024 - Lhérzoli_te '
This 0.5 by 0.6 cm sample also consists of only two grains. Cloudy olivine comp‘letely encloses a

rounded purple garnet grain (>2 by 2 mm in 51ze) A small (0 5 by 0.5 mm) rounded olivine gram is

LRI !

' completely enclosed by the oamet gram

ARNO25 - Low-Ca Harzburgite 7
This coafse equant textured sample consists predommantly of garnet (50%) and olivine (35%).
Orthopyroxene (10%) and chromite (5%) also form part of the mineral assemblage. Chromite is
spatially related to orthopyroxene. The grains have straight grain boundaries and 120° grain

mtersect10ns And some of the orthopyroxenes have subhedral shapes. As for ARNO17, large olivine

_grains breach the kelyphlte rim surrounding the xenohth

ARNO026 - Low-Ca Harzbur’gite

This 0. 9 by 0.9 cm sample has a coarse equant texture and consists of about 50% garnet, 25% olivine
and 25% orthopyroxene: The mmerals are all extremely fresh with no kelyphlte formatlon around the

garnet. The grain boundaries are curvy-linear and have 120° grain intersections.

. ARN027 - Low-Ca Harzburgite

This sample is remarkably similar in texture to ARNO25. It has a coarse equant texture, \évith straight
- grain boundaries and 120° grain intersections. It has howeVer undergone more alteration than
ARNO025, and the xenolith is surrounded by a thick kelyphite rim (1. mm). It consists predommantly of
garnet (55%) and olivine (28%). Orthopyroxene (10%) and - chromlte (7%) also form part of the

mineral assemblage.

 ARNO028 - Clinopyroxenite _

This 0.6 by 0.75 sample has small red garnets (1 by 1 mm) within a cloudy clinopyroxene groundmass.
The garnets are located at the grain intersections between adjacent clinopyroxene grains. The
clirilopyroxenes' have straightv grain boundarieé, and the gfain intersections approximate 120°. The

sample consists of 15% garnet and 85% clinopyroxene.
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ARNO029 - High-Ca Harzburgite
This sample is predominantly garnet (93%), with a poikilitic texture. The garnet encloses sub-rounded
grains of orthopyroxene (1 by 1 mm) and olivine (0.5 by 0.5 mm). The sample is 0.6 by 0.75 cm in

size.

ARNO30 - Lherzolite
This 0.4 by 0.45 cm sample is dominantly garnet (95%). It contams a portlon of an olivine gram on one

side (0 5 by 0. 5 mm in srze) The gamet is fractured and altered along the fractures.

ARNO31 - Clinopyroxenite

This sample is dominantly clinopyroxene (85%), containing about 15% garnet. The garnets are small (1
by 1 mm) in size, and as for ARN028, they are located at the intersection of clinopyroxene grams The

clinopyroxene is very mrlky. It has straight grain boundaries and 120° grain intersections. The sample

is 0.75 by 1.4 cm in size.

ARNO32 - Lherzolite )

This sample contains no garnet. Itis 0.7 by 1.4 cm in size. It is dominantly olivine (80%). It contains
small (1 by 3 mm) grains of clmopyroxene (15%), and an altered mmeral presumably orthopyroxene

(5%). A trace amount of chromite was noted within the clmopyroxene grain (<0.5 mm in size).

ARNO33 Lherzolite

This sample consists of olivine (65%), with one grain of clinopyroxene (3 5%) The olivine is cloudy. ‘

The sample is 0.6 by 0.8 cm in size.

ARNO034 - Lherzolite

This sample contains no garnet. It consists predominantly of olivinie (95%) and one grain of

clinopyroxene (5%). The olivine is cloudy. The sample is 0.7 by 0.8 cm in size.

ARNO35 - Lherzolite
This sample consists predominantly of olivine (90%) and one grain of clinopyroxene (10%). It

.contains no garnet, and the olivine is cloudy. The sample is 0.7 by 0.8 cm in size.
ARNO036 - Lherzolite

This sample contains no garnet. It consists predominantly of olivine (90%) and one grain of

clinopyroxene (10%). The olivine is cloudy. The sample is 0.7 by 0.9 cm in size.
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ARNO37 - Lherzolite
This sample consists predominantly of olivine (88%) and one grain of clinopyroxene (2%), and one
grain of orthopyroxene (10%). It contains no garnet, and the olivine is.highly-frac{ured and cloudy.

The orthopyr'oxene is_sub_-oval in shape (worm-like). The sample is 0.7 by 0.8 cm in size.
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XENOLITHS FROM THE MISERY KIMBERLITE

MIS401 - Low-Ca Harzburgite
This poikilitic textured sample consists predominantly of garnet (90%), enclosing small (0.5 by 0.5
mm) rounded orthopyroxenes (10%). The garnet is lilac in colour, and is highly fractured. Tiny spinel

grains are located within the altered zones. The sample is 0.4 by 0.7 cm in size.

MIS408 - Low-Ca Harzburgite
" ‘This 0.75'by 0.9 ¢ém sample has ‘a coarsé €quant texture. It consists predominantly (50%)’o.f highly*
fractured garnet. The garnet has been highly altered along these fractures, and tiny spinels are found
within the fractures. The olivine is also highly fractured, and has also undergone alteration. _ Olivin¢
comprises about 48% of the rock.’ The orthopyroxene grain appears very similar to the olivihe grains,

and could only be determined using the electron microprobe. Orthopyroxene comprises about 2% of the

sample.

MIS409 - Lherzolite )

This poikilitic textured sample is 0.35 by 0.45 cm in sfze. It consists predominantly of garnet (67%),
with enclosed grains of clinopyroxene (10%), orthopyroxene (3%) and Cr-spinel (10%). It is one of the
few lherzolitic samples that contain primary Cr-spinel. Two rounded spipel grains occur in spatial
relation to orthopyroxene and clinopyroxene, whereas the third grain is completely surrounded by
garnet. The major element chemistry of these grains differ (as explained in chapter 5). A kelyphite rim
surrounds the garnet, but clinopyroxene grains breach the rim and occur on the outer limits of the

kelyphite rim. This may be an indication that the poikilitic texture is part of a larger textural body.

MIS411 - Low-Ca Harzburgite
This sample has a poikilitic texture. Garnet encloses rounded to oval orthopyroxene and olivine grains
(1 by 1 mm in size). The olivine has been highly altered. Garnet comprises about 50% of the sample,

orthopyroxene about 30%, and olivine about 20%. Itis 0.4 by 0.5 cm in size.

MIS412 - High-Ca Harzburgite

This sample has a very similar texture to MIS411. It has a garnet hosted poikilitic texture and consists

of about 50% garnet and 50% orthopyroxene (1 by 1 mm in size). The garnet is highly fractured.

MIS413 - High-Ca Harzburgite
This sample is granuloblastic. It is 0.8 by 0.9 cm in size. Orthopyroxene is the most abundant mineral
(67%), followed by garnet, which comprises about 30% of the sample. Olivine comprises about 3% of

the sample. The olivine appears very similar to the orthopyroxene grains, and could only be
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-determined using the electron microprobe. The garnet grains are rounded and have thick kelyphite rims
(0.5 mm), with a small fresh core (<0.25 to ] mm in size). Tiny spinel grains occur within the alteration

rim.

MIS417 - High-Ca Harzburgite |

This ga_met-poikilitic sample is 0.4 by 0.7-cm in size. It dominantly consists of garnet (65%), with 20%
orthopyroxene 10% olivine and 5% chromite. ‘The olivine and orthopyroxene grains are oval (1 by 1
mm). Spmel exsolution is evident in the orthopyroxene and small (<0.5 mm) spmel grams are located

alono the orthopyroxene gram boundarles

MIS419 - Lherzolite

This 0.4 by 0.7 cm granuloblastlc equant’ sample con51sts of garnet (25%),.clinopyroxene (30%) and
orthopyroxene (45%). The grain boundaries are stralght-, and have 120° grain intersections. The garnet
rims have been altered into kelyphite. One garnet grain completely encloses a rounded clinopyroxene |

grain.

MIS420 - High-Ca Harzburgite
This coarse equant textured sample is highly altered. The garnet, comprising about 60% of the sample
has almost completely been altered, as has the orthopyroxene, which composes 40% of the sample.

‘Many tiny spinel grains occur within the altered zones.

MIS426 - Lherzolite

This 0.4 by 0.5 cm sample has a garnet hosted peikilitic texture. The garnet encloses rounded to
oblong clinopyroxene, orthopyroxene, olivine and chromite. The garnet is fractured and surrounded by
a kelyphite rim. One large clinopyroxene grain, and one olivine grain lie on the outer perimeter of the
| garnet grain, indicating th"at the poikilitic texture m.ay be a small-scale textural feature within a larger
textural association.  The gamet compri‘s_es about 70% of the sample, clinopyroxene (8%),

orthopyroxene (7%), olivine (7%) and chromite (8%).

MIS428 - Pyroxenite

This sample has unique characteristics within this sample selection. Clinopyroxene is the dominant
mineral, and has a coarse' equant texture (Harte, 1977). Both spinel and garnet exsolution have
occurred within the clinopyroxene grains. The spir)el and garnet lamellae are parallel to one-another,
presumably having exsolved along the same crystallogrephic face. The individual garnet lamellae taper
toward the terminating ends Rounded and oblong small (0.5 by 0.5 mm) garnet and orthopyroxene
grams lie along the clinopyroxene grain boundarres forming a necklace texture These grains are

concentrated within the area of the mferred tr1p1e Junctron between the primary clinopyroxene grains. -
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The garnet and orthopyroxene both appear to have exsolved from the primary clinopyroxene grains and
recrystallized along the grain boundaries._’fhe Samplc consists of clinopyroxene (75%), garnet (15%)

and orthopyroxene (10%). And the sample is 0.4 by 0.6 cm in size.

MIS430 - High-Ca Harzburgite v
This coarse equant textured vsémple is domihantly_ garnet (55%). The olivine (15%) is highly
serpentinised, and the orthoﬁyroxene highly fractured. The grain boundaries are straight and have 120°
' grain’intefsections. The sample is-0.6 by 0.75 cm in size. v |

SE B

MIS431 - Lherzolite

This coarse-equant textured sample is 0.6 by 0.9 cm in size. It consists of about 8% garnet, 40%
clinopyroxene, ‘45% orthopyroxérfe, 2% olivine and 5% chromite. The.gamet has almost ébmpletely
been altered into kelyphite, and the olivine into serpentine. Spinel exsolution is evident within the

clinopyroxene-grains. The sample is coarse grained, with straight grain boundaries and 120° grain

intersections.

MIS433 - Lherzolite

“This. sample consists. of about 30% garnet, 20% clinopyroxene, 35% orthopyroxene, 10% olivine and
5% chrémite. The olivine has been completely serpentinised, but the surrounding minerals are fresh. It
has a coarse equant texture and the grains-have straight grain boundaries-and 120° grain intersections.

The sample is 0.4 by 0.6 cm in size.

MIS434 - High-Ca Harzburgite

This 0.5 by 0.5 cm sample has a coarse equant texture. It consists of about 50% garnet, about 40%
orthopyroxene and 10% olivine. The oliviﬁe has -almost completely altered into serpentine. The
majority of the grains have sfraight grain boundaries and 120° grain intersections, but some of the

orthopyroxene has curved grain boundaries, one grain in particular is “worm-like” in form.

MIS438 - Websterite v

- This granoblastic textured safnple consists of garnet (40%), orthopyroxene (30%) and clinopyroxene
(30%). The grain boundaries are straight, and have 120° grain intersections. Microécopic needles are
abundant within the garnet grains. These needles are orientated in three directions, presumably along

crystallographic axes. The sample is 0.5 by 0.6 cm in size.

Al9



Appendix I - Petrographic descriptions .

 MIS439 - Websterite
This sample in many ways is identical to MIS438. - It has a granoblastic texture, straight grain

boundaries and 120° grain intersections. It consists of about 40% garnet, 30% orthopyroxene and 30%

clinopyroxene. It is 0.4 by 0.6 cm in size. .

MIS451 - Clinopyroxenite

This 0.6 by 0.65 cm sample is dominantly clinopyroxene (90%). A large amount of spinel exsolution has

occurred wifhin this sample. . The continuous nature of the spinel exsolution, its orientation, and lack of grain
':'Bouridarive"s éuggestthat fﬁé’”\'ﬁfl’c')l:e: sample consists of a single clifiopyroxéne grain surfoiiiding two garmet ‘grains

(1 by 1 mm in size), which comprise about 10% of the sample.

MIS454 - Clinopyroxenite

This sample is bimineralic. It is composed of about 45% garnet and 55% clinopyroxene. It has a coarse equant
texture with straight to curvy-linear grain boundaries, and 120° grain intersections. Spinel exsolution has occurred

within the clinopyroxene grains, and microscopic needles have exsolved from the garnet. This sample is 0.4 by

0.55 cm in size.

MIS463 - Low-Ca Harzburgite

This sample is 0.4 by 0.75 cm in size. It consists predominant]y of orthopyroxene (50%). The orthopyroxene
completely encloses rounded olivine and garnet grains. The olivine grains have undergone serpentinisation, and
comprise about 10% of the sample. The single garnet grain hés almost compietely been altered: only a 0.5 by 1
mm core remains from a 2.5 by 3.5 mm grain. The olivine and garnet are not in contact with each other. This

fact, and the large degree of alteration of the garnet have unfavourable implications for geothermobarometric

calculations.
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_ XENOLITHS FROM THE PIGEON KIMBERLITE

PGN301 - Low-Ca Harzburgite
This coarse equant texiufed, 0.8 by 0.3 cm xenolith consists of 85% garnet, 8% orthopyroxene and 7%

olivine in three independent grains. The garnet is fractured, and small (<0.5 mm) oxides reside in the

alteration zone in the fractures.

PGN303 - Low-Ca Harzburgite ,

* This 0.9 by 0.5 em"poikiliti¢ textured xeno‘hth consists’ predommantly of gamet. The xenolith'i 1s *highly
fractured. Small (<0.5 mm) oxides reside 1 in the large fracture zones. Small grains (<0.5 mm) of oval
shaped olivine and‘ orthopyroxene are completely enclosed by the garnet. A trace amount of oxide is

located next to the oxide. Modal péfcentage: 95% garnet, 3% olivine, 2% orthopyroxene.

PGN306 - Lherzolite

This 0.5 by 0.5 garnet-poikilitic xenolith consists of highly fractured garnet that encloses sub-rounded
"grains of orthopyroxene and olivine. The ol/ivihe grains are 1.5 by I mm in size, whereas the
orthopyroxene grain is even smaller. Small (<0.5 mm) oxides reside in the fractures in the 'gamet.

Modal percentages: 80% garnet, 15% olivine, 5% brthopyroxene.

PGN307 - Lherzolite

This porphyroclastic xenolith is 0.75 by 0.6 cm in size. About 70% of the sample consists of olivine, of
which a small amount (<5%) of the olivine has been recrystailized. The gamet (20%) is rounded and

fractured, with a 0.5 mm kelyphite rim. About 10% of the sample is orthopyroxene.

PGN308 - Lherzolite
This 0.8 by 0.5 cm xenolith has an orthopyroxene hosted poikilitic texture. Small (0.5 by 0.5 mm)
grains of sub-rounded and slightly larger (1 by 1 mm) subhedral garnet grains are completely enclosed in -

orthopyroxene, which comprises 85% of the sample. Garnet comprises 15% of the sample.

PGN309 - Lherzolite
This 0.8 by 0.6 cm xenolith has an orthopyroxene hosted poik.ilitic texture. Three small (1 by 1 mm and

0.5 by 0.5 mm) grains of sub-rounded garnet are completely enclosed by an orthopyroxene grain, which

comprises 85% of the sample. Garnet comprises 15% of the sample.

PGN310 - Lherzolite
This 0.75 by 0.6 cm coarse equant textured xenolith is dominantly olivine (75%). A sub-rounded grain

of garhet (0.25by 0.2 61n) lies adjacent a smaller clinopyroxene grain; This clinopyroxene is fairly, but
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a second clinopyroxene grain appears to be fresh, being a bright, clear green. The grain boundaries are

straight, with grain boundaries apprdximately 120°.

PGN311 - Lherzolite

This 0.75 by 0.4 cm xenolith has an orthopyroxene hosted poikilitic texture. Two small (1 by 1 mm)
grains of sub-rounded garnet .are completely enclosed in orthopyroxene, which comprises 85% of the
sample. Garnet comprises 15% of the sa;nple. One garnet grain encloses two circular grains, but these

have been completely altered and therefore cannot be classified.

- PGN312 - High-Ca Harzburgite

This coarse equant textured I by 0.6 crh xenolith consists of one rounded grain of garnet which
comprises 25% of the samplé. 75 % of the sample consists of an equal amount of olivine and
- orthopyroxene. A small amount (<5%) of thg olivine hés_been recrystallized and become fine grained.

~ Both the garnet and the other silicates appear to be fairly altered.

PGN313 - High-Ca Hariburgite

This coarse equaht textured 0.6 by 0.5 cm xenolith consists of equal proportions of gamet,

-~

orthopyroxene and olivine. - The orthopyroxene and olivine have been highly altered, and a small

portion of the olivine has been recrystallized. The garnet however is very fresh.

PGN314 - Low-Ca Harzburgite

This coarse equant textured 0.5 by 0.5 cm. xenolith consists of one sub-rounded grain on garnet

comprising 85%, and equal amounts of olivine and orthopyroxene on the garnet’s perimeter.

PGN315 - High-Ca Harzburgite
This garnet hosted poikilitic xenolith is 0.5 by 0.5 cm in size. The garnet completely encloses an oblong,
rounded olivine grain 0.25 by 0.1 cm in size. The garnet is reddish and highly fractured, and comprises

90% of the sample, whereas the orthopyroxene comprises 10%.

" PGN316 - Lherzolite

This porphyroclastic 0.8 by 0.3 cm xeholrith consists of tWo rounded grains of garnet which comprises
35% of the sample. 65 % of the sample consists of an equal amount of olivine and orthopyroxene. A
small amount (<10%) of the olivine has been recrystallized and become fine grained. One of the garnet

grains is completely altered, whereas the second is just fractured.
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PGN317 - Low-Ca Harzburgite | |
This 0.75 by 0.5 garnét ﬁoéted poikilitic textured xenolith consists of 75% garnet, 15% orthopyroxene
and 10% olivine. The garnet encloses gr.ains‘ of orthopyroxeﬁe and olivine. The olivine grains are 1 by

1 mm in size, whereas the orthopyroxene grains are both similar and smaller in size.

PGN318 - Low-Ca Harzburgite v
This 0.6 by 0.4 poikilitic textured xenolith has garnet enclosing two sub-oval orthopyroxene grains (<1
by 1 mm). The garnet is highly fractured and comprises 90% of the sample. |

[RRE

PGN319 - Clinopyroxenite
This 0.75 by‘ 0.6 cm poikilitic Xenolit_h consists predominahtly (75%) fresh dark green and milky

clinopyroxene. It completely enclos;;s rounded ovals of 0.25 By 1.5 cm and smaller orange garnet (25%).

PGN320 - Pyroxenite

This 0.5 by 0.5 cm granoblastic xenolith consists of equal amounts of orange garnet and bright green
clinopyroxene. The grain boundaries are straight with 120° intersections. The clinopyroxene is fresh,

but the majority of the garnet has been altered. Grain sizes approximate 1 by 2 c¢m.

PGN321 - Lherzolite

This is'an extremely small sample. It is 0.3 by 0.3 cm, and consists of a single garnet grain and a single

milky clinopyroxene grain in equal prbportions.

PGN322 - Pyroxenite
This 1 by 0.6 cm coarse equant textured Xenolith consists of equal amounts of garnet and bright green
clinopyroxene. The grain boundaries are near straight with 120° intersections. The clinopyroxene is

fresh, but the majority of the garnet has been altered.

PGN323 - Lherzolite
This 0.7 by 0.5 cm xenolith has a garnet hosted poikilitic texture. The garnet is highly fractured. The

orange-red garnet completely encloses bright green clinopyroxene, which comprises 25% of the sample,

whereas the garnet comprises 75%of the sample. -
PGN324 - Lherzolite

This 0.75 by 0.7 cm “porphyroclastic” xenolith comprises 60% of fine grained (<1 by | mm) matrix of

olivine and clindpyroxene, with two larger (>2 by 2 mm) grains of garnet.
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PGN325 - Lherzolite

This coarse equant textured 0.3 by 0.3 cm_ xenolith consists of equal proportions of  garnet,

clinopyroxene and orthopyroxene. The grains intersect at 120°.

PGN329 - Lherzolite
This 0.7 by 0.6 cm coarse equant textured xenolith consists of garnet (48%), orthopyroxene (48%),

clinopyroxene (4%). The majority of the grains are greater than 2 by 2 mm and have straight grain
boundaries with 120° intersections. The one rounded clmopyroxene grain is small (<0.5 mm) in size

“ and is completely enclosed by orthopyroxene

PGN333 - Lherzolite
This 0.7 by 0.6 poikilitic textured xenolith is-dominantly composed of garnet (90%). Small grains of

olivine, clinopyroxene and oxide lie on the margin of the massive garnet area. These grains are 1 by 0.5
mm (or smaller) in size.

PGN336 - Lherzolite

-

0.3 cm in size. The clmopyroxene completely encloses small (<1 by 1 mm) grains of garnet (25%), and

olivine (5%).

PGN337 - Lherzolite
This coarse equant textured, 0.7 by 0.6 cm sample consists of equal proportions of garnet,
orthopyroxene and clinopyroxene. The grain boundaries are all straight, with 120° intersections. The

orthopyroxene has been highly altered, whereas the clinopyroxene and garnet have only been fractured

and altered along the fractures.

. PGN338 - Lherzolite
This coarse equant textlired, 0.7 by 0.4 cm xenolith consists of highly fractured and altered garnet

~ (65%), highly fractured and altered orthopyroxene (25%), bright green clinopyroxene (5%) and
phlogopite (5%). Small (<0.5 mm) oxides may be found along fractures in the garnet and along the

perimeter of the garnet grains. The grain boundaries are all near straight, and have 120° intersections.

PGN339 - Lherzolite

This 0.6 by 0.4 coarse equant textured xenolith consists of one highly fractured garnet grain (60%),
which is bound on two sides by clinopyroxene (20%) and by olivine (20%). -A small portion of the

olivine grain has recrystallized to form smaller grains.
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PGN340 - Low-Ca Harzburgite |

* This 1.1 by 0.75 cm coarse equant textpr_ed xenolith contains about 40% garnet, 40% olivine and 20%
orthopyroxene. They are generally equigranular. The orfhopyroxene is almost completely altered,
whereas the olivine and gémet are not. The orthopyroxene coinpletely surrounded‘ by garnet is notuas’ :

altered as those free-standing grains in the mineral matrix.

PGN341 - Low-Ca Harzburgite
This 1 by I em poikilitic textured -xenolith .comprises about 80% garnet, which -completely eﬁcloses ,
rounded 6&1&05%65{&1{@:;&56 ‘olivine grain’s:. "Th:es_e grains are 1'by 1 mm in size ‘or smaller. "The
orthopyroxene grains are fresh, but the olivine grains are completely altered. The garnet is fractured,

and small (<0.5 mm) oxides can be found along the fractures.

PGN342 - Low-Ca Harzburgite v
" This 0.8 by 0.6 cm poikilitic textured xenolith consists predominantly of garnet (80%), enclosing
smaller (<1 by 1 mm) grains of olivine (20%). The garnet is highly fractured, and ‘smavll (<0.5 mm)

oxides can be found along these fractured zones.

PGN343 - Low-Ca Harzburgite
This 0.75 by 0.5 cm ~poiki1itic textured xenolith comprises about 80% garnet, which completely

encloses rounded orthopyroxene and olivine grains. These grains are 1 by 1 mm (or smaller) in size.
* The orthopyroxene grains are fresh, but the olivine grains are completely altered. The garnet is

fractured, and small (<0.5 mm) oxides can be found alohg the fractures.
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Sumary of Petrographic Descriptions

: Primary /
Kimberlite _ % Primary | Secondary Exsolved Other Exsolution
Locaiity Sample_No |Rock Type Mineral Assemblage % Gt| % Cpx | % Opx | % O] % Phlogopite|  Spinel - Spinel Spipel Grains Features - Texture
Arnie ARNO0Q2 Harzburgite (Low-Ca) gt-opx-ol-spinel 50 23 22 5 Present Primary Coarse equant
Arnie ARNQO3 Harzburgite (High-Ca) gt-opx-ol-spinel 45 5 -1 45 5 Present Primary " |Coarse equant.
Arnie ARNO00O4 Harzburgite (High-Ca) gt-opx-ol 80 10 10 V {Poikilitic (gt)
Arnie ARNOO5 Harzburgite (High-Ca) gt-opx-ol 30 40 30 ‘ Coarse equant
Arnie ARNO006 Harzburgite (High-Ca) gt-opx-ol-spinel 40 _ 30 28 2 Present Exsolved ' Granuloblastic
Arnie ARNO0O7 Harzburgite (Low-Ca) - gt-opx-ol-spinel 80 ' 5 10 ' } 5 Present Primary : . |Poikilitic (gt)
Arnie ARNO008 Harzburgite (Low-Ca) gt-opx-al : 95 1 4 Poikilitic (gt)
Arnie ARNO009 Harzburgite (High-Ca)  lgt-opx-spinel 75 20 5 Present Prirﬁary Poikilitic (gt)
Arnie ARNO10 Harzburgite (Low-Ca) gt-opx 75 25 ) } Poikilitic {gt)
Arnie ARNO11 Harzburgite (Low-Ca) gt-opx-ol-spinel- 70 24 2 4 Present Exsolved © |Granuloblastic
Arnie ARNO12 Harzburgite (Low-Ca) gt-opx-spinel 70 25 5 Present ~ IExsolved Poikilitic (gt)
Arnie ARNO013 Harzburgite (High-Ca) gt-opx-ol ' 50 27 23 ' ) Granuloblastic
Arnie . |ARNO14 Harzburgite (High-Ca) gt-opx-ol 50 25 25 Present i . Granuloblastic
Arnie ARN0O17 Harzburgite (Low-Ca) gt-opx-ol-spinel 83 2 7. 7 Present Primary Poikilitic (gt)
1Arnie ARNO18 Harzburgite (High-Ca) gt-opx-ol 50 40 10 \ . Granuloblastic
Arnie- - ARNO019 Harzburgite (Low-Ca) gt-opx-spinel 58 40 2 Present Exsolved Spinel exsolution }Poikilitic (gt)
: in pyx
Arnie ARNO21 Harzburgite (Low-Ca) gt-opx-ol 78 15 5 Present Granuloblastic
Arnie ARNO022  |Harzburgite (High-Ca) gt-opx-ol 55 10 35 Present - Coarse equant
Arnie ARNO23 Lherzolite gt-ol 10 90 Poikilitic (ol)
Arnie ARN024 Lherzolite gt-ol 45 55 Poikilitic (ol)
Amie ARNO025 Harzburgite (Low-Ca) gt-opx-ol-spinel 50 10 35 ! 5 Present Primary ) Coarse equant
Arnie ARNO26 Harzburgite (Low-Ca) 1gt-opx-ol 50 25 25 ' Coarse equant
Arnie ARNO027 Harzburgite (Low-Ca) gt-opx-ol-spine! 1 55 28 10 » ' 7 Present Primary Coarse equant
Arnie ARNO028 Clinopyroxenite gt-cpx 15 85 Coarse equant
Arnie ARNO29 Harzburgite (High-Ca) gt-opx-ol . 93 5 2 Poikilitic (gt)
Arnie . JARNQ30 Lherzolite ot-ol 95 5 Poikilitic (gt)
Arnie ARNO31 Clinopyroxenite gt-cpx : 15 85 Coarse equant
Arnie ARNQ32 Lherzolite gt-opx-cpx-ol 15 5 80 Present Poikititic (of)
Arnie ARNO33 Lherzolite cpx-ol-phlogopite 35 65 |[Trace ’ Poikilitic (ol)
Arnie ARNO034 Lherzolite cpx-ol 5 95 Poikilitic (ol)
Arnie ARNO35 Lherzolite cpx-ol 10 90 Poikititic (ol)
Arnie ARNO36  |Lherzolite cpx-ol _ 10 90 Poikilitic (of)
Arnie ARNO037 Lherzolite opx-cpx-ol 2 | 10 88 Poikilitic (ol)
Key: Poikilitic (host mineral)




‘Sumary of Petrographic Descriptions

) . ?rimary/ ]
Kimberlite : : % Primary| Secondary | Exsolved | Other Exsolution
Locality Sample_No [Rock Type » Mineral Assemblage % Gt| % Cpx | % O:px % Ol| % Phlogopite| -Spinel Spinel Spjhgl Grains Features _ Texture
Misery MIS401 Harzburgite (Low-Ca) gt-opx 90 10 . ) Present B Poikilitic (gt)
Misery MIS408 Harzburgite (Low-Ca) gt-opx-ol 50 2 48 Present Coarse equant
Misery MIS409 {Lherzalite gt-opx-cpx-spinel 67 10 -3 10 Present Prifary “TPoikilitic (gt)
Misery MiS411 Harzburgite (Low-Ca) gt-opx-ol 50 30 20 Present ’ Poikilitic (gt)
Misery MIS412 Harzburgite (High-Ca) gt-opx 50 50 Present ) Poikilitic (gt)
Misery MIS413 Harzburgite (High-Ca) gt-opx-ol 30 67 3 Present ® Granuloblastic
Misery MIS417 Harzburgite (High-Ca) gt-opx-ol-spinel - 65 20 10 5 Present Exsolved Spinel-exsolution |Poikilitic (gt)
' : lin pyx ' :
Misery MIS419 Lherzolite gt-opx-cpx 25 | 30 45 Present Granuloblastic
Misery MIS420 Harzburgite (High-Ca) gt-opx 60 40 Present K Coarse eduant
Misery MiS426 Lherzolite gt-opx-cpx-ol-spinel 70 8 7 7 8 Present Prirhary |Coarse equant
' ’ b (near poikilitic)
Misery MIS428 Clinopyroxenite gt-opx-cpx 15 75 10 .| Spinel exsolution [Coarse equant
’ | in pyx, Gamet  [with necklace
Misery MiS430 Harzburgite (High-Ca) gt-opx-ol 55 - 30 15 Present |Coarse equant
Misery MiS431 Lherzolite gt-opx-cpx-ol-spinel 8 45 40 2 5 {Present ‘Pr‘i[;ﬁary Spinel'exsolution [Coarse equant
. : : i in pyx )
Misery iMIS433  ILherzolite _ gt-opx-cpx-ol-spinet 30 20 35 10 5 Present tPrimary _|Coarse eqhant
Misery - MIS434 Harzburgite (High-Ca) gt-opx-ol ' 50 40 | 10 Present ' Coarse ecihant
1 Miséry MIS438 Websterite . gt-opx-cpx 40 30 30 Needles in garnet-|Granuloblastic
Misery MIS439  |Websterite gt-opx-cpx 40 30 30 Granuloblastic
Misery MIS451  [Clinopyroxenite gtcpx 10 g0 Present Spine! exsolution |Poikilitic (cpx)
in pyx
Misery MIS454 Clinbpyroxenite gt-cpx 45 55 Present Spinel exsolution [Coarse equant
1 in pyx, Needles in
garnet
Misery MIS463_ Harzburgite (Low-Ca)  |gt-opx-ol 40 50 10 Poikilitic (opx)
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Sumary of Petrographic Descrfbtions

isrim_ary /
Kimberlite A % Primary | Secondary | Exsolved | Other Exsolution
Locality Sample_No [Rock Type Mineral Assemblage % Gt{ % Cpx | % Opx | % OI| % Phlogopite| Spinel Spinel Spinel Grains . Features ~ Texture
Pigeon PGN301 {Harzburgite (Low-Ca) gt-opx-o! 75 15. 10 | : . - "_'f Coarse equant
Pigeon PGN303 Harzb'urgite (Low-Ca) gt-opx-ol 95 2 3 Trace |Present o Poikilitic (gt)
Pigeon PGN306 Lherzolite gt-opx-ol 75 5 20 Present “{Poikilitic (gt)
Pigeon PGN307 Lherzolite gt-opx-ol 15 25 60 ; Porphyroclastic
Pigeon PGN308 Lherzolite gt-opx 15 85 Poikilitic (opx)
Pigeon PGN309 Lherzolite gt-opx 15 85 Poikilitic (opx)
Pigeon PGN310 Lherzolite gt-opx-cpx-ol 20 20 10 50 Coarse equant
Pigeon PGN311 Lherzolite gt-opx 15 85 Poikilitic (pr)
Pigeon PGN312  [Harzburgite (High-Ca) gt-opx-ol 25 40 35 a |Coarse equant
Pigeon {PGN313  [Harzburgite (High-Ca) gt-opx-ol 35 30 | 35 B " |Coarse equant
Pigeon PGN314 Harzburgite (Low-Ca) gt-opx-ol - 70 15 15 Present Coarse equant
Pigeon PGN315 Harzburgite (High-Ca) gt-ol 80 20 Poikilitic (gt)

" {Pigeon PGN316 Lherzolite gt-opx-ol 40 30 | 30 t Porphyrociastic
Pigeon PGN317 Harzburgite (Low-Ca) gt-opx-ol 75 20 | 5 ' Poikilitigﬁ (gt
Pigeon PGN318  [Harzburgite (Low-Ca) gt-opx 85 15 . Poikilitic (gt)
Pigeon PGN319 Clinopyroxenite at-cpx 20 80 Poikilitic (cpx)
Pigeon PGN320 Clinopyroxenite gt-cpx 50 50 Coarse equant
Pigeon PGN321 Lherzolite gt-cpx 45 55 Coarse equant
Pigeon PGN322 Clinopyroxenite gt-cpx 50 50 ‘|Coarse equant

IPigeon PGN323 |Lherzolite’ gt-cpx 55 45 Poikilitic (gt)
Pigeon PGN324  |Lherzolite Gt-cpx-ol 45 | 30 25 Porphyroblastic
Pigeon PGN325 Lherzolite at-opx-cpx 35 30 35 . Coarse equant '
Pigeon 1PGN329 Lherzolite gt-opx-cpx 50 2 48 Present : Coarse equant
Pigeon PGN333 Lherzolite Gt-cpx-ol-spinel 88 | 3 7 2 Present Exsolved Poikilitic (gt)
Pigeon PGN336 Lherzolite 1Gt-cpx-ol 40 50 10 Present . Poikilitic (cpx)
Pigeon PGN337 Lherzolite 1gt-opx-cpx - 501 25 -~ 25 |Present Coarse. equant
Pigeon PGN338 Lherzolite gt-opx-cpx-phlogopite 55 10 30 5 " {Present Coarse equant

{Pigeon PGN339 Lherzolite : {Gt-cpx-ol 55 20 | Trace | 25 Present . Coarse equant
Pigeon PGN340 Harzburgite (Low-Ca) gt-opx-ol-spinel 35 20 45 1 Present Ex:§’olved Coarse equant
Pigeon PGN341 Harzburgite (Low-Ca) gt-opx-ol 80 10 10 Present Poikilitic (gt}
Pigeon PGN342 Harzburgite (Low-Ca) gt-ol 70 . 30 ) Poikilitic (gt)
Pigeon PGN343 Harzburgite {(Low-Ca) gt-opx-ol-spinel 85 10 4 1 Present Exsolved |Poikilitic (gt)
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Major Element Analysis by Electron Microprobe

MAJOR ELEMENT ANALYSIS

Operating conditions for the Electron Microprobe

Accelerating Potential 15kV
Beam Current 40 nA
Beam Size 1-2 pm
, Analysing Crystals .~ 1) TLAP . Mg Na | .
o ' 2) TLAP Si, Al )
3)LIF Fe, Mn, Ni
4) PET Ca, Ti, Cr
Peak Count Times Orthopyroxene - AlpO3 40 seconds
Orthopyroxene - NayO ’ 60 seconds
All other oxides 10 seconds
Lower Limit of Detection (wt%) *
Oxide Olivine Pyroxene - Garnet Mica Chromite
18i0y 0.04 - 0.04 0.04 - 0.04 0.04
TiO7 0.04 0.04 0.04 0.04 0.05
Al O3 0.03 0.01 0.05 0.05 0.04
1 Cra03 0.04 0.04 0.06 0.04 0.05
FeO 0.08 0.08 - 0.08 0.08 0.08
MnO 0.06 0.06 0.09 0.05 0.07
MgO 0.04 0.04 0.04 0.04 0.04
CaO 0.03 0.05 0.09 0.03 0.02
NayO - 0.01 0.01 0.03 -
K70 - - - - 0.03 -
NiO 0.10 - - - -
Standard Deviation (wt%) *
Oxide Olivine Pyroxene Garnet Mica Chromite
SiO 0.28 0.28 0.27 0.28 - 0.04
TiOy 0.04 0.04 10.04 0.10 0.34
Al203 0.03 0.02 0.19 0.14 0.04
Cr03 0.05 0.08 0.09 0.05 0.08
FeO 0.35 0.21 0.31 0.20 0.46
MnO 0.06 0.07 0.12 0.06 0.09
MgO 0.25 0.14 0.15 0.16 0.16
CaO 0.06 0.18 0.12 0.02 0.03
NayO - 0.01. 0.02 0.03 -
K70 - - 0.03 0.13 -
NiO 0.08 - - 2 -

* Lower limits of detection and standard deviations adapted from Baumgartner (1994).
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Sample No.

Sio,
TiO,
Al,O4
Cr,0,
FeO
MnO
MgO
Ca0
Na,O
Total

Atomic Pro
Si

Ti

Al

Cr
Fe
Mn
Mg
Ca
Na
‘Total

Mg#
Al/Cr ratio
# Analyses

Suite

ARNO002
41.10
<0.04
17.84

8.04
6.91
0.43
19.88
4.86
0.03
99.10

3.002
0.000
1.5636
0.465

0.422

0.026
2.165
0.380
0.004
8.000

83.68
3.31
6

Low-Ca

ARNO003
40.93
<0.04
17.94

8.02
7.06
0.48
19.19
6.60
0.04
100.27

2.975
0.000
1.536
0.461
0.429
0.030
2.079

0.514

0.008
8.031

82.90
3.33
4

High-Ca

ARNO004
40.98
<0.04
18.39

7.40
7.21
0.41
18.88
6.51
0.02
99.78

2.985
0.000
1.578
0.426
0.439
0.025
2.050
0.508
0.001
8.013

82.36
3.70
5

High-Ca

ARNO05
40.64
<0.04
18.13

7.70
7.38
0.42
18.27
6.89
0.02
99.45

2.981
0.000
1.567
0.4486
0.453
0.026
1.997
0.541
0.003
8.014

81.63
3.51
5

High-Ca

Major element Analyses - Garnet

ARNO06
41.20
<0.04
19.70

5.50
8.22
0.58
18.92
5.92
0.04
100.09

2.983
0.000
1.681
0.315
0.498
0.035
2.043
0.460
0.006

8.021 .

80.41
5.34
5

High-Ca

ARNO007
41.36
<0.04
18.20

7.12
6.99
0.42
22.63
2.96
0.04
99.73

2.981
0.001
1.546
0.406
0.421
0.026
2.432
0.228
0.005
8.045

85.23
3.81
7

Low-Ca

ARNO008

ARN009 ARNO10 ARNO011 ARN013

42.18 40.88 42.33" 41.31 40.88 40.78 40.91
<0.04 0.07 <0.04 <0.04 0.07 <0.04 <0.04
2011 16.85 20.16 18.00 17.68 19.57 16.35
4.91 8.6b 4.92 7.85 7.47 5.89 9.28
7.78 7.45 7.85 7.21 7.24 8.43 7.37
0.43 0.45 0.47 0.43 0.42 0.61 0.47
22.47 19.34 22.77 20.17 21.04 18.41 18.05
1.35 6.09 1.64 . 4.63 4.45 5.55 7.25
0.03 0.04 0.03 0.02 0.04 nd - 0.02
99.27 99.78  .100.16 99.64 99.27 99.33 99.71
3.020 2.994 3.009 3.000 2.982 2.980 3.011
0.000 0.004 0.000 0.001 0.004 0.000 0.001
1.697 1.454 1.689 1.541 1.519 1.686 1.419
0.278 0.498 0.277 0.451 0.431 0.340 0.540
0.466 0.457 0.466 10.438 0.441 0.515 0.454.
0.026 0.028 0.028 0.026 0.026 0.038 0.029
2.399 2.111 2.413 2.184 2.287 2.006 1.981
0:103 0.478  0.125 0.361 0.348 0.435 0.572
0.005 0.005 0.004 0.003 0.005 0.013 0.003
7.994 8.029 8.010 8.005 8.042 8.013 8.010
83.74 82.21 83.80 83.30 83.83 79.54 81.37
6.10 2.92 6.11 3.42 353 4.95 2.63

9 12 5 13 T4 6 5

Low-Ca High-Ca Low-Ca Low-Ca Low-Ca High-Ca High-Ca

ARNO12

ARNO14

Harzburgite Harzburgite Harzburgite Harzburgite -Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite

A22

(Garnet)



Sample No.

Sio,
TiO,
Al,O,4
Cry0,
FeO
MnO
MgoO
Ca0o
Na,O
Totai

Atomic Pro
Si

Ti

Al
‘Cr
Fe
Mn
Mg
Ca
Na
Total

Mg#
Al/Cr ratio
# Analyses

Suite

ARNO17
42.04
<0.04
19.05

6.74
7.00
0.44
21.28
2.86
nd
99.57

3.022
0.000
1.614
0.383
© 0.421
0.027
2.280
0.221
0.021
7.990

84.41
4.21
5

Low-Ca

ARNO18 ARNO19 ARN021 ARN022
41.50 42.33 40.80 40.77
<0.04 '0.07 <0.04 <0.04
19.24 19.63 17.81 18.94

6.38 5.86 7.89 6.62
7.84 7.72 7.06 8.39
0.45 0.44 0.46 0.53
18.75 20.23 20.03 19.16
5.29 3.28 5.45 6.11
nd nd 0.02 0.02
99.54 99.72 99.53  100.54
3.014 3.040 2977 2.956
0.000 0.004 0.001 0.000
1.647 1.662 1,532 1.619
0.366 0.333 0.455 0.380
0.476 0.463 0.431 0.509
0.028 0.027 0.029 0.033
2.030 2.167 2.178 2.071
0.411 0.252 0.426 0.474
©0.014 0.022 0.002 0.003
7.986 7.969 8.030 8.045 .
80.99 82.38 83.49 80.27
4.49 4.99 3.36 4,26
6 4 3 2
High-Ca Low-Ca Low-Ca High-Ca

Major element Analyses - Garnet

ARNO23
42.10
0.43
20.13
3.86
7.84
0.31
20.00
5.16
0.07
99.88

- 3.021
0.023
1.702
0.219
0.470
0.019
2.139
0.397
0.009
8.000

81.98
7.78
5

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Lhe?OI'te

A DN

ARNO024
41.31
0.30
17.23
8.10
6.87
0.35
19.30
5.87
0.07
99.40

3.017
0.017
1.483
0.467
0.420
0.022
2.101
0.460
0.010
7.996

83.35
3.17
6

Lherzolite

(0 A v 3\

ARNO025
41.59
<0.04
18.97

7.26
7.07
0.42
20.95
3.49

0.04

99.79

2.996
0.000
1.610
0.413
0.426
0.026
2.250

0.269

0.006
7.995

84.09
3.90

1"

Low-Ca

ARNO026
4228
0.04
20.96
4.70
17.36
0.40
20.49
3.96
0.02
100.21

3.010
0.002
1.759
0.265
0.438

0.024
2.175
0.302
0.003
7.977

83.22
6.65
5

Low-Ca

Harzburgite . Harzburgite

ARN027
42.11
<0.04
18.65

7.17
7.34
0.43
21.33
3.50
0.04
100.57

3.012
0.000
1.572
0.405
0.439
0.026
2.274
0.268
0.005
8.002

83.82
3.88
4

Low-Ca
Harzburgite

ARNO28  ARNO29  ARNO30

40.59
-0.11
19.67
417
12.66
0.48
16.38
6.09
0.02
100.18

2.988
0.006
1.706
0.243
0.779
0.030
1.798
0.481
0.002

8.033

69.76
7.03
8
Cline-
pyroxenite

40.37
0.13
"15.83
10.42
7.43
0.43
18.84

6.14

0.05
99.63

2.980
0.007
1.377
0.608

0.458

0.027
2.073
0.485
0.007
8.023

81.89

2.26

. 9
High-Ca

Harzburgite

41.93
0.13
21.81
2.83
8.14
0.40
19.96
'5.05
0.04
100.28

2.989
0.007
1.833
0.159
0.485
0.024
2122
0.386
0.005
8.011

81.39
11.49
4

High-Ca
Harzburgite



Major element Analyses - Garnet '

» . . i
Sample No. ARNO031 MisS401 MIS408 MIS409 MIS411 MIS412 MIS413 Mis417 MIsS419 MIS420 MI§426 Mis428 MIS430

Si0, 41.56 41.27 40.34 41,68 41.42 40.46  39.74 41.02 41.52 39.67 41.58 40.46 40.48
Tio, 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04  <0.04  <0.04 <0.04 009 005 <0.04
Al,0, 22.21 18.11 16.90 21.24 20.25 18.57 16.67 19.52 19.39 15.93 21.23 21.02 19.24
Cr,0, 1.72 8.21 10.13 3.64 5.02 6.46 8.92 5.59 5.35 10.28 3.56 2.04 5.93
" FeO 10.04 7.42 7.57 8.16 7.89 7.69. 11.83 8.42 6.79 8.58 8.49 16.58 8.79
MnO 0.41 0.50 0.47 0.41 0.45 0.45 0.71 0.52 0.30 0.61 0.40 0.78 0.58
Mgo . 19.30 22.91 20.06 19.36 20.32 17.88 15.79 17.87 2065 1570 19.77 13.70 17.85
Ca0 4.84 1.10 4.66 517 4.30 7.66 6.13 6.97 596  9.56 4.94 600 662
Na,O 0.02 0.04 0.02 0.02 0.02 0.02 0.02 002 - 0.03 0.03 0.03 0.02 0.02
Total ‘ 100.16 99.56 100.17 99.68 99.67 99.19 99.80  99.93 100.00 100.36 100.10 100.64 99.54
Atomic Pro o

Si . 2.982 2.978 2.947 2.998 2.986 2.977 2.978 2.987 2.987 2.955 2.998 2.969
Ti 0.003 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.001
Al 1.878 1.540 1.455 1.801 1.720 1.610  1.472 1.675  1.644 1.399 1.835 1.663
Cr 0.098 0.468 0.585 0.207 0.286 0.376 0.528 0.322 0.304 0.606 0.120 0.344
Fe 0.603 0.448 0.463 0.491 0.476 0.473 0.741 0.513 0.409 0.535 1.027 0.539
Mn 0.025 0.031 0.029 0.025 0.028 0.028 0.045 0.032 0.019 0.039 0.049 0.036
Mg 2.065 2.464. 2.185 2.077 2.183 1.961 1.764 1940 - 2215 1.744 1.513 1.951
Ca 0.372 0.085 0.365 0.399 0.332 - 0.604 0.492 0.544 ©  0.459 0.763 0.476 0.520
Na 0.002-  0.006 0.000 0.003 0.002 0.002 0.003 0.003 0.004 0.005 ‘ 0.002 0.003
Total  8.028 8.020 8.031 7.999 8.013 ~  8.031 8.023 8.016 8.041 8.045 8:016 8.023 8.027
Mg# ' 77.40 84.62 82.52 80.89 82.11 -80.55 70.42 79.08 84.42 76.54 80.59 59.57 78.35
Al/Cr ratio 19.22 ©3.29 2.49 8.70 6.02 4.28 2.79 5.20 5.40 2.31 8.88 15.32 4.83
# Analyses 7 4 4 5 4 7 9 12 4 5 5 5 4 7

. Ciino- -C Low-Ca . ow-C High-Ca igh-Ca High-Ca . igh- 1 Clino- High-Ca

Suite pyro:;?'lite H:rzv;ur:ite Harzburgite Lherzolite H:mv;urgaite Harfburgife H:rfburgite Hargburgite Lherzolite H:rlzggu(r:gaite Lherzo:!lte pyroxenite Harngurgite



Sample No.

Sio,
TiO,
Al O,
Cry0,
FeO
MnO
MgO
Cao
Na,O
Total

Atomic Pro
Si

Ti

Al

Cr
Fe
Mn
Mg
Ca
Na
Total

Mg#
Al/Cr ratio
# Analyses

Suite

MIS431.

41.29
0.10
21.30
3.63
8.79
0.42
18.60
. 5.09
0.02
99.23

2992

0.006
1.819
- 0.208

0533

0.026
2.009
0.395
0.000
7.989

79.04
8.76
8

Lherzolite

MiS433
41.32
0.12
21.76
3.82
8.40
0.41
18.96
5.12
0.02
99.92

2.970
0.007
1.843
0.217
0.505
0.025
2.031

0.394

0.001
7.994

80.09
8.48
6

Lherzolite

MIS434
41.00
<0.04
18.23

7.58
8.39
0.52
16.68
7.22
0.02
99.64

3.013
0.001
1.578
0.440
0.516
0.032
1.827
0.568
0.000

7.977

77.99
3.59
3

High-Ca
Harzburgite

MiS438
38.91
0.08
22.26
0.44
22.03
0.51
10.25
5.66
0.02
100.14

2.955
10.004
1.992
0.026
1.399
0.033
1.161
0.460
0.000
8.031

45.35

75.84

3
Websterite

Major element Analyses - Garnet

MIS439
39.30
0.06
22.44
0.27
18.73
0.50
12.67
5.39
0.02
99.38

2.958
0.003
1.990
0.016
1.179
0.032
1.421
0.435
0.004

8.038 .

54.67
122.24
4

Websterite

~ MIS451
41.09
0.15
23.05
0.48
14.11
0.41
16.04
4.45
0.02
99.80

2.996
0.008
1.980
0.028
0.861
0.026
1.744
0.348
0.001
7.992

66.95
70.91
4
Clino-
pyroxenite

A25

MIS454
42.15
0.13
22.35
2.03
9.15
0.41
19.05
4.68
0.03
99.98

3.014
0.007
1.883
0.115
0.547
0.025
2.030
0.358
0.004
7.983

78.77
16.41
3
Clino-
pyroxenite

(Garnet)

MiS456
41.26
0.17

" 22.89
0.45
14.69
0.33
16.06
4.70
0.01
100.57

2.995
0.009
1.958
0.026
0.891
0.020
1,738
0.366
0.002
8.005

66.10
76.37
-3
Clino-
pyroxenite

MIS463
42.26
0.10
20.71
467
6.51
0.32
20.95
4.37
0.02
99.91

3.010
0.005
1.739
0.263
0.388
0.019
2.225
0.333
0.002
7.985

85.15
6.61
4

" Low-Ca

Harzburgite

PGN301
40.45
<0.04
18.80

7.67
7.71
0.45
20.24
~ 4.06
0.04
99.44

2.949
0.001
1.615
0.442
0.470
0.028
2.199
0.317
0.006
8.025

82.40
3.65
4

Low-Ca
Harzburgite

PGN303  PGN306 PGN307

40.55
<0.04
17.31
9.74
~8.16
0.47
20.17
3.55
0.03
99.98

21960
07000
1:489
0.562
0.498
0i029
2196
0:278

0.004

8:016

81.51

2.65

7
Low-Ca

Harzburgite

AT S S S

39.54
<0.04
17.42
8.98
8.26
0.35
18.77
5.82
0.02
99.17

2.929
0.000
1.521
0.526
0.512
0.022
2.073
0.462
0.002
8.048

80.20
2.89
3

Lherzolite

41.06
0.49
16.88
8.88
6.58

£ 0.32
20.12
. 5.82
0.05
100.20

2.981
0.027
1.444
0.510
0.400
0.020
2.177
0.453
0.007
8.018

84.49
2.83
5

Lherzolite




Sample No.

Sio,
TiO,
Al,0,
Cry04
FeO
MnO
MgO
CaO
Na,O
Total

Atomic Pro
Si

Ti

Al

Cr

Fe

Mn

Mg

Ca

Na

" Total

Mg#
Al/Cr ratio
# Analyses

Suite

PGN308
41.15
0.05
16.61
8.99
7.565
0.36
18.76
6.66
0.04
100.17

' 3.008
0.003
1.430

0.520

0.462
0.022
2.044
0.522
0.005
8.016

81.57

2.75

10
High-Ca

PGN309
42.30
<0.04
20.83

3.18
7.79
0.29
20.39
4.97
0.03
99.79

3.027
0.000
4756
0.180
0.466
0.018
2.175
0.381
0.005
8.007

82.35
9.76
7

High-Ca

Harzburgite Harzburgite

PGN310
41.19
0.11
18.26
7.19
7.26
0.39
19.41
5.56
nd
99.49

3.000
0.006
1.567
0.414
0.442
0.024
2.108
0.434
0.017
8.012

82.65
3.79
7

Lherzolite

PGN311
41.77
<0.04
20.43

379
7.65
0.30
20.12
5.16
0.04
99.26

3.013
0.000
1.736
0.216
0.462
0.018
2.164
0.399
0.005
~ 8.013

82.42
8.02

7

High-Ca

Major element Analyses - Garnet

PGN312
40.81
<0.04
17.25

8.91
6.51
0.36
19.77
5.77
0.03
99.42

2.984
0.000
1.486
0.515
0.398
0.023
2.154
0.452
0.004

8.017 .

84.40
2.88
4

High-Ca

PGN313
40.58
<0.04
19.63

5.90
7.95
0.47
18.70
5.81
0.02
99.03

2.969
0.000
1.692
0.341
0.487
0.029
2.040
0.455
0.001
8.014

80.73
4,96
4

High-Ca

PGN314
41.41
<0.04
18.11

8.24
6.75
0.33
21.37
3.69
0.03
99.95

2.986
0.001
1.539
0.469
0.407
0.020
2.297
0.285
0.004
8.010

'84.94
3.28
6

Low-Ca

PGN315
39:75
<0.04
15.27
1150

6.52
0.38
19.47
6.30
0.06
99.26

2.949
0.001
1.335
0.674
0.405
0.024
2.154

0.500

0.008

8.049

84.18
1.98
7

High-Ca

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite

A26

(Garnet)

PGN316
41.06
<0.04
16.89

8.69
6.47
0.28
120.04
5.68
0.03
99.13

3.006
0.000
1.457
0.503
0.396
0.017
2.187
0.445
0.004
8.016

84.67
2.90
4

Lherzolite

PGN317
40.66
<0.04
19.86

6.37
8.12
0.47
20.63
. 3.29
0.02
99.42

2.949
0.000
1.697
0.365
0.492
0.029
2.231
0.256
0.003
8.021

81.91
4.65

5

Low-Ca

PGN318
46718

© <0.04
17,38

9.09

7.64
0.46
19.59

5.29

99.66

2.948
0.000
1.503
0.527

0.469 .

0.029
2.143
0.416
- 0.03
8.038

82,05

285

12
Low-Ca

 PGN319

39.95
<0.04
22.34
0.65
18.26
0.36
14.53
4.29
0.03
100.42

2.959
0.000
1.950
0.038
1.131
0.023
1.604
0.340

0.005-

8.050

58.65
51.52
5

Clino-

Harzburgite Harzburgite  pyroxenite

PGN320
41.10

' <0.04
2277
2.29
6.82
0.10
16.37
10.06
0.02
99.53

2.968
0.000
1.938
0.131
0.412
0.006
1.762
0.778
0.003
7.999

81.05
14.82
4
Clino-
pyroxenite

PGN321
41.52
0.32
21.47
3.81
7.37
0.30
20.08
5.21
0.07

- 100.14

' 2.966
0.017
1.808
0.215
0.440
0.018
2.138
0.399
0.010
8.010

82.94
8.40
4

Lherzolite



Major element Arialyses - Garnet

Sample'No.  PGN322 PGN323 PGN324 PGN325 PGN329 PGN333 PGN336 PGN337 PGN338 PGN339 PGN340. PGN341 PGN342 PGN343

sio, 40.94 4150 40.83 40.99 41.49 40.90 40.84 4228 4101 © 4168 = 4183 41.14 40.84 41.23
Tio, <004 0.28 <0.04 <0.04 0.86 0.04 0.17 0.62 0.04 035 © <0.04:  <0.04 <0.04 *  <0.04
Al,0, 22.96 20.06 17.60 18.60 19.52 18.07 16.75 20.77 15.17 18.65 18.44.  17.68 16.30 17.88
Cr,0, 2.13 5.06 8.02 7.30 4.45 7.85 8.99 339 . 1173 7.12 8.01° 8.78 10.18 8.31
FeO 8.39 7.85 7.59 8.11 8.10 7.92 7.54 8.50 6.80 7.58 7.31; 7.48 7.73 7.88
MnO 0.14 0.34 0.36 0.50 0.38 0.56 0.38 0.35 0.42 0.45 0.47: '0.46 0.50 0.47
MgO 16.14 19.19 18.83 18.76 19.70 1769 . 18.10 19.47 - - 17.28 18.77 21.28°  18.99 19.03 19.71
Ca0 10.00 6.46 6.34 5.89 5.33 6.16 6.92 4.92 7.10 554 236 - 530 '5.01 4.10
Na,0 0.02 0.03 0.05 0.02 0.05 nd nd nd ~ nd nd nd.  nd nd nd
Total 100.70  100.77 99.62  100.16 99.87  99.35 99.82  100.48  99.68  100.34 99.83.  99.97 99.76 99.74
Atomic Pro ‘ )

Si 2,944 2.977 2.990 2.981 2.994 3.005 3.000 3.018 ' 3.032 3.011 3.012°. 2997 - 3.000 3.001
Ti ' 0.000 0.015 0.000 0.000 0.047 0.002 0009  0.033 0.002 0.019 0.000°  0.000 0.001 0.000
Al 1.945  1.696 1.519 1.594 1.660 1.564 1450  1.747 132t 1.588 1.565° 1518 1.411 1.534
Cr 0.121 0.287 0.464 0.420 0.254 0.456 0.522 0.191 0.685 0.407 0.456°  0.506 0.591 0.478
Fe 0.504 0.471 0.465 0.493 0.489 0.487 0.463 0.507 0.421 0.458 0.440%  0.456 0.475 0.480
Mn 0.008 0.020 0.022 0.031 0.023 0.035 0.023 0.021 0.026 0.028 0.029 0028  0.031 0.029
Mg ‘ 1.730 2.052 2.056 . 2034 2.119 1.938 1.982 2.072 1.904 2.022 2284 2062 2.083 2.139
Ca 0.770 0.496  0.498 0.459 0.412 0.485 0.544 0.377 0562 0.429 0182 0414 0.394 0.320
Na 0.001 .. 0.005 0.007 0.002 0.007 0.022 . 0.021 0.025 0.019 _ 0027 0.018 . 0.021 0.021 0.021
Total 8.024 8.019 8.021 8.014 8.005 . 7.993 8.015 7.992 7.973 7.987 7.987 .« 8.001 8.008 8.002
Mg# 77.42 81.34 81.55 80.47 81.25 79.92 81.06 80.33 . 81.90 81.54 83.84 .  81.89 81.45 81.68
Al/Cr ratio 16.08 5.91 3.27 3.80 6.53 3.43 2.78 9.14 1.93 3.91 3.43% 3.00 2.39 3.21
# Analyses 4 5 5 9 5 .9 4 4 4 4 4: 8 4 4
Suite pyrco';’::“e Lherzolte  Lherzolite  Lherzolite  Lherzolite  Lherzolite  Lherzolte  Lherzolte Lherzofte Lherzolte  LOW-C3 + Low-Ca Low-Ca Low-Ca

Harzburgite Harzburgite Harzburgite Harzburgite

]

wt

A 2.7 (Garnet)



‘Sample No ARNO028

Si0, - 53.81
TiO, . <0.04
Al;0, 0.44
Cr,0,4 0.24
FeO 3.74
MnO 0.11
MgO- 18.26
Ca0o 22.01
Na,0 0.49
Total . 99,17
Atomic Prop
Si _ 1.978
Ti .0.001
Al 0.019
Cr » 0.007
Fe 0.115
. Mn 0.003
Mg 1.001
Ca 0.867
Na 0.035
Total 4.026
# Analyses 5
Mg# 89.70
Ca# 46.41
Suite py(r:c:;(ne%ite
En, wo, fs 0.981
Wo  0.423
En 0.500
Fs 0.057
Acm 0.051
CaTs 0.021
Jd 0.000

ARNO031

54.19
<0.04
0.64
0.17
2.80
0.12
18.95
22.22
0.39
99.53

1.975
.0.000
0.027
0.005
0.085
0.004
1.030
0.868
0.028

4.022 .

5
92.35
45.73
Clino-
pyroxenite

0.979
0.422
0.515
0.043
0.044
0.024
0.000

Major Element Analyses - Ciinopyroxene

ARNO32  ARNO33 ARN034 ARNO35 ARNO36
54.81 54.45 54.41 54.81 5422
<0.04 0.17 0.09 0.24 0.21

2.16 1.35 2.44 1.62 1.92
2.52 2.19 3.75 3.43 3.30
2.20 2.30 2.28 2.35 2.24
0.08 0.10 0.05 0.08 0.09
15.19 16.48 15.60 15.58 15.92
20.71 21.27 18.37 19.46 19.37
© 2.46 1.72 2.92 2.41 2.55
100.12 100.09 99.93 100.01 99.85
1.986 1.978 11.974 1.989 1.972
0.000 0.005 0.003 0.006 0.006
0.092 0.058 0.104 0.069 0.082
0.072 0.063 0.107 0.098 0.095
0.067 0.070 0.069 0.071 0.068
0.002 0.003 0.002 0.002 0.003
0.821 10.892 0.843 0.843 0.863
0.804 0.828 0.714 0.756 0.755
0.173 0.121 0.205 0.170 0.180
4.017 4.018 4.021 4.006 4.024
2 2 2 2 2
92.49 92.74 92.42 92.19 . 92.68
49.49 48.12 45.84 47.29 46.65
Lherzolite (ho Lherzolite (no Lherzolite (no Lherzolite (no Lherzolite (no
garnet) garnet) garnet) garnet) garnet)
0.839 0.886 0801 0833 0.832
0.395 0.405 0.345 0.376 0.366
0.410 " 0.446 0.422 0.421 0.432
0.033 0.035 0.035 0.036 0.034
0.035 0.035 0.042 0.011 0.047
0.013 0.017 0.024 0.005 0.022
0.138 0.086 0.164 0.158 0.132

MIS409

54.14
<Oi 04
3.42
2.26
1.57
0.06
15,40
20.83
2:35
100.03

1,958
0.000
0.146
0.064
0.047
0.002
0.830
0.807
0.164

4.019

6
94.61
49.29
Lherzolite (no
garnet)
0.821
0.382
0.415
0.024
0.038
0.042
0.126

A MO LN

MiS419

54.48
0.05
1.22
0.96
2.71
0.12

19.59

19.48.
0.95 -

99.56

1.973
0.001
0.052
0.028
0.082

0.004

1.057
0.756
0.066
4.019

6
92.80
41.68

Lherzolite

0.935
0.365
0.529
-0.041
0.038
0.026
0.028

MiS426

5417
0.15
3.80
2.32
1.67
0.06

14.65

20.17
2.69

.. 99.70

1.963
0.004
0.162
0.066
0.051
0.002
0.792
0.783
0.189
4.013

2
93.99
49.73

Lherzolite

0.796
0.375
:0.396
0.025
0.026
0.033

0.164

&

Mis428

. 3
o1.85

50.70
Clino-
pyroxehite

0.952
0.458

0454

0.040
0.009
0.019
0.026

MiS431

54.63
0.17
3.86
2.37
1.62

<0.04

14.44

20.13
2.77

100.03 -

1.971
0.004
0.164
0.068
0.049
0.001
0.777
0.778
0.194

4.005

2
94.09
50.04

Lherzolite

0.790
0.377
0.388
0.024
0.011
0.025
0.183

MiS433

55.03
0.20
3.72
2.32
1.66
0.07

14.38

20.27
2.68

100.33

1.979
0.005

0.158
0.066 -

0.050
0.002
0.771
0.781
0.187
3.998

2
93.92
50.33

Lherzolite

0.793

0.382
0.385

0025

0.000
0.016
0.191

MiS438

52.16
0.60 "
441
0.30
510
0.07

14.48

22.19-

1.21

100.50

1.905
0.016
0.190
0.009
0.156
0.002
0.788
0.869
0.086
4.022

3
83.49
52.42

Websterite

0.867
0.395
0.394
10.078
0.043
0.078
0.042



Sample No

Sio, .
TiO,
Al,0,
Cr,0,
FeO
MnO
MgO -
Ca0
Na,O
Total

Atomic Prop
Si

Ti

Al

Cr
Fe
Mn
Mg

" Ca
Na
Total

# Analyses
Mg#
Ca#t

Suite

En, wo, fs
Wo

En

Fs

Acm
CaTs

Jd

Mis439

53.07
0.56
5.14
0.25
4.30
0.04
14.01
21.03
1.83

100.23

1.928
0.015
0.220
0.007
0.131
0.001
0.758
0.818
0.129
4.008

3
85.31
51,90

. Websterite

0.825
0.381
0379
0.065
0.016
0.057
0.113

MIS451

54.30
0.11
2.90
0.29
2.17
0.05
16.22
22.20
1.68
99.94

" 1.966
0.003
0.124
0.008
0.066
0.002
0.876
0.861
0.118

4.024

3
93.01
49.58
Clino-
pyroxenite

0.886
0.415
0.438
0.033
0.048
0.031
0.071

MiS454 PGN310 PGN319 PGN320 PGN321 :

54.36
0.28
3.35
1.42
2.04
0.05

15.00

20.91
2.40

99.82

1.970
0.008
0.143
0.041
0.062
0.002
0.810
0.812
0.169
4.015

2
92.92
50.05
Clino-
pyroxenite

0.830
0.395
0.405
0.031
0.030
0.023
0.138

54.50
0.10
1.89
2.23
2.36
0.08

16.87

19.31
2.11

99.56

1.981

" 0.003

0.081
0.064
0.072
0.002

0.914 -

0.752
0.149
4.018

5
92.72
45.13

Lherzolite

0.861
0.368
0.457
0.036
0.036
0.016
0.113

‘Major Element Analyses - Clinopyyroxehe

53.58
0.10
3.02
0.21
5.67
0.07

15.88

19.33
2.26

100.15

1.957
0.003
0.130
0.006

0.173

0.002
0.865
0.757
0.160
4.052

2

83.33

46.67
Clino-
pyroxenite

0.877
0.358
0.432
0.087
0.104
0.040
0.056

53.04
0.12
3.83
1.22
1.69

<0.04

16.05

22.06
2.17

100.20

1.922
0.003
0.164
0.035
0.051
0.000
0.867
0.856
0.153
4.052

3
94.42
49.69
Clino-
pyroxenite-

0.850

0391 -

0.434
0.026
0.103
0.075
0.049

53.87
0.21
1.66
0.86
3.19

1012

19.29
19.68
1.38
100.28

1.948
0.006
0.071
0.025
0.096
0.004
1.040
0.762
0.096
4.047

3
- 91.52
" 4230

Lherzolite

0.926
0.358
0.520
0.048
0.094
0.045
0.002

PGN322

52.99
0.12
4.32
1.26
1.75

<0:04

1584

22.27

2.38°

100.90

1.909
0.003
0.184
0.036
0.053
0.000
0.851
0.860
10.166

4.061

2

94.17
50.26
Clino-~

" pyroxenite

0.838
0.386
0.425
0.026
0.122
0.088

0.044

A 2.9 (Clinobvroxene)

PGN323

53.85
0.17
1.32
1.11
2.79

0.08

18.89
21.11
1.19

100.57

1.947
0.005
0.056
0.032
0.084
0.002
1.018
0.818
0.083
4.046

2
92.35
44.54

Lherzolite

0.936
0.385
0.509
0.042
0.092
0.048
0.000

PGN324 PGN325 PGN329.

54.41
0.43

1.29

1.12
2.84
0.11
18.56
20.37
1.34
100.48

1.963
0.012
0.055
0.032
0.086
0.003
0.998
0.787
0.094
4.029

»
9210
44.10

Lherzolite

0.923
0.381
0.499
0.043
0.058
0.026
0.036

94.21

46.94
by
Lherzsiite
10:841
0.374
0.441

0,027

0.079
0.033
0.105

s

54.67
0.25
1.70
1.00
3.26
0.09

18.12

19.00
1.44

99.58

1.982
0.007
.0.073
0.029
0.099
0.003
0.980
0.738
0.101
4.011

2

90.83 -

42.97

Lherzolite

0.903
0.364
0.490
0.049
0.022
0.011
0.079

PGN333

54.94

<0.04

2,19
2.87
1.78
0.05

15.14

20.04
2.41

99.45

1.097

0.001 "
0.094 -

0.082

0.054"
0.002"
0.820.
0.780

0.170
3.999

.3
93.81
48.75

Lherzolite

0.826
0.389

0.410 .

0.027
0.000
0.002
0.1714

PGN336

55.07
<0.04
1.04
1.34
- 2.66
0.09
“18.50
20.42
0.96
100.19

1.987
0.001
0.044
0.038
0.080
0.003
0.995
0.789

©0.067
4.005

4
92.52
44.24

Lherzolite

0.926
0.388
0.498
0.040
0.009
0.012
0.058




Sample No

Sio, -
Tio,
Al,O4
Cr,0;
FeO
MnO
MgO
Ca0
Na,O
Total

Atomic Prop
Si
Ti
Al
Cr
Fe
Mn

- Mg
Ca
Na
Total

# Analyses
Mg#
Ca#t .

Suite

En, wo, fs
Wo

En

Fs

Acm
CaTs

Jd

PGN337 PGN338 PGN339

55.35
0.22
1.77
0.91
3.20
0.15

17.59

19.29
1.42

99.93

1.997
.0.006
0.075
0.026
© 0.096
0.004
0.946
0.745
0.099
3.996

2
90.75
44.08

Lherzolite

0.895
. 0.374
0.473
0.048
0.000
0.000
0.108

56.17
<0.04
1.35
2.93
1.92
0.09
16.29
19.98
1.76
99.56

2.002

0.001 ~

0.058
0.084
0.058
0.003
0.882
0.777
0.124

3.988 -

2
93.80
46.85

Lherzolite

0.860
0.390
0.441
0.029
0.000
0.000
0.148

55.43
0.19
1.90
2.30
2.12
0.08

15.79

19.61

2.05.

99.50

2.008
0:005
0.081
0.066
0.064
0.002
0.853
0.761
0.144
3.985

2
92.99
47.15

Lherzolite

0.846
0.387
0.427
0.032
0.000
0.000
0.173

T

Major Element Analyses - C'Iin'opy'rcl.jxene

Phlogopite Analysis

Sample No
Sio,
TiO,
Al O,
FeO
MnO
MgO
CaO
Na,O
K,0
Total

Si

Ti

Al

Fe
Mn
Mg
Ca
Na

K
Total

PGN338

43.82
0.07
13.49
2.96

1 <0.05
24.63
0.00

<0.03

9.46
94.50

Atomic Proportions
based on 24(0, OH, F)

-6.703
0.008
2.433
0.379
0.005

'5.618
0.001
0.005
1.846

16.998

A D10 /LAy irms e e
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Sample No
SiO,
TiO,
AlLO, -
Cr,0,
FeO
MnO
MgO
Ca0O
Na,O
Total

Atomic Pro
Si

Ti

Al

Cr
Fe
Mn
Mg
Ca
Na
Total

Mg#
Ca#
# Analyses

Suite

CaTs
Jd
Acm
Wo
En
Fs

ARN0Q02
58.15
<0.04

0.47
0.32
4.31
0.10
36.46
0.26
0.03
100.11

1.984
0.000
. 0.019
0.009
0.123
0.003
1.854
0.009
0.002
4.003

93.78
0.51
2

Low-Ca
Harzburgite

0.02
0.00
0.01
0.00
0.93
0.06

ARN003
57.63
<0.04

0.66
0.49
4.63
0.14
35.11
0.41
0.09
99.31

1.988
0.000
0.027
0.014
0.134
0.004
1.806
0.015
0.006
3.994

93.09
0.85
4
High-Ca
Harzburgite

0.01
0.02
-0.01
0.00
0.90
0.07

ARNO04

57.94
<0.04
042
0.24
4.76
0.15
36.20
0.36
0.02
100.09

1.982
0.000
0.017
0.007
0.136
0.004
1.846
0.013
0.001
4.007

93.14
0.72
2

High-Ca
Harzburgite

0.02
-0.01
0.01
0.00
0.92
0.07

ARNO005
57.58
<0.04

0.60
0.34
4.47
0.12
35.48
0.33
0.03
99.16

1.987
0.000
0.024
0.009
0.129
0.003
1.825
0.012
0.002
4.001

93.40
0.67
5
High-Ca
Harzburgite

0.01
0.01
0.00
0.00
0.91
0.06

Major Elément Analyses - Orthopyr6>{ene

ARNOO6
57.81
<0.04

0.58
0.47
463
0.12
36.13
0.20
0.04
99.98

1.979
0.000
0.023
0.013
0.132
0.003
1.844
0.007
0.002
4.004

93.30

0.39.

2
High-Ca

ARNO007
57.22
<0.04

0.62
- 0.43
435
0.13
36.29
0.20
0.15
99.42

1.970

0.000

0.025
0.012
0.125
0.004
1.863
0.007
0.010
4.016

93.70
0.39
5

Low-Ca

Harzburgite Harzburgite

0.02
-0.01
0.01
-0.01
0.92
0.07

0.03
-0.02
0.03
-0.01
0.93
0.06

ARNOQO8
57.78
<0.04
- 0.61

0.28
418
0.10
36.83
0.12
0.09
-100.25

1.972
0.000
0.025
0.007
0.119
0.003
1.874
0.004
0.006
4.021

94.01
023

4

Low-Ca
Harzburgite

0.03
-0.02
0.04
-0.01
0.94
0.06

ARN009
57.37
<0.04

0.53
0.40
4.70
0.12
36.94
0.35
0.12
100.57

1.958 -

_0.000
0.021

L 0.011
0.134

0.004

1.880
0.013
0.008
4.030

93.33
0.68

.7 .

High-Ca’
Harzburgite

0.04
-0.05
0.06
-0.01
0.94
0.07

A 2.11 (Orthopyroxene)

ARNO10
58.10
<0.04

0.54
0.24
4.19
0.09
36.22
0.11
0.09
99.60

1.989
0.000
0.022
0.007
0.120
0.003
1.849
0.004
0.006
3.999

93.91
0.21
4

Low-Ca
Harzburgite

0.01
0.01
0.00
0.00
0.92
0.06

ARNO11
57.41
<0.04

0.53
033
4.37
0.12
36.95
0.27
008
100.09

1.964
0.000
0.021
0.009
0.125
0.003
1.885
0.010

-0.005.

4.023

93.78
0.53
S12

. Low-Ca
Harzburgite

0.04
-0.04
0.05
-0.01
0.94
0.06

100.26

£1.963
©%0.000
£0.025
10.012
10.129
“0.003
"1.868
0.011
10.013
24.025

‘93.52
1058
© 5
Lo'\Z/-Ca
Harzburgite

Y 0.04
:-0.04

ARNO013
57.88
<0.04

0.65
0.32
451
0.11
© 36.73
0.22
0.07
100.54

1.971
0.000
0.026
'0.009
0.128
0.003
1.864
0.008
0.005
4.014

93.55
0.43
7
High-Ca
Harzburgite

0.03
-0.02
0.03
-0.01
0.93
0.06

ARNO14
58.53
<0.04

0.42
0.26
4.58
013
35.79
0.35
0.08
100.18

1.997
0.000
0.017
0.007.
0.131
0.004
1.820-
0.013:
0.005
3.994

93.30
0.70
6
High-Ca
Harzburgite

0.00
0.02
-0.01
0.00
0.91
0.07



R
B

Major Element Analyses - Orthopyroxene

Sample No ARN017  ARNO18 ARN019  ARNO21 ARNO22  ARN025 ARN026 ARN027 ARN0O29 ARNO037 &18401 MiS408 MIS409

Si0, 57.96 57.92 58.37 58.11 57.86 57.52 57.47 57.68 56.98 57.71  :'58.67 58.38  57.47
Tio, - <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 008  <0.04 <0.04  <0.04
AlLO, 0.61 0.70 0.53 0.48 1 0.46 0.59 - 0.92 0.60 0.55 056 - 048 027 - 0.88
Cr0; - 0.52 0.36 0.26 0.36 - 022 0.40 0.43 0.41 0.43 039 | 034 023 030
FeO 4.26 4.65 4.14 4.35 4.69 4.34 4.36 4.44 4.77 474 436 4.56 4.43
MnO 0.13 0.13 0.10 013 - 0.14 0.12 0.11 0.14 0.14 010 % 0.13 012 - 0.09
MgO 36.29 35.90 36.52 35.80 35.53 36.94 36.06 36.01 36.18 3593 13622 3568 3636
Ca0 0.21 0.30 0.17 0.32 0.20 0.24 0.30 0.23 0.40 0.46 . 0.07 0.26 0.14
Na,O 0.14 0.03 0.08 0.08 0.02 0.13 0.04 0.14 0.18 0.17 110.07 0.01 0.03
Total 100.12 100.00 100.20 99.63 99.11 100.30 99.72 99.67 99.68 100.14  100.36 99.53  99.80
Atomic Pro : .

Si 1.979 1.981 1.987 1.992 1.995 1964 1.971 1980 - 1.963 1976 1.994 2,003  1.970
Ti 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.002 +0.000 . 0.000  0.000
Al : 0.024 0.028 0.021 0.019 0.019 0.024 0.037 0.024 0.023 0.023 £0.019 0.011  0.036
Cr . 0.014 0.010 0.007 0.010 0.006 0.011 0.012 0.011 0.012 0.011 0.009. 0.006  0.008
Fe X 0.122 0.133 0.118 0.125 0.135 0.124 0125 0127 0.137 0.136 0.124 0.131  0.127
Mn 0.004 0.004 0.003 0.004 0.004 0.003 0.003 0.004 10.004 0.003 .0,004 0.003  0.003
Mg 1.847 1.831 1.853 1.829 1.826 1.880 1.844 1.843 1.858 1.834 £1.835 1.825  1.858
Ca 0.008 0.011 0006  0.012 0.007 0.009  0.011 0.009 0.015 0.017 0.003- 0:009  0:005
Na 0.009 0.002 0.005 0.006 0.001 0.008 0.003 0.010 0.012 0.011 0.005 0.001  0.002
Total 4.007 4.001 4.001 3.996 3.993 4.023 4.006 4007  4.025  4.011 :3.993 3.989  4.009
Mg# 9382 9322 94.02 93.62 93.11 93.81 93.66 93.54 93.11 93.11 {és.ss 93.31  93.61
Ca# 042 0.60 0.33 0.64 0.40 0.46 0.60 0.46 0.80 0.90 + 015" 0.51. 0.27
# Analyses 2 2 2 3 3 4 . 4 5 5 2 . . 4 2 7
Suite .. Low-Ca High-Ca Low-Ca Low-Ca High-Ca Low-Ca Low-Ca Low-Ca High-Ca High-Ca Low%#Ca - Low-Ca

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzby’rgite Harzburgite Lherzolite

CaTs 0.02 0.02 0.01 0.01 0.00 0.04 0.03 0.02 0.04 002 7001 0.00 003
Jd 0.00 0.00 0.00 0.01 0.01 -0.04 -0.01 001 -0.04 -0.01 $0.02 002 . -0.02
Acm ~ 0.01 0.00 0.00 -0.01 -0.01 0.05 0.01 001 005 002 001  -002 002
Wo -0.01 000 000 000 0.00  -0.01 -0.01 -0.01 -0.01 000  50.00 001 -0.01
En 0.92 0.92 0.93 0.91 0.91 0.94 0.92 0.92 0.93 0.92 -0.92 091 093

Fs 0.06 0.07 0.06 0.06 0.07 0.086 0.06 0.08 0.07 0.07 006 0.07 0.06 .

A212 ‘(Oi’thoperxehe) i 5



Sample No
SiO,
TiO,
Al,0,
Cr,0,
FeO
MnO
MgO
Ca0
Na,0
Total

Atomic Pro
Si

Ti

Al

Cr

Fe
Mn
Mg
Ca
Na
Total

Mg#
Ca#
# Analyses

Suite

CaTs
Jd
Acm
Wo
En
Fs

MIS411
56.96
<0.04

0.73
0.25
4.27
0.12
3717
<0.05
0.06
99.77

1.957
0.000
£0.030
0.007
0.123
0.004
1.904
0.000
0.004
4.027

93.94
0.00
2

Low-Ca
Harzburgite

0.04
© -0.05
0.05
-0.02
0.95
0.06

MiS412
57.01
<0.04

0.60
0.35
463
0.10
37.21
<0.05
0.04
100.13

1.955
0.000
0.024
0.009
0.133
0.003
1.902
0.000
0.003

4.029

93.47
0.00
4
High-Ca
Harzburgite

0.04
-0.06
0.06
-0.02
0.95
0.07

MIS413
56.85
<0.04

0.28
0.16
7.23
0.19
34.88
0.05
0.04
99.84

1.975
0.000
0.011
0.004
0.210
0.005
1.807
0.002
0.003
4,018

89.58
0.10
4

High-Ca
Harzburgite

0.02
-0.03
0.04
-0.01
0.90
0.11

MIS417
57.52
<0.04

0.43
0.10
4.57
0.12
36.55
<0.05
0.03
99.52

1.979
0.000
0.017
0.003
0.132
0.003
1.875
0.000
0.002
4.012

93.44
0.00
4
High-Ca
Harzburgite

0.02
-0.02
0.02
-0.01
0.94
0.07

Major Element Analyses - Orthopyroxene

MiIS419
56.89
<0.04

0.63
0.15
4.82
0.11
36.34
0.37
0.13
'99.55

1.963
0.000
0.026
0.004
0.139
0.003
1.869
0.014
0.009
4.027

93.08
0.73
5

Lherzolite

0.04
-0.04
0.05
-0.01
0.93
0.07

MIS420
56.96
<0.04

0.41
0.21
5.32
0.13
36.51
<0.05
0.05
99.73

1.965

0.000

0.017
0.006
0.154
0.004
1.878
0.000
0.003
4.025

92.44
0.00
4
High-Ca
Harzburgite

0.04
-0.05
0.05
-0.02
0.94
0.08

A N 4

MIS426
58.61
0.05
0.74
0.30
4.47
0.07
35.52
0.19
0.02
100.00

1.999
0.001
0.030
0.008
0.128
0.002
1.806
0.007
0.001
3.982

93.40
0.38
2

Lherzolite

0.00
0.04
-0.04
0.00
0.90
0.06

o~ s s

MIS428
57.27
0.06
056
0.15

9.64

013

32.65
0.256
0.01

100.74

1.987
0.002

0.023 .

0.004
0.280

0.004 -

1.689
0.009
0.000

3.998 -

85.79

0.54 -
3.

Clino-
pyroxenite

0.01
0.00
0.00
0.00
0.84
0.14

MIS430
58.33
<0.04

0.43
0.15
4.49
0.09
36.93
0.14
0.02
100.59

1.981
0.000
0.017
0.004
0.128
0.003
1.870
0.005
0.001
4.009

93.62
0.27
2

* High-Ca
Harzburgite

0.02

-0.02 -

0.02
-0.01
0.94
0.06

MIS431
57.52
0.05
1.16
0.48
4.47
0.11
36.07
0.27
0.06
100.19

1.965
0.001
0.047
0.013
0.128
0.003
1.836
0.010
0.004
4.006

93.561
0.53
2

Lherzolite

0.03
-0.01
0.01
-0.01
0.92
0.06

MIS433 -
57.88 {'
0.05

092
71 0.36
4.37

0.09 -

36.27

022
0.05 =

100.22

1.973 -

0.001
..-0.037
- 0.010
0.124
0.003
1.844
0.008
0.003
4.004

93.68
0.44
3

Lherzolite

0.03
0.00
0.01
-0.01
0.92
0.06

MiS434
- 58.34
<0.04
047
r 0.21
Y470
36.24
0.19
0.04
100.34

1.988

0.000

0.019
0.006
0.134
0.004
1.841

0.007 .

® 0.003
1 4.001

93.22
0.37
9
‘High-Ca
Harzburgite
0.01
0.00
0.00
0.00
0.92
0.07

0.15 .

MiS438
54.46
0.21
1.71
0.13
16.48
0.15
27.10
0.35
0.02
100.62

1.955
0.006
0.072
0.004
0.495
0.004
1.451
0.014
0.002
4.002

74.56
0.93
3

Websterite

0.04
0.00
0.00
-0.01
0.73
0.25

MIS439
55.54
0.05
2.02
0.09
12.62
0.13
30.22
0.20
0.03
100.89

1.951
0.001
0.084
0.002
0.371
0.004
1.583
0.008
0.002
4.006

81.02
0.48
2

Websterite

0.06
-0.01
0.01
-0.02
0.79

© 019



Sample No MiS463
Si0, 57.86
TiO, 0.05
AlLO, 0.59
Cr,0,4 0.26
FeO 4.48
MnO 0.10
MgO 35.58
CaO 0.63
Na,0 0.13
Total 99.71
Atomic Pro

Si ' 1.986
Ti 0.001
Al - 0.024
Cr - 0.007
Fe 0.129
Mn 0.003
Mg 1.820
Ca 0.023
Na 0.009
Total 4.002
Mg# 93.40
Ca#t 1.26
# Analyses ‘ 4

L Low-Ca

Suite Harzburgite
CaTs 0.01
Jd 0.01
Acm 0.00
Wo 0.01
En 0.91
Fs 0.06

PGN301
57.94
<0.04

0.38
0.21
439
0.13
36.56

022

0.04
99.88

1.983
0.000
0.015
0.0086
0.125
0.004
1.865
0.008
0.003
4.008

93.69
0.44
3

Low-Ca
Harzburgite

0.02
-0.01
0.02
0.00
0.93
0.06

Major Element Analyses - Orthopyroxene

PGN303 PGN306 PGN307

58.48
<0.04
0.39
0.36
4.84
0.12
36.45
0.19
0.06
100.91

1.984
0.000
0.015
0.010
0.137
0.003
1.844
0.007
0.004
4.005

93.07
0.38
2

Low-Ca
Harzburgite

0.02
-0.01
0.01
0.00
0.92
0.07

57.13
<0.04
0.56
0.39
5.75
0.09
34.84
0.72
0.16
99.68

1.975
0.001
0.023
0.011
0.166
0.003
1.796
0.027
0.011
4.012

91.53
1.46
2

Lherzolite

0.02
-0.01
0.02
0.00
0.90
0.08

59.00
0.04
0.54
0.38

4.46

0.10
34.61
0.73
0.13
100.01

2.014 .

0.001

0.022

0.010
0.127
0.003
1.761
0.027
0.009
3.973

93.26
1.49
3

Lherzolite

-0.01
0.06
-0.05
0.02
0.88
0.06

PGN308

57.37
0.04
0.56
0.45
5.22
0.12

35.79
0.81
0.14

100.51

1.965
0.001
0.022
0.012
0.150
0.003
1.828
0.030
0.009
4.021

92.43
1.61

5 .

High-Ca
Harzburgite

0.03
-0.03
0.04
0.00
0.91
0.07

PGN309 PGN310-

57.06  57.95
0.06 0.05
0.62 0.57
0.19 0.32
5.70 4.71
0.12 0.10
3539 3577
0.94 052
0.14

100.23  100.14
1.964  1.982
0.002  0.001
0.025 0023
0.005  0.009
0.164  0.135
0.003  0.003
1816  1.824
0035  0.019
0.009  0.009
4.024  4.005
91.71  93.12
1.87 1.03
-5 3

'H::SSung?te Lherzolite
0.03 0.02 -
-0.04 0.00

.0.05 . 0.01
0.00
0.91 0.91
0.08

A 2,14 (Orthopyroxene)

0.14 -

0.00

007

PGN311
56.75
<0.04

0.63
0.18

555

0.12
35.08
0.93
0.13
99.38

1.968
0.000
0.026
0.005
0.161
¢ 0.003
1.814

0.034

0.009
4.021

91.86
1.86
4

High-Ca
Harzburgite

0.03
-0.03
0.04
0.00
0.91
0.08

PGN312
58.76
<0.04

0.54

0.08

4.63
6.10
36.17
<0.05
6.10
100.57

1.997
0.000
0.022
0.002
0.131
0.003
1.833
0.000
0.006
3.994

93.31
0.00

High-Ca
Harzburgite

0.00
0.02
-0.01
0.00
0.92
-0.07

PGN313
58.17
<0.04

0.38
0.14
458
0.14
36.58
<0.(‘:)T'5
0.07
100.23

1.986
. 0.000
0.015
0.002
0.131
0.004
1.862
0.000
0.004
4.006

93.43
0.00

High-Ca -
Harzburgite

0.01
-0.01
0.01
-0.01
0.93

0.07"

2’.

PGN314 PGN316

58.02  57.87
<0.04  <0.04
0.54 0.56
0.35 0.32
4.48 4.35
0.11 0.09
- 36.51 35.94
<0.05  <0.05
0.07 0.15
100.22  99.47
1.980  1.989
0.000  0.000
0.022  0.023
0.009 . 0.009
0128  0.125
0.003  0.003
1.858  1.842
0.001  0.000
0.005  0.010
4.007  4.000
93.56  93.64
008 000
5 5
H:rz\:),u?;ite Lherzolite
0.02 0.01
-0.01 0.01
- 0.01 0.00
-0.01 -0.01
0.93 0.92
0.06 0.06

PGN317

58.20-

<0.04
0.41
0.24
4.55
011

- 36.55
<0.05
0.03
100.28

1.986
© 0.000
0.017
0.006
0.130
0.003
1.859
0.000
0.002
4.003

93.47
0.00
3

Low-Ca
Harzburgite

0.01
0.00
0.01
-0.0t
0.93
0.06



Sample No
Sio,
TiO,
ALO,
Cr,0,
FeO
MnO
MgO
Ca0
Na,O
Total

Atomic Pro
Si '
Ti

Al

Cr

Fe

Mn

Mg

Ca

Na
Total

Mg#
Ca#
# Analyses

Suite

CaTs
Jd
Acm
Wo
En
Fs

58.03
<0.04
0.48
0.24
4.55
0.16
35.85
0.08
0.12
99.62

1.992
0.000

~ 0.019

0.007
0.131
0.005
1.835
0.003
0.008
3.999

93.36
0.16
4

Low-Ca
Harzburgite

0.01
0.01
0.00
0.00
0.92

0.07

57.19
0.13
0.44
0.22
4.89
0.12

36.69
0.29
0.09

100.10

1.962
0.003
0.018
0.006
0.140
0.004
1.877
0.011
0.006
4.026

. 93.05
0.57
5

Lherzolite

0.03
-0.05
0.05
-0.01
0.94
0.07

57.37
0.13
0.63
0.21
5.77
0.12

35.09
0.85
0.15

100.34

1.972
0.003

0.025 .

0.006
0.166
0.004
1.798
0.031
0.010
4.015

91.56
1.71
2

Lherzolite

0.03
-0.02
0.03
0.00
0.90
0.08

57.66
0.12
0.58
0.20
5.87
0.15

34.48
0.79

0.14

99.98

1.986
0.003
0.024
0.005
0.169
0.004
1.771
0.029
0.009
4.001

91.29
1.61
2

Lherzolite

0.01
0.01
0.00
0.01
0.89
0.08

58.73
<0.04
0.44
0.41
4.46

- 0.1
35.86
0.50
0.11
100.64

1.995
0.000
,0.018
0.011
0.127
0.003
1.816
0.018
0.007
3.995

93.48
0.99
2

Lherzolite

0.01
0.02
-0.01
0.01
0.91
0.06

Major Element Analyses - Orthopyroxene

57.48
0.1
0.95
0.74
5.08
0.14

34.71
0.97
0.15

100.34

1.971
0.003
0.038
0.020
0.146
0.004
1.775
0.036
0.010

4.002--

92.41
1.97
1

Lherzolite

0.03
0.01
0.00
0.00
0.89
0.07

A 2.15 (Orthopyroxene)

57.91
<0.04
0.45
0.24
4.24
0.1
36.98
0.15
0.01
100.11

1.976
0.000
0.018
0.007
0.121
0.003
1.881
0.005
0.000
4.012

93.95
0.29

4.

Low-Ca
Harzburgite

0.02
-0.02
0.02
-0.01
0.94
0.06

PGN318 PGN325 PGN329 PGN337 PGN338 PGN339 PGN340 PGN341

59.05
<0.04
0.39
0.24
4.18
0.07
36.49
0.24
0.02
100.68

1.998
0.000
0.015
0.006
0.118
0.002
1.841
0.009
0.002
3.992

93.96
0.47
2

Low-Ca
Harzburgite

0.00
0.02
-0.02
0.00
0.92
0.06

PGN343
58.20
<0.04

0.40
0.28
4.37
0.10
3559
0.22
0.05
99.34

2.001
0.000
0.016
0.007
0.126
 0.003
1.824
0.008
. 0.003
3.989

9355
0.44
2

Low-Ca
Harzburgite

0.00
0.03
-0.02
0.00
0.91
0.06



Major Element Analyses - Olivine

Sample No ARNO02 ~ ARNOO3 ~ ARN004 ARNOO5 ARNOOS  ARNOO7 ARNOD8 ~ ARNO11  ARNO13  ARNO14 ARNO17 ARNO1S ARNO021
sio, 42.03 40.55 41.23 41.40 41.28 40.51 41.18 41.03 41.14 4052  : 41.34 40.84 41.12
Tio, <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 - <0.04 <0.04  <0.04 <0.04 <0.04
ALO, <0.03 <0.03 0.03 <0.03 0.03 0.03 0.04 10,03 <0.03 <0.03 .4, <0.03 <0.03 <0.03
Cr,0; <0.04 0.04 0.04 0.05 <0.04 005" ° 006 - <0:04 <0.04 <0.04 I 004 0.04 0.06
FeO 7.19 7.54 7.27 7.91 7.69 7.38 6.93 7.09 7.07 743 761 7.81 - 7.66
MnO 0.08 0.12 0.08 0.09 0.11 0.11 0.11 0.08 0.11 011 7 013 . 010 0.12
MgO 51.10 50.10 50.18 50.20 50.34 50.79 51.07 51.54 52.03 52.03  51.09 50.57 50.43
Ca0 0.06 <0.03 <0.03 <0.03 <0.03 <0.03 . <0.03 0.03 <0.03 003 - <0.03 <003 ' <003
NiO 0.41 0.38 0.42 .0.42 0.38 0.35 0.42 0.37 0.36 040 - 0.38 0.45 0.39
Total 100.90 98.76 99.26 100.11 99.86 99.23 99.83 1do.go 100.76 100.57  100.63 99.84 99.80
Atomic Prop ,_

Si 1.008 0.998 1.006 1.005 1.004 0.992 0.999 0.993- 0.990 0.980  :0.998 0.995 1.001
Ti 0.000 0.000 0.000 0.000 - 0.000 0.000  0.000 0.000 0.000 0.000 . 0.000 0.000 0.000
Al 0.000 0.001 0.001 0.000 0.001 0.001 0.001 0.001 £ 0.000 0.001 ©0.001 0.001 0.000
Cr ~ 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001 " 0.001 0.001 0.001
Fe _ 0.144 0.155 0.148 0.161 0.156 0.151 0141 ' 0144 . 0142 0.150 "0.154 0.159 0.156
Mn 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002  +0.003 0.002 0.003
Mg 1.827 1.837 1.826 1.817 1.825 1.853 1.847 1.859 1.867 1.876 . 1.838 1.837  1.830
Ca 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 .0.000 0.000 0.000
Ni 0.008 0.008 0.008  0.008 0.007 0.007 0.008 0.007 0.007 0.008 :.0.007 0.009 0.008
Total 2.991 3.002 2,993 2.994 2.996 3.007 3.000 3.006 3.010 3.019 3,001 3.004 2.998
Mg# 9269 92.22 92.48 91.88 92.11 92.47 92.93 92.83 92.92 92.59 ©92.29 92.03 92.15
Fo 9269 - 9222 92.48 91.88 92.11 92.47 92.93 92.83 92.92 92.59 392.29 92.03 92.15
‘Fa - 7.31 7.78 7.52 8.12 7.89 7.53 7.07 7.17 7.08 7.41 4 7.71 7.97 7.85
# Analyses 2 3 2 2 2 3 7 3 2 5 3 . 2 2 ' 2
Suite : Low-Ca High-Ca High-Ca High-Ca High-Ca Low-Ca Low-Ca - Low-Ca High-Ca High-Ca Ld?y-Ca High-Ca Low-Ca

Harzburgite Harzburgite Harzburgite  Harzburgite Harzburgite Harzburgite Harzburgite * Harzburgite Harzburgite Harzburgite Harz;i‘)urgit'e Harzburgite  Harzburgite

A 216 (Olivine)



Major Element Analyses - Olivine ' v

Sample No ARNO22 ARNO023 ARNQZ4 ARNO25 ARN026 ARNO027 ARN029 ARN030 ARN032 ARNO033 ARNO:}!{A ARNO35 ARN036 ARNO037
sio, - 41.28 39.27 39.87 40.29 40.98 40.88 40.21 4081 4111 39.99 4034 4049 4018  39.69
TiO, <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Al,0, <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.03 0.03 <0.03 <0.03 <O.63 - <0.03 <0.03 <0.03
Cr,0, 0.04 <0.04 0.05 <0.04 <0.04 <0.04 0.04 <0.04 <0.04 <0.04 <004 - 0.04 0.04 0.05
FeO 8.10 -8.91 7.42 7.15 7.34 7.45 8.00 5.68 8.03 8.81 7.70 8.43 7.54 7.76
MnO 0.15 0.11 0.11 0.11 0.07 0.11 0.13 0.06 0.11 0.12 0.1;:0 0.07 0.09 0.13
MgO 50.35 49.97 51.61 51.38 50.36 51.20 50.16 51.93 51.34 51.55 . 51.95 51.06 51.03 51.96
Cao <0.03 0.06 0.04 <0.03 <0.03 <0.03 0.03 <0.03 <0.03 0.03 <003 - 0.03 <0.03 - 0.03
NiO 0.51 0.39 0.42 0.37 0.35 0.38 0.38 0.35 0.31 0.30 0.3'1 0.28 0.36 0.39
Total 100.44 98,76 99.53 99.37 99.12 100.09 98.98 98.90 100.98 100.84 100.3‘8 100.45 99.30 100.25
Atomic Prop ’ ) '
Si 1.001 0.976 0.976 0.985 1.002 0.992 0.990 0.994 - 0.991 0.972 0977 0.984 0.985 0.971 -
Ti . 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000 _ O%ODO 0.000 0.000 O.QOTO 0.001 0.001 0.000 -
Al - . 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.060 0.001 0.000 0.000 =
Cr » 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.004 0.001 0.001 0.001
Fe . 0.164 0.185 0.152 0.146 0.150 0.151 0.165 * 0.116 0.162 0.179 0.156 0.171 0.155 0.158
Mn 0.003 0.002 0.002 0.002 0.001 0.002 0.003 0.001 0.002 0.002 0.002 0.002 0.002 0.003
Mg 1.820 1.850 1.883 1.873 1.836 1.853 1.841 1.886 1.845 1.867 1880 1.850 1.864 1.886
Ca 0.000 0.002 0.001 0.001 0.000 0.001 0.001 0:000 0.000 0.001 0.000 0.001 0.001 0.001
Ni 0.010 0.008 0.008 0.007 0.007 0.007 0.008 0:007 0.006 0.006 0006 0.006  0.007 0.008 -
Total . 2.999 3.024 3.024 3.015 2,998 3.007 3.009 3.005 3.008 3.028 3.023 3.015 3.014 3.028
Mg# 91.72 90.91 92.54 92.76 92.44 92.45 91.79 94.22 91.93 91.25 9232 91.52 92.34 92.28
Fo 9172  90.91 92.54 92.76 92.44 92.45 91.79 94.22 91.93 91.25 92.3;_2 91.52 92.34 92.28
'Fa 8.28 9.09 7.46 7.24 7.56 7.55 8.21 578 8.07 8.75 768 - 8.48 7.66 7.72
# Analyses 2 4 6 - 5 3 ' 6 1 2 1 2 2 2 2 - 2
Suite H:r'zg;:?gei‘te Lherzolite  Lherzolite H:r(;vl;llx(r:;ite H:;V;L(:gaite H:rozvt:;fr;gaite H:rizg;:?gaite H:rlzgt:fg;ai‘te Lherzolite” Lherzolite Lherzolité’ Lherzolite  Lherzolite Lherzolite

Beeis o s R

A 217 (Olivine)



Major Element Analyses - Olivine

sample No MIS408  MIS413  MIS417 MIS426  MIS430 MIS431 MIS433  MIS434 °  MIS463  PGN301

PGN306 PGN307 PGN310
si0;, 40.56 40.17 4098  41.35 4146  41.39  40.86 41.03 40.69 41.15 40.57 40.88  39.48
Tioy <0.04 <0.04 <0.04  <0.04 <0.04  <0.04  <0.04 <0.04  <0.04 <0.04 <0.04 <0.04  <0.04
Al,O; <0.03 0.03 = <003  <0.03° 0.03 0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03  <0.03
Cr,0, 0.04 <0.04 <0.04  <0.04 0.04  <0.04 0.04 <0.04 0.05 0.31. 0.11 <0.04 0.13
FeO 7.12 11.98 6.97 7.38 7.82 7.22 7.30 7.95 8.08 6.22 . 9.58 715 7.72
MnO 0.10 0.15 0.08 0.07 0.11 0.09 0.09 0.10 0.11 0.18 0.09 - 0.09 0.09
MgO 51.46 46.52 50.78  50.55 4996 5162  50.96 50.54 50.04 52.14 - 48.28 51.20  50.98
CaO <0.03 0.04 0.06  <0.03 <0.03  <0.03 <003  <0.03 <0.03 0.10 0.10 <0.03 0.03
NiO 0.32 0.30 0.42 0.27 0.44 0.27 0.40 0.37 0.50 <0.21 0.39 0.39 0.46
Total 99.65 99.21 99.32  99.67 99.86 100.64  99.69  100.04 99.54 100.31 99.13 99.75  98.90
Atomic Prop o : '
Si © 0.988 1.003 0.999  1.005 1.008  0.997  0.995 0.998 . 0.996 0.991 1.000 1.003 0.994  0.975
Ti 0.000 0.000 0.000  0.000 0.000  0.000  0.000 0.000 0.000 0.000 0.000  0.000  0.000. 0.000
Al ' - 0.001 0.001 0.000  0.000 0.001  0.001  0.001 0.000 - 0.001 0.001 0.001 0.000 0.000  0.000
cr 0.001 0.000 0.000  0.001 0.001  0.000  0.001 0.001 0.001 0.006 0.001 0.002 0.000  0.003
Fe _ 0.145 0.250 0.142  0.150 0.169  0.145  0.149 0.162 0.165 0.125 0.176 0198 0145  0.159
Mn 0.002 0.003 0.002  0.001 0.002  0.002  0.002 0.002 0.002 0.004 0.003 0.002 0.002  0.002
Mg 1.868 1.732 1.846  1.832 1811 1.853  1.849 1832 .  1.826 1.872 1.810 1.780 1.856  1.876-
Ca 0.001 0.001 0.002  0.000 0.000  0.000  0.000 0.000  0.001 0.003 0.000 0.003 0.001  0.001
Ni 0.006 0.006 0.008  0.005 0.009 0005  0.008 0.007 0.010 0.003 0.009 0.008, 0.008  0.009
Total 3.011 2.996 3.000  2.994 2991  3.003  3.004 3.002 3.003 3.005 2.999 2.996 3.006  3.024
Mg# 92.80 87.38 92.85  92.43 91.93 9273 9256 9189 9170 93.73 91.12 89.99 9274 9217
Fo 92.80 ~ 87.38 9285 9243 91.93 9273  92.56 91.89  91.70 93.73 91.12 89.99 9274 9217
Fa 7.20 1262 7.15 7.57 8.07 -+ .7.27 7.44 8.11 8.30 6.27 8.88 - 10.01 7.26 7.83
# Analyses 2 2 5 2 2 2 72 2 3 1 2 3 4 3
' - igh-Ca igh- i igh- . ) igh-C - Low-C = -Ca . . ) )
Suite Hach;Yl;lu(r:;te H:rf:u(r:gite Hla-lrngurcgaite Lherzolite H:rfgu(r:g?te Lherzolite - Lherzolite H:rfburg?te Harzburgie Hach;vgu(:;ite H:rc;vgu(r:;te_ therzolte  Lherzolte  Lherzolite

A

A 2.18 (Olivine)



Major Element Analyses - Olivine

Sample No PGN312 PGN313 PGN314 PGN315 PGN316 PGN317 PGN324 PGN333 PGN336 PGN339 PGN346? PGN342
SiO, ’ 40.44 40.48 40.29 40.10 40.25 40.30 40.21 40.79 40.81 41.35 41.46° 40.85
Tio, <0.04  <0.04  <0.04  <0.04  <0.04  <0.04 <0.04 <0.04 <0.04 <0.04  <0.04  <0.04
ALO; <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03+ 003 <0.03 <003 <0.03
Cr,0, <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.05 0.07 0.05 . 0.05:» 0.05
FeO ) 7.43 7.76 7.34 7.02 7.16 7.31 9.15 7.94 9.39 8.74 7.75{ 8.02
MnO 0.11 0.09 0.10 0.08 0.08 0.09  0.11 012 015 014 013 0.13
MgO 51.03 51.07 51.18 52.17 - 51.31 50.98 49.26 50.08 49.93 49.49 51.15:. 50.57
Ca0O 0.04 <0.03 <0.03 <0.03 <0.03 <0.03 0.07 <0.03 0.04 <0.03 <0.03. <0.03
NiO 0.37 0.39 042 041 0.37 042 . 039 047 041 044 0.36. 039
Total 99.45 9983 9935 9980  99.20 9914  99.24  99.49 100.85 100.28  100.92  100.05
Atomic Prop o
Si 0.988 0.987 0.986 0.976 0.985 0.988  0.993 0.998 -0.992 1.006 0.998? 0.994
Ti ) 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 . 0.000 0.001 0.000¢ 0.000
Al . 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.001: 0.000
Cr © 0.000 0.000 0.000 0.000 0.000 0000 0000 0001 0001  0.001 0001,  0.001
Fe : 0.152 0.158 0.150 0.143 0.147 0.150 0.189 0.162 0.191 0.178 0156 -0.163
Mn 0.002 0.002 0._002 0.002 0.002 0.002 0.002 0.003 0.003 0.003 0003 0.003
Mg 1.860 1.857 1.867 1.894 1.873 1863  1.813  1.827 1.809  1.795  1.836.  1.835
Ca 0.001 0.000 0.000 0.000 0.000 0.000 0.002 + 0.000 0.001 0.000 0.000;‘ 0.000
Ni 0.007 0.008 0.008 0.008 0.007 0.008 0.008 0.009 0.008 0.009 0007¢ 0.008
Total - 3.011 3.012 3.014 3.023 3.014 3.012 3.007 3.001 3.007 2.993 3.001;’ 3.005
Mg# 9245 92.15 . 92.55 92.99 92.74 . 92.55 90.56 91.84 A90.46 90.99 92.17: 91.83
~Fo 92.45 92.15 92.55 92.99 92.74 92.55 90.56 91.84 80.46 90.99 92.17. 91.83
Fa 7.55 7.85 7.45 7.01 7.26 7.45 9.44 8.16 9.54 9.01 - 7.83 - 8.17
# Analyses 3 4 6 3 4 3 - 2 3 22 2: 2
Suite H:rizg:l;%?te H:rlzg:lfgaite HaL;v;;‘?gaﬂe H:jzg:l;;?te Lherzolite H:rozvt::r;:ite Lherzolite Lherzolite Lherzolite Lherzolte . OW-C3 o LowcCa

Harzburgite: Harzburgite

A 219 (Olivine)



Sample No ARN002 ARNO002 ARNO002

ARNO003 ARN006  ARNO0O06 AR‘I}]OOG ARNOO7  ARNO07 ~ARNOO9
sio, <0.04 0.09 0.07 <0.04 0.07 0.09 0.10 <0.04 <0.04  <0.04 - £0.04 <0.04 005 006
TiO, <0.05 <0.05 0.60 <0.05 1.19 0.96 0.82 <0.05 <0.05 <0.05 <005 0.07 0.06 0.23
Al,0, ' 6.82 7.16 13.71 6.66 8.93 9.74 9.12 10.55 10.41 10.25 1043 8.20 8.17 6.27
Cr;0, 62.69 63.41 '51.82 61.99 56.08 54.45 57.86 58.93 59.11 59.09 5;'9.52 61.87 60.84 60.86
FeO "~ 1376 13.86 14.13 13.45 14.36 13.81 13.81 14,97 15.09 14.54 .1;5.52 12.73 12.67 13.16
Fe,0, 3.80 2.97 6.16 3.76 6.09 6.08 5.45 © 314 3.49 3.38 293 317 4.79 5.33
MnO 0.23 0.28 0.31 0.30 0.31 0.37 0.33 0.40 0.34 0.34 0.34 0.29 - 0.19 0.29
MgO 12.50 12.59 13.38 1232 12.95 13.04 13.40. 12.02 12.04 12.26 11.68 13.28 13.52 12.79
Cao <0.02 <0.02 0.02 0.03 0.19 <0.02 0.02 <0.02 <0.02 <0.02 %0.12 <0.02 <0.02 <0.02
Total . 99.83 100.37 100.19 98.52 100.17 98.52 100.90 100.02 100.48 99.86 100.55 99.65 - 100.31 98.99
Atomic Proportions based on 4 Oxygens
Si 0.001 0.003 0.002 0.000 0.002" 0.003 0.003 0.001 0.000 0.000 0.000 0.001 0.002 0.002
Ti , 0.000 , 0.000 0.015 0.000 0.030 0.024 Q.020 0.000 0.000 0.000 0.000 0.002 0.001" 0.006
Al 0.269 0.279 0.524 0.266 0.349 0.385 0.352 0.409 0.402 0.398 0.403 0.319 0.318 . . 0.250
Cr 1.657 1.659 1.328 1.661 1.471 1.444 1.499 1.531 1.5632 1.5638 1:542 1.615 1.586 1.630
Fe? ' 0.385 0.384 0.383 0.381 0.398 0.387 0.378 0.411 0.414 0.400 0.425 0.352 0.349 0.373
Fe®* 0.096 0.074 0.150 0.096 0.152 0.153 0.134 0.078 0.086 .0.084 0.072 0.079 0.119 0.136
Mn 0.006 0.008 0.009 0.009 0.009 0.010 - - 0.009 0.011 0.010 0.009 6_.009 0.008 0.005. 0.008
Mg 0.623 | 0.621 0.647 0.622 0.640 0.652 0.654 0.589 0.589 0.602 0571 ‘ 0.654 0.665 0.646
Ca 0.000 0.000 0.001 0.001 0.007 0.000 0.001 0.000 0.000 0.000 6_7004 0.000 0.000 0.000
Total 3.036 3.028 3.057 3.036 3.058 3.059 3.051 3.029 3.033 3.032 3.027 3.030 3.045 3.052
Mg# 56.48 .57.59 - 54.80 56.61 53.78 54.67 56.06 54.64 54.08 55.43 53.41 60.31 58.68 55.95
Cri# - 86.04 85.58 71.72 86.19 80.81 78.95 80.98 78.94 79.20 79.45 - 79.28 83.50 83.32 86.68
# Analyses 1. 1 1 1 1 1 1 1 1 1 L1 1 1 1
Type - Exsolved  Exsolved Secondary Exsolved Secondary Secondary Secondary Exsolved Exsolved Exsolved Exsi)lved Primary Primary Primary
Suite Low-Ca Low-Ca Low-Ca Low-Ca Low-Ca High-Ca High-Ca High-Ca High-Ca High-Ca High-Ca Low-Ca Low-Ca High-Ca

ARNO002

Major Element Analyses - Chromite

ARNO002

ARNO003

ARNO06

N

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzbg:irgite' Harzburgite Harzburgite Harzburgite

A 2.20 (Chromite)

¥




Sample No

Sio,
TiO,
AlL,O,
Cr,0,
FeO
Fe, 0,
MnO
MgO
Ca0
Total -

ARNO009
0.06
0.25
6.41
61.10
13.68

5.10

0.33
12.55
<0.02
99.48

ARNO009
0.08
0.25
6.54

61.50
13.70
5.05
0.27
12.74
<0.02
100.13

ARNO009
0.06
0.27
6.25

61.56
13.64
4.94

0.30 -

12.63
<0.02
99.65

Atomic Proportions based on 4 Oxygens

Si

. Ti

Al

Cr
Fe?*
Fe**
Mn
Mg
Ca
Total

Mg#

Cri#

# Analyses
Type
Suite

0.002
0.006
0.255
1.630
0.386
0.129
0.009
0.632
0.000
3.049

55.08

86.48

1

Primary
High-Ca

0.003
0.006
0.258
1.627
0.383
0.127
0.008
0.636
0.000
3.048

55.47

86.32

1

Primary
High-Ca

0.002
0.007
0.248
1.639
0.384
0.125
0.008
0.634
0.000
3.048

55.46-

86.85

1

Primary
High-Ca

ARNO009
0.08
0.26

6.25

61.85
13.80
4.81
0.30
12.59
0.02
99.97

0.003

0.007
0.247
1.641
0.387
0.122
0.008
0.630
0.001
3.046

55.31

86.91

1

Primary
High-Ca

Major Element Analyses - Chromite

ARNO11
0.05
<0.05
6.91
60.65
13.57

. 6.14
0.27
12.78
<0.02
100.39

0.002

0.001
0.272
1.605
0.380
0.155
0.008
0.638
0.000
3.059

54.40

85.49

1

Primary
Low-Ca

ARNO11
0.06
<0.05
6.76
62.00

14.43

4.80
0.29
12.24
<0.02
100.62

0.002
0.001
0.266
1.636
0.403
0.121
0.008
0.609
0.000
3.046

53.78

86.02

1

Primary
Low-Ca

ARNO11
0.09
0.06
7.12

61.55
14.21
5.06
0.27
12.52
<0.02
100.87

0.003
0.001
0.279
1.616
0.395
0.126
0.008
0.620
0.000
3.048

54.33

85.29

. 1

Primary
Low-Ca

ARNO12
0.09
0.34
7.02
60.72
14.01
- 4.36

0.28
12.48
<0.02
99.30

0.003
0.009
0.278
1.614
0.394

0.110

0.008
0.626
0.000
3.042

55.38

85.29

1

_ Primary
Low-Ca

ARNO12
0.07
0.27
6.80
61.03
13.79

3.99

0.28
12.39
<0.02
98.63

"~ 0.003
0.007
0.271
1.633
0.390
0:101
0.008
0.625
0.000
3.039

55.97

85.76

'1

Primary
Low-Ca

ARNO012

0.07
0.29
6.92
60.98
13.92
4.48
0.25
12.52
<0.02

99.44

0.002
0.007
0.274
1.620
0.391
0.113
0.007
0.627
0.000
3.043

55.42

85.63

1

Primary
Low-Ca

ARN012
0.08
;g).zs
7.07

6i.41
14.17
4.29
0.29
12.46
<0.02
100.04

0:003
0:007
0:278
1621
0.396
0:108
0,008
0:620
0.000
3.041
55.20
85.35

701

Pritary
Low-Ca

ARNO017
0.06
<0.05
7.40
61.67
13.78
3.41
0.24
12.41
<0.02
99.01

0.002
0.001
0.293
1.636
0.387
0.086
0.007
0.621
0.000
3.033

56.78
84.82

1 .
Primary

Low-Ca

ARNO017
0.07
0.07
7.50
61.77
13.67

3.42

0.27
12.58
<0.02
99.35

0.002

0.002
0.295
1.631
0.382

0.086 -

0.008

0.626 .
0.000 -

3.033

57.24

84.68

1

Primary
Low-Ca

ARNO17
- 0.08
0.13

7.68
61.86.

14.43
3.31
0.35

12.24
<0.02

100.06

0.003
0.003
© 0.301
1.625
0.401
0.083
0.010
0.606
0.000
3.031

55.63

84.38

1

Primary
Low-Ca

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzbt?‘(fgite Harzburgite Harzburgite Harzburgite

A 2.21 (Chromite)




Major Element Analyses - Chromiie

Sample No ARNO19  ARNO19  ARNO19  ARNO21 ARN022 ARN022 ARN025 ARNO025 ARN025  ARNO025 ARIQQZS ARN025 ARN025 ARNO025

Sio, ’ <0.04 <0.04 <0.04 0.08 0.04 <0.04 0.09 0.07 0.04 0.09 007 0.08 <0.04 0.04
TiO, 0.62 0.55 0.62 0.60 <0.05 <0.05 0.18 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <0.05
Al,0, ' 9.96 10.03 10.21 13.72 9.99 9.95 5.85 7.41 7.64 7.45 7.30 7.54 7.33
Cr,0; 58.95 57.88 59.11 52.56 59.20 59.10 61.87 61.22 60.68 60.28 61.25 62.17 61.23
FeO - 15.22 14.77 14.84 13.14 14.50 15.29 15.23 13.79 13.28 12.85 13.87 13.71 13.52
Fe,0; 2.46 3.19 2.77 6.22 4.10 3.60 511 . 415 4.78 517 3.88 4.23 4.18 4.29
MnO 0.30 0.21 0.26 0.37 0.31 0.28 0.34 0.28 0.34 0.34 0.25 1 0.24 0.28 0.33
MgO 12.13 12.30 12.58 14.13 12.47° 11.87 11.63 12.47 12.79 13.03 v 1};2,35 12.42 12.78 12.53
Ca0 <0.02 <0.02 - <0.02 0.02 <0.02 <0.02 <0.02 <0.02 - <0.02 <0.02 <0.02 <0.02 <0.02 0.02
Total 99.65 98.93 100.40 100.83 100.63 100.17 100.29 99.41 ) 99.55 99.22 9876 99.39 100.72 99.30
Atomic Prop :
Si 0.000 0.000 0.000 0.002 0.001 - 0.001 0.003 0.003 - 0.001 0.003 0,002 0.003 0.001 0.001
Ti . 0.015 0.014 0.015 0.014 0.000 0.001 0.004 0.000 0.000 -, 0.000 0:000 0.000 0.001 - 0.000
Al 0.387 - 0.392 0.393 0.519 0.386 0.387 = ©0.233 0.293 0.301 0.294 6?284 0.289 0.294 0.290
Cr 1.536 1.519 1.525 1.333 1.534 1.542 1.653 1.622 1.604 1.599 ‘1{22;636 1.625 1624 1.625
Fe? 0.419 0.410 0.405 0.352 0.398 0.422 0.430 0.387 0.371 0.360 (2:;5;387 0.389 0.379 0.379
Fe** 0.061 0.080 0.068 0.150 0.101 0.089 0.130 0.105 0.120 0.131 0:099 0.107 0.104. 0.108
Mn- 0.008 0.006 0.007 0.010 0.009 0.008 0.010 0.008 0.010 0.010 d.007 0.007 0.008 0.010
Mg 0.596 0.609 0.612 0.676 0.609 0.584 . 0.586 0.623 0.638 0.652 6.621 . 0.621 0.629 0.627
Ca 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 (f;OOO . 0.000 0.000 ; 0.001
Total ' 3.023 3.030 3.026 3.057 3.038 3.034 3.050 3.040 3.046 3.050 3.037 3.041 3.040° 3.041
' Mgt 55.36 -.565.42 56.41 57.36 55.00 53.31 51.12 56.92 56.46 57.04 5'*‘6.12 55.61 56.59 56.24
Cr# 79.88 79.47 79.52 71.99 79.90  79.93 87.65 84.72 84.21 84.45 8520 84.92 84.69 84.85
# Analyses 1 1 1 1 1 1 1 1. 1 1 A 1. 1 1
Type ‘Exsolved Exsolved Exsolved Secondary Secondary Secondary Exsolved Exsolved Exsolved Exsolved Exsolved Exsolved Exsolved Exsolved
Suite Low-Ca Low-Ca Low-Ca Low-Ca High-Ca High-Ca Low-Ca Low-Ca Low-Ca Low-Ca Low-Ca Low-Ca Low-Ca Low-Ca

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzbuygite Harzburgite Harzburgite

A 2.22 (Chromite)



Sample No
SiO,
TiO,
Al,O4
Cr,04
FeO
Fe,O,
MnO
MgO
Ca0
Total

Si

Ti

Al

Cr
Fe?
Fe*
Mn
Mg
Ca
Total

Mg#

Cr#

# Analyses
Type

Suite

Atomic vProp‘

ARNO027
0.06
<0.05
7.39
61.16
13.38
4.74
0.34
12.77
<0.02
99.83

0.002
0.000
0.291
1.614
0.374
0.119
0.009
0.636
0.000
3.045

56.35
84.74

1
Exsolved

Low-Ca
Harzburgite

ARNO027
<0.04
<0.05

7.47
61.67
13.55

4.48

0.26
12.78
<0.02

100.24

0.001
0.000
0.293
1.620
0.376
0.112
0.007
0.633
0.000
3.043

56.45
84.70
1
Exsolved
Low-Ca’
Harzburgite

ARNO027
0.04
<0.05
7.41
60.90
13.33
4.89
0.28
12.79
<0.02
99.64

0.001
0.000
0.292
1.611
0.373
0.123
0.008
0.638
0.000
3.047

56.27

84.65

1

Exsolved
Low-'Ca

ARNO027
<0.04
<0.05

7.33

60.68

12.95
5.43
0.32

13.02

<0.02

99.76

0.001
0.000
0.289
1.605
0.362
0.137
0.009

0.649 -

0.000
3.052

56.55

84.74

1

Exsolved
Low-Ca

Harzburgite ~Harzburgite

Major Element Analyses - Chromite

ARNO032
- <0.04
0.15
6.16
59.18
17.33
6.74
0.41
10.12
0.02
100.11

0.000
0.004
0.249
1.609
0.499
0.174
0.012
0.519
0.001
3.067

43.54
86.58

1
Exsolved

Lherzolite

ARNO032
<0.04
0.17

- 6.34
58.03
17.40
6.77
0.36
10.18
0.02
100.19

0.001
0.004
0.256
1.599
0.499
0.175
0.010
0.521
0.001
3.067

43.59
86.18
1
Exsolved

Lherzolite

ARNO033

0.09
1.52
6.26
58.03
14.43
6.45
0.29
12.97
0.02
100.05

0.003
0.038
0.248

1.544

0.406
0.163
0.008
0.651
0.001
3.063

53.32
86.15

1
Exsoived

Lherzolite

ARNO033
0.07
1.49

6.52

57.65
14.57
6.13
1 0.28
12.71
0.07
99.50

0.002
0.038

0.260°

;1.541_
0.412

0.156

0.008

0.641

0.003

3.060°

53.02f
85.58°
1

Exsolved

Lherzolite

A 2.23 (Chromite)

MIS401
<0.04
0.05
7.26
61.67
13.70
3.90
0.34
12.44
<0.02
99.38

. 0.001

0.001,

0.287
1.635
0.384
0.098
0.010
0.622
0.000
3.037

56.31
85.06

1
Exsolved

Low-Ca
7 Harzburgite

MIS401
0.07
<0.05
7.28
61.54
13.30
3.95
0.35
12.67
<0.02
99.18

0.002
0.000
0.288
1.631
0.373
0.100
0.010
0.633
0.000
3.038

57.27
85.01
1

Exsolved

Low-Ca
Harzburgite

MIS409  MIS409
<0.04 <0.04
6:12 0.29
21,35 21.29
45.39 45.17
14.18 14.09
3.97 3.93
0:17 0.17
13.58 13.74
<0.02 <0.02
98,77 98.69
0.000 0.001
0.003 0.007
0.793 0.790
1.130 1.124
0.374 0.371
0.094 0.093
0.005 10.004
0.638 0.645 -
0.000 0.000
3.036 3.035
; 58.14
58.74
1
Pri mary Primary

MIS409
0.04
0.37
24.42
42.03
13.31

3.77

0.19
14.64
<0.02
98.77

0.001
0.009
0.888
1.025
0.343
0.087
0.005
0.673
0.000
3.033

60.98
53.58

1
Primary

MiS409
<0.04
0.20
24.54
42,13
13.14
3.86
0.13
14.64
<0.02
98.66

0.000
0.005
.0.893
1.029
0.339
0.090
0.003
0.674
0,000
3.034

61.11
53.52

1
Primary

Lherzolits  Lherzolite  Lherzolite  Lherzolte



Major Element Analyses - Chromite

Sample No  MIS409 MIS409 MiS411 MIS411 MIS413 MIS413 MisS413 MIS417 MIS417 MIiS426 MI§426 MiS430 MIS430 MI1S431

Si0, . <0.04 0.06 0.06 0.06 0.09 0.08 0.05 <0.04 <0.04 0.04 <0.04 0.06 <0.04 <0.04
TiO, 0.27 <0.05 <0.05 <0.05 1.02 0.47 1.22 <0.05 0.05 0.56 054 0.08 0.06 0.54
Al,0,4 24.30 20.74 19.30 22.14 10.41 15.96 11.50 11.31 11.68 15.77 17.00 11.96 -~ 11.81 15.76
Cr,0, 42,05 4573 . 48.00 46.32 52.50 48.47 - 51.95 56.84 57.10 50.28 . 4§.75 56.63 56.83 50.46
FeO 12.75 13.12 12.98 12.64 15.97 15.29 14.40 15.94 14,95 16.19 1‘.':7:.00 16.54 15.62 16.53
Fe,0, 473 4.79 474 3.40 6.86 6.96 6.24 - 3.20 3.99 5.35 :428 .3.10 3.13 4.42
MnO 0.13 0.21 0.30 0.32 0.38 0.50 0.35 0.35 0.39 0.26 022 0.28 0.35 0.17
MgO 15.08 14.14 14.23 14.74 11.85 12.68 12.94 11.26 12.25 12.37 14.90 11.27 11.64 11.94
CaO <0.02 0.08 <0.02 <0.02 <0.02 0.08 0.10 <0.02 <0.02 <0.02 ;»0.02 <0.02 <0.02 <0.02
Total - 99.35  98.86 99.61 99.63 99.08 100.49 98.76 98.91 100.42 100.82 16?).71 99.91 99.45 99.82
Atomic Prop R _ K '
Si 0.001 0.002 0.002 0.002 0.003 0.002 0.002 0.001  0.000 0.001 0:;_000 0.002 0.000 0.000
Ti : 0.006 0.000 . 0.000 0.000 0.026 0.011 0.031 0.000 0.001 0.014 0013 0.002 0.001' . 0.013 -
Al 0.881 0.770 0.716 0.806 0.413 0.607 0.451 0.443 0.449 0.597 0.640 0.463 0.458 - 0.601
Cr » 1.022 1.139 1.195 1.131 1.396 1.236 1.365 1.495 1.474 1.275 1,256 1.471 1.480 = 1.291
Fe? 0.328 0.346 0.342 0.326 0.449 0.412 0.400 0.444 0.408 0.434 0.454 0.455 . 0.430 0.447
Fe* 0.109 0.113 0.112 0.079 0.174 0.169 0.156 0.080 0.098  0.129 0:103 - 0.077 0.078 0.108
Mn’ 0.003 0.006 0.008 0.008 0.011 0.014 0.010 0.010 " 0.011 0.007 (5_.006 0.008 '0,010_' 0.005 -
Mg 0.691 0.664 0.668 0.678 0.595 0.610 0.642 0.558 0.596 0.592 0:567 0.552 0.572 0.576
Ca _ 0.000 0.003 0.000 0.000 0.000 0.003 0.003 0.000 0.000 0.000 0:001 0.000 *0.000 0.000",
Total ' 3.042 3.043 3.043 3.030 3.067 3.065 3.060 ©3.030 3.037 3.049 3039 3.029 3.029 3.041
Mg# » 61.25 59.12 59.53 62.59 48.84 51.20 53.55 51.59 54.08 51.23 5?0.43 50.97 52.95 50.94
Cr# 53.72 59.66 62.52 58.39 7719 . 67.07 75.18 77.12 76.63 68.13 66.25 76.06 76.35 68.23
# Analyses 1 1 1 1 1 1 B 1 1 1 . 1 1 1
Type Primary Primary Secondary Secondary Secondary Secondary Secondary Exsolved Exsolved Primary Primary Secondary Secondary Primary
. . . Low-Ca = Low-Ca High-Ca High-Ca High-Ca High-Ca High-Ca High-Ca High-Ca
Suite Lherzolite Lherzolite

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzbutgite Lherzofite Lherzgllte Harzburgite Harzburgite Lherzofite

A 224 (Chromite) i,



Sample No

SiO,
TiO,
Al,O;
Cry0,
FeO
Fe,0,
MnO
MgO
Ca0o
Total -

Atomic Prop
Si

Ti

Al

Cr
Fe?
Fes-r
Mn
Mg
Ca
Total

Mg#

Cr#

# Analyses
Type

Suite

MiS431
<0.04
0.58
16.46
49.51
16.93
4.50
0.23
11.81
<0.02
100.06

0.001

0.014 ,

0:625
1.262
0.456
0.109
0.006
0.568
0.000
3.042

50.10
66.86

1
Primary

Lherzolite

MIS433
<0.04
0.62
16.24
50.26
16.90
4.16
0.20
11.91
<0.02
100.31

0.001
0.015
0.615
1.277
0.454
0.101
0.005
0.570
0.000
3.038

.50.70
67.49

1
Primary

Lherzolite

MiS433
0.05
0.54

15.67
50.37
15.41
5.18
0.29
12.72
<0.02
100.23

0.002
0.013
0.594
1.281
0.415
0.126
0.008
0.610
0.000
3.048

53.04
68.32

1
Primary

Lherzolite

PGN303
0.09
0.15
6.58
61.06
15.16

422
10.33
11.45

0.02
99.05

0.003
0.004
0.264
1.641
0.431
0.108
0.010
0.580
0.001
3.041

51.86
86.16

1
Exsolved

Low-Ca
Harzburgite

Major Element Analyses - Chromite

PGN303
0.08
0.15
6.78

60.44
15.14
4,40
0.29
11.43
0.04
98.75

0.003 -

0.004
0.272
1.629
0.432
0.113
0.008
0.581
0.002
3.043

51.62
85.67

1
Exsolved

Low-Ca
Harzburgite

PGN333
0.07
0.25
7.68

60.17
15.00
5.03
0.31
12.05
0.02
100.58

0.002
0.006
0.302
1.585
0.418
0.126
0.009
0.599
0.001
3.048

52.37
84.02
1

PGN340
0.07
<0.05
7.91
62.13
13.83
3.68
0.33
1269
<0.02
100.65

0.002
. 0.000
0.307
1.619
0.381
0.091
0.009
0.624
0.000
3.035

56.89
84.05
1

PGN341
0.06
<0.05

7.54°

60.65
14.42
- 4.27

0.31
12.03
<0.02
99.30

0.002
0.001
0.299
1.613
0.406
0.108
0.009
0.603
0.000
3.041

54.00
84.37
1

PGN344
0.07
0.05
7.82
60.93
1417

4.00

0.24
12.34
<0.02
99.61

0.002
0.001
0.308
1.609
0.396
0.100
0.007
0.615
0.000
3.038

55.32
83.95
1

PGN343
0.04

021
10.94°

56.03
15.70
4.98
10.42
11.68
0.03
100.02

0.001
0.005
0.427
1.466
0.434
0.124
0.012
0.576
0.001
3.047

50.80
77.46
1

Primary Secondary Secondé_\ry Secondary Secondary

Lherzolite

Low-Ca
Harzburgite

Low-Ca
Harzburgite

A 2.25 (Chromite)

Low-Ca
Harzburgite

Low-Ca
Harzburgite
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Appendix 3 - Trace element analysis by LA-ICP-MS

TRACE ELEMENT ANALYSIS BY LA-ICP-MS

‘Trace element compositions for individual minerals were obtained using the Perkin Elmer Elan 6000

Inductively: Coupled Plasma-Mass Spectrometer (ICP-MS), coupled to a CETAC LSX-200 UV Laser.

ot vThis equipment is-housed in-the-Department of:Geological Sciences, UCT. . oo

Operating conditions for the LA-ICP-MS-

Laser power  5.0mJ per pulse
Pulse repetition rate 4Hz
Diameter of laser beam Spot 4: +/- 100 pm

- Spot S: +/- 200 pm

~

Operating conditions on different days

To ensure that the standardisation was correct, and that operating conditions were the same between
analytical runs on different days, two reference standards were used. MON-32 and MON-34 were used
as the reference standard for garnet and JJG1424 for pyroxene. The following plots show that the

operating conditions and standardisation were similar on different days.

A3l



Appendix 3 - Trace element analysis by LA-ICP-MS
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Figure A3.1- Similar analyses of the natural garnet standards MON-32 and MON-34 on different analytical days

. shows homogeneity between operating conditions and standardisation on different analytical days.
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Figure A3.2 Similar analyses of the natural clinopyroxene standard JJG1424 on different analytical days shows
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Mineralogy
Date

Standard

Sc
Ti
\Y
Co
Ni
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Nd

. Sm

Eu
Gd
Dy
Er
Yb
Hf
Ta
Th
U

Cpx
11-May-01

JJG1424

33
1466
549

14

192
<0.737
362
3.8

51
<0.224
3.7

28

74

36

4.9

1.2

3.1
0.83
0.54

<0.261"

2.5
<0.045
1.9
0.21

Cpx
14-May-01

JJG1424

32
1628
553
15
214
<0.737
327
3.0
57
1.2
55
23

60

31
4.5
1.2
2.6
11
0.61
0.36
2.7
0.051
1.8
<0.169

Cpx
11-Jun-01

JJG1424

36
1869
597
14
229
<0.737
328
3.3
64
0.46
7.8
28
65
33
5.2

16

4.1

1.3
<0.474
0.33
35
0.090
22
<0.169

Standards

Gt Gt Gt Gt
26-Apr-01 10-May-01 14-May-01 11-Jun-01

Mon-32 Mon-32 Mon-32 Mon-32
74 72 75 86
5736 5875 5930 6861
247 233 234 - 266
54 58 53 56
59 65 56 71
<0.737 <0.737 <0.737 <0.737
0.51 0.57 0.50 0.54
- 36 37 36 44
104 104 104 126
<0.224 0.27 0.34 <0.224
<1.611 <1.611 <1.611 . <1611
<0.433 <0.433 <0.433 <0.433
0.37 0.30 0.41 0.47
1.4 1.7 1.2 1.9
0.85 1.4 1.1 1.5
0.67 0.64 0.74 0.86
3.4 3.7 3.7 4.3
6.5 6.4 5.6 8.1
4.5 4.8 45 50
4.9 4.9 4.3 57
2.4 2.8 2.7 3.4
0.062 0.10 - 0.12 0.069
<0.288 <0.288 <0.288 <(.288
<0.169 <0.169 <0.169

<0.169

A 3.3 (Standards)

Gt Gt Gt
26-Apr-01 10-May-01 -14-May-01 11-Jun-01
Mon-34  Mon-34° Mon-34  Mon-34

77 5 70 67 75
6305 6036 5929 6322
250 1223 222 246

54 %53 51 55
127 125 113 141

£0.737 <0737 <0.737 1.0

0.60 0.59 0.66 1.0

38 %36 36 40 .
111 400 .97 108
0.23 1.1 0.27 0.60

<1.611 <1:611 <1.611 <1.611
<0.433 <0433 <0.433 <0.433
10.33 0.28 0.51 0.52

2.3 . 1.6 1.8 2.1

1.5 1.2 1.4 1.5
0.82 0.97 0.88 1.1
43 236 © 32 4.0
6.9 762 6.2 71
4.6 =51 4.1 4.5

5.5 4.7 42 4.7
2.8 2.9 2.6 2.8

<0.045 0071 0.051 0.14

' <0.288 <0288 <0.288 <0.288
<0.169 <0169 <0.169 <0.169

Gt

L T Rt



Appendix 3 - Trace element analysis by LA-ICP-MS

.- Lower limits of detection (LLD) for the trace elements analysed based on counting statistics.

LLD - Spot size 4 LLD - Spot size 5
Element | LLD (ppm) Element | LLD (ppm)
Sc ‘ 3.766 Sc 0.325
Ti 25.624 Ti 1.842
\Y% 32.071 . \Y% 2.697
Co 1.809 - Co 0.161
Ni 3.289 Ni - 0.865
Rb 0.737 Rb 0.055
Sr - 0.367 Sr 0.031
Y 0.714 Y 0.064
Nb 0.224 Nb 0.022
Ba 1.611 Ba 0.142
La 0.433 La 0.044
Ce 0.132 Ce 0.012
Nd 0.211¢ Nd 0.021
Sm 0.261 Sm 0.027
Eu 0.539 Eu 0.051
Gd 0.414 Gd 0.048
Dy 0.496 Dy 0.056
Er 0474 | Er 0.054
Yb 1 0261 Yb {  0.029
Hf 0.474 Hf 70.052
Ta 0.045 . Ta 0.005
Th 0.288 Th 0.029
U 0.169 U 0.013

Primitive Mantle and Chondrite compositions used for normalising the trace element composition
of minerals for primitive mantle and REE plots.

Element Composition of Primitive Mantle Composition of Chondrite
from McDonough and Sun (1995) from Anders and Grevesse (1989)

(ppm) (ppm)

Sc _ 16.2

Ti 1205

\Y% 82.0

Co 105

Ni o 1960

Rb 0.600

Sr 19.9

Y 4.30

Zr ‘ 10.5

Nb 0.658

Ba 6.60

La . 0.648 : 0.235

Ce : 1.675 0.603

Nd 1.250 0.452

Sm 0.406 ‘ 0.147

Eu 0.154 ' 0.056

Gd ' 0.544 0.197

Dy 0.674 _ , 0.243

Er 0.438 ' 0.159

Yb 0.441 0.163

Hf 0.283 ‘ »

Ta 0.037

Th ' 0.0795

U } 0.0203

A34



Trace element chemistry - Garnet

Sample No ARNO03 ARNO04 ARNO0O5 ARNO06 ARNO07 ARNO013 ARNO17 ~ ARNO18 ARNO025 ARNO026 AR@027 ARNO028 ARNO031

Sc 448 286 198 233 270 202 276 227 495 193 333 227 222

Ti 125 38 30 20 56 13 63 <25 <25 163 i<25 537 263

' 288 297 296 197 176 167 209 315 319 155 1220 . 538 438

Co 43 39 37 40 44 36 48 50 70 34 © 46 50 50

Ni 31 22 19 11 36 11 a7’ 10 56 11 L 36 44 47

Rb <0.055  <0.055 0.14  <0.055 0.14 0.06  <0.737 <0737 <0737  <0.055  <0.737  <0.737 1.1

Sr 1.8 1.8 3.3 0.29 1.2 0.18 0.92  <0.367 1.8 6.7 11.04 <0367  <0.367

Y ‘ 35 1.2 0.20 0.093 0.65 0.09 28 <0714 <0714 080  <0.714 9.6 4.9

Zr : 107 3.3 1.0 0.42 32 0.70 46  <0.214 53 64 - 36 1.9 - 043
Nb 1.3 0.090 0.12 0.057 0.33 0.057  <0.224 <0224 - 050 0.13 °0.30 0.77 0.64

Ba _ 0.44 1.1 0.38 1.4 0.50 0.30 <1.61 1.9 278 <0142 - <161 <1.61 <161
La - 0.25 0.67 1.4 0.076 0.13 0.15 <0433  <0.433 0.92 152 <0433 <0433  <0.433
Ce 2.0 5.4 42 0.25 1.3 0.32 1.0 0.29 23 82 w 1.4 027  <0.132

Nd - 7.7 6.2 2.6 0.32 5.2 0.47 48 \ 060 9.4 5.5 . 6.1 0.54 0.37

Sm 5.5 0.92 0.23 0.17 3.4 0.17 24 <0.261 5.1 0.78 £ 35 <0261  <0.261

Eu 2.4 0.25 0075  <0.051 0.94 . <0.051 1.1 <0.539 1.3 0.13 “ 13 <0539  <0.539

Gd 10.2 0.49 0.12 0.078 2.2 0.17 28 <0414 3.6 0.46 .26 <0414 <0414

Dy 8.8 0.16 0.06  <0.056 0.39 0.11 0.95  <0.496 0.68 019 <0496 1.7 0.66

Er 3.2 0.15  <0.054  <0.054  <0.054  <0.054  <0.474  <0.474 066  <0.054  <0.474 13 1.00

Yb 2.2 0.26 0.14 0.07 0.16 0.05 0.82 0.74 0.30 022  <0.261 1.3 0.99

Hf 1.7 0.082  <0.052  <0.052 063  <0.052 0.80  <0.474 1.0 217 1093 <0474  <0.474

Ta 013  0.025 0.018 0.028 0.026  <0.005  <0.045  <0.045 0.11 0.013 0.053 0.13 0.15

Th 0.037 0.11 0.12  <0.029  <0.029 ° <0.029  <0.288  <0.288 045  <0.029  <0.288 ° <0.288  <0.288

u 0.11 0.067 0.087 0.021 0.046 003 <0169  <0.169 021 = 005 <0.169 <0.169  <0.169

Y/Nd ‘ 4.6 0.20 0.077 0.29 0.13 0.19 0.59 0.15 18 13

Ti/Nd 16 6.2 11 61 11 27 13 30 . 991 705

Spot Size 5 5 5 5 5 = 5 4 4 4 5 o4 4 4

Suite High-Ca High-Ca High-Ca High-Ca Low-Ca High-Ca Low-Ca High-Ca Low-Ca Low-Ca Low-Ca Clino- Clino-

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzb_gvrgite pyroxenite pyroxenite

Page A 3.5 (Garnet)



Sample No
Sc
Ti

\Y
Co
Ni
Rb
Sr

Y

Zr
Nb
Ba
La
Ce
Nd
Sm
Eu
Gd
'Dy
Er
Yb
Hf
Ta
Th
U
YINd
Ti/Nd
Spot Size

Suite

MiS401
424
19
153
37
26
0.13
2.3
1.3
57
0.19
0.23
0.73
55
54
0.63
0.15
0.42
0.39
0.13
0.46
0.084
0.037
0.13
0.21
0.24
35
5
Low-Ca

. MiS408

307
137
266
34
20
0.13
55
1.2
3.7
0.039
0.18
3.1
6.1
3.5
0.51
0.14
0.28
0.34
0.21
0.52
0.10
0.014
0.20
0.06
0.35
39
5
Low-Ca

Harzburgite Harzburgite

MIS409
129
567
106

31

12
0.24
0.22

8.6
4.7
0.34
0.19
0.05
0.15
0.27
0.36
0.24
1.2
1.8
1.2
1.3
0.24
0.11
<0.029
0.076
32
2100
5

Lherzolite

MiS412
144
<25
240

33
14

<0.737.

. 1.8
<0.714
<0.214

1.0
<1.61
0.47
1.7

1.2
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
0.78
0.30
<0.288
<0.169

4
High-Ca

Trace element chemistry - Garnet

MiS417
231
133
233

33
22
0.079
0.71
1.4
4.2
0.10
042
0.33
2.6
6.0
1.3
0.30
0.62
0.32
0.20
0.71
0.11
0.057
0.12
0.05
0.23
22
5
High-Ca

Harzburgite Harzburgite

MiS419
122
532
285

37

81
0.83
0.77
4.9
12
0.72
<1.61

<0.433 °

0.58
1.5
0.83
<0.539
1.2
<0.496
<0.474

0.33.

<0.474
0.17
<0.288
<0.169
3.2
347

4

MiS438
64

921
132

60
10.2
<0.737
<0.367
47

26
<0.224
<1.61
<0.433
0.69
1.1

1.3

0.9

4.8

8.0

5.2

5.7
0.64
'<0.045
<0.288
<0.169
42

818

4

MIS439
65

371
123

70

13

<0.737
<0.367
20

2.8
<0.224
<1.61
<0.433
<0.132
043
<0.261
<0.539
1.6

3.2

2.4

2.8
<0.474
0.062
<0.288
<0.169
46

863

4

Lherzolite Websterite Websterite

Page A3.6 (Garnet)

PGN301
223
110
235

38

11
1.2
3.2
1.4
6.4
<0.224

- <1.61

0.93
36
2.4

0.44

<0.5639
'<0.414
<0.496
<0.474

0.84

<0.474
© 0.057
<0.288

0.23

0.61

47
4
Low-Ca

PGN303
- 222
182

297

45

30

1.5

0.75

24

o5

0.84
2.86
0.52
2.85
3.32
0.98
<0.539
0.67
1.2
<0.474
0.88
0.78
<0.045
<0.288
0.35
0.74
55
4
Low-Ca

Harzburgite Harzburgite

PGN306
127
500
414

47

65
0.97
<0.367
15

5.8

1.1
<1.61
<0.433
" 0.49
16
0.41
<0.539
0.50
0.53
<0.474
0.91
<0.474
<0.045
<0.288
0.22
0.91
311

4

Lherzolite

PGN307 PGN310

103
. 2241
2 355
L37
14
<0.737
087
L4

15
- 0.50
" <1.61
<0.433
078
£ 219
¢ 0.77

A

<0.539
° 0.96
20.93
© 0.65
<0.261
: 0.75
" 0.094
<0.288
20.169
- 19
1022
4

148
1270
344
48

53
<0.737
0.82
14

54
0.39
1.6
<0.433
0.66
2.44
2.1
1.1
3.2
3.0
1.3
1.3
0.78
0.076

<0.288

<0.169
59
520

4

PGN311
125
1968
397

54

101
<0.737
0.54
17

16
0.58
<1.61
<0.433
0.52
1.18
<0.261
<0.539
1.2

2.4

2.4

3.2
0.67
<0.045
<0.288
<0.169
14
1663

4

Lherzolite Lherzolite Lherzolite




Sample No
Sc

Ti

\Y

Co

Ni
Rb
Sr.

Y

Zr

Nb
Ba

La

Ce
Nd
Sm
Eu
‘Gd
Dy

Er

Yb

Hf

Ta

Th

u
YINd .
Ti/Nd
Spot Size

Suite

PGN314

117

371

269

" 39

56

<0.737

0.57

21

29

<0.224

<1.61

0.44

0.44

1.4

0.50

0.58

0.85

0.79

0.57

0.56

0.66

<0.045

<0.288

<0.169

1.5

272

4
Low-Ca

Harzburgite

PGN316
97
1881
346

38

55
0.82
0.64
4.2

14
0.96
<1.61
<0.433
0.65
1.4
0.95
<0.539
0.61
0.83
1.0

0.87

0.86
0.27
<0.288
<0.169
29
1322
4

Lherzolite

PGN317
190
<25
187

38
12

<0.737

0.39
<0.714
0.88
0.30
<1.61
<0.433
1.0

15
0.62
<0.539
<0.414
<0.496
0.90
<0.261
<0.474
0.13
<0.288
<0.169

4
Low-Ca

PGN319

70

541

52

101

41

<0.737

0.77

9.6

3.0

<0.224

<1.61

<0.433

<0.132

0.86

0.29

<0.539

14

" 20

1.1

1.7

<0.474

0.088

<0.288

<0.169

11

627

4
Clino-

PGN320
21

385

67

53

23

1.1
0.42
2.3

1.2
0.31
<1.61
<0.433
0.21
0.87
<0.261
<0.539
0.57
0.80
0.53
0.48
<0.474
0.1

<0.288

<0.169
27
444
4
Clino-

Trace element chemistry - Garnet

PGN322
22
369
45
52
17
1.3
0.37
25
0.69
<0.224
<1.61
<0.433
0.26
0.85
<0.261
' <0.539
0.56
0.57
0.50
1.06
<0.474
0.12
<0,288
<0.169
2.9
432
4
Clino-

Harzburgite pyroxenite pyroxenite’ pyroxenite

PGN323

142

3273
348
42

56
0.88
0.72
14

48
0.34
<1.61
<0.433
0.41
1.5
0.72
0.71
2.1
2.3

16 .

15
1.6
0.049
<0.288
<0.169
9.5
2183
4

PGN329
100
3878
310

11

77
<0.737
0.61
12

39
0.28
<1.61
<0.433
0.29
1.8
0.62
<0.539
1.5

2.1

1.7

15
14
<0.045
<(.288
<0.169
6.9
2178
4

Lherzolite Lherzolite

Page A 3.7 (Garnet)

PGN337
100
2850

. 290

" 39
53
<0.737
0.54
12

27
0.44
<1.61
<0.433
0.16

Y075

0.54
<0.539
1.3

2.1
1.4
1.6
0.86
<0.045
<(0.288
<0.169
16
3798
4

Lherzolite

PGN340
- 265
<25
168
40

20
75
2.8
<0.714
1.1
<0.224
11
0.89
4.7
4.4
0.53
<0.539
<0.414
0.11
<0.474
<0.261
<0.474
<0.045
<0.288
<0.169

4

Low-Ca
Harzburgite



Sample No
Sc
Ti
\'
Co
Ni
Rb
Sr
v
Zr
Nb
Ba
La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Hf
Ta
Th
U
Spot Size

Suite

ARNO028
49
74
93
32
430
<0.737
82
<0.714
0.90
0.49
9.4
2.4
3.7
1.0
0.36
<0.5639
<0.414
<0.496
<0.474
<0.261
<0.474
0.082
<0.288
<0.169
4
Clino-

ARNO31 ARNO032 ARNO033

9.6
74
158
27
412
0.46
23
0.36
0.49
0.66
10.3
5.9
9.5
2.7
0.33
0.076
0.22
0.32
<0.054
0.56

<0.052

©0.090
0.34
0.032
5

Clino-

pyroxenite pyroxenite

102
97
223
12
188
3.5
1803
8.6
58
1.4
2.8
59
170
90
11
2.7
5.9
2.8
0.82
0.66
2.0
0.15
0.79
0.35
4

25
1017
210
16
299

2.0.

222
1.3

5.6
0.41
13

T 32
101
76

1.5
<0.539
0.57
<0.496
<0.474
0.37
0.59
0.066
<0.288
<0.169
4

MiS409
31

941
271
10.4
197
1.0
109
<0.714
4.0
0.56
2.6

1.2

2.3

1.5
0.41
<0.539
0.59
<0.496
<0.474
<0.261
<0.474
<0.045
<0.288
<0.169
4

Trace element chemistry - Clinopyroxene

MiIS419
10.0
95

128

23

443
<0.737
120
<0.714
0.56
.0.54
<1.61
2.1

6.8

5.2
0.67
<0.539
0.56
<0.496
<0.474
<0.261
<0.474
0.059
<0.288
<0.169
4

MiS438
36
5219
438

40

318
<0.737
29

41

54
<0.224

<161

47
18

19

5.3

1.3

3.9

1.8
<0.474
0.36
25
<0.045
<0.288

<0.169 -

4

MIS439 PGN310

38
2659

578 .

45

573
1.6

49

1.8

6.8
0.85
5.9
0.94

- 241
2.2
0.94
<0.539
1.2
0.76
<0.474
<0.261
0.53
<0.045
<0.288
<0.169
4

18
402

328

19
315

<0.737

332
1.7
9.7

1.00 -

46
40

15
V13
2.4
0.63
1.4
<0:496

<0.474 -

<0.261
0.63
0.054
<0.288
0.24
4

Lherzolite Lherzolite Lherzolite Lherzolite Websterite Websterite Lherzolite

A38

(Clinopyroxene).

PGN319

27

550

212

50

558

<0.737

‘368

14

5.8

<0.224

<1.61

83

24

19

24

0.75

15

057

<0.474

0.32

0.51

. <0.045

<0.288

0.42

) 4
Clino-

PGN320
46
647
145
16
442
<0.737
195
<0.714
1A
0.72
29
20
47
1.9
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.19
<0.288
<0.169
4
Clino-

PGN322
<3.77
727

139

<17
474
<0.737

198

<0.714

0.93
0.93
<1.61
_'_2.0
4.8
1.7
<0.261
<0.539
<0.414
<0,496
<0.474
0.28
<0.474
0.091
<0.288
<0.169
L4
CIinc’)f—

pyroxenite pyroxenite pyroxenite

PGN323 PGN329

16
778
217

24
380

<0.737
150
0.95
2.6
0.22
<1.61
2.0

7.0

52

0.82
<0.539
0.52
<0.496
<0.474
<0.261
<0.474
0.066

0 <0.288
<0.169
4

9.6
1180
2156
26

382

0.98
125
1.4

35

0.81

26

2.0
7.0
4.7
1.1
<0.539

0.90

<0.496
<0.474
0.41
<0.474
<0.045
<0.288
<0.169
4

PGN337
12
1075
254

25

350
<0.737
132
16

3.3
0.42
6.0

2.4

8.4
5.7

1.1
<0.539
0.71
0.55
<0.474
0.53
<0.474
<0.045
<0.288
<0.169
4

‘Lherzolite Lherzolite Lherzolite
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Trace element chemistry - Orthopyroxéne ¥

¥ ,
Sampie No ARNO03 ARNO04 ARNO05 ARNO0O6 ARNO07 ARNO013 ARNO18 ARN025 ARN026 ARNO027 MIS@OS - MIs412 MiS417

Sc <3.77 <3.77 <3.77 17 <3.77 <3.77 <3.77 <3.77 <3.77 <3.77 <377 2.3 <3.77
Ti ‘ <25 <25 <25 <25 <25 <25 <25 <25 83 <25 280 33 29
v <32 <32 <32 35 <32 <32 37 . <32 39 <32 <32 34 47
Co 42 44 42 41 47 43 42 43 39 45 .29 38 34
Ni 653 559 579 515 647 585 504 600 481 652 444 481 435
Rb 18 <0.737 1.1 27 0.99 1.4 1.0 1.7 . 1.8 1.9 1.1 <0.055 <0.737
Sr 1.7 0.93 1.4 33 0.63 1.0 1.3 1.7 4.2 1.7 <0.367 1.5 <0.367
Y . <0.714 <0.714 <0.714 1.4 <0.714 <0.714 <0.714 <0.714 <0.714 <0.714 <0.714 <0.064 <0.714
Zr _ 0.55 0.27 0.44 0.72 0.60 0.37 0.25 <0.214 0.82 " 0.41 0.37° 0.08 <0.214
Nb 14 <0.224 <0.224 0.56 0.45. 0.40 0.28 077 - 078 0.80 0.43 0.25 0.55
Ba 4.1 22 25 38 <1.61 <1.61 <1.61 43 <1.61 32 <161 0.39 <1.61
La ‘ .0.67 <0.433 <0.433 <0.433 0.79 0.61 0.96° 0.78 1.2 0.83 <0.433 0.16 <0.433
Ce - 0.54 <0.132 0.36 0.36 0.35 0.21 0.39 0.38 0.23 022 <0.132 0.29 0.30
Nd 0.98 0.54 0.35 0.52 <0.211 0.43 064  <0.211 <0.211 0.69 0:36 0.068 0.28
Sm 0.74 0.70 0.33 0.31 <0.261 0.44 0.51 0.58 0.34 0.51  <0.261 <0.027 <0.261
Eu <0.539 <0.539 <0.539 <0.539 <0.539 <0.539 <0.539 <0.539 <0.539 059 <0.539 <0.051 <0.539
- Gd <0.414 0.62 0.57 <0.414 <0.414 <0.414 <0.414 0.52 0.58 054 <0414 0.19 <0.414
Dy 065 - <0.496 <0.496 <0496  <0.496 0.56 0.63 <0.496 0.76 0.56 <0.496 0.14 <0.496
Er , <0.474 <0.474 <0.474 <0.474 0.50 <0.474 0.59 <0.474 0.99 0.51 <0474 <0.054 <0.474
Yb 0.42 030 <0261 074 0.35 0.77 0.63 0.42 097 - 070 <0.261 0.057 <0.261
Hf <0.474 <0.474 <0.474 059 - <0474 <0.474 = <0.474 = <0474 . <0.474 0.56 <0.474 <0.052 <0.474
Ta 019  '<0.045 0.078 0.10 0.065 0.094 0.25 0.12 0.19 0.11  <0.045 0.069 0.088
Th ' <0.288 <0.288 <0.288 <0.288 <0.288 - <0.288 <0.288 <0.288 <0.288 = <0.288 <0.288 - 0.055 <0.288
u <0.169 <0.169 <0.169 <0.169 <0.169 <0.169 <0.169 <0.169 <0.169  <0.169  <0.169 0.020  <0.169
Spot Size - 4 4 4 4 4 4 4 4 4 4 “ 4 5 4
Suite High-Ca High-Ca High-Ca High-Ca Low-Ca High-Ca High-Ca Low-Ca Low-Ca Low-Ca High-Ca High-Ca

Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Harzburgite Lheao!gte Harzburgite Harzburgite

A 3.9 (Orthopyroxene)



Sample No

Sc
Ti
\'
Co
Ni
Rb
Sr
v
Zr
Nb
Ba
La
Ce
Nd
Sm
Eu
- Gd
Dy
Er
Yb
Hf
Ta
Th
u
Spot Size

Suite

MIS419

<3.77
69
<32
50
800
1.0
0.87
<0.714
<0.214
0.50
<1.61
<0,433
<0:132
0.30
<0.261
<0.539
<0.414
<0.496

<0.474 -

<0.261
<0.474
0.093
<0.288
<0.168
4

MIS438
4.51
1174
97

99

517
<0.737
0.38
<0.714
3.8
<0.224
<1.61

- <0.433

0.61
0.46
<0.261
<0.539
<0.414

- <0.496

<0.474
0.43
<0.474
<0.045
<0.288
<0.169
4

MIS439
<3.77
377
103
105
1080
1.0

3.8
<0.714
0.35
0.35
4.3
<0.433
0.43
0.25
<0.261
<0.539
<0.414
<0.496
<0.474

£ <0.261

<0.474
0.049
<0.288
<0.169
4

Lherzolite Websterite Websterite

PGN301
<3.77
<25

<32

44

589

1.3

1.0
<0.714
<0.214

0.37
<1.61
0.64
0.23
<0.211
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.11
<0.288
<0.169
4

Low-Ca
Harzburgite

Trace element chemistry - Orthopyroxene

PGN306
<3.77
265

40

50

693
38

4.9
<0.714
0.24
0.67
8.0
<0.433
0.18
<0.211
<0.261
<0.539
<0.414
<0.496
<0.474

0.36 .

<0.474
<0.045
<0.288
<0.169

4

PGN310
<3.77
177

35

46

685
0.83

35

<0.714.

<0.214

£ 0.34

3.7
<0.433
0.27
<0.211
<0.261
<0.539
<0.414
<0.496
<0.474
1.1
<0.474
0.05
<0.288
<0.169
4

PGN311
<3.77
202

33

51

720
<0.737
0.39
<0.714
<0.214
<0.224
<1.61
<0.433
<0.132
0.24
<0.261
<0.539
<0.414
<0.496
<0.474
0.85
<0.474
<0.045
<0.288

<0.169 -

4

Lherzolite Lherzolite Lherzolite

A 3.10 (Orthopyroxene)

PGN314
<3.77
60

<32-

48
797
<0.737
2.9
<0.714
<0.214
0.55
3.8
0.97
- 0.61
0.28
<0.261
<0.639
<0.414
<0.486
<0.474
<0.261
<0.474
0:10
<0.288
<0.169
4
Low-Ca
Harzburgite

PGN316
<377

176

<32

47

751
0.99
1.2
<0.714
<0.214

0.35°

<1.61
0.62
<0.132

<0.211 .

<0.261
<0.539
<0.414
<0.496
<0.474

0.69
<0.474

0.13
<0.288
<0.169

4

Lherzolite

PGN317
<3.77
<25
<32

38

552
0.46
0.55
<0.714
<0.214
0.25
<1.61
<0.433
0.25
<0.211
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.23
<0.288
<0.169
4

Low-Ca
Harzburgite

PGN329
5.0

653

40

52

699
<0.737
1.8

_<0.714

<0.214
0.76
8.2
<0.433
0.59
0.38
0.52
<0.539
0.77
<0.496
- <0.474
0.60
<0.474
0.057
<0.288
<0.169
4

e e
ein s Sad and i

.
PGN337
4.6
593
244
i52
620
0.87
2.5
<0.714
<0.214
0.68
5.9
0.53
0.49
0:37
0.42
<0.539
<0.414
<0.486
<0.474
0:59
<0.474
0:16
<0.288
<0.169
.4

Lherzolite Lherzolite

{

-




‘Sample No
Sc
Ti
\Y
Co
Ni
Rb
Sr
Y
Zr
Nb
Ba
l.a
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Hf
Ta
Th
u
Spot Size
Suite

ARNO003
<3.77
<25
<32
114
2521
2.4
<0.367
<0.714
0.34
3.5
<1.61
<0.433
1 0.23
0.43
0.60
<0.539
0.44
0.79
<0.474
1.3
<0.474
0.32

- <0.288
<0.169
4

" High-Ca

Harzburgite

ARNO00S
<3.77
<25
<32
127
2881
0.80
<0.367
<0.714
0.51
<0.224
2.1
<0.433
0.16
0.34
1.01
<0.539
0.58
0.76
1.1
0.70

<0.474 .

0.17
1 <0.288
<0.169
4

High-Ca
Harzburgite

ARN006
<3.77
<25
<32
114
2758
0.86
<0.367
<0.714
0.51
0.65
<1.61
<0.433
<0.132
<0.211
<0.261
<0.539
<0.414
0.54
<0.474
0.82
<0.474
0.10
<(.288
<0.169
4
High-Ca
Harzburgite

ARNO13
<3.77
<25
<32
120
2868
0.76
<0.367
<0.714
0.58
0.69
<1.61
0.74
0.24
0.61
1.0
<0.539
-0.79
1.3
<0.474
0.89
<0.474
0.25
<0.288
<0.169
4
High-Ca
Harzburgite

Trace element chemistry - Olivine,

ARNO18
<3.77
<25
<32
112
2530
<0.737
0.90
<0.714
<0.214
0.76
2.9

13 -

0.40
0.25
0.47
<0.539
<0.414
<0.496
<0.474
0.61
0.67
-0.084
<0.288

<0.169 -

4
High-Ca
Harzburgite

ARNO025
<3.77
<25
<32
108
2298
0.90
0.41
0.077
<0.214
1.5
<1.61
0.80
0.20
<0.211
0.77
<0.539

0.70

<0.496
0.48

0.31
<0.474
0.13
<0.288
<0.169

4

Low-Ca

Harzburgite

ARNO026
<3.77
<25
<32
111
2264
<0.737
1.3
<0.714
0.65
<0.224
2.6

1.2
0.22
0.31
0.99
0.89

<0.414

0.70
0.59
0.41
<0.474
0.068
<0.288
<0.169
4
Low-Ca

Harzburgite

A 3.11 (Olivine)

ARNO027
<3.77
<25

<32

108
2460

1.9

0.95
0.24
0.47

19

<1.61
1.0
<0.132
<0.211
1.0
<0.539
<0.414
0.63
0.70
<0.261
<0.474
<0.045
<0.288
<0.169
4
Low-Ca
Harzburgite

ARN032
2.3

16

5.0

117
2061
0.1
1.2
<0.064
0.44
5.9

1.6
0.50
0.38
0.27
0.081
<0.051
0.078
<0.056
<0.054
0.34
<0.052
0.31
<0.029
<0.013
5

Lherzolite

ARNO033
<3.77
70
<32
119
2370
<0.737
2.7
<0.714
0.37
0.31
<1.61
<0.433
0.21
0.26
<0.261
<0.539
<0.414
<0.496
0.70
0.58
<0.474
0.21
<(.288
<0.169
4

Lherzolite

ko T

MiS417
<3.77
<25

<32

109
. 2547
<0.737
<0.367
<0.714
: 0.33

0.39
<1.61
<0.433
<0.132
- 0.24
<0.261
£0.539
£0.414
<0.496
<0.474
€0.261
<0.474
©0.10
<0.288
<0.169

i 4

High-Ca
Harzburgite

i

PGN306
<3.77
<25
<32
120
2340
1.0
0.59
<0.714
0.59
1.1
<1.61
<0.433
0.23
<0.211
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.10
<0.288
<0.169
4

Lherzolite

PGN310
<3.77
49

<32
107

. 2414
<0.737
<0.367
<0.714
<0.214
0.31
<1.61
<0.433
0.28
0.30.
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.066
<0.288
0.20

4

Lherzolite



Sample No
Sc
Ti
\Y
Co
Ni
Rb
Sr
Y
Zr .
Nb
Ba
La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb -
Hf
Ta
Th
U
Spot Size

Suite

PGN314
<3.77
<25
<32
110
2510
2.2
2.0
<0.714
<0.214
0.77
11
<0.433
0.84
- 0.61
<0.261
<0.539
<0.414
<0.496
<0.474
<0.261
<0.474
0.088
<0.288
0.17
4
Low-Ca

. Harzburgite

PGN316
<3.77
38

<32

116
2552
1.2
0.44
<0.714
0.63
<0.224
<1.61
0.75
<0.132
0.32
<0.261
0.54
<0.414
<0.496
0.71
0.63
<0.474
0.16

<0.288

- <0.169
4

Lherzolite

PGN317
<3.77
<25

<32

115
2496
<0.737
<0.367
<0.714

0.44 -

0.50
<1.61
<0.433
0.15
<0.211

0.65

<0.5639
<0.414
<0.496
<0.474
0.66
<0.474
0.065
<(0.288
<0.169
4

Low-Ca
Harzburgite

Trace element chemistry - Olivine

A 3.12 (Olivine)






