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Abstract

Detailed major/trace element and high-precision Hf-Nd-Sr isotope data has been
acquired for 86 samples of kimberlites from the recently discovered Lac de Gras
kimberlite field in the Northwest Territories, Canada, plus 23 samples from other
Canadian kimberlite occurrences. This constitutes the most comprehensive
geochemical database available for kimberlites at the present time, and allows detailed
comparisons to be made with the well-documented kimberlites of the Kaapvaal craton,
southern Africa. Major and trace element data shows that some Lac de Gras
kimberlites have interacted extensively with continental crust, whereas others are
minimally contaminated with crust but have physically incorporated large quantities

(>30%) of lithospheric mantle peridotite.

Fresh, minimally-contaminated kimberlites from Lac de Gras have both elemental and
isotopic characteristics that are transitional relative to those typical of southern African
Group I and II kimberlites. The Hf-Nd isotope variations of these samples also define a
linear array that strongly suggests mixing of two or more components/reservoirs within
the mantle. Isotopic mixing models and mass balance considerations constrain the
most likely candidate components/reservoirs to be depleted sub-continental lithospheric
mantle and a component with an isotopically-enriched, negative Aeyr signature that is
derived from beneath the lithosphere. Such a component has previously been identified
in southern African kimberlites, indicating that it is globally extensive within the
mantle. Its restriction to magmas generated at great depths, and its unusual Hf isotope
signature also suggest that it may reside in isolation at some mantle boundary layer.
Ancient oceanic crust, generated by melting in the presence of garnet and subsequently
subducted and stored below the lithosphere, could evolve to negative Agye
compositions. Melts of this material, variably recombined with the depleted, garnet-
rich melting residua that constitute the lithosphere, can then account for the Hf-Nd
kimberlite isotopic array. Trace element characteristics, such as K and Sr anomalies,
are consistent with those of OIB-like magmas derived from within the convecting

mantle.
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Chapter 1

Introduction

1.1 STUDY OBJECTIVES

Most studies of the geochemistry and petrogenesis of kimberlites during the last four
decades have been based upon the numerous well-documented occurrences of these
rocks in southern Africa. The discovery, from 1991 onwards, of a large kimberlite
province in the Northwest Territories-Nunavut region of northern Canada (Carlson et
al., 1999; Nowicki et al., 2003), has provided the ideal opportunity to test and expand
the petrological understanding of kimberlites developed from southern Affrican

samples.

This study is based on comprehensive major/trace element and high-precision isotopic
analyses of 98 samples from the newly discovered Slave kimberlite province, plus
several samples from other, recently discovered kimberlite fields elsewhere in Canada.
This new dataset enables a detailed geochemical comparison to be made between suites
of kimberlites that have been emplaced within different cratonic regions. Further to
this, a principal aim of the study has been to use this detailed data to investigate more
thoroughly the processes that act to modify the geochemistry of kimberlite magmas as
they ascend from their mantle source region through the sub-continental lithosphere
and crust. By improving our understanding of these processes, it is possible to place
better constraints on the elemental and isotopic character of the primary kimberlite
magma. This in turn assists in constraining the location of the kimberlite source region

within the mantle,




The analysis of the isotope geochemistry of Slave kimberlites presented here builds
upon recent studies of Hf-Nd-Sr isotope variations in South African kimberlites
(Nowell et al., 1999; in press). These studies identify an unusual Hf isotope signature
in the South African samples, which only appears to be observed in magmas that
originate from the extreme depth within the mantle (e.g. diamond-bearing rocks such as
kimberlites and lamproites). The second main aim of this study has been to investigate
whether or not this Hf isotope signature exists within kimberlites from the Slave
province, and if it does, to obtain further insight into its origin. This may also have

implications for identifying the location of the kimberlite source region.

A subsidiary objective of this study has been to expand the isotopic database on
kimberlites, and to broaden its scope given the predominance of samples from southern
Africa. The solution chemistry of Hf presents a variety of analytical challenges to
obtaining high and reliable yields from high Mg/Si and Ca/Si matrices, such as those of
kimberlites. There is clearly a need for these challenges to be addressed if
determinations of the Hf isotope geochemistry of these rocks are to become routine,
thus enabling the isotopic database for kimberlites to expand further to other, so far less

well-characterised provinces (e.g. Siberia, Brazil, Australia, Inida, Finland, China).

1.2 ASPECTS OF KIMBERLITE PETROLOGY

Due to the many unusual characteristics of kimberlites, literature relating to them is
particularly rich in descriptive terminology, much of which is not normally applied to
other kinds of igneous rocks. A summary of the key characteristics of kimberlites is

therefore provided below.



1.2.1 Ocecurrence

Kimberlites occur in small (typically <1km diameter), volcanic pipe-like structures and
associated networks of hypabyssal dykes and, more rarely, sills. They are found only
in continental settings and are typically situated within or marginal to cratonic areas.
Almost all diamondiferous kimberlites are found within cratons, and consequently the
‘on-craton’ or ‘off-craton’ distinction is an important characteristic of a kimberlite
body. The level of exposure within the pipe varies, depending on the erosion history of
the area. In southern Africa preservation of the crater region, which marks the
palacosurface at the time of eruption, is rarely observed. Crater facies deposits are
more commonly found among Canadian occurrences. The only suggested occurrence
of kimberlite lava to date is from the Igwisi Hills, Tanzania (e.g. Bassett, 1954),

although this interpretation is controversial.

1.2.2 The facies concept

The petrography of kimberlite specimens is very variable within a kimberlite body.
The relationship between the petrography of a specimen and its location within a body
1s described by the ‘textural genetic classification’ system (Clement and Skinner, 1979;
Mitchell, 1986). In this framework, based on observations made on southern African
kimberlites, three distinct zones, or facies, of kimberlite are recognised as resulting
from different magmatic processes acting upon a single magmatic entity (Hawthorne,
1975; Clement and Skinner, 1979). The interrelation of these three facies is shown in

Figure 1.1.
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Figure 1.1 Location of different textural-genetic kimberlite facies within an idealised pipe
structure. After Hawthorne (1975)and Mitchell (1986).

The crater facies, where preserved, consists primarily of pyroclastic and reworked
epiclastic rocks. These are dominated by variably well to poorly bedded tuffs and tuff
breccias. Epiclastic shales and mudstones typically take the form of lacustrine deposits
and are probably associated with the development of crater lakes or maars above the
kimberlite body. Crater facies rocks are rarely found at Southern African kimberlite
localities, but do appear to be very common, especially in western Canadian

occurrences.



The diatreme facies occupies the steep-sided, ‘inverted cone’-shaped pipe that is
characteristic of many kimberlite bodies. The rocks found in this zone are termed
tuffisitic kimberlites and tuffisitic kimberlite breccias (Clement, 1979; Clement and
Skinner, 1979) and are composed of clasts of xenolithic and autolithic material set in a
fine-grained matrix that is dominated by serpentine. Mitchell (1986) points out the
term ‘tuffisitic’ has genetic implications, which may not be applicable to the formation
of the diatreme itself, and hence proposes ‘volcaniclastic’ (Fisher, 1961) as a more

appropriate, non-genetic term.

Hypabyssal facies kimberlites are found in the ‘root zone’ of the intrusion below the
base of the diatreme, and consist mainly of dykes and occasional sills, which act as
feeder structures to the diatreme and crater. Dykes at high structural levels are rarely
observed to cross-cut diatreme zone rocks. At many localities the crater and diatreme
have been completely removed by erosion, and only the hypabyssal intrusive rocks
remain. Hypabyssal kimberlites are massive, crystalline rocks that tend to be less
altered and contain significantly lower levels of xenolithic contamination than the rocks
of the diatreme and crater facies. Consequently, they are the most appropriate rocks to
choose for geochemical analysis in any study of the chemistry of the kimberlite
magma. Hypabyssal kimberlites usually contain abundant olivine macrocrysts, which
may be either cognate (i.e. phenocrysts), or xenocrysts derived from disaggregated
peridotites. Rare examples of hypabyssal kimberlite are devoid of phenocrysts or
xenocrysts and are consequently described as ‘aphanitic’. In the absence of genuinely
glassy kimberlites, aphanitic material that is free of any visible contamination may be
most representative of the parental magmatic liquid, if it can be ascertained that these

samples are not flow-differentiated.



It is clear, from studies during the past decade in Canada, that many of the kimberlites
in western Canada (e.g. Lac de Gras occurrences) bear no resemblance to the classic
southern African model of a kimberlite pipe (Figure 1.2). This is especially relevant in
the Lac de Gras area, where a number of kimberlite pipes (e.g. Grizzly, Leslie, Arnie,
Aaron) are comprised solely of or are dominated by hypabyssal material. Estimates
based on sedimentological reconstructions of the Lac de Gras area (e.g. Stasiuk et al.,
2003; Sweet et al., 2003; Hamblin et al., 2003) indicate that there has been only ~200m
of erosion since the time of kimberlite formation, implying that large volumes of
kimberlite magma were emplaced as hypabyssal intrusions very close to the
palacosurface. Morphological differences between kimberlites from southern Aftica
and Lac de Gras are likely to primarily reflect differences in the lithological and
structural character of the rocks into which they are emplaced (Field and Scott-Smith,

1999; Kjarsgaard, 2003).

1.2.3 Composition

Kimberlites are notoriously difficult to classify petrologically (Mitchell, 1986; 1995)
because of their highly complex and variable chemical and mineralogical composition.
They are hybrid magmatic rocks, composed partially of xenolithic and xenocrystal
material incorporated into the magma as it ascends from its source region to the
surface. Kimberlites typically have a highly inequigranular texture ranging from a very
fine-grained groundmass up to xenoliths or xenocrysts that are several tens of

centimetres in diameter.
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Figure 1.2 Cartoons to illustrate differences in style and variety of pipe morphologies in southern
Africaand Lac de Gras. After Kjarsgaard (2003).

The extremely fine-grained groundmass and microphenocrystic phases typical of most
hypabyssal kimberlites are considered to be most representative of the parental magma.
These constituents are typical silica-poor and ultrabasic in nature, with an unusually
high content of volatile components (dominantly H,O and CO,). Unlike most igneous
rocks, archetypal kimberlites are typically richer in K,O than Na,O. They are often
classified as ultrapotassic rocks, but this is misleading, because their high K,0/Na,O
ratios derive from having very low Na,O, rather than very high K,O. Principal
groundmass minerals include olivine, spinel, monticellite, phlogopite, perovskite,
primary carbonates and apatite. One or two of these phases are typically dominant in

any given specimen, and this forms the basis of the classification scheme proposed by



Skinner and Clement (1979), which is widely used. A much greater mineralogical
diversity is imposed on the kimberlite by its compliment of xenoliths and megacrysts,
including olivine, garnet, ilmenite, phlogopite, orthopyroxene, clinopyroxene and
spinel. The provenance of the megacryst suite (i.e. cognate versus xenocrystal origins)
is as yet unresolved. In addition to these relatively common phases, kimberlites may
also contain rutile, brucite, various clay minerals, sulphides and other, more exotic
phases in small quantities. Mitchell (1986; 1995, 1997) provides a comprehensive

coverage of the complex petrography of these rocks.

1.2.4 Group I and Group I kimberlites

The study of Nd and Sr isotopic variation in South African kimberlites by Smith (1983)
demonstrated that there are two distinct groups of kimberlites that occur within the
Kaapvaal craton. Group I kimberlites have an isotopic signature that is indicative of
derivation from a source that is near chondritic and similar to that seen in ocean island
basalts (OIBs), whereas Group II kimberlites have a more enriched isotopic signature,
which may relate to derivation from an EM Il-type (Zindler and Hart, 1986) source
within the lithosphere (Smith, 1983). These two groupings correspond broadly to the
‘basaltic’ (~Group I) and ‘micaceous’ (~Group II) kimberlites defined by Wagner
(1914). To date Group II kimberlites have only been identified within the Kaapvaal
craton of South Africa, where they tend to pre-date the majority of Group I bodies in
the region (Gurney et al. 1991). Skinner et al. (1994) have also identified a small
number of kimberlites from the NW edge of the Kaapvaal craton that have isotopic
signatures that are transitional between Group I and Group II. This kind of signature is
similar to those seen in the few isotopic analyses of kimberlites from Brazil (Bizzi et

al., 1994), Finland (O’Brien and Tyni, 1999) and China (Tompkins e al., 1999).



1.3 REGIONAL GEOLOGY

The majority of samples analysed in this study (Appendix A) are drawn from the Lac
de Gras field of the Archaean Slave province, Northwest Territories, Canada.
Consequently this section focuses on the geology of the Slave craton and the immediate
area around Lac de Gras. A small number of samples have been analysed from
Somerset Island, in the Churchill province of northern Canada, and several localities in
the Superior province of south-central Canada. The regional geology of these areas is
not reviewed here, but key references suitable for gaining a geological overview are

provided in Table 1.1.

1.3.1 Slave province

The Slave province (Figure 1.3) is an Archaean cratonic region covering approximately
210,000km’ of the Northwest Territories and Nunavut, northern Canada (Pell, 1997).
Like other Archaean cratons, exposed rocks consist of basement gneiss complexes,
intruded by granitic plutons and overlain by various supracrustal rocks, i.e. granite-
greenstone terranes. Unlike most cratonic regions, the greenstone belts of the
Yellowknife Supergroup (YKSG), which dominate the supracrustal sequences of the
Slave craton, are dominated by metasedimentary, rather than metavolcanic, units
(Padgham and Fyson, 1992). Granitoid plutons, which were emplaced in several
episodes both contemporaneous to and postdating the Yellownife Supergroup, account
for ~65% of current exposure in the Slave province (King er al., 1992; Padgham and
Fyson, 1992; van Breeman et al., 1992; Davis et al., 1994). Four major swarms of
Proterozoic diabase dykes were emplaced after stabilisation of the craton. These are
dominated by the 1.27Ga Mackenzie swarm (LeCheminant and Heaman, 1989), but

also include the older (2.02-2.23Ga) Lac de Gras, Mackay and Malley swarms



(LeCheminant and van Breeman, 1994). The orientation of these dyke swarms is
indicative of dominant structural grains within the crust, which may also be exploited

by kimberlites as they ascend to the surface.

Events References

Churchill province (Somerset Island and Rankin Inlet kimberlites)

Pre- and syn-orogenic (3.0-2.0Ga) igneous

activity (komatiites, basalts and granites), Bickford et al. (1994); Percival (1996)

Continental collision Hoffman (1988, 1990)
Post-orogenic igneous activity Peterson er al. (1994)
Somerset Island

Frisch ef al. (1987); Frisch and Sandeman

Development of Archaean basement (1991)

Blackadar (1967); Okulitch et al. (1986);

Proterozoic igneous and sedimentary events Fahrig (1987)

Phanerozoic sedimentary events Okaulitch ef al. (1986); Stewart (1987)

Superior province (Attawapiskat, Kirkland Lake and Timiskaming kimberlites)
Geological overview Card (1990)

e.g. Wooden et al. (1982); Moser (1988);

Gneisses Moser et al. (1991)

Plutonic rocks e.g. T. E. Smith er al. (1985); Beakhouse et
al. (1988); Corfu er al. (1989)
e.g. Turner and Walker (1973); Dimroth et

Supracrustal rocks al. (1982); Sylvester et al. (1987)

Langford and Morin (1976); Ludden ef al.

Tectonic assembly (1986); Hoffman (1988)

Table 1.1 Papers summarising the geology of the Churchill Province (including Somerset
Island) and the Superior Province.
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Some insight into the large-scale tectonic structure of the craton is provided by isotopic
studies, which appear to broadly divide the Slave province into western and eastern

207pp,/2%%py ratios in crustal rocks from the

domains. Thorpe ef al. (1992) reported high
western Slave, and low ’Pb/”%Pb from the east. This was interpreted in terms of lead
being derived from an ancient, enriched upper crustal source in the west, and from a
more juvenile, mantle source in the east. The boundary line between the two domains
passes to the west of the Lac de Gras kimberlite field; the kimberlites thus appear to be
located within relatively juvenile neo-Archaean crust. Although this boundary line is
based on relatively few isotopic analyses, it is supported by Nd isotope evidence (Davis
and Hegner, 1992), which also indicates that granitic crust from the central and eastern
parts of the province is derived from more juvenile sources, whereas granitoids from
the western side of the craton preserve an older crustal signature. The Nd isotope
boundary is oriented more NE-SW than the Pb isotope line, and passes slightly further
to the east. Despite this, crustal xenoliths from the Grizzly and Torrie kimberlites are

meso-Archaean in age, suggesting that in the Lac de Gras area, juvenile neo-Archaean

crust overlies older meso-Archaean basement (Bleeker ef al., 1999a; Kjarsgaard, 2001).

The 1sotopic subdivision defined by Thorpe ez al. (1992) and Davis and Hegner (1992)
is broadly consistent with the tectonic structure of the craton envisaged by Kusky
(1989), whereby high-strain zones representing orogenic sutures separate four discrete
crustal terranes. From west to east, these tectonic blocks are the Anton terrane, the
Contwoyto terrane and the Hackett River terrane. The Sleepy Dragon terrane is also
included as an easterly extension of the Anton terrane. The current assembly of these
terranes 1s interpreted (Kusky, 1989) as an Archean analogue of collision between a

micro-continent (Anton-Sleepy Dragon) and an island arc and associated accretionary
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prism (Hackett River). The location of the Hackett River terrane thus represents the
position of an ancient subduction zone, with the Contwoyto terrane representing the
fold-thrust orogenic belt produced by the collision of continent and arc. The Lac de
Gras kimberlites are all located within the metasedimentary rocks and associated

granitoid plutons of the Contwoyto terrane.

1.3.2 Vicinity of Lac de Gras

Table 1.2 provides a summary of the bedrock geology of the area around the Lac de
Gras kimberlite field, which is described in detail by Kjarsgaard er al. (2002) and
references therein. The geology of the area (Figure 1.4) is dominated by the
greywackes of the Yellowknife Supergroup (YKSG) and the granitoid plutons that
intruded during and after formation of these metasedimentary units. Metavolcanic
elements are not common in the area, as is typical of the Slave province in general.
The structural grain of the central part of the area, where most of the Lac de Gras
kimberlites are situated, is NW-SE trending, which again is characteristic of the eastern
Slave province (Henderson et al., 1999). Direct evidence for faulting is limited
(Kjarsgaard et al., 2002) but up to four main trends are evident from joint set
measurements (Wright, 1998). These structural elements may play a role in controlling
the distribution of kimberlites in the upper crust within the Slave province and the Lac
de Gras field. The bedrock lithologies intruded by each kimberlite at the present
exposure level 1s also shown in Figure 1.4. The majority of kimberlites investigated
from the BHP claim block on the north side of Lac de Gras are emplaced within
syn-YKSG granitoids, while most of those. from Kennecott claims to the south and
south-east are situated within YKSG metasediments and post-YKSG granitoids at the

present-day erosion level.
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Major kimberlite occurrence
investigated in this study

D Area covered in Figure 1.3b

"EARLY PROTEROZOIC |
@m cover
[7] sikaiine intrusives
ARCHEAN
gnnlh, granodiorite
mm. granite

metagraywscke

intermediate 1o silicic
metavolcanic rocks

mafic and undivided
metavolcanic rocks

Figure 1.3 a) Location of the Lac de Gras and Somerset Island kimberlite occurrences in
continental North America (modified from Kjarsgaard, 2003); b) Generalised geology of the
Slave craton, showing distribution of basement gneisses and metasedimentary and
metavolcanic rocks of the Yellowknife Supergroup (modified from Kusky, 1989).

13



Bedrock elements

References

a) Pre- and syn-YKSG basement

Quartzofeldspathic gneisses, granitoid
migmatites and meta-granite/tonalite, e.g. Jolly
Lake Complex

Migmatitic gneiss from SW shore of MacKay
Lake has zircon U-Pb age of 3325+8Ma

Central Slave Basement Complex (CSBC),
consisting of Jolly Lake and similar meta-
granitoid/gneiss complexes (¢.g. Big Lake,
Anton, Sleepy Dragon)

Central Slave Cover Group (~2.9-2.8Ga)
overlies BSBC in Jolly Lake area; small
exposures of quartzites and banded iron
formations (BIF)

b) YKSG volcanics and syn-YKSG felsic/mafic
intrusives

Courageous Lake greenstone belt; ~2700Ma
mafic-dominated west side and ~2670Ma
felsic-dominated east side. Basalts, breccias,
agglomerates, rhyolites, felsic porphyries

Central Volcanic Belt: ~2670Ma intermediate
volcaniclastics and tuffs, plus minor mafic and
felsic lavas

Back River Complex: stratovolcanic
succession composed of andesitic-rhyolitic
lavas, tuffs and volcaniclastics; oldest rocks
~2710Ma, end of activity ~2690Ma

Aylmer Lake volcanic dome: mafic to felsic
volcanics and volcaniclastics of ~2680Ma

¢) YKSG sediments

Extensive meta-greywacke turbiditic
mudstones, divided into Contwoyto (+ BIF)
and Itchen (- BIF) formations. BIFs common
at interface between sediments and volcanics

{continued)

McGlynn (1977); Thompson et al.
(1993; 1994; 1995); Thompson and
Kerswill (1994)

Bleeker et al. (1999a)

Bleeker et al. (1999a)

Bleeker et al. (1999b)

Folinsbee (1949); Moore (1956);
Villeneuve (1993); Thompson and
Kerswill (1994); Villeneuve et al.
(1997)

Bostock (1980), King ef al. (1988);
Mortenson et al. (1988)

Lambert (1982; 1996); van
Breeman et al. (1987); Villeneuve
et al. (2001)

Renaud et al. (2001); MacLachlan
et al. (2002)

Bostock (1980); King et al. (1991)
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Bedrock elements References

d) Syn- and post-YKSG granitoids

~2650Ma biotite tonalities/granodiorites, van Breeman et al. (1990), King et
intruding metasedimentary turbidites al. (1991)

~2625-2608Ma trondhjemites, diorites, quartz

diorites, hornblende-biotite tonalities and van Breeman et al. (1990; 1992);
biotite granodiorites; often found as composite  Villeneuve (1993)

intrusions

~2599-2588Ma muscovite-biotite granites and  van Breeman ef al. (1992);
biotite granites Thompson and Kerswill (1994)

e) Proterozoic intrusions

Dominantly diabase/dolerite dykes divided into
5 groups on basis of orientation and age:
Palaeoproterozoic Malley, Mackay and Lac de
Gras swarms; Mesoproterozoic Mackenzie and
‘305’ swarms

LeCheminant and van Breeman
(1994); Wilkinson et al. (2001)

Table 1.2 Bedrock lithological elements in the vicinity of the Lac de Gras kimberlite field
(summarised from Kjarsgaard et al., 2002).

1.3.3 Location of kimberlite pipes

Stubley (2003) presents a geometric analysis of the distribution of kimberlites within
the Slave province, which indicates that occurrences may be preferentially concentrated
along two ‘corridors’. The ‘western corridor’ is aligned NNE-SSW and encompasses
the kimberlites of the south-west and far northern Slave, which are not represented in
this study. The remainder of the Slave occurrences, including those from the vicinity
of Lac de Gras, Contwoyto Lake, Kennady Lake and Snap Lake (see Appendix A), are
accommodated within a ‘central corridor’ that is oriented broadly NW-SE. Stubley
(2003) suggests that the orientation of these trends correspond to structural controls

operating at lower crustal to mantle depths. Structural elements are clearly important
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controls on kimberlite emplacement, although as Helmstaedt and Gurney (1997) point
out, there may be little or no connection between the tectonic controls on emplacement
within the upper crust, and those that initially trigger melting within kimberlite source

regions.

Figure 1.4 Bedrock geology of the area around the Lac de Gras kimberlite field (from
Kjarsgaard et al., 2002), showing locations of known kimberlites, including those investigated
in this study.

The locations of all Lac de Gras kimberlite bodies investigated in this study are shown
in Figures 1.5 and 1.6. These samples account for 70 of the 80 Slave kimberlite

analyses produced for this study; a more detailed regional breakdown of all samples

analysed is given in section 4.3.2. For convenience of statistical analysis in Chapters
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4-6, the hypabyssal kimberlites are divided into a number of groups, on the basis of
mutual proximity, as indicated in the legend to Figure 1.5. The focus of these groups is
the Grizzly kimberlite (group A1), for which analyses of 14 separate samples have been
obtained. These samples are subsequently considered together with a further eight
hypabyssal kimberlites from ‘central north Lac de Gras’ (group A2). The remaining
six hypabyssal bodies situated north of Lac de Gras constitute group B. The
kimberlites located on or south of Lac de Gras are contained within groups C and D:
the two close clusters of three bodies between Lac de Gras and Aylmer Lake (T-34, T-
35, T-36 and T-19, T-21, T-237) constitute group C, while the remainder of the more
southerly bodies are contained in group D. The grouping of the kimberlites in this way
is primarily an aid to data representation and does not directly imply any petrological or
petrogenetic association. The positions of all Lac de Gras kimberlites included in this

study are identified by name in Figure 1.6.

As indicated in Appendix A, the published ages of kimberlites studied from Lac de
Gras range from 45.2 + 1.3Ma (for Aaron: Creaser et al., 2003) to 73.7 + 3.2Ma (for
C13: Heaman ef al., 2003). All kimberlites from the BHP Billiton claim that feature in
this study and have published ages, fall within a range 0of45.2 + 1.3Ma to 59.7 + 1.5Ma
(Creaser et al., 2003). In contrast, the kimberlites from the De Beers claim south of
Hardy Lake have been dated at 72 + 2Ma (Scott-Smith and McKinlay, 2002), and the
T-series kimberlites from the Kennecott claim area around the northern edge of Afridi
Lake are inferred to be of a similar age (B. A. Kjarsgaard, pers. comm.). Where
published ages are not available for bodies analysed in this study, an age estimate is
provided by the average age of dated kimberlites in their vicinity (53Ma for those in the

immediate vicinity of Lac de Gras, 72Ma for those around Hardy Lake and Afridi
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Lake). In practice, changing the age of any given kimberlite by up to 10Ma only
produces a shift in the calculated initial ratio of 2-3 in the sixth decimal place, or <<1
epsilon unit (see Chapter 6 and Appendix F). It should be noted that while kimberlite
ages are very similar in groups Al, A2 and C (as defined above), groups B and D
include bodies from both the 45.2-59.7Ma age range and the ~72Ma kimberlites more
typical of the Hardy Lake and Afridi Lake areas. Groupings of kimberlites from
beyond the Lac de Gras field (see Chapter 4) also include bodies with a wider range on

ages, these ages are tabulated in Appendix A.

The kimberlites from the Contwoyto (Jericho, Muskox) and South-East Slave fields
(Snap Lake, Kennady Lake) are located just beyond the extent of the map shown in
Figure 1.4, to the north and south respectively. All of these kimberlites intrude
Archaean granitoids (Price et al., 2000, Mogg et al., 2003; Hetman et al., 2003); the
Snap Lake dyke is also known to intrude metavolcanics of the YKSG (Mogg et al.,
2003) and the Jericho and Muskox pipes commonly contain xenoliths of limestone

derived from sedimentary cover that is now completely eroded (Cookenboo and Daoud,

1996).

1.4 PETROGRAPHY

Detailed petrographic studies of the kimberlites from Lac de Gras, which are the focus
of this investigation, have been undertaken by Armstrong ef al. (in press) and B. A.
Kjarsgaard (unpublished). The mineralogy of selected kimberlites studied by these and
other workers is summarised in Appendix B. No significant additional petrography
was undertaken during this project, because the majority of samples were received as

powders; exceptions to this are listed in Appendix C.
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Figure 1.5 Sketch map of area around the Lac de Gras kimberlite field showing locations of
hypabyssal and volcaniclastic kimberlite bodies investigated during this study. Positions are
shown relative to major lakes in the area, and groupings of kimberlites adopted in Chapters 4 and
5 areindicated. Map based on Kjarsgaard e al. (2002).

Hypabyssal kimberlites from the Slave craton, and the Lac de Gras field in particular,
are noted for their freshness relative to samples from southern Africa. In many cases,
such as those illustrated in Figure 1.7, there is minimal evidence of alteration in these
kimberlites, with olivine macrocrysts and microphenocrysts remaining largely
unserpentinised, and low proportions of clay minerals and secondary calcite in the

groundmass. Geochemical measures of alteration are discussed further in section 5.2.
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The apparent absence of alteration in these samples makes them preferable for
petrogenetic studies in comparison to less fresh alternatives. The main petrographic

characteristics of Lac de Gras kimberlites are summarised below.

1.4.1 Silicate and oxide phases

Olivine is ubiquitous in Lac de Gras kimberlites, both as macrocrysts derived from
diaggregated peridotite, and as phenocrysts that have crystallised directly from the
kimberlite magma. Macrocrysts are discriminated from phenocrysts primarily on the
basis of grain size and shape. Macrocrysts are typically anhedral and larger than 1mm,
whereas phenocrysts are typically euhedral to subhedral and smaller than 0.4mm
(Armstrong et al., in press). Although there is some overlap in the Mg number of both
olivine populations, macrocrysts are on average more magnesian than phenocrysts

(Armstrong et al., in press).

Phlogopite macrocrysts are rarely observed in the kimberlites studied, but phlogopite
and kinoshitalite are common microphenocryst and groundmass phases. Koala West
and Porpoise are particularly phlogopite-rich bodies. The majority of phlogopite from
Lac de Gras kimberlites appear to follow Type 1 and Type 3 TiO,-Al,0; compositional
trends as identified by Mitchell (1986). An exception to this is the phlogopite from the
Porpoise body, which follows the Type 2 TiO,-Al,0; trend of Mitchell (1986) towards
tetraferriphlogopite; this trend is more characteristic of the micas in Group II, rather

than Group I, kimberlites (Mitchell, 1995).
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Figure 1.6 Sketch map of area around the Lac de Gras kimberlite field showing locations of
individual kimberlite bodies investigated during this study: a) north and central Lac de Gras; b)
central and south Lac de Gras. Positions are shown relative to major lakes in the area. Map based
onKjarsgaard et al. (2002).
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The modal abundance of spinel varies between Lac de Gras kimberlites, but is present
in greater than accessory quantities in some bodies (Grizzly, Misery East, Rattler) and
is abundant in others (Anaconda, Koala West). Resorbed spinels with ‘atoll’
morphologies (Mitchell and Clarke, 1976) are observed in many bodies (e.g. Anaconda,
Koala West, Porpoise, Rattler) and these are found to be consistently more TiO,-rich
and Cr,O;-poor than non-atoll spinels from other Lac de Gras kimberlites (Armstrong

et al., in press).

Monticellite is present in variable amounts in the Lac de Gras kimberlites studied, and
is quite abundant in the Leslie and Rat kimberlites. Monticellite is easily altered to
calcite (Mitchell, 1986); the presence of fresh monticellite in many bodies is thus
indicative of the exceptional freshness of many Lac de Gras kimberlites. The low Fe
content of monticellite from kimberlites of the BHP claim block distinguishes them
from the majority of other published monticellite analyses (Armstrong et al., in press),
including those from kimberlites of the Diavik property, located just a few kilometres

further south (Masun, 1999).

Perovskite and apatite are present as accessory phases in most of the Lac de Gras
kimberlites; perovskite is particularly common in the Leslie, Porpoise and Rattler
bodies, and apatite is most common in Koala West and Porpoise. These minerals are

important geochemical repositories for elements such as the REEs and U.

Modal abundance of primary groundmass serpentine in the Lac de Gras kimberlites is

very variable, being of minor importance in bodies such as Anaconda, Leslie and

Rattler, more common in Grizzly, Koala West and Misery East, and abundant in
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Porpoise. The abundance levels reported in Appendix B do not include secondary

serpentine introduced by alteration of olivine, monticellite, etc.

Figure 1.7 Photomicrographs showing typical fresh, largely unaltered appearance of Slave
hypabyssal kimberlite in thin section: a) Leslie (Lac de Gras field), x2.5, PPL; b) Leslie, x2.5,
XPL; ¢) Muskox (Contwoyto field), x2.5, PPL; d) Muskox, x2.5, XPL. Courtesy of Dr. B. A.

Kjarsgaard.

1.4.2 Carbonate phases
Carbonates occur in kimberlites as either primary, magmatic phases, or as secondary
phases introduced by alteration of minerals such as olivine, monticellite and phlogopite.

Careful examination of textures for the presence of pseudomorphs can help to
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determine which carbonates are the result of alteration, but more recently stable isotope
studies have been used to distinguish primary and secondary carbonate. Preliminary
carbon and oxygen isotope data indicate that the majority of carbonates in the Lac de
Gras kimberlites studied have mantle-type signatures, and are thus primary
crystallisation products from a CO,-rich magma (B. A. Kjarsgaard, pers. comm.). This

again demonstrates the freshness of many of these kimberlites.

Four separate parageneses of carbonate mineralisation in the Lac de Gras kimberlites
are listed in Appendix B. The most commonly observed is that of non-segregational
accumulations throughout the groundmass. Sr-Ba calcite is particularly ubiquitous
among carbonate phases from Lac de Gras kimberlites, with the cores of calcite grains

typically more enriched in Sr and Ba than the rims (Armstrong et al., in press).

Carbonate of intermediate calcite-dolomite composition is observed in the Anaconda,
Misery East, Rat and Rattler bodies; in these instances discrete domains of calcite-
dolomite and dolomite-magnesite solid solution exist within carbonate grains
(Armstrong ef al., in press). End-member compositions of dolomite or magnesite are
rarely observed. Armstrong et al. (in press) divide the eight kimberlites in their study
into two groups that are, respectively, predominantly calcite-bearing and dolomite-
bearing. The calcite-bearing group commonly exhibit strongly serpentinised olivine
phenocrysts, abundant groundmass monticellite that is unaltered, or pseduomorphed by
calcite, and a serpentine-rich groundmass. Conversely, the dolomite-bearing group
display fresh olivine phenocrysts, and a groundmass that contains an abundance of
monticellite that is psedumorphed by serpentine, but is otherwise serpentine-poor.

Armstrong et al. (in press) interpret these relationships as evidence of the Lac de Gras
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kimberlites being derived from magmas that have variable CO,/H,O contents, with
high CO,/H,O magmas crystallising dolomite-rich carbonate paragenesis, and low
CO,/H,0 magmas producing calcite-rich parageneses. Kimberlite carbonates may
therefore contain a great deal of information regarding the relative abundance of

volatile components within the parent magma.
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Chapter 2

Pre-concentration of Hf, Nd and Sr from
the kimberlite matrix

2.1 CHAPTER OVERVIEW

During the course of this project it has been necessary to develop a new
pre-concentration chemistry procedure to address the difficulties associated with
obtaining consistently high yields of Hf from kimberlites. The new technique
incorporates modifications to a number of existing, published methodologies, and has
the advantage of enabling time- and cost-efficient separation of Hf, Nd and Sr from a
wide variety of geological samples prior to isotopic analysis by PIMMS. This chapter
presents the rationale for this new technique, describes the methodology and provides a
discussion of associated issues regarding the analysis of samples prepared in this

manner, with particular reference to applying corrections for isobaric interferences.
A previous version of this chapter has been published as Dowall et al. (2003).

2.2 INTRODUCTION

Ultramafic rocks and their constituent minerals pose a particular problem in Hf isotope
geochemistry, as they are one of the few groups of geological materials that cannot be
routinely analysed for Hf isotope composition using procedures based on established
chemical pre-concentration techniques. This is principally due to the fact that these

materials contain very high levels of Mg and Ca in relation to their Si content.
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The technique presented here was developed initially as a means of obtaining improved
yields of Hf from kimberlites, which typically have some of the highest Mg/Si and
Ca/Si ratios encountered in silicate rocks. It can, however, be successfully applied to a
wide range of whole rock and mineral separate samples to perform the necessary pre-
concentration chemistry for Hf, Sr and Nd isotopic analysis from a single dissolution.
The combined chemistry and mass spectrometry technique also offers significant
benefits in terms of cost and time efficiency in comparison to other published

procedures.

One of the major benefits of performing isotopic analyses by plasma ionisation
multi-collector mass spectrometry (PIMMS, aka MC-ICP-MS) is that large numbers of
samples can be analysed very quickly in comparison to thermal ionisation mass
spectrometry (TIMS). Consequently, it is now usually the case that pre-concentration
chemistry, not mass spectrometry, is the rate-determining step in obtaining an analysis.
The rapidity of this procedure is therefore well suited to studies requiring large

throughputs of samples for Hf-Sr-Nd isotopic characterisation.

2.3 PRE-CONCENTRATION OF TRACE ELEMENTS FROM GEOLOGICAL
MATERIALS

2.3.1 The role of chemical pre-concentration in isotope geology

Studies of the isotopic character of geological materials require that the element, or
elements, of interest (e.g. Sr, Nd, Hf, Pb, Os and their respective radioactive parents)

are efficiently separated from the bulk matrix of the sample.
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This process, commonly known as pre-concentration, is essential when employing
TIMS techniques, because the presence of impurities on the filament can seriously
inhibit ionisation of the analyte and may also lead to severe isobaric interferences. The
advent of PIMMS during the last decade has effectively eliminated the problem of
ionisation suppression due to the very high temperatures attainable within the plasma.
Recent associated developments such as dynamic reaction cells have, for some
applications, also reduced the need for pre-concentration as spectral overlaps can be

resolved within the instrument.

However, to achieve the extremely high levels of analytical precision required in
isotope geochemistry (e.g. <20ppm accuracy and 10-20ppm internal precision) it is
desirable to separate the analyte as fully as possible from other elements that may cause
atomic (e.g. *Rb on ¥Sr) or polyatomic/molecular (e.g. BaO on Nd) isobaric
interferences, or matrix effects. This is achieved typically by dissolution of a powdered
rock sample in an appropriate combination of acids, and subsequently isolation of the
analyte by utilisation of the selective retention and release of different elements on ion-

exchange resins in the presence of acid solutions.

2.3.2 Limitations of silicate digestion techniques

Conventional procedures for the dissolution of silicate rocks are all based around attack
by hydrofluoric acid (HF), usually in combination with another mineral acid. HF is the
only acid that can readily dissolve silicates, due to the solubility of the SiF¢’ ion in acid
solution. A review of the rationale for mixed-acid digestion of silicates is given in
Potts (1987). Once digested, the sample is dissolved in a dilute acid appropriate for the

1on-exchange technique being employed.
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Not all fluorides are highly soluble. Magnesium and calcium in particular have been
shown to form a variety of insoluble fluoride compounds on digestion of silicate
minerals with concentrated HF (Langmyhr and Kringstad, 1966; Croudace, 1980).
These compounds incorporate, or co-precipitate, a wide range of trace elements within
their structures (Yokoyama et al., 1999), directly affecting the yields. This process can
have disastrous consequences for elemental abundance determinations and inter-
element fractionation (Boer et al., 1993). Although 100% yields during dissolution are
not essential for heavy (high mass number) isotope ratio measurements, low yields
translate directly into smaller signals, and consequently less precise analyses, according

to counting statistics.

The solution chemistry of Hf is particularly sensitive to co-precipitation by insoluble
Ca-Mg fluorides. Consequently, a key objective of obtaining consistently high Hf
yields during sample dissolution is to avoid or limit the formation of these compounds.
One solution to this problem is the addition of perchloric acid (HC1O;,) during or after
the initial HF digestion step (Walsh, 1980; Patchett and Tatsumoto, 1980; Blichert-Toft
et al., 1997), to drive off residual HF on evaporation. XRD characterisation of
precipitates formed by HCIO, addition (Yokoyama et al., 1999) appears to confirm that
HF is completely expelled from the solution, suppressing fluoride formation.
Unfortunately, these studies also report formation of oxide precipitates during
evaporation of HCIO,. XRD analysis indicates that these oxides also contain high field

strength elements (HFSE) such as Hf (Yokoyama ef al., 1999).
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David ef al. (1999; 2001) suggest that the co-precipitation of Hf into insoluble fluorides
is a function of the silica content of the sample, with low-silica materials being more
likely to be associated with poor yields of tetravalent ions. Consequently, Hf extraction
when using HF-based digestion procedures might be expected to be most problematic

from materials with high Mg/Si and Ca/Si ratios.

Mg/Si and Ca/Si ratios vary widely in igneous rocks (Figure 2.1). Sub-alkaline and
alkaline non-potassic basic to acidic rocks are all located within a region bounded by
Mg/S1 <0.3 and and Ca/Si <0.35. Few problems with Hf yield are encountered when

using HF to digest such rock types.

Ultrabasic rocks have higher Mg/Si in the range 0.5-1.5 and Ca/Mg below 0.4.
Common mineral separates such as garnet, orthopyroxene and clinopyroxene similarly
have Mg/Si between 0.5-1.0 and Ca/Si of less than 0.5. With the exception of
clinopyroxene, which has the highest Ca/Si ratio, these sample types also tend not to
pose particular problems regarding extraction of trace elements when using

conventional HF-based chemistry.

In contrast to most types of igneous rocks, Mg/Si and Ca/Si ratios in kimberlites are
both elevated and highly variable. This is due largely to the fact that kimberlites are
crystallisation products of complex, hybrid magmas that are naturally lower in silica
(typically 20-40%, average ~32% SiO,) than most igneous rocks. This suggests that
severe problems with fluoride formation and co-precipitation of trace elements should

beset dissolution of kimberlites, and in practice this is generally the case. Hf yields
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Figure 2.1 Variation in average Mg/Si and Ca/Si ratios for some common geological materials.
Based on data from Le Maitre (1976).

vary widely (from 90% to almost zero) in an unpredictable manner, reducing

systematic analysis of suites of kimberlites virtually to a process of ‘trial and error’.

31



23.3 Existing procedures for dissolution and separation of Hf, Sr and Nd from
geological materials

Table 2.1 provides a comparison of the modified procedure presented here with some
widely adopted published procedures for separation of Hf, Sr and Nd. All of these
techniques involve a HF-based digestion of the silicate rock matrix, followed by
isolation of the elements of interest from solution using ion-exchange columns.
Variations between techniques arise mainly from differences in the target element and
the method of analysis, i.e. TIMS versus PIMMS. Most procedures in the literature
tend to be specific to a single element and, as a result, multi-element isotope studies
require multiple dissolutions of a sample, increasing the amount of time and resources

expended on acquiring data for a single sample.

The simplest kind of scheme is that reported by Fraser (1987) for Sr and Nd separation.
After a mixed HF and HNO; digestion, followed by treatment with HNO; and dilute
HCI, the sample is ready for the ion-exchange process. The separation of Hf requires
additional steps. The majority of recent techniques for Hf separation are based on
anion-exchange chemistry (Blichert-Toft ef al., 1997, David ef al., 1999, 2001; Salters
and Hart, 1991; Nowell ef al., 1998a). In this approach the sample is loaded on to the
column in dilute hydrofluoric acid solution, with Hf present as an anion complex. This
requires a time consuming series of acid leaching and decanting steps with dilute HF to
extract Hf from the fluoride precipitate formed during digestion. In our cation-
exchange chemistry this leaching step is unnecessary and excellent Hf yields can be
obtained using a standard dissolution procedure similar to that used by Fraser (1987)

for Sr and Nd.
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The length of time required for the dissolution stage depends, to a large extent, on the
nature of the sample. Samples containing refractory accessory phases such as zircon
ideally require a high-pressure bomb dissolution or fusion technique to ensure that all
silicates are fully decomposed, and this can take several days. Otherwise, a duration of

2-3 days is typical of most techniques, including that proposed here.

The quantity of acid used during the digestion is more variable and is broadly
dependent on the amount of rock powder being digested. This has been reduced over
the years as advances in analytical instrumentation have permitted high-precision
analyses to be obtained from progressively smaller amounts of analyte. The volume of
acid used in our procedure is minimal compared to most published techniques, which

assists in reducing associated blank levels.

In previous integrated Hf-Nd-Sr isotopic studies of rock suites it has been common
practice to perform one dissolution for Sr and Nd and a second dissolution on a
separate aliquot of powder for Hf. A sufficiently pure Sr fraction can then be obtained
from a single cation-exchange column, with the Nd fraction obtained requiring a further
purification step on a subsequent column. Separation of Hf is a more involved process,
typically requiring 3 columns to fully isolate Hf from Ti and Zr (Patchett and
Tatsumoto, 1980; Salters and Hart, 1991; Nowell ef al., 1998a). This is an essential
requirement for TIMS analysis but for analysis of Hf by PIMMS the Zr removal step is
unnecessary (Blichert-Toft ef al., 1997). Using the modified technique presented here

it can be demonstrated that, contrary to Blichert-Toft et al. (1997), only partial removal
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of Ti is necessary to ensure a high-precision Hf analysis (section 2.4.4), simplifying the

chemistry further.

Because our procedure enables Hf, Nd and Sr fractions to be collected from a single
cation-exchange column, the amount of dissolution and column chemistry required for
a batch of samples is significantly reduced. The effect this has in terms of reduction in

column stages, resin, reagents and time is evident from Table 2.1.

24 A MODIFIED PROCEDURE FOR DISSOLUTION AND CHEMICAL
SEPARATION OF Hf-Sr-Nd FROM GEOLOGICAL MATERIALS

2.4.1 Dissolution of the silicate matrix

The sample dissolution scheme is shown in Table 2.2. Whole rock digestions are
carried out in 15mL Savillex teflon beakers using approximately 100mg of sample
powder. All dry-downs for isotopic work at Durham University are conducted using
infrared lamps in a HEPA filtered clean air environment to minimise the likelihood of

fall-in blank during the evaporation.

2.4.2 Stage I ion-exchange column

The purpose of this step is to produce separate Hf-, Sr-, and Nd-bearing fractions that
are, as far as possible, free of elements which may cause isobaric or matrix
interferences (e.g. '"°Lu on °Hf, *’Rb on ¥7Sr). 1.5mL of Bio-Rad AG50W-X8 200-
400 mesh cation-exchange resin is loaded into an 8 x 40mm Bio-Rad polypropylene
column. Before sample loading the resin is cleaned and pre-conditioned according to
the scheme outlined in Table 2.3. After each use the resin may be cleaned and reused

without any loss in functionality.
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The elution scheme for this chromatography column (Table 2.4) is based on a measured
calibration profile (Figure 2.2) produced by collecting successive 1mlL fractions of a
dissolved kimberlite sample and analysing them using the PerkinElmer ELAN 6000
quadrupole ICP-MS at Durham University. Table 2.4 also indicates which other
elements are collected along with Hf, Sr and Nd. The Nd cut, for example, is a general
rare earth element (REE) fraction, containing the elements La through to Lu. It is
essential to include the Ba removal step indicated in Table 2.4 for any samples with
high Ba concentrations, such as kimberlites. This is because BaO" formed in the
plasma causes several isobaric interferences on Sm and Nd isotopes, which cannot be
corrected for with sufficient accuracy. This has a detrimental effect on the corrections

made for mass bias and interfering elements (section 2.6.4).

Overlap between Hf, Sr and Nd peaks on this column is effectively zero (Figure 2.2),
and the narrowness of each peak permits virtually the entire fraction of each element to
be collected in a small volume of acid, which promotes excellent column yields and
low blanks. Furthermore, it is evident from Figures 2.3a and 2.3b that almost complete
separation of Hf from Lu and Sr from Rb can also be achieved. In practice the Sr cut
contains a small amount of Rb for which an interference correction must be made
(section 2.6.4). The small spike in Lu present within the Hf-bearing fraction is
probably due to breakthrough of cations that are only loosely bound to the resin; this is

a common phenomenon at the beginning of an elution.

Nd and Sm are both rare earth elements and therefore have very similar chemical

properties. As a result it is not possible to separate them using this chemistry (Figure
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2.3¢). Fortunately, one of the major advantages of PIMMS techniques in comparison to

TIMS is the ability to ionise and monitor element pairs like Sm and Nd or Rb and Sr

Reagent Action Purpose
1 mL 16N HNO, + Seal, 24-48 hrs at 120°C Conversion of silicates to H,SiFs
4 mL 29N HF Drv down Decomposition of H,SiF4 to SiF,;
y volatilisation of SiF, and excess HF
2 mL 16N HNO Seal, 24 hrs at 120°C Residual HF removed; sample in soluble
3 Dry down nitrate form
Seal, 24 hrs at 120°C
5 mL 12N HCI Solution in chloride form
Dry down
1 mL 1N HCI Warm Sample in same medium as conditioned
columns

Table 2.2 Procedure for dissolution of silicate geological materials.

Reagent Volume (mL) Purpose
4N HF 10 Removes residual Hf
18.2MQ H,0 10 Washes off HF
6N HCI 10 Removes residual Nd and Sr; converts resin to chloride
form
18.2MQ H,0 10 Washes off HCI1
IN HCI 10 Conditions column in loading acid

Table 2.3 Procedure for cleaning and pre-conditioning of Bio-Rad AG50W-X8 cation-exchange resin.

Reagent Volume (mL) Action Fraction contents
st f
1IN HCI 1 Load and collect Hf -+ other .H.FSE and 17 period
transition elements
st 3
IN HF - IN HCI 3 Collect Hf+ other HFSE and 1 period
transition elements
IN HF - 1IN HCI 13 Elute Bulk sample including Rb
2.5N HCI 14 Collect Sr + other alkaline earths
2N HNO; 10 Elute Ba
6N HCI 12 Collect Nd + other REE

Table 2.4 Procedure for separation of Hf-, Sr- and Nd-bearing fractions from the Stage I column.
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Figure 2.2 Calibration curve for elution of Hf, Sr and Nd from Bio-Rad AG50W-X8 200-400 mesh

cation-exchange resin. ‘Intensity’ scale represents recorded signal intensity in millions of counts per
second.

simultaneously and then make a mathematical correction for any spectral overlaps
(section 2.6.4). Consequently, the Sr- and Nd-bearing fractions obtained from this

column require no further processing and once diluted in 3% HNO; are ready to be

analysed.

2.4.3 Stage Il ion-exchange column

This column stage consists of a 8 x 40mm Bio-Rad polypropylene column containing
ImL of Bio-Rad AGI1-X8 200-400 mesh anion-exchange resin, cleaned and
pre-conditioned before sample loading according to the scheme outlined in Table 2.5.
As with the stage I columns, the anion-exchange resin may be cleaned and re-used

without compromising the chemistry in any way.
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Figure 2.3 Calibrated degrees of separation of: a) Hf from Lu; b) Sr from Rb; ¢) Nd from Sm, during
mixed acid elution from Bio-Rad AGS0W-X8 200-400 mesh cation-exchange resin. ‘Intensity’ scale
represents recorded signal intensity in millions of counts per second.
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Volume

Reagent (mL) Purpose
29N HF 10 Removes residual Hf
18.2MQ H,0 10 Washes off HF
12N H;80, 10 Converts resin to sulphate form
18.2MQ H,0 10 Washes off H,SO,
0.52N H,S04 - 5% H,0, 10 Conditions column in Joading acid

Table 2.5 Procedure for cleaning and pre-conditioning of Bio-Rad AG1-X8 anion-exchange resin.

Volume .
Reagent (mL) Action Contents
. st .
0.52N H,S04— 5% H,0, 1 Load and elute Ti and other 1" period
transition elements
- st .
0.52N H,S0, — 5% H,0, 4 Elute Ti and other 1™ period
transition elements
IN HF — 2N HCI 5 Collect Hf, Zr + other HFSE

Table 2.6 Procedure for separation of Hf and Zr from Ti on the Stage II column.

The purpose of the second stage column is to remove Ti, which according to Blichert-
Toft et al. (1997) can reduce the transmission of Hf within the PIMMS instrument.
This is supposedly due largely to deposition of titanium oxide around the aperture of

the skimmer cone, although space-charge effects in the ion beam may also be a factor.

The procedure for separating Ti from Zr and Hf (Table 2.6), is a modified and
miniaturised version of the widely adopted technique presented by Barovich et al.
(1995). The elution profile shown in Figure 2.4 demonstrates that for low-Ti samples,
such as many kimberlites, 5SmL of 0.52N H,SO4 — 5% H,0, is sufficient to remove

almost all Ti from the resin, and significantly reduce the Ti/Hf ratio in the collected
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fraction. Even in the case of samples with higher Ti content, such as basalts, SmL of
0.52N H,SO4 — 5% H,0, removes enough Ti to ensure that transmission of Hf in the

PIMMS instrument is not inhibited.

10 , |
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Figure 2.4 Calibration curve for elution of Ti, Hf and Zr in a synthetic kimberlite matrix from Bio-
Rad AG1-X8 200-400 mesh anion-exchange resin. Dashed line indicates change of eluant from
0.52N H,SO,-5% H,0,,to INHF - 2N HCL.

2.4.4 Testing the criticality of Ti removal for Hf isotope ratio determination

To ensure that miniaturisation of the Ti removal chemistry was justifiable and that data
quality was not being compromised, a separate experiment was conducted to
investigate the sensitivity of Hf to the presence of Ti in solution. A series of 50ppb and
200ppb Hf standard solutions (made from 1000ppm Johnson Matthey ICP standard)
doped with progressively larger amounts of Ti were analysed on the ThermoFinnigan

Neptune PIMMS instrument at Durham University. The analysis method was identical
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to that used for samples (see section 2.6) and the average '*°Hf intensity and measured

761£/'""Hf ratio were recorded for each solution.

It is evident that the presence of Ti up to concentrations of 100ppm in either a 50ppb or
200ppb Hf solution has very little effect on the intensity of the '*°Hf beam (Figure
2.5a). At concentrations in excess of ~500ppm, the '*°Hf intensity begins to diminish
exponentially. This critical value appears to be similar for both the 50ppb and 200ppb
Hf solutions, which suggests that it is the absolute abundance of Ti in solution, rather
than the Ti/Hf ratio, that controls the measured Hf intensity. After running solutions
containing in excess of 1000ppm Ti, the undoped Hf solutions were re-analysed. In
both cases it was found that the "**Hf signal only recovered to about 60% of its initial
intensity. This suggests that the effect of large amounts of Ti in a solution is not
transient, as would be expected if Ti were simply causing ionisation suppression of Hf

in solution.

A critical part of an ICP-MS instrument is the low vacuum interface region, which
enables transmission of ions from the plasma source, at atmospheric pressure, to the
focussing and mass analysis systems, which are kept at moderate and high vacuum,
respectively. The interface region consists of two nickel cones, known as the sampler
and skimmer cones. These are arranged co-axially, allowing ions to pass through the
apertures at their vertices into the instrument, while deflecting away other, uncharged
particles in the ion beam. After running the series of Ti-doped solutions through the
instrument, these cones were found to be coated with white deposits of titanium oxide,
reducing the size of the aperture. Consequently, the efficiency of ion transmission

across the instrument interface had been reduced.
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Figure 2.5 Variation in: a) measured '“Hf intensity; b) measured '"*Hf/'""Hf isotope ratio, with

different levels of Ti doping in Johnson Matthey Hf ICP standard solution. Dashed line in (b)
represents accepted value for IMC 475 Hf isotopic standard (0.28216, Nowell ez al., 1998). This
standard is considered to be isotopically indistinguishable from the JM Hf ICP standard (Blichert-
Toftetal., 1997).
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The ""°Hf/'"Hf ratio measured for each doped 200ppb Hf solution is shown in Figure
2.5b. The Johnson Matthey Hf ICP standard is considered to be isotopically
indistinguishable from the JMC 475 international Hf isotope solution standard
(Blichert-Toft et al., 1997), for which the established '"®Hf/'"’Hf ratio is 0.282160
(Nowell et al., 1998a). The measured value in the Ti-doped solution does not deviate
from within error of this accepted value until the Ti concentration is raised to in excess
of 1000ppm. The associated internal precision, in terms of the standard error of the
mean, only begins to deteriorate significantly at these levels. This effect is not directly
due to any molecular interaction between Ti and Hf in solution, but is predominantly
the result of the decrease in instrumental sensitivity. There is thus little evidence that
the presence of Ti in the sample solution at concentrations below 1000ppm is
responsible for reduction in accuracy or precision of isotopic measurements, such as the

‘systematic drift’ in measured Hf isotopic ratios reported by Blichert-Toft ef al. (1997).

This observation supports our approach of not fully removing Ti from samples prior to
Hf isotopic analysis, which would require a particularly time-consuming elution and
subsequent fuming of H,SO4 (Barovich er al., 1995) for samples containing several
weight percent TiO,, e.g. basalts or ilmenite. While we do not advocate the routine
analysis of sample solutions containing several hundred parts per million Ti, as this will
result in cones regularly becoming encrusted with Ti deposits, our observations
introduce the possibility of reducing the amount of elution required on the second stage
column. Reduction in the elution volume can contribute towards minimising blank

levels, and is both more time- and cost-efficient.
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2.5 BLANKS AND YIELDS
Blank levels for Hf, Nd and Sr measured in both the dissolution and column stages of
the chemistry are reported in Table 2.7. The total procedural blank (TPB) is considered

to be the sum of the blank contributions from these two stages.

. . Stage I column blank Stage IT column blank
Analyte Dissolution blank
Y (p2) (pg) (rg)
Hf 30 30 70
Nd 20 50 —
Sr 200 300 —

Table 2.7 Measured Hf, Nd and Sr blanks measured from the dissolution and column stages.

The respective TPBs of 130pg and 70pg for Hf and Nd are negligible in comparison to
the amount of Hf and Nd in a kimberlite dissolution, which is typically in the order of
100ng of Hf and 1000ng of Nd. For 100mg kimberlite dissolutions the high levels of
Sr and Nd in these rocks meant that ultra-pure acids were not considered necessary.
This resulted in a Sr blank of ~500pg. This value is unusually high, and may also
reflect the presence of residual Sr, not fully removed by the Teflon cleaning procedure,
in the beakers used for preparing the Sr blank analyses. In the case of samples with low
(sub-pg levels) of Sr, blanks can be further reduced by use of commercial ultra-pure
grade or Teflon re-distilled acids, and more stringent Teflon cleaning protocols.
Microchemistry techniques have recently been developed at Durham University, which

offer Sr blanks of ~10-15pg.

Typical yields of Hf, Sr and Nd using this modified chemistry are reported for three

different sample types in Table 2.8. All of these recoveries compare favourably with
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those quoted for similar pre-concentration techniques and ensure sufficient quantities of

analyte are present to obtain a high-precision isotopic analysis.

Sample type Hf yield (%) Nd yield (%) Sr yield (%)
Alkali basalt >85 >90 >70
Lamproite >80 >75 >70
Kimberlite >80 >75 >70

Table 2.8 Typical recoveries of Hf, Nd and Sr from different geological materials.

2.6 MASS SPECTROMETRY

2,6.1 General

All isotopic measurements on samples processed using this modified chemistry have
been made using the ThermoFinnigan Neptune PIMMS instrument at Durham
University. This represents the majority of all Hf, Nd and Sr isotopic analyses within
the dataset for this study. The remainder of the Hf analyses were performed by PIMMS
on a VG Elemental Plasma 54, and some of the Nd and Sr analyses were acquired by
TIMS using a Finnigan MAT 262, at the NERC Isotope Geosciences Laboratory
(NIGL), Keyworth. All sample preparation for these analyses was based on prototype
versions of the chemistry described in the previous sections, and is not discussed
separately here. The operating conditions described below are those used routinely on
the Neptune instrument at Durham; these do not differ significantly from those used

with the Plasma 54 at NIGL.

2.6.2 Sample introduction
Once collected from the ion-exchange columns, the Hf, Sr and Nd fractions are

evaporated to dryness and taken up in 1mL 3% HNO; solution. Sample solutions are
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introduced into the plasma using an Elemental Scientific Inc. (ESI) PFA-50 microflow
nebuliser and an ESI dual cyclonic Scott double pass (CSDP) quartz spray chamber.
For lower concentration samples a Cetac Aridus desolvating nebuliser is used for
sample introduction. Typical sample uptake rates were 70-100ul/min. Each analysis is
based on the average of 90 measurement cycles with an integration time of 4.1 seconds

per cycle.

2.6.3 Cup configurations

The Durham Neptune is equipped with nine Faraday cup detectors. The standard cup
configurations employed for each element are shown in Table 2.9a-c. Hf, Nd and Sr all
have isotopes that are subject to isobaric interferences, which are also shown in Table

2.9.

L4 L3 L2 L1 Axial H1 H2 H3 H4
aHf 'Yb Pyp 1750 176y £ e By 19¢ 180 4¢
1767 1807, %
176y, 180y

b) Nd 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 148Nd 149Sm 150Nd
142Ce 144Sm 148Sm 150Sm

oSt ¥Kr  ®Kr  ¥sr  ®Rb g Sy Sy
gy ®Kr  *Rb

Table 2.9 Standard cup configurations for isotopic analysis of: a) Hf. b) Nd; ¢) Sr, on the Thermo-
Finnigan MAT Neptune at Durham University. Isobaric interferences on specific isotopes are shown in
italics. * = interference not corrected for.

2.6.4 Interference corrections
One of the main sources of isobaric interference during isotopic analysis of Hf, Nd and

Sr arises from spectral overlaps from the parent elements of the analyte, i.e. Lu on Hf,
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Sm on Nd and Rb on Sr. There are also other isobaric overlaps to account for, namely
Yb on Hf, Ce on Nd and Kr on Sr. The correction for **Kr is particularly critical

because instrumental mass bias during Sr analyses is measured using the **St/**Sr ratio.

The separation of Hf from Lu and Yb provided by the modified chemical procedure
presented above is such that corrections to the "*Hf/'’"Hf ratio are in fact minor and
can be performed during data acquisition by applying established (Nowell and Parrish,
2001) values for the natural "°Lw/"’Lu and "°Yb/'*Yb ratios. Since Rb is not
completely separated from Sr, and Sm and Nd are not resolved at all by the chemistry,
larger corrections are required on measured *’Sr/*Sr and '*Nd/"**Nd ratios. At present
these are performed externally to the data acquisition routine. Detailed descriptions of
fhe correction procedures adopted for isobaric interferences on Hf, Nd and Sr are given
in Nowell and Parrish (2001) and Nowell er al. (2003). To provide an example of the
general principles of the correction routines, an outline of the procedure for Nd is given

below.

Nd is subject to isobaric interferences from Sm and Ce on four of its seven isotopes
(Table 2.9). The objective of the correction procedure is to determine how much of the
signal intensity measured at a particular mass is due to the appropriate Nd isotope, and
how much is due to the interfering element. One approach is to peak-strip measured
“2Nd, **Nd, '**Nd and "“°Nd away from the interfering Sm and Ce isotopes. This is
possible because the Sm and Ce interferences are all on stable Nd isotopes and the
ratios of these isotopes to the stable, interference-free '**Nd and '**Nd isotopes are well

established (Wasserburg ez al., 1981).
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The alternative approach, which is currently in use at Durham, is to peak-strip Sm from
Nd. Unfortunately, the cup configuration used (Table 2.9b) does not permit stripping
of '“Ce from '**Nd, as it does not include an interference-free Ce monitor peak (e.g.
"Ce).  However, measurements of four stable Nd isotope ratios (‘*’Nd/"*'Nd,
"oNd/"*Nd, **Nd/"**Nd and “*Nd/ **Nd) are made in each analysis to ensure that the
'"Nd/"**Nd ratio obtained is reliable and the Sm correction is accurate.

“*Sm and '*’Sm is made by monitoring the

The correction for the presence of '*‘Sm,
intensity of the interference-free '*’Sm and '**Sm isotopes in the H1 and H3 cups. The
“7Sm/"*’Sm ratio is used to derive the instrumental mass bias for each sample by
comparison to the accepted value of 0.9216 (Wasserburg et al., 1981). Application of
this mass bias coefficient to the accepted values of "“*Sm/**’Sm, '**Sm/'*’Sm and
P0Sm/*'Sm (Wasserburg ef al., 1981; Table 2.10) enables the ‘measured’ values of
these ratios to be calculated for each sample. Since the measured intensity of '*'Sm is
known, the ‘measured’ '**Sm, '®Sm and '*’Sm intensities can then be determined.
Subtracting these values from the measured intensities at masses 144, 148 and 150

gives the true intensities for “*Nd, '®Nd and "Nd, from which the ‘measured’,

interference-free '*Nd/"**Nd, '**Nd/'**Nd and "*°Nd/***Nd ratios can be obtained.

IMSmll47Sm 148Sm/147sm ISOSm/147Sm

0.20504 0.74970 0.49213

Table 2.10 Natural Sm isotope ratios (from Wasserburg ef al., 1981) used for correction of isobaric
interferences of Sm on Nd.

Although the same principles can be used to correct for the interferences of *Kr and

8"Rb on *Sr and 87Sr, the situation is more complicated (Nowell et al., 2003). Kr is an
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inherent impurity in the argon supply, and consequently, the **Sr/**Sr ratio, which is
used in TIMS analysis to determine the Sr mass bias of the instrument, is not
interference-free in a PIMMS analysis due to the presence of *Kr. A correction for the
presence of **Kr must be applied before a mass bias measurement can be made. The
difficulties associated with making accurate corrections for interference of Kr and Rb
on Sr, and approaches for resolving these problems, are discussed in detail in Nowell et

al. (2003).

2.6.5 Accuracy, precision, reproducibility and repeatability of corrected data

To ensure that sample data is of consistently high quality during isotope ratio
measurement it is essential to regularly monitor the accuracy and reproducibility of
isotopic values in a standard reference material. The long-term reproducibility of the
oH/"HE, "*Nd/"**Nd and ¥Sr/*°Sr ratios for appropriate standard solutions during
the first two years of operation of the Durham Neptune is shown in Table 2.11.
Average measured values for these ratios are within error of the accepted values.
Further details of the long-term performance of the Durham Neptune and
reproducibility of other Hf, Nd and Sr isotope ratios are presented in Nowell et al.

(2003).

It is also important to ensure that the interference corrections applied to the data, such
as for Sm on Nd, are accurate and consistent over time. To achieve this it is common
practice at intervals during Nd analytical sessions at Durham to run both a pure J&M
Nd isotopic standard solution and the same solution doped with Sm to give a Sm/Nd
ratio of 0.2 or 0.4. Table 2.11 shows the close agreement between the mean measured

"“Nd/"**Nd ratio in doped and undoped solutions of the J&M Nd standard. The
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variation in measured "“Nd/"**Nd, “*Nd/'**Nd and "°Nd/"**Nd ratios for both doped
and undoped J&M over time (Nowell er al., 2003) indicates that the interference

correction routine produces values that are both accurate and reproducible.

Element and Accepted Number of Mean Error Error
Standard Ratic value standards measured (+2SD (+2SD
(with refs) run value abs) ppm)
Hf JMC 475) 'SHE'Hf  0.282160" 237 0.282156 11 39
Ndpgr‘i‘)“’l T OONGMNG 0511112 258 0.511101 17 33
I\;‘Iln gg}‘}:{i)‘ BNAMIND 0511112 136 0.511105 18 35
Nd J&M —all) '""Nd/™Nd  0.51111? 394 0.511103 18 34
Sr (NBS 987)  ¥Sr/*st 0.71024° 274 0.710264 26 37

Table 2.11 Reproducibility of measured Hf, Nd and Sr isotope ratios for standard solutions. Based on
all analytical sessions conducted during first year of operation of the Durham Neptune. References: 1 =
Nowell ez al. (1998a); 2 = Royse et al. (1998); 3 = Thirlwall (1991).

A further check on the effectiveness of the interference corrections is provided by a
comparison of Nd data for clinopyroxenes run by PIMMS with values for the same
samples previously determined by TIMS (Figure 2 in Nowell ef al., 2003). The close
agreement between the two data sets suggests that use of the chemical pre-
concentration procedure proposed here, in conjunction with PIMMS techniques and
appropriate mathematical corrections for residual isobaric overlaps, can produce data of

comparable accuracy and precision to that obtained by TIMS.

The repeatability of isotope ratio measurements between replicate analyses of a single

sample, such as for the kimberlite shown in Figure 2.6, is also excellent. GRZ-1/1,

51



0.512550 -

a) U;lytﬂzomected»mean value:
0.512540 _ 0.512532 + 0.000013 (25.4 ppm) L|IA3
2 0512530 " S S s EE """""""
<
g 0.512520 - +
@ 0.512510 J____é ________ + _____________
0.512500 - Corrected mean value:
0.512509 + 0.000008 (15.8 ppm)
0.512490 e Lia
0.705000 b) =
0.704900 =~ ~"M-------- - == =ses
Corrected mean value:
‘7, 0.704800 - 0.704918 £ 0.000024 (34.3 ppm)
©
2. 0.704700 - O 0
B oo
o 0.704600 -
Uncorrected mean value:
0.704500 - 0.704636 + 0.000209 (296.7 ppm)
0.704400 f

Figure 2.6 Effect of applying interference corrections to: a) Nd isotopic ratios; b) Sr isotopic ratios, for
three replicates of the kimberlite GRZ-1. Open symbols are uncorrected data; closed symbols are
corrected data. Dashed lines denote mean values. All errors are + 2 standard deviations from the mean.
Error bars in (b) are smaller than the data points at scale of the diagram.

GRZ-1/2 and GRZ-1/3 are separate dissolutions of the same whole rock kimberlite
powder, processed using the modified pre-concentration chemistry and analysed by
PIMMS with appropriate interference corrections for Nd and Sr. The repeatability of
the '*Nd/'**Nd and ¥ Sr/*Sr ratios is represented by the magnitude of the deviation of
each replicate analysis from the mean (Figure 2.6). It is evident that the repeatability of
the "’Nd/'**Nd ratio and, in particular, the ¥Sr/*Sr ratio is greatly improved by

applying appropriate corrections to the data.
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The magnitude of the discrepancy between mean corrected and uncorrected values for
the Sr data emphasises the importance of these corrections in obtaining accurate and
repeatable isotope ratio measurements. Nowell et al. (2003) provide a detailed
discussion of this with reference to correcting Sr isotope data for six replicate analyses
of a whole rock powder based on separate dissolutions, and analysed at a range of beam

intensities.

2.7 SUMMARY

A modified dissolution and pre-concentration technique has been developed that is
widely applicable to non-ore lithologies and provides a rapid and efficient means of
separating Hf, Sr and Nd for isotopic analysis by PIMMS. The technique offers the

following major advantages:

1. Genuine savings in laboratory time, resources and cost relative to most currently
available techniques.

2. Methodology suited to high throughput of samples. At present 60 isotopic
measurements (20 x Hf, Sr, Nd) can be obtained within a week, from powder to
data. This could easily be scaled up further.

3. Recovery of separate Hf-, Nd- and Sr-bearing fractions from a single
ion-exchange column, with minimal requirement for further purification.

4. Miniaturised Hf-Ti separation chemistry simplifies overall procedure, reduces
blank levels and further increases sample throughput. For low-Ti samples it is

possible to omit the Hf-Ti separation step altogether.
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. Reliable recovery of Hf and high Hf, Sr and Nd yields are obtained for a wide
variety of rock types, including high-Mg and high-Ca materials.
. Low blanks are easily achieved due to the low reagent and resin volumes

required.
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Chapter 3

Statistical treatment of geochemical data

3.1 INTRODUCTION

This chapter outlines and provides a rationale for certain aspects of the treatment
applied to the major and trace element data in Chapter 4. It should be emphasised at
the outset that the ideas presented in this chapter are not new. They are simply a
restatement of statistical principles and methods that have been advocated by many
members of the mathematical geology community (most notably Chayes, 1960, 1971;
Butler, 1981; Aitchison, 1986) for several decades as a means of avoiding erroneous
statistical treatment and consequent misinterpretation of geological data. The uptake of
these ideas into the geochemical literature has in general been extremely slow and, as a
result, some of the approaches adopted in this study differ from the more conventional
approach taken in previous similar investigations of variations in whole-rock kimberlite
geochemistry, e.g. Fraser (1985), Spriggs (1988), Tainton (1992). A further reason for
applying these principles in this study is because they offer a solution to the particular
problem posed by the large variations in volatile content that is characteristic of

kimberlites, and which makes comparison of kimberlite analyses very difficult.

Three main data processing issues are addressed. Firstly, and most fundamentally, the
nature of compositional data and its special characteristics are reviewed, and a method
for statistical manipulation of the data is presented. Secondly, the effects of widely
variable volatile contents in elemental datasets, which is of particular relevance to

kimberlites, is discussed. Thirdly, the usage and limitations of ratio correlation in

93



petrogenesis is reassessed. Points one and three are the subject of comprehensive
works by Aitchison (1986) and Chayes (1971) respectively, and extensive
mathematical proofs for the arguments outlined below can be found in these references.
More accessible summaries of these arguments, with a minimum of supporting
mathematics, can be found in Rollinson (1992; 1993), Reyment and Savazzi (1999) and

Davis (2002).

3.2 ANALYSIS OF COMPOSITIONAL DATA

3.2.1 Nature of compositional data

Major and trace element analyses together with many other kinds of geological
measurements are examples of compositional data. The defining characteristic of such
datasets is that the values are reported in proportional, rather than absolute, terms. In
geochemistry, for example, major element concentrations are quoted in parts per
hundred, i.e. percentages, and trace elements in parts per million, billion or trillion.
Whichever of these units is in use, the quantity being expressed is effectively a ratio,

the denominator of which is a function of all the other variables being measured.

A fundamental property of compositional data is that the sum of all components (i.e.
each quantity analysed for) in any sample must equal 100%, or unity. In reality a
geochemical analysis rarely, if ever, sums to exactly 100% but this is due to either
omissions (i.e. elements not detected or not looked for) or analytical errors, which are
unavoidable. The fact that the original sample is the sum of its component parts
remains incontrovertible. Major and trace element data are consequently examples of
constrained data, because they are not free to take any value but instead must range

between zero and 100%.
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3.2.2 Consequences of closure in compositional datasets

The property of summing to unity is often referred to as ‘closure’ or the ‘constant-sum
effect’. A number of problems arise from the effects of closure in a dataset. Firstly,
constrained data can never consist of mutually independent variables. Any change in
the value of any variable may potentially produce a change in any other variable,
because the sum of all variables must always equal unity. This negates the usual null
hypothesis of correlation between two variables, which states that there is no

interdependence between the variables.

Major and trace element data is necessarily expressed relative to the sum of all
components, so this data will always be auto-correlated to some extent, regardless of
whether any correlation between the variables really exists: correlation is induced by
the constant-sum constraint. Standard statistical tests of correlation such as Pearson’s
product-moment coefficient cannot therefore produce a meaningful result with

composttional data, because the conventional null hypothesis is not valid.

A second, related problem is the existence of negative bias in the data. This arises
because an increase in any component must result in a decrease in at least one of the
other components, to preserve the constant sum condition. Conversely, a decrease in
any given component implies that at least one of the other components must increase in
magnitude. In statistical terms, this means that the covariance of at least one pair of
variables within a composition must be negative. In geochemical analyses this effect is
most obvious when the control variable is an abundant oxide. Kimberlite analyses are

dominated by MgO, SiO; and volatile content, which together typically constitute
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60-85% of the analysis by weight. This inevitable tendency towards negative bias is a
common feature in sets of major element binary variation diagrams based on any
geochemical dataset. An excellent example of enforced negative bias is shown by the

data of Bhatia (1983).

The third major difficulty encountered with compositional data concerns the generation
of subcompositions from the original data array. A subcomposition is simply a subset
of components from within a set of several components. In geochemistry, this is a
convenient means of reducing the dimensionality of the dataset from 10 or more, to 2
or 3, which can easily be represented on a flat sheet of paper. A common occurrence of
this is the recalculation of oxide data to produce plotting parameters for AFM
diagrams. Unfortunately, unpredictable variations in the covariance between pairs of
variables occur between the full composition and the subcomposition, i.e. the
correlation coefficient between any two variables will differ between the
subcomposition (e.g. the AFM) and the parent data set. In addition, the rank order of
variances of each variable is liable to change between the subcomposition and the
initial dataset. Consequently, inferences made about the correlation of variables and
the relative strength of correlations in a small number of compositional dimensions, are

unlikely to be true for the parent dataset as a whole.

The unfortunate consequence of these simple properties of compositional data is that
any analysis and interpretation based upon the covariance of raw major or trace element
data is fundamentally unsound. This extends from the simple correlation of two
vanables, such as Harker diagrams of major element oxides, to complex multivariate

analytical techniques, such as principal components or cluster analysis. Clearly, a very
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large proportion of published interpretations of geochemical data are subject to these
limitations, and some attempt must be made to address the extent of this problem, at
least for the purposes of this study, to ensure that inferences made from the data are

statistically meaningful.

3.2.3 Methods for removing compositional interdependence

The properties of compositional datasets outlined above appear to invalidate many of
the constructions commonly used for statistical analysis of geochemical data. At the
very least, it is implicit that many of the correlations observed between ‘raw’ variables
are spurious and thus inferences based upon such observations may be erroneous. If we
are to make the most informed use of the data, in the collection of which so much time
and care is invested, then we require statistical procedures that are conceptually robust

to distinguish real variations from those that are induced within the data.

Aitchison (1986) presents a set of mathematical transformations that can be applied to
compositional data to remove the effects of interdependence. The details of these
functions and their application are beyond the scope of this thesis, but the fundamental
principle that underlies them forms the basis of the approach adopted in this study.
Aitchison (1986) observes that compositional data is a measure of proportionality
rather than an absolute quantity, and consequently any analysis of compositional data
should be concerned with the relative magnitudes of components, rather than their
absolute magnitudes. Ratios of components are thus a more appropriate means than

absolute values for representing the variation within compositional datasets.
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Aitchison (1986) goes on to state that, because the computation of the variance and
covariance of ratios is complex, a more convenient means of manipulating the data is to
work in terms of log-ratios. The logarithmic transformation used is normally the
natural logarithm, log.(x), or In (x). In this study, the term ‘log-ratio’ implies ‘the
natural logarithm of a ratio>. A component X, such as SiO, in a major element
analysis, is thus represented by the natural logarithm of the ratio X/Y, where Y is
another component within the composition. The variable /n (X/Y) is completely
unconstrained and thus is not subject to constant-sum restriction. The choice of the
component Y does not affect the covariance structure of the data, but Y must be
common to all components within any single composition. For the purposes of this
study it is sufficient to work in terms of simple ratios, although in some instances use of
log-ratios enable scales to be compressed for convenient graphical representation. Use
of log-ratios is also consistent with the approach of Aitchison (1986) in the full
construction of covariance matrices, which can be used as a basis for more complex,
multivariate analysis of compositional data. This kind of analysis is not performed

here, but would be a useful extension of this project.

In some sections of Chapter 4 data énalyses are presented in terms of raw, rather than
ratio data. The reason for this is usually to maintain consistency with the approach
taken by previous studies when comparing other datasets with that presented here.
Wherever possible in these cases, analyses have been performed in terms of both raw
and ratio data as a means of assessing the magnitude of any spurious relationships
within the raw data. Any correlations based on ‘raw data’ that are presented have thus
been compared with equivalent ‘log-ratio’ plots to ensure that observed trends are not a

function of closure and auto-correlation.
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3.3 VOLATILE CONTENT IN WHOLE-ROCK ANALYSES

3.3.1 Volatile components in kimberlites

Kimberlites are characterised by very high contents of volatile components in
comparison to most other mantle-derived rocks. The average volatile content of the
hypabyssal Lac de Gras kimberlites is ~12 wt%, and in some cases is in excess of 20
wt%. This volatile fraction is composed mostly of H,O and CO,, with lesser amounts
of sulphur. Chlorine and fluorine may also be present in trace quantities. In Appendix
D volatile data is reported either on the basis of individual components or collectively

as a ‘loss on ignition’ (LOI).

Volatiles may be cognate to the magma, or introduced by alteration processes after
emplacement of the body within the crust. Mitchell (1986) has suggested that the
presence of magmatic volatiles in high concentrations can promote the development of
localised textural and compositional heterogeneities, which if sampled may yield
analyses far removed from the ‘true’ magmatic composition. A thorough petrographic
examination of samples prior to selection for analysis is therefore essential. Given the
high probability of depletion and re-enrichment of volatiles taking place during
eruption of the kimberlite and subsequent near-surface alteration, it seems unlikely that
the eventual concentration of volatiles determined in a sample can ever be truly
representative of the parental magma. Hypabyssal kimberlites are presumably less
susceptible to these processes than volcaniclastic kimberlites, which have almost
certainly been partially devolatilised. Nevertheless, the variability of volatile content
on both an inter- and intra-kimberlite scale (Appendix D), even within hypabyssal

facies rocks, suggests that caution should be adopted if making inferences about
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magma composition on the basis of volatile content. This is a problem of less
consequence when dealing with more common, volatile-poor rocks such as basalts,

granites, etc.

3.3.2 Statistical effect of volatile content on compositions

As a component of a whole-rock composition, which is subject to the constant sum
constraint, the magnitude and variability of volatile content in kimberlites directly
affects the magnitide of other major and trace element components within the analysis.
Due to the negative bias effect, the magnitude of components such as MgO and SiO;
are likely to be lower in kimberlites with high volatile contents. It is clear, therefore,
that the abundance of MgO, or any other component, in kimberlites with very different
volatile contents cannot be directly compared; some kind of normalisation process is

required to account for the variation in volatile content between samples.

Fortunately, using ratios rather than raw data removes the problem of variable volatile
content as well as solving the problem of closure. This is because the ratio of any two
components within a composition is not dependent on the magnitude of any other
component (Table 3.1). In scenario 1, the five components, A-E, sum to 100% with
A/B = 0.5 and C/D = 0.25. In scenario 2, the abundance of component B has doubled
to 40%. The entire composition must still sum to 100%, so components A, B, C and D
must decrease proportionately in magnitude. In scenario 3 component E is not
detected, so the other components proportionately increase to satisfy the constant-sum
constraint. If we assume that component E represents a volatile component, and is thus
not necessarily truly representative of the sample, then there is also a problem in

determining the ‘true’ representative values of components A-D. In which scenario is
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component E representative of the initial magma conditions? The simplest solution is
to work in terms of ratios of components, rather than their absolute values, because
these ratios do not change as absolute magnitudes vary. This is demonstrated for the
ratios A/B and C/D in Table 3.1. For the purposes of this study, the complicating
effects of high and variable volatile contents can be ‘normalised out’ by forming a

subcomposition that excludes the volatile components, and then working in terms of

ratios.

Scenario A B C D E A/B C/D
1 10 20 10 40 20 0.5 0.25
2 7.5 15 75 30 40 0.5 0.25
3 12.5 25 12.5 50 - 0.5 0.25

Table 3.1 Demonstration of the invariance of component ratios, as individual components vary to satisfy
the constant-sum constraint.

3.4 RATIO CORRELATION

The correlation of ratios is commonly employed in the analysis of geochemical data,
with strong positive or negative correlations typically being interpreted as evidence of
petrogenetic processes such as mixing, or fractionation during melting or
crystallisation. The use of ratios, rather than absolute values of elemental abundances,
as advocated in the preceding sections, might appear to increase the importance of ratio

correlation as an analytical tool still further.

If ratio correlation is to be used in geochemical data analysis, then the variables used as
numerators and denominators in the ratios must be selected with great care. This is

because the use of numerators or denominators that are common to both ratios can
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produce large amounts of auto-correlation, which may easily and erroneously be
interpreted as indicating systematic trends in the data. Pearson (1896) initially showed
that, given a set of uncorrelated variables A, B and C, ratios formed from these
variables, such as A/C vs B/C, A/B vs A/C, A vs A/B, or B vs A/B, will always
demonstrate some degree of correlation. Chayes (1949, 1971), Butler (1986) and
Rollinson and Roberts (1986) all present examples of the detrimental effects this can

have on analysis and interpretation of geochemical data.

Since meaningful interpretations cannot be made of trends in variables that are
auto-correlated to some extent, it is advisable to avoid using these kinds of ratios in the
first place. Sometimes, however, there are only a limited number of elements available
to use in forming ratios, and common numerators or denominators may become
necessary. In these instances binary variation diagrams of ratios with common
elements may be used for visual classification of samples into groupings, but any
interpretation of apparent systematic variation within the data should be strictly
avoided. Wherever possible in the analyses of Chapters 4 and 5, ratio pairs of the form
A/B vs C/D are used, so there are no common numerator or common denominator

effects.
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Chapter 4

Variation of major and trace element
abundances in Lac de Gras kimberlites

4.1 CHAPTER OVERVIEW

Kimberlites are hybrid rocks and as a result characteristically display a large degree of
compositional variation both within and between provinces, fields and even individual
intrusions. It is well known that most kimberlites incorporate variable amounts of
different mantle and crustal materials en route to the surface, and these processes can

be a major control on the eventual whole-rock chemistry of the sample.

This chapter provides a brief summary of previous influential studies of the major and
trace element geochemistry of kimberlites, and discusses some of the problems inherent
in the investigation of these unusual rocks. The variability of key major and trace
element abundances in the Canadian kimberlites is described and illustrated, and
comparisons are made with other well-characterised suites of kimberlites from southern
Africa and elsewhere. This forms the basis for the detailed analysis of processes

responsible for producing these elemental variations, as presented in Chapter 5.

4.2 INTRODUCTION

4.2.1 Previous studies of kimberlite major/trace element geochemistry

For a hundred years following the 1870s discovery of primary (i.e. non-alluvial)
diamond deposits in South Africa the majority of kimberlite research was concerned
with the more easily accessible questions of petrography, mineralogy, diamond content,

and structure and emplacement of pipes. Some of this early work is summarised in the
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classic monographs by Wagner (1914) and Williams (1932). These works also contain
a small number of good quality whole rock major element analyses, performed by
classical wet chemistry techniques. Advances in analytical technology and the
discovery of the Siberian kimberlite province in the 1950s precipitated an escalation in
investigations of the chemical composition of kimberlites. Large volumes of
compositional data for Siberian kimberlites were generated, although Mitchell (1986)
points out that much of this data was semi-quantitative and cannot be used in
comparison to more recent data. A useful distillation of some of the Soviet work is

given in Frantsesson (1968, and 1970 in translation).

The ‘modern era’ of kimberlite geochemical studies dates from the early 1970s, with
the influential compilation of work on kimberlites from Lesotho by Nixon (1973) and
the inception of the First International Kimberlite Conference. The publication of the
proceedings of this meeting marked the beginning of a large increase in the number of
well-documented  investigations of kimberlite petrography, mineralogy and
geochemistry. The monographs of Dawson (1980), Mitchell (1986) and Mitchell

(1995) provide comprehensive reviews of this body of kimberlite literature.

Some of the carliest high quality major and trace element analyses of whole-rock
kimberlites during this period were acquired by Gurney and Ebrahim (1973), Fesq et al.
(1975), Kable et al. (1975) and Mitchell and Brunfelt (1975). These studies helped to
identify some of the fundamental geochemical characteristics of these rocks, such as
their potassic nature and extreme enrichment in both compatible and incompatible

elements. They also provided some of the first chemical evidence to support the
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distinction between the ‘basaltic’ and ‘micaceous’ types identified by Wagner (1914)

on a petrographic basis.

These foundations were built upon by the work of Smith es al. (1985a), who presented
a comprehensive set of trace element data obtained on hypabyssal samples carefully
selected in order to minimise the input from alteration and contamination. This data,
used in association with the isotopic data of Smith (1983) and by application of
multivariate statistical analysis, more firmly established the key elemental distinctions
between kimberlite groups. Smith (1983) introduced the concept of Group I and 11
kimberlites, which is broadly synonymous with the basaltic/micaceous petrographic
classification of Wagner (1914), but defines these two groups entirely on the basis of
isotopic character. Smith er al. (1985a) showed that Group II kimberlites — orangeites
in the terminology of Mitchell (1995) — are enriched in SiO,, K,O, Pb, Rb, Ba and
LREEs and depleted in TiO, and Nb in relation to Group I — or archetypal (Mitchell,

1995) — kimberlites.

With the advent of plasma source techniques in mass spectrometry it has now become
relatively routine to acquire large volumes of accurate and precise trace element data.
For this study new major and trace element determinations have been made on 123
whole rock kimberlite samples, including 86 from the Lac de Gras kimberlite field,
North West Territories. These analyses form part of a comparative database of 388
kimberlite analyses, incorporating data from southern Africa (Smith et al., 1985a;
Fraser, 1987; Spriggs, 1988; Tainton, 1992; Nowell, unpublished), West Africa (Taylor
et al., 1994), Finland (O’Brien and Tyni, 1998) and China (Tompkins ef al., 1998).

Samples from Sisimiut area of Greenland (Scott, 1979) have subsequently been shown
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not strictly to be archetypal kimberlites, as in some cases they contain melilite
(Mitchell er al., 1999). These rocks are better classified as ultramafic lamprophyres,
but are included here to extend comparisons of elemental characteristics in alkaline

ultramafic rocks on a global scale.

4.2.2 Problems inherent in comparisen of kimberlite compositional data

A number of problems exist when attempting to draw comparisons between
geochemical data acquired in different kimberlite studies. Firstly, there is the issue of
differential data quality between studies. Inevitably, the accuracy and precision of trace
element data in particular has improved steadily since the 1970s as analytical methods
and instrumentation have evolved. Associated errors are not always fully quoted in the
literature, making it difficult to assess the relative quality of datasets and the extent of
coherence between them. Wherever possible in this study, trace element data acquired

by ICP-MS methods is used for comparative purposes.

Secondly, due to the hybrid nature of kimberlites, samples of whole rocks will
commonly contain material contributions from the lithospheric mantle and crust
through which the magma has passed. Kimberlite is also extremely susceptible to
secondary alteration processes, which also act to modify the original magma chemistry.
The effects of these processes are in general much more pronounced in the
volcaniclastic portions of the intrusion (i.e. the diatreme and crater facies). It is
therefore of great importance to select only samples known to be from the hypabyssal
facies if any meaningful interpretation of the data regarding parental magma

characteristics is to be made. This has not always been the case in a number of studies
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of kimberlite geochemistry. In this work only data from hypabyssal facies rocks are

used, unless otherwise stated (e.g. for comparative purposes).

Thirdly, even within hypabyssal samples it is common to see evidence of small
fragments of xenolithic material. In this study attempts have been made to extract by
hand any such crustal material from the coarse crush, but it is impossible to remove all
crustal contamination in this way. Furthermore, finely comminuted crustal material can
be disseminated throughout a sample that appears ‘uncontaminated’ to the naked eye.
Contamination by lithospheric mantle material (e.g. olivine, spinel, phlogopite) is also
extremely difficult to remove by hand-picking, as these phases also occur as
phenocrysts and microphenocrysts in the kimberlite. This leads to issues such as the
‘olivine macrocryst problem’ discussed by Mitchell (1986). It is not always stipulated
in the literature to what extent, if any, xenolithic material has been screened out from
samples. If samples are not handled in the same manner there will certainly be

compositional inconsistencies between them.

Lastly, there is a danger in kimberlite studies of introducing a sampling bias into the
data. The kimberlites that have been most extensively studied, and from which most
samples are made available, tend to be those where mining operations have taken place.
This is partly because better quality samples for geochemical purposes are usually
found at some depth below the erosion level in an intrusion (i.e. hypabyssal facies
rocks from below the surficial weathering profile), but also because there is naturally
more interest in richly diamondiferous bodies than those that are barren or uneconomic.
The average geochemistry of kimberlites represented in a database could, therefore, be

biased towards components that may be linked to diamond content. Elevated content
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of lithospheric mantle might be an example of such a component. In the Lac de Gras
dataset there is a representative range of kimberlites from economic, through marginal
to barren, with regard to diamond content, so any ‘mine bias’ effects should be

minimal.

4.3 DATA REPRESENTATION

4.3.1 General major/trace element characteristics

4.3.1.1 Comparison of elemental distribution patterns

All major and trace element data acquired during this study is tabulated in Appendix D.
The extent of compositional variation observed in selected hypabyssal kimberlites from
around the world is shown in Figures 4.1 to 4.3. The set of hypabyssal kimberlites
from Canada is composed mostly (80 of 94, 85%) of samples from the Slave craton,
and of these 70 (87%) are from the Lac de Gras field. In this thesis, the term ‘southern

Africa’ covers South Africa, Namibia, Lesotho and Botswana.

Figures 4.1 to 4.3 compare, for selected elements, key descriptive statistics between
regions hosting major kimberlite provinces. Similar diagrams for other elements of
interest can be found in Appendix E. Note that Figure 4.1 is merely an annotated key
to assist interpretation of these diagrams. The magnitude and dispersion (range and
variability) of each element is represented by means of box-plots, which display the
mean, median, range, inter-quartile range and 5 and 95" percentiles of each dataset.
Comparison is made between several global provinces for which reliable compositional
data exist. A further analysis of the distribution of data between samples from North

America and Southern Africa is also provided in the form of histograms. These help to
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visualise the shape of the data and in particular indicate whether a dataset has a
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Figure 4.1 Interpretation of major and trace element dispersion and distribution diagrams: a)
measures of magnitude and dispersion; b) measures of the shape of the distribution.

Gaussian distribution, the extent of any skewness or kurtosis, and the number of

apparent modes within a dataset.
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4.3.1.2 Major elements

The oxides of Si, Mg, Al and Ca (Figure 4.2a-d) together constitute over 70% by
weight of most kimberlites and thus exert the greatest influence on the bulk chemistry
of these rocks. Processes of alteration, crustal contamination, and olivine accumulation
and removal also affect the relative abundance of these elements in a sample. The
dispersion of SiO,, Al;03; and CaO in Canadian kimberlites is very similar to that
observed in Group I kimberlites from Southern Africa. The ranges of SiO; and CaO
are distinct between southern African Group I and Group II samples. There is some
overlap in the ranges of Al,0; in Canadian and Southern African kimberlites, but the
median of the southern African Group I samples is much higher than that of the
Canadian and southern African Group II kimberlites. The inter-quartile range of MgO
in the Canadian dataset is slightly elevated relative to southern African Group I
samples, and encompasses the inter-quartile range in MgO of Group II kimberlites.
The median MgO of the Canadian data is intermediate to that of southern African

Group I and Group IL

The distribution of SiO; in both Canadian and southern African samples approximates
to a normal or Gaussian model, with a degree of negative and positive skew,
respectively. In the Canadian samples MgO, Al,O; and CaO clearly have distributions
with more than a single mode, and this is also apparent in the southern African data.
This could indicate that more than one process may be controlling the abundance of
these oxides in kimberlite magmas. The bimodal distribution of MgO in southern
Africa appears to correspond to the modes of the individual Group I and Group II

populations, but the position of modes in the Canadian MgO data is much more
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variable. This suggests that the extent to which processes controlling composition

operate may be very variable, even within a single province or field.

The variability of Fe,O; 1, TiO;, Na,O and K,O in these samples is illustrated in

Appendix E.

The main sinks for Ti in kimberlites are ilmenite, a ubiquitous member of the low-Cr
megacryst suite, perovskite, a common accessory mineral that is also the principal
carrier of REEs in kimberlites, phlogopite and late-stage groundmass spinel
(Ti-magnetite), which can be abundant in some occurrences. Canadian and southern
African samples are TiO,-poor relative to most of the other regions represented. The
TiO; content of Canadian kimberlites is very similar to that of southern Africa Group
I, rather than Group I. The distribution of TiO, in Canada and southern Africa

approximates to a unimodal Gaussian model with a prominent positive skew.

Kimberlites are potassic rocks and typically have K,0O/Na,O > 1, due primarily to low
abundances of Na,O. Elevated levels of Na,O in kimberlites are generally considered
to represent input from crustal contamination. Many of the hypabyssal samples from
Lac de Gras analysed in this study have Na,O abundances below the XRF detection
limit of 0.05-0.1%. As a result the lower end of the inter-quartile range for Na in the
Canadian data is effectively zero, and the distribution inevitably has a strong positive
skew. Even in the most Na-rich hypabyssal kimberlites from Lac de Gras, the Na,O
content rarely exceeds 0.5%. Volcaniclastic kimberlites from the diatreme or crater

facies routinely have in excess of 0.5% Na,0, which is typically inferred to be due to
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contamination and alteration. The median and inter-quartile range of Na,O in Canadian

hypabyssal samples is more similar to southern African Group II kimberlites.

Levels of K,O in kimberlites are closely linked to the modal abundance of phlogopite.
Consequently, Group II kimberlites from southern Africa tend to be richer in K,O than
Group I rocks. The distribution of K,O in Southern African kimberlites is polymodal
with a large positive skew. The two most prominent modes are likely to correspond to
the discrete populations of Group I and II kimberlites. The Canadian K,O distribution
also has a large positive skew, but is not unequivocally polymodal. The median and
inter-quartile range of K,O abundance in Canadian kimberlites is clearly more similar

to southern African Group I samples.

4.3.1.3 Trace elements I: compatible elements

The compatible elements of greatest importance in kimberlite studies are Ni and Cr, as
these elements are highly representative of the modal abundance of olivine in a sample
(Mitchell, 1986). The regional variability of Sc and V abundance in kimberlites is

shown in Appendix E.

The magnitude and dispersion of Ni content (Figure 4.3a) is quite variable on a regional
scale. The median Ni content of the Canadian data (1100ppm) is intermediate to that of
southern African Group I (930ppm) and Group II (1340ppm). The inter-quartile range
of Group II kimberlites has the greatest offset to high Ni in the entire database. The
median Ni content in West African samples (1270ppm) is also high, but in China,
Greenland and the East European Platform median Ni levels are much lower

(<1000ppm in each case). The distribution of Ni in both the Canadian and southern
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African data is clearly bimodal. There are obvious peaks at 700-900ppm in both

datasets, which is close to the median value observed in China, Greenland and the East
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European Platform kimberlites. In addition there is a second peak in the southern
African data at 1300-1500ppm, which corresponds to the Group I samples. The

second peak in the Canadian data is at approximately 1500ppm Ni.

In addition to olivine, Cr is often hosted within chromite (Cr-spinel xenocrysts and
early phenocrysts) in kimberlites. This refractory phase is difficult to dissolve for
analytical purposes, and comparisons of Cr abundance data obtained by XRF and
solution—-based methods should be approached with caution. The trace element data
table in Appendix D indicates which method was used for each sample. The median Cr
content of the Canadian data (1590ppm) is again intermediate to the medians of
southern Africa Group I (1260ppm) and Group II (1750ppm). Polymodality in the
southern African data is controlled by the differential Cr content of Group I and Group
I samples.  The distribution is essentially unimodal, with a negative skew
corresponding to input from Group I samples. The Canadian data has an extremely

high kurtosis, but it is not clear whether there is more than a single mode.

4.3.1.4 Trace elements II: large ion lithophile elements (LILLs)

LILEs (or low field strength elements, LFSE) are distinguished from other
incompatible trace elements on the basis of having an ionic potential greater than 2.0
(Rollinson, 1993). This group thus consists of elements with an ionic charge of +1 or
+2 and large ionic radii. Rb, Sr, Cs, Ba and Pb are the LILEs of particular geological
interest. The principal carrier of Rb, Ba, Cs and Pb in kimberlites is phlogopite, and so
Group II and other mica-rich samples might be expected to have greater abundances of
these elements. Perovskite may also be a carrier for Pb. Sr substitutes primarily for Ca

in apatite, carbonate phases and perovskite. Ba also substitutes for Ca in carbonates
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(Armstrong et al., in press). LILEs tend to be amongst the most chemically mobile
elements, and may be leached from kimberlite by near-surface syn- and
post-emplacement alteration processes, although the effects of this are rarely seen in
fresh hypabyssal facies samples. The regional variation in abundance of Rb, Ba and Pb

1s shown in Appendix E.

Variation in Sr content (Figure 4.3¢) is very similar in Canadian and southern African
Group I and Group II kimberlites. The Rb and Pb content of Canadian samples are
more akin to southern African Group I kimberlites, whereas their Ba content is more
similar to southern African Group II samples. The distribution of Pb and Ba in both
regions 1s unimodal with a positive skew, while the distribution of Rb in Canada and

southern Africa is more bimodal in character.

4.3.1.5 Trace elements I1I: high field strength elements (HFSEs)

The HFSEs are here considered to include Nb, Ta, Hf, Zr, Y, U and Th. With the
exception of Y, all of these elements are hosted in kimberlites primarily by perovskite.
Other accessory phases are more selective hosts, e.g. ilmenite (Nb, Hf and Ta), zircon
(Hf and Zr), and apatite (U and Th). Nb is a particularly immobile element that is
frequently used in geochemical models as a benchmark against which to measure the

variable mobility of other elements.

The dispersion and distribution of Nb content (Figure 4.3d) in Canadian kimberlites is
most similar to Group I kimberlites from southern Africa, although the median of the
Canadian data is slightly lower and its inter-quartile range is broader. In both regions

there appear to be multiple modes in the data distribution. South African Group I
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kimberlites show two peaks in Nb abundance at approximately 150 and 350ppm, the
first of which corresponds to the mode of the Group II samples. The Canadian data has
a principal mode at around 200-250ppm, with a secondary peak at 350-400ppm and a

long positive skew up to 700ppm.

The regional variability of Hf, Zr and Y is shown in Appendix E. All of these elements
are considerably less abundant in Canadian kimberlites than in those from southern
Africa. There is little difference in their median and inter-quartile range between

southern African Group I and Group II samples.

4.3.1.6 Trace elements IV: rare earth elements (REEs)

Kimberlites are more enriched in the larger radius light REEs (LREEs) than smaller
radius heavy REEs (HREEs), and consequently form characteristic sloping patterns on
chondrite-normalised rare earth diagrams. This distribution pattern is very similar to
that observed in kimberlite perovskite (Jones and Wyllie, 1984), which is a typical
groundmass phase and not commonly encountered as a xenocryst. This phase is thus
the major sink for REEs in kimberlites. Very similar patterns of REE distribution, at
lower abundances, are also observed in apatite and carbonate minerals in carbonatites
(Hornig-Kjarsgaard, 1998); thus these minerals are the most likely hosts for the REEs

in kimberlites that have little or no modal perovskite.

The dispersion and distribution of La, Nd, Sm and Lu (Appendix E) are broadly similar
with only small variations between regions. The abundance of any given REE tends to
be greater in the southern African data than in the Canadian samples. There is no

evidence of bimodality in the Canadian data. There are multiple peaks in the southern
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African La and Nd data, but this does not persist in the mid- and heavy-REEs. This
observation may also be related to the effects of crustal contamination on the HREE in

some southern African samples.

4.3.1.7 Distribution of log-ratio data

Figures 4.2-4.3 are constructed from ‘raw’ elemental data, which is subject to the
limitations of closure and differential volatile content discussed in Chapter 3. It is
important to know how the translated log-ratio data proposed as a solution to this
problem is distributed in relation to the raw data. As noted in Chapter 3, the ‘log-ratio’
transformation employs the natural logarithms (log[x] or In[x]) rather than logarithms

to base 10 (log;o[x]).

Figure 4.4 compares the distribution of raw and log-ratio data for a selection of major
and minor elements. Nb has been selected as the denominator for ratio construction
because of its immobile nature, and because its abundance changes little in relation to
many other elements during processes such as alteration, crustal and lithospheric
contamination, and fractionation. The conversion from oxide (wt%) data to elemental
(ppm) data for the major elements (e.g. Si instead of SiO,) does not affect the shape of

the distribution (Figure 4.4).

In each case shown in Figure 4.4 the log-ratio translation process does not affect the

overall shape of the distribution. For example, the distribution of SiO, and In (Si/Nb)

are both unimodal and skewed; Ni and In (Ni/Nb) are both bimodal. In the case of Mg,
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the log-ratio conversion also appears to remove some of the ‘noise’ of the raw data
distribution, although in both instances the overall distribution is polymodal. In all
cases the variation structure of each element is preserved between the raw data and the
log-ratio data. While the log-ratio format is preferable for maintaining statistical
integrity during modelling, it is conceptually more abstract and thus less easy to
interpret directly than the raw data format. For this reason, having observed that there
are no artificial correlations resulting from closure, the raw data format is retained in

this chapter for the purposes of visual representation of the data.

4.3.1.8 Comparison with southern African Group I and Group I kimberlites

Although the Group I/II classification system for kimberlites from Southern Africa was
originally based on isotopic criteria (Smith, 1983), distinctions can also be made
between the groups using major and trace element characteristics (Smith et al., 1985a).
Group I kimberlites tend to have higher TiO,, Fe;0; T, CaO and Na,O, and lower SiO,
and K,O than Group II kimberlites. The variation of major element abundance with
MgO content in hypabyssal kimberlites from Canada is compared to that of Southern
African Group I and II samples in Figure 4.5. The variation of SiO,, CaO, K;O and
P;0s with MgO in the Canadian samples is most similar to Southern African Group I,
whereas the vanation of TiO,, Fe,O; T and Na,O with MgO is more similar to Group 11

kimberlites.

The levels of Ti present in Canadian kimberlites are similar to those of Southern

African Group II kimberlites on a chondrite-normalised distribution diagram of the

compatible elements (Figure 4.6a-b). The Ni content of Southern African Group I
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kimberlites provides the best fit to the Canadian data, while Group II kimberlites have
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more similar abundances of Cr and Co. The LREE content of Canadian kimberlites is
similar to that of Group I samples from southern Africa (Figure 4.6¢c-d), but their
MREE-HREE content is lower than observed in both Group I and Group II samples.
The abundance of some of the most incompatible elements (e.g. Pb, Cs, Rb: Figure
4.6e-f) 1s most like that of Group I kimberlites. Only the abundance of Ba and U is

more akin to Group II kimberlites.

Figure 4.7 illustrates selected geochemical characteristics of Canadian hypabyssal
kimberlite samples on a series of variation diagrams originally devised to demonstrate
compositional differences between Group I and II kimberlites (Smith ez al., 1985a; Le
Roex, 1986). The bivariate plots of K,O-TiO; and SiO,-Pb (Figure 4.7a-d) were found
by Smith er al. (1985a) on the basis of multivariate discriminant analysis to be the most
efficient two-component classifiers of kimberlites into their correct isotopically-defined
groups. In both plots, the data from Canadian kimberlites do not fall exclusively into
either grouping, although in SiO,-Pb space there appears to be a greater affinity for
Group I, with some samples having anomalously high Pb content. By contrast, data
from other Group I kimberlites outside southern Africa (Siberia, West Africa,
Greenland, Finland and China) are mostly located in the southern African Group I
fields. Le Roex (1986) put forward a discrimination scheme based on the variation of
La, Ba and Zr with Nb content (Figure 4.7e-h). The location of the Canadian samples
in these projections indicates that they have a character intermediate to Group I and
Group II in terms of La-Ba-Nb, but more similar to Group I kimberlites in terms of Ba-
Zr-Nb variation. In these instances the data from other non-southern African Group I

occurrences behaves in the same manner as the Canadian samples.
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These simple comparisons between the elemental signatures of southern African Group
I/ kimberlites and the data from Canadian hypabyssal samples indicates that the latter
have characteristics of both Group I and Group II. In some cases the signature of the
Canadian samples is transitional between the two Southern African groupings. Table
4.1 summarises some of these similarities and differences. It is often argued that
kimberlites inherit their trace element character almost exclusively from their mantle
sources, because their abundances of compatible and incompatible elements are too
high to be modified significantly by contamination. If this is the case, then the
Canadian kimberlites do not appear to be derived exclusively from either a southern
African Group I-like or Group II-like source. The effects of crustal contamination on

the Canadian kimberlites are discussed further in Chapter 5.

Affinity of Canadian kimberlites Elements
Southern African Group I Si0,, Ca0, K0, Rb, Pb
Southern African Group II Al O3, Fe,05, TiO,, Na,0, V, Ba
Intermediate MgO, Ni, Cr, Nb
Both Sr, La, Nd
Neither Sc, Hf, Zr, Y, Sm, Lu

Table 4.1 Apparent similarities and differences between variation in abundance of selected
major and trace elements within hypabyssal kimberlites from Canada and southern Africa.
Based on data dispersion and distribution patterns shown in Figures 4.2-4.3 and Appendix E.

4.3.2 Compositional variation in Canadian kimberlites
4.3.2.1 Introduction
This section investigates the detailed variations in chemical composition between and

within selected Canadian kimberlite occurrences. A total of 94 new major and trace
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element analyses have been acquired for hypabyssal facies samples from Canada. 80
of these are samples from the Slave craton, 70 of which are drawn from intrusions
within the Lac de Gras kimberlite field. The kimberlites have been grouped for
comparative purposes on a broadly geographical basis (Figure 1.5). The 14 samples
from the Grizzly pipe are considered as an individual group to investigate the extent of
any compositional heterogeneity within a single intrusion. Two additional groups
incorporate the intrusions immediately adjacent to and outlying from Grizzly.
Similarly, two groups cover the small clusters and more widely dispersed kimberlites

around and to the south-east of Lac de Gras.

A further two groups encompass analyses from beyond the Lac de Gras field. One
consists of all other hypabyssal samples from the Slave craton (Contwoyto Lake and
South-East Slave), while the other contains all other hypabyssal samples from outside
the Slave (Churchill and Superior provinces). No analyses of volcaniclastic kimberlite

are included in these groupings.

4.3.2.2 Variation between Canadian kimberlite fields

88 of the Canadian hypabyssal samples analysed are drawn from just three individual
kimberlite fields. This subset of the data is dominated by the 70 samples from Lac de
Gras, but in addition there are 8 analyses from the Contwoyto field, which is located
approximately 100km north of Lac de Gras, 9 analyses from the Somerset Island field
(1200km NE of Lac de Gras) and one sample from Rankin Inlet in the Churchill
province, approximately 1200km east of Lac de Gras. The range of variation in key

major and trace element abundances for each of these fields is shown in Figure 4.8.
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The Lac de Gras kimberlites have, on average, the greatest abundance of SiO,, MgO
and Al,O;, and the lowest abundance of CaO. The kimberlites from Somerset Island
have the greatest CaO content, but these intrusions are emplaced into Palaeozoic
platform carbonate sequences (e.g. Mitchell and Fritz, 1973). The median Ni and Cr
content of the Lac de Gras and Contwoyto fields are very similar and greater than in
Somerset Island kimberlites. This is quite surprising because the MgO content of the
Contwoyto samples is considerably lower than that of Lac de Gras, and is more closely
comparable to Somerset Island. While both Lac de Gras and Contwoyto host
diamondiferous kimberlites with economic potential the Somerset Island kimberlites
are very low grade or barren. The Somerset Island samples have lower La and higher
Yb levels than the Lac de Gras average, and hence have flatter normalised rare earth
patterns, which could be indicative of greater crustal contamination. The Contwoyto
samples have both greater La and Yb than the Lac de Gras average, and have similar
normalised La/Yb ratios to those in kimberlites from Lac de Gras. Since differential
contamination would be expected to produce a range of La/Yb (see Chapter 5), the
difference in REE content between Contwoyto and Lac de Gras kimberlites is most
likely inherent to the magmas from these different regions, possibly generated by

different amounts of melting in a common deep mantle source.

4.3.2.3 Group Al: Intra-kimberlite variation in Grizzly

Grizzly (Figure 1.5-1.6) is part of a large cluster of kimberlite bodies situated between
Lac de Gras and Exeter Lake (see also Group B below). Most of these bodies have
been emplaced within a syn-Yellowknife Supergroup composite intrusion of
hornblende-biotite tonalite, biotite granodiorite and quartz diorite. The country rock to

Grizzly at the present erosion level is quartz diorite (Kjarsgaard e al., 2002). The 14
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Grizzly samples have been obtained from various depths within a single diamond drill-
core. Most of the pipes owned and studied by BHP Billiton appear to contain more
than one intrusive phase of kimberlite magma (D. Dyck, pers. comm.). 1t is impossible
to be certain, therefore, that each Grizzly sample is representative of the same
individual magmatic injection; the only assumption made for the purposes of this
exercise 1s that all of the samples are derived from magmas that share a common source
and have experienced very similar petrogenetic histories culminating in emplacement
in extremely close proximity within a single kimberlite pipe. Nevertheless, some
inherent variability in mineralogy (e.g. modal olivine content) between samples is an
inherent feature of kimberlites and may contribute to any observed compositional

variation.

The MgO contents of the Grizzly samples are among the highest of all from Lac de
Gras (Figure 4.9), consistent with petrographic observations that these samples contain
high modal abundances of olivine (Appendix B). The variation in MgO between the
Grizzly samples could be generated by either addition (e.g. through contamination by
lithospheric mantle) or removal (e.g. by fractionation) of olivine. This is investigated
further in sections 5.3 and 5.5. The variation in MgO content cannot be attributable
merely to differential volatile content and associated constant-sum effects, because
recalculating the analysis on a volatile-free basis does not remove this observed
variation. In addition, the samples from Grizzly have some of the lowest volatile (CO,

+ H,O) contents of all the Canadian kimberlites analysed.
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Increasing MgO content is associated with increases in abundance of SiO; and Fe; O3 T,
and decreases in abundance of Al,O;, CaO, K;O and P,Os. The abundances of the
three major components of olivine are thus positively correlated, while most other
major elements show negative correlations with MgO. The most notable major element
variations within Grizzly are those of Na,O and K,O. Higher contents of these
elements may indicate a greater contribution from crustal contamination or alteration
processes, although variation in KO could also be controlled by differential content of
phlogopite, or a variable dilution effect by differential olivine addition/removal. There
is, however, no correlation between SiO, and K,O content in these samples, which does
not support phlogopite control. The general increase in SiO; and decrease in K,O with
increasing MgO is consistent with olivine control.  Olivine and phlogopite

addition/removal, and crustal contamination are discussed in detail in sections 5.3-5.5.

Trends in variation of trace element content in Grizzly are broadly consistent to those
observed in the Lac de Gras kimberlites as a whole (Figure 4.10). The Grizzly samples
are notably some of the least REE-enriched of all. The chondrite-normalised rare earth
distribution pattern (Figure 4.10a) for Grizzly is parallel to the median distribution for
Lac de Gras. Abundances of compatible elements (Figure 4.10b) are also close to the
values of Lac de Gras, with the exception of Grizzly having slight relative depletions in

Sc, Ti, V and Cu, and enrichment in Ni.
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Figure 4.10 Variation in trace element composition in hypabyssal facies samples from Grizzly,
relative to other Lac de Gras kimberlites.
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On an extended incompatible element distribution diagram (Figure 4.10c¢), Grizzly has
slightly lower Cs, Rb, Ba and K compared to the Lac de Gras median; otherwise the
other elements are of similar abundance. The pronounced negative anomaly at K is a
striking feature of this pattern that is commonly observed in both Group I and Group II

kimberlites.

The number of separate samples analysed from Grizzly enables a comparison of
intra-kimberlite compositional variation to be made against the Finsch kimberlite of
South Africa, from which multiple samples have also been analysed (Fraser, 1987).
Finsch is a group II kimberlite and is known to consist of several separate phases of
intrusion (Fraser, 1987) corresponding to different textural-genetic facies and
mineralogies. Consequently, some differences in the magnitude of major and trace
element abundances in comparison to Grizzly are to be expected. Consistent with this
hypothesis, Figure 4.11a-b clearly shows that the extent of variation in each oxide is
much greater in Finsch than in Grizzly. At least three of these intrusive phases, plus
internal and external dykes are represented in the 15 samples considered here, and this

appears to account for much of the major element variation.

It is not known to what extent, if any, there are discrete intrusive phases at Grizzly, but

the limited major element variation suggests that the body as sampled is relatively

homogeneous. Sampling at Grizzly does not cover the entire extent of the kimberlite
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body, as is the case at Finsch. The extent of trace element variations in Grizzly is
similar to that observed in Finsch for Ni, Cr, Sr and Nd, but is more variable for Nb, La

and Rb (Figure 4.11c¢-d).

4.3.2.4 Group A2: Neighbouring kimberlites to Grizzly

This group 1s composed of the other kimberlites situated between Lac de Gras and
Exeter Lake (Figure 1.5). With the exception of Rat, all of these bodies are located
within a 20km radius of Grizzly. Three kimberlites — Mark, Aaron and Arnie — form a
tight cluster within just 2-3km of each other, and are all situated within a narrow
outcrop of Itchen Formation metaturbidites of the Yellowknife Supergroup. Further to
the west, the Rat and Pigeon bodies are also emplaced into metaturbidites at the present
erosion level. The remainder of the kimberlites in this group (Roger, Koala West, and
Leslie) intrude through a pluton of biotite granodiorite and hornblende-biotite tonalite

(Kjarsgaard et al., 2002).

Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. There is a large degree of major element variation between
the individual kimberlites in the group. Intra-kimberlite variation is very limited in
some kimberlites (e.g. Leslie, Roger, Pigeon) but is substantial in others (e.g. Rat,
Aaron, Koala West). Leslie, Mark, Arnie and one sample from Aaron all have MgO
contents in excess of 35 wt %, similar to that observed in Grizzly. Roger and Koala
West have lower MgO and SiO; than Grizzly, but higher Al,O; and P,Os. Pigeon also
has in excess of 3 wt% Al,Os. Roger is the most Ca-rich of this group, while Pigeon

and Koala West have similar CaO abundances to Leslie, Mark and Arnie.
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Intra-kimberlite variations in trace element abundance are small in Roger, Koala West,
Leslie and Pigeon, but are considerably greater in Rat and Aaron. Roger and Koala
West tend to have the highest trace element abundances in this group, while Mark,
Leslie and Pigeon have lower concentrations of trace elements, more akin to Grizzly.
The chondrite-normalised rare earth distribution patterns of most of these kimberlites
are parallel to each other and the trends observed in Lac de Gras as a whole. Aaron and
Rat are the exception to this: in each of these bodies the sample with the lowest MgO
has lower LREE-MREE and higher HREE concentrations than the other. This
produces a flattening of the distribution pattern in the Eu-Lu range. The samples from
Pigeon also display this MREE-HREE flattening, which is characteristic of crustal

contamination.

Amie, Mark and Leslie have some of the highest abundances of Ni and Cr in this
group, while Roger and Koala West have some of the lowest. By contrast, Roger and
Koala West contain high concentrations of Sc and Ti. The transition element signature
of Pigeon is similar to that of Mark and Arnie, except for a notable depletion in Cr.
The most anomalous transition element patterns are again displayed by low-MgO

samples from Rat and Aaron.

All of the kimberlites in this group display a negative K anomaly on a normalised
incompatible element distribution diagram. This anomaly is most pronounced in Arnie,
Mark, Leslie and Roger, and least pronounced in Pigeon. The low-MgO ‘anomalous’
samples from Aaron and Rat tend to be less enriched in LILE and HFSE than the more

MgO-rich samples from the same intrusions.

101



4.3.2.5 Group B: Other kimberlites north of Lac de Gras

The group is composed of two kimberlite clusters (Figure 1.5). The first is situated
between Yamba Lake and Exeter Lake, and consists of the Porpoise and Rattler bodies,
which are emplaced into biotite monzogranite, and the Anaconda body, which intrudes
through biotite granodiorite and hornblende-biotite tonalite (Kjarsgaard et al., 2002).
The second cluster, consisting of the Cretaceous Anne (HL-10), Finlay (HL-11) and
Don (HL-12) intrusions, is located a few kilometres south of Hardy Lake, north-east of
Lac de Gras. These kimberlites have also been emplaced into biotite monzogranite at
the current erosion level (Kjarsgaard ef al., 2002). There is a distance of approximately
50km between the two clusters, although within each cluster only 5-10km separates the

individual kimberlites.

Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. The extent of major element variation between these
kimberlites is very similar to that observed in the bodies adjacent to Grizzly. The Don
kimberlite has the closest major element composition to Grizzly, although its SiO, and
KO contents are slightly higher and its CaO content is lower. The other kimberlites in
this group have MgO contents below 35 wt%. Anaconda and Porpoise are the only two
bodies to display intra-kimberlite variations; they have a range of MgO and most other
major oxides. Finlay and Porpoise have significantly higher Al,O; than the other
bodies in these two clusters. Anaconda, Rattler and Porpoise all have CaO contents in

excess of those in the kimberlites from the Hardy Lake area.

All six kimberlites in this group have typical normalised rare earth patterns parallel to

the overall Lac de Gras trend. Finlay has the highest abundance of REEs, while Anne,
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Don and Anaconda are the most deficient in these elements. Rattler and Porpoise show
a small range of intra-kimberlite variation in the REEs and some compatible elements.
Porpoise is notably depleted in Ni, Cr and V relative to the Lac de Gras median, this
kimberlite has the lowest MgO in this group. Don also has lower Ni than is typical
among the Lac de Gras kimberlites. None of these bodies display any significant
intra-kimberlite variation across the other incompatible elements, with the exception of
an anomalous U spike in one of the samples from Anne. The negative K anomaly is
present in all of these samples to varying degrees and is most pronounced in the

Anaconda and Don kimberlites.

4.3.2.6 Group C: Kimberlites south and east of Lac de Gras

This group of six kimberlites again consists of two clusters of three bodies, separated
by about 15km (Figure 1.5). The first cluster consists of T-34, T-35 and T-36, while to
the east lie T-19, T-21 and T-237. All of these kimberlites intrude through

metasedimentary rocks of the Yellowknife Supergroup (Kjarsgaard et al., 2002).

Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. All of these samples have significantly lower MgO (<30
wt%) and higher Al,O; (>3 wt%) contents than those of Grizzly. The T-36 and T-237
kimberlites show some intra-kimberlite variation in MgO and other major oxides.

Major element variation within the other kimberlites in this group is minimal.

Intra-kimberlite trace element variations are also rare amongst these six kimberlites. In

each case the normalised REE patterns are mutually parallel, but all show a tendency

towards flattening out in the MREE-HREE range. The REE contents of all these
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samples are higher than the median value for Lac de Gras. Similarly, the Ni and Cr
abundance in all of these samples is lower than typical for the Lac de Gras suite as a
whole. Together with the lower MgO and higher Al;O; contents, and higher MREE
and HREE, this could be evidence of dilution of a typical ‘olivine’ signature with
crustally derived material (see Chapter 5). Incompatible element abundances are
similar to or greater than the Lac de Gras median value. K anomalies are generally
smaller than those observed in the kimberlites situated on the north side of Lac de Gras.
This is most pronounced in this group in the T-237 body, and is again consistent with

addition of crust (Chapter 5).

4.3.2.7 Group D: Other Lac de Gras kimberlites

This group covers the remainder of the hypabyssal samples drawn from seven widely
spaced intrusions around the immediate area of, and to the south and far east of Lac de
Gras (Figure 1.5). The easternmost extent of the study area is marked by the kimberlite
at Nicholas Bay, on the northern shore of Aylmer Lake. Nicholas Bay, TR-107 and
DD-39 are emplaced within Yellowknife Supergroup metasediments, while the other
kimberlites of this group intrude muscovite-biotite monzogranites (Kjarsgaard et al.,

2002).

Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. The inter-kimberlite major element variation observed
between these seven bodies is very large, encompassing almost the entire range seen in
the Lac de Gras field. Intra-kimberlite variation is again limited, with only Misery,
Misery East and T-146 showing any significant differences between samples from a

single body. DD-39 has the highest MgO content, comparable to that of Grizzly, while
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TR-107 and T-146 are the most MgO-poor. These two samples also have high Al,Os3,
K70, Na,O and P,0s. Only DD-39, Misery and Misery East contain less than 3 wt%

Al O3 in this sample group.

The general lack of intra-kimberlite variation is again also reflected in the trace element
compositons of these kimberlites. All have mutually parallel normalised REE patterns.
The greatest abundance of REEs is found in T-146 and TR-107, while all the other

bodies have REE contents typical of the Lac de Gras median.

The MgO-poor kimberlites from T-146 and TR-107 are depleted in Ni and Cr relative
to the Lac de Gras median. These kimberlites also have a commensurate excess of Sc,
V and Ti relative to the more MgO-rich bodies in this group. T-146 and TR-107 are
also significantly enriched in incompatible elements relative to the other kimberlites in
this group and the Lac de Gras median. DD-39 appears to be depleted in Cs and Rb
relative to Lac de Gras as a whole, and with Misery is the one of only two kimberlites
to display a negative K anomaly of a comparable magnitude to those observed in the
more northerly groups. Petrographically, these two kimberlites are more similar to the

intrusions on the northern side of Lac de Gras (groups 1 and 2).

4.3.2.8 Group E: Slave kimberlites outside the Lac de Gras area

This group includes kimberlites from the Contwoyto field (Jericho and Muskox), and
from the South-East Slave field (Kennady Lake and Snap Lake). Sample JD-51 from
Jericho has been proposed by Price et al. (2000) to be a compositional proxy for a
primary kimberlite liquid, on the basis of an absence of any evident macrocrystal

olivine.
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Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. The extent of intra-kimberlite major element variation
appears to be greater in these kimberlites than that typical of Lac de Gras intrusions.
Unfortunately only single samples of hypabyssal material were obtained from the
South-East Slave bodies, so intra-kimberlite variations in this area cannot be assessed.
The two samples from RND-120 (Jericho) have very disparate MgO contents,
potentially indicating a large amount of differential olivine addition/subtraction. This
1s also observed to a lesser extent in JD-69. Only a single sample from RND-120 has
an MgO content similar to that of Grizzly. JD-51 has very low MgO, in accordance
with its olivine-poor nature. The Jericho samples are also notable for displaying a wide
range in CaO from one intrusion to another. JD-69 and JD-82 are the only kimberlites

in this group to have Al,Os contents below 3 wt%.

RND-120 is highly enriched in trace elements relative to the other kimberlites in this
group and those from Lac de Gras. The MREE-HREE abundances in JD-51, JD-69
and JD-82 are also elevated relative to the Lac de Gras median. The negative K

anomalies are more accentuated in the kimberlites from the Contwoyto field.

4.3.2.9 Group F: Canadian kimberlites beyond the Slave Province

Analyses have been obtained on a further nine samples from kimberlites located
outside the Slave craton. Four samples analysed for this study are from separate
kimberlites (Batty Bay, Elwin Bay, Jos and JP South) from Somerset Island, which is
located at the northern end of the Gulf of Boothia and is part of the Churchill Province.

For comparison, a further four analyses of a Somerset Island kimberlite (Nikos) from
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the study of Schmidberger et al. (2002) are included. An additional sample from the
Churchill Province is also included from the kimberlite at Rankin Inlet. Four samples
are also taken from the Attawapiskat, Kirkland Lake and Timiskaming fields of the
Superior Province. The two samples from the Timiskaming field are taken from

different kimberlites (Guigues and Peddie).

Major and trace element variations within and between kimberlites in this group are
illustrated in Appendix E. The four samples from Nikos (Schmidberger et al., 2002) on
Somerset Island do not provide strong evidence for intra-kimberlite homogeneity in this
body. As in the other kimberlite groups investigated, there is a considerable range of
major clement compositions between different kimberlites. The samples from Kirkland
Lake and Timiskaming have the highest MgO contents, although these are still lower
(<35 wt%) than the values typical of Grizzly. The Churchill Province samples are
notable for their high TiO, and Ca0O, and low SiO, and Fe,O; T relative to Lac de Gras
kimberlites. High CaO contents in the Somerset Island kimberlites may be related to
the carbonate sedimentary cover through which the bodies intrude in this area (Mitchell
and Fritz, 1973). Alternatively, this could be due to higher modal proportions of

primary magmatic carbonates.

All the kimberlites from the Churchill and Superior provinces show considerable trace
element deviations from the median of the Lac de Gras dataset. The Churchill province
kimberlites are variably enriched in REEs relative to those from Lac de Gras. The
samples from the Superior province display a range of REE enrichment and depletion
relative to Lac de Gras, and the REE patterns from Attawapiskat and Kirkland Lake are

noticeably flattened in the MREE-HREE.
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The Churchill province kimberlites analysed in this study are variably depleted in Cr
and Ni, and enriched in Ti, relative to Lac de Gras. Only partial compatible element
data is reported by Schmidberger et al. (2002), so this data is not included here. The
Superior province kimberlites are also Cr-poor and Ti-rich relative to Lac de Gras. The
patterns of variable enrichment and depletion in REEs relative to Lac de Gras also
apply broadly for other incompatible elements. All the kimberlites from both the

Superior and Churchill provinces have a negative K anomaly.

4.3.2.10 Summary

Although a large range in major and trace element abundances is evident between
kimberlites on both a local and regional scale, there is a striking degree of
intra-kimberlite homogeneity in many intrusions. This is exemplified by the limited
variation observed between the multiple analyses of hypabyssal kimberlite from the
Grizzly pipe. Many of the most MgO-rich kimberlites analysed, including Grizzly, are
found within 20km of each other between Lac de Gras and Exeter Lake. Similarly, the
majority of kimberlites from south and east of Lac de Gras have Al,O; and HREE

contents indicating more extensive contamination by crustal material.

Where intra- and inter-kimberlite geochemical variations do occur, they tend to be
coupled across the major and trace element chemistry of the kimberlite (e.g. variations
in MgO are coupled with those in Ni and Cr, adding olivine to a magma may
concentrate these elements and ‘dilute’ others, such as the HREESs). Certain element
distribution patterns are characteristic of kimberlites, such as high LREE/HREE ratios

and negative anomalies in K relative to other LILE and HFSE elements. Variations in
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the magnitude of these characteristics may also be diagnostic of variable addition and
subtraction of material derived from the mantle and crust. The effect of processes such
as contamination, alteration and fractionation on the elemental geochemistry of

kimberlites is investigated in detail in the next chapter.
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Chapter 5

Major and trace element geochemistry -
processes

5.1 CHAPTER OVERVIEW

In this chapter, the detailed major and trace element data presented in Chapter 4 are
used to investigate the processes responsible for modifying the chemistry of a
kimberlite melt subsequent to separation from its mantle source region. There are four
main controls which may operate to varying degrees: contamination of the magma by
physical incorporation of lithospheric mantle xenoliths, contamination of the magma by
continental crust, fractionation of early crystallising phases from the magma, and post-
emplacement alteration. Each of these processes and their effects on kimberlite

geochemistry is discussed.

5.2 ALTERATION

5.2.1 Nature and extent of alteration processes

Mineral assemblages typical of kimberlite are very susceptible to alteration, which
proceeds by a range of processes, often in discrete stages. There are two main phases
of alteration. The first is a deuteric process, whereby late-stage fluids cognate to the
intrusion interact with the kimberlite mineralogy. Subsequently, post-emplacement
weathering processes can produce alteration and leaching of the kimberlite by

groundwater in the near-surface environment.
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Deuteric alteration occurs during and immediately after emplacement of the kimberlite
and may be promoted by high volatile contents in the magma, which exsolve during the
eruptive phase. This process can result in partial to complete replacement of olivine
macrocrysts by pseudomorphs of fine-grained serpentine and redistribution of primary
carbonate within the groundmass (Spriggs, 1988; Tainton, 1992). The subsequent
alteration of serpentine to other low-temperature hydrated magnesium silicates such as
vermiculite and saponite (Kresten, 1973) are an extension of these deuteric processes,
rather than weathering effects. Spriggs (1988) maintains that the bulk composition of
the system remains unchanged by deuteric alteration, although Kresten (1973) argues
that some material will be lost in solution, such as brucite, which is a common by-
product of the breakdown of olivine to serpentine. The resulting low activity of Mg®*
in the system is the driving force for subsequent formation of vermiculite and saponite

(Kresten, 1973).

Weathering processes may occur at any time after emplacement of the kimberlite and
result in the breakdown of phlogopite and serpentine to chlorite, a variety of clay
minerals including illite, kaolinite and montmorillonite, calcite and calc-silicates such
as members of the epidote group (Kresten, 1973; Deer, et al., 1992). Secondary
serpentine may be formed as fibrous overgrowths on olivine pseudomorphs which are
distinct from deuteric serpentine (Spriggs, 1988). Removal of material from the
system, in particular leaching of mobile elements in solution, is common during
weathering (Fesq, 1975; Spriggs, 1988; Tainton, 1992). Calcretes and lateritic
assemblages often develop at the near-surface (Kresten, 1973; Tainton, 1992),

particularly in tropical latitudes (Fairbairn and Robertson, 1966).
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All kimberlites that ascend fully through the crust and become emplaced in a surficial
environment are likely to be affected to some degree by circulating groundwater fluids,
or by exposure to subaerial weathering processes. Crater and diatreme facies rocks are
thus more likely to be immediately subject to near surface alteration, but erosion could
subsequently bring any level of the kimberlite intrusion into the near surface alteration
zone. Tainton (1992) describes how alteration in dykes of hypabyssal facies kimberlite
from South Africa tends to decrease from the margins to the centre of the feature,
suggesting ingress of fluids along the contact between the dyke and the country rock,
whereas in the diatreme environment alteration is more evenly distributed throughout
the pipe. This is probably due to the inherent high porosity of crater and diatreme
facies kimberlite. It is conceivable that fluids responsible for alteration could exploit

fractures and other structures to reach any part of a kimberlite body.

In general, massive hypabyssal facies kimberlite has low porosity and should be less
altered than the kimberlite breccias of the diatreme facies. Consequently hypabyssal
facies rocks are the preferred focus of the current study. Petrographic examination of
the LDG samples indicates that they have experienced variable, but limited
post-emplacement alteration (Armstrong et al., in press), particularly in relation to
many hypabyssal kimberlites from southern Africa (B. A. Kjarsgaard, pers. comm.).
Mitchell (1986) suggests that in many studies of South African kimberlites, samples

categorised as ‘fresh’ are in fact altered to some extent.

5.2.2 Mineralogical and chemical effects of alteration processes

Modification of the whole-rock chemistry by weathering and other near-surface

alteration processes is a complex function of the specific mineralogy of the kimberlite,
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the chemistry of the fluids involved and the amount of alteration that takes place. The
pre-alteration bulk chemistry of the rock is already a function of the initial primary
magma composition, the amount of mantle and crustal material assimilated by the
kimberlite magma during ascent, and crystal fractionation processes. The rate and
extent of alteration may be controlled by proximity to the surface, and thus indirectly
by the ambient rate of erosion, together with other structural characteristics of the local
geology and prevailing conditions of subsequent hydrothermal systems. Despite the
complex nature of the problem, it is possible to make some observations about the
probable effects of alteration based on the few studies that have actively included these

rocks (e.g. Fesq et al., 1975; Taylor et al., 1994).

Alteration processes do not affect all the mineralogical constituents of a kimberlite
equally, although the phases that are typically altered often tend to be some of the most
modally abundant. These include olivine, which becomes partially or fully
serpentinised, phlogopite, which is degraded to chlorite and other clay minerals, and
carbonates such as calcite and dolomite (Fairbairn and Robertson, 1966; Tainton, 1992;
Taylor et al., 1994). Primary carbonates are leached from kimberlite by some fluids,
and reintroduced as secondary carbonates by others (e.g. formation of magnesite during
serpentinisation; re-precipitation of calcite from solution, e.g. Armstrong ef al., in
press). These different phases of carbonate can be difficult to resolve chemically,
although detailed studies of mineral chemistry are currently being conducted to assess

their relative contributions (e.g. Armstrong ef al., in press).

The replacement of olivine by serpentine and, subsequently, other minerals proceeds by

several chemical reactions, examples of which are given in Deer er al. (1992). Further
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decomposition of serpentine to talc, chlorite, other clays and carbonates such as calcite
and magnesite is dependent on the H,O and CO, content of the ambient pore fluids
(Deer et al., 1992). The net flux of elements during these processes tends to lead to a
decrease in the Mg, Fe’* and Si content of the rock and an increase in the Al Fe** and
Ca content. Serpentinisation also produces a large net decrease in the density of the

rock, and thus there is a large volume expansion for a given mass of material.

Phlogopite is a major constituent of Group II kimberlites but is also often found as a
groundmass phase in Group I intrusions, and more rarely as a phenocryst phase.
During alteration it degrades to sericite, chlorite and a range of other clays, as well as
calcite and epidote group minerals (Deer er al, 1992). These reactions lead to a

decrease in Mg and K coupled with an increase in Al and Ca.

The clay minerals introduced by alteration of both olivine and phlogopite are capable of
hosting a variety of trace elements. The more mobile incompatible elements in these
systems tend to be those with large ion lithophile tendencies, such as the alkaline (e.g.
Rb, Cs) and alkaline-earth metals (e.g. Sr, Ba) and the lightest rare earth elements (La,
Ce). Other incompatible elements, such as the high field strength elements (e.g. Nb,
Ta, Hf, Zr) are considered to be relatively immobile during alteration. Taylor et al.
(1994) suggested the following order of mobility on the basis of analyses of altered

kimberlites from Liberia:

MOBILE Sr ~ Rb > Ba > La ~ Ce > P ~ Zr > Nb TMMOBILE
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This is consistent with the study of Nesbitt et al. (1980), which found that alkaline and
alkaline-earth elements with smaller ionic radii (e.g. Na, Ca, Sr) are preferentially
removed in solution during weathering while those with larger ionic radii (e.g. Rb, Cs,
Ba) are mobilised but become adsorbed onto clays and so remain within the weathering

profile unless mass wasting processes (e.g. erosion) are active.

Aside from major and trace element, it seems probable that there is some relationship
between volatile content and the degree of alteration of a sample. The role of H,O and
CO; in serpentinisation and carbonation of the rock has already been noted.
Unfortunately, the pattern is complicated due to the naturally high and variable volatile
content of kimberlite magmas. There is also a lack of information regarding the extent
to which the magma devolatilises during emplacement and to which volatiles
(particularly CO,) are lost from the system during alteration. Given the number of
unconstrained factors influencing volatile content it seems unwise to use this in

1solation as a measure of alteration.

3.2.3 Identifying major and trace element indicators of alteration

Identifying major and trace element variations that are characteristic of alteration is not
straightforward. The effects of alteration can be difficult to distinguish from the effects
of crustal contamination. In addition, most studies (including this one) have
deliberately avoided analysing altered material. Well-characterised altered kimberlites
are therefore scarce. Gurney and Ebrahim (1973) reported major element analyses of
25 kimberlites from Lesotho, subsets of which constitute suites of fresh to altered
material from individual localities, e.g. Lemphane. Fesq ef al. (1975) presented major

and average trace element data for a selection of South African kimberlites, including
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the contaminated and altered Koffiefontein and Ebenhaezer intrusions. They noted
relative depletion of Cs > Rb > K in the vicinity of contacts between kimberlite dykes
and country rock, and suggested the use of the ratios K/Rb, K/Cs and Th/U as tracers of

alteration.

More recently, Spriggs (1988) attempted a more detailed major and trace element
comparison of fresh and altered kimberlites from Namibia. A number of trends can be
identified relative to Nb content on binary variation diagrams that appear to
discriminate the effects of alteration from those of fractionation and crustal
contamination. The main observations of this study were that alteration, or some
combination of alteration and contamination, causes depletion of alkali and
alkaline-earth elements along with P and Pb. Taylor ef al. (1994) also presented major
and trace element data for two suites of kimberlites: a set of variably contaminated
hypabyssal and volcaniclastic samples from the Koidu area of Sierra Leone, and a set
of altered but apparently uncontaminated kimberlites from just below the weathering
profile at Sample Creek, Liberia. They concluded that high total H,O content together
with depletion in CO, and mobile incompatible elements are the most diagnostic

geochemical signatures of alteration in these rocks.

Although the binary variation alteration vectors of Spriggs (1988) provide a reasonable
fit to the few Namibian data, it is difficult to apply these same vectors successfully to
other similar datasets, such as that of Taylor et al. (1994). The main reason for this is
that Spriggs (1998) expresses the alteration vectors in terms of concentrations, which
tend to be specific to a particular suite of related rocks. Given the large scope for

relative enrichment and depletion in many elements between kimberlites from different
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fields, or even neighbouring intrusions, it is more appropriate to work in terms of
elemental ratios if we want to develop a more general scheme for recognising

signatures of alteration.

A possible approach to identifying trends of progressive alteration in kimberlites is to
attempt to quantify the development of clay minerals within the bulk rock as a result of
post-emplacement weathering-related processes. This will, on average, lead to an
increase in the abundance of SiO; and Al,O;, with a decrease in MgO. The Na,O/K,0
ratio is also likely to increase. Unfortunately, these are also the trends produced by
crustal contamination of a kimberlite (Section 5.4), making it highly problematic to

assess the relative contributions of alteration and contamination.

An alternative approach is to utilise the differential mobility of minor and trace
elements released from minerals during weathering. A wide variety of minerals are
found in kimberlites (Mitchell, 1986; 1995), but by far the most abundant of those
phases susceptible to alteration are olivine and phlogopite. Primary groundmass
calcite, the content of which is very variable between kimberlites, and apatite are also

commonly re-precipitated or replaced as a result of interaction with groundwater.

Although the majority of olivine serpentinisation is thought to occur as an isochemical,
deuteric process, in reality some Mg is likely to be lost from the system during
serpentinisation as a result of formation and subsequent dissolution of brucite (Kresten,
1973). The principal trace elements hosted by olivine are compatible elements such as
Ni and Cr, which are not considered to be particularly mobile. Using Mg or elements

such as Ni and Cr as tracers of alteration within a suite of rocks would be complicated
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by the hybrid nature of kimberlite, which results in samples having very variable

olivine contents that differ from those of the primary magma.

The decomposition of phlogopite to a succession of clay minerals during weathering is
potentially a better approach to identifying alteration effects, since phlogopite is the
main host for a variety of alkaline and alkaline-earth elements such as K, Na, Ca, Ba,
Rb and Cs (Deer et al., 1992). Sr is also present as an interlayer cation in phlogopite,
but is mainly hosted within carbonate phases. It may be mobilised as a result of
groundwater dissolution and re-precipitation of primary carbonate. The most leachable
of these cations tend to be those with low ionic charge (i.e. 1+ or 2+) and small ionic
radius. These are easily mobilised by exchange with H" ions in acidic groundwater
fluids and are less readily adsorbed into exchange sites in clay minerals than larger
radius cations (Nesbitt ef al., 1980). Na, Ca and Sr are thus more extensively removed
in solution while Rb, Cs and Ba will tend to remain to some extent in the clay-rich,

weathered portion of the kimberlite.

Apatite has been observed to be pseudomorphed by late-stage calcite in some
kimberlites (Mitchell, 1986). Weathering of apatite may also release other elements

that substitute for Ca in the apatite structure, such as Sr and LREE:s.

In contrast to these easily weathered phases, some trace elements are primarily hosted
in more refractory oxide minerals such as perovskite. Nb is particularly abundant as a
substitute for Ti in the dysanalyte variety of this mineral, along with lesser amounts of
Ta;, REEs are enriched in the knopite and loparite varieties (Boctor and Boyd, 1979;

Deer et al., 1992). Abundances of these relatively immobile elements should therefore
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remain virtually constant throughout weathering processes. This is borne out by the
choice of Nb as an immobile reference element by Spriggs (1988) in his bivariate
‘alteration vector’ diagrams and by its common utilisation in geochemical classification
schemes. Nevertheless, under some weathering conditions refractory phases like
perovskite and 1lmenite can break down to products such as leucoxene (Mitchell, 1986;
Heaman and Kjarsgaard, 2000). Thus, no element is entirely resistant to the effects of

alteration.

S.2.4 Quantifying alteration

Compositional datasets for kimberlites from Namibia (Spriggs, 1988) and West Africa
(Taylor et al., 1994) contain both fresh and altered samples and provide the best
opportunity within the literature to investigate the effect of alteration on selected
elemental abundances. If parameters capable of charcterising alteration in these
kimberlites can be identified, they may be applicable to identifying alteration in the
Canadian kimberlites. In the case of the Gibeon kimberlites, both fresh and altered
samples are from the same kimberlite field, all samples are hypabyssal and there is
good evidence that all the rocks are genetically related (Spriggs, 1988). This not the
case for the West African samples, which are drawn from different fields in Sierra
Leone (fresh samples) and Liberia (altered samples). It cannot be assumed that there is
any genetic link between the magmas that were emplaced in these two areas.
Consequently, while there is considerable variation in the abundance of some elements
between the populations of ‘fresh’ and ‘altered’ kimberlites (Figure 5.1) in West
Africa, these variations cannot exclusively be attributed to alteration, and this data
should be treated with caution. It is included in Figures 5.1 and 5.2 for comparison

purposes only.

119



"BLIOQIT ‘PeY ¥091)) o[dureg oY) WO 18 SA[IdqUITY UBOLIY ISOM
p2I9)[e QU0 BLIDIG ‘P[oL NPIOY Y] WIOLJ SIe SIIISQUINY UBOLY 1SOA PaIdjfeu) 9ouiaold uoaqin) 9y} WOl dIe SAY[IdqUID]
uBIqIUEN] [[V "SIUSWIS[O Yes a1e1 Y31y (p ‘suowd[e Y3uons pjoy ySiy (0 Sjuswafe yues-suley[y (q ‘sjudwde surey[y (e
(4661 “1v 12 10]AR] ) BOLYY 1S9 PUB (886 SITLIAS) BIqIIUEN WOY SAIISGUIL U 20UBPUNGE [BIUSWIS JO UOHBLIBA [ 'S 9AN31y

“ : b “ “ I
w M g | | Tl -
“ | oS | " 0
: : For Q m : oo O
: | W | i M
: " I PHTCD "
i " e | resnh S Lo §
i B e 10000 % | T et g
o SR ol conomgoocsol 000 2 | w °8 Loooos 3
P Y P} copcooo3ocoo = RN “ g
APV | Yoo B | P10 00t 000001 S
I . | 2 | | e
_ ! - 000t _ _ - 0000001
a3y3Ly HS3Yd  QIYILTY  HSIH4 a3y3LY HS3Y¥4 Q@3IHILTY  HSIHA
VORI4VY 1S3IM VIGINVN Amv VOld4V 1S3IM VIGINVN AQ.
; b0 ; : Vo
m - | m L, =
| Q i | Q
: -1 09 \/ \ / : o
! Q W/ el Lt Lor O
! =] ! A Wl =]
| " z L ool e S
oot - 0l e - i i = O F 00D
X 1 QOORAOXOR m ] i o~ = i m
I - \ 1 -
i = : _ m é St - 0004 =
- , o iz roor = | m =
Ma» ¥ ) e = i T | 00001 S
, S=i m aN | |
L 0001 i Al 00000}

a3y3LT HS3¥dd thm.zr HS3¥d a3y3LTv HS3dd4 QW&W.ST HS3dd4
VORIdVY LSIM VISINVN AO VIORd4dV 1S3IM VIgINVN AN

120



The greatest difference between elemental abundances in fresh and altered kimberlites
from Gibeon is seen in the LILEs and LREEs (e.g. Na, K, Rb, Ce), with more moderate
variation in elements such as Ba and Sr, and very little variation in Nb (Figure 5.1).
Some of the reduction in abundances, particularly of less mobile elements, may be due
to volume expansion in the rock as a result of serpentinisation. This will reduce
elemental abundances on a weight-for-weight basis. These observations are broadly
supported by the West African data, and are reasonably consistent with the arguments

concerning relative element mobility developed above.

The differential mobility of elements can be used as a basis for discriminating between
chemically altered and fresh material, and to provide some indication of the extent to
which the alteration has proceeded. The theoretical considerations and practical
examples presented above suggest that the most effective indicators of alteration should

take the form:

[Alkaline or Alkaline-earth element] / [HFSE]

Suitable choices of element would include Na, Rb, Ca, Sr for the numerator and Nb,
Ta, Hf, Zr, Y for the denominator. In practice there are some limitations on these
selections. For instance, the use of Ca is questionable given the extreme variability in
abundance of this element between kimberlites. Also, high quality Ta and Hf data for

altered kimberlites in the literature is very limited.

Examination of various trace element log-ratio pairs indicates that few are able to

discriminate fully between samples known to be altered, and those considered

121



relatively fresh. Despite Na being supposedly one of the most mobile elements,
Na/HFSE ratios cannot distinguish between fresh and altered samples. This may be
due to opposing effects of Na being removed by leaching, but introduced by crustal
contamination. Ratios involving K, Rb or Ba are sensitive to the presence of
phlogopite in the sample. Consequently, the field of fresh mica-rich (principally South
African Group II intrusions) and mica-poor kimberlites are offset in K-Ba-HFSE or K-

Rb-HFSE space.

Ratios involving Ce, Ba and Sr in association with HFSEs appear to be most effective
at discriminating between fresh and altered material in African kimberlite datasets
(Figure 5.2). These ratios are not sensitive to variable volatile content between
samples. Both the change in magnitude of the ratio (Figure 5.2a-c) and the change in
relative abundance of numerator and denominator (Figure 5.2d-f) are illustrated. The
relative change in elemental abundance between Ce-Nb, Ba-Nb and Sr-Nb in fresh and
altered samples is quite clear, even when there appears to be little change in the In
(Ba/Nb) or In (Sr/Nb) ratios. The trends observed are consistent with progressive
removal of Sr, Ba and Ce from less refractory phases like phlogopite, apatite and
calcite.  Crustal contamination is likely to lead to rapid reduction in the Nb
concentration in any mixture with a typical kimberlite composition, relative to
reduction in Ce, Ba or Sr. Consequently, it should be possible to discriininate crustal

contamination trends from alteration trends using these parameters.
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Figure 5.2 Variation of log-ratios and abundances of selected elements that demonstrate differential
mobility during alteration in kimberlites from Namibia (Spriggs, 1988) and West Africa (Taylor et al.,

1994).
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5.2.5 Alteration in the LDG and other Canadian kimberlites

Hypabyssal samples from LDG are recognised as being generally less altered than
those from many African kimberlites, but the 16 volcanilcastic samples analysed from
LDG might be expected to show some chemical effects of alteration. There is in fact
very little offset towards low Ce/Nb, Ba/Nb and Sr/Nb apparent in either the
hypabyssal or volcaniclastic kimberlites from LDG (Figure 5.3). In the case of all three
parameters the LDG data display limited scatter around a median value (~0.1 for In
[Ce/Nb]; ~2.3 for In [Ba/Nb]; ~1.5 for In [St/Nb]). Although some samples plot well
below the median value for a particular log-ratio parameters (Figure 5.3a-c), none do so
consistently for all three parameters. It is difficult to rule out the inherent
compositional variability of kimberlites as being the possible cause of these variations.
There is very little variation evident in the volcaniclastic kimberlites relative to the
hypabyssal samples, suggesting that any additional alteration in the volcaniclastic rocks

is not detectable on the basis of log-ratios alone.

An analysis of the relative abundance of Ce, Ba, Sr and Nb in the LDG samples (Figure
5.3d-f) indicates that two samples, from Aaron (AAR-2) and Rat (RAT-4), have very
low abundances of all these elements. These trends are not, however, well correlated
with low In (Ce, Ba, S1/Nb) and consequently could be recording crustal contamination,
or a combination of crustal contamination and alteration. Several of the volcaniclastic
kimberlites from LDG have similar low Ce, Ba, Sr and Nb abundances, and low Ce/Nb,
Ba/Nb and Sr/Nb; these rocks might be expected to contain signatures of both alteration

and crustal contamination.

124



LAC DE GRAS

LAC DE GRAS Trousands HYPABYSSAL VOLCANICLASTIC
a) 44 HYPABYSSAL VOLCANICLASTIC d) 1.4 1
~1.2 T
s B2 ool g
) 4
So-m&go%&? ogboﬂﬂw%m% ’ ;e"mﬁ%? & 1
4 A £08 %
u ] { (.‘
s o £0s1 T % II
- = af
17 8 P el
4 SR 2 ¢! .
002 o 78l 0™ apa®® %
f a & o :‘f ’A
2 0
O and @ Ce = Nb
LAC DE GRAS LAC DE GRAS
b) HYPABYSSAL vo;_c,qmcusnc e) “::m HYPABYSSAL VOLCANICLASTIC
3 -
[o]
| qmbdb%@ ""%&oo‘&@o o 0 @Q;o% = 16
00 ®
2 1 oo ° 2 d'e ¢ g
2 : E
. -
@ ° £
i g «
- g
2 &) ®
. c
O and @ Ba = Nb
LAC DE GRAS
) LAC DE GRAS f) ‘mounnd: HYPABYSSAL VOLCANICLASTIC
€),. HYPABYSSAL VOLCANICLASTIC i
24 @ 0, © @0 * . g 0
@ o ® o Po ° 0 | gaf® a2 3
21- :bdzz;a:o%o®°°%a°°° "{‘P" E
° o o © ,4° =
Z ° €
i = E
s ° g
' 4 §
15 g 1 E l
2 S
-3 0

Figure 5.3 Variation of log-ratios and abundances of selected elements that demonstrate differential
mobility during alteration in kimberlites from Lac de Gras.

e



Among Canadian kimberlites analysed from fields and provinces beyond LDG and the
Slave craton, the four volcaniclastic samples from the South-West Slave, South-East
Slave and Fort a la Corne fields all have low abundances of Ce, Ba and Sr and low
Ce/Nb, Ba/Nb and Sr/Nb. None of the hypabyssal samples from outside the Slave
province have clear signatures of alteration in terms of Ce-Nb, Ba-Nb and Sr-Nb
variations. The two samples from the RND-120 intrusion at Jericho in the Contwoyto
field do have In (St/Nb) that is negative and much lower than any of the other
kimberlites analysed from Jericho. This is partly due to the Nb content of these
samples, which is higher than any of the other Jericho samples, but RND-120 also has

very low (<200ppm) Sr abundances.

S.2.6 Summary

Syn- and post-emplacement alteration processes are capable of leaching substantial
amounts of mobile trace elements from kimberlite matrices. Ratios such as Ce/Nb,
Ba/Nb and Sr/Nb, in conjunction with elemental abundances of Ce, Ba, Sr and Nb, may
offer some insight into which kimberlites have experienced measurable amounts of
alteration. Despite this, the hypabyssal kimberlites from LDG appear to be very fresh,
with none having clear Ce-Ba-Sr-Nb signatures of alteration comparable to those
observed in some southern African kimberlites. This supports field and petrographic
observations regarding the general freshness of hypabyssal kimberlites from LDG.
Only two hypabyssal samples from LDG have low Ce, Ba, and Sr abundances, with
variable Ce/Nb, Ba/Nb, Sr/Nb ratios. Low abundances of Nb associated with these

samples suggest that the observed chemical trends may reflect a combination of
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alteration and crustal contamination. Several of the volcaniclastic samples analysed

from LDG have these kinds of signatures.

3.3 FRACTIONATION OF KIMBERLITE MAGMAS

S.3.1 Evidence for fractionation in kimberlites

No clear consensus exists on the extent, if any, to which primary kimberlite magmas
undergo crystal fractionation. One of the largest barriers to resolving this issue is the
complicating effects of other processes, namely contamination by mantle and crustal
material and post-emplacement secondary alteration that act to modify the primary
composition of kimberlite magmas. Entrainment and assimilation of olivine derived
from the lithospheric mantle in particular masks the effects of possible olivine
fractionation. An additional constraint is that few detailed studies have been conducted
on sets of kimberlite samples that can be regarded with confidence as being genetically
related, e.g. studies of intra-kimberlite compositional variations. Exceptions to this are
the studies of South African Group II kimberlites of Fraser (1985) and Tainton (1992).
Scott (1979) and Spriggs (1988) have investigated geochemical variations in suites of
ultramafic lamprophyres and Group I kimberlites, respectively, that are likely to be
related on a local geographical scale. The conclusions of these studies with regard to

the effects of fractionation are summarised in Table 5.1.

S.3.2 Fractionation mechanisms

The fractionation of kimberlite magmas cannot be considered in isolation from other
processes of magmatic evolution such as contamination by the crust and lithospheric
mantle, which can and probably do affect kimberlite magmas (see sections 5.4 and 5.5).

A kimberlite magma can start fractionating as soon as it is separated from its source
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region and begins ascending. This is an important consideration, because assimilation
of mantle peridotite and crust will alter the composition of the magma, i.e. pre-, syn-
and post-contamination fractionation will commence from different initial bulk
chemistries. This is, of course, dependent on the extent to which any entrained mantle
or crustal material actually dissolves in the kimberlite magma. A considerable
proportion of any macrocrystal olivine that is separated out from the evolving magma
could, in fact, be xenocrystal in origin. Equally, olivine macrocrysts can also be high-
pressure phenocrysts; careful petrography is required to determine the relative modal

abundance of xenocrysts and phenocrysts.

Incorporation of crustal material into the kimberlite magma (see section 5.4) can lead to
significant reductions in the bulk MgO content of a sample. Differential amounts of
crustal contamination in a suite of samples may produce a range of MgO and other
major element compositions that superficially resemble fractionation trends. Careful
examination of major and trace element data should enable the effects of fractionation

to be resolved from those of contamination by crustal and also mantle material.

The two most likely mechanisms for removing early-forming phases from the
kimberlite magma are gravitational separation during ascent and flow differentiation
during ascent and emplacement. Several workers have observed flow differentiation
phenomena in dykes and sills from South Africa (Dawson and Hawthorne, 1973;
Clement, 1982; Mitchell, 1986). Hand specimens from the Jagersfontein kimberlite
clearly show development of olivine-rich and olivine-poor layers on a centimetre scale,
producing extreme chemical heterogeneity on a local scale. There is also evidence on a

thin-section scale of flow banding in samples from the dykes of the Jericho intrusion.
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Arndt (2003) envisages a process operating in South African Group II kimberlites
whereby the ascending magma interacts with the lithospheric mantle, entraining
peridotitic olivine as xenocrysts and chemically assimilating orthopyroxene and other
less refractory phases. This increases the SiO, content of the magma and adjusts its
Mg/Fe ratio such that olivine crystallising from it has a forsterite content like that of the
assimilated material.  Although it is not stipulated to what extent, if any, the
crystallising olivine is fractionated from the magma, this is essentially an assimilation-
fractional crystallisation (AFC)-type process, where latent heat of crystallisation drives
the assimilation of material into the magma (DePaolo, 1981). Arndt (2003) suggests
that this process does not operate to the same extent in Group [ magmas, which pass
upwards through the mantle more rapidly, entraining but not resorbing lithospheric
material and thus retaining an isotopic signature characteristic of the sub-lithopsheric
convecting mantle. Differential volatile content is proposed as a possible means of
varying the speed of ascent and degree of lithospheric interaction between Group I and

Group II magmas.

5.3.3 Fractionating phases in LDG kimberlites

The phases most commonly considered on the basis of textural evidence to represent
phenocrysts in kimberlites are olivine and phlogopite (Mitchell, 1986). Together with
spinel, these are the earliest crystallising phases within kimberlite magmas. Phlogopite
is not, however, commonly observed as a phenocryst phase in the LDG kimberlites;
instead it occurs mainly as microphenocrysts or as a groundmass phase (Armstrong et
al., in press). In addition, the experiments of Edgar et al. (1988) on phase relations in
the aphanitic Wesselton kimberlite from South Africa at 10-50kbar, show that above

1200°C, the only phases that crystallise are olivine and spinel. Phlogopite phenocrysts
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are only likely to form in the rare cases when the K,O content of the magma is >2wt%
(B. A. Kjarsgaard, pers. comm.). In the following analysis ilmenite and perovskite are
also included because they are ubiquitous phases and exert important controls on the

budget of elements such as the HFSEs and REEs.

The 14 analyses of samples from the Grizzly kimberlite are used to investigate in detail
fractionation trends within the LDG dataset. These samples can reasonably be assumed
to be cogenetic, and thus be derived from a magma with a common initial bulk
chemistry and evolutionary history. Observations made on this well constrained group

can then be extended to the dataset at large.

S5.3.4 Major and trace element models of fractionation

Plotting the major and minor element variations of LDG hypabyssal kimberlites with
respect to vectors describing the evolution of residual liquids during fractional
crystallisation of phenocryst phases (Figure 5.4), allows general trends in
compositional control by those phases to be identified. Any correspondence with
trends evident in the kimberlite data can then be identified. Vectors representing
addition of typical crustal compositions are included on these diagrams for comparative
purposes. The effects of crustal admixing with kimberlite magmas are discussed

further in section 5.4.

Any analysis of fractionation or contamination of magma must take into consideration
the initial composition upon which these processes operate. In this case, the models
presented in Figure 5.4 require specification of the initial kimberlite magma

composition, from which phenocryst phases may crystallise. Identification of such a
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‘primary’ composition is usually complicated by the large and variable amounts of

contamination by crust and lithospheric mantle typically experienced by kimberlites.

In previous work on kimberlites (e.g. Edgar er al., 1988; Price e al., 2000), samples of
aphanitic kimberlite, which contain virtually no discernable olivine macrocrysts, have
been used as the closest available proxy for a ‘primary’ kimberlite liquid. Aphanitic
kimberlites are, however, very rare, and it is also difficult to be certain that these rocks
are not macrocryst-free due to efficient fractionation having taken place. The study of
Price et al. (2000), for example, identifies ‘aphanitic’ compositions with a wide range

of MgO contents.

Graphical methods have also been used to estimate possible primary compositions.
Arndt (2003) uses MgO and FeO variations in South African kimberlites to constrain
the MgO content of the primary magma to 18-22wt%. Le Roex et al. (2003) use
inflections in compositional trends between macrocrystal and aphanitic kimberlites
from South Africa to obtain a value of 28-29 wi% for the primary magma. The
samples analysed for this study span a continuous range of MgO from 15-45wt%.
Within this range, samples known from petrography to have large modal proportions of
olivine (including xenocrysts) typically have MgO in excess of ~34wt%, e.g. Grizzly,
Mark, Arnie. Samples known to contain significant contributions from crustal
contamination generally have MgO of less than ~25wt% (e.g. Fox). Clear petrographic
evidence of fractionation in the Lac de Gras samples has been harder to identify

(Appendix B), but any fractionation of olivine will also reduce MgO content.
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As an initial estimate for this model, the ‘primary’ magma prior to fractionation is
assumed to have 30wt% MgO. This approximately corresponds with samples that have
minimal evident contributions from crustal or lithospheric contamination (e.g.
Anaconda, Rattler), and is also in broad agreement with the estimates of Le Roex et al.
(2003). Plotting regression lines through the LDG data for MgO vs other elements
provides estimates of other ‘primary’ abundances, corresponding to 30wt% MgO.
These are, 30wt% Si0,, 8.5wt% Fe,0s3 1, 0.8wWt% TiO,, 2.5wt% Al,Os, 1200ppm Ni
and 1500ppm Cr. The identification and interpretation of fractionation trends in the
LDG kimberlites is clearly highly dependent on the values chosen to represent the
compositions of both the parental magma and the end-member fractionating phases.

The discussion that follows is based on the values selected above.

Figure 5.4 indicates that olivine fractionation provides the best fit to the compositional
variation observed in the LDG kimberlites. Despite this, the substantial MgO contents
(34.9 to 39.3 wt%) of samples from Grizzly and several other kimberlites from LDG
strongly implies that compositional variation in these samples cannot be the product of
fractionation alone, as the parental magma would require an MgO content in excess of
40 wt% to yield appropriate residual liquid compositions during olivine fractionation.
The high MgO of these samples is almost certainly due to the addition of xenocrystal
olivine into the magma. This process increases the abundance of elements such as Mg,
Fe, Si, Ni and Cr in the magma, whereas olivine fractionation will deplete the residual
liquid of these elements. The effects of assimilation of lithospheric mantle into
kimberlite magmas are discussed in more detail in section 5.5. In both high and low
MgO samples, contamination by crust may also be responsible for some of the

observed variation towards higher SiO; and Al,O;, and lower Fe,O; 1, TiO,, Cr and Ni.
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Figure 5.4 LDG hypabyssal kimberlite variation in selected major and trace elements and
compositional control lines indicating evolution of residual liquid during fractional
crystallisation of olivine, phlogopite, Cr-spinel, perovskite and ilmenite from a ‘primary’
kimberlite magma with 30wt% MgO, 30wt% SiO,, 8.5wt% Fe,0, ,, 2.5wt% Al,0,, 0.8wt%
TiO,, 1500ppm Cr, 1200ppm Ni. Representative phenocryst compositions from Mitchell

(1986).
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For samples with <30wt% MgO, fractionation of olivine is able to account for some of
the variation in all elements shown in Figure 5.4, with the exception of Cr. Fe,O; 1, Cr
and Ni variations are broadly consistent with some degree of compositional control by
phlogopite, but this is not the case for TiO, and Al,O;. Phlogopite is rich in both of
these components relative to kimberlites, so fractionation of phlogopite from a magma
should result in obvious TiO, and Al,O; compositional trends in the residual liquid.
Since this is not observed in the LDG kimberlites analysed, it seems unlikely that
phlogopite fractionation can have been an important process in the evolution of these
rocks. This is consistent with the generally phlogopite-poor nature of the LDG

kimberlites.

The greater scatter of data around the olivine fractionation vector in samples with
<30wt% MgO could be explained by small amounts of fractionation of any of the other
phases under consideration. Cr-spinel in particular could account for some of the
limited observed variation in Fe,0; 1, TiO; and Al,O;. As previously noted, there is
little petrographic evidence for the presence of ilmenite or perovskite as phenocryst
phases in the rocks studied. Cr-spinel is thus the most likely phase to influence the
kimberlite compositions by early-stage crystallisation, in association with olivine, from

the magma.

5.3.5 Summary
There is no consistent evidence in the major or trace element data from LDG
kimberlites to support fractionation of phlogopite from a parental magma as a principal

means of generating observed chemical variations. Olivine or olivine + Cr-spinel
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control lines do appear capable of reproducing the broadly linear major and trace
element compositional trends observed in kimberlites with MgO contents lower than
that of the parental magma (here assumed to be 30wt%). Clearly, if the magma
originally has a lower MgO content (e.g. 20wt%) then the same trends could be
explained by olivine or olivine + Cr-spinel addition. Removal of olivine + Cr-spinel by
fractionation can also occur in more MgO-rich (>30wt%) magmas, but these have
almost certainly experienced assimilation of olivine from lithospheric peridotites,

which tends to obscure trends in olivine fractionation.

5.4 CONTAMINATION BY CRUSTAL MATERIAL

S.4.1 Nature of crustal contamination

Xenoliths of continental crust are routinely entrained by kimberlites during their ascent
and emplacement. All levels of the crust through which the kimberlite passes may be
sampled in this way, rather than just the country rocks in immediate contact with the
kimberlite diatreme. This is borne out by the presence of both lower and upper crustal

xenoliths in kimberlites (Nixon, 1973).

The quantity and type of material incorporated by the kimberlite can vary widely both
between and within intrusions. The hypabyssal facies typically contains few crustal
xenoliths (Mitchell, 1986), but diatreme facies rocks may contain large proportions of
visible, macroscopic crustal fragments, e.g. the Premier and Koffiefontein-Ebenhaezer
intrusions of South Africa studied by Fesq et al. (1975). The Koffiefontein diatreme
contains mostly xenoliths of shale, whereas at Bellsbank the principal crustal
contaminant is sedimentary carbonate (Kable ef al., 1975). The Premier kimberlite is

composed of multiple intrusive bodies with very variable bulk chemistries: the heavily
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contaminated Premier Grey body contains 43% crustal material, which is dominantly
quartzite, whereas the Premier Brown intrusion contains 28% crust, most of which is
basic igneous material derived from the Bushveld intrusion into which the kimberlite

was emplaced (Fesq et al., 1975).

A similar range of contamination types and extents could be present in the LDG
kimberlites, which intrude through a variety of basement gneisses, metasedimentary
rocks and associated granitoids. Any effect that crustal contamination has on the bulk
geochemistry of the kimberlite, and comparisons between contaminated kimberlites,

are likely to be influenced by this variability in quantity and nature of the contaminants.

S5.4.2 Existing methods for quantifying crustal contamination

Various attempts have been made to quantify the extent of crustal contamination within
kimberlites. These schemes are based mostly around the concept that crustal rocks
generally have higher SiO, and lower MgO contents than kimberlites. In their
extensive major element study of over 600 Siberian kimberlites Ilupin and Lutz (1971)
proposed that Si/Mg > 0.88 and Mg/(Mg + Fe) < 0.85 could be used as criteria for
recognising crustal contamination. Fesq ef al. (1975) further suggested that since the
highest Si/Mg ratio of any mineral crystallising from kimberlite magmas should be that
of phlogopite (Si/Mg ~1.2), then ratios higher than this threshold probably indicated
contamination. The most commonly used measure at the present time is the

Contamination Index (CI) proposed by Clement (1982). This is calculated as:

CI = (SiO, + ALO; + Na,0) / (MgO + 2K,0)
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The numerator of this expression represents the elements likely to be enriched by
incorporation of crustal material and the products of weathering and other alteration
processes, 1.e. clay minerals, while the denominator represents the original olivine and
phlogopite considered to constitute the bulk of a ‘typical’ unaltered, uncontaminated

kimberlite.

Group I kimberlites uncontaminated by crust should have a CI of around unity. Group
I kimberlites normally contain greater modal abundances of phlogopite and
consequently the CI for an uncontaminated example should be <1.5 (Mitchell, 1995).
Exceptions to these criteria do exist. Clement (1982) reports that some Group I
kimberlites which, on the basis of petrography, are fresh and uncontaminated have a CI
of up to 1.5; similarly, supposedly uncontaminated Group I rocks analysed by Dawson
(1987) have CIs between 1.5 and 2.6, and Clement (1982) found others with CIs of up

to 5.

Although it has been almost universally adopted as a convenient expression of crustal
contamination, the CI has a number of limitations. The most serious of these is its
sensitivity to variation in MgO and SiO,, which dominate the CI due to their abundance
relative to Al,Os3, Na,O and K,0. Consequently, modal abundance of olivine, which
consists almost entirely of MgO and SiO,, is by far the most important control on the
CL Given the potential for variation of modal mineralogy and thus bulk composition
on both an inter- and intra-kimberlite scale, inconsistencies can easily occur between

the Cls of samples that are contaminated to the same degree.
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Sensitivity analysis (Figure 5.5) demonstrates the responsiveness of the CI to changes
in each of its component variables. The starting composition used in this model is an
aphanitic hypabyssal sample from Wesselton, South Africa (Shee, 1986; Edgar ef al.,
1988). It is assumed that the major elements and volatiles constitute the entirety of the
sample (i.e. trace elements are ignored), and that as one component is increased or
decreased, the others decrease/increase in proportion to their abundance to retain the
original sum total. This simple model clearly shows that the CI is extremely sensitive
to variations in MgO and SiO, content, and comparatively insensitive to variations in

Al,Os, Na,0 and K;O.

In reality the situation is more complex, because addition (by lithospheric
contamination) or removal (by fractionation) of olivine will affect all five components
of the index simultaneously. Olivine is not only very enriched in MgO and SiO,
relative to a typical primary whole rock kimberlite composition, but also deficient in
AlO;, NayO and K;0O. Figure 5.6 illustrates the effects of mixing peridotitic mantle
olivine with the Wesselton aphanitic composition. It is important to note that both
MgO and S10; content increases on addition of olivine, but the net effect is a reduction
in the CI. Using SiO; in isolation as an indicator of crustal contamination is therefore

inadvisable.
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Figure 5.5 Effect on contamination index (CI: Clement, 1982) of independent variations in its five

component major element oxide abundances. Starting composition (at 0%) is Wesselton aphanitic
kimberlite (Edgaret al., 1988).
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Figure 5.6 Effect on MgO, SiO, and contamination index (CI: Clement, 1982) of mixing a
hypothetical ‘primary’ kimberlite magma composition (Wesselton aphanitic: Edgar ez al., 1988) with
average composition of peridotitic olivine from the Slave mantle xenoliths (Pearsoner al., 1999).
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In this model the CI tends to that of peridotitic olivine (~0.80) at 100% olivine
addition; several LDG kimberlites known to have high modal olivine contents (e.g.
Leslie, Grizzly, Mark) have CIs in the range of 0.80-0.90, which corresponds to a
minimum of 40% olivine entrainment. This, of course, is subject to how closely the
Wesselton composition corresponds to that of primary magmas at LDG, and similarly
whether the olivine composition used here corresponds to that entrained by LDG
kimberlites. Regardless, it is clear that entrainment of olivine has a significant effect
on the CI that is not normally taken into account. Moreover, the tendency of olivine
addition to lower the CI could easily offset any increase in the CI through assimilation

of crustal material.

Another limitation of the CI is that it does not clearly discriminate between crustal
contamination and the effects of post-emplacement alteration. Both of these processes
will tend to increase the SiO,/MgO ratio and Al,Os content of the bulk rock. The Na,O
content of crustal rocks is usually much greater than that of the clays typically
produced by weathering of olivine and phlogopite, but as previously demonstrated very
large increases in Na,O are required to produce significant increases in the CI. Some
of the altered samples analysed by Spriggs (1988) actually have CIs that are
comparable to or lower than those of the fresh hypabyssal rocks from the same study.
The average CI of 14 highly weathered volcaniclastic kimberlites from Liberia (Taylor
et al., 1994) is 1.04, in comparison to an average of 1.03 for 13 relatively fresh
hypabyssal samples from Sierra Leone. Although most Group I kimberlites do not
contain large modal abundances of phlogopite, this mineral can have a misleading

effect on the CI. The fresh and altered kimberlites of Spriggs (1988) with the highest
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ClIs are particularly micaceous, although none of these rocks can be classed as Group II

from an isotopic perspective.

A third problem with the CI is that different contaminant materials produce different
degrees of change in the index. The composition of continental crust is well known to
be extremely variable, both between and within crustal rock types (Taylor and
McLennan, 1985). Figure 5.7 shows the effect on CI of mixing a variety of different
crustal end-members with the Wesselton aphanitic kimberlite composition. While the
majority of these end-members produce similar effects on the CI at up to 10-20%
mixing, admixtures containing 20% or more crust exhibit distinct effects. In the case of
some end-members, such as felsic volcanics and carbonates there is a clear difference
in the effect on CI. Because chemical sediments lack high concentrations of many or
all of the CI components, mixing with these materials can produce severe dilution
effects and depression of the CI. Accurate placement of constraints on the extent of
crustal contamination therefore requires some knowledge of the nature of the

contaminant.

Finally, it should be noted that all these simple mixing models assume complete

assimilation of all entrained material into the bulk chemistry. In reality, several studies

have indicated that crustal xenoliths appear largely undigested by the kimberlite
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Figure 5.7 Effect on contamination index (CI: Clement, 1982) of mixing a hypothetical ‘primary’
kimberlite magma composition (Wesselton aphanitic: Edgar et al., 1988) with average composition of
various components of Slave continental crust (Yamashita ez al., 2000; this study).

magma, although reaction rims around xenoliths are quite common (Fesq et al., 1975;
Spriggs, 1988, Tainton, 1992).  Fesq et al. (1975) suggested that higher Si/Mg ratios
but lower abundance of extant crustal material in the Premier Brown kimberlite
compared to the Premier Grey intrusion phase could be due to higher emplacement
temperatures and greater degrees of assimilation in the Premier Brown phase.
Dissolution is not, however, the only mechanism of contamination: crustal material
may be finely comminuted and disseminated by attrition and other physical processes
in the rapidly ascending magma. It is common practice in geochemical studies of

kimberlites to remove by hand as much material of obvious crustal origin as possible,
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in order to obtain an analysis that is as representative as possible of the uncontaminated
magma. Nevertheless, it is inevitable that some finely disaggregated material will

remain in the sample.

S.4.3 An alternative major element quantification scheme

Variation in major element content and contamination index across a range of fresh,
altered and contaminated kimberlites from southern Africa (Gurney and Ebrahim,
1973; Fesq et al., 1975) is shown in Figure 5.8. This clearly demonstrates that the CI
cannot unequivocally distinguish between altered and contaminated material.
Furthermore, altered samples may take a range of CI values and as a result the
attribution of some samples as ‘fresh’ may be questionable. MgO, Al,O; and Na,O
provide the clearest distinction between fresh and contaminated material in terms of
major oxides. This is not surprising since these components form the basis of the CI.
The distinction between ‘fresh’ and ‘contaminated’ in terms of SiQ, and KO is,
however, much less obvious — there is a large degree of overlap of these oxide
abundances between fresh, altered and contaminated samples. In the case of K,O this
is almost certainly controlled by variable phlogopite content, even though all of these
kimberlites are isotopically classified as Group I. The overlap in SiO; is largely due to
the altered samples, while for the most part fresh kimberlites have lower SiO, contents

than contaminated samples.

Given the limitations of the contamination index of Clement (1982) and the lack of
discrimination provided by Fe,O; 1, CaO, TiO,, MnO and P,Os, it would seem most
sensible to attempt to base a major element discriminator of crustal contamination on

Al,O; and Na,O alone.
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Figure 5.8 Varation of major oxide content of fresh, altered and contaminated southern African
kimberlites with contamination index, CI (Clement, 1982). Data from Gurney and Ebrahim (1973)
andFesqetal. (1975).
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Experimentation with data from LDG and southern Africa (Gurney and Ebrahim, 1973;
Fesq et al., 1975), using different combinations of major element log-ratio pairs,
suggests that the variation of Al,O3/MnO with Na,O/P,0s (or the equivalent elemental
ratios, Al/Mn-Na/P) best separates the fresh and altered material from contaminated
material (Figure 5.9). Mn and P are utilised here as denominators on the basis of their
apparent lack of sensitivity to contamination or alteration. A crustal contamination
trend is evident towards higher values of Al/Mn and Na/P in both data sets. This trend
corresponds to progressive contamination in the southern African data (Figure 5.9a),
from the uncontaminated, aphanitic kimberlite from Wesselton (Edgar et al., 1988),
through the minimally contaminated Premier Black kimberlite to the samples from the
Brown and Grey intrusions at Premier, which are known to be the most contaminated
(Fesq er al., 1975). Altered samples from Lemphane define a broadly parallel trend
that is offset to higher Al/Mn and lower Na/P values. The altered and contaminated
kimberlites from Koffiefontein and Ebenhaezer (Fesq et al., 1975) are situated towards
the upper end of this trend. This indicates that contaminated samples may be moved
towards, or on to, the alteration trend by a net increase in Al/Na, which is consistent
with the development of clay minerals during alteration. In the LDG data (Figure 5.9b)
there are similar trends towards elevated Al/Mn and Na/P, consistent with the average
compositions of typical crustal materials from the area. Volcaniclastic kimberlites
from LDG, which are likely to have experienced more crustal assimilation on average
than the hypabyssal facies rocks, also form clear trends towards higher Al/Mn and Na/P
(not shown). The sample from the Fox kimberlite is known from visual examination to
be highly contaminated, and this corresponds with Al/Mn and Na/P that is much higher

than any of the other LDG kimberlites.
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S.4.4 Trace element signatures of crustal contamination

There is some uncertainty over the extent to which continental crust is capable of
modifying the trace element geochemistry of kimberlites. Unlike most other
mantle-derived magmas, kimberlites are enriched in both compatible and incompatible
trace elements. Crustal materials tend to be poor in compatible and enriched in
incompatible elements, but not — in most cases — enriched to equal or greater
concentrations than those observed in kimberlites. Based on a consideration of
elemental ratios (e.g. Zr/Y, Nb/Y Ta/Yb) as well as abundances, Fraser (1987) and
Tainton (1992) concluded from their studies of South African Group II kimberlites that
crustal contamination could not explain the observed trends in trace element
enrichment or compositional scatter. Kable e al. (1975) previously suggested that the
effect of crustal assimilation would be either negligible or a means of diluting, rather

than enriching, trace element abundances in kimberlite magmas.

Figure 5.10 shows typical relative abundances of minor and trace elements between
kimberlites and average crust from LDG. The kimberlite selected as a reference point
in this analysis is sample RTL-1 from the Rattler body. This sample has similar MgO,
Si0, and Al,O; abundances to the hypothetical primary composition utilised in section
5.3. The natural logarithm of the ratio of average elemental abundance between
kimberlite and crust is positive when an element is more abundant in the kimberlite and
negative when more abundant in the crust. The majority of trace elements thus appear
to be more abundant in LDG kimberlites than in the crust. Elements for which the
difference in abundance is largest (e.g. Na, Lu, Ni, Cr) are likely to be most sensitive to

crustal assimilation.
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Figure 5.10 Relative abundance of minor and trace elements between Lac de Gras kimberlite
representative of ‘primary’ composition (Rattler, sample RTL-1) and average composition of crustal
material (greywackes and granitoids) from Lac de Gras region. All data from this study.
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Table 5.2 summarises the differences in kimberlite-crust relative average abundances
for different categories of trace elements. Kimberlite is enriched to some degree in
almost all compatible and high field strength elements relative to LDG crust; only Sc,
U, Hf and Ga are depleted relative to the LDG crustal components, and then only
weakly. These kimberlites similarly show strong enrichment in the LREESs, and weak
to moderate enrichment in the MREEs. Only the HREEs are more abundant in the
LDG crust. The LILE are the only group of incompatible elements that show any
consistent depletion in the LDG kimberlite relative to crust. The exceptions to this are
Ba and Pb, which show strong relative enrichment in the kimberlites, and Sr, which

does so to a lesser extent.

The analysis presented so far is based on averages of trace element abundances in the
crust. These abundances can be extremely variable, both between and within different
types of crustal material (Figure 5.11), but the general trends in enrichment/depletion
relative to kimberlite identified in Figure 5.10 and Table 5.2 are still supported. The
greatest variability is seen between the members of the Yellowknife Supergroup
(YKSG). The basement tonalities and granitoids of the Lac de Gras area are depleted
in most trace elements except LILESs, relative to the YKSG lithologies. Na (not shown)
is the only element in which the granitoids are notably enriched relative to the YKSG
greywackes. Although only biotite granites are shown in Figure 5.11, a number of
trends are evident within the granitoids themselves. Where any variability in elemental
concentrations exist it is generally the trondjhemites and hornblende tonalites that are
more enriched than the micaceous granites, e.g. Cs, Sr, Zr, Cu and Zn; the micaceous
granites are, unsurprisingly, more enriched in Rb and, in the case of the biotite granite,

K.
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Status in COMPATIBLE INCOMPATIBLE
kimberlite

relative to First transition  High field strength Large ion lithephile Rare earth
crust series elements elements elements elements
Ni Y Ba La
Moderate to Cr Nb Ce
strong Co Ta Pr
enrichment Cu Nd
Mn
A" Th Pb Eu
Ti P Sr Sm
enrichment/ ' y
depletion Hf Ho
Ga Er
Yb
Tm
Moderate to Cs Lu
strong Na
depletion

Table 5.2 Summary of average enrichment and depletion of minor and trace elements between
Jericho aphanitic kimberlite and crustal material from Lac de Gras. Moderate to strong
enrichment defined as In (kimberlite/crust) > 1.0; moderate to strong depletion defined as In
(kimberlite/crust) < -1.0. Distinction between high field strength and low field strength (large
ion lithophile) elements defined as ionic potential > 2.0 for HFSE, where ionic potential = ionic
charge/ionic radius (A).

REEs are also useful trace elements for assessing the contribution of crust to the
chemical composition of a kimberlite. Crustal materials are typically enriched in
HREEs and depleted in LREEs relative to kimberlites.  Progressive crustal
contamination thus tends to reduce La/Yb ratios in kimberlite, and can produce a
‘flattening’ effect on the sloping chondrite-normalised REE patterns characteristic of
kimberlite. This flattening is usually particularly pronounced in the MREEs to HREES,
and consequently ratios such as Sm/Yb are efficient indicators of crustal assimilation
(Figure 5.12). REE patterns are almost parallel for samples from Rattler and Mark,
which have variable macrocrystal olivine contents but are crustally uncontaminated.

The pattern for the volcaniclastic sample from Fox is relatively flat in the HREEs, and

the Sm/Yb ratio of this sample is much lower.
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S5.4.5 Summary

All kimberlites come into contact with crustal materials during their ascent and
emplacement, and incorporate this material to varying extents. It is important to be
able to assess the amount of crust that a sample has assimilated if the composition of
the primary kimberlite magma is to be successfully identified. Although the major
element contamination index of Clement (1982) is a useful guide to the amount of crust
incorporated by a kimberlite magma, there are a number of problems with its current
formulation. Trace elements can be used in conjunction with major element data to
help detect input from crustal contamination in the LDG kimberlites. Al/Mn, Na/P and
Sm/Yb are useful indiactors of relative levels of crustal contamination in kimberlite
samples. Other parameters are introduced in the next section, where crustal
contamination is considered in association with assimilation of lithospheric material by

the kimberlite magma.

3.5 CONTAMINATION BY LITHOSPHERIC MANTLE MATERIAL

S.5.1 Entrainment and assimilation of lithospheric mantle material

Xenoliths of mantle origin and macrocrystal olivine grains are common constituents of
kimberlites.  Although there are difficulties associated with discrimination of
xenocrystal from cognate olivine on a petrographic basis (the ‘olivine macrocryst
problem’ of Mitchell, 1986), there can be little doubt that a large proportion of the
macrocrystal olivine grains observed in thin section are derived by disaggregation of

entrained mantle peridotites.

The incorporation of material from mantle xenoliths can modify the chemistry of the

kimberlite magma in a variety of ways. Olivine is the predominant component phase in
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most mantle materials; consequently, addition of peridotitic material will produce
enrichment in MgO and compatible elements such as Ni and Cr. There will also be a
‘dilution’ effect on other elements in which the peridotite is depleted relative to
kimberlite. A distinction should be made between entrainment of xenoliths (i.e. the
physical addition of mantle material into the magma body) and their assimilation (the
digestion of solid material by the magma, with consequent changes to the magma
chemistry defined as contamination). Resolving how much modification of a magma is
due to chemical assimilation of peridotite, and how much is simple physical
entrainment 1s problematic. This is because in practice it is very difficult to remove all
— or even a significant proportion — of material derived by disaggregation of mantle
xenoliths from the crushed sample, as it is similar in appearance to the kimberlite
groundmass. Consequently, major and trace element analyses of the kimberlite whole
rock will reflect the input of all incorporated peridotitic material, rather than merely the
fraction that has been assimilated. The amount of entrained material in a sample may
still be a useful measure of the amount of lithosphere with which the kimberlite has
interacted during its ascent, although xenocrysts may be fractionated from the magma
by processes such as flow differentiation in dykes, which could render samples

unrepresentative of the kimberlite magma as a whole.

Theoretical studies of the effects on magmas of assimilated wallrock material dating
back to the work of Bowen (1928) suggest that the capacity of magma to chemically
incorporate such material is actually very limited. This is due to the large latent heat of
melting that must be overcome to assimilate xenolithic material that is much cooler
than the magma itself, compared to the limited amount of thermal energy that the

magma can provide. This assumes that the magma is not a superheated liquid,
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following the arguments of Bowen (1928). During assimilation of lithospheric mantle
by a kimberlite magma, however, the temperature gradient between the magma and the
contaminant is likely to be smaller than in the case of crustal assimilation. This,
together with the considerable volatile contents of a typical kimberlite magma, may

make it much more capable of assimilating its wallrocks.

Petrographic evidence of entrainment of lithospheric material is found in the vast
majority of kimberlites. Olivine is ubiquitous as a xenocrystal phase. Additional
minerals typical of mantle material, such as Cr-diopside and Cr-pyrope garnet are also
commonly found, but enstatite, which constitutes up to 40% of both fertile and depleted
lithospheric mantle, is very rarely observed (e.g. Mitchell, 1986; Arndt, 2003). Unless
this orthopyroxene is selectively excluded from the magma in an extremely efficient
manner, it appears that it is selectively and comprehensively assimilated. Some support
for this is provided by experimental studies of phase equilibria in volatile-rich synthetic
kimberlite systems (e.g. Eggler and Wendlandt, 1979), which indicate that across a
range of pressures orthopyroxene will melt prior to olivine or clinopyroxene. A further
observation of interest from these studies is that garnet will melt well before

orthopyroxene, except at very high pressures (> 55 kbar).

5.5.2 Identification of a primary magma composition

As previously noted in section 5.3.4, in order to properly assess the extent of any
compositional modification of kimberlite magmas by entrained lithospheric mantle, it is
first necessary to place some constraints on the likely initial chemistry of the magma.
Estimates of this can be made by reference to aphanitic kimberlites such as those from

Wesselton in South Africa (Edgar er a/, 1988), These macrocryst-free rocks are
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believed to be the closest available approximation to the kimberlite magmatic liquid,
but are rare and may have been subject to crystal fractionation. Le Roex er al. (2003)
use inflections between aphanitic and macrocrystal samples on binary element variation
diagrams to constrain the composition of magmas parental to kimberlites from the
Kimberley region of South Africa. A comparison of some key major and minor
element data from Edgar er al. (1988) and Le Roex et al. (2003) are shown in Table

5.3.

lnfen‘i:é(vlr i)rnmalry 7

Wesselton aphanitic magma of Le Roex ef
al. (2003)
Si02 (wt%) 25.6 27-28
MgO (wt%) 272 28-29
ARRO3 (wt%) 3.31 ~2
Ca0 (wt%) 15.3
Ni (ppm) 810 ~1100
Cr (ppm) 2410

Table 5.3 A comparison of selected major and minor element abundances in the aphanitic
kimberlite from Wesselton, Kaapvaal craton, SA (Edgar e al, 1988) and inferred primary
magma characteristics from the study of aphanitic and macrocrystal kimberlites from
Kimberley, Kaapvaal craton, SA (Le Roex et al., 2003).

The 28-29wt% MgO estimate of Le Roex ef al. (2003) is slightly higher than that of the
Wesselton aphanitic kimberlite, but is in broad agreement with the 30wt% estimate
made in section 5.3.4 for the MgO content of a hypothetical ‘primary’ kimberlite
composition for fractionation modelling. This value, and the associated values of
30wt% SiO,, 8.5wt% Fe;Os 1, 15wt% CaO, 2.5wt% Al,Os, 1200ppm Ni and 1500ppm

Cr are retained for the following discussion of lithospheric contamination.
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S.5.3 Relative composition of kimberlite and lithospheric peridotite

The relative abundances of selected major and minor elements in a hypothetical
primary kimberlite magma and common xenocryst mineral phases from LDG (Figure
5.13) demonstrate several important themes of compositional control by lithosphere.
Admixing with any of the featured xenocryst phases will increase the SiO; content of
the magma, but only olivine and orthopyroxene are able to enrich the magma to any
extent in MgO; addition of clinopyroxene or garnet from peridotites or eclogites results
in dilution of MgO in the magma. Fe,O; 7 is largely insensitive to addition of olivine
or garnet, whereas addition of pyroxene produces dilution of this oxide. Clinopyroxene
is the only potential contaminant which could produce even marginal enrichment in
CaO, whereas Cr-pyrope garnet and, in particular, olivine and orthopyroxene addition
results in significant dilution of CaO. Olivine and orthopyroxene also produce
substantial dilution of Al,Os;, while peridotitic/eclogitic gamet and eclogitic
clinopyroxene may enrich the magma in Al,O;. The overall major element signature of
eclogite assimilation is broadly similar to that of mixing with continental crust, e.g.
Si0, and Al,Os3 enrichment, MgO and Ni dilution. An important observation from
Figure 5.10 is that orthopyroxene is the only xenocryst phase that can enrich the
magma simultaneously in MgO and Cr; while peridotitic clinopyroxene and garnet are
much more Cr-rich, they are depleted in MgO relative to the hypothetical primary
magma. Any enrichment in Ni must be entirely due to incorporation of olivine; this
will, however, produce dilution of Cr. Addition of Cr-spinel can rapidly increase the

Cr content of the magma.
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If substantial quantities of lithospheric mantle are entrained and assimilated by
kimberlite magmas then this should have a measurable effect on the bulk chemistry of
the kimberlite. By comparing the major and minor element chemistry of hypabyssal
kimberlites from LDG with the mantle xenoliths recovered from them, it is possible to
determine whether lithospheric contamination exerts any control on the bulk

composition (Figure 5.14).

Several major element oxides (TiO,, MnO, Na,O, K,0, P,0s — not shown) display a
large degree of scatter when plotted against MgO, and thus do not provide conclusive
evidence for compositional control by any of the phases present in the mantle xenocryst
suite. In the case of some elements, though, the LDG kimberlites do form well-defined
arrays, which could be interpreted as resulting from compositional control by specific
phases (Figure 5.14). Where such trends exist, they are in most cases oriented, with
increasing MgO, towards compositions that are strongly influenced by peridotitic
olivine, such as the ‘whole rock’ peridotite compositions calculated from average
mineral separate compositions and modal abundances. Cr is the only element shown in
Figure 5.14 that does not demonstrate a significant degree of compositional control by
peridotitic olivine in isolation, mixing with orthopyroxene or a combination of olivine
and Cr-spinel can more easily account for the Cr content of LDG kimberlites with high
MgO. Overall, mixing with olivine + orthopyroxene + Cr-spinel can account for a
large amount of the observed variation of t