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Abstract

Newlands and Bobbejaan kimberlites, South Africa, contain suites of highly chromian,
garnet-rich peridotites amongst their xenolith population and an investigation of these xenoliths has
been targeted because there is an overlap of mineral compositions with the garnet-chromite-olivine
paragenesis found as inclusions in diamonds. A high proportion of garnets and chromites in these
rocks plot in the diamond facies fields on Cr,03-CaO and Cr,05-MgO wt. % plots respectively.
However, it has also been found that many Cr-rich assemblages are clinopyroxene-bearing
(lherzolitic) as well as harzburgitic (i.e. forming a range of chromite-gamet peridotite assemblages).
Many samples have garnets with inclusions of serpentine + chromite (+ clinopyroxene in lherzolitic
samples) whose arrangement are sometimes indicative of exsolution or annealed exsolution textures.
Initial bulk REE patterns were calculated for the pre-exsolution, pre-metasomatism, high-Cr garnets.
The patterns found are humped for harzburgitic samples and relatively flat for lherzolitic ones. These
appear to be closely linked to the concentration of Ca in garnet indicative of a single-stage formation
process for the humped profiles. The profiles were later modified by exsolution of pyroxenes (with a
clear link between Ca content of garnet and the garnet/clinopyroxene partition coefficients) and, in a
few cases, by metasomatism causing a zonation of REE.

Most of the garnets have strongly developed zonation patterns which are a result of diffusion
towards the matrix (external zonation) followed by zonation towards inclusions (internal zonation).
Cr-Al and Mg-Ca inter-diffuse in both types of zonation; Ti may also be strongly zoned, whercas Fe is
not distinctly zoned in any sample. External zonation may be divided into ‘P-T re-equilibration’ and
‘metasomatic’ types, where the former type conforms to down-P-T garnet-spinel transition reaction
simulations and the latter does not. All internal zonations conform to down P-T reaction simulations.
All the zonation profiles conform well to diffusion controlled reaction models. External P-T re-
equilibration is modelled to have occurred on an order of magnitude greater timescale than internal
zonation (~5 Ma compared to ~0.5 Ma using Dy, = 10*m?/s). Metasomatic zonation occurs over the
longest diffusion distances and is modelled to have timescales up to 20 Ma. Based upon the
geometries of chemical heterogeneity in the minerals analysed, a sequence of events has been
proposed for the evolution of the Newlands and Bobbejaan samples: (1) Earliest known mineralogy.
There is little evidence for the events prior to and during this stage. However, the modal mineralogy is
postulated to have been more garnet and olivine-rich than seen in the samples and the crystals more
chemically homogeneous. The P and T in samples are modelled to have the highest Ps and Ts of all
stages (potentially > 65kb and > 1350°C). (2) Exsolution. This stage represents the imitiation of an
event which significantly lowered P and T where spinel and pyroxene exsolved from garnet. (3a)
External zonation - P-T reequilibration and metasomatism. These events are contiguous with stage 2
and P-T estimates for this stage indicate further lowering of P and T, This is accompanied by
modification of a few samples by the infiltration of metasomatic fluid. (3b) Internal zonation — P-T re-
equilibration. This stage represents the final lowering of P and T, yielding final P-T estimates on
clinopyroxene inclusion-garnet boundaries of 38-50 kb and 900-1150°C, These P-T estimates place
samples plot on a relatively cool continental steady state geotherm. (4) Kimberlite eruption.

The initial formation of the garnet-rich rock types with their (calculated) highly chromian
composition and particular initial REE compositions appears to be related to a major depletion event
with subsequent burial. Differential interaction with a CO,-bearing fluid would generate the range of
harzburgitic and therzolitic compositions found. However it is acknowledged that this is difficult to
determine and constrain because of the lack of preservation of evidence prior to Stage 2.The down-P-
T event has a similar timescale and associated uplift rate to be related to continent-continent collision
according to the timescales for diffusion. The contemporaneous metasomatism leads to postulation
that the event may have been related to the continental accretion of the eastern and western parts of
the Kaapvaal craton in the late Archaean. In terms of the relation to diamond, it was found that
samples with high-Cr harzburgitic garnets tended to yield P-T estimates that were most substantially
into the diamond stability field based upon the Cr-Al partitioning between garnet and spinel and also
modelling the samples using the computer programme known as ‘Perplex’. Clinopyroxene-bearing
samples (i.e. those with a bulk rock composition higher in Ca) tended to indicate higher temperatures
of equilibration, Cr-spinels from the harzburgitic paragenesis have higher Mg and lower Ti than the
lherzolitic Cr-spinels, but overlapping Cr compositions at high Cr and may be differentiated on Cr-Mg
and Cr-Ti compositional plots. -
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1. Introduction

1.1 Background

After discovery of the ‘type-locality’ kimberlite in Kimberley, South Africa, 120
years ago, it was noted that a particular suite of minerals were associated with

_ kimberlites. Wagner (1914) used the principles of crystal chemistry and crystal
structure to suggest that some of thlese minerals were high-pressure phases that likely
crystallised in the upper mantle. These crystals and associated rounded ultramafic
inclusions were interpreted as accidental inclusions (i.e. xenocrysts and xenoliths) in
the kimberlite magma because of their ultrabasic nature compared to the K-, CO;3-
rich host. The controversy arose as to whether diamond was a xenocryst in kimberlite

or a kimberlite phenocryst.

The discovery of diamondiferous xenoliths was made by Bonney (1899), which
confirmed that most diamond is likely to be derived from disaggregated mantle
material and thus a xenocryst in kimberlite. Further strong evidence for a xenocrystal
origin came with dating evidence (e.g. Richardson et al., 1984) that diamonds were
thousands of millions of years older than their host kimberlites. Kimberlite-hosted
diamondiferous xenolith rock types have been described petrographically in
Williams (1932) and more recent chemical data are as follows for different diamond-

bearing rock types:
e cclogite, e.g. Rickwood et al. (1969)
e gamet lherzolite, ¢.g. Dawson and Smith (1975)
e gamnet dunite, e.g. Soboley et al. (1969)
e garnet harzburgite, e.g. Viljoen et al. (1994)

Diamond inclusion mineral sets broadly conform to these main parageneses with a

major distinction between eclogitic and peridotitic parageneses (Meyer, 1975).

Chapter 1 — Introduction 1



However, in detail the dominant peridotitic inclusion suite in diamonds is mors
refractdry than that seen in many peridotite xenoliths — it commonly lacks
clinopyroxene and contains chromite together with other minerals characterised by
low Ca, high Cr and high Mg/(Mg+Fe). Thus explanations of the origin of these
refract()r)} compositions have been sought (e.g. Harte et al., 1980; Schulze, 1986;
Sobolev et al., 1969). The distinctive peridotitic paragenesis in diamond may be

referred to as the diamond-chromite-garnet harzburgite assemblage. This project

has been concerned with a wider range of chromite-garnet peridotite assemblages

where peridotite may be harzburgitic or lherzolitic.

High pressure and temperature experimental studies on mantle rock compositions
have given rise to an ever expanding set of geothermometers and geobarometers that
utilise temperature- and pressure-sensitive compositional parameters in minerals to
estimate temperature and pressure. More recent studies have been successful at
linking pressure and temperature estimates from suites of mantle xenoliths to
geophysical heat flow models for the change in temperature with depth e.g.
McKenzie et al. (2005).

The development of highly sensitive analytical téchniques has allowed investigators
to accurately determine the concentrations of major and trace elements and isotopes
in rﬁantle minerals. The electron microprobe (EMP) and ion microprobe (secondary
lonisation mass spectrometry (SIMS) technique) have the advantage of being able to
measure major and trace element concentrations (respectively) in situ on a polished
rock surface with a < 30 um diameter analysis volume. This means that the spatial
context of chemical variation in minerals can be recorded with high precision and
minimal contamination effects. The harzburgitic diamond inclusion paragenesis has
been analysed by these techniques (e.g. Harte ef al., 1980 by EMP and Shimizu and
Richardson, 1987 by ion microprobe SIMS). Additionally, isotope ratios have been

determined by means of mass spectrometry techniques for syngenetic inclusions (e.g
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Sm-Nd by Richardson et al., 1984 and Re-Os by Pearson et al., 1997) which have

yielded isochron and model ages for the harzburgitic diamond inclusion paragenesis.

The thrust of this thesis is to define and account for the formation of the chromitle;
garnet peridotite assemblages (CGPA) in terms of their petrography and '
geochemistfy utilising modern analytical techniques. This is achieved by the study of
collections of xenoliths from Newlands and Bobbejaan kimberlites that commonly
contain chromite and, in some cases, minerals of comparable composition to those
found as diamond inclusions. The application of phase equilibria and thermodynamic
models to the emergent data allows further appreciation of the nature of the diamond-
chromite-garnet harzburgite paragenesis and an appreciation of the role it plays in a

wider mantle context.

1.2 Overall Aims of the Thesis

The aims of the thesis are as follows:

1. To establish the petrographic constraints of the CGPA. i.e. modal mineralogy,

texture, grain size of the rocks.

2. To quantify the composition of the CGPA. i.e. major, minor trace element

chemistry of minerals and any zonation that may be present.

3. To interpret compositional information in its spatial/petrographic context and
in relation to coexisting phases. This will be done using major and trace
element concentrations analysed in coexisting minerals to estimate P-T
conditions of formation and equilibration. Trace elements will also be used to
assess the role of melts/fluids as modifying agents in the CGPA of the

mantle.

4. To assess existing models for their ability to explain compositional and
petrographic features noted for the CGPA, and clarify which mechanisms
should be invoked for generating and modifying Archaean sub-continental

lithospheric mantle.
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5. Endeavour to supplement information for identifying regions of diamond

stability in the lithosphere and identifying distinctive geochemical trends.

1.3 Thesis Layout

The thesis comprises 10 chapters each having figures embedded into the text. Each
chapter has an introductory part designed to give the reader an idea of thé particular
focus and aims of the chapter and any relevant literature that the chapter builds on.
Additionally, comment is made on the importance the chapter has for understanding
the chromite-gamet-peridotite assemblages. At the end of each chapter is a summary
of the main emergent points that are used for synthesis in the final chapter. Since the
chapters are reasonably specific, a reference list is provided at the end for each

individual chapter.

1.4 Chapter Synopsis
Chapter 2 - Previous Work and Project Rationale

An overview of the current state of knowledge about the sub-continental mantle
lithosphere is presented. This includes methods for estimating the composition of the
upper mantle, the depth of the lithosphere-asthenosphere boundary, the variation of
temperature with depth (and hence the constraints on diamond stability), the age and
modifying processes acting on the mantle rocks themselves. The way in which this
thesis relates to previous studies is explained and the aims of the thesis justified in

terms of the new information it will add to existing mantle knowledge.

Chapter 3 - Sampling and Petrography

Information about the sampling localities is presented and a description of the style
of sampling is made. The petrography section starts with a guide to the nomenclature
used for rock type definition. Then the quantification of the grain size, mineralogy,
modal mineralogy and texture of the samples is presented. These data are used to
define rock types (i.e. gamet harzburgite/lherzolite} and to make a necessary

classification of ‘sample types’, which is important for justifying chemical
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relationships in later chapters. Individual samples that illustrate the differences

between each of the sample types are described in more detail.

Chapter 4 - Major Element Compositions

The chapter compares electron microprobe analyses of garnet, spinel, clinopyroxene,
olivine and orthopyroxene from Newlands and Bobbejaan kimberlite concentrate to
analyses from other kimberlites in the ‘Barkly West region’ (L.eicester and Frank
Smith kimberlites). These are compared with databases of analyses from southern
African kimberlite concentrate and also a concentrate from glacial till in a
diamondiferous source region in the Ndrthwest Territories of Canada. Existing
compositional classifications are used and compared with the petrology and major

element chemistry of the Newlands and Bobbejaan samples.

" Chapter 5 — Major Element Zonation in Minerals

Electron microprobe traverses across minerals in samples are described with
particular profiles and X-ray maps beiﬁg referred to in Appendix II and 1II (on data’
CD). A subset of samples that display clear examples of ganet zonation trends are
selected and described systematically in terms of the sample types that are affected,
the chemical substitution that occurs, and the core-rim direction of zonation shown
on a Ca vs. Cr plot. The zonation types are classified using terminology that relates
to the sample type classification in Chapter 3. The zonation types are compared to
previous studies of mantle garnet zonation illustrating the c_wérlap between

classification schemes.

Chapter 6 — Phase Relations

Firstly the equilibria associated with garnet peridotite are defined. Analyses of
coexisting garnet, clinopyroxene and spinel are calculated as cation concentrations
~and cation ratios and are plotted in Cr-present compositional space using tie line on
triangular and tetrahedral plots. The relationships discovered in the range of rock
compositions present for Newlands and Bobbejaan samples are shown to conform to
particular equilibria utilising specific reactions. The chapter provides grounds for the

geothermobarometry in Chapter 7.
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Chapter 7 - Geothermobarometry

Several appropriate, existing geothermometers and geobarometers are applied to the
samples and the results plotted relative to major reaction lines-and isopleths from
experimental studies on peridotitic systems. The relation of coexisting mineral
compositions to estimates of pressure and temperature for the samples is made with a
suggestion as to potential use of a geothermobarometer for coexisting gamnet-spinel
and gamet-spinel-clinopyroxene in the system CMASCr. Addritionally the result of
thermodynamic modeling using a newly developed computer programme known as

‘Perplex’ is presented.

Chapter 8 ~ Diffusion in Garnet

Diffusion profiles are shown for particular zoned and unzoned initial garnets using
information from experimental studies. An appraisal of existing major element
diffusion coefficients in garnet from experimental studies is made. An error function
model for diffusion is used in conjunction with a suitable diffusion coefficient for
pressures and temperatures relevant to the samples (Chapter 7) and applied to their
zonation profiles. Finally, the likely rﬁnge of timescales over which diffusion is

thought to operate is calculated and discussed.

Chapter 9 - Trace Element Compositions

The range of trace élement analyses of minerals from a subset of samples (described
in chapter 3 and 5) by ion microprobe is documented. Data is presented as
concentration/chondritic concentration spidergrams and also as divariant plots with
samples divided into harzburgitic and lherzolitic groups, with the high-Ca varieties
differentiated. Existing models for generating humped REE (rare earth element)
profiles in garnets are reviewed and assessed and then compared to the gamet and

clinopyroxene compositions in Newlands and Bobbejaan samples.

Chapter 10 - Synthesis, Wider Implications and Further Work

In the final chapter the main emergent conclusions of the thesis are synthesised into a
multi-stage history for the Newlands and Bobbejaan samples. The main conclusions

are discussed with their relevance to current areas of mantle research and also to
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commercial diamond exploration strategies. Finally there is discussion of the
potential new lines of investigation that this study has uncovered in the ‘Further

Work’ section.

Appendices

Appendix I - Analytical technigues comprises a summary of the analytical techniques

including detailed documentation of the techniques involved in petrography, electron
microprobe analysis and ion microprobe (SIMS) analysis. There is also
documentation of the preparation procedure followed for the generation of a

chromite standard.

Appendix II — EMP Traverses comprises tabulated sample classification based on
petrography and also tabulated measured diffusion distances from the EMP traverses.
A summary of the core atid rim compositions in garnets and of coexisting mineral
compositions are shown. Annotated EMP traverses across minerals in samples are

included on the data CD (see back cover).

Appendix I1I -- X-ray Maps comprises a description of the technique and all the

major element X-ray rﬁaps for samples with the individual analytical operating

conditions for the EMP are included on the data CD (see back cover).

Appendix IV — EBSD (electron backscatter diffraction) comprises the EBSD data

used to establish mineral orientation in samples whose grain size was indeterminable

from light microscopy.

Appendix V — Trace Element Compositions comprises a summary table of trace

element data for the samples analysed by ion microprobe SIMS with the complete

analyses included on the data CD (see back cover).

Appendix VI— Raw Data is a data CD-ROM (pocket at end of Appendices, inside
the back cover) containing all EMP and TMP data obtained for the thesis in the form

of Excel spreadsheets. Corel Draw files are provided for the X-ray map images for
each sample analysed by .this technique and the accompanying raw images may also
be found in this folder. All petrographic photographs of the samples are also included
on the CD.
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2. Previous Work and Project Rationale

This chapt.e.r aims to summarise the types of studies that have established the current
understanding of the mineralogy, rock types, thermal structure and age of the mantle
lithosphere. Previous work is summarised by looking at early knowledge of the
mantle and then focussing on particular mantle samples such as diamond inclusions,
kimberlite concentrate and mantle xenoliths. Particular emphasis is placed on the
peridotitic minerals and mineral assemblages from diamond inclusions, kimberlite

concentrate and Imantle xenoliths.

The current areas of mantle research are outlined subsequently with brief
descriptions of the types of scientific advances that are currently being made. Lastly,
the studies that specifically led up to this project are discussed with reference to the

new questions they raise and, hence, providing the rationale for this study.

2.1 Early knowledge of the mantle

2.1.1 Seismic evidence - boundary layers

In‘ 1909 Mblioroviéié discovered the boundary between the earth’s: crust and mantle,
now called the Moho. It was discovered by the way that seismic P waves increase in
velocity below this boundary. Therefore the mantle had to be primarily composed of
solid material of a higher density than the crust. The depth of the Moho varies from 5
km beneath mid ocean ridges to 75 km beneath continents. The uppermost mantle is
relatively cold, cools by conduction and behaves in a rigid fashion and is called the
mantle lithosphere. The lithosphere-asthenosphere boundary (LAB) was originally
"identified by a low seismic velocity zone at about 200 km beneath continents (Fig.
2.1), thought to represent a region of paftial melting, hence a slowing of seismic
waves. The asthenospheric upper maﬁﬂe temperature-depth profile was modelled to
as conductive and convective in 1950s and found to conform to the convective model
in the 1960s according to Turcotte and Oxburgh (1972). McKenzic (1989) and

McKenzie et al. (2005) provide models for the continental geotherm which takes into
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account conduction and convection and also a model for the thermal conductivity of

different crust and upper mantle rock compositions.
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Figure 2.1; Diagram from Hawkesworth et al, (1999), based on the medel continental geotherm of
McKenzie (1989). Summary of temperature variation with depth for the sub-continental lithosphere
and asthenosphere. Note that the asthenosphere has a temperature that does not deviate far from a
single potential temperature (Tp) and lies along an adiabatic decompression line. The rigid lithosphere
is not able to cool convectively and so has a conductive geotherm and hence becomes cooler at a
faster rate with decreasing depth. '

The lower mantle is separated from the upper mantle by a transition zone which
represents another change in density associated with several phase transitions
between 440 km and 670 km. Including garnet and pyroxene forming a solid solution
in the mineral majorite and olivine transforming to a cubic spinel structure
(ringwoodite). These phase transitions have been determined experimentally using

high-pressure apparatus (e.g. Ringwood, 1956; Ringwood and Major, 1971)

The core-mantle-boundary was identified at approximately 2900 km depth by
analysing the passage of earthquake wave paths through the earth, Here there is a
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discontinuity in seismic wave velocities reflecting a distinct density change from
solid silicate rock to liquid iron. The outer core is thought to be made of liquid

because S waves appear to be strongly attenuated at these depths.

2.1.2 Models for the mantle

Whether the mantle convects as a whole, as two separate layers (upper and lower) or
in a way defined by an alternative model has been a matter of debate for some time.
Ringwood’s megalith model (Ringwood, 1982) involves the ascent of plumes
derived from the lower mantle and the descent and eventual detachment of subducted
oceanic lithosphere until impingement on the 660 km discontinuity. This is where
megaliths of eclogite are thought to reside. Using seismic tomography the lower
velocity, cooler subducted slabs have been imaged in the mantle and there is

- evidence for both penetration of the transition zone and also for deflection of slabs to

low angles at the transition zone (Kérason and van der Hilst, 2000).

2.2 Diamond Inclusions

2.2.1 Mineral suites and compositions

Malysis of diamond inclusions by electron microprobe (EMP) identified two main
suites of inclusions: peridotitic (P-type) and eclogitié (E-type) e.g. 'Meyer and Tsai
(1976a). Othé.r rare suites such as a wehrlitic and a calc-silicate sqite have also been
identified. Multiple inclusions in single diamonds do not contain minerals from both
suites. Harris and Gumey (1979) noted that peridotitic minefals in diamonds had
more depleted compositions than minerals found in the most depleted peridotitic
xenoliths. i.e. Lower Ca/(Ca+Mg), higher Cr/(Cr+Al) and high Mg/(Mg+Fe) cation
ratios which is suggestive that included minerals and host diamond equilibrated at
high pressure and medium (900-1100°C) and in the ab-sence of clinopyroxene (Harte
et al., 1980). P-type inclusions were also noted for their low clinopyroxene

abundance compared to common peridotite xenoliths,
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More specifically the peridotitic paragenesis identified in many studies of peridotitic
suites of inclusions in diamonds is therefore one of a harzburgite (olivine and
orthopyroxene) together with low-Ca, high—Cr garnet. Magnesioch;omite isa
commeon member of this assemblage and clinopyroxene is typically absent. This

therefore forms the characteristic diamond-chromite-garnet harzburgite
assemblage.

Trace element analyses of P-type garnets found as inclusions in diamond by Shimizu
and Richardson (1987) identified very high Sr concentrations (> 20 ppm)
accompanied with light rare earth element (REE) enrichment. These features suggest
alteration by incompatible element-enriched fluids and were ascribed to ancient |
metasomatic processes. A disequilibrium process involving the differential diffusion
of the rare earth elements into garﬁet was the mechanism invoked for this
metasomatism. A review of this-and other models is presented in the final section of

Chapter 9.

2.2.2 Dating diamond inclusions

Diamond inclusions have the potential to provide chemical isolation from interaction
with their surroundings for long periods of time. Richardson et al. (1984) analysed
diamond hosted P-type (Cr-rich, Ca-poor) garnets from Finsch and Kimberley pipes
for Sm-Nd isotopic composition and yielded model ages of 3.2-3.3 Ga. Octahedral
garnet crystal morphology in these inclusions is indicative of growth controlled by
diamond structure (e.g. Harte et al., 1999). Therefore this date represents both

inclusion mineral growth age and diamond growth age.

More recent studies dating sulphides from diamond inclusions using the Re-Os
isotope system have revealed that sulphide crystallisation has likely occurred over a
wide range of ages from 1.1 ~ 2.9 Ga (Pearson et al., 1998, underneath the

Kofﬁefonteinrpipe, Kaapvaal Craton).
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2.2.3 P-T estimates from diamond inclusions

Isolated inclusions are unlikely to represent equilibrium mineral compositions but
multiple minerals from the same diamond may be used‘in addition to touching
rineral pairs to estimate the range of Ps and Ts of formation and equilibration
respectively. 29 garnet-olivine inclusion pairs from Finsch kimberlite yield
temperatures of 900-1100°C at around 50kb (Boyd et al., 1985) which plot close to a
40 mW/m? geotherm in the diamond stability field. Diamondiferous Iherzolite
xenoliths also plot close this geotherm, giveﬁ that they equilibrated much more
recently ([?avis, 1977). Therefore in the Archacan fhe lithospheric root of the
Kaapvaal craton must havé been at least 150 km deep, extending into the diamond
stability ficld and similar to low dT/dP geotherms to present day Precambrian shields
~ (Boyd and Gurney, 1986).

The studies of the inclusion suites found inside diamonds, inciudin_g isotopic studies
of their ages, have concluded that diamonds and their host kimberlites have separate
origins. Many diamonds appear to be Precambrian (and even Archaean) in age,

whilst most kimberlites belong to the Phanerozoic.

2.3 KiMs (Kimberlite Indicator Minerals)

Minerals that crystatlise in the kimberlfte magma are numerous. The principal
minerals are oliyine, phlogopite, calcite, perovskite and ilmenite but each are not

_ always present (Mitchell, 1986). Of these only the ilmenite survives in the surface
environment sufficiently to be used in kimberlite prospecting. There are two subsets
of KIMs (i.e. minerals that are also indicative of kimberllite): Mantle indicator

minerals and diamond indicator minerals (DIMs).

Mantle minerals erupted as xenocrysts in kimberlite are not stable with respect to the

kimberlite magma since the kimberlite liquid is highly volatile and mantle minerals
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are highly depleted in volatiles. The minerals are able to survive, preserved in the
crystalline matrix of the kimberlite rock, because of the short time between -
entrainment and magma crystallisation. They are also physically mantled by reaction
rims e.g. the kelyphite rim, which is commonly present around garnet Xenocrysts.
The compositions of fhese minerals are highly magnesian and are indicative of a
high-P, high-T origin in the mantle rather than the crust. Xenocrysts outweigh
xenoliths 100:1 (Boyd and Gurey, 1986) and form concentrates due to their
relatively high density in surface systems like alluvial gravels (hence their
importance in kimberlite prospecting); they can also be found in great abundance in

diamond mining concentrates.

The other subset of kimberlite indicator minerals is the diamond indicator minerals.
These are those minerals that have overlapping compositions with diamond
inclusions. Peridotitic olivine, orthopyroxene, clinopyroxene, gammet and chromite in
diamondiferous kimberlite concentrates show a range of compositions i.e. from that
common in peridotitic xenoliths to that of P-type diamond inclusions (Gurney and

Switzer, 1973; Gurney and Zweistra, 1995).

Therefore olivine, orthopyroxene, clinopyroxene, garnet and Cr-spinel are the main
diamond indicator minerals. However, only gamet and chromite have major element
compositions that do not overlap strongly with non diamondiferous sources. They are
‘also the two most resilient minerals mentioned and may survive tfansport away from

a kimberlite source region.

In southern Africa, the presence of low-Ca garnets in kimberlites coincides with the
extent of Archaean cratons, indeed correlating with the presence of diamonds as well
(see “Clifford’s Rule”). Gurney (1984) correlated particular low-Ca garnets with the
presence of diamond in kimberlites reinforcing this connection. Both low-Ca garnet

and diamond appear to have originated in the same harzburgitic host rock beneath
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Archaean crust. Additionally Fipke et al. (1995) shows compositions of chromite that

have ‘diamond inclusion affinity’ on Cr-Ti and Cr-Mg plots.

Due to their high abundance compared to diamonds, low-Ca garnets similar in
composition to P-type diamond inclusions are thought to have crystallised in rocks
rather than to represent escapees from diamonds. Furthermore, on consideration of
the CaSi0;-MgSi03-ALO; phase triangle (Fig. 2.1), low-Ca garnet is likely to be Iin
equilibrium with enstatite and without clinopyroxene, thereby indicating a
harzburgitic rather than lherzolitic host rock, and thus reinforcing the notion of the
digmond-chromite-garnet harzburgite aragenesis.

ALO,
- Corundum

4 e
\\
Grossular < Py

S Py + Py +En

. Di+E
Wollastonite x en & Enstatite

CaSiO, Diopside. MgSiO,

Figure 2.2: Schematic CaSiO;-MgSiOs-AlL0; phase triangle at 1200°C and 50 kb illustrating the wide
range of Ca compositions in pyrope for common lherzolitic compositions, compared to restricted low-
Ca compositions for harzburgites. Py = pyrope, Di = diopside, En = enstatite. Modified from Boyd
(1970).
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2.4 Mantle Xenoliths

Ultramafic mantle xenoliths are found predominantly as rounded discrete nodules
within kimberlites, lamproites and alkali basalts. They are comprised essentially of

- the minerals found as xenocrysts {see last section on kimberlite indicator minerals)
but with épetrological relationship to the other rock forming minerals evident. They
range in size from a cluster of several minerals (1 cm diameter) to larger xenoliths up
to 1 m diameter whlch may indicate cross-cutting ‘field’ relations (e.g. Harte et al.,
1993). Mantle xenoliths form the basis for defining the assemblages and modal
proportions of minerals within mantle rocks, hence defining the larger scale
composition and structure of the lithospheric mantle. A thermal and lithological
upper mantle structure may be suggested by pressure and temperature estimates via

geothermobarometry involving the coexisting minerals present in xenoliths.

2.4.1 Mantle rock types: Current nomenclature

Peridotite is by far the most common mantle rock type found as xenoliths with
eclogite being abundant in particular kimberlites. Table 2.1 summarises currently
accepted definitions of the mantle xenolith types found in kimberlites with the main

petrological and compositional features described.

Type Description
I - Coarse, Mg-rich cold Universal distribution and abundant (the common ‘granular’
peridotites peridotites xenoliths from kimberlite series eruptive rocks).

Rocks largely of olivine and orthopyroxene with little
clinopyroxene and garnet; inay be with chromite. Grains
typically > 2mm with equant or tabular shapes and somewhat
irregular grain boundaries, but rarely granuloblastic (Harte,
1977). Depleted major-minor element compositions, often with
very small range in bulk and mineral compositions (but
exceptions occur, e.g. Premier (Danchin, 1979). Estimated
temperatures of formation below 1100-1150°C.
Mg/(Mg+Fe)*100 = 91-95. Ca/{(Ca+Mg)*100 = 43-51.

IT - Coarse, Fe-rich cold Widespread but usually very rare, mainly garnet lherzolites and
peridotites and pyroxenites garnet websterites. Micro-structures and temperatures of
formation as Type I, but sometimes layered. Wide bulk and
mineral compositional range, with relatively high Fe, Ca, Al and
Na compared with Type I, but variable Cr and low Ti and K.
Possibly cumulates (sensu lato) (Gurney et al., 1975).
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IIT - Dunites_

Widespread, sometimes common. Two varieties: (2)
Mg/(Mg+Fe)*100 = 93-95 and often coarse; (b}
Mg/(Mg+Fe)*100 = 88-90 and usually fine-grained. Of these
(a) may be the most depleted rocks (restites) and (b) may be
either cumulates or recrystallised megacrysts.

IV - Deformed, cold peridotites
and pyroxenites

Widespread and sometimes common. Micro-structures are
porphyroclastic or mosaic-porphyroclastic (Harte, 1977), but
modal and chemical characteristics and estimated temperatures
of formation are usually similar to those of Type 1.

V - Hot peridotites

Widespread, but abundance highly variable, rare-absent in
Group II kimberlites. Usually deformed and showing
porphyroclastic and mosaic-porphyroclastic textures typically
with very small neoblasts; rarely coarse and little deformed.
Rocks and minerals commonly enriched with Fe and Ti by
comparison with Type T and overlap with megacrysts (Type IX).
Estimated temperatures of formation above 1150-1200°C.
Mg/(Mg+Fe)*100 = 87-92. Ca/(Cat+Mg)*100 = 28-43.

V1 - Marid suite

Widespread, sometimes common. Rocks consisting of: mica,
amphibole (richterite), rutile, ilmenite, diopside and zircon.
Probable igneous origin. Related to certain kimberlite and
lamproitic magmas (Dawson & Smith, 1977; Waters 1586).

VII - Pyroxenite sheets rich in
Fe-Ti

Only reported from Matsoku (Harte et al., 1977; 1987).
Orthopyroxene- and clinopyroxene-rich recks with widely
variable olivine and garnet, often with ilmenite and phlogopite.
From magmatic intrusions (<16 ¢cm thick) into Type I rocks
which are metasomatised.

VIII - Modal metasomatic
groups

Diverse, usually coarse, cold peridotites showing evidence of
modal metasomatism in the form of minerals developing within
pre-existing rock. Different types seen at different pipes: ‘
ilmenite-rutile-phlogopite-sulphide (IRPS) association at
Matsoku; richterite-phlogopite-Cr-titanite association at
Bultfontein; edenite-phlogopite association at Jagersfontein.

IX — Eclogites and grospydites

Universal distribution; usually rare but occasionally very
common. Diamond and graphite accessory minerals: no olivine.
Very wide range in bulk and mineral compositions. Increasingly
thought to come from oceanic crust by subduction. Wide range
in equilibration temperature.

X - Megacrysts or discrete
noedules

(a) Cr-poor variety: widespread, occasionally very common,
particularly involving the minerals orthopyroxene,

| clinopyroxene and garnet, sometimes olivine and ilmenite. Wide

range in chemistry an equilibration temperature, which
correlates with Mg/(Mg+Fe). Hotter megacrysts show chemical
similarities to Type V; cooler megacrysts sometimes intergrown
with ilmenite. Magmatic origin.

(b) Cr-rich variety: uncertain distribution and overall features.
Mineral compositions overlap those of Type I (Eggler etal,,
1979).

(c) Various minerals (with or without exsolution features) which
are not clearly associated with {a) or (b) and might represent
disrupted peridotites and eclogites etc.

Chapter 2 — Previous Work and Project Rationale

17




XI - Diamonds and inclusions in | Widespread; in southern Africa distribution related to cratons.
diamonds Inclusion suites divided into peridotitic and eclogitic. Peridotitic
inclusions have restricted and depleted chemistry (Fo: 93-64, i.e,
olivine Mg/(Mg+Fe)*100) and low-medium equilibration
temperatures. Eclogitic inclusions have a wide range in
chemistry and equilibration temperatures,

Table 2.1: Major types of rock and mineral inclusions in kimberlite series eruptive rocks. (Largely based on
descriptions and summaries given by Gumey and Harte {1980) and Harte {1983). Reproduced from Table 1.2 in
Harte and Hawkesworth (1989), (see also Pearson et al., 2003).

Mineralogically, the paragenesis of mantle xenoliths can be determined initially by
the proportion of each of its constituent minerals (Fig. 2.3). When gamet is added to
these minerals, garet peridotite and eclogite may be considered and only rare

phlogopite-, ilmenite-, amphibole-bearing rocks are not represented.

o
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Figure 2.3: Ultramafic rock type nomenclature based on olivine (Ol), orthopyroxene (Opx) and
clinopyroxene (Cpx) modal abundance.

Texturally the xenolith may be coarse with no foliation evident, fine-grained with
coarse porphyroclasts indicative of deformation or structured on a large scale.
Structured xenoliths may contain veins or possess modal layering. Major clement
chemical analysis allows determination of cation ratios and the application of
geéthen’nobarometry and thus confirmation of xenolith origin. However, most

classification is possible in hand specimen.
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2.4.2 Compositional variation and trace element data

Trace elements vary from depleted to primitive (pyrolitic) to enriched compositions
in peridotite xenliths. Normal peridotitic garnets tend to have low {<1*chondrite)
LREE to medium (~50*chondrite) HREE concentrations. If modal metasomatic |
minerals such as phlogopite, ilmenite, rutilc(:, edenite, richterite are present then
peridotitic minerals may be locally affected by‘having increased Ca, Al, Fe"", Ti and
LREE concentrations. Garnet is the most useful of the peridotitic minerals in this

case since it may attain measurable quantities of most of these elements.

Recent studies (e.g. Burgess and Harte, 2004; Griffin et al., 1999b) indicate that bulk
rock major element depleted harzburgitic xenoliths with minerals of similar
composition to P-type diamond inclusions have low-Ca and high-LREE garnets.
Particular garnet zonation from the low-Ca core to a high-Ca, high-Ti rim is
recorded. Therefore the authors attribute these features to ancient major element
depletion and subsequent trace-element enrichment within certain harzburgitié
garnets derived from kimberlite xenoliths. This is an example of cryptic
metasomatism, and these studies indicate it’s accompaniment with incompatible

trace element enrichment in these garnets expressed as humped REE patterns.

2.4.3 Peridotitic xenoliths that conform to P-type diamond inclusion
compositions
Rocks fitting diamond inclusion-based constraints (type XI in Table 1) and with
chemistries like those described in Gurney (1984) and Fipke et al. (1995), for gamets
and chromites respectively, are very rarely found. The recognised localities are:
Newlands, Kaapvaal craton (this project; Clarke and Carswell, 1977; Menzies,
2001), Udachnaya, Siberian craton (Pokhilenko et al., 1977) and Arnie kimberlite,
Northwest Territories, Canada (Doyle, 2002). Some mecﬁanism, therefore, has to be
invoked for the disruption of these rocks so that they are not so commonly preserved
as articulated xenoliths in kirnberlite. Several workers (e.g. Wyllie et al., 1983; Luth,
indirect communication) suggest that some form of disseminated magnesite may

have been present in these harzburgites prior to eruption. Magnesite is modelled to

Chapter 2 — Previous Work and Project Rationale 19



undergo explosive decomposition during decompression in kimberlitic systems,
however no magnesite has been reported in these rocks on examination at the

surface.

The discovery of diamondiferous xenoliths was made by Bonney ('1 899), who
described a diamondiferous eclogite. More recently described diamondiferous
xenoliths include: Eclogite by Rickwood et al. (1969), garnet lherzolite by Dawson
and Smith (1975), garnet dunite by Sobolev et al. (1969) and garnet harzburgite by
Viljoen et al. (1994) and Menzies (2001). The minerals in these peridotitic xenoliths
conform closely to the compositions found as P-Type diamond inclusions. Menzies
(2001) confirms that diamond inclusions from garnet-chromite harzburgite hosted

diamonds conform to the diamond-chromite-garnet harzburgite paragenesis. Since

these inclusions have been armoured potentially for up to 3.3 billion of years
Richardson et al. (1984), the question arises as to how compositionally different
minerals inside diamond are compared to the rock-forming minerals. This provides a

pre- and post-diamond formation geochemical history to examine.

24.4 P-T estimates and mantle xenoliths-derived geotherms

Coexisting minerals in equilibrium within xenoliths are modelled through
geothermobarometric formulations to originate at various temperatures and pressures
within the mantle, forming ‘xenolith geotherms’ for particular kimberlites and
sometimes larger kimberlitic reg:;,ions (e.g. Northern Lesotho, Carswell and: Gibb,
1987). The xenoliths can be divided on this basis into ones that have eqﬁilibrated at
low (< 900°C), medium (900-1100°C) and high temperatures (> 1100°C). Low-T
xenoliths tend to plot close to model cratonic geotherms of 40mW/m?, whereas high-
T xenoliths tend to plot to the high-temperature side of this geotherm as though

perturbed to higher temperatures (Fig. 2.4).
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Figure 2.4: Temperature-depth profiles derived from xenolith suites, On craton suites: A from Finsch, B from
Northern Lesotho, are perturbed at ~180 km. Off craton profiles from adjacent mobile belts: C & D are perturbed
at depths > 120 km. Duplicated from Boyd and Gurney (1986) using conductive geotherm of 40mW/ m* of
Pollack and Chapman (1977).

Calculated depths for high-T xenoliths within craton margins are greater than those
outside the margins and the transition between low- and high-T xenoliths is also
deeper (170-190 km rather than ~140 km for low-Ts) within the cratons e.g.
Kaapvaa] craton, Boyd and Gurney (1986). Fig. 2.5 illustrates how xenoliths are
derived from the diamond stability field underneath the Kaapvaal cratonic root in
southern Africa i.e. a theoretical plane exists within the mantle separating rocks that
have equilibrated above and below about 1100°C, which corresponds to the volatile-
present mantle solidus at close to 50 kb. Nixon and Boyd (1973) and Gurney et al.
(1979) point out that megacrysts may reflect pre-kimberlitic melting at the base of
the lithosphere, hence Harte (1983) suggested that this may be metamorphosing low-
T xenoliths at temperatures above 1100°C prior to eruption. Previous authors have
suggested temperature perturbation by convective asthenospheric overturn and
incorporated this into a conductive-convective geotherm model (e.g. McKenzie,

1989).
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Figure 2.5: NW-SE cross-section through southern African lithosphere based on kimberlite xenolith-derived
geothermometry indicating the diamond stability field in the craton root. F = Finsch, FS = Frank Smiith in the
Barkly-West district, NL = Northern Lesotho, EG = East Griqualand. Line A-A’ = postulated lithosphere-
asthenosphere boundary based on high-T/low-T xenolith division. From Boyd and Gurney (1986).

2.5 Summary of Key Areas of Current Research

Approxiinately 70 new kimberlites per year are discovered with ~1/100 being
economic for gem diamond production. More xenolith data is becoming available
from previously unrepresented parts of the globe and more extensive databases are
being set up to document the range of mineral compositions found as xenoliths,
xenocrysts, diamond inclusions and diamonds themselves. There are several key
areas of research that workers are attempting to resolve by further study of these new
and also existing sample sets. High micro-scale spatial resolution is also possible
with the latest analytical techniques such as the electron and ion microprobes that can

be used for in situ major and trace element and isotopic analysis.

2.5.1 Thermal structure of the mantle lithosphere

The aim of this area of research is to establish more accurate knowledge of the
temperature variation of rocks with depth. This aids diamond exploration since it is
able to make predictions about whether particular kimberlites can sample material
from the diamond stability field and hence assess the diamond-carrying potential of
kimberlites. Therefore finding and analysing more samples that have well
equilibrated minerals suitable for geothermobarometric calculations will help to

delineate a pre-kimberlitic geotherm.
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The formulation of additional barometers and thermometers enables more mantle
material to be characterised in terms of P and T. But major element equilibria
between mineral pairs has been thoroughly assessed as to their P-T dependehce SO
single grain techniques (e.g. Ni-in-garnet and Cr-in-clinopyroxene) are enabling

- more diamond inclusions and single minerals in alluvial concentrate to be given P-T
estimates. Although there is less accuracy involved in the single grain techniques,
since they rely on a coexisting mineral of assumed composition, they are especially

applicable to alluvial and glacial gravel samples.

The addition of new end member molecules and hence the ability to compute more

~ components in thermodynamic models allows the potential to explore a wider rénge
of bulk rock compositions and their behaviour on changing pressure and temperature
more accurately. Further experimental studies in relevant systems will also help to

refine these techniques and improve accuracy.

2.5.2 Lithological structure

Further descriptions of obducted peridotitic and eclogitic massifs discovered on land
will add to the current understanding of larger scale cross cutting and lithological
layering expected in the mantle lithosphere. On a larger scale Schulze (1986), for
example, associated wedges of cratonic crust seen in the field in Ontario with lower
lithosphere accretion mechanisms. This is echoed in South Africa by Re-Os studies
that date Kimberley block accretion of the Kaapvaal craton with its crustal

expression being the Colesbefg magnetic lineament (Shirey et al., 2002). However it
is the mantle sample of kimberlites that is still relied upon to provide multiple

‘pseudo bore holes’ through the sub-continental mantle lithosphere. Therefore further -
data on geobarometric depth estimates for particular rock types will give resolution

to + 5 or 10 km on the lithological layering. Improved resolution on seismic
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reflectors should aid delineation of underplated and layered regions of the sub-

continental lithospheric mantle with strong density contrasts.

Large scale, cross-craton correlations have been used to identify differences and
similarities in worldwide mantle properties. Two such examples are: The
composition of worldwide diamond inclusions as a marker for pre- and syn-diamond,
depleted peridotite lithologies and appears to be relatively consistent worldwide. A
second example is the identification and extent of development of potentially under-
plated pyroxenitic horizons ¢.g. xenoliths from alkali basalts in xenolith suites from

* Scotland (Halliday et al., 1993). Many institutes and companies have started
collating large-scale databases of kimberlite indicator mineral analyses in an attempt
to produce estimates of mantle conditions underneath cratons using a ‘mantle

mapper’ approach.

Many similarities have been found between different cratons, but because of the vast
amount of data and the lack of accompanying petrography, interpretations are still at
an early stage. Large-scale investigations are important in indicating the extent of the

occurrence of diamond-harzburgite and diamond-eclogite assemblages especially.

2.5.3 Composition of metasomatic fluids affecting mantle rocks

The effect of metasomatism has been an important line of investigation ever since its
widespread occurrence was identified in 1970s by authors such as Harte et al. (1975)
and Bailey (1982). Classifications such as Dawson and Smith (1975) and Harte
(1983) separated metasomatism into modal (i.e. the addition of a phase) and cfyptic
(i.e. major element enrichment or isolated trace element enrichment) types. Therefore
current studies, through the study of xenoliths and the characterisation of these types
of metasomatism, are gathering data on the range of compositions expected to be
introduced into peridotitic/eclogitic mantle by fluid infiltration. Partition coefficients

for elements between minerals and melt are required for modelling this process and
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preliminary experimental results are being examined and assessed in current

literature.

.

The quantification of the oxygen fugacity of metasomatic fluids is also important in

order to assess the stability of diamond compared to different types of metasdmatic

melt. i.e. whether the melt will consume diamond by being too reduced or oxidised

for the diamond buffer. e.g. studies by Deines (1980); McCammon et al. (1998);

Luth (1993).

254 Timescales for craton formation, diamond growth phases, metasomatism
and pressure-temperature re-equilibration

Establishing timescales for pfocesses in the mantle has always been a problem given

that most isotopic systems are reset at mantle temperatures. At high temperatures

diffusion is also faster so only chemical information from relatively recent events are

likely to be preserved.

Os is extremely compatible in mantle rocks and its concentration remains effectively
constant once trapped in mantle phases even if partial melting and metasomatism
were to occur. Therefore the Re-Os isotope system is relatively robust compared to
Sm-Nd and has the ability to provide an isotope ratio that will reflect the timing of
original melt extraction and mantle rock formation (Walker and Morgan, 1989b;
Pearson et al., 1995). If reliable mineral or whole rock isochrons can be obtained, an

age can be derived, otherwise a model age may be derived (see Pearson et al., 1995).

Diamond inclusion sulphides may be dated using the Re-Os 1sotope system toi date
diamond formation events (e.g. Westerlund et al., 2004). This timing has been
compared to large scale events such as subduction and craton suturing affecting the
Kaapvaal and Zimbabwe cratons. Shirey et al. (2002) combine deep seismic
structural information with ages of major crustal events in the Archaean and

Proterozoic (De Wit et al., 1992). At least three diamond formation events seem to
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correspond to various parts of southern African craton formation, stabilisation and
modification history. Whether diamond formation is truly episodic or actually
relatively continuous is a current debate that is being resolved from study of diamond

and xenoliths in African and worldwide cratonic regions. .

Diffusion coefficients for major and trace elements have been established
experimentally (Ganguly et al., 1998; van Orman et al., 2002) and refined
empirically (Carlson, 2006) in recent years. This has allowed researchers to examine
‘stranded’ diffusion profiles in minerals to estimate the timescale for chemical
heterogeneity more accurately. Bulk modiﬁcation of harzburgite by fluids may be
tracked and the extent of its conversion to lherzolite is being documented e.g. in
Griffin et al. {1999b) and in Burgess and Harte {1999). These issues will continue to
be debated.

2.6 Formulation of a Tractable Problem
2.6.1 Previous studies on high-Cr, low-Ca garnet-bearing xenoliths

The Barkly-West district of kimberlites comprises Newlands, Frank Smith, Leicester
and Bellsbank situated 40-80 km northwest of Kimberley (Fig. 2.6). All of these
kimberlites are currently being mined for diamonds. The discovéry of i
diamondiferous garnet—chromite harzburgite xenoliths by John Gurney at Newlands
kimberlite prompted preliminary analysis by Menzies (2001) who additionally
studied diamondiferous eclogites and a wide variety of mantle material from the pipe
in a detailed initial survey. Menzies’ (AH) study yielded promising comparisons to
the harzburgitic diamond inclusion suite in terms of the major and minor elements
compositions of minerals from garnet ha.fzburgite xenoliths. Two of the
diamondiferous peridotites studied are shown in Fig. 2.7a and b. Doyle (2002) also
describes xenoliths from Arnie kimberlite, Canada, showing similar properties but

they are not diamond-bearing (Fig. 2.7c-¢).
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Figure 2.6: Map of the sampled kimberlites in the area north of Kimberley, Western Cape Province,
Republic of South Africa (Figure adapted from Menzies, 2001).

Clarke and Carswell (1977) first announced the presence of unusual garnets with
both high-Cr and high-Ca (i.e. rich in the uvarovite end member) from Newlands
kimberlite and noted that garnets of these compositions are relatively scarce, being
only known from Newlands and some of the Yakutian kimberlites. It is now known
from mining concentrate analysis that several other southern African kimberlites also

possess these garnets (Bellsbank included).

Newlands garnet macrocrysts have been analysed by electron probe spot analyses by
Menzies (2001) (310 garnets with 30 coexisting clinopyroxenes and 31 coexisting
chromites) and Bobbejaan garnet macrocrysts by van der Westhuizen (1992) (53

garnets, 10 coexisting clinopyroxenes, 1 coexisting orthopyroxene and 18 coexisting
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chromites). These analyses provide a guide to compositional variation of garnet,
chromite and clinopyroxene from individual xenolith fragments. The garnet analyses
of Menzies (2001) indicate a wide range of Ca compositions at high-Cr values. The
analyses from both studies however lack detailed spatial information within the

samples, hence the likely variation within each sample is not known.

In 1999 John Gurney collected additional samples to the xenoliths studies by
Menzies (AH). The samples are 5-20 mm in diameter and contain predominantly
garnet with lesser chromite, olivine and orthopyroxene +/- clinopyroxene often as
inclusions in garnet. The rationale behind the collection of these microxenoliths was
to sample a wide range of bulk rock compositions, with the end product being the
examination of mineral equilibria between their coexisting minerals (garnet and
chromite £ clinopyroxene). Clinopyroxene-bearing samples were collected and
analysed in order to provide comparison of the harzburgitic samples to higher-Ca

bulk rock compositions.

(a) (b)
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Figure 2.7: (a) and (b) Photos of fresh surfaces of diamond-chromite-garnet harzburgites from
Newlands kimberlite, RSA by Menzies (2001). In (b) . (c), (d) and (e) Photos of chromite-garnet
harzburgites from Amie kimberlite, NWT, Canada by Doyle (2002). Photograph widths are (a) 90
mm, (b) 100 mm, (c) 100 mm, (d) 110 mm, (e) 80 mm.

2.6.2 Formulation of a tractable problem

Therefore, given the extent of previous studies, it is clear that a detailed petrographic

and geochemical study of the polymineralic assemblages present in the Newlands
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and Bobbejaan high-Cr garnet-rich samples is required in order to gain information

on the chromite-garnet peridotite assemblages (CGPA). This knowledge will provide

a P-T framework for the samples will allow general mantle-evolution context to be

placed upon this rock type which was only known from isolated mineral inclusions in

diamond and isolated geochemical analyses of single grains over a narrow range of

bulk rock compositions.

Hence, the aims of the thesis (as stated in Chapter 1) are as follows:

I

To establish the petrographic constraints of the CGPA. i.e. modal mineralogy,

texture, grain size of the rocks.

To quantify the composition of the CGPA. i.e. major, minor trace element

chemistry of minerals and any zonation that may be present.

To interpret compositional information in its spatial/petrographic context and
in relation to coexisting phases. This will be done using major and trace
element concentrations analysed in coexisting minerals to estimate P-T
conditions of formation and equilibration. Trace elements will also be used to
assess the role of melts/fluids as modifying agents in the CGPA of the

mantle.

To assess existing models for their ability to explain compositional and
petrographic features noted for the CGPA, and clarify which mechanisms
should be invoked for generating and modifying Archaean sub-continental

lithospheric mantle.

To endeavour to supplement information for identifying regions of diamond

stability in the lithosphere and identifying distinctive geochemical trends.
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3. Sampling and Petrography

3.1 Sampling
3.1.1 Locality selection

As a premise for the project the concentrates from Newlands and Bobbejaan were
known to contain a significant number of G10 garnets (i.e. with diamond-garnet-
chromite harzburgite affinity) (John Gurney pers. comm.). Previous work on
Newlands by Menzies (2001) and on Bobbejaan by van der Westhuizen (1992) also
indicated that G10 garnets existed in polymineralic samples. During field work other
kimberlites in the Kimberley area were examined but found not to contain the same
abundance of samples with G10 garnets. In particular the concentrates from the
nearby Frank Smith and Leicester kimberlites were found to contain individual red
‘megaéryst suite’ gamets and only very rarely lilac G9/G10 gamets. Only one of the
\ lilac garnet-bearing samples from Leicester was polymineralic and displayed phase

relations. Thus this study has focused on material from Newlands and Bobbejaan.

3.1.2 Newlands and Bobbejaan kimberlite xenolith population

The xenoliths from Newlands and Bobbejaan investigated here are not the common
coarse peridotite xenoliths of many localities. Thus the question that arises of
‘whether the samples suggest something markedly different from other kimberlites in
South Africa or the rest of the world? In othef words, have Newlands and Bobbejaan

kimberlites sampled a different type of mantle to other kimberlites?

Considering broad petrographic definitions the answer to this question in general
seems to be no. Variations in percentages of a few rock types and the presence of
some rare rock types are expected for most kimberlites. Menzies (2001) notes the

abundance of various xenolith rock types in general at Newlands (see Fig. 3.1).
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Figure 3.1: n = ~ 500, data reprocessed from Menzies (2001). Note that all rock types are relatively
well represented (most > 10 %) except for websterites (< 1 %). The Bobbejaan xenolith population is
thought to be similar to Newlands.

The xenolith population at Newlands and Bobbejaan is similar to the average South
African kimberlite in that they have a reasonably normal proportion of harzburgite,

lherzolite, garnet harzburgite, eclogites and spinel peridotites. However Newlands

and Bobbejaan clearly have distinctive features; namely:

o Garnet lherzolite xenoliths containing extensive amounts of olivine and

orthopyroxene are much lower in abundance at Newlands and Bobbejaan.
e Newlands has no recorded deformed peridotite or marid-suite peridotites.

e Newlands and Bobbejaan kimberlites have high proportions of ‘peridotitic

garnet macrocrysts’ I

! Macrocrysts are generally <1 cm and megacrysts are generally >1¢m (Mitchell, R. H. (1986).
Kimberlites- Mineralogy, geochemistry, and petrology. New York, Plenum Press.)
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3.1.3 Newlands

- Sampling at Newlands was undertaken nitially by john Gurney and Trish Doyle in
1999 and in March 2003 by the author, John Gurney, Ben Harte and Ben Garden.
Sampling permission was granted by the mine owner who also took John Gurney and
the author on a tour of the underground workings. The two sessions made collections
predominantly from several piles of heavy concentrate. Additional samples of
kimberlite and other xenoliths were gathered from dumps containing newly miﬁed
kimberlite. The concentrate piles are known to be derived from ‘Blow 2” (Fig. 3.2).

Newlands is currently owned by Dwyka Diamonds Limited as of 2004
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Figure 3.2: Reproduced from Van Heerden and Gumney (1994) showing the en-echelon style of the
fissures at Newlands and the compass direction to nearby kimberlites.
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3.1.4 Bellshank

Sampling at Bellsbank was undertaken with the owner’s permission (Mr. J. Davison)
in March 2003 by the author, John Gumey, Ben Harte and Ben Garden. Heavy
concentrate piles (obtained by reworking former dumps on the mine floors) were
sampled from close to the plant and are known to be derived from the Bobbej aan
Fissure (Fig. 3.3).

Martin Ming

Boshoft Mine

| EGEND
-8~ Kimbera Fisturs with ~Blow”
° Byodngs

- == Roads and Tracks

Figure 3.3: Map of the surface exposures of the Bellsbank fissures from Gurney (1997). North is
vertical towards the top of map. NNE-trending Bobbejaan fissure to SE of map.

3.1.5 Sampling strategy

During the sampling procedure all mantle rocks/minerals were collected and the

following types were yielded:

- o Garnet peridotites (additionally containing one or more of: Cr-spinel,

serpentine and Cr-diopside)

Chapter 3 — Sampling and Petrography _ 40



s - Lilac garnet macrocrysts (derived from peridotites)

» Eclogites (containing omphacitic clinopyroxene and orange garnet)

¢ Cr-diopside m¢ga¢rysts (derived from ‘megacryst suite’ magmatic rqck)

. Orthopyroxene megacrysts (derived from ‘meg?cryst suite’ magmatic rock)
o Red éarnets (derived from ‘megacryst suite” magmatic rock)

¢ Individual orange gamets (derived from eclogites)

Fresh orthoi)yroxene is dark grey-brown and is only found as megacrysts and not
within the peridotites. Altered orthopyroxene is a dark green-brown colour in
transmitted light. Fresh olivine is only found as kimberlite ienocrysts rather than part
of the garnet macrocryst mineratogy and is light green-yellow in colour. Altered
olivine (mainly serpentine) is found as part of the gamet macrocryst assemblage and

~ Is pale yellow and not as translucent as fresh olivine. Gamnet, chromite,
clinopyroxene, olivine and orthopyroxene were collected from concentrates at
Newlands, Bobbejaan and Leicester. Newlands concentrate was readily available for
analysis from Mineral Services sampling (Gurney, pers. com.) and therefore made up

the majority of concentrate grains.

3.1.6 Sample size

Since the average specimen size from concentrate was small (< 0.5 cm long
dimension) effort was made to search for larger samples (~ 1 cm) that were more
likely to contain mineral grain boundaries and textural information. Larger
specimens were given sample numbers and saved for textural examination and
sectioning before commencement of microanalysis. The smaller specimens were put
into labelled bags for their particular collection locations and reserved for direct

mounting for concentrate analysis by electron microprobe.
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Frequency distribution of sample size from Newlands and
Bobbejaan kimberlites
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Figure 3.4: Size distribution of samples chosen for textural analysis from Newlands and Bobbejaan
kimberlites. ; .

Fig. 3.4 illustrates that Newlands samples have a strong preponderance of finer
material and Bobbejaan has a more normal distribution across the size range. The

data of Fig. 3.4 are controlled by a combination of factors:

1. Actual xenolith size in the natural kimberlite — some samples have not been

changed by any subsequent mining factors.

2. Crush size at the mines (which is known to be smaller at Newlands) and the
varieties of concentrate from various stages of processing available for

collection during field work.

3. Sample selection from concentrate at the mines where grains > 5 mm were

preferentially picked.

4, Sample selection where by larger samples were preferred to smaller ones for

textural analysis.

The resultant average long dimension of samples investigated in this chapteris 11.4

mm for Newlands and 18.9 mm forlBobbejaan.
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3.2 Petrography
321 Introduction

Petrographic observations are principally all the features observable by transmitted
or reflected light using petrographic and fixed-stage microscopes at 20X to 200X
magnification. These observations provide the basis for definition of rock types,
modal mineralogy and texture. In addition the textures allow some assessment of the
state of equilibrium to be made and provide the spé.tial context for electron and ion
microprobe analysis. Information may also be gained about the effect of fluids
(metasomatism) on the samples either in the igneous or metamorphic environment or

by surface weathering processes.

The modal mineralogy of the samples was recorded to define bulk rock
compositions. A textural classification scheme was devised to differentiate the
samples as effectively as possible using simple criteria without necessarily implying
‘the presence of particular processes. It was very important to use these methods
carefully in the case of many of the present samples because the sample size was

. often similar to the original crystal size.-

Use of geothermobarometry (see chapter 7) requires thermodynamic equilibrium to
be the case. It is therefore beneficial to note whether the safnples show a good
approach to textural equilibrium or not. Samples showing disequilibrium features
such as exsolution or recrystallisation have to be described with care to know
whether use of thermodynaiilic equations to make geothermobarometric predictions

1s justified.
3.22 Methodology
300 samples from Newlands, 200 from Bobbejaan and 40 from Leicester were

selected for their large size (> 0.5 cm) and potential for displaying phase relations.
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The samples were then examined using a binocular microscope at low magnification

in their sampled state and notes made on approximate modal proportions of minerals

and any texture of note observable at the surface. Certain features were photographed
and then a selection of about 100 samples from Newlands, about 70 from Bobbejaan

and 15 from Leicester were made to either break in half for further examination or to
directly mount and polish ready for electron probe analysis. Certain samples (e.g.

NEWSP) were ground to a particular level to expose inclusions for analysis.

The polished surfaces of all mounted samples were examined so that the mineralogy,
modal proportions and texture could be recorded. The samples were then
photographed in transmitted and/or reflected light to record mineral spatial
information and to provide nayigation sheets for microanalytical purposes (electron

and ion microprobe).

Additionally EBSD (Electron Backscatter Diffraction) was carried out on some
polished samples by SEM to gain garnet crystal orientation information and to
determine whether the samples were polygranular or monogranular (see Appendix I).
This was particularly useful on samples that had suffered veining and cracking which
made it impossible to be sure of the garnet grain size from reflected/transmitted light

microscopy alone.

3.2.3 Nomenclature adopted

Fig. 3.5 shows the basic TUGS classification of ultramafic rock types based on modal
min_crélogy. Peridotitic rock compositions are those that contaiﬁ more than 40 %
olivine and pyroxenitic rocks are those with less than 40 % olivine. > 90% of one of
olivine, orthopyroxene and clinopyroxene requires a different rock name as shown.

‘<5 % of one mineral also requires a unique rock name as shown.
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This classification scheme does not cater for the minerals garnet and chromite’,
however, and so poses a problem given that garnet is always present and in many of
the samples garnet is predominant. Therefore the rock types ‘gamet-harzburgite’ or
‘garnet-chromite-harzburgite’ and ‘garnet-lherzolite’ or* garnet-chromite-lherzolite’
are used depending on the presence or absence of clinopyroxene and chromite for
most samples. These rock types often show substantial alteration of their olivine and
pyroxene phases, but are considered to be peridotitic rather than pyroxenitic because
the alteration material is always serpentine rich. However, again it must be f
emphasized that, because of the small size of the samples and the common
abundance of garnet, the use of the term peridotite, harzburgite and lherzolite does

not imply 60% or more olivine. Because of its petrogenetic importance ‘diamond’ is

added as a prefix to the above rock names if present.

It is often the convention in mantle petrology to refer to rocks with any
clinopyroxéne as lherzolites and only those completely without evident
clinopyroxene as harzburgites, unlike the 5 % clinopyroxene limit shown in Fig. 3.5.
This system will be used in the present study to be consistent with other similar
studies in the academic literature. One has to bear in mind that there may be a few
instances where clinopyroxene is present in very small amounts and not exposed on
the surface of a sample; thefefore a sample méy be recorded as harzburgitic when it

should be lherzolitic.

2 ‘chromite’ and ‘diopside’, referred to in this chapter and Chapter 2, are end member names from the
spinel and pyroxene mineral groups. These are often referred to in the diamond exploration-related
literature as ‘chromite’ and ‘Cr-diopside’ but note that they will be referred to specifically depending
on their compoasitions in later chapters (¢.g. see section 4.2.1.2, Chapter 4).
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Figure 3.5: Medified from Streckeisen (1980). Ol = Olivine, Opx = orthopyroxene, Cpx =
clinopyroxene, Grt = garnet.

Because the sample size is usually small compared to crystal size the samples have
‘been divided into those where the garnet crystal size is > sample size (monogranular
garnet samples) from those where it is < sample size (polygranular gamet samples).
This distinction simply divides those samples that have the appearance of a rock
from those that are largely a single garnet crystal, and does not imply at the outset
any differences in mineral abundances or composition. Having made these and
subsequent subdivisions (below) some tentative comments will be made about the

nature of the original rock textures and their overall mineralogy.

For polygranular (P) garnet samples subdivisions are made according to types of

matrix present (see also Fig. 3.6):

o Ps Serpentine + chromite (i.e. harzburgitic): the matrix may contain

serpentine alone but it never contains chromite alone and is therefore defined
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as having serpentine + chromite mineralogy. Matrix chromite is sometimes a

separate grain to serpentine but may be attached to it in the matrix.

e Pd Diopside, serpentine + chromite (i.e. lherzolitic): the matrix may
contain diopside alone with both serpentine and chromite being

accompaniments to diopside either together or alone.

e Pg Garnet-gamet grain boundaries are present as a continuous network

and thus garnet dominantly resides in a matrix of garnet.

Note that in polygranular samples the matrix constituents always relate to mineralogy
of the inclusions in garnets (i.e. a case was not observed of a therzolitic matrix to the

garnet with only harzburgitic inclusions inside garnet or vice versa).

Monogranular garnet samples are subdivided according to the mineralogy of

inclusions present (see also Fig. 3.6):

e Ms Serpentine + chromite (i.e. harzburgitic): Inclusions may be
serpentine alone but only very rarely (2 examples) chromite alone and is
therefore defined as having serpentine + chromite inclusions. When chromite
is present it is nearly always contained within a serpentine inclusion and very

rarely occurs as isolated, monomineralic inclusions.

e Md Diopside % serpentine + chromite (i.e. lherzolitic): Inclusions may be
monomineralic with any combination of minerals present (i.e. di, di+serp,
di+chr or di+srp+chr). Polymineralic inclusions may be present in any

combination in addition or exclusively to monomineralic inclusions.

e M Monogranular garnet with no inclusions (i.e. no affinity observable)
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x:y:z, of 0.8:1:1.3. This is indicative of a uniform erosive/reactive action attributed to

the kimberlite magma. The Newlands samples have mean z = 8 mm (11.4 mm for
those used to provide textural information) given the ~ 5 mm lower cut off size. At
Bellsbank however the mean z =11 mm (18.9 mm for those used to provide textural

_ information).

Samples possess a 1-3 mm radial thickness of kelyphite rim at the contact with
kimberlite (where it is preserved). Many show kelyphitic rims without attached
kimberlite. Also evident on the surface is the presence of many fractures and veins

filled predominantly with white calcite.

The minority (~20%) of the samples show evidence for the nature of the grain
boundaries present in the original rock where garnets are bounded by serpentine
(probably once olivine/orthopyroxene). From this it is clear that estimates of modal
proportion are not likely to be reliable and that olivine and orthopyroxene may well

have been higher in the larger rocks samples prior to eruption.

3.2.4.2 MINERAL COLOURATION

Gamets from concentrate from Newlands and Bobbejaan show a wide variety of
colouration. Eclogitic garnets associated with green omphacitic clinopyroxene vary
from yellow-orange to red-orange; whereas peridotitic garnets tend to be purple-lilac
but may vary from salmon pink to lilac to deep magenta (see Fig. 3.8a). Deep red
garnets occur rarely and have been found to have chemical composition

characteristics of the megacryst suites found at many kimberlite pipes.
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Figure 3.8: (a) 2.54 cm round mount of peridotitic garnet concentrate in transmitted light. Note subtle
variations in hue and the abundance of fractures in most gamets. (b) 2.54 ¢cm round mount of green
minerals from concentrate in transmitted light. Lighter yellow-green is olivine, darker grey-green is
omphacitic clinopyroxene associated with orange garnet at bottom. Darker varieties of deep green are
Cr-diopsides.

Some garnets within samples display the ‘alexandrite effect’ where high levels of
chromium in combination with high-calcium are probably responsible for the shift
from green-blue under sunlight or fluorescent light to purple under incandescent
light. (Alexandrite is a Cr’*-bearing beryl which displays this effect). About 1 % of

concentrate garnets from Newlands and Bobbejaan clearly display this effect.

Slight variation in the deepness of green in Cr-diopsides was also evident and may
also be due to certain samples having particularly elevated chromium contents.
Olivine and orthopyroxene crystals have nearly entirely been pseudomorphed by

yellow serpentine and a brownish green bastite respectively (see Fig. 3.8b).

3.2.43 MODAL PROPORTIONS

Proportions of minerals observable on polished sample surfaces were recorded. Both
poly- and monogranular samples are divided into clinopyroxene present (lherzolitic)

assemblages and clinopyroxene absent (harzburgitic) assemblages in the proportions
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shown in Fig. 3.9. This indicates sample affinity to a harzburgitic or lherzolitic

paragenesis.

Histogram of sample affinity for Newlands and
Bobbejaan kimberlites

30 @ Newlands
@ Bobbejaan

Lherzolites Harzburgites

Paragenesis

Figure 3.9: Number of lherzolitic and harzburgitic garnet samples from Newlands and Bobbejaan
kimberlites (for both P and M sample types).

The modal mineralogy of polygranular samples from both kimberlites is shown in

Fig. 3.10. Most samples therefore fall into either garnet (+ chromite) harzburgite or

lherzolite categories. Four samples may be classed as garnetite since they have > 90

% garnet.
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Figure 3.10: Average modal mineralogy of harzburgitic (a) and lherzolitic {b) polygranular samples.

The modal mineralogy of inclusions present in garnets from all samples with
inclusions present is shown in Fig. 3.11. It is possible to call these samples garnet
samples with lherzolitic or harzburgitic affinity based on the inclusion mineralogy
because this is observed to corréspbnd to matrix mineralogy in polygranular samples.
However a rock name cannot be applied because only one crystal is present, but the
samples do indicate affinity to a peridotiﬁc paragenesis rather than an eclogitic one.
Inclusions present within garnets in P samples have similar proportions 'to those from
M sampies. This is iﬁdicative of M (single crystals) being derived from P rocks. This
data is not graphed because of the low number of P samples. Additionally the
pfesence of diamond was noted in sample BOB404. The diamond is a filamentous
aggregate of white octahedra growing in a vein within garnet and is ~ 300 gm long,

(ﬁ) Lherzalltic Xenolith Inclusions - ® Marzburgitic Xanolith Inciusions
chromite

chromute

: clinopyrasene

serpentine

Figure 3.11. Modal mineralogy of inclusions present within garnets from polygranular and
monogranular samples of harzburgitic (a) and lherzolitic (b) affinity.
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A check was made to see whether there was a significant sample size effect on the
number of phases (in garnet and matrix and inclusions) seen per sample. Fig. 3.12
illustrates that polygra.nulﬁr samples are, in general larger than monogranular |
samples, but that there is not a substantial bias towards larger samples of either type

having more phases observable.
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Figure 3.12: Nﬁmber of phases noted vs. size of monogranular and polygranular samples.
3.2.4.4 PETROGRAPHIC EXAMPLES

3.2.4.4.1 Polygranular Garnet Samples

Polygranular garnet samples have multiple garnet crystals and other minerals
forming a matrix around the garmets (section 3.2.2.2). This leads to a garnet-,
serpentine- or clinopyroxene-rich matrices and examples of these types are described

below.
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Ps (NEW308 and BOB063)

NEW308 (Fig. 3.13) possesses gamnet-garnet and garnet-serpentine grain boundaries.
Each of the three large garnets possesses its own rounded serpentine inclusion < 1
mm diameter. The areas of serpentine have reasonably smooth grain boundaries
suggestive of 120° grain triple junctions with garnet. Although the sample size is
limited, these observations suggest a coarse polygonal-granoblastic or granuloblastic

texture (see Harte, 1977).

T P X

Figure 3.13: Reflected light photo of sample NEW308 (long dimension 11.5 mm). Palest grey is
garnet, dark grey is serpentine, and black areas are veins/cracks.

Serpentine is more abundant in samples such as BOB065 where it forms more ofa
continuous network that surrounds gamets. Serpentine-serpentine-garnet contacts are

distinctly granuloblastic in this sample (see Fig. 3.14).
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Figure 3.14: Tracing of pho‘tograph3 of BOB0635 (long dimensjon 18 mm). Garnet is in white and
serpentine is in grey with striations (potentially cleavage) of different orientations (thin lines)
reflecting different original crystal orientations. Thick lines represent interpreted grain boundaries.

Pd (NEW303)

Fig. 3.15 shows sample NEW303 which comprises approximately equal proportions
of serpentine, clinoﬁyroxene and garnet as matrix minerals. Gamef and
clinopyroxene appear euhedral and the serpentine appears more interstitial but may
have been formed from several orthopyroxene crystals prior to alteration. Note the
presence of rounded inclusions of both éerpentine and clinopyroxene within the

garnet as millimetre to sub-millimetre crystals.

? Note that full quality'photographs of all samples are included in Appendix VI (data CD).

-
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Figure 3.15: Reflected light image of NEW303. Serpentine forms both as matrix mineral (dark grey
with cleavage in the centre of the sample, Srp) and as an inclusion in garnet (black, Sm(i))-
Clinopyroxene also forms as significant part of the matrix (Cpx) in lighter grey and as an inclusion in
gamet (Cpx(i)). Gamnet (Grt} is lightest grey in reflected light and has two differently orientated
crystals (EBSD results) to the top left and bottom right of the sample.

Pg (NEW059)
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Figure 3.16: Composite image of two reflected light photographs of NEW059 (long axis = 10.5 mm).
Bright white is chromite, light grey is garnet and darker grey is serpentine. There are at least 10 gamnet
crystals with different crystallographic orientations according to EBSD work. Their grain boundaries
are picked out by veins. Ignore speckled nature of the garnet (relic of siton polishing).

L
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NEWO0S59 illustrates the garnet-rich nature of the Pg rocks in a relatively fine-grained
example where gamet grains size varies from > 1 to < 5 mm (Fig. 3.16). Garnet 1s the
predominant matrix mineral whereas the serpentine and chromite grains are small

and isolated. A granuloblastic texture is particularly well expressed in NEW059.

3.2.4.4.2 Monbgranular Garnet Samples

Monegranular garnet samples comprise one garnet crystal which may or may not
enclose inclusions of other minerals. The maximum size of inclusions within garnet
is 3 mm down to sub-millimetre size. The inclusions may be monomineralic or a
composite of 2-3 minerals (i.e. either serpentine + chromite, clinopyroxene +
chromite or all three). The inclusions are normally rounded to subhedral but may
have straight crystal contacts with garnet. When chromite is part of a rounded or
subhedral polymineralic inclusion it is usually euhedral inwards to the inclusion and
reunded at the contact with the garnet. Examples of samples from each monogranular

type are presented below.
Ms (NEW(074, BOB304)

[ garnet
serpentine

M Cr-spinel
kelyphite

Figure 3.17: Tracing of photograph of NEW074 (long dimension 11 mmy}.
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Figure 3.18: Thin section scan of BO

majority of the slide in medium grey and poikilitically encloses serpentine inclusions which are darker
grey on the image. Note the serpentine inclusions to the right of the slide that appear 1o show evidence
for previous Mg-silicate-Mg—silicate grain boundaries now altered to serpentine.

B304 (width = 24 mm). A single garnet crystal makes up the

NEWO074 is a monogranular garnet sample containing a subhedral inclusion of
serpentine which itself encloses a smaller euhedral chromite at its margin (Fig. 3.17).
Other examples, such as BOB304, have as many as 20 angular to rounded serpentine
inclusioﬂs dispersed throughout the 20 mm gamet host crystal. Some of the
serpentine inclusions appear to have been composed of multiple olivine crystals due

the presence of ‘ghost grain boundaries’ (see Fig. 3.18).
Md (NEWSP, B55, BOB403, NEW(78)

Monogranular samples with inclusions of clinopyroxene, serpentine and chromite
" vary from those with po]yminerzilic inclusions such as NEWSP containing diopside,
serpentine and chromite (Fig. 3.19) to those with only monomineralic inclusions (e.g

NEW107). Inclusions are predominantly rounded.
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=] serpentine

3 clinopyroxene
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Figure 3.19: Tracing of photograph of sample NEWSP (long dimension = 19 mm). The host garnet
has inclusions of predominantly rounded and bimineralic containing clinopyroxene and chromite (or
Cr-spinel black). The serpentine at the bottom of the photograph is part of a relatively straight-edged
inclusion also containing clinopyroxene and euhedral chromite.

] garnet
serpentine

[ clinopyroxene
Cr-spinel

Figure 3.20: Tracing mineral arrangement in sample B55 from back scattered electron mosaic of
images. The single garnet crystal is host to inclusions of is clinopyroxene, chromite {or Cr-spinel) and
serpentine (a darker brown serpentine that appears to have been orthopyroxene). Directions of the
three main Cr-spinel mineral orientations are shown with dashed arrows (1-3).
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Figure 3.23: Tracing of photograph of NEW003 (long dimension = 12 mm). Single garnet crystal.

The outline shape of many of the monogranular garnet samples appears to be
controlled mainly by the kimberlitic erosive force which has rounded most samples
approximately into oblate spheroids. Samples such as NEWO003 (see Fig. 3.23) show
modified sample outlines that appear to be shaped in similar ways to garnets from
polygranular samples e.g. NEWO059 (see Fig. 3.16) i.e. with curvy-planar surfaces.
These may therefore have once been garnet-garnet grain boundaries affecting the

shape of the garnet sample.
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3.2.5 Alteration

3.2.5.1 KIMBERLITE VEINING

Kimberlite veining is ubiquitous within the sample set. Variation exists from samples
with a few fine veins present to samples with as much as 30 % volume occupied by
veining. The grain size of the veins also varies from < 50 pm in fine veins to > 1 mm
with coarse crystals pervading the sample. Figure 3.24 shows a typical instance of a
200 pm wide vein of kimberlitic material pervading a garnet crystal with finer scale
(~10-50 pm) multiple bifurcating accompanying veins. Veins are often phlogopite-
rich and may also contain chrome-spinel, serpentine, calcite and other minor phases

(Fig. 3.25).

Figure 3.24: PPL thin section photograph of kimberlite vein intruding pink garnet from NEW301. The
brown, cleaved mineral is phlogopite and opaque mineral is an Fe oxide. Fov = 1 mm.
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Figure 3.25: Photograph of garnet macr(-)cryst B47 showing extensive kimberlitic intrusion (black
(phlogopite) and white (calcite) areas). Fov width = 13 mm.

When samples are still set in kimberlite it is apparent that the veins are aligned with
the strike of veining in the host kimberlite in Blow 2 at Newlands (Fig. 3.26). Veins
in kimberlite follow a strike to NNE. This aligns with the dominant dextral trend of
en-echelon kimberlite dykes at Newlands and Bellsbank (see Figs. 3.3 and 3.4).

Figure 3.26: North-north-easterly view of a tunnel roof inside the Newlands mine at Blow 2. Blue-
grey host rock is kimberlite. White veins oriented approximately NNE are calcite-filled. Top of
picture is close to 1 m across; veins are 1-20 mm wide and en-echelon along strike.
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3.2.5.2 KELYPHITISATION

Many samples (all those with attached kimberlite) display a kelyphite rim at their
margins between garnet and kimberlite. These range in thickness from 200 pm to 1
mm and occur all or most of the way around the sample unless chipped off by the
mine crushing procedure. The kelyphite is composed of phlogopite and other
accessory phases forming fibrous crystals radially disposed around the sample (see
Figs. 3.27 and 3.28 for details). The kelyphite is clearly distinguishable from the
sample itself by its fine grained radial texture, its green appearance in transmitted

light and its light brown appearance in reflected light.

Figure 3.27: Thin section photograph in plain polarised light of the edge of sample BOB302 with
kimberlite at the bottom (brown is fine grained groundmass, yellow rounded shape is altered olivine
macrocryst). A kelyphite rim can be seen as a green band separating kimberlite from garnet (note the
absence of kelyphite where a serpentine inclusion is exposed to kimberlite magma). Note second band
of kelyphite along region of more intense kimberlitic invasion through the middle of the field of view.
The black box indicates the field of view for Fig.3.28.
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Figure 3.28: Enlargement from Fig. 3.27 of kelyphite rim (XPL). Fibrous radial growth can be seen
within the kelyphite along with included euhedral fine oxide minerals. Note displacement of
kelyphite rim and garnet contact by intruding kimberlite veins to the left and right of the image.

3.2.5.3 SERPENTINISATION

Figure 3.29: XPL thin section photograph of serpentine ‘window-texture’ replacing a magnesium
silicate mineral (most likely olivine) at the edge of sample BOB302. Circle field of view is 500 pm.
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Serpentine group minerals pervasively replace olivine in kimberlite (Fig. 3.29) and
olivines and orthopyroxenes within samples. Clinopyroxene is also replaced by
serpentine in a few cases (see Fig. 3.23). Serpentinisation has occurred to such an

extent as to leave no fresh olivine/orthopyroxene in any sample in this study.

3.3 Discussion
3.3.1 Modal mineralogy: Worldwide localities with similarities

With regard to the garnet-rich xenoliths in this study it is important to note any
similarities with previously studied samples from other kimberlites and to assess how
unique they are. This should provide a means to place the samples in context if there

appears to be a continuum of rock types with similar bulk rock compositions.

3.3.1.1 PREVIOUS NEWLANDS SAMPLING

Menzies (2001) studied a selected xenolith population which comprised diamond-
bearing and diamond-free eclogites and peridotites. The mineralogy of the
diamondiferous garnet macrocrysts that Menzies studied can be seen to be very
similar to mineral modes recorded for all harzburgitic polygranular samples in this
study (compare Fig. 3.30 to Fig 3.10b). 11/18 of these are harzburgitic garnet-
chromite samples with the rest being garnets with harzburgitic affinity. Menzies’
samples were on average larger (1-3 cm in diameter) and polygranular. Diamond is
present in these samples with an average concentration of 1 % which is several

orders of magnitude greater than most diamondiferous kimberlites.
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Approximate relative abundance of minerals in diamondiferous gamet
macrocrysts from Newlands kimberlite

B Gamet

0 Diamond

| Chromite

O Serpenite

Figure 3.30:n = 18, data reprocessed from Menzies (2001)

The diamond-free samples in this study at Newlands and Bobbejaan produce similar
modal proportions to Fig. 3.30 but have the additional feature of clinopyroxene in

approximately 30 % of garnet macrocryst samples.

3.3.1.2 PREVIOUS BOBBEJAAN SAMPLING

23 samples from Bobbejaan were studied petrographically by van der Westhuizen
(1992) and he recognized the equivalent of polygranular and monogranular sample
types distinguished here. One mode for a polygranular sample was made and
recorded as 2 % clinopyroxene, 3 % phlogopite, 40 % spinel and 55 % garnet. This
mode is similar, disregarding alteration products such as phlogopite, to lherzolites
from Newlands and Bobbejaan examined in this study and appears to have come

from the same kimberlite sample set as those from Bobbejaan in this study.

3.3.1.3 COMPARISON TO ARNIE SAMPLES

The modal mineralogy of the samples in this study is exceptionally garnet-rich
compared to the majority of xenoliths from kimberlite. The only locality in the
literature with similar garnet-rich, chromite-bearing harzburgite samples are those

that have been noted at Arnie kimberlite in Canada by Doyle (2002). Sample
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ARNO19 is shown in Fig. 3.31 (a) where a resemblance can be seen to NEW059
(Fig. 3.16) and NEW308 (Fig. 3.13) in their similar abundances of garnet and
serpentine. The Arnie samples also bear textural resemblance to the Newlands and
Bobbejaan samples by having subhedral serpentine grain outlines and a similar 2-3

mm average crystal size with smaller (~ 250 pm) euhedral chromites. Some more

granoblastic textures are also noted (see Fig. 3.31b).

Figure 3.31: (a) Photograph of garnet sample ARNO019 from Arnie kimberlite, NWT, Canada from
Doyle (2002) (width of photo = 7 mm). The altered Mg-silicate is serpentine (yellow-brown), the
garnet is the host mineral comprising 60 % of the sample surface (magenta) and chromite occurs at the
margins of the serpentine inclusions as small, euhedral black crystals. (b) Photograph of garnet sample
ARNO0059 from Arnie kimberlite, NWT, Canada from Doyle (2002) (width of photo = 7 mm). Purple
gamet and brown serpentine with a granular appearance.

3.3.1.4 COMPARISON TO RUSSIAN LOCALITIES

Some xenoliths from the Yakutian kimberlites show some features of similarity to
the Newlands and Bobbejaan samples. Of the 18 diamondiferous specimens from
Udachnaya pipe studied by Pokhilenko and Sobolev (1986), 16 have 95 % olivine
(i.e. dunites) and they record 6 olivine-pyrope assemblages, 6 olivine-pyrope-
chromite, 3 olivine-pyrope-enstatite-chromite and 1 olivine-enstatite-chromite. The
rocks are said to be megacrystalline implying a large (> 5 mm) crystal size.

However, 16 out of 18 samples have > 95 % olivine and fresh olivine is present in
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most samples and fresh orthopyroxene is present in two. A similar sample set is
apparent at the Aykhal pipe also from Yakutia, Sdbolev et al. (1969). Therefore these
samples are different to Newlands and Bobbejaan samples in their high percentage
olivine present, but they do contain garnet macrocrysts and relatively commonly

have chromite and diamond.

3.3.1.5 COMPARISON TO ALKREMITES

Alkremites are spinel-garnet rocks high in Al, Si and Mg (Ponomarenko, 1975).
Garnet is high in all these elements (even given their chromium-rich nature, see
Chapter 4) and, in the Newlands and Bobbejaan samples garnet can comprise around
90 % of polygraﬁular samples the bulk compositions of the samples imply Al;O3-rich
rocks. It is therefore worth comparing the modal mineralogy and to some extent the .
resultant bulk rock chemistry with some aluminous assemblages identified by
various authors, e.g. the corundum-bearing assemblages identified in the
Jagersfontein xenolith suite by Mazzone and Haggerty (1986}, which are similar to
some of thé Newlands and Bobbejaan samples in having 50-80 % gamet. However
the alkremite bulk rock compositions plot in very Ca-undersaturated compositional
space i.e. to the low-Ca area of the basalt field. In terms of Al, the alkremites are far
richer in Al than basalts and plot to higher Al than eclogites. Interestingly the

Udachnaya pipe in Yakutia also has xenoliths of this unusual nature.

Alkremites also contain spinel but the abundance of the spinel phase is very high and
is also a different (Al-rich, Cr-poor) composition. Alkremites also lack appreciable
amounts of olivine and pyroxenes which are noted in this study. One High-Cr garnet
has been mentioned as part of the Alkremite-suite xenoliths from Bellsbank by |
Nixon et al. (1978) which seems to overlap the Bobbejaan sample set from this study
in terms of modal mineralogy, texture and composition (see chapter 4). By and Iargc
samples referred to as alkremitic in the literature do not bear as close resemblance to
the samples in question because of their high spinel modal abundance and distinct

bulk compositions. Therefore Newlands and Bobbejaan samples are unique in that

e
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they are the only sample set to display garnet-rich harzburgitic/lherzolitic mineralogy

+ chromite and diamond.

3.3.2 Textures

GENERAL FEATURES

The samples from Newlands and Bobbejaan are divided into monogranular and

. polygranular samples, but we have seen that because of inclusions within garnets,
both possess a similar range of mineralogy and textural features and they appear to
be inherently derived from the same set of rocks. Essentially the textures are coarse;
garnets are equant with curvy-linear grain boundaries and from polygranular samples
the crystal contacts usually approach equilibrium {(~120°). Only a small proportion of
samples display distinctly cuspate grain boundaries. Inclusion textures vary frofn

rounded to equant and poly- to mono-mineralic.

As mentioned in section 3.3.1.3 there is a textural resemblance of some Newlands
and Bobbejaan samples to small xenoliths from the Arnie kimberlite, which are
defined by Doyle (2002) as ‘equilibrium textures’. Most of her samples do show
evidence for a good approach to textural equilibrium’in their having 120° grain

boundaries.

Compared to textures described by Harte (1982), the samples would most closely fall
into the ‘Type I, Coarse, Mg-rich, cold’ category with grains typically > 2 mm with
equant or tabular shapes and showing smooth to more irregular grain boundaries
(referred to as the common ‘granular’ peridotites xenoliths from kimberlite series
eruptive rocks). There is no evidence in the Newlands and Bobbej aan sample set for

deformed textures comprising porphyroclasts and neoblasts.
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3.3.2.1 AN EXSOLUTION ORIGIN FOR TEXTURES

Some samples show evidence for the exsolution of chromite, clinopyroxene and
sometimes olivine or orthopyroxene (now serpentine) from gamet. This is most
clearly suggested in sal_nple B55 (Fig. 3.20). These samples are readily identifiable
where chromite and sometimes clinopyroxene show a preferred orientation within a
single gamet crystal. According to Haggerty and Sautter (1990) the cubic
crystallography of garnet and its cylindrical stacking produces rods that connect Al
sites in the structure oriented at 0°, 120° and 240° (when looking down a triad axis)
that are compositionally amenable to the exsolution of clinopyroxene. The size of the
clinopyroxenes in BS5 is much greater than those noted by Haggerty and Sautter
(1990) for their Jagersfontein samples (up to 2 mm rather than a maximum of 200
pm). BS5 also contains abundant chromite that is orientated in three main directions
that correspond to some of the clinopyroxene lamellae and, therefore, also seem to be
controlled by the garnet structure in an exsolution process. The lamellar chromites
appear to originate from more cuhedral chromites within the polymineralic
clinopyroxene-chromite inclusions, which could imply that there is a polyphase
exsolution where a secondary chromite growth phase is more lamellar. However,
both morphologies of chromite have the same chemical composition as analyéed by
electron mibrpprobe. Haggerty and Sautter (1990) infer that the J agersfontein
exsolved garnets have an ultra-deep origin at 120-130 kbar and have compositionally

re-equilibrafed at 45 kbar at about 900°C over millions of years.

Sample BOB301 has smaller, well-formed chromites with less marked preferred
orientation and no evidence for exsolved clinopyroxene. Therefore potentially
different exsolution chemistries are apparent in the present samples: One suggests
chromite alone and another suggests clinopyroxene and chromite + orthopyroxene.
On the other hand the preservation of obvious lamellae with marked preferred
orientation depends upon the absence of textural maturing or annealing processes
which migﬁt be expected at mantie temperatures. Partial annealing may be evident in

sample NEWOQ78 as rounded lamellar chromites. Some samples such as BOB065
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have rounded serpentine inclusions evenly spaced through the single gamet host.

This has the appearance of ‘blebby exsolution’ in minerals such as pyroxene and

alkali feldspar.

3.3._3 - Conclusions

1))

2)

3)

4)

5)

The samples in this study are unique in their garet-rich and identifiably
peridotitic mineralogy and display a relatively narrow range of modal |

abundances and textures.

The samples fall into two categories: Those possessing multiple garnet
crystals (polygranular garnet samples) and those comprising one garnet
crystal (monogranular); though inclusions are common.in the garnets of
both types. However these two categories do not appear to be intrinsically
different; most probably they reflect the degree of disagregation (grain

dissolution and separation) from their source rock.

The samples are garnet-rich rocks with distinctive modal mineralogy that
includes olivine, orthopyroxene, clinopyroxene and chromite. Their
closest comparison is to certain harzburgitic samples from Amie
kimberlite in Canada. Their broad peridotitic mineralogy and
megacrystalline aspect is similar to Yakutian garnet-dunifes but their

modal abundances are very different.

- The samples are divided into lherzolitic or harzburgitic samples based on

the presence or absence, respectively, of clinopyroxene. The Newlands
sample set 1s unique in having a strong bias towards harzburgitic rock

types (i.e. without clinopyroxene).

The followin\g samples types are recognized: Polygranular (Ps, Pd, Pg)
and monogranular (Ms, Md, M), see Fig. 3.6.
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6) Texturally the majority of the samples appear to be derived from rocks of
~ coarse grain size with reasonably smooth (granuloblastic) grain
boundaries. Coarse garnet grains may poikilitically enclose inclusions of
serpentine, clinopyroxene or chromite either as mono- or poly-mineralic

inclusions.

7 A small subset of the samples show large garnets enclosing inclusions

that have preferred orientation which suggest an origin by exsolution.
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4. Major Element Compositions

4.1 Introduction

4.1.1 Aims and objectives

The first aim is to assess the chemical composition of peridotitic mineral concentrate
from the kimberlites in this study relative to that from other southern African
diamondiferous kimberlites. General context for concentrate will be provided by a
database of heavy mineral concentrate from till sampling for diamond exploration in
Northwest Territories of Canada. The second aim is to judge how the chemistry of

minerals from the samples differs from the concentrate datasets.

The Newlands, Bobbejaan and Leicester concentrate essentially consists of single
crystals of garnet, chromite', clinopyroxene, orthopyroxene and oliviné (<~ 5 mm).
These grains were mounted in bulk and analysed on 1-2 points per grain by electron
microprobe. An appraisal of the deviation of their compositions from other
kimberlite concentrate was made to provide a means to discriminate sample types
and parageneses and further broaden the basis for diamond prospecting via major

element analysis.

In particular, analysis of Newlands concentrate minerals adds to the Kimberlite
Research Group (KRG, Univ. of Cape Town) database of kimberlitic mantle
minerals from the Barkly West area. The KRG database includes kimberlite heavy

mineral concentrate analysis from many kimberlites in southern Africa and provides

' *Chromite’ is the Fe-Cr end member spinel and is used in literature to denote a chromium-rich
spinel. See section 4.2.1.2 for the terminology used for this mineral in this study.
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worldwide diamond inclusion analyses for multiple phases from published work. The
comparison of the bulk mantle sample from Newlands and Bobbejaan kimberlites
with this data should provide a means to assess the usefulness of various chemical

discriminants in diamond exploration.

4.1.2 Geochemical classification

Systems for classifying mineral compositions are discussed in Chapter 2. In this
chapter the ‘85 % line’ imposed by Gurney (1984) onto the gamet Cr,03-Ca0O plot
shall be utilised to differentiate G9 from G10 garnets. This line essentially equates to
the line of Sobolev (1973) that separates harzburgitic, clinopyroxene-free garnet
bearing xenoliths from lherzolitic, clinopyroxene present ones. Griitter et al. (2004)
provide compoéitional parameters for many of the garnet classes, G1 through to G12,
of Dawson and Stephens (1975) (see Table 4.1). Grutter’s classification takes Cr, Ca,
Mg, Fe, Ti and Na into account and adds the ‘diamond-graphite constraint’ (DGC)
which is a sub-horizontal line on CaO vs. Cr,O; graph positioned to divide the G10
garnets into those occurring in diamond-bearing peridotite xenoliths and those
occurring in graphite-bearing peridotite xenoliths. This formulation is based upon the
Cr and Ca compositions of garnets from diamond and graphite-bearing xenoliths

largely using data from Roberts Victor in Viljoen et al. (1994).

Fields from Fipke et al. (1995) are used to identify potential diamond facies
chromites in Cr-Mg and Cr-Ti space. A broader appraisal of chromites, based on the
spinel prism, will also be made. Clinopyroxenes can be given an initial
compositional assessment based on their location in the pyroxene quadrilateral in
Ca0-MgO-FeO space. Cr-Al and Cr-Na plots shall be used to assess jadeite
(NaAlSiOs) and kosmochlor (NaCrSiO;) end-member activities. Due to the absence
of fresh orthopyroxene and olivine in samples it is only for the concentrate that the
compositional classiﬁcatioﬁ of these minerals shall be required. The Mg:Fe ratio is
the most commonly cited factor plotted in the literature for both minerals since it

provides information as to the degree of depletion of the parent rock. Ni-in-olivine
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and Ca-in-orthopyroxene shall also be discussed since these minor constituents bear

some relation to the P-T conditions of formation (see chapter 7).

Class | Paragenesis Cr,0, CaO TiO; MgO FeO
GO Unclassified | 0.00-1.00 0.00-2.00 n/a n/a w/a
Gl Low-Cr 0.00-3.67 3.74-6.83 0.31-0.87 16.2-22.2 6.15-12.18
Megacrysts '
G2 High-Ti 0.21-2.80 4.20-5.30 0.89-1.28 19.5-21.7 6.62-11.17
Peridotitic _
G3 Eclogitic 0.00-3.96 2.50-14.00 0.00-0.57 8.46—18.60 11.27-22.95
G4 Pyroxenitic & | 0.00-0.20 5.35-16.20 0.64-1.38 2.95-13.70 14.50-30.54
websteritic
GSs Pyroxenitic 0.00-0.13 1.07-5.66 0.00-0.35 5.26-10.90 24,96-29.94
G6 Eclogitic 0.08-0.51 9.15-9.10 0.08-0.51 5.17-16.19 5.71-13.95
G7 Wehrlitic 7.16-14.90 18.80-26.00 | 0.18-0.47 5.86-10.50 4.56-6.43
G3 Eclogitic 0.00-'0.12 19.92-30.13 | 0.01-0.65 2.94-7.01 4.32-8.74
G9 Lherzolitic 0.24-9.15 3.67-8.36 0.00-0.45 13.60-24.2 5.42-11.80
G10 Harzburgitic 3.01-15.90 0.27-3.80 0.00-0.25 20.70-25.58 | 4.71-8.46
G11 High-Ti0, 5.60-13.55 5.90-15.40 0.21-0.80 11.40-2044 | 4.65-11.35
Peridotitic
Gi2 Wehrlitic 12.20-18.90 | 5.89-19.80 0.00-0.54 10.30-19.20 | 6.45-8.57

Table 4.1: Summary of garnet classes from Dawson and Stephens (1975). Paragenetic terms are taken
from Schulze (2003) and Griitter et al. (2004). Concentrations of oxides expressed in weight percent.

4.1.3 Processing of spot analysis data

For full operating conditions and summary of the Electron Microprobe technique
used see Appendix I: Analytical Techniques. Using weight percent oxide values
output from the electron probe, the number of cations for each mineral analysis was
calculated on a cation basis so that they summed to 6 in spinel, 8 in Cr-diopside and
8 in garnetzr. The advantage of this method is that the mineral formulae are satisfied

most closely since there are always a total of 8 cations and 12 oxygens in garnet for

? Two main differences between the ‘sum to 12 oxygens’ and ‘sum to 6 cations’ methods emerge on
cation plots: Firstly, a tighter distribution is present in garnet and chromite from concentrate using the
latter method (Fig. 4.19 shows this for chromites). Secondly there is a better fit to total site occupancy
e.g. for gamets (Fig.1.1, Appendix I).
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| example. To make a stoichiometric estimate of Fe’": Fe** ratjos the number of
charges was then summed assuming all Fe as Fe’™. Then the charges were corrected
by creating the appropriate amount of Fe3+.‘ The formulation adopted follows Ryburn
et al; (1975) using the formula for clinopyroxenes (garnet and chromite use a similar

method) where:
Fe**=4-(28i+ 2Ti + Al + Cr) + (Na + K)
and Fe** = Fe, - Fe**

This method was preferred to that of Droop (1987) because it means the number of
cations and oxygens do not deviate away from their whole number values. However’
it was found that the Fe** estimates varied markedly with some negative values being
generated. This variation is attributed to the known inaccuracies of measuring major
elements especially abundant like Si on electron microprobe. Therefore, in the
appendices and in all calculations of compositional parameters, all Fe analyses are

expressed as Fe, (total iron).

In this thesis cation concentrations are generally calculated and used for further
processing and assessment of compositional variation. However, much current
literature quotes concentrations in weight percent for particular parameters. This is a
product of diamond exploration companies quoting electron microprobe analyses in
their raw form of weight percent when investigating kimberlite indicator minerals. Tn
order to make direct comparisons with other work certain weight percent (wt. %)
plots shall also be made in this chapter. Figure 4.1a shows a cation plot of
Cr/(Cr+Al) vs. Ca/(Ca+Fe+Mg) for garnets and shows that it is virtually identical
spatially to a standard Cr,O; vs. CaO garﬂet wt. % plot. This is indicative of the fact
that for the garnets considered, cation Cris directly proportional to (2-Al) and Ca
directly proportional to (2-Mg) since Fe (presumably both Fe?" and Fe**) remains

relatively constant.
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Figure 4.1: Garnet traverses from this study. (a) Cr/(Cr+Al) vs Ca/{Ca+Mg+Fe) cations plot
compared to (b) Cr vs Ca cation plot and (c) Cr,0; vs CaO wt. % plot for Newlands garnet sample .
traverses. The Iherzolite line (LL, solid, Gurney (1984), which has G10 garnets to the low-Ca side and
(G9 garnets to the high-Ca side) and diamond-graphite constraint (DGC, dashed, Griitter et al. (2004),
which has diamond facies gamets plotting to the high Cr side of the line) are shown in (c}).
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- Using the method of Rickwood (1968) garnet end member calculation was made
assuming low Fe**, Ti, Y and V {< 0.1 formula unit) in the calculation, values for
pyrope, almandine, spessartine, uvarovite and knorringite were calculated for
selected gamets to show the range of end-membet compositions present and to
compare with diamond inclusion garnet compositions and previously reported
compositions, Low-Ca harzburgites are expected to have a relatively high knorringite
(MgsCr;8i;012) component and high-Cr, high-Ca garnets are expected to have a high

uvarovite (CasCr;8i30,3) component.

The samples display little variation in almandine end member compared to uvarovite,
pyrope and knorringite. The cation ratio plot of Cr/(Cr + Al) vs. Ca/(Ca + Fe + Mg)
vs. Mg/(Mg + Fe) turns out to be essentially equivaleht to a garnet end member plot
of knotringite vs. uvarovite vs. pyrope. The three cation ratios mentioned are,

therefore, proxies for the ratios of respective end member compositions.
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4.2 Major Element Composition of Barkly West Kimberlite

Three

1)

2)

3)

Concentrate

main datasets of concentrate analyses are compared in this section:

NWT - A large dataset of concentrate from North West Territories of Canada
glacial till sampling (Open Report 2001-2002 conducted by John Armstrong,

http://www.nwtgeoscience.ca). This dataset was chosen for its large size and

diverse source material, which is known to include diamondiferous
kimberlites. This dataset will provide the widest range as a much greater

number of parageneses are represented than in other datasets.

SAK - Southern African diamondiferous kimberlite concentrates from the
Kimberlite Research Group, University of Cape Town (KRG database). This
dataset was chosen to provide a widespread southern African concentrate

example for éomparison with those found from the kimberlites in this study

~ from the Barkly West region. This dataset should have a higher proportion of

material from the diamond stability field than dataset 1 since only kimberlitic

material is being analysed.

BWK - A Barkly West dataset that includes Newlands, Bellsbank, Frank
Smith and Leicester kimberlites was compiled from KRG database, Menzies
(2001), van der Westhuizen (1992) and data collected in this study. The
Newlands dataset is most numerous and is examined separately on occasion.
Of these kimberlites, Frank Smith is known to have mainly peridotitic and
megacrystic garnets in its concentrate, whereas the other three may have
relatively high percentages of eclogitic garnets and for these three a bias
towards analysis of purple garnets (and hence peridotitic garnets) was made
so the resultant population of all four kimberlites is predominantly a
peridotitic one. Opaque minerals, pyroxenes and olivine do not have any bias.
Mineral compositions present in this small group of localities that are not

present in datasets 1 and 2 will indicate unique material present.
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The number of analyses in each dataset and subsets are shown in Table 4.2. Finsch

garnet concentrate and diamond inclusion garnets analysed by KRG are highlighted

for additional comparison.

Garnet Chromite - Clinopyroxene Oﬁhopyroxené Qlivine | Total
1 NWT 30462 3659 2156 166 1219 37662
2 SAK 3738 921 267 129 0 5055
3 BWK 1139 546 111 158 98T 2052
NEW 494T, 1977, 141A,

(277A. 368K) (208,0 (87T, 24K) (121K, 37T)
3 BWK 426 9w 11W 0 0 456
BELL (53W, 134T, }

239K)
3 BWK 138 139 31 0 0 308
FSM -
3 BWK 167 0 0 0 0 167
LE|
TOTAL 36070 5284 2576 453 1317 45700

Table 4.2: Number of analysed minerals from concentrate in datasets 1 (NWT = Northwest Territories
of Canada till sampling), 2 (SAK= southern African diamondiferous kimberlite concentrate from
KRG Research Group database) and 3 from four Barkly West region kimberlites (BWK); NEW =
Newlands (T = analyses from this study, A = analyses from Menzies (2001) and K = analyses from
KRG database), BELL = Bellsbank kimberlite concentrate (T and K as above, W = number of
analyses from van der Westhuizen, 1992). FSM = Frank Smith kimberlite concentrate from KRG

database and LEI = Leicester kimberlite concentrate garnets analysed in this study.

Numbers in Table 4.2 illustrate the large number of analyses in the NWT dataset

with the ratios between the minerals reflecting the degree to which they are preserved

in the Canadian tundra. Orthopyroxene is therefore the least common, weathering

relatively quickly. Garnet and chromite are known to survive particularly well and so

the ratio between them reflects the high proportion of garnet present in the source

rock sample relative to chromite. Olivine is known to be much more common than

garnet in kimberlite but is readily weathered and its source characteristics not so

distinctive as garnet.

The KRG database lacks many olivine analyses, which reflects sampling bias and

does not imply rarity in southern African kimberlites. It is the Newlands olivine

analyses from this study that are used for comparison to the NWT.'dataset. Within the
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Barkly West kimberlite concentrates a special effort was made, in this study, to
assemble a representative 'sample of concentrate from Newlands that included all
peridotitic minerals and that may be compared directly to the assembiages of interest

in the larger samples studied (see Chapter 3).
4,21 Garnet |

The garnets discussed in this section fall into several categories ranging from
almandine-pyrope for crustal garnets, grpssular-pyrope-almandine for eclogitic
compositions, chrome-pyrope (knorringitic-pyrope) for low-Ca, high-Cr peridotitic
garnets and high-Cr, high-Ca (uvarovitic) garnet for ‘websteritic” and wehrlitic

compositions.

Dawson and Stephens (1975), Gurney (1984), Griitter et al. (2004) and Schulze
(2003) have devised classification schemes in order to define compositional
discriminants for garnets. They attempt to relate compositional variation to particular
mantle/crustal paragenesis (see discussion in chapter 2). The classification scheme of
Griitter et al. (2004) is used here because it takes into account the previous two
systems and is also widely used in diamond exploration today. This classification
mainly relates to discrete regiohs on the Ca0 vs. Cr,0s (wt. %) diagram but also
takes other elements such as Ti into account (see section 4.1.2). Other standard plots
for garnet will also be made to é_ee how garnets deviate from crustal compositions
e.g. Ca-Fe-Mg cation plot and Na,O plots for high-pressure garnets. Plots for other

elements analysed will be made to check for additional variation e.g. Ti, Na.
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4.2.1.1.1 Ca-Fe-Mg

Fig. 4.2a shows a Ca-Fe-Mg cation plot of garnets from the NWT indicator mineral
prospecting in Canada and illustrates the full range of mantle garnets present. Low-
Mg, high-Fe and intermediate Ca garnets form a cluster that represents crustal garnet
compositions. The plot therefore serves to differentiate garn.et paragenesis based on

these three important substituting divalent ions.

By comparing the three plots below (Fig. 4.2) several features emerge: (1) Finsch
diamond inclusions form two clusters; one eclogitic at intérmediate Fe:Mg and low-
moderate Ca; and one peridotitic at high Mg and low Ca and forms a unique area
relative to indicator mineral sampling in Canada but merges with the low-Ca
concentrate from Newlands and to some extent Bellsbank (Fig. 4.2b). (2} A trend
forms from the Finsch peridotitic diamond inclusions at constant low Fe to higher Ca
- values (i.e. a Mg-Ca substitution) at Newlands and Bobbejaan. This trend is not so
evident in the 5000 garets from NWT indicator mineral prospecting. (3) A more
dispersed trend is seen emerging from the most concentrated peridotitic cluster
(probably therzolitic) in Newlands and Bellsbank concentrate towards higher Fe
values (1.e. a Fe-Mg substitution) and eclogitic compositions. This is also seen in the
SAK dataset but not clear in the NWT dataset. (4) The indicator mineral sample
(Fig.4.2a) has two clusters not apparent in diamond inclusions or in Newlands and
Belisbank concentrate, which is at high Fe and intermediate Ca. The other cluster is
at low Ca and intermediate Fe:Mg. These probably represent crustal garnets not
sampled by kimberlite. Fifthly, kimberlite concentrate from southern Africa has less
high-Ca gamets than shown in the Canadian sampling and Barkly-West concentrate.
It also has a strong extension into the peridotitic diamond inclusion field unlike the

Canadian sampling.
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(c) SAK
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Figure 4.2: Cation plots of Ca-Fet-Mg (Fet is total Fe) of garnets from (a) NWT till sampling (n =
5000, a random sample of ~30,000 data points), (b) Newlands (open circle symbols) and Bellsbank
(grey square symbols) kimberlite garnet concentrate, Finsch diamond inclusions {open diamond
symbols), (¢) SAK concentrate (n = 2500) data from KRG Database. ’
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Additionally the NWT dataset shows extensions to the lherzolitic and megaérystic
cluster to higher CaO values which are thought to represent j)yfo'xénitic and wehrlitic
compositions (G11, G12 fields from Griitter et al., 2004). The distribution of G10
garnets appears to be strongly limited at low Cr;03. There is a high density region
above 4 wt. % Cr;0; and between 1.5°anid 4 wt. % Cao above the diamond-graphite
constraint (DGC); the abundance falls away and bécomés véry sparse above about 12

wt. %.

The gamet concentrate analysis from Newlands kimberlite is shown in Fig. 4.3c.
Here the lherzolitic cluster is seen once again, but it is observed to extend towards
higher Cr,O5 than in the NWT dataset (Fig. 4.3b). The Newlands lherzolite cluster is
comparatively dispersed adjacent to the lherzolite line. Some 10wér Cr;0; gamets are
observed in the Newlands data, but preferential analysis of purple gamnets has meant
that crustal, megacrystic and eclogitic garnets are under-represented. The G10 field

+ at Newlands possesses a trend, which is not immediately evident from bulk indicator
mineral sampling elsewhere. This trend is relatively narrow, conspicuously parallel

" to and continuously above the DGC, extending from 0.5.to 7 wt. % Ca0. G10
garnets also exist at lower Cr203 values than the DGC but are less abundant at
Newlands than elsewhere. The trend of high-Cr,0O5 gamets above the DGC line
extends across the lherzolite line at Newlands. The Newlands concentrate appears to
cont_ain high-Cr G10 gamets, high-Cr G9 garnets and high-Cr, high-Ca garnets in
excess of the proportion seeﬂ in lérge scale sampling from a diamondiferous source

region such as NWT, Canada.

Though the total number of analyses is not high, Fig. 4.4 shows that concentrate from
the other Barkly West region kimberlites has far fewer garnets with more than 7 wt.
% Cr;0; than Newlands. This is evident in the lower percentage of G10D garnets at

Bellsbank, with even lower percentages at Frank Smith and Leicester compared to
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Newlands (see pie charts, Fig. 4.5). The bulk of the Frank Smith garnet concentrate
is offset from the Bellsbank Iherzolitic concentrate to higher CaO values by

approximately 0.5 wt. %, with Leicester approximately between the two. Bellsbank
concentrate has a significant proportion of G10D garnets and also shares Newlands’

feature of a greater proportion of high-Cr, high-Ca garnets.

Fig. 4.5 shows the proportions of peridotitic kimberlite concentrate garnet classes
found at the 4 Barkly West localities and, in addition, from general indicator mineral
sampling from recent Canadian exploration. It is evident from this figure that
Newlands has the highest proportion of G10D garnets and also G10+G10D garnets.
It is also clear that Newlands and Bellsbank have similar proportions of garnet
classes, the only significant difference being that Bellsbank has more G9 lherzolitic
garnets (~ 2/3, compared to < % at Newlands) at the expense of other classes. Frank
Smith has general proportions similar to Newlands except there is a higher
proportion of G1 megacryst garnets present (~1/3, compared to 2 % at Newlands) at
the expense of high-Cr garnets such as G10s, G11s and G12s. Leicester is different
to all other datasets in that it comprises 95 % lherzolitic G9 garnet. Compared to the
Barkly West kimberlites excluding Leicester, the bulk Canadian till sampling from
NWT is similar except it has a larger G11 and an intermediate G1 population with a
lower G10D:G10 ratio.

The concentrate derived from southern African kimberlites is most similar to Frank
Smith except for the higher proportion of G9s at the expense of G1s. G10+G10D and
G9 proportions are similar for both SAK and NWT datasets, the only significant
difference is the higher proportion of G1s present in SAK.
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Figure 4.4: Ca0 vs. Cr,0; (Wt. %) of garnet concentrate analyses from this study (TJI NEW, TJI
BOB, TII LEI), the Kimberlite Research Group Database (KRG NEW, KRG BELL, KRG BOB, KRG
FSM), Menzies (2001) (AHM NEW) and van der Westhuizen (1992) (AvdW BOB). The prefixes
‘NEW’ = Newlands kimberlite concentrate (dark blue symbols), ‘BOB’ = Bobbejaan kimberlite
concentrate, ‘BELL’ undifferentiated Bellsbank concentrate (red symbols), ‘FSM’ = Frank Smith
kimberlite concentrate (bright green symbols) and ‘LEI’ = Leicester kimberlite concentrate (yellow
symbols). Reference lines as for Fig.4.3.
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Figure 4.5: Pie'charts illustrating the proportions of gamets from particular combositional classes as
defined by Griltter et al. (2004) from (a) Newlands kimberlite concentrate (data from this study, KRG
database, Menzies, 2001), (b) Bellsbank kimberlite concentrate (data from this study, KRG database,
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van der Westhuizen, 1992), (c) Frank Smith kimberlite concentrate (data from KRG database), (d)
Leicester kimberlite concentrate (data from this study), (e} Northwest Tetritories of Canada till
sampling (data from open file: http://www.nwtgeoscience.ca) and (f) Southern Africa kimberlite
concentrate (data from KRG database). Low Cr,0, gamets are removed from the datasets (i.e. those

with < 1% Cr,0,) so that only peridotitic-affinity gamets are shown.

4.2.1.1.3 Alvs. Cr
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Figure 4.6: (a) Al vs. Cr cations for SAK garnet concentrate. (b) ALO® vs. Cr,0;5 wt. % for the same
dataset as (a). (¢) AP vs. Cr** cation plot of garnets from NWT till sampling. G9 garnets are open
square symbols, high Cr, high-Ca G11/12s are dark grey bar symbols, G10s are white filled diamond
symbols and other gamets including eclogitic, megacryst and unclassified (probably crustal} are the
light grey dot symbeols. All cations calculated so that they sum to 8. The dashed lines in (a) and {c)
show the sum of 2 R* cations in the common 8 cation garnet formula of R"*R'%81,0),.
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Figure 4.6a illustrates the inverse relationship bétween aluminium and chromium in
garnet. At low-Cr the spread away from the sum of 2 cation iine is probably due to
the increased abundance of Fe’* and‘occﬁsionally Ti at the expense of Al and Cr in
eclogitic and crustal gamets. The cluster-between 2 and 6 wt. % Cr;03 is composed

of the peridotitic garnets with megacrysts and eclogites plotting at low Cr20s,

From Fig. 4.6 it is clear that there is more detail to be observed as to the different
amourits of potential Fe’" present. A broad area is occupied by G9 garnets, which
encompasses most of the G11/12- and G10-rich regions. G11/12 gamnets fall to the
low-Cr side of this G9 field indicating presence of more Fe’* whereas the
flarzburgitic garnets (G10s) appear to be confined to only the highest Cr for a given

Al indicating that the garnets are saturated in 3+ ions without taking Fe* into

account,
(a) BWK - (b) BWK This Study
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Figure 4.7: (a) A" vs. Cr** cation plot (cations summed to 8) of Barkly West kimberlite garnet
concentrate from Newlands open circle symbols, Betlsbank filled grey square symbols, Frank Smith
open triangle symbols and Leicester black bar symbols. (b) as for (a) except only analyses from this
study shown. Dashed line as for Fig. 4.6, :

Fig. 4.7 above shows a particularly high relative density at the elevated Cr region of

the cation plot by comparison with NWT till analyses (Fig.4.6). Newlands dominates
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in this high-Cr, low-Al part of the array with Belisbank plotting close to the 3+

cation sum = 2 line but at lower Cr and higher Al concentrations. Leicester and Frank
Smith have compositions more akin to low-Cr lheriolitic compositions. Deer et al.
(1962) suggest that titanium may substitute into the Y site (with Al and Cr) because
of its ionic radius rather than the Z site (Si). This would allow further deviation from

the ideal Cr + Al = 2 sum.

4,2.1.1.4 Cavs. Mg

Low-Ca, high-Mg garnets occur at the extension of a negative Ca-Mg trend in all
mantle gamet concentrate analysed (see pink G10 field in NWT till concentrate Fig.
4.8a). Eclogitic gamefs can be seen to plot to lower Mg/(Mg+Fe) values and extend
to intermediate Ca/(Ca+Fe+Mg). Crustal gamets have low to intermediate
Mg/(Mg+Fe) and low Ca/(CatFetMg) (and Ca/(CatMg)) as silown in the
classification of Schulie (2003) (Fig. 4.8b). Fig. 4.8¢c shows that SAK concentrate
has a similar distribution to NWT till gamnets except there is a smaller eclogitic and
crustal component in the SAK dataset. The Barkly West group kimberlites have a
similar pattern to the SAK dataset except Newlands and Bellsbank display a unique
Ca-enrichment trend away from the dense G9 cluster. This particular trend is not

observed in the NWT dataset.

Chapter 4 — Major Element Compositions 96



1.0

09 |
08 F
0.7 t

Mg/(Mg+Fel)

0.4
03

02|

0.1
0.0

06 |
o5 |

(a) NWT

G111+ G12

CRUSTAL

MANTLE

T

0.0 01

02 03 04 05 06 07
Ca/{Ca+Mg) '

08 09 10

(c) BWK

0 -

Mg/(Mg+Fety

0.4 1 ®
03
0zl &

(e8]

osg

PR L
+ Newlands
= Bobbejaan
& Frank Smith
- Leicester

0

0 01 02 03 04 05 06 07 08 09 1 [} o1 02 03

Caf{Ca+Fe+Mg)

04 05 0B 07 0B D09
Cal(Ca+Fat+Mg)

Figure 4.8: (a) Ca/(CatFe+Mg) vs. Mg/(Mg+Fe)) cation plot {cations summed to 8 and Fe is total Fe)
of garnet concentrate analyses from NWT till sampling. G10 garnets are open diamond symbols, G9s

open square symbols, G1s black dot symbols, G11/12 grey bar symbols, G3, G4 and GO (unclassified)
garnets are plotted as light grey dots symbols. n=30435. Crustal and mantle garnct fields from Schulze
(2003) are shown in (2). (b) as for (a) except SAK concentrate plotted. (c} as for (a) except Barkly
West kimberlite concentrates plotted (Note: symbols as for Fig. 4.7b).
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4.2.1.1.5 Mgvs. Cr
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Figure 4.9: (a) Mg/(Mg+Fe) vs. Cr/(Cr+Al) (calculated on the basis of 8 cations with Fe representing
total Fe) for NWT gamnets, symbols as for Fig. 4.8 (a). (b) as for (a) except Barkly West kimberlite
concentrate plotted, symb_o[s as for Fig. 4.7 (b).

Fig. 4.9a shows the marked maximum Mg/(Mg+Fe) for garnets from indicator
mineral sampling in NWT, G10 garnets possess marginally higher'Mg/(M'gi—Fe) than
other classes of garnet. In addition, G10s have higher Cr/(Cr+Al) and overlap more
significantly with G11/12 and G9 garnets at high Cr/(Cr+Al). The G11/12 population
extends to lower Mg/(Mg+Fe) while at higher Cr/{(Cr+Al); G9s exhibit this weakly

and G10s only have Mg/(Mg+Fe) < 0.8 once Cr/(Cr+Al) is below ~0.2.
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Figure 4.10: (a) Mg vs. Fet cations (calculated on the basis of 8 cations) for NWT till sampling
garnets, symbols as for Fig. 4.8 (a), the sum of 3 cations line is shown. (b) as for (a) except Barkly
West kimberlite concentrate plotted, symbols as for Fig. 4.7 (a). The dashed lines in (a) and (b) show
the sum of 3 R2+ cations in the common 8 cation gamet formula of R+32R+238i3012.

Fig. 4.10a shows a marked separation of different garnet classes according to their
combined abundance of Fe+Mg (the converse of their abundance in Ca). Eclogitic
garnets are high in Fe, low in Mg and high in Ca. G9/1 1/12 gamets plot to higher
Mg+Fe and Mg/(Mg+Fe) values with G10 garnets approaching the 2+ ion saturation
line of 3. Unclassified GO garnets appear to be mainly almandine-rich crustal garnets
since they plot at high Fe and close to the. 3 cation saturation line (implying small
amounts of other 2-|- cations). In the same way as in the CFM triangular plot (Fig.
4.2), Newlands and Bcllébank garnets form a trend away from the 3 cation line
indicating extensive Ca-Mg substitution, which is only very weakly present in the
NWT dataset in the G11/12 category. Leicester and Frank Smith concentrates are
similar to the G9 and G10 populations from NWT,

4.2.1.1.7 CaO vs. TiO;

Fig. 4.11 shows that different Barkly West kimberlites have different Ti-Ca

characteristics. Newlands and Bellsbank are the only localities to occupy the low-Ca,
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low-Ti region. These garnets are the low-Ca harzburgitic garnets from the Cr-Ca
plots. All BWKs produce a cluster at 4-6 wt. % CaQ with wt. % TiO; ranging from 0
to 0.6 which represents the lherzolitic G9 garnets. Frank Smith is the only kimberlite
to possess a large fraction of megacryst garnets (see pie chart Fig. 4.5¢) which are at
lherzolitic CaO contents but have between 0.5 and 1 wt. % TiO,. All BWKs have
garnets enriched in CaO and Ti0-, relative to the bulk therzolitic cluster. This is
thought to correspond to the higher-Cr, higher-Ca garnets found at the top ofthe
‘lherzolite trend’ on the Cr-Ca graphs.

(2) (b)

o Newinnds
= Bobbejaan
4 Frank Smity
- Leicestar

F o4

o4

Cal (Wt %) Cak (WL %)

Figure 4.11: (a) CaO vs. TiO, plot for gamet concentrate from NWT till sampling. (b): CaO vs. TiO;
. plot for garnet concentrate from Newlands, Bellsbank, Frank Smith and Leicester.

When comparing individual kimberlite concentrates to bulk NWT sampling several
 differences are apparent (see Fig. 4.11b). Newlands and Bellsbank concentrates pick
out the Jow-TiO; low-CaO extremities of the NWT data, with Bellsbank having a
unique cluster at 3-4 wt. % CaO and 0.25-0.35 wt. % TiO,. Eclogitic garnets from
NWT are present in abundance at high-Ca and low-Ti. The megacryst population is

much more abundant in the till sampling.
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0.08

Figure 4.12: §i* cations vs. Ti*" cations for all BWK concentrate. The dashed line is for Ti + Si equal
to a total of 3 cations. Solid line for Si equal to 3 cations.

Fig. 4.12 illustrates that there is no discernable correlation between the 4+ 1ons
suggesting that Ti is substituting on the Y site rather than the Z site, but relatively
large errors on Si analysis and the low absolute values of Ti make this conclusion
uncertain. It appears that Ti** substitution on the Y site is charge balanced by small

quantities of Na (see positive correlation in next subsection, Fig. 4.13).

4.2.1.1.8 Na,O vs. CaO and TiO;

The majority of concentrate analysed in the KRG database and from other studies
‘records 0.00 wt. % values for Na;O and largely reflects a lack of careful analysis for
this element. The majority of ‘good’ analyses are < 0.1 wt % and show a slight
positive correlation with TiO; (Fig. 4.13a). Slightly higher Na,O values are recorded
for the unique cluster from Belisbank between 0.25 and 0.35 % Ti0O,. Compared to
the NWT till samples (Fig. 4.13b), the Na;O range is greatly reduced in the analyses
from Barkly West.
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Figure 4.13: (a) Na,O vs. TiO, wt. % for Barkly West kimberlite concentrate gamet analyses,
Symbols as for Fig. 4.7 (b). SAK gamet concentrate has often not been analysed for Na within the
KRG database and is therefore not shown. (b) Na,O vs. TiO; plot for NWT till gamet analyses. {c):
Na;0 vs. Ca0 plot for NWT till garnet analyses.

X

Due to differences in analytical conditions, Barkly West concentrate Fig. 4.13a does
not extend into the fields shown by the NWT dataset Fig. 4.13b. However, a positive
correlation exists, between BWK and NWT, from zero up to 1 wt. % TiO; and 0.15
wt. % Na,O (Fig. 4.13b). For the latter, it is the crustal, eclogitic and megacrystic
compositions that occupy this trend. Peridotitic garnets from NWT plot at high Na,O
(0.3;0.8 wt. %) which has not been reported before. This dataset also records low
(G10), medium (G9) and high (G11+12) TiO; contents (Fig. 4.13b) in peridotitic
gamets. Similar regions exist in the Na;O vs CaO plot (Fig. 4.13¢) with the high-
Na,Q region being occupied by peridotites with low-CaO being mainly G10,

7
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medium CaQ being G9 and high CaO being G11+12. The high Na,O is though to be

an analytical artefact.

4.2.1.2 Cr-SPINEL

The oxide phase present in samples was referred to as ‘chromite’ in chapter 3
because no knowledge of the major element chemistry was known at the time of
examination. ‘Chrome-spinel’ (Cr-spinel) and ‘chromite’ are common terms in
mantle-reiated literature and will only be used here when'a chromium-rich spinel or a
true chromite, respectively, is being referred to. However, within the spinel prism,
the majority of kimberlitic ‘chromite’ concentrate plots in the magnesiochromite
region with relatively low Fe, (total Fe) and Al and re}ati\;ely high Mg and Cr

compositiohs (see Fig.4.14 shaded region).

Fe'Fe",O,
M'agnetite or
. TiFe',0,
MgFe",0, Ulvéspinel
~ Magnesioferrite

or I\/lngiAO4

FeCr,O,
Chromite
MgAl,QO, ] MgCr,O,
Spinel Magnesiochromite

Figure 4.14: Spine] multi-component compositional prism after Deer et al. (1962} illustrating spinel
group end members, Shaded region indicates the region of the spinel prism where the majority of
kimberlitic spinel from concentrate plots i.e. towards the magnesiochromite end member.

Chapter 4 - Major Element Compositions 103



In this section additional comparison is made by plotting Dokolwayo concentrate
along with the SAK concentrate since it has been commented on specifically as being

especially similar to diamond inclusion Cr-spinel by Daniels (1991).

4.2.].2.1 Cr203 Vs. MgO

Theé Cr,0; vs.. MgO plot is the most useful divariant plot for distinguishing
parageneses in mantle-derived Cr-spinels. Fig. 4 15 illustrates that the three
concentrate datasets occupy subtly different areas of the plot. The NWT data (Fig:
4.15a) is the only dataset to possess a low-Cer, low-Ti cluster, which would probably
correspond to part of the continental layered intrusion field shown in the cation plot
(Fig. 4.16). The majority of the NWT data occupies a diffuse cluster between 5 to 15
wt. % MgO and 40 to 70 wt. % Cr,O; with a high density region in the low-MgO
part of the DI field. There is a diffuse extension from the DI field towards low Cr;0;
and high MgO.

The SAK concentrate (Fig. 4.15b) does not have the low MgO spinels present as for
NWT and has a high density region in the central part of the DI field. The
Dokalwayo spinels are exceptionally high in Cr,03. BWK concentrate (Fig. 4.15¢) is
similar to the SAK concentrate except for the Newlands dataset analysed by Menzies
which extends from the diamond inclusion field of Fipke et al. (1995} towards high
MgO and low Cr;0s. | a
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Figure 4.15: (a) MgO vs. Cr,0O; plot of NWT till spinels (n=3766) with the diamond inclusion field of

Fipke et al. (1995) outlined. (b) as for (a) but with SAK concentrate (n=1001) (data from KRG
Database), Dokolwayo concentrate is highlighted in open symbols (n=58). (c) as for (a) but data
plotted from Newlands concentrate (open circle symbols), Bobbejaan concentrate (grey square

symbols) from van der Westhuizen (1992) and KRG database and Frank Smith concentrate (open
triangle symbols) from KRG database. Number of analyses at Newlands n = 1161, Bellsbank n = 295,
Frank Smith n = 139, Leicester did not yield sufficient spinel in the concentrate sample taken. (d) as
for (a) but just Newlands concentrate plotted (total n=378). Data from this study {diamond symbols),
Menzies (2001) (open square symbols) and the KRG database (filled triangles).
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Figure 4.16: Cr/(Cr+Al) 3+ cations vs, Mg/{(Mg+Fe) 2+ cations for Newlands kimberlite concentrate
spinels. Approximate 30% fields adapted from Barnes and Roeder (2001) for podiform chromites in
ophiolites shown as field outlined with a solid black line, continental layered intrusions shown as
dashed black line. Symbols as for Fig. 4.15d.

Fig. 4.16 indicates the compositional variation on data derived from Newlands, based
on cation ratios rather than weight percent (Fig. 4.15d). It is clear that the extension
to high Mg/(Mg+Fe) at lower Cr/(Cr+Al) is a linear trend picked out in data from
Menzies (2001) (open square symbols) which follows the region indicated for
podiform chromites in ophiolites along the so called ‘Cr-Al trend’ of Barmnes and

- Roeder (2001). Newlands concentrate has an extension towards more Mg-rich
coﬁpositions at high Cr (seen within the DI field in Fig. 4.15d) which would
correspond to the Fe-Ti trend of Barnes and Roeder (2001).

4.2.1.2.2 Cr203 VS. Tf02

As a whole the concentrate produces two trends in Cr-Ti space (Fig.4.17). The first
trend forms a negative Cr:Ti correlation that emerges from the diamond inclusion
field and extends towards higher Ti and lower Cr. This trend is elevated to higher Cr
in the SAK concentrate especially in the Dokalwayo concentrate (Fig. 4.16b)
compared to the NWT dataset. The second trend is a low-Ti trend that varies in Cr
content that is apparent in the ‘overlap field’ of Fipke et al. (1995) and especially

evident in NWT concentrate. These spinels mainly correspond to compositions in the
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podiform chromites from ophiolites and continental layered intrusion chromites (see

fields in Fig. 4.16).
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Figure 4,17: (a) TiO; vs. Cr;03 wt. % plot of spinels from NWT till sampling n=3766, Fields from
Fipke et al. (1995). (b} as for (a) but with SAK concenirate spinel, Dokolwayo concentrate is
highlighted in open symbols. (c) as for (a) but for BWK spinel concentrate with Menzies (2001)
Newlands spinels plotted as “** symbols. (d) as for (¢) except Cr and Ti calculated as cations where
the cations are summed to 6, '
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Cr:03 and TiO, compositioﬁs of BWK concentrate spinel can be seen to overlap
significantly with the DI field (Fig. 4.17¢c). The heg’ative Cr-Ti trend is expressed in
all B;arkly West kimberlites with bnly Newlands expreésing the low-Ti trend. This
low T10O; and low Cr,05 trend 1s likely to corréspond to compositions in the podiform

chromites from ophiolites field (see fields in Fig. 4.16).

4.2.1.2.3 Alvs. Cr
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Figure 4.18: (a) A" vs. Cr’* cations calculated for 6 cations for spinels from SAK (Dokalwayo
plotted as open diamond symbols). (b) as for (a) except Al and Cr are shown as weight percent. (c) as
for (a) but with NWT till analyses. (d) as for {a) except for BWK concentrate. The dashed lines in (a)
and (b) show the sum of 4 R** cations in the common 6 cation formula of R*%,R**,0s.
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Fig. 4.18a shows that the Dokalwayo concentrate has very high Cr at low Al, close to
4 cations of Cr and 0 cations of Al, which is not ﬁresent within any of the other
datasets. Much of the Dokolwayo concentrate plots on the sum of 4** cation line and
a few points plot above it. Both Fig. 4.18a and b show a negative correlation between
aluminium and chromium with incréased diffusivity at the lower aluminium end. The
graph (Fig. 4.18c) also displays the upper limit to Cr + Al as a more continuous line
(due to the larger dataset) across compositional space with a slight kink fowards

lower Cr at the high-Cr end.

Bellsbank spinels are seen to be at elevated chromium at low-Al concentrations (Fig.

- 4.18d) and form a shallower slope than the more abundant Newlands data. The
Newlands compositions occupy the full range from the high-Cr to high-Al along this
negative correlation trend and they cluster at Cr’"> 2.5. Frank Smith spinels occupy
a similar compositional space to Bellsbank but extend to 16wer. Al for a particular Cr -

concentration indicating a greater concentration of a substituting ion.

Fig 4.19a and b indicate a significant deviation from the ideal formula along a
decreasing 3+ and increasing 2+ trend. Fig. 4.19¢ shows that Ti* is substituting for
3+ ions on the Y site by means of the ulvésp{nel component (TiFe?";04), hence
increasing the 2+ ion concentration and the negative correlation in Fig. 4.19a and b.

This conforms to the Fe-Ti trend of Barnes and Roeder (2001).
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Figure 4.19: (a) 2+ ions vs. 3+ ions (calculated on a 8 oxygens basis) for concentrate from NWT till,
SAK concentrate, Newlands concentrate from this study and from Menzies (2001) and Frank Smith
concentrate. Reference lines for ideal formula numbers of 4 per 6 cations for 3+ ions and 2 per 6
cations for 2+ jons. (b) as for (a) except cations calculated on a 6 cation basis. {c} as for (a) except
only NWT concentrate subdivided into Ti < 0.5 wt. % (pale grey diamond symbols), 0.5 < Ti < 1 wt.
% (light grey dots}, 1 < Ti< 2 wt. % (dark grey dots) and Ti>2 wt. % (black dots).
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4.2.1.2.4 Mgyvs. Fe

o] 0.5 1 15 2
Mg2+

Figure 4.20: Fet vs. Mg cation plot of NWT till sampling chromites, cations summed to 6. The dashed
lines shows the sum of 4 R3+ cations in the common 6 cation spinel formula of R*,R",0;.

Fig. 4.20 shows that the majority of chromites from indicator mineral sampling in the
case of the NWT have > 2 cations’ worth of Fe + Mg. This may indicate the presence
of Fe3+, which would increase the amount of Fe expressed as Fet. The presence of

Ti** would allow more 2+ ions to be present by a substitution such as:
20" & Ti** + Fe?'

which would increase the ulvdspinel component.

4.2.1.3 CLINOPYROXENE

Clinopyroxenes are usually classified as chromium-diopsides (Cr-diopside) for
peridotitic compositions and omphacites for the more jadeite-rich eclogitic

compositions.

4.2.1.3.1 Ca-Fe-Mg

The Ca-Fe-Mg plot is used to classify pyroxenes. Clinopyroxenes occupy the lower
trapezium shape of the triangle. The baseline is reserved for orthopyroxenes (see

4.2.1.4). The end members diopside (Di), hedenbergite (Hd), enstatite (En) and
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fer.osilité (Fs) are located at the top 1eft, top right, bottom left and bottom right

corners of this trapezium respectively.

(a) NWT

Mg En Fet
(c) BWK
Ca
Bl Hd
2
e
Fe Mg !-ZnnrD Falfs

Figure 4.21: (a} Ca-Fe-Mg cation plot of clinopyroxenes from NWT till sampling (n=2155). Wo =
wollastonite, Di = diopside, Hd = hedenbergite, En = enstatite and Fs = ferrosilite. (b) as for (a) but
for SAK concentrate (n=267). (c) as for (a) but for Newlands (open circle symbols, data from this
study, n=119 and KRG database, n=24), Bellsbank {grey square symbols, data from van der
Westhuizen (1992), n= 11) and Frank Smith (open triangle symbols, data from KRG database, n=31).
For the most part it is clear that NWT till sampled clinopyroxene (Fig. 4.21a) and
SAK concentrate clinopyroxene (Fig. 4.21b) are very close to diopside in
composition although there appears to be an upper Mg limit to the data. Newlands
and Bellsbank concentrate (Fig. 4.21¢) appears to be more closely packed into the

diopside comner of the graph with Bellsbank being especially close to diopside in

Chapter 4 — Major Element Compositions 112



composition. The Frank Smith concentrate has higher Fe/Mg and Ca/(Fe+Mg)
values. Lower temperature crustal clinopyroxenes are probably responsible for the
extension to lower Mg/Ca and higher Fe/Mg ratios seen in the NWT till sampling

and SAK concentrate.

4.2.1.3.2 ACF

(@) NWT (b) SAK. |

AlCr AlGr

Ca+Na+i +FetMs  CatNa+K

(c) BWK

Al+Cr

Ca+Na+

Figure 4.22: (a) ACF cation plot for clinopyroxenes from NWT till sampling. (b) as for (a) but with
SAK concentrate plotted. (c) as for (a) except BWK concentrate plotted (symbols as for Fig. 4.21c).
JdKs = jadeite-kosmochlor solid solution, Di = diopside, CaTs = Ca-Tschermak’s pyroxene end
member, MgTs = Mg- Tschermak’s pyroxene end member, Opx = enstatite-ferrosilite solid solution
and Wo = wollastonite.

Di-Jd substitution is apparent in all datasets towards omphacitic compositions (those

lying on the Jd-Di tie line, Fig. 4.22a-c). A minimum level of Al+Cr is apparent for
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the En-Di substitution towards low Ca. Since omphacitic clinopyroxenes are often
found in eclogites it is to this paragenesis that these compositions are attributed. The
kosmochlor (NaCrSi>Qs) end member plots in the same position as jadeite and also

- forms a component in higher-Na clinopyroxenes. Frank Smith concentrate is lower in

Ca+Na+K and higher in Mg+Fe+Mg indicating Mg-Ca substitution (Fi g. 4.22¢).

4.2.1.3.3 Alvs. Cr

Ramsay (1992) studied the geochemistry of diamond indicator minerals and
classified clinopyrokenes into garnet peridotite, spinel lherzolite and low-Cr
compositional fields according to their Al and Cr content. Fig. 4.23a shows how
NWT till clinopyroxenes fall mainly into the gamet peridotite field at elevated Cr/Al
and eclogite across low-Cr compositions. Hence two positively correlated trends
emerge, one towardé high-Cr and the other towards high-Al. Garnet‘peridotite and
eclogite clinopyroxenes are present in the Barkly West kimberlites (Fig. 4.23c) with
Newlands and Bobbejaan possessing the highest Cr;O; and Al,O; concentratior_ls,
high even compared to the rﬂore numerous dataset in 4.23a. The cation plot for the
same data as that in Fig. 4.23a s shown in Fig. 4.23D, and a similar spatial
organisation can be seen. Fig. 4.23d shows the cation values for SAK concentrate

where a more L-shaped distribution can be seen.
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Figure 4.23: (a) Al;O3 vs. Cr,0; wt. % plot with fields from Ramsay {1992). for NWT till
clinopyroxenes. (b) as for (a) except Al vs. Cr cations are plotted where cations are summed to 8. {c}
as for (a) except BWK concentrate plotted. (d) as for (b) except clinopyroxenes from SAK concentrate
plotted.

4.2.1.3.4 2+ cations vs. 3+ cations

Two groupings of clinopyroxenes are apparent from the plots in Fig. 4.24. The first
trend lies aiong a 2:1 (2+:3+ ratio) mixing line that would be expected for a
tscﬁermakitic substitution (i.e. for every 3+ ion substituted and an accompanying Na
+, two 2+ ions would be required to balance the charge, hence the negative 2:1 trend
as shown). The area of data to higher 2+ ion values lieson a 1: 1 line forming a trend
which corresponds to a sharper rise in 3+ ions with reduction of 2+ ions as shown in
the ACF diagram (Fig. 4.22a) associated with tschermakitic substitution. Fig. 4.24b
shows how southern African kimberlite concentrate has a trend of pronounced
jadeitic substitution which 1s also séen at Newlands and Bellsbank kimberlites (Fig.
4.24¢. Frank Smith has a higher proportion of clinopyroxenes away from this main

trend.
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Figure 4.24: (a) Fet + Mg?* + Ca®" cations vs. A" + Cr*” cations for clinopyroxene concentrate from
NWT till sampling, 1:2 trend line shown. (b} as for (a} but with SAK concentrate plotted. (c) as for (a)
but with BWK concentrate plotted.

4.2.1.3.5 1+ ions vs. 3+ions

Jadeite + kosmochlor substitution is picked out as a positive 1:1 line ona Na® vs.
Cr’™ + A" plot. One of the two main clusters in the NWT concentrate conforms to

this line well (Fig. 4.25b) with the other cluster forming above the line to higher Cr +
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- Al values (see discussion in samples section 4.3.3). This feature is not observed as
clearly using a weight percent plot (Fig. 4.25a). SAK concentrate in Fig. 4.25¢
(including the Barkly West kimberlites, Fig. 4.25d) also conform to this line but with
a higher degree of scatter that may be attributed to inaccuracies in electron probe Na

determination for Na + K plots.
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Figure 4.25: {a) Na,O vs. Cr,0; wt. % plot for clinopyroxenes (b) Na” + K cations vs. AP+t
cations for clinopyroxene concentrate from NWT till sampling, 1:1 trend line shown. (c) as for (b) but
with SAK concentrate plotted. (d) as for (b) but with BWK concentrate plotted.
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4.2.1.3.6 Navs. Ti and Si
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Figure 4.26: (a) Na" vs, Ti*" for NWT till sampling clinopyroxene concentrate (b) as for (a) except
Sid+ vs. Ti*". (c) as for (a) except plotting data from SAK (d) as for (a) except plottlng BWK
concefitrate clinopyroxenes.

No clear relationships exist between Na and Ti or Si, although a slight positive
correlation between Na and Ti may be seen in NWT and SAK concentrate

(Fig.4.26a-d).
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4.2.1.4 OLIVINE
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Figure 4.27: (a) Olivine Mg# (Mg/(Mg+Fet)*100 (cations calculated on an 8 cation basis) vs.
frequency of occurrence for NWT till sampling olivines (grey points, n=1219) and for Newlands
kimberlite concentrate olivines {open black dnamond symbols, n=98). (b) dataset as for (a) but Mg*

vs. Fet cations. (c) as for (a) except Mg# vs. Ni**

cations.

Newlands concentrate olivines have a bias towards a high Mg# (Fig. 4.27a) with a

large proportion of olivines falling in between Mg# 93 and 94 (; =92.30), whereas

NWT olivines have a large proportion falling between Mg# 91 and 92 (; =91.51).

This can also be seen on the Mg-Fe cation plot (Fig. 4.27b) with Newlands olivines
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plotting at the high-Mg, low-Fe end of the 1:1 substitution line. All olivines adhere to
the Fé—Mg 1:1 hegétive cotrelation, hence only very minor substitutions such as with
Ni may be anticipated. No relationship was found given the accuracy of the electron

microprobe for Cr, Al or Ca in olivine.

4.2.1.5 ORTHOPYROXENE

In a similar way to the olivine concentrate, the Newlands orthepyroxene concentrate
has a higher average Mg/(Mg+Fe)*100 of 93.22 than the NWT till (Fig. 4.28b) (x =

92.98). SAK has x = 92.25. Values are higher than for olivine with most
orthopyroxene being 92-94 Mg/(Mg+Fe)*100. The diamond inclusion field of Fipke
et al. (1995) is shown based on Al,O; and Mg/(Mg+Fe) in Fig. 4.28a. All datasets
have a trend extending to high Al,Os wt. % values at approximately constant
Mg/(Mg+Fe). The southern African dataset is the only one to have a definite trend at
~ 1 wt. % ALO; to lower values of Mg/(Mg+Fe). The NWT dataset has the lowest
Al O3 value whilst at Mg/(Mg+Fe)*100 of 93, locating a large proportion of the

dataset within the diamond inclusion field.
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Figure 4.28: (a) Mg# (Mg/(Mg+Fe)*100 cations) vs. Al,O; wt. % for orthopyroxene concentrate from
NWT till sampling (n=363), SAK concentrate (n=127) and Newlands kimbetlite concentrate (n‘36)
Diamond inclusion field is outlined in a solid black line of Fipke et al. (1995). (b) Mg# groups vs.
frequency for the same dataset as (a). Medium grey is NWT till sampling, dark grey is Newlands
orthopyroxene concentrate from this study and light grey is SAK concentrate orthopyroxene.
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4.2.1.5.1 2+ and 3+ ions

Fig. 4.29a shows a positive correlation between Cr** and A", of ~1:5 ratio in all

orthopyroxene concentrate. A negative trend can be seen when comparing 3+ ions to

2+ ions indicating the presence of a jadeitic style of substitution as evident in the

extension of the cluster in the ACF diagram (Fig. 4.29b). Some of the SAK analyses

are low and scattered since they are likely to be below detection limits for the

analysis setup (Appendix I).
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Figure 4.29: (a) AI** vs. Cr”" cations for orthopyroxene concentrate. (b) (Mg + Fet) vs. (Cr'+Al™)

cations for the same datasets as (a).

4.2.1.5.2 ACF & CFM

Orthopyroxene from concentrate plots close to the baseline of the pyroxene

quadrilateral with a range in Mg/(Mg+Fe) from 0.85 to 0.94 (Fig.4.30a). Suggestion

of MgTs, CaTs and small JdKs substitutions away from En end member are apparent

especially in the southern African dataset (Fig. 4.30b and ¢).
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Figure 4.30: (a) Ca-Fet-Mg cation plot (calculated by summing to 8 cations) illustrating the range of
compositions for orthopyroxenes from all available concentrate. (b) ACF (Al+Cr, Ca+Na+K and
Mg+Fe+Mn) plot for orthopyroxene. (c) zoom of Mg+Fe+Mg apex in (b). ‘X’ symbols are for SAK
concentrate (KRG database), open circles are Newlands kimberlite concentrate from this study and *+’
symbol are NWT till orthopyroxene compositions.
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4.3 Major Element Composition of the Newlands, Bobbejaan

and Leicester Composite Samples

The samples were all collected from heavy concentrate piles at diamond mines and
the spread of compositions observed at each locality is expected to reflect the
concentrate compositions from that particular kimberlite (see section 4.2). The
primary sample selection bias was in favour of garnet-rich samples with purple

gamets and against red or orange colours.

4.3.1 Garnet

Fig. 4.31 shows how lherzoliticl and harzburgitic sample affinity correlates to the
composition of the samples in Cr-Ca space from each kimberlite. Lherzolites are
confined to the high-Ca side of the lherzolite line (LL), except for a few cases in
Newlands samples where G10 garnet compositions had clinopyroxene present. This
presents a case for caution to be used when referring to a ‘lherzolite line” and using
the term ‘G100’ syndnymously with harzburgitic garnet. At Newlands and Bobbejaan
there are cases where apparently harzburgitic samples plot clearly within the G9
field. This is justified since, as mentioned in Chapter 3, there may be a few cases
where clinopyroxene is present in a sample but not exposed at the analysis surface

and not visible on the outer surface.

All kimberlites studied have some, inclusion-free, monogranular garnets types. The
Leicester samples are predominantly of this type, presumably because of their small
size. Only a single plolyphase sample was analysed and this contained clinopyroxene
and is therefore lherzolitic in affinity. It would be expected that all the Leicester
samples are Therzolitic given their G9 affinity. The Newlands and Bobbejaan samples
have many of their inclusion-free monogranular garnet samples (yellow symbols Fig.
4.31) plotting very close to the lherzolite line. They therefore éffectively straddle
lherzolite/harzburgite affinity. Few samf)leé of this type plot in the G10 field; these
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are usually small sémples and might be too small to display any coexisting mineral in

the same way that most of the Leicester samples probably do.
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Figure 4.31: Gamet Cr,0; vs. CaO wt. % diagrams showing analyses of Newlands (a), Bobbejaan (b)
and Leicester (c) samples relative to concentrate compositions from those kimberlites. ‘(M) denotes
the monogranular garnets with no inclusions (classified as M in chapter 3). Reference lines of Gurney
(1984) (LL = lherzolite line) and Griitter et al. (2004) (DGC = diamond-graphite constraint) are
shown.

Compared to the Newlands concentrate shown in Fig. 4.31a the Newlands samples
are evidently displaced towards the high-Cr parts of the range of compositions
present at the kimberlite. A shallow positive slope is present in the G10 field where
few gamets plot below the diamond-graphite constraint. A steeper trend is present in
the G9 field with the samples occupying the high-Cr regions of the large G9 cluster

evident in the concentrate. High-Cr, high-Ca lherzolites are particularly well

Chapter 4 — Major Element Compositions 124




" represented at Newlands compared to other kimberlites worldwide. Two features

-associated with these have not been reported from other kimberlites:

1) A continuum of compositions connects the high-Cr, high-Ca concentrate

ganiets to the high-Cr parts of the dense lherzolite cluster.

2) Garnets at the top of the ‘harzburgitic trend’ (6-7 wt. % Ca0O and 10-13 wt. %
Cr,0;) straddle the 85% line and appear to be associated with high-Cr, high-

Ca garnets forming another potential continuum in compositional space.

Garnets from Bellsbank samples conform well to Cr-rich concentrate with fewer
samples of the high-Cr, high-Ca nature described at Newlands. A harzburgitic trend
is present but only 2-3 sainples were found with gamets of these compositions.
Leicester samples relate to relatively Cr-rich G9 concentrate but these compositions

would form only the very lowest Cr garnets from Newlands and Bobbejaan.

Cra03 (V. %)

Ca0 (Wi, %)

Figure 4.32: Sample type (Chapter 3) compared to garnet CaO vs CryO; wt. % composition for
Newlands and Bobbejaan samples.

Sample type does not appear to show any correspondence with garnet composition in
samples (Fig. 4.32) except that clinopyroxene-beaﬁng samples (Md and Pd) tend to
plot more frequently in the G9 field as seen in Fig. 4.31. This indicates that’

polygranular and monogranular garnet samples are not chemically different.
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432 Cr-spinel

'The samples form a broadly positive Cr-Mg slope in Fig. 4.33a indicating a depletion
trend towards high-Cr and high-Mg concentrgtions. The harzburgites from Newlands
and Bobbejaan samples tend to plot at the more dépleted part'df this trend with most -

“occurring within the diamond inclusion field. The one harzburgitic Cr-spinel from
Newlands that plots at a lower Cr;O5 concentration can be seen to be of higher TiO;
(Fig. 4.33b indicating a different) paragenesis (probably affected by kimberlitic
fluids). Cr-spinels from clinopyroxene-bearing (lherzolitic) samples from Newlands
and Bobbejaan plot at lower Cr,O3; and MgO concentrations, including several within
the diamond inclusion field. It can be seen from Fig. 4.33b that the Iherzolitic
samples are also higher in Ti0; and not within the diamond inclusion field. Cr-
spinels do not have differing compositions dependent on whether they are in the

matrix or as inclusions in garnet.
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Figure 4.33: (a) MgO vs. Cr,05 wt. % plot for chromites in samples from Newlands and Bobbejaan
kimberlites compared to the Newlands chromite concentrate. {b) as for (a) except TiO; vs. Cr;O; wt.
% plotted. The diamond inclusion field of Fipke et al. (1993) is shown in each case as a solid black
line.
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4.3.3 Clinopyroxene

Lherzolitic samples from Newlands and Bobbejaan have clinopyroxene compositions
in the ‘gamnet peridotite’ field of Ramsay (1992) and conform to peridotitic
concentrate compositions (Fig. 4.34a). Fig. 4.34b illustrates that the samples (which
are petrographically peridotitic, see Chapter 3) fall along the Jdso-Ksso substitution
line, which conforms to the kimberlitic ‘sheared nodules’ and ‘granular nodules’-
fields of Kornprobst (1981). This ficld has tentatively been encircled and named

'

‘peridotitic’.

The “discrete nodules’ field of Kornprobst (1981) appears to contain eclogitic and
megacrystic compositions with pronounced jadeitic substitution, hence the ‘E’ field
encircled in Fig. 4.34b defined predominantly by the SAK concentrate. NWT
concentrate is the only dataset to generate a low-Na, low-Cr cluster and is labelled
‘C’ for crustal clinopyroxenes. ThI:S field conforms to a small part of the ‘sub-

oceanic’ field of Kornprobst (1981).
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Figure 4.34: (a) Al,0; vs.Cr;O04 wt. % plot for clinopyroxenes in samples from Newlands and
Bobbejaan compared to Newlands clinopyroxene concentrate. (b) Cr vs. Na cation plot for Newlands
samples, Bobbejaan samples compared to Newlands and SAK clinopyroxenes from kimberlite
concentrate. Jd = jadeite substitution along Na axis, Jds-Kssg = 50 % jadeite, 50 % kosmochlor
substitution line, Ks = kosmochlor substitution line and Tsc Ca-Cr Tschermak’s molecule substitution
along Cr axis. Approximate fields indicating peridotitic compositions {oval, solid line labelled ‘P’},
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eclogitic and megacryst suite compositions (oval, dashed line labelled ‘E’) and megacryst
compositions (oval, dotted line labelled C) have been inserted on inspection.

4.4 . Summary

4.4

General observations -

The use of several different electron microprobes under different analytical

conditions in collection of the datasets described has necessitated the need to observe

the data critically. The emergent features are as follows:

1)

2)

3)

4)

~150-200 analyses per concentrate phase are required in a dataset to show the

extent and clustering of major element compositions present,

Cation plots of compositional parameters are preferable to weight percent
plots for assessment of mineral elemental constituents. However garnet CaO
vs Cr20; and spinel MgO vs Cr,O; weight % plots provide spatially very

similar plots to the equivalent cation versions (see Figs. 4.1, 4.15 and 4.16).

Due to the diverse heavy mineral sources present in northwest Canada, NWT
till concentrate provided a useful standard with which to compare southern
African kimberlite and individual kimberlite concentrates. Additionally this
dataset is particularly numerous but contains some poor analysis data points. -

Na-in-garnet seems to be too high compared to existing data.

Cr-Ca plots discriminate the peridotitic garnet classes of table 1 the most
effectively. This is because the Cr correlates negatively with Al and Ca with

Mg, which covers variation in the four most variable elements in mantle

. garnets leaving only Ti unaccounted for.

4.4.2
1)

Garnet

Southern-African diamondiferous kimberlite (SAK) garnet concentrate has
major element compositions slightly higher in Cr compared to the Northwest
Territories dataset (NWT) (Fig. 4.3a and b). SAK also has far fewer crustal

garnets.
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2)

3)

4)

4.4.3
1y

2)

3)

4)

~Of the Barkly West kimberlites Newlands and Bobbejaan garnets appear

markedly higher in Cr, on average, compared to the NWT and SAK datasets
(Fig. 4.4) and hence have higher proportions of G10 gaméts (Fig. 4.5).
Leicester is unique in having such ﬁigh prevalence of G9 garnets (Fig. 4.5).
Frank Smith is similar to the NWT and SAK datasets (Fig. 4.5) buthas a
higher proportion of G1 gam‘;:ts. |

All concentrate datasets have a cluster of G9 garnets with a positive Cr:Ca
slope. SAK and NWT have significant proportions of G10 garnets but
Newlands kimberlite concentrate is the only dataset to have a well defined

cluster of G10 gamnets at high-Cr (Fig. 4.3c).

Newlands and Bobbejaan samples have garnet compositions that are
effectively a subset of compositions defined by concentrate from the two
kimberlites. The samples are however biased to the high-Cr part of this
spread of data, which is most probably due to original sampling bias towards
samples with garnets that have épurple colour, avoiding orange, eclogitic and

red, megacryst suite garnets.
Cr-spinel

SAK spinels are more Cr- and Mg-rich compared to NWT and BWK
concentrate (Fig. 4.15a-c), hence high in magnesiochromite end member. The
Dokolwayo spinels are exceptionally Cr-rich (Fig. 4.15b) reaching Cr2O3 wt.

% concentrations > 70.

Newlands is the only individual locality to have an extension of spinel
concentrate towards the Mg-rich part of the diamond inclusion field (Fig.

4.15d). Other BWK concentrate conforms to a subset of SAK concentrate.

Newlands and Bobbejaan harzburgitic samples plot to higher Mg and Cr
compositions. Most lherzolitic sarnples do not plot in the diamond inclusion

field when both Mg, Cr and Ti are taken into account (Fig. 4.33a and b).

An ulvdspinel substitution 1s evident in concentrate spinels (Fig. 4.19) which

is responsible for the Ti variation.
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4.44 Clinopyroxene

1) The ACF plot (Fig. 4.22) reveals that SAK has a population of .
clinopyroxenes with a more pronounced jadeite substitution trend than other

datasets.

2) The jadeite + kosmochlor substitution is particularly visiblé on Na + K vs. Al
+ Crplot as a 1:1 line (Fig. 4.25).

3) Tentative discrimination between peridotitic and eclogitic clinopyroxenes has
been made on a Cr vs, Na plot (Fig. 4.34b). This discrimination appears to be
more appropriate on a Cr vs. Na plot than on the more common Al,O; vs.

Cr,0; wt. % plot.

4) Newlands and Bobbejaan clinopyroxene concentrate plots at high-Cr
compared to NWT and SAK concentrate (Fig. 4.23).

5) 90 % of clinopyroxene in samples from this study plot in the garnet peridotite
field of Ramsay (1992) (Fig. 4.34) which forms a cluster at 2-3 wt. % Cr;03.

4.4.5 -Olivine and orthopyroxene

Newlands olivine and concentrate has higher Mg/(Mg+Fe) values on average
compared to NWT dataset; Newlands has an average of 92.36 Mg/(Mg+Fe)*100
cat_iorls whereas the NWT value is 91.51 (Fig. 4.27). Average Newlands
orthopyroxene Mg/(Mg+Fe)*100 is 93.22, NWT = 92.98 and SAK is 92.25. Most
orthopyroxene at Newlands and in the NWT and SAK datasets are between 93 and
94 Mg/(Mg+Fe)*100 cations (Fig. 4.28b) with NWT and SAK having a larger spread
of data towards sub-90 values. A jadeitic substitution trend is evident in

orthopyroxene concentrate (Fig. 4.29).
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5. Major Element Zonation Patterns in Minerals

5.1 Objectives

In this chapter empirical observations are made based on spatial major element data
collected for the Newlands and Bobbejaan samples. Interpretations are presented in
subséquent chapters. For details on the electron microprobe analysis (EMPA)

technique sec Appendix L.

Samples were selected for EMPA using petrographic criteria such as large size and
multi-mineral assemblages (see Chapter 3). Initially spot analyses of cores and ﬁms
were made. Samples with any significant chemical variation were then analysed on a
smaller scale by means of a finely-spaced electron microprobe traverse. From
petrographic information and traverses certain samples exhibiting a variety of
chemical trends were selected for 5-element, X-Ray mapping. Some X-ray maps
revealed areas of zonation that were not captured by previous traverses. These
particular areas were targeted for extra traverses, thus recording the additional

variation. -

The main aims of the major element analysis programme of larger samples (i.e. not
kimberlite concentrate) was to: (1) identify garnet-rich samples whose compositions
are analogous to those of the harzburgitic diamond inclusion suite; (2) define
chemical differences in garnets and chromites in harzburgitic and Therzolitic samples;
(3) determine the direction of any zonation trends and relate them to trends found by
other workers e.g. Griffin et al. (1999b) and Burgess and Harte (1999); (4)‘ana1ysé
clinopyroxenes, where possible; (5) use this information to make an overall
assessment of gamet-chromite equilibria for the harzburgites and garnet-chromite-
clinopyroxene equilibria for lherzolites; (6) to provide a framework for the
interpretation of trace element analyses. In no case was it possible to obtain good
analyses of orthopyroxene and olivine because they have been serpentinised in the

Newlands and Bobbejaan samples (see Chapter 3).
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5.2 Garnet Zonation Patterns

Analyses of garnets by means of electron microprobe traverses are presented as
profiles in Appendix Il showing distance {(m) vs. cation concentrations for traverses
withl> 10 analysis points. Chromite and clinopyroxene profiles are discussed in the
next section and are also shown in Appendix II (see data CD). Accompanying X-ray
maps were made for certain samples and are presented in Appendix 111 (see data
CD). Figures from both of these Appendices will be referred to in the text in order to

illustrate zonation in minerals from the garet-rich samples.

5.2.1 Overall variety of garnet zonation patterns

A total of 72 samples from Newlands, 27 froml Bobbejaan and 12 from Leicester
were analysed by means of selected linear traverses (in some cases over 3 traverses
'per sample) across parts of samples. The traverses were chosen to fecord garnet core-
rim compositional trends so that in polygranular (and potentially in many
monogranular) garnet samples a core-to-matrix trend was recorded. Monogranular
and polygranular garnet samples with included phases (namely serpentine, Cr-
. diopside and Cr-spinel) were analysed along traverses towards inclusions. Analyses
of inclusions themselves were also made along these traverses in order to gain
coexisting mineral compositions with a close analysis separation. Cr-spinel and

clinopyroxene analyses are described in the subsequent two sections.

External zonation in garnet is that which occurs towards a matrix which may be:
Serpentine + Cr-spinel (harzburgitic, Es), diopside + serpentine = Cr-spinel
(Iberzolitic, Ed), gamet (garnetite, Eg) or an unknown matrix (Eu). It is only within
the few polygranular samples that external zonation towards a matrix may be defined

(i.e. Eg, Es and Ed) and therefore not classed as Eu.

Internal zonation in gamet is divided into that which occurs towards inclusions
which may be: Serpentine % Cr-spinel (harzburgitic, Is), Cr-diopside :+ serpentine +

Cr-spinel (lherzolitic, Id) and monomineralic Cr-spinel (Ic) (Fig. 5.1). ‘Is’ zonation
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may be towards monomineralic serpentine or bimineralic serpentine + Cr-spinel. All
three internal zdhation types may be towards a monomineralic inclusion and Id
zonation may be towards a monomineralic diopside inclusion or towards diopside +
serpentine or diopside + Cr-spinel, if bimineralic, and all three of diopside,
serpentine énd Cr-spinel if trimineralic. Based simply upon the location and
orientation of zonation trends relative to petrographic features the zonations may be

classified as shown in Fig. 5.1:

Garnet Zonation Trend

el ~

External (E) Internal (l)

to a matrix of: ta inclusion(s) of:

NN e

f Srp +/- Chr| [Di+/- Srp +- Chr| | Git | [Unknown| {STp +- Chr| DI+ Srp +/ Chr {Chr |
Es Ed Eg  Eu Is Id lc

Figure 5.1: Garnet zonation trend classification based on matrix and inclusion mineralogy, where
s/Srp = serpentine, d/Di = Cr-diopside, ¢/Chr = Cr-spinel, g/Grt = garnet.

The zonation types are illustrated on Cr,05 vs. CaO wt. % plots with selected
examples in Fig. 5.2 (a) and (b), with directional arrows indicating trends towards
garnet boundary in Fig. 5.2 (b). In harzburgitic (low Ca) samples two trajectories are
seen: a steep trajectory (i.e. niainly Cr-variation) and a sub-horizontal trajectory (i.e.
mainly Ca-variation) that appears to be present in four samples. Gamnets to the high-

Ca side of the lherzolite line have positive Cr-Ca trends.

At Newlands and Bobbejaan the majority (~ 80 %) of samples display some external
zonation with ~ 40 % showing both external and internal zonation (see Table I1.1in
| Appendix II). ~ 15 % show evidence for internal zonation alone and around another
5 % do not show evidence for either external or internal zonation. Few samples were
traversed and found to be almost chemically homogeneous and therefore with little

or no manifestation of either zonation type.
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Some difficulty exists in determining whether each zonation type is present. For
example internal zonation may be caused by an inclusion that is not quite exposed at
the analysis surface and will therefore appear as a hump/dip on a traverse or an island
of different intensity on an X-ray map. In some cases this may be mistaken for
external zonation. A second example is from small monogranular garnet samples
exhibiting apparent core to rim zonations. These might have had inclusions present
outside the current edge of the sample causing a concentric zonation pattern with a
similar appearance to an external zonation. In general these problems are not thought

to cause misidentification in many of the samples.

Fig. 5.2 shows selected data illustrating the major compositional trends. For
completeness Fig. 5.3a and b shows the Cr-Ca distribution of all the garnet traverses
carried out on Newlands (a) and Bobbejaan (b) samples (i.c. all those in Appendix II
and additional analyses, Appendix VI). There is a larger compositional variety in the
Newlands samples with greater representation at the high-Cr parts of the harzburgitic -
and lherzolitic trends. Zonations in some samples cross the lherzolite line (L) and
the diamond-graphite constraint (DGC). The two kimberlites have individual

samples with a similar magnitude of chemical variation.

Fig. 5.3 emphasises that, despite involving two localities (Newlands and Bobbejaan)
and a variety of matrix and inclusion minerals, there are only three main trajectories
in Cr-Ca space: (1) The sub-vertical trend that is to the low-Ca side of LL and close
to DGC, (2) the trend parallel with LL which is in the vicinity of L1 or with slightly
shallower slope at high Ca and (3) the sub-horizontal trend in a few samples usually
plotting in the harzburgite field. (1) and (2) appear to be continuous with each other
since the internal zonation trajectories swing to more diagonal as more Ca is
involved. Ic zonation has a different direction to Id and Is zonations whilst still

conforming to the neighbouring trajectories.

As shown in Chapter 4, Cr typically substitutes directly for Al and Mg for Ca in

terms of cations in garnet, therefore the Cr-Ca diagram effectively accounts for the
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major variations in the most common substituting cations in garnets. Thus the
features seen in Figs 5.2 and 5.3 would be largely reproduced in plots with the axes
‘Cr/(Cr+Al).and Ca/(Ca+Mg) (see Fig. 4.1). Ti is the only significantly variable
element not accounted for by Cr-Ca plots (plots of Ti-variation are shown in section
'5.2.5). Of the other analysed element§ Si and Fe are the only elements that are high
in concentration (Si > 37 wt. % and Fe usually > 5 wt. %) and that do not show any
evidence of zonation in garnets from Newlands and Bobbejaan samples. Other
elements thaf are relatively constant across the zonations are Mn and Na; whilst Ni
and K are usually in sub-detection limit concentrations (with EMPA at normal

counting times).
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Figure 5.2: (a) CaO vs. Cr;0; wt. % plot of selected Newlands (black symbols) and Bobbejaan {white
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plotted (with the addition of Eg+ trend of NEW301), arrows shown indicating direction of zonation
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When external zonation alone is present it is shown in red for an unknown matrix and in purple for
one with garnet as the matrix. The lherzolite line (solid line, Gumney, 1984) and the diamond-graphite
constraint (dashed line, Griitter et al., 2004) are shown on each diagram.
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Figure 5.3: (a) Cr,0; vs. CaO wt. % plots of all Newlands garnet traverses. (b) as for (a) but for
Bobbejaan samples. LL and DGC shown as for Fig. 5.2.

5.2.2 Internal garnet zonation patterns

Spatially, internal zonation is controlled by the distance away from particular
inclusions within garnets and is generally not observed to affect regions > 500 pm
away from an inclusion boundary. In general inclusions are approximately
equidimensional so the zonation is expressed as approximately concentric zones of
equal concentrations of particular zoned elements. Internal zonation is not affected

by external zonation (see Tables II.1 and 1.2, Appendix II).

5.2.2.1 ‘I’ ZONATION (E.G. BOB404, NEW(074)

‘Is’ zonation is a chemical gradient established in garnet as monomineralic

serpentine and bimineralic Cr-spinel + serpentine inclusions are approached.

3.2.2.1.1 Chemistry
The major element substitution is dominated by Cr-Al exchange and is as follows:
(‘Is’) Cr+Mg =» Al+ Ca (+Ti)

where LHS represents the region of the garnet away from inclusions and RHS the
region of the garnet close to an inclusion. The magnitude of variation in one sample
may be as much as 1.8 wt. % Cr,0;, 1.8 wt. % ALO3, 1.7 wt. % MgO and 0.3 wt. %
CaO and FeO (total Fe) as shown by sample BOB404 (Table 11.3, Appendix II). 3+
cations appear to maintain a total of 2 with increasing Al compensating for

decreasing Cr close to an inclusion.

5.2.2.1.2 Sample types affected

‘Is’ zonation in garnets that have G9 compositions appears to be identical in
trajectory and direction to Id zonation (see later). G10 samples with Is zonation
display a decrease in Cr and an increase in Al towards the inclusion with some highly
sub-calcic garnets having an associated increase in Ca/Mg towards the inclusion. The
majority of ‘Is” samples have very little change in Ca and Mg as the inclusion is

approached. But it appears that more calcic G10 garnets close to the Iherzolite line
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possess larger reductions in Ca associated with reductions in Cr towards the

inclusion.

5.2.2.1.3 Examples

NEWOQ74 X-ray map' shows reduced Cr and increased Al as the serpentine + Cr-
spinel inclusion is approached with a small increase in Ca and Ti and a small
decrease in Mg. The zonation appears to be contained within a 200pm radius of the
inclusion contact with garnet as can be seen in the first 500 pm of the traverse. The
external zonation will be discussed later. BOB404 X-ray map shows localised
réductions in Cr and increases in Al close to inclusions; Ca-Mg variation does not
appear to cbrrespond to the proximity of the garnet to inclusions and is part of the
external zonation (see later). Sub-SOOum variations in Cr and Al can be seen close to

inclusions in the profile. All other elements remain constant in concentration as the

inclusions are approached.

5.2.2.2 1D ZONATION (E.G. NEWSP, BOB402, BS5)

1d zonation is a chemical gradient established in garnet as Cr-diopside + Cr-spinel +
serpentine, Cr-diopside + serpentine, Cr-diopside + Cr-spinel and monomineralic Cr-

diopside inclusions are approached.

5.2.2.2.1 Chemistry

The major element substitution is one where Cr and Ca have a clear positive

correlation and is as follows:
(Id) Cr+Ca(+Ti) <> Al+Mg

where LIS represents the region of the garnet away from inclusions and RHS the
region of the gamnet close to an inclusion with Ti variation being greater in the high-
Cr high-Ca garnets. The magnitude of this variation in one sample may be as high as
3.5 wt. % Cry04, 3.3 wt. % AlOs, 2.5 wt. % MgO and 2.1 wt. % Ca0, 0.5 wt. %
FeOt and 0.12 wt. % TiO; as shown by sample NEWSP. Sample BOB401 is notable

! X-ray maps and profiles may be found on the data CD (Appendices III and II respectively).
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in Fig. 5.2a for having a shallower Cr/Ca slope than other Newlands and Bobbegjaan

samples showing Id zonation.

5.2.2.2.2 Sample types affected

Id zonation is restricted to lherzolitic samples (due to its definition) and is therefore
mainly restricted to the G9 ficld (Fig. 5.2b). Few samples plot a short way into the
G10 field.

5.2.2.23 Examples

Sample NEWSP is monogranular and contains multiple bimineralic inclusions of Cr-
diopside + serpentine + Cr-spinel and Cr-diopside + Cr-spinel. All zonation appears
to be controlled by the proximity of the garnet to inclusions and no evidence of
external zonation is present (see X-ray map). Traverses adjacent to inclusions reveal
close to symmetricallchemical variation according to the Id substitution. In a similar
way to samples with ‘Is’ zonation, NEWSP has Id zonation distributed with radial
symmetry all the way around polymineralic inclusions suggesting that the inclusion

behaves as a whole when interacting with garnet.

The polygranular sample BOB402 has Id zonation visible on a sub-millimetre scale
near inclusions (see BOB402-Zoom X-ray map). Larger-scale zonation is apparent

and attributed to manifestation of external zonation.

Most inclusions in sample B35 are platy bimineralic Cr-spinel -+ Cr-diopside
_inclusions (chapter 3) with Id zonation isopleths equidistant from the garnet-
inclusion interface (maximum distance of ~ 500 um). No external zonation is

/

apparent. X-ray maps B55 and B55-Zoom show this distribution of Id zonation.

5.2.2.3 IC ZONATION (E.G. NEW069, NEW083)

Ic zonation is a chemical gradient established in garnet as monomineralic Cr-spinel
inclusions are approached. There is a rarity of monomineralic chromite inclusions

and so there are only two analysed examples of Ic zonation manifestation.
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5.2.2.3.1 Chemistry

The major element substitution is essentially opposite in direction to Id zonation and

is as follows:
(Ic) Al+Mg=> Cr+Ca(+Ti)

where LHS represents the region of the gamet away from inclusions and RHS the
region of the garnet close to an inclusion. The magnitude and chemical vector of
variation is similar to that of Is if the sample is in the G10 field and similar to that of

Id if in the G9 ficld e.g. NEW083 and NEW069 respectively.

5.2.2.3.2 Sample types affected

All the samples with Ic are found to be at high-Cr (> 6 wt. %). Ti variation is greatest
in NEW069 which is a high-Cr, high-Ca G9 gamet sample. Ca-Mg exchange is less
apparent in G10 garnets such.as NEWO083. ‘

5.2.2.3.3 Examples

NEWO069 plots as a high-Cr part of the Therzolite trend for Newlands garnets in Fig.
5.2a. Internal zonation towards monomineralic Cr-spinel is particularly clear on the
X-ray map and profile and can be seen to occur over a distance of ~ 500 ym. The
NEWO083 X-ray map shows that close to the Cr-spinel inclusion, the style and
magnitude of sample-scale variation is concentrated into an approximately 500 um
zdne around the inclusion. However, the trajectory of Cr-Ca space is steeper and like

that of Ts zonation (the traverse does not pass directly over the Cr-spinel inclusion). |

5.2.3 External garnet zonation patterns (E) |
Spatially, cxternal zonation is controlled by the distance away from the garnet matrix
" and affects regions next to the matrix and usually penetrating > 500 pm away from
the garnet rim, which may reach to the core of the garnet. 11; no case was it possible
to discriminate between differences in zonation next to different matrix minerals. In
polygranular samples external zonation concentration isopleihs can be seen to be
parallel to gamnet grain boundaries, whereas in monogranular samples the external

zonation concentration isopleths are normally parallel to the sample edge except
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where the sample has been broken by mine processing activities (e.g NEW024 X-ray
map). External zonation is affected by internal zonation and is therefore
‘overprinted’ by inclusion-controlled chemical variation in nearly every externally

zoned sample where gamet has inclusions.
)

5.2.3.1 ES ZONATION (E.G. NEW308)

Es zonation is a chemical gradient established in garnet as a serpentine + Cr-spinel
matrix is approached. The zonation may be present in many harzburgitic samples but

is only unmistakably identifiable in polygranular samples such as NEW308. - "

5.2.3.1.1 Chemistry
The major element substitution is similar in nature to Is zonation and is as follows:
(Es) Cr+ Mg = Al=Ca

where the LHS is the garnet core and the RHS is the garnet rim. The magnitude of
variation has only been recorded as small (i.e. < 1 wt. % for Cr,0; and Al,O;, and <

0.3 wt % CaO and MgO). Ca-Mg variation is always less than with Ed zonation,

5.2.3.1.2 Sample types affected

Es zonation affects samples that are predominantly harzburgitic both
petrographically and geochemically (i.e. they are samples with no diopside and have
G10 garnet chemistry). Occasionally lherzolitic samples with apparently
monomineralic serpentine or bimineralic serpentine + chromite matrix have been
designated with Es zonation but chemically the trend is that of Ed/Id indicative of

diopside being present somewhere in the matrix.

5.2.3.1.3 Examples

NEW308 X—ray map indicates that Es zonation occurs to rim-core distances of about
1000 pm in garnet away from a serpentine-rich matrix. Internal zonation next to
inclusions overprints this core-rim external zonation. NEW059 has a similar zonation
pattern, chemistry and garnet composition but it is classified as Eg zonation since the
matrix is nearly 100 % garnet. However, the chemical substitution appears to be the

same and the variation about the same magnitude.
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5.2.3.2 ED ZONATION (E.G. BOB402)

Ed zonation is a chemical gradient established in gamet as a Cr-diopside + serpentine
+ Cr-spinel matrix is approached. Again, this type of zonation is only unmistakably

identifiablein polygranular samples.

52321 CI:emistty

The substitution components are identical to those of Id zonation with the addition of
Mn and Fe:

(Ed) Cr+ Ca(+Ti, Mn, Fe) 2 Al + Mg

where the LHS is the garnet core and the RHS is the garnet rim next to matrix. The
magnitude of variation may be large as shown in sample BOB401 which has Cr,0;
and Al,O; variation in the order of 2.5 wt. % (equating to close to 0.2 cation formula
units of both Cr and Al) and CaO and MgO vary approximately 1.5 wt. % each
(equating to close to 0.2 cation formula units for Ca and Mg). Ti, Mn and Fe

variation is generally small.

5.2.3.2.2 Sample types affected

Polygranular lherzolitic samples are observed to be affected by Ed zonation. Since
the matrix is not identifiable in monogranular samples, many of these may be derived
from a diopside-present matrix. Therefore many monogranular sa!mples with sample-
wide zonation that does not corf,espond to I zonation has been recorded as Eu
zonation (i.e. unidentified) but may have been derived from a diopside—preseﬁt
matrix. This is justifiable since inclusions in garnets from polygranular sampies

usually reflect the composition of the matrix (Chapter 3).

3.2.3.2.3 Examples

BOB401 shows E zonation over a distance of 4000 um (see X-ray map BOB401). X-
ray map ‘BOB401 zoom’ shows that internal zonation adjacent to inclusions '
overprints the external zonation but the substitution chemistry is very similar. Only
one of potentially three garnets in the sample show strongly developed E zonation
which is expressed as a decrease in Cr and Ca from the core towards the direction of

the matrix.
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The Cr-Ca slope is shallower in BOB401 than other Newlan&s and Bobbejaan garnet
zonation trends (Fig. 5.1a). BOB401 is also the only sample where Fe and Mn can
also be seen to vary in‘ correspondence with the Cr and Ca (therefore correlating '
negatively with Al and Mg). Their variation is smaller in magnitude than the four .

main elements (Fe = 0.03 and Mn = (.01 cation formula units). r

5.2.3.3 - EG ZONATIONS (E.G. NEW059, NEW301)

Eg zonation is a chemical gradient established in gamet as a matrix of garnet is
approached. This type of zonation is only unmistakably identifiable in polygranular
samples. A positive and negative Eg zonation are described here because there are
two chemical directions to which the substitution is observed to occur depending on

garnet composition.

5.2.3.3.1 Chemistry

The major element substitution is similar to Id and Ed except that Ca-Mg exchange is
less well pronounced and hence a steeper Cr-Ca trajectory is produced very close to
the slope of the lherzolite line of Gurney (1984). The substitution fnay be positive
(i.e. in the same direction as 1d and Ed) or negative (reversed direction to Id and Ed)

and is as follows:
(Egt) Cr+Ca(+Fe+Ti) = Al+ Mg
(Eg-) Al+Mg => Cr+ Ca(+Fe=Ti)

.where the LHS is the garnet core and the RHS is the garnet rim next to matrix. The
magnifude of variation is small in sample NEW059 but may be larger (around 1.5 wt.
% Cr20; rather than 0.6) in unconfirmed Eg samples such as B48 and NEW0O03. In
NEWO059 however Cr,O; and Al,O, variation is in the order of 0.6 and 0.4 wt. %
respectively (equating to close to 0.02 cation formula units for both Cr and Al) CaO
and MgO vary approximately 0.2 wt. % each (equating to close to 0.02 cation

formula units for Ca and Mg).
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5.2.3.3.2 Sample types affected

Only one sample is unambiguously defined as Eg+ (NEW301) and one Eg-
(NEW059), therefore it is not possible to be sure how diverse the sample types are
with this zonation, However both samples are polygranular garnetite with minor

serpentine and chromite in the matrix and their garnets are G10 in composition.

Monogranular samples with few to no inclusions often have the same substitution
from core to rim. Even though a matrix cannot be defined in NEWO003 its shape
appears to be part of a garnetite rock rather than garnet in a matrix of other minerals
(see Chapter 3). These samples also tend to be very close to the lherzolite line and
have a slope very similar to this line with Cr,O5 decreasing markedly with decreasing
CaO. They are also usually garnet-only samples with no other coexisting minerals.
None of the above-mentioned samples possess inclusions, which is a common

feature of many of the samples just to the Ca-poor side of the lherzolite line.

5.2.3.3.3 Examples

NEWO059 is a sample that contains multiple garnet grains with garnet-garnet grain
boundaries. This sample displays the way that each individual garnet has concentric
core-rim zonation from Cr-poor at the core to Cr-rich at the rims. Ca varies in the
same sense to Cr and Al and Mg vary in the opposite sense to Cr. Zonation does not
conform to the edge of the sample (NEW059 X-ray map). The shape of the zones

depends on the shape of the particular gamet grain margin.

NEW301 contains three separate garnet crystals (EBSD Appendix IV). The garnet
that comprises most of the sample (garnet 1, see NEW301 X-ray map and profile) 1s
zoned from high- to low-Cr (and Ca, although Ca zonation is less pronounced) as
matrix minerals are approached. Garnet 2 is a smaller gamet (~7 mm across) that has
a Cr-rich core and becomes lower in Cr as garnet 1 is approached over a distance of
~ 1500 pm to attain the same Cr concentration as garnet 1 at the contact. The
substitution is therefore the opposite of NEW059 even though the samples have
similar overall Cr-Ca compositions (see Fig. 5.2) and designated Eg+ (Fig. 5.2b)
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B48 has clearly increasing Cr+ Cﬁ to the rim and is therefore Eg- (B48 X-ray map).
This sample is within the G10 field but at low-Cr,03 (3-4 wt. %) and has a slope
steeper than but close to the lherzolite line and is also garnet-only. It seems that the
zonation relates to the edge of the sample and hence probably the edge of the original

crystal margin in contact with matrix.

With NEW003 the zonation pattern is such that the highest Cr and Ca region is
located to one side of the centre of the grain (NEW003 X-ray map, NEW003
profile). The sample, chemically, would fall into the Eg+ category. Given external
zonation is dependent on distance from matrix, this implies that the centre of the
analysed surface was closer to the rock matrix than the high-Cr and Ca region. Since
thé samﬁle is rounded and not broken at the edges it is assumed that the edge of the
sémple represents the edge that was tranéported in the kimberlite and not a mining
artefact. Therefore the zonation is a primary feature where the major element
distribution within the garnet has not been affected by kimberlitic activity to any

detectable extent.

5.2.3.4 Ec, ZONATION (E.G. NEW074, BOB113)

Ec, zonation is a chemical gradient established in garnet where there 1s an extreme
enrichment in Ca as the edge of the grain is approached. This zonation was not
identified in any polygranular samples so there is no knowledge of matrix

composition in the samples discussed.

5.2.3.4.1 Chemistry

The substitution is essentially a Ca- and Ti enrichment at the expense of Mg and is as

féllows:‘
(Eca) Mg+ Cr=» Ca+Ti+Cr

where the LHS is the garnet core and the RHS is the garnet rim presumably next to

matrix, but in the case of the exﬁmples it is the edge of the sample. The magnitude of
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variation may be up to 2.5 wt. % CaO change from core to rim and is often

accompanied by a TiO; change of up to 0.1 wt. %.

5.2.3.4.2 Sample types affected

This type of zonation generally occurs in samples whose cores are in the G10 field
and away from the Therzolite line. The zonation moves samples from sub-calcic
regions of Cr-Ca space towards the lherzolite line with the change in Ca being much
greater than that in Cr. Four, possibly five samples have been identified frf;m
Newlands and Bobbejaan that conform to this style of zonation. Cr variation is

usually small.

5.2.3.4.3 Examples

NEWQ74 displays clear ECa zonation with a Ca-poor core and Ca, Ti-rich im (X-

_ ray map NEW074). There is a plateau at the centre (2000-3000 um on NEW074
profile) and a zonation occurring over a distance of at least 3000 ym towards the
edge of the sample from this core. 3000 um is a minimum distance to the true contact
with matrix. This external zonation is overprinted by an interﬁal zonation adjacent to

the serpentine -+ Cr-spinel inclusion.

BOB113 displays flat parts to its profile that are established at the edge of garnet
crystals as well as at the core (BOB113 X-ray map and profile). On the full-sample
Ca X-ray map, sample BOB113 displays the core as blue, transitional regions as
green and the plateau region at the rim as yellow. Modification of the external
zonation occurs adjacent to serpentine + Cr-spinel inclusions where fhere is Cr-Al
exchange occurring in Is zonation. Profile BOB113 (b) cleaﬂy shows how Mg-Ca
external zonation is indepéndent of Cr-Al internal zonation since Ca continuously
increases along the profile regardless of proximity to inclusions whereas Cr is
reduced as the inclusions are approached with no discernable trend from the start to

the end of the profile.
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5.2.4 Comparison to other garnet zonation studies

Table 5.1 indicates how the classifications of external zonation patterns in other
studies relate to those described above. Some elements in brackets needed to be
added to the core/rim compositions in order to contain all elements mentioned in

other studies.

Core | Cr+Ca | Al+Mg | Mg(=Cr) | CrzCa) | CreAl:Mg Cr+Ti | Homog.

rich in :

Rim Al+Mg | Cr+Ca | Ca+Ti | Al(xMg) | Cat+Fe+Na+Ti Lower Homog.

rich in Cr+Ti

This Ed Eg- Ec, Es - Seen in Ed -

study

BH98 Type‘I Typell | Type Illb - Type Illa Seen in lb -

SB92 Group I1I - Group VI - Group | Group 1V Group II
(V?) . {= Cr)

G99 Yes - Yes - - - -

Table 5.1: Table showing the classifications of different garnet external (core to rim) zonations from
this study compared to the classifications in Burgess and Harte (1999) (BHS®) and Smith and Boyd
(1992} (SB92) and whether the type of zonation is present in garnets analysed by Griffin et al.
(1999b).

5.2.5 Covariation plots for sample traverses

The garnet zonation trends at Newlands and Bobbejaan show extreme major element
variation (Fig, 5.3 a & b) both as a suite of samples (0-11 wt. % CaO and 0-15 wt. %
Cr,04) and within individual samples (up to 2.5 wt % CaO and 3 wt. % Cr;0;). This
combination of features.is not previously reported for mantle gamefs from
kimberlites worldwide. Menzies (2001) reported on the variation of the sample suite
at Newlands and van der Westhuizen (1992) repc;rted a limited number of analyses
illustrating some of the variation found at Bobbejaan. Burgess (1997) provides a
detailed study of multiple zonation trends from Jagersfontein that illustrate a
maximum of 1 wt. % variation within individual garnets but over a restricted range

of garnet compositions (4-6 wt. % CaQ and 0-8 wt. % Cr,O3) compared to this study.
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Figure 5.4: (a) Ca vs. Ti cation plot for the selected Newlands (black-grey symbols) and Bobbejaan
{white symbols) sample traverses of Fig. 5.2 (a). (b) as for (a) but with Na vs. Ca cations plotted. (c)
as for (a) but with Mn vs. Ca cations plotted. (d) as for (a) but with Al vs. Cr cations plotted including
a sum of 2 cations line. (€) as for (a) but including a sum of 3 cations line.

Figure 5.4 illustrates additional plots that were used in Chapter 4 to differentiate
types of concentrate garnets. Fig. 5.4a shows that there is a strong positive
correlation between Ca and Ti in zoned garnets, both as a whole and in some
individual garnets. This trend is not visible in gamets from the concentrate datasets
(Fig. 4.11a). The Bobbejaan samples (white symbols) do not reach high-Ti
concentrations as visible in many Newlands gamets such as the high-Cr, high-Ca
garnets (e.g. NEW114, NEWSP and NEW069). NEWOQ65 plots to high Ca side of the
trend and many harzburgitié samples plot to very low-Ti and lower Ca parts of the

trend. BOB113 and BOB401 show variation in Ca without significant change in Ti.

Fig. 5.4b indicates that the variation in Na in the peridotitic garnet samples studied
does not correlate with Ca (the same is true for Na vs, Cr). Therefore it appears to be

varying independently of other zoned variables and may correspond to parts of the
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sample that have been enriched in highly incompatible elements (see trace element
chapter). Fig. 5.4c shows garnet compositions forming a broadly positive Mn-Ca
trend but individual samples are not significantly zoned in Mn since diffuse clusters
are produced. Some of the lower Ca samples appear to have significant Mn variation‘

that is independent of Ca.

Fig. 5.4d has the tight Cr-Al relationship where Cr + Al is close to 2 of the G10
garnets from concentrate. Only sample NEW 114 strays from this trend towards
lower values, which is indicative of the presence of a small amount of Fe’*. Mg vs.
Fet (total Fe) shows that the samples ha\}e little Fe-Mg substitution occurring with
Mg-Ca dominant (Fig. 5.4¢). The low-Ca harzburgitic garnets clearly plot close to
the sum of 3 cations line indicative of high Mg content and very low other 2+ ion

, content.

5.3 Cr-spinel Zonation Patterns

Cr-spinel appears homogeneous in the samples on X-ray maps and most profiles (see
appendix III and I respectively and also Fig. 5.5) since the majority of crystals are
small and are inclusions in gamet. However, few Cr-spinels have been noted as
showing external zonation towards a matrix of garnet + serpeﬁtine + clinopyroxene
on profiles (Appendix I, and occasionally in Fig 5.5). The major element

substitution is as follows:
Cr+ Mg (+ Ti) =& Al+ Fe (+ Mn, + Ti)

Where LHS is core, RHS is rim. The magnitude of this variation may be as high as

T.1TWt. % Cr;05, 0.3 wt. % Al;Os, 0.4 wt. % MgO and wt. % CaO, 0.9 wt. % FeOt
and 0.12 wt. % TiQ; is as shown by sample NEW063 (see profile in Appendix 1I).
The compoéition is moved away from the high Cr values typical of diamond

inclusions. All examples of zonation in -Cr—spinel occur in the outer 300 pum of the

crystal.

Chapter 5 — Major Element Zonation Patterns in Minerals ' 156



Cri{Cr+Al

0.750 4

CraOa Wt %

0900

0.850 1

- 0.800 A

w NEW(24
* NEW025
» NEW059
& NEWO0T4
+ NEW?238
+ NEW301
- NEW302
2 B55

O NEWD94
» NEW055
ONEWO06Y
~NEWOT0
+ NEW078
« NEW0B3
ONEWCOS
o NEW114
o NEWSP

0.700
0.300

MafMg+Fet)

0350 0400 0450 0500 0550

T T

0800 0650 Q700

70

65

€0

55 1 o

mNEW024
® NEW026
= NEW039
ANEWOTS
« NEW288
& NEW301
- NEW302
o B5S

+ NEW0G2
» NEWDB5
O NEWDBS
= NEWOTD
< NEWOTE
+ NEW0G3
& NEWDS4
D MNEWDDE
o NEW114
o NEWSP

50

03 0.4 0.5 06 0.7
' TiO, Wt %

Figure 5.5: (a) Mg/(Mg+Fet) vs. Cr/(Cr+Al) for samples with multiple analyses on Cr—épinels in
Newlands and Bobbejaan samples. (b) as for (a) but TiO, vs Cr,O; in weight percent. Note: the
diamond inclusion fields are not shown due to expansion of the scales on the graphs e.g. refer to Fig.
4.17a. ‘

NEWO098 also shows this type of zonation but it is towards the garnet host that the '
chromite is included in rather than a matrix. NEW302 shows an example of an Fe-Ti-
rich chromite overgrowth which appears to be associated with the kimberlitic veining
of the sample (Fig. 5.6). It is therefore interpreted to be a secondary feature (similar

to the kelyphitic rims on many garnets).
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Figure 5.6: Backscattered electron image of chromite in NEW302 illustrating the high-Fe rim in
contact with kimberlitic vein minerals. Black is the edge of the sample, dark grey is phlogopite,
medium grey is garnet, light grey is chromite and white is the high-Fe chromite rim.

Menzies (2001) ascribes the first zonation style to be due to ‘edge effects’ during
analysis but analysis in this study reveals that there is a consistent trend in the crystal
that could not be produced by a bad analysis at the edge of the grain. Daniels (1991)
finds that most Dokolwayo Cr-spinels are homogeneous with some low-Ti Cr-spinels

having an Al=»Cr core to rim zonation.

5.4 Cr-Diopside Zonation Patterns

In the same way to Cr-spinel, most Cr-diopsides in samples are small inclusions in
garnets and are observed to be close to homogeneous on X-ray maps and profiles. It
is only in a few cases that profiles have revealed any external zonation towards a
matrix. The first of these is zonation towards a matrix of gamet + serpentine + Cr-

spinel and is as follows:
Al+Mg+Na+K+Ti+Cr=>»Fe+Ca

where LHS is the core and RHS is the rim. The second zonation style seen in sample
NEW421 contains a clinopyroxene that displays this substitution. BOB301 and
NEW303 have a zonation that is as follows:
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Ca+Mg=> Cr+Na

where LHS is the core and RHS is the rim. This is effectively a kosmochlor-jadeite
component increase to the rim relative to diopside (see Fig 5.7). Both these zonations
are evident towards a garnet host and occur only at the outer 800 um of the

clinopyroxene crystals.
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Figure 5.7: Cr vs. Na cation plot (calculated to a sum of 8 cations) for traversed clinopyroxenecs
indicating the presence of zoned samples NEW303, BOB301 and potentially in NEW078. Other
samples are shown as open symbols and Northwest Territories Till (NWT dataset, Chapter 4)
clinopyroxene concentrate is plotted in grey.
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5.5 Summary

Internal garnet zonation is found to occur in the 500 ym adjacent to inclusions in a
high proportion of samples. External garnet zonation is found to occur in the outer
2000 pum of garnet crystals adjacent to matrix minerals in a high pfoportion of
samples. A summary of garmet substitutions and the streﬁgths to which they exist is

shown in Table 5.2: ' )

Substitution Cr/Al Ca/Mg Ti Gamet type affected

Is Strong -ve | Weak=ve | No variation G9 and G10

Id Strong -ve Strong —ve Strong —ve G9

Ie Strong +ve Weak +ve Weak +ve | High-Cr G9 and G10
Es Weak —ve Weak ve No variation G9 and G10

Ed Strong —ve Strong —ve Weak +ve Go

| Eg () Weak +ve Weak +ve Weak -ve G10 & G9/G10 boundary

Eg (+) Strong -ve Weak -ve No variation | G10 & G9/G10 bounda
ECa Weak —ve Strong +ve Strong +ve G10

Table 5.2: Major element substitutions occurring in each garnet zonation type with Cr-Ca garnet
compositions affected. (weak means approximately <1 wt. % Cr;0;, <1 wt. % CaO and <0.05 wt. %
TiO,, strong is greater than these values).

Cr-spinel and clinopyroxenes are not commonly zoned but some samples do contain
crystals with evidence for primary zonation that is not due to kimberlitic

alteration/rim growth.
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6. Phase Relations

6.1 Objectives

In this chapter the coexisting minerals in samples will be assessed as to their state of
equilibrium, Petrographic criteria (Chapter 3), mineral chemistry (e.g. Cr203-Ca0
gamet composition, Chapter 4) and mineral zonation (Chapter 5) shall be used to
divide samples into different assemblages (i.e. whether the sample has
clinopyroxene/serpentine/chromite in addition to garnet), different parageneses (1.e.
lherzolitic/harzburgitic) and different facies (i.e. diamond/graphite) and also to

1dentify any secondary minerals present.

Coexisting minerals will be plotted and joiﬁed with tie lines in compositional space |
diagrams. This will enable an assessment of the effects of bulk rock composition on
the coexisting phase chemistry and the extent of equilibrium between phases and
phase assemblages. Once this is known, then the role of P-T may be determined. The
assemblages will be examined in simple systems initially and then in terms of a
variety of compositional parameters. Finally, ;:ompositional trends will be related to
important reactions between mantle minerals by means of calculating distribution

coefficients for particular cations.

6.2 Equilibria

The important minerals in peridotitic mineral assemblages are as follows: olivine,
clinopyroxene, orthopyroxene, garnet, Cr-spinel for Iherzolites; and olivine,
orthopyroxene, gamet, Cr-spinel for harzburgites. Table 6.1 shows the nearest end
member formulae for these minerals in Newlands and Bobbejaan samples and

indicates the main chemical substitutions that may occur. Accessory minerals may

also be present i.e. diamond or phlogopite.
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Primary mineral end- Formula Main Substitutions
members

Forsterite MgSiO, Fe-Mg

_Enstatite . Mg;81,04 Fe-Mp

Diopside CaMgSi,0y Fe-Mg, Na-Ca, Al-Cr
Pyrope MgyALS1;0y - Fe-Mg-Ca, Al-Cr
Magnesiochromite MgCr, 0, Fe-Mg, Cr-Al
Accessory mineral end-

members

Diamond C B-C, N-C (aggregation)
Phlogopite KMg,AlSi;Q,4(OH), Fe-Mg

Table 6.1: Peridotitic minerals with end member formulae and the main major element substitutions
associated. Other secondary minerals occur due to the infiltration of kimberlite e.g. calcite, serpentine

etc. see Chapter 3.

Therefore the main reactions that are important concerning mineral stability are as

follows:

6.2.1 Univariant equilibria:

Cdiamond = Cgraphite

Diamond = Graphite, Kennedy and Kennedy (1976).

6.2.2 Reactions in harzburgites:

FMASCr system:

(Fe,Mg)(ALCr);04 + 2 (Fe,Mg)2S1:04

= (Fe,Mg)3(Al,Cr);8i30¢; + (Fe,Mg)2S104

Spinely; + 2 Orthopyroxeney = Garnetgs + Olivineg

CrMS system:

MgCr204 —+ ZMgSIQOs = Mg3Cr;gSi3012 + MngiOa

1)

(22)

(2b)

Magnesiochromite + 2 Enstatite = Knorringite + Forsterite

6.2.3 Reactions in lherzolites:

CFMASCy system:

(Fe,Mg)(ALCr),0, -+ Ca(Fe,Mg)Si,0¢ + (Fe,Mg).S81,0¢
= (Ca,Fe,Mg)3(Al,Cr);S8i30; + (Fe,Mg),SiO4
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‘Spinelgs + Clinopyroxeneg, + Orthopyroxenegs = Garnetg + Olivines,

6.2.4 Reactions in carbonate-bearing peridotites:

Enstatite + Calcite (in lig.) = Diopside + Forsterite + C + O,

Reactions (2a), (25) and (3) may be represented in CFMAS diagram which shows the

discontinuous configuration (Fig. 6.1). Also note that the diamond producing side of

reaction (4) will be favoured by having a low-CaO protolith which is more oxidised

than the interacting carbonatite liquid (Luth, indirect communication via H. Griitter).

SO,

Pyroxeney/

Qlivine

....................

Ca0

FeO
MgO

Spinel -

Figure 6.1: CFMAS(Cr) triangle (in cation + oxide molecular proportions, as are all the following

diagrams in this chapter) illustrating the two configurations of tie lines involved in reactions (2) and

(3).
6.3 i’hase Relations

Fig. 6.2 indicatés that for a given pressure and temperature, higher Ca rock

compositions will form lherzolites and lower Ca rock compositioris will form

harzburgites in the system CMAS.
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AlO;,
p, Corundum

Grossular ‘

\ //
// P Py + En
Wollastonite Enstatite
CaSio, DIOpSIde MgSIO,

Figure 6.2: CaSi0;-MgSi0;-AlO; system for 3 GPa and 1200°C reproduced from Boyd (1970).
Harzburgitic rock compositions form from two phase tie lines between pyrope and enstatite (Py + En).
Lherzolitic rock compositions plot within the 3 phase field indicated by Py + Di.

Considering the addition of Cr (CMASCr), garnets are observed to increase in Ca
content with increasing Cr (this gives the positive slope of the lherzolite line - Fig.
5.2a). Therefore the tie lines would move in the way illustrated in Fig. 6.3 so that the
garnet composition shifts with clinopyroxene to higher Ca contents. This effect

appears to be irrespective of the addition of chromite.

Dicpside MgSiO,
Enstatite

Figure 6.3: Zoom of the enstatite apex of the CaSi0;-MgSiO;-AL0; triangle with the thin tie lines as
in Fig. 6.2, The effect of adding Cr to the system is shown by the bold dashed 2-phase field, The

clinopyroxene are displaced to higher Ca, Cr, Al-rich and the garnet becomes more Ca-rich (white
arrows).
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In order to plot the main phases concerned a compositional tet.rahedron was set up
with the components (Mg,Fe)Al;04-(Mg,Fe)Cr,04-(Mg,Fe),S1;06 -Ca(Mg,Fe)Si,0¢
at the apices which means that garnet plots equidistant.between spinels and
pyroxenes. (Mg,Fe)O is treated as a single component and the tétrahedron projects

from olivine. Therefore plotting parameters are as follows:

Apex Apex percentage proportional to
molecular proportion of:

(Mg ,Fe)AL,O, Al O

(Mg, Fe)Cr, 0,4 Cr;05

(Mg,Fe)ESiZOG ((Fe0+Mng—(Cr203+A1203+CaO))/2

Ca(Mg,Fe)Si,0p Ca0

Table 6.2: Calculation of phase tetrahedron apex proportions.

The garnet formulae at the corners of the garnet plane are therefore:
(Fe,Mg);Cr;81,0,; = Fe-Knorringite

(Fe,Mg)3Al,S1;0;, = Almandine-Pyrope

Ca(Fe,Mg)Al,Si30,; = Ca-Fe-Mg Grossular

Ca(Fe,Mg),Cr,Si;0;, = Ca-Fe-Mg Uvarovite

Fig. 6.4 shows the tetrahedron with all end members labelled and looking onto the
gamnet plane. Fig. 6.4b shows the appearance when looking down the pyroxene join,
looking edge on to the garnet plane. Garnets plot on the garnet plane and never have
> (0.5 Cr/(Cr+Al) and therefore plot in the lower half of this square.-Cr~spinéls plot
on the magnesiochromite-spinel join and are usually between 0.6 and 0.9 Cr/(Cr+Al)
and therefore plot in the top half of this line. Clinopyroxenes plot slightly away from

the clinopyroxene apex since they are not pure Ca end members and they also

contain considerable concentrations of Cr and Al (Chapter 4).
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‘Figure 6.4: The ‘garnet-spinel-pyroxene tetrahedron’. (a) Facing onto the garnet plane (thin square

" outline) which has Newlands and Bobbejaan harzburgitic garnets plotting in the dark grey patch and
Iherzolitic garnets in the light grey patch. Garnet compositions for the corners of the garnet plane are
shown and are as defined above. {b) Tetrahedron rotated 70° clockwise about the vertical axis, looking
edge on to the garnet plane and nearly down the pyroxene join.

The Ca-free system FMACT shall also be examined in order to see the full range of
spinel compositions in particular. This is because the Cr-Mg diagram (Chapter 4} is

capable of discriminating the Cr-spinels reasonably well into parageneses.

6.4 Newlands and Bobbejaan Samples

6.4.1 Treatment of internal and external mineral compositions

From Chapter 5, we can say that the observation of internally zonéd garnet is
common and externally zoned garnet is less common. Zoned clinopyroxene and Cr-
spinél inclusions in garnet have not been observed. Clinopyroxene and Cr-spinel -in
the matrix are uncommonly preserved in the Newlands and Bobbejaan samples (see
Chapter 3) but when present it is only the clinopyroxene that has been observed to be
strongly externally zoned in .a primary fashion (Cr-spinel has been observed to be

zoned but in a fashion consistent with secondary kimberlitic modification).

Therefore, when ‘coexisting minerals’ are joined with tie lines on the following
plots, it is the-composition of the homogeneous Cr-spinel and clinopyroxene

inclusions within garnet and the garnet adjacent to the inclusion that are used.
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Additionally some of the plots show the interior garnet composition to illustrate the
compositional direction of the internal garnet zonation. This avoids the influence of

any potential metasomatic chemical modification.

Sample NEW303, which clearly shows both internal and external clinopyroxene
(Fig. 3.15), has revealed that the internal and external compositions are similar with
| minor substitution occurring in the external c¢linopyroxene (Chapter 5). Both the
internal clinopyroxene-garnet and external (both core and rim compositions)
clinopyroxene-garnet pairs are' consistent with P-T re-equilibration and not

metasomatism (see Chapter 7 for more details).

-

6.4.2 (Mg,Fe)Cr:04+(Mg,Fe)Al.04+-Ca(Fe,Mg)Si-O5-(Fe,Mg)2Si-0¢
Fig. 6.5 shows the distribution of tie lines between coexisting spinel, garet and
clinopyroxene in lherzolitic (green lines) and spinel and garnet in harzburgitic (black

lines) assemblages in the spinel-garnet-pyroxene tetrahedron. Orthopyroxen
one value is obtained for NEWO088. The orientation shown allows garnets to be

viewed in the same spatial arrangement as on a Cr-Ca diagram with a harzburgite

trend and lherzolite trend evident within the garnet plane.
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(Fe,Mg) Cr2O4\agnesiochromite-Chromite

(Fe,Mg)2Si206 \{

(Fe,Mg)AI204 " Spinel-Hercynite

Figure 6.5: The spinel-garnet-pyroxene tetrahedron (SGPT, Fig. 6.6) for samples with coexisting
minerals from Newlands and Bobbejaan. 3 phase (spinel-clinopyroxene-garnet) combinations for
lherzolite assemblages are plotted with grey tie lines, 2 phase (spinel-garnet) combinations for
harzburgites in black. All gamets plot in the gamet plane outlined as a thin square shape. The black
line separates harzburgitic garnets (left) from lherzolitic garnets (right) and approximates the
lherzolite line.

Numerous 2 and 3 phase tie lines are approximately parallel, 1.e. those involviﬁg
garnet + spinel, garnet + clinopyroxene and spinel + clinopyroxene. Also evident is |
the overlap in harzburgitic and lherzolitic spinels with regard to their Cr/Al ratio.
Independently though, the higher Cr-Ca lherzolitic. garnets tend to coexist with
higher Cr spinels and cliné)pyroxenes. Garnet-pyroxene pairs tend to involve low-Cr

garnets at the base of the lherzolite trend.
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Figure 6.6: Harzburgitic samples plotted onto the spinel-chromite-orthopyroxene plane of SGPT.
Garnet core compositions are plotted as a grey circle and the composition of garnet adjacent to
coexisting minerals is plotted as filled black circle, the range of harzburgitic garnet-spinel tie lines
from all samples are shown in each for comparison in grey. (a) sample B47, a low-Ca G10 garnetl. b)
"NEW288, a high-Ca G10 garnet. (c) NEW069 a high-Cr, high-Ca G9 gamet-chromite sample. (d)
NEWO088 a low-Cr G10 garnet with coexisting orthopyroxene. '

Fig. 6.6 shows the way that low Ca garnets with moderate Cr in harzburgitic field at
Newlands and Bobbejaan coexist with the lowest Cr spinels (B47) whereas the high
Ca, high-Cr garnets in the harzburgitic field coexist with lthe highest Cr spinels
(NEW288). In both cases if garnet core compositions are joined to the Cr-spinel
composition present they produce tie lines sub-parallel to the majority of garnet-
spinel pair-s since they are effectively out of equilibrium at too high Cr. NEW069
however has its garnet core composition at low-Cr relative to the majority of these tie
lines which is in accordance with its Ic trend that is in the opposite direction with
respect Ato the majority of internal zonation trends Id and Is (chapter 5). Sample

NEWO088 contains a particularly low-Cr garnet for the range displayed at Newlands
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and Bobbejaan and lacks chromite. Therefore this represents a low-Cr bulk rqck
composition which belongs to the garnet-orthopyroxene field without spinel-
chromite. For most of the other garnet-spinel pairs lines 1t can be expected that
orthopyroxene will also coexist forming 3 phase triangles (not shown), however,
since the orthopyroxene would not deviate far from (Fe,Mg),S1,0¢, one can assume

that the triangles shown in Fig. 6.6 would rotate around this apex.

(8 NEWI14 (b) BOB402

{Fe Mg)Cr204

[Fe.Mg)Cra04

{Fe MgIARO4 FeMgj2Cari2S1 3012 CalFa tg)s1206 (Fe,MQJAIZO4 1 Calfe Mg)Si206
(c)  B48

{Fe Mg)Cr204

(Fe Mg)aj204 (Fe Mgj2CaARZS13012 Ca{Fe.MQ)5i200

Figure 6.7: Lherzolitic samples in chromite-spinel-clinopyroxene triangles projecting from
orthopyroxene in the SGPT. Garnet core compositions are plotted as a grey circle and the garnet
adjacent to coexisting minerals is plotted as a filled black circle, the whole range of lherzolitic garnet-
clinopyroxene-spinel tie lines from all samples are shown for comparison in grey. (a) sample
NEWI114 a high-Cr, high-Ca G9 gamet. {b) BOB402, an intermediate Cr-Ca G9 garnet, (¢) B48 a
chromite-free, low Cr, low-Ca G10 garnet with coexisting clinopyroxene (too small to analyse so
shown as an average clinopyroxene composition).

Fig. 6.7 illustrates the range of compositions in coexisting minerals from
clinopyroxene-bearing samples. High-Cr, high-Ca garnets tend to coexist with high-
Cr spinels and clinopyroxenes (NEW114) whilst lower Cr, lower Ca garnets (e.g.
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BOB402) tend to coexist with lower Cr spinels and clinopyroxenes. As with
NEW?288 and B47 harzburgites, it is apparent that the core compositions (grey circle
symbols) of NEW114 and BOB402 are Cr-rich compared to the garnet compositions
adjacent to inclusions (filled black circle symbols in Fig. 6.7). Sample B48, in a
similar way to NEW288 has a low-Cr bulk rock composition and the gamet coexists

with a pyroxene (this time clinopyroxene) without chromite.

Fig. 6.8 shows the triangles from Figs 6.6 and 6.7 with relation to the garnet zonation
trends in Cr-Ca space. A lowering of bulk rock Cr reduces the likelihood of Cr-spinel
being present; thus garnets with below about 5 wt. % Cr2O3 do not contain chromite
in the Newlands and Bobbejaan samples recorded in this study. Garnet interior to
inclusion contact trends are visible in the triangular graphs in the same sense as they

are as arrows from interior to contact on the Cr-Ca plot.

The lherzolite line (Gurney, 1984) as indicated in Fig. 6.8 does not apply strictly to
differentiate Iherzolitic from harzburgitic garnets in the Newlands and Bobbe; aan
samples. The line that separates clinopyroxene-bearing from clinopyroxene free
samples is a shallower line (i.e. rotated clockwise). It is parallel to the lherzolitic
zonation arrows shown (e.g. BOB402) and parallel to the zonation trends close to the

lherzolite line at high Cr values.

The line that indicates chromite-present from chromite free samples is not well
constrained but seems to lie at about 4 wt. % Cr and is shown in Fig. 6.8. The
triangles with just garnet-pyroxene tie lines have major element compositions below

this line. This is the line of ‘Cr saturatio_n’.
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Figure 6.8: The spinel-garnet-pyroxene triangles from Figs 6.6 and 6.7 arranged according to garnet
location on the Cr-Ca wt. % plot (see chapter 5) NEWO088 (orthopyroxene-garnet pair) and B48
{clinopyroxene-garnet pair) have a similar zonation trend (upward pointing arrow at low Cr and is
shown as one trend for clarity). Garnet compositions adjacent to inclusions are plotted with filled grey
circles for clarity, with interiors as filled black circles. The clinopyroxene-in line (short, dashed) is
shown for Newlands and Bobbejaan samples relative to the lherzolite line of Gurney (1984). The
spinel-in line (or chromite-in line) is shown as as a horizontal, dashed line at ~ 5 wt. % Cr,05.
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6.4.3 Sliding reaction simulations -

One may simulate the effect of consuming spinel and pyroxenes as garnet and olivine
are genérated in reactions (2a) and (3) (see first part of this chapter) on the
composition of garnet. Using different proportions Ca: Fe+Mg in garnet and bulk
pyroxene one may simulate the real data in terms of cation ratios. The precise

reactions simulated are as follows:

1. Ca(Fe,Mg)zAIQSi3012 =+ (Fe,Mg)(AI,CI‘)QO.q +2 (Fe,Mg)ZSiQOe;
= Ca(Fe,Mg)zAlzsi3012 + (FG,Mg)3(A1,Cr)2Si3012 + (FG,Mg)Q_SiO4

2. Ca(Fe,Mg)zAl;;Sigolz + (FC,Mg)(A],CI’)204 +2 Ca(Fe,Mg)Sig,Of, +
(Fe,Mg)ZSi205
= Ca(Fe,Mg);Al»Si301; + Cay(Fe,Mg)(ALCr);S1;0,2 + (Fe,Mg);S10.

3. Ca(Fe,Mg),A1;S1;01; (Fe,Mg)(A1,Cr),04 + 2 Cap s(Fe,Mg). 551206 +
(Fe, Mg} ALCr),04
= Ca(Fe,Mg)2A128i3012 +Ca(Fe,Mg)2(A1,Cr)ZSi3012 + (Fe,Mg)ZSiO4

The starting garnet compositions plot at zero Cr/(Cr+Al) and the final compositions
(RHS of the reactions above) are all at 0.25 Cr/(Cr+Al). Therefore, in words, the

simulations are as follows:
1. gamet + spinel + 2 opx -) lower Ca, higher Cr gamet + olivine.
2. gamet + spinel -+ 2 cpx = much higher Ca, higher Cr gamet + olivine.
3. garnet + spinel + opx + cpx =¥ higher Cr gar'net + olivine.

Fig. 6.9 shows these results of these simulations on a Ca/(Ca+Mg+Fe) vs.
Cr/(Cr+Al) plot. In Fig. 6.9 the simulations are run with realistic starting garnet
composition which is lower in Ca/(Ca+Mg+Fe) and involve a realistic spinel
composition which is higher in Cr/(Cr+Al) than the values shown in the generalised
equations above. This generates trajectories that coincide with the Newlands and
Bobbejaan gamet zonation trends. Several points emerge from this diagram: Firstly,
the clinopyroxene-only simu]étion [2] is parallel to many of the lherzolitic garnet
zonation trends (‘1d’ from chapter 5). Secondly this line is parallel to the CCGE of
Kopylova et al. (2000) although they occur to higher Cr and Ca values. Thirdly,
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simulation [1] provides a good approximation to some of the harzburgitic zonation
trends (‘Ts’ from chapter 5) and the range of slopes of these trends may be generated
by adding various proportions of clinopyroxene component into the sliding reactions
(i.e. the range of trajectories lying in between simulation [1] and [3] which would be
able to match the zonatiohs of NEW047 and NEW088). Fourthly, simulation [3]
produceé a line with a slope parallel to garnet zonations that conform to the lherzolite

line i a CaO vs. Cr,05-wt. % plot.
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Figure 6.9 Ca/(Ca+Mg+Fe) vs. Cr/(Cr+Al) cation plot illustrating the results of the three simulations
on garnet compositions from an initial starting garnet composition at zero Cr/(Cr+Al) (black circle).
Several garnet zonations from Fig. 5.3 (a and b) are shown to indicate the trends of natural garnets.
The CCGE line of Kopylova et al. (2000) corresponds to the clinopyroxene reaction of simulation [2]
(thick light-grey solid arrow). Simulation [1] representing the orthopyroxene reaction is shown as
thick grey dashed arrow. Simulation [3] representing the 1:1 clinopyroxene:orthopyroxene reaction is
shown as a medium grey, square, dotted arrow.

6.4.4 Fe0-MgO-Al:05-Crz0;

In order to see the full range of spinel compositions, the Fe:Mg ratio has to be taken
into account. Fig. 6.10 shows that the harzburgitic gamets have tie lines to high-Mg
spinels whereas the lherzolitic garnets and clinopyroxenes may be at similar Cr:Al

ratios but are at higher Fe:Mg.
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Figure 6.10: FMACT Tetrahedron with the square spinel plane and the rectangular garnet plane
outlined in thin lines, Black tie lines are harzburgitic samples with garnet-spinel pairs. Grey lines are
therzolitic samples with garnet-spinel-clinopyroxene. Clinopyroxene compositions plot closest to the
MgO apex. o

Cr203

Magnesiochromite

Fe-Knorringite

MgO ™ Mg-Silicate FeO

Figure 6.11: FMCr triangular plot of selected Therzolitic (grey tie lines) and harzburgitic (black tie
lines) sarnples.. All points above the knotringite-Fe-knorringite join are Cr-spinels. The garnets plot in
two clusters with the harzburgitic cluster almost overlapping with the clinopyroxenes which plot
closest to the MgO apex. '

Fig. 6.11 again shows that the harzburgitic spinels have higher MgO contents and

lower Cr,0; contents than lherzolitic spinels. Harzburgitic garnets are less distinct
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from lherzolitic ones but they are high;:r in MgO and on average slightly lower in
Cr,0;, On this graph clinopyroxenes plot very close to garnets so it is most useful for
distinguishing chromites. Orthopyroxene plots at lowest Cr,05 value. Note that
spinels and gamets do not plot on their lines (horizontal tie-lines, Fig. 6.11) because

Al O3 is not considered.

6.4.5 Exsolution and phase relations

The modal proportions of minerals were measured using a 100 pm grid for the
monogranular garnet sample B55, which contains well developed exsolved pyroxene
and spinel. The modal proportion of minerals is as follows: gamet 72 %,
clinopyroxene 18 %, Cr-spinel 9 % and serpentine.l %. The serpentine was treated
as orthopyroxene since it has relict cleavage. These modes were multiplied by the
major element analyses of the constituent minerals to achieve a precise bulk rock

composition using a typical harzburgitic orthopyroxene corhposition (see Table 6.3).

Oxide Si0z | Ti02 | AkO; | Cra0s FeO | MnO | MgO ! CaO | Na;0O | Total | Mode
Gr 30509 | 0.041 | 18941 | 6.408 | 9.412 [ 0628 | 19.505 | 6.059 | 0.027 | 16064 | 7216
Cpx 52.996 | 0.012 | 1693 | 2506 | 2299 ] 0.107 | 17.273 | 20.480 | 1.961 | ©9.38 |- 17.98
Crt 0.066 | 0.498 | 7.825 | 60.337 | 20.877 | 0.426 | 10.010 | €016 | 0.013 | 100.20 8.63
Opx 55.000 | 0.000 | 2000 | 0.000 | 4.000 | 0.000 | 39.000 | ©.000 | 0.000 | 100.00 1.23
‘Bulk 38.783 | 0.075 | 14.672 | 10.284 | 9.057 | 0.509 | 18.523 | B.056 | 0.373 | 100.36

Cations Si Ti Al Cr Fet Mn Mg Ca Na | Total

Bulk :

Cations 2905 | 0004 | 1.205 | 0.609 1 0567 | 0.026 | 20688 | 0647 | 0.027 8.15

Table 6.3: mineral compositions in sample B55, with calculated bulk rock (calculated on a 12 oxygen
basis) composition based on the mineral modes.

The resultant composition is higher in Cr/(Cr+Al) and higher in Ca/(Cat+Fe+Mg).
The weight % oxide values appear to be consistent with a garnet formula in terms of
cations calculated. Therefore the bulk rock composition was calculated as a garnet
(Table 6.3 and Fig. 6.12). Both the overall trend from bulk rock composition to core
to inclusion and the core to inclusion trend can be seen to match well in slope to
simulation [3], which fits with the presence of orthopyroxene (above). Therefore
sliding reactions explain the increase in modal spinel and two pyroxenes in the rocks
and the exsolution texture noted in Chapter 3. This is a process expected to be
ope_rating in many samples but they show a range from partial to nearly complete

annealing of the exsolution textures.
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Figure 6.12: Ca/(CatFet+Mg) vs. Cr/(Cr+Al) plot for B55 ‘bulk rock’ (i.e. bulk sample) composition
(BR). The garnet core and region adjacent to inclusion (inc.) are shown from the actual analyses on
electron probe. Simulation [3] is the steeper reaction line and simulation [2] is the shallower reaction
line. Several other garnet zonation trends are shown from Fig. 6.9 for comparison.

6.5 Surﬁmary

The system CMASCr yields a tetrahedron with apices Fe-Mg chromite, Fe-Mg
spinel, clinopyroxene and orthopyroxene that defines a garnet plane in its interior. In
this plane harzburgitic gamets plot in a field that may be differentiated from
lherzolitic gamets by a dividing line. This line is essentially a clinopyroxene-in/out

line that can be indicated on a gamet Cr-Ca plot.

The system FMACTr yields a tetrahedron with apices FeO, MgO, Cr;0; and Al;O4
which defines the spinel and garnet planes. Harzburgitic gamets and spinels are
differentiated from lherzolitic garnets and spinels by having consistently higher MgO

concentrations and on average lower Cr,O3; concentrations.
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In Cr-spinel-garnet lherzolites, higher Cr and Ca garmets are in equilibrium with
higher-Cr spinels and higher Cr clinopyroxenes. These garnets show compositions
plotting along a general ‘clinopﬁokene—chromite-garnet equilibﬁum’ (CCGQGE) first
noted by Kopylova et al. (2000). Some Cr-spinel-gamet lherzolites show a steeper
trend on a Cr-Ca diagram and these samples plot close to the therzolite line of
Gurney (1984). The zonation profiles in garnets are parallel to these trends because
they reflect progress along the siiding reaction: garnct + forsterite = garnet + spinel .
+ 2 clinopyroxene (simulation [2]) and garnet + forsterite =» garnet + spinel +
orthopyroxene + clinopyroxene (simulation [3]) towards lower P and T. Garnet
zonation trends in Newlands and Bobbejaan samples arc found parallel to the CCGE
trend but displaced to both lower and higher Ca e.g. NEW065 and NEW069 in Fig.
5.3a.

In chromite-garnet harzburgites higher Cr and Ca garnets are in equilibrium with
higher-Cr spinels. The general trend of these gamet compositions plots along a
‘harzburgitic trend’ of bulk rock compositions - a band of compositions of shallow
slope in the harzburgite field of a Cr-Ca diagram is thought to represent a line of
equal pressure. This also conforms to the line of equal pressure represented by the

diamond-graphite constraint of Griitter et al. (2004).

The gamet zonation trends in the harzburgite field are much less Ca-dependent than
for clinopyroxene-bearing samples and reflect the progress of the sliding reaction
gamet + forsterite = garnet + spinel + 2 orthopyroxene (simulation [1]) towards
lower P and T. Samples with higher Ca bulk compoéitions have garnets that are
displaced to higher Ca and have approximatelyfsimilar although a little shallower
zonation trends as would be explained by including small proportions of a

clinopyroxene component in the reaction above (e.g. simulation [3]).

Therefore from the simulations in both harzburgitic and lherzolitic garnets the spinel
controls the Cr/(Cr+Al) ratio and the pyroxenes control the Ca/(Ca+Fe+Mg) ratio.
Since higher Cr spinels'coekist with higher Cr higher Ca gamets, the larger change in
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Cr for the lﬁerzolitic trends is explained by the resultant relative change in
Cr/(Cr+Al) in the reactions. The way that garnet zonation trends change in trend
from steep to those with a positive slope on a Cr/(Cr+Al) vs. Ca/(Ca+Fe+Mg) cation
plot is strongly dependent on bulk pyroxene Ca/(Cat+Fe+Mg).

The sliding reactions rely on an increase in modal spinel and pyroxene in the rocks.
This would conform to the presence of exsolution textures noted in several samples

in Chapter 3 (especially evident in sample B55).
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7. Geothermobarometry

7.1 Objectives

Pressure and temperature (P;T) estimates in Newlands and Bobbejaan samples will
be calculated using appropriate existing geothermometer and geobarometer
formulations from the literature for mineral compositions determined by electron
microprobe (Chapter 5). The relative merits of particular thermometers and
barometers will be assessed in the context of Newlands and Bobbejaan samples. Any
consistent P or T bias for these calibrations will be highlighted. The conformism of
the samples to model geotherms will also be addressed. A new method for measuring
Ni-in-garnet has been developed (see Appendix I, McDade et al., unpubl.) and is
implemented on garnets from 16 samples in order to derive Ni-in-garnet .

thermometry estimates.

The objective of the last part of this chapter is to establish P-T behaviour of the
samples and to identify mineral compbsitional parameters that conform to P-T
trends. The garnet-spinel-2pyroxene-olivine equilibria and the garnet-spinel-
clinopyroxene-olivine equilibria (CCGE of Kopylova et al., 2000) from Chapter 6
Will be related to coexisting mineral compositional parameters and their independent
P-T estimates. The garnet-spinel-orthopyroxene-olivine equilibria identified in
Chapter 6 will be related to harzburgitic P-T estimates and again related to coexisting
mineral compositional parameters. Cr/(Cr+Al) values for coexisting garnet, spinel
(and clinopyroxene where present) _wili be examined and compared to existing

experimental data.

The P-T estimates will be plotted and compared to the constraints shown in Figure
7.1. The diamond-bearing sample (BOB404) identified in Chapter 3 will provide a
clear marker for the diamond stability'ﬁeld. The level of Cr saturation of the minerals
in the samples can be compared to the progressive effect of Cr on the spinel-garnet
transition, which can dramatically increase the stability of spinel from around 10 kb

to a maximum of about 70 kb according to the MCrS stability line of Klemme (2004)
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for a normal cratonic geotherm. Different sets of Cr/(Cr+Al) isopleths have been
experimentally determined for garnet and spinel in MASCr by Malinovsky and
Doroshev (1977), and FMASCr by Gimnis and Brey (1999). Therefore one of the

objectives is to compare the P-T estimates for the samples with Cr/(Cr+Al) isoplleths.
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Figure 7.1: P-T diagram with the graphite-diamond line of Kennedy and Kennedy (1976), the steady
state geotherm for old, cold lithosphere of McKenzie et al. (2005), the spinel-garnet transition for the
CMAS system of O'Neill (1981) and the spinel-garnet transition for MCrS of Klemme (2004). spl =
spinel, opx = orthopyroxene, grt = garnet, ol = olivine, mer = magnesiochromite, en = enstatite, kn =
knorringite, fo = forsterite. Grey box indicates the P-T region shown in Fig. 7.6.

Finally, the Perplex thermodynamic modelling program (Connolly and Petrini, 2002)
will be used to model a range of Newlands and Bobbejaan sample compositions.
These models will then be used to calculate changes in mineral assemblage, mode

and composition with variations in P and T. An appraisal of its success will be made.

.-7.2 Application

Due to the serpentinisation of olivine and orthopyroxene in Newlands and Bobbejaan

samples, it is only garmet, Cr-spinel and clinopyroxene that are available for
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geothermobarometry. This limits the barometers and thermometers to those shown in
Table 7.1. Garnet-spinel equilibria are not shown in this table because the authors
chose not to formulate an algorithm for treating the equilibria as a
geothermobarometer, rather than as a presentation of the particular 1sopleths

generated for their specific experimental systems.

Shorthand | Distribution of Reference .1 o Error
Element/molecule in
mineral(s)
Tegm Deente | Cpx-Grt Ellis and Green (1979) | 50 °C
Tkras Drevy Cpx-Grt Krogh (1988) 50°C
T asoa Dreime Cpx-Grt Ai(1994) 50 °C
Teass Dt Ol-Grt* Canil (1994) 50°C
Teas Dy Ol-Grt* Canil (1999) 30 °C
Tores [Ni] O1-Grt* or Griffin et al. (1989) 50°C
Grt (01)
Tryes [Ni] Grt (O1) Ryan et al. (1996) 50 °C
Troo ag, Cpx (Grt) Nimis and Taylor (2000} 50 °C
Prroo acacets | Cox (Grt) | Nimis and Taylor (2000) | 2.3 kbar
P [Cr,Ca] | Grt(Chr) Griitter et al. (2006) 2 kbar

Table 7.1: Summary of existing geothermometers, geobarometers suitable for use with Newlands and
Bobbejaan samples. The single grain techniques at the bottom of the table assume equilibrium witha
mineral indicated in brackets. 1 & errors are the errors quoted by the authors for replicating
experimental/natural calibration data. The propagation of analytical errors from electron and ion
microprobe technigues used in this project yield additional 1 ¢ errors of < 10°C and < 1 kbar.

** indicates the thermometers where olivine Ni concentrations will have to be assumed in for the case
of Newlands and Bobbejaan samples.

Since garnets are often zoned towards coexisting minerals in the matrix and/or
inclusions (see Chapter 5), care was taken to use analyses close to mineral contacts
for use in geothermobarometric formulations. These locations are most likely to yield
eqﬁilibrium compositions between minerals. Unlike gamet, other minerals as
inclusions in garnet are typically unzoned. Only NEW303 has clinopyroxene both as
an inclusion in garnet and present in the matrix, No samples have both matrix and

inclusion spinel. Garnet is never included in other minerals.

In harzburgites only single-garnet techniques are available. The Cr/Ca barometer of
Griitter et al. ‘(2006) was applied to all harzburgitic samples and the Ni-in-garnet
thermometer of Ryan et al. (1996) applied to those samples analysed for Ni by SIMS.
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Other Ni-in garnet thermometer formulations require knowledge of Ni and Mg in

olivine (Table 7.1) which is not known in Newlands and Bobbe;j aan samples,

therefore application of these uses assumed concentrations in olivine of Ni (3000

ppm) and MgO (40 wt. %) following the suggestion of Griffin et al. (1989). Tros

should be regarded as the most accurately constrained.

In lherzolitic samples, temperatures were calculated based on garnet-clinopyroxene -

Fe-Mg exchange thermometers. Further Ts and, additionally, Ps for these samples

were estimated using the single clinopyroxene geothermobarometer formulation of

Nimis and Taylor (2000). The single-garnet techniques of the Ni-in garnet

thermometer of Ryan et al. (1996) and the C1/Ca barometer of were applied to those

analysed for Ni by SIMS and to all samples analysed by electron microprobe

respectively.

7.3 Results

7.3.1 Analysis of the different P-T formulations

Table 7.2 shows the range in P-T estimates and Fig. 7.2 shows the estimates in P-T

space for the different existing thermometers and barometers. Table I1.4 in Appendix

II has the coexisting mineral compositions for all samples analysed by electron

microprobe.

‘Sample | Tecrs Thes Tags | Pntoo | Tntoo | Taae Tcaa Tros Tcos Pas
NEWO21 1036 1033 937 36 859 26
NEW056 1007 966 914 38 925 27
NEW0O? | 93 | o985 | a8 | 970 27
NEWO7( 1353 1379 1398 40 1210 28
NEWO71 1010 -960 949 50 1220 28
NEW063 1149 1136 1139 50 1150 1091 1067 1105 1064 28
NEWO0B5 1016 1007 9N 40 1000 29
BOB403 973 896 881 45 1120 30

B55 990 932 927 48 1080 908 966 914 949 30
NEW407 [ 883 953 890 934 30
B48 835 924 841 901 30
NEW303 1013 931 809 40 1050 30
cores
186
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Sample | Tecrs Tkes Taga | Pntoo | Twroo | Tess Tcos Tres Tcas Pig
NEWSOS 984 896 864 38 1025 30
rims
NEW303 1006 924 890 37 1010 3
internal
NEWO78 1046 995 979 38 1250 30
BOB402 986 931 929 50 1180 31
NEWD11 1139 1117 1102 42 920 31
BOB3N 7951 N2 888 45 960 3
B44 927 842 803 40 965 32
NEW406 1016 947 920 40 1050 895 960 903 941 32
NEW116 997 842 906 43 1035 32
BOB401 386 939 926 48 1110 804 904 809 879 33
NEWQ79 1097 1060 1099 52 1130 34
NEWQ18 1135 1128 1122 50 1150 35
BOB113 859 939 866 918 37
NEW013 1115 1124 1071 45 1150 7
NEWO51 1049 1020 1004 47 1040 37
NEWQ68 940 986 949 an 38
NEWO0OS 1112 1115 1080 48 1040 ' 38
NEW114 1234 1276 1261 45 1255 1073 1057 1086 1053 40
NEW052 1128 1142 1166 60 1220 41
NEWSP 1118 1128 1082 44 1130 979 1008 930 996 4
NEW101 990 1014 1001 1003 42
NEW029 1140 1123 1107 48 1210 43
NEW107 1104 1073 1063 49 1170 44
NEW4MH 1358 1375 1371 34 1270 45
NEW032 1006 1022 1017 1013 46
NEW074 994 1016 1005 1005 47
B47 996 1017 1007 1007 50
BOB404 1040 1041 1053 1034 53

Table 7.2: P-T estimates for all samples using appropriate geothermometers and geobarometers.
Samples are arranged with increasing Py; pressures (kb) (i.e. essentially increasing Cr/(Cr+Al) in

garnet.
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Figure 7.2: (a) Taws vs. Tegro. (b) Tarws vs. Tkas. (c) Tams vs. Tas. (d) Puroo vS. Pas. (€) Tryss v8. Tassa.
(£) Tayss vs. Tnroo. Dashed lines are 1:1 lines. All data calculated from analysis of garnet-
clinopyroxene pairs from Newlands (filled symbols) and Bobbejaan (open circular symbols) samples.
Boxes show the combined effects of 1 ¢ errors from the thermometer/barometer formulation and
propagated analytical errors.
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Relative to Tajg4, the thermometers Tegre, Tkrss and Tntoo consistently overestimate

temperatures (Fig. 7.2a, b and c, respectively). Tegro estimates are higher particularly

at lower temperatures but in general the differences between Tkrss, Tals and Tegro

are within error. Tajos vs. Tnroo (Fig. 7.2¢) produces a larger scatter due to the latter’s

single grain technique having less compositional constraints. P3g consistently

underestimates pressures relative to Pyrgo (Fig. 7.2d) even though the majority of the

samples are known to be Cr-saturated. This is because the formulation for P3g

suggests that the pressures it generates are a minimum P estimate (Griitter et al.,

2006). The Ni-in-gamnet, single garnet thermometer Tryogg tends to be higher but

within error of T4 and about 100°C low compared to Tnroo (Fig. 7.2¢ and £,

respectively).
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Figure 7.3: P-T estimates for Newlands (small filled circle symbols) and Bobbejaan (large open
circles) samples using (a) Twroo and Pyroo for Iherzolitic samples using single clinopyroxene
compositions. (b) P-T estimates for harzburgites and lherzolites using single garnet techniques of
Tryss and Pa;. Ervors in the formulations are shown in Table 7.1. Propagated analytical errors are
contained within the size of the symbols i.e. < 10°C and < 1 kb. The combined 1o error is shown as a
box for the particular formulations. The steady state geotherm of McKenzie et al. (2005) is shown as
the thin long dashed line and the conductive geotherm for a heat flow of 40mW/m’ is shown from

Pollack and Chapman (1977) as the thin dashed line.
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" Geothermometet/barometer | Estimates Range (no. .
‘ of samples) : |
Ellis and Green (1979) 927-1373°C (30) .
Krogh (1988) 842-1379°C (30)
Ai (1994) 803-1400°C (30) ’
Canil (1994) 904-1067°C (16)
Canil (1999) §79-1064°C (16)
Griffin et al. (1989) 804-1091°C (16)
Ryan et al. (1996) 809-1064°C (16)
Nimis and Taylor {2000) 859-1270°C (30)
Nimis and Taylor (2000) 34-60 kb (30)
Griitter et al. (2006) 26-53 kb (72)

Table 7.3: Range in pressure and temperature estimates for Newlands and Bobbéjaan samples.

Newlands and Bobbejaan samples plot close to the continental conductive-
convective geothénn of McKenzie et al. (2005) for old continental lithosphere and
close to a 40 mW/m? conductive geotherm of Pollack and Chapman (1977). The
conductive-convective geotherm is favoured relative to the conductive geotherm,
because it takes into account the effects of convection below the lithosphere
(McKenzie, 1989) and also the influence of temperature upon conduction. Fig. 7.3a
and b show that the P-T estimates produce a relatively cool array when compared to
the conductive-convective geotherm, but this is at slightly higher temperatures than
the data from Menzies (2001) who reports Newlands xenoliths conforming to a 38

mW/m? conductive geotherm,

The majority of samples correspond to the medium-T xenoliths with few falling
below 900°C or above 1100°C. The few high-T lherzolites that are present do not
have a correspondingly high pressure and also do not have a deformed texture as is

commonly observed in other xenolith suites from kimberlite (Harté, 1983).

A few high temperature estimates are generated from particular samples. For
example, NEW114, NEWSP, NEW070 and NEW401 all produce T estimates >
1100°C using most grt-cpx and single clinopyroxene techniques. The Ty; techniques
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do not yield such high temperatures (they are closer to 1000°C) with NEW114 being
close to 1100°C, but still below that of the grt-cpx Fe-Mg exchange thermometers.

Sample NEW303 has both matrix and inclusion clinopyroxene present and shows
that a core garnet and core clinopyroxene vield a higher P and T estimate compared
to the rims. The internal re-equilibration P and T is lower according to Pyroe and
Trro0 but the temperature is intermediate according to the clinopyroxene-garnet Fe-
Mg exchange thermometers. Analyses in other samples from the cores of garnets
(instead of the contact with their particular inclusion) and using the analyses of
inclusion clinopyroxenes in the same samples yield Fe-Mg garnet-clinopyroxene
temperature estimates consistently a little higher (1-2°C) but within error of those

~ calculated from rim analyses. These estimates are not reliable since the garnet core is
not thought to be in equilibrium with coexisting inclusion clinopyroxenes. This 1s
because thé gamet is commonly zoned towards coexisting minerals in the way
described in Chapter 5. However the higher-T at the core is thought to indicate the
direction of the change to higher P-T.

Fig. 7.4a and d show that Ca content of clinopyroxenes is negatively correlated to T,
whereas for garnet it appears positively correlated when using Taa, but has a highly
scattered relationship with Tntoe. The higher Ti gamets plot at Ca/(CatFet+tMg) > 0.2
and form the higher T samples in Fig. 7.4a. All phases show a positive correlation
between T and Cr/(Cr+Al) (Fig. 7.4b), especially when disrégarding the minerals
from samples at anomalouély high temperatures (> 1300°C for Tas and > 1120 °C -
for Tntoo). Fig. 7.4¢ and f show that it is only clinopyroxene that has a negative
correlation between T and Mg/(Mg+Fe), whereas garnet and spinel do not show any
clear re{ationship. The high T sainples (above the lines drawn in Fig. 7.4) tend to
have garnets, clinopyroxenes and spinels higher in Ti and, additionally,

clinopyroxenes and spinels higher in Mn.
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7.3.2 Garnet, spinel and clinopyroxene compositions in lherzolites
compared to P-T estimates '
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Figure 7.4: Taq (a-c), Tyroe (d-f) and Pyrgo (g-1) estimates for lherzolitic samples with the constituent
mineral compositions ploited. Garnets (diamond symbols), spinels {square symbols) and
clinopyroxenes (triangle symbols) are compared-to cation ratios Ca/(Ca+Fe+Mg) (a, d, g}, Cr/(Cr+Al)
(b, e, h) and Mg/(Mg+Fe) (¢, {, 1). Temperatures above which there is a high scatter in data are shown
with a horizontal line. In each diagram the core (solid circle symbols), rim (open circle symbols) and
inclusion contacts (open square symbols) are shown for the garnet (in black) and clinopyroxene (in
grey) from sample NEW303 which was able to generate these three P-T estimates in a single sample.

Two trends are observable when comparing cation ratios to pressure: Firstly a
negative clinopyroxene vs. Ca/(Ca+Fe+Mg) trend (Fig. 7.4g); and secondly, positive
trends for all minerals with Cr/(Cr+Al) (Fig. 7.4h). The Mg/(Mg+Fe) cation ratio in
minerals is not related to Pyrgp tFig. 7.41). This would be expected since Fe-Mg
exchange is generally known to have a low AV, and hence much more T-dependent

than P-dependent.
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The compositions of the clinopyroxenes and garnets close to the core, rim and
inclusion do not diverge from the trends in Fig. 7.4a-f. Therefore it is not expected
that significant metasomatism is responsible for the core-rim external zonation in this
sample. Therefore it is likely to be P-T effects that have produced the differences in
composition within garnets and clinopyroxenes in the sample. Using the barometer
and thermometer formulations of Nimis and Taylor (2000), consistent down P-T
modification from core to rim to internal inclusion re-equilibration is shown. In terms
of temperature the only difference with garnet-clinopyroxene Fe-Mg thermometry is

that the rim compositions are calculated at a higher temperature than the core.

7.3.3 Garnet-spinel compositions in Iherzolites and harzburgites and their
relation to P-T

Experimental studies in MASCr and CMASCr show that coexisting garnet and spinel
compositions both increase in Cr/(Cr+Al) as pressure increases (Fig. 7.5). The effect

of Ca is to increase garnet and spinel Cr concentrations for a given pressure.
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Figure 7.5: Pressure-composition section at T = 1200°C reproduced from Griitter et al. (2006).
Summarising experimental studies of, Webb and Wood (1986) (Iherzolitic data modified at low
Cr/(Cr+Al) to account for experiments by Nickel (1986), Irifune (1985) (harzburgitic data) and
Gasparik (2000) (harzburgitic and lherzolitic Cr-free datapoints, conforming to the original study of
O’Neill, 1981).

Malinovsky and Doroshev (1977) use experimental constraints to show that, for

peridotitic garnet compositions, the pyrope-knorringite composition is strongly
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pressure dependent (an increase of ~10 kb for 10% Cr/(Cr+Al) in MASCr system.
These authors also note a slight effect of Ca on pressure which is utilised by Griitter
et al. (2006) to formulate the ‘P38’ single-garnet Cr/Ca barometer. Gimis and Brey
(1999) provide isopleths for the FMASCr system. Fig. 7.6 shows tl;le garnet and
spinel isopleths Girnis and Brey (1999) and the range in P-T estimates gained in
Newlands and Bobbejaan samples. The isopleths of Girnis and Brey (1999) are
preferred because they ‘anticipate’ the Cr/(Cr+Al) = 1 line for the spinel-garnet
transition of Klemme (2004). Note the highly pressure-sensitive nature of the garnet

isopleths especially along the model geotherm line.
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Figure 7.6: Isopleths of Cr/(Cr+Al) ratios in garnet (circles, white numbering, grey dashed lines) and
spinel (squares, black numbering, thin grey lines), from Girnis and Brey (1999). Shaded grey area
denotes the range in P-T estimatcs for Newlands and Bobbejaan samples essentially defined by
Iherzolitic samples using Tnroo-Puroe. Other P-T lines as for Fig. 7.1.

The isopleths for both garnet and spinel increase in Cr/(Cr+Al) with both Pand T
(Fig. 7.6). Fig. 7.7 shows that there is a general trend for the Newlands and

Bobbejaan spinel-garnet pairs to behave in this way since their independently
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estimated Ps and Ts increase in Cr/(Cr+Al). The exact Cr/(Cr+Al) values for gamet
and spinel are, in general, too high when compared with the isopleths, but this is
expected since the Girnis and Brey (1999) data is for the Ca-free systems. The high-
Ca samples shown have especially elevated garnet and spinel Cr/(Cr+Al) for their
particular P-T estimates (see Fig. 7.7).
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Figure 7.7: Pyroo-T nroo estimates for a selection of lherzolitic samples (grey boxes) and Ty; estimates
for one diamond-bearing and one high pressure (Ps;) harzburgitic sample (boxes outlined in black)
that have been placed into the diamond stability field. Coexisting spinel (black) and garnet (white)
Cr/(Cr+Al) values are shown in these boxes with ‘Ca’ denoting especially Ca-rich garnets with CaO >
7 wt. %. Grey rectangles are proportioned according to 1o errors quoted for the geothermometer or
geobarometer used. The isopleths of Gimis and Brey (1999} are shown for garnet as grey circles
(white numbering) and for spinels as grey squares (black numbering). The McKenzie et al. (2005)
continental geotherm is the bold dashed line.

Spinel in mbst samples has Cr/(Cr+Al) approximately 5 % units higher than the
Girnis and Brey (1999) isopleths. Garnet is generally 10 % higher. NEW114 (the
most extreme Cr and Ca enriched garnet of the samples) has its spinel Cr/(Cr+Al) 10
% units high and its garnet 20 % high relative to the isopleths shown in Fig. 7.6. The
low pressure samples which have lower Cr/(Cr+ALl) for both garnet and spinel,
adhere to the isopleths most closely. The general trend in Table 7.2 indicates that as
one increases Cr>Qj; in garnet (i.e. P3g value) so the pressure and temperature increase

in other barometers and thermometers.
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Figure 7.8: Spinel vs. garnet Cr/(Cr+Al) plot with isotherms (dashed lines at 100°C intervals, labelled
every 200°C) and isobars (solid lines labelled at every 5 kbar interval) from Girnis and Brey (1999).
Coexisting garnets and spinels from Newlands and Bobbejaan samples are plotted with those having
high-Ti spinels shown as open squares (Ti > 1 wt. %). 1 o analytical errors for Cr/(Cr+Al) are within
the size of the symbols shown. ‘X’s represent the McKenzie et al. (2005) geotherm according to the
isobars and isotherms shown,

Fig. 7.8 shows Cr/(Cr+Al) for coexisting garnet and spinel in relation to isobars and
isotherms derived from Girnis and Brey (1999). Discounting the high-Ti spinel
bearing samples (open square symbols in Fig. 7.8) the garnet-spinel pairs plot in a
linear trend from Cr/(Cr+Al) values of (0.15grt, 0.8spl) to (0.4grt, 0.9spl). Data from
Ménzies (2001) from Newlands overlaps with data from this study. The spread of the
increasing Cr/(Cr+Al) values with P and T in Fig. 7.8 correspond well with that
expected along a geotherm (‘X’s in Fig. 7.8).
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Figure 7.9: As for Fig. 7.8 but just for the Cr/(Cr+Al) values that bracket the Newlands and Bobbejaan
samples. Bold black dashed line is diamond-graphite line according to the isotherms and isobars. Bold
grey dashed line (at higher spinel Cr/(Cr+Al)) is the diamond-graphite line according to the
independent P-T estimates for the Newlands and Bobbejaan samples from earlier in this chapter.
Filled black diamond symbols are low-Ti harzburgites, filled black triangle symbols are low-Ti
lherzolites, open grey diamond symbols are high-Ti harzburgites and open grey triangle symbols are
high-Ti lherzolites. See text for further discussion.

Fig. 7.9 shows the data from Fig. 7.8 with the diamond-graphite line according to the
Girnis and Brey (1999) isobars and isotherms. Using P-T estimates from the
Newlands and Bobbejaan samples a diamond graphite line is that is at clevated
garnet and spinel Cr/(Cr+Al) based on independent P-T estimates as shown. The
diamond bearing sample BOB404 is the sample that plots the furthest across (on the

high-P side) the diamond graphite lines shown.

The distribution of Cr between clinopyroxene and coexisting garnet and spinel is
illustrated in Fig. 7.10(a and b respecti'vely). Both garnet vs. clinopyroxene and
spinel vs. clinopyroxene Cr/(Cr+Al) form a positivé slope. Therefore clinopyroxenc-
garnet and clinopyrbxene-spinel Cr partitioning appears to be pressure and
temperature dependent in a similar way to gamet-spinel. Samples with high-Ti spinel

overlap with low Ti spinel samples but they tend to make up the majority of the
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points that plot away from the general trend. Other outliers (i.e. black filled squares -
away from the general trends in Fig. 7.10) tend to have the highest Ti and Mn
concentration in their clinopyroxene. The high Ti in these clinopyroxenes are likely

to explain their departure (vertically on the graphs in Fig.-7.10) from the Cr-, Al-

based trends. .
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Figure 7.10: Cr/(Cr+A1) ratios for coexisting cpx—grt (a) and cpx-spl (b). Open square symbols are for
samples with a coexisting high-Ti spinel.

7.3.4 Tiin coexisting phases and its relation to P-T

Figures 7.9 and 7.10 indicate that the presence of Ti in spinel at > 1 wt. % tends to
draw samples away from mineral-mineral Cr/(Cr+Al) trends. Coexisting garnet-
spinel, gamet-clinopyroxene and clinopyroxene-spinel are positively correlated (Fig.
7.11a-¢) with gamet-clinopyrbxeﬁe having the most scatter. Fig. 7.11d shows that the
Ti content of each mineral is positively correlated with Twi. The diamondiferous

sample BOB404 lies far away from this trend in terms of its low spinel and garnet Ti
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concentration. One mechanism for generating a range of Ti concentrations is the

introduction of Ti-rich metasomatic fluids which are expected from studies such as

Griffin et al. (1999b). This implies that the minerals in some samples have not

equilibrated with a metasomatic fluid. Sc, Y and Zr behave in a similar way to Ti

except they partition into garnet > clinopyroxene > spinel and have successively

weaker correlation with Ty;. (Data can be found in Supplefncntary CD, Appendix

VD).
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Figure 7.11: (a) coexisting spinel vs. garnet Ti concentration, (b) coexisting clinopyroxene vs. garnet
Ti concentration and (c) coexisting spinel vs. clinopyroxene Ti concentrations (Ti concentrations from
SIMS). (d)Ti vs. Tniry for coexisting minerals. See text for discussion.
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An alternative explanation for the increasing Ti with Ty; is that, according to the |
sliding reaction simulation [2], in Chapter 6, one would expect more dissolved spinel
within the garnet at high Cr/(Cr+Al) and Ca/(Ca+Mg-+Fe) (1.e. highef P and T),
hence higher Ti in gamet. Fig. 5.4a shows that the high-Cr, high-Ca lherzolitic
samples (¢.g. NEW114, NEWSP) have the highest Ti concentrations. This
explanation relies on there being high Ti concentrations in spinel, and where there is
not then a low Ti garnet and coexisting spinel would occur like that described for

BOB404.

7.4 ‘Pekplex’ Computations

‘Perplex’ is a collection of Fortran programs (http://www.perplex.ethz.ch/) that
calculates petrological phase equilibria (Connolly, 1990; Connolly and Petrini,

2002). The latest database includes the thermodynamic data of Holland and Powell
(1998) and Cr-end member spinels and gamets (e.g. magnesiochromite from
Klemme, 2004). This allows Cr-rich peridotitic bulk rock compositions like those of
the Newlands and Bobbejaan samples in this study to be modeled thermodynamically
in systems with 3-5 phases and 6-7 components for the first time (Klemme pers.

comm.).

BOB402 and B47 were selected for preliminary analysis with the Perplex program in
order to predict how bulk rock compositions, modal mineralogy and mineral
chemistry are expected to vary with changes in P and T. In order to estimate their
bulk rock compositions accurately, the modes were multiplied by weight % values
for minerals. These two samples are large enough so that modes are more accurately

known compared to many Newlands and Bobbejaan samfales.

The system CFMASCrNa was used with Fe-chromite as an excluded phase. A phase
diagram was generated for each sample and then down P and down T transects were
made examining changes in gammet and spinel Cr,O3 concentrations, garnet CaO
compositions and the modal abundance of olivine, orthopyroxene, clinopyroxene,

garnet and spinel. P and T were input initially according to the P-T estimate of the
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particular sample (see earlier). The resultant assemblage, mineral modes and mineral
compositions were calculated and compared to the modes and compositions of the
natural data. BOB402 was modeled relatively successfully with Cr;O3 wt. % a little
low in garnet and a little high in spinel. Other estimates were + 1 wt. % and the
 modes were within 2 % of those input. Contour plots were made to check for the
calculated variation in modal abundances and mineral compositions with pressure

(20-60 kb) and temperature (1073-1673 K).

For the bulk composition of BOB402 the following features were noted:

1. The phase diagram (Fig. 7.12a) shows a change in assemblage from the 4-
phase grt + ol + spl + cpx at high pressures and temperatures (> 1200°C and
45 kb) to the 5-phase grt + ol + spl + cpx + opx. An olivine-out line occurs at

very low pressurés (< 20 kb). The garnet out line is at very low P and high T.

2. TheP, T, assemblage, modal abundance and mineral composition of minerals
is approximated to = 5 % of the natural data when the P-T estimate for

BOB402 was input (using Tnroo and Prroo)-

3. The measured garnet zonation trend in the sample is parallel to the trend
calculated for the down P-T path through the 4-phase assemblage (high P
region in Fig. 7.12a, see point 1). This is also parallel to the CCGE trend’ and
simulation [2] (Chapter 6). Fig. 7.13 shows how a purely isothermal
decompression'path produces a trend that is too steep, therefore a
combination of decreasing P and T from about 1200°C, 40 kb to 900°C, 30
kb is required.

4. As one goes down P-T the modal abundance of spinel and the two pyroxenes

go up at the expense of olivine and garnet (Fig. 7.14a). This is expected since

' Sample B55 has a calculated zonation trend parallel to the down P-T path through the 5-phase
assemblage in (1) (e.g. B55). This is also parallel to the Therzolite line and simulation {3] (chapter 6).
The strongly exsolved sample B55 is modeled particularly well (possibly due to accurate modes being
known) and is located along the trend parallel to simulation [3] as shown in Fig. 6.12 (Chapter 6). Ps
and Ts generated would suggest an isothermal decompression path from 30 to 27 kb or an isobaric
cooling path from 1100 to 1000 °C. However, if the bulk rock composition is calculated as a single
garnet crystal (i.e. the situation prior to exsolution, Fig. 6.12) then pressures > 50 kb and temperatures
> 1200°C are derived.
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with lower pressures the garnet-spinel transition reaction (i.e. reaction (3),

Chapter 6) favours spinel and pyroxene rather than garnet and olivine.

5. Crisopleths in spinel show a shallow but pbsitive P-T slope (7.12¢).
Cr/(Cr+Al) compositions of spinel at higher pressure are therefore higher and
this correlates to lower modal spinel as one moves further away from the Cr-

free spinel-garnet transition reaction.

6. 'Garnet has increasing Cr concentrations at higher pressures and higher
temperatures with a negative P-T slope (Fig. 7.12¢). This corresponds with

the increase in modal garnet (Fig. 7.14a).

7. At high P and T Ca-in-garnet isopleths also have a ncgativé P-T slope (Fig‘.
7.12¢).

The harzburgitic B47 bulk composition produces the same kinds of features except
with no clinopyroxene present (orthopyroxene is in its place, see F ig. 7.12b).
Therefore the model successfully predicts the assemblage and it approximates modes
to + 5%. It is a Na-free, CFMASCr system since the model only allows for Na in
clinopyroxene. The zonation trend in garnet down P and T is close to being |
coincident with the actual measured Cr and Ca compositions (Fig. 7.13) and is
sUggesﬁve of 60-55 kb decompression or 1450 to 1400°C cooling. The trend is not
exactly parallel possibly because of the effect of small quantities of Ca in
orthopyroxene that are not taken into account in the model. Modes change in a
similar fashion to BOB402 (Fig. 7.14b) with orthopyroxene having a higher rate of
change since there is no clinopyroxene present (‘2 orthopyroxene’ in reaction (2a),
Chapter 6). Garnet compositions are stationary at high P and T when in the spinel-

‘absent field as shown in Fig. 7.13d.
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Figure 7.12: Phase diagrams generated from Perplex for bulk rock compositions BOB402 (a) and B47
(b). Ol = olivine, Spl = spinel, Grt = gamet, Cpx = clinopyroxene, Opx = Orthopyroxene, -Of =
olivine out, -Grt = garnet out. Isopleth plots generated from Perplex for bulk rock compositions
BOB402 (c) and B47 (d}. Garnet Cr/(Cr+Al) is shown in white in a circle symbol with dashed lines,
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Overall the modelled zonation trends would suggest that the samples have undergone
a pressure decrease of approximately 5 kb with a small (~50°C drop) temperature
component. Since high Cr and Ca garnets coexist with higher Cr spinels (see Chapter
6), the Iherzolitic samples have larger compositional variation per unit P and T. This
is because higher Cr spinel is being formed in the high Cr, high Ca lherzolitic
samples as one travels down P and T and so the gamnet composition has to respond
more dramatically to compensate for this. Perplex can be used to model a wide range
of bulk rock compositions and can generate Cr and Ca isopleths for garnet spinel and

clinopyroxene in P-T space.

7.5 Conclusions

The important points that have emerged from geothermobarometric considerations

are as follows:

1. P-T estimates from garnet adjacent to its inclusions and the inclusions that are
adjacent to the host garnet are expected to have close to equilibrium
compositions. This is justified by the compositional plots in Chapter 6 where
parallel tie lines between coexisting minerals are produced when plotting
garnet compositions adjacent to, rather than away from, inclusions. Apart
from a few high temperature samples, the P-T estimates themselves are
suggestive of equilibrium since they form a relatively continuous spread of

data (Fig. 7.3)

2. Using garnet compositions away from inclusions (in the interior of the garnet)
yields temperatures consistently 1-2°C higher than garnet adjacent to
inclusions. The one sample with clinopyroxene both in the matrix and as an
inclusion in garnet suggests that carly (i.e. core) matrix P and T was higher
than later (i.e. rim) matrix P and T. The internal re-equilibration between
garnet and clinopyroxenc (as an inclusion in garnet) has a lower P-T than
both of the matrix estimates according Pnroo and Ty and an intermediate
temperature between the two matrix estimates according to garnet-

clinopyroxene Fe-Mg exchange thermometers.
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3. P-T estimates for Newlands and Bobbejaan lherzolites range from 803-
1400°C, 30-60 kbar using the formulations of Nimis and Taylor (2000). The
estimates conform to a relatively ‘cold’ continental geotherm compared to

- McKenzie et al. (2005), and equivalent to a 40 mW/m’ conductive geotherm
of Pollack and Chapman (1977). However fhe estimates are higher T than
those noted by Menzies (2001) for Newlands xenoliths. Bobbejaan samples
on average yield slightly lower Ts. ‘

4. Temperature estimates using garnet-clinopyroxene Fe-Mg exchange
thermometers produce lower T estimates than the Ca-Mg-Fe based pyroxene
solvus thermometer used in Tntog. This seems to be due to slower Ca

diffusion in gamet and clinopyroxene (see Chapter 8).

5. Psg single-gamet pressures are consistently low compared to Pnroo and
Perplex models. Ni-in—garnet thermometry tends to underestimate
temperatures relative to Tnroo. Again this is thought to be because Ca

diffusion in minerals is slower than, in this case, Ni-Mg exchange.

6. Harzburgitic samples tend to yield Tyiry temperatures that are narrower in
range (841-1053°C) and cooler than the lherzolitic samples (859-1270°C).
Unlike the major elements, Ni in garnets from Newlands and Bobbejaan
samples is not zoned along the same core to inclusion directions that the
major elements are. Since Ni is strongly temperature dependent this would
indicate that the major element zonation trends are likely to be predominantly
down P re-equilibration with inclusions. However the diffusion coefficient
for Ni in garnet is not well known and may be sluggish compared to Ca-Mg,

so this interpretation is uncertain.

7. Coexisting gamets and spinels have higher Cr/(Cr+Al) at higher Ps and Ts.
This spread of data appears to conform to a geotherm that intersects the
' graphite diamond line. A consequence of this is that lherzolitic garnet
zonation trénds are longer than those of harzburgitic garnets, since lherzolite
garnet Cr /(Cr+Al) decreases more rapidly as it compensates for the

generation of the higher Cr Cr-spinel.

-
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8. The effect of increasing Ca in garnet is to increase Cr/(Cr+Al) for garnet and

its coexisting spinel at a given P and T.

9, C‘on'lposition vs. P-T estimates in samples (and in Perplex models of samples)
correlate with garnet-spinel Cr/(Cr+Al) trends expected from the
experimental data of Girnis and Brey (1999) for the system FMASCr.
However, consistent differences exist with actual garnet and spiﬁel
Cr/(Cr+Al) compositions being higher than those predicted for a given P and
T. This is readily related to the absent Ca component in the Girnis and Brey
(1999) experiments (Fig. 7.6). Therefore different isopleths are required for

different bulk rock compositions.

10. According to calculations of garnet compositions using the thermodynamic
model ‘Perplex’, garnet zonation trends correspond to down P and T re-
equilibration. This correlates with increasing modal spinel and pyroxene and
decreasing Cr/(Cr+Al) in spinel and conforms to reactions 2a and 3 and
simulations [1-3] in Chapfer 6. Isothermal decompression and isobaric
cooling have similar (but not coincident) compositional traj ectoﬁes in
garnets. Internal and external zonation in sample BOB402 plots with a
trajectory in between ITD and IBC trajectories indicative of a down-geotherm |

P-T path.

11. Relatively successful equilibrium thermodynamic modelling using Perplex is
also evidence for the internal garnet zonation trends being the result of an

equilibration process of garnet with its inclusions.

The main question emerging from this chapter is: What is the cause of the
decompression and cooling documented? Isobaric cooling is difficult to envision for

the lower mantle lithosphere. Several options may be considered:

e Plate tectonics-driven lithospheric compression leading to uplift and erosion
and removal of the uppermost lithosphere in a mountain building process.
Initially, increasing pressure would be expected, but the samples do not
preserve evidence for this. The unroofing and decompression could occur

relatively quickly (millions of years timescale) with cooling onto a geotherm
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ensuing at a slower rate. According to P-T estimates at least 15 km would

have to be eroded.

¢ Lithospheric stretching: This process would cause initial isothermal
decompression and subsequent cooling onto the adiabat. A beta-factor of 1.05
would have to be applied as pure shear to the whole lithosphere however
which is mechanically difficult to achieve without an element of simple
shear. This model does not correspond to the Archaean crustal history
envisioned for the Kaapvaal craton according to De Wit et al. (1992). This
would also lead to kinks on the zonation trajectories as indicated by the

different ITD and IBC trends éhown on Fig. 7.13.

+ Convective mantle movement: this would require material being trapped in
overturning mantle and subsequently being heated to temperatures >1400°C,

before cooling along an adiabatic geotherm.

¢ Partial cruption (not necessarity kimberlite related): This process would
transport material upwards (decompression) and heat it up in a magmatic
system. Then the frozen eruption would cool to a geotherm. This process is
indicated on a small scale in polymict peridotites, but in these spectmens is

accompanied by much melt metasomatism (Morfi, 2001).

s Kimberlite eruption:; This process would also be difficult to conceive
applying to the samples in question because of the extent that crystal zonation
is seen: Other xenolith suites from the Newlands and Bobbejaan kimberlites

do not show evidence for such a marked P-T re-equilibration.

These options are in order of speed with kimberlite being the fastest mechanism
to transport material upwards. Therefore, one needs to document the time interval

over which P-T change is occurring. This is dealt with in Chapter 8.
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8. Garnet major element diffusion

8.1 Introduction

In this chapter an appraisal of the conformism of the Newlands and Bobbejaan
garnets to diffusion-controlled processes shall be made. Diffusion principles in
geological materials are takén from Doldson (1973), Lasaga (1978) and Philbert
(1985) who also provide the shapes of experimentally geherated diffusion curves
which are used in this chapter to simulate diffusion profiles for the variety of

zonation ¢ircumstances described in Chapter 5.

In order to quantify the spatial data for chemical zonation seen in profiles and X-ray
maps, the profiles must firstly be assessed as to their mode and scale of zonation.
Therefore internal and external zonations are considered and, where identifiable,
.given a minimum length scale over which the zonation operates (few samples have a
maximum léngth identifiable). The length scales are minima because diffusion may
have removed evidence of original composition or the sample may not contain the
entire distance of zonation present in the original rock (i.e. it may comprise a non-
complete garmet crystal disrupted by kimberlite magma or mining activity).
Conversely, the electron microprobe traverses may be oblique to the direction of
maximum Zonation gradient both on the analysis surface and as the analysis surface
intersects the sample in 3D, both of which produce exaggerated length scales. This
last point is assumed to be effectively negligible because care was taken to make
traverses parallel to maximum chemical concentration gradient. However, this data is
treated with caution and used only to establish general trends and to make general

predictions.

Fig. 8.1 illustrates the different profiles obtained by clectron microprobe traverses
depending upon whether there is a maximum inner core composition present (inner
flat) and/or a known location of matrix or inclusion (the interface for diffusion).
When none of these are present there is gradual change across the whole profile and

“only a minimum zonation distance is established. Zonation towards inclusions
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(internal) as well as zonation towards matrix (external) are considered so the ‘inner
flats’ are termed internal inner flat and external inner flat in order to be explicit (see

table 8.2). '

A ‘ ‘ L

(a) Gradual change

(b} Gradual change with
known location of
inclusion/matrix

() Innear fiat

Cation concentration

(d} tnner flat with
known location of
inclusion/matrix

(2} Rim growth with outer and
inner flat garnet matrix effect
(nate inter-diffusion inflection paint)

() Rim growth with rim-matrix diffusion
and gradual change
{note inter-diffusion inflection paint)

Distance (x)

Figure 8.1: 6 Profile types observed for garnet external zonations in Newlands and Bobbejaan
samples. Measurements for the zonation length scales are shown by doubly terminating arrows where
dashed lines represent minimum distances and thin solid lines are maximum distances. Therefore the
presence of an inner flat and knowledge of the location of the matrix are required for the maximum
distance to be measured. Profiles (a) to (d) are applicable to internal zonations where an inclusion
replaces the matrix as the medium the garnet is diffusing with. Profiles (e) and (f) represent a garnet
with different initial core and rim compositions, where (€} has a rim in eguilibrium with the matrix
and an original inner core composition preserved and (f) has been affected by core-rim inter-diffusion
and also rim-matrix diffusion so that there is gradual change in composition over the entire length of
the profile (see Fig. 8.2 (b) t3).

Fig. 8.2 (a) shows the progressive evolution of ideal diffusion profile shapes for a

case of external diffusion-controlled zonation occurring in a homogeneous garnet

with a fixed matrix composition. The profile shape may also be applied to internal
zonation situations where the matrix-garnet contact becomes an inclusion-gamet

contact. Fig. 8.2 (b) shows the situation for an initially heterogeneous garnet;
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— Gamet composition in equilibrium with matrix
L. Garnet compasition in equilibrium with matrix
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Figure 8.2: Tllustration of the hypothetical evolution of diffusion profiles for end-member
circumstances present in Newlands and Bobbejaan gamet-rich samples. The y-axis represents
concentration of a cation in the gamet matrix where the equilibrium concentration in garnet is lower
than the initial concentration. All diagrams may be flipped vertically (when upright) to illustrate the
situation for the cation(s) exchanging in the opposite sense to that shown (i.e. where gamet has an
initial equilibrium composition with the matrix higher than its initial concentration). The x-axis is
distance along a traverse. (a) Homogeneous spherical garnet crystal where to is time zero when the
garnet is instantaneously grown and placed into a matrix of non-equilibrium composition. The matrix
is hypothetically infinite and has a high flux of cations so that no transient profile is built up in the
matrix and the matrix composition remains the same from ty-ts. The time at which the entire gamet
attains equilibrium composition with the matrix is ts. (b) As for (a) but with a zoned spherical garnet
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crystal with sharply defined initial rim compositions at higher concentrations than the core. Note the
garnet inter-diffusion occurrence between core and rim regions contemporaneous with garnet-matrix
diffusion, which produces an inflection point in the profile (t; and t,). The potential situations at t,.s
are essentially indistinguishable from t; 5 in (a) since there is no ‘flat’ present. ’

~ 8.1.1 Diffusion coefficient values

Experimental work by many authors (e.g. Elphick et al., 1985; Freer and Edwérds,
1999; Chakraborty and Rubie, 1996; Ganguly et al. 1998) have derived diffusion
coefficient values for a relatively narrow compositional range of pyrope-almandine
garnets at a variety of pressures and temperatures. Table 8.1 summarises this data for
garnets highlighting the 5 orders of magnitude over which the diffusion coefficient is
calculated in different studies. Fig. 8.3 shows the data on an Arrhenius plot "
indicating how the diffusion coefficient varies over a temperature range with
experiments carried out at a variety of pressures. Freer and Edwards (1999) describe
the variation of diffusion coefficient in gamet for Fe, Mg and Ca with preésure: a20
kb increase in pressure appears to be responsible for a drop by one order of
magnitude of the diffusion coefficient. Therefore, given the wide range of measured
diffusion coefficients, the differences in pressure between the experiments is not
significant. Cygan and Lasaga (1985) provide a low temperature dataset for

comparison.

The almandine-pyrope-grossular composition is known to have a significant effect
on the diffusion coefficient but there are no obvious general trends to highlight. The
majority of experiments are carried out on close to AlmsoPypso compositions except

where stated in Table 8.1.
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Temp. Pressure Elements Diffusion Ea (Q) Author
coefficient
950°C 40 kb Fe-Mginter- { 1x 10%'m’/s 33440 | Elphick etal.
‘ diffusion - {extrapolated) kJ/mol (1985)
"1000°C 30 kb Fe, Ca self 1x 10 "m%s 270.4+1 | Freer and Edwards
dependence - ]9(12; 1 (1999)
is: 20 kb = 1 me
order mag D
change
1150°C 30 kb Fe-Mg inter- 1% 10"*m%s 132445 | Freer (1979)
diffusion kY/mol
1100°C 8.5 GPafit | Mnself 1x 10" " m%s Chakraborty and
1100°C Fo& Mgself | 1x10%mls | 226a21 | Rubie(1996)
k}/mol
1200°C 10 kb Fe, Mg, Ca, 1x10% to 254282 | Ganguly et al.
Mn self 1x lo_nmzl,s 72442 (1 998)
kJ/mol
1432°C 38 kb Mg self 4% 10"%m%s 2544282 | Ganguly et al.
Fe Caself | 2x107mys . | 242 [ (19%8)
’ kJ/mol
1000°C 1 atm Mg self *5x 10®m%s | 155+10 | Schwandtetal.
- kI/mol | (1995)
850°C 2 kb Mg self 1x 10" m%s 239+16 | Cygan and Lasaga
: kl/mol | (1985)
1200°C 3.5 GPa Fe-Mg inter 1x 10""m%/s 284 36 | Chakraborty and
kcal/mol | Ganguly (1992)

Table 8.1: Summary of diffusion coefficients from experimental studies for almandine-pyrope garnets

in the literature (* measured in pyrope garnet). Errors are usually in the range of ¥ of an order of
magnitude. Figure 8.3 illustrates this data in graphical form with an indication of values attained to
higher and lower temperatures. Ea (sometimes referred to as ‘Q’ in the literature) is the activation
energy and affects the slope of the line in Fig. 8.3.
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]
b
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1/T (K} x 10,000 )

- Freer & Edwards (1899) Fe-Mg-Ca 3 GPa
Ganguly et al. 21998) Fe 3.8 GPa
Ganguly et al. (1898) Mg 3.8 GPa
— — -Chakraborty and Rubie (1996) Fe-Mg 8.5 Gpa
= = «Chakraborty & Gan%uly (1992) Fe-Mg 3.5 GPa
— - — Schwandt et al. (1995) Mg 1 atm
- - - = Elphick et al {1985) Fe-Mg

- Cygan & Lasaga (1985) Mg 2 kb

Figure 8.3: Arrhenius plot of temperature vs. diffusion coefficient for various experimental results for
pyrope-almandine gamets. Reference, cations and pressure are given in the legend.

Carlson (2006) formulates a model for the variation in diffusion rates with pressure,
temperature, composition and oxygen fugacity. All existing data (Table 8.1) are
normalised to 1000°C, 1 GPa, graphite-oxygen buffer and almandine composition.
The dependence of the diffusion coefficient on composition is found to relate directly
to garnet unit cell dimension and a correction can therefore be made for any
composition. Thus Mg diffusion for 1000°C, 3 GPa, graphite-oxygen buffer and
pyrope composition is approximately 10"8m?%/s and for Ca is 10"°m?%/s. Since Ca is
slowest of all the divalent cations, it is expected to be the rate limiting interdiffusing

jon so 10°m%s is the value that shall be used when modelling the profiles.

Many authors report much slower trivalent cation diffusion (i.e. relating to Cr** and
AP in this study) but this has not been quantified because diffusion is too slow to

conduct experiments over normal timeframes. The Mg-Ca interdiffusion is therefore
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the only data comparable to experimental studies and if there is dependency of Cr-Al

exchange on this then the timescales are expected to be much longer.

8.2 Results

8.2.1 Length scales

Table 8.2 shows the values for measurable garnet zonation length scales in a

selection of Newlands and Bobbejaan samples for zoned elements (the complete

table with all samples listed is in Appendix II). The measurements are taken from

‘profiles generated from electron microprobe traverses across garnets. Ideally the -

measurements should be of the perpendicular distance between the location of the

deviation of the composition from the most extreme rim and core compositions for

external zonation. For internal zonation it is the perpendicular distance from the

‘inclusion’s contact with garnet to the position in the garnet where the composition

stabilises. A minimum distance is recorded in the majority of samples since the

composition in the gamnet rarely attains constancy on high and low concentration

sides (Fig. 8.1).

Sample Zona | Profile Type Zonation length scale to the nearest analysis point (pm)
tion | (i.f=inner flat) {brackets = internal zonation)
Type Mg | ca | Al { cr | Ti | Fe | Mn
NEW003 Eu Gradual change | 2000 | 2000 | 2000 | 2000 | 2000 -
NEW(39 Eu Rim growth w. 800 1200 1000 1000 500 -
gradual change

NEWO059 Eg,Ic External i.f. - - 500 500 - -

Is Internal i.f. {-) ) (150) | () ) ) )
NEW063 Ed, I1d External i.f. 1000 1000 500 500 400 800 -
NEWO65 Euls

Id, Internal i.f. 600y | (600) | (500) } (500) | () ) )
NEW{68 Eu External i.f. 1250 1250 1250 1250 - - -

Is | Gradualchange | (900) | (900) | (90) | (90) | " () () )
NEW069 Ic Internal i.f. 550y | (5803 | (550) | (550) | (300) | (%) (-
NEW(74 Eu, External i.f. 2400 3200 | >1000 | >1000 | 3200 1000

Is | Gradual change | (800) | (700) | (400) | (400) | (700) | (9 (500
NEW078 | Eu id Internal i.f. (500) | (4200 | 350) | 3200 | 250) | (9 )
NEW101 Eu Rim Growth 700 800 800 800 500 -
NEWI114 | Eu Id Internal i.f. (1000 | (850) | (750) | (750) | (550) - -
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Sample | Zona | Profile Type | Zonation length scale to the nearest analysis point (zm)
-tion | (i.f=inner flat) {brackets = internal zonation)
Eype Mg | Ca | A1 | o | Ti | Fe | Mn
NEW303 Ed, Id External i.f. 350 350 350 350 - - -
grt (nternal L. (100) (100) (IQO) (100)
NEW303 Eg Rim growth 400 400 - 400 Na - -
cpx ' 400
NEW308 Es External i.f. ? 1000 1000 1000 - - -
' Is Internal i.f. ) s00) | 500y | 5000 | ) {-)
NEW404 Eu External i.f. 2500 2500 2500 2500 - - -
Is Gradual change | (700) | (7000 ! (700) | (700 () {-) (-}
NEWSP Id Internal i.f. (1000) | (1200) | (1000) | (1000) { (1000) [ (=) )
LEI001 1d Internal i.f. 00y | 500y | 5000 | (500) () (500) (=)
LEIOO7 Eu [ & outer flat 950 750 900 950 900 - 860
B4d4 Eg Outer flat - 2000 1500 1800 - 1000 1800
Id Gradual change | () (5000 | (800) | (800) [ (500) | (500) | (500)
B48 Eu External i.f. 4000 4000 3800 4200 - 1800 -
BS5 Id Gradual change | (=) (700) | (500) | (500) | (500) (=) ()
BOBI113 Eu I & outer flat 2300 2300 500 700 1800 - -
' Is Internal i.f. (300) (300) (400} (400) (400) (-) (-)
BOB167 Eu Outer flat - - 4000 4000 - - -
Is Internal i.f. (500) | (500 {-) (-) {-) ) (=)
BOB301 Id, Internal i.f. 500y | (500) | (500) | (500) ) ) ()
Is, Ic
BOB401 Ed Outer flat 2300 2400 3000 3000 1000 2400 500
Id Internal i.f. {(500) {(500) {500} (500) ‘ ) (-) {-)
BOB402 Ed Gradual change 1500 1500 1000 1000 - - -
id Gradual change | (1000) | (1000} | (500) (500) (500) (500) ‘ (-)
BOB404 Eu External i.f. 4000 4000. 2000 2000 - - -
Is Gradual change | () ) (800) | (800) {-) ) )

Table 8.2: Selected samples analysed for major elements indicating the external and internal zonation

types present with the distance of any measurable diffusion type noted in gm for zoned major

elements. Internal zonation is in brackets and on the same line as the particular zonation type listed.

Fig. 8.4 shows the range of diffusion distances in single samples illustrating the

shorter internal and longer external diffusion distances and Mg-Ca and Cr-Al

distance relationships which are relatively independent of Ti.

Chapter 8 — Garnet Major Element Diffusion

218



Tonation Distance Scale (microns)

Zonation Distance Scale (mlcrons)

9 500 000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3600
Mg T e e e P LA e VR I R TRy x..l./J Mg
ca e — ca )
Al A o T &3 |
3 =
o -3 A R e e (e s S I T A T |
= G g Cr -
3 3
Fe Fe [EEEETRs T T R T A S Y N dliack okar |
N NEW074 Mn = BOB401
0 500 1000 1500 2000 2500 3000
! 500 1000 1500 2000 2500 3000 X . . . , .
=
3 2
£ 3
o
BOB113 BOB402
! 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
MQ Ty o N N M Ll s SR T R T PSSPl |
N T L I s FTT T |
= =
1] TN D TR e e F B R g
NEW404 NEWO068

Figure 8.4: Zonation distance scale for zoned cations in six samples that show both internal (black

bars) and external (grey bars) zonation.

8.2.2 Differences between cation zonation distances in individual samples
Mg and Ca and also Cr and Al appear to act as diffusion couples (inter-diffusion)

since with each pair they commonly show negatively correlated cation

concentrations with very similar zonation distances within individual samples. Mg

and Ca tend to occur over longer length scales in both external and internal zonation

types compared to Al and Cr. This observation conforms to the relatively ‘stuggish’
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nature of Cr-Al diffusion mentioned. In zoned garnets Al and Cr are always zoned

and Ca and Mg are only occasionally not zoned in the highly sub-calcic garnets.

Most observed Ti zonation is external (see Appehdix IT). In a few samples Ti is
externally zoned over the gréatest distance of all cations (e.g. 3200 ,ufn in NEW074).
This corresponds to samples with Ec, zonation in Chapter 5, Which- is most likely to
be a metasomatic effect. Ti is also zoned internally over shorter distances and this is
interpreted to be a result of P-T re-equilibration (Chapter 6 and 7). Fe and Mn are- |
less frequently zoned compared to the cations already mentioned. When they are
zoned they only show only a slight 6hange in cation concentration .compared to the
stronger zonation of Ca, Mg, Al and Cr. Fe and Mn tend to be positively correlated

with each other and negatively correlated with Mg.

From NEW303 the one external clinopyroxene diffusion length scale measured (no
internal zonation was discovered inside inciusions of clinopyroxene in garhet) is 400

pm for Cr, Na, Ca and Mg.

8.2.3 Differences between samples

The Newlands and Bobbejaan samples show a similar distribution of internal
zonation distances (Fig. 8.5a). In general the Bobbejaan samples have a higher
proportion of external zonation distances > 1600um (longest is 400044m) than the
Newlands samples (Fig. 8.5b). This may be explained by the larger sample size at
Bobbejaan which would allow greater chance that external zonations are not
truncated by the kimberlitic resorption or crushing of garnet crystals in samples by

mining activities.
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Figure 8.5: Range of gamnet internal (a) and external (b) zonation distances from Newlands and
Bobbejaan samples. .

The longest internal zonation distances are recorded adjacent to diopside bearing
inclusions (i.e. comménly 800-14004m at Newlands). The majority are 400-800um,
which record serpentine + Cr-spinel inclusions. Since external matrix compositions
are rarely known, no differences with respect to mineral type rmay be identified for

external zonations.

8.2.4 Differences according to zonation type

The majority of external zonations occur at length scales > 800um whereas the
internal zonations occur over a shorter length scale (200-1000um) (Fig. 8.6). The
internal zonation length scales.appear to have a normal distribution, whereas the
external ones possess a weakly bimodal distribution with peaks at 900xm and
1500um.
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Figure 8.6: Zonation length scales for all samples separated into internal and external zonation types.

8.2.5 Conformism to ideal diffusion profiles
Various models exist to approximate the shape of diffusion profiles. Sautter and
Harte (1990) used error functions (erf) to model Al diffusion in clinopyroxene

utilizing the equation' from Crank (1975):

—_ -_— . ) X
C=C,+(C; ~Cy) erfc(zmj (1)

where C is the cation concentration for a given distance along a profile (X in metres).
Cy is the initial garnet cation concentration, Cx is the y-intercept value, D is the
diffusion coefficient for a particular element (m%/s) and t is the time diffusion has

occurred for (in secs.).

The time scale of zonation by diffusion may be approximated to within an order of
magnitude by equation (2) which uses the diffusion coefficient and a length scale (as
recorded in Table 8.1) over which a suspected diffusion profile has occurred rather

than modelling the curve more precisely as required for (1):
t=x*/D (2)

. where t is the time taken in seconds, x is the distance in metres and D is the diffusion

coefficient in square metres per second.

Fig. 8.7a sh'ows that internal zonations present in garnets in samples such as
NEW114 conform well to curve fitting according to equation (1) by using Cx and Cy
values chosen by eye from the shape of the profiles (Appendix II). Then
experimentally determined diffusion coefficient values are inserted and t is then
modified until the shépe of the curve fits the data, thereby yielding a value for time
for each profile. NEW114 has been measured on either side of the inclusion and
slightly different profiles are produced (profiles 1 and 2 in Fig. 8.7). The difference
in length scale of these profiles produces a relatively small difference in the time
taken according to equation (1). The time scales are one order of magnitude higher

when using equation (2) given the different length scale used (see caption to Fig.
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8.7). Curve fits generally produce a standard deviation of residuals from the

measured values of 0.02 for 99.5% confidence limits.

NEW114 garnet internal Mg profile
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Figure 8.7: (a) Distance-concentration diagram for Mg profile of garnet in sample NEW114 (see
appendix for complete profiles). The models for the two profiles shown are generated using equation 1
with the parameters on the graph. The thick dashed vertical line is the location of the contact with a
300 pm diameter inclusion of clinopyroxene and Cr-spinel. The highest concentration horizontal line
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is the concentration at the garnet-inclusion contact, the middle line is C, for profile 1 and the lowest
line is C, for profile 2. y-intercept values Cy; and Cx, are shown near cation concentration 1.8. (b) as
for (a) but for sample NEW078 with one profile shown. (c) as for () but an external zonation with an
inner flat from sample B48 with single model line. (d) as for {c) but an external zonation with inner
and outer flat from sample BOB113 illustrating core-rim inter-diffusion and associated inflection
point on curve. () as for (¢) but for internal and external zonations from NEW074 using two models.

The normalised Ca diffusion coefficient of 1 x 10™* m%/s (Carlson, 2006) from
experimental studies (see table 8.1) was used for modelling Mg profiles with
equation (1). This is because Ca diffuses more slowly compared to Mg and Ca-Mg
interdiffusion ié observed to occur, therefore Ca is the rate limiting cation so the Dc,
value is the assumed interdiffusion value Dumgoca. The Mg profiles were used to

estimate distances because they are usually developed most clearly. The temperature
| of 1000°C was used because the majority of P-T estimates (see Chapter 7) yield
values within 100°C of this. The plot in Fig. 8.3 shows that varying temperature by
100°C changes D values by less than 1 order of magnitude so this variation is

bracketed by the range of diffusion coefficient values examined in Table 8.3.

If a Dpgoca value one order of magnitude lower is chosen then the curve generated is
identical if the time value is increased by one order of magnitude. Therefore each
curve from Fig. 8.4 may be interpreted based on a range of Dyg.ca values that
produce different time scales. €.g. if a Dygeaca 0f 1 x 10%° m%/s is used in Fig. 8.7b

for NEWO078 the time scale would equal 126,000 years.

The range of time values generated from curve fitting of profiles to equation (1) is
shown in Table 8.3; it is 0.35-1.25 Ma for external zonation and 0.01 to 0.1 Ma for
internal zonation. These values are comparable (assuming one order of magnitude
errors for equation (2)) with values from the more simple relationship in equation (2)
and shown for all samples in Appendix II. Equation (2) generates t_ime scales
approximately but consistently one order of magnitude larger than with curve fitting

using equation (1).
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Mg Equation (1)° | Equation (2) | Equation (2) | Equation
Zona- Curve fitted timescale Max. (2) Min.
tion timescale using timescale timescale
Zona- length using using using
- Profile tion scale DMgHCl = DMgHCH = DMg“Cl = DMg-—-C: =
Sample Type Type () 110 m¥s | 1x10% m¥s | 5x10° m¥s | 1x107" m¥/s
NEWIi4 | Interior | Id 1200 50,700y 456,000 y 913,000 y 4,560 y
flat
NEW078 | Interior | Id 500 12,600y 80,000 ¥ 158,000 y 800y
flat
B48 External | Eg- 5400 1.25 Ma 92 Ma 18.5 Ma 2,000y
inner
flat
BOB113 External | Ec, 4500 0.7 Ma 1.7 Ma 34 Ma 16,800 y
inner
flat &
outer
flat
NEW074 | Extemal | Ec, 4000 350,000 y 5.1 Ma 10.1 Ma 51,000y
inner
flat .
Internal | 1S 1100 95,000y 383,000y 766,000 y 3,830y
inner
flat

"Table 8.3: Time scales for zonation based on modelling of well defined profiles from Fig. 8.4. Right-
hand columns show the time scales for the approximation using equation (2) for comparison.

According to the last two columns in Table 8.3, bringing in the likely possible

variations in Dyg..ca, the time estimates range from 800 y to 913,000 y for internal

and 51,000 y to 18.5 Ma for external zonation. This is approximately 3 orders of

magnitude in each case.

The single zoned clinopyroxene yields an external zonation length scale of 400 pm

and, using Dy, (assuming this is close to the value for Cr) of 2x107" m?s as used in

Sautter-and Harte (1990), a timescale of approximately 1Ma is generated, which is in

the mid range of the garnet external values.
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8.3 Limitations

1)

2)

3)

4)

5)

6)

There is a large (orders of magnitude) range in experimentally derived
diffusion coefficient values that is not due to pressure gffects. Experiments
are dominantly for almandine-pyfope garnets, which probably yield relatively
high D values whete Ca diffusion is involved. For ‘Al and Cr the diffusion

coefficients are expected to be much smaller.

Diffusion profiles have been predicted from end member situations, whereas

the real pre-diffusion cation distribution is not known."

Most of the length scales are minimum lengths (Fig. 8.1) so the timescale
estimate may be too short (possibly by up to a factor of 2) for this reason.
Conversely, the electron microprobe traverses will deviate in 3D slightly
from being parallel to the line of maximum chemical gradient in a given

sample. This effect is thought to be negligible.

Only Mg zonation was studied since it is the cation with the most
experimental data available for garnets at high pressures. Fe diffusion data is
also determined but not commonly zoned. A downside to this is that if there
is a coupling effect of Mg with Ca (or even 3+ ions), then the time estimates
will be incorrect since the Mg diffusion may be slowed by the slower rates of

diffusion of the other cations.

‘Dmgoca 1s assumed not to vary over time (i.e. P and T assumed constant) so

only time-averaged values are gained from the equations.

It is impossible to know whether any diffusion has occurred in a different
direction to that observed over time since the measured profiles are again
essentially yielding time averaged results (e.g. t; to t3 and back again in Fig.

8.2a).
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8.4 Suhwma}'y

1) Compositional zonation in garnets from all Newlands and Bobbejaan saraples
appears to conform to diffusion-related processes due to the shapes of the
prqﬁles measured by electron microprobe traverses. In most cases the
diffusion profiles appear to be between garnét and another mineral or
minerals, either included in garnet or external to gamet. Only a few samples
may belidcnti.ﬁed as having a rim growth type of garnet profile that appears
to show two phases of garnet growth later modified by diffusion.

2) The profiles have been classified according to the presence of ‘flats” and

whether there is evidence of rim growth of a different garnet composition.

3) Minimum measurements for the zonation scale of Mg, Ca, Al, Cr, Ti, Fe, Mn
were made in all samples traversed by electron microprobe (table in
Appendix IT). Only the samples with an external inner and outer flat (for
external zonation) and internal inner flats (for intemal zonation) allow a

maximum zonation length scale to be identified.

4) Al-Crand Mg-Ca are the most clearly identifiable diffusion-couples with

Mg-Ca tending to be zoned over greater distances in individual samples.

5) Concentrating on Dyge.ca, the range of time values generated by curve fitting
of the profiles to the Crank equation and use of the simplified equation:
x=V(Dt) is similar , but generally one order of magnitude greater using the

simplified equation.

6) The range of Dygoca values used suggest external zonation has been the
result of diffusion on long timescales > 50,000 y and < 20 Ma. This is
corroborated by the single external clinopyroxene Al diffusion profile. Since
this is over an order of magnitude greater timescale than internal zonation
{see point 7 below), it isl feasible that this reflects the total time for P-T re-
equilibrétion including exsolution and then re-equilibration with exsolved

inclusions.
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7) The range of Dygoca values used suggest internal zonation has been the result
of diffusion on short timescales > 800 y and < 1 Ma. As stated in point 6
(above) this timescale is an order of magnitude shorter than the external

zonation and may just include the time for re-equilibration with inclusions.

8) Eg+, Eg- and Ed external zonations reflect equilibration with matrix and
appear to have chemically parallel trends to ‘Is’ (for Eg) and Id (for Ed)
internal zonations. This is therefore most likely to reflect P-T re-equilibration

(Chapter 6 and 7).

9) Eca zonation would suggest gamet equilibration with a modified matrix
composition that is more Ca- and Ti-rich. This must have occurred while
inclusions were present and before internal zonation happened otherwise they
would overprint internal zonation patterns as seen in Appendix III (especially
sheets for NEW074 and BOB113). This type of external zonation along with
the Eg- zonation of B48 represents the largest length scale of all external
zonations so may be more likely to be associated with metasomatic processes

rather than P-T processes (see NEW303, Chapter 7).
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9. Trace Element Mineral Chemistry

9.1 Introduction

Trace element data obtained by ion microprobe SIMS (secondary ionisation mass
spectrometry) analysis have been able to contribute to the understanding of
mineralogical and petrological evolution in the mantle since they provide additional
means to assess processes such as enrichment and depletion in rocks and minerals.
The trace elements have a wide variety of charges and ionic radii and, consequently,
a wide range of compatibilities with respect to different minerals and their
equilibrium melts. In addition temperature sensitive elements such as Ni and Ti may
be determined to greater levels of accuracy by ion microprobe than by electron
microprobe. By virtue of its high spatial resolution SIMS may be applied to define
small scale features such as chemical variation at mineral contacts and across zoned

crystals.

It has been recognised that the trace element compositi'on of peridotitic DIs (diamond
inclusions) is not of the depleted character that their major element compositions
would suggest. The peridotitic DI garnets are very high in Cr and low in Ca and
conform to the garnet-chromite harzburgitic assemblage and yet they may have
extremely fractionated (incompatible element enriched) trace element compositions.
Shimizu and Richardson (1987) emphasise the extent of this decoupling between
major and trace clement compositions for the garnet inclusions in diamond.
However, such a decoupling is a common feature of many peridotite xenoliths from
both basalts and kimberlites and has been widely interpreted as resulting from the
enrichment of depleted peridotites by small amounts of incompatible element rich
material (e.g. Harte and Hawkesworth (1989). The percolation of metasomatic fluids
from the deep mantle has become the favoured agent for this effect (e.g. Burgess and
Harte, 2004, Stachel et al., 2004),
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Burgess and Harte (2004) identified garnet rare earth element (REE) zonations in
single gamnets that are also correlated with changes in garmet major element
chemistry. Gamets showing major element core to rim zonation towards bulk
lherzolite compositions are also shown to be zoned in trace elements towards more
REE compositions at the rims. This process is also attributed to the percolation of
metasomatic fluids which are believed to be silicate melts. Overall REE profiles
measured in peridotitic gamets show wide variations from ‘normal” (HREE strongly
enriched) to types described as ‘humped’, ‘sinusoidal’, ‘sinuous” and ‘sigmoidal’ by
various authors (see Fig. 9.1). Similarly diamond inclusion garnet REE data

published in the literature typically show a highly enriched (high La/Lu) ‘humped’

profile as illustrated:

Conc./chon.

'normal’

La Lu

Figure 9.1; Schematic REE diagram showing the ‘normal’ (solid line) and ‘humped’ (dashed line)
patterns found in mantle garnets.

Because of their curious nature and the LREE-enriched characteristic these “humped’
profiles in inclusions, like those in peridotites, have often been interpreted to be
connected with some later events of metasomatism involving carbonatitic or silicate
melts/fluids but this remains unresolved. In this chapter the data from the Newlands
and Bobbejaan samples will be related to existing models for the formation of
particular trace element characteristics in the literature for both peridotites and DIs.
Previous studies have largely been on garnet alone, and thus in the absence of

knowledge concerning the major and trace element chemistry of other coexisting
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phases. Therefore the chromite and clinopyroxene analyses in the present study will

provide broader scope for petrogenetic interpretation.

9.1.1 Nomenclature

Trace elements are the elements present in minerals that are not stoichiometrically
significant and normally have concentrations < 0.1 wt. %. The measured trace
elements for mantle minerals in this chapter may be divided into groups according to

their properties and hence their location in the periodic table:

1. LIiLE (large ion lithophile elements) have large ionic radii (1 2A) and low
charge (17-2"). These are Li, Na, K, Sr and Ba in order of increasing atomic

number (Rb and Cs have not been measured in this study).

2. HFSE (high ficld strength elements) have relatively small ionic radii (0.6-0.9
A) and higher charge (3"-4") than LILE. These are Y, Zr, Nb and Hf in order
of increasing atomic number (Ta and W have not been measured in this

study).

3. FSTE (first series transition elements) have small (0.4-0.7A) ionic radii and
variable charge usually 2* and 3*. These are Sc, Ti, V, Mn, Co, Ni and Ga in
order of increasing atomic number (Cu and Zn have not been measured in this

study).

4. REE (rare earth elements) comprise the heavy elements La to Lu which have
atomic weight 138.91 (La) to 174.97 (Lu). The ionic radius decreases
systematically with atomic number from 1.03 A for La to 0.86 A for Lu. The
majority of REE have a charge of 3". In this study all are measured except for
the radioactive Pm. The light rare earth élements (LREE) are La to Nd, the
mfddle rare earth elements (MREE) are Sm to Dy and the heavy rare earth
elements (HREE) are Ho to Lu. ‘

Additionally, conceming the nome_:nclafure of garnet REFE patterns, in this study a
‘normal’ profile shall represent the HREE-enriched profiles and humped shall
represent any profile with a bulge in the LREE (as illustrated in Fig. 9.1). And

instead of defining and distinguishing the difference between ‘humped’ and
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‘sinuous/sinusoidal/sigmoidal’ patterns, the ratios of Sm/Dy, Ce/Yb and Dy/Yb (all
| normalised abundances) shall be used to define the variations in Iﬁattems

quantitatively. Sm/Dy defines the magnitude of the ‘hump’, Ce/Yb defines the bulk

LREE/HREE enrichment and Dy/Yb defines the MREE-HREE slope. The term

‘humped’ shall still be employed to refer to variants of that shown in Fig. 9.1.

Analyses are recorded as ppm values but they are also shown on ‘chondrite
normali\sed’ plots. i.e. the ppm concentration is divided by that of the same element
in chondritic meteorites from the data of McDonough and Sun (1995). Therefore the
vertical scale on these plots is labelled ‘Conc./chon.’, which stands for concentration
divided by chondritic concentration. The result of this is to remove unnecessary
spikes from the data that are due to natural elemental abundances. Values > 1 show
that the element has greater abundance than in thg most primitive rock, i.e. a C1
carbonaceous chondrite meteorite. The chondrite normalised abundances are

indicated by subscript notation (e.g. for ‘Zryorm® read chondrite normalised Zr).
8.2 Aims

The overall purpose of the analyses is to contribute to the understanding and
interpretation of the petrological and geochemical evolution of the diamond-garnet-
chromite harzburgite paragenesis and the high-Cr lherzolitic assemblages identified

and defined in Chapters 3 and 5. More specifically the aims are to:

1. Document the trace element variation in gamet, clinopyroxene and spinel
from a selection of harzburgitic and lherzolitic bulk rock compositions from

Newlands and Bobbejaan samples.

2. Define direction of chemical trends both within samples (i.e. for zonation)

and between samples of different bulk rock compositions.

3. Establish which types of zonation in trace element signatures are present due
to pressure-temperature effects (Chapter 7) and which are present due to

changing bulk composition (i.e. metasomatism). This will be accomplished
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by examining garnet zonation trends in conjunction with major element
zonations (Chapter 5) and consideration of changes due to P-T re-

equilibration {Chapter 6).

4. Use the data to comment on the generation of the ‘humped’ REE patterns in

garnets.

9.3 Results

Details on sample preparation, analytical conditions, standards and techniques for jon
microprobe SIMS analysis used in this study can be found in Appendix I (Section
1.3). The raw data for.all trace element analyses can be found tabulated in Appendix
V. The results are presented below in the LILE, HFSE, FSTE and REE groups noted
above. Additionally in this section, an appraisal of trace element partitioning between
coexisting minerals is given for each mineral combination. Finally, divariant element
plots are made for garet, Cr-spinel and clinopyroxene in order to document those
elements that provide particularly useful discriminants between samples from
different P-T conditions, different bulk compositions and paragenescs. Few samples
show ev-ideﬂce for zonation so the average compositions are shown. A separate

section deals with zoned samples.

9.3.1 Garnet- LILE

Large ion lithophile elements in garnet are all in very low concentration. Li
concentrations in harzburgitic garnets are 0.03 +/- 0.01 ppm, in lherzoliti{: garnets the
concentration varies from harzburgitic values up to 0.09 ppm. Na contents vary from
100 to 300 ppm with the'higher concentrations belonging to lherzolitic garnets (Fig.
9.2). K in garnet is generally sub-ppm concentration but some analyses have several
ppm K and appear to be affected by contamination (i.e. the analysis volume is not
entirely garnet and ma)’/ contain small proportions of kimberlitic material (Chapter

3).
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Sr concentrations range from 0.2 to 14 ppm. The majority of garnets have between 1
and 2 ppm St and only sample B47, a low-Ca G10 gamet, has a concentration > 5
ppm. This high value is compatible with analyses of diamond inclusion garnets
which have high Sr concentrations 1n studies such as Shimizu and Richardson

(1987). Ba concentration is measured as being in parts per billion in alt garnets and is
often close to the lower limit of detection. Elevated Ba is found in a t:ew analyses due

to contamination.

(a) Harzburgitic Garnets (b) Lherzolitic Garnets
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Figure 9.2: Average LILE, FSTE and HFSE compositions for (a) harzburgitic and (b) lherzolitic
garnets from selected Newlands and Bobbejaan samples. Symbols are as follows: The harzburgitic
samples are BOB404 (filled diamond symbols), NEW021 (open square symbols), BOB113 (open
circle symbols with dashed line), NEW288 (open triangle symbols), NEW098 (filled triangle

symbols) and NEW074 (filled square symbols). For therzolites: NEW 114 (filled square symbols),
NEW063 (open square symbols), NEWSP (open circle symbols with dashed line), BOB402 (open
triangle symbols), NEW406 (filled triangle symbols). lon microprobe counting statistics produce a2 o
standard deviation error which is < size of the symbols used, except Ba and Hf which are
approximately twice the height of the symbols used.

9.3.2 Garnet - HFSE and FSTE

The gamnets in general have normalised Zr > Hf > Y > Ti > Nb (all > 1 relative to
éhondrites) where lower values are seen in harzburgitic than [herzolitic garnets (RHS
of Fig. 9.2). Zryorm and Hfyory are similar in individual samples. Ti is very variable
in garnets from both harzburgites and lherzolites; samples exhibiting external

zonation are not anomalously high in Ti. In harzburgites it is lowest in the most sub-
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calcic garnets and higher in the higher Cr, higher Ca garnets such as NEW283. In
lherzolites Ti is higher in garnets that are higher in Cr and Ca, this also corresponds
to those samples yielding higher temperature estimates (Chapter 7) such as NEWl 14
and NEWSP. It is therefore expected that these are the samples with the higher Ni

contents.

Within the transition elements, discrifninants between the two garnet parageneses are
a lower HFSE and transition element content and Y < Hf in harzburgites. Sc contents
of all garnets are consistently high at 30-900 times chondrite. Normalised
abundances of the FSTE are Cr > Ga> Mn > Co > Ni for all harzburgitic and

" lherzolitic gamets. Most samples have Tinorm < Vnorm; lherzolites that do not obey

this relationship are of the high-Cr, high-Ca type and have TinorM = VNORM-

The sample.s known to have major element Ca-Ti external zonation (Chapter 5) such
as BOBI113, show high Na and low Sr and Ni but they are not zoned strongly in these
elements. The lherzolitic sample BOB401 has external zonation of the decreasing Ca -
and decreasing Cr variety and does not show any unique trace element features

relative to the other Iherzolitic samples of similar major element composition.

9.3.3 Garnet REE compositions

Sample BD1366 is shown in Fig. 9.3 for reference because it has the lowest natural
REE content that can be expected in garnet since it is exsolved from a fértile
orthopyroxene as described by Dawson (2004). The rim of sample B48 from this
study is also shown for reference in Fig. 9.3 because it conforms to a normal garnet

REE patterh.

Fig. 9.3a and ¢ show that garnets from harzburgitic samples have predominantly
overlapping REE patterns with DIs. Only the higher Cr, higher Ca samples such as
NEW288 have higher HREEnorm than the DIs (i.e. low Ce/Yb). The low-Ca garnets
form REE profiles that are characterised by relatively high LREEnorm compared to a
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normal profile (e.g. B48 in Fig. 9.3a). They also have a higher Ce/YDb than the

| normal profile. Between Pr and Sm a peak is formed and the MREEyorwm exhibit a
Ahegative slope. Ndnorm/Sminorm 18 always > 1. SmNORM/DyNom is also > 1 with the
exact ratio of the latter indicating the magnitude of the hump present. The
HREEnorw usually show an incrementally increasing trend and Dynorm/Ybnoru 18
usually < 1. The bulk LREE variation amongst harzburgitic gamet‘s‘is < 1 order of
'magnitude but the bulk HREE variation is >> 1 order of magnitude but < 2. As the
garnets become more Ca- and Cr-rich, the pattern becomes more like those of the |

lherzolitic gamets.

The most Ca—depléted harzburgitic garets have higher LREE concentrations.
NEW024 and BOB47 have the most pronounced peaks where Smnorm/Dynosrm >>1
(similar to those shown in the Finsch DIs) with the peak over Pr rather than between
Nd and Sm. These two profiles possess the most depleted MREE patterns of all the
samples. The gamet in B47 shows MREE and HREE concentrations that are very |
similar to the depleted profile of BD1344, differing only in possessing a positive
bulge in the LREE.

The humped curve shown in many of the lherzolitic garnets in this study (Fig. 9.3b
and d) is also characterised by high LREEnorm (although this is not as high as the
harzburgitic garnets). The profiles do not overlap with so consistently with the
lherzolitic Dls although the profile for BOB402 is similar. The main difference is
that the MREE and HREE are at higher concentrations than in the DIs and that
Smyorm/DYnorwm is more commonly < 1. The MREE-HREE trends are highly
variable; they vary fr01_1_1 those seen in harzburgites where Dynorm/Ybnorm 18 < 1 to
trends where Dynorm/Ybnorm 18 > 1. The variation in bulk REE concentration is
approximately one order of magnitude but again the HREE have a larger rénge. Low-
Ca, low-Cr lherzolitic garnets tend to have the lower bulk REE concentrations,

whereas higher-Ca, higher-Cr ones are progressively richer in REE. NEW114 has a
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unique pattern that is extremely MREE enriched, forming a hump at Ho-Er at > 100

times chondrite.
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Figure 9.3: Chondrite normalised gamet REE plots for harzburgitic samples (a) and Iherzolitic
samples (b); (c) and (d) as for (a) and (b) respectively but with the gamet diamond inclusion ficld
(DIs) indicated for Ghana diamonds in dark grey (data range from Stache! and Harris, 1997). The
narrower range in compositions of Finsch diamond inclusions as shown in light grey (Shimizu and
Richardson, 1987). Dash-dot bold line is the primitive garnet of Dawson (2004) and the dashed bold
line is the profile of B48 that is most like the ‘normal’ profiles of megacryst gamets. Counting errors
for the ion microprobe have 2¢ errors smaller than the symbols used in this figure.
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9.3.4 Garnet trace element zonation

Five samples with well déveloped external major element zonation patterns (Chapter |
5) were analysed for trace elements: NEW(074, BOB113, BOB401, NEW101 and
B48. Of these only B48 is strongly zoned in terms of REE (Fig. 9.4a) and BOB113
has a variation in REE that does not correspond to the major element zonation

pattern (Fig. 9.4b). In Chapter 5 NEW074 and BOB113 are identified as having Ec,

zonation i.e. an increase in Ca (+ Ti) towards their rims but they do not show clear

core-rim trends in trace elements.

(a) | | ()

1eor 1000
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Figure 9.4: (a) REE zonation in garnet from sample B48. Core composition is the solid line with cross
symbols. The rim is the solid line with square symbols and the dashed lines are for intermediate
locations between core and rim. (b) REE zonation in garnet from BOB113 where the sample contains
slight variations in REE patterns that do not correspond to the major element zonation pattern. The
two analyses shown indicate the extent of the variation present in BOB113. - ,

The zonation of Ni was observed in B48 alone where the core has 21ppm and the rim
has 25 ppm, which is equivalent to a change of approximately + 30-40°C at the rim
compared to the core. BOB113 and NEW074 have increasing Ti towards their rims
as measured by electron microprobe with a higher spatial coverage than on ion
microprobe (sece Chapter 5 for descriptions and Appendix II for the profiles

themselves).
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9.3.5 Clinopyroxene trace element compositions

The LHS of Fig. 9.5 (a) shows the concentration of the LIL elements in

clinopyroxenes from this study. Li has ppm to sub-ppm values. Na varies from

10000-20000 ppm and K from 100-350 ppm. These values result in Nanorm being >

1 with Linorm and Knorwm averaging 0.5. Banorw, like Knorw, is low whereas Sr is

particularly high, with its highest values (> 100 times chondrite) being in the

clinopyroxenes coexisting with lower-Cr, lower-Ca garnets. There is a decreasing

trend through the FSTE from Sc to Ni. V is high in those clinopyroxenes with higher

Sr and these tend to be the ones coexisting with lower-Cr, lower-Ca gamets. Ti

seems to be variable independently of other elements. Co and Mn are slightly higher
in the clinopyroxenes from the high Cr, high Ca samples. The HFSEnorm generally
increase from Y to Hf (Fig. 9.5a). High-Cr, high-Ca samples tend to have higher Y

and lower Zr, Nb and Hf than the other samples.
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Figure 9.5: Selected clinopyroxene trace element profiles from Newlands and Bobbejaan samples. (a)
LILE, FSTE and HFSE (b) REE. (c) as for (b) but with the field for diamend inclusions (DIs) shown
in grey from Stachel and Harris (1997). The clinopyroxenes coexisting with the low-Cr, low-Ca
garnets are shown with triangle symbols (filled triangle symbols are for NEW406 and open triangle
symbols are for BOB402). The clinopyroxenes coexisting with the high-Cr, high-Ca garnets are
shown with square symbols (filled square symbols are for NEW 114 and open square symbols are for
NEWO063). Dashed line is clinopyroxene from NEWSP, which has a different LREE pattern to the
other clinopyroxenes. The 2 errors are less than the size of the symbols for La-Ho. Elements Er-Yb
have progressively larger errors in clinopyroxenes with lower REE concentrations e.g. NEW406.

The REEnorm (Fig. 9.5b) La < Ce < Pr < Nd form a shallow positive slope for
clinopyroxenes coexisting with high-Ca, high-Cr gamets, whereas the
clinopyroxenes coexisting with lower Ca, lower Cr gamets have a shallow negative
slope for these elements. The former have clinopyroxene LREEnorm as low as 10
and the latter may have values > 200 as seen in NEW406. Ndnorm / Stinorm is
always > 1. Sm to Lu forms a negative slope down from ~ 10 to ~ 1 times chondrite
at Lu. Tm, Yb and Lu are often near detection limit concentrations and produce
scatter on the normalised plot except in the high-Cr, high-Ca garnet samples where
HREEnorwm is usually > 1. Higher degrees of LREE depletion are also expressed by
lower Sr and Sr > La. NEW114 is exceptionally Cr- and Ca-rich and has a much less
LREE-enriched, HREE-depleted pattern compared to common mantle
clinopyroxenes. It is as though the more normal clinopyroxene REE patterns are

rotated anticlockwise about Eu in order to generate this HREE-enriched pattern.
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9.3.6 Clinopyroxene/garnet trace element partitioning

Fig. 9.6 shows the values for clinopyroxene/garnet trace element distribution

coefficients (i.c. ppm concentration in clinopyroxene divided by ppm concentration
in garnet, shorthand: ‘D*™&"), Low D’*" values for lherzolitic samples with high-
Cr high-Ca garnets show that REE, Sc, Ti and Nb partition more strongly into these

garnets than into garnets of average lherzolitic compositions.
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Figure 9.6: Clinopyroxene/garnet distribution (D8 coefficients for the samples in Fig 9.5 (symbols
the same). (a) REE with solid line being D¥¥" for the high-Ca gamet eclogite HRV277 and the
dashed line being D" for the low-Ca garnet eclogite JJG312 from Harte and Kirkley (1997). (b)
LILE, FSTE and HFSE. Symbols as for Fig. 9.2b.

Fig. 9.6 (a) shows that the higher Ca the garnet in Newlands and Bobbejaan samples,
the lower the DP&" value (clinopyroxene/gamet distribution coefficient) for the
REE. The values shown are bracketed by the eclogitic samples with garnets that are
highly calcic (solid line) and highly sub-calcic (dashed line) from the calculations of
Harte and Kirkley (1997). NEW406 has a slight disruption (not shown for clanty) of
the straight to slightly concave profiles shown, which is due to clinopyroxene

measurements that are approaching the detection limit for the ion microprobe in the

HREE.
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Fig. 9.6b shows how LILE strongly partitions into coexisting clinopyroxene in all
samples. Through the FSTE, Sc¢, Ti, V and Ga are increasingily favoured by
clinopyroxene, however those coexisting with lower Cr, lower Ca garnets have the
highest D" for these elements. Mn, Co and Ni partition into garnet more strongly
than .into clinopyroxene. In the HFSE from Zr to Nb to Hf, there is a general |
‘increasing favour towards clinopyroxene again with the high-Cr, high-Ca garnéfs

containing more HFSE concentrations compared to their coexisting clinopyroxene.
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v Figure 9,7: In cpx/grt Dggg, for La, Smand Dy plotted against In cpx/grt De,. Samples (from Fig.
9.5b) plot from 0 to 0.7 In cpx/grt De,. The high-Ca sample HRV 177 from Fig 9.6a plots at most
negative In cpx/grt D¢, and the low-Ca sample JJG312 plots at most positive In cpx/grt Dc..
Numerical parameters for the regression lines are taken from Harte and Kirkley (1997). ’

Fig 9.7 shows that the samples’ La, Sm and Dy partitioning values fit the 1100°C
+100°C data from Harte and Kirkley (1997). This is indicative of the REE
substituting in the Ca sites in both clinopyroxene and garnet and good evidence that
this process occurs in peridotites as well as the previously studied eclogites (see also

effect of Xgrossular in van Westeren et al., 2001).

9.3.7 Spinel - FSTE and HFSE

Fig. 9.8 shows FSTE for spinels from harzburgitic (a) and lherzolitic (b) samples.
The FSTE are similar in lherzolitic and harzburgitic samples although harzburgitic .

spinels have a wider range of Ti concentrations. The highly sub-calcic samplé
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~ BOB404 has the spinel with the lowest T3, Ga, Y, Zr and Nb of all the samples
analysed. In the HFSE the harzburgitic spinels have a wider range of Y, Zr and Nb
than lherzolitic samples with consistently increasing concentrations with atomic
number. The spinels have been analysed for REE and their contents were found to be
sub-ppm using SOL-ICP-MS. It was not possible to accurately analyse Zn and Cu on

the ion mictoprobe due to interferences at high energy offset with standard mass

resolution.
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Figure 9.8: (a) FSTE and HFSE for harzburgitic spinels. (b} as for (a) but for lherzolitic spinels.
Samples and symbols as for Fig. 9.2a and b. 26 ion microprobe counting errors are less than the size
of the symbols used except for Y which is approximately twice as large as the spread of data shown

for these elements.

9.3.8 Spineligarnet & spinel/clinopyroxene trace element partitioning

Fig 9.9(a) shows the distribution of elements between spinel and coexisting garnet in
harzburgitic samples. The FSTE (except for Sc and Mn) partition between 1 and 20
times more strongly into spinel, whereas the HFSE (except Nb) partition favourably
into garnet. This is also true in lIherzolitic spinels (Fig. 9.9b) but V/(Cr+Ti) is higher
and Zr and Nb are on average higher in lherzolitic spinels. There is a larger range of

D" values in therzolitic samples for HFSE.
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Figure 9.9: Harzburgitic spinel/garnet distribution coefficients in selected samples. (b) as for (a) but
for Iherzolitic samples with symbols as for Fig. 9.2 a and b. (¢) distributions of FSTE and HFSE
between spinel and clinopyroxene (symbols as for Fig. 9.2b).

Fig. 9.9(c) shows that partitioning of FSTE, Y and Nb between spinel and
clinopyroxene is very similar to that between spinel and garnet with the same trends

evident. The only notable difference is that Cr and Mn are higher and Co is lower in

spinel/cpx compared to spinel/garnet.
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9.3.9 Divariant plots

The plots in this section are included in order to show the correlation between
various trace elements in minerals. Although this data is presentéd in the previous
section it is a useful way of presenting potential trace element discriminants between
the different parageneses present in the samples. 1o counting errors are smaller than
the symbols used in the following figures unless otherwise stated. See Appendix 1.3

for more details on errors.

Selected elément pairs from LILE, FSTE and HFSE are plotted against each other
here for garnet, clinopyroxene and Cr-spinel (Cr-spinel LILE concentrations are all
at the detection limit and, hence, not shown). The symbols are divided into four
populations, two lherzolitic and two harzburgitic. Lherzolites with high Cr, high Ca
gamets are plotted as filled grey triangle symbols with the lower Cr and Ca ones (i.c.
those similar to common mantle lherzolitic bulk compositions) as open triangle
symbols. The harzburgites with low-Ca garnets are plotted as ﬁlledlblack square
symbols and the higher-Ca ones as open square symbols. The plots a‘re in ppm
concentrations, only the Zr vs. Ti plot has logarithmic axes to conform to the

‘metasomatism plot’ of Griffin et al. (1999b).

9.3.9.1 LILE

Fig. 9.10a shows that a broadly positive correlation between Na and Li éxists for the
~samples as a whole. The high-Cr lherzolitic garnets have the highest Na and Li
concentrations with lower concentrations found successiveiy in the ‘normal’
lherzolites, ‘normal’ harzburgites and are lowest in the low-Ca harzburgites.
Clinopyroxene Na vs. Li concentrations do not differentiate the high and lower Cr

lherzolitic samples (Fig. 9.10b).
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Figure 9.10: (a) Na vs. Li for garnets from harzburgitic (square symbols) and lherzolitic {triangle
symbols) suites. The lherzolitic samples are divided into high-Cr (‘high Cr LHZ’, filled grey triangle
symbols) and lower Cr lower Ca (‘L.LHZ’ open triangle symbols). The harzburgitic samples are divided
into the low Ca harzburgites {‘low Ca HZB’, filled black square symbols) and higher Ca ones {"HZB’
open square symbols). (b) Na vs. Li for clinopyroxene (symbols as for (a)).

Fig. 9.11a shows the a similar distinction between samples as with Na (Fig. 9.10a)
but the K variation is more random, which is indicative of minor contamination in
the analyses. However', in general the higher K gamets do tend to belong to the
lherzolitic suites. Fig. 9.11b shows that clinopyroxenes from the high Cr Iherzolitic
samples. are best separated by their K being > 200ppm. Fig. 9.11c and d show a
positive correlation between Sr and La for both gamets 'and clinopyroxenes. The only
distinction between samples is the particularly shallow trend of the low-Ca

harzburgitic gamets which vary from low Sr and La towards higher La but they may

have significantly higher Sr contents of up to 15 ppm.
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Fig. 9.12a shows that the low-Ca garnets are differentiated by both relatively high Sr

(most are > 3 ppm) and low Na contents (< 200 ppm). The high-Cr lherzolitic gamnets

plot to high Na (> 300 ppm) and low Sr (most are <3 ppm). Clinopyroxenes do not

form any trends of note, probably due to the small number of data points (Fig.

9.12b). Fig. 9.12c shows that Ba does not discriminate the suites of gamets, however

high Ba/Sr in clinopyroxenes is indicative of the high-Cr lherzolite suite and high '
St/Ba is indicative of the lower Cr lherzolites (Fig. 9.12d).
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Figure 9.12: (a) Sr vs. Na for garnets, (b) Sr vs. Na for clinopyroxenes, (¢} St vs. Ba for gamnets, {d) Sr
vs. Ba for clinopyroxenes. Symbols as for Fig. 9.10

9.3.9.2 HFSE

On Zr. vs. Ti plots (Fig. 9.13a-c) both garnets and Cr-spinels form positive
correlations with high-Cr lherzolitic samples plotting at the highest values, lower Cr
lﬁerzolites, harzburgites and low-Ca harzburgites are successively lower in both Ti
and Zr. Clinopyroxenes are not distinguished clearly on the Zr vs. Ti plot. The garnet
trend is coincident with the ‘phlogopite metasomatism’ trend of Griffin et al. (1999b)
but no phlogopite is noted in these'samples. Similarly on the Zr vs. Y plots (Fig.
9.13d-f) the gamnets form a positive correlation with the highest Zr and Y belonging
to the high-Cr lherzolite suite and successively lower Zr and Y to the lower Cr

lherzolites, harzburgites and the lowest concentration in the low-Ca harzburgites. Cr-
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spinel does not contain significant Y and clinopyroxenes are not separated by a Zr vs.

Y plot. Fig. 9.13g-i shows Zr vs. Nb plots where a positive correlation exists for

garnets and that again clinopyroxenes from the two therzolitic suites are not

distinguished. However the Cr-spinels from the lower Cr lherzolites are highest in

Nb.
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Figure 9.13: (a) Zr vs. Ti for garnets fields from Griffin et al. (1999b) with ‘phlogopite metasomatism’
as afilled light grey oval, ‘melt metasomatism’ as an unfilled oval and the ‘depleted field’ as a
dashed-line oval shape. Arrows indicate gamet core to rim zonation trajectory. (b) Zr vs. Ti for Cr-
spinels. (c) Zr vs. Ti for clinopyroxenes. (d} Zr vs. Y for garnets with the same fields as for (a) with
the addition of an ‘undepleted field’ as a dark grey filled oval shape. (e} Zr vs. Y for Cr-spinels. (f} Zr
vs. Y for clinopyroxenes. (g) Zr vs. Nb for gamets. (h) Zr vs. Nb for Cr-spinels, (i) Zr vs. Nb for
clinopyroxenes. Symbols as for Fig. 9.9.
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9.3.9.3 FSTE

Fig. 9.14a indicates that the high-Cr lherzolitic garnets are high in Ni and Ga,
whereas the harzburgitic suites, especially, are low in Ga. A positivé corrélation.‘
between these two elements exists in Cr-spinel (Fig. 9:14b) with both lherzolitic
suites being high in Ga and Ni. Cr-spinels from the low-Ca harzbufgitic suite are
especially low in Ga. High-Cr lherzolites are distinguished from lowef-Cr lherzolites
by their Cr-spinels and clinopyroxenes having lower Ga. Broadly positive
correlations are seen between Ni and Ti for garnet and Cr-spinel and no correlation is
épparent with clinopyroxenes (Fig. 9.14d-f). High-Cr lherzolitic garnets and Cr-
spinels have higher Ti and Ni with the low-Ca harzburgites plotting at very low Ti
and low Ni..Sc and V do not appear to discriminate the suites of samples in either

mineral (Fig. 9.14g-1).
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Figure 9.14: (a) Ni vs. Ga for garnets, (b} Ni vs, Ga for Cr-spinels, (¢) Ni vs. Ga for clinopyroxenes,
(d) Ni vs. Ti for gamets, () Ni vs. Ti for Cr-spinels, (f) Ni vs. Ti for clinopyroxenes, (g) V vs. Sc for
garnets, (h) V vs. Sc for Cr-spinels, (i) V vs, Sc for clinopyroxenes, Symbols as for Fig. 9.9.

9.4 Summary

Trace element analysis of the Newlands and Bobbejaan samples has defined the
range of trace element characteristics for a wide range of bulk rock compositions
especially evident in gamet Cr-Ca space (Chapter 5). HFSE and FSTE were analysed
in garnet, ciinopyroxene and Cr-spinel and REE and LILE were analysed in garnet
and clinopyroxene as well. The main discriminants (excluding REE) discovered

between parageneses are as follows:

1. Garnets from the harzburgitic suite are distinctly higher on average in Srand

V butlower in Li, Na, Ba, Mn, Co and Ga.

2. Clinopyroxenes from the 10W—Cr, low-Ca lherzolitic samples are lower in
LILE and HFSE compared to the high-Cr, high-Ca lherzolites. They are also
higher in V and Sr. ' ~

3. Spinels from the harzburgitic suite tend to have a larger range of Ti, Ga, 'Y,
Zr and Nb compositions than the therzolitic suite but the majority of the

transition elements are similar in both.

Focusing on the REE, a wide range of observations have been made. The pattemns for
garnet and clinopyroxene are shown in summary on Fig. 9.15, which shows selected
gamet REE profiles for gamets of different Cr and Ca compositions. For the REE the

emergent points from earlier in the chapter and from looking at Fig. 9.15 are:

1. Harzburgitic garnets generally have pronounced humps in the LREE (i.e.
high Sm/Dy) that become broad at higher Ca. The profiles with pronounced'
humps ovérlap strongly with REE compositions form peridotitic diamond

inclusion garnets.

- 2. The lherzolitic profiles tend to have a less pronounced hump (i.e. Sm/Dy is

smaller) and higher HREE concentrations (i.e. Ce/Yb is lower) compared to
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harzburgitic garets. These partially overlap with REE compositions from

peridotitic diamond inclusion gamets.
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Figure 9.15: REE profiles for garnets and clinopyroxenes (triangle symbois) compared to their garnet
Cr,04-CaO wt. % compositions. Arrows from Chapter 5 showing the zonation trends. Dashed arrow is
the ‘metasomatically zoned’ B48 trend. Dashed line is the diamond-graphite constraint and the solid

line is the therzolite line (see Chapter 4).
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3. Only the rim of zoned sample B48 has what could be described as a ‘normal’
profile. The core of this garnet has a REE profile that resembles the shape of
BOB401 in Fig. 9.16.

4. Gamet and clinopyroxene REE profiles form a.continuum of éompositions
whose apparent ‘end members’ are summarised in Fig. 9.16 for garnets and

defined in Table 9.2.

5. The low-Cr lherzolites tend to possess highly fractionated clinopyroxene REE -
patterns (i.e. very high LREE and very low HREE) with coexisting garnets
possessing relatively flat profiles. Whereas the high-Cr lherzolites tend to
have lower LREE and higher HREE with coexisting garnets having
extremely high HREE concentrations (see Fig. 9.15)

6. Clinopyroxene/garnet partitioning of REE in lherzolitic samptles indicate a
clear cpx/grt D¢, dependency that conforms to a temperature of 1100°C =
100°C according to Harte and Kirkley (1997).
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Figure 9.16: Summary of the different types of REE profiles obtained for garnets in this study with
particular samples illustrating the range of profile shapes present. BD1366 is shown for comparison
Dawson (2004).
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Table 9.1: REE profile classification scheme with key features of the REE concentrations indicated

for each profile type.
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9.5 Discussion

In this section the implications of the trace element compositions of minerals from
each of the parageneses are considered. The trace element patterns observed are
coﬁlpared to existing ideas on mantle processes from the literature based on analyses
from other xenoliths, kimberlite concentrate and diamond inclusions. nge
experimental data is also available on trace element behaviour at high P and T and
will be taken into account. Particular attention is given to theories for the generation

of garmmet REE profiles.

In terms of the analyses of trace elements in Newlands and Bobbejaan samples, there
are several matters that need explanation given the summary of the results (last

section) and observations in the literature:

1. Why do harzburgitic garnets have a humped REE pattern, and why do
lherzolitic garnets have a broader humped REE pattern given that most

mantle garnets have a normal pattern?

2. Whatis the reason for the continuum of shapes of REE patterns across the
major element compositional range of the samples? Is it to do with major
element compositional effects (e.g. Ca in garnet), mineralogy, exsolution or

do fluids play a role?

3. How do these patterns relate to apparently metasomatically zoned garnet

crystals from previous studies?

4. What is the nature of the bulk rock trace element compositions and how are

these generated?

5. How do the other trace elements fit into any explanations for the generation

of the REE patterns?

Firstly, an overview of existing experimental and theoretical constraints must be
made. Secondly, a presentation of the existing models for trace element behaviour in '

the mantle is needed before a discussion of their relative merits may be made.

Chapter 9 — Trace Element Mineral Chemistry - 257



9.5.1 Consideratidn from other authofs

9.5.1.1 INITIAL CONSTRAINTS

Firstly, we must define some limits to the properties of trace elements in minerals
and melts at relevant depths. This will.enable a means to assess how aﬁplicable the
mechanisms involved in various models will be, rather than simply showing how
closely natural trace element patterns are matched. This will provide a coherent
framework with which to gauge the success of the contrasting ideas on trace element

behaviour in the mantle.

In terms of the properties of melts in the upper mantle, McKenzie (1989) points out
that the small melt fractions (of the order of 10 %) need not ever travel to the ‘
earth’s surface to become an erupted igneous rock. It is suggested that these highly
potassic melts would have a very low heat capacity (and hence would transport little
heat) and freeze at depth in the upper mantle between around 950-750°C (i.e. by the
level of the lower crust on a continental geotherm). These melts wbul'd contain
greater concentrations of LREE and less Ti than known alkali igneous rocks. It is
only the re-melting of this frozen melt by adiabatic decompression (cause& by
lithospheric stretching) or by increased heat flux (possibly assdciated with plume
activity) that will cause low melt fraction igneous rocks such as kimberlite,

carbonatite and lamproite to reach the earth’s surface.

Experiments determining trace element partitioning between garnet and melt (e.g.
Simizu and Kushiro, 1975; Harrison and Wood, 1980) and clinopyroxene and melt
(e.g. Harte and Dunn, 1993) enable the determination of the likely melts n
equilibrium with particular trace element compositions in garnets and clinopyroxenes
from natural samples. Garnet/clinopyroxene partition coefficients have been
examined Harte and Kirkley (1997) in eclogites but the effect of major element

composition on trace element partitioning may also be applied to peridotites.
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In terms of the specific diffusion coefficients for the REE in garnet, van Orman et al.
(2002) have demonstrated experimentally that it is unlikely that LREE would diffuse
faster than HREE in natural pyrope at 2.8 GPa because diffusion rate can not be
correlated with ionic radius.

&

9.5.2 Models for the generation of mantle garnet REE profiles

Models fall into 4 categories as shown in Table 9.2. Following the table is a

summary of these in diagram form (Fig. 9.17).
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Model
Title/Variant
(profile source)

References

1. Starting garnet composition and
2.-3. further modifications

Comments

R T g

DIF T REN TR T DIRFOSION:MODELS

(a) Sub-solidus Shimizu and 1. Refractory garnet Diffusion :
non-equilibrium Richardson 2. Bulk system LREE depletion coefficiénts for REE
modification (1987), 3. Sub-solidus non-equilibrium vary from La
. Shimizuand | modification through to Lu in
(Diamond Sobol - i
inclusions, opoleY g2
diamond-bearin ( 1?95.) ’
g
xenoliths) Shimizu et al.
{1999)

(b) Partial Hoal et al. 1. Refractory garnet Further definition of
Equilibration with | (1994) 2. Partial equilibration towards (a)
LREE metasomatic garnet composition
metasomatic melt 3. Range depends on initial garnet
(Concentrate) compositipn and degree of

equilibration
(b-2) LREE Khazan 1. An initial unspecified garnet Variant of (b) using
disequilibrium, (2006) composition modelling from
HREE equilibrium 2. Full HREE equilibration with experiments
( 0 ther workers’ metasomatic fluid
d 3. Continuous partial equilibration

ata and . - iy e
) (i.e. disequilibrium) of LREE
modelling)
SPECIFIE METASOMETIC ENRICAVIENEMODELS
(c) ‘Metasomatic Stachel et al. 1. Refractory garnet from melt Relies on very
Enrichment’ - (1998), extraction in spinel stab. field. specific enrichment
(Diamond Stachel and Declining La-Dy ‘enrichment’ — of LREE in garnet
inclusions Harris (1997) | from ‘fractionated garnet-bearing
i fo source’ with MREE, HREE static
iamond-bearing

xenoliths)
(c-2) Griffin et al. 1. Unspecified starting composition Variant of (c)
Metasomatism by | (1999b) (presumable refractory gamet).
carbonatitic fluid 2. HREE depleted garnet core with
(Wesselton LREE enrichment
xenoliths) 3. Overgrowth and annealing to

produce normal HREE in rim

Unlikely that REE diffuse at

different rates (authors state that this

requires partial equilibrium which is

an inconsistency
(d) Multiple Promprated et | 1. LREE depleted gamnet as a relic of | Variant of (¢)
partial melting and | al. (2003) partial melting
metasomatism | 2. Primary metasomatic fluid
events enriches garnet in LREE

3. Secondary minor partial melting
(Snap. Lake reduces concentration of the lightest
xenoliths)

REE (La-Ce)

u
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Model References 1. Starting garnet composition and | Comments

Title/Variant 2.-3. further modifications

(profile source)

(e) ‘Metasomatic Stachel et al. 1. Pre-metasomatic refractory garnet | Variant of (c)

Enrichment’ (2004) 2. G10s have LREE enrichment

. 3. G9s have partial re-equilibration
(Diamond . .
inclusions) with megacryst gamet (ie. LREE
decrease, HREE increase)

(6 Simon et al. 1. Pre-metasomatic refractory bulk Variant of (c) but
(2003), Simon | rock with specific melt fractions applied to bulk rock
(2004) extracted in spinel and garnet REE composition

stability fields
2. ‘Metasomatic Enrichment’

'I;R’ﬁl'ION

EMETASOMATIC FECID'CENERATED BYTHE

mc:rmm*rm% OF.GARNET

{g) Percolative Burgess and 1. Range of initial garnets in column | Garnet fractionation

Fractional Harte (2004) of mantle itself determines the

Crystallisation 2. Melt percolates up melt column progressive

. and is enriched in LREE/HREE as generation of the

(Jagersfontein . . .

xenoliths) garnet fracponates . . hump in
3. Garnets in rocks equilibrate with peridotitic garnets
fractionating fluid high in the melt

column.
| EXSOEUTIONMGDELS

(h) Exsolution
from majorite

(Amie xenoliths)

Doyle (2002)

1. Original sinusoidal
(clinopyroxene-like) REE pattern.
Composition of majorite derived
from bulk rock reconstruction.

2. Exsolution of garnet and
orthopyroxene in harzburgitic
gamets progressively rotates REE
pattern

3. Gamnet and clinopyroxene
exsolution in lherzolites produces
MREE enriched profile.

Relies on pre-
existing humped
bulk-crystal REE
profile in order to
generate a humped
garnet REE profile

{x) Exsolution
from
orthopyroxene

Lahaye and
Brey (2003)

Unspecified but ‘sigmoidal’ REE
pattern generated by exsolition of
gamet from orthopyroxene

Variant of (h)

Table 9.2: Summary of existing mode.ls. for the formation of humped garnet REE profiles. (a) to (i} as

for Fig. 9.17.
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Figure 9.17: Diagrammatic summary of the various existing models for the formation of humped REE
profiles in mantle garnets. Models (a) and (b) are differential diffusion models, (c) to (f) are specific
metasomatic enrichment models, (g) is the model involving percolative fractional crystallisation and
(h) and (i) illustrate the exsolution models. In the diagrams the dashed lines represent the resultant
‘humped’ gamet REE profile. Other minerals with dotted or solid lines are labelled individually.
Arrows represent the differential increase/decrease involved in the modification of pre-existing REE

profiles.

9.5.2.1 DIFFERENTIAL DIFFUSION MODELS

Initially suggested by Shimizu and Richardson (1987), the differential diffusion
model requires that the LREE diffuse faster than the HREE so that solid state

diffusion of LREE from the matrix of the rock (a metasomatic fluid) should occur
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preferentially to that of the HREE forming a hump (see Fig. 9.17a). Hoal ¢t al.

- (1994) analysed REE in kimberlite concentrate garnets from on- and off-craton
kimberlites.in southern Africa. The authors define a set of garnet REE Kgs (diffusion
coefficients) that vary in orders of magnitude LREE to HREE with
LREE>MREE>HREE. This is the principal factor affecting formation of what they
call ‘sinusoidal’ gamet REE patterns and the process by which it is attained is the
partial re-equilibration with a LREE-enriched melt (see¢ Fig. 9.17b, with the garnet in
equilibrium with'the LREE-enriched melt shown as a dotted bold line).

However, the experim'e.nts of van Orman et al. (2002) show that there should be no
significant difference between diffusion rates across the REE in natural pyrope at 30
kb. Therefore this would indicate that the differential diffusion models are unlikely.
If the HREE diffuse sufficiently faster than the LREE (~30 times faster) then a
model such as that suggested by Khazan (2006) for garnet REE would be feasible.
Khazan (2006) implies that the LREE in garnet are in a constant state of partial
equilibrium and only the HREE approach equilibrium with surrounding fluids. Note
 that this is the opposite (i.e. HREE>MREE>LREE) of that required for the model of
Hoal et al. (1994).

9.5.2.2 SPECIFIC METASOMATIC ENRICHMENT MODELS

Stachel et al. (1998) stated that the variety of garnet REE profiles measured in
harzburgitic and lherzolitic gamets cannot easily be explained by a range of Kys as
suggested by Hoal et al. (1994). Stachel et al. (1998) proposed a model of
‘metasomatic overprinting’ of a refractory peridotitic garnet with a LREE-enriched
fluid (forming humped profiles) where lherzolitic gamets attain a lower LREE
abundance through equilibration with an exsolving clinopyroxene. Hoﬁfever, the
authors did not state the exact mechanism for the generation of humped profile, only

that the metasomatic enrichment decreases strongly from LREE to HREE.
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Griffin et al. (1999b) suggests that the cores of garnets from the xenoliths they
studied had a depleted REE pattern that partially equilibrated with a rim that was
‘metasomatically overgrown’ in equilibrium with a metasomatic fluid. They
recognise, however, that partial equilibrium poses a problem in terms of requiring
differential diffusion (see above). Promprated et al. (2003) suggest a model of
‘metasomatic enrichment’ of a refractory garnet by LREE-rich fluids and subsequent
low degree re-melting reducing only the La and Ce concentrations. Again no

mechanism for metasomatism is suggested.

Stachel et al. (2004) review trace element compositions of diamond inclusions and
revise the model of Stachel et al. (1998) in order to incorporate two types of
metasomatism affecting (i) harzburgites with a high LREE:MREE,HREE,HFSE ratio
and (ii) Therzolites with a moderate LREE:MREE,HREE,HFSE ratio. The precise
mechanisms for these ‘metasomatic effects’ and a definition of both metasomatic
fluid compositions and also their origin are not explained. This is obviously a major
problem with many metasomatic models. A metasomatic process seems likely to be
involved because a super-positioning of events provides a means of generating the
humped patterns. However it is often difficult to exti‘act information which defines
the pre-metasomatic composition, the metasomatic fluid composition and the

influence of any partial equilibration effects.

Simon ef al. (2003), Simon (2004) suggest that the bulk rock (Table 9.2f and Fig.
9.17f) HREE composition in Kimberley xenoliths corresponds to ancient melting
events. The authors attribute humped bulk rock REE profiles to ‘significant
incompatible element addition’ or ‘metasomatic enrichment’. The exact mechanism

for this, however, is not defined.

9.5.2.3 PERCOLATIVE FRACTIONAL CRYSTALLISATION MODEL

In the model of Burgess and Harte (2004) the mantle is treated as a column of rock

with an upward percolating MORB-source melt infiltrating. Fractional crystallisation
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of olivine, orthopyroxene and clinopyroxene aré modelled to have little effect on the .
relative LREE:HREE ratio whereas fractionation of garnet does -with gamet
crystallisation, the melt becomes progressively enriched in LREE/HREE as it moves
up the column. Therefore it is garnet itself that generates the humped profiles as

existing gamnets equilibrate with the LREE-enriched percolating melt.

The advantage of this model is that the source of the melt is defined and the process
of ‘metasomatic enrichment’ (undefined by the ‘specific metasomatic enrichment
models) is defined as a fractionating percolative melt. The mechanism for varying
enrichment of gamets with LREE is, straightforwardly, equilibration of garnet with
this melt. These processes may be defined quantitatively and conform to the ideas of
McKenzie (1989) and van Orman et al. (2002). The model also suggests an
explanation for garnet cores possessing more enriched REE compositions in that they
may represent equilibration with pre-existing metasomatic melt percolation events
superimposed by rims with a more normal REE composition during later higher-
degree mélts (fitting with the pattern observed in sample B48). Additionally, gamets
from lower depth harzburgites have more highly fractionated REE compositions,
whereas high-P therzolites close to the base of the lithosphere tend to have garnets
with more normal patterns. This conforms to the initially deep, primary mantle melt
of MORB compoéition which generates a normal gamet REE profile, and this melt
fractionates while percolating upwards, equilibrating with garnet to form a humped

profile.

9.5.2.4 EXSOLUTION MODELS

The exsolution models do not involve metasomatic fluids of any kind and work
backwards from the measured mineral compositions of garnets and pyroxenes in
order to reconstruct the pre-exsolution REE pattern based on their modal proportions.
Doyle (2002) starts with an assumed majorite composition that is similar to
clinopyroxene (‘sinusoidal’) and, in the first case eksolves pyrope and orthopyroxene

(for harzburgites) and secondly exsolves pyrope and clinopyroxene (for lherzolites).
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Thf; pyrope in each case attains a humped REE profile with the harzburgitic model
yielding higher LREE compositions than the lherzolitic one. Additionally, Lahaye
and Brey (2003) observe gamet exsolving from an orthopyroxenite-bearing
composite xenolith. The authors suggest that this gdmet will bave a ‘sigmoidal’ REE

pattern but do not provide a quantitative model for its generation.

The major disadvantage of these models is that the origin of the pre-exsolution
mineral compositions (for both major and trace elements) is not justified and the
resultant garnet compositions are net confirmed to agree with the precise patterns

observed in the xenoliths stud_ied.

9.5.2.5 INTERPRETATION IN RELATION TO NEWLANDS AND
BOBBEJAAN SAMPLES

In this study it has been possible to document exsolution of pyroxenes and Cr-spinel
from a high-Cr garnet and this is the first major event to affect the Newlands and
Bobbejaan samples (see Chapter 6) that may be shown by a combination of
petrographic and geochemical data. Therefore, taking sample B55 which has well
constrained modal proportions, one can use garnet and clinopyroxene REE
compositions in this sample to reconstruct the REE coniposition of the pre-existing
high-Cr garnet. The result is a relati\?el‘y flat profile for high-Cr gamnet at around 10
times chondrite and is shown in Fig. 9.18. The harzburgites did not appear to have
exsolved clinopyroxene (only orthopyroxene which is low in all REE) so their
existing garnet REE profiles are modelled without further change to their REE
composition. Therefore REE profiles in the harzburgitic garnets and the
reconstructed lherzolitic REE profiles are thought to represent the range of ancient

REE sigﬂatures prior fo any exsolution and metasomatic effects.
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Figure 9.18: REE for analysed garnet (solid black line) and clinopyroxene (grey line) from B55.
Dashed line is the mixture of garnet and clinopyroxene in the ratio 80:20 observed as the modal
proportions in the sample (see modal proportions in Table 6.3), reconstructing the pre-exsolution,
high-Cr garnet REE profile assuming no melt modification of either clinopyroxene and garnet.

Since Ca is known to play a role in the partitioning of REE between garnet and
clinopyroxene (see section 9.3.6), particular REE ratios and ppm values for
harzburgitc and Iherzolitic gamets (with several reconstructed bulk REE
compositions, see Fig. 9.18) are compared to Ca cations in garnet in Fig. 9.19. This

figure indicates that an increase of Ca-in-garnet appears to:
1. linearly reduce the magnitude of the REE hump in garmet (Fig. 9. 193)
2. exponentially reduce the LREE/HREE ratio in garnet (Fig. 9.19b)
3. linearly increase the Sm concentration in gamet (Fig. 9.19¢) and
4. exponentially increase the Yb concentration in garnet (Fig. 9.19 )
There are three additionﬁl items of note:

1. There is a poor correlation of Ca-in-garnet with MREE/HREE ratios and Ce

concentration (Fig 19.c and d, respectively).

2. BA48 (identified as being affected by metasomatism) is particularly anomalous

in compared to the rest of the data in Fig. 9.19a and b, whereas it is only the
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rim composition {circle symbols rather than star symbols) that is anomalous
in Fig.9.19c and £.

3. In general the reconstructed compositions (downward pointing triangle
symbols in Fig. 9.19a,b,c and f) are not radically different to the garnet
compositions (upward pointing triangle symbols). They are usualily in fitting

with the best fit trend lines.
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Figure 9.19: Ca in garnet (calculated on the basis of 8 cations) compared to: (a) Magnitude of REE
hump defined by Sm/Dy, (b) LREE/HREE defined by Cenorm/Ybnorm, (¢) MREE/HREE defined by
Dynorm/ bugrum, (d) Ce {ppm), (¢) Sm (ppm) and (f} Yb (ppm). Lines of best fit are shown with the
calculated norm of residuals in the upper right of the plots (where numbers less than 4 indicate a
reasonable fit}. Best fit lines ignore the sample B48, which is affected by metasomatism (B48 is
plotted as a circle symbol for its rim and a star symbol for its core compositions). Downward pointing
triangles are reconstructed iherzolitic bulk REE compositions (see Fig. $.18) and upward pointing
arrows are the gamets from those samples.

Therefore, the proposed sequence of events is as follows:

1. High-Cr gamet equilibrates with REE in the matrix in accordance with the Ca
concentration in garnet. The pattern happens to be humped for harzburgitic

gamets and more normal for lherzolitic ones, by means of having a higher
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HREE content. The mechanism for this is provisionally suggested to be due

to a Ca effect in garnet.

Exsolution of orthopyroxene + spinel in harzburgitic garnets caused only
minor modification to the original garnet REE profile. And, exsolution of
clinopyroxene + orthopyroxene + spinel in lherzolitic garnets predominantly

caused a reduction in LREE in gamnets (sec Fig. 9.18).

A final phase of modification in a few samples is in a;:cordance to the
percolative fractional crystallisation model of Burgess and Harte (2004).
However, the Newlands and Bobbejaan samples do not provide evidence of a
wide difference in depths of origin for different samples; thus it is not
possible to examine changes through a percolative metasomatic column as

was done for Jagersfontein by Burgess and Harte (2004).

9.6 Conclusions

A list of the conclusions of the trace element data and interpretation is as follows:

1.

LILE analyses indicate that Na in garnet and K in clinopyroxene are higher in
the high-Cr lherzolitic suite than in lower Cr suites. La is proportional to Sr in
garnet and clinopyroxene with a higher Sr:La ratio present in the low-Ca

harzburgitic gamets,

For HFSE positive correlations exist between Ti, Y, Zr and Nb in garnets and
Cr-spinels but not clinopyroxenes. High-Cr lherzolitic gamets and Cr-spinels
have the highest concentrations of HFSE and the low-Ca harzburgites have

the lowest HFSE.

The correlation between Ga and Ni is very strong in Cr-spinels and weakly
present in garnets. Cr-spinels and clinopyroxenes show lower Ga in the high-
Cr lherzolite suite, whereas gamnet with higher Ga and Ni is indicative of the
higher Cr Iherzolite and higher Ca harzburgite suite and thought to

correspond to higher temperatures of equilibration.
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4. TIn lherzolitic samples REE gamet/clinopyroxene partitioning varies with
garnet Ca content due to the effect of Ca on REE partitioning described in the
literature (e.g. Harte and Kirkley, 1997).

5. Reconstruction of bulk REE‘compc\)sitions in pre-exsolution high-Cr garnets
indicates a primaryREE‘ pattern, which is humped for harzburgitic samples

and approximately flat in lherzolitic ones.

6. Trace element zonation is only apparent in B48, BOB113 which have zoned
REE profiles that correspond to samples with external Ti zonation. These
samples appear to have been affected by metasomatism and could conform to
the percolative fractional crystallisation model of Burgess and Harte (2004)
since the core-to-rim, humped-to-normal feature is observed, which is

especially evident in B48.

7. Initial bulk trace element compositions (i.e. those preceding the exsolution
and metasomatic effects in 5’ and *6’) for the samples are modelled and
show a correlation with the Ca concentration in garnets. Ca in gamet appears
to have a progressive effect on incorporation of REE, reducing the LREE
hump and increasing MREE and HREE concentrations in garnet as more Ca

is present.

8. Therefore point 7 implies the possibilit)i of a single-stage, non-disequilibrium
process for the modification of existing humped profiles. Unfortunately, there
is no remaining evidence in the rocks, from either petrographic features or
chemical zoning preserved in minerals, to suggest further details on the
generation of these primary REE patterns. An explanation for the extremely

i

high Sr in low-Ca, high-Cr garnets remains elusive as well.

9. The application of specific models involving ‘differential diffusion’ or/and
‘metasomatic enrichment’ cannot be justified for the Newlands and

Bobbejaan samples without further evidence of ‘pre-primary’ compositions.
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10. Synthesis, Wider Implications and Further Work

The aim of this chapter is to synthesise the conclusions from Chapters 3 to 9 into a
coherent and integrated model for the evolution of the Newlands and Bobbejaan
samples representing the chromite-garnet peridotite assemblages. This will enable an
assessment of how well the initial aims of the project have been achieved and it will
also allow discussion of the ‘wider implications” of the findings and how they
contribute to existing understanding of the evolution of the mantie lithosphere. The
final section, entitled ‘further work’, will address directions for additional research

resulting from the findings of this thesis.

10.1 Synthesis: A Multistage History for the Evolution of
Newlands and Bobbejaan Samples

This section is divided into the 5 identifiable evolutionary events (stages) for
Newlands and Bobbejaan samples in chronological order. Evidence for the details of
the events and their relative chronology is integrated from the observations and
conclusions in Chapters 3-9, and summary figures of the garnet zonations and the

chronology of events are produced in Figs. 10.1 and 10.2:
10.1.1 Stage 1; Earliest known mineralogy

The Newlands and Bobbej aah samples comprise garnet-rich xenocrysts
(monogranular) and xenoliths (polygranular) (Chapter 3), with either harzburgitic or
Iherzolitic rock compositions. Within the polygranular samples, the main texture
evident is granuloblastic with crystals generally in the range 2-5mm. Modally, the
polygranular samples indicate that the samples originate from garnet-rich (>50%
garnet in most cases), rocks of peridotitic affinity with rare examples of garnetite
(>90% garnet). It is expected that other matrix minerals will have been olivine with
or without minor pyroxene and Cr-spinel although probable olivine and
orthopyroxene are always altered. Bulk garnet compositions are high in Cr (see Fig.
10.1, Stage 1) and are suggestive of higher P-T than calculated for the subsequent

stages.
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Little is known in detail about this stage and any prior events leading to the
generation of the earliest known mineralogy since the later events have modified
mineral compositions. However, given that exsolution-generated inclusions in
garmets do not have measurably different compositions, it appears that the pre-
exsolution garnets were relatively homogeneous chemically in terms of major
elements (e.g. see sample B55, X-ray map). According to thermodynamic modelling
of several samples using the Perplex program, the majority of them are calculated to
have pre-exsolution Ps and Ts > 65kb and > 1300°C. The pre-exsolution, primary
trace elements patterns in garnets are also thought to have formed before or during
Stage 1 and normalised REE plots are humped in LREE for harzburgites and
relatively flat for lherzolites (Chapter 9). |

10.1.2 Stage 2: Exsolution of pyroxene and spinel from garnet

Within individual gamet crystals the internal texture grades from pristine to annealed
exsolution textures to one with no inclusions at ali (Chapter 3). The exsolution forms
orthopyroxene and Cr-spinel in harzburgitic garnets and clinopyroxene and Cr-spinel
+ orthopyroxene in lherzolitic garnets. Calculated bulk rock compositions conform to
the composition of high-Cr garnets (they have 8 cations with 12 oxygens), which
appears to repfesent a pre-exsolution bulk crystal composition. When‘plotted ona
Ca/(Ca+Mg+Fe,) vs. Cr/(Cr+Al) diagram the initial compositions plot at higher
Ca/(Cat+Mg+Fe,) and higher Cr/(Cr+Al) for lherzolitic samples and at higher
Cr/(Cr+Al) for harzburgitic samples (Fig. 10.1, Stage 2). Garnet core compositions
in samples with multiple inclusions reveal that the lower-Cr garnet produced by
exsolution was relatively homogeneous (e.g. sample B55, Chapter 5). According to
the sliding reactions postulated (see Chapter 6) and the geothermobarometric
modelling (see Chapter 7) the exsolution event represents a substantial lowering of P

and T (probably close to a normal continental geotherm) for the samples.

The primary trace element patterns in garnet are thought to be redistributed amongst

pyroxenes and spinels as exsolution occurs, modifying the REE patterns in garnet as

Chapter 10 — Synthesis, Wider Implications and Further Work 274



described in Chapter 9. The textural features within garnet indicate a certain degree
of disequilibrium even though the rocks they comprise are texturally relatively
equilibrated (i.e. granuloblastic). The extent of annealing of exsolution textures
present signifies that the samples were at residing over a diverse range of
temperaturés (probably for an extensive length of time i.e. in the order of millions of
years). This is confirmed by the range of temperature estimates (e.g. garnet-
clinopyroxene Fe-Mg exchange thermometers) reported in Chapter 7. For example,
B55 a sample with a pristine exsolution texture is lower temperature than many

samples that show annealed textures. .

10.1.3 Stage 3a: External zonation - P-T re-equilibration and metasomatism

Major element external zonation in the majority of garnets and additionally in two
clinopyroxenes studied (Chapter 5) indicates an event (~0.5-5 Ma from diffusion
constraints, Chapter 8) producing major element external zonation from garnet to

| matrix and clinopyroxene to matrix. In NEW303 the matrix clinopyroxene (core) and
matrix gamAet (core) pair generate a higher P-T estimate than the one produced using
rim compos:itious (Chapter 7). Therefore ‘Ed’ garnet zonati‘on (external zonation to a
matrix of diopside + serpentine + Cr-spinel) is expected to represent P-T re-
equilibration of garnet with matrix (this overlaps compositionally with type Ib
zonation of Burgess and Harte, 1999). It is also expected that Eg+ zonation (external
zonations towards a matrix of garnet where Cr decreases towards the .rim) and Es
zonations (zonation towards a matrix of serpentine # Cr-spinel) are indicative P-T re-
eciuilibration since they follow the down P-T reaction simulations in Chapter 6 (these
are shown in Fig. 10.1). External P-T re-equilibration is expected to be contiguous
with Stage 2. This P-T re-equilibration is at least 25°C and 2kb (NEW303, Chapter
7) and probably up to 100°C and 6kb (see Perplex simulation for BOB402, Chapter
7).

Ec, zonation (external zonation towards the matrix involving an increase in Ca £Ti ‘
from core to rim) and Eg- zonation (external zonation towards a matrix of garnet

where Cr increases towards the rim) are the only external zonation types that
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conform to metasomatic modification since they may be accompanied by strong Ti
and REE zonation (Chapters 5 and 9). These conform to the zonation types IIIb and
I respectively from Burgess and Harte (1999). Additionally fhese represent the two
vectors on the Ca/(Ca+Fet+Mg) vs. Cr/(Cr+Al) that are at odds with the sliding
reaction simulations (Fig. 10.1, lowermost plot). These zonations generate the |
longest diffusion profiles and calculations yield time scales at the hiéh end of all
external zonations (up to 10s of Ma, Chapter 8). However, it is not possible to
comment on whether metasomatism occurred prior to, or after external P-T re-
equilibration (in Fig. 10.1, Stage 3a, the situation for metasomatism occurring at a .

later stage is shown).

Sample B48 is zoned in Ni and has concentrations in its core and rim, wHich,
according to Ni-in-gamet thermometry, indicate that metasomatism affecting the rim
of the sample occurred at ~ 40°C above the ambient mantle temperature for this
sample (Chapter 9). This is the only sample to indicate REE zonation where the
HREE are enriched above the concentration expected for the particular Ca content of
the garnet. REE in gafhet and clinopyroxene are not thought to be affected by the P-

T re-equilibration since they are not zoned. ‘

10.1.4 Stage 3b: Internal zonation - P-T re-equilibration

Internal zonation towards exsolution-generated inclusions clearly overprints external
metasomatic zonation (see BOB113, illustrated in Fig. 10.1; Stage 3b). External P-T
re-equilibration zones are also apparently overprinted by internal zonation. However,
the initiation of internal zonation may have occurred during some of the time interval
over which the external zonation operated (see summary points 6 and 7 from Chapter
8, Section 8.4). Fig. 10.2 indicates that some internal P-T re-equilibration may have
occurred at the final stages of exsolution as well but this is not preserved in the
garnet crystals since some textural annealing, post exsolution, is thought to have
occurred (see Stage 2, in 10.1 2) It is also possible that inclusions may have

overgrown internally zoned gamet during Stage 2
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As with external P-T re-equilibration zonation, internal zonation féllows very
specific trajectories on a Ca/(CatMg+Fe;) vs. Cr/(Cr+Al) plot (see Chapter 5). These
form a continuum of trajectories (i.e. zonation types Is and Id) and conform to the
down P-T sliding reactions (gamet-spinel transition reactiéns) as described in
Chapter 6. Therefore this is interpreted as down P-T re~equilibration of garnet with"

its inclusions.

Geothermobarometry using existing formulations yield P-T estimates consistently a
little higher using garnet cores rather than using garnet adjacent to inclusions
(Chapter 7). And also P-T estimates from clinopyroxene inclusions and garnet
adjacent to the clinopyroxene inclusion yield P-T estimates lower than both core and
rim external P-T estimates. These indicate similar values to those of Stage 3a: a
decrease of at least 40°C and 4kb (NEW303, Chapter 7) and possibly as high as
100°C and 6kb (sec Perplex simulation for BOB402, Chapter 7). Diffusion distan'ces
indicate that internal re-equilibration was shorter lived (< 0.5 Ma) than external P-T
re-equilibration (> 0.5Ma) and external metasomatic re-equilibratidn (~10Ma)
(Chapter 8). It appears that this internal chemical modification could not be
associated with the kimberlite magma itself since one would expect, in addition, to
detect some diffusion towards the kelyphite rims of garnets of a sirﬂilar magnitude
and this is not the case. However uplift associated with kimberlite genesis cannot be
ruled out (see gap with unknown time interval between kimberlite eruption and end

of internal zonation event in Fig. 10.2).

Additionally, the REE in garnet and clinopyroxene are not thought to be significantly
affected by the P-T re-equilibtation since garnet zonation in REE is not detected in
accordance with their proximity to inclusions. The samples do not appear to have
been chemically modified again until kimberlite eruption — presumably because the

closure temperature for diffusion had been crossed.
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10.1.5 Stage 4: Kimberlite erupiion

The age of the “Belisbank” kimberlite eruption is 118 +2.8 Ma 20 using a Rb-Sr
isochron of kimberlite whole rock and phlogopite macrocrysts (Smith et al., 1985b).
For the Newlands kimberlite an age ofr 114.1 £1.6 Ma 20 is obtained (Smith et al.,
1985b utilising the method as above). The effect of the kimberlite lrnagma itself may
be seen as micro- and macro-veining in samples and also as kelyphytic rims on
garnet (see Chapter 3). The kimberlite mecflanically disrupted the samples into
pfedominantly monogranular garnet macrocrysts and was most probably the agent
that retrogressed olivine and orthopyroxene by hydration into serpentine. The rapid
decompression and cooling of the samples as xenoliths and xenocrysts witflin the
kimberlite magma appears to have been fast enough not to have instigated any
significant chemical diffusion in garnet, Cr-spinel or clinopyroxene, I‘Jreserving the
previous major and trace element chemical distribution in these minerals. Once near
the surface the samples will have suffered hydrothermal alteration by carbonated
fluids until the kimberlite dyke/blow had cooled to a shallow sub-surface temperature
- (<<100°C). The samples will have been in the kimberlite host rock for a further
~100Ma and will have been affected by the percolation of meteoric fluids until

mining activity commenced.

10.1.6 Ages for the stages

There are few time markers for the stages of the history of the Newlands and
Bobbejaan samples described above (see Fig. 10.2). Most recently there is the
kimberlites® eruption ages over the period 112-121Ma (Smith et al., 1985b) and the
dates for the Newlands peridotites themselves (conducted by Menzies, 2001 using
Re-Os isotopes), which indicate a wide range of ages spanning from the Proterozoic
(minimum Tgyenium depletion = 1.77Ga) to the mid-Archean (maximum Twvodel age =
3.52G5). The oldest Trps and Tymas overlap with t}}e 3.2-3.3Ga Sm-Nd and Rb-Sr

model ages of Richardson et al. (1984) for diamond inclusion garnets.

Chapter 10 — Synthesis, Wider Implications and Further Work : 279



Using the diffusion coefficient of Si in olivine at 1000°C (extrapolated from Dohem
et al., 2002) as an upper limit for the diffusion of Cr in garnet, it is feasible that the
samples remained af this temperature {i.c. pést Stage 3b) for > 1.77Ga and up to
3.54Ga. Therefore the Menzies data may apply to the earliest stages of the formation
of the samples in this study from Newlands (Bobbejaan peridotitic samples have not

been analysed for Re-Os).

Fig 10.2 shows the time window for events observed in the Newlands and Bobbejaan
samples (i.e. Stages 2-3b) and indicates that the age and overall time interval for the
main down P-T events (i.c. exsolution and re-equilibration) and also metasomatism is
not known. The age of these events could be close to the more ancient Stage 1 (pre-

. exsolution) or, equally, they could be close to the recent Stage 5 (kimberlitic). In

- terms of relative timings for these events, exsolution occurred in a pre-existing garnet
and olivine-rich rock type and the garnéts were relatively homogeneous (see section
10.1.1 and 10.1.2) but there is no handle on the time interval between the generation

of the earliest known mineralogy and the start of exsolution.

Multiple inclusions of the same mineral within garnet are not significantly different
in their compositions, therefore inclusion formation must have been occurring prior
to the external P-T and metasomatic modifications. Since metasomatism is known,
firstly, to predate internal P-T re-equilibration and, secondly, to occupy a time period.
greater than external P-T re-equilibration, it has to predate and post date external P-T
re-equilibration (this is shown as a dotted line in Fig. 10.2 since it only affects a few -
samples). Internal P-T re-equilibration is known to post date metaéomatic zonation

from the clear geometry of chemical variation found in samples such as BOB113.
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Figure 10.2: Chronological summary of the events affecting Newlands and Bobbejaan samples.
'Dating from Menzies (2001), Zdating from Smith et al. (1985b) (see text for discussion). The final
max. and min. P-T values are derived from a final internal P-T estimates whereas pre-exsolution and
pre-external P-T re-equilibration P-T values are indicative only and derived from Perplex modelling.

10.2 Wider Implications

The implications of the sequence of stages events described in the previous section
(section 10.1) may be seen in a wider mantle-lithosphere context. With comparison
to a wide range of previous research, there are some important links and disparities
that should be highlighted as a final part to this thesis. Firstly the generation of the
specific composit'ions of the samples shall be addressed, secondly the implications
for the major down P-T and metasomatic events of Stages 2-3b, shall be discussed

and finally the parts of this study relevant to diamond exploration shall be outlined.

10.2.1 Generation of the bulk rock major element compositions of Newlands and
Bobbejaan samples
The events prior to the ‘docﬁmented story’ presented in this thesis remain unknown
but several considerations may be made: Firstly, justifying the presence of a highly
garnetiferous rock type is, itself, difficult to conceive in the upper mantle. The Cr-
content of many of the samples is very high (see Chapter 4) and therefore the bulk
rock requires a large melt extraction volume % since Cr is refractory and will be
concentrated in a residue. Melt extraction in the spinel stability field would allow for
é Cr-spinel to remain in the residue, enriching it s:igniﬁcantly in Cr and Al
Ringwood (1977) suggests the formation of an olivine, orthopyroxene, Cr-spinel
cumulate in a large igneous plutonic rocks and Bulatov et al. (1977) suggest Cr-
spinel harzburgite formation in an oceanic lithosphere setting. Many authors, c.g.
Stachel et al. (2004) and Simon (2004), have also used ‘ultra-depleted’ aspects of
trace clement patterns in diamond inclusions and harzburgitic xenoliths
(respectively) to justify the presence of an Archaean depletion event. Here tflere are
possible links to komatiite formation in the Archaean, since there is abundant
" evidence for large volumes of these lava flows in Archaean greenstone belts (e.g.
Viljoen and Viljoen, 1969), which would have created highly depleted residues in the
upper mantle (e.g. Walter, 1998). These residues would be highly magnesian but the
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extent of Cr-enrichment is unknown and dependent on whether garnet or spinel was

fractionating in the source.

Bulatov et al. (1977) aﬁd Ringwood (1977) suggest subsequent burial of their
depleted ultramafic rock types via subduction since this would be one mechanism
that would allow this rock to be converted to a garnet-rich rock type at pressures at
least those of the Al-peridotite spinel-garnet transition (15kb, 45km) for a typical
continental geotherm and probably at considerably higher pressure if Cr/(Cr+Al) is
high (Klemme, 2004). However, it may be possible to have a melt depletion event at

deeper levels and negate the need for an extreme burial event altogether.

Harte et al. (1980) suggest a model for the generation of low-Ca, high Cr/Al and high
Mg/Fe bulk rock compositions observed for peridotitic diamond inclusions via
interaction with a melt. The melt hypothesised has a high CO, content which
provides a mechanism for removing more CaO than with CO,-absent melting. Thus
in situ deep melting can account for the diamond-chromite-harzburgitic assemblage
is feasible without need for direct subduction of lithosphere. However, this is not

applicable to the lherzolitic compositions in the Newlands and Bobbejaan samples.

From the evidence preserved in the Newlands and Bobbejaan samples it is not
possible to discern absolutely which of the above hypotheses is most applicable.
Since the bulk rock compositions are so close to Cr-garnet + olivine, it is difficult to
rule out a depletion event that left spinel or garnet in the residue and this could relate
to komatiitic melt extraction events in the Archaean. Additional diversity of Ca
compositions’ observed may be poteﬁtially be explained by subsequent and
differential interaction with a CO,-rich fluid which may also amplify the high Cr/Al
and Mg/Fe ratios. The maximum P-T is exp;acted to have been in excess of 65kb and
1350°C, therefore, unless‘ initial depletion occurred at enormous depths, burial of

some kind is required for the peak metamorphic mineral assemblage. A possible

Chapter 10 — Synthesis, Wider Implications and Further Work ‘ 283



mechanism for this would be a continental accfetionary process, where lithosphere
with >150km depth is formed relatively rapidly with a similar age for all depths (sce
models of Pearson, 1999). The Newlands and Bobbejaan samples would then
‘represent further evidence for crust and mantle coﬁpling in lithospheric roots for
billions of years. .
10.2.2 Generation of the bulk rock REE compositions of Newlands and
Bobbejaan samples
The finding in Chapter 9 that the humped REE compositions of garnets in the
'Newlands and Bobbejaan samples are strongly dependent on Ca concentration in
gamet allows a range of humped and normal REE profiles to be formed across a
range of compositions in a single event. This potentially conflicts with a two-stage
(ie. bulk.REE depletion + LREE enrichment) précess, favored by many authors e.g.
Stachel et al. (2004), and a single stage formation process requires some attention.
One possible explanation is that the incorporation of REE (and other trace elements)
into garnet occurred at the time of first formation of gamet as it crystallised from a
series of melts of variable Ca/(Ca+Mg+Fe) ratio. Such a situation might arise in a
model like that ﬁroposed in Harte et al. (1980) (see above) where a range of Ca
compositions are produced under the influence of varying from a COz-content in the
melts. Without further constraints, the origin and precise composition of this melt is

not identifiable.

A second possibility is that the bulk rock attained an appi'oxirﬁately 10 times
chondrite REE concentration dur{ng initial melting in the spinel stability field (see
last section, model of Ringwood, 1977), but the problem with this is that there is no
known mineral in a spinel-peridotite that can contain sufficient HREE to explain the
levels seen in garnets in the samples from this study. Therefore if a single stage
formation of bulk rock REE concentrations is required, then a primary melting event
would have to have been in the garnet stability field. Again from the evidence
preserved in the Newlands and Bobbejaan samples it is not possible to discern

absolutely which of the above hypotheses is most applicable.
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10.2.3 Mantle evolution

Having discussed the chemical constitution of the samples the processes responsible
for mantle decompression, cooling and metasomatism in the stagé's described section
10.1 must be addressed with any quantitative or qualitative constraints available
placed upon them. With regard to the down P-T events, there are several possible
explanations (mentioned at the énd of Chapter 7) which are dependent on the
duration of the observed events, for which some diffusion constraints exist (see
Chapter 8). Therefore, the 0.5 — 5 Ma timescale for external P-T re-equilibration
(Stage 3a, ~ 5kb = ~ 15 km uplift) would suggest a lower ﬁpliﬂ rate of ~ 3 mm/year
for a 5 Ma timescale and a higher uplift rate of 30 mm/year for a 0.5 Ma timescale.
This rate of uplift may allow for an associated cooling along a geotherm of 100°C
(i.e. 20°C/Ma for a 5 Ma timescale) if the longer timescale is used, resulting in an
uplift that is not geologically instantaneous. Since Stages 2-4 are thought to be
contiguous, this is most likely part of a longer lived (~10 Ma), down P-T event (see
Fig. 10.2).

Such a continual decdmpression-with-cooling history expressed in these different
ways (i.e. exsolution and major element zonations) has not been described for natural
samples before. An uplift rate in the order of 3mm/year might be due to collisional
tectonics, since these kinds of uplift rates have been observed in the recent geological
past (e.g. associated with continent-continent collision in continental lower crustal
granulites, Harley, 1989, and also uplift rates of > 6mm/year have been calculated in
the Nanga Parbat syntaxis, Karakoram massif, NW Himalaya Treloar et al., 1991). If
a 3mm/yeaf uplift rate acted over the proposed 10Ma, then up to ;’,Okm total
unroofing/erosion at the surface would be required. From the examination of the
crustal cratonic rock units in southern Africa, it is known that assembly of the
Kaapvaal craton was occurring in the late Archaean (De Wit et él., 1992). Re-Os
dating of eclogitic diamond inclusion sulphides from kimberlites adjacent to the
Colesberg magnetic lineament (Richardson et al., 2004) suggest multiple timings for

diamond formation with the oldest at around 2.9Ga. The authors imply that these
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diamond formation events were caused by upward migration of C-bearing fluids
derived from subducted slabs of oceanic lithosphere just prior to continent-continent
collision. The Colesberg magnetic lineament is thought‘ to represent the suture zone

bétween the eastern and western blocks of the Kaapvaal craton.

In terms of the metasomatism, which is only observed in a few samples from
Newlands and Bobbejaan, it seems that this episode of chemical modification was
not temporally distinct from the main down P-T event. Therefore this would conform
to the diamond formation event described above with regard to syn-orogenesis
timing and also the evidence for modification of the sub-continental lithospheric
mantle by means of subduction-related fluids. Additionally, the Jagersfontein
kimberlite pipe contains xenoliths that have abundant evidence for metasomatic
modification (see Burgess, 1997; Burgess and Harte, 1999; Burgess and Harte, 2004)

and this pipe is sitnated directly over the Colesberg lineament.

The study of Leost et al. (2003) highlights instances of diamond growth history
(found in placer deposits in Namibia) that preserves the highest P-T inclusions closer
to the core and successively lower P-T inclusion assemblages at their rims. That
study documents a down P-T diamond growth history for eclogitic diamonds but
would be in accordance with the syn-orogenesis, metasomatic event proposed here
for the Newlands and Bobbejaan samples. The humped REE compositions of
peridotitic diamond inclusion gamets (Shimizu and Richardson, 1987) would
potentially result from encapsulation of the primary mineralogy and chemistry of
Stage 1 with metasomatic modification occurring in isolated, non-encapsulated

garnets only (Stage 3a).
10.2.4 Relationship of Newlands and Bobbejaan samples to diamond

One sample from this study was observed to contain diamond; it is the lowest Ca
harzburgitic garnet of all the samples (BOB404) and it is from the Bobbejaan

kimberlite. Therefore the harzburgitic connection is confirmed and the result
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conforms to the study by Menzies (2001) where the diamondiferous samples from
Newlands were predominantly of the harzburgitic paragenesis. Therefore, in the
Newlands and Bobbejaan samples, high-Cr garnet without regard to Ca does not
necessarily imply a strong correlation to diamond, whereas it is the high Cr AND low
Ca gamet that does (Gurney and Switzer, 1973; Gumey, 1984). This conforms to the
harzburgitié field in diamond facies (G10D) Griitter et al., 2006).

10.2.5 Implications for diamond exploration

A list of points concerning implications of this study for diamond exploration is as

follows:

1. From Cr-Al partitioning between garet and spinel (Fig. 7.7 and 7.9) and
Perplex modelling (Fig. 7.12¢ and d) the garnet compositions that indicate
equilibration in the diamond stability field are those with Cr/(Cr+Al) > 0.2
with accompanying low Ca/(Ca+Fe+Mg) (< 0.3). This is predominantly
found in high-Cr harzburgitic samples, i.e. those plotting in the G10D field
(Gurney, 1984; Griitter et al., 2006).

2. The lherzolitic samples in this study tend to plot at too high temperatures for
diamond stability, hence the presence of clinopyroxene tends to indicate
higher temperatures of equilibration. However, along a continental geotherm,
garnet Cr/(CrtAl) > 0.25 and Ca/(Ca+Fe+Mg) > 0.2 with spinel Cr/(Cr+Al) >
0.7 should place minerals in the diamond stability field according to Perplex

modelling.

3. A new finding from this study is that Cr-spinels from the lherzolitic
paragenesis have lower Mg/(Mg+Fet) and higher Ti than the harzburgitic Cr-
spinels, but they also have overlapping Cr/(Cr+Al) contents. Spinel
compositions indicative of the diamond stability field are Cr/(Cr+Al) > 0.75
but also with high Mg/(Mg+Fe) ratios, and are again generally found in the
harzburgitic samples. Therefore in terms of diamond exploration, if it is the

harzburgitic diamond paragenesis that is sought, then one should place
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particular importaﬁce on the high-Mg and lower Ti parts of the DI fields of
Fipke et al. (1995) (see Fig.4.33a and b in Chapter 4).

4. Negative Clapeyron-sioped isopleths (Fig. 7.12¢ and d) show that an increase
of temperature has the effect to increase gzirnet Cr/(Cr+Al) and |
Ca/(Cat+Fet+Mg) in lherzolitic samples and to increase Cr/(Cr+Al) in
harzburgitic samples. Therefore knowledge of coexisting Cr-spinel
‘compositions are useful because it generally has positively sloped isopleths
for Cr/(Cr+Al) and should help to constrain thé pressure of the garnet-spinel

pair.

5. In Chapter 7 it is shown that Perplex coniputation of phase diagrams for
peridotitic bulk rock compositions in CrCFMASNa may be used to generate
petrogenetic grids from which P and T may be inferred for particular garnet,
spinel and clinopyroxene mineral compositions. This may be applied to
xenolith suites from kimberlites to see if diamond stability field mantle has

been sampled.

6. Interms of P-T estimates (Chapter 7), Ni-in-gamet thermometry (Ryan et al.,
1996), single garnet barometry (P38 in Griitter et al., 2006) and single
clinopyroxene thermometry and barometry (Nimis and Taylor, 2000) do not
predict pressures and temperatures with sufficient assurance to place
significance on a verdict of whether the minerals equilibrated in the diamond
stability field or the graphite stability field. It is the comﬁosition of coexisting
minerals in equilibrium that allows tighter bounds to be placed upon both
pressure and temperature (see relationship in Fig. 7.8). Therefore an approach
for geothermobarometry that involves examination of polymineral-ic

peridotite xenoliths is endorsed.
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10.3
10.3.1

Further Work

Further work on the Newlands and Bobbejaan samples

The sample set for this study provides a wide range of peridotitic bulk rock

compositions in terms of Cr/(Cr+Al) and Ca/(Ca+Fe+Mg), they provide an ideal

means to assess both crystal chemical effects (such as the Ca-in-gamnet effect on REE

incorporation into garnet and pyroxene, see Chapter 9) and also particular aspects of

mineral chemistry and phase relations in 4-phase (harzburgitic and wehrlitic) and 5-

phase (lherzolitic) assemblages. The samples also provide evidence for a unique set

of features representing a down P-T event.

Tlgerefcre further study of these samples is recommended for the following:

o1

10.3.2

Further analysis of trace element compositions of gamet, Cr-spinel and
clinopyroxene compared to Ca-in-garnet would widen the dataset generated

in this study.

Use the full range of bulk rock compositions of the samples to calculate more
petrogenetic grids using Perplex. Further testing of the accuracy of this

method is required.

Isotbpic data, especially Lu-Hf dating of the garnets, in'the Newlands and
Bobbejaan samples would be especially beneficial to the chronology of the
down P-T event and metasomatism, relative to the Archaean formation time
and the kimberlite eruption age.

Further work on lines of investigation generated by findings in this study

Since olivine and orthopyroxene major and trace element compositions are
not known in this study it would be extremely interesting to find similar
gamet-spinel-bearing samples (possibly from other kimberlites) that have
fresh olivine and orthopyroxene to analyse. This would provide better P-T

constraints and also establish phase relations more clearly.
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2. Interms of the down P-T event, it would be very interesting if other xenoliths

could be found in southern Africa that also document this type of history.

3. Further definition of the Ca-in-garnet effect on trace element compositions of
' garnet and clinopyroxene would be an inferesting line of investigation to
follow given the preliminary findings in this study (Chapter 9). It would be
beneficial to find similar correlations in other peridotitic garnets from

diamond inclusions and also from non-metasomatic xenolith samples.

4, The Perplex program should be further tested on natural samples (especially
Cr-bearing peridotite xenoliths) for which independent geothermobarometry

may be applied.
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~ Appendix I: Analytical Techniques

For this project I used optical micfoscopy initially to examine the samples; further
analysis was carried out on electron and ion microprobes. The following sections
describe these in more detail with additional information provided in the last section
on thé preparation and use of a new chromite glass standard in ion microprobe
analysis. In addition Appendix IV contains information on the scanning electron
microprobe analysis of particular samples, which was used to test for garnet crystal

orientation by applying the electron backscatter diffraction technique.

1.1 Optical Microscopy

Initially a binocular microscope was used with a ‘goose neck lamp’ to examine the
range of features visible on the surface of intact and cracked samples. The mineral
colouration, grain size, mineralogy and texture present was noted to provide context
for more detailed investigations. The samples that were large enough to display
textural features were preferentially selected for mounting and microanalysis. Heavy
mineral concentrate was also examined in a glass dish under the microscope and the
mantle phases were selected and sorted for mounting and electron microprobe

analysis.

Once the selected samples were mounted and polished or made into polished thin
sections they were examined using a reflected light microscope. The thin sections
were also examined on a petrographic microscope in plane polarised and cross
polarised light on a rotating stage providing information on the orientation of
anisotropic minerals. At this stage phdtographs were taken of all the polished
samples in reflected light. More detailed photographs were taken of the distinctive
features visible and a catalogue of these thin section images was produced including

both secondary (alteration-type features) and primary features.
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Primary mineralogy and mineral modal abundance was recorded for all the polished
samples along with mineral grain sizes. As far as possible polygranulaf samples were
distinguished from monogranular ones (see Chapter 3) but those that were

ambiguous were selected for mineral orientation analysis (see Appendix IV).

.2 Electron Microprobe

Analysis was carried out on Cameca SX100 Electron Microprobe, School of
GeoSciendes, University of Edinburgh and was supervised primarily by Dr. Pete
Hill. The instrument is part of EMMAC (Edinburgh Materials and Micro-Analysis
Centre). A description of the sample mounting, electron microprobe beam and

spectrometer setup and the standards used is as follows:

2.1 Mounting

The samples ranged in size from 2-60 mm (long axis) to approximately 2 mm (short
axis). The larger samples (> 20 mm short axis) were cut to the size of a rectangular
thin section (35 x 15 mm), or circular thin section (25.4 mm diameter) using a
diamond studded saw, mounted on glass slide using araldite, ground to thickness of
50 pm on 40 pm, 20 pm, 10 um, and 5 pm diamond studded laps. They were then

polished usihg 3 um, 1 um, 0.3 pm diamond paste on motorised laps.

The medium sized samples (<20 mm short axis, > 2 mm long axis) and coarse
concentrate grains were positioned directly onto lubricated base plate of 25.4 mm
(I’") round Teflon containers. Araldite poured onto samples and allowed to set on hot
plate so that air bubbles escaped. Samples were cut using circular diamond studded

saw to expose the plane of interest. Grinding and polishing as above.

The small samples (< 2 mm long axis) and fine concentrate grains were positioned
directly into 2 mm holes in 25.4 mm diameter x 5 mm aluminium discs (20 holes per
disc). Araldite was poured onto samples and allowed to set on hot plate so that air

bubbles escaped. Grinding and polishing as above.
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1.2.1.1 CARBON COATING

Carbon coating was used to prevent charging for samples inserted into the Electron
‘ Micropfobe. All polished samples were carbon coated. Coating was carried out at
high vacuum using current, through touching and sprung carbon rods (one sharp
against the other blunt one). This was carried out at a distance of 250 mm, to
generate carbon sputtering until a current of 0.5 A was attained across a glass slide
tester. Aquadag (colloidal graphite) was applied to the .edges of sample holders to

allow conduction between sample and its metal holder.

2.2 Beamand spectronieter setup for EDS analysis

A beam current of 20nA was used at 20kV, accelerating voltage, in order to
maximise counts whilst maintaining a small beam size of approximately 4-5pum. A
beam regulator is installed to insure that the current does not fluctuate during an
analysis. Table 1.1 shows the setup of the 5 spectrometers for EDS analysis (Energy

Dispersive Spectrometry):

Spectometer 1 2 3 4 3
Crystal ' TAP LPET LLIF LIF LTAP
Pass 1 Si K Cr Fe Na
Pass 2 Al Ca Ni - Mg
Pass 3 - Ti Mn (Zn)

Count Time 20 20 20 40 20
per pass (s) ]

Bias (V) 1272 1890 1858 1276 1296
Gain 2482 1111 430 396 2597
Dead Time 3 ‘ 3 3 3 3
(ps)

Mode Integral Integral Integral Integral Integral
Base Line 1842 1310 1266 785 2469
(mV)

Window (mV) 3608 2548 1638 2548 2250
Count Preset 2,15E9 2.15E9 2.15E9 2.15E9 2.15E9

Table I.1: Spectrometer setup, Zn was measured for certain chromite analyses on spectrometer 4 using
LIF crystal.
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In house standards were used for all elements to be analysed and a calibration was
made for every 4 days of analysis, as well as at the start of an analysis session if it
had been more than 1 week since the previous calibration for 20nA and 20 KV.

Table I.2 summarises the calibration setup.

Stenderd | Standard type | Elem | Spect | Crystal | Background | Background | Peak | Bg | Scanni
name ent | romet Offset {-) Offset (+) Time | Tim | ng
er (s) e ,
SiK3 | Wollastonite | Si 1 TAP none 750 20 10 | off
~ SiK3 | Wollastonite | Si 5 LTAP none 750 20 10 off
SiK3 | Wollastonite | Ca 2 LPET | none 750 20 | 10 off
CAKK2 | Corundum | Al | 1 | TAP |  none 750 20 |10 | off
TiK2 Rutile Ti 2 LPET -1000 None 20 10 off
CrK1 Cr-metal. Cr 3 LLIF none 750 20 10 off
NiK 1 Ni-metal Ni 3 LLIF none 750 20 10 off
MnK1 Mn-metal Mn 3 LLIF none 1000 20 10 off
FeK1 | Fe-metal Fe 4 LIF none 1000 40 | 20 off
ZnK1 Zn-metal Zn 4 LIF __none 1000 20 10 off
MgK3 | SJI Olivine | Mg 5 LTAP none 1250 20 10 off
NaK3 Jadeite Na 5 LTAP none 750 20 10 | 10pum
KK3 Orthoclase K 2 LPET none 1000 20 10 | 10um

Table 1.2: Calibration standards surmmary. The standard name comprises the element, line and
concentration e.g. MgK2 refers to the magnesium standard, K line with the second highest
concentration of Mg i.e. olivine rather than periclase, which would be MgK1 for the latter,

During a routine analysis session the spectrometer positioning was verified on the
andradite standard and a St. John’s Island olivine standard was analysed periodically
{both at least twice a day). This enabled a check to be made on Mg analysis because
it was most susceptible to small instrument fluctuations. An andradite was also

analysed occasionally to check that no major fluctuations occurred on each of the

spectrometers.

1.2.3  Error statistics and lower limit of detection
Equations and explanations in this section are similar to those of Burgess (1997).

VT((VE:)- (V&)

%Emor =
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where T is the count time on peak on the sample, Rp counts per second on peak on
the sample, Rb counts per second on background. Typical error, calculated uéing the
above equation, for point analysis of garnet, clinopyroxene and Cr-Spinel, at 20nA,
are given in Table 1.3. Error is typically indistinguishable from the symbols plotted in
graphs from Chapters 4 and 5. Absolute values for precision vary depending on the
phase and the abundance of an element in that phase. Actual precision is certainly
worse than the ideal precision calculated from counting statistics. This is because of
the role of other errors in the analysis process. Analysis repeatability indicates a
relative standard deviation of <1% for major elements (> 1 wt. % oxide) and <35 %

for minor elements (<1 wt. % oxide.).

In addition, the theoretical detection limit can also be calculated from counting times

and count rates for typical elemental concentrations in the minerals analysed.

Detection Limit at a 2 confidence level = 3R

m\ Tb

Where, m = cts/sec/% element in the standard material, R; = the background count
rate (cts/sec) and T}, = the count time on background. The factor m is calculated using
the count rates obtained on the standard of the element in question. This is.done
instead of using the count rates obtained on the unknown, because of the very poor
precision résulting from the low count rates involved. Detection limits for elements,

calculated with the above equation, for individual point analysis of garnet,

clinopyroxene and Cr-spinel are given in Table 1.3.

The lower limit of detectability (LLD) is defined by the relationship:
LLD = (6/m)*(R/T)"

where: R =Rg +Rp (and Rp ,Rp are Background and Pea%c counts per second on
the sample reépectively), T = Tg + Tp(and Tg ,Tp are Background and Peak counting
times on the sample respectively), m = (Rp-Rp)/concentration (in wi%). LLD for
elements, calculated with the above equation, for individual point analysis of garnet,

clinopyroxene and Cr-spinel are given in Table 1.3.
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Detection limit Lower limit of % Error or relative
(wt. % oxide) detectability (wt. %o standard deviation (20)
] oxide)

Oxide | Grt | Cpx | Chr | Grt | Cpx | Chr Grt | Cpx | Chr
$i0, | 0.009 | 0.010 | 0.010 | 0.099 | 0.112 | 0.003 { 0.04 | 004 | 053
TiO, | 0.038 | 0.036 | 0.046 | 0.007 | 0.003 | 0.012 | 0.15 | 036 | 0.07
ALO, | 0.008 | 0.007 | 0.008 | 0.057 | 0.015 | 0.038 0.08 028 | 0.14
Cr,0, | 0.014 | 0012 ] 0.020 { 0.070 | 0.027 | 0.136 | 0.09 | 0.24 0.04
FeO | 0.018 | 0.011 | 0.023 | 0.051 [ 0.029 | 0.084 | 0.09 | 0.17 | 0.05
MnO | 0.012 | 0.015 | 0.015 | 0.012 ] 0.005 | 0.010 | 035 | 0.65 | 0.37
Mg0 | 0.005 | 0.005 | 0.005 | 0.037 | 0.039 | 0.035 | 0.04 | 0.04.| 0.06
ca0 | 0.031 | 0,033 { 0.031 | 0.026 | 0.038 [ 0.001 | 0.04 | 003 | 042
Na,0 | 0.007 | 0.007 | 0.007 | 0.002 | 0.014 | 0001 | 0.70 | 018 [ 0.91
K0 | 0.006 | 0.005 | 0.007 | 0.001 | 0.002 | 0001 [ 076 | 052 | o0.64
NiO 0.014 | 0.013 | 0.016 | 0.001 | 0.002 | 0.004 | 0.67 | 0.60 | 044
(Zn0) | 0.018 | 0.016 | 0.019 | 0.004 | 0.005 | 0.008 | 0.76 | 0.82 | 0.61

Table 1.3: Detection limits, lower limits of detectability and errors for the various oxides in garnet
(grt), clinopyroxene (cpx) and chromite (chr) based on electron microprobe counting statistics for
typical analysis.

.24 Point analyses

Point analyses were used for analysis of the kimberlite concentrate where only one or
two points were required for each grain. These analyses could be queued up with x, y
and z co-ordinates stored for each point. Approximately 2 % of these points

produced bad analyses because of unseen flaws in the surface or incorrect stage
adjustment. The concentrate analyses may be found in their entirety in Appendix X.

Appendix IT contains summary tables of coexisting mineral compositions in samples.

.25 Traverses

Automatic traverses were used to analyse a series of points with even spacing along a
straight line of interest on a sample surface. The focussing was graduated evenly
from the start point to the end point, to counteract sample loading tilt. Approximately
15 % of these traverse points produced bad analyses with low/high totals, because

the automatically selected location happened to be in a crack or pit within the

sample. These analyses were discarded by inspection afterwards without losing the
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spatial distance along the traverse. Appendix II contains graphs of the traverses and

Appendix X contains all traverse data in spreadsheet form.

1.2.6 X-ray mapping (EDS)

The X-ray mapping technique is a qualitative mode of analysis that records the
counts per second intensities of particﬁlar elements (one per spectrometer per pass)
as the stage moves underneath a fixed beam to generate a series of transects. This
allows a 2-dimensional picture of pixels to be made up, with each pixel recording
integrated X-ray counts that can be assigned a particular colour or brightness based
on a spectral chart. The scaling can then be changed so that particular parts of the

spectrum of counts can be emphasised.

A variety of setups were used for X-ray mapping of samples, depending on the
desired elements to be analysed and the sensitivity to be achieved (summarised in
Table 1.3). The spectrometer positioning was verified on the andradite standard

before each mapping session.

Spectrometer 1 2 3 4 5
Setup 4: Increased Ti | Crystal PET | LPET | LLIF | TAP | LTAP
sensitivity Element Ti Ca Cr Al Mg
Setup 3: Lower performance | Crystal TAP | LPET | LLIF | PET [ LTAP
found with PET on Spec. 4 Element . Al Ca Cr Ti M
Setup 2: LIF less effective Crystal TAP | LPET | LLIF | LIF LTAP
than PET Element Al | ca | o | 1 | Mg |
Setup 1: Fe found not to vary | Crystal TAP | LPET | LLIF | LIF LL.TAP

Element Al Ca Cr Fe ‘Mg |

Table 1.4: ray mapping spectrometer settings. Setup 4 was the setup that achieved the maximum count
rates from each spectrometer given the concentrations of elements within the majority of the samples.
In order to setup an antomated map of a sample, or part of a sample the maximum
and minimum stage co-ordinates in x and y must be known and used to find the mid-
point of a square or rectangular mapping zone. The focussing height of each corner
of the zone must also be entered so that a ‘four corner correction’ can be used to
correct for sample tilt. The, line length, points per line and number of lines must be

selected to produce a zone with the correct dimensions. The dwell time and step
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length must be chosen to produce a suitable density of data. Finally the stage is set to
move undemeath a fixed beam; this produces much more consistent data than a setup
where the beam is allowed to scan across the zone with a fixed stage, which
introduces vgriable'beam intensity at different positions on the sample surface. Table
1.4 summarises the variety of beam and analytical conditions utilised for X-ray

mapping. Appendix IiI contains all successful maps with details of their specific

setups.

Minimum Normal Maximum
Beam current 50nA 100;1A 100mA
Accelerating voltage | 20KV WKV 20KV
Dwell time per pixel 50ms , 100ms 200ms
Step (um) | 4pm 10um 25um
Line length (pm) 2048um _ 5120um 12800um
Points per line 512 512 640
No. of lines 210 384 512

Table 1.5: Summary of the range of parameters utilised for X-Ray mapping.

1.2.7 Other EMP techniques

WDS (Wavelength Dispersive Spectrometry). This technique provides a qualitative
measurement of counts per second intensity vs. wavelength of X-rays generated from
particular minerals. It was used to identify minerals rapidly, according to the relative

amplitude of their major element peaks, prior to quantitative analysis if necessary.

BSE (Back-Scattered Electron) images of particular features in samples were
acquired. Since the intensity of back-scattered electrons is proportional to the mean
atomic number of the material, this approach enabled the imaging of the precise
location of minerals in samples (e.g. Fig. 3.20, in sample B55, Chapter 3). Some Cr-
spinels were zoned strongly to high-Cr rims which produces a higher intensity of
backscatter than the more Al-rich core (Fig. 5.5, Chapter 5). The technique was also
used to capture textural featurcs and to provide maps for further microanalysis (used
as navigational aids). Initial scanning for image composition was scanned at 0.5s for

320 x 240 pixels and the brightness and contrast set accordingly. Once composed, the
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image was acquired for 30s at 1024 x 768 pixels-and finally saved as a bitmap image
file. '

1.2.8 Data processing

For each quantitative analysis point, the software for the Cameca SX100 electron
microprobe uses counts per second intensities for each of the elements analysed to
calculate weight percent oxide concentrations based on the calibration file and using
a ‘PAP’ correction. From these weight % oxide values, the number of cations within
each mineral was calculated in a spreadsheet on a cation basis (i.e. so that cations
summed to the number present in the formula of a given mineral). The number of
charges was then summed assuming all Fe as Fe**. Then the charges were corrected
by creating the appropriate amount of Fe’*. The formulation follows Ryburn et al.

(1975) using the formula (e.g. for clinopyroxenes with a 12 oxygen formula) where:
Fe’ =4-(2Si+2Ti+Al+Cr)+ (Na+K) and Fe* =Fe'-Fe’'

This method was preferrécl to that of Droop (1987) because numbers of cations and
oxygens are not removed away from their whole number values. However it was
found that errors on the Si analyses (i.e. £ ~ | wi. %) were enough to render the
resultant Fe** and Fe*" concentrations unreliable. Therefore all Fe was calculated as
Fe?* and the formula calculated to the formula sum of cations as described above. All

analyses in Appendix II are shown with all Fe as FeO (i.e. F eh.

1.2.8.1 INCONSITENCIES IN MINERAL FORMULAE CALCULATIONS

For garnet and spinel the mean weight percent totals are > 100 %, whereas
clinopyroxenes yield on average just under 100 wt. % oxide totals since they have

some Na and K of which minor amounts may be lost whilst under the beam.

For cation concentrations it is apparent that the different datasets present in Chapter 4
have been analysed using different electron microprobes and different beam and
spectrometer setups. An example of the resultant cation site occupancy in garnet is

shown below but similar inconsistencies exist for pyroxene and spinel as well. The
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sites are theoretically occupied by the following cations (Deer et al, (1962)) with the

formula unit total shown:

X site [8]: Ca®" Fe?* Mg®* Mn**Ni*"Na"  Total 3 cations per for;nula unit
Y site [6]: A Cr** Fe?* Ti** - Total 2 cations per formula unit
Z site [4]: Si‘ﬁ : Totai 3 cations per-formula unit

Therefore, in the X site, the sum of the main 2+ ions (Ca+Fe+Mg) should total just <
3, éssuming small amounts of Mn and very low amounts of Ni and Na. In the Y site
the sum of the 3+ ions Al and Cr should total just < 2 assuming small amounts of
Fe* and Ti present. The Z site should be close to completely filled by Si (summing
to 3 cations). Overall a cluster of garnet data should form a negatively sloping line
passing through (or just below due to varying small amounts of Fe’* and Mn) the
ideal cation sum Qalues of 3 (for 2+ ions) and 2 (for 3+ ions). The negative slope
should be due to the presence of Fe’" and also Na, since its substitution will cause
lower 2+ and higher 3+ cation concentrations in order to compensate for its single

charge.

Figure 1.1 shows the difference in analyses from NWT sampling and analyses from
this study, other Frank Smith data (from the Kimberlite Research Group (KRG),
University of Cape Town) and data from Menzies (2001).
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Figure I.1: (a) 3+ ions (Cr - Al) vs. 2+ ions (Ca + Mg + Fet) with the ideal 3 and 2 formula units
shown as straight lines. Cations calculated on a 12 oxygen basis. Analyses from NWT till sampling
(grey dots, cloud), this study (triangles), other KRG data (squares) and data from Menzies {2001) as

black dots. (b) as for (a) except cations calculated on an 8 cation basis.

Calculation to 8 cations (Fig. 1.1 b), rather than to 12 oxygens yields a better cross-
dataset correlation with most data explained by the Fe and Na substitutions. The
discrepancy in the NWT data using the 12 oxygen method (Fig. 1.1a) appears mainly
due to the higher Na values obtained in the analytical method used (see Chapter 4).
Additionally the NWT dataset appears to have more points that lie far away from the
general cluster of data. These are likely to be the result of using unfiltered data that

has not had bad analysis points removed.

1.3 lon Microprobe (SIMS)

Analyses of Newiands and Bobbejaan samples for trace elements was carried’out on
the Cameca IMS-4f Ion Microprobe using the SIMS (secondary ion mass
spectrometry) technique. The instrument is part of EMMAC (Edinburgh Materials
and Micro-Analysis Centre). The total analysis time for all desired elements required
approximately 45 mins per analysis spot. Samples were analysed during 3 week-long
sessions over the period 2004 to 2005 and analytical _conditions are summarised 1n
Table 1.6.
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Session 1 - Session 1 - Session 2 - Session 3 -
Light elements | Heavy Ni Transition
clements ! elements
Elements Li,Na, Si, K, | Si, St Y, Zr, T, "Fe, ®Ni | Si, Ca, Sc,
*Ca, Sc, Ti, Fé, | Nb, Ba, REE, Ti, V, Cr, Fe,
Ni Hf Mn, Ni, Ga,
St, Y, Zr, Nb
Primary beam polarity Negative Negative Negative Negative
Primary ion beam e "o | o o)
Net Accelerating voltage 15 keV 15 keV 15 keV 15 keV
Secondary Accelerating 4.5 keV 4.5 keV 4.5 keV 4.5 keV
voltage
Beam current | 10 #A 10 nA 10 nA 20 nA
Secondary beam polarity | Positive Positive Positive Positive
Offset ~75eV ~75 eV 0eV ~75 eV
Energy window 40 eV 40 eV 40 eV 40 eV
Number of cycles 3 10 10 5
Count time per cycle 5s 10s 10s 5s
Deadtime ~12ns ~12ns ~12 ns ~12 ns
Glass Standards SRM610 (2) SRM610 (2) SRM610 (1) SRM&10 (1)
{frequency of analysis/day)
Garnet Standards DDI(1) DDI {1) Diamantkop (2) | DDI (1)
Shimizu (1) Shimizu (1) DDI (2)
Gore Mtn(2)
LBMI11 (2)
MNAG (1)
Spriggs 1 (2)
Spriggs 2 (2)
Spriggs 3 (2)
PN (2)
PN2A (2)
PN2B (2).
Shimizu (2)
Clinopyroxene Standards | KH1 Kilburn KH1 Kilburn - -
Hole (1) Hole (1) ;
Chromite Standards - - - Bushveld:
R1b (2), LG6
(1), M1 (1)

Table 1.6: [on Microprobe operating conditions and standards used for the four analysis setups.

Session 1 focussed on LILE (Large Ion Lithophile Elements), HFSE (High Field
Strength Elements) and REE (Rare Earth Elements) within gamets and

clinopyroxenes. Elemental concentrations were calculated by utilising relative ion

yields that were determined using standards of known concentration. The method of
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Hinton (1990) was employed and a 500 ppm trace element glass (SRM610) was
analysed twice each day to calculated silicate ion yields. Concentrations were
calculated using these ion vields and were checked periodically (twice daily) against

standard gamet and clinopyroxene standards.

Session 2 was entirely used to establish a method for Ni analysis in garnet based on
that carried out by Paula McDade in 2002 (McDade et al. (unpubl.)) using the Ni-in-
garnet standard block housed at EMMAC. The Jagersfontein xenolith suite was
studied with additional texturally equilibrated samples from Matsoku. Spots analysed
for the Newlands and Bobbejaan samples were chosen to be close to those analysed

in Session 1. See 1.3.2 for further details.

Session 3 was devoted to the transition and high field strength element analysis of
Cr-spinels, making use of a chromite standard developed for this purpose (see last
section in Appendix I for details). Garnet and clinopyroxene transition elements were

also measured at adjacent locations to the other trace element analyses of session 1.

1.3.1 Procedure for routine trace element analysis

The procedure closely follows that of Harte and Kirkley (1997). Clean polished
samples (see electron probe sample preparation) were coated with a 10 - 30 nm thick
gold coat td prevent charging. Gold is also beneficial to use because it is removed
quickly by the ion beam. It is also mono-isotopic, poorly ionising and of high mass
(so as not to create species that cause interference for the vast majority of masses).
The sample chamber vacuum was always between 10°® to 10® mbar during analysis.
A 10 CA duoplasmatron O beam accelerated at 15 kV (impact energy) was used to
sputter positively-charged atomic and molecular secondary species from an area 15
to 20 pm in diameter (with a ~5um deep pit generated). The sample was maintained
at a voltage of +4425 V, producing a voltage offset of 75 eV to ensure only high

energy ions are measured. This procedure has the advantage of decreasing the matrix
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effect and simplifies the correction procedures for molecular interferences (Hinton

(1995)). A beam burn-in time of 30 s was used in all sessions for consistency.

Analytical uncertainties are typically: ~ = 1% or less for concentrations above 10 i
ppm; £ 10-15 % for conéentr_ations in the range 1.0to 0.1 ppm; and ~ 50 % for
concentrations of 0.01-0.005 ppm. Fig. 1.2 shows the typical counting statistics errors
for the normalised abundance of all elements analysed for garnet clinopyroxene and
Cr-spinel. The lower limit of detection is essentially zero because no counts were

registered for the mass 130.5 which was chosen for a blank.

100 —
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Analyte

Figure 1.2: 1Clabove and 1[0below error bars are shown for each element measured in garnet (thin
solid Jine), clinopyroxene (thin dashed line)} and Cr-Spinel (bold dashed line) on a chondrite

normalised plot.

1,3.2 Procedure for Ni-in garnet determination (McDade et al. (unpubl.))

1.3.2.1 ANALYTICAL CONDITIONS

Samples were coated with a 10 - 30 nm thick gold coat to prevent charging. A 7 nA

O beam accelerated at 15 kV was used to sputter positively-charged atomic and
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molecular secondary species from an area 20 to 30 pm in diameter. The sample was

maintained at a nominal voltage of +4500 V. -

During many SIMS trace element analysis routines, a voltage offset (typically ~75
eV) is employed to ensure only high energy ions are measured. This procedure has
the advantage of decreasing the matrix effect and simplifies the correction
procedures for molecular interferences (Hinton (19935)), but it has the disadvantage
of lowering. count rates and thus reducing precision. In the present case we used zero
energy offset (£50 V) and a high mass resolution (m/pm) of ~3000 to eliminate
interferences. For this a 150um image field and a contrast aperture number of 3 were
employed. The entrance slits and exit slits were closed sufficiently to provide the

appropriate mass resolution (see below).

The isotopes %N, ' Ti and °"Fe were measured on each of the standards and

unknowns. Measurement of the Ti and Fe accompanying elements allows calculation

of the relative ion yield (RTY) of Ni (RIY = (cps/conc) .. /(cps/ conc)_;:::;ff ).
Using RIY clemental ratios rather than single element count-rates minimises any
errors which may be introduced as a result of instrumental fluctuation, such as

primary beam variation.

Iron and titanium were selected as suitable elements to ratio “*Ni counts to for
several reasons: 1. Iron and titanium are present in sufficiently high concentrations to
be accurately measured by electron microprobe and hence are independently
quantifiable; ii. The chosen isotopes are present in sufficiently low concentrations as
not to overload the electron multiplier; iii. “Ti and *"Fe are resolvable under the
analytical constraints (m/pm ~ 3000) required for accurate Ni determination; iv.
Minimum movement of the magnetic field from the 5°Ni position is required to
deflect *’Ti and *'Fe masses towards the electron multiplier and thus instrument
instability is minimised; v. Titanium and iron ion yields were found to vary directly

with their concentrations, as did **Ni, within the compositional raﬁge analysed.
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Measurements were made in cycles where *'Ti and *"Fe counts were collected for 1
s, ®Ni counts were collected for 5 s. Such cycles were repeated a minimum of 20
times for each analysis, with the number of cycles being increased for samples with
lower Ni contents. Manipulation of the entrance and exit slits to the magnetic prism
ensured that flat-topped peaks of each species were transmitted to the electron

multiplier thus enabling accurate peak jumping during repeated cyching.

The use of zero voltage offsets in high-resolution ion microprobe analysis requires
particularly careful attention to detect any potential interfering molecular species.
This was facilitated by collection of mass spectrums at high n_las.s resolution over
Y171, >’Fe and **Ni peak positions (Fig. 1). Molecular species potentially capable of
interfering with detection and measurement of the 41T, *"Fe and ®°Ni ions are listed
in Table 1, along with their displacement from the relevant peaks in millimass units,
and the resolution required to discriminate these molecular species from those of
interest. In theory, the most difficult species to discriminate between are 'Fe and
®ke!H, requiring a resolution of 7800. However, such very high mass resolution and
accompanying reduction in count rate was avoided by extended (> 12 hours)
pumping of the multi-sample airlock to high vacuum conditions in order to minimise
the abﬁndance of *°Fe'H. Calculation of Ni concentration using Ti ion yields in

addition to *"Fe provided a secondary check that *°Fe'H interference was minimal.

1322 CALIBRATION OF STANDARDS

Garnet standards, spanning a comparable major element compositioﬁal range to
potential unknowns, were selected in an attempt to quantify and minimise the effect
of garnet major element composition on Ni ion yield during ion microprobe anélysis.
Major element analysis of each of the garnet standard materials was undertaken at
the Grant Institute of Earth Sciences, School of GeoSciences, Universfty of
Edinburgh using the Cameca Camebax electron microprobe. The analysis procedure

utilised an accelerating potential of 20 kV, and a beam current of 25 nA. The count
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time on K [peaks for each element was 30 s with backgroimds measured for 15 s. At

least 20 analyses were made on each standard to ensire homogeneity.

The concentration of Ni in each of the standards was independent]yidetennined both
by ICP-OES at the Department of Geology, University of Leicester and by laser
ablation ICP-MS at the Deparfment of Geological Sciences, University of Cape
Town. Wet chemical analyses of standard materials were undertaken using a Philips
PV 8060 ICP-OES. Complete dissolution of the sample (30 to 50 mg) was achieved
by addition of hydrbﬂuoric and perchloric acids, with the resultant solution being
s‘ubjected t6 microwave digestion at 100 psi for 2 hours. Subsequent to digestion the
samples were evaporated to dryness and taken up in a small volume of 10% HCI for
analysis. High spatial resolution analyses wefe undertaken using a Perkin Elmer Elan
6000 ICP-MS attached to a Cetac LSX-200 laser. Each standard was analysed
between 5 and 9 times. Only the standards for which the ICP-OES and LA-ICP-MS
Ni estimates fell within 1 Oerror were selected as suitable for ion microprobe

calibration. Fig. Il illustrates the calibration curve established. NOTE: intercept does

not equal 0.
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Figure 1.3; Calibration curve using garnet Ni standards for IMP Ni/Fe vs. Ni concentiration established
using ICP-OES analysis. Solid line is least squares best fit R? 97.7 % with + 1 Jun-weighted error on
the best fit line shown as dashed lines. :
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Major element and cation compositions together with the Ni concentration for each
garmet standard are compiled in Table 2, and their relative compositions are
illustrated in Fig. 2 along with the Jagersfontein garnet compositions analysed in this
study. The composition of the garnet standards ranged from Mg# (Mg/Mg + Fe*")
0.48 to 0.83, and Ca/(Ca + Mg + Fe?*) from 0.12 to 0.15. In addition to pyrope-rich
compositions the non-peridotitic ‘Gore Mountain’ almandine garnet (Mgt 0.48, |
Ca/(Ca + Mg + Fe’™) 0.12) was included to aid quantification of the matrix effect.
However the effect was found to be small because NiRIY's from this sample did not
deviate from those of the other garnets. The standard suite also includes garnet from
LBMI11, a peridotite xenolith from Matsoku, Lesotho. This xenolith, originally
studied by Cox et al. (1973), has previously been subjected to proton microprobe Ni
analysis by Griffin et al. (1989). Our Ni value (47 = 3 ppm) falls Within error of that
proposed by Griffin et al. (1989) at 43 + 4 ppm. Additionally, Griffin et al. (1989)
reported the garnet rims from the high-temperature sheared peridotite PHN 1611 to

contain 126 * 11 ppm Ni. This concurs with our value of 130 +6 ppm demonstrating

the reproducibility between proton and ion microprobe analysis.

A plot of Ni contents versus Nigsy produces a working curve (Fig. 3) from which the
Ni cont‘ent of unknowns can be determined. The reported Ni contents were primarily
obtained using ion yields relative to 5Fe rather than *'Ti, since estimates of Fe
content by EMPA are likely to be more accurate than those of Ti because of the
higher concentrations of iron typically-/ found in pyrope garnet. However Ti aided in
more precise relative peak positioning on particularly low Ni samples, and always

provided a secondary check on Fe ion yield calculations.

1.3.2.3 ENERGY DISTRIBUTIONS

During the course of the study analyses at varying energy offsets were also -
attempted, in order to examine whether the small deviation of standard data from the
ideal working curve in Fig. 3 were the result of a matrix effect or natural
compositional variation. The variation of 4174, *"Fe, and ®*Ni counts per second

relative to sample voltage are illustrated in Fig. 4. The energy distribution profiles for
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47Ti, 57Fc and 60Ni are shown in Fig. 4. During ion microprobe analysis samples
may accumulate a negative charge due to incomplete removal of O- ions via
conduction by the thin gold coat on the sample surface. This results in the shifting of
the energy curves in Figure 4 towards the right, resulting in a loss of counts, and a
change in the relative count rates of different species at high offsets (e.g. 50 volts or
more). However the similarity in shape of the high energy 47Ti, 57Fe and 60Ni ion
profiles in Figure 4 shows close consistency in count rate ratios for the elements
from zero offset up to ~ -30 V offset. This demonstrates that significant charging can
be accommodated during analysis of the sample before significant loss of counts, and
precision occurs. In many cases, particularly in the case of samples with <~40 ppm
Ni, the use of a voltage offset made it more difficult to calibrate the magnet
accurately on the Ni peak prior to analysis during the peak-centring routine. Thus use
of a voltage offset could, in cases, give a lower than expected Ni concentrations due
to counts being collected ‘off-peak’. Overall, the best estimates of Ni concentration

in garnet were obtained using zero offset.

1.3.2.4 ACCURACY AND PRECISION OF Ni ANALYSES

Counting statistics were optimised by increasing the voltage across the electron
multiplier prior to analysis, in order to obtain the rnakimufn %Nji count-rate : voltage
ratio from a particular sample. The standard error of the mean (‘1 o) on a typical 20
cycle analysis was found to be generally <1% of the total counts. The detection limit

for Ni in gamet was found to be less than 1 ppm.

ICP-OES analysis assumed a detection limit of 6 ppm, and an accuracy of +5%
determined from repeated analysis of W1 and JH1 international reference standards
containing 75 and 56 ppm Ni respectively. These concentrations are comparable with
typical Ni contents of peridotitic garnets. Errors on Fe and Ti contents in the garnet
standards by electron microprobe are of the order of + 0.10 and £ 0.01 wt% (3c)

respectively.

Overall the error for Ni determination in a typical garnet possessing 60 ppm Ni,

utilising the standard working curve method illustrated in Fig. 3, would be ~ + 35
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ppm Ni. This results in a temperature error of between 10 and 22°C depending on

which Ni in gamet thermometer calibration is employed.

.4 Chromite Standard Preparation and Use in Analysis

Chromite standard preparation took place in May 2003, October 2003 and March
2004. The IMP analysis session was in May 2004,

1.4.1 Standard material selection

The chromitite layers of the Bushveld Intrusion, RSA, were chosen as standards
because of their abundance, major element homogeneity and relatively large grain
size. Mantle Cr-spinels have grain sizes usually <0.5mm and are too rare in xenoliths
to make a useful standard. Sample MR1 (R1b) is a 0.5 kg specimen from Ben Harte
and Robin Lee (Univ. of Edin.) and was selected for high trace element content of

“bulk rock, whicﬁ contains a 1cm undulose layer of chomitite grading into an
orthopyroxene + minor plagioclase matrix. One block was used for the production of
a polished mount (2.54cm disc) and a polished thin section of the same dimensions

was borrowed from Robin Lee.

1.4.2 Chromite separation procedure:

The following steps (in note form) were followed to derive a pure chromite separate,
which can be dissolved into a homogeneous glass. Problems encountered are

indicated in sequence.

1.4.2.1 CRUSHING

e Saw cut R1b into 15mm slabs
¢ Drill blocks of chromitite richest in chromite out from rock sample

e Crush and pull out aggregates of chromite + plagioclase and chromite +

orthopyroxene and crush so that they separate

o Crush further in WC (tungsten carbide) percussion mortar (steel base,
cardboard shield) to 50 mesh size then sieve to recover —50+100, —100+200

and —200 mesh sizes
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¢ Then examine to find the largest sieve size that contains essentially cleavage

fragments only with minimal surface contamination

e Ultrasonic for 30 mins in D.I. water. Dry overnight at 50°C.

1.4.2.2 MAGNETIC SEPARATION

Magnetic separation to remove most non-chromite material from a crushed sample

was undertaken on the Franz Isodynamic Separator, Model L1:
e Slope of 15°, an angle of sideways tilt 12°, a current 0.20 Amps

e Acid wash in HF overnight at 60°C to dissolve remaining non-chromite

material and dry for 3 hours in evacuation chamber
» Hand pick any non-chromite fragments under microscope

o Sieve at 0,177 mm to remove undissolved pellets of plagioclase and

orthopyroxene.

1.4.2.3 HEAVY LIQUID SEPARATION

Magnetically separated samples were further purified by use of heavy liquids:

* Diiodomethane (CH:I,) was not dense enough at 3.31 g/cc and would not
differentiate composite orthopyroxene + minor chromite grains (~ 3.4 g/cc)

from chromite only grains

e Pure chromite is 4.6 g/cc so if it is present in grains of orthopyroxene it will

raise the particle’s density

o Clerici’s solution (a mixture of thallium formate (TI(CHO;)) and thallium
malonate (T1(C3H304)) was used

e Dissolve Clerici crystals by heating glass bottle and adding DI water

e Pour into evaporating dish containing density tablets (3.8 g/cc, 3.9 g/cc and
4.04 g/cc) and graphite chips to sequester impurities

e Heat to evaporate water until solution density is 4 g/cc
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s Put sample (~ 1 cc) and Clerici solution (30 ml) into pinched 50 ml test tube

and agitate for 30 s so that light grains are liberated
o Place tube into centrifuge at 2000 rpm for 20 mins

¢ Insert teflon stopper into pinched part of tube and pour out light fraction into

a filtered (50 pm) vacuum drainer whilst washing the tube with DI water
e Rinse stopper into collection flask with DI water

¢ Pour heavy fraction into separate filtered vacuum drainer and wash test tube

and filter funnel thoroughly with DI water and subsequently acetone
¢ Remove filter funnels and dry on paper for 1 hour

¢ Examine under microscope for impurities (grains are charged and jump

around)

e Re-evaporate Clerici wash to desired density

1.4.3 Fluxing Procedure (1)

Separated samples were then fluxed using the following procedure (chromite is

particularly refractory so it requires a high ﬂux:chromite_ ratio):
s Grind to flour sized panicles in automated agate mortar
o  Weigh out 0.3g packets
e Mix with ultrapure lithium tetraborate (Li;B4O-) flux
e Fuse 0.015g sample with 1.5g flux at 1100°C for 20:mins in Pt crucible
¢ ' Pour onto metal plate and press into disc with metal weight
e Allow to cool on hotplate for 30 mins
e The result ié chromite particles remain as fragments in green/brown glass

» This procedure left chromite residue at base of crucible.
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1.4.4

Fluxing Procedure (2)

Parallel procedure run with ‘Spec pure’ SiO; in place of sample for use as a blank
test hereafter called “Si-blank’.

Grind to flour sized particles in agate mortar
Keep dry in oven at 100°C

Measure 0.15 g Sample into Pt crucible

Mix thoroughly with

0.15 g Si0;

0.075 g NayCOs4

4.5 g Li;B40+/Li;BO; (50:50 mix)

Fuse at 1200°C fof 30 mins

Pour onto metal plate (200°C)

Recover remaining drops from crucible

Allow to cool on hotplate for 10 mins

The result is a low viscosity dark green glass with no residue

1.4.5

Appendix I - Analytical Techniques

Solution procedure for ICPMS (boron removal required)

Break glass disc R1b (and run parallel procedure for Si-blank) and select
~0.3g chip for dissolution

Dissolve weighed chips in 9ml HF and 1ml HNO; for 5 hours on a hotplate
and check there is no undissolved material, then dry and dissolve in ultrapure

water.
Prepare boron columns (following method of Tonarini et al. (1997)):

- 0.3 ml Amberlite 743 (50 mesh) boron-specific ion-exchange resin

loaded into Teflon columns (h = 20mm, r = 2mm), flow-rate adjusted

to < 0.5ml/min

=  Clean twice with 5 ml 6M HCI
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- Clean twice with 5 ml ultrapure water
- Condition with 2ml 3M NH,OH and 3ml uitrapure water
- Dry samples for 24hrs

"For REE analysis on TIMS, Y and Re standards were added so that the REEs are
bracketed in'terms of mass, thus allowiﬁg a check for the overall REE yield of the
method. In order to conééntrate the REEs, the dissolved sample was loaded into ion
exchange columns and a light to middle REE elution and 2 HREE elution were
collected, dried and dissolved in nitric acid. The samples were analysed using
standard analytical procedure on TIMS at SUERC, East Kilbride. This yielded sub
ppb REE concentrations and only ppb concentrations when multiplied up to gain the
original pure chromite concentration. Therefore, this was deemed too low to provide
viable regular analyses on most analytical instruments and certainly too low for use

as a standard. Analysis was directed towards the transition elements.

146  Solution procedure for ICP-OES

¢ Break glass disc R1b (and run parallel procedure for Si-blank) and select ~
0.3g chip. Dissolve in 10 ml 2% nitric acid '

o Prepare 10ml of standards for grouped Co, Ca, Sr, Y, Zr, Nb, Hf in 2% nitric

with 0.1, 1 and 10ppm concentrations

e Prepare 10mi of standards for grouped Cu, Sc, V, Ga, Ni, Zn, Mn in 2% nitric

with 1, 10 and 100ppm concentrations

e Prepare 10ml of standards for grouped Fe, Cr in 2% nitric with 10, 100 and

500ppm concentrations.

The resultant solutions were run using standard procedure on ICP-OES (inductively
coupled plasma optical emission spectrometer, School of Chemistry, University of
Edinburgh) for analytes as listed in Table 1.7. This used in house standards (Ca, Sc,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Y and Zr) as mentioned above to create working
calibration curves. Sr, Nb, Hf were also analysed using standards supplied by
SUERC. Zn and Ca were high in the Si-blank glass analysed in parallel with the

standard itself on ICP-OES, therefore, reliable standard concentrations could not be
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obtained for these elements. Hf, Sr, Sc returned anomalously high values in the glass
standard, which is tﬁought to be due to poor calibration curves on ICP-OES. Since
this only concerns three elements and since development time on ICP-OES, was not
available due to staffing, this was not pursued further. Finally, the ppm values in the
glass were multiplied up to yield ppm concentrations in the pure chromite from R1b,

so that the chromite block itself could be used as a standard.

The chromite standard glass contained the following concentrations of trace elements

as determined by ICP-OES (Table 1.7):

Analyte R1b Standard Ri1b standard | Si-blank glass
Glass (ppm) mineral (ppm) | (ppm)

Ca 0.095 89.11 12.13

Co 0.301 282.35 5.36

Cr 309 . 289851 n.d.

Cu 0.179 168 n.d.

Fe 251.9 236289 n.d.

Ga 0.296 1225 24.56

Hf 1.306 2062 1.99

Mn 2.198 199.8 n.d.

Nb 0.213 1213.8 1.79

Ni 1.294 0.09 n.d.

Sc nd | nd n.d

Sr nd n.d 0.18

) 2.034 1908 n.d.

Y 0.005 4.69 n.d.

Zn 1.266 1188 3205.34

Zr 0.01 9.38 3.42

Table 1.7: Concentrations of standard glass, standard and Si-blank glass measured by ICP-OES.

14,7 SIMS analyses of spinel trace elements in standards and unknowns

The ion yields for transition elements in chromites are very close to the NIST610
glass (used for silicate analysis) and higher than the FeSi glass of Kilburn and Hinton
(2001). This was checked using Ti, Cr, Mn, Fe values, since thesc were known

independently. Therefore the ‘matrix effect’ for analysing Cr-spinels is negligible,
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relative to garnet and pyroxene. The predominantly lithium tetraborate glass, which
contained the standard material Rlb, has not produced comparable ion yields and
was not used to generate ion yield files. The standard block used contains large
chromite grains that produced repeatablé counts per second intensities within
counting statistics error. Therefore counts per second per ppm were calculated in the
R1b standard block so that the elements known from electron probe and ICP-OES

analysis were faithfully reproduced. Cr was the primary normalisation element.

Zn and Cu have particularly high mass interference on SIMS and were not analysed
in this ion microprobe study. Hf, Sr and Sc were analysed on SIMS without
characterisation by ICP-OES. Therefore, these values have not been checked for
reliability, since concentration in the standard was not known. For the unknowns an
ion yield file was created, using the NIST SRM610 glass and counts per second
intensities were converted to elemental wt. % ppm in unknown CrQSpinel grains from

Newlands and Bobbejaan samples.
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Appendix Il: Summary Tables and EMPA Traverses™
(*see also data CD)

Contents:

Table I1.1: Sample summary table with petrographic sample type, number of profiles,
number of X-Ray maps and the type of internal and/or external zonation observed.
Table I1.2: Sample zonation distances presented for Mg, Ca, Al, Cr, Ti, Fe and Mn
with the type of profile according to definitions in Chapter 8. -

Table I1.3: Core-rim and inclusion garnet (and 2 clinopyroxenes in grey)
compositions for the samples. |

Table I1.4: Coexisting mineral inclusions and their host garnet (adjacent to
inclusions) compositions for the samples.

Traverses: Introduction to the traverses referring to the data CD (Appendix II):
Electron microprobe traverses across garnets, Cr-spinels and clinopyroxenes

included on the data CD (see inside back cover)

Sample Petrographic Profiles X-Ray External Internal
Class Maps Zonation Zonation
N16 Ms (1) 0 Eu -
N23 M (n 0 . Eu -
N30 Ms 1 0 Eu -
N87 Ps (1 0 - -
N97 M n 0 - -
N158 Ms (1) 0 - Is
NEWO003 M : 2 1 Eu -
NEWQ05 Ms §3)] 1 Eu Is
NEW007 Pdsc 1 1 Ed Id
NEW012 - (1) 0 Eu " Ie
NEWO014 - 1 0 Eu -
NEW(19 Msc 1 0 Eu -
NEW022 - 0))] 0 Eu -
NEW023 - 1 0 Eu -
NEWO024 Msc 2 1 Eu Is, Ic
NEWQ25 Ms 1 0 Eu -
NEWO026 Msc (1) 0 - Is
NEW(032 M 1 0 Eu -
NEW038 Mc 1 G Eu -
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Sample Petrographic Profiles X-Ray External Internal
Class Maps Zonation Zonation

NEW(39 - 1 0 Eu -
NEW042 Msc (0 0 Eu -
NEW046 - (1) 0 Eu -
NEW047 M 1 (1) 1 Eu? Is
NEW058 Mdc 2 0 Eu Id
NEW(59 Psc 1(D) 1 Eg Is, Ic
NEW063 Pdcs 1(D 3 Ed Id

.| NEW065 Mdsc 2 2 Eu Id, Is
NEWO068 Msd 1 0 Eu Is
NEW06Y Mc 2(2) 1 - Ic
NEWO070 Ps 1(1) 1 Eg Is, Id
NEW(71 Mds 1D 0 Eu Is
NEW073 R 0 0 Eu X
NEW074 Msc 1 (1) i Eu Is
NEW078 " Mdc 1(2) 2 - Id
NEWO079 Msc (1 0 Eu Is
NEW083 Mc 1 1 Eu? Ic
NEWO086 Ms (1) 0 Eu Is
NEW08S Ps 1 0 Eu Is
NEW(94 - 1 0 Eu -
NEWO095 - (1) 0 Fu -
NEW096 - {1) 0 ? -
NEW098 Msc 1 0 Eu Is
NEW101 M 1 1 Eu -
NEW107 Mdsc 1 0 Eu -
NEW109 Msc 1 0 Eu Is
NEW110 Ms (1 0 - -
NEWI111 Md (L 0 Eu -
NEW114 Mdc 2(D) 1 Eu Id
NEW115 Mds 1 0 Eu ?1d
NEWI119 Ms )] 0 ? ?
NEW2388 Me 1(1) 1 - Ic
NEW301 Pgsc 1(2) 1 Eg Is
NEW302 Msc 2 0 Eu Is
NEW303 Psd 1 1 Eu Is
NEW307 Psd (1) i Ed Id
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Internal

Sample Petrographic Profiles X-Ray External

Class Maps Zonation Zonation
NEW308 Ps (0 1 Es Is
NEW402 Ms 1 1 Eu Is
NEW403 Ms 1 0 Eu Is
NEW404 Ms 1 1 Eu Is
NEW405 Ps 1 0 - -
NEW406 Ms 1 0 Eun Is
NEW407 Ps 1 0 - P
NEW408 - Ms () 0 Eu -
NEW409 Ms (1) 0 Eu -
NEW410 Ps (1) 1 Es -
NEW420 Pds (1) 0 Es R
NEW421 Pd 1 0 Ed Id
NEW422 Ms (1 0 - -
NEWOPX Mpgc 1{(2) 2 Eopx -
NEWSP Mdc 2 2 - Id
LEI001 Mdc (§))] 1 - Id
LEI002 M 1) 0 - -
LEI003 M 1) 0 - -
LEI004 M ) 0 - -
LEIO®S M (1) 0 Eu -
LEI006 M (1 0 Eu -
LET007 M 1 0 Eu -
LEI0OS M (1) 0 - :
LEI009 M () 0 - -
LEIO10 M ) 0 Eu -
LEI011 M (1 0 Eu -
LEI012 M 0 0 - -
B2 M 1 0 Eu? ?
B3 M 1 0 Eu -
B4 M (1) 0 - -
BS - (N 0 Eu, -
B44 Pds 1(2) 1 Eg Id
B48 Marr. T 1 Eu :
ES Mdcs 1(2) 2 - Id
B152 - 1 0 Eu Is
BOB027 Ps ) 0 Es -
Appendix IT — Summary Tables and EMPA Traverses I1-3




Profiles

Sample Petrographic X-Ray External Internal
Class Maps Zonation Zonation
BOBO050 Ps )] 0 Es -
BOBO076 M 1 0 Eu -
BOBI13 Msc X0 2 Eu Ts
BOBI167 Ps (. 1 Eu Is
BOBI68 _ Ps I 0 - -
BOB301 Mdse 1 1 - Id, Is, Ic
BOB304 Ms (1) 1 - Is
BOB305 Ps (1 0 Es Is
BOB306 Mdc (1) 0 Eu Id
BOB307 Ps (1) 0 Es -
BORB308 Ps (1) 0 Es -
BOB401 Pdcs 1 2 Ed Id
BOB402 Pdcs 1 2 Ed Id
BOB403 Pdsc 1 0 Ed Id
BOB404 Ms 1(1) 1 Eu Is
BOB405 Md 1 0 Eu Id
BOBKIMB Ps (D 1 Es Is

Table 1.1 All samples analysed for major elements indicating the petrographic classification from
chapter 3, the number of traverses made in appendix II with the number on CD in brackets, the

. number of X-ray maps in appendix III, external and internal zonation types if evident. Italics indicate
only a slight manifestation of zonation type and bold indicates strong manifestation of zonation type.
‘> = gbservation not made.
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Sample Zona | Profile Type Zonation Length Scale to the nearest analysis point
tion (i.f. = inner (m) (brackets denote internal zonation)
Type flat) :
Mg Ca Al Cr Ti Fe Mn

N16 Eu Rim Growth 1100 - - - 1100 1100 1100
N23 Eu 750 - 750 750 - - -
N30 Eu _~1000 | ~1000 1560 1560 - - 1560
N87 - - - - - - - -
N97 - - - - - - - -
N158 Is (250) | (250) | (250) | (250} ) 8] )
NEW003 Eu Gradual change 2000 2000 2000 2000 2000 - -
NEWO005 | Eu,Is G00) | () | G0 | 310 | ) 8)
NEWO0O07 | Ed, id Internal i.f. (500) | (500) | (500) | (500) [ () S) 8)
NEWO01Z | Bu,lc (100) | (100) | (100) | (100) | (100) | (9 S
NEW014 - - - - - - - -
NEW019 "Eu Gradual change | 2200 2200 - - - - -
NEW022 Eu - - - - - -
NEWO023 Eu 580 580 580 580 - 580 -
NEWO024 Eu, lc .External 1.f. 450 450 1490 1490 - - -

Is Internal i.f. ) (250) ) (250) ) ) (-}
NEW025 Eu - . 800 800 - - -
NEWO026 Is (700) (700} (700) (700) ) (-) )
NEW(Q(32 Eu Rim Growth 1000 1000 1650 1650 - - -
NEWO038 Eu External i.f. 1100 1400 1400 1400 1400 - -
NEW039 Eu Rim Growth 800 1200 1000 1000 - 500 -
NEW(41 Eu, Ic - - 800 800 - - -
NEWO042 Eu - - 1200 1200 - - -
NEW046 Eu 1750 1750 1310 1310 - - -
NEWO47 Eu?ls Rim Growth? - - 1200 1200 - - -
NEWOS8 Eu, Id (130) (-} -) (100) ) ¢ -}
NEW(59 Eg, Ic External i.f. - - 500 500 . - -

Is internat i.f. ) () (150) ) '8 () )
NEWO063 Ed, Id External i.f. 1000 1300 500 500 400 800 -
NEW065 Eu, Is

1d, Internal i.f. (600) | (600) |. (500) | (500) ) ) )
NEW068 .Eu External i.f. 1250 1250 1250 1250 - - -

Is Gradual change | (900) | (900) | (900) | (900) | () ) )
NEW069 | Ic External i.f, (350) | (380) | (550) | (550) | (300) | (@ S)
NEWO070 | Eg, Id | Gradual change | (800) | (800) | (750) | (750) | (9 | (800)
NEW(7T1 Eu, Is | Gradual change ) (560) | (280) | (280) (-} (-} (-}
NEW(73 Eu- - - - - - - -
pto
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Sample Zona | Profile Type Zonation Length Scale to the nearest analysis point
tion (i.f. = inner (pm) (brackets denote internal zonation)
Type flat)
Mg Ca Al Cr Ti Fe Mn
NEW0M4 Eu, External i.f. 2400 3200 >1000 | =1000 3200 - 1000
Is Gradual change | (800) | (700) | (400) | (400) | (700 () (500)
NEW078 | Eu, Id Internal i.f. (500) | (@20) | (350) | (3200 | (250) | (9 S)
NEW079 Eu, Is 3000 3000 3000 3000 1000 1000 1000
TNEWO083 | Eullc | Gradual change | (500) | (500) | (500) | (500) | () & &)
NEW0S6 | Eu,ls 1500 - 1500 | 1500 - - -
NEWO0SS | Eu,ls | External if. - - 1800 | 1800 : - -
NEW094 Eu Outer flat - - 2000 2100 - - -
NEW085 Eu - - - 500 - - -
NEW(96 Eu 2500 - - 2500 - - -
NEW098 Eu, Is External i.f. 1100 1800 1700 1700 - - -
NEWI101 Eu Rim Growth 700 800 800 800 500 - -
NEW107 Eu Rim Growth? 700 700 800 800 - - -
NEW109 Eu, Is Rim Growth - I - 1000 1500 1500 700 .- -
& outer flat
NEWI110 - - - - - - 150 -
NEWI111 Eu 1000 1000 1000 1000 - - -
NEWI1I4 | Eu, 1d Internal 1., | (1000) | (850) | (750) | (750) | (550) - -
NEW115 Eu Rim growth 1500 | 1500 | 1500 | 1500 - - -
NEWI119 - - - - - - - -
NEW288 ic & outer flat | (430) | (400) | (450) | (450) | (500) | (400) -
NEW301‘ Eg, fs External i.f. 1100 1100 1000 1000 - - -
NEW302 Eu, Is Internal i.f. - - - - - - -
NEW303 Eu Gradual change - 1000 1000 1000 - - -
Is Internal i.f. G | @ooy | (300) | @00y | (9 ) ()
NEW307 Ed (300) .- (8007 (700) - c - -
Id
NEW308 Es External i.f. - 1000 1000 1000 - - -
Is Internal i.f. (L Gooy | ooy | ooy | () ) )
NEW401 Is Internal i.f. - (1400% | (550) (550) - - -
NEW402 Ey, External i.f. 1500 - - - - - -
Is Internal i.f. () (| aoom | qoooy | ) | qoo0) | ()
NEW403 Eu, s External i.f. 2100 1800 1400 1500 - - -
NEW404 Eu External i.f. 2500 2500 2500 2500 - - -
Is | Gradual change | (700} | (700) | (700) | (700) | () ) )
NEW405 [ Gradual change | - - - - B - :
NEW406 Eu External i.f. 1000 1000 500 700 1000 - -
Is Gradual change | (200) | (200) | (200) | (200) | (1000)
pto
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Sample Zona | Profile Type Zonation Length Scale to the nearest analysis point
tion (i.f. = inner (¢m) (brackets denote internal zonation)
Type flat)
Mg Ca Al Cr Ti Fe Mn
NEW407 - - - - - - - -
NEW408 Eu 1600 1600 1600 1600 - - -
NEW409 Eu 1000 - 1600 1600 - - -
NEW410 Es 1000 1000 1000 1000 - - -
NEW420 "Es - - - - - - -
NEW421 - - - - - - - -
NEW422 - - - - - - - -
NEWOPX | Eopx External 1.f. 300 300 200 200 300 300 300
NEWSP 1d Internal i.f. (1000) | (12003 | (1000) | (1000) | (1000) | () A
LEIO0I 1d Internal i.1. (5000 | (500) | (500) [ (500) O | (500) S)
LEI0O2 - - - - - - - -
LE1003 - - - - - - - -
LEI004 - - - . - - - -
LEI005 Eu 500 500 - - - - -
LEI006 Eu 1000 . 700 500 - 500 -
LE1007 Eu 1 & outer flat 950 750 500 950 200 - 800
LEIOO8 - - - - - - - -
LE1009 - - - - - - - -
LEI010 Eu - - - - - - -
LEIO11 Eu - - 500 500 - 500 -
LEI012 - - - - - - - -
B2 Eu External i.f. 2500 2500 2500 2500 - - -
B3 Eu Rim Growth — 1500 1500 1000 1000 - - 1500
core flat

B4 . - R R . - . -
BS Fu 1000 | 1000 | 1000 | 1000 - - -
B44 Eg Quter flat - 2000 1500 1800 - 1000 1800

14 Gradual change | (=) | (500) | (800) | (800) | (500) | (500) | (500)
B47 Eu External i.f. 2100 - 2000 2000 - - -

Is Gradual change (-) (-} (1200) | {1200) () (-) ()
B48 Eu External i.f. 4000 4000 3800 4200 - 1800 -
B55 1d Gradual change | () | (700) | (500) | (3500) | (500) | )
B152 Eu Rim growth - 2000 2000 1600- 1600 2000 - -

Is core flat (700) (700) (600} (600) (500) ) )

Gradual change ‘

BOBO027 Es - - - - - - -
BOB050 Es - - - - - - -
BOB065 | Es, Is : - - - X 5 -
pto
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Sample Zona | Profile Type Zonation Length Scale to the nearest analysis point
tion (i.f. = inner (pm) (brackets denote internal zonation)
Type flat)
Mg Ca Al Cr Ti Fe Mn
BOBO76 Eu Rim Growth 1600 1700 1800 1800 - - 2500
BOB113 Eu I & outer flat 2900 3400 500 800 3000 - -
Is Internal i.f. (300) | (300) | (400) { (400) | (400) ) )
BOB167 Eu Outer flat - - 4000 4000 - - -
s Internal i.f. (500) | (500) () ) () @) )
BOB168 - _ - - - - - - -
BOB301 Id, Internal i.f. (500) | (500) | (500) | (500) ) ) )
Is, Ic
BOB304 Is 700y | (3 {500) -} 5 6 . e
BOB305 Es, Is - - - - - - -
BOB306 Eu, fd 2400 2400 2400 2400 - - -
BOB307 Es - - - - - - -
BOB308 Es - - - - - - -
BOB401 Ed . Outer flat 2300 2400 3000 3000 1000 2400 300
Id Internal i.f. (500) | (500 | (500) | (500) ) ) {-)
BOB402 Fd | Gradual change | 1500 | 1500 | 1000 | 1000 R - -
id Gradual change | (1000) | (1000) | (500) | (500) | (500) | (500) )
BOB403 | Ed, Id | Gradual change | (2000) | (2000) | (1500) | (1500) | (9 (-} | (1500)
BOB404 Eu External i.f. 4000 4000 2000 2000 - - -
Is Gradual change | (=) ) (800) | (800) ) ) )
BOB405 Eu External i.f. 2300 2400 2100 2200 2000 2000 -
Id Internal i.f. 500y | (700y | (300) | (500) () (500) )
BOBKIM Es 1000 - 1000 - - - -
B Is ) (700) | (300) | (500) -} ) )

Table I1.2: All samples analysed for major elements indicating the external and internal zonation types
present with the distance of any measurable diffusion type noted in um for zoned major elements.
Internal zonation is in brackets and on the same row as the particular zonation type listed.

Appendix II — Summary Tables and EMPA Traverses

I1-8



¥ii WOy Ui} W el uoISNIIUL PUR W0 ETI SITTL
0[9000 |BZZ0 | 1000 | S55¢ | 8200 | 2re0 | Serg Trot 161000 [0wr+Z |04v0] 699G | 00BL |OrrEl (9220 [1G80F Wi yoYS08
5{c00'0 | 2200 | 0000 [ 124z | 0200 | BiTo | evD | Oess | 0000 [ tawz [z1hor [Z100tczo0 | seot (0000 [rai 0z |¥eE0| tov's | ovo: |ozoa [oooo IS ie Ul WoY308
o1 1000|6500 0000 | ¥ou'z | 8400 | 0300 | 8i50 | c¥ ! | 0000 | 099F (to'zor [woooliio0} 8220 [so00 [aisz{ezio wses | zave [ivest [ooopfarcir] a0 poraoe
09000 [BZE0| $000 | 2622 | 9200 |0SP0 [ G620 | £69L | 200D | VBT |6a00L (8000 LN 18y [120°0 |82 12 [SEY0 | D252 | €52 | 25102 [BE001iz01y 34 tovB08
5 Boo 0 |z8e 0| 1000 {9022 | £200 | ESrD | 4750 | 240t | £000 | 162 (ve b0k [vo0G [\¥00| 9106 [9200 terz0z [0vv0 | E0GE | vasC |2veel [4vo 0 s000r [ Buu cOMIOR
Y 0 [Sorp | 1000 | 2607 | SE00 | 6750 | 1GED | ESS | 2000 | 6682 [\ h0b 0000 |s600 ] 209 |seo0 |EZ06L [Ses0} coie | 1660 |2eyE | 2v00 |560'LY Wp ZovEQwE
olvo00 | ro5 0| 1000 | ovet | 8600 | 1550 | 62v0 | 0¥y [EDOO [tzaz [s91or 10000 |Beno[ tezs JeLo0lesoar |erwol 1Ere | 90ve [ozgis [pooo[eosor} —woo zayaog)
oleo00 [pir 0] 2000 | Z0i T | 2600 § 0950 | 9ECC | 6¥9'L | 2000 | C20Z {+£001 10000 |0¥00 | €6ES |GEO D[ 6ca0) | 2090 | voze | 1695 Jeac ol | 10D EILar WE rR08
500 g0 | 0000 | Lzo'L | 0»0 | 8850 | ELvo | 215t | 2000 Fo6gZ [0z eal 8000 |0z00] wod [0600 (6821 [fvo0] $08'6 | Eczw jeozl JOR00[S06E]  wiod pova0n
0 |Do0e [86£0 | 0006 | ¢22'2 | S200 | vove | 0ze | (00t | 0000 | 16z (@00l |0000 [oro® [ Zies 18000 [sea0f l6ovo |29 0 [ cous [<ia8l 0000 [SEELY 31y 01808
000 [ 1oro | V000 [ zezz | 52070 | 6500 | GEC0 | £99') | D000 | vz [s888  |000'0 6200 | zezs 11200 [rzaoz I10vo | 568G | 2rirs [@iZal (o000 fsvtiv |  @iod s0r508
G000 {2956 | 1000 | 812 | Eov0 [ Joto | 0eZ0 | ocst | Govo { fes {zzoor |oooeiccod | ozos (0200 [Cusoziveto] vews [eozs [2i00¢ [oooo |02y Su sora0m|
05000 [SeE0 | 0000 e8h'c | 2200 [ Sore | 050 | 22t | 0000 | O2BZ [sr68_ {9000 |Se00 | Ot {0000 |86y 02 {#9E0 | 2640 1 O1v's |50z [0000ICOviy ]  0K00 LIZGOR
| Z60'0 | {aYG | 0C0G | 26w | 6600 | Iv50 | 60 | G5, |06 | zepe Jowes [Ge00vzz0| £izo (000G 68t (0650 | oveg | weio [oizai | isooieenty ETET
0 lc000 0050 ] 100'0 | 506 | DE00 | YIS0 | 52v0 | S¢5% | C000 | 696Z |stes | 1000]ec00) vove |C100} 1z 4 (0450 Gors [ o2 [eival [zo00 [orzor] —wo3 ]
0}5000 [OLE i 200 000 | 108" I =1 12 | 92€ "9 | 0005 | zz90Z | zz00 | #60 1¥ | BowousagB0n
0] 2000 | ¥2E6 1 000 000 | ST X 1 Or0]) 15t | zzE'y [10v'1e | TE00 (82t 2y o4 ¥0TE08
09 WE 100" SIZ 0% BIgT TR0 _ Ty Y000 668! &, 0500 b BEVD CREETIENIET 060 L 6000 ¥E ¥S L o1 LotBoE
& 1200409 3100'06620 1 LEH L0007 LLL o i 80003 ‘ | 5 BV T RS £A0'0 ceey e B W00 10sG08
{ i ¥00'0 [ ¥0r 0 [ 000 ¥ 9000 | BZAZ |SUD0) | 600 0 |zrs8) | 2090 | 2258 | vius jaceel [zoro [cssor 3u] 101808
Y - 5000 | 8250 | 000 - 0000 | OYa'Z [1L001 | £00" 0 |gsr21 | 1090 290 | G286 19IZ8L (Y010 | JZyOr | 4300 1OTBOB
y : Y000 | 2E¥0 | HDOO | 21 i i "1 | Zoo0 | ee6Z [TE 0L {0100 | 0T 0Z | Z0¥0 | 059’0 | SEZ@ | Y66l (0000 |ZLLVY | BOWoY 491608
i - ¥OO'0 | DEC0 | +00D | SEE i { "1 | 0000 | 006Z [tL00r €000 6L 2L | S5E0] 2029 [ WIrY |Z00°LZ |0000 [GEEEY wy 191808
- 't [e80'0 j2Z40 (€09 500D | r6z'0 | 0000 | SPrZ | Z2D0 | BEE0 | 1yzo | sZo L | 0000 | BGE {6001 800 BYoez 14050 | 8990 | ISCY | 683 0Z [000°0 [BZEOY
- "t [021°0]551'0 [959 0| Y000 |$4E0| 1000 | Zo¢Z | £20D | B6ED | GOLO | S99 | 000D [ YOO Z [¥200L | ZLO 7] ) [4GrZZ {SNE0 | 024G | S6v'S |Zo00¢ | 5000 | pouor
i H T S 0| S000 10620 | 0000 | EO¥Z | Z2010 | SBE0 | eOE0 | OELL | 2000 | 6452 (LT WO | 000 D66°2Z | Y950 | G910 | £GGS |Ir80Z [GT00 ] ¥SLOY
T |2c0°2 [os00 [ezz 016w 0] 4000|8220 0000 | Bcz | 0200 | Leco | 16¥D | 0251 [ w000 | 208 [syz0r [ 100 019 |ore0 | 6950 | L8E'S |Z0Z81 |SL00 | FO°LY
160t -5iozlyero[rez0[vse 0l o9 [0000|1000 eer 01,0000 | B2tz | £zb0 | 820 | z2zrD | 1S | 2000 | 10w [s0T00 10000 612 |09 0] @050 | 00vB |SCY UL |9T00 | PLZOY | 3 KW gL
€10°C__|2v0rZ 861 0[eZz 0| gre’ 0000|2000 (827 0] G000 | Cvi | ¥200 | 2820 | 46v0 | 1651 | oo0 (/067 [sz'k0r 000D 2710 | 00¥0 | G¥59 | 580°0 |SiB 8k | cro0 [ €220y | €D MR b
oo0't  |t8& L |czr 0| v o|era0] o 000 o|zn00{/E0] 2000 | (rZZ | 5200 | Evo | ¥eZ0 | DOLL | 000 | 618Z jszt0i Y0000 6T 02 |GLr0 | QUEL | BSZ'S |BZYDZ [000C | e LY w9
P0G |v00Z [9010]6ct 0pra0| 09 [0000[5000 [EEED [ 1006 | T €200 | 620 | 620 | ¥2L's | 0000 | €582 [B¥00L 0000 0812 | COTO | Cre e | D6BP | LOD0Z | 000D | 659 0F | 0309 940!
[N 61 [821°0[451 09590 0% [1000| ¥00°0 000 | 2000 | vetg | v2o [ zaco [owea [ 1091 11000 | 1282 J20700) [0 0122 |20v 0] 1500 | 2505 116664 [ 1200)6aOr wp §50H0Y
IS P I R P 7000|0000 [ 1260 | 0000 | £8C | Y200 | 66C0 | 60LC | vyt | 1000 | IS¢ 0688 | Zz00 | VBEZE | Z0r 0| 6090 | v NI0S6IHZI00 | VGBS | 009 550803
(IS 681|921 0591090 1000 | S00°0 | 2860 | 1000 | S0cZ | 62000 | Z1v0 | 8200 | C09L [ 2000 § ST |ZH00F | GO0 SLL'1Z |ZAVD | €260 | 6295 |0L@El 6E00 |GEZOY o4 050808,
SOVE_|£18'% 0Ty 0oL 0[eva D D000 | ¥00°0 | S0%0 | 1000 | +0Z'¢ | e200 | 01w | ESEO | vzws | Z000 | See'C [sTocr |oooe] E2¥1Z |BEPD| 269 | 6¥Z0 {0156 {S00D [0ZyQr| @i6a 05uE0S
SO0 C_|968't 1010169V 0[2080 D000 | cocro {6260 | 1000 | 54672 | 5200 ) v9e0 | Zoz0 | 6691 | 0000 | 1eeZ lsenor (1000 oGz [90r0| 2070 | 5¥ 6 60502 {0000 | uZh ty | Bowod 20808
FZL'e  LVeGL[Srr0{09L0]1620] 0% [000'0| 5000 2570 1000 ) #it'2 | GED0 | 8550 | 0660 | 2591 | £000 | 2v@'T [isea | 00T G251 6e00 | sot YIS |l0DBL |Ss00 [ yiZ et Uy g
Tzt _{0Z&1|v5b0]1810[8820] O [160°0] 000 [Lev0] 1000 | veoe | 6co0 (esko | erco | vact Voo 0 | 59z [rzoos o001 [eicat | bvan | 9Z6 | 5259 | 608 |8¥00 | 26res W §
980T 500t 0500|102 0]via0] 0'¢ [p000[ 000 [ *Z G| 600 [ tevz | 0200 |80t | v0v0 1 06GL | 0000 |vewz [reios | 00D GZ9¥Z {S¥E0 | ZYE0 | S50 | 18281 | 0000 | 00K wp g
60 [6/@°LIEo00 1810 cia0] 08 |L000| 2000 [ vor0| 1000 | 8952 | 2200 | 26e0 | 660 | 005y [ 0000 | 1B9Z (26308 | 600 I19¥Z |1650 | 6C0 8 | 5089 [youe) [0O0O | ZyLEY 2109 g9
L1 {tog'1 14600 [4E10(5o80]| o' [1000)9000 [Gorol 1000 |62z | 6200 | Eovo | es20 | oot | 0000 | olae licoos }o000 Y0 | 60¢'EZ [0SY0 | E090 | 010y |8/Z02 [000D Y Z8L0F i erd
't |Co8't [690°0|60002580] 0w [o000)e00018iz0] 1000 | Bevz | #2060 | G0 | 810 | 081L [0000 {Eorz [za s fEO G 0 1901TZ |66C0| DEBE | ¥ETE | £1071Z | 0000 | 600°0Y o3 gral
10t |18t {¢roo|gscolsesn| e [tooofzooo vy o] 000G | Go5Z [ 1z00 [EcEo | 0150 | 1@y | 0000 | 6082 [2¥1al {vi00 '01000°¥Z | L5 0L BZLS | 2616 |BLOZL | 0000 BOY LY )
il |v8112900|26704ea0f 09 [0000|z000 [E¥L 0| 2000 | 089 | tzow | cre0 | o560 fesvt 0000 [ 6287 (9i88  |6000 o [£iz'5z [oet0] 6r2S | 1466 | 21891 (000D | reUEE 6o (va
160C [rioh 1221 0[251 (a0l 09 (0000 ro0 0(Zie0] 2000 | BOZE | 5200 | bzvo | 1iEC | €09t | 0000 |beaz [bzior 5000 | aeu'sz | eev O | £812 | 025G | Z10°DZ | 5000 [ ri0'ty W vrE
TELE |16 .I;M«_.o Lroleyoo| 09 |o000[s000 00r0 [ 000 | DIEZ | 2200 | Z2v0 | LVEQ | 61971 | 0000 | BEEZ [SFLDl €00 | 0| €802z [eSr 0 | z0eL | roc® | res6) | 0000 [BLE 0y wed rE
voUc_ |586L|0zvo|rZrojzreal 09 |doco]jcooolsE0 | 0000 [20c s | ozoo | ooy | 9v26 | ecst [ 000 | vedZ [zerior [0o00] 0| Te0zz fZvE0 | vee's | orey lziviz iS00 ERE Ly —_vg
590 8671 [G21°0| {51 0|Bta0{ 09 (0000|0000 |26 0| 0000 | 8¥ZZ | 6200 | SEXO | ¥ELO | 599 | 000D | 20T [£3'k0L |DOOD | 00T ZNELrO| 6vE 2 | 9965 (0861 Y000 [1101Y Wi ta
Yo0 00 [B0170[0rI OISPEG] 078 [1000| 500D [YEED | 1000 | BGE | €200 | ¥Zve | Wazo [szrh {0000 | 0GB (62100 |900°0 0 [#00ZZ | EGE0 | T1z L | 050G {62802 10000 [BYELY 203 £0)
[ %9') [9£1°082'0]50.L0] @' (00001000 [BIYO| W00 | 1ED'Z { 9E00 | 2290 | 5560 | 5z9't | v00'0 {006 [IwIOL | S00° "0 90061 18850 |1y Ol | o920 [EICEL |8200 [EBSOY Wz
[T 4671 [251°0[B0Z0|520] OR _Sc.c 9000 | L6¥0 | 2000 | B YO0 | £CO0 | C1P0 | 0OG1 | B00O | 206 [v2 101 | 2000 | G| 2oc Rt | 1500 |£4501 | 9522 J6RE L [£100 | LLECY oo zg
985¢  |010Z|L0v 0|21 0[9920] 09 10000 2000 |6y 0] 0OGD | 908 | SEOO | 2850 | 090 | Srat | Y006 | 9S8 [LI10L_ [7000 D|$BL ) [ 7850 ] 8806 | 66r0 |OEY 6t [92000 |SZb LY WiEi 756G
_ 08¢ _|wo L [ewsoo1z0|zec o] 09 [oooofsooofzeso| 0ot | 1set 6600 | 1250 [Gzra | 9i5) | w00 [S66 [oriaL (0000 0 {90411 | LE90] BOSE | C4EL |0578E | €500 | 9980 %03 2518
334 B T O, WD AP IO T T3 VY BN R e (4 GO T o o W T Ny W (e T o PR ot <. OIN € OB DI OMINY WL SORED ~ SONWIT FpLL T tgis TS TS e

|

p————

11-9

]

Appendix Il - Summary Tables and EMPA Traverses



.

] GTTPGYDE PUE SPUTIAEN Byl J0] SUOHS:

TPUNDIDNITG AGB 1M TUBXOIKAOUT ) 19UIED UGTET|

[2U] pue un-aso iCCih $19eL

[0 T ot | G000 | t9m¢ [svies [0e00[ew0n ] ress [szoo [voc iz [eceo] oves JoRl o1 [room {zvi0lissivl THOMIN
[ S9t1 [ 5000 | B5A < |st 00 |0OCULBI00| £45°6 | 2600 | B0 [LLE 0| 1595 | £5001 {ELO'GL JETI0 | Graov | 6103 TroMAN
[ Fic 1 [ 5000 | ¥ebZ [z000L_[0000 19900 ]| Loy [ 8100 [6Z¥iz |E2e 0 Tess |82108 {001 |¥ri0 [L221Y D LYOM3N
iohE | % [ sves | 2000 | £i6% [vwes |i00GIsY00] Siry (0000|695 1z [T6E0 | Z6CS |SI60L [DBASL |STI0 060 LP]  wos IOM3IN
N ; tZ0t | 8200 | ZveZ [TL00r [ PO00 | @600 | 285 10000 | e62 02 | oL 0 | e91d [OSE0L [BLY Gl (8160 1uIvOY Iy STOM3N
696 Eeu0 | ocs | 600 | 9r6¢ jezoo. [ 000 [6600) 6819 [910% | veErsl Le6E0] Gva's [/8v 1t [64161 19060 {00L0N] 8100 S 0MAN
%572 "6 [ o5 ) | 900D | OGOE [vWes _tZI00 0900 C | 0000 |B0'el {2690 | 1900 | 6red | 99001 [ ¥0L0[ecROY U $TOMAN
Y vor €000 | Y62 [PZ00L L ¥00'0 | r00 | 2696|0000 | £z 8L | Y50 | BSEE | LEZ6 | ¥OREH |00 |BEZ09 | 603 GIOMIN

15
1
Aoy a5kl | 0100 | B8E'Z |66'66 8000 [ 150°0 VOO [ELOLE [1G€0 | 208 | SED'S SLOL |BLVO [ STF LY Wi ZEMIN
[ o et [ 0100 |OI8Z [6W66 | PO0D | 6900 | 1OCY [€C00 (i iz |2vi 0] VTZD JZ8r08 [¥BEDI [OLL0 [BIETYL 8100 ZEOMAIN
[Eok DIEL | 500 Y6z [91°001 [Z¥ 0 [6E0D | SL5 0100 | ¥B9'K \ero| 2589 | EOL'B | 82091 £41°0 | BZLOF U] ZOMIN
YT oYL | 9000 | 66 Z [0d10l | £OO0 | 9RO 00 | geriZ | (9T 0} 6909 |9I501 [G609Y [11E0[00F Y| 403 520M3N
—8..|| [ ¥5C°L | 600’ 188T |3 10) | ELOQ | E¥DY 5700 | IEZTE [69L0 Y £84°S | Zri'8 [¥¥0'BL | 0410 I ZEOTY Wy CZOMIN
8" { GSE'E | 0'00 | 2097 Yool 1100 | £ £ZD'0 | 606 L |0OC 0 | OB’ (OEEDl OB8'Gl | TS D | BEZ LY 03 SZOMIN
[} ' 7Sy | 000 ..ﬂl& 168 6800 | £X BZ0'0 | 998’} v0 | €220 | 851°R [ESL°81 | vPO'0 | ¥RO0F 21 $ZOMIAN
0T | 0 7Y | Y000 | ¥oB C {90008 [£200 | ZI0 ¢ | €000 |z697ZZ [£6r0| 1920 | 00z |0067s [G00D [24L6E| W03 WZOMAN
§Zh" 0 3051 | 0000 | 158'C [Ly00L {9000 | 2200 | 825" 1000 [ 0296 |S050 | 6680 | 8¥0°2 1B0L'81 | L1000 [ ¥Z01Y Wi £TOMIN|
OED’| 0 yiIHL | 0000 | 6562 |e900% | 000°0 | Z1OD : ELOD | BE0'0Z {9050 | vol 9er'g | 82161 (0000 | ZPEIE QR SZOMIN
1887 ' 0z L | SL0°0 | 668°Z |rout OO0 | 1500 | £420 | 800 {vva8l [BSE0 | BOUS [SI6ME 104F ¥l SOZ'0 |06 0Y wy ZOMIAN
[C Y 5 ozt {5100 | EOST |0 010°0 | #00°0 | O1E Y000 6606 JOLED | ¥RS'S |4ri'Zh |08y ¥l |BICO | BLE0Y o2 ZZOMIN
LY OIrZ BLS'L | #DO'C | BIGT [12'00} £00'0 | ZED'D | 2B 100 | Le0B: [E6¥ 0L bl | 5252 [ZESBL |B900 | EVELY 3 URU SLOMIN
Y (4 Zir'l | 5000 | 896 [R9'Ad 0000 | P00 | BOSL | B a0 [ 215D OF {600l | ZBZ'9 [TR0°G | ZZTOY | 2 Xew S1LOM3N
8ID'E CZE ¥IE') | ZZ00 | OZB'T (5P as 1000 | 590°0 'S {0100 |00G 0 | 0200 | 528'S | ro60l |06Z'SL | 86S°0 | EHNEL 42wt yLOMAN
[ XS ’ { OZE) | 20’0 | Y8BT 19000 | Y000 | ¥0C GTO LCZEELCD | OBR'S | 181711 FSEGE | 2650 | 6080y | 40yl P LOMEN
+Z0°E i 7143 1 SC'EL 16500 | Si8 ZZ'G |Cvo6) (9000 | oty Wy ZLOMIN|
GEG'E [21): 43 | G00'C ' oJZswiL {0190 | £898 | ECrD (20401 [BYOD | IBL QY 203 ZLOMIN
GI6' | 44} i | A0 ' 0122260 |0250 ] ehi's ) oSa'y |TIS0L [6ZZ0 |65}y Wi 200MIN,
018" } | ©69) 1 a £00 i D €881 |BOS0 | PTL pee's {10202 korZo jore Ly U3 LOOMIN
L0l Erty 100 " YOO 0 | 9900 D | SrL'0Z |09E0 2 (€00 [ iBesl [tyZ o {63l iy EO0MIN
fa300 ¥oE'L b0 | 1965 |T8'D0 0000 | 8901 Y000 | 922 0Z | ive 0l BeE'S [v2rZi | 069'r1 4420 | EZROY BI03 COOMIN|
0Z0'l 153 D000 | 856°Z 51101 | 00D | 2007 £Z0'0 | Z90'vZ | Z¥ED ] SYL' 80 CL'EL | 900D I BS1ZY urpr 16N
V20 [ 0000 | it KO | 9000 OO0 ) | 000 | To¥¥Z L1EED fri} D2SE {80vEE | FOOD 1 I0LVY oD LN
050 v | 0000 | 926 |05 LOF_ | £00°0 [ BLO ZCOD |99 52 | LS00 | DOZD | VECH | Z10 02 0000 |ZSOZY 7D VW IEN
150 Syo'L | 0000 | S16C |65 10F | Y000 | 6200 SL00 f6OESZ |BZEO | BVZ0 | ¥09® ;
BE0 101 | 0000 | Z¥6Z [0L°103 | ¥00'0 [ GEO' TZ00 (20092 | 2620 LRCS | 166D | f
IE0'E pEG L 000 8¢ (51208 | 000D | 8200 OO0 {191 Az [ FOED | ESE 119" X
B0 - 'L | DOO 8z [20°000 | 0000 [ 0000 0 | 0200 | EOFZ | LI SLYD | L !
1ot | BEEt | SLO0 | J96C |L¥i0L [ vi00 200 "y [ 7000 | /gt ez |ETLOf 0559 | 209 ;
fI0¢C p | ses't 0000 | L0847 |8800) SOGL L0 $10°0 |BE2'SE | LITD ] 0Or [3:1% ’
[: 2 ZIWE | 2200 | 8ZZ'E [8rI0) 0000 | 180°0 2 {9100 | EE6'01 | BL Z95°CL | 96c" i
BEB 0 d G¥G) | ZDD0 | CSEE |4900L [ I00°0 [ZE0G | 8riS [610°0{0L0ZZ [BIED L 0Ty "
[ d ) | SLO° 107 Ot't [es'H0L | 000°0 | 2SO0 'y |810°0 [090°0Z [ EECD § EX | Q9T |
8580 X D | 6581 | 2000 | £EL € [+Z10L 0000 [Zr0D GI00 | Z05CC {B0Y0 | 9609 | SLYF -
et | ' ) | OR2T 0 a (5Z'C [SR°00%  |900°0 {10 000 | 2544 [6Y80 | ZIEEL | JES X
gn.l. | 86971 | ¥ CO&T |19°101 Z10'0 | BL00 LE0Q {028 T | 0BT L8 g | 6OCY 3
SOLE i | BEC ZeOL (1200 | SOBE [09L0L | 0000 (¥E00 7E00 | £2vZZ |0BEC | DI60 | S99C ,
806D ' i ) | eoay | w00 SICL |[F¥YTC 0LO'0 | 6500 8100 |BIEZT | §6% 08¥'s | 109 .
SEB0 X i 628°) | 00 ¥ZE'L 25 b 1000 | ZLO'0 ZW0 |05 1T | yOr 0] LESE | €3 .
ared i i 00T | 9300 | ¥SE'C [SPI0L | 5000 | TR00 6000 | L4¢T2 | 09E°0 | COL'D | €00 !
R0 " ’ ’ ¥36°% { G100 ) TGE'E JLt°W0L [ ¥DOD | RSOT0 ¥L0°0 [E6TZZ 1OSE0 | 8990 | B99C 3
[T i g 0Z0Z_| £10'0 | THZ'E [Z0°L0L | 0000 | SROC 21X rg0Rl 160970 | YOZEY | IETT '
0990 |62 i SIEL | ¥I00 | £Z6C (15101 EE000 | 4500 (6100} Zeeze |WeQ | 8260 | 8695 3
[0 ) § 5o [13 100 | LZEE [LT10L | 500°0 [ OvOD ZLOG | SSTZT [¥GED | 0058 | OSE'Y 3
[T4d " 9Z50 <A 100 | 09T [25°004 000 | 00 000 | 68551 Y010 |ZTI6'EM | Z¥0'Y {BESE1 | IZZ018BLDY Bowol L0013
e i i pra't | COO'O | yERZ |Z0'ES enot ) 1900 SO0 |93 0L (0650 | 158’6 | ZUL'S | BULEL 19500 | 0L56E ) Sor808
SIOT ] _a 1 5670 125 | £oo0 | B6UE [sViol | v000 | 0500 ore'0 [ 8061 | veo0 | OV L | 7669 BEPG) | D500 900y | 9405 50¥BOT
BIWED I3 TN TEOL W I-EEN- R ED T L [T P AT 16 RO : AN 050 & OINZTO0R Y Oun T 1w 0ty TOFv F Toul i eI R

it b - —

II-10

Appenldix Il - Summary Tables and EMPA Traverses



II-11

I ¥/t 9DEG SOBWES UEEleGa0Y PUT SPUEPMEN syl J0) SUOS0TWE0 [pundifiyaey Tab g suaxcakdonna) JaLIeB uoISn|oUu} pUe WL-a10] ¢l Bigel
ySOT 14084 |55+0)e2e01088°0] 09 [1000|ELO0|ELFD 0060 | L1 y20'0 | Y9ED g0 [ W6z | LZ00 | /BT (WD 8000 [2600 | 10+'9 (0000 ] 1050Z | 5820 | 296°G | ETL DL Tenvsi [osoliayiy

£
so0t  |evet [spl0[scrojcomol o¢ [100°0|¥i0'0|605 | 2000 1072 | {200 | 0960 | ¥89°0 | Ggz't | OED'C | G¥6'Z |SE'00! E100 8600 | 9L59 |DEDD |S¥c 0z [etr Q| 868°C [45@L) |S524 [V¥PGD |BEYOF
I0oc |165L 0600|Sez0|cs8 0] 08 |100°D]00°0 (66270 | 000D [ SBE™ ZZ0D | ¥e G | {250 | ESFL | GOO'D | £26°F (W00 G000 |Bro0 | L6vE | v00D | TiZ22 [B9L 0| EeL'S | BAZS [69TLL 9500 |TBELY

GO8T  |PEDC [r¢i0|¥rl 0{9ER0 0% [LOGO]DOD |B9E0 1000 | PZLC 19200 | Zer0 | L6z 0 | €84t | 0000 | S267Z |LOTDDL | 80GD ZE00 | Toe v | BL00 | POt OZ [ZEF0 ] s21 L | SEL'G |BESOZ | OO0 | EGG LY

ZEB'T Zo'Z|PE1 G091 0]0s0] 08 |100'D] 2000 | Z65°C | 100D | 8O SZD'C | FEFD | ECEO | J6G ) | 0000 ; LLO'E |96°86 CLO'G | Y00 | 280G |£10°0 [ 1G9 64 | 2490 02472 | 149°G 1800DZ 0000 | 6ER LY

atL'E G0l (050 | +0FG|9*4 G| 0@ |6000}6000 |B2LD | Z000 | BbL EPOD | SAS0 | LGL0 | GEb | | £F0'0 | 86872 [$4°00L |DEOO | SO0 | GRIE 9700 |8EG 5L (400 | ESY6 [9142L [ G227 | ¥0LC | BOSRE

Z60°E 2L [gsz0|riyD|ces 0] 08 |000°0[010'0 [068°0 | 0000 | GO} 0¥0°0 | 6860 } Zea0 | Gge0 | 9¥00 | 266°Z [69°00L | ED00 | 900 | Y9601 0000 {862 ¥k | LE9°0 | 6226 [SiAwk |20 )i | 10 {DLLBE

6oz  |iz0z|garu|o0z0|cie0] o8 [1000[2000]18r0 | HOO'D Z¥G') | 6e0'0 [ O¥r 0 | 9Cr D | 129°h | DOOC | 1G0T |95'66 2000|2500 | ¥21'9 [ 1000 | #4441 | pOYO | 187 EDO'L | GLLBL L ELD | SLLMY

1667 |S0CZ1chh 0(Zoc0{EEB0] o' [000°0 (9000 [$950 | HOD Gz6') | SE00 | ZFP0 | 9250 | B2yl | Z0A'0 | BLOE 5968 DO0 D | 6800 | O¥L2 16000 |2y Ll (9250 ! GBI B8E0°6 | 150721 [2ZE1 D | 0665 0F

7067 |ZlDZ|5ke 0|rek0|0¥80] 08 [0c00| ¥00D [SSED | 100D 2072 | L2070 | verD | OZE0 | Zydy | 0000 | €66 [L0°0GL Z000 (6200 | OLry (9100|2950 {+pra] 1002 | 4159 {BBE'GL {DOCO | EGTLE Bowoy opLMIN
Zy0€  |ri6 15510055 0[258 0] 0'¢ {000 015000 ]|S6YD | 2000 cal'z | 2zo0 | Zec0 | £zo0 | LGETL | 9000 | SYBE (0968 1000 [ ¥E00 | 628 S | /200 |6600Z | EE¥ 0| ZEZ'9 | ¥SL 0L | G¥O'SL | S0L'C | S8 OF u] 0kM3IN
orl'e 16y [E5H0[rEE0[S50°0] 0'9 [10C019000lear el 2000 9/ZZ | BI0'0 | 2180 | BSY ZIE'L | LO0'D | QFSE |FE'EE 5000 | 1O G| 2609 | 6200 | EER0Z | SPr0 | 292°9 J0OZ'HL |SPO'SE [BZL0 | LIEBE W03 BORMIN
1862 o6} |56 0400 |a58C| 0'8 |0O0C[DLO0 |29k 0 | 2000 | 091°E 1Z0'0 | BSED | 2091 65T} | Y200 | SOOE [PTHOL | 000D [ 2200 | 6885 {9800 12102 ZSE 0| 9568'G [ 20501 [ £10°91 |8k 0 | LiGLY wy fQYMAN

boO'E 581 [0ar0|r2e0losg 0| 08 [0000|€r00 [viv0] lo0D | 9912 Ozo'0 | ©9e 0 | PEOG | ZZet | GZO'C | 188 [61°00K | 0DDQ {0600 | 120D |80 ¥r66L | GZe 0| SOB'S [ rI0°HL | J6T'SE | 2Gr 0 [ ZIEDY O3 JOEMIN
662|916 |rri0[s820l00R0| '8 {100°0{600°D |ZEFD Z00'G | SOZZ | +Z00 | 0960 | €950 [ iK'l | ELOD | 626 (107001 L BCOD 1900 | $O6C | ¥000 [ZBEDZ |GVED | EE6'S | BZB'E 96601 | 1yZ0 |10 MY Wy HELAIN
FOOE (1261 1Z6L0lore 0|BSO0] 0'% [100°0[4000|86v0 | 000D | 9812 | €200 1orC | 02970 | 10ES | PhO0 0BG Z [BE00L_[0L0°0 (800 | 298'S | ECDO ¥ 02 [ 2060 | BES'S [£¥8'1s | #91'GL | 092D | BESOF 8302 LOLMIN
GZOE __[086'L |9%)'C | TZC 0[LZ8° "¢ [100°0] 0000 [£r¥'D | 1000 | SEVE [ 8200 | kD | O¥¥0 | O¥S')L | SOO0 YSO'Z |89EE 100G | S0 0| G99°G |00 |Sea el [00p0 | 0882 | 0997, | L9621 |6S0°0 | 0EH 0K U] BEOM3N
OL0'E  |SBEt |JGLO(ELTO| LB 5 |060°D| 20002050 1000 | Se0c | £e0C | ror0 | 450 | ¥yl | G000 | BEEE ¥L'66 Zo0'0 | 6¥0°0 | EF'S |SC00 | Y288 6250 [ 6ESL | J0S'@ |059°91 | B8RO0 | 6SA'EE BJ0D gEOMIN] | '
6Z0°C (1602 (ZLL0|EIED 528 "8 [100°0 | 20070 |Z8¥ G| DOOD | 2v6L | BZ0O [ OLvQ | /69D | 00¥')L | 9000 | E6OE 60766 9000 | 8¥0C | YL 9 | 5000 |B2G 2l [OPr0 | 260°0 (06801 | 0L0°G) | 6600 | EZRLY U] B60MIN
¥Z6Z 10881 |coL0{0gED|2PE0| 0'8 [9000]G00D [ YBY 0| 100D | {60°T | BZ0D £BC 0 | 2590 | £ZE) | 900°C | DOO'E |9¥'68 500°0 | SE0Q | G619 | 6100 | 5808k |99r0 | SZE9 | 10z)1 [£82'GL | 0010 [GLLOF 102 960MIN
0BGz |00 |50 0[64Z01898°0] 08 110009000 [E1E'D | 000D | OZEZ ZZ0'0 | 2600 | §550 | rer’l [ YOO | 6282 10001 (900D | tv0D| PGSO Y [EOOD V1517 | £RL0 | BERG | G846 |86 9; | G200 [oa2 1y | Bowoy SEOMIN
0/62 |61 ZoL0(ZEcD|2oR0| 0'F [1000]¥00°0 | 1¥50 | 4000 | 860 1200 | 4660 | 5590 [ 81E'L | €000 | SIOE |RE'GE '900°0 | DEO'0 | 2060 | ¥10°0 |OEZ 65 |6C¥ 0 | 205'S | LIE'L) [TOZG1 | LS0D |B6L LY U1 ¥GOMIN
CE0'E_ |¥EE’) |081°'C]DSED 558 g 0000|5000 |S¥G0 | 000D | b5Z | ¥Z00 | LEED [ 42000 | 26271 | #0001 LOD ZZ00L | D0G0 |SE0O | LA6G (0000 |Z9£6l |68e0 | PISE [EELtL | G06yL [ vo0D LIt LY Q0D FEOMIN.
L0LE  [966'L |001'CloZY 0 (68 "5 0000|6000 |ZLE0| 0000 | sive | LzoQ | €80 | ¥E20 [ 2221 [ 2100 - ¥68 Z_|r¥'e6 0000 | BA00 | Go0'¥ |S00D |22/ ZE | SYED) 2y GaL'b | S5502Z | ZEZ O | 6ZLOY WK SPOMIN
I90E | £.6°) 8600|600 {ES8'G) 0@ [00C0 000 100T0 | vODO | 89E¢ | £200 | CBED | €610 | 58271 | Z10°D [ 1162 V866 G000 | 8900 | 096 | G200 [000ZZ [ LiE0 | 52k9 | ¥y e [ IEXIZ |ZZE0 | LBVEY $OD FROMIN]
So0E e85t |Sii0|sa2|esge] 08 |oooe[2000 | SKED] LODA 25 TZ0'D | 6EEQ | ZES0 | 4Gt | S000 | E26Z (LML | S000 | ¥S00 | 615¥ | €20 968 1Z [L¥ED | 680°G | ZO¥6 |66T°LL |10} IBLLY UL 9ROMIN
1667 |z86k[9rro|cazo|eze0] o8 [200°0]900°0 |€5E0 ¢ OO 5052 | LZ0D | SECD | 1950 | tzry [ J0OC | 586°Z [SO'00L 1 /000 |O¥0D| LOSH SL0G [GOrIZ |SFE0 | 555°C | ¥ER'6 [ 11201 [ LEL'D [EL€71K W0 GAIMIN
BE0E _ |ZR6'1(620°0]66Z'0(RSE'0| O'F [000D|2Z000 |0OFZD 0000 | vorZ | 9g00 | Gee 0 | ¥8S0 | 86E°L | 1000 | 056 |$0°00F 000D (2100 OLVE |E00D | LSEZC [9Zr0 | £¥50 |OrZ0) |9y OL | ¥100 ) LGEOF Jul EB0MAN
260°C (9961 [9J0°0(r5a0[zer 0] 0 [DO00{1000 [EEZQ | HOO! \ErZ | €200 | B8E0 | 68Y 0 | £ar'L_| 100D | 9567 [20'40% {2000 | 6000 | THOE 0100 | 996°¢Z |OBEQ | 1£50 28 |BZ54) | ¥20'0 | 929 Lr 8J0 £BOMIN
Gvez_ |Jo6 ) |iyi0loalo|ecs0] o8 [coDajoleDlelLyd | 0000 | SuL CC0D | 8990 | 2260 | 5294 | €100 | 966T [0z001 |200°0 | 8000 | 16Z'S 0000 {0902 | P850 | £68°0L v'9 {908°8) | L¥C0 | SEROY wy eL0MIN
GO0E |eo6 L zssClizzo|62L0! 0% |100°D|0iG0|i5x0 | 0000 [ £5€L 2900 | D600 | GFPO | £+5) | GHO0 | #i6Z |€Z00L {80070 | 1400 ) 88LS 000°0 | 20891 (2090 | S8} Z90' L | ZO¥ LL | EQZO | SFEOY w02 6L0MIAN
200€ 9581 [¥ELD|6¥3 0|24 C| 0 |Z000100°0 Y0¥ Q| 2000 | JS6'1 | BEDC | B¥S O 08770 | 6691 | 600D | 6LAZ (0¥ L0L_ |OZ0'0 |B¥OD | E5Z'S [EE0D | BLZE) | 1¥OD 66201 | 0Z2'C | Z2002 | 191D | iEOF Ul BLOMIN.
ZE0C |66 |S5L 0102 0[ZrL 0] 08 |000G[000D [L24D ] ZO0'0 | 208’} | GEOD G000 | 20v0 | 2£5% | LLO°D | LE6Z [e0'kay [ 8000 [ 1¥0'D} ¥rOD |¥EOD | ZPSLL [ LEBC ¥59'0L | 268'0 | 66E'8I (9610 | ¥IEDY 803 BIGMIN
600t |066L [8600 |tz 05200 R 100D Y000 {620 100D | LeeZ | 2200 | LIED £050 | Zary | 2000 | Seee [wsbr | Z000 [Oc0c | 808°8 |0LOD [SSHEZ [¥HE0 | L/E9 168°g | 8092} | 510 | GEF'LY Wi pLOMIN
GEO'E 166'L|000'0|6YZ G 028 0| 08 [0000|E000 [50Z0] 10070 | 29y | 1200 | 8SE0 96y G | SBF} | 000°C | E¥6Z |SLL0b {2000 [0Z00 | {ZLT [ERO0 |8Lv EL | A¥ED | GOZ'T | 9IBE Zr0’Bl [Q0L 0 [BYRSE Ul ¥LOMIN

Brl & |08} [0v00[L/iZ0]6z00] 0@ [0D00{5000 [¥ri0] LODC | Z¥OT | ¥20T £0c0 | ¥550 | SEFE | 200D | LGBZ |26°108 (0000 [¥EQD | SI6Y [DZDD 602 °GZ | /60 | 661'9 | EE9'6 |BSE'L) | BLOD | L260K 0D FLOMIN

0LE ale'l |50 010/20[258 0] 08 [100°0|200°0|21€0] 1000 | ¥EEZ 6200 | 85C0 | 9¥S0 | OEY L | 9000 | ¥i5°T |69°001_ | §000 ¥500 | 9gL'y |GL00 |DSB b2 | EZFO | +86°G | cPd'6 | EE6'9L {90V0 | ZLG LY Boway £20M3IN
¥SO'E GO& ) |6¥L'CIILED[LOBD] O 1000|8000 vy 0| 100D [ SSZ'Z | ZEQO | SPED | EZ9'0 c¥b'i | MO0 | GEB'Z_(BF O 00011800 | 606'S | WOC | L0712 |B9E0 | SSAS | #I60L |088'S) ¥£&'D | SLEOF DU} ELGMAN
ZH0'E 9.6’} |9vL'0[ZIEQ|BOET| O To0°0[ 8000 [w#r0 | 100D | 552z | 120°0 | OFED | 2180 | 6SE'L €LD0 | (562 [9p00L | ZIOG[ES0 0| E5LG (S10°0 | GLOLE [ EFED 1r9'G [#28'0L | EO0'GL ;E¥Z0 | 09L0F al0d | {0MIN
SIDE 00T |0SL0|SrED|2ER D] 0@ 2000 Z00'Q | #5F0 | 2000 | £E1 LE0'0 | £€b'0 | D8 2181 | 000D 'z [Zo°bot  |AI00 [ §LO° DL0O 9 |ZE0°D |DIEDZ (€250 | ZEEL | 102 Ora'DT {0000 | ZEGT Y U] D20M3N
EID'E 2oz |sevolzel'olzzenl o's 0000 €000 1OS0) 100D 350 ZEO'D | 9¥v D 9OE Lol | 0G0 7 b2 W0b | 2000 |£200] 8859 | 1100 [€456E [OvEC | G657 | €259 | L7261 00C0 {BBZ ¥ 0J 020MIN|
5L G286’k [501'0|Z22016680] O'S [100D 100 |B450 } 1000 | HOZ' 9200 | 5Ty 0 | ¥Z5 10r'L | 9200 caz 9500+ | 1500 |0L0C ] v129 [ZID0 ] £250Z |82y 0 | SE0Z | 6416 | 8ip01 e8r0 ] L1968 U] 630MIN|
Qr0E SrE'L 18810 lezeoloza0l 07 [1000|GL00 |EL50 | 1000 £0° 9z0'0 | 05P0 | BZHD | LE)L | 600 ¥6'Z [vZ00F | 0100 |0Z0C | {824 | 1200|6298 |LI¥D | 500°L |EZE'CH GEZ'S5) | 4Z5°0 | ZoZay WO GHOMIN
606 |ezoz it 0lsozo|izea] og [L00'0| 9000 | 96K T | 000G 16°L | BZ00 | L¢¥0 | Gb¥0 | €9 | SO0'C | 220°€ |SH00E | LIOD W00 | Olbg | 1000 | Aezel 620 | BOLL | ORZ'4 | 558D | 980 £OLy Ju] 280M3IN)
LB6 66 | [aznizeeo(oignl ¢'0 [D00°0) 400D |259°0 | D000 068°L | £50°0 | #PYC | €290 | £IEL Z (09'00) | c00D|OF0O0 | 2628 [BO0D |¥ZZLL (2850 | 86T |BELOL | 898 GL 2240 | LLyOr W0L gIOMIN
810" 196V [$0ZG 2810|0290 0% [100'0|800°0 |0Z9°0 | +0O0 | /961 10D | ZEFD | 2950 | #29°% sZ00L [S00'0 2500 ( #0068 | 1400 | 1ST'8! 1501 Zrh L | LEE'D |STOGL |OFLC [SPLOF Suy SEOMEN|
ZI0" 06+ |oEZ 0|1z 0j0le ! 08 |l000!s00C¢lOLAa] L1000 cgg'y | ZE0°0 | OEFD | LEYD | OFSTL 0Z'00L 8000 |EO00 | /608 {8000 |65LL 150 862 | £25°L |026°44 | @94 O [SCO0F o SO0MIN
TS0t [8Z6°)L |Z0Z0|0ZE'D[S08'0| 08 LooolsioG ! clLoe ! 2000 | SB6L Zo0 | Ziv0 | 2190 | LIETL oE°LOlL | 20D G200 | 6882 | ZED'Q | EOL'E Er 0| 1942 (61401 {082'G) | £BG'0 | ¥LP'OY U] £30MIN
ELY 125') [10Z0[rec0lo0g 0| 08 [OO0'Gi1I00 2490} 10070 | 196 Z0D | 2iv0 | Zva 0 | 621 SZ'bOL  [000D | 18O zegl |sroD|BIoBL|ogro | sELL | 4EELL | 19ETYL | OZ90 EISCr 0D LR0MEN
oo 1¥6'} |D200|€0ZC 00RO | 08 | 1000[4500 |SEZ0 | 2000 | 205 200 | Z¥ED | ¥EEG | iFSE pcobl | pLoD[oir0] OLLe |ov0D | pPEEd (EXED | 208G | 650°L Lo'BL {200 | FES DY WL G50MIAN.
9rQ" 18671 |820°0 [BOZ 0 [68°0] 0% [1000]900°0 |8EZ0 [000'0 | Ja¥ 0Z00_| L¥E'0 L0 | 226 51-30L | B00D | 1#C0 [ €41 [000D |BZSEZ {SEEC | ¥8LG | £9F L BBl [EZLD ) ELLLY $4400 BSOMAN|
QLB 000 [BEL 01982012880 08 _[0000[10D|LIrol J00T | 81 2200 | LPED 450 | 2F) 9y'00L | ¥DOD | B0 69 9L ) 4920 | SOL LY wp EL
ZZ0° G661 ocL 0 eez 0|0e'0| 08 [oocolzio'ol0iro | 100D | E22° £2Z0°0 | BEC'D | EB5D | O8E'L ZO'LOL | EDDO | ¥ROD ¥EG Gl 992 0 | £86'DF WO REOMIN.
(AT} ¥64 [81v0|SeE011/80] 08 1000|5000 | 95T0 | 100D | EIE £Zo0 | EFED | £95°0 [ LIvY 3¢ 04001 j 2100 SEOD 85598 (421 0 | 2LT L

ZID' ce'tjozvolgien(izg0] o8 [100°Q] 2000|2980 TOO'0 | 0L S70D | EYED 29| ¥E') Z00F |B00DD | £500 Z0g'L [BLLO [ 1BO°LY

133 120 |¥EL 0,681 08’ n.n 1000 | 2000 | €650 | 1000 | Z¥L'2 | S20°0 | SGED | €8E° ol 20001 | 9000 | €500 ¥aE'81 | £50°0 | 0SL° MY

etg'z_ [0z0Z|¥rrC[5Iz0[SYE 0L 09 [t000] 000 [€2y0] 1000 | 0ZLE | 520D | SBED BRSNS c Jogss  |90ag [evo0 105°8} | SO0 [B2gHY

B+ BRi+ED KTV NGOV .m:xius»ax‘% : O U S el A T e EoreN s S wo.p oS -

Appendix TI - Summary Tables and EMPA Traverses




. 1 | L SEs UTTIaqot BUT TRUTIMPN 91 10) EUONE00NI0T [pUNGINEq AWID UM PuRx0AJOLIER) THLED UOMSN|IU PUE WHFRIOD [T #19EL
PGz |06 [9810|ESC0[0IB 0] 0% _H_H ole5 (1550 5000 | 966 | 50’0 [ 2970 [ 2150 | Z2ve | 100 | €467 [Isv0y jeroo|esoo] eoc s owofeoze: [ozso] Goos | 9958 1z [TRE0 I MELE 70y SMIN
1Z0'E_ [S9'L |OZZ D ZECD (208 e {0000 | 8000 |reg0} 100°0 [ 698 [ ¥EO'O | {670 ES90 | OIE 2100 | 559¢ Lew00L | 5000 (6500 [ 8cr'e |r1oDjEvZ'se [BYS0 | D09 FZLLIZEL'SL [SIED | ZZT O WO SN
BZ0E_ 6268 [LELDI8R00}I0L g |Sr¥00|0L00 |Z6C0 ¢ <000 | Zra’s | EE00 | £BL0 D0’ 5CRL | £000 | ES6C Ivb00b (Z8¥0 8900 | 245 | 8Z00 950'21 |ZESQ |SREZL | ST} OBLEZ | 100 ) L0°0Y WH XJOMIN,
BLL'E  |£0o') [2410]£500|069°0F 00 [000°0]Z00D [Zry'o | LOOD | SERL EED’ LY | BOLY gel'L | ¥000 | BEG6T {8466 ZOO'0 | 100 | BCO'S | Zh00 | r¥e'el | BZS0 | 5LEL | 298 [ VER'OZ |BLO'G [ 181 OY A0 XJOMIN!
Ithe  |ees1 (e 0(csL0|s5e0] 00 (00000000 (R0 | 10010 | 16T 9200 | I6CC | SOT §9°L {0000 | SO0 (PO'00L_ [S00'C]LY0'0 ] SER'y (5300 | BLTT LEY0 | B8t GZ¥'s | SZ00T | 0000 | ¥ZE Oy | BOwon ZZyMaN
ZWE |56 1600 [ev0'0 [02e0| o'e [LOCOIZIOC 90Z0 | 1000 | 22T | Z200 | BB¥0 | v60t 1691 | EZ200 | TS6Z (00°MOL_ | JOO'D [160°0 | ZE6°C F1Z00 YOO LZ J0JEG} ERE LOLL |EriZ2 | AP D | TI0EY Wi pERMEN
[ ] 2196} 120 200|528 0] 08 |0000NZNOO[OIED] LOOD | SYZZ | 20 LIvD | 0910 | 208} | ¥C00 | GEBT |S! t0L [¥000 St Ol rEby 19700 |68y IZ | ¥2C0 | BEL £88T | ¥68IZ [EOY0 | BOGIY Wod b IrMaEN
B 00T |SHE' wm_..c_el...nd o9 [000°0] 5000 |8reD \00'0 68T SZ0'0 | 020 | SOED Sote | 100°0 OB [va'00% | 1000 [ ¥ECTD| SO9F (G QOSIT | By 180" 05¥S | Beroe | Z10°0 | ovZ Ly | Dowoy pZrMIN
e+ [uzoelosi olairo|5eg0] o |50000]5c0% [gy0f 2000 | 8v0% | 800 [eovo [outo | eout | voon | veaT [vioy 1600 zszol iis LIEOB rorl b2Y0 65T L | GoTU_[05U°6L (DI00 [BYELY 301 0V PMEN
o0t |voaZ [6vi0{88r0[0ca 0] 09 0000|5000 | 1vvo| 1000 | tgie | 8zow {9Ev | Zt0 | see | €000 | €567 fo686  |S001 IGE00] TeL's 6000 | BOL6Y | 1ivD | 22 8 101483 | Y000 | FO6OY | %192 03¥M3N
L X 10T [1E40 Y2 0] O'R |1000| 5000 |ZECD | 20O oo7Z | TZO0 | 6Bt 270 | SviL o000 | e8¢ (5200 | 2000[0v00 | 68cy [ZEODISOSLIE [$IED 115" 568y | 196°0Z | 6000 | Z06'IY WY SOPMIN
a0 CO0Zp1ib0lseL 0[6Y80| 0’8 _(000TEYO0D [Cee0 | 2000 | 8837 | £Z00 yor Fi4 Zoa'L | 1000 | ¥98°T (6500l | 0000 IZE00 | ¥oc'r 1200 |04¥ LZ [6BED | P2 By [IS2°02 | 1100 | 6501y Ut SOFMIN,
6T _n—n.u X 1'01¥80] 08 |000Q] ¥O0D |BSED | 1000 | I81Z SZO'0 | £0Y0 | Zi€ el ] 100D | LOO0'E [FEBE CO0C|$Z00 ] L19r |STIOYLLZ0Z |00 [d 6rg [ LFZ'61 | SZ0D 9ok Ly W gOPMIN
EE LOO'E | FSL0[1¥8°0] 09 [D000] EOOY u.ﬁlls. 10ZZ | 8200 | L6E0 | HEE 10t | 1000 § 118 |2T00 OO0 {0Z0°0 | STA'S L EM00 [9B9°0Z [0ZyD | S200 | 058’9 | ZBO6Y BO0 6IGLY W02 ROPMIN
SO0 yoo'Z |tZ ¥ri0[cye0| 0% _Sodlfw!-....!ﬁllpllﬁn: 9’0 | ¥ivD | BEZO 1L | 0000 | 09T |S8°00 TO0'0 | 9200 | Bsa'y 19100 | 188°0Z |62¥0 | 946 gty 'S | 0502 (0000 [E0L7 1Y | 1D UIN L0YMIN
[L2°K YIOT|ZZt 0loviOeva 0| 0% {1000][S00'9 [EIE 000 | 85T | yz0'0 or’ ooco | ¥Li'L | 0000 | ¥ZBT [SS'00 DIQ0 | FLOO | L08'r 19200 | ZOC'HZ |ZEE 0 BOL" PeG | 10502 Filz4l)
£68°7 VWOOT | ¥Z4°0{Z01'0|9e80} O'e [100Q|BO0D jTLE 00’0 | DALT | 8200 | LE¥Y YZEQ | £48'1 | 100D | ¥O8°Z |$5°00 ZI0D0 [SS0C ] 04B'F [BL0°0 | L2502 |82¢G] 1T ¥L'S |0EA'6L | FE10 |T25 Ly
101 168'E | LrL 0122 0]5¢8'0] 0'0 [L00'D|8000 |Z¥r O] LOC ¥ZL'Z | B0 Sy¥0 | OYe0 | 2594 | 900D | 0POT [E9'84 @000 | £000 | zen's [020°0 | BZO'SY | 88Y D | 0¥ 15°L | ZDZ'8L | 1510 [ ZIS0r
910’ POO'Z 811 0|£C1'0|av5 0] 09 [100°0|S00°0 | gSe'0] VOO0 | 09Z'F (2% oF »1Z0 | YL | 2000 | GEB'Z (w00l | ZL0WD [UE0D [ DEL'Y 'O IROYLZ | IZ¥'0 | 2611 FiS'y_|BE0 02 |OE00 | BZO'LY
166 jcoo'z fr2s0[z5E0|Z¥80| 0R OO0 POO'0 | ELE'0 | 1000 12 | {200 [ ri¥D | SOE0 | 85871 | 1000 | ¥IBZ [AZ00L | LOCD £r00 | 60°F |9LO016LIDZ hEYFO 24 ZYS [PSLOT | LB0Q | SYSuY
LILX B00°Z |60 |1620)62870) 0') 0000l Z00D [YoZ0 | 1000 [ ZZYE | ZEo0 | 10 | YISO | 98 0000 | OS8'T |AR'SE yoo'o | 6100 | S58T |6L0C BO9CZ |99E 0| Ze4'S | 91Z'6 [6TS L1 10000 | SOT 1Y

r 782016260 0V {00001 ¥000 | 5510 | 0000 | ¥avZ | vzoo | eve0 | £1C0 | ¥zt [0000 [ S98'Z [ivoot [Z00]LE00] £Z52 0 |Breez [¥Or0 | J1LS 6YI'0L {00661 [ 1000 (00T 1Y
i 'R {10001 Y000 |SEZ0 | 100D | ZZ¥E HZ00 | 18£'0 | G9T0 { 96%') | $00°0 | §96 5¢°00L _ [030°0 | BZO'D | #BO° 8100 | BLR'TT | GTEQ | 000 0e ro0'81 {680°0 | G5LLY
i 'g_ 0000000 (1420 1000 | B6E 7 10D | 2020 | 1Ar0 | 645k | 900D | 5262 |Z0'LOL | 0000 [ SZO'0 Yal'C 10100 | 85422 [SIE0 | BT 1) BSEBL 1 901D | B60TY
' e |000°0] 1000 "0 | 0000 | B¥Y Z0°0 | D9E 1570 | SZS°L | Z000 | ¥rS ront {0000 | rsoe| Z60¢ | 000 | Z¥OEZ |OST O | " 0z SSLBL |or0'D | KIE'LY
‘01 09 0000|0000 | rez | E00'0 | CLFE | LZ00 i ere'D | RESL | ©OOG .sylmwr_..—b— OO yO0 | BBOE |SY0'0I660EZ [G¥E D] 58I LB6'L {88y8L [ 1500 | FDLLY
@ 10000 |p000 | rer 0| 1600 | £8ZZ | 0Z0°0 ) 6BE TYGO | ¥yl | BODO | GO8T (56001 |S00'0IEYD0 ] ZELY | ZZ0D L6t D { BOY CIGB | 160'LE |ZSLDEEINLY
'g (1000|0000 [ reCCE 100D | 18TT | ¥Z0D | 6BE 1090 | S2EL | 6000 | £26¢C [0z 10l (ELO0 I ¥¥00 | STL'S 19100 | ¥LY "0 | 1018 [8LL0L | 88T 91 | 6510|0580y
0 [000'0{900°0 {8260 ] 0000 | €8VZ | JZ0°0 | L¥D | ¥5E0 | ML {0000 | 0402 [BEO0L | V000 | 1100 | EES Y 100°0 | 26504 "0} 1469 | €670 [6LOGL 000D jZZS 1Y
72 FPT0+55K.0. 90%.0 0F5 0 300 ¢ L0 0. wm T TEE00 01 S0 {IROT 0Lz > SEe DT 0000 LIS EH O T 00T ¥ OIS L OK0D AU 000, 00T 7, BAO°E LOTrE. 1 EI 0 200755 . T
10, ISH0:IiYD oo 1000, S50 £ E.oWRﬂ—.mgd 180D ¢ MZ 07 £ZE0 5000 EIST: TUES.L) 60001 06T £0 L3 0D ETEY LS00 P06, 050P | HOSTEL{00CD) ZRENSIL, uf
% rs 0 snv'o 8140 ZYB0L 0% Bi00 S 0050, LAE L7000 s 1 000 X 9800 SUBL0 . B2 ¢ 000D 0T OWOS LLVIOD GBS, 2BLL] 170D, 0T¥PL 50003 606') L BRKE o SLOTE ¥ 9140, 80055 1L
Ctjertolorso|crerol 0% 0000} 000 [OVE'D | COOO | 3N.NJ 9200 | &I LGZ'0 | 21y | Y000 | ¥O8'T |BLTES 0000|2200 [vErr 0000 IECOLZ C¥OY _k.a.m| Loe'r ‘[BEroZ |ZROD [a2v ey
201°012€1°0[S¥8°0] 0® [CO00|E00Q | ¥ZET 000’0 | €57Z | 0200 LILd Y170 | S22 | vO0'0 | 206 [20°00L  [000°0 [220°0 [#¥Z'¢  |DOO'D 1D0ELT ECY D 156" LI00 [Zvaiy
£4°0 671D |EVE' 90000 £000 | FYEC | 0OD'C | BEZT | BZ0D Ly’ 2620 { 8os1 | voOD | HSET [OLDOL 0000 [¥20°0 |LOSY 000 |E06'0Z L2¥ 0 1006 LI0'0 [ZELLP
VipGl0leci0[rogo| 0% [100°0[010°0 | 28501 DOO° 1I8'L | SEO Yo | 0220 [ §12L | T100 | 60T [SC00L yLOD I E200 | #5244 | LO00 DY) |54 26674 | tel'y |€5Z0C {OET 01 B5YOF
|50z 0 |eri-0[zose] 0% [000°0}8000 (62070 | BOOTC | LK1 (2% iv'Q | 2620 | 9U9°L | E100 Z )LD 0016000 | BT18 | I100 PSRl [ 2550 | 2862 ] Ovv'S |CIE6L | 6EZ0 | 625 0¥
OS0E  |580 418800 be2 )58 0| ¢'8 [COCC|SO00fLIZ0] 1000 | IEVE ZE0 WD | 6550 | 2y | 2000 | £28°2 |¥8°00k T00 | S000 | ¥ e 10100 | 622 [LIC0| Ove'S | AL6'E | Z65'9L {OE00 |04 1Y
SEO'E FIOZ|LB00|B5T0 muhuol.owr..w.n V00'0) E00'G ﬁ.hw-.o 1000 [ rrYT wﬂm..c GYC0 j 0TS0 | gl 1«.8...._ /.14 n—hl:_.— r__o.nu. 0L e .m.—m.n.. vUCZ [LZC0] vZB'G | SBZ6 (016741 {LEQQ | ¥OZ'LY

e s T TR o R N T A< Rl Bl B L il L A T BB GH TGN W OEa 4 DN ° ODR © B < 18d 2 tH00 Y * 351 -ois YRR

et ————r——

[I-12

Appendix I — Summary Tables and EMPA Traverses



il Umm& S0|dWies UPe[oqaog PUe SPUEBIMGN 3} U) SIOEILOD UGLSMauE 40) Sudi)Sodiuod :@:_n_wJ.U pLiE BURX0IATOU||D JBLUED) 5|® oLk NSXSAY) iyl SIGE),
820°E £56°) | 891'0 | 82E°0 1 0S80 ['§:] 0000 ) 8000 | £G5S0 | 000 | LZLEZ | 1200 | ¥SE'D | 2¥9°0 343 00 | G46°2 [WLGD1 FroC _mnv 9 |000'0 |[¥R6'61  |BEE'l |_Mpw < 1S3 _W..N,m_. ZOE'D |BER'D¥ B b EZOMIIN
ag1'e OF¥0 | OZFD | 98SQ | Z¥ED o'g D000 | SZ¥ 0 | BGE') | 2000 | Z22) | G000 | 900 | BSCQ z810 0D | 9EEE IZEE8 ZZ0'e |6BF AL IBED'D [S26°51  |SBD" arl’) (il SEL'Z 260G |18Z¥S p xdD GZOMIN|
;114 B8LE | 1000 | 2980 | 519°C [:§:] 0000 | POO'D | 260D | 500G | 92E°L | 2100 | 1E90 | BITE 050 E0°0 | 2000 [ZLH EDQ |BZ0'0  |£GL'0 (¥LLEL |LLE FBESE JE/BEQ YOO [98L 0D [LDLO ] AY2 EZOMAN
LED'E Z¥8°) | 601°C | EBZ0 | ELBO 0% 100G | 5000 | ZEEQ | LODD | 95E°C | TZ00 | #PED | 8PS0 ¥eE's 3000 | L868°T LD ELC0 (EPOC |OSEY |SZDD [IEZZZ |BSED [EHLG LPL8 _.vv.w.m— G210 |ZE0ZK [i] w8 szoMaN
02LE {28 € | QOO0 | 298D | 5180 A 000D ;| 2000 | COO'0 | 800°0 | £0E°L | 1200 [ 9490 ! LIEE | DISD | 6L0°0 | QLOD HBS'CDE S00°0 [A0°0 2000 [ZLLD |6ZFEL  |BBE Z00'SL |B¥E'PS  |8¥D0 L6E°0 |tS1'D 2
810E 066’3 | 0600 | £GZ'0 | 9580 0000 | 5000 | GZ20 | LOOQ | SSE'Z | 8200 | IGED | €250 | £9¥% | SO0'0 | GSE'T [LrDOL ¥EOD |IZST  |SZ00 192622  |SGY 0258 2ET 6 BBOD |LCZ°LF B
EIET OL8°€ | 100D | L840 | OEGO Q0G0 | 000D | 20070 0000 | ¥22'L | EZ00 § 801 | 6082 § V9L0 [ S8G0 | 600D [L100L 0000|2800 |DDO0 {GL2ZL  |oZy LLL'OZ |88 S [100DF {ESL'Y |¥ELD kel
BZO'E 596° | LIiO | 8820 | BIBO 0000 | 20000 | ZEE0 | 2000 | £9E°Z | §10°0 | 6ZE0 | S96°0 | 2093 | LIGO | GO6'E 1ZLiol LEDQ [BREZEZ  |LLE o155 [r500)  [BBOOL 2810 |ZLO'M¥ 3
BEMT 028'e [ 0000 | A¥RD | T85O g 0000 | 0000 | CODD | DOOD | 592" 21000 | 180 | Ly2’E | BISD } GLOC | 900D |MrODE OG0 [LG0'EL 8O BOO'91 _clccwm L¥SL  1GBE'D  |LBOD E]
00| ¥36'} | OEZD | 8910 | £480 i G000 | ZLO'D | 0690 | QOO0 | 8v8” EZDQ J E9ED | EEED | £5971 | L1000 | EBGZ [L6COL 8000 (55T 81 |L8E" 0% LB8S E256L [01EC_ [6BEL¥ [:]

ZEEE__| S6ED | bY0 [61P0 [DSBO | 0@ | 0OOD | tP0 | DBSE | ODO | ¥99°L { 50000 | 8800 | 9910 | OSZ0 [ OLOD | EI6E [1268 5200 [JS65L [gi00 [35¥t |92 189z |vll'0_|eSEES | P
B68L " VLLE | DODD | 8540 | BES' ['¥'] ©C00 | 1000 | OBO'D | bIDO | BOE” A10°0 | 088°0 3 BI@'Z | £69'D } 290°0 | ¥HOD |iL'0Dk 0T ) 298°EL |ZLE 9799l {98295 |BO6'LI |SEXL  |BSO'OQ a
810 SEB'V | EBLD | GSTO | #19 [X’] 000D | S10'D { £5S°D | BOO'C | BOD'Z | 9200 | 6SP'0 | S6¥0 | S¥r')l | SECQ | 196 [v2ODL 50L'Q |Dil'2 jBL00 j9ESBL  |OEPD  [vOSL 810R orgol |6500 |goRONF [}
LITE ¥8E£'Q | OFFO | BOGO | £26° (3] 0CO'0 { ZBE'0 | OFF'Y | EOOC | BB’ | BO0C [ BE1'0 | 5610 | 681D | SI0C | 6Z6C |BE68 1647|9458 |850°D 156961 [v60D [69TZ ¥EE'E 2027|6920 [Z2L¥S P
08E'¢ ZEr'E | 00O LGB0 | 905 [ 3] 000D | MOOD { 000D | 0100 | £0Z°L | Z1OC | Q2L | ZIBT | LISO | ¥OLG | 900D 62700 POO'G 2000 [vBL'0 [LSETE |EOE'D [E25°1Z [1GE'95 [EE9'®  [BEEE [i600 2
VIO | 088t | J¥C | %060 1 6080 | 0@ | 000D | PLOD | #P¥D | 2000 | ZEZZ | OZ0C | GEEOQ | S850 | FAL ) | 2200 | 262 [9E 00 6600 [0EL'S |zo0'0 [/040Z [/ZE0 (1666 [5I¥0L [vLoor (60 [soiir | B
b4 14 STLE | OO G980 | LE9 D o8 C0D'Q | TOO'D | LOD'0 [ 9000 | 9LE) | SO0 | SO0 | £ZZ'E | 1050 | E9O0 | 200D [9R'On ¥i00 |9:00 |4MLD |SOE¥L |BEZO0 |S16FL  [BALEQ |¥SS9  {BEZL [LLLD 2| 0 pLOMIN
ora ¥5&'1_| €220 | J0C0 | 600 o's 0000 | ZI1oD | 890 | 1000 { 926') | JZ0'0 [ 99E°0 { COB'D i PSE'L | 1Z0°0 | GHB'Z [ZEE6 €000 (358 6000 [BI6LL 19ZFC _hmw.o G920L  |DEG'SL |S8E'D |FIR'BE i ub gLoman
SLF Z9E0 | 9E¥0 | 515D | 1¥50 ('} ] 0000 |OEED | 96K L | #000 | GOB'F | vOO'D | Y210 | BBLO | ¥LD | £00°0 | BI9E [01'68 PEEZ (20161 1600°0 li1e0L {l1SD'C |698') 292 € [IE0Z _[OEL O [S¥2ES p %do £ LOAMIN
.|mnw. E90E | OGO | BEB'D | 8950 5] 0000 | 100C | 100D | 800D | #4271 | BLO°0 [ ¥05°0 | OZ0°E | E6S0 | ¥30'0 { 5000 [85°00! 1000 |LH00 |SeL'0 [0ELCL (O¥E'Q |iBiZL [506'65 (2942 LI} 4800 2 A4 £LOMIN
¥20 EL8) 6910 | LGI0 | 8L (1) 000 | 5000 | 2150 | LOC0 | B26°L | O¥00 | EESD | 6620 | #2071 | ¥OOD { £66Z (0200 EHO'G |eEOD {2199 |0 fiseel |e5en [sige t444 EFS'GL [S90'D |¥BQP i} 2B ZLOMIN
SLZT FLLE [ 0000 | OMRO | $8¥'0 e 1000 | 1000 | 1000 | 9000 | 8201 | ZEO'D | 98L°L | BOD'E | SCLD | JZOD | Y000 [1L°0D FLO0 6000 [BOQD 2170 [LiFOL 1G9S0 [£€6°LZ (L6175 [esos L¥S'0 (8500 £l Y2 ZpoMIAN
36 SI6°L ! 9L 6410 | E0B'D oe 1000 | ELOQ | GOF0 ; 00D L1Z0°Z | 0T ¥6r'0 | ESED | 129} | OZ0'0 | 66T |08°00 IO |BB0'0 |Ze}'8 |SO00 (1528l |68¥0 [2Z® riZ'g LZLBL [9ZE°0 |¥EFIFP [ B LLMEN
0! £05°0 | 9rF CZr 0D | 0150 08 2000 | OES°0 | EGE'L | £OO CES'L | 90G'Q | 1SE0 | 2120 62D L3'0 | vO6'E (B¥00L 1200 |e18 % _nww.n— 900 |8vE'vl [1BO'D 1ZSE SI'E LPrE - 18820 |SGrPS P xdd L LoMaN
AL LEF'E | 000 080 | EOr0 1] L1000 | 0000 | LODD | QLD £60°L | 020 2971 | c1g 80 [ 221 GO0 D 1166 9000 |0 _5 4] ¥ELD |950°LL  |BRE GERZZ_[SBGES  [88%F ¥SFZ (800 2 2 LLOMIN
500 ELB°L | FLE 60L0 | 080 '} ] 0000 | 800°0 | E¥S'0 | 000 048'}F | TR0 96¢0 | GLO'D | £GE°L | BOO 162 ¥ 00L FPOQ 8L |OODD [LIBGL |GIE EEO'R L 0L OFO°SL [9GL0 [¥OZ0r ] VB s00Mm3IN
k:r4 YOE0 | EFF BLrD | 2260 0e 0000 1 2950 | 5601 | OO0 | 069F | 9000 [EPL'O | #1110 | 081D | TOC 6L [2E'68 | _MQw,N 1261 (0500 {¥OS'SL ‘| ¥IZ'C [BrO0 20 PG p %02 600MIN
9ZE2 YOU'E | 000 8220 | Zo¥Q o'y 0000 [ 0OCC | D00 | 6000 | #20°) | MO0 [ 26Z) | 886 [ 9100 | 2E0' PODD e GO 0000 |¥00  JELL'D |SEETC Red |10 GO0 E] PIE)
00T 98871 | 1AL EFC0 | EZ80 il 0000 | 8OO0 | 5150 | 100D | DAL'T | LZO°0 [ Z3E°0 | 189970 | SOE'L 100 | 186 (EBEA 6500 |1269 [ZLOD (6266 E9L'GL 8420 90F 3 ub L0omaN
BZILZ L0BE | 000 Lig0 | 6M0 ‘e 0000 | LDO'C | 000’0 | JO0D | 188+ | ¢10°0 | iki0 | ¥IEE | 26¥D £0°0 | 8000 95001 BOOC |Z000 |EFL E1EP ¥SY9  JETLD JO0LD £l 42 LOOMIN
QE0'E Seg’L | 8El | PPZ0 | 2080 ' 0000 | Z10C | 6100 | ID00 | 8OZZ | OZ0°0 | P¥ED | Ziv0 | COFL 200 | BISE [SOTLDL TO00 (B80C [6BF'G  (¥2D c ez FL¥LL |BZYD | i wbB zIN
BIEZ 015°¢ | 200D | 8¥L'0 | SESO il 1000 | 000C | Y000 | ZOC'D | BEZ') | 52070 | 90} | ¥i9Z | SBBO { 9£0°0 | 8000 [0Z'¥6 ZL00 (2000 1800 62 2L a9Fa’LL [8¥5L [2L0 2 J42 TIN
BRO'E 6.6} | 5rL° 8910 | €220 o8 1000 | 900G | ZkF 0 | 2000 | 1FD 220 0080 | EEE'0 | 9¥9°F | €000 | FRE'C 29766 |00 (L E 5850 58'8 LG 62181 [9500 |0iSBE 5 HE ora0d
ZDR'E FZLD | FLY SO6C | 8160 o' MO0 | ZEVC | Z45°F § 200D | 340" 010’ g8L0 | Z1 0 | 2100 | 510D | PIBE |28°00% 800°0 BFE g L00°6%  [£9L°0 [¥ZLE LGl BEL'D  |PiZ0 |BIZEYS P X400 Spracd
SO0'E ZRE'L | £21°1 6YLQ | EEB'D g 1000 | 900G | B4ED 1 LOO'D | LEZ 920’ 05rD | S6C0 | £89°L | ZDO'D | LIBZ |69°00% S00°D (E¥G 46F (1200 [BZLIZ  [SEFD (02572 {574 Z5L0Z [BE0D  |Li0'L¥ [i] Ui eob8049
GIEE BOP O | Z¥P BEFD | PHE0 4] 0G0 | SLE°C | Z9¥L | 2000 | 9FL S00°l 2L0 | 810 | 0ETQ | 2000 BEL Ly 00k 10D [£0£°2 [291°BL [BED'Q [BE'QL SL00 i6LL) LSIE ELT o Mids] P xd> Eo¥EGE]
BE8 2 L00Z | 8FL'D | BILO | IBLD [} ] 0000 | 000 | EPPD —oa D | EIOZ | £20°0 | 65D | OEED | 129°L | Z00'0 | £O6'2 [6L°20L ¥00'D [{20°0 [SE8'C €100 [BS0°BL [LSSO |¥88'8 ;2009 EIO0Z [Qv00 jegLy B wb Zovya089
RESE GiZ0 | SE¥'D | ¥BYD | EEBD [k Z0O'D | JCZ'0 | 86671 000D 0 | EEL°O0 | Z»10 | 1000 | BZEE (93788 41000 |GBGL 11y00Z (8500 [vESZL (1800 |97 f«4%4 B59°L ¥lOC (EEFES P xd3 Zo¥ra0d
L1 X4 B2GE | 000D | PLED | 69F0 ] 100D | £0C°0 | OO0 £20'D 2Ll | EibE | EFLO | 1200 | 9000 | 1€8°001 5000 |ZZ¢'0 800'C  {BDE'O IBZI'DEL [ZZF0 [ZS¥DT 62665 |9iZ ZZ¥0_[#B0°0 a 143 20808
S0 ¥86'L | 1910 | GOZ'0 | 080 o8 D000 | £0C°0 | 96¥ 0 1€00 S0 | #0F0 | 82571 | 2000 | 98R'Z (S1LOB 2000 i¥Z0°0 (AT¥FE  |EEDD 88L (109G |26 il SBS'8L [ZE0D  |2/0°0F B —uB vaca
Z6¥ S0E'0D | Ev¥'D | ¥EPD | OESD o' 2000 { £682°0 | iXS'L 9000 ‘O | EELD | €410 | b00D | 68 1LZ66 20Q FB0T [ZDB'6EL |9¥00D L0l |e600 [BSZZ ale'z £20° ¥20'0 |$2LES ] xd2 yra0g
Dl2" 6tL'¢ | 200D | BERD | 0IF D o9 )OO0 | 0CO0 | PLO'D ¥200 | €91 | BEL'E | 2000 | G100 | SO0 {29°000 0 i{fDC0_|S0Z0 [8ikQ : 660°)1T  (FEL 09 [ShiY GLE'D |ZL0D 2 442 oF808)
DOOE 265°) | 2810 | ¥IZ0 | 2020 ag 000 | 5000 | 905D 2800 | £85°C | 9Z¥'0 | 595} A i d OO |FEES [¥EQ0 i LPYE - (PIEZ B0l [SSD'0  [ZE1 DK B ul socgog)
BSLT 78L'E | 0000 | rreG | OFFO o9 1000 1 060" 000 ¥Z0'0 | 60Z°L | 36L'E | 1BSD A ] $i00 [90LD i eYS1Z_1ZoL09 [Zivl ) ¥80 0 k) 442 50E RO
QE0'C 26L | 1910 19810 | ELD (g ] 0000 | SO0 £29°0 BED'Q | 8450 | BOED | §39°1 i SE00 |ZZE'G  |ZL0D . £85 6 15¥'9 2 500 SL9°0F :] ub LorBOB
BISE 6Z°C¢ | 6600 | DSF Q) | 9T6D e 1000 | 5T 0194 2000 |OFiQ [ $ELD [ 031D A 088" L+0'LE |650°0 3 QEEE riE'z 3 89070 |[¥GEFG ] xdo Losg08
| Z6LZ | 6ELE | DDOO | SE8°0 | O5¥ O L)) 000D | ZD0°0 | LOOTG 4200 | s0Z'L | LZI'S | 8190 i 2410} Sica [1vg X S0 LZ  |98/°6% 3 1860 |590°0 2 442 poER08
L50°E £96°) | 2610 | £91°D | LiLO [X] V000 | ¥000 | FOYD 4E00 | 9460 | LZ20 | O¥9'L ’ LED' 556G |DDOD 4 1188 ¥EO'G I 2010 |E6SOF B uB £LLA08
DLL'Z O¥8'E | 0000 | #1980 | 2090 o9 $00'0 | 2000 | 00D 100 [ 1880 | SZVE | PLZD [ Z300 | SO00 [08°0QL 000 |8L00 |£100 [OLD |9¥E GB¥'GL |9/5°19 [2kFE  (BYE'Q [¥IDD 2 Y2 £11808
LELE 94671 | E¥ID | 29V0 | 2820 '} Q00D | £00°0 | OG¥D 6600 | 0950 | 8ZE0 | Lyt | E000 | £FOT |20'66 O |IEZ0Q |S6LS i £52 8§ ¥S5L5  |eotElL 2600 |SeZeE [i] v ¢
ZBSE B8Z'0 | Z¥¥D | OSKO | 180 0 00D | 8420 | 8B5'L 4000 | 6240 | EPL'D | ¥bL'D | LOOD | LEB'E [PE'66 100 [L96L [BPOZ ELT L) I0LD [6BZZ  |s05Z 69| ZLO'D  jO58°2¢ [ xda 558
FLL'E £9LC { LDOD | Zv2 O | GOFO 2" 000D | £0C°0 | €000 SZ0°0 | Z£4') | 29VE | D6SD | Y200 | S00D |BS DO €000 [¥Z00 _[¥¥O'D  [ZOLO [EZLDE 14 9GELE B8PS e [E4PD [ES0D 2 Y3 559,
98 LB6°L | 2¥C'0 ) 862D | 5Z8°Q 0" 1000 | LODQ | E¥VO 220" ESE0 | FISD | IBF) | DOOO | LG0T |BZ'DOL MO0 (8000 [ELB'L  |6ED'0 [BBZET GE | SIB'S BFG 209°4L |40G'0 K4d [i] ub vy
Lze CBI'E | 0OO'0 | 080 | 2259 [X:] 2000 | 0000 | 00D 280 9501 [ BJBZ | 12D | 9500 | 600D |SZT00L 0o o G400 |ME0D JS8ELL  |946° LIEE)L P20 IS ) LEL £ 2 ...vm_
BELE 695°L F0ZL0 | FOL0 | 40O c u 1000 | 9000 | {/E0 G20 IZ¥rC | DEEC | GE9'L | 000D | 6SA'T [£6870Q) 500G [evD0 |086'r |1200 [1EZ2C [BE¥ St L EOG'S Gar O m ub 3_
ESTE mmv 0 n ] 2047} m_wa..c 000 | 2270 | 9P _. 1 5800 gN (¢] ;N Q .o h.vom SE°0d 6000 _mm— T |806'8) |§500 52191 5010 NNw — SOLE _.cn ES xdd ¥pg
a3eBiieEs i T WS voo RN Eﬁ S el A ey ey T R g TR Ot 0NN 003 PO 4 OBNTROUN. S W T .ou._v 7S w_.os: N apduies

II-13

Appendix II — Summary Tables and EMPA Traverses



II-14

€7 obed SO{GWTS UEE]aq0g PUE SPURIMAN ALl uj SI2EING) UDISNDUE 103 SUO|50dWoa {[ou]ds-1] puE susxoiAdoul jewEeD} S|l Bupspesy ¥ || @IqeL)

286" 9671 8810 [ 8520 | ¥BL0 195D | 100D | EDGE | WEOD | €250 | 6650 | 90F 1 [ 6000 | ¥96°2 (21001 900 [¥OL'L [»200 [#E4 |O¥SO_|ZBP8 {9946 [9B1°OL [SG1D {Ki¥OP g ub proman
€22 SOL'E | D00 { 8¥0 | £A¥0 1000 | 2000 [ €06 | 0Zo0 [ 6¥L'E [ OFL'E | ¥9S°0 | L¥0'0 | SOO'D_|8S°00) 1000|2100 [bZi0 [S05704 [ISE'0 |S2R0Z (96109 [¥S22  [2e80 {1200 9 | HooeomaN
£66° 0/6'L [6S1°0 | 9020 | 9640 OGFD | 00D | 248 % | S60°0 | 22970 | 60¥0 | 195} | ¥iD°0 | 2462 [88°66 ' 10L0°0 ]625°C |L100 {08801 [S9S0 [¥28°0Y (BOCZ |22BML [P0 |L820F B WE 6/ 0M3N
£52 £92°0 | ££¥°0 | 15¥0 | 068D 80r’) | 200D | b¥9°) | 200D | $OZ'0 | £2L° 112°0 | 800°0 | LEG'E |0Z'66 ik G081 [ZE0D {1ZL'G)  [20%0 8K LD SS*C  [ZFkL'D |IBB'ES [ X0 6LOMIN
FICE 0£8°L | LFL'0 | 9910 | BFLD ¥2r'0 {3000 | BE6°L | GEQ'0 | 2697 228 ¥o'L | LLO0 [ 1967 [S5°00k L0Q (LS00 (Z¥FS |ZE00 |E68'ZL (¥IS0 |FELD)  |6BY ‘8161|8610 |8rLOF § wB sromaN
¥SLE BEFG | 9S00 | ELED | £68°0 L8°) | 0000 | 985°) | 8000 [ 6810 | 951 PE0 | BOO'C | 156" €00k BCLD | ¥BE" SLLL |2hQ0 |¥plrL (GELD |FEL CEL'Z  |LI0F  |6¥L D |980'SS 1] X035 810M3N
Z0E'Z | Z6¢E | 10G0 | 9880 [ ZIED ZD0'0 j 0100 {42870 | 2200 [ 28¥1 | 0262 | 250 | BOL'O | 9007 [ 0 [v00C [280°0 S48 |ZBED [65E9Z |6IG¥S 2124 (I1bL'2 |28 3 | M2 gsoM3IN
tZ0E | +56') | 9020 | GGE'D | ¥¥8'D BZ0'0 | 1000 | 61GT | S20°0 | ¥/EC | Z440 | 281°L | 6100 | 09677 |16'66 SE00 [vZB2 SOE'BI |46ED [r¥0'9 [BGL'ElL [SSSElL {BLEC_|MBUOY ] B BIOMEN]
Cri'z | S62E | 0000 | 080 | 665D 0000 | 2000 | ZBZ'L [ 8100 | BSE'C | JECE | ¥SKO | 2000 | 200C [HO0L 000 ZEE'D [E99'S) [LET¥Y [888'S (1§80 [ELLD 3 | 2 9s0M3aN
SEO'E 1863 [ 8500 | 820 | 02800 9020 | 1000 [ 2o¥Z | 1200 [B9E°C [ 96+'0 | S6¢°L | BOOD | E¥S'Z [84°40F | 200D [Z0D LPE0 [60Z'0 (916’8 _ [Z¥0B3 901D [svB)p 5 Wb p{OMIN
¥81'Z | 65LE | 0000 | 5580 | 6650 00070 | 5000 | 60£°) | 1200 | 548°C | JOZ'E | Z¥SC | 62070 | 800G JO540L | 2000 [820C 4260 JESZGL ¥I'E9 [Solf  (¥OS0 |ELC 2 [ 2 piOMEN
/867 | 8887 [ 9810 [ 1620 | €810 S55°0 [ £00'0 | £06°) [ 5600 | 626°C | 286D | St | 6000 | 19B'Z [8Z°66 2500 BYG0 [LOSE  868'6  [I1G1'9} 9SG [v6LBE § uB Zromzn
2z | €62 | 0000 | 948°0 | €090 ©OD'0 | G000 | 60E’} | 5100 | 2880 | BBZ'E | ¥OYC | E¥OD | J0DC |SZ00F £E000 [000D {1600 [42¢'El [D6Z0 [ilLS1 [L0GEY 9200 [G/RQ [ZHC 3 | o zZomaN|
G20t | 2007 ! 0G0 | S¥1'C | ZER'D ¥SPO | 20000 | 250°Z { VEQ0 | EEFC | 0820 | [14) | 000D | LE6'Z 29108 [ 8100 [BIOD |DLOS [ZEDO JCIEDZ (€280 JlEEs 102 (OVG02 OO0 [ZESIE ] b LIoMEN
050C [ ¥BFO [ BYF0 | S9CC | S¥6'D E82'L | 2000 | 269°) | L00'0_| 660°C | £82D | 1020 | ¥0O0 [ LEG'E 2800 [esve [eS6'0l |E¥00_lgme'Sl (6140|9971  [e20¢  |SEEZ  [EIOD [6LSS D %09 LJOM3N
SZOE | L00T | OGLO | S¥L0 | ZEE: ¥ord [Zo0'0 ) ez | 1E0'D | CEv0 | 0870 | 212y | 0000 | LBEZ [Z9100  [810°0 [8L0'0 0100 |Z000 |o1E'DZ {260 [/ERy  [10ZS  |OFOCZ |000C I[ZEGLY [ ub 020M3N
967" 6¥F0 | CT'0 ; YO0 | 768 16E 7000 | 0041 | G100 { 8070 | 9ELD | EVED | ¥OO'D | S58'C |1E00Y TIOO [y Z [011RY [VEDD [296°GY goc 0 (ivbe [tk WLLE  |JODD |GZOKS P ¥ oleman
7} 069°C | 0OD'Q | DLY'0 | #55° 000" 000 | ESL°L | €200 | BZ60 | ISL'E | GELD | 0000 | €000 |1L00% 9000 1400 _|80 SS00 [9Z6°H  (¥L¥C (ZBONAL |SAFLD 9206|9000 [8HOD 2 JUD DLOMIN!
oLy 6¥G°L | 1020 | DVE'D § ¥28" 80g £00°0 | be6't | 200 | ZZF0 | €990 | Z6Z7F | ERDD . B96'T |TEC0L Y800 €694 [SP0'0 (25081 [¥O 9989 |Z88LL |€¥@¥L [1650 |rkFEOF ) 1B E20MaN
19Z'Z | SIS'E | 000’0 | 898'0 | 6ESC 0000 | £00'D | 8124 | £1C°0_| 2O} | GEL'E | 22¥D | E600 | 0000 [+6001 2000 (2000 [IELD [66¥'2Zh [60EC [EL06L [GELDA [/81°0 [B6FL 8600 2 [ 440 GROM3IN
pOO'E | 186°% | 0ZZ'C | 6OE'O | ZIB'D 199°¢ {0000 | £06') | 1560 | b0 | £10°0 | 89E°L | 2000 | 0.6'Z [€4001 5000 [2¥0'0 |8 [D czeit [Bey0 [95)°7  [r250L [95M°5L 62D [IZEOY B WB gooMmaN
601z [azee | 0000 | €680 [ £¥SO 00C0 9000 | BFLL | ¥Z00 | €980 | 064'E | BEY'0 | EZD'C_| 90010 05766 0 [s000 |o 5110 [6E9°1L [ZZ¥0 [P¥ll  |VBOES |26L8  [eivQ (1230 2] 142 epdMaN
e86Z | 0z0Z [Syi0 [ 8¥1D [ 90RO BEFC | 1000 | 950 | +EC0 | +6°0 | 8620 | ZZL) | ¥0D°Q | 2967 [0T96 BE0C |S0S'S [+20°0 {01 B [AvSO [SvDB  |LEFS  [ZBB6L |5/00 |SL3 QP ] uB LoomaN
4617 [ 82¢ [ 1000 | G180 [ 2150 Z000 | 900°0 | 201} | 0200 | 250°F | 980'F | 568°0 | ZEOD | +00'C |OEDOL 000 |CE00 (611D [SEELL |ICED |ezesl [OP66G [6¥06 /590 5000 3 | 443 JpomaN
866 | ¥B6| | 5Z20 | E0ZD | LIBD €250 | 1000 [ 668') | €600 | 52b'0 | E0¥0 | 1851 | 600D [ 896'Z [25°001 £00'0 |S00'0 [999°8 1/10°0 [185Z) |€50 [$10°2 [2¥0z [BISGL [91D  |e850F [ 1B GoOM3N
96E" ¥3£'D [ 1ov'e | 600 | 60 995 | £00°0 | BZZ) | +0C°0 | €0L'0 | 6610 | 5020 | €000 bE00L EL00[IGEZ |98F'0Z [950°0 [SZ'0L  [wlOD |Z24°1  [61BZ  |{E¥Z €800 [i20FS P | *da gooman
EL €64°€ | 0000 | 1BLD | EVSC 0000 [ 2000 [ 2518 | 1260 | 5.8'0 | 666'Z | #62'0 | BED'D 6Z°001 200'0 [g10°0_[oc0'0 [8Zi0 [Es6V1 660 [o6°Zi {L2gBS |FEED) |22Z0 |10 3 | 40 GOOMEN
96" 000 | 6210 | 6560 | SIBC €050 | 1000 [ ¥102 | 6200 | 6¥r0 | BIEO | Z89L | £100 92 °00L 2000 500 [v¥58 [rI0°C jo¥e'Bl [18FD |S8%. 1E06'S  |16'6L |2¥Z0 |SSSIF [ vl gaoman
IFe 2EE0 | Le¥0 | 1850 | €260 Lir) | ¥00°0 | 222y | 9000 [+¥0 | 2610 | ¥51°0 | BGO'O | EEG'E [ZE00L 9500 [g5¢'Z [rt'6l [S90°0 lPZ0'GL [9600 |96EZ [eSrE  |BvB ) |2l D |Z89FE P__| %03 E00M3N]
391 PLLE | 0000 | LO9D | 2250 0000 (2000 [s€r) [ezon | 2001 | #2672 | 1¥20 [ 2800 [ 5000 [¥6'66 EDOD [1CO'D [900D [r¥i'C [16S 1L [8iv'0 |2¥6'BL [98¥4S |e0os [red’h [9/00 3717109 ES0MAN|
reo" \wE'L [9/0°C | EDZD | 0820 SeZ'¢ | 2000 | L057 | 0Z0°G [ Z¥€°0 | #8ED | I¥GL | 2000 | 2097 [0E'00 ¥L00 810 [OLI'E OWYG HrYBEC |EPED |ZCB'S  [650°2 |SHO'BL [IZL0 [¥E6OK [ uB 550MIN
aeLy Z8L'E | 0000 | LER'D | BEQD LOO'D | 900°0 | £9E') | ZZ0°C | ¥£L°0 | £S1'E | 6EDQ | ZED'D | 8000 LD <000 |00 €10 PLLO [S0EFL lrwoto gr'bi  |Sived [9BY'E  [8990 |6ZLD 2 142 s50M3IN
BI6T | B66L | 291D | SFI0 | 5080 ZBY O | TOCC | 6OOZ | GEOO | 4890 | DBZD | 601 | S00D | 12672 |0L700 G100 _[6c2'0 [92000 6998l |ieS0_[1Z08  |50S  [160°0Z [660°0 |B9Li¥ B HB B50M3N
¥ZET | ELED | +9¥D | LZ¥0 | 1860 286t | 200’0 | 899 | s00'C [ #21°0 | 651D | ¥120 | ¥00°0_| Z¥B'E [Pr'EE 212 [0CL'BL JOYOD {91¥'SL ELL O [6¥DZ (2272  |0DST  |950°D [SOE¥S P | %09 ggom3aN
1’z [z62¢ [ 0000 [ 0080 [ tarD 000 | 2000 [ 950°L [ 610°C [ GrIs | 1662 | 9p£0 | 9500 | ¥00'0 leso0tb 0oD'0 010D {8Z1°D [S¥E01 |LPED [2BROZ |EI6'LG [SB06  [BELO (090D 9 | 4yd ssomanN
680C [ 881 [ €S20 [ ZI*D [ FIZD 2840 | 200G [ 9¥9') [ BEOD [ 65970 [ 440 [ ¥OLE [ SO0 | ¥S6Z |L6°68 ZEDD_[918'6 |O¥C'D [BSS P S0G gl [ZEET) 0280 [ELEEE ] B ZE0M3N
901¢  [061'0 | EEFD | GBSO | 006D 50t | vO0'0 | 168 | 6000 [60Z0 [ 011D [ 0800 | 5000 | 606°E j0526 Sez'+ l£61°D7 0500 [280°2) |oFL'D [BOEE  [848°c |HIS0  |2B00 [2652C P | xdo ZGoMaN|
200°E Pe8'L | £21°0 [ BSZ'O | 98240 6150 | 1000 | 9961 | EE0G | bESO | 2150 | Zi¥4 | 500D | £96¢ |9B'68 L¥0'0 {0S59 |¥Z00 jC0S4) |IESD (5288  |£6/8  |0S6°8L (910 |60Z0F [ uB L50MaN
SO POE'C | Z¢ 0 | B8P0 ) £Z60 82¥L [ €0C'0 | ZELL {0000 | G¥ID P L4100 [ SALD | €000 | LOSE JETRE LEST L8681 16Y0'0 SER'SE I1OLD [JS€'C |ES0E  (BEYZ  [S500 {B93ES P %d2 |SOMIN
v66Z | 966'L | 2510 | 01270 | SeB0 69v°'0 | 2000 | 40LZ | 9200 | Bi¥’D | 020 | 546l | 2000 | 8BZ |FEDCE ¥L00 [¥IG'0 620°0 [905°6L |SZPD (986D  |LIE S5 Bl |IEDD [BOELY ] WB sromaN
vEO'Z G/a'¢ | DOOC | 0¥8D | EGSD 0000 | Y000 [ 65} | G100 | SEGD | £SCE | Z20@ | 5000 "0 _I58°001 £20°0 [¥00°0 |OSCD (90611 |LZO [FPZL L |200°E9 (8208|2010 [ESUO 9| P erOMIN
¥EEZ | LEDZ | 2900 | €220 | 65380 z81'0 | 000G | IGE'Z | 1200 | LOED | 5990 | 5951 [ DOOO SE'LOL 200°0 [¥10°0 [20¥Z 0 SB9°Z¢ |2GED |111'9  [BEE £61°B1 [600°0 [29°ZF [ WE [pOMaN
vorz lzese [oooc | E8s0 | 1vD LOO0 | G060 | 801 | SZ0°0 [ 6127y | BSLZ | €920 [ 821D 1266 160°0 [200'D [£10°D [950°0° |920°LL |4450 [1612Z [£0EES |6196 (6952 |iELO 3 | w2 fhoMaN
JE6Z | [ZOZ | ¥ELD | 66L0 | ¥#80 €62°¢ | 1000 | Zv1Z | GZOD [ BED | ZBED | S¥9L | £0DD '€ |Z0'00L 9000 |Z50°D |260°G [QLO°0 [266'81 [oOvD [1860 [81S0 [¥BE6I GO0 |SLH¥ [ BB sr0MIN
€E0Z | BIGE | DOOD | ¥EB O | BSOSO 1000 [50e0 {85 | 1Z0'c | 428D | 6S2E | 0590 | 910D | ¥O0'C [B0'ES G000 |Z100 |BODO |60°C_ |84l [/9ED [100°GL [15/°18 |1¥Z® [IE0  |ZG0D 2| o etomaN
#0C [ 096} | 6¥L O | Z2E0 | Z/B0 0Sr0 | 1000 [ SEZZ | 0200 | BZE0 | ZreD | BIEL | EZ0D ] 696'Z Jez ool ee00 [s82'¢ |9t0'D [198°CZ |1EED [81¢'S  [S81ML [£3¥SE [84r0_ [DIGOF b LB Sroman
SBLZ | 0ZLE [ 000D | J98°0 | J290 1000 | 900 3 100 | S19°0 | 922 | ¥6¢°0 | 590°D | 8000 !Z¥00L co60 [010D {60LD (kS ¥l [BOEO |eEOGL 20623 [9G¥9  [YeE L |LLbD 2 | e eromaN
OI0E | vB6't [ k80D [ DEZ'O | 9280 ¥2L°0 [ 0000 [ 08FZ [ 6100 [ ZSE0 | £5¥D | 2251 | 000D | {62 |ZE0OL 4200 [0ty {OOCD [S0¥EZ |SIEQ [£6G |82t 16291 [2000 [eval¥ [ HE L rOMIN
9512 [si1ee [oooe | osed [ kzo0 1060 [ 500' i 00 | 9180 | 14ZE | 0450 | SCO'0 | 900C IpLULOL B0D0_[600D [S60°0 [rBEBEL |IEZT G |20z 5L [0eBEO (8252 (0030 0030 9 [ #2 1vom3an
$Z0¢ | @eet | Zz10 | 690 | 5640 0250 | 000D | 886°L | ¥e0'0 | LIG0 | #EG0 | ¥SK I | 5000 | S¥6Z [SEROE Y000 |P¥0'0 [2£9'9 [0 LZzgl [{WS0 9GER  |{EC) ¥SE9L ({010 [8EZOP [ MO gEOMAN|
1822 L8°C | 000G | 8¥8'0 | 6050 10G0 (9000 | 8FLL | ZZ00 | L0471 | OZVE § LG50 | SE0°0 F €000 [Bl'O0L $00°0 |¥I00O [B000 [EZL'D [LifLL |E6E0Q [80Z0Z [SZ09° [Zze/ {2990 [¥¥DD E] Jy2 SLOMIN
o0e [eeet o!.o YEQ | 5/80 €zr0 | 4000 [89ZZ [ 020G | #2280 | B6S0 | BOETL | ©10°0 | 16T (9066 ¥800 [00v'S [/10°0 150807 J/LED (2066 [1weDi [zsBCL [6820 [$Z0°0F [ WE OEOMIN
e Wm_.“m. .,_n__h..m 1090 1000 [ 6000 |oze't | £10°0 [ 9480 | 9vLT [ 0960 | 1600 | ¥DOD [6£7001 . |s000 |soo0 £S0°GS [L06°TH [otPL 650D 3 1y2 GEDMAN]
SIS ISy W SEVED IS AN EN T ETED ST SO B e L S v PR PR IR 6L O 0% S 0es B G £ tlin S0Py S TT0IL T ToIs Y kel a|idg

Appendix Il — Summary Tables and EMPA Traverses



GU[]D TeliED] S|EIaUIW BUNS|Xe02) 'l BIGEL

£/ sbed Sojdwes ueelaqGgog pue SPUBTMEN 4] U) SIDEL0Y UDISN{DU) 10) SUDSOCWQ) (|3U05+1) PUE JLDSXQ,
866 6561 | 220 | 6SE0 | 008D | O 000 | 5000 | 6700 | 2000 [958} | ZE00 | £arD | Z0L0 | 282+ | 2100 | 2462 [£v00L | Z000 [BSOC [BES8 [vO0 60491 [ore0 [¥srs [ivozh [6Lry, [e0  [secor | B | BB JdSMIN]
B6F ELED | 2570 | €050 | 526 [3 P000 | 520 | 660 | 2000 | 2647 | 200D | Zph'D | J5L0 | 5510 | 400D | EE6E [YZODL ' IE00 [e6Z81 |zV0  [esez  |esez  [ezel  |SEk0 |eEwe P | %09 JSMGN]
BALZ | eeL€ | LODGC | £yBD | 1250 | O 00 |'1000 | 100D | 6000 | 82t [ezn0 [ eent | 6OLE [ 2450 | £50°0 | 800 [#r00k £11°G eretL [ov0  [sc6®r |05803 |zor £ lgsih [rgkD 9 | Jud dSM3N
720C__| 986 L | GZb0 | 8310 | 6280 | 0 X0 | £0C0 | 660 | 000D | 961'Z | 9200 | 25¥0 0 | G862 [ZZ00L 100°C [BSSDZ |0G¥0 |ykSL  [iEBG (66 6s 1510 _[6560r | O | WO SORMIN
780t | 22r0 | ¥Gr0 | £6¥0 | Ge50 | o }0°0 | ¥o¥0 | £0rL | £00D | GZ54 | S000 | 8050 S56°'C |58°66 - Z500 |469°¥L |£700 |Zteh  [@L€  [€80E  |esh0 [¢BL¥S | P | X093 o0pMaN|
68+ C | Yo F | 100D | 6260 | €250 | 08| 0000 | 1000 | 100D | 9000 | BLL'L | 1200 | 020t 5000 [s866 Zrl D [EGEtL [1BED [54681 [1Z200 |¥E8  |¥OG 0 _[8L0D 5| U0 sopMaIN
S00E | V864 | BELO | LMED | #5800 | 09 | 100D | J00°0 | Z0¥0 | LOGD | 6122 | 2200 | 6480 ¥i6Z [55°86 1200 {9102 .u.aa €19 |9e5 0% |Z60'Sh 98I0 |zz0y | B | WB LopMaN|
| 2Bt | 1500 | 00¥0 | /620 | 10810 | 0% | 1000 | BBE0 | ¥/z3 | 2000 | €224 | #LOD | 06LO 9£LC |58 FE) _Wa‘m [eire leive Jrevs oo fevsis |76 [ ioeaaN
8i1Z_ | Vi€ | 1000 | 1990 | 2050 | 0% | 0000 | 0000 { 2000 | OGO [ €0LF | EX00 | €207 1000 [£h 688 200 |P9) FAo 61102 |sray 1002l |81 _ISLIO 0 | i orMaN|
¥10C | EOGZ | BZh0 | ©610 [OPeD [ 09 | 100D | 0000 | 9BE0 | OO0 | 02T | L200 [ L2y BF6Z (EL00) 700 [J9L0Z JLS¥D [9G0°L [g6¥9  |eivBL _.a ¥OTLY | B | HbZ0eMaN
oS0z | ZBGE | 000 | 1620 | 9950 [ 00 | 260D | 200D | ¥0OD | Z00°0 | 846h | VEOO | 46" 1800 9518 ZEO'D [#100 (G300 [BO00 [cEOQL |EQ0 [vZ207 (16122 |2SZLE |2900 |svaU 3[4 z0eman
00t | 268 V0 | O¥LD | e¥80 [ 0@ | 0000 | ¥OOG | OFE 0 | 00OC | #¥ZZ 1 8200 | BL¥D Y6Z 8266 [c0OD [J200 [vEFF [00D0 [EEO'LZ ¥OP O [0860_ [108% [BGE0Z 2800 Jizwiy | B | WBcocmaN]
Vo8 | y¥uO | GGr0 | S0vD | OMG0 | 08 | LGOD 2250 | 9¥e) | Z00C [ GIGL | WOOD | 950D IG5 [Z000)_ [900°C |6¥LE [0LGZL [O¥O0 [GBL KL [6000 0093 [ciGc  Joeet [eLl0 lzo06S | P | X3 ToemaN|
EEOE | 0/87) |66L0 [S¥L0 | S0R0 | 08 | DOOD [ OLOG | £000 | LDOO | £96'L | GED'D § 59¥0 1667 [ze00L | S00'0 [6B0G |sbE’Z [cz00 [zSE @l [19G0 (6947 (GtuS  |eve i [s5¢0 |ieeor | B | WD Z0EMIN,
GIzz | ¥65€ | 0000 | V620 | GKG0 | 00 | 0000 | p0D0 | $DO0 | 6000 | LAEE | #2OD | ¥OME 9000 [/%°C0L 900D [S0°0 [900°0 |££+0 [sBeh |E¥rD |29 0Z Icrres [seg it |16t |Se00 2| 1% coEmaN|
1b0e looet | ¥80°0 | ¥GZ0 | £480 | 08 | bOGO [ 000D | 5520 | 000 | OEXZ | €20 | 9SE0 B96Z [0¥COF | 9P0D (260 |2¥ec |/E00 |ro6zz [Pl |88  [ora8  [eardl [e00 [GLgLr | B | B LGEM3N
SE1'Z | 6b8E | GODD | FS50 | 5200 | @9 | DOG'0 | 000D | HOGD | 900G | vEEL | 120D | 6620 CL00 [¢998 0 [c000 (5)00 |Fb1O [{95EL |89c0 |96 PL {12520 |81 L [WE0 [sGLO D | 159 LOEMIN
0ZCE | 9861 |00 | BLEO | 2080 | 8 | 0OGO [ ¥)00 | ¥e¥0 | 000G | 6622 | BLOD | ££E0 96T |6 00 5600 {SKC9 |0000 [OEOZ |00 159G  |8ZZ0b [vivEl |6Zr0 B0 | B | WD gEZMIN
091Z__ | 20/ { DO0D | 690 | 190 | 0% | 000G | G000 | 0060 | Eb00 | dveb | J+0D ) tEG0 S000 | LP D0t 000D _|DDD'0 |7S20 |68 EL |DOED |Gec St |¥eS 29 |29  [689F [E60D 5 _ | 4o 98Zman|
I00E | W00Z |Ovi0 |GAL0 | ovB0 | 08 | 0000 | 1000 | 66¥0 | 000D | 6SLE | £2000 |0IPD £95°Z [0 004 S00'0 [BELS [9000 |90 |ier0 |o98'0 {6596  {pZe6l (1100 0250y | B | WBgLLman
$65°C | 9561 | 09¥0 | 6ir0 | 9¥60 | ©B | DOOT | E2E0 @55t | £00°0 | LESE | G000 | 8600 SZ8E [D0'E6 9922 |9iL8) |9¥00 [£8LGL [GI0D e85l /o6 v [3l00 _.ml\mn,mm P | xda aLLmaN
650€ | 169} | D50 | 560 { ¥P2G | 0B | 1000 | 6000 | 53,0 | €000 | 5022 | 0p00 | 850 S56Z |8Z0DL | 1:0'0 [¥S00 (166 |¥e00 [ZC2'Gh 1290 [oveB  |e6GZL I¥mcl |rvi0 42265 | 0 | WO rLLM3N
06DE | 6Bz0 | 1zr0 | JE90 [ 2990 | 0% | JODC | 68:0 £S5t | €000 | 588t | 6000 | Z5z0 SO9'E |ZEODL | S/00 [cre L 46661 (9500 |orrzL |ovh0 |45k B0ZT  [ezel [6SL 0 |5ES P | <83 rLIm3aN
OF¥Z | BSEE | 100D {0580 | (BE0 | 09 [ 000G | 10D'0 | E00C | 0500 | 686D | 8200 | 69¥! BOOD [6£66 2000 |300°D [BEOD |81 0 |25 6 |vBYO |tZB5C |6£59S /857 [Z00E |BELD 5[ 47 PLIAMIN)
I00C | V681 | il 0 | 5810 | 250 | O® [ POOC | €000 | ¥EC | 000D | 892 ¢ | 5200 | SeEC Pi6Z |PLE6 0ZC'0_|20v'y |0000 [96)Z [60r0 [ciS9  [sor9 [23081 |0000 [ebkir | B | PBOLLMIAN
¥B0'Z | 9/B°€ | 0DC0 | /280 |65C | ©9 | 000D | 2b0'0 | LOD'G | 900°0 | £0Z b | 9100 | 96T 5000 (86001 BE00 (4100 |GLLD |69l [GB20 (22 6L [s0825 [00RS  |£00D [¥00 3 | 55 GLimMaN|
6IOE 1061 | 1910 | BZEO | Z5HG | 08 | DODO | Z0D0 | G8rG | 2000 | ZZkC | €200 | L9TC £{6'Z [09'000 8¥G'0 (6529 [020D [€Zi0Z ([IE0 [206C /D21 |91GGH [Zeb0 Josotr | B | VB GOLM3N
Elzz | osoc | 0000 | 9080 [ €85 X D00°G_| £00°0 | 0000 | 0000 | 0621 | BLOD | #2610 700 0 |wE Lok TEC0 2000|0000 _|PZSEL |05t0 [9ec il |eE695 |S¥56  |gorl [SLED 3 [ 49 60kMaN|
&0 058 [ 5510 | 0220 | 258 ' 00D | £10°0 | 9v0 | 1000 | 8812 | 2200 | LIEC 5.6 [ev00) | 7100 [2600 [#665 |£10°0_[e10'02 _[ese0 [I60E [r00L lesws) |ovr0 |reoO¥ (B | wb ioiman
7 0R¥0 | 92v0 | G150 | Z¥6 ' GO0D | 840 | BOEL | £0O0D [ Z08L | 2000 | 601D 8500 [ZZ¥E (5601 [SS00 [zovGL |63 Q0 (KOLL [WPE¥  [¥OPZ |26t0 [250%G | P | ¥d3 JoLmaN
| vee 0/6°) | €040 | SYZ 0 | 620 0% | 000D | E000 | 88r0 | 0000 | L20Z | 2EDO | Ber O ©Z00_lezc9 o000 [SIEBL |2160 (/604 [earg  |veS el Epd\(ﬁmﬂ; 5 PLETTEDN
ELIZ__| ¥EWE | ODOD [ 2P0 [ 0G50 | 00 | DOOD | 5000 | 1000 | 0000 [ ¥8LL [ 610D | 6260 ¥PG'0 [Zh00 [000D [Z1ZEL wa.o LIOIL [63/29 6062 _|zevD [v00 3| 4= S60MIN|
CYt | 7560 [ 8200 | JEED [ 49800 [ 0G| 00D | Y000 | E¥SD | 100 | 8SLZ | 9200 | FEED 6000 {2200 [LW0L |200 |11 0z |61FO 16155  Jeer bk (2% 600 [r0ly | B | WB yeomMaIN
980Z | JSBE | OO0 | 6980 | 8190 | G®. | 100D | £000 | 100D | 5000 | 68+ | 5E00.] S8Z0 900°0 [S20°0 (8000|2600 [eZ)  |5z00 |¥Gz ¥l (559 [IOF e [SELD |10 3 | 147 ¥60M3N|
SIDE o686t | 2Zv0 [8PE0 | £/9°0 | G® | DOOD | 200D [ 6450 | 1000 | B21'Z | 120D | LIED 1560 [0¥69 |6000 [s9261 [cveD [eebs  [ctath [Bim¥l [9510 [i/66E | B | BB esomaN
59tz | ooy | 1000 [ 8580 | WDSC | 09 | 0000 | 00O | 400D [ #O00 | 4L L | 810D | 0BLE 500'0_[£0'001 1000 |0c00_[1800 [1Z0ZTL [0PL0 [SlELZ [2069G |DOES  [6veE J0§L0 3 [ 43 650MaN
66| 5500 | B0O0C | ¥2D | Zv60 | 0B | 0000 | E200 | 1E0O | OO0 | FIGE | L00D | 0ZZ D 16 |50°66 6510 [ZZr0 [0000 |0RSE |zhl0 |0Z6'C _ [r620_ |z090 (550D [E0r¢5 | O | X3¢ ggomaN
I66Z | 1460 | £0L0 | GHLD | #9980 | 08 | 000D | 2000 | BOED | D000 | BIEZ | DZOO | Y960 0667 |26'88 6500 [0 |00OD (2612 [B2EC |2EbO  (Eva ¥  |0Z80F |85z ZZr | B | 1B esomIN
100E | ElDE | 8310 | 9610 | 6681 3 0000 | PODO | 5050 No.:. ¥50Z | 8200 N:..o Ne. ¥E 56 5200 |28Y9 [L80°0 [8Ze'8l [/Sre (5198|4189 aap Soc 1290 _| © | DB ceomaN
€07 | 668°C | 0000 | 0B | 2650 X 00 {1007 | Y000 | 2721 | 9100 | GhE 62001 1200 [900°0 [E0°0 (8BZZL [GHZ0_|B0L 5L |£HT 4D 0500 3| JUO £BOM3N
T A B TV N (oo e po o Josr | 1 BT RN e M%m_z&y&uzv%__?# au; s x_mﬁ&, oL R ORI ORI OE B OIN - BOW I N SR e T .o_.uf it :5_._.“o QIS TRt L npies

II-15

Appendix II -- Summary Tables and EMPA Traverses



II.1 Traverses

Garnet, chromite and clinopyroxene traverses are shown on the data CD with the
different elements plotted on the y—akes (scale in cations, calculated by summing to 8
cations for garnet and clinopyroxene and 6 for Cr-spinel) and horizontal distance
plotted on the x-axis (scale in gm, calculated from stage positions output from
SX100 instrument). The entire numerical tabulation of each traverse, including their
weight percent values, may also be found on the data CD. Garnet traverse profiles
are presented in alphabetical order. Ti, Al, Cr, Fet, Mn, Mg, Ca and Na
concentrations are graphed for garnet where iron is calculated as total iron (Fet). Si is
not shown due to inaccuracies in ifs measurement. K, V, Zn and Ni concentrations
are not shown as traverses due to their low abundance in garnet. Chromite profiles
are graphed as for garnet without Na and with Zn when analysed. Clinopyroxene

profiles have K in addition to the elements presented for garnet.

Due to cracking and kimberlite veining in the samples an average of ~20 % of the
automated traverse analyses had to be discarded. These were distinguished by having
high or low (> 102.0 and < 98.0 wt. %) analysis totals indicating a pit and high K,0

values (> 0.05 wt. %) indicating partial kimberljtic contamination of the analysis. |

At the tops of the following pages are the sample names, the type of zonations
observed (i.e. Id’, ‘Es’ etc), the analysis spacings in um and note as to whether there
is an X-ray map of the samples. There is also a description of the parts of crystal
analysed along the traverse in sequence e.g. ‘Rim-core-rim’ indicates that the
traverse starts at the rim, goes through the centre of the mineral which may be, but is
not necessarily, close to the true core and finishes at the opposite rim. ‘Edge-
inclusion-core’ is used for monogranular samples containing inclusions and would
indicate that the traverse started at the edge of the sample (in a garnet), passed over
an inclusion and ended at a core-region of the garnet that is far from inclusions.
Labels on graphs show the location in terms of horizontal distance of features such as

rim, core and inclusions.
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Appendix lll: X-Ray Maps (see data CD)

Appendix I.details the X-ray mapping technique itself. Each of the Corel Draw files
in Appendix III (data CD) contains 4-5 maps of different elements and sometimes a
backscattered electron map of a sample. Some maps are smaller scale and do not
contain the whole sample and are referred to as ‘zoom maps’. The locations of these
smaller scale maps are shown on the whole sample maps if present. The locations of
any profiles from Appendix II are also indicated on the maps. Additionally
information as to the spectrometer setup for the maps are shown at the lower right of
the pages. Note that samples displaying zonation in X-ray maps will tend to show
greater variation than that measured by traverses because of the limited spatial

coverage (i.e. one or two 1-D traverses per sample).
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Appéndix IV: EBSD Results

The EBSD (electron backscatter diffraction) technique was used on.the SEM
(scanning electron microscope) at University of Edinburgh. The purpose was to
establish the number of garnet grains present in certain samples where the
polygranular/monogranular sample type was ambiguous. i.e. if the gamnet across the
entire sample is oriented in one direction then it is deemed monogranular and if there

are more than one orientations, polygranular.

The EBSD technique collects diffraction patterns from a highly polished sample
surface. Selected samples were reground flat using a 20 um diamond lap and ‘Siton
polished’ for 6 minutes to produce a clean, flat and unscratched sample surface. Siton
polishing chemically erodes the sample surface to create a flat crystal surface to
generate well defined diffraction patterns Samples were then placed into a holder and
silver dag was applied to the edge of the sample and its contact with the holder to

prevent charging.

The sample was placed into the SEM analysis chamber and a workable vacuum
achieved. A pre-existing calibration was used for 20 mm distance from analysis spot
to camera so the camera was positioned accordingly and the sample was brought into
focus at 20 mm. Once the beam was placed onto suitable spots, the magnification
was increased to 500 X and a background diffraction pattern was gathered whilst
rotating the sample. Then a stationary diffraction pattern was gathered.and the
software told that the phase concerned is a pyrope garet. The ‘stationary’ diffraction
patterns are matched to those expected for an ideal pyrope garnet (model exists on
software) and the best fit orientation is automatically recorded for each analysis

point.

The number of analysis points per sample varied from 14 to 45 depending on the area
of the garnet that was needed to be covered. Following are the stereonet plots of
garnet {100} directions in individual samples. Since garnet is cubic, the (100)
direction.is.identical crystallographically to (010) and .(001) and so a single garnet

orientation is represented by three clusters of points (there is about a 3° error with

Appendix IV — EBSD Results ' - V-1



this technique), two orientations by six clusters of points and three orientations by

nine clusters of points. The number of data points on the right hand panel. The results

are summarised in Table IV.1.

Sample Number of gamet Polygranular/monogranular
orientations present designation
B55 1 Monogranular
BOB065 3 Polygranular -
BOB113 1 Monogranular
BOB168 2 Polygranular
BOB308 1 Monogranular
BOB310 1 Monogranular
| BOB401 1 Monogranular
NEWO059 3 Polygranular
NEW307 2 | Polygranular
NEW308 1 Monogranular
NEW422 1 Monogranular
Table IV.1

ot Figurs

(B55.cp1)

Pyrope (m3m]

" [Compleln dats set

200 data points.

E qual Area projechion
Upper homisphere

Figure IV.1: B55
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Equal Araa piojection
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Figure IV.2: BOB065

‘ . Pl Figre
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Figure IV.3: BOB113
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Figure IV.4: BOB168
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Figure IV.5: BOB308
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Figure IV.6: BOB310
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- Figure IV.7: BOB401
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Figure I'V.8: NEW059
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Figure [V.9: NEW307
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Figure IV.10: NEW308
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Appendix V: Trace Element Analyses

On the following page is the average trace element ppm values for garnet,
clinopyroxene and Cr-spinel in samples selected for ion microprobe SIMS analysis.
See Appendix I for details on the analytical techniques and see data CD for the

complete trace element analyses in spreadsheet'form.
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Appendix V — Trace Element Analyses
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