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Studies of the Earths lithosphere, and particularly the lower crust, have in the past relied

on geophysical methods, and on geochemical studies of granulite terrains exposed at the surface.

Geophysical studies can not evaluate the compositions to any large extent. Granulite terrains

typically represent ancient rather than present day sections, have invariably suffered retrograde

metamoqphism, and have been affected by fluids during uplift. More recently, studies of lithospheric

xenoliths (fragments of the lithosphere brought to the surface by entraining (typicalty alkaline)

melts) have been used to study the composition of, and processes influencing, the lithosphere.

Xenoliths have the advantage of representing relatively unaltered and young fragments of the

lithosphere, and together with other studies have added much to our understanding of the Earths

composition and processes.

The study of the lithosphere in Marie Byrd Land (MBL), West Antarctica, is complicated by

the difficult access and harsh climate of the region. Geophysical studies are limited, and deep

crustal exposures are entirely absent. trn an attempt to shrdy dre composition and structure of the MBL

lithosphere, xenoliths were collected from various volcanic edifices in MBL, including the volcanoes

of the Executive Committee Range (ECR), and the USAS Escarpment in central MBL, and Mount

Murphy on the Walgreen coast. The xenolith suite consists of peridotites, pyroxenites and granulites,

spanning a vertical section from upper mantle to lower crust, that are in pristine condition, due to the

arid Antarctic conditions.

The peridotite suite from MBL consists of spinel lherzolites from Mounts Hampton and

Cumming in the EC& the USAS Escarpment, and Mount Murphy. Crdiopside rich peridotites also

occur at Mounts Hampton and Murphy, indicating a more chemically diverse upper mantle in these

regions (e.g. Mgf 75-92 n Crdiopside rich peridotites compared to Mg# 87-92 n spinel lherzolites).

REE contents of the peridotites vary from LREEdepleted (up to 0.293 (Ia/W)" in USAS Escarpment

peridotites) to LREE-enriched (up to 10.01.5 (l^a/Yb), in Mount Hampton peridotites), further

indicating the extreme heterogeneity of the MBL upper mantle.

Lower crustal xenoliths from Mounts Sidley and Hampton in the EC& and from Mount

Murphy have meta-igneous textures ranging from pyroxerrite to gabbro. They consist of varying

amounts of olivine, clinopyroxene, orthopyroxene, plagioclase and spinels; gamet is entirely absent.
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Orthopyroxene is absent in Mount Sidley xenoliths, whereas olivine is rare in Mount Hampton

xenoliths. Mineral P-T equilibria indicate crystallisation of Mounts Sidley and Murphy pyroxenites

at lower levels (7-11 kb and 5.5-12 kb respectively) than the granulites (3-5.5 kb and 3-9 kb), with
Mount Hampton pyroxenites (G7.5 kb) and granulites (5.5-8.5 kb) crystallising at similar crustal

levels. High temperatures of equilibration (> L000 'C) are consistent witrr a rift-like geotherm in the

MBL lithosphere.

Whole rock composition of the lower crustal xenoliths is controlled by the mineral

assemblage, reflecting their origin as mafic cumulate rocks. Elements that partition readily into the

xenolith mineral assemblage are present in higher abundances (e.9. up to 1700 ppm Sr in plagiodase

rich xenoliths, and 3745 ppm Cr in clinop)iroxene rich pyroxenites) than elements that do not (e.g. Rb

< 5 ppm in all lower crustal xenoliths). 87Sr/865, (0.7028G1, + 7 to 0.704576 + 15) and 1a3p67laap6

(0.5I277L + 6 to 0.512870 + 5) ratios indicate that the melts were primitive magmas, that did not

assimilate any isotopically evolved crustal material prior to or during crystallisation. The single-

Pyroxene mineral assemblage of Mount Sidley (and possibly Mount Murphy) xenoliths crystallised

from an alkaline melt, whereas the two-pyroxene assemblage of Mount Hampton xenoliths

crystallised from a sub-alkaline melt.

Xenoliths from Mount Sidley reveal petrographic and geochemical evidence for melt-fluid

interaction at lower crustal depths. This interaction is inferred to be associated with late Cenozoic

plume'related volcanism. [t is manifested by high-temperature oxidation of olivine, replacement of
clinopyroxene by kaersutite, traces of alkaline mafic glass, and the growth of apatite, Fe-Ti oxides

and plagioclase. The xenolith suite has been enriched in elements that readily partition into these

mineral phases (e.9. Ti, K, P, Sr, Ba), as well as in mobile elements (e.g. LILEs and LREEs). Pb

isotopic ratios 1e.g. 
206eb 120ap6 from 18.005 - 19.589) and REEs define mixing lines between

unradiogenic lower crust (205P61204p1o = 18.005) and small volume melts (205Pb1zar| > 19.53)

approaching HIMU composition, sourced from the inferred mantle plume. The composition of the

infiltrating melts has also evolved, by percolative fractional crystallisation in the lower crust.

The chemical heterogeneity detected in the MBL lower crust indicates a lower crustal

discontinuity in the ECR, between Mount Sidley and Mount Hampton, here termed the ECR lower

crustal discontinuity. Granulites from Mount Sidley are similar in composition to granulites from the

Transantarctic Mountains (TM) in the McMurdo Sound region, Mount Ruapehu and Fiordland (New

Zealand). Granulites from Mount Hampton are similar in composition to granulites from Mount

Murphy, and the Ross Embayment (RE). These groups have been termed the TM Group and the RE

Group respectively. The compositional similarity of granulites in each group may indicate the

derivation of the lower crust in these regions from similar melts, and possibly indicate their

juxtaposition as parts of the Gondwana supercontinent.

The mafic cumulate character of the xenolith suite is inferred to represent original oceanic

crust, and a model for the growth of the crust since its formation in latest pre-Cambrian - early

Cambrian is presented here.
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Part One

INTRODUCTTON

An intrO-&rctieri ts the maur obiecttives of this g,1ud,y, to the geolo,gy oJ Marie B'lrd
Land, West Antarctica, to the study of xenoliths, to tlre freldwork undstaken, and to
the riorrrendature trsed tn this strldy.



Chapter one
Wnsr ANTARcrrc xENoLrrH sruDrES

Synopsis

Marie Byrd Land is one of four major rustal blocks that make up West

Antarctica. Prior to rifting at c. 700 Ma, Marie Byrd Land, togethr with the Ross

Sea region of Antarctica, Australia, the Campbell Plateau and New Zealand, was n

part of the paleo-Pacific margin of the Gondutana supercontinent, Since Oligocene

times, Marie Byrd Land has experienced a period of plume related alkaline

oolcanism.
Studies of the lithosphere of Marie Byrd Land hape been hampered by its

extensioe ice sheet, which cooers much of the land mass, and makes accessibility

dfficult. Basement exposures are rare, with the Fosdick Metamorphic Complex in
the Ford Ranges representing the only exposed section of deep crust in Marie Byrd

Land, where P-T estimates indicate middle crustal conditions of equilibration. A
limited number of geophysical studies haoe been undertaken in Marie Byrd Land,

indicating tustal thicknesses of between 25-35 km, possibly increasing to 40 km at

the coast, The thickness of the lithosphere has been estimated at approximately

1.00 km.

Suites of lithospheric xenoliths, brought to the surface by alkaline magmaq

were collected from Marie Byrd Land, ooer the summers of 7989-90 and 1990-9L.

The xenoliths include meta-igneous mafic granulites and pyroxenites, takrn here

to represent the lower crust, and ultramafic peridotites, considered to represent

the lithospheric upper mantle of Marie Byril Lanil; the lower crustal-upper mantle

boundary lies between these suites (the petrologic Moho). The xenolith suite,
which is the subject of this study, presents an opportunity to examine the

composition of, and processes occurring within, the lithosphere.
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1.1 Introduction

This study is concerned with the description of the Marie Byrd Land (MBL)

lithosphere, West Antarctica, based on a suite of lower crustal and upper mantle

xenoliths. A limited amount of geophysical studies, restricted by the remoteness

of MBL and its extensive ice sheet, have added to our knowledge of the nature of

the lithosphere. As xenoliths (fragments of rock brought to the surface by

ascending magmas) represent actual samples of the lithosphere at the time of

their entrainment, they provide the best means of determini.g its composition.

These results will be integrated with those from other petrological studies, and

from geophysical studies, to obtain a better understanding of the MBL lithosphere.

7.7.7 Obiectioes of this study

The primary aim of this study is to determine the composition of the lower

crust of MBL, and to compare it to other examples of the lower crust world-wide.

In particular, a comparison to other regions that were once joined as the

Gondwana supercontinent, including Antarctica, Australia and New Zealand,

will be undertaken to achieve this objective. The uPPer mantle and upper crust,

from this work and from other works, will also be documented to establish a

model for the structure and composition of the MBL lithosphere as a whole.

Specific problems to be addressed by this study include: the overall

composition of the MBL lower crust in particular, and lithosphere in general;

petrographic and chemical variations within the lithosphere; the thickness of the

crust and P-T conditions derived from mineral equilibria; structural regimes

(whether brittle or ductile) and layering in the crus| the origin of the crust;

tectonic reconstructions for MBL; and an examination of Processes that have

modified the crust.

7.7.2 Thesis organisation
To achieve the objectives mentioned above, this study is divided into tfuee

parts.

Part One: Overview and Background

Part One consists of the first three chapters, and is an introduction to this

work, including the location (Marie Byrd Land, West Antarctica), the

nomenclature used, and the background of this study'

Chapter one inlroduces the study, and outlines its objectives. An overview

of MBL, including its tectonic and geologic histories, is followed by a brief

2



examination of lithospheric studies, especially those based on xenoliths. Of
particular interest are previous lithospheric studies in MBL, the problems and
assumptions inherent in xenolith studies, and the recognition of lower crustal
xenoliths.

Chapter two presents the various classification schemes adopted in this
study, including the classification and textures of igneous and metamorphic rocks,
and of minerals (especially of pyroxenes and amphiboles).

Chapter three discusses the background of this study as a part of a larger
research Programme, and documents the fieldwork undertaken to collect the
xenolith suite. The location of the xenolith suites in particular is addressed.

Part Two: The Xenolith Suite
Part Two, which includes Chapters Four to Six, is a full description of the

xenoliths themselves, from three major localities. Each chapter is designed to
stand on its own, with no comparison to other xenolith suites. Issues addressed in
each chapter include the petrographic and geochemical descriptions of the
xenoliths, their mineral assemblages and compositions, P-T and redox conditions,
secondary reactions that have affected them, the nature of the parental melt, and
the structure of the lower crust in that region.

Chapter four documents the lower crustal xenolith suite from Mount
Sidley, at the southern end of the Executive Committee Range.

Chapter fioe documents the lower crustal xenolith suite from Mount
Hampton, at the northern end of the Executive Committee Range, some 80 km to
the north of Mount Sidley.

Chapter srx documents the lower crustal xenolith suite from Mount
Murphy, on the coast of MBL, 450 km east of the Executive Committee Range.

Part Three: The Antarctic lithosphere
Part Three, consisting of Chapters Seven to Nine, includes: a comparison of

the MBL lower crustal with lower crustal xenolith localities world-wide; a

synthesis of the MBL lithosphere, including its composition, structure, and
processes responsible for its growth and modification; and a summary of the main
conclusions of this work.

Chapter Seuen documents the petrologic composition of the upper mantle
in MBL, and compares the lower crust to other Gondwana lower crustal regions,
including the McMurdo Sound region of Antarctica (the Transantarctic
Mountains and the Ross Embayment), Australia (from southeast and east
Australia), and New Zealand (from Fiordland, South Island, and Mount



Ruapehu, North Island). The lower crustal composition from these areas is

compared to other lower crustal segments as inferred by xenoliths world-wide.

Lower crustal xenoliths from MBL, Antarctica and New Zealand are added to the

existing database of lower crustal xenoliths world-wide (Rudnick, 1992) to

establish a new average lower crustal composition.

Chapter Eight is a synthesis of the MBL lithosphere, including upper

mantle and lower crustal compositions and Processes documented in this studp

middle and upper crustal compositions from other studies, and from geophysical

studies in MBL. This synthesis is used to establish a crustal stratigraphy for MBL,

and to construct models for its growth and tectonic reconstruction through time.

Chapter Nine is a brief summary of the salient points of this study,

concentrating on the composition of the MBL lower crust (and lithosphere), the

structure of the lithosphere and its evolution, and metasomatic Processes

occurring in the lithosphere.

1.2 Marie Byrd Lan4 West Antarctica

A11 samples collected and analysed as a part of this study are from Marie

Byrd Land, West Antarctica. In order to understand fully the significance of the

xenolith suite to their environment (MBL in particular, and Gondwana in

general), it is necessary to outline the setting of this regiory including its locatiory

tectonic history and geologic history.

7.2.7 Location and desription of the Antarctic continent

Antarctica (Figure L.1) underwent a period of cooling at c. 40 Ma, and has

been covered by continental ice sheets for most of the last c. 14 Ma (Kennett, t982),

with the present ice sheet being stable for the past 2.4-3.0 Ma (Barrett et al., t992;

Harwood et aI., L992; Wilson, L993). The continent is divided into two tectono-

stratigraphic regions, West and East Antarctica (Dalziel and Elliot, L982), separated

by the most conspicuous feature on the continent, the Transantarctic Mountains,

which rise to over 4000 m above sea level. The boundary extends from the

Transantarctic Mountains to the Pensacola Mountains, and to the eastern Filchner

Ice Shetf, all of which are a part of East Antarctica (Laird, 199La and 1991b; Tingey,

LggD. While the continent is covered by ice, much of West Antarctica remains

below sea level, forming islands bridged by the ice sheet (Bentley et a1.,1950). In

contrast, East Antarctica is mostly above sea level-

4
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Despite the relatively recent discovery of
attracted a relatively large amount of scientific
discovery and poor accessibility, a surprising
continent.

Antarctica, the continent has

interest, so despite its recent

amount is known about the
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FIGURE 1.1: Map of Antarctica showing the two tectono-stratigraphic regions of West and East
Antarctica. The boundary betwem the two regions runs from the Transantarctic Mountains and the
Pensacola Mountains, to the eastem Filchner Ice Sheet, all of which are a part of East Antarctica.
The locations of the Executive Committee Range (ECR) and Mount Murphy in Marie Byrd [and, the
subject of this thesis, are also shown.

7.2,2 Tectonic history of West Antarctica
East Antarctica is a stable craton (a pre-Cambrian shield separated by

Proterozoic and younger belts), while West Antarctica appears to be much

younger, having been a part of the continental assemblage since Paleozoic times.

West Antarctica is comprised of a number of allochthonous blocks sutured

on to East Antarctica to form the Antarctic continent (Cooper et aL, 1982;

Bradshaw et al., L983; Borg et aL, L987; Findlay, 1987; Vetter and Tessenshon, 1987).
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FIGURE 1.2 (opposite): Tectonic Map of West Antarctica (modified from Le Masurier,lgg0), showing
the approximate positigls of the major tectonic features since the Paleozoic, including: the Earl!
Paleozoic Active Plate Margin; the Jurassic Rift (position similar to the West AntarcHc nift); the
Late Mesozoic Active Plate Margrn; and the West Antarctic Rift. The crustal blocks that make up
West Antarctica, consisting of Marie Byrd Land (MBL), Thurston Island (TI), the Ellsworth
Mountains (EM) and the Antarctic Peninsula (AP), are shown in the inset.

These are the blocks of Marie Byrd Land (MBL), Thurston Island (TI), the
Ellsworth Mountains (EM) and the Antarctic Peninsula (AP) (see inset, Figure 1.2).

The present configuration and position of West Antarctica dates from the jurassic,
and reconstructions prior to this time are somewhat ambiguous (Borg et aI., L990;
Dalziel, 7991.; Hoffman, L991,; Moores, 1991). Tectonic reconstructions for this
region are discussed more fully in Chapter 8.3. Since the ]urassic, the West
Antarctic lithosphere has experienced events of convergence and divergence,
associated with the Late Mesozoic Active Plate Margin, the Jurassic Rift, and the

Present day West Antarctic Rift and Antarctic Peninsula Convergent Plate Margin
(Figure 1.2).

FIGURE 13: Position of the crustal blocks of the Gondwana supercontinent (after Lawver et aL,1997)
ah a) magnetic anomaly M10 (118 Ma); b) and magnetic anomaly A30 (70 Ma). At 118 Ma, Wesr
Antarctica, with the exception of Marie Byrd Land, had assumed its present day location with
resPect to East Antarctica. Rifting between lndia and Antarctica had also began. By 70 Ma, rifting
had begun between Antarctica and Australia and between Antarctica and New Zealand. Cenozoii
extension between Marie Byrd Land and East Antarctica has resulted in the present day
configuration of Antarctica.

Antarctica, Australia and New Zealand were all a part of the Gondwana
Supercontinent prior to c. 100 Ma (Grindley and Davey, 1982; Lawver et a1.,1991)
(Figure 1.3). The break-up of Gondwana occurred in a number of events, which
include:



Mroe

- the cessation of subduction along the Gondwana margin beneath
northeastern Australia and New Zealand by .. 100 Ma (Bradshaw, 7987), and the
initiation of stretching between the crustal blocks of this region (Lawver et aL,

L991) (Figure 1.3a);

- mid Cretaceous break-up of Australia and Antarctica (Wilkes Land) from
c. 95 Ma (Cande and Mutter, L982; Veevers, 1986,) to c. 45 Ma (anomaly 20) at 4.5

mrn/y, and from c. 45 Ma until the present at 22-38 mm/y (Cande and Mutter,
L982) (Figure 1.3b);

- the initiation of sea floor spreading in the Tasman Sea between New
Zealand and Australia prior to c. 76 Ma (anomaly 33) (Stock and Molnar, L982),

and possibly as early as c. 100 Ma (Bradshaw, L98n figure 1.3b);

- stretching in the Ross Sea region some time during Late Cretaceous-early

Cenozoic time (late Mesozoic, Cooper et a1.,1997; Paleocene, Bradshaw 1987), with
MBL reaching its present position with respect to Antarctica (Figure 1.3b);

- rifting in Marie Byrd Land from Late Oligocene time to the present (Le

Masurier and Rex, 1989; Le Masurier, L990), which may be plume related (Hole
and Le Masurier, t990; Behrendt et a1.,199L;Kyle et aL,1991; Storey and Alabaster,
l99L; Behrendt et a1.,1992);

- recent active extension in the Ross Sea region (Cooper et aI., L997).

A number of authors have argued that the Antarctic plate itself has

remained stationary for the last c. 80 Ma (Herron and Tucholke, 1975: Weissel ef

al., L977; Grindley and Oliver, 1983; Stock and Molnar, L987; Le Masurier and Rex,

1e89).

7.2.3 Geologic history of Marie Byrd Land
Major centres of late Cenozoic volcanism, which dominate the exposed

surface geology of MBL, are shown in Figure 1.4 (including the Executive
Committee Range, Mount Murphy and the USAS Escarpment).

The stratigraphic record of MBL is incomplete, with many gaps due to the
lack of surface exposures, and periods of non-deposition and erosion. The

chronostratigraphy of MBL (Figure 1..5) can be summarised as follows.
The oldest exposed basement in MBL is the Swanson Formation which

crops out in the Ford Ranges of the Fosdick Mountains (Figure 1.4). The Swanson
Formation is a unit of interbedded sandstone and mudstone, interpreted as

gravity flows deposits formed in a submarine fan setting, and suggested to be a

potential correlative of the Robertson Bay Group in Northern Victoria Land,
Antarctica, and the Greenland Group in Westland, New Zealand. (Bradshaw et al.,

7983; Adams, 1986; Laird, "L99la and 199tb). A Rb-Sr radiometric age of c. 450 Ma
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has been obtained on deformed Swanson Formation sediments, and a maximum
age of c. 593 Ma is estimated for unmetamorphosed sediments (Adams, 1986). It is
unclear whether this maximum age is an age of deposition or a relict age from the
source rock of the sediments. A depositional age is supported by the presence of
the fossil Palaeodictyon, which is thought to be restricted to Ordovician and
younger rocks (Hantzschell, 1975).
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FIGURE 1.4: Map of Marie Byrd Land (from Le Masurier, 1990) showing late Cenozoic volcanic
centres and Mountain Ranges. Sites of interest to this study include: Mounts Waesche, Sidley,
Hartigan, Cumming and Hampton, of the Executive Committee range (cmtre); the USAS Escarpment,
north of the Executive Committee Range (centre); and Mount Murphy on the eastern coast (left).

The Ross Orogeny (Gunn and Warren, \962), recognised in many localities
in the Transantarctic Mountains, was a widespread deformational event (c. 500

Ma) along the paleo-Pacific margin of Antarctica (Stump, L982; Borg, L98J;
Schmidt, L983; Weaver et al., 198H; Borg et aI., 1987). This event however has not
been recognised in MBL, and the deformational age of c. 450 Ma, recorded in
Swanson Formation sediments, is the oldest recorded tectonic event in MBL
(Laird, I99ta and 1991b).

After deposition of the Swanson Formation, there is a break in the
stratigraphic record until Late Devonian-Early Carboniferous times, when the

Il , SOUTH... 
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Recent Volcanism: Alkali volcanoes and satellite
centres associated with the West Antarctic Rift.
Dominantly mafic but including felsic differentiates.
Le Masurier, 1990.

Byrd Coast Granite Anorogenic biotite leucogranites
and monzogranites emplaced in response to extension
and uplift, and not related to subduction.
Adams, 198| Weaver et aI.,l99l.

Ford Granodiorite and metavolcanics: Calc-alkaline
peralumhous and metaluminous biotite granodiorites
and monzogranites emplaced into an active continental
margin or a late,/post-collision tectonic setting.
Adams, 19Ef Weaver et a1.,199'1.

Swanson Formation: lnterbedded sandstone and
mudstone deposited by gravity flows in a submarine
fan setting. Deformed in late Ordovician times.
Bradshaw et al., 1983; Adams,1986.

FIGURE 1.5: Chronostratigraphic column highlighting the major geological events in Marie Byrd
Land. Shaded areas represent periods of non-deposition, erosion, or lack of exposed lithologies. The
lower age of the Swanson Formation is uncertain. Timescale is that of Harland et aI. (7982).

10
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Ford Granodiorite (a calc-alkaline granodiorite-monzogranite suite) was intruded.

These have been Rb-Sr dated at 380-345 Ma (Adams, 1987). Calc-alkaline

metavolcanics (mainly but not entirely andesite) on the Ruppert Coast of MBL

also date from this period. Probable correlative metavolcanics from eastern MBL

give K-Ar ages of 361'-288 Ma (Lopatin ef a1.,, L974)-

The Fosdick Metamorphic Complex has been interpreted as a metamorphic

core complex with a Swanson Formation and granitoid protolith (Bradshaw et aI.,

1983; Weaver et al., 199t; Luyendyk, et AI., L992). U-Pb zircon dates define a lower

intercept age of 353 Ma, interpreted as the age of crystallisation of the magma. The

upper intercept age is c. 1300 Ma - the oldest date obtained from MBL. This is not a

depositional age but is interpreted to reflect the presence of pre-Cambrian

continental crust in the source region (Kimborough and Richard, t99I; Richard,

t992).

U-Pb zircon dating indicates that migmatization in the Fosdick

Metamorphic Complex occurred during the Mesozoic and was coeval with the

intrusion of the Byrd Coast Granites which have been U-Pb zircon dated at c. 130

Ma and c. 103 Ma (Richard, L992; Smith, 1992). The Byrd Coast Granite (Wade ef

al., L977a, and 1978; Weaver et aI., 1991) is a fractionated suite of anorogenic biotite

leucogranites, Rb-Sr dated at 103 + 3 Ma (Halpern, L958), which agrees well with
the c. 103 Ma U-Pb age.

3e4.-406r dating indicates rapid cooling of the Fosdick Metamorphic

Complex befween 100 Ma and 94 Ma. A mechanism of rapid tectonic uplift is
postulated, with the initiation of continental extension preceding the break-up of

southern Gondwana (Kimborough and Richard, L99L; Richard, L992).

The Cenozoic geology of MBL consists of alkaline volcanism argued to be

associated with the West Antarctic Rift (Le Masurier, 1990). The exact nature and

dimensions of the rift are difficult to assess largely because of the ice cover,

although it is estimated to be 750 km acoss and 3000 km long, consisting of a

series of block faulted horsts and grabens, likened to the Basin and Range

province of western United States (Le Masurier, 1.990 and Le Masurier and Rex,

7991,). Volcanism is evident as 18 large central volcanoes with more than 30

satellitic volcanic centres extending from late Oligocene time to the present. Some

of these volcanoes define linear trends that have been interpreted to represent

fracture propagation in a stationary plate environment (Le Masurier and Rex, L983

and 1989), although a mantle plume initiating rifting has also been postulated for

the area (Hole and Le Masurier, L990; Behrendt et al., I99l; Kyle ef al., 1997; Storey

and Alabaster, 1"991; Behrendt et aI., L992).

ll
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1.3 Nature of the Lithosphere

A brief summary of the structure of the lithosphere is presented here as an

introduction to the study of lithospheric xenoliths. An in-depth review of the

Earths crust and lithosphere, including terminology, is given by White (1988).

7,3.7 Structure of the lithospherc
The lithosphere can simplistically be defined as the rigid outer carapace of

the Earth, floating on asthenospheric mantle which contains traces of melt. The

crust is the outer shell of the lithosphere, with underlying lithospheric mantle

comprising the bulk of the lithosphere. Lithospheric mantle and asthenospheric

mantle are both a part of the upper mantle (Figure 1.6),

FIGURE 1.5: The Earths outer structure consists of crust (oceanic and continental crust) and upper
mantle (lithospheric and asthenospheric mantle), bounded by the Mohorovicic discontinuity (the
Moho). The Conrad discontinuify, at 15-18 km, is a seismic transition from lower to higher P-wave
velocities, that has been detected in many regions of the continental crust. The lithosphere is a
relatively rigid layer consisting of crust and lithospheric mantle, floating on the more fluid
asthenospheric mantle. Average densities (p) and P-wave velocities (v) are shown for the crust and
lithospheric mantle.

The crust can be divided into continental and oceanic segments. Oceanic

crust consists dominantly of basaltic rocks (basalts and gabbros) formed at mid
ocean ridges, whereas continental crust is more felsic, and variable in composition

and age. The thickness of the crust also differs, from thin oceanic crust (< 10 km;

average of approximately 7 km), to thick continental crust of variable thickness.
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The average density of the crust is 2.9 g/ cc, and seismic velocities (of
compressional (P) waves) are typically 6.0-7.0 k*/r (White, 1988). In many

continental crustal localities there is a seismic discontinuity at approximately 15-

18 km (the Conrad Discontinuity), where the seismic velocity of a P-waves rises

from 5.0 to 5.7 km/s (Dohr and Fuchs, L967). The boundary between the crust and

the lithospheric mantle is a seismically reflective layer termed the 'Mohorovicic

discontinuity' (the'Moho').
Lithospheric mantle consists of ultramafic peridotites, with an average

density of approximately 3.3 g/ cc, and a P-wave velocity of 8.1. km/s. It is rigid
compared to the underlying asthenosphere, which consists of similar material

that can convert to lithospheric mantle simply by cooling, with no compositional

change (White, 1988).

Lithospheric material moves in variable fashion, depending on temperature

and depth. This concept is especially important in the study of melt production,

and of the maintenance of geochemical (especially isotopic) anomalies in any

region of the lithosphere.

The outer layers of the Earth can be divided in three temperature-depth

regions; the adiabatic interior, the thermal boundary layer, and the mechanical

boundary layer (Parsons and McKenzie, L978). A model of these regions, based on

older oceanic lithosphere, is shown in Figure L.7.

FIGURE 1.7: The outer layers of the Earth
can be divided into three boundary layers
(Parsons and McKenzie, 7978), beneath the
solidus temperature curye, consisting of: a
lower adiabatic interior; the thermal
boundary layer; and the mechanical
boundary layer (from White, 1988).
Geodremical anomalies are not preserved in
the adiabatic interior, due to vigorous
convective mixing, but can be preserved
indefinitely in the rigid mechanical
boundary layer. There is small scale
convection in the thermal boundary,
allowing geochemical anomalies to
accumulate over short terms. The dotted line
is the adiabatic upwelling curve/ in the
absence of melting, which is 1,280 g 20 "C
world-wide.

The adiabatic interior has

results in vigorous mixing of
preserved. It has a consistent

a Rayleigh number far above critical. Convection
the region, so geochemical anomalies will not be

potential temperature (the temperature it would

13
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have if brought to the surface adiabatically without melting) world-wide of 1,280 +

20 "C, although this rises in the vicinity of hot mantle plumes (Courtney and
White, t986).

Above the adiabatic interior is the thermal boundary layer, which has a

Rayleigh number close to critical. It is neither vigorously convecting, nor rigid,
but intermediate in nature with small scale convection. The temperature gradient
changes from curved to linear at the top of the layer. As this layer still moves with
respect to the overlying mechanical boundary layer, geochemical anomalies will
only accumulate over a short term. The thermal boundary layer marks a
transition zone between the adiabatic interior, and the brittle carapace.

The mechanical boundary layer, with a Rayleigh number well below critical,
and a linear temperature gradient, moves rigidly with respect to the crust. In this
region, geochemical anomalies may be preserved indefinitely.

7.3,2 Lithospheric studies

Geophysical methods provide much of the regional information on
lithospheric studies. From reflection and refraction data seismic cross-sections of
the crust can be constructed, defining such features as the thickness of the crust,
structural characteristics and layering observed in the lithosphere. Magnetic,
gravity and electrical resistivity studies further add to the data set.

Evaluating the composition of the lithosphere, and the lower crust in
particular, has concentrated on metamorphic tenains exposed at the Earths
surface. While these exposures provide near-continuous lateral and vertical
sections, the rocks have invariably suffered retrograde metamorphism during
uplift and have been affected by fluids tfuoughout their metamorphic history.
Consequently there is no guarantee that they preserve truly representative
sections through the whole of the lower crust, unless upper and lower contacts

can be seen. As lower crustal metamorphic terrains are dominantly pre-Cambrian
(Weaver and Tarney, 1.980a and 1980b; Griffin and O'ReiIIy, 1987a), they seldom
represent the composition of the lithosphere at the present time.

Another means of evaluating the composition of the lower crust is provided
by felsic melts sourced from this region and emplaced as granitoids. They do not
represent samples of the crust itself, only of melts generated from crustal anatexis
which may have been contaminated by upper crustal rocks, or undergone other
processes that have obscured their original geochemical features. Furthermore
they can only provide information on the nature of their source regions (the

lower crust) at the time of their emplacement, and not at the present.

t4
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Isotopic data have been used on granitoids in Antarctica to place important
constraints on the lower crust, delineating regions of similar model ages. These

studies are important in identifying crustal provinces in Antarctica (Borg et aI,

1987;Borg et aI., L990; Borg and DePaolo, 1.991.).

Lithospheric compositions and processes can also be documented by the

study of xenoliths sourced from this region. Xenoliths have the advantage of
providing whole rock specimens that have been transported rapidly to the surface

from the lithosphere. A full discussion of their advantages and inherent problems

follows this section.

7.3.3 Lithosphefic studies in Marie Byril Land

The methods outlined above have all been used to some degree in an

attempt to understand the lithosphere in MBL. Several independent geophysical

studies have ascertained a mean difference in crustal thickness of 5 km between

East and West Antarctic (Evison et aI., t960; Kovach and Press, L95l; Bentley and

Ostenso, L952).Interpretations of gravity anomaly data have placed the thickness

of the crust at 30-35 km in MBL, rising to 40 km at the coast (Groushinsky and

Sazhina, 1982). This contrasts with seismic and other gravity estimations, which
show thicknesses of between 25-30 km (Davey and Cooper, 1987; Bentley, I99L).

The thickness of the West Antarctic lithosphere has been estimated at 1.00

km (Segawa et aL, 1985). Gravity surveys have indicated a low positive gravity
anomaly across MBL, with regional highr in the mountains (Bentley, 1991).

As lower crustal sections are not exposed in MBL, the study of metamorphic

facies terrains is not applicable to MBL. The only exposure of metamorphic
basement is the Fosdick Metamorphic Complex in the Ford Ranges. These

sediments have been regionally metamorphosed to amphibolite, and locally to
granulite facies at crustal depths of L5-t7 km (Smith, t992). This metamorphic core

complex represents (in part at least) the middle section of the crust in MBL.

Devonian{arboniferous and Cretaceous granitoids (the Ford Granodiorites

and the Byrd Coast Granites respectively) are exposed on the coast and in the

ranges of MBL, and can be studied to provide clues on the nature of the lower
crust at their times of emplacement. Such studies are limited as their occurrence is

not widespread. Nevertheless they can provide important information on crustal

composition and processes.

Given the limited exposure and logistic problems present in MBL, the study
of xenoliths entrained in Cenozoic alkaline volcanoes may contribute most in the

attempt to characterise the lithosphere in this region, as they can be found in

15
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scoria cones throughout MBL, and provide relatively unaltered whole rock
samples of the lithosphere at the time of their entrainment.

1.4 Overwiew of Xenolith Studies

The use of xenoliths is relatively recent in the study of the lithosphere

compared with other disciplines (Griffin and O'Reilly, L986; Rudnick, 1992). This

section seeks to document lithospheric studies as applied to the MBL lithosphere,

to introduce the concept of using xenoliths to study the lithosphere, and to define
inherent problems and conflicts with other studies.

7.4,7 The stuily of lithosphnic xenoliths
Lithospheric xenoliths have been reported in alkali basalts and kimberlites

from every continent including other Antarctic localities (e.g. Berg and Herz,1986;
Kalamarides ef al., 1987; Gamble and Kyle, 1987; Gamble et a1.,1988; W6rner et al.,

L989; Berg, L99I; Kalamarides and Berg, L99L; Berg and Wu, 1992). While they
have been reported from localities in MBL (Futa and Le Masurier, 1983; Le

Masurier,1990), this is the first detailed study of lower crustal and upper mantle
xenoliths from this region. The xenolith suite documented here consists of
peridotites, pyroxenites, granulites and sintered granitoids, which show
considerable textural variability and in some instances cross-cutting relations.

The study of xenoliths is not without its assumptions and difficulties.
Xenolith studies have disagreed with other studies in several important areas,

including the conflict in the definition of the Moho by petrologic and geophysical

methods, and the variance between granulite facies rocks exposed at the Earths

surface by tectonic processes, uplift and erosiory and those sampled as xenoliths.
There are other complications in the study of xenoliths; the problems associated

with enfrainment in melts at elevated magmatic temperatures; the relationship of
xenoliths to each other; possible selective sampling by humans and volcanoes,

and the preservation of the xenoliths at the Earths surface.

The seismic Moho v the petrologic Moho
The division between the lower crust and upper mantle based on seismic

data (the seismic Moho; Figure 1.8) is taken as a change in velocity corresponding
to the base of seismic layering of the crust (e.g. Hall, L985; Matthews , 1985; White,
1988). The Conrad discontinuity has been suggested to correspond with the top of
the layering, and to represent the top of the lower crust (Dohr & Fuchs, t957; Hall,

16



fn irndttrlinn

1985). This layering, on a scale of tens to hundreds of metres (Blundell and
Raynaud, L985), may be due to an interlayering between lower crustal rocks and
underplated melts (Meissner, 1973; Griffin and O'ReiIIy, 1986; White, 19SS). Other
possible causes for the layering include flowage effects (Phinney and Jurdy, L979;

Ramsay, 1982; Hurich et a1.,1985), fluids (Matthews,1985; Matthews and Cheadle,
1985) and sills (McKenzie, 1984; Cheadle et al., L987). Some xenolith studies also

define the lower crust based on seismic data. Rudnick (L992) defines the lower
crust as that part of the crust bounded at its base by the Moho, recognised by
seismic definition, with its upper boundary as the midpoint of the continental
crust.

<- Topofthelowercrust
Taken here as the
upper limit of
layered granulites
and pyroxenites.

Top of the lowercnrst ->
May correspond
with the Coruad

discontinuity at the
top of the seismic

layering. The
Layering may be due

to interlayering of
rocks, to flowage

effects, fluids or sills.

Seiemic Moho '+
Taken as the base

of seismic
layering. It is a well
defrned boundary.

<- Petrologic Moho
Taken as a
preponderance of
ultramafic rocks.
It is a transitional
boundary.

Layered Granulites

Mafic pyroxenites

Mantle peridotites

FIGURE la: Stylised section through the lithosphere showing the crust-mantle boundar/, (the
Moho), as defined by seismic (Hall, 1985; Matthews, 1985) and by petrologic (Griffin and O?.eilly,
1986) means. The seismic Moho is typically lower than the petrologic Moho, as layering is also
Present in the peEologic upper mantle. The difference between the two may be due to re.equilibrium
of the seismic Moho to a level independent of lithologic boundaries (Rosendahl et al.,1992). The top
of the seismic lower crust is taken to be the top of the layering, which coincides with the Conrad
Discontinuity (Dohr and Fuchs, 1967; Hall,1986). The top of the pehologic lower crust defined in
this study is the upper limit of the granulite xenolith suite estimated frornP-T calculations.
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The Moho has also been defined by geochemical methods (the petrologic
Moho (Figure 1.8); Malpas,L978). Composite xenoliths indicate an interlayering of
spinel lherzolites with pyroxenites and granulites. Clearly granulites and
pyroxenites can occur in both the upper mantle and lower crust, showing the
boundary between the two to be complex. Petrologically, the Moho is a

transitional boundary, defined by a preponderance of ultramafic rocks (Griffin and

O'Reilly, L986; Griffin and O'Reilly, t987a and 198fu).

The petrologic Moho does not generally correspond with the seismic Moho
(Figure 1.8). A partial resolution to this problem is provided by Rosendahl et aI.

(1992). They consider the Moho to be a temporal or isostatic level that defines the

top (and sometimes the base) of a low velocity zone, caused by partial melts or
zones of softer and more ductile material. A reflection Moho would then have

little relevance to lithology (in terms of a gabbro-peridotite interface), and so

crustal thicknesses based on a seismic moho may be incorrect. The original Moho

may be erased or obscured as the Moho restores itself to new equilibrium
positions.

The definition used in this study follows the petrologic Moho definition of
Griffin and O'Reilly (1985) for two main reasons. Firstly, there are no deep seismic

data from MBL, so the Moho cannot be identified by these means. Secondly, the

xenolith suite consists of ultramafic peridotites, representative of the upper
mantle, and a granulite suite taken to represent lower crustal rocks. The

pyroxenite suite is typical of Type tr upper mantle rocks (Frey and Prinz, 1978)

described elsewhere. Th"y are genetically related to, are sometimes interlayered

with, and show gradational textures with the granulite suite, rather than the Type

I upper mantle (Frey and Prinz, 1978) peridotite suite. They are therefore here

considered to be a part of the lower crust. The upper boundary is taken to be the

portion of the crust where the granulites and pyroxenites cease to occur, based on
P-T estimates (Chapter Eight).

Composition of the lower crust

The average composition of the crust as determined from many approaches

is andesitic (e.9. Poldervaafi, L955; Smithson et aI., L98t; Taylor & Mclennan,
L98I), with an overall range from 58-53 wt. o/o SiO2 (Kay and Kay, 1985). In all these

approaches, the composition of the lower crust is the greatest unknown variable,

and therefore the major source of potential error.
The composition of the lower crust as defined from xenolith studies shows

marked differences from granulite facies rocks exposed at the surface. Mafic
compositions are dominant in xenoliths, while granulite metamorphic terrains
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are Predominantly felsic. Furthermore, xenoliths tend to be sourced from rocks
younger than granulite terrains, many of which are Archean (Weaver and
Tarney, 1980a and 1.980b; Griffin and o'Reilly, 1.98d; Bohlen, 1,982; Griffin and
o'Reilly, 1987; Rudnick and Taylor, 1987; Bohlen and Mezger, !989; Rudnick,
t992). Possible models for these discrepancies include:

- the lower crust is primarily mafic, but these rocks are not often exposed,
perhaps due to higher densities inhibiting uplift. In addition, granulite terrains
often contain meta-sedimentary rocks formed at the Earths surface, primarily
through continent-continent collision. Granulite terrains are therefore not
representative of the lower crust in other tectonic settings;

- mafic xenoliths may represent younger magmatic additions to the crust. As
they occur in areas of volcanism, they are selectively and preferentially entrained
by the host melts. Xenoliths are therefore not representative of the lower crust in
non-magmatic areas;

- granulite xenoliths and terrains may represent different levels of the crust,
with typically higher equilibrium pressures for xenoliths than terrains;

- the difference in age may reflect a change in composition with time,
reflecting crustal growth processes. The age discrepancy may however simply
represent the difficulties of small xenoliths surviving at the Earths surface for any
period of time, whereas large terrains are not so easily destroyed. Xenoliths
studied tend to come from relatively young volcanoes and typically represent
young crust, whereas terrains take a longer time to reach the surface and represent
older crust.

Any one of these models, or a combination of them, may be responsible for
the granulite xenolith-terrain paradox.

Entrainment of xenoliths
The host rock of the xenoliths is a magma at an elevated tempirature, and

ascent is rapid (up to 50 hours at most; Kushiro et aI., 7975; Spera, 1980), passing
through progressively lower P-T regimes. The modification of the xenoliths due
to melt-solid reactions and decompression is likely (Selverstone, 1.982: Jones et al.,
1983; Emery et a1.,1985; Rudnick, L992; Lee et al., 7993).

Changes in the composition of the xenolith can occur in a number of ways as

a result of entrainment in the host magma. The heat inherent in the ascending
magma may affect the xenolith, causing melting or at least sintering. Infiltration
of the melt itself (or from fluids associated with the melt, including hydrothermal
fluids) into the xenolith may cause chemical reactions and change the
composition of the xenolith. Decompression reactions, including melting along

19



AryErme

grain boundaries, development of rims on minerals adjusting to a lower P-T

regime, and the opening of cracks, can occur during ascent to the surface.

Care must be taken in recognising features due to entrainment from those

occurring at source depths. An examination of the xenoliths in this study (Part

Two) shows them to be rounded by entrainment, and host rock interaction is

noted beyond the millimetre-scale in some suites.

Xenolith relationships and sampling bias

Another problem due to the mode of ascent of the xenoliths - their
entrainment in magmas - is that there is no absolute constraint on the source

region of the xenoliths. Analytical methods must be employed to ascertain

whether or not the xenolith suite is even related. Furthermore, the xenolith suite

can only represent a vertical section through the lithosphere beneath the volcano,

and a mixed assemblage at that. The small size of xenoliths means that only a

small proportion of the lithosphere is actually sampled, and the probability that
large sections have not been sampled is high. Entire sequences may be missing

without recognition.

The selective sampling of melts is well known, both from this study and

elsewhere (fackson, 1959; Griffin and O'ReilIy, 1986; Griffin and O'ReilIy, L987a;

O'Reilly et aI., 1989). Sites close together often display very different xenolith
assemblages. Furthermore, xenoliths occur in areas of basaltic volcanism and are

rare from cratonic areas, providing a definite sampling bias in xenolith studies.

Of particular concern is the relationship of the xenoliths to the host melts.

They may be cogenetic, and simply represent cumulates from the host melt in the

conduit rather than lithospheric xenoliths. However, they may represent
cumulates or melts from the magma, or from earlier episodes of related
volcanism, that have underplated, or solidified within, the lithosphere. This

distinction is a very important one and is the difference between lithospheric
xenoliths per se and host magma conduit cumulates.

A number of factors can help in recognising xenoliths that are not cogenetic

with the host magma (Rudnick, L992):

- metamorphic textures of the xenolith suite precludes derivation from the

host melt, however crystallisation from an earlier episode of related volcanism
cannot be ruled out;

- chemical analyses of many suites negate derivation from the host magma;

- isotopic signatures of the xenolith often differ from those of the host melt,
however isotopic homogenisation of the xenolith suite with the host magma may

occur.
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Having identified the many problems inherent in the study of xenoliths, care

must also be taken in identifying the suite as being sourced from the lower crust

or upper mantle. The similarity of many xenoliths to upper crustal gabbros and

cumulates, combined with the inherent problems of xenolith studies previously

mentioned, makes the recognition of lower crustal xenoliths in particular more

difficult than is immediately apparent'

I.4.2 Loater etastal conditioas and the rccognition of louter ctustal xenoliths

The lower crust is believed to be a regime of eclogite and granulite facies

conditions. However, these conditions may also extend into the upper mantle and

upper crust. An integrated approach of P-T geothermometry, seismic data and a

study of peridotites from the same lithospheric column is needed where possible

to establish if granulite rocks are from the lower crust, or the uPPer mantle

(Griffin and O'Re tILy , 1987; O'Reilly et aL, 1989)'

FIGURE 1.9: Geotherms for Foster

Crater (Berg and Herz, 1986),
Antarctica, and for southeastern
(O'Reilly and Griffin, 1985) and
westem (Sass and Lachenbruch, 1979)

Australia, with stable mineral
assemblages and estimates of
transition zones from granulite to
eclogite and spinel peridotite and
garnet peridotite (Irving, \974;
Griffin et al., L984; Griffin and
O'Reilly, 1987a). The Foster Crater
and southeastem Australia geotherms
are high and rift-like, whereas the
western Australia geotherm is typical
of a stable cratonic shield. CPx =
Clinopyroxene; Ga = Gamet; OP-* =
Orthopyroxene; Pl = Plagioclase; Sp =
Spinel.
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1500
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Figure 1.9 depicts the calculated geotherms for Foster Crater (Berg and Herz,

Lgg6) in the Transantarctic Mountains, and of southeastern (O'Reilly and Griffin,

1985) and western (sass and Lachenbruch, 1979) Australia, together with the P-T

conditions and stability fields of mineral assemblages (Irving, L974)' MBL

xenoliths include spinel lherzolites and granulites that are garnet-free, indicating

that they come from relatively shallow (< 30-35 km; Irving, L974) lithospheric

depths.
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The identification of lower crustal xenoliths is constrained by several criteria
(Griffin and O'Reilly, 1986 and 1987a). Primarily, the xenoliths should not
resemble rocks exposed at the surface as they could well have come from these, at

upper crustal depths. Secondly, geothermometry estimates should be consistent

with inferred lower crustal depths and conditions for the region (Figure 1.9). This

is often complicated by freezing in of temperatures and pressures before

equilibrium is attained.

Unfortunately in MBL, exposures of basement at xenolith sites are not
generally present due to the ice cover. Nevertheless, xenoliths documented in this

study are recognised as being from the lower crrrst on several grounds (see Griffin
and O'ReiLIy, L986; Rudnick, 1992):

- the similarity of the granulite suite to other xenolith granulites world-wide,
where P-T regimes are well constrained, suggests that these xenoliths are derived

from similar (lower crustal) depths;

- mineral assemblages and textures are consistent with rocks equilibrated to

granulite facies. P-T estimates of granulites and pyroxenites are in agreement with
their derivation from the lower crust (Chapter 8.2.3);

- development of decompression features suggests rapid ascent of the

xenoliths from deep crustal levels;

- their restricted occurrence in mantle-derived primitive alkaline host lavas

suggests that they originated from deep levels in the crusU

- upper mantle peridotites and upper crustal granitoids are easily identifiable
in the xenolith suite, and the occurrence of the granulite suite in association with
upper mantle and upper crustal xenoliths indicates that they are from lower
crustal (and possibly middle crustal) depths.
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Chapter two
NoUSNcLATURE

Synopsis

There is presently an abundance of rock, texture and mineral nomenclature
in the literature, resulting in an ambiguity of definitions and terminology. This
chapter seeks to clarifu the terminology used in this study, by summarising the

classification schemes adopted herein. All the rock classification schemes are

based on modal mineralogy, normalised to 1.00 per cent.

The total alkali-silica (TAl diagram of Le Bas et aI. (1,985), which is based

on the schemes of Le Maitre (1984) and Zanettin (1,984), is used here for the

classification of associated aolcanic rocks and glasses. Plutonic rocks are classified

according to their modal mineral assemblage, particularly the proportion of mafic
to felsic mineral phases (Streckeisen, 7970. These include the meta-igneous
xenoliths documented in this work, including granulites, pyroxenites and
peridotites. Many of the xenoliths are cumulates (or had cumulate protolithil, and

their textures are described according to the definitions of Wager and Brown
(1968) and Iraine 0.982).

Polygonal fabrics of equant grains with well deaeloped 1.20o triple junctions
have oaerprinted primary igneous textures in many xenoliths that haae been

metamorphosed under granulite facies conditions. Igneous layering eoident in
many plagioclase-bearing cumulates is preseroed (and mostly enhanced) by
metamorphism. Granulites are defined here as plagioclase-bearing rocks that haae

equilibrated to granulite facies conditions (O'ReilIy et al., 1989).

Mineral nomenclature generally follows the schemes of Deer et al. (L956),
with the exceptions of pyroxenes, classified according to Morimoto et al. (1988),
and amphiboles, defined according to the scheme of Leake (1.975).
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2.1 Introduction

Identical terms often have different meanings according to different

classification schemes. The purpose of this section is to define the terminology

and nomenclature used in this study, in order to avoid any confusion of terms.

The schemes favoured in this study are adopted primarily because they are in

widespread use, particularly in the field of xenolith studies. Adopting these

schemes allows easy comparison of this study with past works, especially in the

use of diagrams which cannot be compared unless they are based on the same

criteria, and use the same nomenclature'

2.2 Rock Nomenclature

Rock classifications schemes are discussed here according to rock tyPe;

volcanic, plutonic and metamorphic. In all cases classifications are based on

modal mineralogy where possible, and are recalculated to 100 per cent. This is

followed by an examination of cumulate and metamorphic textures.

SiO2 wt%

FIGURE 2.1: Total alkali (NarO+KrO) - silica (TAS) diagram for the classification of volcanic rocks

(from Le Bas et aI., L986). Ultrabasic rocks have < 45 wt. o/" SiO2, basic rocks between 45-52 wt. %

SiOr, intermediate rocks between 52-63 wt. o/o SiOr, and acidic rocks have > 63 wt' % SiO2.
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2.2.7 Volcanic ro ck classification
The classification of volcanic rocks adopted in this study follows the

scheme of Le Bas et aI. (1986), which is based on those of Le Maitre (1984) and

Zanettin (1984), and is in widespread use in the classification of volcanic rocks (see

Wilsory 1989).

Volcanic rocks are dassified according to their total alkali (Na2O + K2O) and

silica contents, plotted on the biaxial Total AlkaliSilica (TAS) diagram (Figure

2.1). For a full list of criteria used in its development and restraints of use, see Le

Bas et al. (1985).

Q = quartz
A = alkali feldspar
P = plagioclase
F = feldspathoids

quartzoUte

aIkali
feldspar
syenite "

A

gabbro,
anorthosite *

* For rocks with $20 %
quartz, add the prefix
'quartz'. For rocks with
G.10 % feldspathoids, add
the prefix'foid-bearing'

N.B.: Substitute'diorite'
for'gabbro' for rocks with
plagioclase < 4n50.

FIGURE 2.2: QAPF diagram of Streckeisen (1975) for the classification of plutonic rocks with less
than 90olo mafic minerals by volume.

a

monzonite+
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2.2.2 Plutonic rock classification
The xenoliths in this study (including those with metamorphic textures)

are classified as plutonic rocks according to the scheme of Streckeisen (1975) and
Frey and Prinz (L978). Genetic terms are not used in this scheme; cumulate rocks

are not distinguished from plutonic rocks derived from melts or from restites. As
grain size in the xenolith suite is large, classification is based solely on the modal
mineral assemblage, and not on normative compositions.

Streckeisen's classification scheme is based primarily on the proportion (by

volume) of mafic minerals relative to felsic minerals in the rock, normalised to

100%. Mafic minerals include olivine, pyroxene, amphibole, mica, opaque

minerals, apatite and other accessory minerals. The proportion of these minerals

is the 'M' content.

Where M is less than 90%, classification is based on the proportion of felsic

minerals (Figure 2.2). Rocks are plotted and named according to their Q (quartz), A
(alkali feldspar; albite, anorthoclase, perthite, microcline and orthoclase), p

(plagioclase feldspar (An5-166) and antiperthite) and F (feldspathoid) component.

Gabbroic rocks are further classified by Figure 2.3a which takes the mafic mineral
content into account. A subdivision of gabbroic rocks into gabbro, gabbronorite

and norite is made based on the proportion of orthopyroxene, clinopyroxene and

plagioclase (Figure 2.3b). Plagioclase-rich gabbros are denoted by the prefix 'leuco-',

and plagioclase-poor gabbros are prefixed 'mela-'. Hornblende (> 5%) bearing

gabbros are classified according to Figure 2.3c. A distinction can also be made

between gabbro (and norite) and diorite, according to the average plagioclase

composition in the rock; if the average plagioclase composition of a gabbro is <
An56, then it is termed a diorite.

Plutonic rocks with > 90% M are ultramafic in composition, and classified

according to Figure 2.4a. lf the modal proportion of hornblende is > 5o/", Figure

2.4b is referred to instead. For rocks with more than 5% additional minerals

present (e.g. biotite or oxides) a prefix is added to the name (e.9. chromite dunite).

If contents are in excess of 50% the nomenclature is reversed (e.9. olivine
cfuomitite). Garnet contents of < 5% are indicated by the modifier 'garnet-

bearing', and garnet contents > 5% are indicated by the modifier 'garnet' (e.g.

garnet-bearing lherzolite, and garnet lherzolite).

2,2,3 Metamorphic rock classification
Metamorphic xenoliths are classified individually in this study by the

plutonic scheme previously outlined, although as a group they are termed by
their metamorphic facies; e.g. granulite facies. The various P-T conditions of
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PI

/ V- anorthosite

olivine
gabbronorib

/ plag-bearing ultramafic rocks \

// gabbtorite \t/ cp*.o,itJ I oo* norite \ \
/ plag-bearing pyroxanites \

Px
norite

ol
gabbro

a)

b)

oP* cP*

plag-bearing
pyroxenite

c)

plag-bearing
homblendite

Hbl

FIGURE 2.3: Classification diagram (after Streckeisen, 1976'1 for: (a) gabbroic rocks; (b) with a
subdivision into gabbro, gabbronorite and norite; (c) and for hornblende-bearing (> 5%) gabbroic
rocks. Cpx = Clinopyroxene; Hbl = Hornblende; Ol = Olivine; Opx = Orthopyroxene; Pl = Plagioclase;
Px = Pyroxene.

Px
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peridotites

Pyroxenites

olivine
orthopyroxenite

olivine
clinopyroxmite

oPx orthopyroxenite clinopyroxenite cp*

g"rg6-t
pyroxenites
and homblendites

olivine
pyroxenite

olivine
hornblendite

pyroxenite hornblendite Hbl

FtcURE 2.4: Classification diagram (after Streckeisen, 79761 for ultramafic rocks composed of: a)

olivine and pyroxene; b) and olivine, pyroxene and (>5%) homblende. Abbreviations are as for
Figure 2.3.

metamorphic facies are summarised as Figure 2.5. Boundaries between these

facies are not clear cut.
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FIGURE 2.5: P-T conditions over which various metamorphic facies form (from Yardley, 1989).
Boundaries are not rigid but transitional, and are represented as stippled bands. AE = albite-epidote;
HBL = homblende; Hfls = hornfels; PREH-PUMP = prehnitcpumpellyite; PX = pyroxene. Note the
high-T and variable-P conditions of the granulite facies.

The identification and classification of lower crustal xenoliths is based on
the identification of granulite facies characteristics as discussed in Chapter One.
The definitions of granulite and eclogite facies (facies generally considered to be
consistent with lower crustal conditions) used in this study are based on those of
O'Reilly et aI. (1989).

Granulites are plagioclase-bearing rocks that may also contain pyroxene(s)
or garnet. Eclogites contain Na- and Al-rich clinopyroxene with or without other

Pyroxenes, garnet, quartz or kyanite. These should be equilibrated to their
resPective facies conditions (Chapter 1.3.3). Both facies may be derived from
protoliths ranging from primitive mafic melts to sedimentary rocks.
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2.2.4 Rock textures

Textures in the xenolith suite are particularly important in understanding

their origin and subsequent development, as well as their geochemical

characteristics. Of particular importance is the development of metamorphic

textures over crunulate protoliths, which is common in the MBL xenolith suite.

Cumulate rocks
The interpretation and classification of cumulate textures is discussed by

Wager and Brown (1958) and Irving (1982), and only a brief sununary is presented

here (Figurc 2.6).

r---a
A (i iil

r.,1::_:E-1c I! :ll; :t
I r-.................: \

-r-/

Pu.rcrocurse : Boundar;- of the PLrctoclrse : Boundary of thc
cumulus crystals (labiadorite) cumutus crystals (labradorire)
diagrammatiially shorvn by tJ:e shos'n by the doned line' Out'
innirmost rectangle. The limits side is adcumulate gto*'th of
of medium and low temperanrre plagioctasc of similar composi-
zones, u'here developed, shou-n tion. In places bel'ond the
ourcide the cumulus crystal broken lines. lou'cr temperanrre
boundaries. zones ate shoq'n.

\
Ptroxene I'l

\ Poikilitic cqstals. Zoned,(Jlrvrne { but this not shoq.r:.
I

Iron ore l
Quanz and orrhoclase ; localll'the 6aal
teslouwn.

Pt-rctocl,,rsg: The cumulus part
of thc crystal is shos'n s'ithin the
doned line. This has bcen cn-
larged by gon'th of more plagio-
clase of the same composition,
which fills the crystal interstices.

FIGURE 2.6; Development of cumulate textures from a basic magma (from Wager and Brown, L968)
showing: a) plagioclase orthocumulate; b) plagioclase mesocumulate; c) and plagioclase adcumulate.
See text for further discussion.
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The term cumulate tefers to rocks formed by the crystallisation of cumulus
crystals that settled out from a fractionating melt. The liquid that cumulus crystals
are enclosed in is the intercumulus liquid. This liquid may react with the
cumulus minerals by diffusion, or by forming overgrowths on the crystals, or it
may crystallise as intercumulus crystals.

Adcumulates form when the intercumulus liquid is squeezed out, leaving
unzoned cumulus crystals. If the intercumulus liquid solidifies within the
cumulate, the rock develops an orthocumulate texture. Mesocumulates have
textures intermediate to these extremes.

FIGURE 2.7: Schematic model depicting the
recrystallisation of an igneous fabric by
solid state crystal growth, into a
metamorphic crystalloblastic fabric with
polygonal grains (after Best, 1982). a)
Initial rock with an igneous fabric. b )
Development of nucleation and initial
growth of stable minerals (small circles). c-
e) Continued growth of grains until
recrystallisation is complete with a
crystalloblastic fabric, showing well
developed 120" angles between equant
grains. O Representation of a single
polygonal grain, with a truncated
octahedron shape.

Metamorphic rocks

Recrystallisation of the protolith takes the form of solid-state crystal growth
of stable mineral phases by nucleation. This results in crystalloblastic fabrics,
consisting of polygonal grains, typically of similar gtain size, that grow together to
form 120o angle triple-junctiotrs. A schematic representation of this process from
an igneous protolith is presented as Figwe 2.7.

31



-----7

b)a)

FIGURE 2.8; Layered fabrics (a) developed by paraffin rods (representing plagioclase laths) in
shear and compaction experiments, with a melt fraction below 35o/" (Freydier, 1991), is similar to the
fabric of a layered gabbro (b) from Oman ophiolite (Nicholas et aL, 1993; drawing of thin section).
The layered fabric has resulted from the preferred orientation of plagioclase laths due to magmatic
foliation. Igneous layered fabrics are evident in the Marie Byrd Land xenolith suite (e.g. Plate 4.2).

Patterns for (b) are: unpattemed area = plagioclase; heavy outlines with dotted lines = olivine; dot
pattem = pyroxene.

An understanding of the development of metamorphic facies from a

cumulate protolith is especially important in the study of the MBL xenolith suite.

This process is similar to that outlined in Figure 2.7, resulting in the

recrystallisation of cumulate textures to crystalloblastic fabrics. An important
aspect in the development of overprinted metamorphic fabrics on cumulate
protoliths is the occurrence of layered texfures in some cumulates.

Layered textures in igneous rocks result from the preferential layering of
minerals (especially rectangular plagioclase laths) in the magma chamber, by

settling or due to magmatic foliation. Figure 2.8a indicates how layered fabrics

developed in shear and compaction experiments, where the melt fraction is below

35% (Freydier, 1991). Figure 2.8b is an example of this texture in layered gabbros

from the Oman ophiolite (Nicholas et al., 19931.

Identical textures to those of Figure 2.8 can be seen in the MBL xenolith
suite (e.g. Plate 4.2), where metamorphic recrystallisation of layered cumulates has

resulted in polygonal fabrics that maintain layering (and in some cases enhance

layering), producing layered granulites. Polygonal plagioclase typically nucleate

from igneous plagioclase laths within the original plagioclase boundary. In
unlayered igneous xenoliths, polygonal fabrics develop by nucleation as shown in
Figure 2.7.
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2.3 Mineral Nomenclature

Mineral nomenclature is generally more straightforward than rock
nomenclature, although the possibilities are many and varied. Minerals are

named according to groups as outlined in Deer et al. (7966) on the basis of general

formulae and chemical characteristics. The nomenclature of most minerals (e.9.

olivine, plagioclase, oxides and rhonite) follow this scheme; the exception being

pyroxene and amphibole.

AII mineral analyses were determined by electron microscopy, as outlined
in Appendix Three. Iron is measured as FeO, with Fe2* and Fe3* being recalculated

assuming stoichiometry.

ErgFs, (DirHd), Wo

lfr=o'

1.0

Io'

.- - *f =o't

ld, /l'e, Ko,fe

I
2.0

FIGURE 2.9: Q-J diagram (from Morimoto et al., 1988) for the classification of pyroxenes.
Q=Ca+Mg+Fe2*, and f=21r1^. Ae = Aegirine; Di = diopside; En = Enstatite; Es = Esseneite; Fs =
Ferrosilite; Hd = Hedenbergite; fd = fadeite; Je = |ervisite; fo = fohannsenite; Ka = Kanoite; Ko =
Kosmochlor; Pe = Petedunnite; Sp = Spodumene; Wo = Wollastonite.

2.3,7 Pyroxenes

Nomenclature for pyroxenes is based on the pyroxene quadrilateral.
Recently the Commission on New Minerals and Mineral names of the
International Mineralogical Association (Subcommittee on Pyroxenes) established

a scheme for the nomenclature of pyroxenes (Morimoto et aI., L9ffi). This scheme

0.5Sp 1.51.0
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is adopted here, although it is not at present widely used in the field of xenolith

studies.

Pyroxenes are divided into four groups on the basis of Na, Ca and 'other'

contents. This is a division based on a binary diagram (Figure 2.9) with a 'Q' axis

(Q=Ca+Mg+Fe2*) and a 'f' axis 0=2Na). Pyroxenes are then named according to the

group they fall in (see Figure 2.9 for abbreviations):

- Na and Ca-Na pyroxenes are classified by their Quad, ]d and Ae contents

(Figure 2.10). To calculate the Q (Wo+En+Fs), fd and Ae components, the sum of
Ca+Mg+Fe2*+2Na is normalised to 100%. The normalised percentage of 2Na is

divided by the ratio AllFes* to give the fdlAe ratio. Q+]d+Ae must always = 100o/o;

a

augite

/ jadeite aegirine \
so AeId

FIGURE 2.10: Classification of the Ca-Na pyroxenes from Figure 2.9 (from Morimoto et aI.,1988).
Abbreviations as for Figure 2.9.

- Ca-Mg-Fe (Quad(rilateral)) pyroxenes are subdivided by normalising
Ca+Mg+lFe (IFe = fs2+1pe3*+Mn) to 100% and the pyroxenes named according
to their Wo (Ca2SizOs), En (Mg2SizOe) and Fs (Fe2+2Si2O5,) content (Figure 2.11).

Using this system, it is possible for pyroxenes to plot above 50% Wo. Mn
substitutes with Fe, and should be included when naming pyroxenes. Flowever,
Mn is not included in plots in this study to allow direct comparisons with other

works, which have not taken this substitution into consideration;
- most pyroxene compositions falling in the 'other' field of the Q-I diagram

are johamsenite (CaMnSi2O6,), petedururite (C-aZnSirO. ) and spodumene ( uasizOo ).
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a)

En

En

b)

FIGURE 2.11: Classification of tre Ca-Mg-Fe p)'roxenes from Figure 2.9, including a) clinopyroxenes;
b) and orthopyroxenes (from Morimoto et a1.,1988). Abbreviations as for Figure 2.9.

endiopside

En
cli-noenstatite

magpi:sirur
pigeonite

Wo

diopside

p"td" 
7
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hedenbergite

ferrohedenbergite
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FIGLJRE 2.12: Classification scheme for all pyroxenes, from Deer et aI. (196).
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Pyroxenes with unusual compositions
according to Table 2.2. This only applies if the

oxygens) is unusual to that group of pyroxene.

are modified
cation content

by an adjective
(on the basis of 5

Cation Content' Name

Alg"
Ca2*
Cr3*
Fg2*
Fe3*
Li*
Mgt*
Mn2*
Mn3*
Na*
Niz"
Sit*
Ti3*
Til*
Zn2*

>0.10
>0.10
>0.01
>0.10
>0.10
>0.01
>0.10
>0.10
> 0.01
>0.10
> 0.01
<1.75
>0-01
>0.10
>0.01

aluminian
calcian
chromian
ferroan
ferrian
lithian
magnesian
manganoan
manganian
sodian
nickeloan
subsilicic
titanoan
titanian
zincian

Note: The limit of the content is based on the values listed in Table 4.
* Number of cations per formula unit M2M1TrOr. lf the mineral name

itself implies the presence of certain cations, adjectival modifiers for these
cations should not be used ("subsilicic" is an exception).

TABLE 2.1: Adjective modifiers used for pyroxene classification, if cation contents (based on 5

orygens) are unusual for that group of pyroxene (from Morimoto et aI.,198).

This classification scheme replaces the long established scheme of Deer et

al. (1956), which is presented as Figure 2.L2 for comparison with the scheme of
Morimoto et al. (1988). The major change to the classification of the quadrilateral

pyroxenes is its simplification and rigid use of adjective modifiers. A complete list
of obsolete pyroxene names using the nomenclature of Deer et aL (1966) can be

found in Morimoto et aI. (1988).

2.3.2 Amphiboles
The classification scheme of Leake (L978) is favoured for the dassification of

amphiboles. The standard amphibole formula, based on 23 oxygens, is:

Ao_r BzCsTaO2z (OH,F,CI)2

Cations are assigned to sites using the following guide, where:
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T = Si, then Al, Cts*, P"3+ xn61i4+;
C = €XC€ss Al, Cr, Ti, Fe3*, Mg, Fe2* and Mn;
B = €XC€SS FC2*, MN, Mg, CA ANd NA;

A = €XC€ss Na and all K.

Classification is then based on the Ca and Na content of the 'B' site, with
amphiboles being divided into four groups:

- the alkali amphiboles, where (Na)p1.3a @igure 2.L3).

<- Fet / (Fe3+Alu) -*

0.0 0.5 1.0

Ferro-
eckermannite

Arfuedsonite

Eckermannite Magnesioarfuedsonite

a) (Na+K)o> O.SO

0.0 0.3 0.7 1.0

Ferro-
glaucophane

Crossite

Riebeckite

Glaucophane Magnesio-
riebeckite

b) (Na+Kh < 0.50

FIGURE 2.13: Classification of alkali amphiboles, based on 23 orygens (from Leake, 1978).

- the sodic-calcic amphiboles, where (Ca+Na[21.34 and A.57>(Na)5.1.3a
(Figure 2.1.4);

- the calcic amphiboles, where (Ca+Na)91.34 and (Na)s<0.67 (Figure Z.lS);

1.0

+dc,

& o.sz
-.z

0.0

1.0

+o.q)

+go 0.5
A
bo

0.0
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- the Fe-Mg-Mn amphiboles, where (Ca+Na)s<1..34 (Figure 2.76).Includes

orthorhombic and monoclinic;

# Si in the standard cell *

8.0 7.5 7.0 6.5 6.0

Winchite Barroisite

Ferro-winchite Ferro-barroisite

a) (Na+K)o< 0.50

Richterite Magnesio-katophorite
Magnesio-

taramite

Ferro-richterite Katophorih Taramite

a) (Na+KL> 0.50

FIGURE 2.14: Classification of sodic-calcic amphiboles, based on 23 orygens (from Leake, L978).

A substantial list of adjective modifiers is further used to indicate

substitution by end members. This list can be found in Leake (1978).

This scheme is not simple or easy to use, and has the disadvantage of

classifying very similar amphiboles with only slight chemical variations into

totally different groups. The division is based on a cut-off principle with no

petrologic basis. For instance, the common amphibole in xenoliths reported in

this study is kaersutite. However, these amphiboles are split into kaersutite and

pargasite because of their Ti content being close to 0.5 - the cut-off line (Figure

2.L4). It is important to realise than these amphiboles are identical except for

1.0

+Nq)

+go 0.5z

0.0

1.0

+
N0)

+.q9 0.5z
bo
z

0.0
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slightly differing cation totals, and should not be treated as two differing
amphiboles. In this work they are treated as one group in terms of their
geochemistry, and in mineral composition plots.

Si cations on the basis of23 oxygens

725 7.W 6.8 6.50

a) (Na+K) < 0.5: Ti < 0.5

Ivfagnesiohornblende

0.0

1.0

+
'':g 01

+
bO ncv--:
b 0.3

0.0

1.0

0.7

NE

0.3

0.0

b) (Na+K) > 0.5: Ti < 0.5: Fe3k AlvI

c) (Na+K) 2 0.5: Ti < 0.5: Fe3! AtvI

Silicic Edenite Edenic Edenitic
Pargasitic

Homblende
Pargasic

Fenoan
Pargasitic

Hornblende
Ferroan Pargasite

Silicic Feno+denite Fero<denite
Feno

edenidc
Hornblende

Ferro-
Pargasitic

Hornblende
Ferro-pargasite

Silidc Edenite Edsdte Edenitic

Homblende

lvlagnesio-
haetincsitic
Hombfende

lvla gnesio-hastingsite

N4agnesian
Magnesian Flastingsit€

Silicic Feno+denite Ferro-edenit€
Ferro

Edenitic
Homblende

Homblende

Hastingsitic
Homblende Hastingsite

05

d) Ti > 0.5

Ferro-kaersutite

Si cations on the basis of 23 oxytens

FIGURE 2.15: Classification of calcic amphiboles, based on 23 oxygens (from Leake, L978').
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1.0

0.9

d Orthorhombic b) Monodinic

+ si in the standard cell --* si in the standard cell
8.0 7.O 6.0

Magnesio-ctr mmingtonite

Cummingtonib

Grunerite

Ma gnesi o-anthophyllitr Magresio-gedrite

Anthophyllite furite

Ferro-anthophyllite Fer:o-sedrite

,.No
Frr
+
bo

a
bo

0.1.

0.0

0.7

FIGURE 2.16: Classification of Fe-Mg-Mn amphiboles, based on 23 oxygens (from Leake 1978) for: a)
orthorhombic amphiboles; b) and monoclinic amphiboles.
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Chapter three
Fmrn ExcuRSroNS

Synopsis

Lithospheric xenoliths were collected as part of a programme to study the

uolcanoes and lithosphere of West Antarctica (the West Antarctic Volcano

Exploration Programme). Xenoliths were collected from scoria cones in Marie
Byrd Land during two field seasons (1989-90 and 7990-91), and fro^ the McMurdo
Sound region in a third field season (1992-9il.

The Marie Byrd Land xenolith suite consists of samples fro^ the Executioe

Committee Range (Mounts Waesche, Sidley, Cumming and Hamptoil, from
Mount Murphy on the Walgreen coast, and from Mount Aldaz in the USAS
Escarpment. Granulites were collected from Mount Waesche, granulites and
pyroxenites from Mount Sidley, granulites and peridotites from Mount
Cumming, granulites, pyroxenites and peridotites from Mounts Hampton and
Murphy, and peridotites from Mount Aldaz.

Lithospheric samples from the McMurdo Sound region were collected from
localities on both sides of a major crustal boundary between the Ross Embayment
and the Transantarctic Mountains, preoiously identified by xenolith studies
(Kalamarides et a1., 7987). Sample sites included: Sulphur Canes and Turtle Rock

on Hut Point Peninsula, Ross lslnnd; Mount Aurora, Black Island; and from
Foster Crater in the Transantarctic Mountains. ln addition, peridotites were

collected from Half Moon Crater and Twin Craters on Hut Point Peninsula, and

from Cape Byrd in the north of Ross lsland. The xenolith suite from the

McMurdo sound region has not bent documented as a part of this study.
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3.1 The WAVE Programme

The West Antarctic Volcano Exploration (WAVE) programme was a joint
New Zealand, United States and United Kingdom project, initiated to study
various aspects of the volcanolog/, petrology, and geochemistry of the late

Cenozoic intraplate volcanism and lithosphere of West Antarctica. A longer term

aim was to compare and contrast the Marie Byrd Land lithosphere to other
lithospheric sections from elsewhere in Gondwana, including the Ross Sea

Embayment and Transantarctic Mountains in the McMurdo Sound region, New

Zealand and eastern Australia.
The WAVE program was completed in three field seasons; during 1989-90,

L990-9L, and L992-93. The first two seasons involved the collection of xenoliths

from MBL, although some lower crustal samples were also obtained in the third
season. The third season concentrated on the Ross Embayment and Transantarctic

Mountains of the McMurdo Sound region as a follow-up season to document the

lower crust and upper mantle in these areas, and to compare them with the MBL

lithospheric xenolith suite.

This chapter is a summary of the collection of lithospheric xenoliths during
these field seasons, with maps of each region visited, the routes taken were

appropriate, and the sample sites (a full list of MBL samples can be found in
Appendix One, tabulated by sample location and xenolith type). A full account of
each seasons fieldwork and logistics can be found in the Immediate Reports of the

Victoria University of Wellington Antarctic Expedition for these seasons (Gamble,

1990 and L997; Gamble et a1.,1993).

3.2 The Collection of the Xenolith Suite

3.2.7 The 798911990 field season

The first field season of the WAVE programme was primarily concerned

with the Executive Committee Range (ECR), a linear volcanic chain consisting of
(south to north) Mount Waesche, Mount Sidley, Mount Hartigan, Mount
Cumming, and Mount Hampton (Figures 1.4, 3.1.).

The volcanoes of the ECR are relatively large and uneroded edifices with
considerable lithologic variability. Lithospheric xenoliths had previously been

reported from one site (at Mount Cumming; Le Masurier, 1990). These features

made the ECR particularly attractive, and an aim was established to study all of
the volcanoes of the ECR as well as to visit the USAS Escarpment to the north of
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the ECR (Figure 1.4). Unfortunately, inclement weather combined with delays in
logistic support limited the field season to the southern end of the ECR, with only
a reconnaissance visit to Mount Cumming.

Geologic mapping was completed on Mount Waesche and Mount Sidley,

and samples were collected for geochemical studies. Sections were measured

through the volcanic pile on the exposed caldera wall of Mount Sidley (Panter ef

aI., in prep).

Crustal and mantle xenoliths were collected from sites on Mount Waesche,

Mount Sidley and Mount Cumming. Xenoliths from Mount Waesche were
limited to crustal xenoliths, while those from Mount Cumming were dominantly
spinel lherzolites, although a small amount of lower crustal xenoliths were
located and collected. The Mount Sidley xenolith suite spanned from upper
mantle tfuough to upper crustal xenoliths, however the peridotite suite was

comprised of only very small xenoliths that were extremely oxidised, and
therefore not analvsed.

3.2.2 The 799017997 fielil se*son

The second field season aimed to complete work abandoned from the first
field season (to visit the rest of the ECR and the USAS Escarpment) and to visit a

number of new sites; Mount Murphy on the Walgreen coast, Toney Mountain,
and the Crary Mountains (Figure 1.4). Once again bad weather, as well as damage

to aircraft, limited the field season/ and only visits to Mount Murphy, Mount
Waesche and Mount Hampton, with a brief visit to the USAS Escarpment (Mount
Aldaz) were possible.

Field work during this season meant that detailed geological mapping and

sampling had now been undertaken on Mount Waesche, Mount Sidley, and
Mount Murphy, and further samples for geochemical study were collected from
Mount Cumming, Mount Hampton and Mount Aldaz (Smellie et aL, 1993). A
suite of xenoliths ranging from the upper mantle to the upper crust were collected
from Mount Hampton and from Mount Murphy during this field season, while a

suite of spinel lherzolites was collected from Mount Aldaz.

3.2.3 The 799217993 fielil season

The field season in November-December 1992 consisted of collecting samples
from localities in the McMurdo Sound region rather than in MBL. The Antarctic
Ross Sea Lithosphere Study (ARSLS) collected upper mantle and lower crustal
xenolith suites from the Ross Embayment and the foothills of the Transantarctic
Mountains. The WAVE programme (WAVE II) was also completed with visits to
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further MBL sites, and lower crustal xenoliths were collected from the Crary

Mountains. The samples collected during this field season are not a subject of this

study.

Ross Embayment localities included several sites from Ross Island, and from

Mount Aurora, Black Island. The Ross Island localities consisted of Turtle Rock,

Sulphur Cones and Half Moon Crater, all of which are on Hut Point Peninsula,

and Cape Byrd in the north of Ross Island.

Only one site was visited in the Transantarctic Mountains, that of Foster

Crater previously described by Gamble and Kyle (L987), Kyle et aL (1987), Gamble

et at. (1988), Berg (1991), McGibbon (L991), and Berg and Wu (1992). Another site,

the Pipecleaner Glacier in the Roaring Valley, was scheduled to be visited but this

was not accomplished due to bad weather.

3.3 Xenolith Localities

Xenoliths were collected primarily from satellitic scoria cones on the flanks

of the major stratovolcanoes. All xenolith localities are indicated on the following

figures.
Sample sites are numbered in two series according to their original field

sample numbers. The first series is numbered by year (89, 90, 9I) followed by a

sample number from 001 to 054, corresponding to the sample site in chronological

order of collection (only these numbers are shown on the following locality

maps). Multiple samples from one site are further identified alphabetically (a, b,

c...2, al,b!, cL...21, a2,b2 etc.). The second series contains samples with the prefix

'PK' or 'MB'. The 'PK' samples are from Mount Hampton with the first numeral

representing the sample site, and following alpha-numerics indicating the sample

number. All the 'MB' samples (followed by t numeric sample number) come

from Mount Aldaz, in the USAS Escarpment.

3.3.7 The Executiae Cotnmittee Range

Samples were collected from four of the five volcanoes comprising the ECR

(Figure 3.1), with Mount Hartigan being the exception, over the first two field

seasons.

Samples from Mount Waesche consist of crustal xenoliths only. Of these,

only site 00L (from Rhyolite Moraine) yielded any lower crustal xenoliths (two

granulites).
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FIGURE 3.1: Location map of the Executive Committee Range, Marie Byrd Land (after Le Masurier,
1990). Lower crustal and upper mantle xenoliths were collected from all the volcanoes, with the
exception of Mount Hartigan. Sample sites are labelled.

Mount Sidley samples spanned the range from upper mantle to upper

crustal xenoliths. Mount Sidley granulite and pyroxenite xenolitfu are fully
documented as Chapter Four. Granulites were recovered from sites 029 (Xenolith

Cone), 031 (East Doumani Cone), 033 (scoria cone east of caldera rim), 038 (east rim

of caldera) and 039 (Kurt's Cone). Pyroxenites were located from sites 033 and 039

although single pyroxenites were also found at sites 029 and 031. Spinel lherzolites

were located only at site 039, although these were not analysed due to their small

size and oxidised state. This xenolith suite is documented in Chapter Four.
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Mount Cumming yielded a large suite of fresh spinel therzolites, as well as

granulitic xenoliths from a single locality; site 040 at the southwest foot of

Annexstad Peak. Pyroxenites were not located from this site.

Xenoliths from Mount Hampton were found at three sites. A single spinel

lherzolite was collected from site PK1. PK4 consists of granulite, pyroxenite and

lherzolite xenoliths, while site PK5 includes pyroxenites and peridotites. The

peridotite suite consists of spinel lherzolites as in other localities, as well as a suite

of Cr-diopside rich samples, which were common as large (dm) specimens and as

veins cross-cutting spinel lherzolites.

Only one site (PK) is represented for Mount Hampton on Figure 3.1; all

three sites were from this vicinity, and formed a triangle with the apex (PK1)

upslope. This xenolith suite, rich in granulites, Pyroxenites and peridotites, is

documented as Chapter Five.
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FIGURE 3.2: Location map of Mount Murphy, on the Walgreen coast, Marie Byrd Land (after Le

Masurier, 1990). Xenolith localities are shown.
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3.3.2 Mount Murphy
Xenoliths from Mount Murphy (Figure 3.2) were collected during the

second field seaso^ (1990/91). A suite of granulites was collected from sites 041

(east uphill from Sechrist Peak) and 048. Site 41 was discovered during a

reconnaissance, and only a few samples were collected, with the intention to
return to collect more samples at a later date. Unfortunately, on the next visit a

snow cover up to one metre thick had covered the locality, and no more samples

could be collected. The largest pyroxenite locality was site 054 (scoria cone

southwest of Hawkins Peak), which was also rich in peridotites. A small number
of pyroxenites were also collected from other sites: one from site 044 (scoria cone

NW side of Hedin Nunatak); three from site 048 (scoria cone northwest of Kay
Peak); and one highly altered pyroxenite from site 050 (bluffs east of Kay Peak).

No single site spanned the range from peridotite to upper crustal samples,

The Mount Murphy locality was the third major lower crustal and upper mantle
xenolith locality visited, and the xenolith suite is discussed in Chapter Six.

3,3.3 The USAS Escarpment

Nine spinel lherzolites, were collected from the west side of Mount Aldaz
(Figure 3.3) in the USAS Escarpment, during the second WAVE field season. No
pyroxenite or granulite xenoliths were found at this locality.
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FIGURE 3.3r Location map of the USAS Escarpment, Marie Byrd Land (after Le Masurier, 1990).
Upper mantle peridotites (site MB) were collected from Mount Aldaz.
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3.3.4 The Ross Embayment and the Transantarctic Mountains
Lower crustal and upper mantle xenoliths were collected from the McMurdo

Sound region as a follow up season to the first two field seasons, to document this

section of the Antarctic lithosphere and to compare it with other lithospheric
sections, including MBL. The xenolith suite collected included an exceptionally

rich diversity of granulites, pyroxenites and peridotites from both sides of the Ross

Embayment-Transantarctic Mountains crustal boundary, identified by previous
xenolith studies (Kalamarides ef al., L987). Xenolith localities visited in this field
season included: Sulphur Cones and Turtle Rock on Hut Point Peninsula, Ross

Island; Mount Aurora, Black Island; and Foster Crater in the foothills of the

Transantarctic Mountains, on the Koettlitz Glacier (Figure 3.4). Peridotite
xenoliths were also collected from Twin Crater (McMurdo Base) and Half Moon
Crater, both on Hut Point Peninsula, and from Cape Byrd in the north of Ross

Island.

FIGURE 3.4: Location map of the McMurdo Sound region, including the Ross Embayment, and the
Transantarctic Mountains (after Berg, 1991). The dashed line shows the Ross Embayment-
Transantarctic Mountains boundary, identified by previous xenolith studies (Kalamarides et aI.,
L987). During the 1992-93 field season, granulite, pyroxenite and peridotite xenoliths were collected
from: Sulphur Cones (8), and Turtle Rock (near 8), on Hut Point Peninsula, Ross Island; Mount Aurora
(12), Black Island; and Foster Crater (4), Koettlitz Glacier, Transantarctic Mountains. Peridotite
xenoliths were also collected from Half Moon Crater (9) and Twin Crater (7) on Hut Point Peninsula,
and from Cape Byrd, in the north of Ross Island.
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Chapter four
THn MoUNT SIDTEY XENOLITH SUITE

Synopsis

Lou,ter crustal xenoliths haae been collected fro^ sezteral localities on Mount

Sidley, a stratoaolcano at the southern end of the Executive Committee Range,

Marie Byrd Land. The suite can be diaided petrographically and geochemically

into four groups. Type P (pyroxenites) and Type C (plagioclase-bearing cumulates)

xenoliths comprise the pyroxenite suite, which hnoe cumulate textures, and Type

M (mafic granulites) and Type L (Iayered granulites) xenoliths comprise the meta-

igneous granulite suite. The mineral assemblage consists of a single pyroxene

(clinopyroxene), oliaine, spinels, and plagioclase, which is a minor phase in the

pyroxenite suite, and the dominant phase in the granulite suite.

The xenolith suite is nwfic in composition (e.g. 27-53 wt. % SiOz; Mg#s 32-80;
87 5r1855, 0.702867-0.703758), consistent with crystallisation from primitiae
(possibly alkaline) melt(il. Their geochemistry is controlled by the abundance and

composition of the mineral assemblage; i.e. elements that partition into mineral

phases are present in higher concentrations than other elements. Mineral
compositions range from primitioe Type P minerals (r.9. olioine Fo 68-82;

plagioclase An 60-77), to the more eaolaed Type L minerals k.g. olioine Fo 39-68;

plagioclase An 43-59). P-T estimates indicate that fractionation of the melt

occurred at progressiaely higher crustal leoels, fro* Type P xenoliths (8-L2 kb,

L1"60-L240 T.), to Type C, Type M and Type L xenoliths (4-6.5 kb, 980-1.160 T.) at

higher leaels, resulting in a stratified lower crust.

Since original crystallisation of the xenolith suite, the lower crust has

experienced periods tf metamorphism, deformation and secondary reactions,

including oxidation and the replacement of clinopyroxene by kaersutite. The

extent of metamorphism and deformation decreases with depth, with Type L
granulites displaying extensioe recrystallisation and brittle deformation, and Type

P pyroxenites retaining undeformed cumulate textures.
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4.1 Mount Sidley

Mount Sidley is a phonolitic and trachytic sEatovolcano at the southern

end of the Executive Committee Range (77o 03' 5,7260 07' W). At 4181 m above

sea level, and 2200 m above ice level, it is the highest volcano in Antarctica.

Discovery of Mount Sidley occurred during an airplane flight on
Novernber L8,1934 by Rear Admiral Richard E. Byrd. He named the volcano after
Mabelle E. Sidley, daughter of William Horlick, a contributor to the second Byrd
Antarctic Expedition,1933-3"5. The first geological reports of the edifice (Dournani

and Ehlers, L962; Doumani,1964) were based on the 1959 'Executive Committee

Range Traverse' expedition by tracked vehicles and a recoruraissance flight.
Another team visited Mount Sidley in L967 for one day of helicopter-supported

recormaissance fieldwork (Le Masurie\ L972; Le Masuriet, L990; Le Masurier and

Rex, 1991). Most recently, the WAVE programme visited Mount Sidley between

3L.L2.89-20.1.90 in the most extensive study of the edifice to date (Smellie and

Panter, L99L; Smellie et al., L993; Panter et. al., in prep).

PLATE 4.1: View looking west to Mount Sidley (righ$ and Mount Waesche (left) (from Ie Masurier,
1990; U.S. Navy photo TMA 571 F31 009). The Mount Sidley caldera,5 km across and 1.2 km high,
was produced by sector collapse associated widr phonolitic ignirnbrite deposits dated at 4.3 t'05 Ma
(Panter et al., in prep). Satellitic late-stage scoria cones on the edifice contain Iithospheric
xenoliths brought to the surface by basanitic magmas.
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The most conspicuous feature on Mount Sidley is its large caldera, that

exceeds five km in diameter (Plate 4.1). The south side of the caldera has been

breached by an explosive event leaving a 1200 m high scarp as its northern wall,

that provides the best exposed section through the volcanic edifice.

Construction of the volcano occurred during several episodes of activity
over a period of approximately L.5 Ma (Panter et al., 1997; Panter et aI., in prep).

Volcanic activity commenced c. 5.7 Ma producing a succession of anorthoclase

phonolitic lavas. A later series of phonolitic and trachytic lavas (a.7-5.3 Ma)

together with hyaloclastic and epiclastic sediments were then emplaced. Further

volcanism at c. 4.5 Ma produced trachytic lavas and flow domes with breccia

deposits. The caldera was probably produced by an explosive sector collapse

associated with emplacement of phonolitic ignimbrite dated at 4.3 + 0.5 Ma from

pyroclastic fall deposits. A final phase of mafic volcanism formed parasitic

basanitic scoria cones, and brought to the surface numerous and lithologically
diverse crustal and mantle xenoliths. Field evidence indicates that some of these

cones post-dated caldera formation.

4.2 The Xenolith Suite

Xenoliths entrained in late-stage basanitic lavas, and collected from Mount
Sidley (Figure 3.1), include lower crustal granulites and pyroxenites. Upper

mantle peridotites are rare, and were not analysed due to their small size (1-2 cm)

and highly oxidised condition. Sintered upper crustal granitoids were also

collected, but are not discussed here. The Mount Sidley xenolith suite is defined

in. this study as the granulite and pyroxenite xenolith suites, which are inferred to

be lower crustal in origin (Chapter 1.4).

Granulites and pyroxenites range in size from 1-2 cm, up to 20 x 17 x L1 cm,

with the majority of hand size. All the samples are fresh, unweathered and in
very good condition due to the cold arid desert conditions of the Antarctic
continent. The outer surfaces of many xenoliths however, are oxidised. This is
only a surface feature obtained through host melt - xenolith reaction, and does

not extend more than a few millimetres into the cores of the xenoliths. These

rims have not been analysed geochemically. Some xenoliths are more extensively

oxidised (Plates 4.2, 4.3, 4.4, 4.5 and 4.9), and this feature will be further discussed

(Chapter 4.5).

The xenoliths are typically angular-subangular with rounded edges as a

consequence of milling during transport in the ascending lavas. The angular
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nature of the samples may also be due to entrainment, or they may be a feature of
the source area. Some samples display cracked oxidised rims exposing fresh rock

unaffected to slightly affected by the entraining lava, suggesting that the cracks

opened in response to decompression during entrainment and transport. The

rarity of such cracks in comparison to the widespread occurrence of angular faces

further implies that the angularity of the xenoliths is a source characteristic. This

is similar to rocks transported by sedimentary processes, with rounding of the

clasts and occasional cracking or breaking. Whether the source region is an

extensively fractured area under brittle conditions, or whether the fracturing is a

function of the conduit zone alone cannot be determined.

Mineral and whole rock descriptions and analyses, and the methods used

in their preparation can be found in Wysoczanski (1993) and in the appropriate

appendices of this thesis.

4.3 Petrography

The xenolith suite from Mount Sidley has been subdivided into four
groups on the basis of petrography: layered granulites, rich in plagioclase (Type 'L'

granulites); mafic granulites, rich in mafic minerals and not as well layered (Type

'M' granulites); plagioclase-bearirig cumulate pyroxenites (Type 'C' pyroxenites);

and cumulate pyroxenites comprised wholly of mafic minerals (Type 'P'

pyroxenites). While these groups are quite distinct, they do form a continuous

series grading from one type to another. A summary of the range of modal

assemblages for each xenolith type is presented as Table 4.1.

TABLE 4.1: Range of modal assemblages present in granulites and pyroxenites from Mount Sidley.
Primary oxides are not distinguished from secondary oxides (both are classed as 'opaques') because of
the difficulty in identifying primary oxides due to the large extent of secondaly oxidation. Note the
absence of orthopyroxene as a primary mineral phase. Accessory minerals are apatite and rhdnite.

XenolithType Type L Type M TypeC TypeP

Olivine
Clinopyroxene
Orthopyroxene
Plagioclase
Kaersutite
Opaques *

Accessories t

?.0-27.8

0.2a0.6
Trace

62.ffi3.0
0.2-10.0

1.2-35.4

0.4{.8

2.6-22.2

3.047.8

24.0-52.0

Trace

20.8-50.8

0.2-2.2

0.0-7.6

34.4-51.2

26.4-35.4

6.G23.2

5.6-8.2

0.0-0.4

7.8:70.8

8.8-79.8

0,2-L6.2

a.+22.6
2.0-20.6

0.0-1.2
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Many granulites have been extensively oxidised along mafic mineral
layers, resulting in olivine being replaced by oxides (titanomagnetite and

ilmenite). These have been classed as opaques in modal tables (Table 4.L), along

with primary oxides, which are difficult to distinguish due to the large extent of

oxidation. For the purpose of rock classification (see Chapter 2.2.2), opaques are

treated as olivine - the original mineral phase prior to oxidation. It must be

emphasised that many of the samples showing complete oxidation of olivine are

now titanomagnetite-ilmenite bearing granulites and their classification here is

that of the protolith before oxidation. The oxidation of the xenolith suite along

with other secondary processes will be discussed separately from the primary
characteristics of the xenolith protoliths (Chapter 4.5).

4.3.7 The granulite suite
The granulite suite consists of layered granulites rich in plagioclase (Type

L), and mafic granulites rich in mafic minerals (Type M).

Layered Granulites (Type'L')

The most abundant xenolith type, these are meta-igneous holocrystalline
plagioclase-rich granulites, with a definitive layering of felsic and mafic minerals

on a sub-cm scale (Plates 4.2 and 4.3). Olivine leucogabbros are the most abundant

rock type, and olivine gabbros, leucogabbros, leucotroctolites, troctolites and

anorthosites are also present, as well as kaersutite-bearing olivine gabbros and

leucogabbros. The major mineral assemblage consists of plagioclase (always the

most abundant) + clinopyroxene + olivine + Fe-Ti ofdes. A strong orientation of
mineral phases has imparted a layering on the granulites, which is interpreted to
represent a primary igneous cumulate layering (Parsons, 1987). An overprinted
metamorphic fabric is developed in all samples to varying degrees, with the

recrystallisation of igneous mineral phases producing an equant polygonal texture

with L20o triple junctions (Plate 4.2). Samples which have not been recrystallised

are not as well layered, indicating that metamorphism enhances any original
igneous layering.

Two generations of plagioclase are present (Plate 4.2). Large
hypidiomorphic tabular crystals up to 5 mm long have a preferred orientation,
imparting a layered texture on the xenoliths. Twinning ranges from well
developed multiple twins to absent. Relict oscillatory zoning is present in some

plagiodase, and many are strongly deformed with cracks and irregular extinction.
These large deformed plagioclase crystals are interpreted as being cumulus in
origin.
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PLATE 4.ZzType L granulite (sample 900314) with a well developed layering. Two generations of
plagioclase (ptare plesent large cumulus grains (e.9. extreme top left plagiodase) and small grains
wittr fZO" triple junctions that have recrystallised from larger igneous grains (e.g. small plagioclase
at bottom righ$. Note the large proportion of oddised olivines (ol) ttrat are becoming opaque (op).

Clinopyroxene (c) is also present. Width of plate is 18 mm.

A second form of plagioclase consists of equant polygonal grains uP to 2

mm in size (but generally < 1 mm). Twiruting is generally absent, with only a
minority of grains exhibiting simple twinning. These plagioclase are interpreted

as being entirely metamorphic in origin and many can be seen to be forming from

large tabular plagioclase rystals (Plates 4.2). They take their form from the older

crystals, and in contact with each other the grains show well-developed triple-
junctions. Most crystals are undeformed, although some crystals do display

deformational features similar to those of tabular plagioclase crystals, indicating

that deformation was probably pre- to syn-metamorphic.

Clinopyroxene occurs as a cumulus and an intercumulus phase (Plate 4.3),

in two textural forms similar in character to the plagiodase generations. Large (uP

to 3 mm) tabular dinopyroxenes are preferentially orientated along layering and

have crystallised together with tabular plagioclase. Smaller (< 1 mm) equant

polygonal crystals are identical to equant plagioclase in form and origin.

Olivine is common in many samples with sizes varying from 100-pm to

mm scale. Forms displayed by olivine crystals include: cumulus rounded primary
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crystals, often as inclusions in tabular plagioclase and clinopyroxene; smaller

crystals developed interstitially to cumulus plagioclase and clinopyroxene; and

small recrystallised equant grains. Cumulus and intercumulus olivines are

typically highly oxidised, ranging from rust-brown in colour to opaque (Plate 4.3).

Small (10-100 pm scale) hypidiomorphic orthopyroxene crystals occur rarely on

the edges of altered olivines. The relative freshness of the recrystallised olivines

compared to other olivines is apparent and suggests they are either much younger
or have gtown in equilibrium with presentp2 conditions.

Kaersutite occurs in many samples as a secondary mineral replacing

clinopyroxene. The extent of replacement varies from minimal to extensive, with
kaersutite becoming a major mineral phase at the expense of clinopyroxene.

When fully developed, kaersutite grains display strong pleochroism (alpha =
brownish-yellow, beta = reddish-brown, gamma = deep chestnut-brown), with
high-order interference colours.

PLATE 4.3: Type L granulite (sample 90029H1) with moderate igneous layering. Tabular igneous
plagioclase (p) is easily tecognisable (e.g.top of centre). Clinoppoxene (c) is both a cumulus and an
intercumulus phase. Note the large proportion of oxidised olivine (ol) that is becoming opaque (op)
as a result of oxidation. Width of plate is 18 rrun.

Apatite is a common accessory phase, occurring as small idiomorphic
inclusions in plagioclase. Another abundant generation of apatite occurs as
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idiomorphic-hypidiomorphic grains ranging in size from <100 pm to 2 mm.

These form along grain boundaries and in triple junctions of recrystallised equant

minerals. They are slightly oddised and secondary to other mineral phases, and

are interpreted as secondary in origin.

Titanomagnetite and ilmenite have formed interstitially to all other

phases, both igneous and metamorphic. They occur as primary intercumulus

grains, and as secondary grains associated with the oxidation of olivine. Glass is

also present in Type L xenoliths along mafic layers that have been oxidised.

PLATE 4.42 Type M granulite (sample 90029Q) with a layering of mafic phases (clinopyroxene (c)

and olivine) and plagioclase (p). Olivine has been wholly oxidised and is opaque (op). Width of
plate is 19 mm.

Mafic Granulites (Type'M')

This suite consists of holocrystalline olivine-melagabbros, gabbros and

troctolites, with a layering of mafic and felsic phases. Mafic phases are generally

more abundant than plagioclase (Plate 4.4; Table 4.1). Mineral phases include

plagioclase + olivine + clinopyroxene + oxides. Recrystallisation of mineral

phases has occurred in some samples, but relict polycrystalline heteradcumulate

textures are well preserved in other samples. The layering and recrystallisation is

pronounced but not as well developed as in TyPe L xenoliths @late 4.4).
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The Mount Sidleu xenolith suite

PLATE 4.5: Type M granulite (sample 90029H) rich in plagioclase (p), with many plagioclase
having mafic inclusions. Clinopyroxene (c) is cumulus and subordinate to olivine (ol), whidr is both a
cumulus and an intercumulus phase. Width of plate is t8 mm.

Large rounded olivines (100 pm - 2.5 mm) are cumulus and intercumulus

in origin. They are moderately oxidised to a rust-brown colour (Plate  .$. Slightly
green to black spinels are common inclusions in olivines. Rounded
clinopyroxenes (up to 2 mm) are cumulus, displaylng identical form and habit to
cumulus olivine, which crystallised synchronously with clinopyroxene. Smaller

olivines (<100 pm) have formed around cumulus olivine and clinopyroxene
grains and in interstices, representing late stage crystallisation from a melt. In
some samples, clinopyroxene also occurs as an intercu.rrrulus phase.

Plagiodase is present as large (up to 3 mm across), tabular allotriomorphic
crystals displaying multiple twinning, with some signs of deformation (cracks,

irregular extinction), and relict oscillatory zoning. Inclusions of olivine and

clinopyroxene are common. Tabular plagiodase represent first formed interstitial
plagioclase followed by allotriomorphic plagioclase which are poikilitic, endosing

olivine and clinopyroxene. Tabular crystals have a poorly defined orientation in
some samples, but are random in others.

Smaller (<100 pm) polygonal equant grains are metamorphic in origin,
growing from other plagioclase phases. They are commonly not twinned, have
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good triple-junctions, and are generally undeformed, although a minority are

deformed.
Titanomagnetite and ilmentite fill interstices and occur around grain

boundaries, through cracks and replacing olivine. Traces of kaersutite are present

as a secondary phase replacing clinopyroxene.

4.3.2 The pyroxenite suite

The pyroxenite suite consists of Type C pyroxenites, which contain

cumulate ptagiodase, and Type P pyroxenites, which contain only trace amounts

of interstitial plagioclase.

PLATE 4.6; Type C pyroxenite (sample 90033H1) with intercumulus clinopyroxene (c) and a large
proportion of intercumulus plagioclase (p). Cumulus olivine (ol) is enclosed in intercumulus phases.

Width of plate is 18 mm.

Cumulate Plagioclase Pyroxenites (Type'C')

Type C xenoliths are holocrystalline igneous rocks with definitive
cumulate textures, and plagioclase as an intercumulus phase (Plates 4.6 and 4.7).

Heteradcumulate and mesocumulate textures are strongly preserved, although

metamorphism has resulted in an overprinted polygonal texture in some

samples. The suite consists of olivine gabbro and olivine melagabbro and includes

kaersutite-olivine gabbros and melagabbros.
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The mineral assemblage is dominated by clinopyroxene + plagiodase +

olivine + spinels (including Cr-bearing spinel). Kaersutite is a common secondary

phase. No layering of minerals is evident in Type C xenoliths.

Olivine is present as rounded and subidiomorphic cumulus crystals up to 2

mm in size, but generally 100 pm - 1 mm (Plate 4.5). Many grains are highly
oxidised, as in the other xenolith types. Black to green (Cr-bearing) spinels are

common as rounded inclusions in olivine and occupying interstices.
Clinopyroxene also occurs as both a cumulus phase, with similar forms and sizes

to olivine, and as an intercumulus phase. Cumulus olivine and clinopyroxene
are rarely recrystallised ln sffa, having developed equant habits with 1200 triple-
junctions,

Plagioclase occurs as an intercumulus phase, forming large (up to 5 mm)

tabular crystals and smaller (100 pm - 2 mm) xenomorphic crystals surrounding
and enclosing cumulus phases. Deformational features are sometimes developed,

but to a less degree than in Type L and Typ" M xenoliths. Recrystallisation of
plagioclase has occurred, resulting in small (up to 1 mm) equant plagioclase with
triple junctions between grains.

PLATE 4.72 Type C pyroxenite (sample 900M1) with a large proportion of cumulus (round) and
intercumulus (irregular) clinopyroxene (c) and cumulus plagioclase (p; top righ$.Width of plate is
17mrn
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Kaersutite is present in some samples replacing clinopyroxene, and ranges

from well developed brown pleocfuoic grains to xenomorphic partially formed

crystals where replacement is incomplete. Titanomagnetite and ilmenite are also

common as secondary minerals having crystallised interstitially and along grain

boundaries.

Cumulate Pyroxenites (TyPe'P')

Type P xenoliths include olivine clinopyroxenites and wehrlites, with

subordinate gabbro, including spinel-, kaersutite- and plagioclase-bearing

cumulates (Plates 4.8 and 4.9). Heteradcumulate textures iue well developed with

no apparent recrystallisation; the complete absence of metamorphic texfures

differs from all other xenolith types.

Otivine is present as hypidiomorphic to rounded cumulus crystals (up to 4

mm in size, but generally 1-2 mm). Green Cr-spinels (uP to 4 mm in size but

generally much less) occur as inclusions in olivine and as cumulus grains. Some

spinels are altered, with small (10-100 pm) plagioclase grains growing as coronas

around the spinels.

PLATE 4.8: Type P pyroxenite (sample 90033C) comprised of round cumulus olivine (ol) and
intercumulus clinopyroxene (c). Kaersutite (k) can be seen replacing dinopyroxene. Width of plate is
15mrn
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PLATE 4.9: Type P pyroxenite (sample 90033R1) comprised of round cumulus olivine (ol) and spinels
(sp) with enclosing clinopyroxene (c). Oxidising veins, that can be traced to xenolith rims, have
infiltrated the xenolith oxidising olivine but not clinopyroxene. Width of plate is 17 mm.

Clinopyroxene is an intercumulus phase, occurring as poikilitic grains (up

to 5 mm) enclosing cumulus phases, typically olivine. Exsolved orthopyroxene
(pm-scale) occurs in some clinopyroxenes. Kaersutite is present in some samples

where it replaces intercumulus clinopyroxene (Plate 4.8). Small rhonite grains

also occur in many samples, in association with melts or kaersutite replacement

of clinopyroxene. Small plagioclase laths (< 100 pm) are common in interstices,
but they are not modally abundant. A few samples contain very large poikilitic
(up to 1. cm+) and tabular plagioclase. Plagioclase-bearing samples are similar in
texture to Type C pyroxenites. Twinning is present in some plagiodase.

Type P pyroxenites are generally unaltered, although disequilibrium
reactions have occurred, including the breakdown of spinels to plagioclase, and

exsolution in clinopyroxene. These reactions are probably a result of
decompression. Oxidation of olivine has also affected the suite, occurring as mm-
scale veins along cracks (Plate 4.9).

4.3.3 Composite and intermeiliate xenoliths

Xenoliths also occur that are composites of the above xenolith types,
grading from one type to another, or including one within another ('xenoliths
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within xenoliths'). Other xenoliths are petrographically intermediate in texture to
two xenolith types. Figure 4.1. is a representation of the types of composite and
intermediate xenoliths occurring in the suite.

ffi Type of xenolith

E fW" of xmolith

@ Composite of two xenoliths

FIGURE 4.L: Diagram showing the types of composite and intermediate xenoliths present in the
xenolith suite: a) xenolith entrained within another xenolith (a xenolith in a xenolith); b) the
contact between xenoliths may be sharp (top), or indistinct with an intermediate nature at the
contact (bottom); c) one xenolith may occur as a vein within another; d) and a xenolith may be
intermediate in nature to two xenolith types.

Composite xenoliths include a Type C xenolith with Type M inclusions
(900390), and a Type P xenolith with Type M inclusions (90033G); these are
'xenoliths within xenoliths' (Figure 4.La). Another composite xenolith type
includes two Type L granulites grading to Type C xenoliths (9003381 and 33K1).
The gradation between the two is sharp in one (9003381), but gradational on a cm-
scale in the other (90033K1), with the intermediate region consisting of a mix of
the two (Figure 4.1b). A Type P xenolith with plagioclase-rich Type C veins
(900395) represents another type of composite xenolith, with veins of one
xenolith type occurring in another (Figure 4.1c).

Intermediate xenoliths (Figure 4.1d) include a xenolith resembling a

plagioclase-poor Type L xenolith (90033C1), a xenolith resembling a plagioclase-
rich Type M xenolith (90039D, and a xenolith that is petrographically similar to a
combination of Type L, M and C xenoliths (90039T).

The presence of composite and intermediate xenoliths is important, as they
represent a group of xenoliths outside of the major types and are a reminder that
the xenolith suite is not simple in texture, but is interlayered and gradational,
with some xenoliths representing a mixing of two types.
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4,3.4 Secondary mineral reactions

Several secondary mineral reactions (reactions involving the formation of
(secondary) mineral phases after initial (primary) crystallisation of the xenolith
suite) are widespread and diverse in the xenolith suite (see Plates 4.2 to 4.9). The
illustration and chemistry of these reactions, and their bearing on p-TfC2
conditions, will be further discussed in Chapter 4.5.

A notable reaction is that between the host melts and the xenolith suite.
Pockets of host melt can be seen in some xenoliths, where it has infiltrated into
the xenolith via cracks. Mineral reactions are not extensive, and the infiltrating
melt can be clearly seen complete with crystallising phases and groundmass
phases. These areas were avoided in whole-rock and mineral geochemical
analyses.

Oxidation reactions are widespread throughout all sample types. In the
granulite suite oxidation reactions result in the replacement of olivine by Fe-Ti
oxide minerals, the growth of euhedral apatite, and disequilibrium textures
(sieved rims) and overgrowths on plagioclase in contact with the oxidised. zones
(Plates 4.2 and 4.3). Glass, is present in conjunction with disequitibrium textures
and secondary mineral growth, indicating that oxidation may be due to an
infiltrating hydrous silicate melt. In the pyroxenite suite, rare oxidised veins
occur/ resulting in the extensive oxidation of olivine (Plate 4.9); clinopyroxene in
these veins is generally unaffected.

The oxidation of olivine is T-lC2 dependant, a relationship that will be
further discussed in Chapter 4.5. The presence of olivine with plagioclase in the
granulite suite indicates that the xenolith assemblage is characteristic of a low
Pressure - high temperature granulite suite (Griffin and O'Reilly, l987a; see
Chapter 1.4.2 and Figure 1.9).

Some Al-spinels in the pyroxenite suite have plagioclase-coronas signifying
a breakdown to a lower pressure assemblage. This is likely to be a decompression
reaction, although whether it occurs in situ in response to uplift, or due to ascent
of the xenolith in the host magma is difficutt to distinguish.

Another reaction present in many xenoliths, most notably the pyroxenite
suite, is the replacement of clinopyroxene by kaersutite (kaersutitisation). This
reaction is complete in some cases, with well developed kaersutite crystals, and.
incomplete in others, with discontinuous anhedral kaersutite growth (Chapter
4.5.2)- Kaersutitisation signifies an addition of H2O that cannot be accounted for by
the xenolith mineral assemblage, which is anhydrous. Glass is rarely associated
with this reaction, suggesting that the agent responsible for this process is a
hydrous silicate melt or a hydrous fluid associated with a silicate melt.
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4.3.5 Summary of textures and bearing on petrogenesis

All xenolith types were formed as cumulates with varying textures,
including orthocumulate, mesocumulate, adcumulate and heteradcumulate. The

appearance of cumulus and intercumulus phases differs between xenolith Wpes,
with a gradational change from Type P to C, M and L xenoliths. Olivine changes

from a cumulus phase to an intercumulus phase from Type P to Type L xenoliths,

and clinopyroxene and plagioclase change from intercumulus to cumulus phases

(Figure a.\. Plagioclase is rare in Type P xenoliths, but is abundant as a mineral
phase in Type L xenoliths. The converse is true for Al-spinel.

Type P Type C Type M Type L

ctl c cli c
Olivine

Clinopyroxene
Plagioclase

FIGURE 4.2: The appearance of cumulus and intercumulus mineral phases in the Mount Sidley
xenolith suite changes from Type P to Type L xenoliths. Black areas represent a presence, and white
areas an absence of phases, with shaded areas reflecting the rare occurrence of the mineral as a
cumulus/intercumulus phase. Note the transition of olivine from a cumulus to an intercumulus phase,
and the converse for plagioclase and clinopyroxene from Type P to Type L xenoliths.

Cumulate textures are well preserved in Type P and C xenoliths, but are
strongly overprinted by a metamorphic fabric in Types M and especially Type L
xenoliths. Primary cumulus clinopyroxene and plagioclase can be seen to be
recrystallising to smaller polygonal equant grains with 120o angles between grains.
The magnitude of recrystallisation is greatest in Type L xenoliths, moderate in
Type M xenoliths, rare in Type C xenoliths and absent in Type P xenoliths.
Consequently, the textures of Type P and C xenoliths are cumulate, whereas

textures of Type L and M xenoliths are metamorphic, with relict igneous textures
(meta-igneous).

Deformation features (irregular extinction, twinning and fracturing) are

common in all xenolith types, with the exception of Typ" P xenoliths. As
deformation is only well developed in plagioclase in the other xenolith types, the
absence of deformational features in Type P xenoliths does not necessitate a

deformation-free locality, but may be due to the absence of plagioclase. The extent
of deformation is greatest in Type L xenoliths, least in Type P xenoliths, and
intermediate in Types M and C xenoliths.
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The Mount Sidley xenolith suite

If deformation was due solely to conduit processes and ascent of the
xenoliths in the host melt, then deformational features would be similar in al1
xenolith types, however this is not the case. The difference in the extent of
deformation between xenolith types suggests varying deformational regimes at
the source areas of the xenoliths, with Types P and C xenoliths originating from
relatively deformation-free localities, whereas Types L and M xenoliths originated.
from areas of strong brittle deformation. The xenolith suite may therefore
represent a region of the lithosphere that is at the transition from the brittle
mechanical boundary layer, to the ductile thermal boundary layer (parsons and.
McKenzie,1978).

The timing of deformation can also be constrained. The limited occurrence
of deformation features in metamorphic plagioclase crystals suggests that
deformation in the granulites preceded metamorphism, and may have also been
syn-metamorphic.

Oxidation by silicate melts is a major secondary process that has affected the
xenolith suite. As with metamorphism and deformation, the extent of oxidation
varies between xenolith types, from most extensive in Type L to least in Type p.
The timing of oxidation is uncertain. One indicator is that some equant
plagioclase crystals display disequilibrium reactions with the oxid.ation products
while others do not. All tabular igneous grains show disequilibrium reactions
with oxidation. Oxidation may therefore have occurred after crystallisation and
during metamorphism. Its association with silicate glass indicates that the
oxidation Process is related to silicate melts; most probably the host melt.

From the above discussion, a generalised sequence of events can be
established:

- initial crystallisation of the xenolith suite from a mafic melt at lower
crustal or upper mantle depths as cumulate rocks;

- metamorphism of the suite resulting in the recrystallisation of mineral
phases to smaller polygonal grains with 120o triple junctions between grains;

- deformation resulting in the development of dislocation twinning and
irregular extinction in mineral phases, and fracturing of the xenolith suite
resulting in the opening of cracks;

- oxidation of the suite by silicate melts, or hydrous fluids possibly
associated with silicate melts, resulting in Fe-Ti oxide, plagioclase, apatite and
kaersutite growth, and disequilibrium reactions in xenolith mineral phases;

- the entrainment of the xenolith suite in basanitic magmas and their
ascent to the surface.
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The textural features and processes discussed above allow a simplified
stratigraphy of the xenolith suite to be established. A common trend of all the

processes documented is a gradation in the extent of each process from Typ" P, to

Types C, M and L xenoliths. This gradation may be stratigraphic, temporal, or
both. For example, there may be a simple stratigraphy of Type L to Type P

xenoliths with depth (Figure 4.3a). Such a stratigraphy suggests that olivine
crystallised as a cumulus phase at lower depths and became intercumulus at

tr-igher depths, with plagioclase and clinopyroxene becoming cumulus phases.

The processes of metamorphism, deformation and oxidation are greater in their
affects at higher crustal levels, with progressively less influence at lower depths.

Llffil Mm cm Pf
FIGURE 4.3: Possible models of the stratigraphy of the lower crust beneath Mount Sidley as
represented by the xenolith suite. a) A simple layering of xenolith types with a decrease in
secondary process affects with depth. b) Growth of the lower crust followed by secondary processes
and further growth unaffected by these processes. c) A combination of a) and b), with interlayered
growth in stages.

Alternatively, the variation in processes may be temporal (Figure 4.3b).

Initial crystallisation of the granulites (Types L and M xenoliths) was followed by
metamorphism, deformation and oxidation. The subsequent crystallisation of
Types P and C xenoliths preserved their cumulate textures as the affects of
metamorphism, deformation and oxidation were not as great.

The actual stratigraphy may well be a combination of these extremes
(Figure 4.3c), with perhaps the simple stratigraphy of Figure 4.3a and an
interlayering of xenolith types as in Figure 4.3b. The gradational nature of the
xenolith suite and the presence of composite xenolitfu of all types suggests that
this is the most likely possibility.
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The Mount Sidley xenolith suite

4.4 Mineral Chemistry

This section seeks to document the chemistry of the mineral assemblages
in the Mount Sidley xenolith suite, particularly to ascertain any relationship
between the suites, and to establish the stratigraphy of the lower crust beneath
Mount Sidley. In order to fully understand the diversity of the xenolith suite
mineralogy and to appreciate the effects of alteration reactions on mineral (and
therefore rock) geochemistry, only unaltered cores of minerals are documented.
Variations in mineralogy due to alteration reactions will be d.iscussed in more
detail separately (Chapter 4.5).

While many diagrams show good correlations and trends, care must be
taken in ascertaining whether these trends indicate that the suites are related. For
the most part, samples between each type are probably related, but the relationship
befween xenolith types is uncertain.

4.4.7 Olioine
Olivine is the mineral phase most affected by oxidatiory and while only the

least oxidised crystals are discussed in this section, many have suffered some
degree of otdation. Representative olivine analyses are presented as Table 4.2.

FIGURE 4.4: Composition of Mount Sidley
xenolith olivines in the system Ca-Mg-Fe.
Note the increasing Mg;Mg+Fe content in
olivines from Type L to Type P xenoliths.

Mg

Fo contents (MglMg+IFe; IFe = all Fe measured as Fe2*) of olivine show
little variation within samples, but differ greatly between xenolith types.
compositional ranges vary between Type L (Fo Az-sg), Type M (Fo s0-59), Type c
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(Fo 51-70) and Type P xenoliths (Fo 68-82), with a general increase in Mg from one

type to another (Figure 4.4).

TABTE 4.2: Representative electron microprobe analyses of Mount Sidley xenolith olivines'

Sample 9002981 900398 90039V

MM
e0033H 90033Q1 9003351

PPP
eoo33J

c
900390

cL
e0033V 90033G1

LL

si02
A1203

Tio2
FeO

MnO
Mgo
CaO

Na2O

K20

36.36 34.09

0.19 0.02

0.12 0.03

36.24 43.62

0.84 0.75

25.96 21.06

0.16 0.20

0.00 0.00

0.00 0.03

34.52 36.8
0.00 0.00

0.01 0.00

42.25 34.86

0.91 0.57

22.27 28.00

0.2r 0.10

0.00 0.00

0.00 0.00

35.05 38.20 37.15

0.00 0.04 0.04

0.11 0.01 0.01

,[0.19 27.01 32.39

0.69 0.M 0.70

24.22 34.45 30.01

0.18 0.23 0.13

0.08 0.00 0.00

0.06 0.00 0.03

38.82 38.47 38.10

0.03 0.01 0.00

0.01 0.04 0.02

18.06 27.71 23.75

0.21 0.2L 0.30

43.20 39.58 38.34

a.07 0.11 0.09

0.00 0.01 0.00

0.00 0.00 0.01

99.79 LOO.L7 100.01 100.59 100.39 1:OO.47 100.41 100-14 100.60
TOTAL 99.87

Si

AI
Ti
Fe

Mn
Mg
Ca

Na
K

1.020 0.995 0.995

0.010 0.002 0.000

0.000 0.001 0.001

0.850 1.065 1.020

0.020 0.019 0.022

1.080 0.977 0.958

0.010 0.005 0.006

0.000 0.000 0.000

0.000 0.003 0.000

cntiora on the basis of 4 oxYgens

1.010 0.991 1.010 1.010

0.000 0.000 0.000 0'000

0.000 0.002 0.000 0.000

0.807 0.950 0.500 0.740

0.010 0.016 0.010 0.020

1.155 1.020 1.360 1.220

0.000 0.006 0.010 0.000

0.000 0.001 0.000 0.000

0.000 0.002 0.000 0.000

0.986 0.995 0.991

0.001 0.000 0.000

0.000 0.001 0.000

0.384 0.470 0.577

0.005 0.005 0.007

1.636 1.526 1.487

0.002 0.003 0.002

0.000 0.000 0.000

0.000 0.000 0.000

3.003 2.982 2.99L 2.990 3.014 3.000 3.004
2.990 3.008TOTAL

Ms# s5.s6 M.27 48.43 58.87 5r.78 69'39 62'24 80.99 76.45 74.20

Olivine calcium contents are similar in all xenolith types, ranging from

0.0g-0.42 wt. o/o cao and 0.05-0.41 wt. o/o cao in Type L and P olivines resPectively/

with slightly lower contents in Type M and C olivines (Figure 4'5)' Calcium

contents in olivine afe not temPerature dependant, but do show correlations with

pressure (Simkin and Smith, 1970; Stormer, 1973)' Finnerty and Boyd (1978)

supported this experimentally showing the solubility of Ca in forsterite coexisting

with orthopyroxene and clinoPyroxene to decrease with increasing pressure due
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to its large cation size (r = 1..0 A), and therefore increasing incompatibility in
octahedral sites. Mount Sidley olivine Ca contents conform to low pressure

phases, however the absence of orthopyroxene as a mineral phase may also result

in the high Ca contents in olivine. Furthermore, high Ca contents in olivines
may simply reflect high Ca contents in the crystallising magma.

A correlation between Mn and Mg in olivines is strongly related to

fractionation, with a rise in MnO and a decrease in MgO contents (Simkin and

Smith, L970; Dodd, t973). Type L olivines have the highest MnO contents (0.7-L.5

wt. Y"), followed by Type M (0.5-1.1 wt. o/"), Type C (0.44-0.7 wt. "h), and Type P
olivines (0.2-0.5 wI. Y"), which have the lowest MnO contents (Figure 4.5). Trends

of MnO with MgO are not generally evident by xenolith type, but considered as a

whole there is a strong negative trend of decreasing MnO content with increasing

MgO content. The range of MnO contents is higher than values reported by
Simkin and Smith (L970), possibly reflecting high MnO contents in the
crystallising melt. Given the correlation discussed above, this trend may signify
fractionation occurring in the suite from Type P to Type L xenoliths, with Type L
xenoliths as the last formed cumulates, representing the final stage of
fractionation of the crystallising melt.

suite

be

3
(t

FIGURE 4.5: Plot of MgO v CaO
and MnO for olivine by xenolith
type. Type L and M olivine is
MgO-poor compared with Type
C and P olivine. CaO contents
are similar in olivine from all
xenolith types. MnO contents
are high compared with
contents reported by Simkin and
Smith (7970) but still show a
strong linear trend with MgO
from Type L to Type P
xenoliths, as a result of the
fractionation process.
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Nickel contents in olivines are generally below 0.5 wt. % NiO (Appendix
3.1) and correlate with Mg, which it readily substitutes for due to its similar size.

Ni contents are probably a function of the Ni content in the crystallising melt,
with high Ni melts cystallising high-Ni olivine. NiO is below detection limit in
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Type L olivines but is present above the detection limit in all other xenolith types.

This is not surprising given the low MgO contents of Type L xenoliths and the
relationship befween Ni and Mg mentioned above.

Titanium has been detected in concentrations up to 0.L9 wt. % TlOz in one

Type M olivine, but is usually present from below detection limit up to 0.8 wt. o/"

TiO2. Aluminium, Cr and Na are all below the detection limit in olivines of all
xenolith types. Potassium has however been detected in small amounts (up to
0.L2 wt. "/o KzO). While this may be due to analytical error, the consistent values of
K2O above detection limit suggests that there is a minor amount of K2O in some

olivines.
The presence of K+ cations in olivine is problematical. Their large size (L.33

A) prohibits them from entering tetrahedral and octahed.ral sites which can
accommodate cations in the range 0.11-0.55 A and 0.53-1.02 A respectively (Multer
and Roy, 1974). O.ty the oxygen site can accommodate such large ions (O = 1,.4 A),
however the positive charge of the K ion makes this extremely unlikely. The only
possibility is an octahedral site occupancy. The flexibility of M(1) and M(2) sites

due to factors including cation size effects is well established (Brown, L970). At P-T

conditions different to those of Muller and Roy's experiments, an octahedral site
could possibly accommodate such a large ion if small ions entered the other
octahedral sites. Low Fe and Mg totals, and excess silica accompanies K excess; the
small size of Si ions (0.42 A) in an octahedral site could offset large K+ cations in
other octahedral sites. The low charge of the K+ cation could further be balanced by
the large Si4* cation charge. The occurrence of K+ is unlikely to result from
crystallisation, as K* does readily not enter the olivine structure. Its presence is
probably a result of the oxidation reactions that have affected all olivine crystals to
various degrees. If K+ substitution occurs due to oxidation, the charge balance

could easily be restored by oxidation of FeZ* to Fe3* (see Chapter 4.5.).

4.4,2 Clinopyroxene

Clinopyroxene compositions have the ability to reveal a great deal about
the melt from which they crystallised, as they can acconunodate a large number of
cations of various sizes and valencies in their strucfure. This section concentrates

on their major and minor element compositions; rare earth element (REE)

contents will be discussed with whole rock REEs (Chapter 4.5.2). Representative
clinopyroxene analyses are presented as Table 4.3; all are aluminian augites.

Mount Sidley clinopyroxenes are Ca-Mg-Fe quadrilateral clinopyroxenes
(Figure 4.6) with only a small 'f' component (Chapter 2.3.1). The majority are

diopsides and augites, although many plot above the quadrilateral CaMg-CaFe
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The Mount Siillev xenolith suite

TABLE 4.3: Representative electron microprobe analyses of Mount Sidley xenolith clinopyroxenes.

Sample 90029X 900335 90039M 90039F 90039V 90033R 90033P1 900334 90033C 90033I
Type L ccMM

sio2
A1203

Tio2
FeO

MnO
Mgo
CaO

Na2O
K20

48.93 4ti.40

5.35 5.73

2.02 L.75

9.L4 8.73

0.28 0.22

14.01 12.62

19.95 2L.82

0.31 0.70

0.00 0.02

49.75 50.02

4.23 3.59

1.55 1.19

9.50 70.24

0.23 0.24

t2.66 L2.75

2L.39 21.38

0.59 0.50

0.03 0.00

47.05 47.98

5.03 9.46

2.84 2.16

9.78 8.09

0.18 0.19

11..62 12.20

22.47 8.87
0.41 0.00

0.06 0.05

48.05 48.42

7.73 7.84

1.85 1.58

8.05 8.25

0.2L 0.72

12.23 rz.U
21.05 20.72

0.81 0.93

0.01 0.00

47.60 48.96

8.52 8.55

2.23 1.413

7.56 5.7A

0.1,4 0.29

L2.04 13.53

20.62 24.65

L.22 0.88

0.00 0.02

Fe2O3 +

FeO *
1.24

8.02

3.62

5.47

1.85

7.83

2.28

8.19

0.00

8.09

7.92

6.32

7.78

6.65

2.74

7.50

2.59 0.98

5.23 4.81

TOTAT 99.99 99.98 99.90 100.01 99.99 99.95 99.99 100.00 99.93 100.01

catbns on thebasb of 6 oxygens

si
Alrv
AIVI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K

1.830 1.800

0.L70 0.200

0.055 0.0s1

0.057 0.M9

0.040 0.101

0.250 0.L70

0.010 0.007

0.780 0.700

0.800 0.870

0.023 0.050

0.000 0.002

1.859 1.881

0.141 0.119

0.045 0.M5
0.044 0.034

0.052 0.0u
0.245 0.256

0.007 0.008

0.705 0.7L5

0.857 0.862

o.oL? 0.036

0.002 0.000

1.766 L.no
0.230 0.230

0.040 0.180

0.080 0.060

0.072 0.000

0.236 0.250

0.001 0.010

0.650 0.670

0.888 0.790

0.030 0.000

0.003 0.020

1,.782 1.791

0.218 0.209

0.120 0.130

0.052 0.047

0.054 a.049

0.t95 0.206

0.007 0,004

0.675 0.697

0.837 0.798

0.058 0.067

0.000 0.000

1.760 t.795
0.2N 0.205

0.130 0.r.60

0.M2 0.039

0.072 0.027

0.162 0.148

0.004 0.009

0.& 0.740

0.8L7 0.811

0.087 0.063

0.001 0.001

TOTAL 4.025 4.000 4.000 4.020 3.996 3.980 4.000 4.001 4.000 4.O02

Wo

En

Fs

42.78 47.26 46.70 45.M

41,.77 38.02 37.92 37.69

15.51 L4.72 15.98 76.87

45.20 47.48 45.60 47.64 46.99

39.18 38.34 39.83 38.72 42.87

14.62 14.18 14.57 73.& 10,14

1.83

0.05

L.74

0.10

1.81

0.09

1.83

0.07

48.10

35.27

16.68

1..n

0.05

1,.7L

0.00

7.7r

0.12

L.70

0.13

0
I

LA L7O

0.77 0.13

* Recalculated assuming stoichiometry based on 4.0 cations
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join (Figure 4.5). Varieties include aluminian and aluminian titanian diopsides

and augites, as well as rare subsilicic (Si < L.75) clinopyroxenes. There is no major

element difference between igneous and metamorphic clinopyroxenes, identified

petrographically (ChaPter 4.3).

Type L and P clinopyroxenes plot in overlapping fields on standard

quadrilateral diagrams (Figure 4.6). Wo content plotted against Fs content (Figure

4.2) shows well defined fields for Type L and P clinopyroxenes, and emphasises

the gradational nature between them, previously identified by Wysoczanski and

Gamble (L992). Type M and C clinopyroxenes are intermediate to the TyPe L and

Type P compositions, straddling both fields. Wo values of > 50 can be attributed to

lower Fe and Mg values, rather than high Ca contents, as a result of widespread

substitution of minor elements for Mg and Fe in preference to Ca.

FIGURE 4.5: Composition of clinopyroxenes from the Mount Sidley xenolith suite, in the system Wo-
En-Fs (fields fronr-Morimoto et ar.,1988). Compositions become more Mg rich from Type L to Type P.

The composition of clinopyroxenes is mainly due to the variety of cations

able to enter the structure, and substitutions that occur at various sites. The

general formula of pyroxenes can be expressed by:

M(2)M(1)TzOe

M(2) = Mg, Fe2*, Mn, Li, ca, Na

M(1) = Al, Fe3*, Ti,Cr, v, Ti, Zr,Sc,7-n,Mg,Fe2*, Mn
T = Si, Al, Fe3*

where:
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in order of filling of sites (Cameron and Papike, 1980; Morimoto et a1.,1988).

Calcium is the main occupant of M(2) sites, but is not present in sufficient
quantities to fill the site, and minor amounts of Na may enter the site (up to 0.92

wt. o/o Na2O, 0.91 wt. % Na2O, 1,.I7 wt. % Na2O and 1..35 wt. o/o Na2O in Types L, M,

C and P clinopyroxenes respectively). Remaining M(2) sites are occupied by minor
amounts of Mg.

A TypeM
+ TypeC

Fs

FIGURE 4.7:Wo v Fs binary diagram of clinopyroxene compositions based on the quadrilateral
diagram of Morimoto et al. (1988). Fields are those of Type L and Type P clinopyroxenes, with plots
of Type M and Type C clinopyroxenes.

In Mount Sidley clinopyroxenes/ all Fe and the remaining Mg (which is

most of the total Mg) is confined to the M(1) site. Remaining M(1) sites contain
Al, Ti, and small amounts of Fe3+ and Mn.

Silica is not present in quantities sufficient to entirely fill the tetrahedral
site. This deficiency is made up by Al occupying the remaining sites, with excess

Al entering the M(1) site. This substitution of Al3* for Si4* results in a charge
imbalance, which is balanced by one Ti4* cation entering the M(1) site for every
two Al3+ cations in the tetrahedral site. The coupled substitution;

M(2)M(2)Si4*2O5 -> M(2)Ti4* Al3*2rO'

is complete, with no other substitution necessary, and very little Ti otherwise
enters the dinopyroxene structure.

This relationstr.ip between Ti and Al entering the tetrahedral site (AIIV) can
be seen in Figure 4.8, which shows a strong positive trend between these cations.
In contrast, there is no systematic relationship between Ti and octahedral Al
(AlvI).AzOs contents (and TiO2 contents due to the substitution discussed above)

3
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FIGURE 4.8: Ti v Al contents of clinopyroxenes from the Mount Sidley xenolith suite. a) Ti v AlIv
(tetrahedral site Al) shows a strong positive trend reflecting the coupled substitution of Al for Si in
the tetrahedral site, and the substitution of Ti in the M(1) octahedral site to negate the resulting
charge imbalance. b) In contrast, Ti and AlYr (octahedral site Al) show no relationship.

are higher in pyroxenite (Type P and C) clinopyroxenes compared to granulite
(Type L and M) clinopyroxenes; e.9.2.80-7.80 wt. % A12O3 in Type L, compared to
6.80-L2.9L wt. o/o Al2O3 in Type P clinopyroxenes. This may be due to crystallisation

at different pressures (Wass, L979), or to crystallisation by melts with different
Al2O3 contents. The crystallisation of plagioclase as a cumulus phase prior to
clinopyroxene in the granulite suite would result in a depletion of Al2O3 in the
melt. Clinopyroxenes crystallising from such a melt would have lower Al2O3

contents than those that crystallised prior to plagioclase, as is the case for
pyroxenite clinopyroxenes. If plagioclase fractionation is controlled by pressure
(i.e. at lower pressures), then Al2O3 content of clinopyroxenes is also indirectly
pressure controlled, due to its dependence on plagiodase crystallisation.

0.8

0.20
tr Typel
A TypeM
* TypeC
O TypeP

0.05

0.m

0.2 0.3

AIIV

FIGURE 4.9: Tetrahedrat (Allv) and octahedral (Alvl) partitioning of aluminium in clinopyroxene.
Mount Sidley clinopyroxenes fall into Aoki and Shiba's (1973) field of 'Basalts with Granulites and
inclusions'with some plotting in the igneous field due to their low Si contents.
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The Mount Sidley xenolith suite

The partitioning of Al into tetrahedral (AlIv) and octahedral (AlvI) sites has

been used by Aoki and Shiba (1973) and Wass (1979) to characterise clinopyroxenes
of differing origins. Most Mount Sidley clinopyroxenes vary in 41IV'41VI ratios of
from L:1 to much higher ratios (Figure 4.9). With few exceptions, Mount Sidley
xenolith clinopyroxenes of all types fall within Aoki and Shiba's (1973) field of
"granulites and inclusions in basalts", consistent with their formation at lower
crustal/upper mantle depths.

Two-pyroxene compositions are useful for the purposes of
geothermometry, and many schemes have made use of the partitioning of
elements between two-pyroxene phases to determine their temperatures of
equilibration (e.g. Wood and Banno, 1973; Wells, 1977; Ktetz, 1982; Lindsley, t983;
and Gasparik, 1.984). Xenoliths from the Mount Sidley xenolith suite contain a

single monoclinic pyroxene, and orthopyroxene-clinopyroxene geothermometers
are therefore inappropriate. The Gasparik method makes use of the Al-content of
clinopyroxene (the Ca-Tschermak component), the Al-content of orthopyroxene
(the Mg-Tschermak component), and the En content of the clinopyroxene (1-Ca),

to determine the temperature and pressure of equilibration. However, in
anorthite-bearing assemblages of the graphic geothermobarometer, clinopyroxene
compositions alone are capable of producing accurate temperatures and pressures,

without the need of orthopyroxene compositions.

TABLE 4.4: Estimations of P-T equilibration conditions of the Mount Sidley xenolith suite using the
geothermobarometer of Gasparik (1984), which is based on the Ca-Tschermak (Al/2) and the En (1-
Ca) contents of clinopyroxenes. Calibration of this method using only clinopyroxene compositions,
determined from two-pyroxene xenoliths from MBL (Chapter 6.4.2), indicate that results may be
high by 10G200'C and 1 kb.

Xenolith tylrg Type L T1rye M Type C Type P

Estimate
980

to
1160

4.0

to
b.5

Temperature (oC)

1060

to
1150

Pressure (kb)

4.5

to
6.5

1080

to
L7n

9.0

to
11.5

1160

to
L240

8.0

to
t2.a

Estimate

The accuracy of P-T estimates using an assemblage where orthopyroxene is
not present is uncertain, however internally consistent P-T estimates using this
method, within and between xenolith types, and with Fe-Ti oxide thermometry
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(Chapter 4.4.4), indicates that the geothermobarometer is suitable to use on the

Mount Sidley xenolith assemblages. Calibrations with fwo-pyroxene assemblages

from MBL (Chapter 6.4.2) indicate that single pyroxene calculations may be high
by approximately L00-200 oC, and 1 kb. Original results of this method are

discussed here, and P-T estimates calibrated with other MBL xenolith suites are

presented in Chapter 8.2.3.

The results of the Gasparik geothermobarometer applied to the Mount
Sidley xenolith suite are listed in Table 4.4. The P-T conditions of the xenolith

suite indicate a general trend of decreasing temperature and pressure from Type P

to Type L xenoliths, consistent with the inferred stratigraphy of Type P to Type L

xenoliths from lower to higher crustal levels (Chapter 4.3.5). Temperatures of all
xenolith types fall over a range of approximately 100'C (180'C for Type L), with
magmatic temperatures indicating equilibration at lower crustal levels at high
temperatures (i.e. a high geothermal gradient).

FIGURE 4.10: Composition of plagioclase
from Mount Sidley xenoliths in the system
Or-An-Ab with fields from Deer et al.
(L966). Note the progressively higher An
contents of plagioclase from Type L to Type
P xenoliths.

4,4.3. Plagioclase

Plagioclase is the only feldspar phase present in all Mount Sidley xenoliths.

Alkali feldspars are absent as primary phases, but occur due to secondary mineral

reactions (Chapter 4.5.2). Representative analyses are given in Table 4.5, and

compositions are plotted as Figure 4.10.
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TABLE 4.5: Representative electron microprobe analyses of plagioclase from Mount Sidley xenoliths.

SAMPLE 9OO29X

TYPE L
900335 90039D

LL
90039V 90039V

MM
90033R 90033P1 900338

ccP
90033G 90033QL

PP

si02
A1203
Tioz
FeO

MnO
Mgo
CaO

Na2O
K20

53.76 53.45

29.10 28.79

0.05 0.15

0.11 0.45

0.L2 0.09

0.00 0.08

11.&3 12.38

4.55 4.73

0.22 0.38

52.35 53.37 53.59

30.35 29.50 29.45

0.05 0.13 0.09

0.20 0.24 0.25

0.01 0.11 0.02

0.04 0.10 0.06

13.05 1r.76 11.83

3.93 4.65 4.9r

0.23 0.12 0.13

55.85 54.09 50.62

27.62 28.90 31.03

0.05 0.09 0.77

0.L7 0.20 0.54

0.05 0.00 0.00

0.03 0.03 0.12

9.65 17.79 L4.4L

5.72 4.96 3.38

0.47 0.27 0.15

47.76 52.01

33.05 30.14

0.16 0.15

0.55 0.50

0.00 0.00

0.00 0.09

L5.70 12.94

2.48 3.97

0.11 0.28

TOTAL 99.85 99.89 100.2L 99.98 L00.33 99.62 100.33 L00.43 99.81 100.10

cntiotts on the bnsis of I oxygens

Si

AI
Ti
Fe

Mn
Mg
Ca

Na
K

2.435 2.428

1.554 1.541

0.002 0.005

0.004 0.077

0.005 0.003

0.000 0.005

0.574 0.603

0.409 0.364

0.013 0.0?2

2.369 2.409

1..519 r.570
0.002 0.004

0.007 0.009

0.000 0.004

0.003 0.006

0.533 0.558

0.345 0.407

0.013 0.007

2.4t4 2.524

1.563 r.471
0.003 0.002

0.009 0.006

0.000 0.002

0.000 0.002

0.571, 0.467

0.428 0.501

0.008 0.027

2.M0 2.30r
1,.537 L62
0.003 0.006

0.N7 0.020

0.000 0.000

0.000 0.008

0.570 0.702

0.433 0.298

0.016 0.009

2.195 2.353

t.790 1..514

0.005 0.005

0.021 0.019

0.000 0.000

0.000 0.005

0.n3 0.630

0.221 0.350

0.007 0.015

TOTAL 4.996 4.988 4.99L 4.984 4.996

An
Ab
Or

57.63 60.97 63.87

4L.06 35.80 34.81

r.31 2.22 1.31

57.84 56.70 46,93 55.94 59.57 77.22 63.25

47.45 42.50 50.35 42.49 29.53 22.08 35.14

0.77 0.79 2.71 7.57 0.89 0.70 1.51

Compositions of unaltered plagioclase crystals are homogeneous in all rock
types. Where two generations of plagioclase exist (a larger relict igneous
plagioclase and a smaller metamorphic phase), these phases are in equilibrium,
with no significant variation in their compositions. There is also little variation
in composition in single plagioclase crystals, oscillatory zoning is rare, indicating
that solid state diffusion has homogenised most plagioclase compositions.

Plagioclase compositions increase in average An content from Type L to
Types M, C, and P xenoliths (Figure 4.10). Type L plagioclase show a large range in
composition, from An 40-58, whereas Type M plagioclase have a relatively
restricted range from An 56-62. Type C and Type P plagioclase, which are
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intercumulus phases/ also have relatively large compositional ranges, from An
46-66, and An 60-77 respectively.

Other than Ca, Na and K, elemental compositions vary little in plagioclase.

Silica is generally depleted in Type P plagioclase relative to other types, probably as

a result of increased Al substitution for Si. Iron is also present in small
concentrations (< 0.6 wt. o/o FeO), probably occurring as Fe3* replacing Al in the

lattice (Smith, 1975).

4.4.4 Non-silicates
Extensive oxidation of the xenolith suite has resulted in the growth of Fe-

Ti oxides to such an extent that the recognition of primary oxide minerals is
frequently difficult. Oxides that may be primary in origin include inclusions in
large oikocrysts (in olivine, clinopyroxene and plagioclase), small disseminated
crystals, and large cumulus Al-spinels common in Type P xenoliths. It is not clear

whether or not primary oxide compositions have been affected by oxidation (i.e.

Fe2* oxidised to Fe3*). A lack of disequilibrium reactions suggests that they may
not have exsolved into two species. Representative microprobe analyses of
primary oxides are given in Table 4.6. Low totals indicate other elements that
were not analysed; Ni has been found in small quantities in some oxides, and V
andZn may also be present.

Spinel series

Spinels sensu sticto occur in Type C and P pyroxenites as a cumulus phase,

varying in colour from green to almost black. They form a solid solution between
spinel (MgAl2Oa) and hercynite Fe2*Al2Oa) compositions, with small amounts of
Cr2O3 (< 4.38 wt. %) substituting for Al2O3), and TiO2 (< 1.45 wt. %).

In Type M xenoliths, the spinels are Cr-spinels, with lower Al2O3 contents

and higher Cr2O3 contents (< 9.84 wt. %.). Some Cr-spinels have very low Al2O3

and FeO contents, and high Fe2O3 contents.

Rare spinels also occur in Type L xenoliths. These spinels are very low in
FeO (< 9.52 wt. %), high in MgO (> 20.95 wt. %), and have insignificant contents of
other elements in their structure.

Magnetite Series

Fe-Ti oxides form a solid solution series between ilmenite (FeTiO3) and

hematite (Fe2O3), and between ulvdspinel (Fe2TiOa) and magnetite (Fe3Oa). Fe-Ti

oxides are common in Type L xenoliths, with highly variable compositions
intermediate to these solid solutions (Figure 4.11), that include 27.2-5L.55 wt. %
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FeO, 8.14-29.08 wL o/o TiO2, and L0.04-50.93 wt. o/o Fe2O3. Unoxidised primary Fe-Ti

oxides have not been detected from Type M, C or P xenoliths.

TABLE 4.5: Representative electron microprobe analyses of primary oxides from Mount Sidley
xenoliths.

SAMPLE 90029819002981

TYPE L L
nTm

900335 90033X 90033K

LLM
Sp Tm Cr-Sp

90033R 900334 90033C 90033Q19003351

CPPPP
Sp Sp Sp Sp Hm

si02
At203
Tioz
Fe2O3

FeO

MnO
Mgo
CaO

Cr2O3

0.06 0.06

0.77 3.24

47.76 t3.22
10.24 40.22

32.4L 47.19

0.35 0.r7
5.72 1.51

0.05 0.02

0.00 0.00

0.24 0.13

&.29 4.76

0.13 27.34

3.65 10.04

9.62 51.55

0.88 0.53

20.95 2.92

0.00 0.04

0.17 0.00

0.00 0.04

53.L4 56.U
1.09 0.69

4.10 6.25

17.10 22.37

0.15 0.09

15.93 72.39

0.00 0.00

9.27 0.69

0.17 0.05

58.99 54.24

0.59 0.97

4.76 5.75

20.57 2r.28

0.18 0.r.9

13.83 13.05

0.01 0.02

0.48 4.38

0.07 0.87

59.89 0.13

0.45 0.02

3.60 95.86

15.85 0.47

0.06 0.00

t6.2L 0.25

0.42 0.10

2.L4 0.00

TOTAL 97.35 99.72 99.92 97.30 100.78 99.37 99.57 99.93 99.28

cations on the basb of 2 (rhombohedral) or 3 bpineD sites

Si

AI
Ti
FeIII
FeII
Mn
Mg
Ca

Cr

0.001 0.002

0.023 0.148

0.892 0.366

0.191 1.115

0.573 1.269

0.007 0.005

0.212 0.093

0.001 0.001

0.000 0.000

0.005 0.005

1.910 0.206

0.002 0.754

0.069 0.277

0.203 1.581

0.019 0.016

0.787 0.160

0.000 0.002

0.003 0.000

0.000 0.001

L5n 1..826

0.022 0.014

0.083 0.128

0.383 0.510

0.003 0.002

0.636 0.503

0.000 0.000

0.195 0.015

0.005 0.000

1.851 r.750
0.0L2 0.020

0.096 0.120

0.460 0.490

0.00[ 0.000

0.552 0.530

0.000 0.000

0.010 0.090

0.002 0.023

r.862 0.004

0.009 0.000

0.072 L.949

0.372 0.010

0.001 0.000

0.&7 0.010

0.001 0.003

0.045 0.000

TOTAL 2.999 3.001 3.000 2.999 3.000 t.999

X (Usp)

xG)
0.408

0.890

0.290 0.895 0.825 0.530 0.597 0.726 0.778

0.002

Hm = Hematite, Il = Ilmenitg Sp = At-Spinel, Tm = Titanomagnetite

Primary ilmenite (Figure 4.11) has only been detected in one sample
(9002981). An estimate of temperature and oxygen fugacity (on co-existing
ilmenite and titanomagnetite) was determined on this sample using the method
of Stormer (L983), that yielded a temperahre of 874 oC and oxygen fugacity of -L2
(logrofCz). Such conditions are high in temperature for granulite facies rocks and
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it is possible that these grains have been affected by oxidation reactions' The

estimated temperature however is consistent with Pyroxene geothermometry

which indicates magmatic temperatures of equilibration (chaptet 4'4'2)'

FIGURE 4.11: Compositions of primary
oxides from Type L Mount Sidley xenoliths

in the system TiO2-FeO-Fe2O3' Most

oxides are from the ulvdspinel-magnetite
series, with only one sample detected from
the ilmenite-hematite series. Primary
unoxidised Fe-Ti oxides have not been

detected from T1rye M, C and P xenoliths'
H = hematite; Il = ilmenite; M =

magnetite; UsP = ulvdsPinel.

FeO M
PrimarY Oxide

Fe2O3 (H)

4,4,5 Accessory minerals

Apatite is an ubiquitous accessory mineral in Type L xenoliths' Whether

apatite is primary or secondary in origin is uncertain, but petrographic evidence

(chapters 4.3 and 4.5.3) suggests that very small apatite crystals enclosed in large

crystals are Primary in origiry whereas large euhedral aPatites are secondaty'

having Gystallised from infiltrating silicate melts.

4.4.6 Summary of mineral chemistry

The petrographic and mineralogical characteristics of the Mount Sidley

xenolith suite are summarised in Table 4.7.The granulite xenoliths (TyPe L and

M) are similar, with the major difference being the higher proportion of

plagioclase in Type L granulites. The pyroxenite xenoliths (Types C and P) are also

similar, with Type c containing plagioclase, and TyPe P being plagioclase-free' The

granulite and pyroxenite suites differ in texture, mineral chemistry, and in the

types of secondary reactions present'

An examination of the mineral chemistry

indicated a number of characteristics:

of the xenolith suite has

- the textural similarity between Types L and M granulites' and between

Types C and P pyroxenites, is also apparent in mineral chemistry. In the granulite

suite, olivines have low Fo contents, clinopyroxenes have low Mg contents' and

plagioclase have low An contents, compared to minerals of the pyroxenite suite'

There is a gradation in composition between xenolith types;
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The Mount Sidleu xenolith suite

- there is no difference in major element chemistry between igneous and

metamorphic generations of minerals - metamorphism was closed-system with

regard to major elements;

TABLE 4.7: Summary of the petrography and mineral chemistry of the Mount Sidley xenolith suite,

by xenolith type.

Twe L T1rye M Tlpe C Type P

ROCKTYPES Leuce'/Gabbros Mela-/Gabbros
Leuco-/Troctolites Troctolites

Anorthosites

Mela-/Gabbros Clinopyroxenites
Wehrlites

TEXTTJRE

MINERALOGY
Olivine

Clinopyroxene

Plagiodase

Fo 43-59

Wo4t-51
En 33-42

Fs 15-23

An39-58

Fo 5G59

Wo4,4-48
En35-44
Fs 1tr19

An55-62

Al-spinels

105&1150
4.5{5

Oxidation

Cumulate

$roxenites

Fo 6l-70

Wo45-51
En 38-41

Fs 11-16

4'll.ffi

Al-spinels

1080-1140

9.G11.5

Cumulate
Pyroxenibs

Fo 68-82

Wo 4,4-53

En34-45
Fs 9-16

An60-n

Al-spinels

t1&-r240
8.0-12.0

Meta-Igneous Meta-Igneous

Granulites Granulites

Oxides Fe-Ti oxides

Al-spinels (rare)

Tenrperature(oC) 98&1160

Pressure (kb) 4.4-65

SECONDARY Oxidation
REACTIONS Kaersutitisation

Kaersutitisation Kaersutitisation
Oxidation Oxidation

- Al substitution for Si in the tetrahedral site of clinopyroxenes results in a

charge imbalance, and is accompanied by Ti substitution for Mg and Fe in an

octahedral site to restore the imbalance. The partitioning of Al into tetrahedral

(ettv, and octahedral sites (AlvI) is typical of clinopyroxenes equilibrated to
granulite conditions;

. granulite clinopyroxenes have lower Al2O3 contents than pyroxenite

clinopyroxenes as a result of prior plagioclase crystallisation depleting the

crystallising melt in Al2O3;

- clinopyroxene geothermobarometry indicates high (magmatic)

temperatures of equilibration reflecting a high geothermal gradient. The
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pyroxenites are a higher P-T assemblage than the granulites, with a trend to lower
pressures and temperatures from Type P to Type L xenoliths. Plagioclase
crystallisation may correspond with crystallisation of the xenoliths at lower
temperatures;

- primary oxides are rare, with many having been affected by secondary
oxidation reactions. Limited temperature-oxygen fugacity determinations indicate
temperatures of approximately 874"C, further indicating high temperatures of
equilibration.

Mineral chemistry supports the trend of increasing metamorphic texture,
deformation and oxidation of the xenolith suite from Type P to Type L xenoliths,
which may equate to a temporal and,/or stratigraphic trend (Chapter 4.3.5 and
Figure 4.3). The decrease in Mg:Fe ratios in olivine and clinopyroxene, and Ca:Na
ratios in plagioclase, together with the change from Al-spinel and olivine, to
clinopyroxene and plagioclase as cumulus phases indicates that the trend is due to
crystallisation and fractionation from an evolving melt.

P-T estimates decrease along this trend, indicating crystallisation of the
xenolith types at progressively higher levels. The xenolith suite therefore
represents a sequence of cumulate rocks formed from the fractionation of an
evolving melt, with initial crystallisation of the Type P xenolith suite, and final
crystallisation of the Type L xenolith suite. Such a sequence is common in layered
intrusions exposed at the surface (e.g. Wager and Brown, L968; Grapes, 1975;

Parsons, L987; Nicol, 1977; Baker, L990) and suggests that the xenolith suite is a
layered sequence that has crystallised at lower crustal/upper mantle depths,

4.5 Secondary Mineral Reactions

Having documented the primary mineral assemblage it is necessary to
examine the various secondary mineral reactions that have changed the mineral
assemblage and the composition of the xenolitfu as a whole. These reactions
involve interaction with host melt, replacement of clinopyroxene by kaersutite,
and oxidation of silicate and oxide minerals. These reactions may be discrete, or a
combination of styles. In order to best understand these reactions a number of case

studies (various back scattered electron photomicrographs with tables of analyses)

are presented to document each of the reaction types (host melt-xenolith
interaction, kaersutitisation, and oxidation), with a following discussion of each

Process. In secondary mineral reaction tables, minerals are identified by their
association: 'core' - primary mineral core; 'inc' = inclusion in primary mineral;
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'kaerst.' = associated with kaersutitisation; 'melt' = associated with the in-fittrating
melt; 'oxid.' = associated with oxidation; 'rim' = primary mineral rim; 'vein' =
vein minerals.

4.5.1 Host rcck - xenolith interactions

The effects of host melts on xenolith compositions can be readily seen

where the host melts have come in contact with the xenoliths through cracks, and
on the xenolith rims. The affects of host melt xenolith interactions include the
crystallisation of microphenocryst phases, and the development of disequilibrium
textures on the rims of the xenolith minerals.

TABLE 4.Er Electron microprobe analyses of host melt - xenolith reactions in a Type P pyroxenite
(sample 90033Q1). See Plate 4.10 for analyses sites.

PHASE Olivine
SITE core

1

cP*
core

2

PIag

melt
6

Plag

melt
7

cPx

core

J

Rhiinite Rhiinite
melt melt
45

Plag Cpx Glass

melt melt melt
8910

si02
A1203

Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20

37.85 8.73
0.00 8.20

0.00 L.32

2.32

22.37 4.09

0.25 0.L7

39.59 73.57

0.10 20.35

0.00 1.06

0.01, 0.00

47,09 24.4L

7.22 18.?2

3.79 72.4L

0.00

6.10 17.62

0.11 0.08

13.41 13.8
2t.90 12.04

0.20 1.05

0.01 0.00

24.02 52.n
18.73 29.68

L2.L3 0.27

L7.84 0.35

0.07 0.00

13.51 0.07

L7.97 72.71

0.99 4.28

0.01 0.35

52.69 53.39

29.72 20.90

0.19 2.20

0.39 4.82

0.02 0.05

0.07 2.21

12.76 9.34

4.M 5.76

0.23 L.19

45.59 45.83

9.L5 L7.ffi

s.27 3.65

1.83

7.20 9.70

0.2't 0.18

9.88 4.73

18.59 10.57

1.85 3s4
0.58 0.90

TOTAL 100.28 99.79 99.83 99.51 99.27 100.49 L00.51. 99.87 L00.17 98.28

si
AI
Ti
FeItr

FeII

Mn
Mg
Ca

Na

K

0.980 1.800

0.000 0.357

0.000 0.037

0.w
0.490 0.126

0.010 0.005

1.540 0.747

0.000 0.805

0.000 0.075

0.000 0.000

r.750 3.270 3.23L

0.320 2.880 2.977

0.110 1.250 1,.22L

0.000

0.200 1..970 2.007

0.000 0.010 0.008

0.740 2.730 ?.709

0.870 L.730 L.726

0.010 0.270 0.258

0.000 0.000 0.002

2.1.80 2.380

7.690 1.590

0.010 0.010

0.010 0.020

0.000 0.000

0.010 0.000

0.560 0.620

0.410 0.390

0.020 0.010

2.470 1.772

1.160 0.406

0.080 a.L49

0.052

0.180 0.225

0.000 0.007

0.160 0.553

0.4s0 0.748

0.490 0.135

0.070 0.028

TOTAL 4.017 5.020 5.0003.020 4.000 14.110 14.133 4.990 4.015
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Sample 90033Q1: TyPe P xenolith (Plate 4.10; Table 4.8)

Host lava has infiltrated the pyroxenite along cracks, reacting with the

primary mineral assemblage, which is typical of Type P xenoliths, consisting

mainly of olivine (1) and clinopyroxene (2, 3). Xenolith mineral phases are

affected on their rims in contact with the infiltrating melt (as with sample 90039E

in the next case study).

Various mineral phases have crystallised from the melt, including

euhedral rhcinite (4, 5) and euhedral plagioclase (6, 7).Plagioclase crystals are

labradorite (An 51), and differ little from xenolith plagioclase except for elevated

TiO2 contents.

PLATE 4.10: Host melt has infiltrated a Type P pyroxenite (sample 90033Q1), reacting with xenolith
mineral phases and crystallising microphenocrysts within the xenolith. Analyses of sites 1-10 are
presented as Table 4.8. See text for further explanation. Scale bar is 100 pm.

Groundmass phases in the melt are markedly different to pyroxenite and

melt phenocryst phases. Plagioclase (8) is sodic (At 44) with high TiO2, FeO, Na2O

and K2O contents, and clinopyroxene (9) is Fe-rich (Fs 18 compared to Fs 1.1), and

has higher TiO2, Na2O and K2O contents than pyroxenite clinopyroxenes. Glass

(i.0) associated with the groundmass is a high'alkali basalt similar in composition

to other host lavas. The presence of groundmass phases indicates that the glass

represents an evolved composition. The addition of the groundmass assemblage
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to the glass composition increases the alkali content markedly, indicating an
initially more alkaline composition.

Sample 90039E: Typ" L xenolith (Plate 4.11; Table 4.9)

This troctolite has been infiltrated by the host melt at its rim for several
mm to a cm. The xenolith phases, olivine (1; not seen on Plate 4.11) and
plagioclase (2), have both been affected by this melt.

TABLE 4.9: Electron microprobe analyses of host melt - xenolith reactions in a Type L granulite
(sample 90039E). See Plate 4.11 for analyses sites.

PHASE Olivine
SITE core

1

Olivine Plag

melt melt
45

Ilmenite Ti-mag

melt melt
67

Apatite Glass Glass

melt melt melt
8910

Plag

core-

2

Plag

rim
3

sio2
A1203

Ti02
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20
C12O3

P205

52.42 37.70

28.75 0.05

0.21 0.05

0.70 25.M

0.07 0.39

0.08 35.38

L4.02 0.33

3.6L 0.01

0.76 0.00

0.05 0.03

0.11

0.25 1.29

12.81 0.04

73.82 0.08

29.62

32.54 0.65

0.48 0.00

8.53 0.32

0.01 49.05

0.00 0.00

0.08 0.03

0.2L 0.M

0.00 45.58

34.93 55.98

0.00 27.#
0.00 0.1.4

39.91 0.12

0.69 0.00

24.78 0.01

0.07 70.73

0.00 s.M
0.00 0.24

0.00 0.14

0.02

s0.50 0.00

31.27 0.49

0.18 42.48

22.L0

0.51 27.6r

0.01 0.57

0.05 5.6r

14.21 0.01

3.47 0.25

0.18 0.06

0.00 0.05

0.15

45.13 45.32

16.31 L4.97

4.07 4.35

L7.12 14.54

0.32 0.30

3.09 3.38

LL.22 7.43

3.99 4.39

o.70 2.24

0.03 0.03

2.98 3.22

TOTAL 100.38 100.28 100.78 99.80 1.00.38 99.38 98.41 97.L7 99.95 100.17

Si

AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na

K
Cr

P

0.992 2.470

0.000 1.430

0.000 0.005

0.948 0.000

0.0L7 0.000

1.049 0.001

0.002 0.510

0.000 0.1150

0.000 0.130

0.000 0.005

0.000

2.388 0.989

L.543 0.001

0.007 0.001

0.025 0.590

0.003 0.009

0.005 7.407

0.584 0.009

0.318 0.000

0.01s 0.000

0.002 0.000

0.004

2.298 0.000

L6n 0.014

0.006 0.787

0.410

0.020 0.559

0.001 0.012

0.004 0.205

0.693 0.000

0.306 0.000

0.010 0.000

0.000 0.001

0.000

0.008 0.260

0.513 0.002

0.353 0.002

0.758

4.924 0.130

0.000 0.000

0.437 0.130

0.001 13.500

0.000 0.000

0.000 0.000

0.005 0.000

0.000 9.880

TOTAL 5.011 4.994 3.006
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PLATE 4.11: Host melt - xenolith reactions in a Type L granulite (sample 90039E). Xenolith mineral
phases show reaction rims in contact with the melt, which has crystallised euhedral
microphenocrysts. Analyses of sites L-10 are preeented as Table 4.9. See text for further explanation.
Scale bar is 100 Pm.

The rims (3) of affected plagioclase cystals are markedly more Ca-rich than

the primary cores (An 67 compared to An 46), and have higher K2O and FeO

totals. The increase in Fe accompanies the growth of oxides in plagioclase rims.

Microphenocrysts that have crystallised directly from the melt are quite

different in composition to xenolith phases. Olivine (4) is forsteritic (Fo 70)

compared to xenolith olivine (Fo 53), and has a higher CaO content. Plagiodase (5)

microphenocrysts are labradorite (An 59) and similar in composition to reaction

rims on xenolith plagioclase. Fe-Ti oxides have also crystallised from the melt and

consist of both ilmenite (5) and titanomagnetite (7). Co-existing oxide

geothermometry (Stormer, 1983) on these phases yields high temperatures (1,100
oC) and highlC2 (-71log1il conditions consistent with cystallisation from a melt

at magmatic temperatures and redox conditions similar to the FMQ buffer curve,

which is typical of basalts (Haggerty, 1990). Apatite is another microphenocryst

phase, and its subhedral nature contrasts with the euhedral plagioclase, olivine

and oxides that crystallised at an earlier stage.

The glass (9, 10) is alkaline in composition, reflecting the nature of the host

lavas. Compositions vary from relatively primitive (Mg# 49) to very ev.olved
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The Mount Sidley xenolith suite

(Mg# 17) compositions within the same thin section, indicating an evolution of
the melt within the xenolith (see Chapter 4.5.4).

Sample 90033X Type L xenolith (Plate 4.12; Table 4.10)

Melt trapped in this xenolith is present between plagioclase and mafic
mineral layers rather than in veins. Xenolith minerals display reaction rims,

indicating disequilibrium reactions with the melt.

TABLE 4.10: Electron microprobe analyses of host melt - xenolith reactions in a Type L granulite
(sample 90033X). See Plate 4.L2 for analyses sites.

PHASE

SITE

Olivine Olivine Cpx Cpx Plag

core- rim core- rim core

72345

Plag Ti-mag Glass

rim melt melt
687

Glass Olivine
melt melt
910

si02
A1203

Ti02
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

33.55 35.35

0.01 0.04

0.06 0.L7

45.t6 38.55

1.15 0.85

19.52 25.10

0.33 0.38

0.00 0.00

0.01 0.02

0.08 0.00

49.53 50.18

4.75 z.ffi
1.18 1.43

3.29 2.98

10.21 8.89

0.47 0.30

70.97 13.02

20.10 20.94

0.91 0.43

0.00 0.00

0.00 0.05

57.93 55.46 0.14

25.48 27.95 4.M

0.03 0.r7 25.61,

77.69

0.29 0.45 48.76

0.00 0.03 0.55

0.05 0.07 3.48

8.27 10.17 0.02

6.U 5.33 0.00

0.53 0.37 0.02

0.00 0.01 0.00

43.58 45.13 34.68

10.52 10.49 0.01

4.63 2.6 0.07

23.08 21..39 39.57

0.50 0.55 0.99

3.43 9.59 23.46

10.01 7.75 0.42

2.72 0.35 0.00

0.75 1".r7 0.00

0.04 0.00 0.00

TOTAL 99.97 100.54 100.81 100.81 100.02 100.03 100.8L 99.37 99.27. 99.29

Si

AI
Ti
FeItr

FeII

Mn
Mg
Ca

Na

K
Cr

0.988 0.990

0.001 0.002

0.003 0.005

1.110 0.910

0.030 0.020

0.870 1.050

0.010 0.010

0.000 0.000

0.001 0.001

0.004 0.000

7.875 1.E89

0.185 0.115

0.031 o.Ml
0.090 0.080

0.320 0.280

0.015 0.010

0.519 0.730

0.815 0.844

a.067 0.031

0.000 0.000

0.000 0.001

2.597 2.501

7.399 1.485

0.001 0.005

0.011 0.017

0.000 0.001

0.004 0.005

0.397 0.491

0.560 0.456

0.029 0.021

0.000 0.000

0.010

0.180

0.670

0.480

1,.470

0.020

0.L80

0.000

0.000

0.000

0.000

1.000

0.000

0.004

0.950

0.020

0.010

0.010

0.000

0.000

0.000

TOTAL 3.0L7 2.988 4.023 4.998 4.994 3.010

Olivine
comPared to

(1,2) reaction rims are more
Fo 44). Clinopyroxene (3, 4)

forsteritic than unaffected cores (Fo 54

rims are also more magnesian than
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cores, with higher CaO and TiO2 contents, and lower FeO and AlzOa. Plagiodase (5,

6) cores are andesine (e.g. An 40) and reaction rims are more Ca-rich (e.g. An 50).

FeO contents are also higher in plagioclase rims, and small Fe-Ti oxides have

crystallised between plagioclase cores and rim overgrowths. Fe-Ti oxides (7) have

also crystallised as phenocrysts from the melt.

n;

.. , i'
ii..
\.,
.\:

q'

o

I

a\

ti

PTATE 4.12: Host melt - xenolith reactions in a Type L granulite (sample 90033X). A large amount of
basanitic melt has caused severe reaction rims on xenolith olivine and plagioclase. Analyses of sites

1-10 are presented as Table 4.10. See text for further explanation. Scale bar is 100 prn.

The infiltrating melt is basanitic (8), with a high FeO content and low Mg-

number, reflecting its evolved nature. Its relatively high Ca:Na ratio has led to the

observed reaction rims on plagioclase, but the Mg-rich rims on olivine and

clinopyroxene are difficult to explain with crystallisation from this melt, unless

the melt was more Mg-rich at the time and has subsequently inherited its low Mg-

number from further crystal fractionation; e.g. crystallisation of olivine from the

melt will lower its Mg#. Glasses with higher Mg-numbers (9) are present

elsewhere in the sample, and these melts are capable of crystallising the observed

rims (Mg-number of 44 and olivines of Fo 54). For example, olivine that has

crystallised from this glass (10) is similar in composition (Fo 51) to olivine

reaction rims on xenolith olivines elsewhere.

88



The Mount Sidley xenolith suite

Discussion of host melt - xenolith reactions
The infiltration of host lava is easy to identify petrographically (as seen in

Plates 4.10 to 4.11) and to avoid when analysing bulk samples. Host magma
crystallisation consists of variations of plagioclase + olivine + clinopyroxene +
rhdnite + Fe-Ti oxides + apatite. The compositions of these phases are quite
similar to pyroxenite phases, but differ markedly to granulite phases.

The main affects of melt interaction on the xenolith suite is the growth of
Mg- and Ca-rich rims on xenolith crystals, and the crystallisation of Fe-Ti oxides,
all of which alter the composition of the entrained xenolith. These overgrowths
are similar in composition to microphenocrysts crystallising directly from the
infiltrating melt.

4.5,2 Kaersutitisation
Kaersutite replacement of clinopyroxene is common in all xenolith types

from Mount Sidley, with the exception of Type M xenoliths where it is rare (Table
4.1). As a result of this reaction, kaersutite is a major secondary mi,neral phase in
many xenoliths, especially in the pyroxenite suite.

Kaersutite is the only hydrous phase present in the xenolith suite. It is
easily distinguishable in thin section by its high order interference colours and
strong pleochroism (alpha = brownish-yellow, beta = reddish-brown, gdrrwln =
deep chestnut-brown). It forms by replacing clinopyroxene, and varies in texture
from crystalline to anhedral depending on the nature of replacement.

Sample 90033C: Type P xenolith (Plate 4.13; Table 4.11)

The mineral assemblage of this sample includes dinopyroxene (L), olivine
(2) and spinel (3). Kaersutite (4, 5, 5) has replaced clinopyroxene (1), with the
formation of a reaction rim on the kaersutite-clinopyroxene boundary consisting
of the intermediate phases rhonite (7), olivine (8) and K-feldspar (9).

Rhonite is similar in composition to those occurring as inclusions in
clinopyroxene (10). Olivine associated with this reaction is Mg-rich with a

forsterite content of Fo 3L compared to Fo 73 in primary olivine (2). K-feldspar
does not occur elsewhere in the xenolith suite.

The reaction has well defined boundaries (the intermediate mineral
assemblage), and kaersutite growth is fully crystalline, displaying well developed
cleavage. The observed reaction has resulted in a decrease in Si, Mn and Ca, and
an increase in all other analysed elements in the system, notably Fe, Ti, Na, K and
Hzo.
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The Mount Sidley xmolith suite

TABLE 4.11: Electron microprobe analyses of kaersutitisation reactions in a Type P pyroxenite
(sample 90033C). See Plate 4.13 for analyses sites.

PHASE

SITE

Cp* Olivine Spinel

core core core

123

Kaer Kaer Kaer

kaerst. kaerst. kaerst.

456

Rhiinite Olivine
kaerst. kaerst.

78

Kspar Rhiinite
kaerst. inc

910

si02
A.1203

Tio2
Fe203

FeO

MnO
Mgo
CaO

Na20
K20
Cr203

49.17 37.55 0.05

7.L5 0.03 54.24

1*M 0.03 0.97

2.03 5.76

4.99 24.L0 21,.28

4.17 0.29 0.19

12.89 35.79 13.05

20.69 0.28 0.02

1.77 0.00 0.00

0.00 0.00 0.00

4.38

39.M 39.3L

75.M 14.74

6.42 7.08

10.29 8.94

0.10 0.08

12.24 12.51

11.30 11.54

3.1,6 2.90

1.14 1.06

0.24 0.24

38.30 28.89 37.5r

74.78 15.93 0.70

5.10 9.80 3.08

10.95 16.89 77.06

0.07 0.11 0.37

12.25 L5.29 t10.09

1r..10 10.81 0.23

2.83 2.23 0.01

1.08 0.02 0.13

0.20 0.34

62.67 28.49

25.48 74.86

1.01 9.88

t.Lz 17.t8

0.04 0.22

1.53 L6.17

0.54 10.03

r.99 2.53

5.1a 0.01

0.58

TOTAL 99.70 99.07 99.94 98.97 98.40 97.65 100.30 99.L8 99.96 99.95

Si

AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na

K
Cr

1.820 1.000

0.310 0.000

0.040 0.000

0.060

0.150 0.540

0.010 0.010

0.7t0 1.450

0.820 0.010

0.080 0.000

0.000 0.000

0.000 5.700

1*740 2.590

0.030 0.710

0.120

0.480 7.260

0.000 0.010

0.540 2.670

0.000 1.770

0.000 0.890

0.000 0.210

0.090 0.030

5.720 5.682

2.530 2.584

0.780 0.580

1.090 1.359

0.010 0.009

2.720 2.709

1.800 r.765

0.820 0.815

0.200 0.203

0.030 0.023

3.800 0.960

2.470 0.020

0.980 0.050

1.870 0.370

0.004 0.010

3.000 1.5.!0

1.530 0.060

0,570 0.000

0.001 0.040

0.011

2.890 3.78L

1.390 2.325

0.030 0.986

0.040 1.905

0.000 0.025

0.120 3.198

0.030. L.426

0.180 0.662

0.320 0.002

0.052

TOTAL 3.020 3.000 15.840 15.700 15.829 14.236 3.050 5.000 14.373

PLATE_ 4.13 (opposite): Kaersutite replacement of clinopyroxene in a Type P xenolith (sample
90033C). a) The boundary between kaersutite and clinopyroxene (boxed area) is comprised- of
intermediate minerals that are replaced by kaersutite, as it advances. The intermediate phases are
generally consumed by this replacement, although some may sunive as inclusions in the kaersutite.
b) Magnification of boxed area, showing the intermediate minerals rh6nite, olivine and K-feldspar,
at d1e boundary between clinopyroxene and kaersutite. Analyses of sites 1-10 are presented as Tible
4.11. See text for further explanation. Scale bar is 100 Fm.
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Sample 90033|: Type C xenolith (Plate 4.74;Table 4.L2)

This sample is dominated by olivine (1), and dinopyroxene (2) that is being

replaced by kaersutite (3). Rhdnite ( ) and andesine (5) are the only intermediate

mineral phases involved in this reaction. Unlike the previous example (90033C),

replacement is an incomplete reaction, with kaersutite growth not yet crystalline.

Furthermore, the intermediate phases do not appeat on the boundary of the

reaction but mixed in with both the host clinopyroxene and replacing kaersutite.

TABLE 4.12 Electron microprobe analyses of kaersutitisation reactions in a Type C pyroxenite
(sample 90033D. See Plate 4.74 for analyses sites.

Plag Olivine Cp*

kaerst. core core

557

PHASE Olivine Cpx

SITE core core

l2

Kaer Rhiinite
kaerst. kaerst.

34

Kaer Rhiinite
kaerst. kaersl

89

Plag

kaerst.

10

sio2
A1203

Ti02
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20

38.20 48.75

0.04 8.14

0.01. L.70

0.09

27.01 6.55

0.M 0.14

34.46 L2.17

0.23 2L.89

0.00 0.73

0.00 0.00

37.13 25.87

14.40 15.99

5.98 10.13

13.54 21,.05

0.15 0.19

72.M 13.80

11.15 10.91

3.04 L.73

0.73 0.01

57.62 38.80

25.08 0.00

0.28 0.04

0.n 8.21,

0.00 0.u
0.01 41.&

7.90 0.24

5.76 0.03

r.37 0.00

45.30 38.94

7.79 14.70

3.87 5.66

2.77

4.& L2.18

0.r2 0.15

t2.4L 72.52

22.29 17.23

0.87 3.04

0.01 0.75

22.97 1..07

0.07 0.00

13.33 0.84

10.54 10.17

1.58 5.53

0.02 0.57

24.U 54.49

L5.97 25.57

9.83 0.75

TOTAL 100.39 100.17 98.55 99.68 99.78 99.40 100.07 99.17 99.25 L00.00

Si

AI
Ti
FeIII
FeII

Mn
Mg
Ca

Na

K

1.010 1.790

0.000 0.350

0.000 0.050

0.030

0.500 0.200

0.010 0.000

1.350 0.670

0.010 0.850

0.000 0.050

0.000 0.000

5.400 3.500

2.470 2.550

0.650 1.050

1.480 2.404

0.020 0.004

2.700 2.800

r.740 1.500

0.860 0.450

0.140 0.000

2.599 1.000

1.385 0.000

0.009 0.000

0.029 0.390

0.000 0.010

0.000 1.600

0.382 0.010

0.503 0.000

0.a79 0.000

1.590 5.580

0.340 2.480

0.110 0.610

0.130

0.090 1.310

0.000 0.020

0.690 2.670

0.890 1.720

0.050 0.850

0.000 0.140

3.417 2.480

2.590 L.420

r.077 0.030

2.642 0.040

0.008 0.000

2.733 0.050

1.554 0.500

0.448 0.490

0.0M 0.030

TOTAL 2.990 4.000 15.460 14.354 4.987 3.010 4.000 15.380 14.473 5.050

The same reaction is observed tfuoughout the sample (analyses Lb-Sb; no

photo) and in other samples. While the reaction style and intermediate phases of

incomplete replacement are different from reactions with crystalline replacement
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(Plate 4.t3), the compositional change of the xenolith is the same, with increases
in Fe, Ti, Na, K and HzO.

PTATE 4.14: Kaersutite replacement of clinopyroxene in a Type C pyroxenite (sample 90033D where
replacement is incomplete with the formation of intermediate minerals with kaersutite and
clinopyroxene in the reaction area. .dnalyses of sites 1-10 are presented as Table 4.12. See text for
further explanation. Scale bar is 100 lrm.

Discussion of kaersutitisation reactions

In view of these reactions, and the association of the single chain silicate
rhonite with kaersutitisation, it is appropriate to now consider the mineral
chemistry of these secondary minerals and to investigate the agent of this process.

Representative kaersutite analyses are presented as Table 4.13.

Kaersutite compositions (in the system Ca-Mg-Fe) generally take their
forms from the replaced dinopyroxene; kaersutites from Typ" L xenoliths are Fe-

rich, while those from Type P xenoliths are Fe-poor (Figure 4.L2). In other
elements, such as Al and Ti (Figure 4.13), there is little difference between
kaersutites from different xenolith types. Xenolith kaersutites differ in
composition from those of crustal and mantle origin (as defined by Vinx and

Iung, t977), but show a striking resemblance to Foster Crater Group II xenolith
kaersutites (Gamble et al., 1988). A plot of Al v Ti (Figure 4.13) emphasises this
similarity, and the difference between these and crustal and mantle kaersutites.
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This field may represent a lower crustal kaersutite field with Foster Crater High
Calcium Pyroxenite Suite (FC HCPS) pargasites being a lower Ti extension of this

lower crustal field.

TABLE 4.13: Representative electron microprobe analyses of kaersutite from Mount Sidley xenoliths.

SAMPLE 9OO33S

TYPE L
900335 90033P 90033P 90033C

LCCP
90033H 90033Q1 9003351

PPP

si02
A1203

Ti02
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

41.00 39.94

13.53 13.35

4.35 4.39

t4.54 t3.94

0.18 0.24

10.84 11.09

70.64 11.30

3.07 2.88

0.81 0.81

0.00 0.01

39.37 38.77

1,4.74 L4.39

7.08 7.08

8.94 9.L2

0.08 0.12

12.5L 73.20

11.54 12.02

2.90 2.95

1.06 0.60

0.24 0.52

37.39 38.35

74.90 14.58

6.49 6.M

12.71 9.96

0.o7 0.09

12.03 12.32

12.41. 12.57

L& 2.80

0.62 0.69

0.01 0.07

38.29 39.76

13.83 14.71.

8.09 6.L0

10.09 9.78

0.08 0.13

12.57 13.44

72.20 70.77

2.84 2.87

0.83 0.81

0.05 0.L9

TOTAL 99.27 98.00 98.94 97.94

catiotrs on the basb of 23 oxygens

Si

AI
Ti
Fe

5.393 5.62 6.052

2.532 2.537 2.354

0.7M 0.7L7 0.482

t.379 1.230 r.795

0.008 0.011 0.022

2.586 2.7L2 2.385

r.917 2.004 1.583

0.739 0.800 0.880

0.115 0.131 0.152

0.001 0.008 0.000

5.969 5.723

2.351 2.534

0.494 0.776

r.742 1.090

0.030 0.009

2.47L 2.719

1.810 1.803

0.835 0.821

0.154 0.198

0.001 0.028

5.61,6 5.784

2.392 2.522

0.892 0.667

1.238 1.189

0.010 0.015

2.748 2.9L4

1.918 1.679

0.808 0.811

0.155 0.150

0.003 0.022

5.538

2.469

0.776

1.111.

0.015

2.866

1.876

0.832

0.111

0.071,

Mn
Mg
Ca

Na

K
Cr

TOTAL 15.374 15.812 1s.805 15.857 1.5.701 ts.765 15.780 15.754

Mg# 65.22 58.80 57.06 58.65 77.38 72.05 68.94 71..02

Rh6nite microphenocrysts (<100 pm in length) occur in association with
kaersutite replacement (Plates 4.13, 4.t4), as well as crystallising directly from
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The Mount Sidley xenolith suite

infiltrating host lavas (Plate 4.10). They are also present as inclusions in
clinopyroxene crystals, that are sometimes associated with infiltrating melts.

tr Typel
+ TlpeC
O TypeP

051015n25303s
100xFe/Ca+Mg+Fe

FIGURE 4.1.2: Composition of kaersutites from Mount Sidley xenoliths in the system Ca-Mg-Fe, with
Type L and P xenolith clinopyroxene fields for comparison. Kaersutite inherits its composition from
the original clinopyroxene e.g. Type L kaersutites and clinopyroxenes are high in Fe compared with
those from Type P xenoliths. Clinopyroxene classification fields are from Morimoto et aL (1988).

Representative.analyses of rhcinite occurring in the Mount Sidley xenolith
suite are presented as Table 4.14. Analyses fall within the ranges of previously
published rhonite analyses (Deer et a1.,1972; Gamble et aL,1938).

tr Typel
* TypeC
O TypeP

Al (23 orygens)

FIGURE 4.13: Al v Ti composition (based on 23 oxygens) of kaersutites from Mount Sidley xenoliths,
compared with those from Foster Crater (Gamble et al. (1988), and crustal and mantle iields lvinx
and Jung, 1977r. Morgrt Sidley kaersutites fall within the field of Foster Crater Group tr (FC II)
xenolith kaersutites. This field may represent a lower crustal kaersutite field with Foster Crater
High Calcium P1n'oxene Suite (FC HCPS) pargasites being an extension of the field.
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TABLE 4.14: Representative electron microprobe anaryses of rh.nites from Mount sidley xenoliths'

SAMPLE eoo33A 90033Q190033Q1 sooggn 9oo33A 90033G 9003351

melt inc inc kaerst'

9Oo33J 9oo33c 90033C

kaerst. kaerst. kaerst.
melt melt melt

sioz 23.73 24-02

A1203 17.62 18.73

Tioz 11..26 72.L3

FeO 20.08 1784

MnO 0.14 0'07

Mgo 13.00 13'51

CaO 12.00 Lr97

Na2O 0.89 0'99

K20 0.01. 0.01

Cr2O3 0'27 0'32

24.4L 23.62 26-34 23.96 25'46

18.22 18.76 L6'93 17.87 76'70

L2.4't 12.90 11.14 11.08 12'56

17.52 18.26 18.10 2r.59 L7'0r

0.08 0.03 0.11 0.00 0'10

13.58 13.45 14.33 12.17 14'24

t2.04 Lr.73 72.37 L1-& 11'32

1.05 1..02 0.76 0.93 r'43

0.00 0.00 0.00 0.00 0'01

0.2g 0.01 o.o7 0.11 0'15

24.84 28.89 28.49

15.97 15.93 L4-86

9.83 9.80 9.88

22.97 16.89 L7.18

o.o7 0.11 0-22

13.33 L5.29 L6.17

10.54 10.81 10.03

1.58 2.23 2-53

0.02 0.02 0.01

0.53 0.34 0.58

9930 99.78 100.15 99.45 98'99 ss.78 100.30 99.95
TOTAL 99.00

cntions on the basis of 20 oxYgens

si
AI
Ti
Fe

Mn
Mg
Ca

Na

K
Cr

3.253 3.23L

2.848 2.971

1.151 1.22L

2.302 2.007

0.016 0.008

2.657 2.709

1.764 1.726

0.237 0.258

0.002 0.002

0.029 0.034

3.270 3.L70

2.880 2.970

1.250 1.300

L.970 2.050

0.010 0.000

2.730 2.690

7.730 1.590

0.270 0.270

0.000 0.000

0.030 0.020

3.511 3.283 3.420

2.661, 2.888 2.650

1.117 1.140 1.270

2.018 2.486 1.910

0.012 0.000 0.010

2.847 2.486 2.860

7.768 L.770 1.630

0.196 0.247 0.370

0.000 0.000 0.000

0.007 0.012 0.020

9.4L7 3.803 3.781

2.590 2.470 2.325

t.0L7 0.970 0.985

2.5n 1.850 1.905

0.008 0.013 0'025

2.733 3.000 3.198

1.554 1.523 L.426

0.448 0.580 0.662

0.004 0.003 0.002

0.058 0.036 0.062

TOTAL L4.269 \4.167 14.140

M# 53.58 57.M 58.09 56.75 58.52 50.00 59.96 50.85 61.73 62.6

Compositions of rhonites (Figur es 4.!4, 4.15) formed by crystallisation

directly from the host lavas differ to those formed in association with kaersutite

replacement of clinopyroxene. Melt derived rhonite is high in Ca+Al' and low in

Na+si, whereas the converse is true for kaersutite-associated rhonites (Figure

4.15). This difference higtrlights the coupled substitution Ca2*Als* <-> Na*Si4*

towards an aenigmatite composition. Rhonite inclusions in clinopyroxene that

can be linked to an infiltrating melt falr within the melt-associated rhonite range,
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FIGURE 4.14: Composition of rhdnites from Mount Sidley xenoliths in the system Ca-Mg-Fe. Rhonite
crystallised from host melts differ from those associated with kaersutite replacement of
clinopyroxene. Rhonite occurring as inclusions in crystals are intermediate in composition. Previously
documented rhonite compositions (Deer et al.,1972; Gamble and Kyle, 1987 (from Foster Crater)) are
shown for comparison.

indicating that these rhonite inclusions formed directly from the melt. Other
rhonite inclusions are either intermediate to melt- and kaersutite-associated
compositions, or fall within the kaersutite-associated field.
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Ca+Al (20 orygens)

FIGURE 4.15: Ca+Al v Na+Si composition of rhdnites, reflecting the coupled substitution of these
elements towards the aenigmatite end-member composition. Melt-associated and kaersutite-
associated rhtinites form two end-members, with rhonites occurring as inclusions being variable in
composition. Rhdnites previously documented (Deer ef a\,,1972; Gamble and Kyle,1987 (from Foster
Crater)) are shown for comparison.
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A change in rhonite composition with temperature, oxygen fugacity and

silica activity has been discounted by Kyle and Price (L975), based on analyses of
rhonites from McMurdo Volcanic Group lavas, Antarctica, and Dunedin volcano
lavas, New Zealand. While the depth of formation of melt rhonites cannot be

established, the depth of formation of kaersutite (and therefore kaersutite-
associated rhonite) is estimated to be lower crustal (Figure 4.I3).In view of this,
and the probability that melt rhdnites formed at near-surface depths, the
difference in chemistry between the rhdnite groups may be pressure related.

An association between rhonite and aenigmatite seems to be confined to
limited solid solution (Cameron et aI., 1970; Grtinhagen and Seck, 1972). Limited
solid solution is evidenced in the Mount Sidley rhonite population, from a

rhonite composition to a sodic composition, approaching aenigmatite (Table 4.L4).

The reaction resulting in kaersutite replacement of clinopyroxene is not a

simple two-mineral reaction, but involves intermediate phases which may
include rhonite, olivine, plagioclase and K-feldspar. The source of the elements
introduced into the system as a result of this reaction (Fe, Ti, Na, K, HzO) cannot

be explained by melting (by decompression or otherwise) of the xenolith
assemblage. The small and temporary intermediate assemblage cannot
compensate for the chemical change, nor is the primary mineral assemblage

capable of producing this change. An agent capable of introducing new
components into the system (especially H2O into the anhydrous xenoliths) is

necessary with the most obvious possibility being the glasses found in association

with these reactions. However, glass is rare in association with any of these

reactions indicating that the agent responsible may primarily be a solid-solid
reaction or a vapour-solid reaction rather than a liquid. Furthermore, the
incomplete reaction in many samples indicates that the process was occurring at
the time of entrainment.

4.5.3 Oxidation reactions

The most extensive and dramatic secondary reaction in the xenolith suite is
that involving the oxidation of olivine and associated phases throughout the
granulite suite (Plates 4.L5 to 4.17).In pyroxenite xenoliths, oxidation reactions are

rare, and are manifested as veins (Plate 4.18).

A number of mineral reactions characterise this process: the oxidation of
olivine into two phases with accompanying oxide growth; the growth of Fe-Ti

oxides and apatite typically with euhedral faces; and sieved plagioclase rims with
small (ptm-scale) oxides, and more Ca-rich plagioclase overgrowths.
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TABLE 4.15: Electron microprobe analyses of oxidation reactions in a Type L granulite (sample
900330). See Plate 4.15 f.or analyses sites.

PHASE

SITE

Olivine Olivine Olivine Ti-mag Ilmenite

core oxid. oxid. oxid. oxid.

12345

Apatite Glass Glass

oxid. oxid. oxid.
8910

Plag

core-

6

Plag

rim
7

si02
A1203

Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na20
K20
Cr2O3

P205

38.67 39.20

0.37 0.10

0.03 0.01

36.32 55.55

1..24 0.85

23.M 3.95

0.28 0.06

0.05 0.72

0.18 0.10

0.00

41.59 0.1L 0.10

0.09 2.73 3.05

0.L2 7.54 45.50

49.45 12.95

1.89 34.46 34.2r

0.74 1.05 0.62

55.18 1.35 3.M
0.L7 0.08 0.05

0.08 0.09 0.15

0.02 0.03 0.02

0.05 0.08 0.03

1..47

58.87 s4.62

25.39 26.51

0.05 0.18

0.25 2.46

0.02 0.00

0.23 0.30

7.65 9.71

6.90 5.80

0.48 0.34

0.00

0.00

50.53 50.18

18.08 18.38

r.96 2.57

10.39 11.05

0.14 6n
3.61, 0.87

5.88 6.23

3.60 4.65

7.28 2.76

0.53 0.07

3.03 3.33

2.59

0.97

t.45

9.13

0.22

3.88

40.85

2.04

0.25

0.20

38.15

TOTAL 100.58 99.94 101..51. 96.97 L00.12 99.85 99.92 99.82 100.L3 LOO.22

Si

AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na

K
Cr

ct
P

7.070 1.270

0.010 0.010

0.000 0.000

0.840 1.500

0.030 0.020

0.970 0.190

0.010 0.000

0.000 0.010

0.010 0.010

0.000 0.000

0.972 0.000

0.002 0.120

0.002 0.210

7.M0

0.037 1.110

0.014 0.030

1..917 0.090

0.004 0.000

0.004 0.000

0.001 0.000

0.001 0.000

0.000

0.028 0.000

0.000 2.539

0.080 1.341

0.840 0.002

0.2n
0.700 0.009

0.020 0.001

0.120 0.016

0.000 0.367

0.000 0.599

0.000 0.027

0.000 0.000

0.000 0.000

0.000 0.000

2.450 0.960

1.400 0.200

0.005 0.200

0.094 1.300

0.000 0.060

0.020 0.980

0.470 7.610

0.500 0.720

0.020 0.070

0.034 0.004

0.025 5.590

TOTAL 2.940 3.010 2.982 2.000 5,001 5.020 L7.6943.000

Sample 900330: Type L xenolith (Plate 4.15; Table 4.15)

This form of oxidation is the most commory preferentially occurring along
the mafic layers of layered xenoliths. In plagioclase layers, it is limited to open
cracks/ where small amounts of oxides and melt are present, stemming from the
mafic layers.

The main result of oxidation is the breakdown of primary olivine (1; Fo 5a)

into two components; Fe-rich (2; Fo Ll) and Fe-poor (3; Fo 98). Fe-Ti oxide
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PLATE 4.16: Oxidation reactions in a T.y,pe M_ granulite (sample 90039V) involving the growth of
secondary oxides (bright) and severe diiequitIrium of plagioclase (aart) rims with small oxide
growth. The melt (grey; responsible for these reactions is present between the plagioclase and
9iq9t. Analyses of sites 1-10 are presented as Table 4.16. See text for furdrer explanati6n. Scale bar
is 100 prn

Fe-Ti oxides occur in sieved rims, as well as small clinopyroxene crystals (4)
and glass (5, 6). The glass has crystallised the Fe-Ti oxides (ilmenite (Z) and
titanomagnetite (8)), and clinopyroxene (4,9) that is Fe-rich compared to primary
clinopyroxene (10).

Sample 90033U: Type L xenolith (Plate 4.t7;Table 4.171

Another form of oxidation reaction occurs as blebs in clinopyroxene (1). In
the main form of oxidation previously discussed, clinopyroxene is largely
unaffected. Here it is absorbed by a bleb consisting of small clinopyroxene (2), two
compositions of olivine (3, 4) and orthopyroxene (5). The two phases of olivine
are Fe-rich (3; Fo 47) and Fe-poor (4; Fo 91), as in other oxidation reactions. Bleb
clinopyroxene is Fe- and ca-rich compared to primary clinopyroxene.

The presence of orthopyroxene in this reaction is the only occurrence of
orthoPyroxene in the xenolith suite. Two-pyroxene geothermomelry (Wood and
Banno, L973; Wells, 1977; and Kretz, 1982) on the orthopyroxene an{ secondary
clinopyroxene yields temperatures of 750-800 oC, which are lower than previous
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The Mount Sidley xenolith suite

near-magmatic temperature estimates at lower crustal depths. This reaction may
have resulted during ascent to the surface, at lower p-T conditions.

TABLE 4.17: Electron_microprobe analyses of oxidation reactions in a Type M granulite (sample
90033U). See Plate 4.17 for analyses sites.

PHASE

SITE

cPx
c(. tj€

t

Cpx Olivine Olivine Op*
oxid. oxid. oxid. oxid.

2345

Ti-mag Ti-mag Ilmenite Ti-mag Plag
oxid. oxid. oxid. oxid. core

678910

sio2
A1203

Ti02
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20

49.95 49.22

4.43 4.78

t.22 7.32

2.27 3.30

7.58 8.02

0,48 0.77

11.58 11.28

21,.64 21.97

0.89 0.80

0.00 0.00

0.57 0.14

1.31 1.33

4.32 0.31

54.64 66.14

31.29 22.89

0.15 0.53

1.15 4.40

0.89 0.25

0.00 0.00

0.00 0.01

39.77 40.74 54.55

0.28 0.02 0.36

0.05 0.09 0.r2

2.09

39.59 9.15 13.42

0.8L 0.88 A.67

79.57 48.90 28.11

0.M 0.19 0.88

0.01 0.00 0.00

0.05 0.01 0.00

0.07 0.13 54.2L

7.26 0.58 28.s4

3L.29 0.24 0.00

4r.45 6L.09

22.27 28.58 0.19

0.4 0.00 0.00

3.05 0.05 0.00

0.04 0.03 11,.59

0.00 0.00 5.09

0.03 0.00 0.29

TOTAL 100.24 L00.76 99.99 99.97 100.20 94.33 95.00 99.91 90.80 100.01

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na

K

1.880 1.840

0.190 0.210

0.030 0.040

0.060 0.090

0.240 0.250

0.020 0.010

0.550 0.630

4.874 0.880

0.070 0.050

0.000 0.000

1.100 1.000 1.950

0.010 0.002 0.020

0.000 0.004 0.000

0.060

0.930 0.190 0.400

0.020 0.020 0.020

0.820 1.780 1.510

0.010 0.013 0.030

0.000 0.000 0.000

0.010 0.001 0.000

0.773 0.085

0.450 0.050

0.497 0.009

L.230 1.911

0.780 0.735

0.000 0.017

0.051 0.252

0.029 0.010

0.000 0.000

0.000 0.000

0.000 0.000 2.450

0.040 0.030 1.520

0.580 0.000 0.000

0.780 1.950

0.460 1.020 0.010

0.020 0.000 0.000

0.120 0.000 0.000

0.000 0.000 0.570

0.000 0.000 0.450

0.000 0.000 0.020

TOTAL 4.010 2.900 3.010 4.000 2.820 3.079 2.000 3.000

Small Fe-Ti oxides (6,7) occur on the rim of the bleb, and to a less extent
within. Melt has not been detected in association with this reaction. Elsewhere in
the samPle (Plate 4.L7, top right), the main form of oxidation previously
documented occurs, with titanomagnetite (8) and ilmenite (9) growth and
disequilibrium of primary plagioclase (10).
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PLATE 4.17: See caption opposite.

PLATE 4.18: See caption opposite.

104



TABLE 4.18: Electron microprobe analyses of oxidation reactions in a Type P pyroxenite (sample

90033F). See Plate 4.18 for analyses sites.

PHASE

SITE

Oxide

vein
1

Olivine
oxid.

6

cP*
core

7

cPt
core-

8

Kaer

rim
9

Spinel

core

10

Olivine Olivine

cote oxid.

23

Olivine Olivine
oxid. oxid.

45

sio2
At203
Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

P205

0.r2 40.72

2.67 0.07

0.70 0.01

74.77

3.04 20.47

0.47 0.27

r8.& 38.33

0.05 0.15

0.00 0.00

0.00 0.02

0.03

0.09

38.77 39.18

o.27 1.93

0.15 1.47

35.37 6.ffi
0.34 0.15

24.86 48.85

0.30 0.39

0.00 0.00

0.03 0.10

0.02 0.03

0.14 0.92

42.26 40.53

0.11 0.10

0.07 0.09

9.45 13.84

0.20 0.2r

48.15 45.57

0.06 0.13

0.00 0.00

0,00 0.02

0.05 0.08

0.00 0.04

50.75 39.84 0.09

6.82 L4.97 50.45

r.64 8.81 0.M

0.00

5.53 8.30 13.1,4

0.L7 0.r7 0.28

14.23 13.35 21.59

20.79 13.37 0.07

0.00 0.00 0.00

0.01 0.80 0.42

0.55 0.35 1.0.44

0.09 0.15

49.97

7.87

2.11,

0.00

6.M

0.10

t2.90

20.32

0.93

0.02

TOTAL 99.98 100.03 100.18 99.69 100.37 100.69 100.56 100.69 100.12 96.63

si
AI
Ti

0.004 1.o13

0.104 0.002

0.0L7 0.000

1.853

0.084 0.438

0.013 0.005

0.922 1.462

0.002 0.004

0.000 0.000

0.000 0.000

0.000

0.000

1..063 0.949

0.007 0.055

0.003 0.027

0.81.1 0.135

0.008 0.003

1.016 7.763

0.009 0.010

0.000 0.000

0.001 0.003

0.000 0.m1

0.08 0.019

1.025 1.005

0.003 0.003

0.001 0.002

0.191 0.285

0.004 0.000

1.740 1.680

0.002 0.003

0.000 0.000

0.000 0.006

0.001 0.001

0.000 0.001

L.824 1.843

0.339 0.292

0.058 0.045

0.000 0.000

0.197 0.17r

0.003 0.005

0.707 a.770

0.794 0.809

0.065 0.000

0.001 0.000

0.016

0.003

r.476 0.004

0.554 1.600

0.245 0.010

0.150

0.257 0.140

0.00s 0.000

0.737 0.870

0.530 0.003

0.000 0.000

0.038 0.001

0.011 0.220

0.005

FeIII

FeII

Mn
Mg
Ca

Na

K
Cr

P

TOTAL 2.999 2.92L 2.987 3.982 3.954 3.958 3.008

pLATE 4.17 (opposite): Oxidation reactions in a Type L granulite (sample 9O033U) occurring as blebs

of oxides, two pnases of olivine, and pyroxene in host clinopyroxe-ne. Analyses of sites 1-10 are

presented as Table 4.17. S€e text for further exPlanation. Scale bar is l'00 pm.

br.trs 4.18 (opposite): Oxidising vein in a Type P pyroxenile (sa1p-le 
_90033F) 

resulting in the

breakdown of olivine (mottled ufpe"r"^.") into two phases - Fe-rich (light); and Fe-poor-(dark) -

and the development of Fe-rich rims or, spinels. The extentof oxidation diminishes away from the

vein (bright line). Oxidised veins are the-only style of oxirtation to occur in the pyroxenite suite.

Clinopyrixene (unmottled) is unaffected by oiidation. Analyses of sites 1-10 are presented as Table

4.18. S€e text for further explanation. Scale bar is 100lrm'

2.955 2.9572.965
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Sample 90033F: Type P xenolith (Plate 4.18; Table 4.18)

In Type P xenoliths, oxidation reactions are not pervasive, but occur as

veins (Plates 4.9 and 4.18) within the xenolith that can be traced to its edge. As
pyroxenite rims are oxidised, the extensive internal oxidation of the granulites is
seen as a function of their susceptibility to oxidation, rather than any difference in
the process at varying source regions.

Fe-Mg rich veins (1) oxidise adjacent olivine (2) breaking it into two phases;
Fe-rich (3) and Fe-poor (4). The products of breakdown become nearer in
composition to the original olivine with distance from the vein, where the affects

of oxidation are less e.g. the Fe-poor phase becomes more Fe-rich (5, 5) and closer
to the original olivine in composition (Fo 93, Fo 90, Fo 85).

Clinopyroxene is largely unaffected (7), although on some clinopyroxene
crystals (8) kaersutite rims (9) may develop, that are Fe- and Na- poor and Mg- and
Ca-rich compared to other kaersutite phases present in the xenolith suite.
Kaersutite is a corunon secondary phase elsewhere in the sample.

Spinel (10) is also severely affected by the oxidising agent, developing Fe-
rich rims (e.g. spinels in the oxidised zone in Plate 4.18 have oxide rims and
spinels outside the oxidised zone are unaffected).

Discussion of oxidation reactions

While the style of oxidation reactions varies between and within xenolith
suites, the results are much the same. Oxide growth from the oxidation of the
xenolith suite is the same in all cases; a mix of titanomagnetite and ilmenite
grains and intergrowths with no compositional change in the oxides between
different xenolith types (Figure 4.1.5). Representative secondary oxide analyses are
presented as Table 4.19.

Coexisting spinel phases (ulvospinel-magnetite) and rhombohedral phases
(ilmenite-hematite) can be used to calculate temperatures and oxygen fugacities.
These estimates are only meaningful if the minerals are equilibrated and have
not suffered subsequent alteration such as subsolidis exsolution, regrowths or
retrograde metamorphism. Smooth grain boundaries and a lack of compositional
zoning in individual oxide grains from analysed oxides is taken as petrographic
evidence for their equilibration and unaltered state. Individual titanomagnetite
and ilmenite grains are similar in composition to titanomagnetite-ilmenite
intergrowths.

Various methods have been used to model temperatures and oxygen
fugacities (e.g. Anderson, L968; Carmichael, 1957; Lindsley and Spencer, L982;
Stormer, 1983), and the results of this modelling for five oxide pairs are presented
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TABLE 4.19: Representative electron microprobe analyses of all secondary oxides from Mount Sidley
xenoliths, with temperature and orygen fugacity calculations using various methods.

SAMPLE 9OO29X

TYPE L
90029X 90033A

LP
90033A 90033G190033c1 90033p1 90033p1 90039V 90039V

PLLCCMM

si02
A1203
Ti02
Fe2O3

FeO

MnO
Mgo
CaO

0.00 0.00

3.02 1.75

8.95 50.67

49.95 5.24

33.73 36.14

0.s2 0.35

3.51 5.06

0.00 0.04

0.11 0.55

0.19 2.L3

M.93 14.62

13.85 36.24

34,00 39.65

0.41 0.49

4.15 3.10

0.08 0.00

1..72 0.M
8.11 0.70

40.L7 18.97

18.54 34.08

20.24 40.40

0.41 0.40

8.60 4.90

1.03 0.03

0.05 0.18 0.01

r.6L 5.50 0.46

48.53 18.58 5r.97
10.08 27.60 5.6
33.68 45.23 37.L2

0.18 0.58 A.6
5.28 2.47 4.99

0.01 0.06 0.05

0.29

r.52
L2.79

42.98

38.53

0.26

2.49

0.23

TOTAL 99.69 99.25 99.09 99,74 96.88 98.82 99.53 99.52 100.30 100.92

cations on the basis of 3 (spinel) or 2 (rhombehedral) sites

si
A1

Ti
FeIII
FeII
Mn
Mg
Ca

0.000 0.000

0.135 0.050

0.246 0.926

r.372 0.096

1.030 0.734

0.0L7 0.007

0.199 0.183

0.000 0.000

0.013 0.003 0.v24
0.078 0.006 0.095

0.354 0.866 0.4L4
1.189 0.256 1.027

1.184 0.698 1.249

0.010 0.009 0.016

0.151. 0.150 0.t74
0.011 0.002 0.000

0.041 0.002

0.229 0.032

0.585 0.517

4377 0.928

0.384 1.223

0.008 0.013

0.307 0.281

0.026 0.001

0.002 0.005 0.000

0.048 0.228 0.013

0.882 0.504 0.942

0.183 0.749 0.103

0.679 L.364 0.748

0.004 0.017 0.013

0.200 0.L27 0.179

0.000 0.002 0.001

TOTAL 3.000 1.996 3.000 2.000 2.999 1.997 2.997 1.998 2.997 1.999

X (Usp)

XOlm)
0.250 0.350

0.950

0.4'0 0.480

0.760

0.510

0.9400.850 0.890

T(C) 1

2

3

665.09

665.15

710.85

746.31

-18.05

-17.&
-75.1,4

-14.89

896.24

895.65

886.66

886.73

-11.53

-11.32

-11.82

-11.85

1088.49

1135.37

lrn.25
700t.77

-8.45

-7.67

-7.72

-9.95

914.24

920.75

965.58

906.43

-11.95

-tt.62
-11.08

-r2.37

84t.37
835.89

775.25

957.73

-14.47

-14.30

-15.65

-11.54

fo2 1

2

J

4

l. = Stormer (1983) model;2 = Anderson (1958) model;
3 = Carmidrael (7967) model;4 = Lindsley and Spencer (1982) model.
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with mineral analyses as Table 4.19. The method of Stormer (1983) has the

advantage of considering the effects of minor element compositions. The results

of these calculations are plotted in terms of oxide composition, with tie-lines
between coexisting mineral pairs (Figure 4,77a), and on a temperature-fC2 plot
(Figure 4.17b; open squares), together with the results of geothermometry and

oxygen fugacity calculations from other oxide pairs (closed circles).

Fe2O3 (H)

FIGURE 4.16: Oxide compositions of secondary oxides formed by oxidation processes in the Mount
Sidley xenolith suite (top diagram). Spinel and rhombohedral oxides are similar in composition in
all xenolith gryes (bottom diagrams). H = hematite; Il = ilmenite; M = magnetite; Usp = ulvtispinel.

Ti02
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Ti02

lQ -p.h

Secondary oxides

Secondary oxides in Table 4.18

Melt and primary oxides

Temperahrre oC

FIGURE 4.17: Redox conditions of the Mount Sidley xenolith suite determined using the oxide-pair

thermometry ana oxygen fugacity calculations of Stormer (1983)' a) Tie -lines 
showing the

composiuo# of oxide f"Tts rrorir"bie 4.19. b) Redox conditions of secondary oxide.pairs from Mount

Sidliy xenoliths (i"ci,iai"g pairs from Table 4.19 and Figure 4.17a (open squares) and other oxide

pJo'1.tor.a circles)), fro.ii ptiT.ry xenolith oxide pair-(large open triangle),.and from a host melt

ixide pair (large.tor"J trianjte;. Redox buffer fields are from Buddington and Lindsley (1964), and

Haggerty (1990).

The oxide pair calculations fall within the FMQ-FMQ+4 (Buddington and

Lindsley, Lg64) buffer (Figure 4.17b), indicating low oxygen fugacities (-9 to -20

loglq/ff)2), with temperatures ranging from 500-1200 oC' The high temperatures are

magmatic, and lower temperatures indicate that the xenoliths have equilibrated

to lower temperature conditions.

Oxidation reactions involving a change in the state of iron (with

oxidising to Fe3*), are buffered by a change in oxide mineralogy. The change at the

FMQ buffer can be described in terms of the simple equation:
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3Fe2*(silicate) + I/2O2-> Fe3Oa + Fe-poor silicate + fluid

Oxidation reactions in the Mount Sidley xenolith suite are dominated by the

breakdown of olivine into a Fe-rich olivine, and a Mg-rich olivine and its
replacement by Fe-Ti oxides:

3FeMgSiOa + 2O2-> Fe3Oa + 3MgSiQ + fluid
Fe-Mg olivine > magnetite + Mg-olivine

Thermochemical experiments by Eggler and Baker (1982) indicate that the

upper mantle redox state is between the FMQ and WM fields, a view supported by
other studies (e.g. Eggler, 'J.983; O'Neill and Wall, L987). Electrochemical intrinsic
oxygen fugacity models developed by Sato (1970 and 1972) indicate that Type II
(Al-augite bearing) upper mantle rocks fall within the FMQ-NNO field, whereas

Type I (Cr-diopside bearing) upper mantle rocks are highly reduced at
approximately the IW buffer (Arculus and Delano, 1.980 and 1.981). There is
therefore an uncertainty as to the redox state of the mantle, between a

homogenous redox-state (FMQ-WM), and a heterogeneous redox state (FMQ-

NNO and IW).

Oxygen fugacities increase with increasing temperature and total pressure,

and upper crustal rocks are typically oxidised at MH buffer conditions. Oceanic

basalts typically have redox states clustering around the FMQ buffer, and
continental basalts are between the FMQ and WM buffers (Haggerty,1990).

From petrographic textures and the association of basanitic melts with
oxidation reactions, the agent responsible for the oxidation of the Mount Sidley
xenolith suite to a FMQ-FMQ+a redox state was the host silicate melts.
Temperature and fC2 conditions determined on host melt crystallisation (Figure

4.L7b, closed triangle at right) fall at the high-T end of the xenolith range

consistent with the host melt as the oxidising agent. Lower temperatures are

clearly not magmatic, and indicate that the xenoliths have equilibrated to lower
temperatures, probably at the surface.

A single primary oide pair (open triangle of Figure 4.17b) also plots within
this field, indicating that either redox conditions of the lower crust and of the host

melts is similar, or that primary oxides have also been affected by oxidation.
Primary oxides from Mount Murphy have similar redox conditions, suggesting
that lower crustal conditions in MBL are similar to the FMQ buffer, as expected for
Type II rocks (Arculus and Delano, 1980 and 1981).

1r0



(a) Ocean ridge

FMO.

Pass've'dry' melring

Degletec asthenosphere (OAl( DA )

wM-l

The Mount Sidley xenolith suite

Tectonlc redox stratigraphy

(c) Subduction

(d) Continental-rift & craton

Carbonatites & Alkali surte Kimb. & kmo.
FMO: I

HZ FMQTZ _

METAr Carb- -Arnph. - Phl.

WM

WM-FMO

Dynamrc melting

FMQ=1

LIMA Hz FMO*2

wM0tw

Ennched plume

Gt HZ

Phlog
(FAl

WM=1

FIGURE 4.18: Schematic cross-sections and /C, estimates for the lithosphere and asthenosphere in
o_cean ridge, ocean island, subduction zone and continental rift settings (from Haggerty, 1990).
Conhasting redox states are invoked for asthenospheres that have undergone previous depletion
(Atlantic type) relative to moderately fertile asthenospheres (Indian and Pacific types). a) Passive
rifting and 'dry'melting produces an oceanic lithosphere of WM. b) Plume enrichment in oceanic
islands results in WM+1. c) Subducted oceanic lithosphere with underlying depleted slab results in a
complex but highly oxidised marginal continental lithosphere. d) Plume activity, enrichment and
dynamic melting affect the evolution of Fzin deep continental keels and subadjacent rift zones.

If lower crustal redox conditions are approximately at the FMQ buffer, an
indication of the tectonic setting of the lower crust can be obtained by examining
the redox stratigraphy of the Mount Sidley lithosphere. Figure 4.1.8 shows the
redox states of the lithosphere from different tectonic settings. Oxygen fugacities
are too high in the lower cust beneath Mount Sidley to be from an ocean ridge or
ocean island setting. Crustal conditions of subduction zone settings (MH-FMQ+l)
and continental rift settings (MH-FMQ+2) are consistent with Mount Sidley
xenolith redox states. The present setting of Marie Byrd Land is clearly not a

subduction zone (nor for that matter an ocean ridge or ocean island) but one of a
thin crust undergoing rifting (Chapter 1.2). The redox state of the xenolith suite is
consistent with that of lower crust in a continental rift setting (Figure 4.18).

4.5,4 Geochemistry and origin of glasses

Many glasses occurring in the Mount Sidley xenolith suite are host
basanitic lavas that have infiltrated the xenoliths (Chapter 4.5.1). The origins of
glasses found in association with kaersutitisation (Chapter 4.5.2) and oxidation
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TABLE 4.20: Representative electron microprobe analyses of glasses occurring in the Mount Sidley
xenolith suite. Normative compositions were calculated at an Fe2O3:FeO ratio of 0.15.

SAMPLE 900330 90033P

oxid. kaersL

90033P 90033P 90033X

kaersl kaerst. melt

90039G 90039V 90039E 90039E 90039E

oxid. oxid. melt melt melt

si02
A1203

Tio2
FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

cl
P205

50.53 4t|.00

18.08 t8.72

7.96 3.99

10.39 12.23

0.14 0.01

3.67 3.8
6.88 3.20

3.59 3.80

7.28 6.76

0.53 0.02

4.23

3.03

54.63 44.70 42.94

16.62 75.97 10.34

2.52 4.69 3.27

9.59 14.01 ?2.42

0.22 0.15 0.61

4.44 2.98 5.ffi
4.35 10.49 8.25

2.96 4.00 2.52

4.18 1.11 0.67

0.00 0.05

0.28 0.16 0.03

0.77 2.L2

8.99 38.M 47.69

18.99 5.51 16.1r

4.69 8.36 3.M

9,84 22.6 9j8
0.18 0.5 0.33

2.74 8.04 5.33

7.96 13.72 9.54

4.81 L.32 3.9r

7.43 0.M 7.67

0.1r 0.03 0.00

0.02

45.73 51.93

74.79 17.05

4.09 2.93

74.47 7.97

0.30 0.27

4.76 3.15

8.51 7.39

4.23 1,.79

L.32 4.70

0.03 0.04

3.24 3.062.56

TOTAL rOO.22 99.80 99.08 99.72 99.76 99.08 1.00.56 101.56 L00.28

Mg# 38.24 33.32 u.96 27.50 34.47 33.16 38.80 49.27 36.96 41.32

a
Or
Ab
An
Ne

Di
Hy
ol
Mt
Il
Ap

3.80 0.00

7.56 36.40

33.22 L0.78

15.35 15.83

0.00 11.58

12.02 0.04

16.67 0.00

0.00 15.15

0.00 0.00

3.72 7.58

7.17 0.00

1.13 0.00

24.70 5.56

25.05 21.20

L9.72 22.34

0.00 6.8s

1.54 20.84

20.75 0.00

0.00 7.89

0.00 0.00

4.98 8.91

0.00 1.82

0.00 0.00

3.96 8.45

27.32 32.4L

74.92 26.N

0.00 4.49

74.27 11.19

14.r(3 0.00

79.n 6.42

0.00 0.00

5.10 8.91

s.m 0.00

0.00 0.00

2.60 9.87

1.02 33.09

8.08 2r.48

5.50 0.00

49.73 7.36

0.00 0.59

t2.22 13.54

0.00 0.00

15.88 6.53

0.00 5.30

0.00 4.75

7.80 27.78

35.79 15.15

L7.47 1,5.69

0.00 0.00

3.42 t3.n
0.84 8.23

L8.07 0.00

0.00 0.00

7.n 5.55

7.67 7.24

TOTAL 99.52 97.36 97.87 96.47 95.79 97.87 95.03 98.95 99.L7

(Chapter 4.5.3) reactions are less obvious, although petrographic textures suggest

that these glasses also originated from the host lavas. Compositions of individual
glasses from all tfuee associations are presented as Table 4.20. Glass compositions

in volatile elements (e.9. Na, K, P have estimated errors of >5-10 %). The scatter in
were determined by electron microscop/, which can yield large errors, especially
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The Mount Sitlley xenolith suite

many trends in the following diagrams may be due to this error (Appendix
Three).

The CIPW normative compositions of the glasses vary considerably, from
highly nepheline-normative to highly hypersthene-normative, including quartz-
normative compositions (Figure 4.19). These variations occur between glasses

within the same sample as well as from different samples.

Hy

Ptenc of
Criticd phnc of silica
lndcrrrturation

ol cilice
satuntion

Qtz

FIGURE 4.19: CIPW normative compositions of individual glass in the Mount Sidley xenolith suite.
Compositions vary from nepheline- to hypersthene' and quartz-normative.

Glass compositions range from 38-55 wt. o/o SiO2. On a total alkali-silica
(TAS) diagram (Le Bas et a1.,1985) they exhibit a large scatter, although a general
linear trend can be identified, similar to the volcanics, with compositions above
and below the main trend from basanite/picrobasalt to mugearite (Figure 4.20). A
split trend has been identified in the Mount Sidley volcanic rocks (Figure 4.20),

which trend from basanite to benmoreite, and then split towards phonolite and
trachyte (Panter et al., in prep).
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o Glasses

SiO2 wt.o/o

FIGURE 4.20: Total alkali-silica (TAS) plot of Le Bas et aI. (1986) showing compositions of glasses

from the Mount Sidley xenolith suite, and of Mount Sidley volcanic rock compositions (field; from
Panter et aL, in prep).-Analytical error may be responsible for some of the scatter' Ba = basalt, Bs =
basanite; p6 = picrobasalt; Ph = phonolite; and T = trachyte.See Figure 2.1 for other fields.

The large variations in normative compositions and silica v total alkali

compositions indicates that the compositions are evolved, and that simple

fractionation of mineral phases from melts cannot account for the variability seen

in the glass compositions. Linear trends of many silica v major element diagrams

(Figure 4.21) do show the affects of simple mineral fractionatiory however the

wide scatters in many cases are large, and not accountable by analytical error,

indicating that other processes have also influenced the glass chemistry.

Microphenocrysts have crystallised directly from the glasses, including

plagioclase (the dominant phase) + olivine + clinopyroxene + rhonite + Fe-Ti

oxides + apatite. The trends of major elements and silica are largely reconcilable

with fractionation of the glasses by the observed assemblage; in particular the

decrease in TiO2, Fe2O3(total), MgO and CaO, and the increase in Al2O3, Na2O and

K2O with increasing silica.

A possible origin of some glasses is as a result of decomPression melting of

xenolith phases due to entrainment in the host lava, and the subsequent rapid

increase in temperature and then decrease in pressure as they are brought to the

surface. This however is discarded for a number of reasons.

At Foster Crater, similar glasses have been rePorted from lower

crustal/upper mantle spinel wefulite xenoliths (Gamble and Kyle, t987)' As

pointed out by Gamble and Kyle (I98n, the observed reactions do not equate with

decompression reactions expected from experimental studies. With increasing

temperature, decompression assemblages at L0 kb consist of kaersutite ->
kaersutite + clinopyroxene
clinopyroxene + olivine + magnetite + melt (Yagi et aI., L975). At 1025 oC and 10-
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22 kb, the observed assemblage is kaersutite + pargasite + rutile + spinel. These

phases are not present at Foster Crater, or at Mount Sidley.

While many major element compositions of the glasses can be produced by

melting of the primary xenolith mineral assemblage, the high content of some

elements (e.9. Na, K and P) carurot be explained by such melting. In addition to

this, and most importantly in discounting decompression melting as a sourcefor

these glasses, is the textural and chemical relationships between the glasses and

minerals. The characteristics of the melt have been imparted on the mineral

assemblage (not the opposite as is the case in decompression melting), which
have developed rims rich in components present in the glass, and poor in
components that are not present in the glass.

The similarity of host basanites with xenolith glasses (Figures 4.20, 4.2L)

indicates that the glasses found in the Mount Sidtey xenolith suite are derived
from the host magmas that have brought the xenoliths to the surface. Ttris

includes not only glasses associated with host melt-xenolith reactions, but also

glasses in association with kaersutitisation and oxidation reactions. The highest

Mg#s of the glasses correspond with those of the host basanites, and at the same

silica composition (44-45 wt. "/" SiO2). Furthermore, the composition of olivine
(Fo 70-80) that has crystallised from the glasses requires a melt composition of
Mg# 50-60, which is consistent with their crystallisation from host basanite

compositions. Interaction between xenolith phases and infiltrating melts, in
addition to crystal fractionation, may therefore be responsible for the observed

glass compositions. This process is a combination of assimilation and

fractionation processes (AFC).

4.5.5 Summary and discussion of secondary mineral reactions

The affects of secondary mineral reactions are summarised as Table 4.21.

The similarity between host melt-xenolith interactions, oxidation and to a less

extent kaersutitisation, are evident in their effects on xenolith compositions,

introducing some components into the xenolith ('system enrichment' in Table

4.21) and depleting others ('system depletion' in Table 4.27). They differ primarily
in the crystallisation of different mineral phases, and in the affects of their
interaction with the xenoliths.

In all cases glass originating from the host lavas are associated with these

processes. In the case of kaersutitisation, glass is rare and non-liquid derivatives
(gas or solid interactions) may be primarily responsible for the replacement of
clinopyroxene by kaersutite. The similarities of all three processes, and in
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The Mount SidleV xmolith suite

particular of their glass chemistry, provides a direct link to late Cenozoic alkaline
volcanism as the agent responsible for these secondary processes.

Kaersutitisation processes are widespread in Type P xenoliths, less corunon
in Types C and M xenoliths, and absent in Type L xenoliths. The mineral
chemistry of kaersutites indicates that they formed at lower crustal depths rather

than upper mantle or upper crustal depths.

TABTE 4.21: Summary of secondary mineral reactions on the xenolith suite.

REAClION Melt-Xenolith Oxidation Kaersutitisation

Mineral
Cryctallisation

Xenolith
Interaction

Glass

System

Enrichment

Syetem

Depletion

Redox State

Agent

Ca-rich plagioclase
Mg-richol/cpx

Rhsdte
Fe-Ti oxides

Apatite

Disequilibrium
reactions

llv{g#2149

Ti, Fe, Ca, P

CaNa ratio, Mgf

FMQ

Host melts

Ca-ridr plagioclase

Fe'Ti oddes
Apatite

Disequilibrium
reactions

Mg# 2149

Ti, Fe, Ca, K, P

Ca:Na ratio, Mg#

FIvI*FMQ+4

Host melts

IGersutite
Minor rhonite,

plagioclase
K-feldspar, olivine

Replacement of
clinoppoxene

Mgh27-50

Ti, Fe, Na K H2O

Si, Mn, Mg, Ca, Mg#

Uncertain

Host melts
or non-liquid derivatives

Oxidation of the xenolith suite by host melts has occurred from magmatic
temperatures to lower temperatures, with redox conditions similar to those from
the FMQ buffer to FMQ+4. Lower crustal redox conditions may also be in this
range. The pervasive oxidation of Type L xenoliths, with a decreased effect on
Type P xenoliths, where it is evident only as isolated veins of oxidising fluids, is
an indication of the selective oxidation of the xenolith suite. Flowever, as

pyroxenite rims are oxidised, the extensive oxidation of granulite xenoliths is
seen as a function of their susceptibility to internal oxidation reactions, rather
than the occurrence of oxidation reactions only at higher crustal levels. In
contrast, the pyroxenite suite appears to be more susceptible to kaersutitisation.
The process of secondary reactions is discussed more fully in Chapter 8.3.3.
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Assimilation and fractionation (AFC) of glasses within the xenolith suite

indicates that the host magmas themselves may have undergone AFC Processes

at lower crustal depths. The scale of such a process depends on two main factors.

Firstly, the ability of the melts to escape from the lower crust will determine if
affected melts are seen at the surface. If the glasses present in the xenolith suite

represent melts trapped at lower crustal depths, they will not be present at the

surface. Secondly, the scale of interaction between the host melts and the

xenoliths will determine if the host melts are affected by AFC Processes in the

lower crust. A large volume of melt must interact with lower crustal rocks, not

just melt in contact with conduit rocks. If infiltration of the host melts into the

lower crust is pervasive, and the melts then ascend to the surface, AFC Processes

of the melt at lower crust levels will have a major bearing on the final

composition of the volcanic suite.

Crltial phm of rillcr
mdcfiirntim

FIGURE 4.22: CIPW normative compositions of the Mount Sidley xenolith suite on the nepheline-
olivine-diopside face of the basalt tetrahedron (dark shaded face). All xenolith types are

nepheline normative.
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The Mount Sidley xenolith suite

4.5 Whole Rock Geochemistry

Whole-rock geochemical analyses were undertaken on representative
samples of all four xenolith types. Representative analyses are presented as Table

4.22, and a complete list of analyses can be found in Appendix 4.L. Magnesium
numbers (Mg#) are calculated as 100M9/Mg + lFe, with LFe taken as FeO. CIPW
normative compositions are calculated with an Fe2O3:FeO ratio of 0.15. The small

number of Type C xenoliths has resulted in only a small number of analyses, with
restricted ranges that may not be indicative of the suite as a whole.

4.6.7 Maior element geochemistry

The Mount Sidley xenolith suite is wholly nepheline-normative (Table

4.22\, although nepheline does not occur as a modal phase in the xenolith suite. A
projection onto the nepheline-olivine-diopside face of the basalt tetrahedron
shows the similarities between the suites (Figure 4.22). Normative mineral
assemblages however do differ between xenolith types. Type L xenoliths are rich
in ptagioclase, and low in mafic phases, whereas Type P xenoliths are plagioclase-

poor and rich in mafic phases (olivine and clinopyroxene). Types M and C fall
between these extremes. This range in normative mineralogy is a reflection of the

modal mineral assemblages of the xenolith types.

Type L
TypeM
Type C

Type P

25 r0 
,i3r*,1'o, 

43 s0 r0 rs 40 "t;:-::il-6s 70 7s 80

FIGURE 4.Zh Histograms of silica and Mg-number contents in the Mount Sidley xenolith suite. Silica
contents are highest in Type L granulites, and lowest in Type M xenoliths. Mg#s are higher in
pyroxenites than in granulites reflecting higher Mg:Mg+Fe ratios of pyroxenite mafic minerals. SiO,
and Mg# abscissas are by 5 wt. o/o gradations (e.g. 30 = 30.0-34.9).

Xenolith compositions are mafic (32-53 wt. oh SiO2), with Type L granulites

having the highest silica contents and Type M granulites having the lowest silica
contents. These variations reflect the high plagioclase content of Type L
granulites, and the high oxide content of Type M granulites. Types C and P
pyroxenites have silica contents intermediate to the granulites (Figure 4.23).
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TABLE 4.22: Representative Mount Sidley xenolith whole rock compositions'

B 9o033Pl 90031Q 900338 90039U

TYPELLLMMCCPPP

52.1546.L540,4833.5540'8944.6545.7243.4340.8045.16
1.32 3.44 5.19 6.74 g.zL 0'67 1'86 l'u t'49 0'94

23.50 20.02 15.54 8.91 8-87 18'54 14'10 9'29 E'n 7'25

5.0110.5015.8025.]'021.3514.3010.2114.81|2.2711'L2
0.05 0.12 0.27 0.32 0.31 0'22 0'14 0'20 0'15 0'18

L.724.695.32g.5gLl.ffi10.0810.3818.0913.2220.00
g.8711'0011.5511.1311,878.19L4.3211.3815.18L5,07
5.24 3.47 3.22 2.14 1.51 2'n 2'13 1'45 1'28 0'84

0.31 0.34 0.28 o-22 0.72 0'20 0'19 0'2L 0'09 0'08

0.72 0.06 1.48 2.v 0.02 0'15 0'07 0'07 0'04 0'00

o.g7 0.22 {.55 0.r2 4-74 {'23 0'19 4'26 {'18 -0'33

Mg#40.4746.g838.5443.1854.4058.2556.8L70.7568.0978.08

sio2
Tio2
A1203
Fe2O3

MnO
Mgo
CaO
Na20
K20
P205
LOI

10172320363393343il
47 215 288 2g1 g47 45 279 246 444 280

<1 3 9 10 106 56 376 7224 205 3004

1 5 8 9 41 L36 133 399 166 428

8267538621553293233
21 41 72 119 92 70 52 109 122 63

23 23 21 18 15 18 17 12 27 12

1342223431
t325 gg3 775 467 386 7il 557 282 r14 u
57192511<174121510
29 61 54 47 43 21 67 45 4s 28

5121620537841
446 147 27g 20 55 143 78 55 37 14

1072214584643
2L 19 56 109 23 79 16 19 23 8

34776546s3
<1<121121211
<t<1,L<1 <1 <1 <t1<1 <1

ft
V
Cr
Ni
Cu
Zn
Ga
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
l
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0'00 0'00 0'00 0'00

1.83 2.01 1.65 1.30 0-71 1'18 1'12 1'24 0'00 0'00

43.2423.9715.333.623.302|.4510.204.500.000.00
39.6938.0527.1214,0517.0737.5728.35|8.2237.0215.78
0.60 2.g2 5.91 7.85 5.13 1'08 4'24 4'2r 5'87 3'85

3.80L3.2417.0821.4134.181.7L34.0530.4228.6947.08
0'000.000.000'000.000.000.000.000'000.00
5.26n.2214.3327.2028.gt31'4514.8135.1223.5729,il
0.85 0.00 2.s0 4.33 3.58 2'47 116 0'00 2'r2 r'92

2.51 6.53 9.85 12.80 5.10 1'27 3'53 2'54 2'83 1'79

1.70 0.14 3.50 5.54 0.05 0'36 o'r7 0'r7 0'09 0'00
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The Mount Sidley xenolith suite

whole rock magnesium numbers (Mg# = 100 x Mgl(Mg + IFe as Feo)) are
lower in granulite suite xenoliths (Mg# 32-59), and higher in pyroxenite suite
xenoliths (Mg# 55-80), with only a slight overlap in composition (Figure 4.23).

This distinction reflects the composition of mineral phases present in each
xenolith tyPe; i.e. high Mg:Mg+Fe ratios of pyroxenite mafic minerals, and low
Mg:Mg+Fe ratios in granulite mafic minerals, correspond with high Mg#s in the
pyroxenites, and lower Mg#s in the granulite suite.

Cumulate rocks are not liquids and do not form liquid lines of descent.
Their compositions therefore represent the cumulate assemblage, and the
amount of intercumulus melt trapped in the assemblage, which can vary from
none in the case of adcumulates, to substantial in the case of orthocumulates. The
well defined trends of major elements plotted against silica in granulite
compositions, and scattered trends in pyroxenite compositions, is a direct
reflection of their mineral assemblages, and the proportion of each mineral phase
(Figure 4.24).

The affect of relative abundances of mineral phases on whole rock
compositions is evident in Figure 4.25, wlich depicts the trends of Fe2O3(total) v
SiO2 and Al2O3 v SiO2 in the granulite and pyroxenite suites, together with the
compositions of mineral phases. The whole rock trends are easily explainable as

mixing trends between the dominant mineral phases, with deviations due to
minor mineral phases.

Al2O3 contents in the granulite suite form a well defined trend controlled
by plagioclase abundance, relative to olivine and clinopyroxene. There is also a

significant trend to low-SiO2 due to olivine and oxide content. In the pyroxenite
suite, the low abundance of plagioclase has resulted in lower Al2O3 content being
controlled by the relative proportions of olivine and clinopyroxene, with minor
influences due to Al-spinel, kaersutite, and plagioclase (in Type C xenoliths).

Granulite Fe2O3(total) contents also form a well defined trend, controlled by
olivine abundances, with lower contents due to Fe2O3(total)-poor plagioclase (and
clinopyroxene). Some granulites have high Fe2O3(total) contents, indicating the
major influence of secondary oxides on Fe2O3(total) contents. This is also reflected
in high V contents in Type M xenoliths (Figure 4.26). In the pyroxenite suite,
Fe2O3(total) contents are a reflection of olivine and clinopyroxene abundances,
with a minor influence from kaersutite.

Secondary reactions have acted to modify the composition of the protoliths.
Secondary oxide growth, especially evident in Type M xenoliths, has resulted in
increased Fe2O3(total), TiO2 and MnO contents, and a lowering of SiO2 contents,
and Mg#s. Secondary apatite growth has resulted in high P2O5 contents, notably in
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The Mount Sidley xenolith suite

Granulites Pyroxenites
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FIGURE 4.25: Al2O3 and Fe2O3 v silica plots showing the influence of the modal mineral assemblage
of the xenoliths on rnajor element compositions. Mineral compositions are plotted, with large arrows
depicting the mixing vectors between the major mineral phases, and small irrows showing the minor
affects of other mineral phases. Major element composition of the granulite suite is controlled by the
proportions oJ plagioclase and olivine, and pyroxenite compositions are controlled by the proportions
of olivine and clinopyroxene.

TyPe L xenoliths. In the pyroxenite suite, the replacement of clinopyroxene by
kaersutite has resulted in higher Na2O and K2O contents, as well as having an
affect on Fe2o3(total) contents (Figure 4.25).

4.6.2 Trace eleffient geocheffiistry
Trace element abundances also reflect the proportions of the mineral

phases Present in the xenoliths. Figure 4.25 depicts the influence of mineral
Phases on element abundances. Elements which are compatible in mineral phases
abundant in the xenoliths have higher concentrations than those which are
incompatible in the mineral phases present in the xenoliths.

Ba and Sr are strongly partitioned into plagioclase, and are excluded from
the other mineral phases present in the xenolith suite. Their high abundance in
TyPe L, and to a less extent Types M and C, xenoliths reflects the high modal
plagioclase contents of these xenoliths, with plagioclase-free xenoliths (Type P)
being depleted in Ba and Sr. Ni and Cr are incorporated into olivine and
clinopyroxene respectively (and to a less extent in clinopyroxene and olivine

r23
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The Mount Sidley xenolith suite

respectively), and therefore show high abundances in xenoliths rich in suites
dominated by these phases (Types P and C). They show low abundances in
xenoliths poor in these phases (Types L and M). V is also present in high
concentrations, especially in Type M xenoliths, reflecting its high abundance in
oxide phases.

Elements which have low tendencies to partition into the mineral phases

present in the xenolith suite include La, Rb, Y, Zr and Nb. These elements are

present in low concentrations in the suite. La and Nb, while having low
abundances, ate enriched in the granulites relative to the pyroxenites.

The low and variable concentration of elements that do not readily
partition into xenolith mineral phases testifies to the lack of trapped melt in these

cumulate rocks. Where cumulate textures are well preserved (Types P and C),
there is no pehographic evidence of trapped melt in the xenoliths (Chapter 4.3).

As these elements have similar (and low) abundances in both igneous (Type P
and C) and metamorphosed (most Type L and M) xenoliths, it is likely that
recrystallisation had little effect on the xenoliths. Metamorphism of the xenolith
suite was essentially a closed-system process.

Host melt interactions are likely to have affected the trace element
concentration of the xenolith suite. Elements that are present in low abundances
in the xenolith suite, especially mobile elements (e.g. Rb, Nb and Zr), will be

enriched by only minor reaction with silicate melts that are rich in these

elements. The xenolith suite may also be enriched in elements that readily
partition into mineral phases (e.9. Sr and Ba), as one of the major affects of
oxidation reactions is the growth of oxides, plagioclase, apatite and kaersutite in
the xenolith suite. The affect of secondary reactions on major element chemistry
(e.g. increased Fe2Or(total), TiO2 and PzOs contents) has previously been discussed

(Chapter 4.6.1). Host melt reactions, including oxidation and kaersutitisation,
have occurred as open-system reactions.

Multi-element variation diagrams normalised to MORB (Pearce, 1933)

highlight the trace element abundances and their dependence on the modal
mineral assemblage (Figure 4.27). Large ion lithophile elements (LILEs), that do
not partition readily in any mineral phase present in the suite (e.9, K, Rb, Nb and
Ce) systematically increase in abundance from Type P to Type L xenoliths. High
field strength elements (HFSEs) that readily partition into mineral phases and are

more enriched in Type P xenoliths becoming more depleted in Type L xenoliths.
The overall pattern of the xenoliths becoming relatively LllE-enriched and

FlFSE-depleted from Typ" P to Type L xenoliths may be due to a combination of
the mineral assemblage and composition, and of secondary enrichment. The
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Mount Sidley xenoliths / MORB

FIGURE 4,272 Multi element
variation diagrams of trace
elements in Mount Sidley xenoliths

o zecl normalised to MORB (Pearce, 1983).
r anH Trace element abundances are low,
o x)P reflectine the cumulate nature of| 31O
;; the xenolith suite. Elements that

readily partition into xenolith
mineral phases are present in
higher concentrations than other
elements: e.g. Ni and Cr are high in
the olivine and clinopyroxene-rich
pyroxenite suite, and Sr and Ba are
high in the plagioclase-rich
granulite suite. The overall pattern

: i: 6f tf," xenolith suite ranges from

" ;; MORB-like patterns in Type P
r 3eB xenoliths, to relatively enriched
' 3ev LILE pattems in Type L xenoliths,

reflecting their differing mineral
assemblages and compositions, the
secondary enrichment of the
granulite suite, or both.
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clinopyroxene-rich assemblage of the pyroxenite suite results in higher HFSE

concentrations (particularly Zr, Ni and Cr) in the pyroxenite suite relative to the

granulite suite. In contrast, the plagioclase-rich granulite assemblage would result
in higher LILE contents (notably in Ba and Sr). The more evolved composition of

Sr K RbBa Th
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The Mount Sidley xenolith suite

granulite mineral phases (Chapter 4.4.6) may also have resulted in higher LILE
contents than in the more primitive pyroxenite mineral assemblage.
Furthermore, the enrichment of the granulite suite by alkaline silicate has also
result in a relative enrichment of LILEs to FIFSEs.

TABLE 4.23: Trace element (including rare earth element) analyses of Mount Sidley xenoliths,
determined by INAA.

SAIIPLE 90029G1 90029H1 90029H1 90029H1 90031D 90033C 90033C 90033C

Analysis rock rock cpx cpx re rock rock rod<* rock*

Sc

Cr
Ni
Zn
Rb
Sr
Ba
La
Ce

Nd
Sm
Eu
Tb
l'b
Lu
IIf
Ta
Th

3./5
2.3
0

32
7

1110

4L7

L4.94

31.5
17

3.49
3.26
0.474
0.55

0.063
0.37
L.2

0.29

24.85
10

49
4tt

0
848
t49
4.07

8.7
J

1.3

1.05

0.17r
0.39

0.047
o.94

1

0.18

87.8
t6
0

r08
0
0
0

3.24
LL.7

8.3
3.3
1.11

0.55
0.97

0.187
2.95

3.73
0

24.79

tt.5
0

50
0

850
99

4.18

8.1

3.9
1.31

L.0&
0.279
0.4

0.0n
0.93
0.97
0.11

20.32

3.8
58
6t
0

1111

792
t7.83
40.4

2L.L

5.67

2.7

0.686
t.74

0.128
L.02

1.03

0.34

34.6

872
482
88
0

530
L42
6.52
t7.L
L0.7

3.85
1.3E

0.57
0.93

0.L22
2.26
L.23

0.37

34.7 34.4
875 872
472 450
85 70
00
417 4N
170 43
6.67 6.49
20.3 78.7
12.8 11

3.93 3.87
1.36 7.373
0.57 0.566
0.99 0.93
0.138 0.131
2.29 2.rr't.zL L.t9
0.43 0.39

SAIVTPLE 90C[]9G 90039G 90039Sa 90039Sa 90039Sb 90039Y

Sc

Cr
Ni
Zn
Rb
Sr
Ba
La
Ce
Nd
Sm
Eu
Tb
l,b
Lu
Hf
Ta
Th

23.99

24.3

0
101

0
780
268

23.78

54.9

31.5
7.48

3.47

0.837
1.05

0.151

0.67
0.94

4.42

29.08
10.4

0
80

0
815
724
4.35

9.3

5
1.53

1.184

0.248
0.47

0.053
7.L7

t.17
0.18

87.7
17.9

252
83
0
0
0

4.29

12.9
10

4.01
1.48

0.62

L.24
0.236
2.83

1.48
0

51

795
M9
119

0
0

45

2.65
10

r0.9
3.68
L.26

0.68

1.35

0.179
2.28

0.46

0

33.6

314
188

75

0
528
49

3.83
10.3

0

2.88
1.13

0.507
0.97

0.724
1.55

0.53

0

4.L1 38.8
t4.9 947
173 556
60 185

11 10

L720 141

222 0
8.33 3.M
16.4 10.1

6.2 0
t.zL 2.il
LLM 0.89
0.133 0396
0.27 0.9
0.042 0.139
0.73 1.55

1.5 0.47
0.39 0.18

cpx = dinopyroxene; rock = whole rock sample; * 
= repeat analysis
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Mount Sidley xenoliths / Chondrite

Mdtsld.tdclfthqd nlsrb / drodria

TypeP
Type P

Type P

Clinopyroxene
Basanite

La Ce Nd Sm Eu Tb

FIGURE 4.28: Rare Earth Elements normalised to chondrite (wheatley a$ f'gck, 1988) patteTt.fot

Mount sidley xenoliths and minerals. All REE patterns are presented on the left side plots, includhg

Type L, C and p xenoliths, and clinopyroxene; from Type i' and L xenoliths (bottom left)' The large

plot at top right snows Ure fieta of niit pa6erns of fyfd L xenoliths compared to a Type C xenolith'

a host basanite from Mount Sidley (K. Pinter pers' comm'),:"d an andesine from an alkaline magma

in the McMurdo Volcanic province, antarctila ffyle and Rankin, 1976)- TyPe ! patterns reflect the

influence of plagioclase and host basanites, *ith" an enrichment h REEs and a flattening of the

positive Eu anomaly with basanite enrichment. Bottom left plot shows Type P xenoliths compared to

clinopyrox"^" .ornporitiorrt and a host basanite' Type P patterns reflect their clinopyroxene

compositions.

REE patterns of xenoliths normalised to chondrite (wheatley and Rock,

19S8) are presented as Figure 4.28, with all xenolith and mineral Patterns from the

Mount sidley xenolith suite shown in the diagrams on the left, and comPosite

diagrams on the right. REE and trace element contents analysed by INAA are

presented as Table 4.23.
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TyPe P xenolith patterns show heavy rare earth element (HREE) depleted

Patterns, with a slight enrichment in light rare earth elements (LREEs). This is
similar to clinopyroxene compositions, reflecting the dominance of clinopyroxene
as a REE repository in the Type P pyroxenite suite. Plagioclase-bearing xenoliths
(Type L and C in Figure 4.28) have higher LREE abundances and positive Eu
anomalies, reflecting the presence of plagioclase.

Typ" L REEs exhibit a large range in concentrations from compositions
similar to Type C xenoliths, to more enriched patterns. This enrichment can not
be due to increased plagioclase content, as there is no correlation of ptagioclase
abundance with enrichment. Furthermore an increased plagioclase content
should preserve or increase the Eu anomaly with enrichment. The Eu anomaly
however decreases, indicating that REE enrichment is due to another process.

The most enriched granulites have REE abundances approaching basanite
in composition, notably with a decreasing positive Eu anomaly (Figure 4.28). Host
melt enrichment of the xenolith suite discussed previously appears to have also
enriched the granulite suite in REE abundance. The lack of host melt infiltration
in the pyroxenite suite has left these xenoliths essentially free from enrichment.

TABLE 4.24:Sr, Nd, Pb and O Isotopic ratios for xenoliths from the Mount Sidley xenolith suite, and
basanites from Mount Sidley (courtesy K. Panter). Rb and Sr errors are approximately t 1 ppm. For
analytical details see Appendix Six.

SAMPLE Roch Mtf Rb

TlPc
lZSr
85Sr

Sm Nd l4iNd cpr Nd 2fl/ilPb 20r7v\ 208Pb A18O tE

lt{Nd 20{Pb 204Pb 204Pb

Mount Sldley Granulltcs

9002ecr t)pel" 36.44

e002eHl TyFL 49:1

e0031D TyFL
e0033X lyFL 36.64

e003ec lyFL {4.69

Mount 9idley Pyroxmltes

90033C D?eP 69.1E

900395a T,?e P 6816

9003esb D?e C 67.00

90039Y TypP 7Or2

Mount SllleyVolcanics

M827.5 Basanite 52.00

M829.4 Mugearite

K168 Basanite 50.10

1190 0JO9f6+-26

903 0.7ffi250 +-10

112:2 0.2)3490 +-9

8O 0.tu1175E +-11

E49 0.70C2fi +4

4in 0.2X1065 +-12

67 0.7t2f61 +7
5E 0.7O2M+-17

E0 0.212931 +11

0m2999

0.703118

0.703025

17 0Sl28F|+-5

5

21 057287O+-5

32

5

l1

6 05)2819 +-5

6

I

0512997

05r2Et4

0.512902

4.47 19361 15.650 39.(x}8

453 19589 15.660 39.1E2

78.005 Esn 37.876

2

1

4

1

I

3

1

6

7

2

4.62

53l
4.U

3

t
1

4

4

1

I
3

17.6$ 15539 3737A 4.13

rE252 75.97 *.0c7 3.78

19.524 15.650 39.099 5.77

19.534 15.669 39.174 1.78

5.68

53r

35'
521
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4.6.3 Isotope geochemistry

Measured isotopic compositions of Mount Sidley xenoliths, and Mount

Sidley lavas (courtesy K. Panter), are presented as Table 4.24. Samples were

selected to span the range of compositions within and between the xenolith tyPes

as much as possible, and only fresh cores were analysed. The limited number of

analyses restricts the use of the isotopes, as the full isotopic compositional range

of the xenolith suite cannot be determined. Details of isotopic analyses are

presented in Appendix Six.

Stable (oxygen) isotoPes

Mount Sidley xenoliths are depleted in A18O relative to magmatic values,

and are similar to the Mount Sidtey volcanic suite (Figure 4.29). Mount Sidley

volcanics and xenoliths have low A1EO values, interpreted to be the result of

depletion by Antarctic meteoric waters lltsO -40%) (Panter pers. comm.). Only a

small amount of exchange with the highly depleted meteoric waters will result in

low A18O values, masking original A18O values.

tr Sidley Granulites

O Sidley Pyroxenites

0.7030 o.7w 0.7050

87Sr/86Sr

FIcURE t.2gz87Sr/865r v A18O plot of Mount Sidley xenoliths and volcanics. The volcanics trend

towards low AlsO values as a result of interaction with depleted Antarctic meteoric waters 1lt8o
-40%"). The low A18O values of the xenolith suite may also be due to exchange with Antarctic
meteoric waters. Some volcanics are enriched, possibly as a result of crustal contamination. AS =
altered Sidley volcanics, S = Sidley volcanics.

Some volcanics however have higher A18O values, and corresPonding

higher 873t 1863, ratios, possibly due to a crustal assimilant (AS (altered Sidley)

volcanics of Figure 4.29). Crustal contamination of the xenolith suite cannot be

discounted, particularly in the granulite suite, which has higher A18O values, and

higher 873t 1865, ratios than the pyroxenite suite.
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Radiogenic (Sr, Nd, Pb) isotopes

Measured 87311863t ratios of the xenolith suite are low (Figure 4.30), with
pyroxenites (0.702851-0.703056) having lower ratios than granulites (0.703250-

0.703758). These ratios do not correspond with Rb/Sr ratios, as a result of: the
errors involved in determining the very low Rb (typically 1-2 ppm) contents of
the xenolith suite (errors by XRF are approximately + 1 ppm at low Rb

concentrations (Roser, 1983)); depletion of Rb contents in the suite by
metamorphic processes; enrichment of the suite by secondary processes, altering
the Rb/Sr ratio; or a combination of these factors. The lack of a correlation
between 873118s3t and Rb/Sr ratios prohibits any calculation of a meaningful
model age for the xenolith suite.

o.7u0
Sidley Granulites

Sidley Pyroxenites
Host Basanites

0.7020

Mg-number

FIGURE E.gAtETSr/95Sr v Mg# plot of Mount Sidley xenoliths shows a negative trend, with
decreasing Mg# accompanyrng inireasing 87Srpotr."tior. Host basanites have {z3rpti, ratios too
low for their enrichment by silicate melts to be responsible for the observed trend. This correlation
may be due to AFC processes in the lower crust, resulting from crystal fractionation of the melt,
providing the latent heat required for the assimilation of country rock (Rudnick et a1.,1986). The
result is an evolved series of cumulates with lower Mg#s (due to fractionation), and hrgher 875t7865.

ratios (due to assimilation). The effects of pure crystal fractionation and AFC processes are shown.

873t 1863, ratios correlate with Mg#s, forming a curved trend from the
relatively high Mg# - low 8731 1865, pyroxenites, to the relatively low Mg# - high
87Sr /%Sr granulites (Figure 4.30). The host lavas have 8731 1863, ratios too low to
Produce this trend. Furthermore, interaction with more evolved volcanics
passing tfuough the lower crust cannot have increased the 87511865r ratios of the
xenolith suite, as the high Rb/Sr ratios of the evolved volcanics should also have
increased the Rb/Sr ratio of the xenoliths.

Such correlations have been inferred to represent combined fractionation
and assimilation (AFC) processes in the lower crust (Rudnick et a1.,1936). Mg#s
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decrease due to the continuing crystal fractionation of the coexisting melt,

producing an evolving suite of cumulate rocks (represented here by the xenolith

suite). As fractionation provides the latent heat necessary to assimilate crustal

rock (Taylor, L980),87311863r ratios increase with continued fractionation due to

the accompanying larger amounts of assimilant. If such a process has occurred

during crystallisation of the xenolith suite, the low 8731 1863, ratios require only a

small amount of high 873t 1863, assimilant (i.e. felsic rocks), or a low 8731 18d5,

assimilant (i.e. relatively mafic rocks).

0.5135

0.5130 tr Sidley Granulites

O Sidley Pyroxenites

* Host Basanites

0.5125

0.7030 0.70N 0.7050

875r/855r

FIGURE Eg:rzsTSr/865r'r, 14356/1eNd plot of Mount Sidley xenoliths, reflecting their mantle-like
isotopic signature, with little or no contamination by evolved crustal material. Host basanites fall
within the Mount Sidley volcanic field, and differ from the granulites, indicating no genetic relation
between them. Fields of basalts shown for comparison are fromWilson (1989): A = Azores; G = Gough;
Gl=Galapagos;MORB=MidOceanRidgeBasalts;S=Sidley;SH=StHelena;T=Tristanda
Cunha; WR = Walvis Ridge.

A limited number s6 14s51671a4514 ratios indicates a high 1a361471aaNd - low
87517855t isotopic signature for the xenolith suite (Figure 4.31). These ratios are

well above bulk earth values, indicating crystallisation from mantle melts, with
little or no contamination by felsic crust. Host rock ratios fall within the Mount

Sidley volcanic field (Panter pers. comm.), which is similar to St Helena (HIhfiJ)

ratios. The host volcanics are similar to the single pyroxenite ratio, but differ from

the granulites, which have higher 8731 1863t ratios. This indicates that the host

melts have not affected the Sr-Nd isotopic ratios of the xenolith suite, and that the

xenolith and volcanic rocks are not genetically related (Lee ef aI., L993).

The xenolith suite has highly variable Pb-isotopic ratios (Figure 4.32),

ranging from unradiogenic pyroxenites to radiogenic granulites, which form a

trend parallel to the Northern Hemisphere Reference Line (NHRL). Host
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The Mount Sidley xenolith suite

basanites have high Pb-isotope ratios, approaching those of St Helena volcanics.
The range in Pb-isotopic ratios of the xenolith suite is extremely large compared to
other lower crustal suites (Chapter 7.5.2).

15.0

s
e..
=ne6l
s
Crf\e6l

15.8

15.5

15.4

15.2

15.0

tr Sidley Granulites

O Sidley Pyroxenites

+ Host Basanites

77.0 18.0 79.0

206Pbl20[Pb

FIGURE 4.s2tz6Pb /2ePb v 207Pb /zuPb plot of Mount Sidley xenoliths and volcanics, indicating a
mixing trend from unradiogenic pyroxenites to radiogenic granulites with St Helena-like ratios.
Host basanites also fall along this trend. The trend is near parallel to the Northem Hemisphere
Reference Line (NHRL), and to the right of the 4.57 Ga Geochron. Fields shown for comparison are as
in Figure 4.31.

The extensive enrichment in the granulite suite, and the well preserved
nature of the pyroxenite suite (i.e. no metamorphic recrystallisation, no
indication of secondary eruichment) indicates that the trend is a result of mixing
between original ratios represented by the pyroxenite suite, and the radiogenic
host melts. This is unlike the Sr and Nd isotopic ratios of the xenolith suite,
which have not been altered by contamination of the host melts.

Nd and Sr isotopic ratios are insensitive to midng with a St Helena-like
comPonent, as their ratios are not vastly different (Wilson, 1989). The extreme
variation in Pb isotopic ratios between the xenoliths and the volcanics means that
only a small amount of mixing is necessary to have a large affect on Pb isotopic
compositions. In contrast, the similarity of Sr and Nd isotopic ratios between the
two requires a large amount of mixing to have any affect on Sr and Nd isotopic
ratios.

As the trend exhibited by the xenolith suite is the result of mixing, it has

no age significance. The unradiogenic Pb-ratios of the xenoliths are very different
to the radiogenic volcanic suite, further indicating no genetic relationship
between the suites.
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4.6.4 Sumn ary and discussion of ushole rock geochemistry

The lower crustal xenolith suite from Mount Sidley consists of cumulate

rocks with little or no intercumulus melt. The cumulate mineral assemblage,

consisting of olivine, clinopyroxene, plagioclase, and Fe-Ti oxides, controls the

whole rock geochemistry of the xenolith suite. Variations in geochemistry are the

result of differing mineral phases, and differing mineral compositions, in the

xenoliths. Elements that readily partition into the mineral phases are Present in

high concentrations in the xenolith suite, and elements that are excluded from

the mineral phases are present in only low concentrations. Secondary enrichment

by the host alkaline silicate melts has also affected the xenolith suite, most notably

the extensively oddised granulite suite.

The salient geochemical features of the xenolith suite include:

- the xenolith suite is nepheline-normative and mafic in composition. The

abundance of elements in the suite, as discussed above, is controlled by the

mineral assemblage. Trace element abundances are low, except for elements that

are preferentially incorporated into mineral phases (e.9. Sr and Ba in plagioclase,

Cr in clinopyroxene, and Ni in olivine). REE contents are controlled by plagioclase

in the granulite suite (high LREE contents with a positive Eu. anomaly), and by

clinopyroxene in the pyroxenite suite (LREE-depleted relative to HREE). These

minerals are responsible for the main differences in composition between the

granulite and pyroxenite suites;

- the more evolved mineral assemblage of xenoliths from Type P to Type L

xenoliths (e.g. lower Fo content of olivine, and lower An content of plagiodase),

is manifested as lower Mg#s, and generally higher mobile trace element contents

(e.g. LILEs, LREEs) in Type P to Type L xenoliths;

- the xenolith suite has low 873t1863, ratios and high 1a3p471a4Nd ratios,

indicating crystallisation from a mantle melt, with little or no contamination by

an evolved crustal component. A trend of decreasing Mg# with increasing
87Sr / 865r indicates that AFC processes may have occurued at the time of

crystallisation of the xenolith suite;

- Pb isotopic ratios exhibit an extremely large range from unradiogenic to

radiogenic ratios, as a result of mixing between the unradiogenic xenoliths and

the radiogenic St Helena-like host melts. This is in contrast to the Sr and Nd
isotopic ratios of the xenoliths, which have not been affected by the host melts.

The difference in isotopic ratios (Sr, Nd and Pb) between the xenoliths and the

host melts indicates that they are not genetically related;

- secondary enrichment by the host alkaline melts has resulted in higher

LILE, LREE and Pb isotopic ratios in affected xenoliths. Furthermore, the
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The Mount Sidley xenolith suite

crystallisation of microphenocrysts
apatite) by the host melt within the
elements compatible in these mineral

in the xenolith suite.

(e.g. kaersutite, plagioclase, Fe-Ti oxides,
xenoliths has resulted in the enrichment of
phases (e.g. TiO2 , KzO, P2O5, HzO, Rb, Sr, V

4.7 Summary and Conclusion

4.7.7 Summary of the xenolith suite
The Mount Sidley xenolith suite is a series of genetically related cumulates

that crystallised from a single melt or series of melts. The suite can be
petrographically and geochemically divided into four types; Type P, Type C, Type
M and Typ" L . A summary of their characteristics is presented as Table 4.25.

Typ" P (pyroxenites) xenoliths are olivine + clinopyroxene cumulates. They
have with primitive characteristics (e.g. Mg# of 57-80), and represent.the products
of early fractionation of the crystallising melt. Type C (plagioclase-bearing
pyroxenites) have more evolved compositions than Type P xenoliths, and
represent a later stage of crystallisation where plagioclase has started crystallising
as an intercumulus phase. Type M (mafic granulites) are olivine + clinopyroxene
granulites with modal plagioclase occurring both as a cumulus and an
intercumulus phase. Typ" M compositions are more evolved than the pyroxenite
suite, with a small overlap in composition with Type C xenoliths, Type L (layered
granulites) xenoliths have the most evolved compositions (Mg# of 33-50) and
represent the last identified fractionation episode of the melt/s.

The granulite suite (Type L and M xenoliths) has relict igneous textures
with a strong metamorphic overprint of recrystallised equant grains with L20o

triple junctions. Deformation features are also apparent in these xenoliths. Type C
pyroxenites show minimal signs of metamorphism and deformation, and Type P
pyroxenites have no metamorphic texture and are deformation-free.

Mineral compositions vary between xenolith types. Pyroxenite minerals
have more primitive characteristics (e.g. higher Fo contents sf olivine, and higher
An contents in plagioclase) than granulite minerals. Variations in mineral
chemistry indicate that the xenolith suite is genetically related, and a gradation in
mineral chemistry from primitive Typ" P compositions to evolved Type L
compositions suggests that the suite represents the products of fractional
crystallisation from an evolving melt, as identified in many layered cumulates
exposed at the surface (e.g. Wager and Brown, 1.968; Grapes, 1975; Nicol, l9T7;
Parsons, 1987 ; Baker, 1990).
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TABLE 4.25: Summary of the main characteristics of the Mount Sidley xenolith suite. Chemical
characteristics are those of the xenoliths at present (i.e. after modification by secondary processes).
There is no REE data for Type M and Type C xenoliths, and no isotopic data for Type M xenoliths.

TYPE Type L TypeM TypeC Tlpe P

TEXTI.JRE

MINERALOGY

TEMP. fC)
PRESST'RE (Kb)

Meta-Igneous
Layered

Granulites

Pl+OI+Cpx

98G.11@

4.0{.5

Meta-Igneous
Layered

Granulites

Plag+Cpx+Ol

106G1150
4.5{.5

Fe-Ti oxides
Apatite

HighTi, Fe,P
LowSi, Mg#

Low Ni, Cr

Igneous

Cumulate
P;noxeniFs

Cpx+Ol+Plag+Sp

108G1140

9.0-11.5

Kaersutite
Rhinite

HighMt#

HighNi,Cr

Igneous
Cumulate

Pyroxenites

Cpx+Ol+Sp

rt60.r2n
8.G12.0

Kaersutite
Rh6nite

High MgO, Mg#

High Ni, Cr

SECONDARY FeTi oxides
MINERALS Apatite

Kaersutite

MAIOR
ELEMENTS

TRACE
ELEMENTS

REE

ISOTOPES

High Si, alkalis
Low Mg#

HighSr, Ba

LowNi,Cr

LREE-enriched

Low 87511865r
Radiogenic Pb

LREE-enridred LMEdepleted

LowST5r/865r Low3T5r/865r
Unradiogenic Pb Unradiogenic Pb

The melt-free cumulate nature of the xenolith suite dominates their
geochemical characteristics. Elements abundant in the cumulate phases are

present in large concentrations, and elements that do not partition into xenolith

mineral phases are low in abundance. As such, geochemical variation between

xenolith types is a result of varying mineral assemblages, abundances (notably the

presence or absence of plagioclase), and comPositions.

Secondary reactions are evident in the xenolith suite, resulting from the

migration of the host silicate melts at source depths. Kaersutite has replaced

clinopyroxene in many pyroxenites, but this process is rare in the granulites.

Melts are rarely associated with kaersutitisation, suggesting that it is a solid-solid

or gas-solid reaction, and may represent alteration by derivatives of the silicate

melt rather than the liquid itself. The granulite suite has been extensively

oxidised, with olivine breaking down into two phases, and plagioclase showing
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disequilibrium textures in contact with the oxidising agent. Secondary oxide,
apatite and plagioclase growth has accompanied oxidation. Oxidation is not an
extensive process in the pyroxenite suite.

These reactions have resulted in the chemical enrichment of the xenolith
suite, particularly of the extensively oxidised granulite suite. Modal mineral
growth has enriched the xenoliths in elements compatible in these mineral
phases (e.9. K, HzO, Na in kaersutite; Fe, Ti in oxides; P in apatite). Interaction
with host silicate melts has resulted in the enrichment of mobile elements, such
as LILEs, LREEs, and isotopic compositions. This mineral and chemical
enrichment of the xenolith suite in their source regions represents the modal
metasomatism (Dawson, 1982; Harte, L987; Meneies et aL,1987) of the lower crust
beneath Mount Sidley by melts related to present-day Cenozoic volcanism. In
addition to the metasomatism of the xenolith suite, the crystallisation of
microphenocrysts from the infiltrating melt and interaction with the lower crust
has resulted in assimilation and fractional crystallisation of the infiltrating melt at
lower crustal depths (Chapter 4.5.4). These processes, and their affects, as further
discussed in Chapter 8.3.

4,7.2 Nature of the crystallising melt and cumulate derioatiaes
The characteristics of the melt that crystallised the xenolith suite cannot be

determined from elemental abundances of the xenolith suite, as they are
cumulates and not liquids. However, several characteristics of the melt can be

ascertained from the composition of the xenolith suite, in particular from the
pyroxenite suite, which has not undergone metamorphic recrystallisation, and in
which the affect of secondary processes have been minimal, thus retaining the
characteristics of the protolith:

- the mineral assemblage of olivine + clinopyroxene + plagioclase requires
the melt to have had a mafic composition;

- the appearance of new cumulus phases (notably plagiodase), and of more
evolved compositions (lower Mg:Mg+Fe ratios of mafic minerals, and lower An
content of plagioclase) from Type P to Type L xenoliths, indicates that the melt
was evolving by fractional crystallisation;

- Fo contents of olivine from the first formed cumulates (Type P

pyroxenites) of Fo 67-80 require an initial Mg# of >50, indicating a mantle melq
- isotopic ratios of unaltered pyroxenites indicate crystallisation from a melt

with low 87Sr/865r, high 1a35J471aaNd and unradiogenic Pb ratios. The primitive
Sr-Nd ratios of the xenolith suite indicate that isotopically evolved crustal
material was not assimilated into the crusf
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- the absence of orthopyroxene as a mineral phase, the Tirich and Ca-rich
clinopyroxene compositions, the Cr-poor spinel compositions suggests that the
crystallising melt may have been alkaline.

From these features, it is clear that the melt that crystallised the xenolith
suite was a primitive mafic melt derived from a mantle source, possibly an
enriched source. The xenolith suite represents the cumulate products of fractional
crystallisation of this melt (Figure 4.33).

Cunruletc hoducts of Frrctlond Crystrllisedon

FIGURE 433: Crystallisation sequence of the Mount Sidley xenolith suite from a primitive melt
sourced from a depleted mantle. Xenolith fypes crystallised in the sequence; Type P, Type C, Type M,
and Type L

The late Cenozoic volcanics that brought the suite to the surface cannot
have been the crystallising melt for a number of reasons:

- metamorphic textures in the xenolith suite indicates crystallisation prior
to entrainment in the host melts and ascent to the surface;

- the volcanics and the xenolith suite have differing isotopic compositions;
- secondary mineral reactions have occurred wherever the host melts have

come into contact with the xenolith suite. In particular, severe disequilibration
reactions exhibited by olivine and plagioclase indicate that they are in
disequilibrium with the melt and cannot have crystallised from iU

- crystallisation of plagioclase from the melt requires a negative Eu
anomaly in the crystallising melt, which is not present.

Melts fitting the citeria of the crystallising melt have not been detected
from Marie Byrd Land to date. Late Cenozoic alkaline volcanics can be discounted
as discussed above, and the xenolith suite does not have any arc-related
characteristics to link them with the Carboniferous volcanics on the MBL coast
(Laird, 1991b). They cannot represent melts that have not reached the surface, as

they would then have melt-like compositions, rather than cumulate
compositions. The xenolith suite may have been derived from a melt that failed
to reach the surface, or represent an old, possibly original lower crust.

Typc?
C[+qr
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4,7.3 Stratigraphy of the lower ctast anil secondary processes.
' Textural and chemical relationships indicate a gradation of xenolith types

from Type p to Types C, M and L. The presence of composite xenoliths (xenoliths

intermediate to two types, or xenoliths of one type containing another xenolith

Wpe) further indicates that interlayering of xenolith types occurs (Figure 4.3).

Geothermometry and geobarometry calculations indicate a high

geothermal gradient in the lithosphere beneath Mount sidley, with higher

temperatures and pressures of equilibration in the pyroxenite suite compared to

the granulite suite. This suggests that the gradation from TyPe P to Type L

xenolith types is stratigraphic, with pyroxenites occurring at lower levels and

granulites at higher levels in the lithosphere (Figure 4.34).

METAMORPHISM

Recrysallisation
of rnineral phases
to equant gnins,
with noapparant
chemical change.

CRYSTALLISATION

Crystallisation of
cumulates fiom a
primitive mdt,
souraed from

depleted mantle.

METASOMATISM

Eruichmentof ULES,
LREE isotoPic

ratios, and elements
compatiblein

crystallising phases.

FIGURE 4J4: Stratigraphic sequence of the xenolith suite from_TyPj ! glroxenite.s (darkest shade)

at lower depths to fypl L granulites (lightest shade) at upper levels. Metamorphic processes have

recrystallis"a tf," 
"p'plt 

lev-els, and metisomatism by alkaline melts has enriched the lower crust,

"rp*i"tty 
in the 

"pp"t 
levels. The exteny'secondary processes at different levels is represented by

the thickness of the arrows' l''

The extent of metamorphism, deformation and secondary Processes is

greatest in Type L xenoliths and least in Type P xenoliths, indicating that these

processes become more extensive at higher crustal levels. The style of

deformation changes with depth, from brittle at higher levels to ductile at lower

levels, possible reflecting a change in conditions from a mechanical boundary

layer, to a thermal boundary layer (Parsons and McKenzie,1978; Chapter 1.3.1)-

The occurrence of kaersutitisation at lower levels (in the pyroxenite suite)

and. oxidation at higher levels (in the granulite suite) indicates that the affect of
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silicate melt interaction changes with decreasing depth. At greater depths, non-

liquid derivatives of the melt react with the lithosphere in solid-solid or gas-solid

reactions. At higher levels, the affect of the liquid silicate melt itself dominates,

interacting with the lithosphere in liquid-solid reactions.

The differing manifestation of these enrichment processes at different
crustal levels, may be a result of the change in lithology of the lower crust. The

kaersutitisation process is capable of infiltrating the pyroxenite suite, possibly
because it occurs by gas-solid or solid-solid reactions. The oxidation process

however is a liquid-solid reaction, and may not be able to infiltrate the
impermeable pyroxenite suite, limiting its affects to the rims of the pyroxenites,
and through open cracks. In the granulite suite, oxidation occurs along
boundaries of mafic (clinopyroxene and olivine) and felsic (plagioclase) layers.

This layering may be conducive to melt infiltration by providing a permeable
(mafic) layer. The differing styles of the kaersutitisation and oxidation processes

are further discussed in Chapter 8.3.3.

4,7.4 Conclusion
Lower crustal xenoliths from Mount Sidley initially crystallised as a layered

series of cumulates from a fractionating melt, or series of related melts, with
primitive mantle characteristics (e.g. high Mg#, low 87Sr /865r ratios and high
1a35671aaNd ratios). The absence of orthopyroxene, the high-Ti and Ca content of
clinopyroxene, and the low Cr-content of spinels suggest that the crystallising
melt may have been alkaline in composition. Volcanic rocks exposed at the
surface do not have the characteristics of this crystallising melt.

The xenolith suite underwent metamorphism and deformation, resulting
in an overprinted metamorphic fabric in the granulite suite. The pyroxenite suite

remained undeformed, indicating a decrease in the extent of metamorphism with
depth. The affect of metamorphism on the composition of the xenoliths is
difficult to establish, due to the originally low content of mobile elements in the

cumulate suite. The style of deformation changed from brittle to ductile with
depth, indicating a change from the brittle conditions of the mechanical boundary
layer to the more ductile conditions of the thermal boundary layer at lower crustal
depths (Parsons and McKenzie, L978).

Cenozoic alkaline melts infiltrated the xenolith suite at lower crustal
depths, resulting in the modal and geochemical enrichment of the xenolith suite.

Secondary reactions associated with melt migration through the xenolith suite
include oxidation, dominant in the granulite suite, and kaersutitisation
(kaersutite replacement of clinopyroxene), dominant in the pyroxenite suite.
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Chapter five
THE MOUNT HAMPToN XENoLITH sUITE

Synopsis

A suite of lower crustal and upper mantle xenoliths has been collected

from Mount Hampton, a phonolitic stratoztolcano at the northern end of the

Executioe Committee Range, Marie Byrd Land. The mineral assemblage consists

of plagioclase, clinopyroxene, orthapyroxene and spinels, reflecting crystallisation

from a mafic sub-alkaline melt. Oliuine also occurs in a minority of xenoliths,
Relict igneous textures, and chemical compositions, suggest that the xenolith
suite initially crystallised as cumulates, prior to their metamorphism and

recrystallisation. P-T estimates indicate equilibration to lower crustal depths,

under a high geothermal gradient (6.5-9.5 kb, 875-7L25 rc).
The granulite and pyroxenite suites are similar in texture, with the

dominance of plagioclase and pyroxenes in the granulite and pyroxenite suites
respectioely accounting for most of the geochemical differences between the

suites. The afuole rock geochemistry is dominated by the mineral assemblage.

OrIy elements that partition readily into mineral phases (e.g. Sr in plagioclase,

and Cr in clinopyroxene) nre present in high abundances (e.g, up to 7746 ppm Cr
and up to L065 ppm Sr, and clinopyroxme-like REE abundances).

The primitioe characteristics of the mineral phases k.g. clinopyroxene
Mg:Mg+Fe ratios of 82-88, and plagioclase An contents of 49-71") has resulted in a

mafic xenolith suite (43-52 wt. % SiO2; original Mg#s of 67-72), and rcflects their

crystallisation from a primitiae mantle melt. Low 87511865, ratios 0.7A41,98-

0.704576) and high usy6luy76 ratios (0.51281,8-0.51-2771.) nre depteted mantle-like,
and indicate that the suite assimilated little or no eooloed crustal mnterial. The

mineral assemblage and geochemical characteristics of the xenolith suite indicate
that the crystallising melt was not related to the present late Cenozoic oolcanism
occurring in Marie Byrd Land.
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5.1 Mount Hampton

The northernmost volcano of the EC& Mount Hampton is also one of the

oldest volcanoes in MBL. It was first discovered during a U.S. Antarctic Service

Expedition reconnaissance flight on December 15, 1940 and named after Ruth

Hampton, a member of the executive committee for the expedition. Prior to the

second WAVE field season in 1990/91 (Chapter 3.3), Mount Hampton had only
been visited once; for two days in December,1967 (Doumani, L9&).

The massif consists of two calderas. Mount Hampton (LL-LZ Ma; Smellie ef

al., 1993), rising to an altitude of 3323 m asl, is comprised of phonolite lavas,

however as only the upper 700 m of the edifice is exposed, other lithologies may

be present beneath the ice cover. In contrast, Whitney Peak (L3.2 Ma; Smellie et

aI., 7993), on the northwest flank of Mount Hamptory rises to a height of 3003 m

asl, and consists of quartz-normative trachytes. Basanites, benmoreites and

hawaiites also occur on the massif as late-stage scoria cones, that contain abundant

lithospheric xenoliths. These include plagioclase peridotites, websterites and

hypersthene granulites (Le Masurier, t990; Smellie et al., L993).

PLATE 5.1: Mount Hampton, viewed looking southeast (from Le Masurier, L990; U.S. Navy
photograph TMA 573 F31 201). Whitney Peak caldera is in the foreground, with the larger and
higher caldera of Mount Hampton (caldera is 5 km in diameter) in the background. The Crary
Mountains, 230 km southeast of Mount Flampton, can be seen on the horizon.
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5.2 The Xenolith Suite

The Mount Hampton xenolith suite is dominated by peridotites, including
both plagioclase-bearing and plagioclase-free spinel lherzolites. Cr-diopside rich
peridotites are also abundant, as veins in spinel lherzolites and as nodules up to
10 cm in size. The upper mantle peridotite suite is described in Chapter 7.2, and
whole rock geochemical analyses are presented in Appendix 4.2.

Lower crustal xenoliths consist of a suite of pyroxenites, typical of Type tr
upper mantle rocks (Frey and Prinz,1978), and a suite of layered granulites. These

samples are interpreted to represent the lower crust beneath Mount Hampton
(Chapter 1.4). Both suites were entrained in late-stage basanitic host rocks which
have oxidised the rims of the xenoliths. Some samples however have been

pervasively oxidised. During analyses, care was taken to avoid these oxidised
rims. The xenoliths are otherwise unweathered and remarkablv free of xenolith -
host melt interaction.

The xenoliths are typically hand size or smaller. The pyroxenites are

angular with slightly rounded faces due to milling during transport in the

entraining melts. The granulite suite is more rounded. This may be a result of the

susceptibility of plagioclase-bearing xenoliths to rounding on transport, or a

function of source depths.

Mineral and whole rock descriptions and analyses, and the methods used

in their preparation can be found in Wysoczanski (1993) and in the appropriate
appendices of this thesis.

5.3 Petrography

In the Mount Hampton xenolith suite, two varieties of lower crustal
xenoliths are immediately clear in hand specimen; a layered plagioclase-rich
granulite suite, and a mafic pyroxenite suite typical of Type II upper mantle
xenoliths (Frey and Prinz , 1978). These types appear to be gradational in texture. A
range of modal assemblages for the xenolith types is presented as Table 5.1, and
modal assemblages of individual samples can be found in Appendix 2.2.

Both suites have been oxidised to varying degrees, with orthopyroxene
displaying oxidised rims (e.9. Plates 5.2 and 5.4). -The oxide products of
orthopyroxene are opaque under transmitted light (Table 5.1), but are

nevertheless classified as orthopyroxenes for the purposes of rock classification,
reflecting the protolith before oxidation. However, as it is often difficult to
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distinguish between primary oxides, and secondary oxides formed by oxidation of
the xenolith suite, both oxide generations are included together in modal mineral

tables as'opaques' (Table 5.1, Appendix 2.2).

Xenolith Type Granulites P;noxenites TABLE 5.1: Range of modal assemblages
present in granulites and pyroxenites
from Mount Hampton. Primary oxides
are often difficult to distinguish from
secondary oxides which form on the rims
of orthopyroxene; both oxide generations
are included together as 'opaques'. Note
the presence of olivine in only small
abundances; it is completely absent from
the majority of xenoliths.

Olivine
Clinopyroxene
Orthopyroxene
Plagioclase
Opaques

0.0-5.6

L5.4-40

0.0-74.2

27.6-70.0

8.2-17.2

0.0-2.8

30.234.4
9.6-54.5

0.0-2.4

2.0-L4.2

5,3.7 The granulite suite

The granulite suite consists of well layered norites and gabbros, including
leuco- and mela-norites and gabbros (Plates 5,2 and 5.3). The mineral assemblage

consists of plagioclase + orthopyroxene + dinopyroxene + spinels. In one sample/

olivine occurs in clusters in a mineral assemblage otherwise typical of the

granulite suite.

Granulite textures are metamorphic (granoblastic with equant polygonal

crystals), with relict cumulate textures identifiable in some samples. Relict

igneous textures include: tabular cumulus grains that have either not been

recrystallised, or have recrystallised with the formation of equant grains within
the original tabular igneous mineral boundaries (Plate 5.2); oscillatory zoning in
plagioclase; and inclusions of minerals in other mineral phases. Where

recrystallisation is complete, relict texfures are not preserved. Granulites with
relict igneous textures (Plates 5.2 and 5.3) indicate that the layering in the

granulite suite is igneous in origin, reflecting a layered cumulate protolith
(Parsons, L987). Well developed layering in fully recrystallised samples indicates

that metamorphism has further enhanced the layering (Chapter 2.2.4).

Intercumulus textures are preserved as smaller grains surrounding tabular

cumulus phases (Plate 5.2), or as anhedral interstitial grains (Plate 5.3). Plagioclase

is primarily a cumulus phase and clinopyroxene is both cumulus and

intercumulus (Plate 5.2), although in some samples clinopyroxene is cumulus

and plagioclase is intercumulus (Plate 5.3). Orthopyroxene is both a cumulus and

an intercumulus phase.
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PLATE 5.2: Granulite xenolith from Mount Hampton (sample PK4A) with relict tabular cumulus
plagioclase (p; top centre left) and clinopyroxene (c; lower right of centre), and crystals that have
recrystallised to small equant grains with well developed 120" triple junctions within tabular
igneous crystal boundaries (e.g. top of centre plagioclase). Orthopyroxenes (o) have opaque
symplectite (s) rims (e.g. large cluster of grains bottom left of centre) and small veins of oxides can be
seen in pyroxene and plagioclase crystals causing disequilibrium textures in plagioclase. Width of
plate is 17 mm.

Plagioclase crystals are generally subidiomorphic and of mm scale (< 10

mm). Large plagioclase crystals display multiple twinning/ and rare oscillatory
zoning. Many are broken, indicating brittle conditions in the lower crust. They
have not been recrystallised and are interpreted to represent relict cumulus
plagioclase (Plate 5.2, plagioclase left of centre). Smaller plagioclase crystals, that
have recrystallised from larger plagioclase crystals, occur as equant crystals with
well developed 1,200 triple jurctions. They are undeformed and not twinned. In
some samples, plagioclase recrystallisation is complete with the formation of
small crystals within a rectangular-shaped boundary, up to 10 mm in size,
reflecting the tabular form of the protolith plagioclase crystal (Plate 5.2, plagioclase

right of centre).

Clinopyroxene crystals range from sub-mm to 5 mm in size, often with
well developed idiomorphic forms. Large crystals are tabular and brokery and are

interpreted to represent older igneous phases (Plates 5.2 and 5.3). Smaller
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recrystallised equant grains are metamorphic in origin, having recrystallised from
igneous phases (Plate 5.2). Clinopyroxenes are unaffected by secondary processes,

however fine orthopyroxene exsolutions are discernible in some clinopyroxenes.

Their origin is uncertain, but may be due to a decrease in pressure during ascent

of the xenoliths to the surface in host lavas.

Orthopyroxene is the major Ca-poor mafic phase in the xenolith suite,

occurring as subidiomorphic crystals, generally 1-2 mm in size (but ranging from
<1 mm to 5 mm in length), and as small (pm scale) exsolutions in clinopyroxene.

Their moderately strong pleocfuoism (alpha = pink, beta = pale greenish-brown,

gamma - pale green) is a distinguishing characteristic. Their forms range from
large tabular early-formed crystals (Plate 5.2), to recrystallised crystals displaying
well developed 120" triple junctions with other minerals (Plate 5.3). Clusters of
recrystallised orthopyroxenes within well formed boundaries indicate
recrystallisation from a large (up to 15 mm) parent orthopyroxene (Plate 5.3).

PLATE 5.3: Granulite xenolith from Mount Hampton (sample PK4C1) with a layered cumulate
texture. Clinopyroxene (c) is a cumulus phase and orthopyroxene (o) is intercumulus. Orthopyroxene
can be identified by its moderate pleochroism and by its oxidised symplectite rims. Plagioclase (p) is
intercumulus, occurring as anhedral grains between pyroxene layers. Recrystallisation of plagioclase
to equant grains with 120' triple junctions has occurred (bottom left). Width of plate is 17 mm.
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Most orthopyroxenes have been affected by a secondary Process resulting in

symplectite growth of olivine and Fe-Ti oxides on their rims and along cracks,

giving them a rusty appearance (Plates 5.2 and 5.3). In advanced cases, symplectite

growth has almost totally replaced the host orthopyroxene, resulting in

symplectites that are opaque under transmitted light. Symplectites occur on both

igneous and metamorphic orthopyroxenes, indicating symplectite formation after

metamorphism. The origin of the symplectites may be due to decompression

associated with uplift, or ascent to the surface, or it may be due to oxidation by the

host melts. This reaction is more fully discussed in Chapter 5.5.

Secondary oxide growth also occurs in cracks and along plagioclase rims

(plate 5.2). Plagioclase in contact with these veins show disequilibrium textures.

The pervasive nature of secondary oxide growth makes the identification of

primary Fe Ti oxides difficult, although small oxide inclusions in tabular crystals

are identifiable as primary in origin.

5.3.2 The pyroxenite suite

The pyroxenite suite is comprised of websterites (including plagioclase-

bearing websterites) and clinopyroxenites, with equant polygonal metamorphic

fabrics, displaying L20o triple junctions (Plates 5.4 and 5.5). The mineral

assemblage consists of orthopyroxene + clinopyroxene + spinels + plagioclase +

olivine.
Clinopyroxene occurs as early formed subidiomorphic crystals, as well as

late formed xenomorphic crystals, taking their form from other crystals (Plates 5.4

and 5.5). Most are"l.-2 mm in size, however large broken clinopyroxenes up to 20

mm in size, with pronounced orthopyroxene exsolutions (on a 10-pm scale), also

occur (Plate 5.4). Some exsolutions are curved, indicating ductile deformation

(Plate 5.4).

Orthopyroxene crystals are generatly subidiomorphic, and 1-2 mm in size,

although crystals up to 5 mm in size occur. Orthopyroxenes in many samples

have developed narrow (10 pm scale) olivine and Fe-Ti oxide symplectites on

their rims, and along cracks (Ptates 5.4), similar to the granulite suite, but not

nearly as well developed. Symplectite growth on exsolved orthopyroxenes, and

the ductile deformation of exsolution lamellae, indicates that exsolution preceded

metamorphism and symplectite formation, and can not have been related to

ascent in the magma. The pleochroism (alpha = pink, beta = pale greenish-brown,

gamma = pale green) and weak interference colours of orthoPyroxenes, together

with their symplectite rims, distinguishing them from clinopyroxenes.
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PLATE 5.4: See capdon opposite.

PLATE 5.5: See caption opposite-
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PTATE 5.4 (opposite): Pyroxenite from Mount Hampton (sample PK4D1) comprised of orthopyroxene
(o) and clinopyroxene (c). Large clinopyroxenes have exsolved orthopyroxene that are curvd,
probably as a result of ductile deformation after exsolution (e.g. top left). Orthopyroxene occurs as
rounded cumulus grains, typically with symplectite (s) rims. Width of plate is 17 mm.

PLATE 5.5 (opposite): Pyroxenite from Mount Hampton (sample PK4D) with a meta-igneous texture,
comprised of orthopyroxene (o), clinopyroxene (c) and interstitial plagioclase (p). Narrow
symplectite (s) rims have developed on some orthopyroxene crystals and through cracks, although in
general the sample is unaffected by secondary processes.Width of plate is 17 mm.

Plagioclase is rare, and occurs as interstitial crystals associated with
recrystallised mafic phases. Olivine is present in two pyroxenites in conjunction
with orthopyroxene and clinopyroxene. Oxides occurring as inclusions in large
tabular host crystals are primary in origin, but other oxides have originated in
resPonse to secondary Processes.

Metamorphic textures are well developed in the pyroxenite suite, although
the presence of large broken exsolved clinopyroxenes may indicate an igneous

cumulate protolith. The tabular form of many clinopyroxene and orthopyroxene
crystals suggests crystallisation as cumulus minerals, although others may have
been intercumulus. The interstitial form of plagioclase crystals indicates
crystallisation as an intercumulus phase.

The resemblance of the pyroxenite suite (in particular of plagioclase-bearing
pyroxenites) to melagabbros and norites of the granulite suite suggests that the
two suites may grade into one another and be genetically related.

5.3,3 Sumffiary of textures anil bearing on petrogenesis

The granulite suite consists of gabbros and norites with a strong layering of
mafic and felsic phases, inherited from igneous layering in a cumulate protolith.
W€bsterites comprise the bulk of the pyroxenite suite, which is plagioclase-poor.
Both pyroxenites and granulites consist of orthopyroxene + clinopyroxene +
spinels + plagioclase, signif)tt.g a sub-alkaline affinity. Olivine is also present in a

small number of xenoliths from both suites.

The xenolith suite is meta-igneous in texture. Large tabular plagioclase and

Pyroxene crystals rePresent relict cumulus crystals that have been
metamorphosed, and recrystallised to equant polygonal grains displaying L20o

triple junctions between crystals. Plagioclase, clinopyroxene and orthopyroxene all
occur as both cumulus and intercumulus phases in the granulite suite. In the
pyroxenite suite, clinopyroxene and orthopyroxene are both cumulus and
intercumulus phases, and plagioclase occurs only as an intercumulus phase. The
only appreciable difference between the granulite and pyroxenite suites is the

<tti |p
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abundance and cumulus form of plagioclase in the granulite suite compared to

the pyroxenite suite (Figure 5.1).

The similarity in petrographic textures and associations of the xenolith

suites (in particular granulite melagabbros and norites and plagioclase-bearing

pyroxenites) indicate that the granulite and pyroxenite suites are genetically

related. However, composite xenoliths have not been found to indicate whether

there is an interlayering of, or a gradation between granulites and pyroxenites.

This may be a reflection of the small sample size of the xenolith suite, and a

gradation or an interlayering of granulites and pyroxenites cannot be discounted.

Pwoxenites Granulites

FIGURE 5.1: Cumulus (c) and intercumulus (i) phases in the Mount HamPton xenolith suite differ
between the pyroxenite and granulite suites. However, the only appreciable difference is the high
abundance of cumulus plagioclase in the granulite suite, and its low abundance and intercumulus form
in the pyroxenite suite. Clear = absence of a phase; light stipple = only rare occurrence of a phase;
black = presence of a phase.

Orthopyroxene of all forms (primary igneous crystals, recrystallised

metamorphic crystals, and exsolution lamellae in clinopyroxene) has been

oxidised, resulting in the formation of symplectites. Symplectite rims on

recrystallised and exsolved orthopyroxene indicates that oxidation occurred after

exsolution and metamorphism, and exsolution did not occur as a result of
decompression due to ascent of the xenoliths to the surface.

Deformational features in plagioclase crystals (e.g. fractured grains) of the

granulite suite indicate brittle conditions in the lower crust. However, curved

orthopyroxene exsolution lamellae in clinopyroxene reflects ductile deformation.

The lower crust beneath Mount Hampton may be in the transition region

between the brittle conditions of the mechanical boundary Iayer, and the more

plastic conditions of the thermal boundary layer in the lithosphere (Parsons and

McKenzie, 1978; Chapter 1.3.1).

From the textural relationships evident in the xenolith suite, a sequence of
events in the xenolith suite can be inferred:

- crystallisation of the suite as a series of cumulates (including layered

plagioclase-rich cumulates) that crystallised from a fractionating sub-alkaline

melt. Pyroxenite crystallisation may have preceded granulite crystallisation, or

Clinopyroxene

Plagioclase
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The Mount Hampton xenolith suite

they may have crystallised together. Possible stratigraphic relationships of the
xenolith suite are represented as Figure 5.2;

- exsolution of clinopyroxenes in the xenolith suite in response to changing
equilibration conditions, possibly associated with cooling due to uplift;

- metamorphism of the suite resulting in the recrystallisation of igneous
crystals to smaller equant polygonal grains;

lntemredlate

FIGURE 5.2: Schematic diagram showing some possible stratigraphic relationships between the
granulite and pyroxenite suites. a) The suite may represent fractionation from an evolving melt with
crystallisation of the pyroxenites and then granulites. b) The pyroxenite suite may represent
cumulates of a mafic melt intruded into, or underplating, pre-existing granulitic crust. c) The suite
nuy represent an interlayering of genetically related cumulates with no stratigraphic control.
Textural similarities between the suites indicates that they are related, and crystallised from the
same melt. Furthermore, the appearance of plagioclase as a cumulate phase signifies a change in
conditions, resulting in the crystallisation of the granulite suite instead of the pyroxenite suite. For
these reasons, a) or c) are most likely.

- ductile deformation of the pyroxenite suite (and possibly brittle
deformation of the granulite suite), both synchronous with and after
metamorphism;

- oxidation of the suite resulting in the formation of secondary oxides, and
symplectite growth on orthopyroxenes;

- entrainment of the suite in basanitic lavas and their ascent to the surface.

5.4 Mineral Chemistry

Metamorphism of the xenolith suite has obscured most of the original
igneous textures, and in some cases has resulted in an alteration to the mineral
chemistry. Mineral compositions are useful in determining the extent of
alteration and of identifying relic characteristics, thereby giving an insight into the

c)b)a)

4
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TABLE 5.2: Representative electron microprobe analyses of Mount Hampton xenolith clinopyroxenes.

SAMPLE PK4A PK4A

Tl?E Gran Gran

PK4R PK4Y PK4C1 PK4B PK4D

Gran Gran Gran F5rxite Pyxite
PK4S PK4B1 PK5G

PSxite Ppite Pgite

sio2
A1203
Tio2
FeO

MnO
Mgo
CaO

Na2O
K20

48.97 49.66 51.52

8.67 5.03 3.98

0.77 0.92 1.05

7.90 8.47 9.66

0.19 0.17 0.28

72.47 15.16 74.77

2r.04 L9.29 18.50

1.07 0.34 0.70

0.01 0.00 0.05

50.09 47.64

8.31 8.M
0.91 7.28

8.38 8.33

0.21 0.27

13.19 13.41

L7.55 19.94

1.40 0.99

0.03 0.42

48.23 48.59

8.31 7.86

1,.43 1.54

7.95 8.32

0.?2 0.17

12.72 L2.70

19.51 19.81

1.04 1.05

0.07 0.05

48.19 47.22 50.92

7.25 9.14 6.87

1.33 1.54 1.11

8.45 8.51 6.76

0.20 0.24 0.13

12.88 L2.69 13.88

20.56 L9.27 19.89

0.91 1.30 0.93

0.04 0.03 0.00

Fe2O3*

FeO*

3.37

4.86

1..93

5.74

4.99

8.n
0.33

8.08

4.70

4.09

2.L2

6.M
2.30

6.26

3.89

4.95

4.83 0.00

4.27 6.76

TOTAL 101.09 100.04 700.47 100.07 100.23 99.48 100.09 99.78 100.01 100.48

utions on thebasb of 6 oxygens

si
Alry
AIVI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K

L.799 1.840

0.200 0.160

0.180 0.100

0.020 0.025

0.093 0.010

0.148 0.053

0.006 0.ffi7
0.682 0.836

0.828 0.765

0.076 0.024

0.000 0.000

1.902 1.842

0.100 0.150

0.070 0.200

0.029 0.025

0.027 0.009

0.270 0.248

0.008 0.007

0.812 0.7?2

0.73L 0.591

0.050 0.098

0.003 0.001

Lnl 1..79L 1.801

0.230 0.210 0.200

0.140 0.150 0.1410

0.035 0.040 0.040

0.130 0.059 0.064

0.126 0.187 0.193

0.006 0.010 0.010

0.742 0.703 0.701

0.794 0.776 0.786

0.070 0.074 0.075

0.001 0.000 0.002

1.799 7.754 1.855

0.200 0.250 0.140

0.120 0.150 0.150

0.037 0.043 0.030

0.108 0.134 0.000

0.153 0.131 0.205

0.005 0.007 0.000

0.716 0.702 0.753

0.822 0.767 0.775

0.065 0.093 0.065

0.001 0.001 0.000

TOTAL 4.0274.0004.0033.8204.032 4.OO2 4.0u 4.0t2 4.092 3.974

Wo
En
Fs

a
T

47.29 45.97 39.73

38.95 50.24 44.13

73.75 3.79 L6.14

41.38 M.37 M.99

43.23 41,.47 40.75

15.39 74.29 14.26

45.07 45.69 M.23 M.75

40.19 39.80 40.48 43.43

74.74 14.51 15.28 11.82

1,.66

0.15

1.55

0.05

1.81

0.10

L.6
0.24

r.6
0.14

L.57

0.15

1.58

0.15

r.69

0.13

1.50 7.73

0.19 0.r3

* Recalculated assuming stoichiometry based on 4.0 cations

t52



Thc Mmtnl l-fnmnlnn rpanlith suilc

nature of the protolith prior to metamorphism. Mineral compositions may also
clarify the genetic relationship berween the granulite and pyroxenite suites, and
ascertain their sequence of crystallisation in the lower crust.

5.4.7 Clinopyroxene
Clinopyroxene shows the widest compositional range of the major rock

forming minerals in the Mount Hampton xenolith suite. Representative analyses

are presented as Table 5.2, and major element compositions are discussed below.
Rare earth element contents of clinopyroxene separates are discussed with whole
rock geochemistry (Chapter 5.6.2).

FIGURE 5.3: Composition of clinopyroxenes from the Mount Hampton xenolith suite in the system
Wo-En-Fs (fields from Morimoto ef aI., 1988). Compositions of granulite and pyroxenite
clinopyroxenes are similar, except for a larger range in the granulite suite, possibly due to unmixing
(with exsolution).

Mount Hampton xenolith clinopyroxenes are Ca-Mg-Fe quadrilateral
clinopyroxenes with minor 'I' 0 = 2Na) components (Chapter 2.3.1). Without
exception, both granulite and pyroxenite clinopyroxenes are aluminian augites or
aluminian diopsides (Morimoto et, al, 1988). Granulite and pyroxenite
clinopyroxene compositions overlap on pyroxene quadrilateral diagrams,
although a larger range is represented in the granulite suite with relatively
calcium-rich and calcium-poor clinopyroxenes compared to the pyroxenite suite
(Figure .5.3). This compositional range may be a result of unmixing due to
exsolution. A plot of Wo v Fs (Figure 5.4) better illustrates this compositional
range and highlights the strong trend between Wo and En, with Wo-rich
clinopyroxenes having lower En contents. Pyroxenite clinopyroxenes fall within
the granulite clinopyroxene field.

The M2 octahedral site in xenolith clinopyroxenes consists mainly of Ca (<
0.86 and < 0.82 cations in granulites and pyroxenites respectively), with remaining

r53



sites filled by Na (up to 0.1. cations in both granulites and pyroxenites) and Mg.

The ML octahedral sites are occupied mainly by Fe, Mg, and Al (< 0.21 and < 0.20

cations in granulites and pyroxenites respectively) with smaller amounts of Ti (<
0.7 and < 0.5 cations) and Mn (generally < 0.01. cations).

E Cranulites

O $noxenites

051015202530
Fs

FIGURE 5.4: Binary diagram of clinopyroxene Wo v Fs compositions. Fields are those of the
Morimoto ef al. (1988) pyroxene quadrilateral. Granulite and pyroxenite dinopyroxene compositions
are similar except for the extended Ca content range in the former,

The tetrahedral site is comprised mainly of Si (I.75-t.90 and 0.75-1..85

cations), with a variable amount of Al substituting for Si (up to 0.25 cations). The

substitution of Si4* by A13*;

M(2)2*M(t )2*Si4*2O6 -> M(2)2*TieAl3*zOe

results in a charge imbalance which is restored by the substitution of one Ti4*

cation entering the M1 site for every two Al3* cations entering the tetrahedral site.

Al is therefore partitioned into two structural sites; the tetrahedral site (Alry) and

an octahedral (M1) site (Alu). The coupled substitution of Al3* for Si4*, and Ti4*

for Mg2* or Fe2* is not very evident in Ti v AIIV contents, possibly due to the small

totals. There is however a general positive trend between Ti and Afv contents,

whereas no such correlation is evident between Ti and Alu contents (Figure 5.5).

The partitioning of Al into two sites has been used as an indicator for the

origin of clinopyroxenes (Aoki and Shiba, t973; Wass, L979). All Mount Hampton
xenolith clinopyroxenes fall in the field of 'granulites and inclusions in basalts',

reflecting their crystallisation at lower crustal conditions (Figure 5.5).

:4s
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Low AIVI field

High AIVI field

The Mount Hampton xenolith suite

0.

Granulites

ryroxenites

AIIV A]VI

FtcURE 5.5: Ti contents of clinopyroxenes form: a) a generally positive trend with AlIv reflects the
coupled substitution of Al for Si in the tetrahedral site, and Ti for Mg and Fe in $p octahedral site:
b) and a scattered trend with Alvl shows no relationship between Ti and AlvI partitioning in
clinopyroxene. Stippled fields distinguish high-Alvl from iow-Alu clinopyroxenes, resulting from
their crystallisation prior to and after plagioclase respectively.

Granulite clinopyroxene compositions are bimodal, with a high-Alt gtonp

similar to all pyroxenite clinopyroxenes, and a low-Alvl grouP with a

compositional gap of 0.11-0.14 AlvI at constant AlIv (shown as fields in Figures 5.5

and 5.5). As AlvI contents are unaffected by the substitution of Al for Si, the

bimodal distribution is most likely a reflection of different Al contents in the

crystallising melt. The most obvious method of depleting a melt in Al is through

pla gioclase fractionation.

tr Granulites

O Pyroxenites

AIIV

FIGURE 5.6: Tetrahedral (Allv) and octahedral (Alvl) partitioning of aluminium in clinopyroxene.
Mount Hampton g.ranulite clinopyroxenes fall into two groups (light shade) with a compo-sitional
gap at 0.11-0.14 Al'r. The high Al"rgroup crystallised prior to plagioclase, and the low Al'' group
crystallised after plagioclase, which depleted the melt in Al. Pyroxenite clinopyroxene
compositions are intermediate to the granulite groups. The diagram is divided into the fields of
Aoki and Shiba (1973), with all Mount Hampton xenolith clinopyroxenes falling within the 'basalts
with granulites and inclusions' field.
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If plagioclase crystallised prior to clinopyroxene, the melt would be depleted
in Al, resulting in lower Al contents in clinopyroxenes. If plagioclase did not
crystallise prior to clinopyroxene, Al contents of the dinopyroxene would remain
high, and similar to pyroxenite clinopyroxenes, which crystallised from a melt
previously unaffected by plagioclase fractionation. This process has also been

documented in the Mount Sidley xenolith suite, where granulite (and some

plagioclase-bearing pyroxenite) clinopyroxene Al contents are low compared to
most pyroxenite clinopyroxenes (Chapter 4.4.2).

This behaviour makes it possible to identify clinopyroxenes that have

crystallised from a melt prior to plagioclase crystallisation, from those that
crystallised after plagioclase crystallisation. The former have high Al2O3 contents
(8.0-9.0 wt. "/o AzOs) and the latter have low Al2O3 contents (3.5-7.7 wt. "/" NzOs).

Reviewing dinopyroxene data from the granulite suite (Table 5.2 and Appendix
3.2), it is evident that plagioclase crystallised first in some granulites (e.g. PK4R),

while in others clinopyroxene crystallised first (e.g. PK4Y, PK4C1). Granulites with
both types of clinopyroxene probably crystallised both phases simultaneously (e.g.

PK4A), although some clinopyroxene crystallisation preceded plagioclase
crystallisation. Textural evidence supports these orders of crystallisation; e.g.

sample PK4A (Plate 5.2) contains cumulus plagioclase with both cumulus and
intercumulus clinopyroxene, whereas in sample PK4C1 (Plate 5.3) clinopyroxene
is also a cumulus and an intercumulus phase, but plagioclase is only an
intercumulus phase.

5,4.2 Orthopytoxene
The other major mafic phase together with clinopyroxene, and the

dominant Ca-poor mineral phase, is orthopyroxene. Orthopyroxene analyses are
from unoxidised cores only, and do not include exsolved orthopyroxenes.
Secondary orthopyroxene compositions are documented in Chapter 5.5.2.

Compositions of orthopyroxene from both the granulite and pyroxenite
suites are aluminian clinoenstatites (Morimoto et. al, 1988). Granulite
orthopyroxenes range from En 67-73, whereas pyroxenite orthopyroxene
compositions are bimodal in distribution, with one group similar to granulite
orthopyroxenes and another Mg-rich groupr ranging from En75-77 (Figure 5.7). A
plot of Wo v Fs highlights this Mg-rich subset (Figure 5.8).

Orthopyroxene textures indicate that igneous orthopyroxenes have been

metamorphosed and recrystallised. This is highlighted by the plot of MgO + FeO +
Fe2O3 v Al2O3 contents (Figure 5.9), which distinguishes metamorphic from
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TABLE 5.3: Representative electron microprobe analyses of Mount Hampton xenolith
orthopyroxenes.

SAMPTE PK4A PK4R PK4Y

TYPE Gran Gran Gran

PK4C1 PK4C1 PK4D PK4L

Gran Gran Pgite Pyxite
PK4S PK4B]. PKsG

P;rxite Pyxite Pyxite

sio2
A1203

Ti02
FeO

MnO
Mgo
CaO

Na2O

K20

50.82 52.53

6.69 4.t7
0.15 0.23

1,6.86 18.53

0.34 0.45

24.30 23.39

0.73 0.74

0.72 0.06

0.01 0.03

51,.M 50.88

5.99 5.88

0.L6 0.26

15.23 t7.38

0.37 0.35

25.09 24.L8

0.83 0.87

0.09 0.01

0.01 0.00

51.05 5r.57

6.17 5.40

0.26 0.38

L7.M 75.74

0.41 0.38

24.70 25.29

0.95 0.97

0.14 0.15

0.01 0.03

50.17 52.00 49.68 52.75

6.53 5.31 6.64 4.72

0.40 0.39 0.41 0.31

15.85 L6.93 L7.35 L3.41

0.33 0.45 0.?S 0.33

24.33 24.39 24.L1, 27.28

1.03 1.00 L.22 0.98

0.11 0.L2 0.15 0.24

0.03 0.05 0.04 0.02

Fe2O3*

FeO*

1.2t 0.00

$.n 18.53

L.29 2.11

L5.07 15.49

0.42 1.35 0.00

76.68 74.53 15.85

0.31 3.54 r..53

t6.& L4.L6 L2.03

TOTAL L00.02 100.09 100.21 99.82 100.15 99.90 99.75 1.00.55 99.81 100.01

catiors on the basis of 5 oxygens

si
AIw
AIVI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K

L.846 1.91E

0.150 0.080

0.140 0.100

0.004 0.006

0.033 0.000

0.478 0.555

0.010 0.013

1.315 L.272

0.028 0.028

0.008 0.004

0.001 0.001

1.860 1.858

0.140 0.140

0.120 0.110

0.004 0.w7
0.035 0.058

0.411 0.474

0.011 0.010

1.351 1.315

0.092 0.031

0.007 0.001

0.000 0.000

1.852 r.866

0.150 0.130

0.110 0.100

0.007 0.010

0.012 0.037

0.507 0.44
0.013 0.010

1.303 1.363

0.037 0.w7
0.010 0.010

0.000 0.000

1.830 L.877

0.170 0.120

0.110 0.110

0.011 0.010

0.000 0.009

0.513 0.503

0.010 0.013

1,.321 1.311

0.040 0.038

0.008 0.008

0.000 0.002

1.815 L.878

0.180 0.120

0.110 0.080

0.010 0.010

0.097 0.041

0.430 0.359

0.008 0.010

r.3L2 L.M6

0.048 0.437

0.010 0.0L6

0.002 0.000

TOTAL 4.013 4.0013.987 4.014 4.003 4.007 4.013 4.001 4.022 3.997

Wo
En

Fs

a
T

1.51 1.50 7.71 1.81 1.99

70.93 6.20 72.L7 70.M 70.09

27.56 30.29 26.12 28.13 27.92

2.t3 ?.04 254 7.96

70.49 70.45 69.53 76.79

27.37 27.51 27.93 21.24

1.82

0.02

L.87

0.01

1.84

0.01

t.82

0.00

1.85

0.02

1.97

72.46

25.57

7.84

0.02

1.87

0.02

1.85

0.02

1.79 1.84

0.02 0.03

" Recalculaied assuming stoichiometry based on 4.0 cations
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FIGURE 5.7: composition of orthopyroxenes from the Mount Hampton xenolith suite in the system

Wo-En-Fs (fields from Morimoto et oi., fg6gl. Compositions of granulite and pyroxenite

orthopYroxenes are similar'

igneous orthopyroxenes (Bhattach aryya, L97I). Nearly all orthopyroxenes plot in

the field of metamorPhic minerals'

10

Pigeonite

Clinoenstatite

tFf"
tr

o
3

tr Granulites

O Brroxenites

353025

Fs
15

FIGURE5.8:BinarydiagramoforthopyroxenewovFscompositions'Fieldsarethoseofthe
Morimoto ef af. tfqga;y?o*"."q.r"arifii"i"f. Ct""ulite and ppoxenite clinopyroxene compositions

"i" 
ti*il"t, except for i'smalt Mglti*t gtouP of pyroxenite clinopyroxenes'

White this method does allow a comparison of orthoPyroxenes of

metamorphic and igneous origins, there are imPortant limitations:

- original compositions of the orthopyroxene may impart metamorphic

contents on non-metamorphic orthopyroxenes;
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The Mount Hampton xenolith suite

- any departures from ion-exchange equilibrium during regional
metamorphism of orthopyroxene-bearing igneous rocks may result in igneous
characteristics of metamorphosed orthopyroxene;

- in thermally metamorphosed rocks, orthopyroxenes may retain igneous

characteristics.

Metamorphic textural characteristics in the xenolith suite invalidates the
latter two limitations, and supports the metamorphic chemical signature of the
orthopyroxenes indicated by Figure 5.9.

s
-i
3

(r)
o
N
(u

Er
+
oqf
trr
+
o
@

MetamorphicEo
tr w1-;--lrotr

: -f,-Etr'. o o

Igneous

E Granulites

O Pyroxenites

Al2O3 wL o/o

FIGURE 5.9: Compositional plot of Bhattachaqya (1971), distinguishing between metamorphic and
igneous orthopyroxenes. This method is dependant on original compositions, on ion-exchange
equilibri4 and on possible retentions of igneous characteristics in metamorphic orthopyroxenes.

Compositions of granulite and pyroxenite orthopyroxenes are similar. The

M1 and M2 octahedral sites are filled by Mg and Fe, with only minor amounts of
Ca (S 0.05 cations), Na (< 0.04, but generally < 0.01 cations) and Mn (< 0.2 cations).

Ti also occlus in minor amounts (generally 0.01 cation per 5 oxygeru).
Silica dominates the tetrahedral site, but large amounts of Al substitute for

Si (< 0.25 AIIV cations). The charge imbalance of A13+ substituting for Si4* cannot
be balanced by the coupled substitution of Ti4* for Mg2* or Fe2+ in octahedral sites

as the quantity of Ti present is insufficient. This is evident in that lack of a

correlation between AIIV and Ti in the xenolith suite (Figure 5.10), indicating that
Ti4* does not restore the charge imbalance due to Al3* substifution of Si4*. The
lack of any trends between Ti and AIIV or alu lfigure 5.10) may reflect the low
abundance of Ti in orthopyroxenes, resulting in relatively high analytical errors.
The presence of appropriate Fe3* may however restore the charge imbalance.
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FIGURE S.10: Ti shows no correlation with either a) AlIv content, or b) AlvI content, indicating that

the substitution of Ti for Mg or Fe may not restore the charge imbalance from the substitution of Al
for Si in the tetrahedral sitE. Closed squares represent analyses of both granulite and pyroxenite

orthopyroxenes.

Unlike the bimodal compositions of granulite clinopyroxenes, granulite

orthopyroxene compositions are not bimodal as a result of prior plagioclase

crystallisation in low-Al2O3 clinopyroxenes (Chapter 5.4.1)' The lack of such a

trend in orthopyroxenes, and the cumulus textures of granulite plagioclase and

intercumulus texture of granulite orthopyroxenes, indicates that plagioclase

crystallisation preceded orthopyroxene crystallisation.

FIGURE 5.11: Composition of plagioclase
from Mount Hampton xenoliths in the
system Or-An-Ab. Fields are those of Deer
et al. (L9661. The range of plagioclase An
composition is greater in the granulite suite
than in tre pyroxenite suite.

5.4.3 Plagioclase
plagioclase is a major constituent of the granulite suite xenoliths, but only a

minor component of the pyroxenite suite. All feldspars in the xenolith suite are

plagioclase feldspars; alkati feldspars are totally absent. Table 5.4 presents

representative analyses of plagioclase cores from both suites.
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The Mount Hatttpton xmolith suite

Granulite plagioclase is mainly labradorite in composition, with minor
andesine, forming a continuum from An 49-70 (Figure 5.11). Ranges in An
content of > L0 in some samples signifies crystallisation from an evolving melt or

varying pressure, temperature or water conditions. In other samples,

compositional ranges are small, indicating crystallisation under stable conditions.

TABLE 5.4: Representative elecEon microprobe analyses of Mount Hampton xenolith plagioclase.

SAMPLE PK A PK4R PK4V PKAY PK4C1 PK4B PK4B PK4D PK4D PK4D

TYPE Gran Gran Gran Gran Gran Pyxite Pyxite Pyxite Pgite Pyxite

sio2
A1203

Tio2
FeO

MnO
Mgo
CaO

Na2O

K20

55.28 51.71

28.08 29.55

0.03 0.22

0.35 0.5r

0.08 0.05

0.03 0.t7
10.52 13.85

5.2r 3.77

0.45 0.36

54.57 54.89

29.2L 28.76

0.02 0.05

0.22 0.77

0.00 0.02

0.01 0.01

11.58 LL.21

4.92 4.94

0.27 0.33

52.87 54.91

29.87 0.08

0.22 27.92

0.54 0.22

0.10 0.04

0.08 0.08

12.81 11.38

4.21 5.14

0.26 0.35

54.67 55.68

28.63 28.42

0.05 0.04

0.21 0.33

0.07 0.00

0.04 0.11

10.86 10.48

5.24 5.40

0.39 0.50

52.77 55.85

29.1L 28.27

0.15 0.01

0.42 0.19

0.05 0.05

0.L2 0.04

12.23 t0.66

4.U 5.36

0.28 0.51

TOTAL 100.03 100.29 100.80 99.77 100.95 1.00.12 100.15 100.95 99.98 100.95

catiota on the basb of I oxygerc

si
AI
Ti
Fe

Mn
Mg
Ca

Na
K

2.495 2.357

t.493 1.587

0.001 0.007

0.013 0.022

0.000 0.001

0.002 0.011

0.509 0.676

0.455 0.332

0.026 0.021

2.447 2.483

1.545 1.501

0.000 0.001

0.008 0.m5
0.000 0.000

0.001 0.000

0.557 0.543

0.428 0.432

0.01s 0.018

2.3&3 2.479 2.4&
L.587 1.490 1.521

0.ffi7 0.000 0.000

0.020 0.010 0.010

0.004 0.000 0.000

0.005 0.010 0.000

0.618 0.550 0.524

0.368 0.49 0.457

0.015 0.020 0.023

2.488 2.4N 2.495

1.496 1.550 1.488

0.001 0.010 0.000

0.010 0.010 0.007

0.000 0.000 0.000

0.010 0.010 0.000

0.501 0.595 0.509

0.467 0.426 4.463

0.028 0.0L5 0.029

TOTAL 4.997 5.014 5.001 4.9U 5.008 4.999 4.991

An
Ab
Or

51.41 65.69

8.96 32.26

2.& 2.M

55.70 54.68

42.80 43.50

1.50 1.81

6t.74 53.97 52.19

36.76 M.06 45.52

1.50 t.96 2.29

50.30 57.42 50.8s

46.89 47.04 46.8
2.87 1.54 2.90

Pyroxenite plagioclase is

compositional range from An
labradorite in compositiory and has a limited

50-57 (Figure 5.11). This small range suggests
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crystallisation under
granulite plagioclase

and from more Ca-poor melts than

as a cumulus phase earlier in the
stable conditions,
that crvstallised

crystallisation sequence.

Plagioclase from both suites contain minor amounts of FeO (< 0.55 wt. Y"),

and trace amounts of Mg and Mn. Other than the extended range of granulite

plagioclase composition, there is no difference in plagioclase from the granulite

and pyroxenite suites.

TABLE S.5: Representative electron microprobe analyses of Mount Hampton primary xenolith oxides.

SAIVIPLE PK4V
TYPE Gran

T

PK4V PK4C1 PK4B PK4D PK4L

Gran Gran Ppite Pyxite PYite
nAl-SpnUAI-SP

PK4T
Pyxite

n

PK4T
Pyxite

n

PK4D1
Pyxite

tr

sio2
A1203

Ti02
Fe203

FeO

MnO
Mgo
CaO

Cr2O3

Nio

0.G3 0.82

2.27 0.75

53.U 50.59

0.96 3.M
36.87 44.28

0.14 0.24

6.03 2.72

0.02 0.15

0.00 0.01

0.01 0.03

0.13 0.12

6L.42 1.40

0.23 51.09

4.10 1.19

20.2L 39.14

0.25 0.19

L4.24 3.67

0.01 0.04

0.00 0.16

0.00 0.15

0.11 0.05 0.11

0.11 58.13 0.23

51.28 0.40 46.89

5.58 5,67 13.55

32.26 19.24 37.72

0.37 0.16 0.38

7.47 13.99 5.83

0.09 0.04 0.14

0.31 0.00 0.03

0.19 0.00 0.11

0.L7 0.08

0.41 0.50

48.89 8.37
9.25 10.81

33.37 31.31

0.41 0.22

3./J 6./'

0.32 0.02

0.24 0.r7
0.12 0.03

TOTAL 99.75 99.01 100.59 97.16 97.77 97.58 99.00 98.25

catinns on the basis of 3 BpineD or 2 khombehedral) sites

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Cr
Ni

0.001 0.024

0.065 0.025

0.958 0.931

0.017 0.053

0.734 0.824

0.003 0.006

0.227 0.120

0.000 0.005

0.000 0.000

0.000 0.000

0.005 0.003

1.903 0.041

0.005 0.967

0.0E1 0.019

0.M0 0.827

0.005 0.m4

0.558 0.138

0.000 0.001

0.000 0.003

0.000 0.003

0.003 0.002

0.003 r.8u
0.946 0.008

0.099 0.115

o.ffi 0.438

0.008 0.004

0.273 0.567

0.003 0.001

0.000 0.000

0.000 0.000

0.003 0.004 0.002

0.007 0.011 0.014

0.869 0.900 0.889

0.251 0.171 0.204

0.553 0.687 0.535

0.008 0.008 0.004

0.207 0.205 0.2M

0.003 0.008 0.006

0.000 0.003 0.003

0.010 0.003 0.001

TOTAL 1.999 2.998 2.006 2.001 3.000 2.011

X(Usp)

x(n)
0.55

0.99 0.97 0.94

Il = Ilmenite, Al-Sp = Al-Spinel

0.99
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The Mount Hamoton xenolith suite

5,4.4 Non-silicates
Primary oxides (Table 5.5) occur mainly as inclusions in host plagioclase

and pyroxene. Ilmenite is the dominant primary Fe-Ti oxide in the xenolith suite,

and titanomagnetite has not been detected. The absence of ilmenite as a secondary

oxide (Chapter 5.5.2) signifies that they have not been reset by recent secondary

reactions, but have been protected and preserved by their host minerals. Al-spinel
also occurs in both suites (Figure 5.12).

Granulihs

ryroxeniteg

FIGURE 5.12: Composition of primary
oxides from Mount Hampton xenoliths in
the system TiO2-FeO-Fe2O3. Ilmenite is
the dominant Fe-Ti oxide phase present.
Small amounts of Al-spinels also occur
(plotting on the FeO-Fe2O3 line). H =
hematite; I = ilmenite; M = magnetite; Usp
= ulvospinel.

M
PrimaryOxides

Fe2O3 (H)

There is little difference in composition between oxides of the granulite
and the pyroxenite suites. The oxide mineral assemblage is not appropriate for
determining temperature and oxygen fugacity conditions. The presence of
ilmenite however does constrain the source region to low/)2conditions, which is
consistent with their formation at lower crustal or upper mantle conditions
(Haggerty, 1990).

5.4,5 G eothermob arometry
The two-pyroxene assemblage of the xenolith suite allows the

determination of equilibration temperatures. Several methods are available based

on the partitioning of elements between two pyroxene assemblages (e.g. Wood
and Banno (L973), Wells (L977), Powell (L978\, Kretz (7982), Lindsley (1983),

Gasparik (L984), Bertrand and Mercier (1985) and NickeI et al. (1985)). Not all
methods are appropriate for the xenolith suite, and those used show some

variation in their results. Table 5.5 is a summary of the results using various
methods on adjacent (and unaltered) clinopyroxene and orthopyroxene cores.

Some geothermometers are unsuitable to use on the xenolith suite. The
geothermometer of Powell (1978) requires garnet to be present, and Lindsley (1983)

Tio2
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considers his graphic geothermometer to be unsuitable for microprobe analyses,

because of the uncertainty in Fe3* determinations. This is supported by results on
the Mount Hampton xenolith suite which returned very low temperature
estimates of 500-500 'C.

TABLE 5.5: Two-pyroxene temperature and pressure estimations of the Mount Hampton xenolith
suite using the methods of Wood and Banno (1973), Wells (1977), Kretz (L982), Gasparik (1984),
Bertrand and Mercier (1985), and Nickel et aI. (1985). 'Estimation' refers to the estimated
limitations of the methods. See text for further explanation.

Method w&B
Ternp

Wells
Temp

Kretz
Temp

B&M
Temp

Nickel Gasparik Gasparik
Temp Temp Pressure

Estimation Low 90G.1500.C High High

Granulites
Low
High

906

1m7

853

L047

642

1160

762

L029

1100

t254
1150

12t5
6.5

9.5

Pyroxenites
Low
High

905

1032

87L

1033

770

995

n8
896

1118

1235

1150

1225

7

8.5

Of the geothermometers used here, many provide variable results due to
problems in their estimations. For example, the methods of Wood and Banno
(1,973) and Wells (L977) are erratic, and produce high temperatures for
temperatures < 900 'C. The method of Kretz (1982) produces low estimates for
granulite assemblages, and the method of Nickel et aL (1985) produces high
estimates for granulite assemblages. Bertrand and Mercier (1985) provide a

geothermometer suitable for mantle rocks between 950 and 1500 oC. Results were
unobtainable for many pyroxene pairs using this method, and only a few pairs
yielded temperatures within the optimum range. This geothermometer proved
unreliable for the Mount Hampton assemblage.

The geothermometer of Gasparik (1984) is based on the partitioning of Al
between co-existing clinopyroxene and orthopyroxene, and the En content of the
clinopyroxene. The partitioning of Al is pressure dependant, allowing the

Pressure of equilibration to be determined. Temperature estimates are higher
than estimates determined by other methods, reflecting the affect of temperature
on En (l-Ca) content. High Ca contents in clinopyroxene will therefore yield high
temperature estimates.
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The Mount Hampton xenolith suite

Based on the limitations discussed above, the most reliable estimates lie
between the Kretz (1982) method, which produce low temperatures for granulites,
and the Nickel et al. (1985) method, which produce high temperatures for
granulites. The results of the Wood and Banno (L973) and Wells (1977) methods

fall within this range. An average estimate of temperatures for the Mount
Hampton xenolith suite using these methods ranges from temperatures of 875-

L125 oC for the granulite suite, to 9L5-1075 oC for the pyroxenite suite.

Despite the uncertainty in temperature estimations using different
methods, all geothermometers yield similar (magmatic) temperatures for the
granulites and the pyroxenites. The recrystallised fabric of many pyroxenes
indicate that the temperatures are not temperafures of crystallisatiory but have
equilibrated to local P-T conditions. The determination of high pressures (5.5-9.5

kb; Gasparik, 1984) and high temperatures (Table 5.5), implies a high geothermal
gradient in the Mount Hampton lithosphere. This is further discussed in Chapter
8.2.3.

5.4.6 Sumffiary of mineral chemistry
A summary of granulite and pyroxenite textures and minerals is presented

as Table 5.7. There is little difference in mineral chemistry between the granulite
and pyroxenite suite, or between metamorphic and igneous mineral phases.

Mineral textures and compositions indicate a number of factors about the
xenolith suite and the crystallisation of the cumulate protoliths:

- clinopyroxene and orthopyroxene are both cumulus and intercumulus
phases in the granulite and pyroxenite suites. Only plagioclase differs between the
suites, from intercumulus in pyroxenites to cumulus in granulites. Orders of
crystallisation represented by the xenolith suite are presented as Table 5.8;

- original cumulate textures are preserved in some xenoliths, but have been

overprinted by strong metamorphic fabrics in most xenoliths, resulting in meta-
igneous textures. Mineral phases have been recrystallised to small equant grains,
with well developed 120' triple junctions between grains;

- in the granulite suite, clinopyroxene compositions are either Al-rich or
Al-poor due to clinopyroxene crystallisation before or after plagioclase
respectively. Pyroxenite clinopyroxene compositions are unimodal, reflecting the
absence of plagioclase crystallisation;

- orthopyroxene Al compositions are unimodal in the granulite suite,
reflecting their crystallisation after plagioclase;
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- two-pyroxene geothermometry indicates magmatic to sub-magmatic
temperatures (875-1125 oC), and high pressures (6.5-9.5 kb), which indicate their
equilibration to a high geothermal gradien!

TABTE 5.7: Summary of the petrography and mineral chemistry of the granulite and pyroxenite
xenolith suites from Mount Hampton.

Granulites Pyroxenites

ROCK TYPES

TEXTURE

MINERALOGY
Clinopyroxene

Orthopyroxene

Plagioclase

Oxides

Ternperature (oC)

Pressue (kb)

SECONDARY
REACTIONS

Norites
Gabbros

Meta-Igneous
Granulites

Wo tt0-49

En3644
Fs 13-17

Wo 1-2

En67-73
Fs 25-31.

An47-70

Ilmenite
Al-spinels

1150 - 1215

6.5 - 9.5

Oxidation
(extensive)

Websterites
Clinopyroxenites

Meta-Igneous
Granulites

rg{o4245

En3944
Fs 12-15

Wo2-3
En6-77
Fs 21.-30

An5G57

Ilmenite
Al-spinels

L750 -L225

7.0 - 8.5

Oxidation
(less intense)

- oxide phases in both suites are similar, consisting predominantly of
ilmenite and Al-spinel. The presence of ilmenite as a primary oxide phase

indicates low oxygen fugacities of fW redox conditions in the lower crust beneath

Monnt Hampton (Buddington and Lindsley, 1964);

- metamorphic and igneous mineral phases are identical, indicating that

metamorphism was closed-system with regard to major elements, maintaining

bulk chemical compositions and characteristics.

The similarity of the granulite and pyroxenite mineral compositions

suggests that the Mount Hampton xenolith suite is genetically related, having
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TABLE 5.8: Sequences of crystallisation present in dre Mount Hampton xenolith suite. The transition
from crystallisation of pyroxenites to granulites occurs due to the change in plagioclase
crystallisation from intercumulus (i) and rare, to cumulus (c) and abundant.

F;rroxenites Clinopyroxene (c,i) + Orthopyroxme (c,i)
Clinopyroxene (c,i) + Orthopyroxene (c,i) + Plagioclase (i)

Granulites Clinopyroxene (c,i) + Orthopyroxene (c,i) + Plagioclase (c,i)
Plagioclase (c,i) + Clinopyroxene (c,i) + Orthopyroxene (i)
Plagioclase (c) + Clinopyroxene (i) + Orthopyroxene (i)

crystallised from the same parent melt. Granulites represent the appearance of
plagioclase as a cumulus phase/ with a possible sequence of crystallisation
represented in order of Table 5.8.

5.5 Second"ry Mineral Reactions

The pervasive oxidation of orthopyroxene constitutes the main secondary
process affecting the xenolith suite. The association of oxidation with the host
melt is evidenced by reactions extending from the oxidised rims of the xenoliths
into the xenoliths forming reaction rims on orthopyroxenes, as well as the
previously documented close association of oxidation and host melt interactions
in the Mount Sidley xenolith suite (Chapter a.5). The host melt is the agent

responsible for the process of oxidation.

5.5,7 Oxidation of the xenolith suite

Orthopyroxene is the phase most affected by oxidatiory with symplectite
rims of two phases of olivine and Fe-Ti oxides in a glass matrix. Oxidised areas are

opaque under transmitted light, however individual phases are easily
distinguishable by back-scattered electron images. The only notable difference
between oxidation in the granulite and pyroxenite suites is its severity, with more

pervasive and complete oxidation in the granulite suite, and only a mild degree

of oxidation in the pyroxenite suite. The style of oxidation is best evidenced in the

following case studies, with plates showing oxidised areas and sites of analyses

presented in accompanying tables. In secondary mineral reaction tables, minerals
are identified by their association: 'core' = primary mineral core; 'oxid.' =
associated with oxidation; 'rim' = primary mineral riml 'vein' = vein minerals.
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TABLE 5.9: Electron microprobe analyses of oxidation reactions in a granulite (sample PK4Y). See
Plate 5.5a for analyses sites.

PHASE
SITE

Opx Olivine Olivine
core oxid. oxid.
123

Oxide Glass Glass

oxid. oxid. oxid.
456

Plag PIag

core- rim
910

oPx
oxid.

7

cPx
core

8

si02
A1203
Ti02
Fe203
FeO

MnO
Mgo
CaO

Na2O
K20

50.54 40.80

6.L4 0.13

0.23 0.13

0.11 56.34

7.28 14.98

2.78 3.08

&.6
23.20 9.60

0.58 0.10

5.30 3.n
0.72 4.57

0.11 6.48

0.01 2.L6

56.41 54.33

15.37 L.20

2.73 0.31

7.77

7.58 7L.97

0.27 0.42

3.41. 27.62

5.50 7.92

5.53 0.2r

r.97 0.08

49.76 55.55 50.79

8.57 28.25 30.60

0.88 0.00 0.11

2.21

6.25 0.20 0.66

0.30 0.09 0.03

12.U 0.01 0.05

L9.9L 10.43 74.33

r.27 5.85 3.72

0.04 0.37 0.77

42.91

0.00

0.02

16.50 27.t6 1.85

0.31 0.52 0.37

24.39 30.47 54.57

0.88 0.47 0.07

0.25 0.05 0.09

0.07 0.13 0.04

TOTAL 99.88 100.01 98.95 tOt.O7 98.70 99.82 101.63 100.76 100.44

si
AI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K

1.850 7.079

0.264 0.003

0.010 0.002

0.504 0.500

0.010 0.011

1.330 1.200

0.031 0.013

0.017 0.003

0.000 0.004

1.013 0.000

0.000 0.050

0.004 0.080

1.782

0.037 0.773

0.007 0.018

1.925 0.352

0.002 0.010

0.004 0.000

0.007 0.000

1.959 1.818

0.0s0 0.358

0.000 0.024

0.050 0.050

0.350 0.190

0.012 0.010

1.483 0.676

0.073 0.778

0.014 0.090

0.000 0.000

2.482 2.3t4
1.502 7.643

0.000 0.000

0.010 0.020

0.000 0.000

0.000 0.000

0.5M 0.699

0.512 0.328

0.021, 0.010

TOTAL 4.019 2.9L5 2.999 4.014 5.031 5.014

Sample PK4Y: Granulite xenolith (Plate 5.5; Tables 5.9,5.10)

Extensive oxidation in this sample (Plate 5.6a) has resulted in the almost

complete oxidation of orthopyroxene (1) into symplectites of Fe-rich olivine (2)

and Fe-poor olivine (3), as well as and Fe-Ti oxides (4), surrounded by a matrix of
glass (5, 5). The Mg:Mg+Fe ratio of the orthopyroxene host falls between those of
the two olivine phases, which may also derive their other chemical characteristics

from the host orthopyroxene. Oxidised orthopyroxene (7) is rich in Si, Mg and Ca,

and poor in Al compared to unoxidised orthopyroxene (1.).

In marked contrast to orthopyroxene, clinopyroxene (8) is unaffected,

however plagioclase (9) shows disequilibrium textures with sieved rims in contact

with melt. Plagioclase disequilibrium however is not widespread, occurring in
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The Mount Hampton xmolith suite

Plate 5.5a: See caption overleaf.

Plate 5.5b: See caption overleaf.
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PLATE 5.6 (overleaO: Oxidation reactions in a granulite (sample pK4y). (a) Symplectite rims of
olivine (Fe-rich are light, fe-poor are dark), oxides and glass have fomred around an orthopyroxene
host. The extent of oxidalion is greater than 50o/o in this example. Analyses of sites 

-i-10 
are

Presentd as Table 5.9. (b) Elsewhere, cracks in plagioclase host glass veins *rucn have crystallised
microphenocrysts of plagioclase and Fe-Ti oxides. Analyses of sites 1-10 are presented as table S.fO.
See text for further explanation. Scale bars are 100 1un.

isolated areas. Sieved plagioclase rims have overgrowths of Ca-rich plagioclase
(10) that is in equilibrium with oxidation conditions.

TABLE 5.10: Electron rnicroprobe analyses of oxidation reactions in a granulite (sample PK4Y). See
Plate 5.5b for analvses sites.

PIIASE
SITE

Plag

core

1

Plag
core

2

Plag

cote

3

Plag Plag
vein vein
910

Glass

vein
4

Glass Glass

vein vein
56

Oxide Oxide
vein vein
78

sio2
A1203

Ti02
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20

54.89 55.80

28.L6 27.95

0.05 0.00

0.L7 0.43

0.02 0.00

0.01 0.00

L7.27 10.90

4.94 5.64

0.33 0.115

54.50 52.59

28.36 L6.57

0.23 2.82

0.75 9.09

0.00 0.15

0.00 2.4L

L2.L7 6.31

5.02 7.49

0.M 3.32

56.01 56.25 0.23

15.05 13.54 4.55

4.42 3.41, 0.74

59.96

11.51 9.78 22.U

0.23 0.15 0.44

3.r4 3.52 4.82

5.25 4.rt 0.15

4.33 5.14 0.09

r.28 3.52 0.09

0.42 54.L2

2.07 28.07

L4.22 0.38

30.n

53.80

28.60

0.29

33.59 1.1.5 0.85

0.54 0.00 0.06

4.2L 0.18 0.10

0.19 11.58 11.58

0.09 5.25 4.74

0.09 0.35 0.33

TOTAL 99.77 101.17 101.41 100.76 101.23 99.44 93.91 86.T7 L01.19 100.44

si
AI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K

2.483 2.496

1.501 L.473

0.000 0.000

0.010 0.016

0.000 0.000

0.000 0.000

0.543 0.522
0.432 0.488

0.018 0.025

1.009 r.067

0.000 0.007

0.000 0.005

0.097 0.815

0.005 0.007

1.868 0.996

0.003 0.022

0.002 0.000

0.000 0.000

L.070 0.010

0.019 0.213

0.000 0.018

L.732

0.550 0.73r

0.010 0.009

1.155 0.280

0.010 0.010

0.010 0.000

0.000 0.000

0.018 2,439 2.434

0.104 1,.490 1.525

0.452 0.012 0.010

0.967

L.L82 0.043 0.032

0.015 0.000 0.000

0.262 0.010 0.010

0.011 0.563 0.555

0.000 0.459 0.415

0.000 0.020 0.018

2.446

1.500

0.010

0.028

0.000

0.000

0.582

0.435

0.025

TOTAL 4.987 5.020 2.985 2.920 L924 3.003

Elsewhere in the sample (Plate 5.5b), cracks in plagiodase (1, 2,3) arc host to
glass (4, 5,5) occurring as veins throughout the xenolith suite. Disequilibrium of
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The Mount Hamnton xenolith suitc

PLATE 5.7: Oxidation reactions in a granulite (sample PK4A) showing symplectite rims on host
orthopyroxene/ consisting of glass, Fe-poor (dark) and Fe-rich (light) olivine, and oxides (bright).
Veins of glass occur in cracks in plagioclase that are cross-cut by glass-free veins, which may have
opend in response to decompression Analyses of sites l-10 are presented as Table 5.11. See text for
further explanation. Scale bars are 100 pm.

plagioclase in contact with the oxidising agents is rare (see Plate 4.6a).

Microphenocrysts of Fe-Ti oxides (7, 8) and euhedral plagioclase (9, 10) have

crystallised directly from the melt in the veins. Plagioclase microphenocrysts that
have crystallised from the melts are similar in composition to xenolith
plagioclase, (except for higher Fe contents), accounting for the lack of
disequilibrium reactions in xenolith plagioclase.

Sample PK4A: Granulite xenolith (Plate 5.7; Table 5.1L)

Oxidation in this sample also occurs on orthopyroxene rims and along
cracks through plagioclase. The extent of oxidation is quite typical of the granulite
suite, with rims approximately 100 pm thick around orthopyroxene crystals.

Host orthopyroxene (1) has been oxidised to form symplectites of two
phases of olivine (Fe-rich (bright; 2) and Fe-poor (dark;3)), and small Fe-Ti oxides
(a) in a matrix of glass (5). Glass-free cracks cross cut glass-filled veins (5, 7),

indicating that they opened after the appearance of glass veining, possibly as a
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result of decompression during ascent to the surface. The migration of melts

through these cracks preceded the opening of glass-free cracks, making it unlikely
that this process occurred during ascent to the surface.

TABLE 5.11: Electron microprobe analyses of oxidation reactions in a granulite (sample PK4A). See

Plate 5.7 for analyses sites.

PHASE
SITE

oPx
core

T

Olivine Olivine Oxide Glass Glass Glass

oxid. oxid. oxid. oxid. vein vein

234557

Plag Cpx
core core

89

Oxide
vein
10

si02
A1203
Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O
K20

50.82 35.85 43.47

6.69 0.15 0.02

0.1s 0.09 0.08

1.2r

t5.77 37.LO 7.63

0.34 0.23 0.33

24.30 24.52 55.73

0J3 0.51 0.14

0.12 0.00 0.03

0.01 0.08 0.00

0.24 58.27

7.42 L7.23

0.08 1.51

76.54

0.33 5.09

0.55 0.14

19.73 2.47

0.08 8.03

0.00 5.69

0.04 7.69

58.93 60.n
75.25 15.10

2.97 2.32

8.87 9.13

0.19 0.03

2.36 2.99

2.87 4.37

4.60 4.77

4.50 0.76

55.28 8.97 6.22

28.0E 8.57 3.89

0.03 0.77 1.91

3.37

0.35 4.86 79.59

0.08 0.r9 0.30

0.03 72.47 5.15

10.52 2r.04 0.18

5.21, 1.07 0.13

0.45 0.01 0.03

TOTAL 100.14 98.s4 t0r.Uz 99.00 100.16 100.54 LO0.l7 100.03 t0t.42 98.48

si
AI
Ti
FeITI

FeII
Mn
Mg
Ca

Na
K

L.8M 1.532

0.290 0.008

0.000 0.003

0.030

0.480 1.104

0.010 0.008

L.320 1.320

0.030 0.024

0.010 0.000

0.000 0.004

1,.5L7 0.005

0.001 0.009

0.000 0.000

L.923

0.048 0.008

0.010 0.020

2.418 0.981

0.005 0.001

0.002 0.000

0.000 0.000

2.495 1.798

L.493 0.375

0.001 0.021,

0.090

0.013 0.150

0.003 0.005

0.002 0.682

0.s09 0.827

0.455 0.076

0.026 0.000

TOTAL 4.0L6 2.947 4.997

Plagioclase (8) shows only rare disequilibrium textures in contact with glass

(tight patches in plagioclase of Plate 5.7). Clinopyroxene (9) is also largely
unaffected by oxidation, although Fe-Ti oxides (10) have developed around

clinopyroxene rims and small oxide exsolutions may have also occuned as an

affect of oxidation.
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Sample PK4S: Pyroxenite xenolith (Plate 5.8; Table 5.12)

Oxidation is generally not as pervasive or extreme in the pyroxenite suite.

Symplectite rims only a few microns thick develop around orthopyroxene rims,

although under transmitted light these rims appear to be thicker. In isolated areas

larger symplectites have developed (Plate 5.8)'

TABLE 5.12: Electron microprobe analyses of oxidation reactions in a pyroxenite (sample PK4S). See

Plate 5.8 for analYses sites.

PHASE
SITE

oPx
core

1.

Olivine
oxid.

2

Olivine
oxid.

3

Oxide
oxid.

4

Oxide
oxid.

5

Glass

oxid.
6

Plag

oxid.
7

Olivine
vein

8

oPx
rim

9

cPx
core

10

sio2
A1203

Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O
K20

5r.07 39.18

5.15 0.L2

0.35 0.11

2.58

1.4.73 30.99

0.36 0.u
24.69 27.63

7.r4 0.35

0.16 0.00

0.03 0.02

42.96 0.70

0.05 0.97

0.1.L 5.92

49.97

1.04 29.39

0.26 0.33

55.39 4.12

0.10 0.r7

0.00 0.69

0.02 0.01

5r.28 48.75

4.90 7.29

0.33 r.24

5.10 3.54

5.88 5.73

0.45 0.18

29.14 L3.16

1..36 L9.87

0.09 0.97

0.06 0.01

0.t7 47.70 53.22 31.90

3.84 17.02 26.87 3.90

0.02 3.47 1.27 0.27

&.49
7.26 10.78 2.45 39.45

1.15 0.23 0.05 0.37

13.28 9.38 0.34 22.89

0.05 8.36 1A.66 A.76

0.01 3.72 5.05 0.42

0.05 0.09 0.09 0.04

TOTAL 700.27 98.85 L00.92 93.47 90.32 LOO.76 100.01 99.99 100.60 100.75

Si

AI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K

L.862 7.069

0.221 0.003

0.009 0.002

0.070

0.450 0.706

0.010 0.010

1.341 1.123

0.044 0.010

0.01r. 0.000

0.001 0.000

1.003 0.030

0.002 0.051

0.001 0.211

7.487

0.020 0.968

0.005 0.010

1.962 0.247

0.002 0.008

0.000 0.000

0.000 0.000

0.009

0.0t7
0.000

1.919

0.235

0.M0
0.742

0.000

0.000

0.000

2.433 0.912 1.834 1.805

L.47 0.135 0.206 0.318

0.043 0.005 0.010 0.034

0.150 0.100

0.090 094L 0.200 0.180

0.000 0.008 0.013 0.010

0.023 0.965 1.ss3 0.776

0.521 0.022 0.051 0.788

0.44 0.022 0.006 0.069

0.010 0.001 0.000 0.000

TOTAL 4.019 2.995 3.006 2.962 5.013 4.031

Symplectite rims on orthoPyroxene (1) consists of Fe-rich (2) and Fe-poor

(3) otivine, Fe-Ti oxides (4,5), glass (5) and plagioclase (7). The occurrence of

plagioclase in symplectites and the smaller size of symplectite rims are the only

differences between symplectites in the pyroxenite suite comPared to symplectites

in the granulite suite.
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PLATE 5A: Oxidation rreactions in a pyroxenite (sample PK4S) showing only thin symplectite rims,
and an olivire vein in host orthopygxene (centre). Analyses of sites 1-10 are presented as Table 5.12.
See text for furdrer explanation. Scale bars ate 100 pn.

A vein of olivine (8) extends through the host orthopyroxene (1), resulting in a

depletion of Fe and enrichment in Mg in the host (9) adjacent to the vein.

Clinopyroxene (10) crystals in contact with symplectite formation are unaffected.

5,5.2 Secondary tnineral chemistry
Mineral phases involved in secondary mineral reactions differ in

composition from primary xenolith mineral phases (Chapter 5.4). This section

discusses these differences in an attempt to determine their origin. Analyses of
secondary olivine and oxides are presented here, and analyses of other secondary

minerals occurring in the xenolith suite can be found in Chapter 5.5.1 (Tables 5.9

to 5.12), and in the appropriate appendices (Appendix 3.2).

Calcium contents of both olivine phases are relatively high (< 1.05 wt. %
CaO). High Ca contents may be due to their shallow levels of crystallisation
(Simkin and Smith, L970; Stormer, L973), or be directly inherited from the
orthopyroxene hosts, which have similar Ca contents (Chapter 5.4.2; Table 5.3).
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TABLE 5.13: Representative electron microprobe analyses of Mount Hampton xenolith olivines in
symplectite rims on orthopyroxene.

SA]VTPIE PK4A PKIIA PK4Y

TYPE Gran Gran Gran
PK4Y PK4C1

Gran Gran
PK4C1 PK4L PK4L PK4S PK4S

Gran Prrxi te Plxite Pyxite

u.a7 38.60 42.96 39.18

0.07 0.23 0.05 0.12

0.04 0.25 0.11 0.11

4.86 35.34 L.04 30.99

0.31 0.30 0.26 0.44

52.28 24.L8 56.39 27.63

0.14 0.76 0.10 0.35

0.06 0.00 0.00 0.00

0.02 0.04 0.02 0.w

sio2
A1203

Tio2
FeO

MnO
Mgo
CaO

Na2O

K20

43.47 35.85

0.02 0.15

0.08 0.09

L.63 37.L0

0.33 0.23

55.73 24.52

0.14 0.51

0.03 0.00

0.00 0.08

42.9L 37.ffi
0.00 0.15

0.02 0.20

1.85 35.53

0.37 0.40

54.67 24.15

o.07 0.38

0.09 0.35

0.04 0.10

37.63 42.34

0.26 0.00

0.18 0.11

33.05 0.90

0.46 0.37

26.05 56.93

0.!g 0.08

0.19 0.00

0.05 0.03

TOTAL tAL42 98.54 100.m 99.26 98.30 1:00.76 99.83 99.70 100.92 98.85

utiors on the basis of 4 oxygens

si
AI
Ti
Fe

Mn
Mg
Ca

Na
K

1.010 1.020

0.001 0.008

0.000 0.003

0.032 0.883

0.010 0.008

r.932 1.040

0.000 0.024

0.002 0.000

0.000 0.004

1.013 1.040 t.049

0.000 0.005 0.008

0.004 0.004 0.004

0.87 0.858 0.n0
0.047 0.009 0.010

L.925 1.011 1.082

0.002 0.011 0.012

0.004 0.018 0.010

0.w7 0.003 0.002

0.991 1.009

0.000 0.000

0.002 0.000

0.018 0.097

0.w7 0.005

7.986 1.868

0.002 0.003

0.000 0.002

0.001 0.000

L.057 1.003 1.059

0.007 0.002 0.003

0.005 0.001 0.002

0.815 0.020 0.706

0.007 0.005 0.010

0.996 L.952 L.r23

0.022 0.002 0.010

0.000 0.000 0.000

0.000 0.000 0.000

TOTAL 2.987 2.990 2.999 2.959 2.947 2.985 2.920 2.923

Mg# 98.37 54.08 98.11 54.09 58.42 99.10 95.05 54.97 98.99 61..40

Olivine symplectites on orthopyroxene cores consist of two phases of
olivine (Table 5.13). Fo contents (MglMg+IFe, with LFe calculated as Fe2+) of Mg-
rich olivine is near pure forsterite, ranging from Fo 97-99 in the granulite suite,
and Fo 95-99 in the pyroxenite suite (Figure 5.13). The other olivine phase is more
Fe-rich, ranging from Fo 51-58 in the granulites and Fo 40-65 in the pyroxenites.
Host orthoPyroxene Mg:Mg+Fe compositions fall between these extremes
(although closer to Fe-rich olivine Fo contents), indicating derivation of olivines
from the orthopyroxene.

Cation totals of analysed olivine are typically well below 3.0, an indication
that elements other than those analysed are present. NiO is a minor constituent
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in symplectite olivines, and Cr2O3 may also be present in significant amounts. Fe

is measured as FeO, and the presence of large amounts of Fe3* in addition to Fe2*

is possible resulting from the oxidation of Fe2*. The presence of Fe3* would
markedly increase cation totals.

FIGURE 5.13: Composition of olivines in the
system Wo-En-Fs, from symplectite rims on
xenolith orthopyroxenes formed by the
oxidation of the host orthopyroxene.

Minor amounts of pyroxene (both orthopyroxene and clinopyroxene) are

also present in symplectites. Compared to xenolith pyroxenes they are low in
Al2O3, TiO2 and CaO, and high in MgO and SiO2. Silica contents are higher in the

tetrahedral site, which has only minor Alu contents. These marked differences

distinguish them from primary xenolith pyroxenes/ and indicate a different
source, probably as igneous pyroxenes that have crystallised from the melt
associated with symplectite rims. Some pyroxenes in symplectites are identical to
xenolith pyroxenes, and probably represent relic pyroxenes amongst the
symplectite growth.

Plagioclase is associated with olivine symplectites, and as overgrowths of
sieved rims of plagioclase in disequilibrium with glasses; both are very similar
and are discussed together. They are labradorite-bytownite in composition ranging

from An 52-72; compared to xenolith plagioclase, they are An-rich. In addition,
FeO contents are far higher, ranging from 0.66-2.45 wt. o/o FeO, as are MgO contents

of up to L.08 wt. o/". Such exceptionally high totals are difficult to reconcile with
the plagioclase lattice, and their elevated abundances probably represent a Fe and

Mg rich source (i.e. derivation from orthopyroxene), or the presence of small

amounts of Fe-Mg oxides (Smith, 1975\.

Mg
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The Mount Hampton xenolith suite

TABLE 5.14: Representative electron microprobe analyses of Mount Hampton xenolith oxides formed
on symplectite rims of orthopyroxene (symp), and in glass filled veins (vein).

SAIVIPLE PK4A PK4Y PK4Y PK4C1 PK4A PK4Y PK4L PK4L PK4S PK4S
TYPE Gran Gran Gran Gran Gran Gran Ppite $xite $xite Plxite

symp symp s''mp sytnp vein vein s)'mp s)'mp symp symp

sioz 0.24

A1203 1..42

Tio2 0.08

Fe2O3 76.6
FeO 0.22

MnO 0.55

MgO 79.73

CaO 0.08

Cr2O3 0.13

Nio 0.18

0.70 0.36 1.34

3.37 2.78 0.45

0.77 0.14 0.57

73.76 73.94 65.07

2.t5 1.59 28.69

1.16 1.15 437

18.85 19.56 2.59

0.14 0.10 0.12

0.37 0.35

6.22 0.42 0.r2 0.05 0.53

3.89 2.07 0.54 0.15 0.38

1.91 16.53 0.02 0.07 6.n
50.04 35.78 6.52 69.34 55.97

30.86 39.05 30.20 26.88 31.83

0.30 0.54 0.09 0.04 0.35

5.15 4.21 0.15 2.54 3.6L

0.18 0.19 0.05 0.08 0.18

0.12

0.11

0.17

3.U
0.02

7t.M
5.53

1.15

13.28

0.05

0.29

3.19

TOTAL 99.28 100.06 99.98 99.20 99.76 9E.78 97.69 99.17 99.73

utiotrs on the basb of 3 sites

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Cr

Ni

0.011

0.105

0.004

1.854

0.045

0.032

0.935

0.003

0.004

0.008 0.v22

0.055 0.124

0.002 0.004

L.924 1.825

0.009 0.050

0.016 0.G?0

0.982 0.931

0.003 0.005

0.003 0.002

0.000

0.051 0.21.1

0.020 0.155

0.015 0.049

1.845 0.934

0.905 t.326
0.012 0.009

0.145 0.311

0.00s 0.006

0.000

0.000

0.077 0.005

0.102 0.025

0.M7 0.000

0.969 7.965

1.t75 0.991

0.019 0.003

0.262 0.009

0.009 0.002

0.002 0.024 0.006

0.w7 0.018 0.r&
0.002 0.188 0.000

1.985 1.557 r.823
0.855 0.984 0.158

0.001 0.012 0.035

0.1114 0.210 0.7L8

0.003 0.007 0.000

0.000

0.092

TOTAL 3.m3 3.003 3.m0 3.001 3.mo 3.000 2.999 3.000 2.996

Secondary oxides occur in the symplectites rims of orthopyroxene and in
glass-filled veins of granulites and pyroxenites (Table 5.14). Ofdes of both forms
are identical in composition/ a further indication that symplectite rims and glass
veins are related. Secondary oxides (titanomagnetite and hematite) are rich in
Fe2O3+FeO, and Poor in TiO2 (up to l4.2wt. o/"TiO2but generally S 6.9 wt. %TiOz)
(Figure 5.14) compared to primary oxides (Figure 5.1,2). The state of iron in
secondary oxides is mainly Fe3*, compared to Fe2* in primary oxides, reflecting
their formation from oxidising processes, with FeO being oxidised to Fe2O3.

The oxide assemblage is unsuitable for temperature and fO z

determinations, although the presence of hematite and magnetite (Figure 5.14)
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does denote highfC2 conditions quite different from those of the primary oxides,

and suggestive of higher-level oxidation than at source depths, where oxide

phases consist of ilmenite and Al-spinels.

FIGURE 5.14: Compositions of secondary
oxides from Mount Hampton xenoliths in the
system TiO2-FeO-Fe2O3. Titanomagnetite
and hematite are the secondary oxide
phases present in both symplectite rims and

Granulites glass veins. H=hematite; I = ilmenite; M =
pyroxenites 

magnetite; Usp = ulvdspinel'

M
Secondary oddes

Fe2O3 (H)

Glass is also present in the symplectite rims surrounding microphenocryst

(especiatly otivine) growth, and in veins. The chemistry and source of these

glasses are discussed below.

5.5.3 Geochemistry anil oigin of glasses

There is little difference in the composition of symplectite and vein glass,

and they are treated here as one group. Representative analyses of single

determinations are presented as Table 5.15. Details for the procedure of glass

analyses, and the approximate errors involved, are included in Appendix Three.

CIPW normative mineralogy's reflect the diversity of glass comPositions,

which include nepheline-normative, hypersthene-normative and quartz-

normative compositions. A general trend can be identified from nepheline-

normative to quartz-normative comPositions (Figure 5.15).

A total alkali-silica (TAS) plot of the glasses (Le Bas et aI., \986) indicates a

range in composition from mafic to intermediate, with a general trend of

increasing atkalis with silica, and a large scatter (Figure 5.15). Figure 5.17 is a plot

of major elements against silica, with host basanites for comparison (basanite

compositions are from Le Masurier, 1.990). Strong trends of major elements with
silica are evident, many with wide scatters due in part to the errors associated

with electron microprobe analyses of glass (especially volatile elements such as

Na and K).
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Criticd planc ofrilie
undcrsatuntion

Qtz

FIGURE 5.15: Normative mineral contents of glasses in the Mount Hampton xenolith suite.
Compositions show a high-diopside trend from nepheline to quartz normative compositions.

o Ghsses

* Host rocks

50

SiO2,Nl.o/o

FIGURE 5.15: Total alkali-silica plot (Le Bas ef al., 1986) of glasses occurring in the Mount Hampton
xenolith suite, showing a general trend (with much scatter) of increasing alkali content with silica.
Host lavas (from Le Masurier, 1990) are basanites. An = andesite; Ba = basalq Bn = benmoreite; Bs =
basanite; T = trachyte; TP = tephriphonolite. See Figure 2.1 for odrer fields.

NeDi

s
3
o6|v
+
o(\l
clz

r79



Wfan

TABLE 5.15: Representative electron microprobe analyses of individual glass_es in Mount Hampton
xenoliths. CIPW normative abundances were calculated assuming a Fe2O3:FeO ratio of 0-15.

SA]\4PLE PK4A
TYPE Gran

PK4A
Gran

PK4A
Gran

PK4L PK4S PK4Y PK4Y PKAC1 PK4C1

Gran Gran Gran
PK4Y
Granite Prxite Gran

sio2
A1203
Tioz
FeO

MnO
Mgo
CaO
Na2O
K20

58.27 58.93

17.23 15.25

1.61 2.97

5.09 8.87

0.14 0.19

2.41 2.36

8.03 2.87

5.69 4.60

1.69 4.50

ffiJ7 49.95

15.10 L7.80

2.32 0,97

9.L3 4.38

0.03 0.72

2.99 7.54

4.31 77.54

4.77 1.84

0.76 0.02

47.70 55.67 55.01

17.02 14.80 15.05

3.47 2.83 4.42

10.78 8.97 11.51

0.23 0.11 0.23

9.38 3.72 3.L4

8.36 5.58 5.25

3.72 5.97 4.33

0.09 2.27 1.28

56.84 56.95 49.25

75.76 17.09 10.58

3.19 3.65 3.08

5.M 7.32 17.43

0.19 0.L7 0.14

3.80 3.54 15.19

8.65 6.88 5.85

4.49 3.74 3.15

L.34 1.50 1.30

TOTAL 100.16 100.54 100.17 100.12 too.76 100.92 lo7.z3 100.29 100.85 99.99

Mg# 45.74 32.12 35.88 75.32 ffi.78 42.52 32.73 52.85 46.32 7As1

O
Or
Ab
An
Ne
Di
Hy
ol
Mt
n
Ap

0.88 3.31.

9.99 26.59

4r].15 38.93

15.48 7.67

0.00 0.00

19.15 5.48

1.14 10.59

0.00 0.00

0.00 0.00

3.05 5.64

0.00 0.00

L3.32 0.00 0.00

4.49 0.r2 0.53

4036 15.57 3L.43

L7.55 40.8 29.48

0.00 0.00 0.02

3.19 37.24 9.6
74.49 3.97 0.00

0.00 0.00 20,3
0.00 0.m 0.00

4.47 1.84 6.59

0.00 0.00 0.00

0.00 7.n
13.42 7.56

42.57 36.64

5.88 L7.85

4.25 0.00

2L.r9 6.81

0.00 13.19

4.81 0.00

0.00 0.00

5.37 8.39

0.00 0.00

9.39 0.00

8.85 7.68

31..65 26.74

25.42 10.85

0.00 0.00

7.05 14.55

9.65 5.44

0.00 25.91,

0.00 0.00

6.93 5.85

0.00 0.00

5.08

7.92

37.99

18.89

0.00

L9.27

3.53

0.00

0.00

6.06

0.00

TOTAL 98.21 97.8L 98.99 97.94 98.74 98.95 97.02

An origin of these glasses by decompression melting of orthopyroxene can

be discounted by the high TiO2, Al2O3 CaO, Na2O and K2O contents of the glasses,

which are not compatible with orthopyroxene comPositions deficient in these

elements. Furthermore, the presence of glasses in veins originating from the host

melts negates decompression melting as an origin for these glasses. Their

similarity to symplectite glasses also indicates that the latter were sourced from

the host melts.
Strong negative trends of decreasing Fe2O3, MnO, MgO and CaO with

increasing silica are apparent and suggest an evolving glass comPosition due to
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the fractionation of mineral phases. The occurrence of host melt compositions at

the silica-poor end of these plots further indicates that the melt evolved from an

initial basanitic composition similar to host melt composition. The crystallisation
of clinopyroxene, plagioclase and Fe-Ti oxides (ilmenite and titanomagnetite),
from glasses in veins and in orthopyroxene symplectites, is the most likely
explanation for the observed trends. Olivine has not been detected in veins, and

may be derived directly from the host orthopyroxene.

The wide scatters observed in major element plots are too large to be due

solely to analytical etror, and suggest the presence of another process other than
simple crystal fractionation. Crystallisation of mineral phases from the glass in
conjunction with melting of the orthopyroxene host would affect both the host
orthopyroxene and glass composition. As the host melt provides the impetus for
the breakdown of orthopyroxene into olivine, assimilation of orthopyroxene into
the melt is likely. The result is the evolution of the glass from basanitic
composition (of the host melts) to more evolved compositions by AFC processes.

5.5.4 Summary and discussion of symptectite groutth
Symplectites of two phases of olivine and glass with minor amounts of Fe-

Ti oxides, plagioclase and pyroxenes have developed on the rim and through
cracks of orthopyroxene crystals in both the granulite and pyroxenite suites.

Glass chemistry, and their association with host melts negates an origin of
the glasses from orthopyroxene melting due to decompression. Rather, the glasses

represent host melts that have infiltrated the xenoliths along cracks and around
grain boundaries, causing the breakdown of orthopyroxene into olivine
symplectites in response to changing P-T conditions. The melts have subsequently

evolved by crystallisation of clinopyroxene, plagioclase and Fe oxides, together
with the mixing of xenolith orthopyroxene compositions, equating to AFC

Processes.
The presence of hematite and magnetite as secondary oxide phases suggest

high oxygen fugacities during symplectite growth, corresponding to higher custal
levels than primary oxides which formed at lower oxygen fugacity conditions.
This indicates that oxidation probably occurred during entrainment to the surface.

The presence of glass filled cracks cross-cut by younger glass-free cracks suggests

that melt infiltration in some instances occurred prior to decompression due to
ascent to the surface. This indicates that melt infiltration and oxidation occurred
from source depths to emplacement at the surface.
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5.5 Whole Rock Geochemistry

Representative major and trace element whole rock analyses for Mount
Hampton granulites and pyroxenites are presented as Table 5.1.5, and a complete
list of analyses can be found in Appendix 4.2. Mg#s are calculated as

100Mg/Mg+lFe, with total LFe taken as FeO. CIPW normative compositions are

calculated at an Fe2O3:FeO ratio of 0.15.

Granulites

|roxenies

Criticd plenc of rilice
underetunlion

FIGURE 5.18: Normative mineral compositions of the Mount Hampton xenolith suite plotted on the
diopside-hypersthene-olivine-nepheline faces of the basalt tetrahedron. The xenolith suite forms a
well defined linear trend, with olivine-bearing xenoliths plotting away from the trend towards
normative olivine.

5.6.7 Major element geochemistry

The majority of granulites and pyroxenites are hypersthene-normative,
forming a linear trend from hypersthene-rich to hypersthene-poor compositions
(Figure 5.18). A few samples of both suites are mildly nepheline-normative, due
to their Si-poor mineral assemblage. These samples lie on the trend depicted by
hypersthene-normative samples and represent an extension of this trend into the
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TABLE 5.15: Representative analyses of granulite and pyroxenitre xenoliths from Mount Hampton.

Sample PK4A PKAR PKAV PKAY PK4C1 PK4C PK4J PK4N PK5E PK5G

Type Gran Gran Gran Gran Gran Pyxite Ppite Pyxite Pyxite Pyxite

sio2 50.62 46.13 49.08 51.93 49.68 45.85 48.05 43.40 49.96 49.65

Tio2 0.22 1.31 1.58 0.44 0.81 0.42 1.28 0.40 0.58 0.86

A1203 27.78 7.58 22.65 L9.62 12.64 3.67 7.12 4.28 5.95 6.35

Fe2O3tot 5.74 14.12 5.43 6.15 10.43 21.65 L2.27 24.26 17.19 10.13

MnO 0.08 0.23 0.05 0.10 0.17 0.29 0.23 0.28 0.23 0.19

MgO 8.19 't6.1.4 3.n 8.44 13.10 26.70 15.42 25.54 24.09 17.76

CaO 8.88 L3.36 13.30 9.59 11.15 1.39 14.87 2.51 2.05 L4.07

Na2O 3.50 1.53 3.85 3.37 2.71 1.10 0'95 0.51 0.35 0.87

K20 0.31 0.08 0.23 0.26 0.13 0.08 0.01 0.03 0.02 0.03
p205 0.02 0.01 0.02 0.01 0.00 0.06 0.00 0.04 0.02 0.00

LOI 0.04 {.55 0.15 4.08 4.13 {.90 0.00 -1.10 -0.55 0.10

TOTAL 100.38 100.04 100.13 99.&t 100.@ 100.31 100.21 100.15 99.89 100.01

Mg# 70.64 69.36 57.89 73.70 77.33 70.95 7l.Y 67.58 73.5L n.&

740191833L958142651
45 259 155 115 251 177 421 720 227 313

45 1940 28 233 448 236 926 744 1636 1746

130 4L4 32 L22 222 499 248 421 555 4U
566381536284474968
38 73 22 36 57 153 64 727 98 58
15102015158136910
2<r21,211.<1 11

719 164 1065 535 302 3 33 22 6 35

<117319776<1<111
195938202232910<120
<1 27<1 <1 1<1 <1<1 <1

158231291365552547
2531373447
8189611L791588
3355245534
1<1<1<1<11<11<1<1
<11<172<1<11<1<1

Sc

V
Cr
Ni
Cu
Zn
Ga
Rb

Sr
Y
Zr
Nb
Ba

Ia
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Lr
Di
Hy
OI
Mt
l
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.83 0.47 1.36 1.54 0.77 0.47 0.05 0.18 0.72 0.18

29.52 8.28 23.63 28.52 17.85 9.31 8.04 4.32 2.96 7.35

42.80 13.13 43.80 37.64 24.64 4.U 15.13 9.30 10.04 13.33

0.00 2.99 4.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.67 0.00

0.90 42.82 77.83 7.93 24.69 1.22 47.77 2.35 8.07 45.10

7.49 0.00 0.00 13.59 12.81 35.88 7.37 32.22 51.20 15.15

15.48 25.72 3.78 8.23 15.19 42.79 15.83 45.71 12.77 14.52

1.15 2.43 1.18 1.06 1.80 3.73 2.72 4.L8 2.95 1,.75

0.42 2.49 3.00 0.84 1.54 0.80 2.43 0.76 1.10 1.53

0.05 0.02 0.05 0.02 0.00 0.14 0.00 0.09 0.05 0.00

TOTAL 99.75 99.35 99,52 99.37 99.29 99.18 99.15 99.11 100.94 99.02
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The Mount Hampton xenolith suite

silica undersaturated plane of the basalt tetrahedron. Silica undersaturated phases,

such as nepheline, do not occur as modal mineral phases in the xenolith suite. A
departure from the main trend is exhibited by olivine-bearing xenoliths of both
suites towards an olivine-rich normative composition.

Mount Hampton granulites and pyroxenites are mafic (43-52 wt. Y" SiO2 )

with little variation between the suites, although the granulites are on average

slightly more silica-rich (Figure 5.19). High magnesium numbers, with an average

Mg# of approximately 70, highlight the primitive nature of the xenolith suite
(Figure 5.19). Exceptions to this are one granulite (PK4V) with a low Mg# of 57.9,

and one high-Mg# pyroxenite (PKSG) with an Mg# of 77.5 (Table 5.1.5, Figure 5.19).

The low-Mg# granulite may reflect either an evolved composition, derivation
from another source, or the result of secondary alteration. The high-Mg#
pyroxenite is from a different basanitic cone to the bulk of other samples and may
therefore represent a local sampling heterogeneity. The only other sample from
this cone (PKSE) also has a high Mg# of 73.5 (Table 5.16).

Cranulites

$roxenites

43 44 4s ttrritl,."l s0 sr sz s4 s6 * * "nf*:":::r" 74 75 78

FIGURE 5.19: Silica and Mg# histograms of Mount Hampton granulites and pyroxenites demonstrate
the similarity of the two suites, and their primitive mafic compositions. One granulites has a low
Mg# (57.9), and a single pyroxenite with a high Mg# (77.5) ongnates from a different locality to all
but one of the other pyroxenites, which also has a high M# (73.5). SiO, abscissa is by L wt. %
gradations (e.g. 43 = 43.M3.9), and Mg# is by 2 Mg# gradations (e.g.54 = 54.0-55.9).

The positive correlation of SiO2 with Mg# (Figure 5.20) is unusual, as

trends between the two are normally negative, with increasing silica and
decreasing Mg#, due to the evolution of the suite by crystal fractionation. The
xenolith suite however does not represent a melt, but the products of crystal
fractionation. Their geochemistry is therefore controlled by the mineral
assemblage.

Strong trends of many elements with silica (Figure 5.20) can be attributed to
mixing between varying modal abundances of clinopyroxene + orthopyroxene +
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FIGURE 5.20: Silica v major element plots of Mount Flampton xenoliths. Major element concenkatiofti
reflect the mineral assemblage, and the proportion of each mineral phase, in the xenolith suite.
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The Mount Hamnton xenolith suite

plagioclase. This is emphasised by plots of Al2O3 and MgO against SiO2 for both

suites (Figure 5.21).

The major element trends (large double-headed arrows) are controlled by
plagioclase and clinopyroxene in the granulite suite, and by orthopyroxene and

clinopyroxene in the pyroxenite suite, reflecting the high modal proportions of
these phases (Table 5.1). Minor vectors (small single-headed arrows) result from
higher olivine, Al-spinel and orthopyroxene in some granulites, and from
olivine in some pyroxenites. The dominant role of orthopyroxene in the
pyroxenite suite contrasts with its minor role in the granulite suite, reflecting its
low abundance in the granulite suite (Table 5.1).

Granulites Pyroxenite" ,

>a

c
3

ar)

6l

plagioclase

f

^r*"--2-=.p-.r'' 
o"'

Al*pinel

plagioclare

o
a

s
.i
3

€
Granulics
Pyroxenibs

40 45

SiO2wt. %
45

SiO2 wL o/o

FIGURE 5.21: a) Al2O3 and b) MgQ u SiQ plots of granulites and pyroxenites from Mount Hampton
showing the influence of their modal mineral assemblage on element abundance. Large double
headed arrows reflect the dominant trends of plagioclase and clinopyroxene in the granulite suite,
and orthopyroxene and clinopyroxene in the pyroxenite suite. Small single headed arrows reflect the
minor influences of other modal mineral phases, including olivine, orthopyroxene and Al-spinel in
the granulite suite, and olivine in the pyroxenite suite. Note the dominant role of orthopyroxene in
the pyroxenite suite, compared to its minor role in the granulite suite, reflecting its high proportion
in the former, and low proportion in the latter.

Other element abundances are also influenced by the modal mineral
assemblage (Figure 5.20). Na2O and K2O totals in granulites are controlled by the

abundance of plagioclase in the granulite suite. The dominance of pyroxene in the
pyroxenite suite is also reflected in their high Fe2O3(total) and MnO abundances.
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The dominance of clinopyroxene or orthopyroxene as the major mafic
phase in the pyroxenites is evident in their CaO contents. Clinopyroxene-rich
pyroxenites have high CaO totals, and orthopyroxene-rich pyroxenites have low
CaO totals. The relatively stable and moderately high CaO totals (8.9-13.3 wt. oh

CaO) in the granulites is attributable to high modal plagioclase contents.

The presence of olivine in some samples is evidenced by lower SiO2, Al2O3,

Na2O and CaO totals, and higher Fe2O3(total), MgO and MnO totals reflecting the

relative abundance of these elements in the olivine structure.

The control of the mineral assemblage on whole rock compositions allows
a comparison of the low-Mg# granulite, and the high Mg# pyroxenite with other
granulites and pyroxenites.

The low-Mg# granulite (PK4V) has a low MgO content, and a Fe2O3(total)

content similar to other granulites. The composition of pyroxenes from this

sample is typical of pyroxenes from the granulite suite, indicating that low MgO

contents of the mineral phases are not responsible for the low Mg#. The sample

does however have a low abundance of pyroxene compared to plagioclase, and a
relatively high abundance of Fe-Ti oxides (Appendix 2.2), which has resulted in its
low Mg#. The low pyroxene content is also apparent in the granulites low Cr (and

Ni) contents, and the high proportion of plagioclase is also reflected in its high
Na2O and Sr content. The high oxide content is also evident in its high TiO2 and

V contents relative to other granulites (Table 5.L5, Figures 5.20 and 5.22).

The high-Mg# pyroxenite (PKSG) has a low Fe2O3(total) content, but is
otherwise typical of other pyroxenites, plotting along the main trend exhibited by
the pyroxenite suite (Table 5.i.5, Figures 5.20 and 5.22). Mineral phases from this
sample are similar in composition to other pyroxenites, although its does have a
very low Fe-Ti oxide content. This indicates that its high-Mg# is a reflection of its
low Fe-Ti oxide content (Appendix 2.2).

5.6,2 Trace element geochemistry
Trace element abundances in the xenolith suite are also controlled by their

mineral assemblage (Figure 5.22). Elements that partition readily into mineral
phases of the xenolith suite are present in high concentrations. For example,

plagioclase-rich xenoliths have high Sr and Ba totals, and clinopyroxene-rich
xenoliths have high Cr (and Ni) contents. Elements that do not readily enter any
mineral phase are present in low concentrations (e.g. Rb and Nb).

Trace element abundances in the granulite suite generally correlate with
silica (e.g, Sr, Ba, Ni, Y, La, Y and Zr), indicating their crystallisation as cumulate
rocks. The strong trends further indicate that post-crystallisation enrichment or
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depletion of these elements has not occurred to any large extent. The pyroxenite

suite however does not generally show strong trends, reflecting the similarity of

orthopyroxene and clinoPyroxene SiO2 contents.

The presence of olivine in some samples is also evident from trace element

contents. The olivine-bearing granulite (PK4R) has a higher Ni content (in

addition to low SiO2 content) than other granulites due to the preferential

partitioning of Ni in olivine. Olivine-bearing pyroxenites (PK4C and PK4N) have

high Ni, and low SiO2 and Cr contents, reflecting the presence of olivine at the

expense of clinopyroxene. The onty other influence of olivine on trace element

abundances is a general depletion in most other trace elements, as they are not

compatible in the olivine structure.

100

Granulite Range

Gran-PK4R

Pyxite-PKtlM

Pyxite-PK4S

Ol Pvxite-PK4N

Sr K RbBa NbCe P Zr Ti Y Sc Cr Ni

FIGURE S.23: Multi-element variation diagram of trace elements normalised to MORB (Pearce,

1983) for Mount Hampton granulites (shaded area), two representative pyroxenites, and one olivine'
bearing pyroxenite. Xenolith types differ only in elements that are preferentially incorporated into

the mlneial assemblage of ihe xenoliths, as granulites are dominated by plagioclase, 
-"ttd

pyroxenites are dominaled by pyroxene. In all other aspects, the two xenolith suites are identical.

Trace element abundances are also shown in multi-element variation

d.iagrams normalised to MORB (Pearce, L983). Figure 5.23 depicts the full range of

granulite compositions (shaded area), two pyroxenite compositions, and an

olivine-bearing pyroxenite. Source characteristics cannot be determined for these

plots as the samples represent mineral assemblages and not liquids, however a

comparison between xenolith types can be made.

The relatively high Sr, K, and Ba contents of the granulite suite, due to an

abundance of plagioclase, and relatively high Cr and Ni contents in the pyroxenite
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The Mount Hampton xenolith suite

suite due to an abundance of clinopyroxene, are apparent (Figure 5.23). The
overall abundance of trace elements in the xenolith suite is low.

The low abundances of trace elements emphasises three salient points.
Firstly, apart from elements compatible in plagioclase or pyroxene, the two suites
are very similar and cannot be distinguished in trace element abundances.

Secondly, there is no evidence for the enrichment of elements since
metamorphism, by the host melt or any other agent. Finally, the low abundances
of elements that do not partition into xenolith mineral phases suggests a

cumulate protolith with very little associated melt. This is also evident in
xenolith textures.

Another possibility is that the samples represent restites that have been
depleted in these elements during partial melting and/or metamorphism
(Rudnick et al,, 1985). The {j9cts of metamorphism on the xenolith suite are

difficult to assess, as elements likely to be affected (mobile elements such as the
LILEs) were most likely initially present in low concentrations due to their
mineral assemblage. The well defined trends of many trace elements (e.g. Sr, Ba,

Ni, V, La, Y and Zr) with silica (Figure 5.22) in the granulite suite however does

indicate that these elements have not been depleted or enriched.

TABLE 5.17: Trace element (including rare earth element) analyses of Mount Hampton xenoliths and
clinopyroxene. Cpx = clinopyroxene; rock = whole ro&; 0 = below detection;'-' = not analysed.

Sarnple

Typ"
PK4L PK4C1

Pyxite Gran
rock rock

PK4C1 PK4L1

Gran Gran

cpx rod<

Sc
Cr
Ni
Zn
As
Rb
Sr
Ba
La
Ce

Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

50.3 39.8
7276 42]
?23 255
62 63

-0

0 262
-86

0.58 0.95
2.5 3.2

0-
2.08 L.M
0.92 0.782
0.38 0.326
0.51 0.95
0.102 0.119
0.38 0.79
0 0.19

0.09 0

7L.9 42.7

585 365

193 259
fi65
00

0 314
00

7.24 1

5.8 3.8

3 L.69

r.26 0.844
0.7r 0.407
1.83 1.19

4.209 0.159

7.32 r.2
0.05 0.15

0 0.17
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REE contents are presented as Table 5.17, and shown as plots normalised to

chondrite (Wheatley and Rock, 1988) in Figure 5.24. The convex-up patterns of
both the granulites and the pyroxenites are very similar, further indicating the

close genetic relationship between the suites.

The influence of mineral phases and the lack of melt is also evident in rare

earth element abundances (Table 5.L7), Low abundances of LREEs compared to

HREEs has resulted in a convex up shape for the REE pattern of the xenolith
suites, which mimics that of clinopyroxenes formed from a mafic melt (Irving,

L978). This is the case for both the pyroxenite suite and the granulite suite,

although the influence of plagioclase is apparent in the positive Eu anomaly in
the granulite suite.

o Gran (PK4C1)

o Gran cpx (PK CI)
o Gran (PK4L1)

r Pyroxenite (PK4L)

La Ce Sm Eu Yb Lu

FIGURE 5.24: Rare earth element pattems normalised to chondrite (Wheatley and Rock, 1988) for
Mount Hampton xenoliths and clinopyroxenes. All pattems are similar, reflecting the dominance of
clinopyroxene on the pattern. Granulite pattems have small positive Eu-anomalies, reflecting the
presence of plagioclase in these xenoliths.

No evidence of enrichment by the host melt or any other agent is apparent

in the pyroxenite patterns which follow those of clinopyroxene. A minor amount

of interaction with the LREE-enriched host melts would increase the LREE

abundances of the xenolith suite; this has not occurred.

The low abundances of LREEs in the granulite suite is striking, as

plagioclase contents should result in higher LREE contents (Irving, 1978; Rudnick

et al., 1986; Chapter 4.5.2; Figure 4.24). A depletion in LREEs often signifies a

melting episode or depletion due to metamorphism. The xenolith suite does not

appear to have undergone a melting episode (unless no liquid remained after

REE plot (rock/chondrites)
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melting), however metamorphism resulting in their recrystallised fabric may
have depleted the xenolith suite in LREEs. Alternatively, plagioclase in the
granulite suite may have low REE abundances as a result of crystallisation from
an LREE-depleted melt. The restricted data set makes it difficult to ascertain which
possibility (if either) is correct.

5.6.3 Isotope geochemistry

Isotope analyses of Mount Hampton xenoliths are presented as Table 5.18,

and full details of isotopic analyses are presented in Appendix Six. Due to the
small number of analyses, the range of isotopic ratios exhibited by the entire
xenolith suite cannot be ascertained, severely limiting their usefulness. Samples

were collected that represent the xenolith suite, with only fresh cores of xenoliths
being analysed. A further discussion of these results is presented in Chapter
Seven, where they are compared with lower crustal xenoliths world-wide,
including others from MBL.

TABLE 5.18: Sr, Nd and Pb Isotopic ratios for xenoliths and host lavas (from Le Masurier, 1990) from
Mount Hampton. Rb and Sr determinations have.rn enor of approximately + 1 pprn; Rb/Sr ratios at
such low Rb concentrations are therefore meaningless. Nd has not been analysed, and Sm data is only
available for two samples (PK4L1 ='/...69, and PK4L = 2.08). For analytical details see Appendix Six.

SALPLE Rock Ms# Rb Sr 87Sr 143Nd 206Pb zO7Pb 208Pb

Ty?" 85Sr 144Nd 2o4Pb 204Pb 204Pb

suitc

Mount Hampton Granulites

PK4C1 Rock 77.33 302 0.704242 +- 70

259 .704798 +- 46 0.512818 +- 5

0.512818 +- 5

37 0.7M576 +- LS 0.5L2771 +- 6

19.L79 L5.&7 38.883

19.048 15.550 38.830

2

IPK4Ll
PK4L1

Rock 70.94

cP*

Mount Hampton Pyroxenite

PK4L Rock 71.2L

Mount Hampton Volcanics
22D Basanite 52.80 47

M829.4 Phonolite 2.00 176

765

12

0.7028

0.7047

Present-day 87Sr185Sr ratios of three Mount Sidley xenoliths range from
0.704L98-0.704575. Rb/Sr ratios do not correlate with do not correlate with
873t 1863t ratios, due to the error involved in t{b determinations approximately +
1 ppm at low Rb abundances; Appendix Four), the small sample size, a resetting of
the Rb/Sr ratio by secondary processes, or a combination of these factors. Model
Rb-Sr age calculations for the xenolith suite are therefore meaningless.
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0.7040

0.7030

tr Hampton Granulites

O Hampton Pyroxenites

+ Host Basanite

0.7020

Mg-number

FIGURE 5.25: Mg-number v 87511865, ratios for two granulites and one pyroxenite. The trend of
increasing E7S, /$tl, ratios at constant Mg# indicates that fracfional cry_stalisation did not result in
a substantially more evolved melt, with lower M#s. The increase in d/Sr/6oSr ratio may be due to
assimilation of evolved crustal material, the result of evolution of the 8751 1865t ratio with time, or
source heterogeneity. Host rock 87511865r ratios (from Le Masurier, 1990) are lower than the xenolith
suite, and have not influenced the isobpic signature of the xenoliths.

Mg#s are constant with increasing 87311863r ratios (Figure 5.25), indicating

that the higher 873t1863t ratios may be due to assimilation of an isotopically more

evolved contaminant, such as felsic crust. However, there is no indication of
prolonged fractional crystallisation having occurred, resulting in a lowering of
Mg#; the crystallisation of the xenolith suite therefore did not result in a

substantially evolved melt.

0.5135

0.5130 tr Hampton Granulites

O HamptonPyroxenites

* Host Basanites

0.5125

0.7030 0.7040 0.7050 0.7060

875r/85Sr

FIGURE 5.2a:875t/865r u l€Nd/leNd isotopic diagram showing the depleted ratios of the xenolith
suite, consistent with their crystallisation from a primitive sub-alkaline (depleted) mantle melt. If
the host rocks are similar to Mount Sidley ('5' Field) host rocks (HIMU-like), then the volcanic and
xenolith suites can not be related, and entrainment in the host rocks has not affected the Sr-Nd
isotopic signature of the xenolith suite. Fields shown (from Wilson, 1989) are: A = Azores; G = Gough;
Gl = Galapagos; MORB = Mid Ocean Ridge Basalts; SH = St Helena; T = Tristan da Cunha; WR =
Walvis Ridge.
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The Mount Hamnton xenolith suite

This also indicates that AFC processes have not occurred, with fractional

crystallisation providing the latent heat necessary to assimilate evolved crustal

material, resulting in a decrease of Mg# and an increase in 87Sr /865r ratios

(Rudnick et aL, 1986). The trend of increasing 87511865r ratios at constant Mg# is

more likely to have either evolved with time, or represent a heterogeneity in the

source region.

The relatively low 87911869, ratios, and high tns1q471aa54 ratios (Figure

5.26) are typical of many mafic basaltic rocks, and further indicate little or no

assimilation of evolved crustal material. Their Sr-Nd isotopic signature falls

above the bulk-earth ratio, and within the MORB field, consistent with their

crystallisation from a primitive sub-alkaline (depleted) mantle melt.

15.8

1,5.6 tr Hampton Granulites

15.2

17.0 18 0 19.0 20.0

206Pbl20LPb

FIGURE S.Zi.2Wb/2BPb n 207Pb/2Wb isotopic diagram showing the radiogenic values of tr,vo Mount
Hampton granulites. Pb isotopic ratios plot parallel to the Northem Hemisphere Reference Line
(NHRL), and are similar to radiogenic basalts; as with the Mount Sidley xenolith suite, Pb isotopic
ratios have been altered by the host rocks, which have St Helena-like ratios. Fields are as for
Figure 5.25.

Pb isotopic ratios of the granulite suite are similar to radiogenic basaltic

rocks, plotting parallel to the NHRL (Figure 5.27). Pb isotopic ratios of the Mount

Sidley xenolith suite have been affected by the entraining host melts, which have

not affected the xenolith Sr-Nd isotopic ratios (Chapter 4.5.3). The host rocks are

also likely to have affected the Mount Hampton xenolith Pb isotopic ratios.

5,6.4 Sumntary and discussion of uthole rock geochemistry

The mineral assemblage of the xenolith suite controls the whole rock

geochemical characteristics of the xenolith suite. As there is little or no trapped

melt in the xenoliths, only elements that are readily partitioned into mineral

phases are present in high abundances. Other elements are present in low

15.0

15.4

I
Ci
o6l

F{t\o6l

15.0
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concentrations. The main geochemical characteristics of the xenolith suite
include;

- as discussed above, concentrations of elements in the xenolith suite are

controlled by the mineral assemblage. The xenolith suite is mafic and
hypersthene-normative in composition. Trace elements are present in generally

low concentrations (relative to MORB), and REE concentrations are similar to

REE concentrations of the clinopyroxenes, which are LREE depleted. Granulite
xenoliths have a positive Eu anomaly as a result of high plagiodase abundances;

- apart from differences due to differing mineral assemblages, the
pyroxenite and granulites suites are very similar, reflecting a genetic relationship;

- Iow 87511863, ratios and high 1n3p671aaNd ratios indicate crystallisation
from a primitive mantle melt with little or no assimilation of evolved crustal
material. A trend of increasing EZSr /865r ratios at constant Mg# suggests that
fractionation of the cumulates did not produce a substantially evolved melt, and
that AFC processes were not occurring during crystallisation;

- there is no evidence for geochemical enrichment of the xenolith suite by
the alkaline host melts: e.g. no enrichment of LILEs or LREEs, andsTSr/85Sr ratios
that differ from the host melts. However, oxide growth in symplectites are related

to host melt infiltration has resulted in lower Mg#s of some xenoliths, and the
radiogenic Pb isotopic ratios of two granulites (the only Pb isotopic ratios analysed)
may also be a result of host melt - xenolith interaction;

- any depletion of the xenolith suite due to metamorphism is difficult to
determine due to their low abundance of mobile elements (the elements most
likely to be affected by metamorphism). However, well defined trends of many
trace elements with silica suggest that metamorphism has not affected the
geochemiial characteristics of the xenolith suite;

'the geochemical attributes of the xenolith suite differ to those of the host

melts (e.g. isotopic ratios) indicating no genetic relationship between them.

5.7 Summary and Conclusion

5.7.7 Sumffiary of the xenolith suite
The lower crustal xenolith suite from Mount Hampton consists of meta-

igneous granulites (dominantly gabbros and norites) and pyroxenites (dominantly
websterites). A summary of the features of these suites is presented as Table 5.19.

The xenoliths have simple anhydrous mineral assemblages of
clinopyroxene + orthopyroxene + spinel, with plagioclase occurring as the
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The Mount HamPton xmolith suite

dominant mineral phase in the granulite suite. Olivine is also present as a modal

phase in some xenoliths of both suites. An interlayering of plagiodase and mafic

minerals is evident in the granulites, imparting a layered texture on the granulite

suite, originally derived from igneous cumulate layering, and enhanced by

metamorphism.

TABLE 5.19: Summary of the main characteristics of the granulite and pyroxenite xenolith suites

from Mount HamPton.

Granulites Pvroxenites

Texture

Mineralogy

Temperature (oC)

Pressure (kbars)

Secondary
Reactions

Major
Elements

Trace

Elements

REEs

Isotopes

Meta-Igneous
Layered

Granulites

Pl+Cpx+Opx
(+ Ol)

1150-1215

5.5 - 9.5

Oxidation
(pervasive)

HighMg#
High Al, Na, K

High Sr, Ba

High ZrlM, Y/Nb

LREE-depleted

Low Sr

Radiogenic Pb

Meta-Igneous
Pyroxenites

Cpx+Opx
(+ Ol)

7150-L225

7 -85

Oxidation

HighMg#
HighFe, Mg, M.

HighNi, Cr
High ZrlNb, Y/Nb

LREE-depleted

Low Sr

Textural, mineral and geochemical attributes indicate that the granulite

and pyroxenite suites are geneticatly related, with the presence and absence of

plagioclase respectively constituting the only maior difference between the two

suites. Thermobarometric estimations indicate similar P-T conditions for both

suites, suggesting that they are sourced from similar crustal levels.

Differences in mineral compositions are attributable to their crystallisation

as cumulus or intercumulus phases; e.g. clinopyroxene that crystallised prior to
plagioclase is rich in Al2O3 compared to clinopyroxene that crystallised subsequent

to ptagioclase. Differences in whole rock geochemistry results from differences in
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the modal mineral assemblage, i.e. elements that partition readily into xenolith
mineral phases are present in higher abundances than elements that do not. The

low abundance of these elements indicates that there is little or no melt in the

xenolith suite.

Metamorphic fabrics, consisting of recrystallised equant grains, dominate
the xenolith suite, although relict igneous textures are evident as larger crystals

that have not been recrystallised, and as small grains enclosed by larger grains.

The effects of metamorphism on the composition of the xenolith suite is difficult
to ascertain, however there is no evidence for either depletion or enrichment of
the xenolith suite after crystallisation.

Brittle deformation features are evident as broken plagioclase in the

granulite suite, and ductile deformation is apparent as curved exsolution lamellae

in the pyroxenite suite, indicating that deformation occuned subsequent to
exsolution. The difference in deformation styles may reflect differing conditions
in the source areas of the suites, with the granulite source area experiencing brittle
deformation, typical of mechanical boundary conditions, and the pyroxenite
source area experiencing ductile deformation, typical of thermal boundary
conditions in the lithosphere (Parsons and McKenzie, 1978). The transition
between the two boundaries may therefore occur in the lower crust beneath

Mount Hampton.
The xenoliths have been oxidised by the host silicate melts resulting in

olivine symplectite rims on xenolith orthopyroxenes. Oxidation reactions are

pervasive in the granulite suite (occurring as thick (> 10 pm) symplectite rims on

orthopyroxene), but are rare in the pyroxenite suite (occurring only as thin
symplectite (pm-scale) rims around orthopyroxene). The edges of pyroxenite
xenoliths however are as oxidised as granulite rims, indicating that oxidation
reactions have also affected them, but that the host melt was unable to penetrate

into the pyroxenites as extensively as it was able to infiltrate the granulite suite.

Primary, exsolved (in clinopyroxene), and recrystallised orthopyroxene
have all been affected by oxidation, indicating the late stage of this reaction. Oxide

geothermometry and oxygen fugacity estimations indicate that oxidation of the

xenolith suite occurred from source depths and during ascent to the surface.

Oxidation of orthopyroxene exsolution lamellae, together with their ductile
deformation, indicate that exsolution occurred at lower crustal depths, and not
due to ascent to the surface. As exsolution occurs in response to a change in P-T

conditions, the lower crust may have experienced uplift at some stage in its
historv.
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5.7,2 Nature of the crystallising melt and curnulate deriaatiaes
The composition of the melt that originally crystallised the xenolith suite

cannot be determined, as remnants of the co-existing melt are not present. The

melt either totally escaped the cumulates after their crystallisation (as suggested by
the low abundances of elements incompatible in the mineral assemblage), or was

recrystallised during metamorphism. Several characteristics of the crystallising
melt can however be ascertained from the xenolith suite:

- the simple and anhydrous mineral assemblage present in the xenolith
suite consists of clinopyroxene + orthopyroxene + spinel + plagioclase + olivine,
indicating that the crystallising melt was mafic in composition. The occurrence of
plagioclase in the granulite suite is the only difference between the granulite and
pyroxenite suites, which probably crystallised at a similar period in the
fractionation sequence. The presence of orthopyroxene as a major phase further
suggests that the melt was sub-alkaline;

- mineral contents (e.g. high Mg:Mg+Fe ratios in pyroxenes) and isotopic
compositions (e.g.87311863t of 0.74198-0.70576) indicate that the co-existing melt
was a mantle melt with a primitive composition;

Cumulate Products of Fractional Crystallisation

FIGURE 5.28: Summary diagram showing the formation of the granulite and pyroxenite suites as
cumulates formed by fractionation of a crystallising melt. The co-existing melt was a primitive
mafic melt with sub-alkaline characteristics.

- the variation of cumulus and intercumulus phases, and positive
correlation of silica with Mg#, indicates that the melt was evolving by crystal
fractionation;

- the high Mg#s of the xenolith suite, and their small range in Mg#s (67-78),

suggests that they formed as cumulates from an early stage of fractionation by the

Initial Melt
High Mg#

High Ni,Cr
sub-alkaline
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melt, and not from later more evolved compositions (if the melt continued to

evolve by fractionation).
These features indicate that the xenolith suite crystallised as early

cumulates from a fractionating sub-alkaline melt with primitive mantle

characteristics (Figure 5.2S). Both the granulite and pyroxenite suites crystallised

early in the sequence, and the crystallising melt may or may not have undergone

further fractionation.
The characteristics of the co-existing melt are quite different from the host

melt characteristics, indicating that they are not simple cumulates from recent

volcanism. The host melts for example are alkaline, with a different isotopic

signature. Melts with the characteristics outlined above have not at present been

found in MBL, atthough a possible candidate is the arc-metavolcanics related to

the Carboniferous Ford Granodiorite. However, the xenolith suite is quite

primitive, unlike continental arc volcanics, and have no obvious arc-signatures.

A more likely possibility is that the xenolith suite represents an older (perhaps >

500 Ma, as this is the age of the oldest exposed rocks in MBL), possibly original,

lower crust.

METAMOR?HISM

Recrystallisation
of mineral phases
to equant grains,
with no apparant
chemical change.

CRYSTALLISATION

Synchronous
crystallisation of
cumulates from a

primitive melt, sourced
from depleted mantle.

O)CDATION

Olivine symplectite
growth on

orthopyroxene rims.
Resetting of isotopic

ratios?

FIGURE 5.29: Stylised stratigraphy of the lower crust beneath Mount Hampton, showing the_similar

sources of the granulite (straa-ea) and pyroxenite (black) suites (indicating an interlayered lower

crust), their ini[al formation as cumulaies derived from a fractionating melt, and the processes of
metamorphism, deformation, and host melt oxidation that have affected the lower crust since

initial crystallisation.

5,7.3 Stratigraphy of the lower cttrst and secondary processes

Textural and geochemical characteristics of the granulites and Pyroxenites

indicates that they crystallised as cumulates at approximately the same time from

a primitive parental melt. Thermobarometric estimations indicate similar P-T

conditions for both suites, indicating similar source depths. This indicates a mafic

Oxidationby
Alkaline

Silicate Melts
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lower crust beneath Mount Hampton, consisting of both granulite and pyroxenite
cumulates (Figure 5.29).

Metamorphic recrystallisation and deformational processes have affected

both the granulites and the pyroxenites. Deformation may have been both brittle
and ductile, corresponding to a change from mechanical boundary conditions to
thermal boundary conditions in the lower crust (Parsons and McKerrzie, L978).

Oxidation by migrating host silicate melts has occurred in the xenolith suite

from lower crustal depths, and during ascent to the surface.

5.7.4 Conclusion
A suite of lower crustal xenoliths from beneath Mount Hampton consists

of genetically related granulites and pyroxenites that initially formed as cumulates

from a fractionating melt. The melt was a primitive mantle melt (e.g. high Mg#s

and MORB{ike Sr and Nd isotopic ratios), and the presence of orthopyroxene as a

major mineral phase indicates that the melt was sub-alkaline. Lavas with these

characteristics do not occur at the surface, suggesting that the xenoliths may
represent an old, possible initial, lower crust.

Metamorphism and deformation have affected the xenolith suite, resulting
in meta-igneous textures. The cumulate geochemistry of the xenoliths which
have low abundances of elements incompatible in xenolith mineral phases,

makes it difficult to ascertain whether metamorphism has resulted in a depletion
of mobile elements from the xenolith suite. However, well defined trends of trace

elements with silica suggests if depletion has occurred, it has not been significant.
The suite has undergone limited secondary alteration by the host alkaline

melts, which is more pervasive in the granulite suite than in the pyroxenite suite,

and has resulted in the oxidation of orthopyroxene rims to olivine symplectites.
Oxidation has not resulted in any substantial geochemical change in the
xenoliths, although the $owth of Fe-Ti oxides has resulted in lower Mg#s in
some xenoliths, and radiogenic Pb isotopic ratios may have been inherited from
the host alkaline melts.
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Chapter six
THT MOUNT MURPHY XENOLITH SUITE

Synopsis

Lower crustal and upper mantle xenoliths, including meta-igneous

granulites, cumulate pyroxenites and peridotites, haoe been found at four
Iocalities on Mount Murphy, on the Walgreen coast of Marie Byrd Land. This

chapter seeks to document the granulite and pyroxenite suites, which represent

the lower crust beneath the oolcanic edifice.

The mineral assemblage consists of clinopyroxene, olioine, plagioclase

(abundant in the granulites, but only a minor phase in the pyroxenites) and

spinels. One pyroxenite contains abundant orthopyroxene, and no olioine. The

xenoliths crystallised as cumulates from a mafic melt, and haoe subsequently bem

metamorphosed and recrystallised to oarying degrees. Oxidation processes related

to the host melts haoe also fficted the xmolith suite, particularly the granulites.

Textural, mineral and geochemical features of the suite indicate ttut the

xenoliths are genetically related. The crystallisation of xenoliths from aarying

melts hns produced an evoloed series of mineral phases (e.g. olivine from Eo 55-

84, plagioclase from An 42-8il. The whole rock composition of the xenoliths is

controlled by their cumulate assemblages, which has resulted in a mafic series of
cumulates k.g. 4L-51, wt. o/o SiO2; original Mg#s 77-86;87511865, 0.7A2588-0.704476).

Trace element concentrations are low, except for elements that are present in
mineral phases (e.g. up to 7683 ppm Sr in plugioclase rich granulites, and up to
3745 ppm Cr in clinopyroxene and Cr-spinel rich pyroxeniteil. Xenoliths that

crystallised from more eooloed melts haoe generally higher trace element

abundances. These characteristics indicate that the crystallising melt was n

primitioe mantle melt, and probably sub-alkaline in composition. Possible

parental melts haoe not been detected at the surface,
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6.1 Mount Murphy

Mount Murphy (Figure 3.2; Plate 5.1), on the Walgreen coast of MBL (75"

22' S,l.10o 40' W), is a basalt-trachyte stratovolcano, that rises to a height of 2703 m

asl. The main volcanic succession has been dated at c. 8-9 Ma, however more

recent volcanic episodes have also been recorded from Hedin Nunatak, dated at 5

Ma, and Sechrist Peak, dated at c. 0.5 Ma (Smelbe et a1.,1993).

The edifice is named after Robert Cushman Murphy, who studied the

wildlife of South Georgia in the summer of I912-I3. The first description of the

volcano was from aerial photographs taken in 1947, and the first visit was a

helicopter-supported reconnaissance on lanuary 6, L968. A second visit of 4 days

occurred in |anuary,1985 (Le Masurier L990). The WAVE programme visited the

edifice to collect volcanic and xenolith samples (detailed in this chapter) in late

1990, and the latest expedition to the region to date occurred in late '1.992, by the

South Pacific Rim International Tectonic Expedition (SPRITE), to collect samples

of the basement previously identified by the WAVE expedition.

PLATE 5.L: View of Mount Murphy looking east-northeast, from a distance of 20 km (from Le
Masurier, L990; U.S. Navy photogaph TMA 1719 F31 133).The diameter of Mount Murphy at its base
is approximately 30 km, and its vertical relief if over 2 km. Hedin Nunatak is in the left foreground,
and Turtle Peak is in the right foreground.

Glaciation has deeply dissected the edifice, forming glacial valleys that have

exposed large sections of the internal morpholo gy of the volcano. A basal

succession consisting of hypersthene-normative basalts and hawaiites can be seen

overlain by trachytes and benmoreites (including one nepheline-normative
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trachyte), which comprise the upper levels of the structure above 1500 m. This is
interpreted to represent a small felsic cone built on top of a basaltic shield volcano
(Le Masurier, L990). Volcanic lithofacies associations indicate a complex
interaction between volcanism and either ice sheets or sea level (Smellie et al.,

L993).

Parasitic basaltic cinder cones are common on the southwest ridge of
Mount Murphy. These are nepheline-normative, and differ from basal basalts,

having higher Mg-numbers and Ni contents. Basement contacts are also

observable at the northwest of the structure. Prior to this study, ultramafic
xenoliths had not been noted from the Mount Murphy region.

5.2 The Xenolith Suite

Xenoliths from Mount Murphy consist of plagioclase-rich granulites (the
'granulite suite'), Al-diopside pyroxenites (the 'pyroxenite suite', which are typical
of Type II upper mantle xenoliths (Frey and Prinz, 1978)), and Cr-diopside
peridotites (the 'peridotite suite', which are typical of Type I upper mantle
xenoliths (Frey and Prinz, 1978)). The granulite and pyroxenite xenoliths are

described in this chapter, and peridotite xenoliths are discussed in Chapter 7.2.

Mineral and whole rock descriptions and analyses of the xenoliths, and the
methods used in their preparation can be found in Wysoczanski (1993) and in the

appropriate appendices of this thesis.

Ooly a small number of samples were collected, as part of a reconnaissance

sampling programme. Unfortunately, adverse weather conditions prohibited the

collection of more samples at a later date. Samples were collected from four sites

(Chapter 3.3.2), consist of site 90041 (granulites), site 90044 (one pyroxenite), site

90048 (granulites and pyroxenites), and site 90054 (pyroxenites and peridotites).
The xenoliths are typically rounded to subrounded, and vary in size (up to

20 cm), with the majority being hand-size. The rounded nature of the clasts is
produced by milling of the xenoliths during ascent to the surface in the host
melts. Cracks are visible in some samples that have developed during ascent,

oxidising the freshly exposed faces to various degrees (the extent of oxidation
presumably depending on the time of cracking since entrainment). Angular edges

that have been rounded are also apparent. These are unlike cracked surfaces
(being more rounded) and may represent brittle conditions in the source area.

Whether this is due to lower crustal conditions or simply conduit conditions
cannot be ascertained.
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Most xenoliths have rims of the entraining host basalt, and in many cases

oxidised rims L-2 mm thick have developed on the xenoliths. The granulite suite

has been infiltrated by the host melt through cracks and along grain boundaries,

however the pyroxenite suite has only rarely been infiltrated by the host magma.

This process will be discussed in detail in Chapter 6.5.1..

Apart from oxidation due to the host magmas, the xenolith is suite is in
pristine condition, with the cold dry Antarctic climate prohibiting any surface

weathering. Orly unoxidised samples were analysed for mineral and whole rock

compositions, with oxidised rims being avoided.

6.3 Petrography

Xenoliths from Mount Murphy differ between xenolith types (granulites

and pyroxenites) and between sites (granulites from sites 90041 and 90048 differ,

and pyroxenites from sites 90044,90048 and 90054 differ). Modal abundances of
mineral phases in the granulite and pyroxenite suites are presented in Table 5.1.,

and individual sample modes can be found in Appendix 2.3.

Xenolith T)rpe Granulites 4,4 Pyrox. Pyroxenites TABTE 6.1.: Range of modal assemblages
present in granulites and pyroxenites
from Mount Murphy. Primary oxides are
often difficult to distinguish from
secondary oxides, and both generations
are included together as'opaques'. Note
the presence of orthopyroxene as a major
phase in only one pyroxenite (the only
xenolith from site 90044).

Olivine 0.0-29.4

Clinopyroxene 3.630.6
Orthopyroxene
Plagioclase 54.ffi3.4
Kaersutite 0.M.4
Opaques 32..6.4

Accessories 0.8-1.4

66.2

31.5

2-2

LL.2252

54.H7.6

0.0-10.8

r.z+.e
0.0{.6

The xenoliths generally consist of a single pyroxene (clinopyroxene),

although minor amounts of orthopyroxene are also present, and one pyroxenite
(sample 90044A; the only xenolith from this site) contains abundant
orthopyroxene. The modal assemblage of the orthopyroxene-rich pyroxenite is
also presented in Table 5.1. The extent of oxidation in some xenoliths makes the

identification of primary and secondary oxides difficult, and both are classified as

'opaques' in modal tables. Olivine that has been oxidised to secondary oxides are
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classified as olivine rather than oxides for the purposes of classification, to reflect
the protolith prior to oxidation.

6.3,7 The granulite suite
Granulite xenoliths from Mount Murphy (Plates 6.2 and 5.3) are plagiodase

rich, with subordinate amounts of clinopyroxene and olivine (generally 60-90 "/o

plagioclase with the exception of one sample (90048C) which consists of only 30 Y"

plagioclase). Orthopyroxene is also present in some samples, occurring as small
(100 pm scale) crystals on the rims of olivine, possibly as secondary reaction
products. The majority of granulites are leucogabbros and olivine leucogabbros

with some olivine gabbros, troctolites and one olivine melagabbro.

PTATE 6.2 Gabbroic granulite from site g00t8 (sample 90O48C), consisting of large crysals (many > 2
mm) of euhedral plagioclase (p), olivine (ol), clinopyroxene (c) and Fe-Ti oxides (ox). A rim of host
melt (b; bottom right) can be seen to extend only 1-2 mm inb the xenolith. Widh of plate is 17 mm.

Textures of the granulite suite vary from igneous (gabbros, including
cumulate gabbros) to metamorphic. Many igneous granulites (Plate 6.2) show
metamorphic overprints (meta-igneous textures), and metamorphic granulites
(Plate 5.3) show relict igneous textures (e.g. inclusions, euhedral outlines of crystal
phases, and remnant oscillatory zoning in plagioclase), indicating a gradation
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from protolith igneous textures to recrystallised

from site 90048 (Plate 6.2) have retained their

sample showing signs of recrystallisation.

metamorphic textures. Granulites
igneous textures, with only one

PLATE 5,3: Granulite from site 90041 (sample 90041C) with a recrystallised metamorphic texture of
1-2 mm size equant grains with 120" triple junctions betrn'een many grains. Clusters of dinopyroxene
(c) form flasers between plagioclase (p) layers resulting in a layered texture. Host melt has
infiltrated the xenolith (left flaser), reacting with xenolith minerals. Width of plate is 17 mm.

Plagiodase crystals are generally L-2 mm in size, with some igneous crystals

being up to 5 mm in size. Igneous plagioclase (Plate 5.2) is typically euhedral,

displaying muttiple twinning, with many showing oscillatory ,6t^g, ind.icating

growth from a melt under changing cond,itions. Many grains are brokeO possibly
indicating brittle deformation. Metamorphic plagioclase (Plate 6.3) consist of
recrystallised granular grains generally L-2 mm in size, typically displaying well
developed 120' triple-junctions with other recrystallised minerals. They are

undeformed, suggesting recrystallisation after deformation of igneous plagiodase.

Olivine occurs as igneous crystals up to 5 mm in size (Plate 6.2), and as

recrystallised grains with equant textures, approximately 1 mm in diameter.
Igneous olivine occurs as euhedral grains to rounded anhedral grains around
euhedral plagioclase and in interstices between plagioclase, indicating
crystallisation from the melt after plagioclase. The rounded form of igneous
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olivine makes them difficult to distinguish from recrystallised granular olivine.
Olivine in some samples has reacted to form orthopyroxene on their rims. This
reaction may be due to a change in pressure, with the stability of orthopyroxene
increasing, and olivine decreasing at 5-15 kb (O'Hara, L968; Cox ef a1.,1979).

Clinopyroxene is the only other major mineral phase occurring as igneous

grains up to 4 mm in size (Plate 6.2), and recrystallised equant grains 1-2 mm in
size (Plate 6.3). Clinopyroxene occurs with olivine in interstices between euhedral
plagioclase indicating crystallisation after plagioclase, and together with olivine.
In some samples however, euhedral clinopyroxene occurs which preceded other
mineral phases in crystallisation. In fully recrystallised granulites, clinopyroxene
occurs with olivine as flasers amongst plagioclase layers, imparting a layered fabric
on the granulites (Plate 5.3), which is in part inherited from igneous layering
(Chapter 2.2.4).

Rare green Al-spinels (spinel series sensu stricto) also occur as primary
phases, and coexisting Fe-Ti oxides of primary origin are present. Primary oxides

are difficult to distinguish from secondary oxides which have formed as a result of
oxidation of olivine, however small oxides occurring within other primary
phases are undoubtedly primary in origin (Plate 5.2).

The host melt has infiltrated the granulite suite along grain boundaries and

through cracks (Plate 6.3) causing disequilibrium reactions with granulite mineral
phases. Widespread oxidation of olivine crystals has occurred, giving a rusted
appearance to olivine crystals, highlighting their cleavage planes. The oxidation of
olivine has in some samples resulted in th'e formation of olivine and Fe-Ti oxide
symplectites, ranging from small rims on olivine to the complete replacement of
olivine by Fe-Ti oxides (Plate 5.2). Plagioclase grains in contact with the melt (and

secondary oxide products) show disequilibrium relationships in the form of
sieved tims, overgrown by narrow (10pm scale) rims that crystallised from the
melt. Clinopyroxene and orthopyroxene are not oxidised, maintaining a fresh
appearance. In most samples the amount of infiltrated melt is small, with the

exception of some samples from site 90048, which contain higher amounts of
infiltrated host melt (< 5 %).

6.3.2 The pyrcxenite suite
Clinopyroxenites and olivine clinopyroxenites dominate the pyroxenite

suite with lesser amounts of plagioclase-bearing clinopyroxenites, reflecting the

simple mineral assemblage of clinopyroxene + olivine + plagioclase (Plates 6.4

and 6,5). Cumulate textures are often well preserved, although recrystallised
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equigranular metamorphic textures have overprinted cumulate textures of some

samples.

pLATE f.4: Cumulus pyroxenite from site 90O48 (sample 90O48D), consisting of: subrounded olivine
(ol), occurring as a c.ttt,rlus phase; clinopyroxene (c), occurring as both a cumulus and an intercumulus

phise; and ilagoclase (p),- occurring 
-al 

an intercumulus phase, often as oikocrysts surrounding

bh*rin" ana itin-opyro"er,e. All phasei are generally 1-2 mm in size, although plagioclase oikocrysts

may be larger. Width of plate is 17 mm'

Pyroxenites from different sites vary in texture and mineral assemblage.

pyroxenites from site 90048 (Plate 5.4) contain more plagioclase than those from

site 90054 (Plate 6.5), and are generally less recrystallised. A single pyroxenite from

site 90044 contains no olivine, but abundant orthoPyroxene. This is the only

xenolith from Mount Murphy that contains orthoPyroxene as an abundant

primary mineral phase.

Clinopyroxene occurs as large cumulus and intercumulus crystals up to 2

cm in size (Plate 6.5), with most between 2-5 mm in diameter (Plate 5.4). In some

cases, recrystallisation has occurred with smaller grains crystallising from larger

cumulus crystals, developing polygonal equant textures with 120o triple junctions.

A few clinopyroxene grains display simple twinning, and narrow orthopyroxene

exsolution lamellae are evident in some clinopyroxenes (Plate 6.5), indicating
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equilibration to lower temperatures, possibly associated with uplift, or ascent to
the surface.

Olivine is a minor phase relative to dinopyroxene (Table 5.1), occurring as

rounded igneous grains up to 4 mm in size (Plates 6.4 and 5.5). Some have been

recrystallised to small equant grains generally 1 mm in size. All are slightly to
moderately oxidised with a rusty appearance, especially on their rims. The

rounded euhedral appearance of olivine indicates that it crystallised before other

phases, although some olivine may be intercumulus in origin.

. Plagioclase occurs in some samples as oikocrysts from 1-5 mm in size

enclosing clinopyroxene and olivine grains (Plate 5.4). Twinning is evident in
some crystals. Unlike granulite plagioclase however, they do not show any signs

of deformation.

PLATE 5.5: Pyroxenite from site 90054 (sample 90054C) with a cumulate texture. Olivine occurs as
subrounded gains (ol), surrounded by clinoplnoxene (c), which occurs as rounded gmins 1-2 mm in size,
and as large oikocrysts up to 2 cm in size (right). Many clinopyroxenes, particularly large crystals,
show fine orthopyroxene exsolutions. Plagioclase is rare in these xenoliths. Width of plate is 19 mm.

Green to black Al-bearing spinels are abundant in pyroxenite xenoliths
(Table 6.1), occurring as inclusions in other phases, and in interstices between
other phases (Plate 5.5). Intercumulus Fe-Ti oxides range in size from sub-mm to 4
mm in diameter. The euhedral form of some Fe-Ti oxides, and widespread
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reaction rims in contact with clinopyroxene and plagioclase, suggests that these

are secondary in nature and may be related to an in-filtrating melt.

6.3,3 Sumntary of textures and bearing on petrogenesis

The lower crustal and upper mantle xenolith suite from Mount Murphy
discussed in this chapter consists of granulites and pyroxenites, comprised of
clinopyroxene + olivine + plagioclase. These samples have been collected from
four sites, only one of which (site 90048) contains both granulites and pyroxenites,

with the other sites containing only granulites (site 9004L) or pyroxenites and

peridotites (site 90054). A single pyroxenite collected from site 90044 consists of
orthopyroxene + clinopyroxene.

Granulites vary in texture from igneous to metamorphic, with many
granulites showing meta-igneous textures (igneous gabbros, that have been

partially recrystallised). The range in textures indicate original igneous protoliths
(gabbros and cumulate gabbros) that have undergone metamorphism to varying

degrees. Granulites from site 90048 tend to be less recrystallised than those from

site 90041

In contrast, the pyroxenites have preserved igneous cumulate textures,

with only minor recrystallisation in the form of equant grains with t20o triple-
junction boundaries between grains. The majority of pyroxenites have not been

metamorphosed to any degree.

90041Granulites 9004E Granulites 9004E Pyroxenites 90054 P5rroxenites

ctl cricricri
Olivine

Clinopyroxene
Plagioclase

FIGURE 5.1: The presence of cumulus and intercumulus phases in the xenolith suite corresponds with
their order of crystallisation. Black areas represent the presence of a phase, and white areas an
absence of the phase, with shaded areas reflecting only minor occurrences of that mineral as a
cumulus or intercumulus phase. A comparison of granulites and pyroxenites from different sites
suggests that the occurrence of plagioclase as an early-formed mineral phase in the granulites is the
major difference between the two suites. Note also the rarity of plagioclase in site 90054 pyroxenites,
and the occurrence of olivine only as a cumulus phase in site 90Ot8 granulites, and as dominantly an
intercumulus phase in site 90041 granulites.

The identification of cumulus and intercumulus grains in the xenolith
suites allows the order of crystallisation of mineral phases to be established
(Figure 5.1). A comparison of granulites and pyroxenites from the three major

sites indicates that olivine was the first formed mineral phase in the pyroxenite
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suite, followed by clinopyroxene. Plagioclase is rare (and is more abundant in site

90048 pyroxenites than in site 90054 pyroxenites), and only occurs as the last

formed mineral phase. The order of crystallisation in the granulite suite is
essentially reversed, with plagioclase forming first, followed by olivine and

clinopyroxene. This suggests that the major difference between the granulite and

pyroxenite suites is the occurrence of large abundances of plagioclase in the

former due to its early crystallisation.

The occurrence of plagioclase as an initial crystallising phase indicates the

differing conditions of crystallisation during granulite and pyroxenite
crystallisation. This may be due to differences in composition of the fractionating

melts that crystallised these cumulates, or in differences in P-T conditions,

inferring different levels of formation in the lower crust.

'g

g004l Granulites

90048 Granulites

90048 Pyroxenites

90054 Pyroxenites

FIGURE 6.2: Simplified models of the lower crust can be established given the textural differences in
the xenolith suite, and their occurrence at different sites. ln particular, the occurrence of site 90048
granulites and pyroxenites together suggests they came from similar levels in the lower crust, and
the occurrence of upper mantle peridotites with pyroxenites from site 90054 indicates that they came
from lower levels in the crust near the Moho. Possible models include: a) a simple stratigraphy from
site 90054 pyroxenites near the Moho to site 90M1 granulites at higher levels; b) a variation of a),
with some interlayering between xenolith types; c) the formation of the lower crust by multiple
episodes with the initial crust being intruded by fractionating melts, resulting multiple periods of
crustal growth. This last model is complex, and any variation on c) is possible.

The crystallisation of different xenolith types at different crustal levels is

supported by the variation in recrystallisation and deformation that the xenolith
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types exhibit. Both processes are common in the granulite suite (eipecially those

from site 90041), but are rare in the pyroxenite suite, indicating more pervasive

recrystallisation and deformation at granulite source regions. Furthermore,

xenolith types differ between sample sites only a few kilometres apart (Figure 3.2),

suggesting that the host magmas sampled different levels of the lower crust and

upper mantle. It is notable that only site 90048 contains both granulites and

pyroxenites, whereas only site 90054 selected only peridotites (that are assumed to

constitute the upper mantle). The presence of peridotites from this site suggests

that the pyroxenites come from lower levels of the crust, near the Moho. The

absence of pyroxenites at site 90041 suggests that a higher crustal level, containing

only granulites, was sampled. Site 90048 xenoliths, consisting of both granulites

and pyroxenites, may have been sourced from intermediate lower crustal levels.

From these inferences, a simplified model of the lower crust can be

established, with site 90054 pyroxenites at the base, overlain by site 90048

pyroxenites and granulites, and site 90041 granulites at higher levels of the lower

crust (Figure 5.2). Such a sequence could explain the variance of recrystallisation

and deformation in the xenolith suite, which ranges from widespread in site

90041 granulites, to absent in site 90054 pyroxenites. Plagioclase abundance also

decreases from the granulite suite to site 90054 pyroxenites. This corresponds with
the change of olivine as an intercumulus phase in site 90041. (but not site 90048)

granulites, to a cumulus phase in pyroxenites. Differing P-T conditions in
different levels of the lower crust could be responsible for these changes.

The exact stratigraphy of the lower crust can not be ascertained by textures

and occurrences alone, and several models'are presented in Figure 6.2. The

stratigraphy may be simple as mentioned above (Figure 6.2a), or slightly more

complex, with an interlayering of xenolith types (Figure 6.2b), as is inferred to
occur in many lower crustal localities (Griffin and O'Reilly, L987a). Alternatively,

the model may be complex, with the lower crust experiencing two or more

periods of growth by melt fractionation. For example, site 90048 xenoliths may

have formed from a different episode than the rest of the xenolith suite. Injection

of the melts into a pre-existing lower crust comprised of site 90041 granulites

underlain by site 90054 pyroxenites, could lead to the formation of site 90048

granulites and pyroxenites within the lower crust (Figure 6.2c). Any variation on

this theme is possible, and an examination of mineral and whole rock
geochemistry may help to determine the stratigraphy of the lower crust beneath

Mount Murphy.
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6.4 Mineral Chemistry

Unaltered cores of xenolith mineral phases have been analysed by electron

microscopy (Appendix 3.3) and are discussed here in order to characterise the

chemistry of the mineral assemblage, and to establish if the granulite and

pyroxenite types are genetically related. Minerals altered by secondary reactions

(e.g. oxidation of olivine) or that have crystallised from the host melt are

discussed in Chapter 5.5 (secondary mineral reactioru).

6.4.7 Olioine
With the exception of one olivine-free pyroxenite (the only sample from

site 90044), olivine is the major Ca-poor mafic mineral phase in the Mount
Murphy xenolith suite. Olivine occurs as a late-stage mineral phase in the

granulite suite (after plagioclase), and as an early-formed phase in the pyroxenite

suite (Chapter 6.3). Representative compositions of olivine from the xenolith

suite are presented as Table 5.2.

FIGURE 6.3; Composition of olivines in
Mount Murphy xenoliths plotted in the
system Ca-Mg-Fe. Site 90041 granulite
olivines have the highest Fo (Mg/Mg+Fe)
contents, followed by site 90054 pyroxenites
and site 90048 pyroxenites and granulites,
indicating crystallisation from melts with
lowerMg#s.

Fo contents (Fo = Mg/Mg+LFe; IFe = all Fe measured as Fe2*) are similar
between site 90041 granulite and site 90054 pyroxenite olivines (Figure 6.3), with a

wider range of values in the latter (Fo 73-87 in the pyroxenite olivines compared

to Fo 80-84 in the granulite olivines). The spread to lower Fo contents in
pyroxenite olivines may reflect crystallisation from an evolving melt, whereas the

Mg
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small range in granulite olivines reflects crystallisation from a melt of stable

composition during olivine crystallisation.

TABLE 5.2: Representative electron rnicroprobe analyses of Mount Murphy xenolith olivines.

SAIIPLE e00418 90041G e0041I

TYPE Gran Gran Gran
900488 90048D 90054C 900541 90054K

$xite Ppite P'yxite Pgite Ppite
900488 90048F

Gran Gran

si02
A'1203

Tio2
FeO
MnO
Mgo
CaO

Na2O
K20
Cr203

39.52 39.U
0.01 0.02

0.03 0.08

17.47 17.87

0.35 0.31

42.91 4L.96

0.05 0.09

0.08 0.r2
0.01 0.02

0.07

39.73 36.25

0.08 0.01

0.00 0.01

74.94 32.95

0.27 0.57
u.79 29.80

0.04 0.18

0.04 0.00

0.03 0.m
0.11

37.05 37.12

0.07 0.05

0.02 0.01

26.22 27.45

0.54 0.42

35.71 35.25

0.L7 0.15

0.00 0.04

0.m 0.04

0.05 0.2L

36.98 38.50

0.06 0.15

0.08 0.07
27.72 27.19

0.38 0.38

35.67 39.33

0.22 0.11

0.04 0.00

0.01 0.ol
0.04 0.15

39.23 38.M
0.05 0.05

0.01 0.0s

18.07 21.78

0.22 0.38

42.38 39.08

0.11 0.17

0.00 0.01

0.01 0.00

0.05 0.00

TOTAL 100.45 99.87 1m.m 99.n 99.&l 100.75 100.50 100.02 100.13 99.97

utbns on the basis of 4 oxygens

si
AI
Ti
Fe

Mn
Mg
Ca

Na
K
Cr

0.99E 1.002

0.000 0.000

0.000 0.001

0.369 0.380

0.ffi7 0.005

1.515 1.593

0.001 0.002

0.m3 0.005

0.000 0.000

0.001

0.997 0.998

0.002 0.000

0.000 0.000

0.313 0.759

0.005 0.013

7.676 L.223

0.000 0.m5
0.001 0.000

0.000 0.000

0.m2

0.989 0.982

0.001 0.002

0.000 0.002

0.511 0.502

0.009 0.008

1.378 1.411

0.004 0.006

0.002 0.002

0.001 0.000

0.004 0.001

0.998 0.998 0.997

0.004 0.001 0.002

0.001 0.000 0.001

0.458 0.384 0.472

0.008 0.001 0.008

1.515 7.607 1.510

0.003 0.002 0.004

0.000 0.000 0.000

0.001 0.000 0.000

0.003 0.001 0.000

4.987

0.002

0.000

0.s84

0.012

L.4t8
0.005

0.000

0.000

0.001

TOTAL 2.993 2.990 2.998 2.999 3.m6 2.99L 2.997 2.994

Mgf 81.40 80.74 84.26 61.77 70.83 69.28 70.09 76.79 80.7L 76.19

Granulite and pyroxenite olivines from site 90048 have lower Fo contents

than other granulites and pyroxenites, reflecting crystallisation from a more

evolved. (lower Mg:Fe ratio) melt. In particular, granulite olivines from site 90048

have very low Fo contents (Fo 55-71), an indication that the composition of the

melt that crystallised them was different from the melt that crystallised olivines
from site 90041 granulites.

Calcium contents of olivine (Figure 5.4) are lower in granulite olivines (<
0.1 wt. % CaO) than in pyroxenite olivines (0.05-0.24 wt. Y" CaO), and olivines
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from site 90048 xenoliths have the highest CaO contents (0.15-0.44 wt. o/" CaO). The

affects of melt composition on olivine CaO content is poorly understood, with
higher CaO contents in olivine possibly reflecting higher CaO contents in the

crystallising melt. CaO contents of olivine have been shown to correlate with
pressures of crystallisation (Simkin and Smith, 1970; Stormer, 1973; Finnerty and

Boyd, L978), indicating that olivines from different xenoliths formed at different
depths, with site 90041 granulite olivines having formed at the highest pressures.

However, lower pressures have been recorded by site 90041 granulites compared

to other xenoliths (Chapter 6.4.2), indicating that low CaO contents of site 90041.

olivine has not resulted from their crystallisation at higher pressures. The

composition of the crystallising melt was more likely to have been responsible for
the CaO contents of olivine in the xenolith suite.
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FIGURE 5.4: Plots of CaO and MnO against
MgO for olivines from the Mount Murphy
xenolith suitg by xenolith type and site. CaO
contents of olivine are lowest in site 90041
granulites, and highest in site 90048
xenoliths. MnO contents are similar in the
xenolith suite, and define an increasing trend
with decreasing MgO content, which
represent a fractionation trend (Simkin and
Smith, 1970). Compositions of site 90048
granulite and pyroxenite olivines are similar.

41 Granulites

4E Granulies
4E Vroxenites
54 Pyroxenics

MgO wt. %

Manganese content in olivine (Figure 6.4) is dependant on fractionation
(Simkin and Smith, 1970; Dodd, 1973), with increasing MnO content and
decreasing MgO content. High MnO and low MgO contents of site 90O18 olivines
is a further indication that these olivines crystallised from a more fractionated
melt than other olivines. Other elements, such as Al, Ti, Na, K, Cr and Ni, have

only been detected in olivine in minor amounts (< 0.03 cations per 4 oxygens).

6.4.2 Clinopyrorene
The majority of clinopyroxenes from the Mount Murphy xenolith suite are

aluminian diopsides. Rare diopsides and sub-silicic aluminian diopsides also

217



TABLE 53: Representative electron microprobe analyses of Mount Murphy xenolith clinopyroxenes.

SAIIPLE 90041c 900411 9mlUA 90044A 90048E 90048G 900488 90048D 90os4c 90054K

TY?E Gran Gran Plxite Pyxite Gran Gran Ppite Pyxite Pyxite Plxite

sio2
A1203
Ti02
FeO

MnO
Mgo
CaO

Na2O
K20
Cr2O3

5r.75

3.98

0.94

4.70

0.1r

14.83

22.55

0.59

0.01

0.49

48.49 5L.t7

7.0r 6.6
1.63 0.81

3.89 4.55

0.10 0.27

15.14 74.57

22.39 20.53

0.59 1.06

0.04 0.01

0.79 0.59

53.16 8.67
5.25 7.04

0.r9 1.84

9.65 8.91

0.29 0.21

29.49 11.93

0.92 20.57

0.12 0.83

0.03 0.02

0.28 0.05

49.99 49.22

2.49 7.25

0.50 1.59

10.54 7.69

0.59 4.25

13.24 12.48

2L.59 20.57

0.69 1.10

0.01 0.02

0.30 4.72

47.M 49.L9 47.46

7.9L 5.85 8.36

2.36 0.85 2.05

7.97 5.50 7.5r

0.24 0.17 0.22

L2.02 14.83 L2.43

21.08 27.23 20.54

0.98 0.43 0.99

0.08 0.02 0.00

0.13 0,30 0.17

Fe2O3*

FeO*

0.74

4.04

3.36

0.87

0.37

4.21

0.55

9.$
0.09

8.10

6.07

5.0E

1.53

6.22

2.63

5.L4

3.06 2.63

3.75 5.14

TOTAL 100.04 100.07 100.33 99.36 100.05 99.94 100.89 100.21 100.38 99.74

cations on the basis of 5 oxygens

si
AITV
AIVI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K
Cr

1.901

0.100

0.069

0.025

0.020

4.124

0.003

0.811

0.887

0.M7
0.000

0.013

r.783 1.850

0.220 0.140

0.080 0.150

0.0M 0.021

0.096 0.010

0.026 0.128

0.002 0.008

0.829 0.794

0.881 0.799

0.040 0.074

0.001 0.000

0.022 0.015

1.880 1.815

0.120 0.180

0.100 0.130

0.005 0.050

0.077 0.025

0.268 0.252

0.008 0.007

1.554 0.563

0.03,1 0.822

0.008 0.061

0.001 0.001

0.n7 0.001

t.894 1.813

0.110 0.190

0.000 0.124

0.014 0.044

0.t71 0.045

0.159 0.191

0.019 0.w7
0.747 0.585

0.876 0.811

0.0s0 0.078

0.001 0.001

0.009 0.020

1.812 7.768

0.190 0.230

0.104 0.737

0.024 0.057

0.0& 0.073

0.115 0.159

0.005 0.006

0.813 0.690

0.837 0.819

0.030 0.07r

0.001 0.000

0.009 0.005

1.768

0.230

0.1.17

0.066

0.071

0.7n
0.008

0.668

0.842

0.069

0.0G3

0.004

TOTAL 4.000 4.O24 4.0m 4.O02 4.050 4.009 4.023 4.0044.047 4.015

Wo
En

Fs

o
T

r.82

0.09

1.74

0.08

t.72
0.15

1.86

0.02

1.74

0.12

L.78

0.10

7.69

0.15

r.69

0.14

4ti.15 4ti.09 M.76
44.03 45.25 45.87

7.82 6.ffi 7.97

1.82 46.65 44.85

82.97 37.63 38.25

15.22 15.72 15.90

46.82 47.90 45.76 47.04

39.55 38.00 M.45 39.63

13.53 14.11 9.79 13.33

7.n 7.57

0.06 0.14

* Recalculated assuming stoichiometry based on 4.0 cations
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The Mount Murzhu xenolith suite

occur in the granulite suite, and many clinopyroxenes from site 90048 xenoliths

are sub-silicic aluminian diopsides. Representative clinopyroxene compositions

from the Mount Murphy xenolith suite are presented as Table 5.3.

FIGURE 5.5: Composition of clinopyroxenes from the Mount Murphy xenolith suite in the system Wo-
En-Fs (fields are those of Morimoto et aJ.,1988). Granulites from site 90041, and pyroxenites from site
90031 are more En-rich than those from site 90048.

Clinopyroxenes from site 90048 are less calcic and more Fe-rich than other

clinopyroxenes (Figure 5.5). A plot of Wo v Fs (Figure 6,.5) highlights the

differences between clinopyroxenes from different xenolith types, especially the

composition of site 90048 clinopyroxenes compared to other clinopyroxenes.

El 4l Granulites

A 48 Granulites

* rt8 Pyroxenites

O S4Pvroxenites

05101520
Fs

FIGURE 5.6: Fs v Wo binary diagram of clinopyroxenes/ based on the quadrilateral diagram of
Morimoto et al.,1988. The similar compositions of clinopyroxenes from site 90O41 granulites and site
90054 pyroxenites is emphasised, as is the more Fe-rich and Ca-poor composition of site 90048
xenoliths, especially in the granulites.

o
3M

Diopside 
gdP"#* t.
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'f' components (Chapter 2.3.1) of clinopyroxenes from the xenolith suite

range from 0.04 to 0.20. Site 90048 granulites have a higher']' component than

other granulites (0.12 to 0.17 compared with 0.06 to 0.12) and site 90048 pyroxenites

have a more restricted range of 'f' component than other pyroxenites (0.14 to 0.17

compared with 0.05 to 0.20). These contents reflect the presence of Na in the M(2)

octahedral site (as 'I' = 2Na), which ranges from 0.41 to 1.33 wt. % Na2O.

Si4* is not present in sufficient quantities to entirely fill the tetrahedral site,

and remaining sites are fitled by Al3* (AIIV). Remaining Al occupies the M(1)

octahedral sites (etvt;. The partitioning of Al3* into two sites creates a charge

imbalance which is negated by the presence of Ti3* in the M(1) octahedral site. The

effect of the coupled substitution;

M(2)2*M(1 12+gi4+rge -> M(2)z+1i4+913+rO,

can be seen in the positive linear trend of the plot AIIV v Ti, indicating the co-

dependence of the two, compared to AlvI v Ti, which shows no relationship
(Figure 6.7). the partitioning of Al into two sites can be used to distinguish
between clinopyroxenes of differing origins, and Mount Murphy clinopyroxenes

fall largely within the field of 'basalts with granulites and inclusions' (Figure 5.8),

indicating their equilibration to lower crustal conditions (Aoki and Shiba, L973;

Wass, L979).

0t
tr
o
nt

F

+
+ &H+

*t+tH+
oa#

A}OO O

GaLOO
E-

tr E AEIII' 
'trrrrrn a

+ +l+
+aa+++

a +aa+o
a aaEaaaa+a

tr a Eaaao
tr u oa

Atrtr tr' OOI
trtrtr trtro

0.00 0.05 0.10 0.15 0.20 0.8 o00 0.6 0.10 0.15 0.n

AIIV AIVI

FIGURE 6.L al Ti v tetrahedral Al (Allv) defines a positive linear trend, reflecting the coupled
substitution of Al for Si in the tetrahedral site, and the corresponding substitution of Ti into the M(1)
octahedral site to restore the resulting charge imbalance. b) There is no trend between Ti and
octahedral Al (AlvI), as abundances of the two are not linked.

The lower Al2O3 contents of some granulite clinopyroxenes compared to

pyroxenite clinopyroxenes can be ascribed to their crystallisation from a melt
previously depleted in Al2O3 by plagioclase fractionation. Where clinopyroxenes

crystallised prior to plagioclase (i.e. all pyroxenite, and most site 90048 granulite

tr
A
+
o

4i Cranulites

48 Granultes
4E $roxenites
5.1llroxenites
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The Mount Murnhu renolith suitp

clinopyroxenes), the higher Al2O3 content of the undepleted melt is reflected in
higher Al2O3 contents of the clinopyroxenes. This is similar to pyroxenes from

Mounts Sidley and Hampton/ which also reflect crystallisation from the melt
either prior to or after plagioclase by their respective high or low Al2O3 contents

(Chapters 4.4.2 and 5.4.1).

E 41 Granulites

A 48 Granulites

* 4E$noxenites

O S4Pwoxenites

0.00 0.05 0.10 0.15 0.20 0.25 0.30

AIIV

FIGURE 5.8: Tetrahedral (AIIV) and octahedral (AlvI) partitioning of aluminium in clinopyroxene
has been used to characterise clinopyroxenes of different origins (Aoki and Shiba, 1973;Wass, L979).
Mount Murphy clinopyroxenes..fall in. Aoki and Shiba's field of 'basalts with granulites and
inclusions'. Note the similar Al"/Al"'ratios of all the clinopyroxenes, but the higher total Al
content of the pyroxenite clinopyroxenes compared to those in granulites.

Other minor elements in xenolith clinopyroxenes include Mn (up to 0.59

wt. o/o MnO) and Cr (up to 0.81 wt. "/" Ct2O) in the M(1) octahedral site, and K2O

(up to 0.08 wt. o/"K2O, with one clinopyroxene having up to 0.31 wt. %KzO) in the

M(2) octahedral site.

Clinopyroxenes from the orthopyroxene-bearing pyroxenite from site 90044

are plotted in Figurc 6.9, together with coexisting orthopyroxene compositions.
All clinopyroxenes from this pyroxenite are aluminium diopsides similar in
composition to clinopyroxenes from site 90054 pyroxenites, except for their higher
Cr2O3 contents (0.39-0.58 and 0.03-0.20 wt. oh Ct2Os;5.L7-6.97 and 5.59-8.47 wt. %

Al2O3;0.15-0.95 and 1..3-2.05 wt. "/"TiO2 in site 90044 and site 90054 clinopyroxenes
resPectively). Al2O3 and TiO2 contents of site 90044 clinopyroxenes are also well
below those of clinopyroxenes from site 90048 pyroxenites, further stressing the

heterogeneity of xenolith compositions between sites.

Site 90044 pyroxenite orthopyroxenes are aluminian enstatites, with high
En contents (En 82.1-82.97). They have very low 'j' components, reflecting the low

0.10

Eclogites

Basalts with Granulites
and indusions
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abundance of Na2O (0.1 to 0.L7 wt. % Na2O). Other minor elements, such as Cr2O3,

Al2O3 and TiO2, are present in smaller quantities than in clinopyroxenes.

En

B&M Nickel GasParik G Gasparik

TemP TemP TemP TemP TemP TemP CPx P CPx-OPx P

Estimation H<900 H<900 Low 9-1500'C High High

Fs

FIGURE 5.gr cOmpositions of coexisting clinopy:oxene and orthopyroxene from a two-Pyroxene

pyroxenite from site 99644, in the systeniWo-gn-fs. Clinopyroxene comPositions are similar to those

irom site 90054 pyroxenites. Classiiication fields are those of Morimoto et sI' (1988).

The two-pyroxene assemblage of this pyroxenite makes it possible to

estimate the temperature of equilibration of the xenolith, using various methods.

In addition the graphic method of Gasparik (1984), which utilises the Al-

component of orthopyroxene and clinopyroxene and the En content of

clinopyroxene (calculated as l-Ca), can be used to estimate Pressures of

equilibration. These estimates are presented as Table 5.4.

TABTE 5.4: Temperature and pressure estimates of the site 90O14 pyroxenite using the two-Pyrol-e{t:

thermometers of Wood and Banno (1973), Wells (1977), Kretz (1982), Bertrand and Mercier (1985),

Nickel et al. (1985), and the thermobarometer of Gasparik (1984). The accuracy of each method

(,estimarion,) is showry and the methods of Wood and Banno (1973, and Wells (1977) are considered

to be the most accurate. Using only clinopyroxene compositions instead of clinopyroxene.and

orthopyroxene compositions ot "ttr" iasparik method yieldJ similar temPeratures, but pressures high

by 1 kb.

Wo

Low
High

7026

1032

965

981

1125

7162

11CI

1210
891

927

585

800
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The Mount Murphy xenqlith suite

Temperafure estimates vary between geothermometers and the accurary of
each thermometer is shown in Table 6.4. The Kretz (1985) geothermometer gives

low temperatures, and the Nickel et al. (1985) thermometer gives high
temperatures for lower crustal rocks. Estimates using the thermometer of
Gasparik (L9U), which indicate temperatures of 1140-1210 oC, are similar to these

methods, indicating that this thermometer also yields results that are too high, by
approximately 100'C to 200oC. The best temperature estimates are given by the

Wood and Banno (L973), the Wells (L977), and the Bertrand and Mercier (1985)

thermometers, which give good estimates for temperatures above 900"C.

Pressure estimates using the two-pyroxene thermobarometer of Gasparik
(1984) indicate pressures of 7-8 kbs. This method can also be used on
orthopyroxene-free assemblages at lower crustal depths and pressures (Gasparik,

1984). Using only clinopyroxene compositions, temperature estimates are the

same as if using clinopyroxene and orthopyroxene compositions, but the pressure

estimates of 8-9 kb are higher by 1 kb. When applying this geothermobarometer to

orthopyroxene-free xenoliths, P-T estimates are likely to be L kb, and L00oC to
200oC too high (Chapter 8.2.3).

TABLE 6.5: Temperature and pressure estimates of Mount Murphy xenoliths using the graphic
thermobarometer of Gasparik (1984). The accuracy of this method when using only clinopyroxene
compositions is estimated to be 100-200 oC and L kb too high. Results indicate the highest P-T
conditions of equilibration for site 90048 pyroxenites, and lowest P-T conditions for site 90041
granulites.

Xenolith type 90041Granulites 9fi)48 Granulites 90048 Pyroxenites 9m54 Pyroxenites

Estimate

Estimate

The results of the Gasparik geothermobarometer applied to orthopyroxene-
free xenoliths from Mount Murphy (granulites from site 90041, granulites and
pyroxenites from site 90048, and pyroxenites from site 90054) are presented as

Table 6.5. As discussed above, pressures and temperatures using this method are

likely to be high. Revised P-T estimates taking this into account are presented in
Chapter 8.2.3, and only unrevised results are presented here.

840

to
r070

4.0

to
7.5

Temperature (oC)

LLaO

to
1270

Pressure (kb)

7.O

to
10.0

1110

to
1230

E.0

to
13.0

1190

to
1320

7.5

to
11.0
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Granulites from site 90041 range in P-T conditions from 840-1.070 oC and 4.0-

7.5 kbs. P-T estimates vary according to texture, with metamorphic granulites

yielding the lowest pressures and temperatures, followed by meta-igneous and

igneous granulites. This range in P-T conditions suggests that metamorphism

decreases with depth, with granulites at higher crustal levels being the most

metamorphosed.
Granulites from site 90048 vary in P-T estimations from 1J20-1210 oC and

7.0-L0 kbs, indicating equilibration at greater depths than site 90041 granulites. A
meta-igneous granulite from site 90048 yielded P-T estimates of 980-1000 oC and

4.5 kbs, indicating that these granulites also occur at, and are metamorphosed at,

higher crustal levels.

Pyroxenites from site 90048 indicate P-T conditions of 11.10-1230 oC and 8-13

kbs. These estimates overlap with estimates from site 90048 granulites, indicating
that the suites occur at similar crustal levels. The pyroxenites may also occur at

lower depths, however the small population size of these suites makes this

difficult to ascertain.

Site 90054 pyroxenites yield P-T estimates of 1190-1320 oC and 7.5-11 kbs.

Such temperatures are much higher than in site 90048 pyroxenites. The presence

of plagioclase in the latter may therefore be due to lower temperatures of
crystallisation, and indicate that site 90054 pyroxenites represent a high-
temperature suite of pyroxenites.

While these estimates do place constraints on the occurrence of xenolith
types at source depths, it must be noted that the small population of samples may

have resulted in large portions of the lower crust not being represented. The

temperature and pressure estimates for the xenolith suite can only be taken as an

approximation, and not as a total range of P-T conditions.

6.a.3 Plagioclase

Although there are only a small number of analyses of plagioclase from
pyroxenites, it is evident that compositions vary between xenolith types and sites.

Plagioclase that has been recrystallised has similar compositions to igneous
plagioclase, indicating that recrystallisation has not affected plagioclase
composition. Representative compositions of plagioclase from the Mount
Murphy xenolith suite are presented as Table 6.5.

Granulite plagioclase from site 90041 have the highest An contents, ranging

from An 57-88 (Figure 5.10). Granulites from site 90048 have lower contents of An
42-6L, reflecting their crystallisation from a more evolved melt. This large range
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The Mount Murphy xenolith suite

in composition is consistent with their crystallisation from a continuously
fractionating melt (Chapter 6.3).

Pyroxenites from site 90048 and 90054 are interstitial, having formed as a
final phase from the crystallising melt (Chapter 5.3). They vary in composition
from An 51-55 and An 53-58 respectively (Figure 5.10). This small range in
composition may reflect their late-stage of crystallisation, or simply the limited
number of analyses of plagioclase from the pyroxenite suites.

TABLE 6.5: Representative electron microprobe analyses of Mount Murphy xenolith plagioclase's.

SAMPLE 900418 90041C 90041G 90048E 90048F 90048G 900488 90048D 900541 90054I

TYPE Gran Gran Gran Gran Gran Gran Pyxite Pyxite Pyxite Pyxite

sio2
AI203
Tio2
FeO

MnO
Mgo
CaO

Na2O

K20

45.& 52.59

34.U 29.78

0.04 0.06

0.17 0.20

0.10 0.@

0.m 0.02

L7.38 12.65

1.83 4.t4
0.o1 0.24

45.91 48.53

34.50 33.33

0.00 0.04

0.r2 0.12

0.10 0.04

0.02 0.03

17.87 15.47

1.58 2.67

0.07 0.09

53.32 54.02 52.63

28.85 28.74 29.A8

0.11 0.03 0.07

0.39 0.20 0.s8

0.05 0.03 0.01

o.07 0.11 0.08

11.45 10.60 11.18

4.53 6.80 5.88

0.29 0.30 0.30

5L.73 52.53

30.12 28.9r

0.L7 0.10

0.70 0.7L

0.00 0.06

0.74 0.11

72.70 rt.72
4.95 5.59

0.15 0.19

52.94

29.01

0.19

0.55

0.L7

0.08

lL.6
4.99

0.30

TOTAL 1m.17 1m32 1m.04 99.77 99.05 100.83 99.81 99.90 100.66 99.92

utions on thebasis of I oxygms

si
AT

Ti
Fe

Mn
Mg
Ca

Na
K

2.112 2.2L3 2.101

7.870 L.791 1.889

0.000 0.001 0.001

0.001 0.004 0.006

0.004 0.000 0.004

0.001 0.000 0.000

0.880 0.755 0.856

0.140 0.236 0.163

0.004 0.004 0.002

2.392 2.436

r.596 1.553

0.002 0.004

0.008 0.015

0.004 0.002

0.001 0.005

0.61,6 0.550

0.365 0.401

0.014 0.077

2.399 2.407

r.562 1.554

0.002 0.007

0.022 0.021

0.000 0.007

0.005 0.005

0.545 0.558

0.518 0.M
0.0t7 0.017

2.338 2.398

L.620 1.555

0.005 0.00?

0.025 0.026

0.000 0.002

0.009 0.ffi7
0.620 0.5n
0.437 0.494

0.008 0.010

2.435

t.527

0.001

0.007

0.001

0.n7
0.512

0.594

0.017

TOTAL 5.004 5.O2i2 4.99E 5.100 5.070

An
Ab
Or

85.94

13.67

0.39

75.88 &3.84

23.72 15.96

0.40 0.20

61.91 57.26 45.58 50.46 55.42 58.?2

36.68 41.00 52.87 47.96 42.91 41.03

7.4r 1.74 1.55 r.57 1.67 0.75

53.20

45.87

0.93
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SiO2 contents of granulite plagioclase from sites 90041 and 90048 differ,

ranging from 45.6-5I.1, and 52.3-55.2 wt. % SiO2 respectively. Pyroxenite plagioclase

SiOz contents are intermediate to these extremes, ranging from 51.7-52.9 wt. o/o

SiO2. A trend of increasing SiO2 with decreasing AlzOs content (and An-content) is

evident in plagioclase from the xenolith suite, reflecting an increased substitution

of Al for Si in the lattice (Smith, 1975\.

FIGURE 5.10: Composition of Mount Murphy
xenolith plagioclase in the system An-Ab-
Or. Plagioclase from site 90041 granulites
have higher An-contents than those from
site 90048 granulites. Pyroxenite plagioclase
compositions resemble those of site 90048
granulites, although the small number of
analyses of pyroxenite plagioclase due to
their small abundances makes any direct
comparisons difficult.

Minor components of xenolith plagioclase vary between xenolith types.

FeO contents are higher in pyroxenite plagioclase (0.43-0.77 wt. o/o FeO vi'ith

plagioclase from site 90054 having the highest FeO contents), than in granulite

plagioclase (0.04-0.49 wt. % FeO in plagioclase from all sites). K2O contents range

up to 0.14 wt. "/"KzO and from 0.24-0.4L wt. "h K2O in plagioclase from site 90041

and site 90048 granulites respectively. Pyroxenite plagioclase from site 90048 also

have high K2O contents (0.30-0.33 wt. o/" KzO) compared to other pyroxenites (0.15-

0.19 wt. Y"K2O in plagioclase from site 90054).

6.4.4 Non-silicates
The identification of primary oxides in the xenolith suite is difficult due to

the widespread oxidation of the suite. O.ly oxides that are definitely primary in
origin (occurring as inclusions, or in unoxidised xenoliths) are considered here,

with representative analyses presented is Table 5.7.
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The Mount Murphy xenolith suite

TABLE 5.7: Representative electron microprobe analyses of Mount Murphy primary oxides.

SAMPLE 900418 90041C 90048E 90048G 900488 9001188 90048D 90054C 900541 90054K

TYPE Gran Gran Gran Gran $xite Ppite Pyxite Pyxite Pgite gxite

sio2
A1203

Ti02
Fe203

FeO

MnO
Mso
CaO

Cr2O3

Nio

0.08 0.24

53.76 76.22

0.12 2.35

45.9r

18.51 27.95

0.02 0.04

t7.7t 4.61

0.04 0.59

10.53 0.28

0.04 0.05

0.12 0.01 0.36

7.78 0.49 0.14

24.22 52.70 0.05

24.93 5.t9 67.45

30.79 31.81 30.29

0.33 0.53 0.12

6.75 8.31 0.77

0.08 0.07 0.15

3.,13 0.02 0.24

0.08 0.05 0.50

0.22 0.13

50.30 8.75

1.25 16.35

6.52 29.47

20.42 37.63

0.14 0.42

13.35 6.M
0.14 0.05

7.55 1.18

0.20 0.11

3.18 L.25 0.17

7.47 0.72 58.33

11.15 0.34 0.86

33.01 52.91. 5.65

38.51 0.00 19.04

0.43 0.00 0.09

3.95 0.,1tt t4.94

t.37 0.34 0.06

0.49 0.11 0.91

0.39 29.38 0.21

TOTAL 100.90 98.25 97.91 100.28 99.47 100.10 100.53 99.95 85.53 100.26

utions on thebasb of 3 GpineD or 2 (rhombehedral) siter,

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Cr
Ni

0.002 0.008

t.590 0.6L
0.002 0.061

1.193

0.413 0.U7
0.000 0.001

0.704 0.237

0.001 0.022

0.?24 0.008

0.001 0.002

0.004 0.000

0.183 0.014

0.909 0.938

0.624 0.110

0.832 0.629

0.010 0.013

0.341 0.293

0.003 0.002

0.0e2 0.000

0.002 0.001

0.014 0.006

0.005 r.635

0.001 0.026

r.956 0.135

0.980 0.47L

0.004 0.003

0.010 0.549

0.005 0.004

0.ffi7 0.165

0.015 0.004

0.001 0.105

0.354 0.310

0.422 0.295

0.767 0.875

1.080 1.135

0.012 0.012

0.330 0.195

0.002 0.048

0.032 0.013

0.003 0.010

0.056 0.004

0.038 1.825

0.012 0.0L7

r.784 0.113

0.000 0.423

0.000 0.002

0.032 0.591

0.015 0.002

0.001 0.019

1.058 0.005

TOTAL 3.057 3.040 3.0m Zmo 2.999 2.999 2.999 3.000 3.001

X(Uep)

x0l)
0.t075 0.5170 0.001s 0.7LN 0.5585 0.4283 0.5858

0.9204

Spinel series spinels
Al-spinels are abundant in pyroxenite xenoliths, varying in colour from

green to black, and occurring as early-formed cumulus phases. The spinels form a
solid solution series between spinel sensu stricto (MgAl2Oa) and hercynite
(Fe2*Al2Of, with site 90048 pyroxenite spinels being closer to the hercynite end-
member. These spinels are also more Cr2O3- and Fe2O3-rich and less Al2O3-rich

than those from site 90054 pyroxenites.
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Rare spinels also occur in the granulite suite, although these are sub-

ordinate in abundance to magnetite series spinels. Al-spinels from gtanulites are

cr-rich, containing up to 23.98 wt. "/o cr2o3, compared with up to 7.56 wL !" ct2os

in pyroxenite sPinels.

Magnetite series sPinels

Titanomagnetites are a common constituent of the granulite suite'

Magnetite series spinels from the xenolith suite form a solid solution between

pure magnetite (Fe3Oa) and ulvospinel (Fe2Tioa), with most compositions

plotting closer to the magnetite end-member (Figure 5.11).

tr
A
+
a

,11 Granulites

48 Granulircs
,18 llroxenies
54 &roxenites

FIGURE 5.11: Primary magnetite-series
spinel and ilmenite compositions of Mount
Murphy xenolith oxides in the system TiOt-
FeO-FerO.. ln addition to titanomagnetite
and ilmenite, spinel series spinels sensu

stricto are a corunon constituent of xenoliths,

especially in site 90054 pyroxenitet' I =
tre'matitej I = ilmenite; M = magnetite; Usp

= ulv6spinel.

FeO M Fe2O3 (H)

Primary Oxides

Titanomagnetites also occur in the pyroxenite suite, where they constitute a

minor spinel phase comPared to Al-spinels. These magnetite spinels are similar

in composition to those from the granulite suite (Figure 5.11)'

Other oxide phases

Ilmenite occurs as a primary oxide phase with titanomagnetite in site 90048

granulites. The absence of hematite, and the coexistence of titanomagnetite,

ilmenite and silicate minerals indicates that the xenoliths are sourced from a

region with oxygen fugacities close to those of the FMQ @uddington and Lindsley'

L954) buffer.
The only other oxide phase detected from the xenolith suite is Trevorite,

which occurs as small microphenocrysts (< 100 pm) in site 90054 pyroxenites' In

addition to the totals shown in Table 6.7, ftevorite contains approximately 1"5 wt'
o/o zno,and 1.0 wt. o/ocoo. The totals for these oxides however are low, suggesting

the presence of other elements that have not been analysed'

Tio2
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Thc Mount Murnhu renolith suitc

TABLE 6.E: Electron microprobe analyses of coexisting oxide pairs, and temperahrre-oxygen fugacity
estimates for these pairs using the methods of Carmichael (1957), Anderson (1958), Lindsley and
Spencer (1982), and Stormer (1983).

SA}TPLE 9OO48E

TYPE Gran
90048E 90048F

Gran Gran
90048F 90048c 90048c
Gran Gran Gran

si02
A1203
Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Cr2O3

Nio

0.11

7.02

18.80

35.12

3r.u
0.34

5.6
0.01

0.92

0.02

0.02

0.&5

57.n
7.52

32.92

0.09

7.M
0.08

0.23

0.06

0.24

8.85

17.45

27.04

37.53

0.63

6.U
0.05

0.29

0.08

0.02

0.49

49.r4
74.26

28.88

0.39

8.26

0.07

0.13

0.05

0.08 0.01

5.82 0.49

23.30 52.7A

21.43 6.19

43.74 31.81

0.53 0.63

6.n 831
0.09 0.07

0.27 0.02

0.09 0.05

TOTAL 99.U 100.40 99.00 ror.46

utiors on the basis of 3 GpineD or 2 (rhombehedral) sita

si
AI
Ti
FeIII
FefI
Mn
Mg
Ca

Cr
Ni

0.004

0.176

0.737

0.880

0.885

0.010

0.281

0.000

0.024

0.002

0.000

0.018

0.92r
0.134

0.531

0.018

0.249

0.002

0.004

0.001

0.008

0.36L

0.454

0.705

1.087

0.019

0.353

0.002

0.008

0.002

0.000 0.003 0.000

0.014 0.235 0.014

0.866 0.501 0.938

0.251 0.553 0.110

0.566 1.236 0.629
0.008 0.015 0.013

0.288 0.346 0.293
0.002 0.003 0.002

0.002 0.006 0.000

0.003 0.002 0.001

TOTAL L999

X(Usp)
x(u)

0.632r 0.5935

0.9201

0.7M5
0.u78 0.9330

Tfc) 1

2

3

4

foz 1

2

3

4

825.08

88s.80
1012.36

906,.%

-7423
-12.97

-1058
-13.00

959.r9

1063.74

1193.85

110r.28

-10.89

-9.14

-753
-9.00

852.79

942.93

1075.65

954.49

-r4.07
-L2.t5

-9.79

-72.36

1 = Stormer (19&3);2 = Anderson (1958);

3 = Carmichael (1967);4 = Lindsley and Spencer (1982).
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Thermometry and oxygen fugacity calculations have been determined

using coexisting spinel and rhombohedral oxide pairs. Compositions of oxide

pairs used in these calculations are presented in Table 5-8, together with

iemperatute-fO2 estimates using the methods of Carmichael (1967)' Anderson

(1953), Lindsley and spencer (1982) and stormer (1983).

Temperature and fC2 estimates using the method of Stormer (1983) have

been ptotted as Figure 5.12. This method is preferred, as it is the only method that

takes into account minor elements in the oxides, although it should be noted that

estimates using other methods do not differ substantially from those using the

method of Stormer.

Mn

Ni

-30 1 t t t I t t , I I t t t t I

500 600 7w 800 900 1m0 1100 1200

TemPerature oC

FIGURE 5.12: oxide pair thermometry and oxygen fugacity calculations _determined 
using the

method of Stormer (19'83). Redox conditions in th-e lower irusf beneath Mount M"tply. are similar to

those of the FMe buffer (Buddington and Lindsley, Lg64), which is consistent with the mineral

assemblage of coexisting siticate irinerals, titanomagnetite and ilmenite. Temperature estimates

indicate high (magmatic) temperahres, suggesting a high geothermal gradient for the lower crust in

this region.

Temperature estimates give magmatic temperatures (900-1100 oC),

indicating a high geothermal gradient for the lower crust in this region. Oxygen

fugacity estimates indicate conditions similar to those of the FMQ buffer, which

are consistent with conditions expected for the lower crust, and similar to those

found in the lower crust beneath Mount Sidley (Chapter 4.5.3).
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6.4,5 Sumffiary anil discussion of mineral

The characteristics of the Mount

assemblage are summarised in Table 5'9'

chemistrv are:

O Murphyoxides

chemistry
Murphy xenolith textures and mineral

The major features indicated by mineral
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The Mount MurThV xmolith suite

- mineral compositions generally show good chemical trends, from site

9004L granulites, to site 90054 pyroxenites, site 90048 pyroxenites, and site 90048

granulites; e.g. decreasing Fo contents of olivine, En contents of clinopyroxene,

and An content of plagioclase. These trends indicate that the xenolith suite is

genetically related, having formed by the fractionation of related melts;

TABTE 5.9: Summary of the petrography and mineral chemistry of dre Mount Murphy xenolith suite.

90041 Granulites 90048 Granulites 90048 tes 90054

ROCKT\?ES leucogabbros
Ol Leucogabbros

Ol Gabbros

Leucogabbros Clinoppoxenites
Ol Melagabbros (Ol- and Pl-)

Ol Gabbros

TEXTTJRE

MINERALOGY
Olivine

Clinopyroxene

Plagiodase

Oxides

Temperature ("C)

Pressure (kbars)

SECONDARY
REACTIONS

Meta-Igneous
Granulites

Fo 81-84

Wo45-50
En4146
Fs 5-112

An 57- 88

Fe'Ti oxides
Al- spinels

840 -1070
4.0 -7.5

Oxidation
(intense)

Meta-Igneous
Granulites

Fo 55-71

tNo 45-47

En 38-40

Fs 15-19

An42- 6L

Fe'Ti oxides
Al- spinels

L720 -7210
7.0 - 10.0

Oxidation
(moderate)

Cumulate
Pyroxenites

Fo 69-75

Wo 43-48

En38-43
Fs12-76

An51-55

Al- spinels
Fe.Ti oxides

1110 - 1230

8.0 - 13.0

Oxidation
(moderate)

Clinopyroxenites
(ol-)

Cumulate
Pyroxenites

Fo73-87

Wo46-49
En4047
Fs 5-13

An53-58

Al- spinels
Trevorite

1190 - 1320

7.5 -7r.0

Oxidation
(moderate)

- clinopyroxene Al contents indicate that most site 9004L granulite, and

some 90048 granulite clinopyroxenes crystallised after plagioclase, which depleted

the melt in Al and resulted in lower Al-contents in clinopyroxenes.

Clinopyroxenes from the pyroxenite suite (and most from site 90048 granulites)

are Al-rich, indicating that plagioclase fractionation has not affected them. These

features are in agreement with xenolith textutes, which indicate crystallisation of

dinopyroxene after plagioclase in the granulite suite/ and before plagioclase in the

pyroxenite suite;

t_
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- clinopyroxene AIIV and AIVI contents indicate that the clinopyroxenes

have equilibrated to granulite facies conditions;

- P-T estimates using the Gasparik (1984) graphical geothermobarometer

indicate that site 90041, granulites come from higher crustal levels than other

xenoliths. Site 90048 granulites and pyroxenites come from deeper levels, with the

pyroxenites having equilibrated at higher P-T conditions. Site 90054 pyroxenites

also come from lower levels in the crust, similar to site 90048 pyroxenites, and

consistent with their occurrence with uPPer mantle peridotites;

- P-T estimates of the granulite suite indicate that the variation in
metamorphic recrystallisation decreases with depth, with fully recrystallised
granulites yielding the lowest pressures and temperatures of equilibration;

- titanomagnetite is the major primary Fe-Ti oxide detected in the xenolith

suite, although it is absent in pyroxenites from site 90054. The presence of
coexisting primary ilmenite with titanomagnetite in site 90048 granulites allows

the calculation of temperature and oxygen fugacity conditions. Temperature

estimations indicate magmatic (900-1100 "C) temperatures, which are consistent

with temperature estimations from pyroxene geothermometry. Oxygen fugacity

conditions are similar to redox conditions of the FMQ buffer. Spinel series spinels

(sensu stricto) also occur in the xenolith suite, and are most common in site 90054

pyroxenites;
- igneous mineral phases that have been recrystallised have similar

compositions to primary igneous phases, indicating that metamorphism was

closed system on the major-element scale;

- mineral compositions of site 90041. granulites are similar to site 90054

pyroxenites, and compositions of site 90048 granulites are similar to site 90048

pyroxenites. The xenolith suite may therefore represent two (or more) episodes of
fractionation by a melt fractionating site 90041 granulites and pyroxenites, and by a

more evolved melt fractionating site 90048 granulites and pyroxenites.

These factors are significant in establishing a stratigraphy of the lower cust
in this region, as they indicate a layered crust of varying composition, formed as

layered cumulates. As there is no relationship between primitive compositions of
the xenolith suite and their depth of cystallisation (e.g. site 90048 pyroxenites

have evolved compositions, but occur at the deepest depths), as there is in the

Mount Sidley xenolith suite (Chapter 4.4.5), a single episode of crustal growth
cannot have occurred. The multiple-episode growth model depicted by Figure

6.2c, or a variation thereof, is envisaged to have occurred in the lower crust

beneath Mount Murphy.
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The Mount Murnhu xpnolith suite

5.5 Secondary Mineral Reactions

The primary mineral assemblage of the xenolith suite has been altered by
interaction with the host magma, and by oxidation of olivine. A number of case

studies of these secondary mineral reactions are presented to document these

processes, and to establish any conriection between the two reactions. In secondary

mineral reaction tables, minerals are identified by their association: 'core' or 'c' =
primary mineral core; 'm' = primary. mineral between the core and rim; 'trtelt' =

associated with the infiltrating mel$ 'oxid.' = associated with oxidationl 'rim' or
'1' = pfirnary mineral rim; try^p' 

= symplectite minerals.

6,5,7 Hast tnelt - xenolith interactions
Host melts react with the xenolith wherever the two come into contact. The

rims of the xenoliths have been oxidised by the magma, 1-2 mm into the xenolith.

Oxidised rims can be avoided, and have not been analysed here. fn some cases

however, host melts have infiltrated further into the xenolittr, either through
cracks or along grain boundaries, interacting with the xenolith mineral
assembla ge, and crystallising microphenocrysts.

PLATE 6.6: Host melt in a vein through a granulite (sample 90Ol1A). Glass fills the vein and also
occurs between grain boundaries of a clinopyroxene (lgt grey) and plagioclase (dark grey). Analyses
of sites 1-10 are presented as Table 6.10. See text for further explanation. Scale bar is 100 prn.
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Sample 90041A: Granulite xenolith (Plate 5.5; Table 5.10)

Host melts can infiltrate xenoliths through cracks, and along grain

boundaries. The host plagioclase (1) has not been greatly affected by the melt, and

is similar in composition to other plagioclase (2). However there is a very small

rim (pm-scale) of plagioclase overgrowth on xenolith plagioclase in contact with
the melt (dark plagioclase rim of Plate 5.5). The rim is too small to analyse,

however its dark colour in back-scattered image indicates a Na-rich composition,

reflecting crystallisation of a melt that was more Na-rich than the xenolith melb.

TABLE 5.10: Electron microprobe analyses of host melt - xenolith reactions in a granulite (sample
900414). See Plate 5.6 for analyses sites.

PHASE

SITE

Plag
core

1

Plag
core

2

cPx
cote

3

cPx
core

4

Olivine
melt

7

Cpx Oxide Oxide
melt melt melt
8910

sio2
A1203

Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

43.78

13.92

2.65

t7.66

0.5r

6.07

13.58

4.10

0.31

0.07

49.63 49.83

37.61 3r.47

0.05 0.07

0.22 0.18

0.06 0.00

0.ot 0.04

1,4.93 t4.14

3.63 3.78

0.08 0.06

0.22 0.18

51.53 52.M

2.97 2.78

0.38 0.28

3.20 2.98

3.n 3.7r

0.20 0.22

t4.73 t4.57

22.56 22.95

0.63 0.67

0.02 0.00

0.20 0.16

54.24 43.42

15.04 0.04

2.72 0.00

8.33 t.52

0.2L 0.27

4.13 54.45

7.52 0.08

6.13 0.01

t.4L 0.03

0.05 0.45

51.20 0.72 o.ffi
1.95 L.t4 1..81

0.55 9.27 8.86

7.97 47.44 47.59

0.00 3L.17 30.23

0.23 0.49 0.62

18.25 4.79 4.86

18.45 0.31 0.45

1.33 0.42 0.18

0.03 0.07 0.04

0.00 0.19 0.09

TOTAL tOO.47 99.7s 100.29 100.39 96.U 99.88 100.29 99.97 95.96 95.33

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K
Cr

2.268 2.282

1.7L3 L.698

0.004 0.002

0.m7 0.007

0.001 0.000

0.000 0.003

0.590 0.694

0.331 0.335

0.005 0.004

0.008 0.007

1.914 1.924

0.131 0.123

0.011 0.008

0.08e 0.087

0.115 0.114

0.006 0.007

0.813 0.802

0.895 0.909

0_045 0.049

0.001 0.000

0.006 0.005

1.019 1.898

0.001 0.085

0.000 0.015

0.247

0.030 0.000

0.006 0.007

1..904 1.008

0.002 0.733

0.000 0.095

0.001 0.002

0.009 0.000

0.027 0.423

0.051 0.081

0.265 0.253

1.358 1.363

0.992 0.962

0.015 0.020

0.272 0.276

0.013 0.018

0.000 0.000

0.000 0.000

0.006 0.003

TOTAL 5.027 5.031
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The Mount Muryhy xenolith suite

The composition of the clinopyroxene (3) is similar to other clinopyroxenes
(a) in the xenolith. This, and its unaltered appearance in Plate 6.6, indicates that it
has not been affected by the melt.

The infiltrating melt near the clinopyroxene .(5) differs in composition
from the melt present in the crack in plagioclase (5). The melt has crystallised Mg-
rich olivine (7), clinopyroxene (8) poor in Ca, and rich in Mg, Fe and Na compared

to xenolith clinopyroxene, and Fe-Ti oxides (9, 10). The differences in melt
composition can be accounted for by the continued fractionation of these mineral
phases, resulting in glass poor in Mg, Mn, Fe and Ca, in the plagioclase vein. This

melt is also rich in Al, Na and K (elements that are not depleted during crystal
fractionation), resulting in Na-rich plagioclase rims of xenolith plagioclase in
contact with the melt.

PLATE 5.7: Host melt infiltrating a granulite (sample 90O18E). The melt (med grey) has crystallised
olivine (euhedral grains in melt) and plagioclase (dark grey) microphenocrysts, and formed
euhedral plagioclase and oxide (white) overgrowths on xenolith mineral phases. Analyses of sites
1-10 are presented as Table 5.11. See text for further explanation. Scale bar is L00 pm.

Sample 90048E: Granulite xenolith (Plate 5.7; Table 5.11)

Large amounts of host melt are capable of infiltrating the xenoliths along
grain boundaries, reacting with xenolith minerals and crystallising
microphenocrysts. Unaltered granulite olivine (1) is Fe-rich (Fo 51,.7) compared to

235



Wdx

olivine that has crystallised from the infiltrating melt, such as the large skeletal

olivine (2) at centre-bottom of Plate 5.7 (Fo 78.8). Melt olivine contains higher

amounts of minor elements, such as Ti, Al, Na, and especially Ca, and lower

amounts of Mn. Abundances of Mn in olivine is dependant on fractionation and

increases in abundance with decreasing Mg (Table 5.11). High Ca-contents of melt

olivine indicate that they crystallised at lower pressures than xenolith olivine

(Finnerty and Boyd , Lg78), probably during ascent to the surface.

TABLE 5.11: Electron microprobe analyses of host melt - xenolith reactions in a granulite (sample

90048E). See Plate 6.7 lot analyses sites.

PHASE

SITE

Olivine
cof,e

1

Olivine
melt

2

Plag

core

3

Plag
melt c-

4

Plag

melt r
5

Oxide
melt

8

Melt

9

Melt

10

Plag Plag

melt melt
67

sio2 36.25

A1203 0.01

Tio2 0.01

Fe2O3

FeO 32.95

MnO 0.57

MgO 29.80

CaO 0.18

Na2O 0.00

K20 0.00

Cr2O3 0.00

38.46 53.05

0.10 29.99

0.05 0.08

t9.45 0.L7

0.20 0.00

40.55 0.06

0.34 12.34

0.04 4.1,6

0.00 0.28

0.00 0.00

52.59 49.35

29.78 32.10

0.05 0.18

0.20 0.51

0.09 0.02

0.02 0.05

L2.65 15.08

4.14 2.67

0.24 0.11

0.00 0.00

53.12 52.U

29.45 29.09

0.28 0.27

0.77 0.74

0.00 0.00

0.08 0.31

12.05 12.26

4.08 4.05

a.2l 0.2L

0.00 0.05

0.11 48.56 8.27
7.02 L4.94 13.79

18.80 457 4.97

35.72

3r.84 12.58 13.53

0.34 0.19 0.24

s.ffi 3.16 3.90

0.01 8.22 5.88

0.01 3.13 3.85

0.00 r.6r L.&
0.92 0.00 0.01

TOTAL 99.77 gg.lg 100.12 99.77 100.08 99.98 99.53 96.96

si
AI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K
Cr

0.998 4.995

0.000 0.003

0.000 0.001

0.759 0.42r

0.013 0.004

L.223 1.56
0.005 0.009

0.000 0.002

0.000 0.000

0.000 0.000

2.399 2.392

1.599 L.596

0.003 0.002

0.006 0.008

0.000 0.004

0.004 0.001

0.598 0.615

0.365 0.365

0.015 0.014

0.000 0.000

2.255 2.407 2.400 0.004

r.729 1.573 1.563 A.L76

0.006 0.010 0.009 0.737

0.880

0.020 0.027 0.028 0.886

0.001 0.000 0.000 0.010

0.004 0.005 0.021 0.281

0.738 0.585 0.599 0.000

0.237 0.358 0.3s9 0.000

0.006 0.012 0.012 0.000

0.000 0.000 0.003 0.024

TOTAL 2.998 3.002 4.990 4.998 4.996 4.978 4.993 2.998

primary plagioclase (3; not shown in Plate 6.7, and ( ) at top left of Plate 5.7)

shows severe signs of disequilibrium in contact with the melt, having melted
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The Mount Murphy xenolith suite

prior to the growth of Ca-rich plagioclase overgrowths (5) from the melt. The

secondary plagioclase (5) is euhedral, and changes in composition towards the rim
(note the change in colour from lighter grey at site 5 to darker grey at the rim),
reflecting a change in melt composition due to the fractionation of plagiodase and

olivine. The rim is the same composition as euhedral plagioclase (6, 7) that has

cystallised in the melt. Melt plagioclase has higher concentrations of minor
elements, such as Ti and Mg, and most notably Fe, which ranges from 0.17-0.25 wt.
% FeO in xenolith plagioclase, and from 0.51-0.91 wt. o/o FeO in melt plagiodase
(Table 5.11).

Large euhedral-subhedral titanomagnetite has also crystallised from the

melt (8). The titanomagnetite of Plate 6.7 sits entirely within the melt (9, 10). The

melt is basaltic in compositiory although one trachybasalt glass has been analysed.

PLATE 5.8: Host melt infiltrating a pyroxenite (sample 90048D) has crystallised euhedral
plagioclase (dark), olivine (grey) and Fe-oxides (white). Analyses of sites 1-10 are presented as
Table 5.12. See text for further explanation. Scale bar is 100 pm.

Sample 90048D: Pyroxenite xenolith (Plate 5.8; Table 6.12)

Melt (1) has also infiltrated into pyroxenite xenoliths, although not as

extensively as in the granulite suite. Euhedral plagioclase (2), olivine (3) and
titanomagnetite (4) have crystallised from the host melt. Melt-derived plagioclase
is variable in composition, but is generally more An-rich than xenolith

.t {."'
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plagioclase (5). Melt plagioclase also has higher contents of minor elements, such

as Ti, Mg and most notably Fe (e.g. 0.97 wt. % FeO in melt plagioclase of Table 5.12,

compared to 0.43 wt. o/o FeO in xenolith plagioclase).

TABLE 5.12: Electron microprobe analyses of host melt-xenolith reactions in a pyroxenite (sample
90048D). See Plate 6.8 for analyses sites.

PHASE Melt
SITE

1

Plag Olivine
melt melt
23

Oxide Plag

melt core

45

Olivine Melt Rhiinite Rhiinite Kaer

core melt melt melt
678910

sio2
A1203

Tio2
Fe203

FeO

MnO
Mgo
CaO

Na2O

K20
Cr203

&.63 50.86

14.,$ 29.62

5.47 0.37

10.99 0.97

0.37 0.11

5.50 0.17

15.25 13.04

1.35 4.49

0.83 0.23

0.11 0.r7

38.78 0.77

0.11 9.85

0.22 19.09

8.67
20.55 38.75

0.34 0.28

39.63 7.59

0.40 0.05

0.01 0.08

0.02 0.03

0.23 0.76

52.26 37.48

29.67 0.05

0.18 0.08

0.43 26.77

0.72 0.32

0.04 35.07

12.17 0.24

5.39 0.10

0.33 0.02

0.08 0.01

45.&? 26.5L

12.87 17.02

3.87 LL.02

9.73 15.6
0.39 0.r4
7.88 16.45

14.15 11.31

4.39 1,.52

L& 0.05

0.77 0.13

24.57 37.50

76.93 L4.ffi
10.87 6.23

L9.95 16.77

0.24 0.25

13.88 7.74

11.58 9.6
L.zt 2.98

0.01 7.74

0.46 0.05

TOTAL 98.95 100.03 100.29 100.32 100.57 100.05 100.90 100.70 99.80

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K
Cr

2.332 1.001

r.ffi2 0.003

0.012 0.004

0.035 0.4113

0.004 0.007

0.001 1.524

0.&1 0.001

0.400 0.000

0.013 0.001

0.005 0.00s

0.006 2.371 0.997

0.393 1.587 0.002

0.486 0.005 0.002

0.503

r.w7 0.016 0.594

0.008 0.005 0.007

0.303 0.002 1.389

0.001 0.592 0.005

0.001 0.474 0.005

0.000 0.019 0.001

0.100 0.003 0.000

3.335 5.038

2.708 2.31r
1.109 0.529

2.2& 1.816

0.028 0.029

2.806 r.420

1,.598 1.391

0.319 0.n5
0.002 0.298

0.048 0.005

3.500

2.638

1.090

1.809

0.015

3.223

1.593

0.388

0.008

0.013

TOTAL 5.047 2.989 5.074 L4.278 14.315 1.3.710

Olivine that has crystallised from the melt (3) is more Mg-rich than
xenolith olivine (5) (Fo 77.5 compared to Fo 70.L), and also has higher contents of
minor elements, such as Ti, Al, and Ca.

In another area of this sample, the host magma (7) has crystallised rhonite
(8, 9), and resulted in the small-scale (10pm-scale) replacement of 'clinopyroxene

by kaersutite (10). One of the rhonite crystals is associated with this replacement
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The Mount MuryhV xenolith suite

(8), whereas the other (9) occurs in association with the kaersutite (Chapter 6.5.3).

This is the only occurrence of these phases in the Mount Murphy xenolith suite.

6.5.2 Oxiilation of olioine
Olivine in the xenolith suite has undergone various degrees of oxidation,

from slight oxidation, resulting in a rusty appearance of olivine and highlighting
cleavage planes, to complex multiple-layer symplectites of olivine, orthopyroxene
and melt.

PLATE 6.9: Oxidation of olivine in a granulite (sample 90041A) has resulted in dre formation of a
symplectite of two phases of olivine in the core and outer rim (lgt grey and dark), with
orthopyroxene (med grey) occurring between them. Fe'Ti oxides (white) also occur through the
symplectite, but dominantly between the outer symplectite rim and orthopyroxene layer. Analyses of
sites 1-10 are presented as Table 5.13. See text for further explanation. Scale bar is 100 pm.

Sample 90041A: Granulite xenolith (Plate 5.9; Table 6.13)

Olivine is this sample has been extensively oxidised to form a symplectite.
The rim of the symplectite consists of two compositions of olivine and Fe-Ti
oxides in a glass matrix. The melt (1.) is a trachyandesite in composition, and is the
most Si-rich glass analysed in the xenolith suite (Chapter 5.5.4).

Olivine on the symplectite rim consists of an Mg-rich olivine (2; Fo 99) and
a more Fe-rich olivine (3; Fo 55). Magnetite (a) rich in MgO also occurs in the rim.
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Inside this outer rim is a layer of Mg-rich (En 88.1.) orthopyroxene (5). The core of
the olivine consists of an intergrown symplectite of two compositions of olivine,
one Mg-rich (6; Fo 98) and one more Fe-rich (7; Fo 55), with slightly higher

proportions (approximately 50'/") of the more Fe-rich olivine. Bulk composition

calculations of the core symplectite indicates an initial olivine composition of
approximately Fo 78-8t, assuming no enrichment or depletion of Fe or Mg. An
original olivine of this composition is similar to olivine compositions from other

site 90041 granulites, which range from Fo 73'87.

TABLE 5.13: Electron microprobe analyses of oxidation reactions in a granulite (sample 90041A)
resulting in symplectite gtowth from an olivine. See Plate 6.9 for analyses sites.

PHASE Melt
SITE symp r

1

Olivine Olivine
symP r symP r

23

Oxide Opx Olivine Olivine Plag
symP r symP m s)'srP c aymP c symP c

45678

Plag Cpx
core core

910

si02
A1203

Tio2
Fe203

FeO

MnO
Mgo
CaO

Na2O

K20
Cr2O3

57.69 42.63

17.62 0.08

0.45 0.04

0.00

6.78 1.L9

a.L7 0.31

2.98 55.92

5.80 0.L7

6.96 0.12

7.19 0.02

0.08 0.r7

39.41 0.39

0.93 2.31

0.26 0.16

74.52

28.69 4.00

0.57 0.6
29.t9 17.79

0.76 0.06

0.28 0.40

0.05 0.06

0.31 0.04

55.35 43.01

2.47 0.00

0.05 0.00

2.8r

5.29 2.35

0.33 0.22

33.81 54.79

0.28 0.00

0.12 0.00

0.M 0.00

0.12 0.16

39.47 51.11

0.04 30.05

0.00 0.03

28.92 0.19

0.39 0.00

30.47 0.01

0.04 L4.28

0.10 4.27

0.00 0.07

0.0e 0.00

49.70 51.5L

3L94 3.26

0.01 0.58

1.89

0.18 4.88

0.05 0.20

0.05 13.74

14.46 22.85

3.6s 0.6
0.00 0.05

0.00 0.53

TOTAL 99.77. 100.63 100.44 100.48 100.61 100.53 99.52 100.02 100.04 lAO,24

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Na
K
Cr

0.999 1.049

0.002 0.028

0.001 0.005

0.023 0.538

0.006 0.013

r.952 r.L57

0.004 0.021

0.m5 0.014

0.000 0.002

0.003 0.005

0.013 7.921

0.091 0.097

0.004 0.001

t.874 0.073

0.112 0.153

0.019 0.009

0.885 1..748

0.002 0.010

0.000 0.008

0.000 0.002

0.001 0.003

1.011 L057

0.000 0.001

0.000 0.000

0.046 0.u8
0.004 0.009

1.919 1,.216

0.000 0.001

0.000 0.005

0.000 0.000

0.003 0.002

2.335 2.269 1.911

1.51.8 1.71,8 0;t42
0.001 0.000 0.015

0.052

0.007 0.007 0.L51

0.000 0.002 0.006

0.001 0.004 0.759

0.699 0.707 0.908

0.378 0.323 0.047

0.004 0.000 0.002

0.000 0.000 0.018

TOTAL 2.996 2.933 3.001
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The Mount Murphv xenolith suite

A small plagioclase (8) crystal on the rim of the symplectite has a sieved
texture, showing signs of disequilibrium with the glass in the rim. The

composition of this plagioclase is more Na-rich (An 55 compared to a range of An
57-74 for other plagioclase) than unaffected plagioclase elsewhere in the sample
(e.9. 9; not shown in Plate 6.9).

Olivine has been oxidised throughout the sample, and clinopyroxene (10) is

the only other mineral phase.

Sample 9004LI: Granulite xenolith (Plate 5.10; Table 5.14)

Unlike the previous sample (90041A), olivine in this sample has only been

mildly oxidised, without the formation of symplectites. In thin section they are

easily recognisable as olivine, with opaque oxidised rims, and a rusty appearance

that highlights their cleavage planes.

PLATE 6.10: Oxidation reactions of olivine (lgt grey) in a granulie (sample 90041I). A small olivine
(centre left), and a large olivine (top right), have been oxidised, breaking down into two phases of
olivine, one Mg-rich (white), and the other more Fe-rich (darker grey), as well as small Fe-oxides
(bright white). Plagioclase (med grey) surrounds the olivines. Analyses of sites 1-10 are presented as
Table 6.14. See text for further explanation. Scale bar is 100 pm.

In Plate 5.L0, two oxidised olivine grains occur in plagioclase (1.). The larger
grain (top right) has an oidised core (2), whereas the smaller olivine is oxidised
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throughout. Oxidation has resulted in the breakdown of the large olivines at its

rim into two phases; one Mg-rich (3), and the other more Fe-rich (a)' The smaller

olivine has also broken down into two phases (5, 5)'

TABLE G.1& Electron rnicroprobe analyses of oxidation reactions in a granulite (sample 90041I)' See

Plate 5.10 for analYses sites.

PHASE
SITE

Plag
core

1

Olivine
core

2

Olivine
oxid.

3

Olivine
oxid.

4

Olivine
oxid.

5

Olivine
oxid.

6

Oxide
oxid.

7

cPx
oxid.

8

Plag

oxid.
10

Plag
oxid.

9

sio2
A1203
Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O
K20
Cr2O3

47.6L 39.18

32.77 0.01

0.G3 0.04

0.15 18.58

0.04 0.31

0.06 41.88

76.6 0.05

2.12 0.00

0.10 0.00

0.11 0.00

4t.59 36.93

0.00 0.01

0.00 0.01

10.07 48.50

0.10 0.18

48.O1 12.85

0.01 0.14

0.00 0.27

0.00 0.01

0.02 0.07

42.23 37.79

0.m 0.00

0.00 0.01

8.62 37.88

0.10 0.25

49.82 24.39

0.03 0.04

0.01 0.01

0.01 0.03

0.05 0.r2

0.11 53.&
0.05 2.75

0.08 0.11

79.86 L.49

8.55 4.65

0.24 0.24

15.29 19.4r

0.07 18.07

0.05 0.34

0.02 0.00

0.77 0.08

4s.75 55.83

33.43 25.ffi

0.03 0.11

0.82 1.00

0.09 0.01

0.14 0.22

17.N 8.65

t.62 5.63

0.a7 0.60

0.04 0.09

TOTAL 99.65 100.05 99.83 gg.o7 100.87 100.52 104.51 100.17 99.39

si
A1

Ti
FeIII
FeII
Mn
Mg
Ca

Na
K
Cr

2.L94 1.000

L.780 0.000

0.001 0.001

0.005 0.397

0.001 0.007

0.004 1.592

0.822 0.001

0.189 0.000

0.005 0.000

0.004 0.000

1.018 1.100

0.000 0.000

0.000 0.000

0.205 1.210

0.002 0.005

L.752 0.570

0.000 0.004

0.000 0.0L6

0.000 0.000

0.000 0.002

1.0L7 1.049 0.003

0.000 0.000 0.002

0.000 0.000 0.002

1.983

0.173 0.879 0.236

0.002 0.006 0.007

r.787 1.009 0.752

0.001 0.001 0.002

0.001 0.001 0.002

0.000 0.001 0.002

0.001 0.003 0.00s

1.948 2.129 2.591

0.094 1.833 1.375

0.003 0.001 0.004

0.041

0.141 0.032 0.038

0.007 0.004 0.000

1.050 0.010 0.015

0.703 0.867 0.422

0.024 0.1,16 0.497

0.000 0.004 0.035

0.002 0.001 0.003

TOTAL 2.998 2.978 2.907 2.982 2.949 2.995 4.012 5.026 4.980

Fe-Ti oxides have formed along the rim of, and in veins through, the

olivine (7). Smalt clinopyroxenes (8), and two phases of plagioclase (one Ca-rich

(9), the other Ca-poor (10)) also occur along the rim of the larger olivine. The

plagioclase is Fe- and Mg-rich compared to xenolith plagioclase (1)'
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The Mount Murphy xenolith suite

Sample 90054I: Granulite xenolith (Plate 6.1.1; Table 5.L5)

The oxidation of olivine in pyroxenites is similar to that in granulites (e.g.

sample 90041I), resulting in the breakdown of the olivine (1) into two phases (2,3),

The extent of oxidation diminishes from the rim to the core of the olivine, which
is unaffected by the oxidation e.g. the core of the oxidised olivine (L) is similar in
composition to unoxidised olivine cores (4; not shown in Plate 5.11) elsewhere in
the sample.

TABLE 5.15: Electron microprobe analyses of oxidation reactions in a pyroxenite (sample 90054A).
See Plate 5.11 for analyses sites.

PHASE

SITE

Olivine Olivine Olivine Olivine Oxide

core oxid. oxid. core oxid.
r2345

Oxide
oxid.

6

Plag Cpx

oxid. oxid.
78

Cpx Cpx

core core

910

sio2
A1203

Tio2
Fe2O3

FeO

MnO
Mgo
CaO

Na2O

K20
Cr203

38.62 40.19

0.&r 0.00

0.or 0.02

L9.5r 13.65

0.19 0.25

41.8 45.38

0.11 0.11

0.01 0.00

0.04 0.00

0.10 0.10

37.52 38.80

0.35 0.04

0.05 0.11

4.62 r7.ffi
0.34 0.35

15.03 43.30

0.34 0.33

0.23 0.09

0.05 0.05

0.27 0.20

O.rttl 5.05

1.43 0.89

0.49 0.16

73.99 53.72

1.51 3r.78

0.42 0.29

18.91 3.87

0.27 0.19

0.15 0.49

0.04 0.t2
0.09 0.19

54.47 48.27

28.14 7.25

0.2L 1.89

1.81

0.52 4.43

0.72 0.15

0.12 13.70

11.01 22.07

5.33 0.M
0.26 0.05

0.09 0.39

48.74 49.07

7.75 8.47

1.38 1.57

3.55 2.01

2.83 3.6
0.27 0.08

14.22 14.05

20.20 20.M

t.07 t.22

0.M 0.00

0.43 0.04

TOTAL 100.44 99.7L 99.74 r.00.94 97.83 97.74 100.31 L00.45 100.58 100.33

si
AI
Ti
FeItr
FeII
Mn
Mg
Ca

Na
K
Cr

0.987 1.004

0.001 0.m0

0.001 0.000

0.419 0.285

0.004 0.005

1.588 L.69
0.0G3 0.003

0.000 0.000

0.001 0.000

0.002 0.002

1.085 0.981 0.016

0.012 0.001 0.457

0.001 0.002 0.012

1.883

1.079 0.373 0.045

0.008 0.007 0.012

0.691 1.531 0.953

0.010 0.009 0.007

0.013 0.005 0.001

0.002 0.002 0.000

0.005 0.004 0.002

0.224 2.459

0.039 1.499

0.004 0.007

7.499

0.985 0.024

0.009 0.005

0.2L4 0.008

0.008 0.533

0.m1 0.467

0.000 0.015

0.006 0.003

1,.780 L.790 7.796

0.320 0.342 0.365

0.053 0.039 0.045

0.050 0.100 0.05s

0.135 0.085 0.112

0.005 0.008 0.002

0.753 0.778 0.766

0.872 0.794 0.785

0.033 0.078 0.086

0.002 0.002 0.000

0.011 0.013 0.011

TOTAL 2.988 2.906 3.015 2.988 2.989 5.019 4.030 4.024

A variety of small microphenocrysts occur along the rim of the oxidised
olivine, including Fe-Ti oxides (5) (which also occur as small microphenocrysts
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within the olivine and as veins along cleavage planes (5)), and plagioclase (7). A
clinopyroxene associated with plagioclase on the olivine rim (8) is Ca-riclr, and Al-
and Na-poor compared to its composition away from the plagioclase (9), which is

similar to dinopyroxene elsewhere (10; not shown in Plate 5.11).

PLATE 6.11: Oxidation reactions of an olivine in a pyroxenite (sample 9009I). The olivine (med
grey), has been oxidised at its rim into two phases; one Mg-rich (whih), and the other more Fe.ridr
(darker grey). Small Fe-Ti oxides (bright white) also occur on olivine rims, as well as along cleavage
planes. Plagioclase (darkest grey) forms at the rim between the olivine and clinopyroxene (light
grey). Analyses of sites 1-10 are presented as Table 6.15. See text for explanation. Scale bar is 100 pm.

6,5,3 Secondary mineral chemistry

Oxidation processes and the reaction of the host melt with the xenoliths has

altered the chemistry of primary minerals. This section seeks to determine the

chemical changes brought about by oxidation and reactions with infiltrating host

melts on the primary xenolith mineral assemblage. Compositions of phases that
have crystallised directly from infiltrating host melts (plagioclase + olivine !
oxides a rhonite) are also documented. Full analyses of these phases can be found
in Tables relating to secondary mineral reactions (Tables 6.10 to 5.1.5), and in
Appendix 3.3.

The oxidation of olivine has resulted in the breakdown of the olivine into
two phases; one Mg-rich, and the other more Fe-rich (Chapter 6.5.2). Symplectite
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The Mount MuryhV xenolith suite

compositions of olivines from sample 90041 (Chapter 6.5.2) are plotted in Figure
5.1.3, together with compositions of oxidised olivines from site 90041 granulites

and site 90054 pyroxenites/ as well as olivines that have crystallised from host

melts that have infiltrated xenoliths from all sites. Fields of unoxidised olivines

are also shown.

Mg-rich symplectite olivines from sample 90041 granulites are forsteritic
(Fo 98-99), whereas more Fe-rich symplectite olivine compositions range from Fo

64-55. Both phases differ from original olivine compositions (Fo 81-84) by similar
amounts, indicating breakdown into even amounts of each phase, maintaining
the original bulk composition. [n contrast, oxidised olivines that have not formed

symplectites consist of one composition similar to the original olivine
composition, and another composition far more Fo-poor than the original
composition. The Fo-poor olivine is less abundant than Fo-rich olivine,
maintaining the bulk composition of the original olivine phase.

FIGURE 5.13: Compositions of secondary
olivines in Mount Murphy xenoliths plotted
in the system Ca-Mg-Fe. Shaded fields
indicate compositional fields of primary
olivines from site 90041 granulites and site
90054 pyroxenites. Symplectite olivines
from site 90O11 granulites have broken down
into two compositions, that differ from the
original olivine composition by similar
amounts. In contrast, the products of slightly
oxidised olivines include a Fo-rich olivine
similar in composition to original olivine,
and a Fo-poor olivine very different in
composition. The two olivine phases include
a Fo-poor exsolved olivine and a Fo-rich
residual olivine. Olivines that have
crystallised from host melts are similar in
composition to pyroxenite olivines.

The difference in composition between olivines that have been fully
oxidised to symplectites, and those that have only been slightly oxidised, suggests

that with continued oxidation the two breakdown phases become more Fo-rich,
maintaining bulk composition. This would further indicate that the Fo-rich
olivine, which starts off closer to the original olivine in composition, is the
residual olivine and that it is the Fo-poor olivine that has been exsolved.

Mg
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The composition of the olivine phases is otherwise identical to unoxidised

olivines (e.g. similar CaO and MnO content). The breakdown of olivine into two

phases is the only result of the oxidation Process'

Olivines that have crystallised from infiltrating host melts range in

composition from Fo 72-8L. These are similar to pyroxenite olivines, indicating

that the melt that crystallised the pyroxenite olivines may have been similar in
Mg# to the host melts. Olivines from host melts however have much higher CaO

contents than xenolith olivines. This is probably a result of their lower Pressures

of formation, as low pressure olivines are able to incorporate greater amounts of

Ca into their lattice (Finnerty and Boyd, L978).

Minor amounts of secondary pyroxenes occur in the xenolith suite, as

exsolutions in clinopyroxene, and associated with oxidised olivines. The

compositions of both these phases are plotted in Figure 6.1'4.

En

FIGURE 5.14: Compositions of secondary pyroxenes from the Mount Murphy xenolith suite in the
system Wo-En-Fs (helds are those of Morimoto et a1.,1988), including: a) pyroxenes associated with
oxidised olivines; b) and coexisting clinopyroxene and exsolved orthopyroxene pairs, with tie'lines
indicating pairs. The field of site 90O41 granulite and site 90054 pyroxenite clinopyroxenes are shown
for compaiison. Oxidised pyroxenes include clinopyroxenes similar in composition to xenolith
clinopyioxenes, indicating that they are also primary phases, and clinopyroxenes and
orthopyroxenes significantly more Ca-poor, which are probably secondary in origin. Ca-rich
clinopyroxenes have exsolved relatively Ca-poor orthopyroxenes, indicating a change in
tempera ture during exsolution.

Clinopyroxenes associated with oxidised olivines include compositions

identical to primary xenolith dinopyroxenes, indicating that they are primary in

origin and have not been affected by oxidation, and compositions significantly

more Ca-poor, including two orthopyroxenes. Tie lines between primary

clinopyroxenes and their oxidised areas are shown in Figure 5.14a and indicate a

b)a)

FsEn

Exsolution
pyroxene pairs
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The Mount Munhu xenolith

depletion in Ca in oxidised clinopyroxenes, possibly due to unmixing.
Compositions of xenolith clinopyroxenes that have exsolved orthopyroxene are

also shown with tie-lines indicating pyroxene pairs (Figure 6.L4b). Ca-rich
clinopyroxenes coexist with more Ca-poor exsolved orthopyroxenes than
clinopyroxenes that are not as Ca'rich. This suggests a change in temperature

during exsolution, as with falling temperature clinopyroxenes become more Ca-

rich, and exsolved orthopyroxenes become progressively more Ca-poor.

Another major difference between oxidised clinopyroxenes and primary
xenolith clinopyroxenes is the higher content of Fe3* in oxidised clinopyroxene, as

Fe2* is oxidised to Fe3*.

Plagioclase has also been affected by secondary processes, notably by
reactions with the infiltrating host melts. Anorthite contents of xenolith
plagioclase are varied (An 42-88) (Figure 5.15). In contrast, plagioclase that has

crystallised directly from the infiltrating host melts have a restricted range in An
content (An 50-55). Melt-affected xenolith plagioclase have a similar range in An
content (An 43'85) to primary xenolith plagioclase, indicating that their An
composition has not been affected by host melt alteration.

E 41 Granulites

A 48 Granulites

* 48 Pyroxenites

O Meltaffected

I Host melt

r10 50 60 70 80 90

An content

FIGURE 6.15: FeO and An contents of primary xenolith plagioclase that have been affected by
infiltrating host melts (melt-affected), compared to unaltered xenolith plagioclase compositions
(from site 41 granulites, 48 granulites and 4E pyroxenites), and plagioclase that has crystallised
directly from the infiltrating melts (host mel$. Melt-derived plagioclase have similar An contents
to unaffected plagioclase, whereas host melt plagioclase have reshicted An contents. FeO contents of
melt-affected plagioclase however have higher FeO contents than unaltered plagioclase, which are
similar to host melt plagioclase. Host-melt alteration of primary xenolith plagioclase does not alter
their An content, but ioei result in an enrichment of FeO. 

-

The FeO content of melt-affected plagioclase however has been enriched by
melt interaction (Figure 5.15). Xenolith plagioclase have low FeO contents of up to
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1.0

O Murphy
+ Sidley

Al (23 oxygens)

FIGURE 5.16: Kaersutite occurs in a single pyroxenite (sample 90048D), associated with infiltrating
host melts, where it has partially replaced primary xenolith clinopyroxene. The composition of the
kaersutite is similar to kaersutites that have replaced clinopyroxene in the Mount Sidley xenolith
suite, and to kaersutites occurring in Group II xenoliths from Foster Crater (FC GPII field), in the
Transantarctic Mountains (Gamble et a1.,1988). Fields of crustal and mantle kaersutites are those of
Vinx and lung (1977). Note the composition of kaersutites from Mount Murphy, Mount Sidley and
Foster Crater, which defines a lower crustal field, spanning into the mantle field.
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have higher FeO contents of 0.7-1.L wL o/o FeO. Melt-affected xenolith plagioclase

also have high FeO contents (0.5-1.0 wt. % FeO), indicating that they have been

enriched in FeO bv the host melts.

Murphy
Deet eta1.,7972

Gambleand Kyle,7987

Ca+Al (20 orygens)

FIGURE 5.17: Ca+Al and Na+Si compositions of rhonites in a Mount Murphy pyroxenite (Sample
90048D), found in association with infiltrating host melts which have partially replaced
clinopyroxene with kaersutite. Fields of rhdnites from Mount Sidley found in association with
kaersutite and of rhdnites that have crystallised directly from the host melt are shown. One Mount
Murphy rhdnite crystallised directly from the host melt whereas the other is found in association
with kaersutite; both plot in their respective fields.
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TABLE 5.15: Representative electron microprobe analyses of secondary ofdes in the Mount Murphy
xenolith suite, consisting of Fe'Ti oxides that have crystallised from infiltrating host melts.

SAT4PLE

TWE
90041A

Gran
melt

90041C

Gran
melt

900444

Plxite
900(aE

Gran

ox ol

900488

Pyxite
melt

90048D

Pyxite

melt

90048D

Pyxite
melt

90051u

Pgite
oxid.

90054K

P1xite

90054K

Pyxite
nm nm rlm

sio2
A1203

Tio2
Fe203

FeO

MnO
Mso
CaO

Cr2O3

Nio

0.26

9.22

22.17

15.38

40.03

0.45

E.26

0.L1

3.67

0.15

0.72 0.28

t.14 0.91

9.27 11.03

47.40 45.03

37.L7 36.53

0.49 0.13

4.79 2.39

0.31 0.38

0.19 0.08

0.27 0.02

3.29 0.11

2.85 0.05

3.09 0.08

46.94 75.48

34.40 8.09

0.32 0.24

2.89 14.45

0.54 0.07

5.81 0.17

0.32

0.r7 0.29

9.85 8.84

19.09 70.26

23.57 42.73

38.75 29,70

0.28 0.56

7.59 7.9t
0.05 0.2s

0.76 0.15

0.08 0.00

0.48 0.85 0.49

L.43 10.63 41.55

0.49 3.36 L.L6

73.99 4t|.65 22.34

1.5L 26.75 20.87

0.42 0.23 0.r.5

18.91 5.50 12.01

0.2r 0.32 0.32

0.09 0.25 0.90

0.39 0.23 0.04

TOTAL 95.75 96.78 100.13 99.06 99.66 100.29 100.70 98.02 96.88 99.84

utiotts on thebasb of 3 Gpinel) sites

si
AI
Ti
FeIII
FeII
Mn
Mg
Ca

Cr
Ni

0.027 0.0il.
0.051 0.041

0.265 0.318

1.358 r.299

0.992 L.172

0.016 0.004

0.272 0.t37

0.013 0.015

0.006 0.002

0.000 0.001

0.129 0.003

0.132 0.002

0.091 0.002

1.249 1.983

1.018 0.236

0.011 0.w7
0.158 0.752

0.023 0.002

0.180 0.004

0.009

0.009 0.005

4367 0.393

0.562 0.486

0.392 0.503

L.r32 LA97

0.014 0.008

0.417 0.303

0.004 0.002

0.098 0.100

0.004 0.002

0.010 0.015

0.355 0.057

0.262 0.012

t.097 1.883

0.842 0.045

0.015 0.012

0.401 0.953

0.009 0.007

0.004 0.002

0.004 0.011

0.031 0.014

0.M7 1.418

0.090 0.m4

1.305 0.87
0.797 0.505

0.m7 0.004

0.298 0.519

0.012 0.009

0.007 0.020

0.ffi7 0.001

TOTAL 3.0cn 2.999 3.000 2.998

X(Usp) 0.2382 0.3086 0.1015 0.0005 0.8192 0.666 0.2960 0.0006 0.1170 0.5858

Kaersutite occurs in minor amounts in one pyroxenite (sample 90048D),

where it replaces primary clinopyroxene (Table 5.12). This replacement reaction
results from the interaction of xenolith clinopyroxene with the infiltrating host
melts. The compositions of the kaersutites (Figure 6.1.6) are similar to lower
crustal kaersutites from Mount Sidley (Chapter 4.5.2), and from Foster Crater
(Gamble et a1.,1.988), reflecting their crystallisation at lower sustal conditions.

Rttdnite is present in association with the replacement of clinopyroxene
by kaersutite, and crystallising directly from infiltrating host melts. Compositions
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of these rhonites differ, with melt-derived rhonite being more Ca+Al-rich, and
Na+Si-poor compared to rhonite associated with kaersutite (Figure 6.L7).

These rhonite compositions are similar to those in the Mount Sidley
xenolith suite (Chapter 4,5.2), with the melt-derived rhdnite falling in the melt
associated field of Figure 6.17, and the kaersutite associated rhdnite falling in the

kaersutite associated field.
Secondary oxides that have crystallised from infiltrating host melts consist

of Fe-Ti oxides (Figure 5.18). Compositions of melt-derived secondary oxides are

presented in Table 5.16.

FIGURE 5.18: Secondary oide compositions
of Mount Murphy xenolith spinels in the
system TiO2-FeO-Fe2O3. Secondary oxides

,1 Granulites are dominantly titanomagnetites, that
48 rlroxenites have crystallised from infiltrating host
54 Pvroxenites melts within the xenolith suite. H =Melt hematite;I = ilmenite; M = magnetite; Usp

= ulvdspinel.

Fe2O3 (H)

Secondary oxides

The secondary oxid.es are all spinels; the absence of rhombohedral oxides
makes the assemblage inappropriate for temperature and p 2 calculations
(Carmichael,1967; Anderson, t968; Lindsley and Spencer,1982; Stormer, 1983).

6,5.4 Geochemistry and oigin of glasses

Glasses representing host melts that have infiltrated the xenolith suite
occur in all xenolith types. Glass of any other origin (e.g. decompression melting)
has not been detected in the xenolith suite. Representative analyses of glasses are

presented as Table 5.17.

CIPW normative mineralogy's of the glasses are diverse, and include
nepheline-, hypersthene- and quartz-normative compositions (Figure 5.19). There
is a general trend defined by the glasses from nepheline- to quartz-normative.

Compositions of glasses plotted on a total alkali-silica (TAS) diagram (Le

Bas et aI., 1986)/ are highly varied, ranging from picrobasalts and basalts to
benmoreites (Figure 6.20). The wide scatter in Na+K content may in part reflect
difficulties in analysing volatile elements by electron microscopy (approximately
5-10"/0), however other elements should have little or no associated error
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FIGURE 6.19: CIPW normative mineral assemblages of glasses occurring in the Mount Murphy
xenolith suite. The glasses represent host melts that have infiltrated the xenoliths through cracks
and along grain boundaries. The assemblage is highly varied, although a general trend is evident,
from nepheline' to quartz-normative.

O classes

* Host rocks

SiO2 wt.Vo

FIGURE 6.20: Total alkali-silica (TAS) diagram (Le Bas et al., 1986) of glasses, indicating a wide
range in composition from picrobasalts and basalts to benmoreites. Ba = basal} Bn = benmoreitei Bs =
basanite; ps = picrobasalt. See Figure 2.1 for other fields.
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TABLE 5.1.7: Representative electron microprobe analyses of single glass compositions occurring in the
Mount Murphy xenolith suite.

Sample
TyP"

90041A 90041A 900488 900488 900418D 900€D 90048E 90048E 90048G 90054I

Gran Gran Pyx Pyx Pyx PF Gran Gran Gran Pyxite

melt sytrrp melt melt melt melt melt melt in plag with sp

sio2
A1203
Tio2
FeO

MnO
Mgo
CaO

Na2O
K20

54.24 57.59

15.04 17.62

2.72 0.46

8.33 6.78

0.2L 0.17

4.13 2.98

7.62 5.80

6.t3 5.e6

1.4r 1.19

M.ffi 46.69

15.20 13.39

4.99 5.15

13.01 10.52

0.28 0.23

3.55 5.80

11.45 t4.82

5.02 2.05

1.60 1.19

47.38 53.L2

L5.75 18.8r

5.13 3.24

12.47 9.69

0.42 0.27

3.50 4.29

70.22 6.59

4.03 1.85

2.W 1.31

48.65 46.n
L4.94 74.26

4.57 4.63

12.58 t2.99

0.19 0.1.6

3.L6 3.75

8.22 8.01

3.13 2.75

1.51 7.49

43.68 48.39

13.32 L6.L9

5.50 2.99

13.24 L0.47

0.34 0.19

3.25 4.M
15.19 9.48

2.29 4.56

Ljg 1.08

TOTAL 99.88 99.84 100.82 99.17 97.05 98.50 97.8r

Mg# 46.92 43.96 33.32 49.56 33.42 4.09 30.92 33.99 30.43 43.15

o
Or
Ab
An
Ne
Di
Hy
ot
Mt
n

0.00 0.00

8.33 7.03

40.79 53.31

9.36 t3.32

6.00 3.03

23.38 12.90

0.00 0.00

5.31 7.97

1.50 1.30

5.L7 0.87

0.00 0.00

9.46 7.03

7.53 12.38

14.22 23.82

18.93 2.69

35.56 40.33

0.00 0.00

2.39 t.92

2.49 2.02

9.48 9.80

0.00 5.05 0.55

11.82 7.U 9.51

18.14 15.13 25.49

18.98 3r.43 21.96

8.55 0.00 0.00

25.46 25.93 L5.78

0.00 0.00 t1.73

4.84 6.86 0.00

238 1,.79 2.41

9.74 5.91 8.58

0.5s 0.00 0.00

9.18 11.02 0.40

24.25 3.48 28.09

23.10 27.65 2r.86

0.00 9.05 7.05

L5.29 40.78 23.37

14.85 0.00 0-00

0.00 0.00 8.98

2.59 2.55 2.14

9.76 10.88 6.05

TOTAT 99.94 99.73 100.05 99.99 L01.01 99.55 97.21 98.97 99.51 97.94

(Appendix Three). The variation in silica does however emphasise a large range

in glass composition.

Plots of major elements against silica are presented as Figure 5.21.. Good

negative trends are evident for Fe2O3(total), MnO and CaO, and a strong positive

trend is evident for Al2O3. Host basalts plot within these trends, but do not form

an end-member composition. This may be due to host lava compositions
representing both melt and phenocryst compositions, rather than just liquid
compositions.

The major element trends are consistent with the fractionation of the

observed mineral assemblage in the glasses (olivine + plagioclase + oxides).
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Original glass compositions (presumably represented by host melt compositions)
have evolved to more Fe- and Mn-poor compositions with olivine fractionation,
and more Ca- and Si-poor compositions with plagiodase fractionation.

The scatter in Mg# however indicates that other processes are occurring, as

with simple fractionation the Mg# should show a strong negative trend with
silica. Interaction with xenolith mineral phases (Chapter 5.5) may have altered the

xenolith compositions by providing an assimilant component to the melt. The
crystallisation of mineral phases by the glass would provide the latent heat
necessary to assimilate xenolith material, if the melts themselves were not
initially heated enough to do so (Taylor, L980), resulting in the modification of the
melt in the lower crust by the AFC process.

6.5.5 Sumflary and discussion of secondary mineral reactions t

Interaction between infiltrating melts and xenolith minerals is the
dominant process responsible for the formation of secondary minerals. The host
melt has crystallised microphenocrysts of plagioclase + olivine + oxides +

kaersutite + rhonite. This crystallisation may have provided the latent heat to
react with primary xenolith mineral phases (if the melts were not initially hot
enough), assimilating xenolith material into the melt. The result is combined
assimilation and fractional crystallisation (the AFC process) of the host melt
within the xenolith suite.

Host melt interaction has resulted in the oxidation of the xenolith suite,
particularly of the granulites. Oxidation varies in its extent. Minor oxidation has

resulted in olivine rims breaking down into two phases of olivine (one Mg-rich,
the other relatively Mg-poor), and the growth of small Fe-Ti oxides. Extensive
oxidation has resulted in the development of complex symplectites, consisting of
inner and outer cores of two phases of olivine, with orthopyroxene between these

layers..

Analyses of the two phases of olivine indicate that relatively Fe-rich
olivine has been exsolved from the original olivine in response to a change in
equilibrium conditions, leaving behind a Mg-rich residual olivine. Entrainment
in high-temperature magmas, and subsequent lowering of pressure due to
entrainment are likely to have caused the change in conditions and the oxidation
of olivine.

Glass is not present in association with oxidised olivines, so a definite link
between the host basalts and the oxidation process can not be established.
Flowever, given the strong relationship between host melts and oxidation

Processes evident in Mount Sidley (Chapter 4.5) and Mount Hampton (Chapter
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5.5) xenoliths, it is probable that the migration of hot silicate melts in the lower
crust has oxidised the Mount Murphy xenolith suite, from lower crustal depths
and during the ascent of the xenoliths to the surface, entrained in the host
magmas.

Secondary oxides that have crystallised from the in-filtrating melt in the
xenolith suite coruist of magnetite and Fe-Ti oxides. This is quite different from
the primary assemblage which consists of magnetite and ilmenite, indicating
differing redox conditions present at lower crustal depths to those present where

oxidation and host interactions were occurring. Secondary oxide compositions
indicate redox conditions similar to those at high crustal levels (Haggerty, !990),

indicating that oxidation occurred during ascent of the xenoliths from lower
crustal depths to the surface.

41 Granulites
,18 Granulites

48 $noxenites
54 $roxenites

Criticel planc of silica Ol slhntion
undcrreturation

FIGURE 5.22: CIPW normative mineral compositions of xenoliths from Mount Murphy. With the
exception of the only orthopyroxene-bearing pyroxenite from the xenolith suite (Sample 90O14), all
xenoliths are nepheline-normative, reflecting their silica poor modal mineral assemblage of olivine,
clinopyroxene and plagioclase.
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5.5 Whole Rock Geochemistry

The Mount Murphy lower crustal xenolith suite consists of samples from

four localities (Chapter 6.2). Only three granulites, and three pyroxenites have

been sampled from site 90048, making it impossible to fully characterise the lower

crust in this locality. Representative compositions of xenoliths from the major

xenolith localities of Mount Murphy are given in Table 6.18, and a complete list of
analyses can be found in Appendix 4.3. Mg#s are calculated as 100Mg/Mg+lFe,
with total IFe taken as FeO. CIPW normative compositions are calculated at an

Fe2O3:FeO ratio of 0.15.

6,6,7 Major element geochemistry

With the exception of one orthopyroxene-bearing pyroxenite (from site

90044) that is hypersthene-normative, the Mount Murphy xenolith suite is mildly
nepheline-normative (S 7.6L 7o normative nepheline; Figure 6.22). Phases which

are silica-undersaturated are not present in modal mineral assemblages.

The granulite CIPW normative mineral assemblage ranges from olivine-
poor to olivine-rich, in agreement with their modal assemblage (Table 5.1).

Granulites from site 90048 have a more restricted normative range. The

pyroxenite suite normative mineral ass6mblage is olivine-poor and diopside rich,

also in agreement with their modal mineral assemblage (Table 5.1).

900t11 Granulltes

90048 Granulites

90048 Brroxenite
90031 Pyroxenite

{o 42 *r,of,*r. 
# 

so s2 so ss 
?ri-J: 

7s 80

FIGURE 6.23: Silica and Mg# histograms of Mount Murphy xenoliths. All xenoliths are mafic, with
high Mg-numbers. Site 90041 granulites and site 90054 pyroxenites have the highest Mg-numbers,
reflecting the higher Mg:Mg+Fe ratios of mafic minerals in these xenoliths. SiO, abscissa is by 2 wt.
% gradations (e.9.40 = 40.041.9), and Mg# is by 5 Mgf gradations (e.g.50 = 50.0-54.9).

The xenolith suite is mafic, with a restricted silica range of 41.5-50.9 wt. "/"

SiO2 (Figure 5.23). Mg#s (Mg# = M8/MB+IFe as FeO) are similar for granulites

and pyroxenites, ranging from Mg# 7I.4-84.1, however pyroxenites and especially

granulites from site 90048 have substantially lower Mg#s (Figure 5.23). The

orthopyroxene-bearing pyroxenite from site 90044 has the highest silica content
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TABLE 6.1E: Representative analyses of xenoliths from four localities on Mount Murphy.

SAMPLE 90041C 90041H 9m4U 900/',J.A 90048A 90048D 90048E 9004SG 90054F 90054G

TYPE Gran Gran Gran Pyxite Pyxite Pyxite Gran Gran Pyxite Pyxite

sio2 8.07 49.65 45.08 50.91

Tio2 0.34 0.58 0.12 0.s9
ADO3 23.70 20.89 20.85 6.47
Fe2O3tot 3.01 4.50 5.71 7.29
MnO 0.06 0.08 0.09 0.15

MgO 5.53 5.65 74.48 79.4r

CaO 15.25 L5.42 11.05 14.36

Na2O 2.27 2.93 L.n 1.03

K20 0.18 0.16 0.05 0.02
P20s 0.01 0.00 0.00 0.00
LOI 0.22 0.47 {.19 0.05

44.56 43.53 46.54 49.09 47.t3 43.20
0.72 3.04 1.75 2.30 L.25 1.51
7.ffi 10.17 L5.70 22.39 7.06 L2.78
1.4.65 72.17 9.78 6.21. 8.36 10.01
0.20 0.15 0.14 0.09 0.16 0.15
20.29 77.42 8.91 3.08 15.33 14.30
10.55 t7.4L 13.59 L0.73 18.55 L7.r4
1.37 1,.65 2.63 4.39 0.91 7.27
0.06 a.17 0.3s 0.s2 0.09 0.03
0.01 0.06 0.72 0.24 0.01 0.00
4.73 0.25 0.79 7.37 0.77 0.07

TOTAL 99.4 100.34 100.02 100.29 99.56 100.04 100.30 100.41 100.03 rw.47

Mg# 78.44 7r.35 8L.04 84.06 73.28 65.02 64.U 49.55 79.46 73.ffi

ft
V
Cr
Ni
Cu
Zn
Ga
Rb

Sr
Y
h
Nb
Ba
Ia
Ce
Pb
Th
U

24

69
72

31

5
23
16

2

588
1

27
c
37
3

8
4
L

<L

6
27

M5
282
18

37
15
<1
579
<1
15

2
40
5
9
3
<1
<1

43
238
2022
624
62

38

I
<L
30

10

14

1

2

2

5

4
1

1

32

257
370
73

25

55

17

3
891

12

98
9

79

10

u
3

1

<1

t4
137
7
J
13

31

20

J
1683

3

54
10

243
7

22
4

I
<1

27 55
770 445
1755 587

585 93
2n 33
91 55
917
12

340 310
522
27 90
t4
28 27

47
10 22

45
<1 1

2 <'t

27

142
287

38
33

25

20

1

547

J
25

2

75

4

8
4
2

<1

68 53
328 464
2603 232
299 311

33 40
M 101

12 25

<t1
124 72

13 1.6

55 45

2l
144
64
18 14

43
1<1
<1 1

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
T
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.05 0.95 0.35 0.12 0.35 0.00 2.07 3.07 0.00 0.00
13.32 18.45 ]2n7 8.72 7.93 0.00 13.54 30.89 0.00 0.00
53.95 43.38 48.n 72.97 15.18 19.80 30.00 39.85 1497 29.08
3.19 3.43 1.58 0.00 1.99 7.5L 4.72 3.39 4.17 5.82
21.22 26.62 4.82 45.20 29.82 53.33 29.63 9.53 59.95 43.79
0.00 0.00 0.00 73.20 0.00 0.00 0.00 0.00 0.00 0.00
5.23 4.n 30.65 76.02 39.82 10.s2 13.40 5.56 15.08 78.37
0.52 0.78 1.16 t.26 2.53 2.10 1.69 7.07 LM 1..73

0.65 1.10 0.23 r.r2 L.37 5.n 332 4.37 2.37 2.87
0.02 0.00 0.00 0.00 0.02 0.79 0.28 a.57 0.02 0.00

TOTAL 99.L6 99.49 99.63 99.61 99.0L 99.92 9E.55 98.50 s7.gs 101.66
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FIGURE 5.24: Major elements plotted against silica for xenoliths from Mount Murphy. Trends shown
reflect the mineral assemblage, and the proportion of each mineral phase in the xenoliths.
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The Mount Murnhv xmolith suite

(50.9 wt. % SiO2 compared to the next highest, a granulite with 49.5 wt. o/o SiOt,
and the highest Mg# (Mg# 84 compared to the next highest, a granulite with Mg#

81) of the xenolith suite. Mg#s reflect the Mg:Mg+Fe ratio of mafic minerals in
these xenoliths, and suggest crystallisation of site 90048 xenoliths from more

evolved melts than other xenoliths.

Major element abundances are controlled by the modal mineral
abundances in the xenolith suite, reflecting their origin as igneous rocks with
little or no trapped melt (Chapter 5.3). This results in well defined trends of major

elements against silica (Figure 5.24) in the xenolith suite, reflecting simple mixing
trends between modal mineral phases.

Granulites Pyroxenites

41 Granulites

48 6ranulites
{E $roxenites
54 Pyroxenites

41o 42 nn 

,rorXr.r,nt 
so 40 42 no 

rror1*.*nt 
s0 sz

FIGURE 5.25: AlrO, and MgO v SiO2 plots of granulites and pyroxenites from Mount Murphy. Large
double headed arrows reflect the control of plagioclase and olivine on whole rock trends in the
granulite suites, and clinopyroxene and Al-spinel in the pyroxenite suites. Small single headed
arrows reflect the minor influences of other modal mineral phases on xenolith composition. The
orthopyroxene-bearing pyroxenite (sample 90044) plots at higher silica contents due to its high
orlhopyroxene content and the absence of olivine.

The dominance of the modal mineral assemblage on major element
abundances can be seen in Figure 6.25, which shows Al2O3 and MgO contents

plotted against SiO2 for mineral and whole-rock xenolith compositions. The

position of the mineral phases is more variable than shown in Figure 6.25, due to
their large variation in composition. Large arrows depict the dominant major
element trends in the xenolith suite, which are controlled by plagioclase and
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olivine in the granulite suites, and by clinopyroxene (and Al-spinel to a minor
extent) in the pyroxenite suites. Small arrows indicate the minor influence of
other minerals phases (that have low modal abundances), including
clinopyroxene in granulites, and olivine in pyroxenites. Orthopyroxene also has

an affect on the whole rock composition of the orthopyroxene-bearing pyroxenite

(sample 90044).

Granulites and pyroxenites from site 90048 have markedly lower Mg#s and

CaO contents, and higher TiO2, K2O and PzOs contents than other xenoliths. These

characteristics are also a product of the mineral assemblage, which consist of more

evolved mineral compositions (e.g. lower Mg:Mg+Fe ratios) than other granulites
and pyroxenites. In xenoliths from site 90048, olivine is Fe2O3(total)-rich and

MgO-poor, clinopyroxene has higher Al2O3, TiO2, Fe2O3(total) and NaO, and lower
CaO, MgO and CaO contents, and plagioclase has higher SiO2, Fe2O3(total), Na2O

and K2O, and lower Al2O3 and CaO contents than in other granulite and

pyroxenite mineral phases. These characteristics are reflected in their whole rock

compositions.

6,6.2 Trace element geochemistry
Trace element abundances for pyroxenites and granulites are presented in

Figure 5.26, and trace element compositions normalised to MORB (Pearce, 1983)

are presented as Figure 5.27. As the xenoliths are cumulate in nafure, absolute

abundances normalised to MORB cannot be taken as a function of their source

characteristics as they do not represent source melt compositions. The abundance

of trace elements reflects their ability to partition in xenolith mineral phases.

However, relative patterns are a good indication of differences in xenolith
composition.

Trace element chemistry of the xenolith suite reflects the mineral
assemblage of the xenolith suite, and the lack of residual melt in the cumulate
protoliths. Sr and Ba are readily accommodated into the plagioclase structure, and

as a result are present in higher concentrations in plagioclase bearing xenoliths
(i.e. the granulite suites in Figure 6.26). Ni and Cr are generally more abundant in
the pyroxenite suite (Figure 6.26), which contains higher proportions of spinel,

clinopyroxene and olivine; phases that accommodate Ni and'Cr into their
structure. Ni and Cr contents in the granulite suite however are still reasonably

high, reflecting lower but still significant proportions of spinel and clinopyroxene.

V abundances are also high in the xenolith suite, showing a positive trend with
silica in site 90041 granulites, and a negative trend in other xenoliths. These

trends are identical to Ti trends, emphasising the parallel behaviour of these
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elements in melting and crystallisation processes. The positive trend reflects the

low abundance of spinels in site 90041 granulites, and the control of clinopyroxene

on Ti and V contents. The negative trends represent spinel accumulation,

increasing Ti and V, and lowering silica contents in the xenoliths.

Pearce plot (xenolith&IORB)

41A
418

4lC
{1D

4lF
4tH
4lI
41'

54G

54r
54K

o 44A
. 54C

o 54F

90054 Pyroxenites

o 46,,t

. 488
o 48D

90048 Pyroxenites

St KRbBaTh NbCe P Z Ti Y kCr Ni Sr KRbBaTh N-bCe P Zr Ti Y Sc Cr Ni

FIGURE 6.27: Multi-element variation diagrams normalised to MORB (Pearce, 1983) for Mount
Murphy xenoliths. Patterns are dependant on the partitioning of elements in the xenolith
assemblages. Granulites have higher LILE abundances, and lower HFSE abundances than
pyroxenites. Site 90048 xenoliths have elevated pattems compared to site 90041 granulites and site
90054 pyroxenites respectively, but may indicate a gradation between them. This may be a product of
their crystallisation from more evolved melts.

Elements that are not incorporated into xenolith mineral phases (e.9. La,

Rb, Y, Zr and Nb) are present in low abundances (Figure 6.25). The low contents of
these elements further suggests that trapped melts representing the remnant of
the crystallising melt were not present in significant quantities in the cumulate

rocks; xenoliths retaining their igneous textures show no signs of trapped
intercumulus melts (Chapter 6.3).

The above characteristics are also evident in Figure 5.27, which highlights

the difference between xenolith types. Site 90041. granulites have the lowest

90041 Granulites
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overall abundances of trace elements in the xenolith suite, with only Ba and Sr

being present in high abundances. In particular, HFSEs are low in abundance
compared to in MORBs. Granulites from site 90048 have the highest trace element

contents of all the xenolith suite, including high Ba and Sr contents reflecting
their high content of modal plagioclase. Pyroxenite compositions are similar
between sites, although site 90048 pyroxenites have slightly higher trace element
abundances than site 90054 pyroxenites, especially in LILEs.

TABLE 5.19: Trace element, including rare earth element, analyses of Mount Murphy granulites,
plnoxenites, and clinopyroxenes determined by INAA.

Sample

TyPe

900418 900418

Gran Gran
rock cpx

90041C 90041C 900ilC
Gran Gran Pyxite
rock cpx rock

90054K 90054K

Ppite Pyxite
rock cpx

Sc
Cr
Ni
Zn
Rb
Sr
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

15.81

228.8

269
47

0

5ll
55

1.62

3,5
2.4
0.54

o.437
0.111
0.23

0.034
0.2

0.14
0

42.8

572
318
58

0
273

82
2.L

J.)

0
L.27

0.58
0.32
0.72

0.088
0.51

0.19
0

25.74
79.4

84
24
0

628
4l
2.9
7

0
0.81

0.,148

0.133
0.4

0.051

0.&
0.49
0.57

92.5

292
0

65

0
0

J/
2.92
7.3

0
L.97

0.57
0.41

1.23

0.155
1.28

0.47
0.83

51.3
985

352
95

0

zia
10.9

0
2.94

1

0.M
1.15

0.t7
7.96

0.32
0

549 ,15.3

335 439
184 343
L17 t78

00

2,-tg r.-6s
8.3 7.2

05
3.28 2.53

L.24 0.99
0.62 0.5
1.38 1.01

0.L87 0.152
2.07 r..35

0.23 0.13
0.1 0.15

Considering the control of xenolith minerals on the whole rock
geochemishy of the xenolith suite, the differences in trace element patterns
between site 90041 and site 90048 granulites (as well as site 90048 and site 90054

pyroxenites) is likely to be due to variations in mineral composition. The
crystallisation of site 90048 xenoliths from more evolved melts (e.g. lower
Mg:Mg+Fe ratios of mafic minerals), differences in mineral assemblages, or higher
amounts of trapped melt (but still low in abundance) in site 90048 xenoliths, may
be responsible for the observed variations. A comparison of trace element patterns
is however suggestive of a gradation between xenolith types.
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Rare earth element patterns normalised to chondrite (Wheatley and Rock,

L988) have enriched patterns relative to chondrite, and differ between granulite

and pyroxenite xenoliths from Mount Murphy (Figure 6.28). Analyses of REEs are

presented as Table 5.1.9. Xenoliths from site 90048 have not been analysed for REE

contents.

REE plot (eample/chondrites)

o 418 Cranulite
o 41C Granulite
o S4KPyroxenite

o 418 Cranulite
r 41C Cranulite
o 54CPyroxeniE
r S4KPyroxenite

Whole Rock

Yb Lu [: Ce Sm Eu

FIGURE 5.2E: Rare earth element diagrams normalised to chondrite (Wheatley and Rock, 1988), for
clinopyroxenes from site 90041 granulites and a site 90054 pyroxenite, and whole rock samples from
two granulites and a pyroxenite. Granulite xenoliths have LREE-enriched patterns relative to
HREEs, and a positive Eu anomaly, whereas pyroxenite xenoliths have LREE-depleted pattems
relative to HREEs, and no Eu anomaly. These features reflect the control of plagioclase and
clinopyroxene on granulite and pyroxenite REE abundances respectively.

Clinopyroxene from a pyroxenite (sample 90054K) shows a convex-up

pattern (LREE-depleted relative to HREEs) similar to pyroxenite whole rock

patterns, reflecting the control of clinopyroxene on pyroxenite REE compositions.

Pyroxenite abundances are slightly lower than clinopyroxene abundances,

indicating a dilution of the pattern by REE-deficient mineral phases (e.g. olivine).

Clinopyroxenes from two granulites are similar, with the exception of Eu.

The clinopyroxene from sample 90041C shows a negative Eu-anomaly, suggesting

crystallisation from a melt previously ddpleted in Eu by plagioclase crystallisation.

This is consistent with textures (Chapter 6.3) and mineral chemistry (Chapter

5.4.2), which indicate that clinopyroxene crystallised after plagioclase in the

granulite suite. The clinopyroxene from sample 900418 does not show a negative

Eu-anomaly (in fact it has a slightly positive Eu-anomaly) indicating that it
crystallised from a melt prior to plagioclase, as is the case for a minority of
granulites (Chapter 6.3).

Lu
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A important feature of the trace element abundances in the xenolith suite
is that metamorphosed granulites do not differ from granulites that are not
metamorphosed, indicating that metamorphism did not produce a notable change

in composition; i.e. it was closed system. Some affects of metamorphism however
are difficult to determine, such as the affect on elements with low initial
abundances. The similarity of xenoliths with documented host interaction (e.9.

41A,48D, and 48E; Chapter 5.5.1) to other xenoliths in the suite further indicates

that the xenoliths have not been enriched in trace elements by the host melt.
The granulite REE pattern differs markedly from the pyroxenite pattern,

reflecting the dominance of plagioclase and olivine on whole rock geochemistry
of the granulite suite (Chapter 5.6.L), rather than clinopyroxene. The pattern
therefore probably mimics that of granulite plagioclase, which must have low REE

abundances, and show a relative enrichment in LREEs compared to HREEs, with a

strong positive Eu-anomaly, typical of melt-derived plagioclase (Kyle and Rankin,
Le76).

TABTE 62O1875r /85Sr ratios and Rb and Sr contents of Mount Murphy granulites and pyroxenites and
one host basalt (from Le Masurier, 1990). For analytical details see Appendix Six. Rb and Sr errors
are approximately + 1 ppm.

SAIVIPLE TyPe Rb Sr Mg# 87Srl865r

74.89 A.70ML6 +-70
78.U O.703283 +- L0

90054K Rock

74

6l

MountMurphy Volcanics

67-62 Basalt 11

6.6.3. Isotope geochemistry

Only very limited isotopic data is available for the Mount Murphy xenolith
suite, and this is presented as Table 5.20, together with a host basalt (from Le
Masurier, L99O). The small number of analyses restricts the use of the isotopes as

indicators of source characteristics and secondary processes. Details of isotopic
analyses are presented in Appendix Six.

Mount Murphy Granulites
900418 Rock 1

90041C Rock 2

Mount Murphy $noxenites
90054C Rock 1 75.M 0.70268,8 +-86

71.8L 0.702820 +-LS

559

588

70.00533 0.70288
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Measured 87311863, ratios of, 0.702688 to 0.7044L6 are low, and consistent

with ratios of mafic mantle derived rocks (Figure 6.29). The low ratios also suggest

that if contamination by high 87311863t rocks has occurred (i.e. by crustal rocks) it
has been minimal.

Rb/Sr ratios do not correlate with 87311863t ratios for a variety of reasons.

Foremost is the low Rb abundance in the xenolith suite, which combined with
analytical errors of approximately + 1 ppm (at low Rb concentrations) does not

allow the determination of accurate Rb/Sr ratios. Furthermore, enrichment
and/or depletion due to secondary processes may have affected the Rb/Sr ratios.

These limitations make any determinations of model Rb-Sr ages meaningless.

0.7050

0.70n

Assimilation

tr

Fractionation

Mg-number

FIGURE 6.29: Mg# u 87Sr /865, ratios for xenoliths from Mount Murphy. Mg#s remain constant with
increasing 875, /865r. This is most likely due to isotopic heterogeneity in the source region, and
further indicates that assimilation of high 8751 

1865, evolved crustal material has not occurred. The
low 87srl85Sr ratio of the host basalt (Le Masurier, 1990), which is similar to that of the
pyroxenites, makes it difficult to determine if the xenolith suite has been affected by host-melt
interaction.

Mg-numbers are constant in the xenoliths with increasing 873t 1863, ratios

(Figure 6.29). This may reflect the assimilation of evolved crustal material.

However the low 875t 1863t and Rb/Sr ratios does not support any assimilation of
evolved material (which has high-873r1863r and high-Rb/Sr ratios).873t1863t
ratios of the host melts (Le Masurier, 1990) are similar to pyroxenite ratios,

making it difficult to determine if host-melt interaction has affected the xenolith

suite. It is unlikely that the present day 8751 1863, ratios are time integrated, as

Rb/Sr ratios of the xenolith suite are very low, making it unlikely that present-day

ratios would differ substantially from initial ratios (unless the xenoliths initially
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had higher Rb contents). A more likely explanation for the observed trend is

isotopic heterogeneity in the source region.

A further discussion of the isotopic ratios of the Mount Murphy xenolith
suite is presented in Chapter Seven, where the Mount Murphy xenolith suite is
compared to the other xenolith suites world-wide, including other sites from
MBL.

6.6.5. Summary and discussion of uthole rock geochemistry
The whole rock geochemistry of the Mount Murphy is dominated by the

modal mineral assemblage present in the xenolith suite. In particular, the whole
rock geochemistry of the granulite suite is controlled by plagioclase and olivine
contents, and the pyroxenite suite by the modal abundances of clinopyroxene, and
to a less extent Al-spinel. The main features of the xenolith suite indude;

- a mafic composition controlled by the mineral assemblage, which
crystallised from a series of genetically related mafic mantle melts (41-51 wt. "/"

SiO2; original Mg#s 7 1.-86 ; 87 3t 1 
%3, 0.7 02688-0.7 0aa1.5) ;

- site 90048 xenoliths have higher trace element abundances than other
lower crustal xenoliths from Mount Murphy, which exhibit a gradation in trace

elements between the suites. The difference in composition is due to differences
in mineral chemistry, and modal abundances;

- REE abundances differ markedly between granulites and pyroxenites
reflecting the dominance of plagioclase and clinopyroxene respectively in the two
suites;

-87511863r ratios are low in the xenolith suite (0.702588 to 0.7M4L5), and are

consistent with derivation from a mafic melt, and little or no crustal (high-
87311863r) contamination, including crystallisation uder AFC conditions. The
8731 1863, ratios of host melts are similar to the xenolith suite, making it difficult to
determine if the host melts have affected xenolith isotopic'ratios. Variations in
E75t7865t ratios evident in the xenolith suite probably reflect isotopic heterogeneity
in the source region;

- the effects of metamorphism on an assemblage initially low in mobile
element abundances (e.g. LILEs, and LREEs) is difficult to ascertain. Flowever, as

there has not been any notable large-scale depletion of the xenolith suites in trace

element contents, metamorphism is believed to have occurred under essentially
closed-system conditions;

- there is no evidence for chemical enrichment of the xenolith suite by the
host melts (".9. h LILEs or LREEs).
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5.7 Summary and Conclusions

6.7.7 Summary of the xenolith suite

Meta-igneous granulites and cumulate pyroxenites comPrise the lower

crust beneath Mount Murphy. The xenoliths are anhydrous, and consist of

clinopyroxene, olivine, plagioctase (abundant in the granulites), spinels, and very

rare orthopyroxene. The salient features of the xenolith suite are Presented as

Table 5.21.

TABTE 6.21: Summary of the main characteristics of the Mount Murphy xenolith suite for granulites

and pyroxenites from three sites.

TYPE gm4l Granulites 9004tl Granulites 90048 tes 90054 Pvroxenites

TEAURE Meta-Igneous
Layered

Granulites

MINERATOGY Pl+Ol+CPx

TEMP. fc) 620 -1070
PRESSURE (kb) L.5 -7.5

SECONDARY Oxidation
REACTIONS (extensive)

MAIOR HighMg#, alkalis
ELEMENTS Low Mg, Fe

TRACE High LILEs
ELEMENTS LOW HFSE

REEs

ISOTOPES

LREE-enriched

Low 87511865r

Igneous/
Meta-Igneous

Granulites

Plag+Cpx+Ol

960 -L210

3-10

Oxidation
(moderate)

HighTi, alkalis
Low Mg#, Mg

HighLILEs
LowCr, Ni

Cumulate
Pyroxenites

Cpx+Ol+Plag+Sp

1110 - 1230

8-13

Oxidation
(moderate)

High Mg, Fe

Low Mg#, dkalis

High Cr, Ni
Low LILEs

Cumulate
Pyroxenites

Cpx+Ol+Sp

1190 - 1320

7.5 -tt

Oxidation
(moderate)

HighMgf, Mg, Fe

Low alkalis

HighCr, Ni
Low LILEs

LREE-depleted

Low 87511865r

Xenoliths from different sites on Mount Murphy are similar in texture and

mineralogy, and have many similar geochemical characteristics, indicating a

genetic relationship between the xenoliths. There is however some variation

between xenoliths from different sites in mineral composition, with xenoliths

from site 90048 having more evolved characteristics than those from other sites

(e.g. low Fo content of olivine, and low En content of clinopyroxene). These

differences have resulted from the crystallisation of the site 90048 xenoliths from a
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more evolved (but genetically related) melt than the other xenoliths.
Geothermometry and geobarometry calculations indicate that samples from
different sites are sourced from different levels of the clust, indicating vertical
rather than lateral heterogeneity in the lower crust, although the latter may also

be the case.

As the xenoliths are essentially cumulates (or metamorphosed cumulates),

their whole rock geochemistry reflects their mineral chemistry. Xenoliths from
site 90048 therefore differ from other sites (e.9. lower Mg#s due to low Fo content

of olivine and low En content of clinopyroxene). Major and trace elements that
are readily partitioned into xenolith mineral phases are abundant in the

xenoliths, and those that are not accommodated into mineral phases are low in
abundance.

The lower crust beneath Mount Murphy, represented by the xenolith suite,

has'been affected by a number of processes subsequent to crystallisation. Many
granulites have recrystallised metamorphic fabrics and show evidence of brittle
deformation, indicating that metamorphic and deformational processes have

affected the lower crust. Metamorphosed granulites are identical in composition
to granulites that have not been metamorphosed, indicating that metamorphism
was probably a closed-system process.

During entrainment in host basalts, and ascent to the surface, pockets of
host basalt have infiltrated the xenolith suite, interacting with xenolith mineral
phases. A striking affect of entrainment has been the oxidation of olivine to

various degrees, ranging from the breakdown of olivine rims into two phases

(one Mg-rich, the other more Fe-rich), to the formation of multi-layered
symplectites of trvo phases of olivine and orthopyroxene. The extent of host melt -
xenolith interaction has been minor, with no obvious enrichment in major or
trace elements, or isotopic signature.

6.7.2 Nature of the crystallising melt and cumulate deriaatioes
The composition of the cystallising melt cannot be directly determined, as

melt in equilibrium with the cumulate xenoliths has not been found. Several

characteristics of the xenolith suite indicate some of the parental melts features
(Figure 5.30):

- mineral and whole rock compositions indicate that the xenolith suite is
genetically related, and that site 90041 granulites have the most primitive
compositions, and site 90048 granulites and pyroxenites the most evolved
compositions. Several melts crystallised the xenolith suitei
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- the anhydrous and simple mineral assemblage of clinopyroxene + olivine

+ plagioclase + oxides, indicates that the parental melts were basaltic in
composition;

- Fo contents of olivine in the cumulate derivatives of the melts (the

xenolith suite) range from Fo 55-87, indicating equilibration from primitive to

more evolved mantle melts;

Cumqlete Prodocb of Fnctlontl Ctyrtellicetion

FIGURE 630: Inferred crystallisation seguence of the Mount Murphy xenolith suite from primitive
melts sourced from the (depleted) mantle. Multiple episodes of fractionation from several melts best
explain the relationship between genetically related xenoliths from different localities.

- the presence of large amounts of cumulate material (the xenolith suite),

the variation of cumulus and intercumulus phases, and the composition of
mineral phases (e.g. lower Fo content in olivine) between xenolith types, indicates

that the parental melts evolved by crystal fractionation;

- present day 87Sr /865r ratios of the xenolith suite are low, indicating

crystallisation from mantle-sourced melts. The low ratios further indicate that the

melts were not contaminated by crustal rocks with high 873t 1865t ratios.

The parental melts were primitive mantle (possibly depleted) melts that

evolved by fractionation of the xenolith suite (Figure 5.30). These melts cannot

have been the host magmas for a number of reasoru;

Gnnulitct
n+Cps+Ol
Mgr5O{l
Low Nl,Cr

Initiel Melts
HiCh MSr

High Ni,Cr
N-MORBsome
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- metamorphic textures in some xenoliths indicate metamorphism prior to
entrainment. They must therefore pre-date the host basalts;

- mineral and whole rock compositions indicate crystallisation from melts

unlike the host melts;

- host melt that has infiltrated the xenolith has caused disequilibrium
reactions with the xenolith assemblage, indicating that the xenoliths cannot have

crystallised from these melts;

- the host lavas do not have the large negative Eu-anomalies required for
the melts that crystallised the xenolith suite, which have positive Eu-anomalies.

As with the xenolith suite from Mount Sidley (Chapter 4.7.2) and Mount
Hampton (Chapter 5.7.2), melts that have the characteristics required to be

parental to the Mount Murphy xenolith suite have not been identified.

METAMORPHISM

Recrystallisation
of mineral phases
to equant grains,
with no apparant
chemical change.

CRYSTALLISATION

Crystallisation of
cumulates from several

genetically related
primitive melts, sourced

from the mantle.

OXIDATION

Oxidation of olivine
to symplectites. No
detectable chemical

change to the xenolith
suite.

t-f efi)4l Granulites ffi 9fi)48 Granulites I 9fl)rl8 Pyroxenites

%r
F=r=..-+t:lilgtilifiiiiiil

Oxidation by
Alkaline

Silicate Melts

I 9fi)54 Pyroxenites

FIGURE 631; Stylised stratigraphic sequence of the lower crust based on the Mount Murphy xenolith
suite. The occurrence of xenoliths at different levels is based on relationsNps between the xenoliths,
their occurrence with other xenoliths at the surface, and P-T estimates from pyroxene and oxide
geothermometry a.d geobarometry. Metamorphic processes have recrystallised the upper levels of
the lower crust, but have not resulted in any significant compositional change. Oxidation processes
due to host melt infiltration have affected all xenoliths, especially xenoliths at higher levels in
the crust, suggesting that these regions may be more perceptible to oxidation. The extent of these
processes is shown by the thickness of the arrows, with large arrows indicating more intense
metamorphism, deformation and oxidation.
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6,7.3 Stratigraphy of the lower ctust and secondary processes

Possible models of the stratigraphy of the lower crust beneath Mount
Murphy have been proposed in Chapter 5.3.3 (Figure 6.2). The preferred model of
multiple-episodes of growth of the lower crust by basaltic mantle melts
crystallising the xenolith suite, based on textures and occurrence of xenolith types
(e.g. pyroxenites and peridotites at site 90054), remains the most likely model. In
particular, the genetic relationship between the xenolith suites, and the P-T

estimates based on pyroxene and oxide geothermometry and geobarometry
indicate a stratified lower crust, with site 90041 granulites at higher levels, and site

90054 pyroxenites at intermediate to lower levels in the crust (Figure 5.31).

Metamorphic textures in the granulite suite indicates that the lower crust
underwent metamorphism in these regions. Xenoliths from lower depths are not
metamorphosed, indicating that metamorphism of the lower crust is confined to
upper levels. Deformational features are widespread only in site 90041 granulites,
suggesting that brittle deformation is only common at higher levels, which is

under brittle mechanical boundary conditions (Parsons and McKenzie, L978).

Finally, oxidation of the suite has occuned in all xenolith Vpes, but is more

intense in upper level granulites, where symplectites of olivine are well
developed. The more extensive oxidation of higher level granulites indicates that
either these xenoliths are more perceptible to the effects of oxidation, or that
oxidation as a process is more extensive in the upper levels of the lower crust.

6.7.4 Conclusion
The Mount Murphy xenolith suite represents a suite of cumulates that

formed by crystallisation from an evolving, primitive mantle melt. Metamorphic
textures in some xenoliths, differences in composition, and disequilibrium
reactions between the host melts and the xenoliths indicate that the xenoliths do

not represent cumulate proCucts of the host melt. Melts with the characteristics of
the crystallising melt (primitive mantle (depleted) melt) have not been detected

near Mount Murphy, or anywhere else in MBL.

The xenolith suite represents the lower crust beneath Mount Murphy,
which is inferred to have grown by multiple episodes of fractional crystallisation
of the parental melts. Subsequent to crystallisation, metamorphic and
deformational processes have affected the higher levels of the lower crust, but
there effects have been minimal in lower levels of the crust, which maintain their
initial igneous textures. Metamorphism has resulted in recrystallisation of
igneous mineral phases, but has not resulted in any detectable geochemical

change in the lower crust.
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THn Manrn Bvnn Lnup LmHoSPHERE

A cornparison of the MBL xenolith suites wittr other xenolith localities world-wide,
including a new estimate of the average composition of the lower crust, a discussion

of the composition, structure, and processes influencing the MBL lithosphere, and
implications for tectonic reconstructions.



Chapter seven
SvNTHESIS oF THE MARIE BYRD LAND LITHOSPHERE

Synopsis

The Marie Byrd Land upper mantle is heterogeneous in composition,

consisting of spinel lherzolites aariably cut by Cr-diopside rich oeins. Lherzolites

from the USAS Escarpment are depleted in LREEs, possibly due to preoious

partial melting processes. Cr-diopside rich lherzolites occur at Mounts Hampton
and Murphy. These lherzolites aary in composition (e.g. 38-54 wt. %o SiOz; Mg#s

75-92), compared to spinel lherzolites which have more restricted compositions
(e.g. 44-46 wt, % SiO2; Mg#s 87-92), and indicate a more fertile upper mantle in

these regions. The geochemical similarity of Cr-diopsides from spinel lherzolites,

and from Cr-diopside veins, indicates that the veins are related genetically.

Lower crustal xenoliths from Marie Byrd Land differ in composition

geographically, indicating widespread geochemical heterogeneity in the lower
crust. Lower crustal granulites from Mounts Sidley and Waesche are similar in
camposition to granulites from the Transantarctic Mountains (TM) and New

Zealand, and together haae been termed the TM Group. Granulites from Mounts
Hampton, Cumming and Murphy are similar to granulites from the Ross

Embaymenf (RE) and have been termed the RE Group. Southeastern Australia
granulites aary in composition, ooerlapping with the RE and TM Groups.

TM Graup granulites flre more eaoloed than RE Group granulites, with
Iower Mg#s, higher Si, alkalis, P, most trace elemmts (including REE), and highcr
87511855, isotopic ratios. These features are interpreted to be due to differences in
mineral chemistry resulting from their crystallisation from more eooloed melts,

and in some cases due to secondary enrichment by alkaline melts. Pyroxenites

fro* these areas aary in composition, with no distinct similarities.

lntegration of these new localities in terms of preoious estimations of
average world-wide lower crustal compositions leads to a more depleted, and

primitive aaerage lower crust.
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T.l Introduction

Having documented the xenolith suites from MBL (Part Two), it is necessary

to compare these suites to obtain a geochemical model for the MBL lithosphere. In
this chapter, a three stage comparison of the xenolith suite will be made. First of

all, the xenolith suites from MBL, including those from Mounts Sidley, Hampton
and Murphy, as well as from Mount Waesche and Mount Cumming in the EC&
will be compared to more fully characterise the composition of the MBL lower
crust. Secondly, the MBL lower crust is compared to the lower crust from other

Gondwana continental fragments, namely the Ross Sea Embayment and
Transantarctic Mountain regions (Antarctica), New Zealand and Australia.
Finally, a comparison with average models for the composition of the lower crust

is made in order to compare the MBL suite with localities world-wide. Lower
crustal xenoliths from Antarctica and New Zealand discussed in this Chapter are

then added to the existing data set of lower crustal xenoliths to establish a new

average composition of the lower crust based on xenolith localities world-wide.
Prior to comparing the various lower crustal xenolith suites, a geochemical

description of the upper mantle in MBL is presented in an attempt to document
the MBL lithosphere. Upper mantle xenoliths from a number of localities from
MBL, including Mount Murphy (on the Walgreen coast), Mt Aldaz (in the USAS

Escarpment) and the ECR (Mounts Hampton and Cumd.g), will be discussed.

7.2The Marie Byrd Land Upper Mantle

7.2.7 Introduction
The Upper Mantle, as previously discussed (Chapter 1.4), is considered here

to consist of Type I peridotites (Frey and Prinz , 1978) while Type tr pyroxenites are

classified as lower crustal, due to their association with the granulite suites.

Peridotites have not been found in lithological contact with pyroxenites or
granulites. A detailed study of peridotitic xenoliths was not attempted in this
sfudy, however some discussion of the upper mantle is necessary in order to more

fully understand the MBL lithosphere.

The mantle lithosphere in MBL consists of spinel lherzolites with granular

textures consisting of olivine + clinopyroxene + orthopyroxene + spinel. In the

Mount Hampton peridotite suite, Cr-diopsides commonly occur as veins in
lherzolites, and as whole samples on a cm-dm scale. The whole rock samples are
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interpreted to represent large veins in the upper mantle, as they are identical
chemically to those found as veins in therzolite.

7.2.2 Major element geochemistry of uppet mantle pefidotites
Representative whole rock compositions of MBL peridotites are presented as

Table 7.I. Major element contents of Mount Cumming and USAS Escarpment
lherzolites are restricted in range (e.g. 4446 wt. o/o SiOz). Lherzolites from Mount

Hampton and Mount Cumming have similar compositions to Mount Cumming
and USAS Escarpment lherzolites, however Cr-diopside rich veins and dunites
from these localities have a greater range in composition (e.9. 38-54 wL oh SiO2).
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FIGURE 7.1: Selected SiO, v major element plots for Marie Byrd Land peridotites, with Hampton
peridotites striped, and Murphy peridotites shaded. Note the variable Mount Hampton and Mount
Murphy peridotite compositions, compared to &re restricted compositions of peridotites from Mount
Cummingand the USAS Escarpment

Mount Hampton Cr-diopside rich peridotites have higher SiO2, TiOz, AzOs,

CaO and Na2O contents/ and lower Fe2O3(total) and MgO contents, than Mount

Hampton spinel lherzolites (Table 7.1). These variations, some of which are

evident in Figure 7.1 (the Cr-diopside veins are the high-SiO2 peridotites), reflect

the increased Cr-diopside abundance in these xenoliths and the consequent lack of
olivine and orthopyroxene.
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TABLE 7.1: Representative compositions for peridotites-from Marie lfrd Lana,determined by XRF,

including Mount Harnpton (Him), Jvfount Murphy (M"+ Mount Cumming (cum) and the usAS

;;;"rp#"t (USAS). ii"o ='rpi."ilherzolite; Ci-Oiop = Crdiopside rich peridotite; Dun = dunite.

PK4"Z PK4A1 9OO4OE

Lherz Dun Lherz Dun Lherz Lherz Lhetz

Mut Mur USAS USAS

sooaoK 9Oos4E 900s4o 90054Q MB69D MB69G
SA]VTPLE

TY?E
SUTTE

PK4E

Cr-Diop
Ham

Lherz Lheru

Ham Cum MurHam

sio2
Tio2
A1203
Fe203tot
MnO
Mgo
CaO
Na2O
K20
P205
LOI

51.01 M.72
0.14 0.03

4.76 1.15

4.70 8.M
0.11 0.12

24.80 44.11

L2.86 0.91

1.06 0.58

0.01 0.05

0.00 0.01

0.05 0.00

39.45 45.L7

0.ol 0.14

0.28 3.59

15.69 9.3r

0.18 0.14

43.96 37.93

0.38 3.10

0.55 0.40

0.04 0.03

0.02 0.01

0.00 0.00

43.82 38.50

0.09 0.55

2.3L 4.87

10.01 19.57

0.15 0.23

41.05 31.54

1.45 4.88

0.37 0.89

0.02 0.05

0.03 0.04

0.00 0.00

M.or M.96

0.12 0.01

3.34 1.76

9.51 8.07

0.14 0.13
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3.09 1.54

0.55 0.41

0.02 0.02

0.01 0.01

0.35 0.L7

M.83
0.M
r.62
8.3s

0.13

42.88

L.57

0.21
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0.01

0.00

u.24
0.04
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tt.62
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N.94
t.34
0.07

0.02

0.00

0.00
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Mount Murphy silica-poor Peridotites are higher in TiO2, Al2O3, MnO and

Fe2O3(total), and lower in Mg# and Mgo than the rest of the Mount Murphy

peridotite suite. These characteristics indicate the abundance of more silica-poor

mineral phases such as olivine and spinels'

Peridotites from Mount Cumming and the USAS Escarpment have very

consistent compositions. The trends defined by Mount Hampton and Mount
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Murphy peridotites intersect with Mount Cumming and Mount Murphy
compositions.

7.2.3 Trace element geochemistry of upper nantle peridotites
Trace element concentrations are very low in the peridotite suite, with the

exception of Ni and Cr (Table 7.1). The concentrations of these elements (Figure

7.2) are very high, and their abundances can be corelated with Cr-spinel,
clinopyroxene and olivine contents. As discussed above, Cr content is highest in
the Cr-diopside rich xenoliths and its positive trend with SiO2 reflects the high

proportions of clinopyroxene. The negative trend when plotted against Ni is

consistent with a lower olivine content in the Cr-diopside rich xenoliths.

flttl"-pto. Poidotit o

li] Murphy Peridotite
* CmingPcidotita
I USASEspmt

Psidotitr

E

f, !o00

U
2000

Ni ppm
,{0

SiO2 wt 7"

FIGURE 7,2:Cr v Ni and SiO2 content for Marie Byrd Land peridotites. Cr-diopside rich peridotites
have high SiO, and Cr contents as a result of high Cr-diopside abundances, and low Ni contents due
to lower olivine abundances. Hampton peridotites are striped, and Murphy peridotites are shaded.

As with major element compositions, Mount Cumming and USAS
Escarpment peridotites have similar and restricted trace element compositions,
whereas Mount Hampton and Mount Murphy peridotites show more diverse
compositions, although spinel lherzolites are similar to those from Mount
Cumming and the USAS Escarpment.

REE normalised to chondrite (Wheatley and Rock, 1988) patterns of whole
rocks and clinopyroxenes are presented for all localities as Figure 7.3, and
representative REE compositions are given as Table 7.2. AIl peridotite patterns
reflect their dinopyroxene compositions, having identical shapes, but with lower
REE abundances due to a 'dilution' effect by REE-poor olivine and orthopyroxene.
The shaded areas of Figure 7.3 highlight the similar patterns of clinopyroxenes
(with higher REE abundances) and whole rock patterns (with lower REE

abundances) from the same samples.
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TABLE 7,2rTrace element (including rare earth element) analyses of peridotites (whole rock (rock)
and clinopyroxene (cpx) separates) from Marie Byrd Land, determined by INAA, including Mount
Hampton (PK), Mount Murphy (54), Mount Cumming (40) and the USAS Escarpment (MB).

SampIe

Tvpe
9q)40E 9m408 90040H 9fl'40u 9ql54A 9m544

rock cpx rock rock cpx rock
9q,548 9(X)548

rock cpx

Sc

Cr
Ni
7.{r

Rb
Sr
Ba
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Nd
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Eu
Tb
Yb
Lu
Hf
Ta
Th
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22fJ6
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6
0

0

0.51

2.2
0

0.23
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0.34
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4.092
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0.55
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2787
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41,

0

0

0.09

0

0.03

0.02

0
0.09

0.012

0
0.22

0

737
0

0.18

0

0.04

0.01

0

0

0.013

0

0.1,7

0
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2872
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0

0

0

0

0.12

0.437

0.0a
0.26

0.041

0.72

0,15

0

15.t4
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0

0
0
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0
0
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0
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00
00
00

0.37 0.06
00
00

0.93 0,18
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t.M 0.28

0.222 0.049

0.77 0.3

0 0.12

00

Whole rock REE patterns are generally similar for Mount Hamptory Mount
Murphy and Mount Cumming lherzolites, ranging from depleted chondritic
patterns, to LREE-enriched. In contrast, USAS Escarpment spinel lherzolites are

strongly LREE-depleted. The variation from REE-depleted to LREE-enriched

abundances in the peridotites suggests a variably enriched upper mantle beneath
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REE plot (peridotite/chondrites)

o 54A
r 548

o 54E

r S4Acpx

r 948 cpx

Murphy

o MB69Fa

r MB69H

o 69Bcpx
r 69Fcpx

USAS Escarpment

La Ce Nd Sm Eu Tb yb Lu La Ce Nd Sm Eu Tb Er Yb Lu

FIGURE 73: Rare earth elements normalised to chondrite (Wheatley and Rock, 1988) for peridotites
from Marie Byrd Land. Shaded areas are befween clinopyroxene compositions and whole rock
comPositions from the same sample. Note the similar patterns, indicating that whole rock
comPositions reflect clinopyroxene compositions. REE pattems are similar for most localities, with
the exception of USAS Escarpment peridotites, which are LREE-depleted, possibly due to partial
melting. Cpx = clinopyroxene separates; all other samples are whole rock analyses.

MBL. A comparison of the Cr-diopside rich veins with spinel lherzolites may help
to identify the nature of this chemical heterogeneity.

7.2.4 Cr-diopside aeins in MBL periilotites
Cr-diopside rich veins from two Mount Hampton spinel lherzolites and a

USAS Escarpment spinel lherzolite have been analysed to ascertain any
differences in trace element content between veins and host lherzolites. Sample
PK4N1 from Mount Hampton consists of a Cr-diopside rich vein (PK4N1a) in a
spinel lherzolite that has been sampled at one-cm intervals from the vein to six
cm from the vein (samples (PK4N1b to PK4N1g). Sample PK4H1 is a cm-scale
interlayered dunite pKaHla), Cr-diopside vein (PK4H1b) and Cr-diopside rich

o PK4G ! PI6D
. pK4c1 r' PIGJ

o PK4Hlb a 4H1b ?
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spinel lherzolite (PK4H1c). The USAS Escarpment sample (MB59B) consists of a

Cr-diopside vein (MB69Ba) with spinel lherzolite samples taken either side of the

vein (MB59Bb and MB69Bc).

REE plot (peridotite/chondrites)

o PK4H1a

r PK4HLb
o PK4H1c
r PK4Hlb cpx
e PK4Hlccpx

o PK4N1a

r PK4N1f
o PK4N1a cpx
. PK4Nlfcpx

la Ce Sm Eu Tb Yb Lu

FIGURE 7.4: Rare earth elements normalised to chondrite (Wheatley and Rock, 1988) for Cr-
diopside peridotites and Cr-diopsides from Marie Byrd Land. Shaded areas are between
clinopyroxene compositions and whole rock compositions from the same sample, and their similar
patterns reflect the controlling influence of clinopyroxene in determining REE patterns and
abundances. Note the wide range in Cr-diopside composition.

REE patterns for the two Mount Hampton veins and host rocks discussed

above are presented as Figure 7.4. Sample PK4H1a (dunite) is depleted in REEs

relative to the other samples, reflecting its high proportion of olivine. The Cr-

diopside rich sample (PK4H1b) and the spinel lherzolite (PK4H1c) have similar
LREE-enriched patterns, with the former having higher total concenhations. This

similarity reflects the dependence of this pattern on Cr-diopside composition/

which is slightly LREE-enriched.

The Cr-diopside vein in sample PK4N1 is identical to clinopyroxene

compositions from both the vein (PKaNla) and the spinel lherzolite (e.9.
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PK4N10. This similarity indicates no compositional difference in clinopyroxenes
from the vein and the spinel lherzolite, and that the vein represents an
accumulation of lherzolite Cr-diopside. This is also the case for the vein from the

USAS Escarpment (MB69B), where Cr-diopside REE patterns from the vein are

identical to Cr-diopsides from the lherzolite (Figure 7.3).

The similarity of vein Cr-diopside compositions to lherzolite Cr-diopside
compositions indicates that the veins represent accumulations of Cr-diopside.
Similar samples from Australia have been interpreted to represent differentiated
mantle wall-rock, while others represent recrystallised vein cumulate assemblages

(O'Reilly et aL, 1989). These interpretations are both consistent with melt transfer
through lithospheric mantle.

Both vein and lherzolite clinopyroxenes show a wide range of REE

compositions, from LREE-enriched to LREE-depleted. Variations like this are not
uncommon in spinel lherzolite clinopyroxenes from elsewhere. Menzies et aI.

(1987) proposed that such variation may be due to mixing of a LREE-depleted

component typical of MORB lithosphere, and LREE enriched components; i.e.

mantle metasomatism (e.g. Bailey, L982; Dawson, 1982; Menzies et a1.,1985; Harte,
Le87).

The peridotite suites beneath Mounts Hampton and Murphy show a much
wider lithological and geochemical range than lherzolites from Mount Cumming
and the USAS Escarpment, indicating a more 'fertile' lithosphere in these regions.
Mantle metasomatic processes may have resulted in this enrichment, notably in
LREEs. Cr-diopside rich veins however may represent the crystallised products of
a migrating melt. Their similarity to host spinel lherzolites indicates that the
lherzolites were also enriched by the migrating melts.

7.2.5 Sumffiary of the MBL upper mantle
Peridotite compositions from Mount Cumming and the USAS Escarpment

show little compositional variation in major elements, however Mount Murphy
and Mount Hampton peridotite compositions show large variations. Trace

element abundances (notably REE contents) vary considerably in the upper
mantle xenolith suite, indicating widespread heterogeneities in the MBL upper
mantle.

Characteristic features of the MBL upper mantle include:
- anhydrous mineral compositions of olivine, orthopyroxene, Cr-diopside

and spinel;
- compositionally restricted spinel lherzolite compositions from all localities

(e.9. 44-46 wt. o/o SiO2), and the presence of variable Cr-diopside vein and dunite
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compositions (e.g. 38-54 wt. % SiO2) from Mounts Hampton and MurPhy,

indicating a more 'fertile' lithosphere in these regions;

- low overall REE abundances, varying from LREE-depleted (USAS

Escarpment) to LREE-enriched (Mount Hampton), further reflecting a

geochemical heterogeneity in the upper mantle. LREE-enriched peridotites reflect

the metasomatic enrichment of the upper mantle by silicate melts passing

through the lithosphere, whereas LREE-depleted lherzolites indicate a mantle

depleted by partial melting, particularly beneath the USAS Escarpment.

7.3 The Marie Byrd Land Lower Crust

7.3.7 Introduction
A summary of the main characteristics of the lower crustal xenolith suite

from MBL is presented as Table 7.3. From these features it is evident that there are

many similarities between the suites from various localities, but there are also

many differences, reflecting a large-scale heterogeneity in the MBL lower crust. A
direct comparison of the xenolith suites from MBL is made in this section.

7,3.2 Tertural anil mineral charactertstics

Xenoliths from Mount Hampton differ petrographically from Mount Sidley

and Mount Murphy xenoliths. Mount Hampton xenoliths are dominantly

gabbros, norites and websterites, consisting of orthopyroxene + clinopyroxene +

plagioclase. In contrast, xenoliths from Mounts Sidley and Murphy are mainly

leucogabbros, gabbros and clinopyroxenites, consisting of olivine + clinopyroxene

+ plagioclase. The presence of orthopyroxene or olivine as a mineral phase is a

major difference between the suites, and is responsible for many of the

geochemical differences. It is important to note however that olivine also occurs

in Mount Hampton xenoliths, and orthopyroxene occurs in Mount Murphy

xenoliths, so the suites do not consist of only one of these phases.

Granulites from all localities are meta-igneous, with various degrees of
metamorphic recrystallisation of protolith igneous cumulate textures, Granulites

from Mount Murphy are generally less metamorphosed than those from the ECR

(Mounts Sidley and Hampton), and include abundant igneous gabbros that are

rare in the ECR xenolith suite. Pyroxenites from Mount Sidley and Mount

Murphy have retained their original cumulate textures, with no evidence of
recrystallisation. Mount Hampton pyroxenites however are metamorPhic, with
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an almost complete recrystallisation of original cumulate textures to equant

polygonal fabrics.

TABLE 7.3: Summary of the salient characteristics of the Marie Byrd Land lower crust, based on
xenoliths from localities including Mount Sidley, Mount Hampton and Mount Murphy.

Mount Sidley MountHampton Mount Murphy

PETROGRAPHY
Texture

Minenlogy
Dominant
Lithology

Granulitec
P;rroxenitec

Granuliteg
Pyroxenites

Meta-Igneous
Igneous (cumulate)

Ol - Cpx -Plag
Irucogabbros

Clinopyroxenites

Meta-Igneous
Meta-Igneous

Opx - Cpx -Plag
Gabbros and Norites

Websterites

Meta-Igneous
Igrreous (cumulate)

Ol-Cpx-Plag
Leucogabbros

Clinopyroxenites

GEOCHEMICAL FEATTJRES

Elements
Mg number Granulites

Pyroxenites
Trace Elements Granuliteg

PYroxenitec
REE€ Granulites

P;rroxenitec
Sr isotopes
Nd isotopes
206.Pbl2MPb
2WPblzoAPb
20EPb/204Pb

Mgt32-59
Mg# 55 - 80

LILE-enriched
HighNi, Cr

LREE-enriched
LREE-depleted

0.702t35 -0.70376
0s72864 -0.512870

77.65T19.589
15.539-15.650
37.378-39.182

Mg#69 -73
Mg#67 -77

High Sr, K, Ba

High Ni, Cr
LREEdepleted
LREE{epleted

0.7M20 - 0.70458

0.572771- 0.512819

19.048-79.7n
75.U7-75.6fi
38.830-38.883

Mgf s0 - El
Mg#65-U

LILE eruiched
Depleted (Ni, Cr rich)

LREE-enriched
LREEdepleted

0.70270 -0.704J,2

All element abundances dominated by the mineral assemblage

SECONDARY
PROCESSES

Metasomatism
Kaersutitisation

Oxidation

Oxidation Oxidation

NATI.JRE OF THE LOWER CRUST
Crystallisation

Structure
Preqsure' Granulites

Pyroxenites
Temperature* Granulites

Fyroxenitec
Source

Cumulates from an
evolving melt (or melts)
Stra tified (interlayered)

4.0 - 6.5 kb
E.0 - 12.0 tb
980 - 1160 qC

1080 - 1240'C
Primitive alkaline

mantle melt

Cumulates from an
evolving melt

Stratifi ed (interlayered)
6.s - 9.5 tb
7.0 - 8.5 kb

1150 - 1215 0C

1150 - 1225 "C
Primitive sub-alkaline

mantle melt

Cumulates from multiple,
evolving melts

Shatified (interlayered?)
4.0 - 10.0 kb
7.5 - 13 kb

E40 - 1210'C
1110 - 1320'C

Primitive sub-alkaline (?)

mantle melt

. Estimates using the method of Gasparik (19&{) for each suite. Temperatures are likely to be high for tranulite rocks using this method.

Mineral compositions from all three localities indicate crystallisation from

primitive mafic melts. Variations in mineral composition within the suites (e.g

Fo content of olivine and An content of plagioclase) from Mount Sidley and

Mount Murphy indicate that the parental melts evolved by several episodes of

crystal fractionation. Mount Murphy xenoliths may have crystallised from several

283



CtWwsm

such melts. In contrast, compositions of Mount Hampton granulite and

pyroxenite minerals are identical, and indicate synchronous crystallisation from
the same parental magma.

7.3.3 Major element comparison of the xenolith suite

All MBL xenoliths were initially crystallised as cumulate rocks, so their
geochemical characteristics are largely a function of their mineral assemblage. The

dominance of olivine or orthopyroxene as the Ca-poor mafic phase has resulted

in many of the chemical differences between Mount Hampton and Mounts Sidley

and Murphy xenoliths; e.g. the former are generally more silica rich than the

latter.
The influence of the mineral assemblage, and of secondary processes on

whole rock composition, can be seen in the selected plots of major elements

against silica in Figure 7.5. Diff,erences in composition between granulites from
various localities are largely a function of the composition of their mineral
assemblages. Mount Sidley granulites differ from other granulites as they
crystallised from more evolved melts. Their higher Fe2O3(total) and Na2O

contents, and low Mg#s are inherited from the low Mg:Mg+Fe ratios of their
mafic mineral phases (e.g. Mount Sidley olivines have low Fo contents compared

to olivines from other xenoliths), and low An content of plagioclase compared to

other granulites. Mount Murphy granulites from site 90048 also formed from
evolved melts, and are similar to Mount Sidley granulites. Flowever, Mount
Murphy granulites from site 90041 crystallised from primitive (high-Mg#) melts,

and are geochemically similar to Mount Hampton granulites. This indicates an

intermediate nature of the Mount Murphy granulites to Mount Sidley and Mount
Hampton granulites.

Pyroxenite compositions are also dominated by their mineral assemblage.

Orthopyroxene-bearing pyroxenites from Mount Hampton, and the

orthopyroxene-bearing pyroxenite from Mount Murphy are high in silica
compared to other pyroxenites, which are olivine-bearing. The dominance of
olivine or orthopyroxene is best seen in the different trends of Fe2O3 against SiO2

(Figure 7.5). Mount Hampton pyroxenites (orthopyroxene-bearing) form a

positive trend of Fe2O3(total) with silica (due to the higher SiO2 content of
orthopyroxene), whereas olivine-bearing pyroxenites (including the olivine-
bearing pyroxenites from Mount Hampton) form a negative trend of Fe2O3(total)

with silica (due to the low SiO2 content of olivine). Na2O contents are similar in
all pyroxenites as Na2O is not present in large abundance in either olivine or

orthopyroxene.
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FIGURE 7.S: Selected maior elements against SiO2 indicates a similarity between Mount Sidley
(light shade) and Mount Waesche xenoliths, and between Mount Hampton (striped), Mount Murphy
(with the exception of site 90O18 xenoliths) (dark shade) and Mount Cumming xenoliths.

The reliance of whole rock geochemical composition on the mineral

assemblage, and the influence of secondary processes on whole rock geochemistry

is highlighted in PzOs contents in the xenolith suite. Mount Sidley granulites, and

the Mount Waesche granulite, have high and variable PzOs contents, due to the

presence of apatite that crystallised as a secondary mineral phase from infiltrating

host melts in the granulites (secondary processes also resulted in enrichment of
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many other elements (Chapter 4.5) in the Mount Sidley xenoliths). The three

Mount Murphy granulites from site 90048 also have elevated PzOs contents

compared to other xenoliths, indicating higher apatite contents.

Despite the dominance of the mineral assemblage, whole rock compositions

are still useful in identifying xenoliths with similar characteristics. The similarity
of the Mount Waesche granulite with the Mount Sidley granulites is evident, as is

the similarity of the Mounts Hampton, Murphy and Cumming granulites
(although site 90048 granulites are closer to Mount Sidley granulites).

7,3,4 Trace element comparison of the xenolith suite

Trace element contents also reflect the composition and modal abundance of
the mineral assemblage. Elements that are accommodated into mineral phases are

present in higher abundances than elements that are not partitioned into the

mineral phases. As such, trace elements can not reveal a great deal about the

source of the xenoliths. They can however characterise features of xenoliths from

different localities.
Figure 7.5 consists of three selected trace element plots that highlight the

characteristics of the xenolith suite. The abundance of elements that do or do not

partition into xenolith mineral phases can be seen in the plot of Ba v Ni (Figure

7.6a). As Ba is readity partitioned into plagioclase, it is present in higher

concentrations in granulites, compared to pyroxenites. The converse is true for Ni
contents. Mount Sidley granulites have especially high Ba contents, as a result of

secondary enrichment by alkaline host melts, with Ba contents exceeding 430 PPm
(plotting off the scale of Figure 7.5a).

La and Ce are present in higher concentrations in plagioclase than in other

minerals, resulting in their higher content in the granulite suite compared to the

pyroxenite suite (Figure 7,6b). All xenoliths have low La and Ce abundances

(compared to melts), but similar La:Ce ratios of approximately 0.5. Mount Sidley

and Mount Waesche granulites have higher abundances than other xenoliths,

due to enrichment by the host melts: host basanites contain approximately 40 ppm

La and 80 ppm Ce (La:Ce ratios of 0.5), which plot on the trend shown by the

granulite suite.

Nb and 7t are elements which are not accommodated into mineral phases,

and therefore have low abundances in the xenolith suite (Figure 7.6c). There is

however much evidence to suggest that the ZrlM ratio is fractionated in the

xenolith suite, with Zr being preferentially incorporated into clinopyroxene
(Irving and Price, L981.; Le Marchand et aL, 1987; Wilson, 1989). This makes the

ZrlNb ratio unsuitable as an indicator of source characteristics.
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FIGURE 7.6: Selected trace element plots of Marie Byrd Land xenoliths, including a) Ba v Ni, b) La v
Ce and cl Zr v Nb, highlighting characteristics of the xenolith suite. Note the similarity of Mounts
Sidley (light shade) and Waesche, and Mounts Hampton (striped) and Cumming xenoliths, and the
intermediate nature of Mount Murphy (dark shade) xenoliths.

Nb and Zr have been enriched in the Mount Sidley xenolith suite by the host
melts (with concentrations of approximately 60 ppm Nb, and 240 ppm Zr), and
trend towards host melt values and host melt Zr/Nb ratios of approximately 4

(Figure 7.6c). Other xenoliths however do not appear to have been affected by the
host melts and have similar, and low Nb abundances, indicating that Nb does
behave as an incompatible element in the xenolith mineral phases. Zr contents
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are similar in the granulite suite and variable in the pyroxenites, with
clinopyroxene-rich xenoliths having higher Zr contents.

Trace element characteristics of the MBL xenolith suite are best seen in
multi-element plots normalised to MORB (Pearce, 1983); Figure 7.7 is a plot of

representative xenoliths from each localify. All xenoliths have low abundances of

trace elements, reflecting their cumulate nafure. Only elements that are high in
concentration in mineral phases are present in any quantity e.g. Sr and Ba in
granulites, and Ni and Cr in pyroxenites (Figures 7.5 and7.7).

Pearce plot (MBL xenolith[VIoRB)

a

A

I

o

a
o

I

Sidley Type L (DP)
Sidley Type M (29E1)

Hampton PK4C1

Murphy Site 41 (418)

Murphy Site 48 (,18C)

Waesche (0O1D

Cumming(tl()P2)

o Sidley Type C (33H1)

r Sidley Type P (39Y)
o Hampton (PK4S)

I Murphy Site 48 (488)

^ Murphy 9ite 54 (54C)

Sr KRbBa

Pyroxenites

Sr KRbBa Sc Cr Ni

FIGURE 7.7: Representative multi-element plots of Marie Byrd Land xenoliths normalised to MORB
(Pearce, 1983). Granulites from Mount Sidley, Mount Waesche, and site 90048 Mount Murphy
granulites are distinct from the other granulites, reflecting their more evolved melts mineral
compositions and assemblage. The pyroxenites are all similar in composition.

Mount Waesche and Mount Murphy site 90048 granulites have the highest

trace element abundances (with the exception of Ni and Cr), followed by Mount
Sidley granulites, and Mount Hampton and Mount Murphy site 90041. granulites,

which have the lowest trace element abundances. These characteristics can be

attributed to crystallisation from more evolved (and trace element rich) melts.

Furthermore, the Mount Sidley suite crystallised from an alkaline melt, whereas

the Mount Hampton suite crystallised from a sub-alkaline parental melts. The

parental melt of the Mount Murphy xenolith suite is uncertain. High LILE

contents of Mount Sidley granulites is also due to their enrichment by host

alkaline melts; their relatively low HFSE abundances (with the exception of Ti)

indicates that these elements have not been eruiched.

The pyroxenites are similar in trace element abundance, with notably high

Cr and Ni contents. Mount Sidley and Mount Murphy site 90048 pyroxenites have

Cr
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the highest, and Mount Hampton and Mount Murphy site 90054 pyroxenites have

the lowest trace element abundances, as is the case for the granulite suite.

REE plot (MBL xenoliths/chondrites)

o sidley (29Hl)
r sidley (33X)

o Harnpton (PK4C1)
r Hampton (PK4L1)

r Murphy (418)
a Murphy (41C)

v Cummint (rl0D

o Sidley (33C)
I sidley (39Y)

o stdley (39SA)

r Hampton (PK4L)
v Murphy (54C)

v Murphy paK)

Whole rock

Sidley (39sA)

Muqphy (saK)

Clinopyroxenes

Granulites PSrroxenites

FIGURE 7.8: Representative REE normalised to chondrite plots (Wheatley and Rock, 1988) of Marie
Byrd Land xenoliths. Mount Sidley and Mount Murphy granulites have similar pattems, as do Mount
Hampton and Mount Cumming xenoliths. Note the LREE-depletion of the Mount Hampton
pyroxenite compared to other pyroxenites.

Itare earth elements normalised to chondrite (Wheatley and Rock, L988) also

reveal a number of similarities (Figurc 7.8). Granulites from Mounts Sidley and
Murphy have similar LREE-enriched patterns with higher abundances of REEs in
the Mount Sidley xenoliths compared to Mount Murphy, resulting from their
crystallisation from alkaline (as opposed to sub-alkaline) parental melts.
Furthermore, they have been enrichment by the host alkaline melts. The overall
pattern however is the same. Mount Hampton and Mount Cumming granulites
have convex-up patterns, with lower LREE/HREE ratios compared to the Mount

a
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Sidley and Mount Murphy granulites. REE abundances of the latter are controlled

by their dinopyroxene compositions.

Pyroxenites from all localities have similar REE abundances, reflecting the

composition of clinopyroxene. The Mount Hampton pyroxenite however has a

very low LREE abundance, possibly due to depletion during metamorphic

recrystallisation; the other pyroxenite suites have not been recrystallised.

tr Sidley Granulites

O Hampton Granulites

+ Murphy Granulites

A Cumming Granulite
I Sidley Pyroxenites

O Hampton Pyroxenite
x MurPhyPyroxenites
A MBL volcanics

Mg number

FIGURE 7.9: Plot of.87Sr /865r v Mg#, showingthe low 87srl85Sr ratios of the xenolith suite. Mount
Hampton (striped) xenoliths have high 6/3r /665r ratios, compared to the lower ratios of the Mount
Sidley (light shade) xenoliths. The Mount Cumming granulile has a 87511865r ratio similar to those

from-Mount Hampton, and Mount Murphy (dark shadelsTSr/865r ratios span the range of other
xenoliths. Marie Byrd Land volcanics (Le Masurier, L990; Panter pers. cofiun.) differ from the
xenolith suite, and indicate that the xenolith suite have not been affected by the host rocks.

Isotopic ratios also show similarities between xenolith suites (Figure 7.9). AII
suites show low 87Sr / eSr ratios, indicating crystallisation from mafic melts with
little or no contamination by isotopically evolved material. Mount Sidley

xenoliths have lower 87311865t ratios than Mount Hampton xenoliths. The Mount

Cumming granulite has a 875t1863t ratio similar to Mount Hampton ratios, and

Mount Murphy xenoliths have ratios that span the range from Mount Sidley to

Mount Hampton xenoliths, further indicating their intermediate composition

between the Mount Sidley and Mount Hampton xenolith suites.

Aplot o1873t1865r v Mg#reveals two distinct trends (Figure 7.9). A trend to

higher 873t 1853, and lower Mg# is shown by Mount Sidley xenoliths. Similar

trends have been interpreted to represent AFC processes (Rudnick et aI., t986;

Chapter 4.6.3). MBL volcanics fall along a similar trend, with evolved volcanics

having high 87Sr /855t ratios and low Mg#s. They can not have mixed with the

xenoliths as their high Rb/Sr ratios (20+), should also be inherited by the

xenoliths, which have low Rb/Sr ratios (Chapter 4.6.3). The exhibited trend is due
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to some processes other than mixing with evolved volcanics, although AFC with
a pre-existing mafic crust can not be discounted, as a mafic crust would have had
low 87St/eSr (and Rb/Sr) ratios.

The trend to high 87Sr / 85Sr at constant Mg# shown by other xenoliths
(Mounts Hampton, Cumming and Murphy) is more easily explicable as reflecting
source heterogeneity. The ratios may have also developed as time-integrated
ratios, however the presently low Rb/Sr ratios in the xenolith suite are not
capable of producing such variation, unless Rb was initially present in higher
abundances, and was depleted to its present concentration (Chapters 5.6.3 and
5.6.3). These affects may also in part be responsible for the Mount Sidley trend.

7.3.5 Sumffiary of the MBL louter crust,

A comparison of the lower crustal xenoliths from several localities in MBL
(Table 7.3) indicates that the lower crust is extremely heterogeneous. Many of
these heterogeneities reflect variation in composition of the mineral phases,

which crystallised from different melts (notably Mount Sidley xenoliths
crystallised from alkaline melts, whereas Mount Hampton xenoliths crystallised
from sub-alkaline melts). Other differences are a result of secondary processes,

such as metamorphic recrystallisation and melt enrichment.
Some regions of the lower crust are similar in composition. Mounts Sidley

and Waesche have similar geochemical characteristics, and Mounts Hampton and
Cumming are also similar in composition, having more primitive characteristics
than the former group (e.g. higher Mg#s reflecting higher Mg:Mg+Fe ratios of
mafic minerals). Mount Murphy, further away from these sites, has attributes of
both of these groups, reflecting its intermediate nature between Mounts Sidley
and Hampton.

A full discussion of the composition of the MBL lower crust, of its structure
and its modification by secondary processes, is presented as Chapter Eight. Prior to
this, a comparison of the MBL lower crust with other localities, both from
Gondwana, and a more general world-wide comparison, will be useful to more
fully understand the MBL lithosphere.

7.4 Comparison with Other Gondwana Lower Crustal Xenolith Suites

7.4.7 Introduction
Lower crustal xenoliths have been documented from localities world-wide.

This section seeks to compare the MBL suites with lower crustal xenoliths from
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the Ross Embayment and the Transantarctic Mountains of the McMurdo Sound

region (Antarctica), from Fiordland (a granulite terrain) and the Central North
Island of New Zealand, and from Eastern Australia. These regions wete once

joined in the supercontinent of Gondwana, prior to the Mesozoic break-up.

7.4.2 McMurilo Sound xenoliths
Lower crustal xenoliths have been described from a number of localities in

the McMurdo Sound area. The lower crust in this region, on the basis of xenolith

studies, has been divided into two adjoining sectors; the Ross Embayment (RE)

and the Transantarctic Mountains (TM) (Kalamarides ef. al, L987).

Samples from a number of sites either side of the inferred RE-TM boundary
are compared here to the MBL suites. Data from McMurdo Sound localities is
from Kalamarides and Berg (1991), and Berg (pers comm) (various localities);

Gamble and Kyle (1987), and Gamble et aL (1988) (pyroxenites from Foster Crater

(TM)); Gamble and Kyle (pers. comm) (pyroxenites from Foster Crater (TM) and

Sulphur Cones (RE), and granulites from Half Moon Crater, Hut Point Peninsula

(nf)); and from Berg and Wu (1992) (granulites from Cape McCormick, considered

here to be aligned with the RE suite). The xenolith suite from Foster Crater

consists of pyroxenites similar to Group II (GPII) pyroxenites (Frey and Prinz,

1978), as well as an unusual high-calcium pyroxenite suite (HCPS; Gamble et aI.,

1e88)).

In addition to these localities, lower crustal suites from Black Island, Sulphur
Cones and Turtle Rock in the RE, and Foster Crater in the TM, have been collected

in the 1,992-93 field season, and will be compared to the MBL suite at a later date

(Chapter Two).

The RE lower crust consists of basic cumulates, which are believed to be

derived from tholeiitic or alkaline melts, whereas the TM lower crust is
dominated by basic melts (or near melts) of calc-alkaline affinity (Kalamarides and

Berg,1991).

7.4.3 New Zealand xenoliths

Ultramafic nodules have been collected from various localities in New
Zealand (Reay and Sipiera, 1987; Duggan et aI., 1989; Sewell et al., t993). Granulite
xenoliths have been detailed from only one locality in New Zealand; from Mount
Ruapehu, an andesitic stratovolcano in the Central North Island of New Zealand
(Graham et aL.,1990). In addition to the Mount Ruapehu xenolith suite, granulites

from a mafic terrain in Fiordland, in the lower South Island of New Zealand
(McCulloch et aI., L987), will also be discussed.
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The Fiordland suite consists of a terrain of granulite facies orthogneisses, that
have been U-Pb zircon dated at 1L8-120 Ma (Mattinson et al., L986), and Rb-Sr

dated at 120 + L5 Ma (McCulloch et al., L987). Another suite of leucogabbros
(Darran Complex) from eastern Fiordland (which have not been metamorphosed)

show similar geochemical properties to the western Fiordland orthogneisses, but
are not correlative with them. Both suites show geochemical characteristics of
Phanerozoic calc-alkaline island-arc suites. Due to the similarity of the two suites,

they are treated here as one suite in this chapter.

Mount Ruapehu xenoliths are unusual as they have been entrained by
andesitic melts, and provide the only samples of the lower crust beneath the
Taupo Volcanic Zone of New Zealand. The suite consists of meta-igneous
granulites that are believed to represent either altered oceanic crust (basalts and
gabbros), or igneous rocks of unknown origin that have been hydrothermally
altered by lower crustal fluids circulating into or from the overlying meta-
sedimentary basement (Graham et aI.,1990).

7,4.4 Eastern Australia xenoliths
Lower crustal and upper mantle xenoliths occur in many localities

throughout Australia. All are hosted by alkali basalt-basanite lavas of intraplate
character.

O.ly granulites from SE Australia (O'ReiLLy et aL, L988) have been selected

here, due to the close proximity of SE Australia with other regions in the
Gondwana supercontinent. These samples include granulites from The Anakies
in Victoria, the Sydney Basin, Delgate and Gloucester in New South Wales.

Pyroxenites to be compared to the MBL suite have been selected from across

Eastern Australia (O'Reilly and Griffin, 1987). Localities include: Lake
Bullenmerri, Anakie (O'Reilly and Griffin, 1987\ and Mt Shadwell (Irving, 19S0)

from Victoria; Delegate (Griffin and O'Reilly, 1986) and Kiama (Wass and Rogers,

1980) from New South Wales; and Lake Eacham and Sapphire Hill (Irving, 1980)

from North Queensland.
The xenoliths were all formed as cumulates derived from basaltic magmas,

with diverse compositions and various petrogenetic histories, including as

intrusives of basaltic magmas, by basaltic underplating, and by mixing with crustal
material.

7,4.5 A geachemical comparison

A comparison of the geochemistry of xenoliths from these localities allows
the identification of xenoliths with similar characteristics. It must be stressed
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however that any similarities between suites in no way links the lower crust of

these regions, other than in the similarity of rock types. While it is possible that

the similarities stem from their formation in the same region by the same melts,

it is also probable that they simply reflect formation in similar environments,

with similar subsequent histories, much as unrelated basalts from identical

tectonic settings may resemble each other'
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FIGURE 7.10: selected major elements plotted against sio2 highlight the similarities between Ross

Embayment (RE), Mount Hampton-and-Mount vr".ply gtanulites, and Transantarctic Mountain (TM)'
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Mount Murphy and. Mount Hampton granulites have similar major

element compositions to RE granulites (Figure 7.10). southeastern Australia

granulites show larger ranges in composition, which overlaP those of the RE'

Granulites from the TM, Fiordland and Mount Ruapehu have similar

compositions, and. are distinct from the other localities. Mount Sidley granulites

are unique, due mainly to their low silica content, also reflected in the absence of

orthopyroxene. In other elements they have similar compositions to TM and

New Zealand granulites, notably in their low Mg#s, and high P2O5 contents'

MBL pyroxenites show a wide range in sio2 content, reflecting the

occurrence of olivine or orthoPyroxene as a maior mineral phase (Figure 7'11)' An

example of the control of the mineral assemblage on whole rock compositions/ is

the bimodal distribution of CaO contents. Pyroxenites with low clinoPyroxene

abundances have low CaO content, and those with high abundances of
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clinopyroxene have high CaO contents. There are no strong similarities between
any of the pyroxenite suites.
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FIGURE 7.11: Selected major elements plotted against SiO, for pyroxenites from Mounts Sidley,
Hampton and Murphy, compared to pyroxenites from Foster Crater (Group II xenoliths (GPII) and
High Calcium Pyroxenite Suite (HCPS) pyroxenites) in the Transantarctic Mountains, Sulphur Cones
(SC) in the Ross Embayment, and Eastem Australia (EA). Pyroxenite compositions are highly varied
with no similarities evident.

Trace element contents are less reliant on the mineral assemblage, so trace

element-trace element plots are more useful than major element plots in
identifying geochemical characteristics between the xenolith suites.

The similarity of TM and New Zealand granulites shown by major elements
is even more apparent in trace element plots (Figure 7.tZ). Mount Sidley
granulites also consistently plot within this group, and the three localities are here

termed the TM Group. Mount Murphy and Mount Hampton granulites have
similar trace element characteristics to RE granulites. These granulites
termed the RE Group. SE Australia granulites show large variations

are

in
here

trace
element composition, overlapping all other fields.

Pyroxenite trace element plots (Figure 7.I2), as with major element plots,
show wide ranges in composition, with no strong similarities between any of the
suites. The unique character of the HCPS xenolith suite from Foster Crater
(Gamble et aI., 1988; McGibbon, t997) is especially evident compared to other
xenolith suites, including the Group II pyroxenite suite from Foster Crater. The
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for Figures 7.10 and 7.17).Pyroxenite compositions are varied and do not overlap, but granulite
compositions can be broadly divided into two groups; the TM Group consisting of the TM, NZ and
Mount Sidley granulites, and the RE Group consisting of the RE, Mounts Hampton and Murphy
granulites. SE Australia granulites overlap both groups. Abbreviations for granulite and pyroxenite
localities are as for Figure 7.10 and Figure 7.11 respectively.
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HCPS xenolith suite has notably high Ba and Zr contents, and low Cr contents
compared to other pyroxenites.

The trace element similarities between granulites from Mount Sidley, the
TM, and New Zealand are highlighted in multi-element plots normalised to
MORB (Pearce, 1983). Figure 7.13 shows representative plots from the RE, the TM,
SE Australia, Mount Ruapehu, and Fiordland (small plots), with average

compositions of these localities compared to MBL granulite average compositions
(large plot).
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FIcuRE 7.r3: Multi-element plots normalised to MORB (Pearce, ;;", ;;;"". O",il,,", ,",
individual localities (small plots) and average analyses of each locality (large plot). The
similarity of TM Group granulites and of the RE Group granulites, as well as the trace-element rich
character of the TM Group compared to the RE Group, is emphasised.

The TM Group and SE Australia granulites show higher abundances of trace

elements than other granulites; in particular high LILE contents. The very low Cr
and Ni contents of Mount Sidley granulites is a distinguishing feature, correlating
also with Mg#, and very low Cr and Ni granulites also occur in the TM and New
Zealand localities. RE Group granulites show similar trace element characteristics.

Pyroxenites from all localities show similar trace element patterns (Figure

7.14; small plots are of individual localities/ and the large plot of average
compositions from each locality), although Mount Hampton and Mount Murphy
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pyroxenites are generally more depleted than other pyroxenites. Some Eastern

Australia pyroxenites (from Victoria) are also depleted in trace elements,

reflecting the large variation in composition of these pyroxenites. The HC['S suite

from Foster Crater (Gamble et al., 1988; McGibbon, l99l) is again markedly

different to all other pyroxenites, especially in their higher LILE contents, and

lower Cr and Ni contents.

Pearce plot (pyroxenite average/1\{ORB)

o Mt Sidley
r Mt Hampon
o MtMurphy
r FCGPtr
r FCHCPS
A E. Austalia

Sr K RbBa NbCe P

FIGURE 7.14: Multi-element plots normalised to MORB (Pearce, 1983) of Gondwana pyroxenites for
individual localities (small plots) and average analyses of each locality (large plot). Mount
Hampton and Mount Murphy pyroxenites have low trace element abundances compared to other
localities. The HCPS suite (from Foster Crater; Gamble et al., 1988; McGibbon, 1991) is quite
different to other pyroxenites, and includes relatively ULE-rich, and Cr- and Ni-poor pyroxenites.

The TM Group granulites have high LREE contents compared to other

granulites (Figure 7.I5). RE Group granulites have similar REE contents/ with low
REE abundances, and no LREE-enrichment. Mount Murphy granulites have low
REE abundances and are LREE-enriched.

Pyroxenites from all localities have similar REE patterns (Figure7.\5), except

for the LREE-depleted pattern of the Mount Hampton pyroxenite, and distinctive
'humped' REE pattern of the HCPS suite.
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REE plot (xenolith average/chondrites)

o Sidley
. Hampton
o Murphy
I RSE

. TAM
a Fiordland
v SE Australia

o Sidley

a Hampton
o Murphy
r Fc GPII

Granulites

Ia Ce Nd Sm Eu Tb Yb Lx la Ce Nd Sm Eu Tb Yb tx

FIGURE 7.15: Rare earth element plots normalised to chondrite of average xenolith compositions
from Gondwana localities. TM Group granulites are all LREE-enriched, as are Mount Murphy
granulites, although with lower REE abundances. Other RE Group granulites have convex-up
pattems similar to clinopyroxenes. HCPS Pyroxenites .ue especially unlike other pyroxenites.

Isotopic signatures of the xenolith suites show some similarities (Figure

7.1,6). MBL xenoliths have low ETSI/ 865r (< 0.70458) and high teep471.161++ 1>
0.51277t) ratios compared to many other granulites.

0.5140

0.5130 tr Sidley Granulites
I SidleyPyroxanites
O Hampton Granulites
O Hampton Pyroxenites

0.5110

0.7020 0.7040 0.7w 0.70ffi 017c0 0.7120 0.n40 o.nfi
87Sr/865r

Ezln
<l
t-{
ttz
tr)
F{

0.5120

FIGURE z.t6: Plot o6 87517865r against 1a35671aa1qd for Gondwana xenoliths. TM Group xenoliths
have high generally 87511869, and lower 1435167144 Nd ratios compared to RE Group xenoliths.
Ruapehu granulites have high 875./865. ratios as a result of contamination by sea-water and trench
sediments, and Fiordland granulites have acquired low lsNd/l4 Nd ratios.

TM granulites and SE Australia granulites show significantly larger ranges in
isotopic composition than other granulites. Both the Fiordland and Mount
Ruapehu granulites have decoupled Sr-Nd isotopic ratios. Ruapehu granulites
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possibly having acquired their higher 873t 1863, ratios through contamination by
sea-water and trench sediments (Graham et aI., 1990). Fiordland granulites have

also inherited lower Nd ratios from secondary processes (McCulloch et a1.,1987).

7.4.6 Sumntary and discussion

A geochemical comparison between xenoliths from MBL and other
Gondwana localities has distinguished two main characteristics:

- Granulites from all localities generally fall within one of two groups

consisting of: the Transantarctic Mountain, New Zealand and Mount Sidley
granulites; and the Ross Embayment, Mount Hampton and Mount Murphy
granulites. As these two groups were first identified in the McMurdo Sound
region of Antarctica (Kalamarides et. al, L987), they are here termed the TM
(Transantarctic Mountain) Group, and the RE (Ross Embayment) Group. SE

Australia granulites show a wide diversity in compositioru overlapping with both
grouPs;

- Pyroxenites from all localities show a large range in composition, with no

apparent similarities between pyroxenites from different localities. The HCPS

suite from Foster Crater is distinctive from all other pyroxenites, notably in its
enriched LREE contents, and elevated Zt.

TM Group granulites are distinguished from RE Group granulites by their
more evolved composition e.g. lower Mg#s, Cr and Ni, higher SiO2, alkalis, P2O5,

trace elements (especially LILEs), REEs (especially LREEs), and larger ranges in
8731 1r!63, 

"t 
6 1431J47144 5J6 ratios. These characteristics suggest that the TM Group

granulites formed from more evolved melts, and RE Group granulites formed
from more primitive melts.

The melts that originally crystallised xenoliths from the two groups were

compositionally distinct, with TM Group xenoliths having crystallised from
relatively more evolved, alkaline melts, and RE Group xenoliths having
crystallised from primitive sub-alkaline.

The lower crustal discontinuity identified between the Ross Embayment and

the Transantarctic Mountains (Kalamarides ef. al,1987) may have relevance to the

other regions discussed here. Any genetic relationship between the lower crustal

segments that make up the TM and RE Groups is difficult to determine, however

it is possible that these segments (e.9. the lower crust of the Transantarctic

Mountains, Mount Sidley and New Zealand) formed at the same time, and were

once joined as the same initial lower crustal block. Alternatively, their similarities
may simply reflect their crystallisation from similar, but unrelated melts.
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7.5 Comparison with Lower Crustal Xenolith Suites World-Wide

7.5.7 Introduction
Having compared the MBL xenolith suites with other areas from Gondwana,

it is desirable to compare the suite as a new locality to xenoliths world-wide.
Rather than give a detailed comparison between sites that are laterally separated
by vast distances, it is more appropriate to compare the MBL lower crust to
average world-wide compositions. O.ly granulites are compared, due to the
uncertainty and debate as to whether pyroxenites are lower crustal or upper
mantle samples (Chapter 1.3).

Several estimates of average lower crust in the published literature have
been collated, using crustal evolution models, granulite terrains and granulite
xenoliths (Weaver and Tarney, 1984; Taylor and Mclennan, 1985; Shaw et aI.,

L985; Rudnick and Presper, 1990; Rudnick,1992). The MBL xenolith suite is
compared to the calculation of Rudnick (1992), which is based on averages from 20

localities world-wide. The composition of this average is presented in Tables 7.4

and7.6, and is discussed in full in Chapter 7.5.3.

O Mounts Sidley and Waesche

O Mounts Flampton and Cumming
+ MountMutphy

N50
SiOz wL.o/o

FIGURE 7.l7zMgfi v SiO, for Marie Byrd Land granulites compared to granulite localities world-
wide (shaded field). Average Marie Byrd Land granulite compositions are less SiOr-rich and
variable in Mgf compared to other granulites (dark rectangle is the average composition of Rudnick,
1992).

7,5.2 A geochemical comparison
The composition of the MBL lower crust varies in both Mg# and in SiO2

content (Figure 7.t7). Most MBL granulites have lower than average SiO2

(especially Type M granulites, due to their large secondary Fe-Ti oxide contents).
Mount Sidley granulites also have very low Mg#s compared to other xenoliths.
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Mount Hampton and Mount Murphy granulites have Mg#s typical of xenoliths

world-wide, and SiO2 contents similar to other granulites, but somewhat lower

than the average, reflecting their simple and primitive (high Mg:Mg+Fe) mafic

mineral assemblage.

MBL Granulite average/ Lower Crustal average

o Sidley (n = tl4)

o Hampton (n=7)
o Murphy (n = 11)

r Waesche (n = 2)

e Cumming(n--7)

0.01
SrKRbBa NbCeP Zr TiY ftCrNi

FIGURE 7.18: Multi-element plots of average granulite compositions from five sites in Marie Byrd

Land, normalised to average lower .r,,5[l -compositions of Rudnick (1992). Marie Byrd Land

granulites are generally trac6 element poor (but riitr in Sr, reflecting higtr plagioclase abundances)'

ft"""t Sidley fran"Utes are also rich inTi and P, due to enrichment by alkaline melts'

MBL granulites have low trace element abundances (Figure 7.t8\ comPared

with an average lower crust, with the exception of Sr, reflecting a higher than

average modal ptagioclase content. Mount Sidley and Mount Waesche granulites

also have high P and Ti contents, as a result of secondary apatite and oxide growth

resulting from mett infiltration, and Mount Hampton and Mount Murphy

granulites have slightly higher than average Cr and Ni'

REEs are also depleted in MBL granulites (Figure 7.19) compared to average

lower crust, with the exception of LREE contents in Mount Sidley granulites,

which is a result of eruichment by alkaline melts. Eu in Mount Sidley granulites

is higher than average, due to high plagioclase contents.

The low REE contents in MBL xenoliths reflect the primitive, and mafic

mineral assemblage, with more evolved Parental melts (i.e. TM Group melts)

crystallising xenoliths with higher REE contents. The low REE abundances

compared with average granulite compositions may also be an indication that the
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Granulite average/lower crustal average

o Sidley
r Hampton
o Murphy
r Cumming

La Ce Nd Sm Eu Tb Yb Lu

FIGURE 7.19: REE plots of average Marie Byrd Land granulite compositions normalised to average
lower crustal compositions of Rudnick (L992). Marie Byrd Land granulites are REE-depleted
compared to average lower crustal compositions.

crystallising melts were in equilibrium with garnet, and therefore crystallised
relatively REE-depleted mineral phases.
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tr Sidley Granulites
I Sidley Pyroxenites

O Hampton Granulites
O Hampton Pyroxenites

0.5110

0.70m 0.n00 o.n$
875r/85Sr

FIGURE 7.20:Plot of ETSr/865r against 143Nd/l44Nd for Marie Byrd Land xenoliths compared to
xenolith localities world-wide (shaded area). Marie Byrd Land xenoliths have low E75y7b65r and
trigtr 18Na/14Nd ratios compared to most localities.

Sr-Nd isotopic ratios are primitive compared to granulites world-wide,
plotting in depleted mantle fields. The Sr-Nd isotopic ratios reflect their mafic and
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primitive nature compated to other granulites world.-wide (e.g. low ETSI / E5Sr and

higher 1a35671aa Nd ratios than average (Figure7.20)).

15.6 tr Sidley Granulites

a Sidley Pyroxenite

I Hampton Granulites

+ Host Basanites

15.0

77.0 18.0 19.0

205Pbl204Pb

FIGURE 7.21:plot of 2o5pb/20apb against zo7Pb/zuPb for Marie Byrd Land xenoliths compared_to

xenolith localities world-wide (froil Rudnick and Goldstein, 1990), showing a wide range i" 
_Pb

isotopic compositions due to mixing between initiatly unradiogenic_Pb ratios (as for Mount Sidley

pyrolenites)'and alkaline melts with radiogenic Pbratio_s:.CC = Camp C_reek, AZ, U.S.A; Ch =

bhudleigh, Queensland, Australiai Ei = Eifel, Germll]f 5ry = Kilboume Hole, NM, U'S'Ai La =
LashainJ, Tanzania; Le = Lesotho, Sth Africa; MB = McBride Province, Queensland, Australia; MC =

Massif Central, France' See Table 7A for references'

Despite the limited number of analyses, Pb isotopic comPositions show an

extremely wide range in composition compared to other granulites, and indeed

basaltic melts (Figure 7.ZI). The exceptionally large range is most likely the result

of mixing between the granulites, which have initial ratios rePresented by the

pyroxenite suite, and the host magmas. Melt affected granulites have Pb isotopic

ratios similar to the host-melts, reflecting the infiltration of melt into these

xenoliths (Figure 7.21).

7.5,3 A louter crustal aaetage coffipositiotr
previous lower crustal averages based on xenoliths include that of Rudnick

and presper (1990), which is based on an average of all granulite analyses, and of

Rudnick (IggZ), which is based on suite-by-suite averages. The later, shown in

Table 7.4, has been preferred as a comparison with MBL averages as it is not

heavily weighted toward,s localities with many analyses (e.g. the Massif Central in

France (Leyreloup et aL, L977; Dostal et aL, 1980) has 366 published analyses

compared to only two from the Erebus Volcanic Field, Antarctica (Kyle et al.,

I1BT). Average compositions of the individual sites used by Rudnick (1992) to

calculate an average composition for the lower crust world-wide are also
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Presented in Table 7.4. The average of each locality is combined to give the
average world-wide composition (last column of Table 7.4).

TABLE 7.{: Average compositions of lower crustal xenoliths by locality world-wide. The last column
is an average of all the localities, and represents an average composition for the lower crust world-
wide (from Rudnick, 1992).

Av@tc compciliotrs of ldcr rul8l rcoolith by l@lily

xll
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2 Fon Ponsl, Utandr (nro@s aod Niloo, 198?)
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As the MBL suite is a new locality, and represents a large land mass, the
region should be included in any lower crustal average compositions. The Ross

Sea Embayment/ Transantarctic Mountain and Mount Ruapehu granulites have
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TABLE 7.5: Average compositions of granulite xenoliths from the three main localities discussed in
this study (Mounb Sidley, Hampton and Murphy), frorn the Ross Embayment and the Transantarctic
Mountains, Antarctica, and from Mount Ruapehu, New Zealand.

AREA Mount Mount Mount Ross Transant Mount
SOURCE Sidley$ Hampton$ MuqPhyS Embaymentt Mountainst Ruapehu$

sio2
Tio2
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+'number of analyses is smaller for these elements (see rtn row).



Synthesis of the MBL lithosphere

also not been incorporated into any previous calculations of average lower crust
composition (the Fiordland granulites are from a terrain, and therefore should
not be included in any calculations based on xenoliths only). Average
compositions for the three major MBL granulite localities discussed in this study
(Mounts Sidley, Hampton and Murphy), as well as average compositions for the
Ross Embayment and Transantarctic Mountains (Berg, pers. comm.), and for
Mount Ruapehu (Graham et al., 7990) are presented as Table 7.5. A new
computation of an average composition for the lower crust, taking into account
these new localities, is presented as Table 7.6. The xenolith models of Rudnick and
Presper (1990) and Rudnick (7992), and two terrain averages (Weaver and Tarney,
L984 - Lewisian granulites, and Shaw et al., L986 - Canadian Shield) are also
shown.

Compared to the other lower crustal averages, the new average differs only
slightly in major element compositions. There are however some substantial
changes to trace element values. As these were previously based on an average of
only 10 localities; adding a further five localities has substantially changed these

estimates, and made them more representative of an average lower crust. In
particular, the new estimate has higher Cr and Sr contents than previous
averages, and lower contents of most other trace elements, indicating a more
depleted and primitive lower crust than previous averages.

Xenolith averages differ significantly from terrain averages, which have
higher incompatible element concentrations and more silicic compositions
(Chapter 1.4). Certainly the MBL lower crustal xenolith suite is mafic compared to
granulite terrains (Weaver and Tarney, 1984; Shaw et aL, 1986). The most likely
explanation for this discrepancy/ based on the MBL xenolith suite, is that the MBL
granulites were crystallised from mafic primitive mantle-derived melts, with no
assimilation of evolved crustal material. The result is a mafic rather that a felsic
lower crust. In contrast, lower crustal granulite terrains typically have a large
proportion of felsic material.

An example of this discrepancy from MBL is the granulite suite discussed

here compared to the amphibolite-granulite terrain from the Fosdick
Metamorphic Complex, which has a protolith of deep marine sediments and
granitoid rocks (Bradshaw et al.,1983; Weaver et aL, 1991; Luyendyk et al., t992).

As the Fosdick Metamorphic Complex granulites come from higher crustal levels

than the xenolith suite (Luyendyk et aL, L992), the compositional difference
between granulite xenoliths and terrains can be explained by granulite xenoliths
and terrains representing different levels of the crust (Bohlen, L987; Rushmer,
1ee3).
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TABTE 7.6: Estimates of average lower crustal compositions as deduced from granulite terrains, and
from granulite xenolith compositions, including from this study.

TYPE Terrain Ter:ain Xenolith Xenolith Xenolith
METHOD Weavet and Shaw et al., Rudnick and Rudnick, This Study,

Tamey,1984 1985 Presper,1990 1992 1993
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0.8
14.9
7.2
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Synthesis of the MBL lithosphere

Averages based on model calculations (e.9. Taylor and Mclennan, L985) are

closer to xenolith averages than terrain averages. These differences highlight the

wide diversity of granulite xenoliths compared to granulite terrains world-wide
(O'Reilly et aI.,'1,988; Rudnick, 1992; Rushmer, L993).

7.5 Conclusion

The MBL lithosphere, which includes upper mantle spinel lherzolites with
Cr-diopside veins, and lower crustal granulites and pyroxenites, is diverse in its
composition. In the region of the ECR, a lithospheric discontinuity has been

identified, between an evolved alkaline (e.g. lower Mg#) Iower crust in the south
(Mounts Sidley and Mount Waesche) and a more primitive (e.9. higher Mg#s)
sub-alkaline lower crust to the north (Mounts Hampton and Cumming). The

lower crust beneath Mount Murphy, on the MBL coast, is similar to the lower
crust in the north of the EC& although it does have some of the characteristics of
the south ECR lower crust.

The lower crustal composition of other regions once joined as a part of the

Gondwana supercontinent, show compositional similarities to the MBL lower
crust. Granulite xenoliths from the Transantarctic Mountains in the McMurdo
Sound region, and from Mount Ruapehu in New ZeaIand, as well as a granulite
terrain in Fiordland, New Zealand, are compositionally similar to the southern
ECR lower crust. Lower crustal granulites from the Ross Embayment are similar
to granulites from the northern ECR. Granulites from these regions have been

termed the TM and RE Groups respectively, aftet the lower crustal discontinuity
previously inferred by xenoliths from the McMurdo Sound region (Kalamarides

et al., t987).

The composition of the MBL lower crust is depleted in trace elements
(including rare earth elements) relative to an average lower crustal composition
world-wide. They are however more mafic than average compositions, and have

a mantle-like isotopic signature, reflecting their formation as cumulates from
primitive mantle melts.
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Chapter eight

Lownn cRUSTAL ARcHrrEcruRE AND pRocESsES

Synopsis

The lower crust tf Marie Byrd Land, represented by granulite and

pyroxenite xenoliths, was initially formed by crystallisation from primitiae sub-

alkaline and alkaline mantle deriued melts. This has resulted in a stratified lower

crust that oaries in composition across Marie Byrd Land. Geothermometry and

geobarometry estimates indicate a high rift-Iike geotherm, similar to thnt beneath

the Transantarctic Mountains (Berg and Herz, 7980, and are consistent with the

xenoliths haaing equilibrated to lawer crustal conditions.

Cenozoic alkaline aolcanism has resulted in two closely linked styles tf
metasomatism that haue modified the lower crust. Hydrous fluids and/or melts

haoe seeped through the pyroxenite-dominated lower crust (as water through

blotting paper), resulting in kaersutite replacement of clinopyroxene. Silicate melt

metasomatism has infiltrated the granulite-dominated lower crust along grain
boundaries, resulting in the crystallisation of secondary minerals, including Fe-Ti

oxides, apatite and plagioclase, in a manner similar to the precipitation of solids

fro* water flowing through pipes ('plumbing' style). Both haoe resulted in an

enrichment of the loanr crust in mobile elements (e.g. LILEs and LREEs), and the

two processes are probably related, occurring in different regions of the lower

crust. This enrichment process has also resulted in the modification of the

infiltrating melts by percolatioe fractional crystallisntion (Harte et al., 199il.
The composition of the lower crust, together with exposed lithologies in

Marie Byrd Land, are consistent with the growth of Marie Byrd Land as ocennic

crust that subsequently experienced periods of sedimentation and magmatism.

Marie Byrd Land sutured on to Antarctica in Paleozoic times, and together with
other allochthonous terranes presently forms the West Antarctic tectono-
stratigraphic region.
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S.l Introduction

The lower crustal and upper mantle xenolith suites from geographically

distinct regions of MBL, have been documented and discussed in Part Two of this

thesis, and are compared to other Gondwana localities in Chapter Seven. This

chapter presents a discussion of the geological structure of the MBL lithosphere,

and of the secondary processes occurring within the lithosphere, based upon the

different xenolith suites and constrained by the limitations of the

thermobarometric data. In conclusion, the implications of this study in
reconstructing the geologic and tectonic history of MBL since Paleozoic times are

discussed. A series of models are presented that best integrate our current
knowledge.

8.2 Structure of the Lower Crust

8.2.7 Heterogeneity in the MBL lithosphere

The MBL xenolith suite, as documented in Part Two of this work, indicates

a lower crust that is compositionally heterogeneous both vertically and laterally.

This is similar to models based on xenolith suites world-wide (Griffin and

O'Reilly, L987a). An example of the lateral variation in the MBL lower crust

occurs along the EC& where crust in the northern part of the range (Mounts

Hampton and Cumming) differs significantly to that in the southern part
(Mounts Sidley and Waesche). This has previously been termed the ECR

discontinuify (Wysoczanski and Gamble, 1992).

Granulites from MBL have been divided into two groups/ on the basis of
their geochemical similarity to granulites from the Transantarctic Mountains, and

the Ross Embayment (Chapter 7.4\. The Transantarctic Mountain (TM) Group,

consists of xenoliths from Mounts Sidley and Waesche. The Ross Embayment

(RE) Group consists of xenoliths from Mounts Hampton, Cumming, and Murphy.

These groups are distinguished geochemically by the more evolved nature of the

TM Group (lower Mg#s, Cr and Ni, and higher trace element and LREE contents).

To understand the significance of this compositional variation, it is appropriate to

consider the source of the lower crust in these regions.

8.2.2 The origin of the lower cntstal xenoliths

The cumulate nature of the MBL xenolith suite, as estimated from whole
rock chemistry and textural relations, controls the geochemistry of the xenoliths,
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which have been affected by secondary processes, such as eruichment by alkaline
melts, to various degrees. Metamorphic recrystallisation of the xenolith suite was
largely closed-system, although some geochemical features (e.9. depletion of LILEs

and other mobile elements) may have been altered. This has made it difficult to
characterise fully the composition of the parental crystallising melts. However
some of the parental melts characteristics can be ascertained from the xenolith
suite:

- the simple mineral assemblage of olivine and/or orthopyroxene +
clinopyroxene + plagioclase are consistent with crystallisation from basaltic melts;

- high Mg#s of the xenoliths are inherited from the high Mg:Mg+Fe ratios

of the mafic minerals (olivine and pyroxenes), which indicate crystallisation from
a primitive melt with high (>50) Mg#s;

- isotopic ratios indicate crystallisation from mantle melts, with little or no
assimilation of isotopically evolved crustal material;

- the two-pyroxene assemblage of the Mounts Hampton, Cumming and
Murphy xenolith suites is consistent with crystallisation from an alkaline melt.
However, the single-pyroxene Mount Sidley xenoliths may have crystallised from
an alkaline melU the absence of orthopyroxene, presence of Ti- and Ca-rich
dinopyroxene/ Cr-poor spinels, late crystallising plagioclase and generally higher
LILE and LREE contents than Hampton, Cumming and Murphy xenoliths at
similar Mg#s, is consistent with an alkaline melt source for these xenoliths. The

MBL xenolith suite also shows no signs of an arc signature (e.g. high Ba and low
Nb), so it is unlikely that the xenoliths crystallised from subduction-related melts;

- a complete lack of meta-sedimentary xenoliths associated with the lower
crustal xenoliths suggests that either meta-sedimentary lithologies were not
sampled by the ascending melts (due to rapid ascent), or that the xenolith suite did
not crystallise in thick continental crust. The absence of geochemical features
associated with assimilation of felsic crust (e.g. high 8751 1855, ratios) further
suggest crystallisation in a region with no felsic material. If the xenolith suite did
not form within felsic crust, they may represent underplated mafic intrusives at
the base of pre-existing crust, or new crust formed in an oceanic environment (i.e.

at a mid ocean ridge or in an extensional rift).
Geochemical similarities of MBL xenoliths to other localities may also be

applicable in determining the source characteristics of the xenoliths (Chapter 7.3).

RE Group granulites are inferred to have been crystallised from tholeiitic or
alkaline melts (Kalamarides and Berg, 1991). As MBL RE Group granulites (from
Mounts Hamptory Cumming and Murphy) were not sourced from an alkaline
melt, the RE Group xenoliths may represent tholeiitic cumulates.
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Some TM Group granulites (from Fiordland, and the Transantarctic

Mountains) show calc-alkaline island-arc characteristics (McCulloch ef al., 1987;

Kalamarides and Berg, L991), while Mount Ruapehu granulites are interpreted to

represent oceanic crust (Graham et aI., 1990). As discussed above, it is unlikely that

the Mounts Sidley and Waesche xenoliths represent subduction related

cumulates. The common characteristic of TM Group xenoliths is their
crystallisation from more evolved melts than RE Group xenoliths (e.g. lower

Mg:Mg+Fe ratios of'mafic minerals). However, they did not necessarily crystallise

from melts of similar composition, with some crystallising from alkaline melts,

and others from sub-alkaline melts.

The characteristics discussed above are not definitive, but do represent the

most probable source for the MBL xenolith suites; i.e. crystallisation as cumulates

from primitive sub-alkaline (RE Group) and more evolved alkaline and sub-

alkaline (TM Group) melts, that evolved by crystal fractionation, possibly in an

oceanic setting.

8,2.3 A stratified loaner crastal model

Geochemical and petrographic relationships between xenolith types in all

the xenolith locatities suggest that the lower crust formed as cumulates from

fractionating melts at various levels in the crust. Geothermometry and

geochemical relationships infer that granulites from Mounts Sidley and Mount

Murphy formed at higher crustal levels than the associated pyroxenites. Mount

Hampton granulites and pyroxenites formed at similar crustal levels, from
primitive melts. These relationships indicate a stratified lower crust, with some

interlayering between granulites and pyroxenites. This is consistent with deep

seismic data from localities world-wide, which indicate a layered lower crust on a

scale of tens to hundreds of metres, formed by the interlayering of lower crustal

rocks, which have been variously interpreted as underplated melts, sills, and

fluids (Hale and Thompson, t982; Blundell and Raynard, 1985; Hall, L985;

Matthews, t985).

The MBL geothermal gradient
From geothermometry and geobarometry estimations of granulite,

pyroxenite and peridotite xenoliths (Table 8.1), a geothermal gradient can be

estimated for MBL (Figure 8.1).

Geobarometric calculations using the method of Gasparik (1984) yietd

pressure estimates approximately one kb too high for single-pyroxene assemblages

(see Chapter 5.4.5 for the limitations of various geothermometers applied to
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granulites). Similarly, geothermometric estimates using the Gasparik method are

approximately 1.00-200 oC too high (Chapter 5.4). To compensate for these errors,
all P-T estimates used to construct the geotherm are based on the Gasparik
method with a modification of -L50"C to bring temperature estimates down to
estimates similar to other methods (Wood and Banno, L973; Wells, L97n.

TABLE 8.1: Pressure and temperature estimations used to construct a geothermal gradient for Marie
Byrd Land (Figure 8.1). P-T estimates using the method of Gasparik (1984) yield estimates
approximately I kb and 150"C too high, so both the original estimates and modified estimates are
shown. The modified estimates have been used in constructing the geotherm.

LOCATION
Gasparik Gasparik Modified Modified

Temperature Pressure Temperature Pressure

Mount Sidley
L Granulites
M Granulites
C Pyroxenites

P Pyroxenites

980 - 1150

1060 - 1150

1080 - 1140

nffi -tzn

4.0,6.5
4.5 - 6.5

9.0 - 11.5

8.0 - 12.0

830 - 1010

9r0 - 1000

930 - 990

1010 - 1090

3.0 - 5.5

J.) - J.J

8.0 - 10.s

7.0 - 11.0

MountHampton
Granulites

Pyroxenites

Opx Pyroxenite

1150 - 1215

1150 - 1225

1140 - 1210

6.5 - 9.5

7.0 - 8.5

8.0 - 9.0

1000 - 1065

1000 - 1075

990 - 1060

5.5 - 8.5

6.0 -7.5
7.0 - 8.0

MountMurphy
4l Granulites
48 Granulites

48 Pyroxenites

54 Pyroxenites

840 - 1070

rL20 -t2L0
1110 - 1230

1190 - 1320

4.0 -7.5

7.0 - 10.0

8.0 - 13.0

7.5 -LL.o

690 -920

970 -t060
9CI - 1080

1040 - 1170

3.0 - 6.5

6.0 - 9.0

7.0 - r2.0

6.5 - 10.0

Peridotites
Mt Hampton
MtMurphy
Mt Cumming
USAS Escarpment

1180 - 1320

1170 - 1270

tr20 -1170

12ffi -1320

17.0 -21.0

15.0 - 17.5

14.0 - 16.0

19.0 - 21.0

1030 - 1170

1@0 - 1120

980 - 1020

1110 - 1170

16.0 - 20.0

r4.0 - 165
13.0 - r5.0

18.0 - 20.0

Geobarometric estimates have been calculated on clinopyroxene
compositions only, with the subtraction of 1 kb to compensate for the high

Pressures that result from single pyroxene calculations for the xenolith suite
compared to two-pyroxene assemblages (the ideal assemblage for this method).

315



Table 8.1. presents the initial data using the Gasparik (1984) method (from

calculations in Part Two), together with the modified estimates used in

constructing the geotherm.

FIGURE E.1: A model for the
geothermal gradient in Marie. Byrd
Land constructed using modified P-T
estimates for the Marie Byrd Land
xenolith suite (no shade = Mount
Sidley; light shade = Mount MurPhY;
dark shade = Mount Hampton (with
black representing two-Pyroxene
xenolith from Mount Hampton);
striped = peridotites from all Marie
Byrd Land localities; and G =
granulites, with other fields being
pyroxenites). The olivine-spinel
stability field is that of Herzberg
(1978), and the garnet, plagioclase
and orthopyroxene stability fields
are those of Wood (1987), The Marie
Byrd Land geotherm is higher than a
typical shield geotherm (e.g. western
Australia) and southeast Australia
(both from O'Reilly and Griffin,
1985), and similar to the Foster Crater
geotherm (Berg and Herz, L985;
Gamble et aL, 7988), reflecting the
high temperature rift environment in
Marie Bvrd Land.

Stabiliry fields of mineral assemblages, such as those of Herzberg (1978) and

Wood (1,987) shown in Figure 8.L, provide constraints on P-T determinations. The

MBL xenolith assemblages fall within these fields: e.g. olivine coexisting with

ptagioclase occurs only in a few granulites that plot above the olivine-sPinel

stability field of Herzberg (L978); garnet-free assemblages plot below the garnet

stability field, and the xenoliths fall below the opx-out field of Wood (L987). These

agreements between experimentally determined stability fields and xenolith

mineral assemblages give added confidence to the P-T determinations of the

xenolith suite.

The calculated geotherm for MBL is higher than typical shield geotherms

(e.g. western Australia; O'Reilly and Griffin, 1985), and similar to the rift-like

geotherm of Foster Crater (Berg and Herz, 1986; Gamble et al., 1988), but with

somewhat higher temperatures. The high temperatures however may be a result

of the problems associated with temperature estimates using the MBL mineral

assemblages as discussed above.
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The petrologic Moho
As discussed in Chapter 1..3, the precise definition of the Moho is uncertairy

especially when defined by seismic means (Hall, L986; Matthews, L986; White,
1988), and compared to that defined by petrologic methodology (Malapas, L978;

Griffin and O'Reilly, 1985). The relationships between the granulites and
pyroxenites discussed above are relevant to identifying a petrologic Moho in MBL.

P-T estimates from the xenolith suite indicate a crustal thickness of up to 40

km beneath Mount Murphy, and up to 35 km beneath the EC& if the pyroxenite

suites are considered to be lower crustal rather than upper mantle (as they have

been in this study). This agrees with crustal thickness estimates based on gravity
anomaly data (Groushinsky and Sazhina, 1982), which indicate a thickness of 30-

35 km beneath central MBL, extending to 40 km at the coast (e.g. Mount Murphy).
However, if only granulites are considered to represent the lower crust, a crustal
thickness of up to 30 km is inferred from the xenoliths. This estimate agrees with
seismic studies, which place the crustal thickness at 25-30 km (Davey and Cooper,

L987; Bentley, 199L).

Differences in crustal thickness estimates by geophysical methods may be

explained by consideration of this petrologic data. The xenolith suite indicates a
depth of 30 km to the granulite-pyroxenite boundary, and up to 40 km to the base

of the pyroxenites; a difference ranging from 5-10 km (Figure 8.2). Crustal
thicknesses in MBL, as deduced by the xenolith suite, will therefore vary
depending on the acceptance of the base of the granulites, or the base of the

pyroxenites as the base of the lower crust (the Moho). Geophysical estimations
may also have (albeit unintentionally) identified one or other of either of these

layers as the Moho. In this wdf r the method of Groushinsky and Sazhina (1982)

may have calculated a crustal thickness to the base of the pyroxenites, whereas the

method of Davey and Cooper (1987) and Bentley (1991) may have calculated a
crustal thickness to the base of the granulites.

If pyroxenites are also considered to represent the lower crust, then
estimates of an average lower crustal composition (Chapter 7.5) would be

significantly more mafic that estimates based solely on granulites, given that
mafic pyroxenites accompany many felsic granulites (e.g. McCulloch et al., 1987).

The occurrence of pyroxenites at lower crustal depths would further widen the
observed rift between lower crustal compositions based on xenolith studies, which
show a mafic lower crust, and studies of granulite terrains that show a more felsic
lower crust.

It has been suggested that this contention reflects the occurrence of mafic
and felsic layers in different levels of the lower crust (Bohlen, 7987; Rushmer,
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1993). P-T estimates for lower crustal assemblages from MBL support this, as meta-

sedimentary amphibolites from the Fosdick Metamorphic Complex, which have

been locally metamorphosed to granulite facies, come from higher crustal levels

at the middle-lower crustal boundary (5-5 kb or 1.5-18 km; Luyendyk et aI., L992;

Smith, 7992), whereas mafic granulitic xenoliths appear to be sourced from deeper

levels of the lower crust (Table 8.1; Figure 8.1). Each crustal level may locally reach

higher or lower depths due to burial or exhumation (e.9. a minority of xenolith
granulites record depths as shallow as L0 km). The paradox between lower crustal
compositions based on xenoliths and terrains may largely be explicable in terms of
this relationship.

Cross section of the MBL lithosphere

Stratigraphic models for the lower crust have been presented for Mounts
Sidley, Hampton and Murphy (Part Two). By integrating these models with
thermobarometric calculations, a cross section for the lithosphere across MBL can

be established (Figure 8.2). Topographic heights representing the basement surface,

and lateral distances are from Drewry (1982) and Le Masurier (1990).

A number of assumptions and limitations have been made in constructing
this model:

- the crust sampled by xenoliths beneath Mounts Hampton and Cumming,
and Mounts Sidley and Waesche, are compositionally similar (Chapter 7.4). It is
assumed that they represent the same crustal segment and are therefore
stratigraphically similar;

- the absence of felsic xenoliths is taken to reflect an absence of continental
type lower crust. The Swanson Formation is the oldest lithologic unit identified
in MBL (Adams, 1986). Metamorphosed amphibolites and granulites from the
Fosdick Metamorphic Complex (Bradshaw et aL,L983; Weaver et a1.,7991) have a

Swanson Formation and granite protolith. These are the highest grade
metamorphic rocks in MBL, and as they have reached the granulite-amphibolite
boundary, are interpreted to represent the middle crust in the Fosdick Mountains
(Luyendyk et aI., L992; Smitb L992);

FIGURE 8.2 (opposite): A cross section of the Marie Byrd Land lithosphere from Mount Murphy at
the coast to the Executive Committee Range (see inset for transect), showing the surface (medium
shade = basement above sea level), approximate level of the ice sheet, the lower crust (light shade
= granulites, black = pyroxenites) with an approximate boundary between granulites and
pyroxenites, the Moho (defined as the base of the pyroxenites) and the upper mantle (dark shade).
Depths are based on P-T estimates of the xenolith suite. Note the variation in the lower crustal
across the EC& with a major discontinuity between Mounts Cumming and Sidlen and the constant
level of the granulite-pyroxenite boundary. Vertical exaggeration of approdmately x5.
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- the base of the crust is represented by the lowermost extent of the lower

crustal xenolith suite (granulites and pyroxenites);

- no attempt has been made to link the crust between sites. The

approximate transition from granulite to pyroxenite dominated segments of the

crust is shown for reference;

- the stratigraphy above the lower crust has not been represented. This is

discussed with the evolution of the crust and tectonic models in Chapter 8.4.

A feature of the cross section is the constant level of the granulite-

pyroxenite boundary across MBL, despite the lateral variation in composition,

produced by the variation in source melt compositions and crystallisation
sequences across MBL.

The variation in the crust between Mounts Sidley and Cumming in the

ECR (the ECR discontinuity) is also shown; it is unclear whether this is an abrupt

change representing a crustal suture, or if it is a transitional change reflecting a

change in source melts laterally. The difference in crustal thickness between these

segments is large (approximately L0 km), however there are no large gravity or

magnetic anomalies associated with this (Bentley, 199L), suggesting that the crust

is thicker than indicated by the xenolith suite (with xenoliths from lower levels

not having been sampled), or that the difference in crustal thickness has been

compensated for by an unidentified feature.

8.3 Modification Processes in the Lower Crust

Secondary processes that have affected the xenolith suite have been

documented and discussed in Part Two (Chapters 4.5, 5.5 and 5.5). This section is a

summary of these processes, and seeks to provide a model for late Cenozoic

lithospheric processes.

8.3.7 Entrainmeat of the xenoliths and ascent to the surface

The entrainment of the xenoliths in the host alkaline melts, and their
ascent to the surface appears to have been rapid. Narrow oxidised rims on the

xenoliths, the small amount of rounding, and the absence of appreciable

decompression melting of mineral phases all indicate rapid ascent to the surface.

Previous estimates of no longer than 50 hours ascent time for mantle and lower

crustal xenoliths (Kushiro et a\.,L976; Spera, 1980) also appear tobe applicable to

the MBL xenolith suite.
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Reactions between xenoliths and host melt have been minimal during
ascent, although pockets of melt have infiltrated some xenoliths. These are easily
identifiable by their limited extent (small pools of glass rather than pervasive
infiltration), and the growth of microphenocrysts identical in assemblage, size and

composition to those in the host magma. Orly narrow reaction rims with
xenolith minerals are evident, and xenolith compositions do not appear to have

been affected by the host melts during ascent to any great extent.

8.3.2 Metamorphism and deformation in the louter crust
Metamorphic fabrics are common in granulites from all localities, and

some pyroxenites (notably those from Mount Hampton) also show distinctive
textural evidence for metamorphic recrystallisation.

The major affect of metamorphism on the xenoliths has been the
recrystallisation of the mineral phases from large igneous grains to smaller equant
polygonal grains with 120" triple junctions. Layering evident in many granulites
is interpreted to be a relic of primary igneous layering, which has been enhanced
by metamorphism (Chapter 2.2.4). Recrystallisation varies from none at all to
complete recrystallisation. Relict igneous textures (such as inclusions of minerals
in other minerals, and zoning of phenocrysts) are evident in xenoliths that have

not been fully recrystallised.

Where igneous minerals have been recrystallised, there is no apparent
difference in composition between the metamorphic minerals and their igneous
parents. In terms of major element chemistry at least, metamorphism appears to
have been closed system.

The affect of metamorphism on elements incompatible in mineral phases

is difficult to estimate. As the xenoliths are cumulate in origin, they have only
small concentrations of elements that are incompatible in xenolith minerals.
While metamorphism may have depleted the xenoliths in mobile elements, the
initially low concentrations of these elements (".9. Rb, K, Th, U) in the xenoliths
makes it impossible to ascertain if this has taken place. Depletion of some

elements may have occurred: e.g. some recrystallised Mount Hampton
pyroxenites have very low LREE element concentrations compared to other
pyroxenites. Other elements however (e.g. mobile trace elements) do not appear to
have been affected. The origin of this depletion is uncertain, however
metamorphism of the xenoliths may have been responsible.

Many xenoliths show no signs of recrystallisation. While they may not
have been metamorphosed at all, it is possible that they have been depleted in
mobile elements by heating that was not sufficient to cause recrystallisation. This
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is particularly possible in high-temperature pyroxenites which are unlikely to be

heated enough to be recrystallised.

Deformation processes are also evident in the xenolith suite, particularly in
the granulite suites, and less so in the pyroxenite suites. In the granulite suite,

large plagioclase are typically broken, due to brittle deformation either at lower

crustal depths or during ascent. Brittle deformation however is not evident in
recrystallised plagioclase, or in pyroxenite plagiodase suggesting that deformation

occurred at lower crustal depths, prior to recrystallisation.

In the pyroxenite suite, ductile deformation is evident as curved exsolution

bands. Ductile deformation in the lower crust has been documented from other

localities (McCarthy et aL,7988; White et aI., 1990; Salisbury and Keen, 1993) and

shearing and faulting has been described in the upper mantle (Peddy, 1984;

McGeary and Warner,1985; Warner and McGeary,1987; Goleby et a1.,1988; Vissers

et al.,1991).

The variation in deformation with depth may be a result of the higher
temperatures present at lower depths. The change in deformation style may be

gradational, or occur at a transitional boundary, signifying a change from one

regime to another. One such boundary could be the change from the mechanical

boundary layer, to the thermal boundary layer in the lithosphere (Parsons and

McKenzie, 1978; White, 1988; Chapter 1.3.1). The boundary between granulites and

pyroxenites from geothermometric estimations (Figure 8.2) is at a remarkably
constant depth, and may correspond with a mechanical layer / thermal layer

boundary.

8,3.3 Metasomatism and PFC processes in the lower ctast

Metasomatic process in the upper mantle have been well documented

through xenolith sfudies, and the combined isotopic and trace element study of
volcanic rocks (e.g. Bailey, L970, 1972; Frey and Pinz, 1978; Bailey, 1982; Dawson,

L982; Menzies et a1.,1985; Harte, 1987; Menzies et a1.,1987; Harte et a1,,1993). Lower

crustal metasomatism however has not been widely recognised, although it has

been documented to occur in the lower crust beneath the Eifel, West Germany
(Stosch et a1.,1986), and Foster Crater, Antarctica (Gamble and Kyle, 1987; Gamble

et aL, 1988). This is unusual, as if lithospheric mantle has been metasomatised

then it is realistic to expect juxtaposed lower crust to also have been affected by
these processes, if only to a minor extent. This section summarises the process and

effects of metasomatism on the lower crust in MBL.
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Definition of metasomatic processes

Lower crustal xenoliths from Mount Sidley have been extensively enriched

by their host alkaline melts. This process has resulted in the oxidation of olivine,
disequilibrium sieved textures in plagioclase adjacent to the melt growth of large

secondary minerals (plagioclase, Fe-Ti oxides and apatite), replacement of
clinopyroxene by kaersutite, and an enrichment in mobile elements (e.g. Rb, K,

LlLEs, LREEs).

There is increasing evidence that the metasomatic process was an in situ

process, and did not occur simply as a result of infiltration by the transporting
melt during and/or after eruption (Harte ,1983, 1987; Menzies, 1983; Dawson, 1984;

Gamble and Kyle, L987). Harte (1987) considers simple intrusions of melt into
rocks as separate from metasomatism. However, when a fluid penetrates a solid
body along grain boundaries and reacts with minerals of the solid to produce new
minerals, then the process can be considered as metasomatic. The pervasive
infiltration of melts at lower crustal depths along grain boundaries in the Mount
Sidley xenolith suite is therefore considered to be a metasomatic process.

Metasomatism evident in the MBL xenolith suite
A major consequence of infiltration by the alkaline melts has been the

growth of large secondary minerals (Fe-Ti oxides, plagioclase, apatite and
kaersutite; e.g. Plates 4.1.5 and 4.16), i.e. modal (or patent; Dawson, L982)

metasomatism (Harte, 7987; Menzies et al., 1987). Two types of modal
metasomatism occur here: the growth of mineral phases from silicate melts,
which is dominant in the granulite suite (Chapters 4.5.3,5.5.1 and 5.5.2); and the

replacement of clinopyroxene by kaersutite (kaersutitisation; Chapter 4.5.2),

typically without any or only minor amounts of residual melt present, dominant
in the pyroxenite suite. The chemical result of this process is the enrichment of
the xenoliths in elements that partition readily into these phases (e.g. Fe, Ti, Na,
K, P, H2O, HFSEs).

In addition to enrichment by these elements, there is evidence for the
enrichment of mobile elements in the lower crust by the melt; i.e. cryptic
metasomatism (Harte, L987; Menzies et al., L987). Elevated LILE and LREE element
concentrations are evident in many metasomatised xenoliths. Pb isotopic ratios
have also been affected by enrichment, with the xenolith suite showing a wide
variation in Pb composition from unradiogenic (initial) ratios to radiogenic
(inherited) values. 873t1865, 

"r.6 
1a35i4714154 ratios do not appear to have been

affected, possibly due to the insensitivity of Sr-Nd isotopic systematics to
enrichment by a St Helena-like (HIMU) component (Wilson, 1989; Chapter 4.6.3).
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This is in agreement with studies that have shown that while LREE, Rb and Sr

compositions may change due to melt infiltration, 873t 1863t and especially
1435J47t++Nd ratios are typically not affected (Lee et a1.,1993).

Metasomatism in the granulite suite (with secondary Fe-Ti oxide, apatite

and plagioclase growth) has resulted in the enrichment of elements such as Fe, Ti,

P, Na, K, HFSEs, LILEs, LREEs, whereas metasomatism by replacement of
clinopyroxene by kaersutite in the pyroxenite suite has resulted in enrichment in
elements such as K, H2O, Rb and LREEs. The first process is very similar in affect

to Fe-Ti metasomatism by silicate melts in the upper mantle, and the second

process is similar to K-metasomatism by hydrous fluids in the upper mantle

(Menzies et aI., L987). There is however some debate as to whether the second

process is due to hydrous fluids or to silicate melts. Harte et aI. (1.993) considers

both types of metasomatism to be due to silicate melts, and Gamble and Kyle

(1987) have shown kaersutitisation at Foster Crater to be due to silicate melts.

Small amounts of silicate melt have been detected in association with
kaersutitisation in the Mount Sidley xenolith suite (Chapter 4.5.2), suggesting that

this process is also related to silicate melts. The two metasomatic processes may

therefore be linked.

Models for the metasomatism of the MBL lithosphere

The contrasting styles of metasomatism can be represented in the two
models of Figure 8.3. Kaersutitisation is associated with only minor amounts of
melt, and results in the replacement of an anhydrous mineral phase

(clinopyroxene) with a hydrous one (kaersutite), indicating that hydrous melts are

involved. Replacement occurs along well defined boundaries, with the formation

of intermediate phases (rhonite, plagioclase K-feldspar and olivine may all be

involved), through the clinopyroxene as an advancing front, rather than around

grain boundaries or tfuough cracks. This style of metasomatism is similar to water

seeping through paper; i.e. the 'blotting paper' model of Figure 8.3a.

Metasomatism in the granulite suite involves a melt infiltrating along

grain boundaries, crystallising secondary minerals (Figure 8.3b). The secondary

minerals are larger than minerals that crystallised from melts at the surface,

indicating longer growth times than is available during ascent. Their large size

suggests that the small amount of mafic melt associated with the minerals could

not have crystallised them. A constant flow of melt crystallising the minerals, is
necessary. Furthermore, the mafic composition of the minerals (e.g. calcic

plagioclase) indicates that the melts have not become too evolved (i.e. felsic), and

so could not have crystallised the minerals by themselves; greater volumes of
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melt were necessary. These features, as well as the form of the secondary minerals
(joining on the xenolith minerals, with typically euhedral faces on the melt side;

Figure 8.3b), can be likened to precipitates that form on the walls of pipes, from
fluids that continue to flow; i.e, a 'plumbing' style of metasomatism (Figure 8.3b).

a) Blotting paper model

b) Plumbing model

I Fe-Ti oxides

ffii 

-i
fi:iiiiiiiili:l Clinopyroxen€ l_l

f Kaersutite

Plagioclase
(with rim

overgrowth)

Apatite

Migratingmelt

Pores

m
ffi
E

FIGURE e.r: Styles of metasomatic processes in the Marie Byrd Land lithosphere, include the
'blotting paper' and 'plumbing system' styles. a) Metasomatism by hydrous silicate melts results in
the replacement of clinopyroxene by kaersutite from hydrous fluids seeping through the
clinopyroxene along an advancing front, rather than along grain boundaries, as water absorbs
through blotting paper. b) Metasomatism by silicate melts occurs along grain boundaries, resulting in
the crystallisation of secondary minerals (Fe-Ti oxides, plagioclase, apatite) from migrating melts,
similar to precipitates forming from fluids in pipes.

The occurrence of differing styles of metasomatism in the granulite and the

Pyroxenite suites may explain the contrasting styles. Melts do not appear to be

capable of infiltrating the dense pyroxenites other than through veins (which are

not common), making the pyroxenites virtually impervious to melt
metasomatism. Dihedral angles of the minerals determine if pores are linked
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(angles <50o make a rock permeable), allowing melts to migrate through them, or

separate (angles >50o make a rock impermeable), trapping any melt present (Bulau

et aI., 1979; McKenzie, L984; Cheadle, 1989; Harte et al., 1993). Compression of the

pyroxenites following expulsion of the crystallising melt may have resulted in
high dihedral angles, and the closing of pores, resulting in the impermeability of
the pyroxenites (Harte et aI., L993').

Silicate melts have pervasively in-filtrated the mafic layers of granulites, but
not plagioclase layers. The layering of the granulites may act as permeable and

impermeable layers, allowing the melt to pass through much as an artesian

system or petroleum reservoir, resulting in a plumbing style of metasomatism

along grain boundaries. Vertical ascent of the melt can then occur up-dip tfuough

the layers, along cracks and conduits, allowing the melts to reach higher crustal

levels, and ultimately the surface.

The contrasting styles of metasomatism may therefore reflect the different
physical properties of the pyroxenite and granulite suites, rather than two separate

and contrasting processes. The composition of melts associated with both styles

are similar, further indicating that they are the result of the same agent (Chapter

4.5.4), as suggested by Gamble and Kyle (1987) and Harte et aL, (1993), and not
mutually exclusive processes.

Affects of metasomatism on the infiltrating melts

The crystallisation of secondary minerals from the melt, and its reaction

with the lower crust and upper mantle, will have an affect on the composition of
the melt as well as the lithosphere. Crystallisation of plagioclase, apatite and Fe-Ti

oxides in the MBL xenoliths equates to fractionation of these minerals by the

infiltrating melt, and reactions of the melt with xenolith phases results in
assimilation of lithospheric material by the melt by percolative processes

(McKenzie, 1984; Navon and Stolper, 1987; McKenzie and O'Nions, 1991.). The

combination of these processes has been previously recognised in upper mantle

peridotites, and termed 'percolative fractional crystallisation' (PFC) by Harte et al.

(1993). This differs from normal crystal fractionation, as the melt maintains at

least partial equilibrium with the host rock phases; e.g. equilibrium with olivine
will maintain high Ni and Co contents in the melt.

If the infiltrating melt subsequently escapes the lower crust and erupts at

the surface, and if the volume of lower crust affected is large, PFC processes will
have a major influence on the composition of the melt by the time it reaches the

surface. This process has been documented in oceanic crust in Newfoundland,

Canada, which has acted as a reactive filter to primary magmas. The evolution of
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these magmas owes as much to assimilation and reaction with older cumulates
than to fractional crystallisation (Bedard, L993). One consequence of PFC in the
MBL xenolith suite is that the melt may actually become more mafic in
composition with PFC: plagioclase fractionation would lower the SiO2 content of
the melt, and Fe-Ti oxide crystallisation may increase its Mg-number (provided
olivine crystallisation did not occur).

8.3.4 Plume-litho sphere interaction
The presence of a mantle plume beneath MBL has been suggested mainly

from the geochemical characteristics of the late Cenozoic volcanic rocks, and their
age ranges and trends (Hole and Le Masurier, L990; Behrendt et aI.,L99L;Kyle et

aI., t99L; Storey and Alabaster, L99L; Behrendt et aI., L992). The plume is
responsible for the vast amount of alkaline magmatism that has erupted in MBL
in the late Cenozoic.

A mantle plume beneath the MBL is likely to have an affect on the crust. The

enrichment of the lower crust beneath Mount Sidley is attributable to the
volcanism generated by the plume. Only Mount Sidley however has been greatly
affected by enrichment from alkaline melts. Pb isotopic ratios in the Mount
Hampton xenoliths seem to have been affected by the plume, but no other
enrichment has occurred. This is unusual considering the similarity in xenolith
types across MBL.

Metasomatism of the lower crust beneath Mount Sidtey may be due to a

close proximity of the plume head, or at least of pathways for metasomatic fluids
to traverse the lithosphere. However, the present position of the plume axis is
considered to be beneath the USAS Escarpment, i.e. closer to Mount Hampton
than Mount Sidley. Furthermore, the upper mantle peridotites from the USAS
Escarpment show signs of being depleted in LREEs compared to HREEs, and not
enriched. Perhaps further work on the systematics of the plume will provide an

answer to this apparent paradox.

8.4 Evolution of the Marie Byrd Land Crust

The examination of the structure of the MBL lower crust is important in
ascertaining the evolution of the crust and its tectonic history. This section seeks

to examine the geologic history of MBL and present a model for the evolution of
MBL since its origin as oceanic crust.
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8,4.7 Stratigraphy of the MBL cnrst

A stratigraphic column for MBL has been established on the basis of
lithological units exposed at the surface (e.g. Laird, t991a and 1991b; Figure 1.5).

The incomplete stratigraphic record is partially a result of the limited exposure of

rock in MBL, and partially a record of periods of erosion and non-deposition.

In summary, the stratigraphy of the upper crust is as follows (see Chapter

L.2.3; Figure 1.5):

- the Swanson Formation (mudstone and sandstone submarine turbidites)

is the oldest (up to c. 593 Ma; Adams, 1986) exposed unit in MBL and constitutes

the basement rock;
- the Ford Granodiorite intruded the Swanson Forma.tion in Late

Devonian-Carboniferous times (360-390 Ma; Adams, L987). Calc-alkaline
metavolcanics from the Ruppert Coast may be correlative with the Ford

Granodiorite;

UPPER CRUST

Volcanic levas and sediments:
associated with Cenozoic alkaline
volcanigm

Deep marine sediments:
turbidite mu& and sands of the
Swanson Fm

Fosdick Metamorphic Complex:
meamorphosed Swaruon Fm and granitoid
amphibolites and granulites

Granulite:
mafic meta-i gneous gabbroo
and lcucogabbros,
interlayered with pyroxenites

Pymxenites:
mafic pyroxeni c, wehrlite
and websteriE cumula tes,
rcleted to the granuliles

MIDDLE CRUST

LOWER CRUST

MOHO

UPPER MANTLE
Peridotites:
ultrarufic li thospher ic
spinel lherzolites with
Crdiopside veim

50

Depth (km)

FIGURE s.t: Idealised section through the Marie Byrd Land lithosphere based on outcrops at the
surface and xenoliths entrained in basanitic magmas. This model assumes that as other lithologies
are not exposed at the surface, or entrained in magmas, that they are not present. Depths are
obtained from P-T calculations.
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- the Byrd Coast Granites were emplaced into the crust as two pulses at c.

140 Ma and c. 110 Ma (Adams, L987), in response to extension and uplift;
- late Cenozoic alkaline volcanics associated with the West Antarctic Rift

system constitute present growth of the crust.

The composition of the upper crust therefore has been dominated by
igneous activity, with virtually no sedimentary processes recorded since

deposition of the Swanson Formation in Ordovician times.

Middle crustal rocks have been exposed in the Fosdick Mountains, where

meta-sedimentary amphibolites (locally granulites) of the Fosdick Metamorphic

Complex formed from a Swanson Formation and granite protolith (Bradshaw ef

al., 1983; Weaver et al., 1991,; Luyendyk et aL, 1992; Richard, 1992; Smith, L992). P:l
estimates on meta-sediments from the Fosdick Metamorphic Complex indicate

equilibration at 725-780 oC and 5-5 kbs, equivalent to middle crustal de.pths

(Luyendyk et aI., L992). These conditions suggest that the xenolith suite,

representing the MBL lower crust and upper mantle, underlies the Fosdick

Metamorphic Complex and Swanson Formation sediments. On the basis of these

observations/ a stratigraphic model for the MBL lithosphere can be established

(Figure 8.4).

8.4.2 Crustal grouth
Various models, depicted in Figure 8.5, have been proposed for the growth

of continental crust (Dewey, 1986). A number of the features of the tectono-

stratigraphic history of MBL are pertinent in considering the evolution and

growth of the MBL crust:

- the lower crust, as defined by xenolith sfudies, consists of mafic sub-

alkaline cumulates that formed in an oceanic (possibly ridge) environment, and

alkaline mafic cumulates of less certain origin;
- deep marine turbidites (Ordovician Swanson Formation) constitute the

basement in MBL (Adams, 1986). These have been metamorphosed to
amphibolite and granulite facies, indicating burial to middle crustal levels (Smith,

1ee2);

- two periods of granitic magmatism, associated with metavolcanics and

deformation (Late Devonian-Carboniferous and Cretaceous), are the main events

to have affected MBL, prior to more recent volcanism associated with rifting of
the West Antarctic Rift. The crust was built up by a combination of magmatism
and compression associated with deformation during these periods;

- long intervals are not represented by the stratigraphic record, and may
represent periods of quiescence and erosion. In particular, there was a period of
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erosion of MBL is thought to have occurred, resulting in the deposition of the

Torlesse Supergroup turbidites offshore of MBL in New ZeaLand (Bradshaw et al.,

r.e81).
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These relationships suggest that the most probable model for the formation
of the MBL lithosphere is as oceanic crust. In particular, the sub-alkaline cumulate

nature of the lower crust of the northern ECR and the presence of deep-marine

turbidites as the oldest basement rock is reminiscent of oceanic crust. Subsequent

growth of the crust has occurred due to a number of igneous and tectonic events

that have thickened the crust, including the deformation and metamorphism of
Swanson Formation sediments, the intrusion of granites, and the eruption of calc-

alkaline (subduction related) and alkaline (rift related) volcanics (an origin similar
to numbers 8 and 9 of Figure 8.5).

8.4,3 Tectonic reconsttactions of MBL
A model for MBL forming as oceanic crust and its subsequent growth has

important implications in reconstructing the tectonic evolution of MBL since

Paleozoic times. As the geologic and tectonic history of MBL is related to the

Transantarctic Mountains and Ross Embayment of Antarctica, SE Australia, New

Zealand, and the Campbell Plateau (Chapter 1.2), a summary of the geology and

tectonic history of other regions once adjacent to MBL will be helpful in
understanding its tectonic history (Figure 8.6).
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FIGURE 8.5: Chronostratigraphy of the Transantarctic Mountains, Ellsworth Mountains and Marie
Byrd Land in Paleozoic times (from Laird, t99la and 1991b). Vertical lines show periods of non-
deposition or erosion; wavy lines depict unconformable relationships. Unconformities within the
Beacon Supergroup are not shown. GV = Gallipoli Volcanics; LPV = Lawerence Peaks Volcanics; BPV

= Black Prince Volcanics; RBC = Ruppert Coast Metavolcanics; * = fossil horizons (+) = fossils not in
situ; + = isotopic ages (diagenesis) on sediments; star = isotopic ages on volcanics. The time scale is
that of Harland et aI. (1982).

331



Arytureiglt

Paleozoic history of the paleo-Pacific margin of Gondwana
Pre-Cambrian and Cambrian sedimentation in the Transantarctic

Mountains consisted of shallow marine and shelf sediments and silicic volcanics

along the late Proterozoic paleo-Pacific margin of Antarctica, which trended along

the present day Transantarctic Mountains. Deposition ceased with a period of
uplift, metamorphism and emplacement of granitoid intrusions along the length
of the Transantarctic Mountains in Ordovician times (approximately 500 Ma).

This event, termed the Ross Orogeny (Gunn and Warren, 7962), has been

interpreted to be associated with a cratonisation event with west-dipping
subduction along the Cambro-Ordovician paleo-Pacific continental margin of
Antarctica (Stump, 1982; Borg, 1983; Schmidt, 1983; Weaver et aL,1984; Borg et al.,

1987). The Ross Orogeny was followed by non-marine deposition of the Late

Devonian to Late Triassic - Early |urassic Beacon Supergroup, in an intracratonic
environment (Barrett, 798I; Woolfe, L99L). Westward subduction continued to the

east of the craton from Devonian times, with the Devonian paleo-Pacific margin
being close to the present day Northern Victoria Land and MBL coasts (Dalziel and

Elliot, L982; Elliot, L986; St |ohn, 1986; Woolfe, I99L).

In Northern Victoria Land, three terranes separated by tectonic boundaries

can be identified; these are (from the Transantarctic Mountains to the Ross

Embayment) the Wilson, Bowers and Robertson Bay terranes. The Wilson terrane

is autochthonous to the Transantarctic Mountains, but the Bowers and Robertson

Bay terranes are allochthonous (Weaver et aI., L984; Borg et aL, 1987; Bradshaw,

7987; Laird, t99'l.a and 1991.b), and consist of Cambrian deep marine fan and/or
island arc sediments. Granitoids associated with the Ross Orogeny are present in
the Wilson terrane, but not in the Bowers or Robertson Bay terranes. While the

Wilson and the Bowers and Robertson Bay terranes were not immediately
adjacent during the Ross Orogeny, they may have been subjected to a common
tectonic (but not magmatic) event at this time (Adams, 1985; Laird, 1991a and
1991b). Sedimentation ceased in the Bowers and Robertson Bay terranes from
Early Ordovician times until the Devonian, when I-type (using the terminology of
White and Chappell, L983) granites (the Admiralty Intrusives; Borg et al., 1986),

dated at 390-360 Ma (Borg et aL, 1987) were intruded. These granites do not occur
in the Wilson terrane. Calc-alkaline volcanism, and a period of post-Middle
Devonian deformation, followed granite emplacement, and preceded the
deposition of the Beacon Supergroup in all three terranes.

Similar lithologies to those of the Bowers and Robertson Bay terranes are

present in New Zealand and in MBL. Cambro-Ordovician deep marine sediments
(the Greenland group of New Zealand, and the Swanson Formation of MBL) have
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been tentatively correlated with the Robertson Bay Group turbidites (Adams, 1981;

Grindley and Davey, 1982; Wade and Couch, L982; Adams, 1986; Laird, 1991a and

1991b; Woolfe, L99L). Deep marine sedimentation ceased with an Ordovician

deformational event, dated at c. 450 Ma (Adams, 1985). This is 50 Ma after the Ross

Orogeny in the Transantarctic Mountains, which has not been identified in either

New Zealand or MBL. The Middle Devonian to Early Carboniferous period saw

the intrusion of granitoids, including the broadly S-type Karamea Batholith of

New Zealand (Tulloch, 1983), and the I-type Ford Granodiorite of MBL (Wade ef

al., L977b; Adams, t987; Weaver et al., L99L), followed by calc-alkaline volcanism

(Grindley et aI., 1980) and deposition of carbonaceous sediments, that have since

been strongly deformed.

FIGURE 8.7: Early-middle Paleozoic
tectono-stratigraphic provinces of
Antarctica, consisting of the
Transantarctic Mountain and Ross Sea
provinces (after Laird, 1991a and
1991b). Dashed line shows the
estimated boundary between these
provinces of Laird (1991a and 1991b).
Thick dashed lines show
discontinuities defined by xenoliths in
the Transantarctic Mountains and the
Ross Embayment of the McMurdo
Sound region (Kalamarides et al.,
L987), and in the Executive Committee
Range in Marie Byrd Land
(Wysoczanski and Gamble, 1,992); a
dotted line is an estimated
continuation of these boundaries,
which are interpreted to represent the
province boundary. The McMurdo
Sound and ECR crustal boundaries do
not join up due to tectonic movements
(mainly rifting) since the Paleozoic.

From the stratigraphy of Antarctica, two early-middle Paleozoic tectono-

stratigraphic provinces (Figure 8.7) can be identified ( Laird, t99la and 1991b).

These consist of Northern Victoria Land (Bowers and Robertson Bay Group) and

MBL, which comprise the Ross Sea Province, and the Transantarctic Mountains

(including the Wilson Terrane), which comprise the Transantarctic Mountains
province.
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The boundary between these provinces is vague, and an estimate is shown as

a dashed line in Figure 8.7. The lower crustal discontinuity between the Ross

Embayment and the Transantarctic Mountains in the McMurdo Sound region
(Kalamarides et al., t987) is also shown, and is taken here to represent the best

possibility for the boundary between the tectono-stratigraphic provinces. If the

lower crustal discontinuity in the ECR (Wysoczanski and Gamble, 1992; this study)

also defines a major crustal suture, then the province boundary can be inferred to

coincide with the ECR discontinuity. The geochemical similarity between the

northern ECR and Ross Embayment lower crusts, and the southern ECR and TM
lower crusts (Chapter 7.4) supports extending the province boundary to the ECR.

The boundaries do not join, probably as a result of rifting and rotation of MBL
from the Antarctic continent since Paleozoic times (Chapter 1.2.2).

Paleozoic accretion of allochthonous terranes to East Antarctica
The differences in geologic and tectonic evolution between the different

provinces is considered to represent the allochthonous nature of Northern
Victoria Land and MBL (as well as SE Australia, New Zealand and the Campbell
Plateau), to East Antarctica, and their suturing some time in the Paleozoic (Cooper

et aI., L982; Bradshaw et al., t983; Adams, L986; Laird, 1,991a and 1991.b; Weaver et

al., L99I).

In terms of Paleozdic reconstructions, there are four main events that are

important in reconstructing this region: firstly, the absence of the Ordovician
granites associated with the Ross Orogeny (c. 500 Ma) in the Bowers and Robertson

Bay terranes of Northern Victoria Land, in New Zealand and in MBL, and the

presence of a deformational event at c. 450 Ma in New Zealand and MBL; secondly

the presence of a subduction system along the paleo-Pacific margin of Antarctica
from Ordovician times; thirdly the absence of Devonian granitoids and a

deformational event in the Transantarctic Mountains province; and fourthly the

tectonically inactive environment from Late Devonian times evidenced by the

deposition of the Beacon Supergroup in Victoria Land (Woolfe, l99l), and of the

Torlesse Supergroup in New Zealand (sourced from MBL; Bradshaw et aI., 1981),

in deformation-free environments.
Two models (with some variations) have been proposed for the accretion of

the allochthonous blocks to Antarctica; in Ordovician, and in Devonian times.

il ardovician accretion of allochthonous terranes to East Antarctica

The Ross Orogeny has been proposed to be a collisional event, representing
the suturing of allochthonous terranes to East Antarctica in Ordovician times
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(Vetter and Tessenshon/ 1987; Findlay, 1987; Woolfe, 1991). The absence of
Ordovician granites in the Bowers and Robertson Bay terranes, and in New

Zealand and MBL, combined with the later period of deformation (at c. 450 Ma) in
New Zealand and MBL, is problematic. This model requires the suturing of New

7-ealand and MBL to Antarctica some 50 Ma later than Northern Victoria Land.

Such a model allows the Devonian granites (Ford Granodiorite, Karamea

Granite and Admiralty Intrusives) to be Caledonian-type (Pitcher, 1983) post-

tectonic magmatism granites, generated during uplift and adiabatic melting of
igneous underplate. This can account for the presence of both I-type and S-type

granites at this time (Weaver et aI., I99l). The oceanic lower crust beneath MBL
(as well as the Ross Embayment (Berg and Wu, L992) and probably New Zealand

(Graham et a1.,1990) would have been capable of generating such melts.

b) Deoonian accretion of allochthonous terranes to East Antarctica
Devonian suturing of the exotic terranes to East Antarctica prior to

deposition of the undeformed Beacon Supergroup has also been proposed (Borg et

aL,L987; Weaver et a1.,L991,). This is an attractive model as it explains the similar
geological histories of the Ross Sea province blocks up to and beyond Devonian

magmatism. In particular, the absence of Devonian granites in the Wilson
terrane, and the presence of Beacon Supergroup sediments in both the Wilson
terrane and the Bowers and Robertson Bay terranes, suggests that they were joined

at this time, and not before.

This model requires the Devonian granites to be subduction-related
Cordilleran-type granites. The S-type granites from New Zealand may be

problematic in this respect, but need not be. Weaver et aI., (1991) suggested that

they may represent the continental inboard side of the active margin of the

allochthonous block. The S-type granites would therefore delineate thicker
continental crust beneath New Zealand, and thinner crust beneath Northern
Victoria Land, the Ross Embayment, and MBL. The MBL crust is thin (this study),
as is the Ross Embayment crust (Berg and Wu, 1,992). While this does not
necessarily support the Devonian suture model, it does not dispute it.

The lack of a widespread Devonian orogeny indicates that accretion was

generally passive. However, there is some evidence of Middle Devonian
magmatism and deformation in MBL and Northern Victoria Land. Deformed
metavolcanics and sediments that post-date granite intrusion (Middle Devonian)
are present in Northern Victoria Land and MBL (the Borchgrevink Event;

Craddock, L972; Laird, I991.a and 1991.b). This was followed by deposition of the

Beacon Supergroup during a tectonically inactive period in Northern Victoria
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Land, and a period of erosion in MBL, resulting in deposition of the Torlesse

Supergroup in New Zea\and (Bradshaw et aI, 1981). In the Transantarctic

Mountains, there is also evidence for a Devonian deformational event (the

Shackleton Event; Rowell et aL,1988; Laird, 1991,a and 1991b). This event however

was probably prior to the Borchgrevink Event, and was not associated with

magmatism. The lack of deformation in East Antarctica and deformation in the

allochthonous blocks is a major problem yet to be reconciled with this model.

Tectonic reconstructions for MBL since Lower Paleozoic times

On the basis of the structure of the crust, the difference in crustal blocks,

and the geologic and tectonic events recorded by the stratigraphy, a model for the

post-Cambrian evolution of MBL can be established. While there are many

possibilities for such reconstructions, the model proposed in Figure 8'8 is

preferred, as it is simple, fits in with other areas of Gondwana, and best explains

the observed stratigraPhY.

Pre-Cambrian reconstructions for this region of Gondwana are unresolved,

mainly due to the incomplete pre-Cambrian stratigraphic record in Antarctica.

Borg and DePaolo (1990) have proposed a model based on the identification of

crustal provinces in East Antarctica from model ages of granite sources. This

model involves the accretion of the Beardmore microcontinent to east Antarctica

in late Proterozoic times, possibly resulting in the Beardmore Orogeny (Grindley

and McDougall, 1969; Stump, 1981; Stump et aL,1988) some time between 800-550

Ma.
More recently, it has been proposed that southwest United States was

joined to East Antarctica and Australia in pre-Cambrian times (Moores, L991';

Dalziel, 199I; Hoffman, 1.99I). In such reconstructions, MBL is placed between

southwest United States and East Antarctica, whereas New Zealand and Northern

Victoria Land are not constrained. Rifting of East Antarctica and southwest United

States is thought to have occurred in latest Pre-Cambrian times.

FIGURE 8.8 (opposite): A model for tectonic reconstructions of Marie Byrd Land (MBL; consisting of

Mount Sidley-(3) crust in the south, and Mount Hampton (H) crust in the north) and the Campbell

Plateau/New Zealand (CP/NZ) since Paleozoic times. a) The similarity in the lower crust between

MBL, CPINZand the Transantarctic Mountains (East Antarctica; EA) suggests that these provinces

may have been joined in Cambro-Ordovician times, when Swanson Formation sediments were

deposited in MBL and CP/NZ as turbidites on oceanic crust. Southwest United States (SW US) is

aepicted as rifting away from EA. b) Alternatively, MBL and CP/NZ may have accreted to EA in

Ordovician times-(during the Ross Orogeny), or as a passive accretion in Late Devonian times, prior-

to deposition of the Beac-on Supergroup. c) Subduction in Devonian times resulted in the intrusion of
graniies, eruption of volcanics ar,a aeformation in MBL and NZ/CP, but had no effect in EA, possibly

Iue to its distance from the trench. d) The Mesozoic was a period of tectonic inactivity, with erosion

of MBL sourcing deep marine sediments of the Torlesse Supergtoup in NZ. e) MBL and NZ/CP rifted

apart in the Cretaceous (approximately 100 Ma), associated with granite emplacement.
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The reconstruction presented here shows southwest United States rifting
from East Antarctica during Cambro-Ordovician times, although this is not

essential to the model (Figure 8.8a). More importantly is the similarity between

the southern ECR and the Transantarctic Mountains lower crusts, which suggests

that they may belong to the same crustal block. The northern ECR crust would

simply represent oceanic crust, offshore from the continents, where Swanson

Formation sediments were being deposited in a deep marine environment,

sourced from the East Antarctic craton. Turbidites were also deposited in New

Zealand at this time (Greenland Group).

Alternatively, MBL and New Zealand may still have been offshore from
East Antarctica, and have sufured to the craton in Ordovician or Devonian times

(Figure 8.8b). As previously discussed, this suturing is still a contentious issue. If
suturing was Devonian, Swanson Formation sediments would have to have been

deposited from an unknown source, not Antarctica.

Subduction occurred during Late Devonian-Carboniferous times, and

coincided with a period of granitic emplacement, volcanism and deformation in
the allochthonous blocks, resulting in thickening of the MBL crust (Figure 8.8c).

East Antarctica was unaffected by this event due to its distance from the trench. As

discussed above (Devonian accretion of allochthonous blocks to East Antarctica),

subduction may have been accompanied by a collisional event. However, if this

was the case, and subduction was west-dipping as seems likely, then the trench

would have to have moved offshore from MBL and New kaland for magmatism

to have affected the allochthonous blocks.

Following subduction, there was a period of quiescence/ with erosion in
MBL resulting in the deposition of deep marine turbidites of the Torlesse

Supergroup in New Zealand (Figure 8.8d). This period was interrupted by the

rifting of MBL and New Zealand in the Mesozoic (Figure 8.8e), and finally late

Cenozoic alkaline volcanism in MBL associated with a mantle plume, and the

opening of the West Antarctic Rift.

8.5 Conclusion

The stratigraphy of the MBL crust has led to a model for the formation of
the MBL crust as oceanic crust, represented by the lower crustal granulite and

pyroxenite xenolith suites, overlain by deep water turbidites (the Swanson

Formation), probably in latest pre-Cambrian or Early Cambrian times. Two early-

middle Paleozoic tectono-stratigraphic provinces can be recognised in Antarctica,
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which consist of autochthonous East Antarctica, and the allochthonous blocks of
Northern Victoria Land, New Zealand and MBL. It is proposed that the lower
crustal discontinuities identified in the Ross Sea and in the ECR represent the

boundary between these provinces. Suturing of the allochthonous blocks to East

Antarctica occurred in the Paleozoic, and several tectono-magmatic events

including granite emplacement, volcanism, and deformation associated with
subduction and rifting, has resulted in the growth of MBL.

The most recent event in MBL, the late Cenozoic alkaline volcanism

related to a mantle plume, has modified the composition of some parts of the

lower crust, particularly beneath Mount Sidley. Alkaline melts have resulted in
two stytes of metasomatism, one dominant in the pyroxenite suite, and one in the

granulite suite. The composition of the melts will also have been modified by

these metasomatic processes, resulting in percolative fractional crystallisation of
the melt; the extent of this process can not be ascertained by this studp but is a

compelling reason to extend this work to a more detailed isotopic study.
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Chapter nine
SuunaeRY AND coNcLUSroNS

9.1 The Xenolith Suite

The study of a suite of xenoliths from the lower crust and upper mantle of
MBL, which includes granulitesr p/roxenites and peridotites, has brought an
insight into the composition and processes occurring within the lithosphere of
MBL, and has enabled comparison with xenolith suites world-wide. The xenolith
suite has been documented in Part Two of this study, and the results discussed in
Part Tfuee. A brief summary of the main conclusions is presented here.

9.2 Composition of the Marie Byrd Land Lithosphere

Upper mantle peridotites from MBL were collected from Mount Cumming
and Mount Hampton in the EC& from the USAS Escarpment to the north of the
EC& and from Mount Murphy, some 450 km east of the EC& on the MBL coast.

Lower crustal xenoliths from three major sites have been documented: Mount
Sidley, in the south of the ECR; Mount Hampton, approximately 100 km north of
Mount Sidley at the northern end of the EC& and Mount Mr:rphy.

The upper mantle beneath Mount Hampton and Mount Murphy consists

of dunites, spinel lherzolites (with variable amounts of Cr-diopside), and Cr-
diopside veins, and shows a large variation in composition. This compositional
range is largely a reflection of the variable amounts of Cr-diopside in the
peridotites, and indicates a generally 'fertile' upper rnantle in these regions. Some

peridotites are LREE-enriched, and may have been enriched by mantle
metasomatic processes. In contrast, peridotites from Mount Cumming and the
USAS Escarpment consist of spinel lherzolites, with little variation in
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composition. USAS Escarpment peridotites are LREE-depleted, and indicate a

more 'infertile' upper mantle, depleted by partial melting.

Mount Sidley lower crustal xenoliths consist of a suite of granulites and

pyroxenites that crystallised as cumulates from one or more related (probably

alkaline) mantle melts. A ptagioclase-poor pyroxenite suite (termed Type P

pyroxenites) crystatlised at the greatest depth, and from the most primitive melt.

Successive cumulates crystallised from more evolved melts and at higher levels,

and include plagioclase-bearing pyroxenites (TyPe C pyroxenites), mafic-rich

plagioclase granulites (Type M granulites), and well layered mafic-poor plagioclase

granulites (Type L granulites). The primary mineral assemblage consists of

clinopyroxene + olivine + plagioclase + spinel, which occur in variable

abundances in each xenolith type. A single granulite from Mount Waesche is

compositionally similar to Mount Sidley granulites.

The Mount Hampton lower crustal xenolith suite consists of granulites and

pyroxenites that crystallised as cumulates from a sub-alkaline mantle melt (or

melts). The mineral assemblage consists of orthopyroxene + clinopyroxene +

plagioclase + spinel, with olivine occurring (together with orthoPyroxene) in a

minority of xenoliths. Mineral P-T equilibria suggest the granulites and

pyroxenites crystallised at similar levels in the crust, with the only difference

between them being the dominance of plagioclase in the former. Mount
Cumming granulites are compositionally similar to Mount Hampton granulites.

Mount Murphy xenoliths consist of granulites and pyroxenites that

crystallised as cumulates from evolving mantle melts. Granulites generally

formed at higher crustal levels and pyroxenites at lower levels. Site 90041

granulites crystallised from the most primitive melt, followed by site 90054

pyroxenites and site 90048 granulites and pyroxenites, which have more evolved

characteristics. The mineral assemblage consists of olivine and/or orthopyroxene

+ clinopyroxene + plagioclase + spinel. While the majority of xenoliths consist of

olivine, orthopyroxene is present in some xenoliths, and pyroxenites from site

90044 consist entirely of orthopyroxene + clinopyroxene, with no olivine.

These differences between sites reflect the large scale heterogeneities

evident in the MBL lithosphere, particularly in the ECR. The lower crust beneath

the southern ECR" as represented by the Mounts Sidley and Waesche xenoliths, is

quite different from that in the north, which underlies Mounts Hampton and

Cumming; this apparent hiatus has been previously termed the ECR

discontinuity (Wysoczanski and Gamble, 1992). Mount Murphy xenoliths

represent a lower crust that is essentially transitional in composition to the lower

crust beneath Mount Hampton and Mount Sidley.
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The ECR discontinuity is similar to the discontinuity identified in the
McMurdo Sound region, between xenoliths from the Transantarctic Mountains,
and the Ross Embayment (Kalamarides ef a1.,1987). The Mount Sidley lower crust
is compositionally similar to that beneath the Transantarctic Mountains (and
New Zealand), and the Mount Hampton and Mount Murphy lower crusts are

similar to the Ross Embayment lower crust. The difference between these lower
crustal segments (the TM Group and RE Group crusts respectively) is interpreted
to represent an ancient crustal suturing of distinctive terranes.

In summary, the MBL lower crust is mafic in composition, having formed
as cumulates from both sub-alkaline and alkaline melts. These melts were
primitive mantle melts that had not been contaminated by felsic crustal material,

and evolved through fractional crystallisation of the xenolith suite. This is similar
to lower crustal xenolith suites from other localities which indicate a mafic lower
crust world-wide (Griffin and O'Reilly,1986; Rudnick, 1992).

9.3 Metasomatic Processes in the Marie Byrd Land Lithosphere

Plume related alkaline volcanism has resulted in the enrichment of some

regions of the MBL lithosphere, particularly the lower crust beneath Mount
Sidley. Enrichment has occurred in two styles; one dominant in pyroxenite
xenoliths, and one in granulite xenoliths:

- kaersutitisation associated with hydrous silicate melts occurs in the

pyroxenite suite, resulting in the replacement of clinopyroxene by kaersutite (i.e.

an anhydrous phase by a hydrous phase). This style of metasomatism occurs

through the minerals rather than along grain boundaries, much like water
through blotting paper, resulting in an enrichment in mobile elements (e.g. LILEs
and LREEs), as well as elements that partition readily into kaersutite (".9. K, HzO,
Na);

- enrichment associated with infiltration of silicate melts occurs in the
granulite suite, resulting in the growth of secondary minerals, such as Fe-Ti

oxides, apatite and plagioclase from the migrating melt. The mechanism
envisaged is similar to precipitates forming from fluids in pipes of a plumbing
system. The plagioclase and mafic mineral layering of the granulites appears to
have provided permeable and impermeable layers respectively, channelling the
flow of the melts through the lower crust, as in petroleum reservoirs and artesian

systems. The xenoliths have been enriched in elements that partition into the
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secondary mineral phases (e.g. Fe, Ti, P, Sr), as well as in mobile elements (e.g.

LILEs and LREEs).

Infiltrating melts have also enriched the lower crust, by fractionating

microphenocrysts in the lower crust. The melts themselves evolve by crystal

fractionation, and by interaction with the xenolith mineral assemblage; a process

termed 'percolative fractional crystallisation' (Harte et a\.,1993). The extent of this

process is uncertain and depends on the amount of melt that has come into

contact with the xenolith suite; it may be restricted to conduit walls, or be a

pervasive reaction tfuough the lower crust.

9.4 Lithospheric Structure and Evolution

The formation of the MBL lower crust by mafic melts crystallising

cumulates at various lower crustal levels has resulted in its present vertical

stratification. Geothermometry and geobarometry estimates indicate a high rift-
like geothermal gradient in MBL, similar to that in the Transantarctic Mountains

(Berg and Herz, 1986; Gamble et aI., L988), and an average crustal thickness of 30

km to the base of the granulites, and 30-35 km to the base of the pyroxenites. Both

of these estimates agree with varying estimates of the thickness of the crust based

on geophysical methods. The genetic relationship between the granulites and

pyroxenites, and their difference to the peridotites, is taken here to indicate that

the base of the pyroxenites corresPonds to the petrologic Moho in MBL.

The mafic lower crust, in the absence of other lithologies, and from mineral

P-T equilibria, is presumed to be overlain by Swanson Formation deep marine

turbidites, metamorphosed to amphibolite-granulite facies (the Fosdick

Metamorphic Complex, exposed in the Ford Ranges; Luyendyk et a1.,1992). This

relationship suggests an origin for the lower crust as oceanic crust in latest pre-

Cambrian or Early Cambrian times. MBL was allochthonous to East Antarctica,

and suturing of the two blocks occurred in Paleozoic times (Ordovician or Late

Devonian). Several subsequent periods of magmatism, metamorphism and

deformation associated with both subduction and rifting, have resulted in the

growth of the MBL crust. Pre-Cambrian reconstructions of Gondwana must

therefore allow for MBL being oceanic crust at this time, and not a continental

allochthonous block.
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Appendix one

SauprE Lrsrs

Introduction

A full list of xenoliths collected from MBL (Chapter Three) is presented here,

including upper crustal rocks that have not been discussed in this study. Localities

are presented in order of their discussion in the thesis text; i.e. Mounts Sidley,
Hampton and Murphy, followed by Mounts Cumming, Waesche and the USAS
Escarpment. Samples from each locality are listed according to type: granulite,
pyroxenite, peridotite and upper crustal (host rocks and upper crustal rocks)
xenoliths. Locations of individual site numbers for each locality are shown in the

appropriate location maps of Chapter Three.

Descriptions and abbreviations

Field No. The number given to each sample in the field (e.g. 890014). The first
tlo digits represent the year (e.9. 89). The following three digits represent the site

number (e.g. 001). Ttte final characters represent sample numbers for that site,
from A to Z and then A1, 81 etc (e.S. A). Sample numbers are in no particular
order.

V.U.W. No. The sample number given to each sample stored in the Victoria
University of Wellington rock collection. Rocks, powders and thin sections are all
stored in this collection.

Lithology. The nomenclature for each sample according to the classification
schemes used in this study (Chapter Two). Abbreviations are:
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Cpx - Clinopyroxene

Ka - Kaersutite

Leugb - kucogabbro
Melgb - Melagabbro

Opx - Orthopyroxene

Webst - Websterite

Cpxite - Clinopyroxenite
Kaerite - Kaersutitite

Leutroct - Leucotroctolite

Ol - Olivine
Pl - Plagiodase

Wehr - Wehrlite

Analyses. The analytical methods used on each sample in this study. While some

samples under the heading "Upper crustal" have been prepared, they may not

have been analysed in this study. All other rock types have been both prepared

and analysed in this study. Abbreviations are:

I - Isotopic analyses M - Major element analyses

P - Probe section (indudes S) R - Rare Earth Element analyses

S - Thin section T - Trace element analyses
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Samnle--ltsls

A7,7 Mount Sidley Xenoliths

Field No VU'IV No Litho Anal Field No VUW No Lit Anal

Type L Granulites
90029D
90029K
90029L
90029M
900290
90029P

90029R

90029S
900297
90029U
90029W
90029X
90029Y

900292
90029A7
9002981
90029C1

90029D1

90029F1

90029C1

90029H1
9002911,

90029L7
90029M1
900314
90031D

90031F

90031G

90031L

900310

32590

32597

32598
St>vt
32&r
326f2
326f4

'ZW532&6
32@7
32&9
32610

32611

32612
tzoLc
32614
32615

326t6
32618
32619
32620

JZOZJ.

32624
32625

32627

32630
32632

32638
326,l.7

90031P

90031R

900330
90033S
90033U

90033V

90033W
90033X
9003381

90033C1
90033EI

90033F1

90033G1

90033Ki
90033L1

9003301
90038F

90038G

90039A
90039C
90039D

90039E

90039G

90039I
90039I

90039K
90039L

90039M
90039P

32642
32644
32ffi
32664
JZOOO

32667
32ffi
326r/9
32673
32674
32676

326n
32678
32682
32683
326t36

3271,6

32777
32724
32725

32727
Jt/,/.6
32730
32732
32733
32734
JZl JJ

32736
32739

Ol Gabbro P

OlGabbro MJ
OlGabbro S

Ol Cabbro M,T
Ol Gabbro M,T,P
Ol Gabbro M,T,S
Ol Gabbro S

Ol Cabbro S

Anorthosite S

OI Gabbro M,T,S
OlCabbro S

Gabbro M,T,P
OlGabbro M,T,S
Ol Gabbro S

Ol Gabbro S

Ol Gabbro P
Ol Gabbro M,T,S
Ol Gabbro M,T,P
Ol Gabbro M,T,S
Ol Gabbro M,T,I,R S

Ol Gabbro M,T,[&S
OlGabbro T
Ol Gabbro T,P
Ol Gabbro T
Ol Gabbro T,S

Ka Gabbro T,I8,S
Ol Gabbro T,S

Ka Gabbro M,TF
Ka Gabbro M,T
Ka Gabbro M,T,S

Ka Cabbro M,T,S
Ol Cabbro S

Troctolite P
Ol Gabbro M,T,P
Ol Gabbro M,TP
OI Cabbro M,T,P
Ol Gabbro M,TP
Ol Gabbro M,T;I,&P
Ka Gabbro M,T,S
OI Cabbro M,T
Gabbro M,T,P
Ol Gabbro M,T,P
Ol Gabbro P
Ka Cabbro T,P
Ka Gabbro T,S
Ol Cabbro T,S
Ol Cabbro T
Ol Gabbro T
Ol Gabbro M,T
Ol Gabbro M,T,P
Troctolite lvl,T,P
Troctolite M,Ttr
Ol Gabbro M,\I,R,P
OlCabbro M,T,S
OI Cabbro T,P
OlCabbro N{,7
Ol Gabbro M,lS
Gabbro lvl,T^P

Anordrosite P

Type M Granulites
90029C 32589

90029H 32594
90029Q 32&3
90029V 32&8
90029E1 32617

90029t1 32621

90031C 32629

900298

90033I

90033P

900332
90033H1

90031Q

90033A
900338

90033C

32588

32655
JZOOI

3267r
32679

32643

JZO.tCt

32647

3261E

Ol Gabbro M,T,P
OlGabbro !v{,T,P

Ot Cabbro M,T,S
Ot Gabbro M,T;P
Ol Gabbro M,T,P
Ol Gabbro T,S

Ka Gabbro M,T,S

Gabbro M,T
Ka Gabbro M,T,P
Ka Gabbro M,T,P
Ka Gabbro T,S

Cabbro M,lP

Type C Pyroxenites

90033C 32652
90033K 32656
90033Q 326r.2
900398 32725

90039F 32729

90039R 32741

90039V 
'32745

90033M1

90033P1

900390
90039Sb

900397

3268,4

32687

32738
32742
32743

32659

JZo.Cr,t

32675
32685

90033N

90033R

90033D1

90033N1

Ol Cabbro M,T
Ol Gabbro M,Tf
Ka Gabbro T,P
Ol Gabbro M,T,P
OlCabbro M,T,P
OlGabbro M,TJ
Ol Gabbro M,T,P

Cabbro T,P
Ka Gabbro M,T,P
OlGabbro P
Gabbro M,T,I,R,P
Ka Gabbro T,S

Wehrlite
Cabbro
OlCpxite
Wefulite

Type P Pyroxenites
Wehrlite M,T
Ol Cpxite M,T,P
OlCpxite M,T,P
OlKaerite M,T,RP

S

P
T,S

T^P

347



fieta Uo VUW No fien No VUW No

90033Q1 32ffi
90033R1 32689

9003351 32690

90039Sa 32742

90039U 32744

90039X 32747

90039Y 32748

Anal

Wefulite P

Wehrlite TP
Wehrlite M,TP
Wehrlite M,TJF,P
OtCpxite M,T
OlCpxite M,T,S
OlCpxite M,T,I,R,S

90033D 32649

90033E 3?650

90033F 32651

90033G 32652

90033H 32653

900331 32654

90033L 326F7

90033M 32658

Wehrlite T,S

Ol Gabbro M,TP
KaWehr M,T,P
OlCpxite P

KaWetu M,T,P
Wehrlite MJ,P
Wehrlite S

Cpxite T,S

fieta ruo VUW No

90025A 32s81

900258 32582

90027 32583

90028A 32584

900288 32585

90028C 3E$
90029A 32587

90029E 32597

90029F 32592

90029C 32593

90a291 32595

n0291 32s96

90029N 32600

90029K1 32623

90030 32626

900318 32628

90031E 32&7
90031H 32634

900311 32635

9003u 32536

90031K 32637

90031M 32639

90031N 32ffi
90032 32645

90033T 32655

90033Y 32670

n$32 32677

90033A1 32672

9003311 326ffi

Upper Cnrstal
I goosslt 3268r

90034A 3269L

900348 32692

90034C 32693

90035A 32694

900358 32695

90035C 32596

90035D 32697

90035E 32698

90035F 32699

90035A 32700

900358 32707

90036C 32702

90036D 32703

90036E 32704

90036F 32705

90036G 32706

90036H 32707

900361 3?708

900361 32709

90038D 3271,4

90038E 32775

90038F 32716

90038G 32717

90038H 32778

900381 32719

9oo3sl 32720

90038K 3272L

90038L 32ru
90038M 32723

90039H 3273r

TF
T5
S

TF
T
S

T5
TF
s

90024 32579

90025 32580

TF

rs
TF
q

T,S

r5
T,S

T"S

T,s
r5
r5
r5
T5
P

T,P
s
T,S

T,P
TrS

T,S
M,T,P
P

M,T,P
s
M,T,P
M,T

T,S

T,S

TrS

Tr5
T,S

T,S

T,S
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Samnle lists

A7.2 Mount Hampton Xenoliths

Field No VLIW No AnaI Field No VUW No Ana

PK4A
PK4R
PK4V
PK4X

PK4B
PK4C
PK4D
PK4I
PK4J

PK4K
PK4L
PK4M
PK4N
PK4P

32873
32895
32900
32902

32876
32877

32878
32879

32888

32889

32890

32897
32892
32879

Norite M,T,P
Opx Melgb M,T,P
OpxLeugb M,lP
Cpx Norite M,T

PlWebst M,T,P
Websterite M,T
PlWebst M;I,P
Websterite M,T
Websterite M,T,P
Websterite M,T
Websterite M,T,I,R"P
websterite M,T,P
Websterite M,T,P
Websterite MJ

Pymxenite

Cpx Norite M,lP
Melgb M,TJ,&P
Melgb M,T,I,R

Websterite M,TB
Websterite IvI,T"P
Pl Webst M,T,P
Cpxite P
Websterite M,T,P
Pl Webst M,T.P
Websterite M,T
Websterite M,TJ
Websterite M,T,P

ites
PK4Y
PK4C1
PK4U

32903

32907
32976

PK4Q
PK4S
PK4T
PK4B1
PK4D1
PK4O1
PK4Q1
PKsE
PKsC

32895

32897

32898
32906
32908
32979

32879

37925

32927

Field No VUW No Field No VUW No A

Peridotites
PKlA
PK4E
PKltF
PKrIC
PK4H
PK4O
PK4U
PK4W
PK4Z
PK41A1

PK4E1
PK4F1
PK4G1
PKltFll
PK411

PK4I1

32874
328n
32880
32881

3288,2

32893

32899

32901

32944
32905

32909

32910
32911

32912
32913

32914

M,T
M,T
M,T,S
I,4T,RP
M'T
M,T,P
M,T
M,T,S
M,T,P
T4T,P
M,T,S
M,T,P
M,T,R,P
M,T8P
M,T,S
M,T,S

PK4K1
PKtlMl
PK4N1
PK4P1

PK5A
PK5B
PK5C
PKSD
PK5F
PK5H
PKsI
PKsI
PK5K
PK5L
PK5M

3291,5 M,T,S
32977 lr4T,S
32918 M,T,R
32920 M,T
32927 M,T,S
32922 M,TS
32923 M,T,S
32924 M,T,R,S
32926 IWT,S
32928 M,T,S
32929 M,T.S
32930 M,T8.S
32937 S

32932 N4T
32933 M,T
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A7.3 Mount MutPhY Xenoliths

Field No VUW No Field No VUW No Lithol

9fi)41 Granulites
90041A
900418

90041C

90041D
90041E

90048C
90048E

90044A

9004EA

900488

90054C

9005tlF

9005,lC
900541I

32834

32835

32836
32837

32838

32847

32849

328M

3284s

328/.6

328s5

32858

32859

32t361

Leugb
Leutroct
Leugb
Leutroct
Ol Gabbro

Cpxite

Ol Cpxite
Ol Cpxite

Ol Cpdte
Ol Cpxite
Cpxite
Ol Cpxite

M,T,P
M,T,I,&P
M,T,I,&P
M,T
5

90041F

90041G
90041H
90041I
9004u

90048F

900rt8c

90054K
90054P

900545

32839

328N
328d1

328d2

32843

32850

32851
Ol Melgb
Leugb

M,T,S
M,TP

9fl)48 Granulites

Ol Leugb M,T,S
OlLeugb P

Leugb MJ
Troctolite M,TP
Troctolite M,T

Ol Gabbro T,P
Leugb M,T,P

Ol Cpxite M,T,I,RP
Ol Cpxite T,S
Ol Cpxite T,P

9dM4 Pyroxenites
M,T,P 

I

90(XB Pyroxenites
M,T
M,T,P

90054 Pyroxmites

32848 Pl Cpxite M,T,P

I 
eoonso

M,T,LR,P
M,T
M,T,S
M,T,P

32u63

32868

32871

Field No VUW No A Field No VUW No

Peridotites
90054A
900548

90054D

90054E

90054H
900s4I
90054L

32853

32854
32856
32857

32810
32{362

32tt63

T8,S
MTTTRF

MJ
M.T8,S
M,T,S
M,T,P
M,T,S

9005rlM
90054N
900540
900s4Q
900511R

900547
90065U

32fj65 lv[T,S
328/6 lvlT,S
32867 M,T,S
32ft69 M,T,S
32870 I\4T,S
32872 t\4T,S
32873 M,T
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A7.4 Mount Cumtning Xenoliths

Field No VUW No Litho Field No VUW No Lithol

900401 32n0
900401 32n1
90040w 3278d

90040Y 327t36

9004mF1 32793

900t10M2 32826

Gabbro
Gabbro
Gabbro
Gabbro
Gabbro
Cabbro

Granu
M,T,I,R"P
S

M,T,P
M,T,P

M,T,S

90040N2
90040c2
900410P2

90040Q2

90040R2

32827

32828
32829

32830

32831,

Gabbro N4T,S

Gabbro M,T,S
Gabbro M,T,S
Gabbro S

Gabbro S

Field No VUW No Application Field No VUW No Application

Peridotite
90040A 32762

900408 32763

90040c 32764
90040D 32765

90&mE 32766

90040F 32767

90040G 32768
90040H 32769

90040K 32772

90040M 32n4
90040N 32n5
900400 32n6
900rl0P 32m
90040Q 32n8
90040R 32n9
90040s 327ffi
90040T 3278r
900rmu 32782
90040x 32785

n0402 32787

90040A1 32788
900481 32789

90040c1 32790

90040D1 32791

90040EI 32792
90040c1 32794
90040H1 32795

s
S

P
T
M,T,RS
T5
M,T,P
M,TJ&S
M,T
TF
M,T,9
s
T4T,P
P
P
P
TP
M,T,R

TP
P

P
P
P
P

9000K1 32798
90040M1 32800 P

9004001 328f.2 TP
90040P1 32803 T
90040Q1 32ffi4 S

900rCIR1 32805

90040s1 32ffi6 r4T,S
90040T1 32N7 T,S

9004u1 32808 M,T,R S

900.mV1 32ffi9 T,S

90040w1 32810 T,S

9004x1 32811 T,S

900$Y1 32812 T
9ffi40z] 32813 T5
900rmA2 32874 TF
9004082 32815 T
n040c2 32876 T
90040D2 32817 T
90040F2 32818 T,S

9004F2 32879 T5
90040G2 32820 lvl,Tf
900mH2 32827 s
9co40n 32822 S

n040J2 32823 S

90040K2 32824 S

ru40l2 32825 TF
90040A3 32833 I\4T,S

90040L
90040v
90040I1

32n3
32783

32796

M,T'S
Ttr

Ugper crustal
9004011 32797
900$L1 32799

90040s2 32832

Tf
TP
S
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A7,5 Mount Waesche Xenoliths

89001A 32556

890018 32557

89001C 32558

89001D 32559

89001E 325@
89001F 32567
89001C 32!$2
89001H 32563
8900u 32s55
89001K 325€6
89001M 32568
89001N 32569

890010 32570
89002A 32571

890028 32572

Granulitee
M,T,P I ASOOtt

Upper cnrstal
89003

89004

89005

89006

89m7
89008

89009
89010

89011
89012
89013

89014
89015

8W17
89018

Gabbro 32567

T,P
T
M,T,P
M,T,P
P
P
P

s
s
P
Tf
M,T,P

32573

32574
32575

32576
325n
32578
32579

32580

32581

32582
325E3

32584
32585

325fJ6

32587

M,TP

M,T,P
Tf
P

47.6 USAS Escawtnent Xenoliths

Field No VUW No

Field No VUW No Field No VLIWNo

MI%9A 32934
MB59B 32935
MM9C 32936
MB59D 32937

MB69E 32938

Peridotites
MM9F
M869G
MI}69H
MI]69I

M,T,S
T,R,S

M,T,P
M,T,S
M,T,S

32939
32940

32941

3?942

I\4T,&s
I\4T,s
M,TI',S
M,T,S
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Appendix two
Mooal ANALYSES

Introduction

Modal point counts were made on representative slides of the xenolith
suite; for granulites and pyroxenites from Mounts Sidley, Hampton and Murphy.
Each slide was subjected to 500 point counts, with a spacing of 2 mm to entirely
cover the whole slide.

Enors associated with point counting vary depending on mainly on the

number of counts and the proportion of mineral phases. At 500 point counts, for
minerals consisting of: L olo of the mineral assemblage, errors are approximately +

0.5 %; for 10 % of the mineral assemblage, errors are approximately + 2.5 "/"; f.or 20

% of the mineral assemblage, errors are approximately + 3.5 "/o; for 30 % of the

mineral assemblage, errors are approximately + 4.0 "/o; and for 40 % of the mineral
assemblage, errors are approximately + 4.3 %. Other factors that contribute to
errors include the grain size and spacing of the grid, the refractive index and
opacity of the minerals, and mistakes made in mineral identification. For a full
description of errors associated with point counting, see van der Plas and Tobi
(1e6s).

The large grain size of the xenolith suite requires a number of slides to be

counted to obtain more accurate analyses. However, in many cases, the xenoliths
are too small for multiple slides, and only one slide from each xenolith was
counted to maintain consistency in point counting. Due to the large grain size,
real errors associated with point counting on the xenolith suite are likely to be

higher than the estimates given above.

Modal counts are of total mineral phases only, and minerals have not been
distinguished between igneous and metamorphic phases, or primary or secondary
minerals. Furthermore, the large extent of oxidation has resulted in a sometimes
large proportion of opaque minerals (olivine and orthopyroxene) that are
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o-ptically difficult nr distinguish ftom o-xides" All opague minerals are ,g[EuPed

together as qoBaqueo' in the foltro-wing tab'[es, Aecessory mirrerale are prinrarily
apatite and rhtinitep although ottler, unidentified minenals may also be presen$

e.g., zireon

3,54



A2J Mount SidleY xenolith modes

SAIVIPLE

TY?E
90029C 90029H 90029P 90029V 90029X 90029D1 90029G1 90031D

TlpeM T1ryeM TypeL T1ryeM TypeL TypeL TypeL TypeL

Olivine
Clinop5noxene 25.2

Orthopyroxene
Plagioclase

Kaersutite
Opaques

Accessories

6.0

gr.g

0.2

35.4

1.4

22.2

3.0

52.0

zo.e

0.2

2.0

20.6

64.4

0.6

":

2.6

18.2

28.2

so.g

22

Tr
70.2

73.0

0.4

t5.6
0.8

6.8

3.4

83.0

Tr
6.4

o.4

3.2

0.5

83.0

;a
0.4

5;

78.8

4.2

10.0

2.0

SA1VTPLE

TY?E
90Gr1G 90Gt3A 900338 90033C 90033D 9m33E 90033F 90033G

TlpeC TypeP TypeP TlpeP TlpeP TlpeP TlpeP TlpeP

Olivine
Clinopyroxene U.4
Orthopyroxene
Plagioclase %.4
Kaersutite 23.2

Opaques 5.6
Accessories 0.4

12.8

n-.8

4.0

t:

7.8

&.8

7.4

3.6

15:4

u.2
32.0

0.2

3t.6
2.0

69.8

r.0.4

1.8

11.5

t:

9.8

65.0

5.5

,i:

58.4 r7.8
35.0 57.2

ri.z
3.4
uj6.6

SAIVIPLE

TY?E
900331 90033K 90033L 90033H1 90033P1 90039D 90039G 90039M

TlpeP TypeM TypeP TlpeC T1ryeC TypeL TypeP TlpeL

Olivine 29.8

Clinoplnoxene 33.E

Orthopyroxene
11.5

?2.6

2.2

L.2

6.2

47.8

24.0

zt.t
0.2

59.0

29.0

0.6

;:

15.5

34.8

39.0

3.8

t:

7.6

5t.2

26.4

6.6

t:

27.8

0.2

69.6

0.9

1.2

0.4

4.2

19.0

59.6

5.0

t2-.2

Tr
9.0

62.6

o.2

23.8

8.8

Plagioclase

Kaersutite
Opaques

Accessories
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A2.2 Mount HamPton xenolith modes

SA}TPLE

TYTE

pK4I PK4Q PK4S PK4V PKAY PK4B1 PK4C1 PK4D1

Gran Gran Pwox Gtan

Olivine
Clinopyroxene 64.6

Orthopyroxene 33.2

Plagiodase

in
0.2

zg.a

17.0

8;
0.8

zt.o

70.0

8;.
0.8

15.4

t2.2

59.4

12.2

0.8

u.4
9.6

sl
0.8

40.0

14.2

27.6

L7.2

1.0

30.2

54.6

ri.z
0.4

65.6

26.0

i"
0.6

Kaersutite
Opaquee

Accessoriee

A2.3 Mount MuwhY xenolith modes

SAJVTPLE

TYPE

go04rg 90041c 90048G 90048F 90044 90048D 90054C 9@54K

Gran Gran Gran Gran Prxite Pgite $xite Pgite

Olivine 29.4

Clinoplnoxene 3.6

Orthopyroxene
Plagiodase 61.0

Kaersutite
Opaques
Acceesories

4.8

t.2

262
54.4

10.8

i"
0.4

23.6

58.8

4.4

32

0.5

8.4

83.4

i.o
1.4

E.8

30.5

il.6

i,
0.8

6.2
31.5

ir

tL2
87:6

,- 
-,

t2.2
78.0

0.4

8;
0.5
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Appendix three
MrcnoPRoBE MTNERAL ANATYSES

Introduction

Polished thin sections of selected xenoliths were analysed for mineral
compositions on a IEOL-733 Superprobe at Victoria University of Wellington. The

initial method used was modified from that of Bence and Albee (1959). For the

later part of this work, the full ZAF correction was used.

Anhydrous silicates were analysed at 15 kV and 1.2 x 10-8 A, and hydrous
minerals, oxides and glasses were analysed at 0.8 x 10-E A with a defocused beam
(10-20 pm diameter). Precision of analyses is approximately Lo/o for elements with
abundances > 10 o/o, artd from 5-10 % for low abundance elements.

Abbreviations

Abbreviations for sample types can be found in Appendix Four. Other
abbreviations used here are as follows:

c - core

inc - inclusion in mineral
exsol - exsolved mineral
melt - in infiltrating melt
spinel - on rim of spinel

r -rim

dk - dark part of oxidised olivine
kaerst - in kaersutitisation reaction

lgt - tight part of oxidised olivine
oxid - in oxidation reaction

symp - in olivine symplectite
It - 'r - relates this analysis to the

following analysis
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A3.7 Mount Sidley xenolith mineral analyses: olioine
Semplc 9o@9C 90029C 90Ol9C 9m29C 9qn9v 90ql9Bl go(Il9Br 9q[t3A 9(m3A 9q]33A 90638 9o@3C 9O@3C g(xBgc

TyF TyFMTyFMTypaMTypcMTypcM Typcl Typcl TypcP TypeP TypcP Typ:p Typcp Typcp TyFp
core cor€ coE coE oxid cor! sre oxid cofa cora orid core ka€rtt coE

sio2 :5.55
AL:to3 0.18

Tio2 0.6
FcO &.24
MnO l.Al
Mto B.+?
C.O 0.13

Ne2O 0.m
K20 0.G

35.64 35.63 35.7e

0.r1 0.19 0.00
0.04 0.19 0.00

39.Or 3956 39.73

0.84 0.87 0.86

22.97 23.6 Z32l
0.16 0.09 0.20

0.00 0.00 0.00

0.04 0.05 0.00

,13.1E 36.16

0.30 0.19

0.o7 0.12

23.75 36.21

1.03 0.84

31.98 8.96
0.37 0.16

0.20 0.00

0.10 0.00

35.67 38.12 C7.56

0.m 0.u2 0.6
0.09 o.vt 0.G
39.84 t.40 2150
0.91 0.28 0.%
xLeS :x.05 39.05

0.19 0.10 0.32

0.00 0.m 0.8
0.00 0.m 0.m

g7.a 9.s
0.4 0.6
o.a2 0.0
2S.n 2954

0.29 031

35.15 31.,15

0.1? 0.r7
o.ts 0.o2

0.01 0.m

37.35 37st 3758
0.@ 0.70 0.(B
0.03 3-08 0.0E

24.10 17.M EsA
0.29 0.37 A6
36.79 &.09 35.79
0.28 0.23 0.18

0.00 0.01 0.00

0.00 0.13 0.01

TOTAL rm71 99.0{ 1m.24 99.79 rm.99 99.t7 99.52 99.99 99.15 99.6 9.X2 99.6 99.17 99.46

st
AI
Ti
Fa

Mn
Mg
c:
Ne
K

r.w/ 1.030

0.006 0.003

o.ml 0.0m
0.953 0.933

0.025 0.020

0.989 0.979

0.00{ 0.005

0.0m 0.001

0.002 0.0m

l.Oll l.o20
0.05 o.mo
0.m0 0.m0
0.939 0.945

0.m1 0.m1
l.mo 0.964

0.m 0.m6
0.m0 o.mo
0.m0 o.mo

t.lff7 1.016

0.m9 0.m6
o.ml 0.m0
0Jo9 0.846

0.w2 0.019

t.xtr 1.60
0.010 0.m5
0.010 0.m0
0.@0 0.m0

1.020 1.014

0.m0 0.001

0.000 0.001

0.953 0.510

o,ozt 0.006

0.973 1.351

0.006 0.0G
0.000 0.000

0.000 0.000

0.92 0.994

0.00{ 0.001

0.004 0.001

0.47 0s99
0.006 0.w7
r.525 1.4m
0.009 0.06
0.003 0.0@

0.m1 0.0m

t.018 o.9%
0.0ts 0.001

0,0m 0.001

0.670 0.535

0.N7 0.a97

Lm 1.rr55

0.06 0.012

0.m1 0.0m
0.0m 0.00

0.964 0.999

o.o2t 0.m4
0.060 0.m8
0.%7 0-563

0.m8 0.010

1.537 1.418

0.60 o.ffi
0.001 0.m0
0.010 0.001

TOTAL 196E 2.97r 2"910 Lg76 LEF,9 Ly72 L974 LgW 3.015 3.009 2975 3.W7 3.05t 3.00E

Mgr 50.93 51.20 5ts7 51.01 70.58 56.9/ 50.52 68.89 76.N 70.u 6.4 73.r2 80.72 7t58

Semple 90033G19@3G19q133G190033C19ql33n 9m$n 90033Ft 9(xl33Pl 90G3Pt 9qB3Q19qBsQ19033Qt9033Q1goossQl
Typc Typel Typel Typcl Typcl TypcC TypoC TypcC TypcC TypcC TypeP TypeP TypeP Typcp Typcp

oxid corc con con oxid orid oxid orld cid corc corc dm corr oxid

slo2 4r.2.
41203 0.@

Tio2 0.09
FcO 16.81

MnO 0.64

MtP 41.20

CeO 0.Tl
Ne2O 0.O{

Kro 0.12

u.n 3531

0.05 000
0.@ 0.t7
{0.80 36.96

0.81 1.01

23.92 26.&
023 0.15

0.00 0.03

0.00 0.00

34sZ 36.34 39.@
0.00 0.(5 0.0{
0.01 0.06 0.06

4225 {0.00 7L24
0.91 050 0.55

22.2 2L83 45.09

o.2t 0.16 0.16

0.00 o.tr' 0.00

0.00 0.00 0.00

39.92 41.@ 40.35

0.01 0.m 0.0E

0.02 0.or 0.0
13.48 tS.E 16.7?

0.56 0.47 0.34

45.86 4355 42.12

0.12 0.16 0.14

0.6 0.m 0.m
0.00 0.m 0.m

3854 C7.8
0.m 0.m
0.01 0.m
2Xm n37
0.26 0.26

99.87 39.6
0.ll 0.10

0.m 0.m
0.m 0.01

39.16 38.26 3E.t7
0.06 0.8 0.00

0.02 0.m 0.00

1,1.89 22.65 2r.96
0.12 0.x2 0.30

4s.25 3973 39.16
0.28 0.11 0.12
0.00 0m 0.@

0.00 0.00 0.00

TOTAL 10033 100.63 10.01 1@.r7 lm.m g?.tt lm,q, 1m.s0 g.r.u 1mE0 l(n27 99,75 1$.99 ss.74

si
AI
Ti
Fc

Mn
Mg
Cr
Ne
K

1.9/ 0.991

0.0m 0.w2
0.004 0.001

0.354 0.972

0.014 0.019

1545 1,015

0.006 0.097

0.06 0.0m
0.001 0.0m

0.94 0.996 r.Al
0.m0 0.m 0.m2
0.m4 o.mr 0.m1

0.870 r.mo 0.949

0.024 0,s22 0.012

1.110 0.95E 0.965

0.040 0.m6 0.m6
0.@l 0.m0 0.m2
0.m0 0.000 0.m0

0.9E8 0.996

0.ol 0.000

o.(Dl 0.000

0.301 0.281

0.012 0.012

l.m 1.76
0.0{ 0.08
0.m0 0.001

0.m0 0.000

1.023 1.020 0.993

0.000 0.000 0.001

0.0@ 0.000 0.m
03t8 0.353 0.474

0.010 0.w7 0.06
t.617 1.585 r.531

0.m{ 0.000 0.0G
0.000 0000 0.0m

0.000 0.0m o00

0.981 0.985

0.00 0.002

0.0m 0.0o
0.,tE6 0.313

0.006 0.0fi1

1.538 1.6v7
0.0G 0.w7
oom 0.0m
oom 0.0m

0.997 0.994

0.m2 0.m0
0.@0 0.m
0.rf89 O.Og

0.m5 0.N7
1.528 1.521

0.m3 0.m
o.mo 0.o2
0.m0 0.m0

TOTAL L970 3.0q1 3.(x5 3.qxt l.wl L999 !n2 L965 t.oG 3.017 9.W7 3.01{ 3,qls

MEr 8r.c7 51.11 56.06 ,18.4' 50.42 8496 85.85 E!57 Et.79 76.6 n.99 64.1(l 75.76 76.09
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Sernplc

TyF
90{B3c 9oG3c 9dx'3F 9ooo3F 9qxt3F 9@33F 9@33F 9(x)3:rF 9043F 9083F 9{XB3F 90G3F 9m$C 9(x)33H

TypcP TypeP TypcP TypcP TypcP TypcP TypcP TypeP TypcP TypcP TypcP TypcP TypcP TypoP

cor! cora oxid oxld oxid oxid orid oxid orid coru corr con col.e cor

siol 37.22

Al203 0.02

Tio2 0.00

FeO A.A
MnO 03E
MgO 35.09

C.O 0.ll
Ne2O 0.0O

K20 0.m

3738 39.17

0.03 1.93

0.00 1.47

2652 6.6E

0.34 0.16

35.14 ,{8.84

0.14 0.39

0.00 0.00

0.00 0.01

39.18 4226
1.93 0.11

1.47 0.07

5.6E 9.45

0.15 0.20

48.85 48.76

0.39 0.06

0.m 0.00

0.10 0.00

40.63 41.63

0.10 0.01

0.09 o.ot
13.84 31.24

0.21 O.A
4557 5.41
0.r3 0.18

0.00 0.@

0.02 0.08

39.2r n.2.
0.21 0.22

0.15 0.o
3S.n 39.94

0.3t 0.32

25.1,1 21.03

030 0.32

0.@ 0.m
0.G 0.04

39.62 40.72

0.o7 0.01

0.ol o.g7

2t.63 n.O
033 0.t
39.17 38.3
0.13 0.15

0.m 0.00

0.05 0.02

39.08 3&m 38.69
0.00 0.11 0.00
0.08 0.10 0.01

21.89 23.08 17.2E

t9.23 0.56 0.25

0.13 37.6 4?'89
0.00 0.41 0.06

0.00 0.03 0.G,

0.00 0.00 0,02

-TorAL 

lmto 99.sd 9&55 98.7s 1oo.3r lm.57 9t t9 101.15 1m15 101.05 lm$ 1$.40 1m.@ 99.23

sl
AI
Ti
Fr
Mn
Mg
Cr
Ne
K

0.992 0.998 0.949 0.949 r.025 l.ms 1.123 1.06i1 l.@l
0.ool o.ml 0.055 0.65 0.003 0.0c 0.000 0.00 0.w7
o.om o.mo o.su 0.v17 0.001 0.002 0.001 ooG 0.001

0.66 0.592 0.135 0.135 0.191 0.286 U7U 0.E11 0.935

o.oo9 0.m8 0.m 0.m 0.004 0.004 0.ffi7 0.008 0.06
139,1 1.99 1.763 r.763 7240 1.680 1.020 1.016 0.878

o.m4 0.m4 0.010 0.010 0.002 0.06 0.005 0.009 0.010

o.om o.mo 0.m0 0.m0 0.000 o.ml 0.000 0001 0.00
o.om 0.mo 0.m 0.m 0.000 0.000 0.003 0001 o0@

1.014 l.og t.w7 0.95 0.91
o.w2 0.0@ 0.m0 0.m 0.m0
0.0m 0.0m 0.002 0.m2 0.m1

0.,1d1 0.43E o.Oz 0.505 0.370

0.w, 0.005 0.m3 0.013 0.005

1.4v3 t.462 t.st7 r.469 1.638

0.0a 0.004 0.m0 0.011 o.m2

0.0m 0.0m 0.m0 0.m{ 0.w7
0.0m 0.0m 0.m0 0.m0 0.m4

ror.ll ,,oul 3.002 L9d,' a9{5 L9f5 LgeH ZEAI 2.919 2.910 L9t2 2959 Lvrl 3.m2 3.m9

M8* 69.63 7O.n gL89 9L89 90.11 85.45 59.16 55.51 48..9 76.33 76.95 76.15 7L42 81,57

suptc rm$Q1gooatQl 963351 9m$S1 9O0SIS1 9003its1 9o03its1 9083s1 900398 90G98 9(nt98 9m39D 9CD39D 9@39D

Typc TypcP TypcP TypaP TpcP T;ryrP TyprP TypcP TypcP TypcMTypcMTypaM Typal Typcl Typel
cora coE oxid oxid corc GotG cor! co?? cot! corc cora oxid orid orid

sioz 38.o
AI203 0.01

Tioz 0.04

FcO 21.77

MnO 0.21

Mgo 39.58

CeO 0.ll
NIZO 0.01

K20 0.00

3E.71 37.85

0.22 0.Il
0.06 o.ot
20.17 39.70

0.20 0.27

40.61 2r.t2
0,18 0.7
0.r3 0.00

0.00 0.00

40.11 38.36

0.00 0.m
0.00 0.05

1210 2-7.t9

0.34 0.n
48.06 36.75

0.09 0.12

0-00 0.00

0.01 0.00

36.,|5 38.10

0.00 0.@

0.()0 0.92

23.35 8.75
0.n 0.30

38.55 38.34

0.r3 0.09

0.00 0.m
0.02 0.01

c7.6 36.65

0.01 0.1r
0.0r 0.m
B.2r 35.70

0.32 0.62

97.c7 N.92
o.rt 0.08

0.m 0.m
0.o2 0.6

36.$ 36.,18

0.16 0.00

0-00 0.00

35.51 34.86

0.69 0s7
y,48 28.m
0.0E 0.10

0.00 0.00

0.6 0.00

35.69 36.0 t7.55
o05 00 0.00

0.00 0.00 0.00

3.55 3{19 26.U
0.55 0.50 0.66

8.20 29.10 3482
0.o 0.o 0.12

0.00 0.00 0.00

0.00 0.01 0.00

TOTAL 1m14 10.2S 99.48 lm.?z 100.75 1m.7! 1m.50 t9.30 10011 10061 10001 n21 10.01 99.19

si
AI
TI
Fe

Mn
Mg
Cr
Ne
K

0.995 0.994

0.0m 0.w7
0.001 0.m2
0.4rc 0.,133

0.06 0.m4

r.526 1.534

0.06 0.m5
0.0@ 0.m6
0.0m 0.m0

L.Vr 0.98E 0.993

0.m6 0.m0 0.000

0.62 0.m0 0.001

0.939 0.249 0502

0.(D6 o.wr 0.006

0.891 7.763 r.496

0.m8 0.m2 0.0{B

0.m0 0.m0 0.000

0.m0 o.ml 0.000

0.995 0.991

0.000 0000
0.000 0.000

0505 0.517

0.006 0.w7
1.489 t.4E7

0.004 0002
0.000 0.000

0.000 0.000

0.992 1.017 1.012

0.0@ 0.0G) 0.010

0.000 0.0m 0.00
0.511 0.E2E 0.819

0.097 0.010 0.010

1.491 1.114 1.130

0.0@ 0.0m 0.0m

0.0m 0.0@ 0.0q)

0.001 0.0m 0.000

1.010 0.993

0.0m 0.m2
0.0m 0.00
o.wt o.ru
0.010 0.013

1.155 t.2r1
0.0m 0.m2
0.0@ 0.60
0.0m 0.m0

0.996 0.99
0.m2 0.m0
0.@0 0.m0
o.no 0.597

0.012 0.015

1.198 1.38?

0.m2 0.m
0.m0 0.m0

0.m0 0.000

TOTAL Lgg5 3.Olr 3.001 9.000 3.004 t.005 L969 L9S1 L9E2 3.m.1 3.@0 L996

Mg) 76.+5 77.99 4E.69 E7.&t 74.57 74-& 74.20 7t.1E 37.y 57.9E 58.s7 A.73 fi.26 69.83
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Microorobe mineral analuses

Senplc
TyF

goo-il c@at 9o33J 9@33J 9m33, 9dt33, 90o33J

TypcP TypcP T1rpGP Typcl TyptP TypcP TypcP TypcP TypcP TypeC TypcC TypcC TypcC TypcC

core €ota cof! cot€ con con cotF rinl cotr col' kreBt krcr3l con cot!

sio2 38.,t8 3E.n

A1203 0.01 0.s{
Tiol 0.m 0.6
FeO 17.35 17.41

MnO 0.31 0.29

MEp 42.A 42.8
CeO 0.11 0.08

NdO 0.m 0.@

K2Cr 0.m 0,m

38.7f, 38.?9 38.49

0.04 0.05 0.01

0.01 0.04 0.01

19.97 20.6E 20gl
0.26 0.22 0.28

40.18 40.37 10.15

0.13 0.16 0.11

0.00 0.00 0.00

0.00 0.m 0.G]

39.03 3E.60 8.69 38.20

0.04 0.97 0.02, 0.04

0.06 0.02 0.m 0.01

20J1 19.E1 20.35 n.Ot
o3r 0.u 0.8 0.4
40.26 40.32 &.n 34.45

0-18 0.r5 0.10 0.8
0.03 0.s 0.m 0.m
0.02 0.01 0.0r 0.m

39.63 37.88 3858
0.08 0.01 0.02

0-12 0.03 0.0,1

15.,{1 28.?5 29.45

o2s 050 0.50

4.7 U.ZX 3432
0.19 0.lr 0,14

0.(l 0.00 0.0r
0.02 0.02 0.0r

38.82

u.w
0.01

18.06

,r3.20

0.97

0.00

0.00

38.60

0.@

0.0{
lE.2l
0.d4

4t.g

0.@

0.@

99.9 lm.(x 1(B.(}7
TOT 99.10 9932 99.E1 99.40 100.49 t9.20 99.70 10039 99.{O

si
AI
Ti
Fc

Mn
Mg
Cr
Ne
K

0.985 0.994

0.0m 0.w2
0.000 0.001

0.372 0.374

o.NI 0.006

1.636 1.626
0.0@ 0.0@

0.0@ 0.042

0.0s 0.0@

0.986 l.mz 0.990

0.m1 0.@r 0.o2
0.000 0.m0 0.ml
0.3E4 0.432 0.47
0.m5 0.m6 0.m5

1.636 1.549 1555
0.m2 0.m4 o.O,t
0.m0 0.m0 0.m0

0.m0 0.m0 0.m0

0.998 1.001

0.m0 0.001

0.m0 0.001

0.,t41 0.,t lO

0.$6 0.w
r5g2 153E

0.m5 0.005

0.m0 0.001

o.mr 0.001

1.000 0.999 1.011

0.006 0.001 0.0m
0.001 0.000 0.0m

o.tE 0.439 0596

0.005 0.00s 0.010

rs37 1550 1.360

0.004 00(B O.Wl

0.000 0.000 0,0m

0,001 0.000 0.0@

0.99 0.996

0.00 0.006

0.001 0.006

0.391 0.324
0.010 0.005

1.595 1.561

0.w7 0.005

0.@1 0.004

0.0@ 0.001

1.m0 1.m5
0.m0 0.m0
0.m0 0.m0
o.6?s 0.641

0.010 0.01r

1.350 1.332

0.m4 0.m4
0.m0 0.@0

0.0r 0.@0

3.0€ 3.014 Ln4 3.@5 l9t3 L995 3.0cr L997 19t6 3.00:t 3.010 L990 Ltnt
TOTAL

Mc81fiEr,3080.9978.|gn.fin.65n.7678.40v.936,.4680.31E3.68 68.35 67Sr

Sanple 9OG!9D 9m39D 9m39D 9o@9E 9039F 9@39F 90069F 9069G 9@39M 9m39M 90039M 90Gr9M

Typ. Typcl TypcL Typcl TypcL TypclTypeMTypcMTypcMTypcMTypcl Typel TypcL Tl2cL TypcL

oxid oxid orid oxid stalt cort corG cor' corc mdt oxid orid o:ld orid

sio2 %.4 36.52 36.19

At203 0.06 0.08 0.0E

Tioz 0.G 0.02 0.00

fto 31.7E 3E.3 3433

MnO 0.60 0.,r9 0'6E

MBO n.97 24.4 2E.98

CeO 0.05 0.11 0.08

N:2O O.ts 0-00 0.m

K20 0.m 0.01 0.m

35.97 97.96 35.10 3s.8
0.00 0.00 Qg7 0.0,1

0.00 0.15 0.06 0.01

3537 25.99 39.fi lo.El

0.49 0.,1E o,74 0.68

28..r,{ 3167 2138 23.10

0.0{ 0.36 0.16 0.12

0.00 000 000 0.04

o.oo om o0l 0.03

{0.59 U.n 37.76 4051 3E.11

0.06 0.m 0.04 0.05 0.r3

0.09 0.@ 0.05 0.06 0.05

5.89 8.61 38.5 28.63 3735

o.g7 0.5.1 0.65 0.74 0.68

51.55 3LaA Z2.n 8.64 Ztrg
0.42 0.09 0,12 0.14 0.13

0.G 0.m 0.00 0.10 001

o.m 0.m 0.01 0.0E o04

39.92 35.93

0.0s 0.0{

0.r2 0.6
{0.40 1p.o
0.63 0.m
8.53 8.23
0.13 0.15

0.6 0.05

0.@ 0.t2

TOTAL

si
AI
Ti
Fa

Mn
Mg
Cr
Ne
K

0.995 t.0!
0.w2 0.0@

0.001 0.001

0.726 0.9m
0.014 0.012

1,261 r.oT
0.00? 0.0q3

0.001 0-0m
0.0m 0.0c0

0.99E 0.997

0.m5 o.mo
0.m0 0.m0
o.nz 0.8i10

0.016 0.01I
1.191 L.L7S

o.o,t 0.m2
0.o0 0.000

0.m0 0.m0

1.012 0.99E 1.00t

0.@0 0.m2 o.ml
0.m 0.@l 0.000

osrg 0.9{l 0.976

0.m0 0.018 0.017

8n l.G:t 0.984

0.010 0.m5 0.00,1

0.m0 0.m0 0.002

0.@0 0.@0 0.001

1.01,t 1.016

0.0G 0.001

0003 0.001

0953 0.961

0.015 0.017

o9E9 0.980

0004 0.005

0.004 0.0crt

0.001 0.001

0.9E5 l.6r
0.00{ 0.0m
(1003 0.06
0.1,o 0.636

0.0G 0.012

1.E65 1.286

0.0il 0.0@

0.06 0.0@

0.0o 0.0G

1.062 r.OE 1.69
0.0fi} 0.011 0.m4

0.0@ 0.010 o.ml
0.9tr 0.87 0.%7

0.015 0.017 0.015

0.953 t.t76 0.984

0.00{ 0.m4 0.m4

0.000 0.m5 0.m1

0.0m 0.022 o.mr

3.OOa L97t 3.m5 3.m5 Lv,l L998 L993 2.9E6 19E5 3'019 L97S 2-940 a960 L9t7
TOTAL

MBr 33.30 60.06 58.90 70.40 5z:l:' 50.20 50.93 50.',19 9.U2 66.er 5l.,ril &{.86 53.16
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Smple
Typc

cmgp 9itrltp 9qB3R 90fi13R eflr3R 900035 9fl83s

TypcCTygcMTypeMTypoMTypeM Typcl TyP€L TyFC TpeC TypeP TypcP TypcP Typcl TypcL

coteoxidoxidoxidoxidoridcoreoridmcltcorcoxlduiduidorid

StO2 38.99 38.9/t

At203 0.05 0.00

Tio2 0.0s oGt
FcO 28.85 n.25
MnO 0.rS 0.21

MBO 34.59 &20
CrO 0.16 0.12

Ne2O OZI 0.00

K20 0.01 0.00

39.87 39.17 38.56 38.67

0.00 0.14 0.00 0.37

0.01 0.o1 0.01 0.03

15.92 1615 20.97 36.32

0.8 0.36 0.30 1.21

4J-79 43.42 40.56 B.A
0.12 0.06 0.r0 0.28

0.00 0.m 0.00 0.05

o00 0.02 0.00 0.18

38.84 ,[.52 lu).06 39.98

0.o 0.or 0.22 0.20

0.0{ 0.10 0.p 0.47

38.09 1.8 2'.& 17.E5

156 0.{5 0.42 0.15

21.82 33.78 97.69 41.24

o.B 0.8 0.19 0.zl
0.20 0.92 0.G 0.00

0.0r 0.01 0.m 0.00

39.61 39.85 39.54 39.61

0.05 0-06 0.00 0.02

0.09 0.10 0.00 0.00

17.14 19.@ :n34 3SE

0.19 o.Ul 0.71 0./l4

4Lr9 39.71 29.12 55.40

035 0.:x 0.29 o(ts

o.02 0.05 000 0.00

0.01 0.02 0.00 0.02

TOTAL 103.{' 10qrr rm.r ry.gs
99.65 99.99 1m.0 99.15

si r.010 0.998

Al 0.0m 0.m0

Ti 0.0m o.mr
Fc 0.624 0'434

Mn 0.010 0.m5

Mg 1.333 1.556

c| 0.010 0.m3

Ne 0.010 0.m0
K 0.0m 0.m0

0.994 0.95 0.991

0.o0 0.@4 0.000

0.o0 0.m1 0.000

03}2 03{t 0.451

0.m5 0.m8 0.006

r.665 l.& 1554
o.ffi 0,m2 0.0G

0.m0 0.m,0 0.000

0.m0 o.mr 0.000

1.020 1.006 Lml
0.010 0.m, 0.m2
0.0m 0.0G 0.m
0.379 0.370 0.,1:10

0.004 0.001 0.m6

156l 1598 1.516

0.0s7 0.010 0.o9
0.0m o.wz 0.m
0.0m 0.000 0.001

1.63 0.959

o.mo 0.m1
0.m0 0.m0
0.682 0.s72
0.016 0.m9

1.761 1.97
0.m8 0.m1
0.00 0.fr)0
0.m0 0.m0

1.068 7.06 0.991 Lmo
0.012 0.002 0.0m owl
0.001 0.001 0.002 (106

0.E39 0.8E2 0.085 0,161

0.029 0.87 0.009 0010

0.965 0.900 1.913 l.+77

0.008 a.w 0.006 0.014

0.003 0.011 0.001 0.04
0.006 0.000 0.0m 0.00

Mgf 68.1r 78.79 83.38 8L74 n.sl 53.49 50.51 95.8 7S.O n.46 E1.20 7537 63.12 9652

Senple
Typ.

sb 9qB9sb 9oB9sb 9qB9sb goGgsb 9m39sb 9039sb 9dxt9sb

Typcl Typcl Typcl TypcC TypcC TypcC TypcC TypeP TypcC TypcP TypcC TypcC Typ:P TypcP

corG cott colt corc corc core core colt oid corc corc cort cott con

sio2 35.52 36.83

A1203 0.06 0.00

Tto2 0.06 0.06

FcO 38.99 39.99

MnO O7E 0.72

MtO 24.52 B.E7

CeO 0:0 0.14

NIZO 0.A7 O'W

K20 0.6 0.01

35.8 37-29 37.16 35.0E

0.08 0.09 0.04 0.00

0.09 0.11 0.01 0.00

40.30 33.2E 3L39 39.84

0.85 0.58 0.70 0.79

2440 30.97 30.01 8.U
0.11 0,12 0.13 0.06

0.00 0.o 0.00 0.00

0.02 0.08 0.6 0.8

34.93 35.n 3l.69 55.97

0.m 0.0r 0.G 0.02

0.m 0.06 0.G 0.08

39.91 37.m 3E.95 29.4r

0.e 0.n 0.85 0.93

24.78 26.72 26.17 3,1.6

o.o 0.07 0.o 0.10

0.m 0.m 0.m 0.m
0.m 0.m 0.01 0.m

35.G 3538 36.64 3&94

0.00 0.02 0.01 0.00

0.02 0.00 0.11 0.08

39.72 37.86 28.76 26.97

0.69 0.75 0.M 0.51

24.73 E.7r 3355 35.52

0.05 0.$ 0.40 0.40

0.00 000 0.00 0.00

0.00 0.00 0.01 0.01

roml roorc 1(n.58 lm.u| 1m.74 100.46 100.E4 1m36 99'71 9tt.99 99.99 1m27 9931) 99.90 1m.42

st
AI
TI
Fr
Mn
Mg
Ce
Nr
K

1.m4 l.ms
0.0m o.mo
0.0m 0.m0
0.921 0.900

0.019 0.017

1.036 0.9E9

0.06 0.m4
0.m4 0.m,1

0.001 0.m0

l.m 1.010 0.991

0.c02 0.m0 0.000

0.@2 0.000 0.000

0.750 0.7n 0.942

0.015 0.015 0.019

r.fi? 1.215 1.055

0.m4 0.004 0.002

0.m4 0.000 0.000

0.m 0.000 0.000

0.992 l.0.rs

0.000 0.0@

0.000 0.00r

0.946 0.7u
0.017 0.01E

1.049 l.laz
0.002 0.0m

0.000 0.0m

0.000 0.0m

0.961 0.961

0.001 0.001

0.001 0.002

09n 0.668

0.021 0.921

1.121 1.381

0.002 0.0(B

0.0m 0.0m
0.0m 0.0m

0.995 r.mo
0.0m 0.m1
0.0m 0,m0
0.919 0.895

0.017 0.018

r.u7 1.083

0.0m 0.m,{

0.0m 0.m
0.000 0.00

0.988 0.9&!

0.00 0.02
0.m 0.m2
0.&9 0.@
0.010 0.011

L3{9 l./tOB

0.012 0.011

0.m0 0.m0

o.ml 0.001

0.993

0.m2
0.m2
0.949

0.m0
7.U24

0.m
0.m0
0.000

L%9 L993 L9,7 2"9t2 3.009 L9g2 3.65 3.037 3.004 3.0r 3.012 3.OlE
TOTAL 1991

Mtr 529,1 5154 51.90 61.68 6L24 5283 52.53 62.67 54.68 67.N 52.61 9475 osz 70.12
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Microprobe mineral analyses

Srnph
TvF

9ql33u 9@33U 9{n$U 9(x}33U 9qB3U tO(BsY 9qB3V 9m3V 9Gr3V 9UB3V 90033X 9{XB3X 9qn3x 90@3X
Typcl Typcl Typcl Typel Typcl Typcl Typcl Typal Typcl Typcl Typcl Typcl Typcl Typcl
nclt corc core coe melt cota corc Erdt malt cot? core Gor! cotc cora

slo2 39.17

4t203 0.28

Tio2 0.05

F.O 39.59

MnO 0.gl
MtP r9.s7

c|O 0.,14

Ne2O 0.01

K20 0.6

36.21 3.t55
0.00 0.00
0.02 0.03

36.11 39.25

0.82 0.88

26.96 2,1.93

0.08 0.28

0.02 0.00
0.00 0.00

3E.98 39.67

0.06 0.02

0.72 0.09

33.22 8.91

0.75 0.88

n31 &.61
0.1,{ ol9
0.00 0.00

o05 0.01

3450 3,t91 %.r7
0.06 0.04 0.u2
0.01 0.01 0.r5
49.n UL4S 3.2r
0.70 0.76 0.s2

2155 ?232 A.il
o2l 0.20 0.48

0.m 0.m 0.m
o00 0.02 0.m

g.cl u.e
o.fl' 0.s2

0,t7 0.G
a.lr {1.62
0.52 0.8
3r.05 21.6
0.,15 0.20

0.@ 0.@
0.01 o.cl

35.35 33.%
0.01 0.0r
0.t7 0.06

36.65 45.70

0.65 1.15

25.10 19.E5

0.38 033
0.m 0.00

o.o2 0.01

u74 ?3.4
0.(B 0.6
0.00 0.09

u39 &.88
1.10 t.r0
20.25 79.21

0.30 0.29

0.02 0.02

o@ 0.m

TOTAL 9.9tt l00ll 99.91 1@.65 97-37 l@.!0 lm.ct 99.96 w7 t'.T' 10054 10L06 1m.r5 W.W

sl
AI
TI
FC

Mn
Mg
Cr
Nr
K

l.lm 1.0s
0.0()9 0.m
0.06 0.001

0.930 0.841

0.019 0.019

0.819 l'l19
0.013 0.004

0.m1 o.ml
0.006 0.0m

0.9E6 1.65
0.m0 0.m2
0.m1 0.m2
o.%7 0,n2
0.927 0.017

1.060 1.104

0.m9 0.004

0.m0 0.m0
o.Gn 0.m2

0.998 0.99t
0.m0 0.m
0.@0 0.m
0.187 t.wl
0.019 0.a7
1.785 o.ya
0.fl0 0.w7
0.m0 0.00
0.$0 0.o0

0.995 0.997 1.02E

0.m1 0.002 0.w,
0.m0 0.008 0.00t
t.vB 0.76 0.65t
0.019 0.012 0012
0959 1,108 t2g
0.006 0.01{ 0013
0.000 0.000 0.000

0.001 0.000 0.001

0.995 0.9%
0.ffi2 0.001

o.m'l 0.00,1

1.065 0.911

0.019 0.020

0.9t7 1.055

0.m6 0.011

0.0m 0.0m
0.0G 0.001

0.990 L0,{7 0.994
0.001 0.62 0.m1
0.001 0.02 0.m2
1.115 l.@0 1.116
0.028 0.926 0.s18
0.863 0.838 0.E52

0.010 0.m9 0.m9
0.0m o.ffir 0.m1
0.001 0.m0 0.m1

TOTAL 19m L99t t.(n{ ?-93r Lrrg 3.|In 3fiX 2906' L9T7 3.(xE LgU' 3.009 L957 3.04

MBf ,l6.ES 57.6 53.0E 59.48 n.52 47.0r ,16.39 s9.16 65.51 6.7 53.66 ,(}.63 4.% 43.8

$nplc 90G9Sb 90@9Sb 9oqtgsb 9m39S. 9ffXt9Se 9OG''S| 9fil39Se 90099Se 9qB9Sr 9qB9$ 90@9Sr gOqIrV 9O(t'9V 9qXt9V
TyF TypeP TypcP TypcP TypeP TypcP TypcP TypcP TypcP TlpcP TypcP TypcPTypcMTypcMTypcM

corc coru con con core con corc cora oru cotc corc cotq uid con

slo2 t7.E
a1203 0.0{
Tfo2 0.o
FGO %.8
MnO 0.A
MSP' 345s
CrO O.X
Ndo 0.m
K20 0.0r

97.70 37.22

0.05 0.u
0.05 (I14

26.46 26.41

039 0.39

35.36 35.17
033 O.41

0.0r o05
0.m o@

3652 3731

0.04 0.00

0.05 0.01

29.83 TtSl
0.,$ 0.40

3259 33.&l
0.12 018
0.04 0.8
0.00 0.01

s7.14 37.06

0.05 0.05

o.ff) 0.00

24.64' 2E9E

0.4 0.34

s,.60 33.n
0.u 0.lr
om 0.m
o00 0.m

3736 37.M
O.(B O,B
0.G 0.m
z,m 8.o
0.36 0.3E

34.55 3{.35
0.16 0.6
0.m 0.m
0.m 0.m

97.72 t7.E 36.s7

o.ts 0.G 0.04

0.04 0.01 0.v2
7.% A.n 39.73

0.39 0.28 0.68

3{,50 y.57 8.52
0.12 0.1s 0.29

0.m 0.m 0:l
0.u2 0.m 0.06

35.t0 35.06

o.02 0.00

o.o 0.n
3931 40.19

0.&| 0.69

2319 2422
o20 0.18

o05 0.0E

0.05 0.06

AL n,g2 99.V 99.85 99.61 99.2E 99.91 l00.tl ,1).70 10037 r.st 100,72 10051 12 l{n 59

9l
AI
TI
F?

Mn
Mg
Cr
Ne
x

0.9g7 0.990

0002 0.002

0.w2 0.0(2
05% 0.590

0.010 0.009

l3E5 1.4{n
0.010 0.009

oom 0.0m
0.001 0.0@

0.992 0.992

0.@2 0.w
0.0't 0.06
0.589 0.67E

0.m9 0.010

r.g7 t3?0
0.012 0.019

0.o{ 0.011

o.ml 0.m0

0.m0 0.fr2 0.002 0.m1
0.m 0.m 0.0@ 0.m1
0.519 0.6u 0.il9 0.608

0.m9 o.sE 0.008 0.008

1355 t.y7 t349 r.377

0.m5 0.m 0.06 0.m5
0,m2 0.m0 0.0m 0.000

0.o0 0.o0 0.m0 0.m0

0.990 0.9% 0.991 1.015 1.m2 0.991

0.001 0.w2 0.001 0.00t 0.m0 0.m0
0.(m (1001 0.001 0.0m 0.o2 0.m2
0636 0.61,1 0.632 0.935 0.929 0.950
0.009 0.009 0.006 0.015 0.@0 0.0t6
1.36E rsn 

'J7r 
O.gU r.W2 1.@

0.0G 0.06 0.00{ 0.009 0.m6 0.m6
0.0m 0.0m 0.0m 0.011 0.m5 0.m4
0.m 0.001 0.0m 0.002 0.ml 0.m2

AL 3.qB 3.O()' t.olo 3.013 L99a Lgyl 3.O0t Lyn 3,007 3.WI 3.0(r L97t L9'7

MS, e.9l 70.6 7034 #.O 68.6 67.6 0.52 9.37 6.26 69.19 6.45 51.33 51.89 51.7E
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Senplo 9qB3X 9{XB3X 9(x}3:tFl

Typc TyTcL TYprL TYPcL

cotc co!! cott

SiOz 3,1.68 35.0E 35.9e

A1203 0.01 0.01 0.00

Tto2 0.97 0.06 00o

FeO 39.A 3E.85 3E56

MnO 0.99 0.76 0'76

MEO 8.6 24.75 ?s.rg

C.O 0.42 0.3,1 0.11

Ne2€t 0.00 0.06 0.m
I(2o 0.m 0.00 0.01

TOTAL 9lt,D 9t.90 9!r.9t

st
AI
Ti
F!
Mn
Mg
Cr
Ne
K

0.99 0.97 r.m2
0.00 o.mt o.mo
0.0(x 0.(nl o.mo
0.955 0.921 0.914

0.024 0.018 0.018

7-c/7 1.049 r.061

0.0fi1 0.010 0.m6
0.000 o.mE 0.m0
0.0m 0.m0 o.ml

TOTAL 3.0(n 3.(n0 3.lXX

Mg, 51.33 5?.r7 53.72

Senplc 9qr3tv 9{xB9V 9qB9V 9(l(B9V

Typc TypcM TrycM TypcM TYPoM

corr corc con oxid

sio2
At203
Tio2
rc
MnO
Mso
C.O
Ne20
K20

35.61 362t 35.95 36.E0

0.02 0.02 0.0r 0.1,1

0.0E 0.12 0.13 0.32

39.n 3E.t0 {0.04 29.8i}

0.65 0.75 0.70 o.52

B.€E BXg 23.A SL62
0.15 024 0,2it o,t8
0.0{ o,75 (}00 0.09

0.05 0.(b o.Gl 0.05

si
AI
Ti
Fc

Mn
Mg
Cr
Ne
K

TOTAL $.95 l|n.(xt 1m.72 I(IL(B

r.N? 0.99E 1.013 0.9?
o.om 0.d)0 0,(n0 0.m{
0.001 0.m 0.m 0.m6
o939 o.rE 0.94:l o.gl
0.0t6 0,018 0,u7 0.012

0.9% o.n6 0.992 l.?E
O.qE 0.W7 O.Wl O'ol,l
o.w2 0.0{0 0.m0 0.005

0.002 o.fin 0.m1 0.m2

TOTAL a96t Lrx2 agE5

Mgr 5r.o 52.il sr.t 6554
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Microprobe minernl analyses

,43.7 Mount Sidley xenolith mineral analyses: pyroxenes

srmplc 9oo29c 90@9c Xxr2gv 9O29V 90&t9V 90029V 9(m9V g(xtE X 9m29X gm29x 9qy29x 9m29X 9@AlBl 9mA)81
Type TypcMTypcMTypcMTypcMTypcMTypcMTypeM TypcL Typel TypcL Typel TypeL Type L TypcL

core core corc coru corc orld ol orid ol core core cotc corc corc corc coc

stoz 50.16

Al2Cr3 ,l-15

Tio2 1.41

FcO iohl 9.73

MnO 0.{O

MgP 12.55

CrO 21.15

N.2O 0.00

K20 0.@

50.3e 5130
4.43 3.U
154 1.05

9.66 9.73

031 0.28

12.18 lZ&t
2r.z 20.92

0.m 058
0.00 0.&t

so.,tl 49.32 5,taj
3.99 3.90 0.W
1.47 0.83 0.06

10.00 11.{x} 7.20

0.40 0.38 0.81

1259 7L42 35.73

21.il 20.82 0.26

0.60 0.54 0.12

o.m 0.01 o.fi|

55.58 50.14

0.26 3.52
0.G l.l9
7.89 10.00

0.60 0.4
35,16 12.82

0.6E 2.8
0.37 0.o
0.20 0.m

8.93 {9.48
5.35 3.9s

2.U2 1.51

9.14 10.13

0.2E 0.37

14.01 72.17

19.95 21.51

0.31 0.60
0.m 0.s

49.47 5054 50.24
4.77 3.53 3.16
1.61 1.0,1 0.98
9.7t 10.20 10.19

0.24 0./p 0.30
r2.lE r2s9 t2?o
21.99 zt.O 20.96

0.62 0.A 0.54

0.01 (I00 0.00

8.76
1.72

2.0r

9.12

0.30

12.r7

2r.6
0.@

0.m

F!2O3
FcO

LU
E.17

3.Q
7.97

0.00

7.20

8.76

0.01

7.45

LA
1.24

8.02

225
6.12

t.n
7.97

0.@ 0.00 0,22

9.73 9.86 ,t53
236 1.85 1.72

75E E53 8.64

TOTAL 99.55 99.t8 1O.3:t 101.09 99,23 9&57 1q,.56 lm.{,t 94.99 99.71 99.15 99.99 1m.01 99.06

si
AUV
alvl
Ti
FclIl
FcII
Mn
Mg
Cr
Ne
K

1.690 1.880

0.110 0.120

0.970 0.060

0.u0 0.040

0.0@ 0.00
0.300 0.310
0.010 0.010

0.7@ 0.580

0.E50 0.850

0.0m 0.000

0.0m 0.0@

1.910 r.c75
0.090 0.120

0.070 0.050
0.&t0 0.0{0
0.m6 0.013

036 0.50
0.010 0.012

0.712 0.698

0.8s5 0.%2
0.u2 0.043

0.m0 0.m1

lgn 1.976

0.120 0.m2
0.60 o.mo
0.(n3 0.m2
0.87 0.m0
0.82 0.213

0.012 0.924

0.7v4 t.87
0.829 0.010
0.040 0.010

0.o0 0.m0

1.935 r.878
0.010 0.122

0.m0 0.030

0.000 0.G4
0t30 0.060

0.0m 0.230

0.010 0.w
1.E24 0.716

0.020 0.866

0.020 0.@4

0.010 0.000

1.825 1.869 r.84
0.175 0.131 0.157

0.060 0.050 0.050

0.67 0.043 0,w
0.040 0.470 0.050

0.250 0.?Q 0.26
0.009 0.012 0.010

0.779 0.5E5 0.686

0.797 0,870 0.869

0.023 0.044 0.&4
0.000 0.0m 0.0m

1.862 1.E99 1.90,1

0.138 0.101 0.@6

0.050 0.060 0.050
0.045 0.a29 0.s2E

0.067 0.62 0.019

0.237 0.%7 0.23
0.06 0.012 0.010

0.684 0.705 0.716
0.887 0.848 0.851

0.045 0.045 0.0{0
0.001 0.m0 0.m0

TOTAL 3.970 3.970 4.mr 3.96{ 4.(xX \Vr4 4.015 4.034 4.011 4.025 /r.O9 {.0r9

Wo
En

Fs

45.95 46.n
37.U 36.%
t6.2. 15.85

U.99 U/.28 ,14.05 0.47
3835 3829 37.41 89.43

16.65 1,1.43 18.54 10.09

0.96 6.U 42.77 45.15

t795 C7.45 4t.75 36.34

11.09 15.21 15.54 77.5r

47.3r ,S30 {5.m
36.8 37,6 37.97

16.21 77.U t7.B

6.95
37.6
15.99

Senplc 9m3tu 9{x}3:tu 9OB:'U 9qrCtu 9083U 9083V 90G3V g(x'3tx goo33x 9@33X 9oct3x 9dB3X g(x}33F'r 9ooS3R
Typc Typcl Typel Typrl Typcl Typcl Typcl Typcl Typcl Typ:L Typcl Typcl Typcl TypcL Typcl

oxid oxid oon corc con oxid orid cott- rlsr con co!. Gorc

sroz 49.2. 54.55
41203 4.7E 0.35

Tio2 t.32 0.12

FeO totel 10.99 15.31

MnO 0.17 0.O
MtP ll.2E 2E.11

C.O 21.t7 0.E8

Ne2O 0.80 0.m
K2C' 0.O 0.00

8.M 5038
6.18 3.88

r.55 r.34

10.08 9.78

0.34 0.76

11.00 tL43
21.E8 21.08

0.92 0.{9
0.00 0.00

50.79 50.10
416 L25
1.05 0.98

9.65 1t.96
0.8 031
tLn rr.r2
2r.45 2050
0.84 0.98

0.00 0.m

50.40 49.53 50.1E
5.48 4.16 ?-&
1.56 1.18 1.43

7.93 t3.25 1r.63
0.r8 0.47 0.30

lz04 t0.c7 r3.o2
20.84 20.10 20.94

0.75 0.91 o.4?
0.t0 0.m 0.00

19.76 49.62

3.8 {.m
t.% 1.06

t2.73 12.76

0.43 0.42

10.98 11.14

19.88 n.Vr
0.86 0.78

0.m 0.m

4E.05 8.77 44.6
43E 5.20 10.25

2.22 r.7E 3.34
10.95 9.69 8.70
0.u 0.26 0.26

11.94 13:1 11.B
20.73 20.67 20.68

0.76 0.56 0.72

0.08 0.00 0.05

Fc2O3

FrO
3.30
E.O2

0.05

9.73

0.70

9.U2

LU
9.77

0.00

7.93

3.39

10.20

LW 276
B.A 7.59

2.99 1.8
8.94 U.ts

3.28 283 241
E.m 7.m 6.50

2.26

n.n

TOTAL 1m42 lmm 1m.41 99.65 1m.m 1m.18 99.1t 100.55 100J2 9.65 99.80 99.()9 1(p.1{ 99.55

si
AIIV
AIVI
Ti
FcIll
FcII
Mn
Mg
Ca

N.
K

1.640 1.961 1.814

0.160 0.0,10 0.190

0.050 0.0m 0.o0
o.w7 0.0G 0.04.1

0.093 0.057 o.vE
0.251 0.403 o.BE
0.005 0.m1 0.orr
0.64 1506 0.614

o.8n 0.034 0.862

0.058 0.0m 0.67
0.0@ 0.0m 0.o0

t.s3 r.w
0.110 0.100

o.alo 0.090

0.68 0.G0
0.(m 0.420
0.306 0.?82

0.m8 0.m9
0.o6 0.67
0.849 0.861

0.86 0.061

0.m0 0.ml

1.E80 1.890

0.120 0.110

0.970 0.130

0.028 0.014

0.069 0.299

0.w7 0.000

0.010 0.006

0.622 0,673

0.825 033E

0.u7r 0.055

0.m1 0.005

1.c76 1.889 1.8%

0.120 0110 0.110

0.060 0.000 0.060

0.44 0.0,11 0.66
0.096 0.0E4 0.050
0321 0.279 0.354

0.015 0.010 0.014
o.5r9 0.730 0628
0.E16 0.84 0.E11

0.067 0.G!1 0.064

0.000 o.mo 0.0m

t.887 1.61E

0.110 0.180

o.on 0.010

0.80 0.063

0.u4 0.101

0.339 0.2rr5

0.014 0.002

0.632 0.674

0.815 0.8,u
0.057 0.055

0.0m 0.00{

l.&B r.tr3
0.160 0.330

0.60 0.130

0.(EO 0.09,[

0.m9 0.06p

o.?3 0.20{
0.(xF o.mE

0.74 0.616

o.ru 0.80
0.041 0.60
0.00 0.m2

TOTAL {.om {.025 {.qrt 4.qlt {.m3 4.(XB 4.050 {,02{ ,1.018 {.015 {.018 3.99{ {.m3 {.m6

Wo
En

Fr

o.4t 1.70 48.10 15.87 0.31
34.m 75.n 3d,26 9756 3610
18.59 23.m V.63 t6.62 16.59

45.26 45.30 ,{4.06 4r.57 4.12
34.12 37.18 33.42 37.69 fft.90
20.63 1652 22.52 18.74 21.98

'1,t.6 45.19 &.n 4E2E

u.r6 36.U ,t0.63 35.E3

21.7E lE59 t6.49 15.66
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Sernplc 9Ol1lB1 9002981 9002981 9(X!!rDl 9qB3A 9qB3A 9{xl33A 9qB3A 9il838 90@38 90@38 90@38 9q838 9Q338

Type Typrl Typcl Typcl Typcl TypcP TypaP TypcP TypcP TypcP TypcP TypcP TypcP TypcP TypcP
corc mclt con cott cotc cota cot€ corc col€ cotc cora coro corc corc

sio2 51.n
A1203 3.y
Tioz 1.05

ftO totrl 10.10

MnO O.A
MtO lZ51
C.O 24.Y2

N.2O 053
K20 0.00

5953 30.74

o.75 359
0.00 r.01

605 10.48

o.a o.E
30.06 rz73
0.36 21.39

LU 0.61

0.60 0.00

50.43 0.21
L99 8.38

1.r2 l.El
11.97 7.92

0.39 0.18

1272 tL62
21.n 8.97

0.89

0.01

18.42 $.ffi
7.U 7.9
1.68 LW
8.8 7.33

0.12 0.12

rLil 11.E3

20.12 22.26

0.93 0.{t
0.00 0.s

8.7 8.61
8.y 7.9r

1.8{ r.39

7.v2 7.6
0.11 0.76

12.89 n.n
19.6 20.51

0.92 4.92

0.02 0.0r

,t8.90 48.50

7.67 E.04

l.lE tzl
7.67 8:1
0.15 021
rL73 12.59

20.x 19.80

0.94 0.95

0.01 0.00

8.43 1E.95 .18.31

7.83 &00 E.+3

LB t.32 t.37
8.q, 8.18 6.08

0.1E OB 0.29

12.7t 1284 t2-45
19.73 20.24 20.W

0.86 0.92 0.85

0.02 0.01 000

Fc2O3 0.06 0.91 237
FcO 10.34 5.24 8.35

o.75

10.39

2.49

5.68

1.78

6.65

0.m
7.8

1.31

6.74

u7
5.54

1.60

6,8
7.79

6.4
t.4s
5.73

LB
636

0.86

7.29

TOTAL 1m17 99.40 1q).E2 1m.$ 99.01 lm.m 9.98 100m 10033 99.59 99.56 99.01t lm.6' 99.U

sl
Allv
Alvt
Ti
FcIII
FeII
Mn
Mg
Ce

Ne
K

1.917 2.W
0.083 0.m0
0.060 0.80
0.029 0.000

0.002 0.m4
0.324 0.151

0.009 0.017

0.698 1.546

0.839 0.013

0.098 0.136

0.0@ 0.026

r.693 1.895

o.tg7 0.105

0.60 0.@0

o.ms 0.G2
o.ffi 0.m1
o.Eg 0i26
0.m8 0.010

o.7w o.7Lz

0.655 0.4rc
0.04,{

0.@0

r.n3 r79l
gzn 0.2@

0.140 0.130

0.051 0.047

o.olo 0.049

0.177 0206
0.006 0.004

0.76 0.697

o.s{B 0798
0.06{ 0.w
0.000 0.000

1.812 r.788 1.796

0.18E 0.212 0.2V2

0.130 0.150 0.140

0.055 0.051 0.89
0.000 0.036 o.an
0.255 0.20E 0.170

0.00t 0.06 0.005

0.657 0.712 0.7t3
0.8E9 0.780 0.61,1

0.(Bl o.ffi 0.066

0.001 0.001 0.00

1.611 r.8A/
0.169 0.193

0.150 0.160

0.G3 0.(E5

0.045 0.050

0.1ct 0.26
0.005 0.00E

0.78 0.69
0.808 0.790
0.06E 0.06E

0.0o 0.000

1.86 l.6Gl t.n4
0.195 0.197 0.M
0.150 0.150 0.150

0.(B4 0.87 0.&18

0.0{l 0.65 0.015

0.210 0.195 0.X27

0.m6 0.m7 0.009

0.76 0.78 0.689

0.788 0.799 0.799

0.062 0.055 0.061

o.ml o.ml 0.000

TOTAL 3.999 4,019 {.qr7 4,017 3.998 4.029 4.W7 1.01t {.0o5 /1.015 {.@1 ,1.015 3.99r

Wo
En
Fc

,{5.G

37.O
v.n

0.75 45.25 4S.n
E9.16 37.53 36.80

10.09 17.2A V.93

6,73 {5.60 {9.35 U.vl
40.21 39.e1 36.4E 41.01

t4a7 
'{'57 

14.15 l{.06

46.& 46.n 45.30
,10.33 ,t0.19 40.08

13.63 13.61 11.62

,15.08 4553 46.18

40s6 10.17 39.E3

1436 td30 13.99

Searplc 900rtH 9m$n 9O03:tC19m$Gr 90&?3Fl t0033Pr 9m$FI 9qB3Pl 90ct3Pl 9063P1 9m33Pl 9m33Q1900XtQ19OftBQl

Typ" Typcl Typcl Typ:L Typrl TypcC TypeC Typ:C TypeC TypeC TypcC TypeC TypeP TypcP TypcP
corc con cort corc cotc core corc oxid corc core olid orldc. rlm coro

sio2 49.96

41203 3.&
Tio2 l.4l
FeO otel 10.3{
MnO 0.26

MgO 12.s7

CrO 2O.C7

Ne2O 055
too 0.00

49.90 51.E1 49.55

4.03 280 L28
1.32 0.48 L6
10.01 10.91 8.75

0.27 0.33 0.20

72.87 tL49 13.25

2132 20..rE 20,74

0,45 0.72 0.69

0.00 0.01 0.00

&94 46.05

E.lE 7.73

LB 1.85

t.55 8.05

0.13 0.21

7L17 7ZZ7
20.95 2r.06
0.83 o.El
0.02 0.01

o.u 4.%
5.90 8.,t9

1.81 ,1.20

E.64 5.9E

0.r 0.08

tz22 12.b
20.6E n.7
0.91 055
0.m 0.01

,rE.10 8.v2
7.9 8.05

r.76 LA
8.17 7.45

0.17 0.22

t2.32 11.92

21.21 21.30

0.E8 0.78

0.0 0.00

4l.06 38.E4

13.92 75.8
6.11 7.03

6.n 6.78

0.18 0.v7

10.26 9.38

22.31 21.90

0'n
0.00 0.0r

&.97 0.W
1243 7.22

6.n 319
5.69 6.10

0.08 0.11

10.99 13.41

2:L58 21.90

0.56 0.20

0.00 0.01

Fc203
FcO

L?J
853

l-99
8.22

0.tl:l

10.16

1.{1

7.48

3.35
5.$

t.92
6.32

zE0
6.t7

3.3('

4.01

a,tt 0.41

7.01

o.00
5.11

L73
433

LsE
3.97

0.@

6.10

TOTAL 10(100 lm.1t 100.@ 9r.s2 99.9t 99.99 9!r.19 99.39 99.99 1m0l 99.95 1Ut.00 99.52

si
AtlV
Alvt
Ti
FeIII
Fall
Mn
Mg
Cr
Ne
K

r.879 1.87r
0.120 0.130

0.o() 0.60
0.040 0.@7

0.062 0.66
0.262 0.87
0.0G 0.m8
0.721 0.720

0.845 0.857

0.040 0.83
0.0m 0.m0

1.939 1.853

0.060 0.150

0.060 0.040

0.014 0.6E
0.o2:t 0.010

0.318 0.84
0.010 0.m6
o.@7 0.739

0.822 0.832

0.052 0.050

0.m0 0.m0

1.755 t.782
02{0 0.u0
0.120 0.120

0.063 0052
0.094 0354
0.172 0.196

0.004 0.w7
0.678 0.676

0.E40 0.&17

0.060 0.o5E

0.001 0.m0

1.802 1.580

0.200 0.320

0.110 0.060

0.05t 0.119

0.u79 0.09s

0.191 0.126

0.006 0.002

0.686 0.6E9

0.835 0.9m
0.066 0.040

0.000 0.001

\7Ca t.78
0.210 0.2n
0.120 0.130

0.0{9 0.0@

0.w7 0.010

o.lv o.2n
0.06 0.w7
0.684 0.660

O.UI 0.8r!E

0.064 0.o%
0.0m 0.000

1.540 7.&l
0.,1@ 0.540

0.160 0.140

0.170 0.199

0.00 o.wl
0.190 0.136

0.010 0.q)2
0,570 0.5n
0.690 0.E84

0.056

0-0fi) 0.m0

1.54:) Lnz
0.1& o.Eo
0.100 0.oo
0.176 0.106

0.973 0.m
0.106 0.200

0.m 0.m0
0.617 0.7&
0.911 0.n3
0.041 0.014

0.m0 0.m0

TOTAL {.017 4.Or9 t.995 {.m2 4.027 4.002 {.025 ,1.030 1.025 3.9911 3.990 4-g.,,5 4.80 l.mt

Wo
En
Fs

u.7t 4534 4419
38.15 38.10 37.47

t7.14 1656 1E.33

17.09 17.48 46.67 49.79

3E.00 3E.34 38.30 36.11

14.91 14.16 15.0E 12.11

45.O9

40.05

14.E5

47.49 $.n 53.94 54.€ 53.37 4E.47

38.32 37.n 34.55 32.45 36.15 40.75

l4.B l3.B 11.52 13.12 10.,19 11.18
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Semple 9qB3C 9(nt3c 9fi83c 9O(B'C 9(IXI3C 9@39F 9@33G g(xBgc 90&ttc 9qB3G 90@3G 9qB3c gmOCH 9m33H
TyF TypeP TypeP TypcP TypcP TypeP TypaP TypcP TypeP TypcP TypcP TypcP TypcP TypcP TyprP

core cote con corc corc cots colc orld c cor? oxid c core cole con coE

sioz 49.17

At203 7.r5
TiOz 1.,14

FcO totil 6.82

MnO 0.17

M8P 12.89

C.O n.69
Nr2O l.l7
K20 0.m

47.4 47.17

852 E53

2.23 Lr4
756 7.36

0.14 0.15

tz.u 1210
20.62. 20.63

t.22 l.lE
0.00 0.01

47.08 51.42

9,17 3.04

L82 0.64

7.31 6s9
o.77 0.23

11.89 r1.&
20.61 21.53

1.35 0.68

0.0r 0.02

49.97 4157 ,t5.3E

7.97 10.46 6.,10

211 3.93 5.37

6.44 8.22 6.90

0.10 0.00 0.10

tz90 10.32 12.41

20.32 2''fi ?,-.02

0.93 0.89 0.62

0.02 0.00 0.01

6.61 45.qt
9.D E.36

2.8 2.U
8.92 7.8
0.19 0.14

n.67 12.47

19.74 Z2.B
1.06 0.55

0.01 0.G

o.r0 17.13

6.E6 5.61

2.% 2i4
7.8 958
0.15 0.zl
12.78 11.29

n.u 22.fi
0.62 r.06
0.m 0.06

49.28 49.45

7.43 7.O
t.71 1.79

L99 5.26

0.u 0.16

1452 14.81

20.84 205E

066 0.8E

0.00 0.00

Fc2O3

FcO

2.@

4.99

259
5.23

3.00

L6
3.13

450
u0
L92

0.00

6.U
t,78
6.62

LN
1.U

3.62

3.94

3.19

4.38

6.69

356
1.36

3.n
1.69

3.74

z.a
651

TOTAL 9fr.51 99.93 99.X1 1m.61 99.17 1m.65 99.99 9.20 99.72 99.tn 99.98 99.56 9.79 1m.00

si
AilV
Alvt
Ti
F.lll
Fcll
Mn
Mg
C.
Ne
K

1.81E 1.76
0.182 0.2&
0.130 0.130

0.0,o 0.062

0.67 o.gn
0.154 0.162

0.06 0.00{
o.7ro o.&4
0.E20 0.E17

0.084 0.0c7

0.0m 0.001

t.764 t.n9
0.86 0.261

0.140 0.140

0.060 0.97E

0.4{ 0.66
0.14s 0.138

0.m5 0.m5
0.95 0.655

o.Ett 0.823

0.ff6 0.87
0.m0 o.ml

1.9t7 1.824

0.(a3 0.176

0.050 0.150

0.016 0.68
0.054 0.m0
0.153 0.197

0.67 0.m
0.814 0.70r
0.860 0.n4
0.049 0.065

0.m1 o.mr

t.ffi 1.595

0334 0.304

0.130 0.070

0.111 0.095

0.050 0.w7
02s7 0.138

0.0(n 0.002

0575 0.692

o.K 0.E82

0.0&1 0.o(l
0.000 0.m0

1.745 1.70
0.85 0.293

0.160 0.t70
0.063 0.979

0.o75 0.l0rl
0.2fr1 0.124

0.006 0.004

0.651 0.591

0.792 0.885

0.0n 0.ot0
0.000 0.001

t.7@ t.7g
0,240 0.2115

0.0@ 0.0o
o0E0 0.056

0.089 0.190

0.136 0.112
0.06 0.009

0.7t2 0.635

0.E95 0.9G
0.of5 0.978

o.ml 0.0G

1.E04 1.806

0.196 0.194

0.130 0.u0
o.u7 0.0{9
o.@7 0.u6
0.115 0.114

0.m3 0.m5
0.792 0.805

0.818 0.E06

0.061 0.62
0.00 0.@0

TOTAL 4.(m ?.999 1.WL 4.gB 4.m6 3.9it9 4.003 3.999 +427 3.995 4.073 3.991i 4.m3 9.998

Wo
En

Fs

47.10 17.& 17 f8 ,1835 45.4E

40.78 38.72 38.99 38.48 ,(}.O5

12.12 t3.& 13.23 13.16 11.48

4693 51.00 4930 6.02 49.14

41.4? 33.86 38.6E 37.18 X.C]
11.64 15.14 12.02 16.15 12.49

,s.85 49.G 46.42

36.E5 3451 U.95
u.?a 76.41 8.63

45.49

45.49

Semplc 9fl)33Q19m$Q19@33Q19083Q19003:tQ19(xB3Q19m33sl 9fil3ssl 9oB3S1 90@3Sr 90B3Sl 90(B351 9ffi3s1 90@98
TyF TypcP TypeP TypcP TypeP TypcP Typ:P TypcP TypcP TypcP TypaP TypeP TypcP TypcP TypcM

corc oxld c- rlq corc rinr con oxid corc cone cora cotc cora corc con

sio2 a.zr
A1203 1r.45

Tio2 4.6
FeO tobl 5.47

MnO 0.01

MSP l1.A
C.O XLOT

Nr2O 0.55

K20 0.m

38.44 4237

15.30 11.{6

7.19 556
733 5.50

o.02 0.09

9.0E t15t
2r.46 2:L8
o.8r 059
0.00 0.02

,t936 41.39

7.86 1268

1.53 601
6.55 5.52

0.10 0.gl
1355 11.13

20.67 xL73
1.04 0.54

0.00 0.01

48.14 45.62

E.67 E.92

1.8:l 1.67

634 53t
0.t7 0.03

13.25 tLl,A
20.42 21.9r

l.oE 0.66

0.01 0.02

$.o7 8.29
5.58 r2.9r
3.99 6.%
6.51 5.72

0.05 0.02

11.78 10.911

20.48 n30
053 055
0.01 0.m

42.47 42.67 47.98

11.50 1t.n 9jj2
5.% 5.35 2.14

5.U 5.35 6.92

0.12 0.09 o.lE
11.92 11.89 13.19

2.57 Z\.U 1959
0.55 0.42 0X8
0.m 0.0r 0.00

48.25 50..14

8.72 449
155 t.47
6.80 8.67
0.lE 0.27

13.24 72.95

79.70 20.95

0.6 0.47

0.00 0.00

Fc2O3

FcO

t.72
3.92

2.64

4s2
za
3.,14

2(F
481

245
J,tl

3.30

3.54

L%
3.6

2.24

3.m
LE
3.32

0.&
6.89

0.00

5.EO

0.00

8.67

23E OJE

{20 4.63

TOTAL 99.26 99.61 99J5 t@.77 lqr.06 99.E9 99.98 %.99 99.19 99.s2 
'9.t9 

1m00 99.10 99.71

si
Atw
AIVI
TI
FcIII
Fcll
Mn
Mg
Cr
Ne
K

1.613 l.rl{9
0.390 0.550

0.120 0.130

0.131 0.204

0.oa o.gE
o.rn 0.155

o00 0.001

0.658 0.510
0.883 o.EA
0.040 0-059

0.0m 0.0@

1581 1.79E

0.420 0.200

0.@0 0.140

0.156 0.012

0.064 0.66
o.w 0.1.t5

o.Gt 0.m
o.ao o.n6
0.900 0.w
0.0,9 0.973

0.m1 0.m0

r.539 Ln6
0.150 0.20
0.100 0.150
0.166 0.61
0.069 0.066
0,103 0.129

0.m2 0.m5
0.617 0.72E
0.906 0.w7
0.(r9 0.917

0.m1 0.m0

1.66E 1.730 l5t6
0310 o.ao 0.480

0.080 0.020 0.090

0.130 0.113 0.194

o.m2 0.093 0.06,1

0.143 0.110 0.116

0.001 omr o00t
0.709 0.8D 0.61,{

0.869 0.824 0.899

o.u7 0.009 0.040

0.001 0.001 0.000

1585 1582
0.410 0.1n
0.090 o.lm
0.150 0149
0.06s 0.063

0.094 01ts
0.004 0.011

0663 0.657

0.E95 0.88!)

0.0,() 0.fi0
0.0m 0.0G

t.76 1.790 1.890

o.m 0.210 0.110

0.170 0.170 0.090

0.059 0.0{3 0.040

0.010 0.m0 0.m0
0.2t2 0.217 0.?o
0.006 o.ffi 0.010

0.724 0.n2 0.720

0.773 0.7E3 0.E{0

0.66 0.u7 0.80
0.000 0.m0 0.m0

TOTAL {.0O5 4.m5 {.m1 4.m4 {.qr {.000 {.026 a.014 t.99{ Lm7 4.06 t.W {,(no

Wo
En

fs

51.61 53.92 52.fi &.8
x.6 31.72 37At 42.1E

9.94 74.97 9.99 1158

53.45 45.55 49.86 4.44
36.40 4208 ,10.68 {4.61

10.15 tl.T 9.O 10.95

53.10 52.19 51.$ u.97
%.a 38.66 3E.38 42.12

10.63 9.15 9.m t?.97

4521 45.90

42.26 3934
1253 14.75

JO/



Srmple
Typs

9frXr3t 9(x)33t 9OO33t goosrt 9OC!3J 9(m3' 9OB3J 9dB3' 9033' 90033J 9OO'3K 9OO3:|K 90@3K 90033R

TypcP TypcP TypcP TypcP TypcC TypaC TypcC TypaC TypcC TypaCTypcMTypcMTypcM TypcP

Coe COn COG COt! COrC CO'C COr! COlg CO'C CO3? COIG' nm COE COil

sioz 48.?l
A1203 E.73

Tio2 2.02

FeO tobl 5.83

MnO 0.12

MtO 13.17

CeO 20.,11

Nr2O 1.06

K20 0.02

48,24 49.31

E.55 7.90

1.95 1.47

6.25 5.4
0.19 0.16

13.11 t3.73
20.05 20.51

1.05 0.92

o.m 0.00

48.96 48.76

8.55 8.r4
1.43 1.70

s.70 7.38

0.29 0.14

1353 tZtT
20.55 21.89

0.88 0.73

0.02 0.00

48.58 ,[5.30 8.22
7.9E 7.79 6.51

1.85 3.n L92
7.39 6.94 7.8
0.20 0.12 0.2)

rz& lx41 tLv
2r.70 2-2.29 ?r.69

0.E2 0.c7 0.n
0.00 0.01 o.m

fi.16 50.53

698 7.r9
r.8 153
7.74 E.14

0.? Q.05

t3.o E.a
21.61 2r.6
0.83 0.&{

0.a 0.m

48.78 US1
8.29 10.29

L20 5.01

55E 4.71

0.12 0.05

13.&{ 72.62

zo37 2r.95
076 0.63

0.00 0.m

47.52 .15.50

6.5r E.93

?J7 L79
5.99 6.5r
0.19 0.14

13.35 rZ05
20.91 226€
0.91 056
0.00 0.01

fcZOr t:S t"tZ
FcO 4.73 5.24

0.82 0.98

d90 d81
0.09
o-5t

r.T3

5.E4

L77
4.&

t.v
5.&l

1C]
5.92

1.07

7.t7
0.00

558
0.6I
4-16

LO6 3.2{
4.12 359

roru gc.7 9s.42 99.74 lmfl 100.91 100.94 9.61 1m.97 10.96 102.61 9.9{ 994:t 99.9t 99.17

si
A|lv
Alvt
Ti
FcllI
Fcll
Mn
Mg
Cr
Ne
K

1.776 1.7E5 1.611

0.T24 0.21s 0.189

0.160 0.160 0.150

0.056 0.6{ 0.0{2

0.6,1 0.Gr 0.023

0.t6 0.162 0.150

0.001 0.m6 0.m5
0.78 0.722 0.n2
0.s6 0.794 0.811

0.o6 0.o5 0.w
0.001 0.@1 0.m0

1.795 tJ91 1i87 r.87
0.205 0.26 0.213 0.313

0.1@ 0.150 0.130 0.030

0.(B9 0.u7 0.052 0.108

0.w 0.025 0.04E 0.130

0.1,t8 0.201 0.179 0.086

0.m9 0.004 0.006 0.004

0.740 0.67 0.580 0.689

0.811 0.863 0.855 0.890

0.053 0.052 0.059 0.063

o.mt 0.000 0.000 0.00r

1.775 t.830 LE25

0.2n ol70 0.170

0.150 0.130 0.140

0.0i3 0.65 0.041

0.$0 0050 0.fiK1

0.1E0 0180 0.2m
0.006 0010 0.w2
a673 0,76 0.712

o8ss 0.843 0.815

0.055 0.059 0.059

0.000 0.001 0.0m

r.79r 1.650 1.751 t.7t2
0.2@ 0.350 0.249 0.288

0.150 0.100 0.120 0.110

0.061 0.140 0.or 0.979

0.m4 0.017 0.68 0.09r
0.130 0.129 0.rA 0.112

0.0m 0.m2 0.m6 0.m5
0.7& 0.697 0.n3 0.Q6
o.Em o.vr 0.825 0.914

0.050 0.or5 0.065 0.041

0.00 0.@0 0.000 0.m0

TOTAL {.006 {.003 3.999 3.99E 4.009 4.009 {,001 4.017 {.017 {,016 3.955 {.m1 ,1.005 ,1.026

Wo
En
Fs

47j6 6.46 46.72 ,16.99 49.15 48.52 49.5E

,t23l 42.8 {t.32 4Ln 37.98 38.59 38 3E

10.53 tr29 9.97 10.14 lL87 1288 l2-fi1

48.63 03r 45.E9 #.A 50.82 47.33 50.98

38.28 39.n ,0.04 {}-68 40.67 42.05 37.70

13.6 12.91 l{.06 10.09 8.52 10.61 11.32

Senpla
TyF

9@98 9|XB9B 9m39D 9@39F 9m39F eOO39F 90039F 90qr9F 9089G 9m39C 90G9M 9m39M 9003eM 9069M

TypnMTypcM Typ.L TypaMTypcMTypcMTypoMTypcM Typcl Typcl TypcL TypcL TypcL Tl2cL
cor! con oxid ol coro core cora coar cot€ roto orid cota coe cofa cori!

sio2 49.91 51.29

A1203 4.69 4.65

Tio2 158 1.55

FeO totrl 9.26 8.49

MnO 0.40 0.Zg

MgO 1L69 13.23

CrO 20.92 20.04

Na2O 0.,t3 0.53

too 0.00 023

53.59 49.75 50.02

233 3.62 3.69

0.06 r.30 1.19

19.04 r0.B 10.24

0.53 0.32 0.24

23.57 1Z6E rZ75
0.7E 2r.20 21.38

0.00 0.53 0.50

0.00 0.00 0.00

49.94 50.6t 50.32

3.9E 3.n 9.62

t.a LE 0.n
9.68 9.86 10.,11

0.33 0.34 0.35

rzrz 72.7f, r3.G
20.22 A.n 2058
o.& 0.n 0.45

0.o{ 0.0r 0.m

u.54 39.72

9.15 t05l
,1.3E 5.93

7.U t6.45
0.0e o.xt
11.82 8.,13

n.v v.v
0.50 0.97

0.01 0.r2

49.fr 4959
,1.3 ,t.31

155 1.58

950 9.47

0.23 0.22

tL6 12.85

21.39 21.83

059 0.55

0.03 0.02

50.19 49.87

3.7t d09
1.23 LA
9.95 9.4
0.26 0.25

7275 tZ69
2r.62 A6
052 0.42

0.6 0.01

Fa2O3 0.00

F:O 9.26

0.m
E.49

0.m
19.04

L38
8. l3

L28
E. t9

0.97

8.60

1.31

E.68

r.83

8.V
111

5.78

t0.47
6.6

1.E5

7.$
275
699

L26
7.91

LIE
7.58

TOTAI. 99.E6 1q!.o9 1oO.@ 99,62 100.m 9&73 100.07 91t.55 99.9 99.5t 99.90 1m.39 lm.at 1@.25

si
AlIV
AIVI
Ti
FellI
Fell
Mn
Mg
Ce

Ne
K

1.870 1.900

0.130 0.tm
0.080 0.100

0.040 0.010

0.0m o.mo
0.290 0.263

0.010 0.67
0.710 0.nl
0.840 0.796

0.030 0.60
0.0m 0.0r1

1.969 1.C79

0.G0 0.110

0.a70 0.040

0.m2 0.87
0.m0 4.67
0.627 0,25.r

0.015 0.010

1.?96 0.714

0.81 0.858

0.000 0.G9
0.w0 0.m0

l.8El 1.E92 1.900

0.120 0.110 0.lm
0.050 0.070 0.u70

0.03.{ 0.000 0.03.1

0.054 0.030 0.010

0.?56 0.?80 0.T0
0.008 0.010 0.0r l
0715 0.718 0.710

0.862 0.820 0.E33

0.036 0.u7 0.0s2

0.000 0.00? 0.000

1.9m L66Z
0.1m 0,340

0.060 0.u0
0.0?2 0.rB
0.050 0.064

0.2E0 0.16t

0.011 0.0G
0.732 0.89
0.831 0.657

0.034 0.035

0.000 0.0o

1.551 1.E59 1.843

0.450 0.140 0.1,10

0.050 0.050 0.@0

0.174 0.0,14 0.044

0.336 0.052 o.gn
0.192 0.28 0.217

0.w7 0.w7 0.67
0..t91 0.76 0.7t2
0.78 0.857 0.570

o.t3 0.043 0.040

0.006 0.002 0.001

1.E82 r.859

0.1?0 0.140

0.050 0.040

0.@5 0.G6
0.061 0.061

0.247 0.240

0.m8 0.mE

0.712 0.705

0.869 0.88r

0.68 0.G0
0.001 o.ml

TOTAL 'r.ofr 3.996 4.0{l t.mE 4.026 {.009 4.020 4.02Xt {.007 ,1.055 {.00{ 3.9E1 1.026 {.m1

Wo
En

Fs

45.55 44.t7 1.59 45.32

38.59 40.83 66.33 37.7?

15.76 14.69 3?.09 16.96

45.,f.1 44.37 ,14.95 ,(}.90 37.6 41.57 46.10

37.69 38.85 X.32 9.67 50.8 28.15 37.92

t6.67 $.n 6.73 17.{l 12.92 30.33 15.98

46.3E 45.93 46.69

37.95 57.63 37.36

t5.67 16-.14 15.95

368



Microprobe mineral analyses

633R g@trR 9qxi3R 9oO$R 9(It$S 9qr33s 9003:rS 9003:tS 90@3s

Typc TypcP TypcP TypeP TypcP TypcP TypeP TypcP TypeP TypcP Typcl Typcl Typcl Typcl Typrl
oxid orid oxid oxid corc con oxid oxid co?. or cotc cot' con' rllt

sio2 ,16.30 51.52 4r.UI

At203 8.21 3.95 tZ78
Tro2 3.85 1.66 604

FcO totrl 6.54 5.85 687

MnO 0.0E 0.14 0.Ol

MgP 14.5'0 18.05 11.05

CrO 19.37 l8.O 2r.8E

Ne2O 0.67 036 0.68

K20 0.m 0.00 0.01

47.24 47,50 49.49 44.U

5.72 9.08 7.81 9.10

3.24 LE9 1.12 3.64

8.55 6.74 8.15 5.00

o.20 0.12 0.13 0.13

10.90 1r.92 lZ95 rL?3
23.?s 19.47 19.95 20.31

0.9E l.r7 0.95 0.69

0.05 0.01 0.01 0.01

12.92 47.98 4.71
11.05 9.6 7.&
5.16 2-t6 Lm
6.74 8.09 E.89

0.01 0.19 0.8
lzlS 1220 11.35

n.97 t9.97 ZLU
0.73 0.m 0.63

0.m 0.6 0.m

.lE.4O 49.10 ,€.rl 4{.10
5.n $7 6.& g.ZE

t.76 L.r7 1.32 3Jl
8.n 9.28 9.00 8.42

0.D. 0.23 0.1r o.72

72-62 1l-93 u70 tl.l0
21.82 21.94 2373 23.49

0.70 023 O.,lil 0.s0

0.v2 0.00 0.m 0.01

FGo ,t'% 534 3.55 5.a 677 6.96 3s6 3.y7 s.8 9,8 5.47 6J5 5.4} 3.52

TOT 99.52 1mO3 10.43 1m,14 99.90 1m.55 1m.17 
't-76 

99-9t 9.98 10075 lm.t.| 1m5l

si
Altv
AIVI
Ti
FelIl
FeII
Mn
Mg
Cr
Ne
K

t.721 1.877 153E

a2n 0.18 0.62
0.080 0.050 0.100

0.108 0.046 0.170

0.049 0.015 0.1fi1

or54 0.163 0.110

0.002 0.004 o.ml
0.6G 0.981 0.617

o.nr 0.7?t 0.878

0.0{8 o.ot 0.60
0.0m 0.000 0.m1

r.783 1.769

0.217 o.al
0.040 0.170

0.c,2. 0.63
o.lG] 0.62
0.155 0.209

0.007 0.m{
0.613 0.&
0.940 0.m
0.9/z 0.084

0.m2 0.m1

1.821 r.699
0.179 0301
0.160 0.100

0.G'1 0.101

0.c87 0.075

0.214 0.109

0.m4 0.004

0.710 0J83
0.786 0.EO3

0.068 0.050

0.m1 0.001

l.ru L.no
a392 0.230

ol00 0.180

0.145 0.060

0.086 0.000

0.124 0.50
0.000 0.010

0.680 0.570

0.841 0.790

0.053 0.m0
0.000 0.020

r.762 l.8m
0.238 0.2m

0.110 0.050

0.0,18 0.049

0.11d ol01
0166 o.rm
0.xt7 0.0s/
0.638 0.7n
0.w 0.82)

0046 0.050

0.0m 0.002

1.816 1.798 l.62
0.184 0.a2 0.3E
0.090 0.080 0.o0
0.033 0.87 0.@9

o.an 0.114 0.152

0.2@ 0.r6t 0.109

0.W7 0.m3 0.m,t

0.558 0.652 0.624

0.8m 0.e50 0.9,18

0.052 0.G1 0.086

0.0o 0.000 0.m0

Wo
En
Fs

/(}.39

45.19

11.42

38.35 51.41 5r.62 45.39

52.18 36.12 33.66 38.79

9.47 rL47 14.72 15.83

1499 45.37 8.58 1t.20

{0.6r &24 39.7E 39.18

t4.t7 10.40 12.13 14.52

49,n o.26
34.98 36.02

15.30 14.72

5051 5t72
34.6 3{04
t4.el 14.24

4.96
36.8
E.n

o9oo39o9oo39o9oGt9$9fiB9s.90€9sr9dB9Se90@9Se9d}it9Se9s39Se

Typ" Typcl Typcl TyFL TyP.L Typct TypcC TypeC TypcC TypcC TypcC TypcC TypcC TpcP TyptP

cola corc coru cola cort €o1rl corc cort corc corc cot? con con

siol 8.n 51.41

A1203 4.96 gi7
Tlo2 1.72 l.l4
FlO totrl 9.42 10.98

MnO 0.20 031

M8P 13.e1 laeo
CrO 21.65 21.0d

Ne2O 0.34 0.55

K20 0.06 0.07

52.01 50u, 49.96 323'4

3.03 3.,$ 3..1O L29
l.l0 1.16 l.If 0.47

1039 10.19 10.17 8.r3

an 0.47 0.35 0.39

lz9E tu4 r2f6 15.02

21.{1 2r.O 21.01 Zr.l2
0.17 059 0.57 0.6?

0.06 0.05 0.05 0.6

50.72 ,{9.10 6.57 ,16.,13

2.86 8.05 E.95 9.14

1.02 1.68 L32 2l7
7.93 5.66 8.73 8.ZI
0.21 0.12 0.10 0.15

1405 10.58 11.E5 ll.n
20.93 NI99 n.zs 20.15

0.55 0.73 0.73 0Zl
0.01 0.m 0.t2 0.m

8.U O.58 #92 45.83

8.75 8.08 E.6E 8.60

2.T 1.96 211 L30
E.68 8.74 EJ6 7.61

0.13 0.14 0.17 0.16

1r.85 tL8 rr.7l 1255

20.10 20.n 20.c7 21.05

0.78 0.68 0.69 0'76

0.m 0.m 0.00 0.01

.m l'81 0'6 l'38 r'26 1'51 L9r

FcO5.33E.9,ls'g67'5tE.2E5.s06'ESE'67'LO7'627'47'A7'nL99

fOml rmrZ rm.Or l04tr 1s.28 9e.{5 1m.3s 9&29 100.m 99.52 yr.Vl 9.42 99.6'1 9951

si
AIIV
Atvl
Ti
Fclll
Fcll
Mn
Mg
Cr
Ne
K

t.795 1.890 1.900 1.E84

0.2m 0.1,1{) 0.130 0.120

0.010 0.030 0.60 0.60
0.0,18 0.031 0.(B0 0.80
0.126 0.050 0.@0 0.m0
0.164 0.3E0 0.310 0.30
0.0cr6 0.010 0.m8 0.015

0.765 0.696 0.697 0.772

0.855 0.815 0.E27 0.853

0.024 0.0{6 0.(,3 0.043

0.0G1 0.06 0.m3 0.m?

1.890 1.932

0.110 0.o0
0.040 0.G0
0.@8 0.013

0.fi0 0.s70

0.250 0.170

0.0u 0.012

0.7r? 0.826

0.&r9 0.E35

0,or2 0.or4

0.m? o.ml

1.913 1.E35

0.090 0.160

0.040 0.190

0.030 0.:p47

0.qt0 0.000

0.220 0.270

0.010 0.004

0J90 0595
0.E 15 0.841

0.o{1 0.053

0.000 0.000

r.746 1.74 r.756
0.250 0.2e 0.2,10

ol40 0.150 0.140

0.065 o.aB 0.06i

0.051 0.019 0.69
o2T2 0.A9 0.233

0.003 0.06 0.00{

a.62 0655 0.662

0.614 0.811 0.8(n

0.053 0.052 0.057

0.001 0.0m 0.0m

L7n 1.7fr r.745
0.2n 0.2,10 0.250

0.140 0.1,O 0.120

0.055 0.69 0.064

0.035 0.042 0.61
0.237 0.219 0.15s

0.005 0.m5 0.m5

0.6E2 0.65.4 0.697

0.810 0.&18 0.E10

0.049 0.G0 0.65
0.001 0.m0 0.o0

TOTAL 3.996 {.0(n 3.998 {.0$ {.m{ {.010 3.995 1.W {.0G 4.0@ {.014 4.W7 4.m2

t.fo 4.76 ,14.06

En 40.06 37.fi
Fr 15.1E 1E.36

45.78 45.11 $,92
37.V 37.85 ,13.45

16.45 17.01 
:"r, ^

,14.85 49.30 ,16.5.1 O.V
41.89 34.88 17.85 17.99

13.26 15.83 15.61 14.97

45.9?. 47.80 47 38
38.6 3731 3931
15..n l{.89 t33l

u37
37 39
1s.24

6,5
3E.m

15.62
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Senple gqxxts 9flXBS 9qB3S 9qB3U

Type Typc L TYPc L TYPc L TYPo L

cotc rin rim col?

sto2 48.51

A1203 695
Tlo2 l.G,
Feo totrl 955
MnO 0.77

MsP 11.3t:l

C.O 21.6
N.2O O79

K20 0.00

46.73 46.01 49.95

9.06 9.72 443
1.E6 L98 l,?2
10.t7 7.17 9.72

0.30 0.12 0.4t
10.12 lL36 11.68

20.E5 21.05 21.64

1.01 0.73 0.E9

0.00 0.00 0.m

ffi
FaO 7.rS 7Xg 5.17 7.8

TOTAL 99.99 1(n.m lm.1r lm.ol

si
Allv
AIVI
Ti
FcIII
FeII
Mn
Mg
C.
Ne
K

1.819 Lng
0.181 0.2,11

0.130 0.150

0.08 0.G2
o.uE o.ol
0.28 0.24
0.006 0.010

0.6&, 0.w
0.870 0.841

0.67 0.073

0.0m 0.m1

1.701 LnE
0.89 o.txt
0.130 o.cno

0.63 0.G4
0.062 0.64
0.160 0.240

o.m{ 0.015

0.681 0.654

0.834 0.o2
0.052 0.6s
0.m6 0.000

TOTAL t.0B {.o12 4.m{

Wo
En
Fr

48.31 48.81 {8.01 4r.65

35.15 3Z9l 39.27 35.74

15.55 1828 ILTE 1661

Smpla 9fll39Se 9flti9V 9o69V 9089V 9qF9V
Type Typc P Type M TYPe M TYPG M TYP. M

cort cort cotl coll cofl

sto2 6.96 U.06
A1203 E.4l 603
Tto2 Lrz LU
FrO iotrl 8.29 9.7E

MnO 0.13 O.tg

MBO rLSr 1r.62

CeO zO.Cn XLVT

Ne2O O.EO 0'41

K20 0.00 0.06

50.2E 50,{9 49.67

/ttt ,1.15 {.05

l.16 1.31 r.47

9,26 9.28 9.r1
0.28 0.32 0.35

1L65 12-90 1290

2r.26 2t,75 21.9E

0.47 0.69 0.{5
o.Gr 0.06 0.02

Fc2O3 2.O
Feo 6.47

L74
7.50

0.57

8,74

0.@
9.28

LN
7.O

TOTAL 99.1t 99.99 99.91 ltp.t7 99.98

si
Altv
AIVI
Ti
Felll
FclI
Mn
Mg
Ce
Ne
K

L7n \?ffi
0.250 0.80
0.120 0.040

0.060 0.60
0.069 0.o2
0.190 0.86
0.004 0.m1

0.696 0.650

0.6G 0.888

0.058 0.G0
0-0m 0.m

r-975 t.w 1.860

0.120 0.130 0.140

0.G0 0.60 0.&0
0.82 0.(X0 0.040

0.015 0.m0 0.06t
o.n3 0.87 0.221

0.m9 0.010 0.011

0.703 0.710 0.720

0.&{9 0.861 0.EE2

0.84 0.050 0.03:l

0.02 0.000 0.001

TOTAL 4.0@ 3.995 3.993 {.m{ {.m2

Wo
En
F3

45.&
39.59

t1.73

48.10 46.12 46.34 46.71

35.21 38.19 3E.21 38.15

16.68 15.70 15.{5 15.10

370



Microprobe mineral analyses

A3,7 Mount Siilley xenolith mineral analyses: plagioclase

Senple
Typc

9qn9c 90@9c 9(m9c 900Dv 90029v 90@9v 90fi19v 9m29x 90029X 9(xt?X 9(A9X g(xrrrx 9qn9x 9002981
TypeL Typel Typel TypcMTyprMTypeMTypeM Typel Typcl Typel Typcl Typel Typcl TypeL
€ore core con corF rin cor& rin on cor6 cora cora €or€- rim rim

sio2 53.69

ALIO3 p.47

Tio2 0.09

FaO 0.18

MnO 0.15

MtO 0.m
CeO 12.26

NdO 4.,10

K20 0.11

s4.26 54.06

29.10 28.65

0.09 0.01

0.20 0.26

0.04 0.u
0.00 0.00

11.52 11.6{

4.73 ,L63

0.10 0.13

56.63 4E.41

2858 33.56
0.01 0.20

0.?J 0.71

0.09 0.m
0.01 0.04

10.81 15.39

3.74 1.8E

0.36 0.12

56.20 8.2E
29.24 33.47

0.02 0.15

O,B OJ9

0.r3 0.15

0.10 0.02

10.69 17.25

3.83 2.17

0.34 0.11

53.76 54.4t
29.10 28.98
0.6 0.04

0.11 0.20

0.12 0.fir
0.m 0.m
11.&l 11.14

1.6 5.09

0.n 0.28

8.70 52.95

8.@ E.n
0.8 0.01

0.15 0.15

0.@ 0.m
0.01 0.03

1t.47 11.68

4.85 4.n
0.26 0.19

il.o 53.01 52.82
29.43 3097 26.80
0.01 0.06 032
0.16 0.24 1.22

0.05 0.00 0.00
0.00 0.8 0.01

10.99 11.95 rL?2
5.(B 4l7 471
0.28 0.21 0.26

TOTAL 1m2E 10(I(X 99.U 1m.49 10.31 1m.79 10a1E 99.85 rO0.17 1m(}7 99.n 100.{0 1m.16 1m36

si
AI
Tt
Fe

Mn
Mg
Cr
Ne
K

L4n 2.U
t.562 1.547

0.0G 0.0G1

0.097 o.wl
0.m6 0.001

0.0m 0.0m
0592 0.556

0.385 0.413

0.006 0.005

2-456 L520
1.534 1.500

0.m0 0.m0
0.010 0.010

0.m3 0.m0
0.m0 0.m0
0.567 0516
o.g7 0.32!
0.@8 0.021

Lr90 2500
1.790 1.530

0.010 0.m
0.60 0.010

0.m0 0.000

0.m0 0.010

o.ns 0.509

0.165 0.30
0.010 0.020

z1E0 L+35
\]N 1554
0.010 0.002

0.020 0.m4
0.010 0.005

0.000 0.000

0.833 0574
0.190 0.409

0.010 0.013

z4s5 L4%
l5il0 1.576
0.001 0.001

0.m8 0.005

0.001 0.0s
0.000 0.0m
0.538 0.555

0.{45 0.48
0.016 0.015

z4s6 2.m
1.591 1.559

0.0m 0.0@

0.006 0.0G
0.0@ 0.w2
0.002 0.000

0558 0.5A
0.420 0.,138

0.011 0.015

2.397 Lnz
r.@2 l-545
0.m 0-011

0.o9 0.046

0.m0 0.@0

0.m2 0.m1
0.s79 0.596

0.,101 0.415
0.012 0.015

TOTAL {.981 {.985 {.r90 1.990 ,1.909 5.0!i3 4.996 5.0(X 5.00{ 
'.(XB 

4.99E 5.m5 5.(B1

An
Ab
Or

Q.n
39.r7

0.61

57.8 S7J4 60.00 81.96

42,% ,11.45 3756 17,01

0.52 o.El z& r.6

59.8 N.U 57.63 53.85 55.7E

38.12 18.39 .fl.05 &.54 42.7r

L33 0.97 r.3r 1.60 l.5l

%.6 53.81 5837 5E.09

42.U 4}fi 40.42 ,t0.,15

1.10 1.53 7.2r 1.,15

Senpl: 9m3tu 9O033V 9qB:tV 90033V 90@3V 9m'3X 9Gt3X 9fit33x 9001tX 90CJ3X 9063X 9m3[rH 9OG3F! 9O03tFl
TyF Typcl Typcl Typcl Typel Typcl Typcl Typcl Typcl Typcl Typcl TW.L Ttpe|. Typcl Typcl

coru corc mclt nclt corc cotG cote ore corr cor- rim cor€ con cort

sto2 g.2r
AI2CE 28.y
Tto2 0.m
FrO 0.19

MnO 0.m
MtP 0.m
C.O 11.59

Nr2O 5.8
K20 0.29

56.92 5tJ8
n.49 30.15

0.00 0.rl
0.11 059
0.00 0.02

0.09 0.0,r

9.20 l3.,ts
6.X2 3.81

05r o.E

51.09 59.41

2E.65 76.10

0.11 0.01

0.47 0.15

0.0/t 0.09

0.0E 0.00

11.89 E.34

454 5.r2
0.41 0.s7

58.24 58.(B

26.U 2673
0.08 0.03

0.15 0.4
0.00 0.01

0.o2 o.cB

8.73 8.12
6T2 6.30

o.o 05r

5E.45 5E.11

x.78 26.49

0.06 0.G
0.8 0.20
0.09 0.m
0.ftl 0.@

E,N 8.G

0J0 0.u

58.26 54.66 54.s6
2S.U 2E.55 28.96

0.6 0.6 0.02
0.n os? 0.19

0.@ 0.01 0.m
0.92 0.06 0.00

E.l7 10.62 11.36

6.41 5.11 {.91
0.47 0.18 02E

il.94 55.2
29.15 2855
o.t7 0.0r
o.rx o.rE
0.02 0.00

0.or 0.00

11.77 10.95

L7t 5.?5

0.28 0.8

TOTAL 10001 10(L55 1m.18 1m.29 rm.09 l0l-T 1qr.01 100.6E ,9,7E 9.9 t9.8,t 1m2z 1m.92 lfl).{s

si
AI
Ti
Fc

Mn
Mg
Ce

Ne
K

L453 L515 2355
1.522 1.448 7.617

0.0@ 0.0m 0.m4
ow7 0.004 0.u22
0.0@ 0.0m o.mr
0.001 0.006 0.m
0.s67 0.441 0.656

0.1# 0.539 0.36
0.017 0.04 0.fl5

L145 L6{r
$a l3&,
0.m5 0.m0
0.018 0.m5
0.m2 0.m4
0.m5 0.m
0576 0.997

0.398 O.,tll
0.024 0.cl2

zsn 2597 LS99

L$n 1.410 1.,$4
o.ffi 0.001 0002
0.q)6 0.010 0.009
0.m0 0.001 0.0G1

o.ml 0.m2 0.002

0.,116 0389 0.39r

0.537 0546 0516
o.sn 0.029 0.029

L&4 2618

1399 \3n
0.001 0.002

o.wl 0.0G
0.m0 0.0m
0.000 {}001

0.3E7 0.39t1

0552 0558
0.025 0.w

z4n L4s7 2_456 2.82
1.521 1537 r.$5 1.511

0.0c] 0.00r 0.62 0.m0
0.021 0.097 0.m2 0.w7
0.0m 0.0m 0.m1 0.m0
0.001 0.0@ o.ml 0.m0
0.514 054E 0.561 osu
0.U7 0.4?8 0.,l()9 0.457

0.010 0.016 0.016 0.014

TOTAL tor: r.(D9 9.m0 4.9fi 1.fi7 t.gE 4.985 a.965 {.9t5 {.991 l.9g {.9t4 a.99t

An
Ab
Or

55.6 A.71
$30 53.42

1.65 2.87

65.14 57?2 45.63

Il37 39.E6 50.69

t.49 240 3.68

1L4S {0.35 40.4E 39.73 n.8 5Z9r 55.74 56.90 52.81
54.E0 56.& 56.52 57.70 57.m 6.U ,tit.15 41..18 45.79

L76 3.01 3.O 257 2.76 1.@ t.6l r.62 1.40
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38 900338 9dIt38

rypc rypel rypel rvpcl rvpcl rvpcl rvpcl rvpcl rrn'L rI-:^P t3:.t t5.- t5t t:nt tf:t
---- -^-^ -^'. .^r. m€lt mglt melt cotl cot! corc

sioz 5652 55.10 56.54

A1203 a.6 n.67 7.53

Tio2 o.fi o.Gt o's|

FqO O.g7 o'24 0'14

MnO O.m 0.00 0'00

MrO 0.Gi 0.01 0'02

c.b 9.9r lo.o4 9'90

N.2O 5.Ol 60 6'29

loo 0.44 0.41 0'43

56.21 56.s7 56.80 57.32 X.A
27.86 nsg n35 2'-56 t.47
o.o2 0.o 0.r3 0.12 0.0{

0.14 0.20 o.tl 0.16 0'zl
0.01 0.@ o.o7 0.6 0.6
0.00 o.oo o.o0 0.m 0.o
9.E5 9.78 9.65 9.91 9.91

63E 5.51 5.4'l 5.21 5'4{l

039 0.28 0.35 0.35 0.u

53.?6 55.v2 sz.N s0.62 53.05 5234

n.5s 25.9 29.40 31.03 29.88 29.65

o.zs 0.4? o.2o &17 0'03 0'13

1.@ 1.15 030 054 0-29 0.52

o.g2 0.m 0.05 o.o0 0.m 0'00

r.77 0.13 o.o1 0.12 o.Gl 0'09

1157 lO51 lL4O 1't'41 1251 1290

1,1g 5.4 4.rg 3.3s {'18 408

0.5 035 030 0.15 0.2s 0.22

c9J3 ro.lr lm.$ 99.91

si
AI
Ti
Fc

Mn
Mg
Ca
Ne
K

2S2E 2.519 zsn
r.M L62 1.451

0.001 0.m1 o.ml
o.om 0.@9 0.65
0.0@ 0.@0 o.mo

0.001 o.ml 0.m1

o.4n 0.,83 0.474

0.521 0.528 0545

0.025 0.u23 0.925

2St5 2545 2549 Z55l 2S4l

1.470 1.452 1'4'(6 1.445 r''$1

o.0ol 0.002 0.005 0.004 0.001

0.m5 0au7 0.010 0.006 0.010

o.mo 0.ool 0.002 0.003 o.ml

o.mo 0.000 0.000 0.000 0.0m

0.472 0.45S o.lu 0.n2 0.476

0.553 o.4n 0.471 0.',150 0'470

o.mz 0.016 0020 0.020 0.01E

LUz 2535 23Al Lgol 2.396 2381

r.475 r.390 1585 1.62 1.59r r.590

0.m9 0.016 o.wl o,m6 o.ml o.m't

0.Gt9 0.044 o.g3l 0.020 0.011 0.020

o.0o{ 0.00 0.00 o.mo 0.m0 0m0
o.un 0.009 o.oot 0'm8 0.m2 0.006

0.56,3 0511 0.6ffi l'm? 0'606 0'529

0.395 0.,1s0 0.371 o.AE 0.392 0'360

0.01{ 0.021 0.018 o.m9 0.014 0.013

1020 5.06 5.OlO 5.m6 5.fl3 5.003
TOTAL s.qr6 5.69 s.ce {.96t {.969 4.951

An #52 #71 45'40 45'08 4E'70

Ab 51.fi) 51.06 sz20 5L82 19A
Or L45 L22 L39 2-10 l'66

4&,18 50.11 49.3s 57.92 50'$
49.{r g.n 8.76 &.a o.a
Lgg 2.72 1.87 r-4J LN

60.98 6957 59.88 6LT7

37.21 2953 3E.74 35'93

r.El 0.89 1.3E 1.30

33Pr 9O033Q19qF3Q1

ryF rypcl rypel rvpcL TvpcL rvpcl Tvpcc rvpcC TvpcC Tvpcc rvpcc t5t t11:t t5: tfiJ
ff"t 

t:n" 
"F' '*- - '"- - -"-"- "r" -'r" .or. "or. .or" .o. ro"lt o,"ll

sio2 54.9 53.69

At203 2E.95 29.46

Tio2 o.ffi 0.c!

FeO 0'13 o'lE

MnO 0.00 0'08

MgO 0.02 0'04

CeO 1150 lllz
Nr2O ,1.80 5.02

K20 0.25 0.36

5?-75 55.61 57.12 524E

29.40 2E.33 n.sl 29.n
0.13 o.1o 0.10 0.05

0.60 olE 0.13 0.24

o.oo 0.00 0.6 0.00

0.6 0.02 0.01 0.04

rL2o 10.16 8.95 lL17
,f"65 5.76 6.23 't.53
0.35 o.& 0.51 0.24

54.09 5l.m 54.94 82.t2

8.go 30.29 8.A 29.83

0.09 0.20 0.06 0.13

o.n 0.52 0.8 0.15

0.m 0.m 0.G 0'00

0.G 0.6 0.06 0.06

rljg 13.62 10.7! 12-72

4.96 3.76 5.3E 436

O.Y 0.30 0.'15 029

52.% 51.09 5250 51.02

29.U 30.46 30.13 31.12

0.09 0.19 0.22 0.?3

020 0'50 0.o o-74

0.04 0.00 0.00 0.6
0.04 0.8 0.09 0-02

tL67 13.60 12-62 13.35

431 ,L08 426 3.81

032 0.L? oi2 0.u

ilas roou tm'17 1m.61 lm.6z

st 2.459 2.4'tt
At r.53d 1.565

Tl 0.002 o.mr

Fe 0.06 0'W7

Mn 0.0m 0.m
Mg 0.0m 0.0@

Ce 0.554 0.566

Ne 0.418 0.'t3E

K 0.014 0.cr21

L3s6 L1f,a 2S5o u6 L44/J ZlXs

rs74 1.498 1.,14E 1595 ls37 1'632

o.m4 o.m4 0.004 0.002 0.003 0'w7

o.o8 o.w7 0.005 0.009 0.w7 0'020

0.000 0.ooo 0.002 0.000 0'000 0'0m

0.m4 o.m2 0.001 0.003 0.000 0'0ft)

0.594 0.48S 0.{18 0.608 0.370 0'f,f,,7

0.409 0.501 05'l{ 0399 0.433 0'333

0.v20 o.gE 0.029 0.0t4 0.016 0'018

L4V zJSr 23% 2.329 2.W 2'311

l.5C r.5m 1.596 1.87 l.@ 1'653

0.002 0.004 0.0G o.fi7 0-w 0.010

0.011 0.006 0.008 0.019 0.018 0'o2s

o.ml 0.00 o.om o.m0 0.m0 0'00r

0.004 o.oo4 0.0G 0.m2 0'm6 0'm2

0.521 0.620 0.616 0-654 0'610 0'648

o.oo 0.385 0.379 0.360 0.404 0'3|(}5

q026 0.017 0.018 0.014 0.018 0'015

5.01t 5.017 5.011 5.(B2 5.@l 5.016
TOTAL 4.965 5.m5 5.924 5.019 5.011 5,016 1006

An 56.19 55-22 5E'05 '{8'13 4L76

Ab 42.39 1273 39.98 49.41 54.35

or l.4Z LoS l'96 247 2'90

59.55 55.94 65.52 5r.B ffi-tr 60'81 $'n 59'rt 6493

39.06 42.4s 32.71 44.2r 97 -67 37 '4r 34'68 39'15 33'57

t.3? rs7 Ln 2.gs l'66 l?8 l'35 r'71 1'50
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Microorobe minnal analuses

Smplc tqB3C 9m3G 9m0rc 9@33G 9qB3G 9003:tG 9(n$C 9ots3c 9qB3G 90@3H 9033, 9033J 9q83, 90r3O
Typ. TypeP TyprP T1A:P TypcP TypcP TypcP TypcP TypcP TypcP TypcP TypoC TypcC TypcC Typal

kaerst mclt urclt corr rnclt nrcll corc oxid oxid corc corc keergt ktcnt corG

sioz 61.50

At203 25.0r

Tioz l.0l
Fro r.12
MnO 0.04

MBP r.&
C.O 0.53

Ne2O 1.95

K20 5.3t

5r.65 0.62
30.39 ?2.28

0.09 0.13

039 0.,$
0.00 0.0{
0.00 0.02
13.26 16.06

4.U ZU
033 016

50.60 &4.65 60.,16

3055 19.71 25.01

0.r7 0.25 0.r0
0.61 034 0.40

0.00 0.00 0.ft1

0.01 0.04 0.m
13.19 r.23 6.6
3.67 3.9 7.r3
0.21 9.5E t.g7

47.76 ,S5{ 5r.81
33.05 32.01 8.79
0.16 0.6 0.14

0.55 0.60 0.55

0.00 0.m 0.m
0.00 0.v2 0.02

15.70 74.97 tL65
2.48 281 4.n
0.u 0.18 o.tt

50.''9 fi.B 57.62

n.78 n.7E 26.6
0.20 0.21 0.2E

0.32 0.37 0.n
0.o2 0.01 0.00

0.04 0.0r 0.01
13.60 13.,t5 7.90

3.76 3.61 5f,6
0.2E 0.35 137

91.49 5956
2657 ?5.94

0.76 0.u
1.U7 0.n
0.00 o.ot
0.E4 0.0s

10.17 753
5.53 6.70

0.57 0.55

TOTAL tn 7' 10qr5 99.1E 99.00 99.tt 1m.86 99.E1 $.27 99.62 99.% 99.O 99.78 1@.00 1$,6r

si
AI
TI
Fc

Mn
Mg
C.
Nr
K

L?A 2.350 LN
1.325 1.630 t.761
0.034 0.0G 0.m5
o.u2 0.015 0.017

oom 0.0m o.@2

o.w 0.0m 0.m2
0.0?5 0.e7 0.n7
0.170 0.357 0.219

0.36 0.019 0.010

L329 2.v38

t.67 1.66
0.m6 0.q)9
o.sz3 0.013

0.@0 0.000

o.ml 0.@2

0.651 0.W
0.328 035
0.012 0555

L678 2195

1.306 tJ90
o.qB 0.006

0.fl5 0.021

0.m0 0.000

0.m0 0.000

0316 0n3
0.512 0.x2r
0.061 0.w7

LAA 2369
1.736 1.604

om o005
0.023 0.021

o.mo 0.000

o.ml 0.001

0.7t8 0.619

0.250 0372
o0r1 0-02,1

LlB 2315

1.653 r.67r
o.xr 0.N7
0.012 0.014

0.00r o00
0.0@ 0.00
0-6f4 o.&
0.$1 03xl
0.015 0.021

L599 L178
1.386 7.124
0.009 0.t26
0.0, 0.o{l
0.0m 0.000

0.001 0.67
0.382 0.,t95

05G 0.488

0.0n 0.c13

2-642

1357
0.m2
0.010

0.ml
0.002
0.35E

0.576

0.Bl

TOTAL 4.7n 5.021 5.d)7 {.95t 1.997 5.013 4.996 5.015 1010 5.01a {.9Er 5,U2

An
Ab
Or

5.16 $.?S n.6E 65.69 538 3r.95
3.73 34.90 2l3s 33.10 3+57 6r.88
61.11 1.86 0.97 1.21 59.(X 6.17

n.u n.E7 $.99 65.68

xLN 8.8 36.65 32.74

0.70 1.10 2.X 1.58

65.94 39.63 48.72 37.10

31.98 52.rE 46.03 59.69

L8 E.20 3.8 3.2r

Semplc 9fiX13Q19m33Q19S33Q190@3Q19083Q1 9qB9D 9Oft19D 9qr9D 90S9D 9ots9D 90039D 9m39D 9o039E 9dB9E
TyF TypeP TypcP TyTcP TypaP TyprP Typcl Typcl Typ:L Typ.L Typrl Typcl Typcl Typel Typcl

nelt nalt nclt urclt cort oort corc GorG cor corr cotc corc nclt colF

stoz 58.04

A12C)3 6.8
Tro2 0.€
FeO 0.81

MnO 0.m
MtO o.so

C.O 8.O
Nr2O 6.09

K20 1.29

52.n 52.n
20.6 8.68
2"20 0.2/
4.82 035
0.06 0.00

2.21 0.u7

9.23 rzXr
5.69 LzE
1.19 0.36

52.69 5Z0l
29.72 30.14

o.19 0.16

0.39 050
0.02 0.00

o.a7 0.09

tL76 tZ94
L4 3.97

o.z1 0.28

53.3E 5235
zg.u 30.35

0.6 0.06

0.30 0.20

0.00 0.01

0.01 0.04

11.99 13.05

rt63 3.93

0.2E 4.8

52.6E 52.55
30.19 D.Es
0.09 0.m
0.or 0.16
0.m 0.01

0.00 0.m
tL95 12.69

L8 {.0{
0.4 0.26

53.23 52.@

D.gz 30.21

0.97 0.04

0.r5 0.r3
0.m 0.m
o.lt 0.m
12,15 12.76

L4t 1.t2
0.31 0.7

5L73 55.00 57.96
30.m Y.26 2E.,[3

0.10 0.31 0.1{
0.16 1.02 0.00
0.00 0.m 0.00

0.00 0.00 0.00

12.21 103.1 11.12

431 L92 5.Ol
0.26 0.u 0.24

TOTAL 1qL32 9t.8il 1m.{7 1@.52 10.10 tm.(D l(xt.ll 1m:5 9t.57 1qI25 9.5r 99.76 
'92A 

1@.53

st
AI
Ti
Fc
Mn
Mg
Cr
Ne
K

2610 2.499

1.329 1.154

0.01t1 0.978

0.@ 0.191

0.0m 0.0@

0.0$ 0.156

0389 0.&9
0.531 0573
0.074 o.gn

2388 2.3E1

1583 l.sE
0.09 0.m6
0.013 0.015
0.m0 o.ml
0.o5 0.m4
0.616 0.619

0375 0.3E9

o.mr 0.013

23dt L1r7
1.51.1 15/l
0.06 0.002

0.019 o.ml
0.m0 0.m0
0.m6 o.mr
0.630 0.5E2

0.350 0.4ft7

0.016 0.016

2J69 Z3E2
1.619 t.&9
0.002 0.0@

0.w7 0.002

0.0m 0000
0.0(B 0.000

0.633 0.6?'
0345 0.358

0.013 0.013

2392 2-4c5
1.601 1588

0.0@ 0.002

o.wt 0.06
0.000 0.0m
(}000 0.00t
0.619 0588
(}355 0386
0.015 0018

2372 2.391
r.62. 1.605

0.001 0.0G
0.005 o.ffi
0.001 0.0@
o0@ 0.000

o.6a 0594
0.361 0379
0.015 0.015

L499 2J18
Lffi 1.456

0.010 0.m5
o.c}E 0.m0
0.m0 0.m0
0.00 0.m0
05G 0.577

0.4fr} 0.o4
o.m6 0.0u

TOTAL 5,010 5.1{5 5.fl0 5.016 9.q)t 5.(In {.991 ,t,99{ t.990 tOOt 50(F {.996 l.%9

An
Ab
Or

39.13 44.06 &A7 A.63
53..12 49.15 37.6 36.10

7.u 577 2.06 t.27

63.25 57.9t $.n 6L83 6233 59.U
35.14 &.50 3,tEl 35.E7 35.96 :,8.91

1.61 159 1.31 1.30 1.52 1.E1

62.18 fi.rZ 52.29 51.4,1

3633 38.35 45.01 47.16

1.50 152 L70 1.39
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Searple

Type
90033p 9m3:tp 9083p 9o(B3p 9083P 9qB3P 9UXBP 9m33P g{XtXrP 9qB3R 90@3R 90G3R 9{033R 9@33R

TypeC TypcC TypcC TypcC TyPcC TyPcC TyprC TypaC TypcC TypcC TypcC TypcC TypcC TypcC

cotc COr€ keerrt CoF Cota cora Cota rnclt- trteh AUlt COIG co8!- rim nrclt

sio2 55.01 55.51

A1203 28.16 2857
Tio2 0.01 005

FeO 0.17 0'16

MnO O.OZ 0.8
MBO 0.09 O00

C:O 10.64 IOST

N.2O 6.00 5.79

K20 0.25 o.xl

6r.55 53.81

2L2t 29.56

0.20 0.05

1.59 0.77

0.0E 0.00

1.14 0.8
t.73 1155
3.99 5.10

7.U Ar7

5Zl4 5ZE5
30.12 29.W

o-o 0.09

0.27 0.12

0.00 0.05

0.05 0.02

13.04 1265
{.61 462
034 0.15

55.13 50.51

a.il 30.81

0.0{ 0.r5
0.14 0.40

0.m 0.@

0.(B O.OI

10.84 74.2r

s.27 355
0.18 0-15

t9.43 58.31

32.21 ?5.69

0.15 0.8
0.29 0.62

0.m 0.00

0.06 0.m
15.18 E.12

zE5 623
0.11 0.08

55.86 56.t2
27.62 T.61
0.05 0.97

o.r7 0.00

0.05 0.00

o.fit 0.o
9.65 10.08

5.72 5.69

o.47 0.35

51,21 49.61

30.98 3t.67
0.06 0.23

a.& 0.61

o01 0.00

0.05 0.03

73.62 15.01

358 293
034 0.21

rorll 1m29 1m.01 10.41 1(n.42 1q).63 100.{6 1m,11 9,6 1m29 9t.l' 99.62 l(n.(x) 1ml9 1m3{l

si
AI
TI
Fe

Mn
Mg
Cr
Ne
K

2.481 2.4E5

r-49E tJ05
0.0@ o.mr
0.006 0.m6
0.0m 0.m1
0.001 0.m0
0514 0505
o.sE 0.502

0.015 0.013

L7E9 2.t24 2362
1.187 t.%9 t.ffi
o.N7 0.m2 0.002

0.0a1 0.m6 0.010

o.N7 0.o0 0.000

o.on o.nz 0.003

0.G4 0.557 0.639

0.351 0.& 0.405

0..153 0.010 0.020

2389 Z,tEl 2309
ts92 1.514 Lffi
0.0$ o.mr 0.06
0.004 0.005 0.015

o.wz 0.000 o.mr
0.001 0.002 0.06
0613 0523 06%
0.,1(5 0.455 0.315

0.m8 0.010 0.009

LE3 L6IE
tr32 1359

006 0.06
0.011 o.on
oom 0.0m
0.004 0.092

0.71t 0390
o.E2 05{?
0'006 0.u7

2.524 2.5n
1.471 1.418

0.m2 0.C[)0

0.006 0.m0
0.0m 0.m0
0.002 0.000

0.467 0.or
0.501 0.,181

0.o7 0.m0

L3y L2f6
L69 1.705

0.m2 o.mE

0.0t7 0.gz?

o.mo 0.o0
0.m4 0.m2
0.653 0.735

0.316 0.m
0.019 0.012

TOTAL 5.(x{l 5.(x4 tm7 +997 5.ms 1.990 5.qn a.967 5.(xr7 5.m1

7L99
?s.82

1.19

Att
Ab
Or

4E.n 4956 9.46 *99
49.81 49.17 39.53 &B
r-42 L8 51.01 0.99

59.t[f s9.75 5L94 4.24
3E.28 39.47 ,15.05 30.88

1.89 0.78 1.01 0.68

74.17 39.80 #.vJ 48.6 6.43
E.A 55.41 50.35 49.49 3r.6
0.60 4.80 271 za6 1.90

Sranple 90039E 9m9F 9OO39M 9fl89M 9089M 9089M 9089M 9m39M 9qlg9M 9m39M 9m39M 9@390 9m39O 9@390

Ty* TypelTypcMTypcl Typcl Typol Typrl Typel Typrl Tl2cL Typcl TlryeL Typel Typcl TypeC

rirn corc corc- rim cotq corc cora corc corc coto corc con corg col:

sio2 54.a 55.58 5Ll2 49.28 5,189 5156 54.76 53.87 5{.82 A.A $.M
At203 29.94 28.61 29.8 3L22 29.02 Zg-?J 28.89 n.76 29.6 29.97 28.89

Tio2 o.2l 0.05 0.00 0.05 0.u7 0.01 0.ll 0.G 0.G 0.08 0'02

FeO oto 0.20 0.19 0.58 0.15 0.25 0.13 O.l7 0.15 0.14 0.12

MnO 0.00 0.05 0'00 0.09 0.00 0.m 0.m 0.(D 0.G 0.05 0.00

M8O 0.0s 0.01 0.00 0.02 0.00 0.8 0.6 0.m 0.O2 0.06 0.00

CaO l4.fi 1050 11.36 lL79 10.90 lt.,lz 10.79 11.45 11.10 11.53 ll.6
Nr2o 3]6 452 4"U ZEI 5'16 1.98 5.13 5.(E 538 5.gl 5.06

K20 o.a 0.8 o.E 0.16 0.34 0.2{ o.E 0.a 0.21 023 08

5652 57.16 57.92

2859 2856 y.40
0.u 0.00 0.30

0.13 0.r7 0.29

0.00 0.14 0.10

0.05 0.G 0.01

ro.t7 10.47 9.4
5.38 5.38 5.&l
0.31 0.26 0.33

TOTAL 10r.16 99.t7 rm.m lm.m 1o0.i3 100.?? 100.10 99.6s 1m86 1m76 1m45 10.11 1{U 17 10.43

sl
Al
TI
Fc

Mn
Mg
Cr
Ne
K

23EE 2.n7
1.5.8 1.515

0.097 0.m0
0.08 0.m0
0.000 0.m
0.0@ 0.m0
0.5E4 0.97
0.318 0-392

0.015 0.013

2.4A3 2.85
1556 1.737

0.m0 0.m2
0.w 0.922
0.m0 0.m3
0.m0 o.ml
0.549 4.725

0.124 0.250

0.014 0.m9

2.4A L{J.8
1535 tS17
0.002 0.000

0.006 0.009

0.000 0.000

0.000 0.m0
0s24 0549
0.,t49 0.{11

0.019 0.014

2465 LUg
1.533 r.53E

0.004 0.001

0.005 0.097

0000 0.0m
0.003 0.0m

0520 0.5s7

0.417 0.444

0.015 0.013

2116 L4v
1534 1554
0.06 0.0@

0.005 0.005

0.0@ 0.002

0.0m 0.004

0.53 0.554

0.458 0..141

0.014 0.013

2.OO 2.490

r.sa r.512
0.001 0.m2
0.06 0.005

0.0m o.mo
0.00 0.m0
0.531 0.484

0.441 0.67
0.017 0.018

2.51{ LS67
1.480 r.{28
0.00 0.010

0.010 0.010

0.010 0.m
0.m0 0.m0
0.493 0.4t39

0.,158 0.499

0.014 0.019

TOTAL {.96{t 4.9i2A L993 4.999 5.m0 4.992 5.0Ct L013 5.010 {.99{ a.vtg 4.96

An
Ab
Or

67.23 5559 55.62 n.A
aLT 42.98 4L96 25.41

1.47 1.,13 1.42 0.91

5LE2 55.12 52.95 g.9S

45.26 17.47 4552 43.n
r.92 1.{1 1.53 1.28

5Z5l 54.% 53.8
,16.11 $.n 4.59
13E r29 7:/2

49.95 51.09 45.e7

.tE.lg 0.16 5Ll4
1.66 1.,15 1.99
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Microprobe mineral analyses

Saurplc 90(B35 90Gt3S 900335 90G3S 90635 90833 9(xI'3S 9qB3S 9(xB3S 9qlt3s 9qB3S 900335

TyF Typel Typcl Typel Typel Typcl Typel Typcl Typcl Typ:L Typcl Typcl Typcl
cot€ core cotc- tlnr cort coil Erdt coru corc corc cora heerrt

sio2 il.e
AUO3 U.n
Tiol 0.6
FcO 0.4
MnO 0.@

M8O 0.01

CrO l1.B
Ne2O 5.21

K2() 0.8

5157 53.67

29.63 U#
0.00 ofrt
0.28 AZI
0.o4 0.m
O.g7 0.1,1

13.68 tL09
{.1E 125
0.r5 0.T2

,19.19 53.59

3136 29.62

0.@ 0.04

0.72 0.16

0.02 0.00

0.00 0.05

1,t.85 1292
290 4.30

0.21 0.18

5r.95 19.87

29.78 30.9E

0.01 0.21

0.2, 1.08

0.00 0.00

ool o.gl
13.25 1417
3.99 L97
0.15 0.r8

52.59 53.45

4.70 2a.79

0.01 0.15

0.15 0.45

0.m 0.09

0.01 0.6
rLTr t238
4.31 tl.l3
0.14 0.38

50.51 ,19.88 5653
30.86 3t.n y.x
o.v 0.r5 0.13

056 0s7 053
0.m 0.m 0.00

0.m 0.m 0.00

B.n u.67 9.E6

3.62 2.n 5.45

0.m o.v o.4s

TOTAL 
'r.72 

99.79 99At 9934 1m.t5 99.{O 99.U 99.62 
'9.89 

99.79 99.A 100t2

sl
AI
TI
Fc

Mn
Mg
C.
Ne
K

L17E 2356
1505 t.ffi
0.0@ 0.0m
0.009 0.01r
oom 0.001

0.0m 0.004
0.53E 0.6m
o.&iil 0.370

0.013 0.009

L{39 2.X9
l5{5 1.705

0.ol 0.003

o.mE o.vn
0.m0 o.ml
0.o0 0.m0
0.586 0.n4
0.375 0.259

0.013 0.013

2.& 2375 22fi
1.570 1.605 7.676
o.mr 0.m0 0.w7
0.m6 0.m8 0.011

0.m0 0.m0 0.000

0.@ 0.m2 0.005
o.6zt 0.6{9 0i72
0375 0.353 0.2A
0.010 0.s9 0.011

2394 Z12E
1594 15{l
0.m0 0.005

0.005 0.017

0000 0.003

0.001 0.005

0.620 0.6tx,
(x}80 0364
0.008 0.922

z3tE L287 Z5*l
1.67 \.ffi 1.,155

0.005 0.06 0.004

0.021 o.on 0.020

0.0@ 0.0m 0.0m
0.0@ 0.0m 0.0@
o6E5 0.74 0.473

032t 0.258 0,474
0.0m 0.010 0.w

TOTAL 5'005 s.ot t.y79 5.m2 *rt7 5.m1 5.00{ 10(B {.98r 5.009 4.9Xt {.9&5

An
Ab
Or

st.06 63.c7 fi25 72.96

45.6 33.V 38.42 8.75
r.2a 0.86 1.33 r.29

61.8r &r9
37.20 U.92
0.99 0.E9

7Zt1 61.51 fi.97 8.t2 7L90 48.61

26.75 57.70 36.E0 31,88 26.6 #.72
l.lt 0.n L2 0.m l.0l 2.67

Sempla 90(B9Sb 90G9Sb g{Xx'gsb 9{XF9Sb 9(m9sb 9m39sb g(xxpse 90GIlSe 9q}t9v 9m39V 9m99V 9qXt9V
Type TypcC TypcC TyprC TypcP TypcC TypcP TypeC TypeP TypcMTyprMTypaMTypcM

cote corc coru cora con con con cor,e cor: rinr corc con

sio2 55.,16

Al.:ro3 D.u
Tio2 0.02

FcO 0.15

MnO 0.01

Msp o.sz

C.O 1059

Nr?(l 5.&
K20 0.25

55.12 5Zl5
28.0 30./tl
o.gt 0.1,r

0.09 O,!l
0.10 0.00

0.00 008
1o.,r3 12.98

557 +24
0.2 0.24

5050 5ZO
3t.n 3035
0.18 0.17

0.5r 0.6
0.01 0.00

0.06 0.10

l,l2l lL97
3.47 48
0.IE Oz,t

5131 5{"118 49.63

30.67 28.56 31.93

0.17 0.6 0.06

0.4E 0.21 0.8
0.m 0.m 0.@

0.09 o.gt 0.8
13.72 11.13 15.06

3.55 4.81 Lgl
0.22 0.16 0.(X

9.62 ,19.05

D30 37.92

0.6 0.21

0.18 055
0.09 0.lr
0.m 0.€
t1.79 14.92

3.E9 2.77

0.t{ 0.10

53.97 53.59

D,ffi 29.&
0.13 0.09

0.24 025
0.ll 0.02

0.10 0.05

t7.76 ll.&,
d65 491
0.12 0.r3

TOTAL 1qt97 10005 10,68 1(p38 lm.et 1m33 99,50 yt.95 1m.0, 9.6 99.9t 10033

sl
AI
TI
Fc

Mn
Mg
Ce

Ne
K

24'6 2.485
15?' 1590
oom 0.00
0.0G 0.0@

0.0m 0.00
0.0m 0.m
0.597 0.504

0.4n 0.481

o0l4 0.016

2357 2.86
t.6in LC7
0.010 0.010

0.017 0.v20
0.m0 0.000

0.m0 0.m0
0,6D 0.693

0.t77 0.306

0.0!l 0.010

?i57 2.33
1.519 Lgz
0.010 0.010

o.gE 0.018

0.m0 0.00
0.010 0.010

0.629 0.668

0.359 0321

0.014 0.013

L6) 2'26/ L4d7
ts26 1.720 tso
0.fi2 0.001 0.002

0.009 0,011 0'0(}7

0.000 0.001 0.0Gt

0.00d 0002 0.0m
0540 0.738 0l,66
0.42:2 0.258 0.338

0Jl0 0.002 0.008

224? 210.9 2-1t4
t.7t9 $m rsdl
o.wt 0.00* 0.m
0.0D 0.0@ 0.009

0.004 0.00{ 0.0m
0.0(E 0.005 0.0m
o.7x 0.568 0.571
0.2& 0.40 0.,ril8

0.005 0.N7 0.0G

TOTAL 5.O(n 5.002 9.&lt t{rl{ 5.@3 t fl5 4.9t2 5.m0 {.91E +% LgE{ 1.yr6

An
Ab
Or

sl.tl 50.6 62Gl 68.68
11.8 4836 3659 3033
1.41 159 1.38 0.99

6Zn 6.67 5556 73.95

35.83 3L0{ 13.42 25.85

1.,10 1.30 1.8 0.20

6LM 74.n 57.U 56.m
t7.6 2459 ,ll.{5 42.fi
o.EE 0.61 0Jr 0.79
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A3.7 Mount Siilley xenolith mineral analyses: kaersutite

Typc TypcP TypeP TypcP TypcP TlpcP TypcP TypcP TypcP TypcP TIAcP TypcP TyprP TypcC TypcC

cof! cole cor! coE corG cotc cote cott cot? cotc colc coll coE coll

sioz 39.31

AI203 14.74

Tto2 7.08

FeO 894
MnO 0.08

MgO 1251

C.O 11.54

Nr2C, 2.90

K20 1.06

cao3 024

39.04 40.37

l5.o{ l{53
6.42 5.68

to.29 9.92

0.10 0.t7
tL24 |LTE
ll30 10.97

3.16 3.22

1.14 o.EE

0.24 0.25

39.11 40.19

15.36 r4.O7

s.47 5.$
t0.72 11.10

0.10 0.14

7Zg7 tL48
11.2r 10.66

3.02 3.26

1.08 0.93

0.26 0.09

39.31 39.58 39.A
1435 ltl.39 l,t.6l
6.97 5.99 6.99

9.75 ll.0l 9.89

o.ot 0.o 0.6
72-66 lX50 12.31

11.40 1r.16 rr3?
2.97 3.13 LB
I.ft, 0.94 1.09

0.22 0.14 0.15

39.6 38.30

1,{.81 11.74

7.t7 6.10

950 10.95

0.14 0.u7

tl35 tz.E
11.61 il.10
3.(B 2.g3

t.l0 1.08

0.16 0.20

98.7r ,t0.61

14.39 7424
7.M 621
9.12 6n
0.12 0.r0
13.20 14.66

lLtz 11.16

2.95 3.15

0.6 0.71

0.62 0.75

38.9{ 37.t3
rL70 t4.&
5.6 5.98

l2l8 1354
o15 0.15

1252 1L4/
11.23 11.15

3.04 3.04

0.75 0.73

o.tE 0.16

TOTAL 9t./0 9U97 95.67 9&r0 9&35 9&70 9&91 98.65 9t.90 v1.65 9&81 t8J6

si
AI
TI
Fo

Mn
Mg
Cr
Ne
K
Cr

5.7n 5.m0
2530 2l,90
0.76 0.710

1.090 t.xtt
0.010 0.010

L7n L670
t.E& Lno
0.820 0.890

0.2m 0.210

0.&X) 0.@0

s.870 5.710 5.900

2.490 2.60 2.430

0.620 0.600 0.600

1.210 1.320 7360
0.010 0.010 0020
Lno 2.ao 2.730

7.7t0 t.7a 1.580

0.910 0.E60 0.930

0.160 0.200 0.170
0.G0 0.80 0.010

5f,40 5.790
2.470 2-4g)
0770 o.ffi
1.190 1.350

0.010 0.010

2i& L720
r78nJ 1.750

0.&{0 0.890

0.190 0180
0.@0 0.020

5.7n 5.690 5.6&t
un ?5& 2su
o.no a78fJ 0.610

1.210 l.160 1359
o0l0 0.020 0.@
2680 L690 2.7@

L78n 1.810 1.76
0.830 (}E@ 0.815

0.2m 0.210 0.2G
0.020 0.020 0.oB

5.610 5.S0
L47O L4:N
o.7n 0.d0
1.110 0.820

0.020 0.010

LE70 3.150

1.8$ 1.720

0.E30 0.880

0.110 0.130

0.u70 0.090

5.576 5.4m
2"{61 L470
0.610 0.650

1.313 1.480

0.018 0.@0

2.613 2.7ffi
1.723 1.740

0.&45 0.w
0.136 0.140

0.m0 0.@0

TOTAL 15.700 15.t40 rtTEO ts.Sa) 1t.r3{' 15.76{1 15.E50 15.7'tO 1t?10 15429 ls,'E/J 15-710 15.395 15.480

Mgr 0.71 0.58 0.70 0.67 0.67 0.70 0.67 0.9 0.72 o.79 0.67 0.65

Senple
Typc

tqr3g, 9{n3:rp 9oG3P 9O(B9P 9OB3P 9@335 9m33s 9qB3S 9033Q19mr3Q1 90@351 9qXt3S1 9m33S1 9m3:ts1

TypcC TypcC TypcC TypcC TypeC Typcl Typcl Typcl TypcP TpcP TypcP TypaP TypcP TypcP

cotc cone coa! con cotc oxid coro cot! cof! col! cotc' rin cole' rim

stoz 38.94

A12C,3 M.m
Tio2 5.6
FcO 12.1E

MnO 0.f5
Mgo 12.52

CeO lL.B
Ne2O 3.04

KrO 0J5
Cr2O3 0.18

40.L3 40.t5 41.00

13.20 r4& 13.53

7.6 5.55 {35
9.37 8.dl 145,r

0.15 0.11 0.18

12.% ItLl0 10.E4

11.95 11.35 10.6.1

3.00 LgS 3.47

o.a 0.E2 0.81

0.05 0.t7 0.00

39.94 38.85 38.36

1335 7L24 14.56

1.39 5.75 6!6
13.94 u.21 9.96

0.24 0.15 0.09

11.09 tz37 12.32

1130 1238 7L67
2.88 LSz 2.n
0.81 0.69 0.6
0.01 0.01 0.o

57.39 38.29 40.72

14.90 13.83 14.49

6.49 8.09 4.43

n.n 10.09 9.08

0.o 0.6 0.09

l2.(B 12.57 A.n
12.4r n.n 10.82

2.& 2.U 358
0.62 0.83 031
0.01 0.05 0.?6

39.95 37.47

14.56 1,135

6.13 8.62

9.60 8.75

0.09 0.08

13.32 7L6L
10.&! 11.96

2.U L67
087 0.50

0.21 0.m

39.76 37.4
14.77 1{51
6.10 9.0E

9.78 8.50

0.13 0.01

13.,14 1280
n.n 1239
L87 LA
0.81 0.50

0.19 0.04

TOTAL 99.35 9t.90 99.6 9&96 97.9s 9&46 9E.00 t 9.Zl 9E.E6 98.57 gt.{I 97.06 9&55 9&01

sl
AJ

Ti
Fc

Mn
ME
Ce
Nr
K
Cr

55E0 5.840

z.ffi 2.24
0.610 0.830

1.310 l.l{0
0.020 0.u0
2.670 2.780

r.720 Lw
0.450 0.E40

0.1/t0 0.40
0.020 0.010

5.790 5.60
2.500 2350
0.710 0.,{E0

1.010 1.800

0.010 0.020

3.010 2.390

7.740 1.6E0

0.E20 0.8E0

0.150 0.150

0.010 0.0m

5.970 5731

2350 2.O6
0.490 0.636

tJ40 1384
0.60 0.019

2170 2.719

1.810 1.955

0.8,t0 0.E08

0.150 0.130

0.000 0.00r

5.62 5.390

L537 2530
0.717 0.76
t.230 1380

0.011 0.010

L7t2 2.590

2004 1.920

0.800 0.78
0.r3r 0.120

0.00E 0.0m

5.516 5.929

L392 2-48E

0.E92 0.485

1.238 1.105

0.010 0.011

L748 3.rS
1.918 1.689

0.808 l.0ll
0.155 0.061

0.0c 0.013

5.813 5.553

2.4q7 2.506

0.671 0.961

1.16E 1.084

0.011 0.011

2.890 2.786

1.689 t.E99

0.8m 0.749

0.162 0.113

o.mt 0.o0

5.780 54.5m
2.520 2570
0.670 l.mo
1.190 1.0{0
0.@0 0.m0
z9l0 2.800

1.680 1.950

0.810 0.750

0.150 0.110

o.mo 0.010

TOTAL 15.{OO 15.660 15.75{t 15.Em 15.t50 15.t62 15.E12 15.360 15.7E{l 15.693 75.725 15.62 15.7fl A.6m

0.6 0.69 0.65 0.e 0.74 011 0.72 o.7l 0.73Msr 0.67 0.71 0.75 0.s7
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Microorobe mineral analyses

,L3.7 Mount Sidley xenolith mineral analyses: rhdnite
Sempla 9tr334 900334 9qBilA 9tl(B3C 9@33C 9@3C 9033C 9083G 9qB3G 9qB3G 9fi83H 9m33,
TyF TypcP TypeP TypeP TypcP TypcP TypcP TypcP TypcP TyprP TyprP TypeP TypcC

corc inccpr nclt inccpr kr€Ft laerrt kaaFt inccF lnccpr( oxr kaeFt krcEt

sioz 26.u 2s.67

TiO2 11.1,1 l20l
FcO 18.10 15.16

MnO 0.11 0.01

MtP 14.33 1s.@

CrO 12.37 1156
Ne2O 0.76 l.16
K20 0.0 0.02
Ctfrl 0.V 0.06

B.n 2E.02 2E.37

t7.52 14.61 15.64

11.26 9.72 9.62

20.06 16.E9 16J8
0.14 0.u 0.ll
13.00 15.90 15.01

1200 9.86 10.61

0.E9 253 2'23

0.0r 0.01 0.02

0.27 0.58 0.3{

28.E9 28.49

15.93 lL86
9.80 9.E8

16.89 77.tE

0.ll o.u
15.29 t&17
10.81 l0.B
L23 2.53

0.02 0.0r
0.34 0.58

%.4 26.26

16.E3 16.,u

11.:)6 1152
18.70 n.04
0.19 0.n.
13.88 13.04

11.58 11.15

l.lE 1.35

0.92 0.01

0.@ 0.6

8.96 24.78 24.U
77,O t7.8 r5.c7
lr.(n 11.92 9.&i
zt.Q 1E.63 2297
0.m 0.13 0.97
12_17 1335 r3.3
11.64 10.85 105,{
0.E3 l.El 1.68

0.m o.g2 0.02
0.11 La 053

TOTAL 1mr5 9E.91 99.00 9832 9&51 1m3{' 99.9s 1m.0a 1m.02 99.{5 99,W 99,76

st
AI
Ti
Fc

Mn
Mg
Ca
Ne
K
Cr

3.511 3.4%
261 2.78
l.u7 1.209

2018 1.809

0.012 0.0m
L817 2s9
r.76 1.659

0.196 0.301

o00 0.08
0.N7 0.06

3.?53 3.nr
z.UE L325
1.151 0.966

2.n2 r,906

0.016 0,m5
L667 3.198

t.764 1.426

0.87 0,62
0.m2 0.m2
0.u29 0.062

3.610 3.8C8

2.y7 2-OO

0.9x2 0.v70

1.767 t.8@
0.013 0.013

2850 3.m0
t.&7 1.523

0.551 0.580

0.m3 0.m
0.011 0.86

3.787 3516
z3E L656
0.966 1.143

1.906 Lcp3
0.025 0.0x2
3.198 L768
t.426 r.62
0.652 0306
0.002 0.0G
0.052 0.001

3.5?7 3.283 3368 3.417
2-ffi 2888 Zm 2.590

1.166 1.1,() Llu r.0r7
L2r7 2-M 2116 2_642

0.025 0.0m 0.015 0.08
L677 2-485 Z7A7 2.733

1.610 1.710 lJ82 1.554

0352 il24' 0.4;n O.&8
0.001 0.00 0.004 0.004

0.002 0.012 0.155 0.05E

TOTAL 1d.137 14.1{5 74.269 14.373 7r.54 1{.251 14.373 14.770 14.77' 14.252 74,DO 74.47r

Cr+Al 4.41 438
Ne+Si 3.n 3.74

L67
3.49

s.t5
4"U

4.Zl
3.89

L&
3.s3

L32
3.86

4.14

3.87

3.79 3.99 3.75 4.32

416 ,r3E LU 3.82

Seurplc 9083R 9063R 90@3R 90@9R 90@35 9qB3S 9{xB3Q190G3Q19qB3Q19qBrQ1em93Q19{xB3Q19qB3S1

TyF Typcc TypcC TypcC TypcC Typal Typcl TypcP TypcP TypcP TypcP TypcP TypcP TypcP
cor" cota cor? cgtr klottt Erelt corc core cora m€lt corc cote cort

sio2 B.v 23.91

A12()3 18.15 V.A
Tioz 12.53 12.53

FcO 19.,t3 19.01

MnO 0.15 0.10

MtP r3.% 13.45

C.O 1r.60 11.40

Nr2O 0.89 1.42

K20 0.01 0.04

Cr2O3 0.m 0.ll

8.62 2437
1876 1796
lz90 tr.n
t8.26 19.49

0.@ 0.t7
13.45 1332
trt3 r2.m
l.m 0.95

0.m 0.01

0.01 0.14

n,53 8.29
77.11 15.66

9.r2 9.93

13.32 25.63

0.2r 0.28

18.7E 12$
1230 8.97

1.34 233
0.@ 0.ll
0.00 0.0E

E.fi 24.36

t7.c7 18.59

loTE 11.68

t?.97 18.52

0.10 0.11

11.14 12.85

11.6r l2.B
1.14 0.99

0.00 0.00

0.(E 0.12

24.55 21.02

79.43 1E.73

11.58 lZ13
t6.45 l7.U
0.11 0.97

1.1.0E 1351

7L20 1r.97

0.99 0.99

0.0 0.0r

0.39 0.32

24.8 24.1t 8.46
78.57 $.n 7620
\Lg rz4l 1256
77.65 t7.62 17.01

0.11 0.08 0r0
13.68 13.58 7424
lzm rzol lt32
1.12 l.Ct 1.,(l
0.m 0.00 0.01

0.(B 0.29 0.16

TOTAL 99.tS 99.57 99:76 1m33 99.9' 10.O 99.31 ,t.2s yr.71t 99.a 1m2:' 99.91 9&99

si
AI
Ti
Fc

Mn
Mg
Cr
Ne
K
Cr

3.210 3.240

LE90 ZEl3
\m t.2n
zr95 2.155

0.01E 0.011

2690 L7r7
1.6E0 1.656

0.233 0.37j
oom o.Nl
0.0m 0.012

3.173 g.Zl
L90 L848
1.3&l 1.211

2.61 Lr93
0.m 0.019

Lg4 Lg2
1.6E8 t.730
0.XS 0.2rt8

0.@0 o.ml
0.015 0.015

3595 3.493 3.,148

2-& 2.% ZS29
0.695 1.81 r.088

1.,15,1 LW Z0l8
0.m7 0.6ii 0.011

3.653 2.553 2*!0
t.721 1.19{ t.Or
0.33E 0"624 0.297

0.m5 0.@0 0.000

0.m0 0.m9 0.0G

3.294 3.269 ?.AL
2965 3.05r Z9A
l.lEE 1.160 r.22r
2095 1.&t2 LN7
0.013 0.012 0.008

2590 L795 Z7@
r.7u t7(t t7?6
0.260 02s5 0.258

0.000 0.000 0.0@
0.013 0.0{l 0.G4

3.257 3272 3.424
2919 7.879 2.68
7.267 l.25r r.7r
1.968 L.974 1.914

0.013 0.009 0.012

L7r9 2.7n 2856
r.714 r.7A r.532
0.291 0.73 o.En
0.0m 0.0m 0.q)1
o0(B 0.031 0.017

ToTAL 14.191 14.261 1,1.162 14208 1,1"352 14503 14.197 14.162 1,r.157 l,Lr67 1d151 14.151 1,1.148

Ce+Al
Ne+Si

1.57 4.47 16 4.56 d39 3.78
3.4 3.51 3.A 3,52 3.93 Lr2

{50 4.n
3.75 3.55

4,n +m
353 3.$

,[6s 4.61 L28
355 355 3.80
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A3.7 Mount Siillry xenolith mineral analyses: oxiiles

Senplc 9dI29X 9OU9X g(l}lrx 9@!)El 9qr29Bl 9(m9Bltqn981 g(Xn98l9qlr|9Dl9(IllfDl gfit3irA 9OO33A 9O@3A 90@34

Typc Typel Typcl Typcl Typcl Typcl Typcl Typal Typel Typcl TpcL TypcP TypcP TypcP Typc?
corc oxid odd- con cotc cotr orid- oxid co!! odd cor co!? co!! orid

sio2 0.09

A1203 0.84

Ttoz 29.S
Fc2Ol 13.13

FcO 46.63

MnO 032
MtO 6.63

CrO 0.27

cao3 0.06

0.00 0.00

r.7s 3.o2

50.67 6.96

5.21 49.95

35.14 3,73
0.35 0s2
3.06 35r
0.04 (I00

0.r1 ([00

0.06 0.10 0.06

0.77 3.31 3.24

47.76 8.1,1 l2s3
10.24 50.93 38.13

3241 4.20 39.05

0.35 1.16 0.17

5.72 6.19 r.6r
0.05 0.56 0.02

0.00 0.00 0.00

0.01 0.ol 0.11

0.,f5 0.% t0.g
052 50.01 1.8,1

61.37 7.n $.62
v.97 3.50 6.82
0.8 0.42 0.E{

0.36 6,p. +24
o.o2 0.m 0.m
0.o2 0.6 0.m

0.o 0.00 0.r7
052 Q.B 58.99

a.a 058 0.59

37.9 425 L76
r3.c' N.0 ns7
o5') 0.12 0.18

stE r4.V r3.&l
0.(B 0.02 0.01

0.(X 0.60 0.,18

otl o.zi
59.34 tS?
o,ts rL79
+a 1L9E

19.@ 38.53

ol{ 0.25

7L2t L49
0.0r 0.8
o.o 0.8

TOTAL n.6 993' ,9.9, 97.35 97.r' 9{,EO 9G9E n.o 90.16 t5.12 lql3{ v).57 99.0t 
''9.r2

SI

At
TI
Fclll
Fcll
Mn
MC
Cr
Cr

0.0fi1 0.m0
0.036 0.60
0.7v7 0.926
0.351 0.096

l.,l2l 0.730

0.010 0.m8
0.36() 0.1E4

0,009 0.m2
0.82 0.m2

0.(m o.ml
0.130 0.gB
0.24lo 0.892

tgt 0.191

LA29 0.673

0.01t o.w7
0.210 0.2t2
0.m 0.m1
0.m o.mo

0.004 0.0(}2

0.143 0.1,18

0224 0%
l.'102 1.115

0.&]2 1269
0.86 0.006

0337 0.093

0.0T2 0.001

0.000 0.m0

0.000 0.0m
0.o2t 0.00E

o0r5 0.930

1.9.t4 0140
0.98,1 0690
0.009 0.0G
oo2,l O.2B

0000 0.0m
0.000 0.000

0.0G1 0.0(B

0160 0.oz
0.0{E o.Et2

l.'tg l.2d)
0.801 0..t95

0.02.1 0.02{
0.2fr 0.366

0.0m 0.m
0.0m 0.0m

0.0m o.m5
t.EEo 1.851

0.012 0.012

0.085 0.996
0,4i1 o.ffi
0.0(B 0.m4
0.555 0.552

0.001 0.000

0.013 0.010

0.m 0.012

t.v3 0.v8
0.m9 0.3tr
0.D3 r.190

o.#t9 1.190

0.m 0.m9
0570 0.150

0.@0 0.012

0.010 0.00

TOTAL L999 1.9t l.9!tt zfin 3.000 3.0m ,-997 2'qx zrgc L9v, 3.0(n 3.m0 3.{m a995

Senpta 90o33S 9OO33S gOArS 90635 90@35 9m33S gqBts t033U 9qB3U 9qB3X 90O33Ft 90033F1 90Ct3Fl 9qB3Fl

Typ. Typcl Typal Typcl Typcl Typcl Typcl Typcl Typcl Typcl TypcL Typcl Typcl Typcl Typcl
corc orid orld orld orld orld orld- odd orld sDrc orid r oxid r odd. orid

slot 0.43

4f203 Lt6
Tio2 14.97

FolO3 35.98

FlO .11.85

MnO 0.25

MSO l.2s
CrO 0:0
Cr,lO! 0.01

0.,(| 0.35

z16 L6
1437 9.72

35.9E ,$55
41.65 31.95

0.2s o3t
1.?5 3.9r
0.20 o.lE
0.01 o.g2

0.09 032
r.28 2.8r
43.70 39.97

zt.at 22-&
31.3E 28.19

o.xt 0.20

L37 4.26

0.01 0.27

0.00 0.08

0.14 a.g2

5.91 Lt6
7.73 7.72

5255 50.05

3230 31.36

0.,t4 0.6
s.UI 3.&
0.8 0.05

0.05 o.lt

o.o 0.13

1.26 0.66

31.4 0.24

41.,t5 6l.a
2.t 28.58

0.4 0.m
3.6 0.G
0.04 0.@

0.6 0.m

0.13 0.06 0.G
1r5 1.28 L89
n,r r37 1.0E

10.04 61.58 u.28
51.55 30.30 16.79

053 0.05 3.16
292 0.46 8.O2

0.ol 0.6 0.08

0.m 0.06 0.00

om 0.r0
0.32 556
4755 7.30

rz21 46.14

3L62 30.58

0.49 0.45

5.39 44
o.fit 0.05

0.02 0.1,1

TOTAL 96.49 95.{9 92,6,' 102.11 9&70 10r.{t t'.{s .n.v n.n nfi 95:0 9133 9&65 96,75

si
AI
Ti
FcllI
FGll

Ma
Mg
Cr
Cr

0.017 0.01E

0.096 0.099

0..t15 0.414

1.039 l.a8
r.3,f.3 l.W
0.06 0.m9
0.u72 0.972

0.06 0.m9
0.0m 0.m0

0.(n5 0.m2 0.008

0.u4 0.(B5 0.082

0.2rE 0.790 0x&
l.2El 0.380 0.420

r.ut 0.630 0562

0.fl2 0.m4 0.004

0.*t 0.156 0.156

0.m 0.o0 0.008

0.(m 0.m0 0.001

0.006 0.000

0237 0.090

0.196 0.210

1353 l.4Q
0.924 1.020

0.012 0.015

o25E 0,200

0.010 o.mr
0.000 0.002

0.0G 0.006

0.057 0.ft8
0.EE2 0.009

1.170 1.9{l
0.699 1.06
o0r5 0.0m

0.171 0.0G

o00t o00
0.0m 0.0m

0.$o 0.0G 0.m0
0.26 0.060 0.207

o.7& o.w2 0.G6
o.zn t.Elil 1.720

1560 1.011 1.512

0.016 0.04 0.288

0.t@ o.&to 0.Bo
0.m 0.m 0.m
0.m 0.001 0.m0

0.m 0.m
0.010 0.243

0.tt2 0.204

o.ns t3l
0.42 0.945

0.010 0.015

0.196 0.246

0.(m 0.m
o.cxn o.ml

TOTAL 3.m Lrvt 1.99t 1ml L99E L99t 199E a00 3.m 3.001 3.996 2.qn 3.m1
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Microprobe mineral analyses

Semplc 9qB3A tqlr3c 9oB3C 90@3C 9m33C 9oo33c gm$C 9qB3G g(xI'3G 9qxr3K 9G3K 9oo33K xlo3gK 9OO3:'K

Typc TypcP TypeP TypeP TypcP TypcP TypcP TypcP TypcP Typ:PTypcMTlaeMTypeMTypcMTypaM
oxid cofc cort colr cott orid- orid r oxld orCd cora core core con oxid

siol 0.ll 0.05 0.12

412(,3 0.19 E4.24 5281
Tiot 6.$. 0.97 L33
FczOt 13.86 5.76 0.14

FcO :t4.m 21.28 2133
MnO 0.41 0.19 0.04
MgP ,1.15 13.05 14.08

CaO 0.08 0.02 0.()9

Cr2O3 0.@ ,138 L57

0.14 0.13

55J6 55.79

0.85 1.45

L73 627
21.94 17.75

0.8 0.18

1250 15.63

0.02 0.0E

2l,0 l.EO

0.09 0.09

55.26 6.91

r.29 20.34

8.3{t 55.57

23.3t 8.47

0.x2 0.2s

1218 5.34

0.m 0.r0
0.22 0.m

0.4 0.12

55.83 7.47
r.n 3558
6.72 7.U
8.82 19.61

0.ll o.a
11.95 6ft
0.01 0.18

0.30 0.21

0.8 0.19

32.87 n.76
0.21 0.92

5.95 1.9
n.62 r6.4E

0.6 0.12

11.05 ts.O
0.0r 0.m
9.84 857

0.00 0.r7 0.05
53.14 52.fi 0.35
1.09 1.11 57.4
,1.10 3.8t 20.11

r7.ro 1837 2,?.26

0.15 0.06 05E
15.93 tS32 5.65
0.00 o.cB 0.01

9.27 9.67 0.00

TOTAL 9.7{ 99.93 95.51 9t.66 t9.01 l(I).E!' 99.(F 1m.17 9E.19 100E7 9.{t 10071 191.22 t7.67

st
AI
Ti
Felll
FcII
Mn
Mg
Cr
Cr

0.092 0.0m o.ml 0.m,1 0.m 0.m3 0.0c!t 0.006 0.002 0.w7 0.005 0.0m 0.m5 0.m2
0.0G r.7# 1.750 1.805 t.vo 1.773 0375 L79o 0.210 7.t@ 7.ffi 7.6n Lf53 0.012
0.86 0.02r o.82 0.018 0.029 0.w 0552 0.020 0640 0.005 0.019 0.o2. 0.c22 0.7n
0.2s 0.117 0.m 0.098 0.125 0.r7t 1510 0.150 0502 0584 0104 0.083 0.918 0.420
0.698 0.486 0501 0.50i1 0.{00 0.1?1 0:55 054} 0.392 0516 0.3{2 0.383 0.412 0.5,10
0.00{ 0.0G 0-m1 0.m5 0.m4 0.m6 0.009 0.0G 0012 0.w2 0.08 0.0G 0.m2 0.014
o.rm 0.531 0590 0.512 0.627 0.,{90 o.EO 0.486 0.A4 0,4y3 0.639 0.55 0.6t2 o.B2
0.0qr 0.0m 0.m3 0.m1 0.@2 0.m0 0.001 0.000 0.006 0.0o 0.000 0.0m o.ml o.mo
0.0m 0.093 0.057 0.61 0.88 o.mo 0.000 0.002 0.004 0.233 0.188 0.1!r 0.205 0.oo

TOTAL L997 L99t 3.(x)1 L999 3.m1 LS98 3.000 2.001 3.000 a000 3.(m 3.qn 2"qx,

Secrplc 9qBgFr 9{n33Fl 9q83c190{b3c190(r$Gr90BsGr9063G19@rGl gqB3Pl 9dB3ncn$Q19@3Qt9ms3Q19oOBQr
Type Tygcl Typcl Typcl Typcl TypaL Typcl Typel Typel TypcC TypcC TypcP TypeP TypcP Typcp

orld- oxid r oxld oxid uld orid orid uld oxid. oxid corc corc cor,c con

sto2 0.G 0.28

Alrct3 0.24 2.22

Tio2 52.39 0.75

Fe2O3 0.89 62.%

FeO 3E.lE 26.16

MnO 0.50 122
MSp L71 2.4r

CrO 0.01 0.03

Cr2O3 0.m 0.00

05E 1.72

0.6 E.11

3732 40.14

33.12 185{
5.32 20.?S

0.26 0,41

15.98 8.60

0.15 1.0!l

o.ft, 0.o

0.65 0,21 0.11

zl3 3.67 1.72

1462 498 15.31

36.24 5rL16 35.A7

39.55 3L04 ,rt.05

o,19 (I17 0.38
3.10 L78 1.91

0.00 0.26 0.00

0.(B 0.& 0.ll

0.10 0.or
0.,f0 0.70
48.87 78.97

7.76 3il.08

36.85 ,10.40

0.,16 O.rl0

3.n 4.90

0.@ 0.G
0.09 0.13

0.6 0.13 0.09

l.6l a.v 60.&
48.65 0.8 024
10.G 4.63 371
33.68 14.96 76.57

0.18 0.13 0.15

s.28 17.37 76.%

0.01 0.m 0.00
0.09 1.52 757

0.10 0.97

5876 59.89
0.41 0.45

3.65 3.60

17 36 15.85

0-06 0.05
1558 16.21

0.00 0.02

zu 274

TOTAL 96.99 95.dr 93.53 98A7 9691 97.72 95.6 98.32 99,ffi 99.61 99.S 99.33 9t37 99:8

sl
AI
Ti
FeIII
Foll
Mn
Mg
Cr
Cr

0.0m 0.012

0.06 0.102
o98r 0.021

0.016 1.E33

0.6m 0.852

0.010 0.o?9

o.tn 0.141

o0@ 0.0m
0.0m 0.0m

0.01{ 0.0{:l
0.014 0.230

0.06 0.686

o.ffi 0.316

0.108 0.384

0.m6 o.mE

0.574 0.308

0.m{ 0.vt6
0.m0 0.@0

4.s21 0.m9 0.003

0.06 0.170 0.97E
0.414 0.141 0.W
7.926 0.m0 1.020

r.24E 1.536 7326
0.015 1.011 0.012

0.t71 0.ff)6 0.111

0.m0 o.tB 0.000
0.m 0.m0 0.001

0.002 0.0(B 0002
0.012 0.003 0.048

0.920 0516 o.E&l

0.145 0.927 0.184

ano L221 0.69)
0.010 0012 0.@t
0140 0.2E2 0.2m
omo 0.000 0.0m
o.ml o.oql 0.001

0.0G 0.002 0.0Gi 0.m2
1.851 1.8E0 1.853 t.#2
0.005 0.0G 0.m8 0.m9
0.092 0.073 0.974 0.972
032E 036' 0388 0.C72

0.06 0.0ct o.mr o.mr
0.5n 0.637 0.621 0.637
0.0m 0.00 0.m0 o.ml
0^032 0.cEr3 0.62 0.0d5

TOTAL 100 3.0(D 2"02 2.@0 L9,7 L996 L995 2.001 3.0q, 100r 3.001 3.(xll 3.$0 3.(xrt

I
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/4prydbtloe

Senplc
Type

goegx gmerx 9m33c| 90030 9m3:ro 9oo$o 9t630 90@30 9qB3P 90@3R 9qB3R 90G3R 9qB3R 9633R

TypaMTypcM Typ"L TypcL TypcL Typel Typel Typcl TypaC TypcC TypcC TypeC TypeC TypaC

orid orid r orid r orid oxid- oxid orid- odd orid oor. oxid orid orid orid

sio2 0.13

Ano3 49.2
Tio2 032
Fc2O3 7.91

FcO 14.6
MnO 0.11

MtO 16.9r

CeO 0.04

cr2o' 9.94

o50 0.42

402 0.13

5.49 0.01

u.n %37
2E.12 0.20

0.8 0.m
Ll4 0.10

0.05 0.10

4E O00

0.1,1 0.11

L2t 2.73

83s 754
45.87 49.45

3244 3+46
0.71 1.05

ze 135
0.6 0.06

0.00 0.08

0.10 0.17

3.05 3.20
,X550 lZM
tL95 15.1E

?42t 33.29

0.62 0.%
3.U 251

0.05 0.04

0.03 0.o2

0.8 3.09

2.15 2.89

t1,g 5.16

c7.t2 43.21

4159 v.gl
0.n 0.(b
1.O r.73

0.@ 0.71

0.u 0.ol

0.0{ 0.13

56.U r.45
0.69 lg..tE

625 Zl.9
tLlT 4.U
0.09 0.10

lL39 r.49
0.00 0.r7
0.69 0.19

0.10 0.06 6n
8.70 0.24 759
%.17 51.16 15.16

3154 7.94 13.E9

ro9 3430 47.O
0.32 0.38 0.4,0

9.61 6.32 6,71

032 010 r.33
0.3:t 0.a7 0v

TOTAL 99.fi 91.n 94.32 9L70 96.15 99.91 96.{2 98.15 90.99 99,87 g\.Xt 1('1'tt 1m.56 93.10

st 0.0G

al 1.581

Tt 0.018

FcIII 0.150

Fcll 0.3iX)

Mn 0.0(B

Mg 0.590

Cr 0.0m
Cr 0.210

0.o2r 0.012

0.166 0.@4

0.160 0.m0
1.320 1.9E0

0.980 0.82
0.@9 0.m0
0.2{0 0.m2
0.m 0.s2
0.130 0.@0

0.@5 0.0cxl

0.120 0.121

0.50 0.x20
tgto 1.411

1.G0 1.107

0.021 0.G3
0.150 0.0E0

0.@0 0.001

0.m o.mr

0.002 0.00/t

0.0E6 0.094

0.E3{ 0,790

0238 0.3tx)

0.698 o.ffi
0.012 0.012

0.126 0.1/0
0.001 0.m2
0.000 0.000

0.010 o.ta
0.(B0 0r3E
0.414 0.156

1.053 r3G
1320 l.l1(}
0.024 0.0G
0.084 0.1m
o00 0.033

0.001 0.0m

0.001 0.006

7.826 0.069

0.014 0.591

0.128 0.74
0.510 L4n
0.002 0.0fi1

0503 0.090

0.m0 0.006

0.015 0.006

0.m2 0.m2 0.2&
o.N 0,m6 0.320

0.612 0.920 0.408

0.53,{ 0.r.16 0375
o.u8 0.688 1.230

0.06 0.m8 0.012

0.320 0.26 0.360

0.010 0.m1 0.6,0
0.m, 0.m1 0.m2

TOTAL L99t 2999 2.@2 3.qn L999 l.gv' 1002 LWI LW) L9vl t.995 L99e L997

s-pt" ro$Qr9oo3:,Qr9oo33Q19oo3Q19O@3Sr 9O(B3S1 9003s1 90003s1 9(xB3$ 9ots3s1 9(xxt9c 9dXl9G 9@39M 9089M

TyF TypcP TypeP TypcP TypeP TypaP TypcP TypcP TypcP TypeP TypeP Typel Typcl Typcl Typal
ore cott oxid qid core corc corc co!! corr oorc core orid- orid orid

sio2 0.0E

A1203 61.19

Ttol 0.24

Fc2O3 U1
FGO 17,16

MnO 0.14

MBP 1s.90

CrO 0.00

CrtOS 1f,6

0.19 033 63E
59f,4 0.{r LU
1.04 2+16 r.g7

3.47 48.08 41.79

15.10 15.61 30.7r

0.12 0.{0 0.49

18.04 3.16 406
0.13 0.37 1.08

3.26 000 0.98

o.gt 0.09 0.n
58.23 56.09 58.06

0.69 0.60 0.24

,1.96 ,{.95 5.05

17.92 18.06 18.15

0.17 0.t7 0.10

15.47 15.52 15.38

0.00 0.05 0.0
2.05 2.10 3.19

0.01 0.ll
5E.25 59.24

0.45 0.42

6.19 1.9
15.97 17.14

0.10 0.14

15.48 15.90

0.@, 0.04

Lg zlt

087 0.05

0.13 295
0.02 8.7E

96.% 16.16

0.47 30.7t

0.00 0.48

0.26 {.10
0.10 0zl
0.00 0.06

0.01 0.$ 0.36

9.29 1.99 3.30
r.7S 46.61 5.08

56.97 7.29 49.U
2E.E8 35.83 30.28

0.57 0.r7 0.53

3.33 353 Z8
0.01 0.01 0.1E

0.12 0.01 0.o7

TOTAL 9E.$ 101.0E 9155 91,{1 99.59 96.60 vr.{l 9t.71 93.51 10.92 95.77 91.{1

st
AI
TI
FellI
FelI
Mn
Mg
Cr
Cr

0.002 0.m5 0.012

r.9G} 1.816 0.@1

0.06 0.m0 0.747

o.u? 0.67 t.o3
osn 0326 0.531

0.0G 0.m 0.015

o.6E 0.03 0.190

0.0CI) 0.m{ 0.015

0.w 0.056 0.m0

o)AS 0.002

0.219 1.826

0.G0 0.014

1.2ft1 0.100

0.981 0399
0.015 0.00,{

0.a4 0.613

0.045 0.000

0.G0 0.0{3

0.002 0.006

l.Els 1.872

0.016 0.0(E

0.098 0.100

0.400 0,102

0.00'1 0.002

0.613 0.fi7
0.001 0.0m

0.050 0.M7

0.0(}2 0.0@

1.815 t.u7
0.004 0.0G
0.122 0.m5

o34l 03n
(1004 0.@
0661 0.64
o0o oml
0.050 0.04,1

0.0a o.wz
0.00{ 0.135

0.0m 0.256

1.949 734'
0.010 0.996

0.0m 0.016

1.010 0.w
0.0@ 0.009

0.0@ 0.0s2

0.m0 0.m8 0.015

0.3{17 0.060 0.155

0.0{E 0.892 0.153

1515 0.1,10 1.506

0.855 0.762 1.@0

0.0tE 0.m4 0.018

0.174 0.134 0.123

0.m0 0.m0 0.010

0.m1 0.m0 0.m

TOTAL 3.001 3.m0 L9it 3.mo 3.m1 L999 3.001 L999 L99D 9.0m 2-99E zmo 3.m1
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Micronrobe mineral tnaluses

Senple 9qr$S 9(XBCS 9qn3s 9qB3S
Typc TyrycL Typcl Typcl Typcl

cota cotc cor|t corc

sto2 0.21

Al2Cr3 9.8
Tio2 0.13

Fa2O3 3.6
F.O 9.62

MnO 0.8E

Mto D.95
C.O 0.m
Cr2Cr3 O.77

0.@ o21 (}08

63.{1 o.El L63
0.11 1330 ?533
737 ,10.19 13.25

5.A2 3r.12 {5.82
0.E8 0.!O 0.09

Z?X 676 rL10

0.o2 0.{t o29
0.10 (Im 0.05

TOTAL ,r.92 10091 93a9 91.63

st
AI
Ti
Fcltr
F.ll
Mn
Mg
Cr
Ct

0,006 0.001 0.m8 o.ffi
1.910 1.E55 0.(B8 0.121
0.002 0.002 039t 0.742
0.06, 0.13E 0.151 038E
0.2(B 0.113 0.90 1.492

o0l9 0.016 0.013 0.m
o:to 0.871 03&t o.8E
0.0@ 0,001 0.m9 0.012
0.0@ 0.0m 0.m0 0.(m

TOTAL LyrI' 3.OOt 2.qxt 3.q'1

Supl,! 9qB9M 900t9M 9qX!9M 90O39V 90@9V
TW Typcl Typcl T;pcL TypcMTlryaM

o:dd orid. oxid orld ord.l

sio2 0.n 0.m 0.55 0.r8 0'01

AUO3 
',t2 

1.6 3.97 5.60 0.15

Tioz 6.9 5r.91 4-12 1E5E 51.97

F.2O3 50.60 356 3137 Xl,6 5,6
FcO 30.06 9E.D 3250 1523 l7.tz
MnO 0.7O 0.25 039 Ogt 066
Mgp 3.65 49 1.4 L{l Lrg
CeO 0.34 0.0,1 AgZ 0,06 0,6
Cr2O3 0.d, 0.00 OOt q10 0.00

TOTAL 9{.(r 1002{ 97.U 1$39 lm.Cl

si
AI
TI
FGItr

FcIl
Mn
Mg
C.
Cr

0.G'9 0.00 0.@r 0.006 0.m
0.057 0.0{t 0.13E 0,228 0.01,t

o.l9e 0.9t|4 0.126 0.504 0.wl
l.{EO 0.06a 1J63 0-7fi 0.100
0.9E1 a.n4 r.(BE 1.365 0:r1t
av24 0.005 0.fl2 0.01E 0.01{
0.213 oJ64 0.1m 0.125 0.1E0

0.015 0.0(}2 0.m o.mr 0.o2
0.0@ 0.0m 0.m0 o.mr om

TOTAL 3.0(n 2.0@ 3.dtrt 2-9!19 1m0
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A3.7 Mount sidtey xenolith minetal analyses: glasses

Semple 9(X}33O 9m3O 9q!3P 9qB3P 90Cl3P 9m63P 9m03P 9qll3P gUXtgX 9{XB3X

TyF TyFL TyFL TypeC TyPeC TyPcC TyPcC TyPeC TyFC TyPsL TyPeL

Sio2 50.18 50.63 47.86 /8.00 5{63 16.2i 17'35 4.m '5.13 42.%

AIIO3 18.38 18.08 17.29 18.72 16.62 16.15 16.2E 15.v7 10.t19 10.3{

TiOz 257 1.96 475 3.99 2.62 41.53 L90 4.69 L6 32r
FeO 11.05 1039 11.25 12,?3 9.59 13.{9 10.65 14.01 2139 22.42

MnO o.l2 0.14 0.10 0.01 0.22 0.13 0.O 0.15 0.65 0.61

MgO O.E7 3.61 L47 S.+9 '1.40 L94 6.G 2.9E 9.59 6.fi
cro 623 688 8.61 3.20 4.35 7.63 l-97 10.49 7.8 t.E
Ndo 4,6 3.69 5.t7 3.80 2.96 5.43 6.62 4.m 036 252

t('o 276 l.2E l& 616 4.1E r.52 5.42 t.ll r.r7 0.57

caos 0.t7 0.53 0,@ 0.02 0.00 0.10 0.o 0.05 0.m

ct a22 0.23 0.28 0.30 0.lE 0.16 0.m o.Gl

P205 333 3.CB r.24 0,& o.n Ll2

TOTAL 1002:! 1(p.21 99.16 99.tO 99.Es 99.6e 10.17 90.(E 9.n 9.72

Mgf tz.b 38.24 2E.12 33.32 &96 27.96 50.20 t.n 4.4 34.{1

a
Or
Ab
An
Ne
Di
Hy
ot
MI
il
AP

0.00 3.80 0.00 0.00 l.l3 0.00 0.o 0-m 0.m 0.00

16.31 7.56 9.10 36.40 2L70 8.98 310S 6.56 6.91 5.96

43.,11 3622 26.A $.78 25.05 n.Zg 7.@ T.A 3-05 2132
9.t7 1436 19.E7 15.&l 19.72 15.20 4.16 n.U 4.55 14.92

o.o0 0.00 E.63 1r,58 0.00 9.02 26.55 6.85 0.@ 0.m

7.99 12.02 19.17 0.04 154 lL28 4.8 n.U lX4l l0.T
E59 75.67 0.00 0.00 20.75 0.00 0.m 0.m 9.67 14.4
rs7 0.m 4.y 15.15 0.00 10.63 17.82 7.89 6.n B.n
0.00 0.00 0,00 0.00 0.00 0.00 0.m 0.00 0.m 0.00

4.88 3.72 9.02 7.s8 4.9e 8.60 5.51 6.91 5.09 6.10

7.s8 7.r7 0.m 0.00 0,00 L94 0.17 r.Ez 0.0 5.02

0.00 0.00 0.00 0.00 11.60 0.00 0.m 0.m 4.75 0.00

4.49 5.32 8.45 L6 3.90 9.87 {.ll 7.& 7.74 13.24

79,17 T.86 324r r.02 6.68 33.09 8.76 t'.n 15.1s 34.16

14.25 T.9o 26.00 8.08 27.53 21..18 24.53 l7.O L6.g 1,1.53

2.08 6.22 +49 5.50 0.00 0.00 0.m 0.00 0.m 1.02

30.39 2053 11.19 49.13 18.35 7.36 9.78 3.A B.n l.ll
0.00 0.00 0.00 0.00 2r.70 0.69 439 0.E4 8.4 0.00

16.02 7.8o 6.47 12,22 0.00 13.6,1 6.72 rS.O 0'm rc.CI

0.00 0.00 0.00 0.00 0.00 0.00 0.m 0.m 0.m 0-00

8.79 5.93 6.91 15.8E 5.01 5.53 7.n 7.n 5.56 8.26

0.00 0.00 0.00 0.00 La 6.30 7.8 7.67 7.24 7.62

TOTAL 99.E2 1(I'.52 96.93 97.36 97.87 9694 n.47 96.{1 95.40 95.n

Smple 9O@3X gm3itQr 9{xxl9c 90039V 9qF9V 9m39E 9ffi19E 9S39E 9qB9E 9fi99E

Type TyFL TyFP TyFL TyPcMTypoM TyPcL TyPcL TyPrL TyPcL TyPeL

slo2 {}.5E 6.83 48.99 38.46 50.97 47.69 46.13 45.n 51.93 45.32

AI203 1052 77.6 18.99 5.51 lZ10 t6.r1 15.31 fi.n fl.6 14.87

TiO2 4.63 3.65 4-69 8.36 2.& 3.,14 4.O 1'C9 2'93 435

Feo 8.8 9.7O 9.84 22.fi 15.52 9.78 11.12 14'47 7.9 14.5'l

Mno Ofi 0.1E 0.18 050 0.60 0.3|i] 032 0.30 O.Z 031

MgO 3.,13 473 L74 8.04 4.34 5.33 3.09 4'76 3.15 338
CrO 10.01 10.67 7.96 13.72 11.28 9.& ll.tl 8.51 7'99 7.8
Ne2O 2rZ 3.94 ,LBl 1.32 0.79 3.91 3'99 4.8 Ln 439

I(2o oJ6 0.90 1.43 0,u 0.6 1.67 0.7A 732 4.m 224
cao3 0.04 0.00 0.11 0.03 o.Gl 0.00 0.09 o.ts 0.04 0.@

ct 0.00 0.02 0.6
P205 1.03 L6 2.98 3.24 3.06 3.n

TOTAL 9937 9E.2E vl76 99.06 99.96 100.56 100.01 101.s5 1mlt 10020

Mgf 2094 46.49 33.16 3E.EO 33.26 49.27 33.11 X.96 41.92 793J

o
Or
Ab
An
Nc
Dt
Hy
ol
Mt
lt
AP

TOTAL 95.19 96.56 97.87 95.03 97.rr 9&95 98.10 9t.E3 99.17 96.81
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A3.2 Mount Hampton xenolith mineral analyses: oliuine

Semplc PK{A PK4A PK{B PK{B PK{L PK{L PK,IL PK4L PK{S PK{S PK4S PK,IS PK{Y PK4Y

Typ. Gnn Gren Plrite Ppitc Pyrile PFlt! Plditc Pl4lte P,,xilr Pyxile Pyxib Pyrdte Gren Grln
symp syErp Jymp symp lytrrp tytrrp symp syurp symp symp vein vcin rymp symP

sio2 43.47

Al,to3 0.02

Tio2 0.08

FeO 1.63

MnO 0.iX}

MSp 55.73

C.O 0.14

Ne2O 0.@

K20 0.m

35.65 4220 38.12

0.15 0.08 0.11

0.09 0.08 0.13

37.10 8.18 43.&
0.23 0.44 0.4
24.52 19.90 15.11

051 0.16 0.n
0.00 0.09 0.24

0.06 0.00 0.r5

39.96 4ZA7

0.10 0.07

0.14 0.or
3445 L86
0.26 0.31

24.60 5ZZ8
0.3:l 0.14

0.07 0.05

0.6 0.02

3E.6o 39.57

0.23 0.62

0.25 0.02

35.34 4.78
0.30 0.&
2,118 8.6
0.76 0.35

0.00 0.11

0.04 0.01

42.96 39.18

0.6 0.12

0.11 0.11

1.04 n.99
0.26 0.4
56.39 ?.63
0.r0 0.35

0.m 0.m
0.92 0.oZ

28.10 31.90 42.79 40.80

?.a 3.90 0.02 0.13
0.25 0.27 0.06 0-r3
45.30 39.48 L47 A.16
050 037 0.33 0.52

n.49 22.s 5435 30.47
0.65 0.76 0.18 0.47

0.4 o.42 0.10 0.06

0.6 0.04 0.05 0.r3

TOTAL 101.42 96.54 1fl.13 99.19 99.95 99.E3 99.70 98.55 1m.92 98.t5 Ln 99.99 rm.35 99.8E

si
AI
Ti
Fe

Mn
Mg
Ce

Ne
K

1.517 r.532
0.001 0.0G
0.000 0.0G
0.0{8 t.324
0.010 0.0s
z89E 1.5@

0.005 0.024
0.0m 0.0m
0.0m 0.004

1.010 1.100

0.m2 0.m3
0.001 0.002

0.164 1.053

0.010 0.010

r.7u 0.692
0.m4 0.m8
0.m4 0.013

o.mr 0.005

1.090 l.m9
0.m0 0.m0
0.m0 0.m0
0.786 0.@7

0.m6 0.m6
l.mo 1.868

0.m9 0.0G,

0.m0 0.m2
0.m0 0.m0

r.M7 t.t70
0.097 0.019

0.005 0.000

0.816 0.650

o.w 0.010

0.996 1.155

0.0?2 0.010

0.000 0.010

0.000 0.0@

1.0fi1 1.069

0.002 0.0fi}
0.001 0.002

0.020 0.76
0.005 0.010

1.962 1.123

0.002 0.010

0.000 0.000

0.000 0.0m

0.87 0.912

0.120 0.136
0.0m 0.0G
1.128 0.94r

0.012 0.06
0.954 0-965

0.020 0.m2
0.013 0.0D.

0.0m 0.001

1.010 r.979
0,m0 0.m
0.00 0-m2
0.0{8 0.600

o.w7 0.011

1.912 1.200

0.m4 0.013

0.m4 0.m3
o.ml 0.m4

TOTAL 4,ilEl /i.463 19EO 2.Et5 a985 L920 2924 z99s LgL' 3.012 L986 2.915

MBil 98.37 54.09 9158 39.6 55.99 95.06 94.97 63.99 98.99 6r/8 15.82 50.63 97 55 66.67

Sanple PK{Y PK{Y PK,IY PK4Y PK4Y PK4Y PK,|BI PK4C1 PK{C! PK4CI PK4C1 PK4C1 PK4C1 PK{C1

TyF Gren Gran Glrtt Gren Gren Gren Pyxite Gnn Gnn Gnn Gnn Gren Gren Gren

symp 3yErp syrnP syrnP tynP ,ymP symP oPx t lysrP 3yErP symP 6ymP symP symP

sio2 42.91

A1203 0.m
Tio2 0.m
FeO 1.E5

MnO 0.37

MBP il.57
CeO O.g7

Ne2O 0.09

K:O 0.04

37.@ 1227
0.16 0.00

0.20 0.04

3653 1.,13

0.40 0.35

24.15 55.E6

03E 0.25

035 o.Gt

0.10 0.02

3E39 ,$.80 37.8
0.32 0.00 0.20

0.20 0.00 0.09

39.96 1.35 36.,14

0.37 0.34 0.33

26.t7 SL49 2+4r
0.38 0.09 0.24

03r 0.04 0.31

ooE 0.04 0.01

{1.,14 42.86

2.51 0.20

0.24 0.4
?6.U 8.82
0.54 0.59

28.04 31.0E

0.6 0.6
0.11 0.6
0.06 0.92

37.8 42.v
0.26 0.m
0.1E 0.11

33.05 0.90

0.6 0.c7

25.05 56.93

0.43 0.6
0.19 0.m
0.6 o.ts

39.70 4?.4
0.3 0.05

0.,9 OS7

31./t3 1.19

0.,t3 039
n.7 s6.24

1.05 0.09

0.12 0.8
0.(B o.o2

t2.19 38.20

0.00 0.0E

0.05 0.15

3.22 38.24

032 0.35

54.05 21.94
0.19 0.88

0.01 0.77

0.02 0.05

TOTAL 10001 98.14 101.13 99,19 99.95 99.t3 99,70 98.55 100.92 !n.8!i Lv7 99.99 1m35 99"Et

si
AI
TI
Fe

Mn
Mg
C.
N.
K

1.013 1.040

0.0m 0.06
0.00{ 0.004

0.€7 0.E5E

0.407 0.009

t.98 1.011

0.004 0.011

0.004 0.018

0.w7 0.0G

1.5(F 1.576

0.m0 0.015

0.m0 0.000

0.0{2 1.166

0.010 0.012

LvtS r.601

0.010 0.016

0.000 0.m4
0.m0 0.m0

tJ42 r.578
0.m0 0.0t0
0.m0 0.m0
0.(g9 t.?0
0.ot0 0.o0
2.858 1.516

o.mg 0.010

0.m0 0.924

0.m0 0.m0

1.0E2 t.644 1.049

o.w 0.000 0.00E

0.004 0010 0.004

0586 0.E28 0.n0
0.012 0.019 0.010

1.091 Ln6 1.0E2

0.012 o.on 0.012

0.005 0.004 0.010

0.002 0.001 0.002

0.991 1.065

0.m 0.010

0.w2 0.0G
0.01E 0.76
0.ff9 0.010

1.986 1.090

0.0cr2 0.0s0

0.00 0.006

0.m1 0.001

r.006 1.m{ 1.056

0.001 0.m0 0.m2
0.001 0.010 0.m
0.023 0.0at 0.w7
0.0G 0.06 0.008

1.949 1.917 0.94
0.002 0.m6 0.m6
0.001 0.m2 0.009

0.001 0.m6 0.000

TOTAL L999 L9r9 4.{93 t.{10 {.4t2 a.{lE 2A7l {3{'|, L94' tun Lg?s L992 3.m{ Lvtt

Mtf 9E.11 54.09 9859 57.K 98.65 5441 65.06 68.20 5E.42 99.10 0.72 98.83 96.n 5055
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A3.2 Mount Hampton xenolith mineral analyses: Pyroxenes

Smple
TyP.

PK4A PK,|A PK4A PK.IA PK,IA PK4A PK4B PK4B PK{B PK4B PK{8 PKIB PK4B PK{8

Gren Gren Gnn Gr.n Grm Grm PFit? P)ryit. ryxitc PFit'. t?xlt! Pyxit! Plaii! PFitr
corc con cote coc corc cole €ote cote core cole col€ con col|l coE

sio2 48.81

A1203 8.67

Tio? 0.n
FoO totrl 790
MnO 0.19

Mgo 12.47

CeO 21.04

Ne2O l.g7
K20 0.01

8.74 50.82

8.59 6.69

0.69 0.15

7.89 1686
0.1s 0.34

r2s2 2{30
20.17 0.73

l.ll a.lz
0.00 0.01

49.65 50.51

6.03 6.64

0.92 0.15

8.47 r7.E
o,r7 0.37

15.16 24.02

19.29 0.96
0.34 0.15

0.m 0.04

,18.80 47.49

5.63 7.67

1.1,t l./t4
7.95 8.7
0.25 0.21

14.39 lL49
21.53 n.24
0.32 l.g7
0.04 0.t2

5r.6 LB
s.TL 8.31

o.42 l.,t?
16.89 7.95

o37 0.22

24.78 12.72

0.95 1951

0.15 l-o{
0.01 0.v

0.m 50.60

639 5J7
152 0:8
E.2S r7.8
0.20 021
1L59 24.92

19.5{ t.29
r.u 05E

0.04 0.12

48.29 47.73 51.37

8.11 8.22 5.76

1.49 1.45 0.37

8.T 8.59 76.71

0.21 o.24 045
12.96 tL91 216a
19.94 20.57 0.6E

1.09 1.09 0.16

0.04 0.06 0.9/

Fe2O3 ?37 2-42 1.21 1.93

FeO 4.86 5.71 75.n 6^74

1.96

t5.47
3.93

!1.41

4.O2

4.6
2.13

74.91

7.72

5.04

3.45

5.15

5.69

3.O
0.6
16.12

L67 631

5.85 11.41

TOTAL 101.0!' 1(n.()5 1m.q2 10.0{ 100.(F 100.05 9t.t9 99.t4 99.{E 9.C' lmto 10.40 1m.87 1m.{5

si
Allv
Alvl
Ti
FelIl
FelI
Mn
Mg
Cr
Ne
K

1.799 1.805 r.E46

0.2@ 0.190 0.150

0.180 0.180 0.1/tt)

0.020 0.v24 0.m4
0.093 0.67 0.63
0.1,18 0.176 0.47E

0.006 0.m4 0.010

o.&2 0.691 1.315

0.828 0.800 0.928

0.u76 0.tr7 0.m8
0.000 0.000 o.ml

1.840 1.840

0.160 0.1@

0.100 0.130

0.025 0.004

0.010 0.054

0.053 0.469

o.wt 0.015

0.836 1305
0.76 0.87
0.@,1 0.01{
0.000 0.002

1319 t.789 1.659

0.180 0.210 0.l,ro
0.9/o 0.130 0.080

0.$2 0.040 0.010

0.109 0.113 0.058

0.136 0.145 0.4tr
0.006 0.010 0.010

0.799 0.701 1.345

0.860 0.E17 0.w
0.0u 0.0n 0.010

0.002 0.000 0.0m

t.79t 1.785

0.210 0.210

0.150 0.1@

0.040 0.u2
0.059 o.gls
0.197 0.18r

0.010 0.010

0.7@ 0.699

0.n6 0.7n
0.a74 o.tn
0.0m 0.0m

1.830 r.7E5

0.170 0.210

0.070 0.1,10

0.010 0.ol0
0.170 0.096

0.341 0.158

0.010 0.010

13,15 0.713

0.050 0.789

0.040 0.o8
0.010 0.m0

r.765 1.62
o,ao 0.140

0.t30 0.110

0.fi0 0.010

0.156 0.018

0.105 0.89
0.010 0.013

0.711 1.312

0.81{ 0.64
0.976 0.011

0.m0 0.000

TOTAL {.032 {.Ol{ 4.013 3.820 d.030 4.097 4.032 r.0(B 4.(m 4.019 1.W {.m9 {.O10

Wo
En
Fs

O.D ,t6.14 1.51 45.97

38.95 39.85 70.93 50.24

t3-75 1,1.01 U.56 3.79

1.98 45.17 6.00 1.95

69.97 41.96 39.47 7r.01

28.04 tz87 14.53 7.8

a.99 4.96
&.8 10.D
14.?5 74.76

L62 4.93 .15.55 1.83

70.57 40^60 39.79 70.80

26.Et 14.46 74.6 n36

Surple
Type

PK4T PK4T PK{T PK{T PK{T PK4T PKIT PK4T PK4V ?K4V PK4V PK{Y PK4Y PK{Y

Pyxlr€ P''xite Pyxite Pyite Ppitc Pyrite Pyxtt€ P]nitr Gnn Gnn Gren Gren Gran Gril
cof€ corc coru cott colr core cot€ cors col! core cott con! 3ytrlP corc

sio2 47.t7
A1203 8.40

Tio2 1.41

FeO totel 9.14

MnO 0.22

MgO 12.67
qo 19.01

Ne2O 1.00

K20 0.00

49.97 4756
5.76 7.48

0.38 1.52

18.18 9.12

0.51 0.25

2t.88 1LS2
1.12 20.21

0.06 1.04

0.02 0.02

118.21 48.04

8.21 7.34

1.45 1.,$
8.84 E.g7

0.26 0.28

tL6o 1244
19.06 79.22.

1.14 1.05

0.04 0.(B

50.27 51.10

4.83 5.23

0.37 0.39

r83l 18.45

0.43 038
23.37 A.97
1.21 t.gI
0.19 0.14

0.6 o.ts

5t.74 &.6
5.35 E.60

o.4 1.19

17.76 9.64

0.33 0.t2
2r.6 11.12

l.l3 ?f39
0.13 r.06
0.6 0.01

46.58 47.n
7.14 8.9E

L4S 1.41

756 93it
0.u 0.21

tL6o 11.51

2L% 19.72

0.,$ 0.99

0.00 0.00

50.84 53.16 50.09

6.32 1.99 8.31

0.25 0.63 0.91

15.63 7.6 8.36

0.40 0.26 0.21

74.93 t7.89 13.19

0.91 19.04 1755
0.16 0.3E 1.40

0.01 0.02 0.03

Fe2O3

FeO
2f,0
610

2-69

6..t3

2.42

6.69

l.frl
16.83

4.3e

5.e
3.21

LO
LO6
5.E1

0.33

8.0E
3.25 4.70

15.25 4.89

2.95 2.8
15.65 L6.Tl

t:/E L63
7i2 14.26

TOTAL 99.n 9988 99.77 99.81 9&70 9&96 100.75 10090 9E.E2 99.13 99.94 1@.45 101.(b 100'(z

si
AIIV
Alvt
TI
Felll
FelI
Mn
Mg
C.
Ne
K

1.7&l 1.834

o.Tn 0.170

0.150 0.60
0.039 0.010

0.075 0.69
0.20t 0..165

0.010 0.015

o.7u2 1.305

0.758 0.043

o.an 0.m0
0.0m 0.m0

L.7U r.n3 1.E08

0.n0 0.210 0.190

0.110 0.150 0.140

0.0{0 0.040 0.040

0.131 0.075 0.058

0.152 0.199 0.210

0.010 0.010 0.010

0.609 0.697 0.697

0.812 0.n9 0774
o.os 0.61 0.070

0.m0 0.000 0.000

1.663 1.E58 1.859

0.140 0.1,10 0.130

0.070 0.080 0.1m
0.010 0.010 0.010

0.082 0.067 0.028

0.483 0.491 0.56
0.010 0.010 0.010

1.292 1.298 1.295

0.048 0.041 0.043

0.013 0.010 0.010

0.000 0.000 0.0m

t.771 t.7%
0.230 0.2/0
0.l5() 0.0@

0.034 0.069

0.124 0.090

0.179 0.1,15

o.wI 0.04
0.630 0.708

0.&10 0.9G
o.tn 0.0s2

0.001 0.0m

1.781 1.840

0.220 0.150

o.lm 0.110

0.041 0.m7
0.050 0.or
0.240 0.4:a
0.w 0.012

0.639 1.344

0.7c7 0.G5
0.971 0.011

0.0m 0.m1

1.935 r.U2
0.060 0.160

0.80 0.200

0.017 0.025

0.056 0.@
0.t76 0.24
0.m8 0.87
0.v70 0.722

0.742 0.691

o.u27 0.098

0.m1 0.m1

TOTAL 4.017 {.m1 4.003 {.or4 4.w7 4.011 4.005 {.flB {.O,ll 4.Wl 4.009 4.020 4.gUl {.Og

Wo
En

Fs

43.119 L26 45.26

40.2E 68.61 38.96

16.24 8.r3 rs.n

4t.87 4L25 2.52

4029 39.E5 67.82

15.84 15.89 29.6

2.16 LA 47.6 ,18.89

8.42 69.10 35.73 3E.33

E.4t A.A fi.9 12.78

4t5.86 r.86 38.17 41.36

37.24 7rS3 49.90 43.73

16.90 26.61 11.93 15.39
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Microprobe mineral analyses

Suple
Typa

PK,IB FK4B PK4D PKaD PK4D PK.D PK4D PK4D PK4D PK4D PK4D PK4D PK{D PK4D
Pjzit! Pydb PJxlb PFiL Pyxlt P''rtE ?gite Pjaite P)ryib PFite Pyrilr fyrite Pl'xiir Pyxit!
cor cora Gott cor con cola cote core cota core cote cote corc con

slo2 51.21

AIIO! 5.&I
Tlo2 0.9
F€O totrl V.n
MnO 031
MgO 24.17

CrO 0.9,{

Na2O 0.09

K2C) 0.u

4E.81 4E.Gt

E51 6.09

154 1.59

7.98 7.70

0:l o.n
lzso 72i8
19.61 B.A
l.gl 1.1,(

0.04 0.0E

5t57 48.42

5.40 8.16
0.38 155
t5x4 7.&
0.3E O20
?529 tL71
0.97 19.90

0.15 1.01

o.frt 0.ol

50.86 17.86

5.,19 8.tlit

0.38 1J6
15.80 8.84

on 0.18

E.n tL62
t.oz 19.92

ol3 1.04

oo4 0.02

118.59 51.81 51.46

7.% s.65 5.{6
154 0.42 0.42

8.32 16.04 16.08

0.r7 0.n 030
1L70 24.71 25.01

19.81 0.99 0.n
1.05 0.r3 0.30
0.6 0.02 0.11

5r,37 0.U
5.41 8.06
036 r.62
15.68 8.90

o.E 023
zLW 72-89

0.94 20.15

0.12 1.10

0.G 0.05

5138 0.8E
5.6r E.E
0.37 1.58

76.42 8.34

0.31 0.24

2437 12il
l.(I3 7977
0.11 1.09

0.02 0.01

Fa203
FcO

0.30

16.93

1.12

697
231

s.63

1.35

l4J3
r.67
610

330
r3.E3

3.55

,.90
2.30

6.26

0.@

16.04

LE6

14.tn

t.44
ts38

6.fi,
3.48

1.05

ts.47
3.67

5.01

TOTAL 10016 1m47 9t,93 99.90 9t.62 tO.25 100.{6 100.09 100.0{ 10013 loOO3 100.0{ 1oO.O2 1(D.(}7

si
Alrv
AIVI
Ti
FclIl
FcIl
Mn
Mg
Cr
Ne
K

t.860 1.86
0.r1o 0.190

0.110 0.t60
0.010 0.040

0.0$ 0.81
0.515 0.215

0.010 0.010

136 0.6E9

0.€5 0.7u
0.010 0.075

0.0m 0.000

t.798 t.W tJ97
0.m 0.130 0.200

0,160 0.100 0.160

0.0{0 0.010 0.o(l
0.065 0.87 0.u7
0.775 0.W 0.1E9

0.@6 0.010 0.010

0.n2 1.36:l oJu
o.nr 0.G7 0.790

0.G2 0,010 0.o2
0.m 0.m0 o.mo

l.834 rr73
0.170 0t30
0.060 0.140

0.010 0.040

0.090 0.101

0.4t7 0.171

0.010 0.010

1.35E 0f,96
0.ts9 0790
0.010 0.u74

0.m0 0.000

1.801 7.871

0.200 0.130

0.140 0.110

0.040 0.010

0.064 0.000
0.193 0.4E4

0.010 0.010

0.70r t.379
0.786 0.@8

0.075 0.010

0.002 0.000

1.E60 l.E@

0.1,10 0.1,10

0.090 0.090

0.010 0.010

0.051 0.039

0.435 0.46
0.010 0.010

l3,tE t3{4
0.03E 0.0s6

0.020 0.010

0.0m 0.000

1.758 1.652 7.780
0.2& 0.140 0220
0.u0 0.1m 0.140

0.ot0 0.010 0.0{0
0.167 0.029 0.102

0.t97 0.&6 0.155

0.010 0.010 0.010

0.717 1.337 0.714

0.805 0.ft]9 0.7%
0.0E0 0.010 0.0E0

0.0m 0.000 0.m0

TOTAL 4.006 t.999 4.m4 {,Wt {.(n2 3.998 {,025 4.012 3,992 {,002 4.005 4.035 {.m5

Wo
En
Fr

l.6E .S.51 UrS 1.97

70.10 40.6 4t32 7L46
n.8 1431 13.93 ES7

45.6 L6 &94 45.O 2.6 LB
&.69 7132 39.59 'o.r9 7r.80 72.0r

13.64 26.63 rs.O 14.74 26.15 E.%

l.9l 44.85 2.08 44J4
7t.g 39.90 773E Q.4
26.m 15.25 2553 14.63

Suplc
TyF

PK4Y PK,IY

Gnn Gnn
cota cola

PK{Y PK{Y PK{Y PK{Y PKIY PK{Y PK{Y PK.Y
Gnn Gru Gnn Gnn Gren Gru Gnn Gnn
cotr cola cota cott core corc coru cotr

PKIY
Gnn
cote

PK4Y PK4Y

Gnn Gren
cora coE

PK4Y

Gnn

SiOl 5l.rt4 ,19.66

Allo3 5,99 5.80

Tro2 0.16 0li2
FcO totel 16.8 16.47

MnO 0.CI 033
MgO 8.0 8.42
CrO 0.&} OXS

N.2O 0.09 0.14

K20 0.01 0.0r

50iE 50.63

837 8.26

1.16 0.98

7.87 &21

ol9 0.4
l2J6 tz.U
lE35 1E.!14

l.l9 t.77
o(B 0.04

8,74 5155
7.97 6.47

2.53 0.20

7.X 15.93
q2l o34
l4.u 8.26
20.19 An
05.{ 0.08

0.(B 0.09

5205 51.39

5.89 6.n
0.20 0.n
15.79 15.48

0.40 0.26

2LO 24.67

1.05 0.97

0.09 0.€
0.01 o.z

4E.00 5054
8.17 6.14

0.E9 0.8
8.25 1650
0.28 031
1252 24.99

19.t8 0.6E

r.24 0.8
0.02 0.o7

47.52 49.76

t.17 657
1.12 038
8.19 824
0.n 030
12.13 7L4d
20.G 19.91

t.Tt 127
0.6 0.04

4922 5435
8.79 1.20

0.82 03r
E.55 1356
0.26 0..U

1235 V.62
19.63 r.92
1.15 0.21

0.or 0.06

Fc203
FcO

0.00

E.2l

0.00

ts.79
0.@

16.42

4.34

4g
2.X
t4.37

LB
438

22r
6.8

t.p 429 0.@

$.4 1x51 7.87

L4 Lt7
5.73 rd96

t.6 \n
7.O 1t.97

TOTAL 1mlr lm02 10.32 1m.79 lms2 1(D.2 99.95 100.52 y9.21 9n.30 9.05 101.{2 tm.E2 99.6

si
Atw
Atvl
Ti
Fcltr
Fcll
Mn
Mg
Ci
Ne
K

1.860 1.616

0.1!O 0.180

0.120 0,lo
0.004 0.06
0.85 0.116

0.it91 038()
0.011 0.010

1351 1380
o@2 0.029

o,08 0.010

0.0m 0.0c0

l.E{2 l.ru
0.160 0.150

0.2m 0.210

0.81 0.w
0.m0 0.m0
0.2& o.Eo
0.m6 0.w7
0.e6 0.97
0u32 0.727

0.08{ 0.62
0.m2 0.02

Lnz 1.851 tJSl
0.m 0.$0 0.120

o.0E0 0.120 0.130

o.cno 0.m5 0.005

0.06E 0.o|9 0.000

o.t77 0.# 0.4E0

0.@6 0.010 0.012

4.776 1.350 r3r7
0.802 0.&l 0.G)9

o.GE 0.m5 0.m6
0.0t 0.m4 0.000

1.E54 1.799 1.850

0.150 0.200 0.150
ol20 0.160 (}110

0.006 0.026 0.w7
0.002 0.121 0.065

0.497 0.135 0438
0.008 0.008 0.009

r3T 0.699 1.330

0.68 0.796 0.@
0.m6 0.090 0.017

0.012 0.m0 0.0ct

r.76 1.817

0.210 0.180

0.1rc 0.190

0.81 0.024
0.118 0.060

0.136 0.190

0.008 o.w
0.679 0.676

0,80E 0.7n
0.0E9 0.090

0.002 0.001

1.820 1.959

0.1E0 0.0,10

0.180 0.010

0.022 0.m9
0.0{6 o.o{E

0.216 0.359

0.00E 0.012

0.680 1.{83

o.m o.o3
0.082 0.014

o.ml 0.G

TOTAL t 014 t.029 E.gt t.w a,gl, {.ms 3.990 4.020 {.03.t 40r:r 4,w7 {.015 {.m{ 4,010

Wo
En
Fs

l.n ISZ 433E 43.8 ,9.99 lJ7 L72
72.17 72.U 4tf,3 4tr9 {L57 72SE 7t.73
%.rz 26.0,1 1439 rL99 13.44 25.65 2&14

z0{ 49.46 1.62 46.41 45.6 45.15 3.72
71.19 39.92 7r.24 39.m g9.O 3951 7SS5
?6.n u.62 6.94. 14.59 t4.O 1534 mJ3
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Smple PK4D PK{L PK,IL PK,IL PK4L PK4L PK4L PK4L PK4L PK4R PK'IR

Type Pyxite Plrite Pyrife Pyritc P)aitc Pyrite Pyxiia Pyxitc Pyxitc Gren Grrn
cofc corc con cor! corc hdt- esol hogt- cxcol cote core

PK4R PK,IR PK,IR

Gren Gnn Grm
cotle colc coc

siol 50.70

A1203 s.73

Tioz 0.40

FeO totrl 16.53

MnO Oz
MtO E.u
CeO 0.93

Nr2O 0.10

K20 0.05

6.8 47.n
9.39 9.24

t.7t 1.69

8.54 8.31

o21 0.8
12.42 1256
1E.49 19.05

1.32 r.33

0.01 0.04

49.03 50.17

9.08 6.53

1.64 0.40

8.43 16.E5

0.15 0.33

rz30 2L33
17.97 1.8
1.36 0.11

0.00 0.03

d9.03 51.49

8.73 6.15

1.46 0.,r5

E.50 16.52

0.r5 0.32

1z05 B.U
19.2E 1.1,1

1.35 0.r1
0.00 0.G

o.63 W.8/
e.m 6.57

l.n 0..18

E.92 16.9E

0.26 0.39

72-16 8.78
16.99 t.tz
1.24 0.16

0.m 0.6

50.69 52.53

157 4.17
0.20 0.8
19.6E 16.53

0^,14 0./5
B.St ?339
0.80 0.71

0.11 0.06

0.03 0.03

50.a7 5152 49.63

7.17 3.98 7.6
1.26 1.05 1.,$

6.42 9.6 E.zE

o.r7 0.28 0.t7
tzE 14.77 1Z0E

2037 1E.50 20.01

1.39 0.70 1.39

0.05 0.06 0.02

F€2O3

FeO
2.92

13.90

441
L58

3.31

).s
0.00

E.,$
0.00

16.85

LA
7.35

0.m
76.52

?.71

5.s0

0.ol
r6.51

3.13

16.86

0.00

1E.53

2.30

635
0.99

8.77

1.60

6.84

TOTAL 1m0s 9t.76 1m.19 99.95 99.75 100.55 10o.cl 10003 10035 99.99 r0o09 10.05 l(n./r rm.(X

st
Allv
AIVI
Tt
FcIII
Fcll
Mn
Mg
Cr
Ne
K

1.83E r.750
0.1@ 0.250

0.090 0.160

0.010 0.o{0
0.979 0.124

0.420 0.143
0.010 0.010

1.36E O.e4
0.035 0.743

0.010 0.096

0.000 0.m0

1.764 1.805

0.240 0.190

0.1@ 0.z)0
0.or5 0.015

0,62 0.m0
0.164 0.89
o.w7 0.0r
a.go 0.674
0.733 0.70E

0.094 0.87
0.001 0.m0

1.E30 1.806

0.170 0.190

0.110 0.190

0.011 0.040

0.000 0.0s5

0513 0.U6
0.010 0.00{
1321 0.561

0.ot0 0761
0.008 0.096

0.000 0.000

1.857 LnO
0.130 0.2&
0.130 0.160

0.012 0.0,19

0.000 0.08
0.500 0.201

0.009 0.w7
t.zu 0.673

0.04:1 0.755

0.w7 0.089

0.001 0,000

1.812 1.870

0.160 0.130

0.120 o.uo
0.013 0.0G
0.011 0.0E6

0.504 0.516

0.0u 0.012

t.282 1.290

0.0,s 0.030

0.011 0.010

0.001 0.000

1.91E 1.839

0.080 0.160

o.lm 0.150

0.005 0.G4
0.000 0.063

0.565 0.19,1

0.013 0.m5
r.T2 0.670
0.028 o.mg
0.004 0.@9

0.001 0.m2

r.9$2 1.842

0.100 0.1@

0.070 0.150

0.fr,29 0.G9
0.w 0.0{s
o.go 0.211

0.m8 0-m5
0,812 0.65E

0.731 0.n5
0.050 0.098

0.m3 0.m0

TOTAL 4.021 {.910 ,1.011 t.9a2 4.013 {.009 3.9t6 4.0(19 3.99t d.019 3.ea.1 4.m5 4.m2 {.slt

Wo 1.89 43.ffi &32 t$.1{
En 77.8 /t073 40.61 4l.gl
Fs 26.22 15.67 l5.gl 15.78

xl3 15.22 2.35 4.31 2.v
70.49 39.28 70.33 39.50 69.67

n37 l55l 2.32 76.n n.99

150 46.29 39.73 46.8
58.20 38.82 ,1d13 38.86

30.29 14.E9 16.14 14.89

ts6
67.r2
31.32

Senpte PKIBI PK.IBI PK4B1 PK,lBl PK{81 PK4B1 PK4B1 PK4B1 PK,|CI PK{CI PK4C1 PK{CI PK{C1 PK4C1

Typ. Pyxirc P)rrite P'ryito PFlt: PFitG PFile P'4(ite PFitc Gnn Gran Gren Gren Grrn Gran

core cort cot! cota cosa corc cor€ cor€ colc cor€ core coIE cori corc

slo2 46.73

At203 9.18

Tio2 154
FeO totrl 8.68

MnO 0.22

MgO 1251

CrO 19.19

Ne2O 1.02

K20 0.00

4738 50.59
9.r5 6E3
7.62 0.50

8.94 15.93

o.t7 0.38

tL70 2155
19.11 r.?2
1.r0 0.10

0.01 0.0s

qt.22 50.20

9.r4 6.49

1.54 0.,13

&61 16.50

o'24 0.36

rL69 24.93

9.4 1.ll
1.30 0.2r
o.(ts 0.08

50.32 49.68

7.72 6.&
0.47 0.dl
16.,13 t7.35

032 0.8
24.16 24.11

1.16 r.22
0.15 0.15

0.02 0.o1

o.o/ 50.51

8.67 5.85

l.5l 0.30

E.,rS 17.45

0.8 023
12.& 21.E6

t9.87 1.05

0.85 0.11

0.04 0.06

48.,fi] 47.64

676 8.,14

1.70 r:8
858 833
0.20 0.21

13.34 13.41

19.81 19.94

0.E9 0.99

0.01 0.02

49.&l 50.88 50.,{:}

66 5.8E 615
0.26 0.26 0.30

17.90 17.38 t7.49

o3E 0.35 0.32

24.58 2118 2LS0
0.94 0.87 0.94

0.10 0.01 0.06

0.00 0.m 0.04

Fe2O3

FcO
3.53 3.39 0.77 ,L83 2.56 l.s9 3.54

5.91 5.89 15.24 LT 14.20 15.00 14.15

3.53
s.23

2.6
l5.ol

4.70

4.8
405
t4.26 15.49

2-n
1497

2.94

5,94

TOTAL 99.V 1{tr.18 1m.15 1(n.0{ 100.30 100.35 9.S5 99.36 100,{3 99,72 1m.25 100.13 99.97 1(n.2,1

si
Allv
Alvt
Ti
FellI
Fcll
Mn
Mg
Ce
Ne
K

t.752 1.756

0.250 0.240

0.160 0.160

0.040 0.60
o.lm 0.094

0.169 0.182

0.w7 0.m5
0.699 0.701

0.n0 0.759

0.u4 0.o8
0.0@ 0.m0

1.S25 t.B4
0.170 0.250

0.120 0.150

0.014 0.043

0.021 0.134

0.461 0.131

0.01r o.w
1.320 0.m2
0.u7 0.767

0.67 0.@3

0.002 o.mr

1.819 1.822 1.815

0.180 0.180 0.18tt

0.1m 0.120 0.110

0.011 0.010 0.010

0.970 0.04:i 0.097

0.4?9 0.454 0.430

0.010 0010 0.008

1.345 1314 1.312

0.042 0.044 0.048

0.014 0.011 0.010

0.0(x 0.001 0.002

r.762 1,838 1.809

0.240 0.160 0.190

0.1,(} 0.090 0.110

0.0,() 0.010 0.050

0.099 0.w3 0.082

0.164 0.456 0.1E4

0.0G 0.00E 0.006

0.76 1.347 0.742
0.797 o.Bu 0.793

0.062 0.w7 0.061

0.002 0.0G 0.001

r.no 1.820

0.m 0.1E0

0.1,o 0.0E0

0.G5 0.010

0.130 0.111

0.126 0.,lll
0.006 0.012

0.742 136
0.794 0.87
0.s70 0.w7
0.001 0.m0

1.A5E l.&lE
0.140 0.160

0.110 0.100

o.w 0.010

0.058 0.9t6
0.470 0.453

0.010 0.010

1.315 1330
0.G4 0.87
o.ml 0.01
0.s0 0.m2

TOTAL r.023 {.@5 3.99t ,t.82 {,02{ 4.00!1 4.022 4.019 4.03i' {.U11 {.0{,1 4.036 {.03 4.020

Wo
En

Fs

44.8 43.72 ZEA 4L23
40.17 4038 7t.39 40.48

t5.57 15.90 26.97 15.2E

2.37 LU ,15.16 2.1,t 44.ts
70.u 9.53 39.94 70.n 41.20

26.79 7.93 14.90 y.& t4.V

44.31 1.92 r.8l 1.95

{1.41 69.&5 70.06 70.15

r4.E 28.23 2E 13 4s0

2.L1

71.31

26.46

J60



Micronrobe mineral analvses

Sempla PK4R PK,IR PK4R PK,IS PK{S PK{S PK4S PK4S PK4S PK4S PK|S PK,IS pK4S pK4S

Typc Gnn Gran Grrn Pyrii€ P)'xlt€ Pyrit P)ryite Pglte Pydlc Pyite Pyxth Pydr. Fli0r PFlt!
core cote colt colle cott con corc cofa cort core aor! corc cott lymp

sioz 19.v
A1203 7.4$

Tio2 t.47

FcO totrl 8.28

MnO 0.30

M8P 72.n
c|O 19.60

Ne2O 7.49

K20 0.6

49.13 49.23

757 7.69

7.47 1.,16

8.t2 8.19

0.23 022
11.95 1232
20.% 20.6
1.42 1.45

0.02 0.02

50.,16 51.41

7.18 5.31

1.43 0.35

8.4 1734
0.37 0.31

12.94 24.86
1E.01 1.15

0.8E 0.13

0.or 0.06

d839 5200
7.ts 53r
1.50 0.39

6.34 16.93

0.26 0.{5
13.s2 2L39
19.71 1.00

l-oE 0.12

0.09 0.05

8.19 ,19.35

7.8 7.32

1.33 1.4
8.,|'5 8.88

0.20 0.24

12.88 13.02

ns6 t8.74
0.91 0.94
0.04 0.o

52.08 51.75

5.92 5.06
0.8 0.26

r7.? t7.6
0.57 0.33

24.9 4.6
0.98 1.0
0.13 0.15

0.6 0.01

50.% 5t.u7 48.U
4.95 5.16 4.48
034 0.36 r.90
v.a 77.6 10.20

037 0.36 0.28

E.t7 24.69 lE3t
0.93 1.14 1536
0.10 0.16 0s6
0.or o.cEl 0.04

Fe203
FcO

a- It
o.$

z.u
9JO

L96
t.tJ

0.00

8.27

L70
14.90

,1.53

+26
031
16.64

3.89

4.95

o.n
8.2.

l.t5
16.B

LZz
15.05

378 258 6.10

t4.24 t423 L71

TOTAL 1m78 100.47 10.60 99.53 1m.85 99.9? 100.5 99.7A 99.93 1mr7 1m.69 rm.{s 99.9E 99.93

si
Altv
Alvt
Ti
FellI
Fell
Mn
Mg
C.
Na
K

1.617

0.180

0.150

0.040

0.082

0.169

0.06
o.g7
0.792
0.ra
0.m1

r.8:|2 1.819

0.170 0.180

0.150 0.150

0.040 0,040

0.059 0.079

0.194 0.171

0.009 a.w7
0.670 0.658

0.7w 0.E15

0.16 0.101

0.0@ 0.001

1.841 1.859

0.140 0.140

0.170 0.970

0.G}9 0.m9
0.m0 0.m0
0.2fr 0.s24
0.011 0.m9
0.712 t.1l9
0.712 0.014

0.063 0.009

0.m0 0.m2

1.800 t.8n
0.200 0.120

0.110 0.110

0.041 0.010

0.126 0.009

0.131 0503
0.06 0.013

0.749 l3ll
0.7E6 0.038

0.s78 0.00E

0.011 0.002

r.799 r.626
0.200 0.170

0.120 0.150
0.87 0.040

0.108 0.020

0.153 0.84
0.006 0.007

0.716 0.778

0.8?2 0.742

0.065 0.067

0.001 0.0fr,

\8n 1.S71 1.854

0.1m 0.130 0.150

0.090 0.080 0.060
0.00 0.w7 0.009

0.G11 0.060 0.1G
0.489 0.4St 0.€0
0.0t7 0.010 0.011

1.319 1350 13&
0.47 0.036 0.036
0.009 0.010 0.w
0.0m 0.0m 0.001

1.8$ 1.800

0.140 0.200

0.G0 o.mo
0.m9 0.60
0.970 0.168

0.446 0.14
0.010 0.m9
1.341 1.006

0.044 0.97
0.011 0.040

0.m1 o.ml

TOTAL 4.011 4.021 4.017 3.177 4.m5 {.@3 {.001 A.On t997 4.000 4.009 {.025 4.015

Wo
En

Fs

115.80 O30 46.05 4?.28
39.U 38.19 9936 42.28

rl.t 6 14.51 1459 15.,14

,13.86 2.U /5.69

41.80 70.45 39.80

14.34 t.sr 14.51

42.79 t.g7 2.n 136 2,31
41.{1 70.31 71.Vr 70.fi 70s4
15.80 7.72 26.99 27.57 27-t4

231
70.2r

27.48

3153
52.26

16:1

Searplc

Type

PK{C1 PK4C1 PK.ICI PK4C1 PK4C1 PK4CI PKIC1 PK4CT PK4D1 PK{D1 PK4D1 PK4D1 PK{D1 PK4DI
Gnn Gnn Gren Grrn Gren Gren Grrn Grrn PyrCtr Ppitc Pyxib ryrita pyxlte plxite
coto cote coE corc corc co|le cot! cote cora cora cor€ cote corc coE

SiO2 118.41

41203 8.54

Tio2 t.37
FcO totel 8.33

MnO 0.34

MrP rL74
CrO m.Z4

Ne2O 7.17

K20 0.05

50.96 47.6r
6.01 E.74

0.29 1.55

17.88 8.28
0.41 0.4
2,l.ll 12.61

0.94 2054
0.ll 1.22

0.01 0.05

47.77 48.03

8.78 E.72

1.38 1.41

E.32 8.06

0.26 0.4
r2J9 72.il
19.84 19.E9

1.05 1.09

0.8 0.01

51.05 47.W

aL7 6.69

0.26 t.u
77.6 8.A
o{3 0.3r

2L10 L2-49

0.95 t9.99

o.l4 1.09

0.01 0.02

50.61 4ES7

6.18 7.8r

0.35 L6
77.02 8.29

0.u 0.16

24.62 rL77
0.96 8.72
0.6 1.01

0.m 0.m

50.38 5053
5.$ 5.63

0.30 0.32

16.87 16.35

0.34 0.2r

24.74 24.96

l.m 0.v7

0.@ 0.6
0.m 0.m

50.80 5t.23 4852
539 5-65 7.87

035 035 1.39

15.62 15.80 8.39
0.28 0.t 0.20

25.59 24.O t2.61

l.@ 1.05 20.15
0.12 0.06 1.6
0.00 0.01 0.01

Fe2O3

FcO

4.04

4.8
1.99

16.09

LU
5.50

o,{2
16.5E

3.32

5.29

r.79

15..11

?.30

6.21

5.61 LEl
3.Zg 4t7

0.34 2.s2 2-60 0.84 LS'
14.55 14.53 13.2E 16.05 6.09

TOTAL 101.1t 10072 1U.07 99.62 1m.O2 10.15 1m.$ 100.10 lm.1t 99.G y9.V2 99.19 99.Et 100.1E

si
Altv
Atvt
TI
FcllI
Fcll
Mn
Mg
Cr
Nr
K

r.782 1.850

o.2n 0.150

0.150 0.110

0.040 0.010

0.111 0.091

0.1{.3 0.,t86

0.011 0.013

0.698 1.30{
0.798 0.87
0.083 0.0G
0.002 0.001

7.759 r.763
0.240 0.2/10

0.1{0 0.150

0.040 0.(B9

0.154 0.128

0.098 0.129

0.m8 0.011

0.76 0.713
0.E12 0.n5
0.0E7 0.976

0.m2 0.m2

1.721 r.852

0.n0 0.150

0.160 0.110

0.G9 0.w7
0.o9 0.012

0.170 0.ft7
0.m8 0.013

0.6p3 1.303

o.Dr o.B7
o.atg 0.010

0.m0 0.m0

Lm 1.840

0.220 0.160

0.160 0.100

0.@7 0.010

0.092 0.0{9
0.163 0.467

0.010 0.00E

0.590 r3gl
0x94 0,87
0.476 0.006

o.ml 0.000

r.8m 1.852

0200 0.150

0.140 0.090

0.041 0.008

0.061 0.068

Ol9E 0.4118

0.005 0.011

0.702 1356
0.799 0.89
0.474 0.002

0000 0.00

1.852 l.8tr
0.150 0.150

0.090 0.080

0.009 0.010

0.66 0.00
0.44 0.4G
0.006 0.009

1.363 t.?97
0.038 0.0,{o

0.m4 0.009

0.0m 0.0m

r.860 1.800
0.140 0.2m
0.1@ 0.140

0.010 0.89
o.sL? 0.o7r
0.8it 0.18E

0.m8 0.m5
1.33B O.g7
0.&2 0.801

0.m4 0.a7s

0.@0 0.m1

TOTAL {.03E 4.04 4.0{5 4.(x6 4.019 {.ml {.020 4.010 4,023 4.024 d011 9.956 4.Wt 4.(nE

l{o
En

Fr

45.60 1.97 45.90 ,{5.&r

39.89 69.32 39.85 40.40
14.51 28.71 14.25 1155

1.99 415.66 1.1}6

70.w 39.68 70.6
u.92 14.66 736

1532 2.Ol Zm
39.82 70.96 7r.74
1,r.E6 Z.@ 25.26

2.17 ZZI 4559
75.49 70.72 39.67
22.U 27.M 14.74

45.611

39.99

t437

387



Senple
Typa

PK4S PKIS PK'S PKIT PK{T

Fyxth PFite PFite Pyritc PYdte

syurp tytnp oxld coru corc

SiO2 50.,12

At203 4.67

Tio2 177

Fco totrl 7.w
Mno 0.17

MgO 15.E4

CeO 1957

Ne2O 0.tt9

K20 0,00

4876 51.2E

7.29 L90
1.24 0.33

E.98 rL37
0.18 0.6
13.16 29.14

19.87 1.36

0.97 0.09

0.01 0.06

47.7E 49.93

7.8E 5.54

1.51 0.35

8.94 17.40

0.26 0.51

1258 2L33
19.48 0.99

1.17 0.21

0.06 0.05

ffiF t-os 3s4 s.lo
FeO 6.11 5.73 6.88

3.94

5.39

3.90

13.89

TOTAL 10(l.0il lm.+l 99.93 99-61 99.X'

st
AIIV
Atvl
TI
FclIl
F€lI
Mn
MB
Ce
Ne
K

t.w 1.E06

0.150 0.190

0.050 0.130

0.04E 0.G4

0.030 0.098

0.188 0.t78
0.0c 0.m5
0.861 0.726

0.767 0.n8
0.034 0.069

0.0m 0.m0

1.894 r.785 1.837

0.170 0.210 0.160

0.or0 0.80 0.080

0.m9 0.0t10 0.010

0.162 0.110 0.lo
0.2(B 0.167 0.424
0.013 0.010 0.016

1.553 0.7N 1334
0.051 0.n9 0.038

0.m6 0.64 0.014

0.0&l 0.m0 0.000

TOTAL 3.9ST 1.U24 4.U4 {.fi' {.020

Wo
En
Fs

4rJ0
6.m
11.80

A.Vt LSg &36 a00
&s6 78A7 ?9.% 70.10

76.42 18,54 $.n 27.90

Senple
TyF

PK5G PK5C PK5G PK5G PKSC PKSG

Pyritc PFti. Ptatte P)ryitt PFitc PFih
corc coE €orc colt colc corc

sio2 49.71 5Zl5 50.92

AI:!O3 734 5.39 6t7
Tio2 1.11 0.30 1.ll
FeO iotrl 7.17 14.13 6.76

MnO 0.tl O.t(i 0'13

MtO 14.Ot 27.42 13.88

CrO 20.6 l.OZ 19.E9

NetO 0.96 0.13 0.93

K20 0.01 0.00 0.00

5r.36 49.70 5L75
5.01 6.92 4.72

0.3:l l.2l 0.31

1,L06. 7.40 13.41

0.2a 0.09 o.:xt

26.93 1{13 4.28
0.94 19.59 0,98

0.19 1.00 0.24

0.00 0.02 0.o2

Fe2Os L26 L99 0.m Lgl 2.t8
558

153
tLBFeO 5.14 11.,1{ 6.76 11',14

TOTAL 1m.51 1m.9d lm.tlt 99.m 100.97 100.8

5i
AIIV
Alvt
Ti
Felll
Fell
Mn
Mg
c:
Nr
K

1.t18 r.&r
0.180 0.150

0.140 0.080

0.030 0.010

0.062 0.080

0.157 0.338

0.0m 0.010

o.7a 1.452

0.785 o.GE
0.06E 0.010

0.00 0.m0

1.E55 l.Edl 1.&x, 1.87E

0.t,t0 0.140 0.170 0.120

0.150 0.970 0.130 0.080

0.Gr0 0.010 0.030 0.010

0.m0 0.979 0.059 0.&1
0.205 0.345 0.168 0359

0.m0 0.010 0.000 0.010

0.753 1.,t56 0.n6 1.,!t5
o.v6 0.85 0.n3 0.87
0.065 0.013 o.uo 0.016

0.00 0.m0 0.000 0.000

TOTAL ,t.001 1.Ut {.00t 3.997

Wo
En

Fs

&.& l-99 4.75
43.21 76.10 ,13.€

12.39 21.91 ll.Ez

t.8E €.52 1.96

75.99 43.69 76:19

2Zt3 ILTE 21.24

388



Mieronrobe minernl analvses

A3.2 Mount Hampton xenolith mineral analyses: plagioclase

Semple

TyP.
PKIIA PK,IA PK{A PKaA PK{A PK{B PK4B PK4B PK4a pK,tB rruo prro prro rr-lo
Gnn Gnn Gran Gnn Gren PFttr Pldit Plditc Pyldb ppdtc pyrire FFitr plrrit! pj'rib
core core cora coF cot! co!! corc core cora coae cor! corc cotc cot!

sio2 s5.?3

AI203 28.08

Tio2 o.ft}
FcO 0.35

MnO 0.08

MBO 0.G
CrO 10.52

Nr2O 5.21

K:O 0-45

54.57 5639 55.05

2E.,O 2E.71 nsE
0.08 0.10 0.97
0.15 0.19 0.12

0.02 0.00 0.14

0.04 0.G 0.00
9.94 l0:9 10.60

5.4e 3.74 LS7
05,1 0.46 0.,r4

5430 5448
79.U 29.08

0.04 0.12

0.1E 0.4
o02 0.o7

0.06 0.07

10.38 11.23

5.70 5.t7
0.M 0.42

5491 54.82

0.08 ?3.u
n.92 0.o
0.22 o.lE
0.04 0.05

0.0E 0.G
11.36 10.95

5.14 5.G
0.35 0.8

54.97 54.67

28.38 28.63

0.06 0.6
o.8 0.21

0.05 0.97
0.0d 0.0{
10.94 10.85

5.0{ s.24

0"36 0.39

55.68 sLV
a.& 29.11

0.04 0.15

0.33 0.42

0.m 0.06

0.11 0.12
10.,18 r2.8
5.{0 LE1
OJO O:E

55.14 55.65

2E.09 28.27
0.0E 0.01

o.zt 0.r9
0.00 0.05

0.0E 0.04

10.60 10.56

5.62 5.36

0.57 051

TOTAL 1m03 
'9.2i 

1Ut.21 1@.35 1m.4{l 10.66 100.12 lo0r)9 too.(B 1m15 1m95 99.9t 1(n.$ 1m.95

si
AI
Ti
Fe

Mn
Mg
Cr
Ne
K

L495 2.481

7.4vJ r5z
0.001 0.0G
0.013 0.006

0.0G 0.m1

0.002 0.0fi,
0.509 0.484

0.455 0.483

o.o% 0.Bl

2.533 2.6 2.64
1.506 1.550 1.537

0.m0 0.m2 o.mr
0.@5 0.004 0.m6
0.m0 0.05 0.m0
0.@0 0.000 0.s4
0.497 0508 0502
0.,{10 0.396 0.499
0.G0 0.025 0.@5

LU L479
1.537 1..190

0.@0 0.000

0.010 0.010

0.@0 0.000

0.m0 0.010

0.539 0550
o.ag 0.1|{9

0.920 0.020

L474 LOg
l5l4 1.50E

0.000 0.000

0010 0.010

0.000 0.000

0.000 0.000
0529 0526
0./B9 0.140

0.027 0.020

z&t L4E8

1.521 7.496
0.0q) 0001

0.010 0.010

0.0m 0.000

0.00 0.010

0.52,1 0.501

0.497 0.467

0.08 0.028

2.ffi 2.42 L495
r.560 1.1B6 1.,tE8

0.010 0.m0 0.m0
0.010 0.010 0.fr7
0.0m 0.m0 0.00
0.010 0.010 0.000
05!''6 0.520 0.509
0.425 0-490 0.63
0.016 0.@2 0.029

TOTAL 4.997 5.01{ {.966 {.955 s.ql9 4.999 5.00fi 4.993 {.985 4,99 t0o1 5.02t 5.80 4.991

An
Ab
Or

51.41
,r5.96

2-63

48.50 52.8 54.58

48.40 4159 42.63

3.11 3.16 L69

,lE.8E 53.47 53.97 53.17 53.,14 5Lt9
,18.59 &54 &M 4,12 ,14.53 45.52

L53 1.98 1.96 2.77 2.O2 LA

50.30 57.{2 49.90 50.&5

6.8 4r.04 47.02 46.25

2.81 15r 3.97 290

Senplc PK,IR PK4S PK{S PKiV PK|V PK,IV
Typc Gnn hrxite Pyxtts cren Gnn Gnn

cora lymP tymP cott coE cor!

PK4v PK4Y PK4Y PK,IY
Gren Gm Gnn Cnn
cora cot€ cotl cotc

PK4Y PK{Y PK4Y PK,IY
Gnn Gnn Gren Gnn
coE cota colt con

sloz 56.21

AU!O3 28.07

Tio2 0.r8
FeO 0.19

MnO 0.@

MgP 0.01

CrO 9.n
Na2Cl 4.8
K20 0.24

53.87 53.22

26.E2 26.87

0.26 t.t
1.90 L45
0.01 0.06

1.08 0.34

10.78 10.66

5.44 5.05

0.8 0.09

54.13 5L57
2838 29.21

0.04 0.02

0.21 0.22

o00 0.00
0.m 0.0r
11.14 11.5E

L96 4s1
o.a oT

5LO2 5,L59

29.89 28.55

0.01 0.0,1

0.20 0.23

0.00 0.00
0.00 0.03

1L24 1139
5.97 4.93

0.a 0.23

55.90 55.70

v.82 28.55

0.(5 0.or
0.16 0.r5
0.m 0.42
0.09 0.08

l0.rl8 10.E4

5.6 s.02

0.41 0.34

s6.29 56.25

a.$ 2E.t7

0.G 0.m
0.8 o.t7
0.m 0.05

0.6 0,o7

10.31 10.65

5.X 438
0.8 0.32

5559 55.65

T?e U.OS
0.04 0.w
0.27 0.2s

0.06 0.00
0.08 0.04

10.$ 1039
5.E6 5.78

0.30 0.35

55.54

B.5l
0.07

0.8
0.05

0.o
11.61

3.O
0.77

TOTAL 10q92 10039 1flt01 99.15 1m.80 99.71 99.99 1m36 100.59 1m7t 10q69 rmos rm.4a 1957

L570 2.447 2.193 L465 2.U7 Lg74 2.& L49t Z50E Z49t 2St5 2579 25oO 2.521
1.46t) 1.436 7.4t t.523 lJ45 1.609 l52l 1.507 t.470 1.5{X r.1C2 1,4ffi 1.473 1.45
0.005 0.06 0.01(} 0.ml 0.m0 0.mo 0.001 0.002 0.002 0.001 0.001 0.Om 0.mt 0.m2
0.005 o.ut 0.093 o.o8 0.m8 0.m8 o.xn 0.010 0.0(r o.ffi 0.009 0.0tr o.0lo 0.m9
0.001 0.0m 0.m0 0.@0 0.m0 0.m0 0.0m 0.002 0.m0 0.0o o.oor 0.0m 0.m2 0.60
o.om 0.912 0.gB 0.s1 0.m1 0.000 0.000 0.m5 0.006 0.06 0.m6 o.cll o.m6 0.m2
0.,150 0524 0.521 0.il4 0.$7 05'9 0552 0.557 0501 0.519 0.4% 0510 o.ru 0.505
0.3{I} 0.OE 0.46 0.,138 0.428 0.{49 0.432 0.336 0.,t95 O.,l3S 0.456 OB$Z O.St7 O.W7
0.013 0.014 0.m5 0.016 0.015 0.016 0.014 0021 o.oB 0.019 0.017 o.ol8 0.018 0.02.0

si
AI
TI
Fc

Mn
Mg
C.
Ne
K

TOTAL 4.t75 5,050 s.ml 4.rt6 5.m1 4.993 t.931 5.0u {,9t0 {.9E0 4.r/t2
'.(BO 

5.Ot4

An
Ab
Or

55.m 5r.57
{1.42 47.6
156 l3E

53.60 5,151

{5.E8 43.E9

05r 1.60

55.70 56.30 55.31 60.94

4LE0 4L20 43.29 X.76
r.50 1.50 1.40 2.30

4932 5334
48.{i} A.7r
L6 1.95

st.rx 55.14 4E.46 4E.93

o.N 4L9Z 49.81 49.13
r.76 r.95 1.73 1.94
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@rrcll pK{L pK4L pK4L pK4R pK,rR PK,IR PK4R PK4R PK4R PK4R

Type PFiir Pyrite Pp(tte P)ryite P'rxii. P]rlile Pjdit Gnn Gnn Gnn Gren Gren Grln Grm

cora cor€ SymP gymP tynP grmP srdrP cor€ coro con core co!8 cone con

sio2 5s.76 54.75 49.n
Af203 28.9E 0.u 30.67

Tio2 0.11 2857 0.14

FeO 0.29 0.10 O'77

MnO 0.m 0.04 0'6
MBO 0.05 0.ol 0.19

CrO 10.63 10.67 15.17

Ne2O 1.71 5.12 3.18

tc2o 0.114 o53 0.04

sL84 s1.oo 51.08 50.54 56.91 sl.7r 58.m 57.44 58.19 5E.28 58.39

2s.r7 30.5 8.59 9.62 n.74 a.ss T.8 T.68 T.6 27.il 2696

o.r5 0.10 o.?2 0.21 0.06 0.22 0.06 0.05 0.05 0"05 0.05

0.73 0.66 1.05 0.61 0.n 0.61 0.14 0.06 0.r3 0.17 0.22

0.02 o.1l 0.04 0.14 0.09 0.6 0.8 0.a7 0.09 0.00 0.oI

o.l9 o.l2 0.20 0.r9 0.v 0.17 0.o 0.05 0.06 000 0.01

7L& 1,148 74.t7 1,1.50 950 li}.&5 9J6 938 9.48 9'89 9.9r

,trtl g.U 3.19 3.32 4.8 3'n 445 5.1r 4.EA 3.n 5-G

0.08 0.08 0.9? 0.6 0.2:l 0.36 0e5 03} 0.28 0.26 0.33

TOTAT 1m9? 1m.19 lm.(F 1m.29 100.1t 99.52 1m35 98.9{ 10029 rmst 1(Ll7 100.11 100.06 rm.vr,

si 2-1Ji.2

ilt r.520
Tt 0.0c1

Fc 0.010

Mn 0.0m
Mg 0.0m
Cr 0SO7

N. 0.4G
K 0.025

2.470 2.n7
1.519 t.67
0.m0 0.m4
0.@0 0.028

0.m0 0.m0
0.m0 0.012

0.515 0.745

0.o3 0.282
0.@0 0.m2

2.39E 23n
1.560 1.626

0.m4 0.003

0.u27 0.02d

0.m0 0,00,1

0.012 0.010

0.614 0JU7

0.388 0304
0.m{ 0.005

2.36 L305
1594 1.645

0.w7 0.N,
0.039 0.029

0.001 0.005

0.013 0.012

0.689 0.7ffi
0348 0.293

0.00,1 0.002

zsm 2357

t.& l5c7
o0@ 0.0c7

0.06 0.0xt
0.0G 0.001

0.004 0.011

0.459 0.676

0.415 0.332

0.012 0.021

zsn 2J,63 L592
LUI 1.,155 1.419

o.ml o.ml 0.ml
0.005 0.w2 o.mr
0.002 0.002 o.ffi
0.004 0.0G 0.m
0.463 0.448 0.452

0.382 o,42 0,,121

0.019 0.018 0.015

2589 2586
t.447 1.,l(}8

0.01 0.m1

0.m6 0.06
0.m0 0.m2
0.m0 0.m0
0.470 o.ao
0.320 o.{tr
0.014 0.018

ffiis.wt 5.010 5.031 5.008 4.977 5.014 4.E96 494 4.910 4.U7 4.e26

An 54.11 5059
Ab 8.n 46.46

Or 2.67 L95

7L& 61.8 69.59 6.19
y.4r 3E.57 29.92 33.43

0.r9 0.40 0.49 0.38

51.81 6.9 53.59

46.U 32.X 44.21

1.35 LM 220

49.U 50.90 58.46 51.14

48.68 47.41 39.80 690
1.9E 1.69 1.74 1.96

m.59
a.2r
0.20

Semple
Typc

PK{Y PK{Y PKdY

Gran Gren Gren
PK4Y PK4Y PK,IY

Grrn Grln Gm
cort rim core

PK{Y PK4Y

Grm Gnn
cota cota

PK4Y

Gnn
!|elt

PK4Y PK{Y PK4C1 PK{CI PKdCI
Gnn Gren Gren Grrn Gtan

melt rim cote cor! concota

sio2 56.24

AI203 28.C4

Tio2 0.t7
FeO 0:9
MnO 0.00

Mgo 0.06

CeO l0.tz
Ne2O 450
K20 031

53.49 54.67 55.05

a.u 28.4 zB.E
0.15 0.19 0.m
t.26 1.11 0.20

0.00 0.09 0.09

0.01 0.00 0.01

1156 10.88 lo.,lil
5.37 5.28 5.86

0.34 0.4:l 0.37

50.79 54.89

30.60 2E.16

o.rt 0.05

0.6 0.r7
0.(B 0-02

0.05 0.0r
l,L33 ll.2l
3.72 4.91

0.77 0.33

95.74 55.60

28.97 n.95
0.o 0.m
0.26 0.43

0.m 0.m
0.m 0.m
11.20 10.90

5.63 3.s
0.34 0.45

5/t.12 53.80 54.50

28.O 28.@ 28.X
0.38 029 0.8
r.15 0.85 076
0.0 0.06 0.m
0-18 0.10 0.00

11.68 11.68 12.11

5.76 4J4 5.02

0.35 032 0.4

54.64 84.46 SL87

28.16 29.49 29.87

0.01 0.04 0.22

0.13 0.20 054
0.05 0.01 0.10

0.01 0.16 0.08

10.91 11.03 lZEl
4.72 5.36 Lzr
0.41 0.38 0.26

iorll 10ozr 100.00 1@.91 1m.28 100,,|{ 99.77 ro1$ 1m.17 10Lr9 100{3 101.{1 99.0{ lm.(}7 1m.96

si 2.509 2.414

Al 1.4v3 1.498

Ti 0.002 0.m5

Fe 0.010 O.U7

Mn 0.0m 0.m0
Mg 0.004 0.m0
Ce 0.520 0.566

Ne 0.389 0.475

K 0.017 0.920

L462 2.4E2 2314 2.489

1.500 t502 |.ffi 1501

0.m6 0.m0 0.000 0.001

0.0d1 o.w7 0.02s 0.006

0.m 0.m3 0.001 0.000

0.m0 0.m0 0.003 0.000

0.s24 ojo,l 0.699 0543

0.460 0.512 0.32E 0.432

o.m4 0.@l 0.009 0.018

L490 L495
L4n L473
0.002 0.0m

0.009 0.015

0.000 0.0m
0.000 00m
0.535 osn
0..186 0.488

0.019 0.025

Z,{f9 2-4Y, 7.&
1.,190 1.525 l.sm
0.012 0.009 0.w7
0.0.8 0.030 0.028

0.0m 0.0m 0.0m
0.012 0.006 0.0m
0.56,3 0.566 0.582

0.459 0.415 0.436

0.020 0.01E 0.025

2.487 2.462 2.3E3

1.510 1.510 l.g7
0.m0 0.m0 0.w7
0.005 0.w7 0.020

0.m2 0.m 0.m4
0.m1 0.011 0.m5
0.532 0.53{ 0.618

0.415 o.ao 0.366

0.024 0.019 0.015

TOTAL 1.94 5.025 5.@0 5.(B1 5.022 4.9U s0lt 5.019 t03t 5.fit' 5.016 s.mt

An
Ab
Or

56.16

42.01

l.E4

5335 5r.98 48.fi
477 ,15.63 49.37

1.6e L38 zc[t

67.O 54.68 51.,14 50.€
31.6 43.50 6.73 0.15
0.87 l.8l 1.&3 2.42

56.6 55.80 Ut3 5L20 61.74

{154 41.80 42.80 45.94 t6.76
1.80 2.40 L47 1.86 1.50

54.@
,14.6

1.92
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Microprobe minnal analvses

Senple PK{R PKaR PK{R
Typc Gren Grrn Gnn

colt cone cott

sio2 s7.10 57.94 56.99

A1203 7.8 ?32 499
Tior 0.u os7 0.10

FlO 0,8 0.14 0.13

MnO 0.O 0.05 0.00

MgP 0.m 0.€ 0.04

C.O 9.4 l0.l7 9.81

Ne2O 5.49 4.11 L77
K20 0.31 026 0.2,r

TOTAL 1(xI32 1m09 1q101

si 2s/8 2582 2.97
Al 1.{55 1.43,t 1.171
Tr 0.001 0.w2 0.m3
Fc 0.06 0.005 o.fiN
Mn 0.0O 0.001 0.m0
Mg Oom O.ml 0.d12

c| 0.& 0.4E5 0.469

Ne 0.471 03tl 0.417
K 0'017 0,014 0.0t3

TOTAL {.9$ 4.VA {.919

47.49 55.6 52t6
g.m {ljo 457E

1.82 1.6,t 1.46

Senple PK4CI PK{CI Pl(lcr P'K{c!
Typ. Gren Gnn Gnn Gnn

cora Gora rln soE

An
Ab
Or

stoz 50.25

41203 n.@
Tioll 0.19

FGO 1.8
MnO 0.6
Mp 0.1r
CrO 1L17
N.tO 3.39

r20 o.lE

#.2. 5oJ5 5526
28.6 3[.25 A3E
0J9 011 o.Ul
0.r2 0.76 ilr7
oJn 0,07 (Im
0.$ 0.14 0.(X
ro.o r3a9 nz,
L% 3.61 L76
037 0.21 o!r3

TOTAL r0m7 10037 ,9.6!r r(n36

st Lxn 2Jr3 23?S 2.'m
At 1.653 l.{9' l.6?s 1501
Tr 0.N7 0.0Gt 0.m4 0.(n2
Fr OfiB 0.0O[ O.@t 0.S6
Mn 0.0(2 0.0G 0,m 0.G
Mg O0(7 o.flE 0.010 0.m
cl 076 0.512 0.82 0517
Na 03m 0# 0321 0.41{
K 0.010 0.(121 0.012 0.019

TOTAL r02| 3(EO t.961

6955 ft,76 6t.t9 SL(l
4.47 {0.91 31.63 435E
0.98 233 l.rE 200

An
Ab
Or
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A3.2 Mount Hampton xenolith mineral analyses: oxiiles

Suplc PK{A PK,IA PKaB PK{D ?K{L PK{L PK{L PK4L PK{S PK|S PK{S PK{S PK{T

Typ. Grrn Gren P"ritc P'rytb PyxiE Plcite Pyritc Pgite P5ndic fytdt I'!dt! Pltilc Pl'rttc
3vnp vein corr coF tytrrp syE'tp Jymp core tymP syErP 3ytrrp tymP con

sioz 024
AI203 1.4?

Tio2 0.0E

Fc2O3 76.6
FaO 022
MnO 055
M8o 19.73

CrO 0.0E

Cr2O3 0.13

Nio 0.16

6'22 0.12 0.1r
3.89 1.40 o.tr
r,9r 51.09 51.28

50.ol 1.19 558
3036 39.14 3L25
0.30 0.19 037
615 3.67 7.4i1

0.1E o.fi 0.09

0.72 0.16 0.31

0.11 0.16 0.19

2.71 0.05

0.19 0.15

a.a 0.47

6Z7E 69.34

28.50 2688
0.v7 0.04

s.70 Ls4
0.13 0.08

0.12 0.05

0.54 58.13

O.gZ 0..10

#s2 5.4
30.20 19.24

0.09 0.16

0.15 13.99

0.06 0.04

0.05 0.63

0.21 03E
r.l2 6.77

6J9 55.C7

31.53 3l.B
0.07 035
0.28 3.61

0.04 0.18

0.m
0.4{

0.77 0.70 0.11

3.84 0.97 0,4
0.02 7.37 &89
7r.6 5329 1356
s53 gl29 31.72

l.l5 0.33 0.38

1g.B +t2 5.83

0.06 0.17 0.14

029 0.6r oo3
3.19 0.15 0.11

TOTAL 99,A 99.76 97.76 vl.7' 9&33 99.17 n.69 n,8 99,n 99.7E 9&5t 99.51 9&25

si
AJ

Tt
Fclll
FcII
Mn
Mg
Cr
Cr
Ni

0.0G 0.211 0.0G'

0.056 0.155 0.041

o.w2 0.049 0.957

r.921 0.934 0.019

0.009 r.326 0.8n
0.016 0.m9 0.m4
0.98;2 0.311 0.138

0.0G 0.006 0.m1
0.0G 0.m 0.@
0.00s o.mo 0.m

0.(p3 0.102 0.002

0.m3 0.008 0f07
o.% 0.m8 0.002

0.89 rn4 1.985

o.ffi 0.895 0.&55

0.m8 0.002 0.001

0.t3 0.247 0.1,u
0.m 0.005 0.0G
0.mo
0.m0

0.005 0.w2
0.025 7.W
0.000 0.06
1.965 0.116

0.991 0.438

0.0G! 0.004

0.009 05&l
0.002 0.001

0.002 0.02,1

0.011 0.018

0.(B3 0.188

1.920 7.557

1.016 0.984

0002 0.012
(}016 0.210

0.0@ 0.N7
0.0m

0.0r0

0.006 o.ga 0.m
0.16{ 0.045 0.w7
0.0m 0.2(} 0.69
LE?3 1.69 0.5r
0.158 0.958 0.653

0.65 0.011 0.08
0.77E 0.2N O.XI7

0.0o 0.w7 0.m
0.0@ 0,025 0.@0

0.092 0.014 0.010

TOTAL 3.(nE 3.@l 2.m6 2.mt 3.m1 L999 3.000 3.0m 3.010 3.fltr L995 Lvrg aOOt

Senple PK4T PK{V PK{V PK{Y PK{Y

TyF P'rylte Gren Gr.n Gren Grm
aorc cort cotc tymP JymP

PK4Y PK{Y PK4Y PI({Y PK{Y PK{CI PK{CI PK4D1

Gren Gren Cnn Gnn Gnn Gnn Gren PFii!
syrrp gysrp veln vcin y4t gldrp cm coE

sio2 0.17

4t203 0.,11

TlO2 ,t8.89

Fc2O3 9.8
FeO 33.C7

MnO 0.41

MgO 1Xs

C.O Oiz
Cr2O3 0.2,t

Nlo 0.12

o.ul 0.82

Lp 0.75

53.44 50.59

0.96 3.42

t6.87 40.28

0.1,1 0.24

6.03 272
o02 0.r5

0.00 0.01

o01 o.Gl

0.36 0.70 0.n
L78 3.37 1.2E

0.14 0.17 L78
73.94 73.16 &U
159 2.15 8.22
r.16 1.16 0.58

19.56 1E.E5 6,30

0.10 0.14 0.r2
0.35 0.37

0.21 o.8
0.31 ,1.55

0.16 0.n
9.46 63.9
2953 24.53

0.25 0.{4

o.78 4.82

0.14 0.15

o.t2 1.06 134

LO 0.40 0.45

15.53 7.94 057
35.7E 52.99 65.Cn

39.(5 32.40 A.O
0.54 0..{9 037

4.2r 4,22 259
0.19 0.18 0.12

0.13 0.08

67.42 0.50

0.23 8.37
4.10 10.81

20.27 3131

0.25 0.x2

14.24 6.75

0.0r 0.m
0.77

0.G

TOTAL 9r.93 99.75 99.01 99.98 1m.6 9&t3 9t.E{ 91t.5{t 96.78 99.67 t9,al 10.59 98.2t

si
AI
Ti
FeIII
Fell
Mn
Mg
Ca

Cr
Ni

0.00{ 0.@1 0.41
0.011 0.066 0.926

0.9m 0.958 0.931

0.171 0.017 0.053

0.ffi7 0.734 0.U4
0.008 0.m3 0.m5

0.26 0.t2r 0.120

0.00E 0.m0 0.m5

0.0(B 0.m0 0.m0
0.0G 0.o0 0.m0

o.ml 0.022 0.00't

0.105 0.12,1 0.055

0.004 0.004 0.977

1,8&r 1.825 l?82
0.045 0.060 0?14

0.@2 0.fr10 0.01E

0.ct5 0.931 0345

0.003 0.005 0.005

0.m4 0.002

0.008 0.0G 0.017 0.0{r

0.014 (126 0ro2 0.018

0.m5 0.021 aa7 0.219

1.951 t.7v 0.98 1.463

0.954 0.733 1.175 0.994

0.006 0.01,1 0.019 0.015

0.045 0.t6 0.252 0.24
0.005 0.006 0.009 0.40

0.051 0.m5 0.m2

0.0?0 1.9c8 0.014

0.015 0.m5 0.889

1.8,15 0.61 0.20'1

0.96 0.1140 0.635

0.012 0.m5 0.m4

0.145 0.558 0.2,16

0.06 0.006

0.m3
0.m1

TOTAL 2.0(n 2-(m t.vrg 3.m3 3.003 3.001 3.001 L999 1000 3.{nl 3.0q! L99B 2"m4
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Microprobe minnal analw;es

A3.2 Mount Hampton xenolith mineral analyses: glasses
Searplc PK{A PK,IA PK4A PK4A PK,IL PK{S PK,ty pK4y pK4y
TyF Cnn Gren Gnn Gren Ptryib PFit! Gnn Gnn Gnn

Jymp sj.np vein vein 3yurp tymp rymp symp symp

sio2 56.92. 58.7 58.93 fi.n 49.95 47.70 56.34 S5.O 56,41
AUIO3 lt.T 17.4 1525 15.10 77.80 17.02 149E 14.80 75.37

Tio2 3.7 l.61 297 232 0.97 3.47 3.08 2.83 L73
Fco 12.04 5.09 8.87 9.13 4.38 10.7E 9.& 8.97 7.58
MnO O.22 0.14 Ol9 0.&| 0.12 O.Z7 0.10 0.ll 0.21

Mgp 4.6 L4r L36 L99 7.50 9.3E 3.n 3.72 3.41
CrO 9.94 8.8 Lt| 43r r7S4 E.36 4.57 6.58 sJO
Na2O L99 5.69 4ffi 4n 1.811 1.72 6.48 5.C7 5.53
K20 0.76 1.59 4.ffi 0.76 0.02 0.09 2-16 2.? t.C7

TOTAL 101.16 100.16 10.54 lm.U lm.u 1m.76 101.97 100.92 9t.70

Mgr n.76 45.74 3Ll2 35.88 7532 fi.78 {1.r5 4252 4{.St

a
Or
Ab
An
Ne
Di
Hy
ot
Mt
il
AP

9.m 0.E8 331 1332 0.m 0.00 0.00 0.q) 0.17
4.49 999 2659 4.19 0.12 053 rL75 13.42 u.64
8.n 48.15 38.93 &36 75.57 31.€ 50.00 42.67 6.80
15.09 16.8 7.67 r7S5 10.8 29.48 5.41 5.88 11.30
0.m 0.m 0.00 0.00 0.00 0.02 L62 4.b 0.m
28.n 19.15 5.48 3.19 37.24 9.6 1L?2 2t.19 13.09
8.9t1 t.l4 1059 14.,19 3.97 0.m 0.00 0.00 8.2
0.m 0.m 0.00 0.00 0.00 n.z? 7.73 4.81 0.m
0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.m 0.@
6.21 3.06 5.A LU 1.84 6.59 5.85 5.37 5.18
0.m 0.00 0.00 0.m 0.00 0.00 0.00 0.m 0.m

0.m 7.n 0.00 000 5.08 156 9.39 r0.t7 o-m
t9.62 756 1850 20.80 7.9? tt.sz 8.86 8.65 7.6
2L8D 36.6t 34-Sl $50 37.99 ,19.00 31.65 28.94 26.74
r.n l7.Es 5.08 3.48 lE69 10.,11 L5.42 B.n 10.85
20.ES 0.00 8.rO 0.00 0.00 0.00 0.m 0.00 0.m
21.6 6.81 15.61 13.95 19.27 tZE2 7.6 3.E{ 1455
0.m 13.19 0.00 5.52 353 6,t9 9.65 3.20 5..14

r.8 0.00 6s2 3.16 0.00 (}00 0.m 0.@ B.9l
0.m 0.00 0.00 0.00 0.00 0.00 0.00 3.3E 0.m
5S E39 7.98 6,18 6.06 6.4 6.93 rr.7Z 5.85
0.m 0.00 0.00 0.00 0.00 0.00 0.m 0.m 0.m

gt.21 96A7 
'6A9 

9&74 9&2{ 9&95 100.12 
't.U

TOTAL 9r.8 98.15 9rl1 9781 9&99 97.94 9&59 9r.59 %.75

Senplc PK{Y PK4Y PK{Y PK4Y PK4Y PK|Y PK4C1 PK{CI PK{Cr
TyF Gnn Gnn Gnn Grln Gnn Gren Gm Grrn Gnn

v.in vcin vcln veir sylrp Jyng 3ymp Jymt ryrnt

sio2 5259 56.01 51.70 56.25 56.84 57.N t6.96 56.43 49.8
AtlO3 16.57 15.05 1,194 1354 75.76 15.45 t7.W 15.17 10.58
Tio2 2.82 4.4? +20 3.41 3.19 3.39 3.65 6.t7 3.6
FcO 9.09 11.51 72.6 9.78 604 6.14 7.32 5.9 u.,(}
MnO 0.16 023 0.A 0.15 0.19 0.$ O.t7 0.05 O.r4
M8p L4l 3.14 276 3.52 3.EO 3.90 S.il 2.m 15.19
CrO 6.31 5.25 L78 4ll 8.65 5.33 6.EE g.& 5.86
Ne2C! 7.49 433 5.89 5.14 4.49 5.79 3.74 3.{t 9.16
K2C' 3.32 t.z8 3.13 3.52 1.34 r.95 150 4.U 130

TOTAL 10076 101.23 glrrt 99.9 10.29 99.t3 100.8n 96,61 99.99

Mtl 3Zl0 32.73 n.$ 39.A9 5285 53.09 4632 39.85 7o3l

a
Or
Ab
An
Nc
DI
Hy
ot
Mt
TI

rrp

TOTAL
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Mirronrohe minprnl dnalilspc

A3,3 Mount Muwhy xenolith mineral analyses: olioine

senple g(IxlA 9O{1A 9qX1A gfiXlA 9O0a1A 9flXlB 9(IrlB guxlB 9qx18 guxlB gqt|tB 9qxlB 9(xr{lB 9mt1B
TyF Gren Gnn Gnn Grrn Gren Gnn Grrn Grrn Gnn Gm Gnn Gnn Gnn Gm

orcd r rymp c- olrnp c- ry|np r- slrmp r- corr cor. colr corc cora sre or cm corr

sto2 41.42

A-U!O3 0.01

Tio2 0.m
FrO 152
MnO O.n
MtP il.6
CrO 0.G
Ndo 0.01

K2() o.frl
Cr2O3 0.6

39.47 4t.0r
0.04 0.m
0.00 0.00

25.92 2.35

039 0./2
g.o 51?9
0.04 0.00

0.10 0.@
0.00 0.00
0.09 0.16

39.41 {L63
0.93 0.08

0.26 0.(x
8.69 1.19

057 0.31

29.19 i5.92
0.76 0.17

0.28 0.r2
0.05 0.02

0.31 0.17

t9.52 39.35

0.0r 0.05

0.G 0.05

17.1t 17.78

0.35 0.49

uLgl 13.17

0.05 0.02

06 0.00

0.01 0.00

99.4 39.39

0.6 0.m
o.o 0.06

77.n V.n
o.r!E 0.2
{L81 {2.62
0.o4 0.4
0.G o.v
0.m 0.01

39.35 38.75

0.o1 0.v
0.o 0.m
v.a v.&
0.2 o.n
42.76 ,13.50

o.g/ 0.o2

0.m 0.16

0-m 0.0

39.(f, 39.t0 39.95

0.06 0.0{ 0.00
0.05 0'm 0.m
17.95 17.fi 17.t2
032 0.3:t 0.45

425? +332 {t.@
0.@ o.m 0.m
0.06 0.12 0.10

0!2 0.G! o.02

TOTAL 10029 99.52 1(Ir.5:r lm.+l l(xl6o 1m.tt lm.n 99.9, 1qr3{ 99.97 1(n19 10q10 10.82 1m.7r

si
AI
TT

Pc

Mn
Mg
C.
Nr
K
Cr

1.019 1.67
0.001 0.001

0.0m 0.0m
0.(n 0.548

0.005 0.009

1.904 r.216
0.0@ 0.001

0.0m 0.06
0,001 0.0m
0.009 0.002

1.011 r.u9 0.999

o.{xn 0.(28 0.m2
0.m0 o.ru 0.0r
0.046 0.63E 0.023

0.m4 0.013 0.m5
1.919 r.r57 1.952
0.m0 0.(n1 0.m1
0.mO 0.m,1 0.m5
0.(m 0.002 0.m0
0.m 0.006 0.m

0.998 0.991

0.m0 0.000

0.m0 0.000

0.360 0371
o.w 0.010

1.615 1.619

0.m1 0.000

0.m 0.0@

0.m0 0.m0

1.0m l.om
0.000 (l0m
0.000 0.001

0.360 0.371

0.010 0.006

t.677 1.611

0.000 0,000

0.(m 0.000

0.000 0.000

0.997 0.981

0.0m 0.002

0.0m 0.0(D

o.l@ 0.368

0.0(E 0.006

1.615 1.641

0.001 0.0m
0.0m o.w7
0.0m 0.0m

0.992 0.999 l.m2
0.001 o.ml 0.m0
0.0m o.mt 0.m0
0.3E1 0.35t 0.359

0.m5 0.N7 0.m9
Lffi 1.620 LAg
0.0@ 0.m0 0.m0
0.0G 0.m6 0.m5
0.0m 0.s0 0.m0

TOTAL L97l 193E Lfiz 2.933 L997 LtXn L99t L9t7 L9t9 1m5 Lqtz L992 L9tr{

Mgf 98.46 65.25 97.6 U.6 98.82 81.,t0 E1.23 81.79 81.2s 81.40 8r.6E 80.S E1.90 8116

Srnplc
TvF

900asD xn$D 9(I||tD 9qxtD 90urE 900atE 9{xxtE gqrsE 9@{rE grxtE g{n{tF g(xxs! gqrsF 9{x)|8F
Pltdb Endh Iltrilc Pyxib Gnn Grrn Gnn Gren Gnn Gm cnn Gnn Gnn Gran
corc srr! rnclt mclt cort ult mlt cora nelt nelt src core corr con

sto2 36.98

A1203 0.6
Tto2 0.6
fcO T.l2
Mt|o 0.38

MBP 3s.67

C.O 0.22

Nr2O 0.01

K20 0.01

Cr2O3 0.0{

s7.a 38:18 38:ti1
0.06 (I11 0.97
0.06 0.22 0.a
26.71 2055 t2%
032 0.34 0s6
s5.t7 39.(3 38.m
0.20 0.|() 0.12

0.10 0.01 0.00

0.02 0.02 0.@

0.01 o.zt o04

37.N 38.18
0.(B 0.09

0.02 0.06

3051 19.21

0.32 A.21

s287 40;94

o.s7 0.7
0.m 0.0{
o00 0.00

3&46 %.8
0.10 0.01

0.05 0-ol
19.,t5 3L95
0.20 0.57
,(L55 A.80
0.3,1 0.18
0.0{ 0.m
0.00 0.m

x.37 39.G
o.tt 0.6
0.10 0.s
x.67 79.m

0.21 0.24

39.32 ,0.S
0.12 031
0.o2 0.m
0.@ 0.m

:t8.20 373a 36.,10

0.13 0.u 0.09

o.u 0.0E 0.13
25.62 21.91 26.X
0.40 o.gf 0.35

35.25 34.C' U.63
023 0.21 0.T2

0.u o.u 0.r,r
0.00 0.3lil O.Otl

0.06 L2{ 0.05

37.C8

0.v
o.m
%.22
05{
s5.71

o.v
0.m
0.m

TOTAL 1m59 10006 l{n-2!, lm,(B t0r.G 9!1.(5 99.19 9r.Tl 99.m 100{3 99.78 lmtB 996 1UI12

si
AI
Ti
F!
Mn
Mg
Cr
Nr
x
Cr

0.962 0.9yt l.ml
0.m 0.0m 0.m
0.0@ 0.0m 0.m4
o.ffi. 059{ 0.,t#}
0.008 o.wl o.un
1.411 1389 L521
0.06 0.0(E o.ml
0,w2 o.ffi o.m
0.m 0.001 o.ml
0.001 0.0@ o.flF

0.999 0.92
0.m2 0.m0
0,05 0.m0
0.87 0.6E4

o.az 0.010

t.176 l.3ll
0.011 0.010

0.()0 0.m0
0.ol 0.m0
0.m1

0.989 0s96 0.998

0.00 0.0@ o.mo
o.mo o.ml 0.(m
o.1r7 o,at 0.759

0.m0 0.m4 0.013

15E2 1565 t,XB
o.0t0 0.m9 0.m5
0.m 0.002 0.m0
0.m0 0,m0 0.0m

0.999 0.998

0.002 0.00{

0002 0.001

0450 0.18
0.06 0.06
1.526 1551

0.012 0.m
0.001 0.0m
0.001 0.00

0.987 1.009

0.0(n 0.@{
oom 0.001

OSEI 0.56
0.012 0.m
t.,t18 L.W
0.0(E 0.06
0.0m 0.ffi2
0.m 0.0m

0.m

0.995 1.(n5

0.flr2 0.m
0.m1 0.m2
oJ55 0.576

o.w7 o.mE
1.352 1.363

0.m6 0.m6
0.o3 o.un
o.ml 0.m1
o.w 0.o1

TOTAL 1m5 3,0(E L%9 LJl,1 t.W' 3.qE 3rxl2 L9{)6 Lyrt 3.qI! 3.{Xn LtgS 2.908 2.9t1

79.t1 78.81 6t.71 n.B 78.68 rc.63 7t.U 7090 70jyJMsr 70.8 70.6 n.8 75.18 6.77
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Senplc
TyF

,, frii i-ooru rmtri ilir-u tur'rii trlk;. trlra:;gml--soorlc gtxrrc 9@{1G 9@l1l 9tx}'11 9(

Gnn Gran Gren Gren Gtrn Gren Gren Gnn Gnn Gnn Grln :1ti :tt:" --"ji
oxid dk- oxid lgt orid dk' orld l8t core core corc core cotc cor' orld l8t' oxid dk oxid dk oxid

sio2 39.12

A1203 0.12

Tio2 0.01

FeO 17.15

MnO 031

Mto 42.32

C.O 0.Gt

Nr2O 0.11

K20 0.09

Cr2O3 035

37.t3 39.67

0.01 0.01

0.@ 0.0E

3758 16.4
o.tl 0.34

z4i0 47.24

o.g7 0.€
0.10 0.00

0.01 0.05

0.31 0.13

3E 15 39.34 40.92

o.o4 0.02 0.05

0.8 0.0E 0.01

38.70 r7.E7 16.50

o.3o 0.31 0.24

2Z?l ,11.95 4L34
0.05 0.09 0.01

o.lo 0.12 0'01

0.or 0.02 0.fi1

0.04 0.M 0'17

39.83 39.73

0.u 0.0s

o.uz 0.m

16.82 14.94

0.33 0.t
a.70 &n
0.08 0.04

o.o 0.0{

0.01 0.4
0.04 0.11

395) 39.18

0.0{ 0.01

0.m 0.0{

16.72 1E.58

0.{5 031

+9.78 ,n.88

0.01 0.05

0.01 0.00

0.m 0.00

0.12 0.00

36.vJ ,{159

0.01 0.00

0.0r 0.00
,18.60 IOAT

0.18 010
1285 48.0{
0.14 0.01

02 0.00

0.01 0.00

0.v7 0.02

{1.25 37.79

0.00 0.m
0.m 0.01

9.40 37.88

0.26 0.25
,18.82 2+39
0.0{ 0.04

0.00 0.01

0.00 0.6
0.09 0.12

99.66 1q).52

si
AI
Ti
Fc

Mn
Mg
Cr
Ne
K
Cr

0.996

0.08
0.0m
o.m
0.06
1.56
0.0m
0.0(E

0.092

0.m4

1.G9 l.m 1.066 1.002 LOA

0.o0 o.mo 0.m1 0.000 0.000

o.mo o.m1 0.m0 0.001 0.000

o-og o.w 0.9(x 0380 0346

0.005 o.w o.w 0'006 0.005

l.ol4 1.628 0.945 1593 1584

o.mz o.mo o.ml 0.002 0.000

o.(ns 0.mo o.ms 0.005 0.000

0.m0 o.ml 0.m0 0.0@ 0.001

o-N| 0.m2 0.m0 0.@r 0.003

I.OOE 0.9c7 0994 1.0m

o.ooo o.om 0.001 0.m
0.m 0.0m 0.000 0'001

0.355 0.313 0.352 03n
0.006 0.06 0009 0.N/
1.609 7.676 l.u2 1.592

0.002 000 00m 0.001

o.0oo 0.001 00@ 0.0d)

0.000 o.o0 0.0m 0.0m

o.0oo 0.002 0.002 0.0m

1.1@ r.fl8
0.0m 0.m0

0.00 0.@0

1.210 0.M
0.06 0.m2
0s70 Ln?
0.004 0.m0

0.016 0.000

0.0m 0.000

0.002 0.m0

r.m9 1.0{9
0.(D0 0.m0
0.m0 0.m0
0.192 0.979

0.m5 0.m6
1.v8 1.m9
0.01 o-ml
0.m0 0.@1

0.000 o.mr
0.m2 0.m

-7ggo tgcs zgen zgge tw zgfi L9c6 LnE LW L949
TOTAL L952 L9e9 L922

Mgr 68.54 5357 8z/B 5l'11 80.74 ELU 81.92 U.26 82.35 80.06 32.G1 89.48 90.25 53.,13

9005{1 9005{t goot{t
Semplc 9m{tc 90048C 9ml Gdk kil- pwi+. pEira pHiE
iH* ';; ';; ,]r,,. or,r,,. pFiic p],xir€ p,,xirc pldrc rFiF ryrib pyxirc ppitc Pvrite PFiE

^vil IL- 6rld lal .oa coE
cot. co' corc co- ;ot' ;ore corc' di

sioz ?4.63

Al'lo3 0.08

Tio2 0.06

FeO 36.12

MnO O:14

Mgo 28.8
CrO 0.19

NrzO 0.00

KrO 0.02

Cr2O3 026

3E75 38.26

0.12 0.11

0.o4 o.tl
21.06 2r.80
035 0.34

39.02 36.93

0.17 0.15

o.g7 0.12

0.00 0.00

0.2:t 0.08

34.96 38.24 38.60

o.vI 0.6 0.15

0.r0 0.28 0.o
37.& 21.83 21.19

0.s6 0.30 0.38

2536 3{1.82 39.11

0.18 0.22 0.ll
0.28 0.00 0.00

0.06 0.00 0.04

o.oo 0.00 0.15

38.52 10,19 t7.52 38.& 40.11

0.04 0.m 035 0.011 0'05

0.0{ o.g2 0.6 0'11 0.0r

19.61 13.66 4A.62 17.6 lL93
0.19 0.26 0.34 0.a5 0.25

4r.68 ,t5.3E 16.@ 4!.30 46'72

O.ll O.ll 0.3't 033 0'0E

o.0l o.m 0.8 0.09 0'00

0.04 o.m 0.G 0.(r 0.02

0.10 0.10 0.21 0'20

37.77 39.23 39.93

0.29 0.05 0.05

0.06 0.01 0.o4

3e.88 18.97 16.99

0.34 0.22 0.35

2ti6 4238 43.28

o.32 0.11 0.13

0.48 0,00 o.al
ooE 0.01 0.G

10"12 99.80 ss.go 100.42 n.7l 9g.?5 1m93 1m18 1m.37 lm.(r/ rm'E6
roml 1m32 1m.10 99.74

si
Al
Ti
Fe

Mn
Mg
c:
Nr
K
Cr

0.970 0.98E

0.06 0.m2
0.001 0.m2

0.8,t6 0'690

0.017 0.m0

7.rv 1.093

0.06 0.m5

0.000 0.015

0.m1 0.m2

0.006 0.m0

0.95 0.99E

0.m2 0.m4
0.m5 o.ml
0.OS 0..156

0.m6 0.@E

1.504 1.515

0.m5 0.m3

0.000 0.m0
0.mo 0.01
0,m0 0.m

1.003 0.995 0.9n
0.001 0.0c8 0.001

0.001 0.002 0.001

0.456 0.4'/4 0.419

o.w7 0.007 0.004

1505 1508 1.58E

0.005 0.004 0.003

o.0G 0.006 0.0m

0.000 0.000 0.001

0.004 0.002 0.002

r.004 1.065

0.0m 0.012

0.0m 0.001

0.2E5 l.gl9
0.0G 0.0(f,

r.5E9 0.691

0.0@ 0.010

0.0m 0.013

o00 0.002

0.002 0.0c

0.981 0.996

0.001 0.00r

0.m2 0.0m

03n 0.268

o.w7 0.06
1.631 1.728

0.009 0.0m

0.06 0.0m

o.wz 0.0m

0.00d

1.Or8 0.99E l.m
0.m9 0.001 0.m1

o.ml 0.m0 0.m0
0.940 0384 0.356

0.m8 0.m4 0.w
0.914 Lg7 1.519

0.09 0.m2 0.m
0.025 0,mo 0.003

0.m2 0.m0 0.m1

cooo zstE 2'906 3'q!---!4q 1956 L9,6 L993
TOTAL 3.025 9'gr7 L995 a9EE 3.000

lfr?s 76.76 76.8 n.r2 85.56 39'SMB* 58.20 55.14 76.07
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Microprobe mineral analyses

Senplc t(Ixil 9qX88 g(x,{EE glx){tB 9{XX8B 9qrtB 90ltB gqxt8
Typc Gnn Pyriie 4rritc PFit Pyxlic Pf'rib Pyrih Pyrlb

oxid dk corc cotr cor? corc coE uralt atclt

sior 4zB
Al20r 0.m
Tto2 0.m
FcO 8.62

MnO 0.10

MgP 49.82

C.O 0.G
NdO 0.01

K2Cr O.0l

Cr2O3 0.6

37.12 3750 37.{3
0.06 00r o.o2

0.01 0.13 0.05

n.45 26.76 26.6r

0.12 0.47 0.51

35.8 34.{E 35.10

0.15 0.18 O.t7
0.or o17 0.06

0.o{ 0.0r 0.01

0.21 0.00 0.12

37.29 37.73

o1,{ 0.09

0.10 0.6
2&% 25.8
0.34 0.42

3il92 :t602
ol9 0.19

o00 0.00

0.(B 06
0.o7 0.20

40.13 8.37
0.15 0.24

0.14 0.11

16.30 n.A
0.16 030
.11.08 39.76
0.It 0.33

0.13 0.09

0.&, o.g2

0.21 0.8

TOTAL 1008t 1(n75 yrrr 1q).(I7 99.91 99,yt 1m.65 99.8{t

sl
AI
TI
Fc

Mn
Mg
Cr
Ne
K
Cr

1.077 0.9s,
0.0@ 0.001

0.0@ 0.0m
0.t73 0.611

0.0@ 0.009

1.7t7 1.378

0.001 0.00{
0.001 0.002

0.000 0.001

0.001 0.004

r.(tro 0.995 0.993

0.m0 0.m0 0.m,1

0.o2 o.ml 0.m1

0596 0591 059r
0.010 0.011 0.6t7
t370 1390 1385

0.m5 0.m4 0.G
0.m8 0.M2 0.m0
0.m0 0.m0 0.il)1
0.m0 0.002 0.m1

0.96 1.014 0991
0.m 0.00d il0o7
0.m1 0.m2 0m2
0558 0386 0438
0.m9 0.0G o.w7
t.117 ts47 1531

0.m5 0.009 0009
0.m0 0.007 0.004
0.m0 0.00r 0000
0.@r 0.00{ 0.005

TOTAL L9l9t L9t7 L996 L995 L99' Lgn L994

Msf 91.15 69.28 69.6E 70.t7 59.E4 77.75 80.G V.76

Srnple qn54l 9qr5al 9lxls.l 9fi5{K 9005aK 9OO54K 9O0gK 9m5{K 9m5{K
TyF Pyxii! PFib Pplb Pylb PFil. fyrit! Pyritr P',:rtb Prdire

cora ooie cort cot! colt orid dk- oxld lct con cotc

sior 39.8E

Alrcr 0.04

Tto2 0.04

FcO 15.79
MnO O.n
MgP 9.c7
CrO 0.15
N.2O 0.m
K20 0.8
Cr2O3

40.19 ,ll.l0
0.o o02
0.01 0.4
14.13 tL98
0"Il o30
u,m 45.16

0.23 0.06
0.06 0.00

0'6 o.g7

37.95 38 38 ,O.19

0.06 0.m o01
0.05 0.m 0.01

2379 2dfi) 1053
0.39 0.3E 0.35

37.4 36E9 0.%
0.10 0,r5 0.09

0.6 0.04 0.00

0.05 0.m o.g7

0.o7 0.05 0.06

37.16 g.Xl 38.114

0.01 0.6 0.06

0.ll 0.(x 0.05

3E 96 8.67 2t.7E
0.37 038 0.38

xlu g7.u 39.08

0.21 0.13 0.t7
0.12 0.01 0.01

0,08 0.02 0,m
0.06 0.42 0.m

TOTAL 1m12 99.% lm.(r rm.15 lm,(B 9&67 9t 15 9,92 99.9t

sl
AI
TI
Fr
Mn
Mg
Cr
Ne
K
Cr

l.(xB l.o(x 1.019

0.m1 0.w2 0.m
0.0m 0.0m o.mr
0332 0.29 0.89
0.m4 0.tr7 0.m6
l.& 1.67'2 LAg
o.m 0.006 0.m1
0.00 0.002 0.m0
0.001 0.0m 0.m2

0.99,1 l.ms
o.mt 0.m2
0.m0 0.m0
0.520 0526
o.mE 0,m8
1.,{68 1.4{0

0.@2 0.m4
0.m2 0.m2
0.0r 0.m
o.mr o.ml

l.mo 1.0{6

0.m0 0.000
0.m0 0.002

0.21E 0.917

0.w7 0.009

1.763 0.95t
0.m2 0.w7
0.m0 0.006

0.m2 0.0&l

o.mr 0.001

1.001 0.997

0.001 0.002

0.000 0.001

0518 0.472

o00E 0.008

r.459 1.510

0.0Gt 0.m4
0.m 0.000

0.m 0.m0
0.000 0.(n0

TOTAL LYN LW2 L'N L997 a9E8 L9' L949 LgrO L99l

7334 73.?S 89.00 51.09 73.n 76.t9Mrt 8.ts E4.83 E6.19
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A3.3 Mount Murphy xenolith mineral analyses: Pyroxenes
Smple 9mrlA 9OO,|1A 9OO|1A 90fi1,{ 90O41A 9(n41A 9m41A 9qX1A 9(IX1A 9OO41A 9@41A 9@arA 9OO41A 9qx1C

Typc Gren Gren Gran Gra.n Gnn Gren Gren Gnn Gnn Gnn Grrn Gran Gran Grm
corc cort cot! cott cotc oxid r cot! cotG corc cotr core con symp con

sio2 31.47

AlZo3 330
Tioz 037
FeO totll 6.90
MnO 0.71

MSO l4.,tjl
CrO 22.72

Nr2O 0.6
K20 0.00
cao3 0.08

51.82 9r.n
z5l L36
0.27 0.29
6.U 6.v
o.r7 0.28

15.18 1.t84
2249 2353
0.6 0.50
0.02 0.04
0.11 0.20

51.51 51.63

3.26 2.97
0.58 0.38
658 6.il
o.20 0.n
13.74 tL73
2L85 ?4'56
0.6 0.63
0.05 0.02
0.63 0.20

51.20 52.06

1.95 2.n
0.55 0.28

7.97 6.39

o.z? 0.zl
18.26 lL57
18.45 22.96
1.33 0.4
0.03 0.m
0.00 0.15

49.51 52.35 51.80
4.45 LU 2s3
0.85 0.35 0.45

7.16 6.46 6.&
0.34 0.? 0.25

t4.6 71.71 t4.B
21.55 23.11 A.6
0.n 0.% 0.68
0.m 0.01 0.6
0.8 0.r9 0.41

51.28 5154
2.77 LA
03.1 0.28

638 6.52.

0.18 0.22
t4.22 14.68

22.57 23.41

0.6 0.65
0.01 0.02
0.22 0.23

55.35 5299
L4t 1.6{
0.06 0.35
7.E2 5.{l
0.33 0.20
33.E1 r5.U
0.28 2L47
0.12 0.41

0.04 0.01

0.12

Fe203
FeO

3.46
3.79

+24
3.03

3.92
274

l.E9
488

3.ZO U.U6

3.77 0.00
2.96

3.71

5.66 ZJ6 2./U J.tU {61 L6t J.U9

2.06 4.14 42r 352 L38 5.29 263

TOTAL 1{Xt12 1m.07 1m.6 1m.0{ 99.96 99.97 1m.O9 99.59 10034 1m35 98.92 1m.19 1m33 rqr.93

si
Allv
Atvt
TI
FcIII
FcII
Mn
Mg
Cr
Ne
K
Cr

1.916 1.920
0.0E0 o.so
0.061 o.Gl
0.010 0.N7
0.096 0.717
0.117 0.093
0.006 o.ms
0.792 0.87
0.897 0.892
0.47 0.048
0.0m 0.m1
0.0@ 0.m3

t.9r7 1.911

0.60 0.090
0.m6 0.62
0.008 0.016
0.108 0.052
0.084 0.15r
0.m9 0.66
0.819 0.759
0.83 0.908
0.G7 0.u7
0.m2 0.m2
0.m6 0.018

1.914 r.898
0.090 0.085
0.041 0.000

0.011 0.015
0.089 0.000
0.116 0.20
0.006 0.N1
0.813 1.006

0.896 0J33
0.045 0.096
0.001 0-002

0.006 0.000

1.924 1.851

0.0E0 0.150

0.043 0.0,5
0.00E 0.024
0.082 0.t87
0.114 0.061

o.w 0.011

o.w2 0.E16

0.909 0.863

0.049 0.057

0.000 0.007

0.005 0.w7

1.93,1 1.915

0.v70 0.080
0.fi'2 0.050
0.010 0.013
o.tn 0.08
0.17 0.130
0.008 0.06
0.809 0.776
0.914 0.913
0.040 0.049

0.0m 0.001

0.006 0.012

1.921 t.972
0.080 0.090
0.042 0.w
0.010 0.008
0.089 0.77
0.109 0.073
0.006 0.w7
0.794, 0.8r1
0.917 0.930
0.048 0.048
0.0m 0.001

0.ffi7 0.w

1.921 l.g,to
0.Bo 0.060
0.017 0.010
0.001 0.m9
0.973 0.0E5

0.153 0.G0
0.m9 0.m6
t.78 0.s42
0.010 0.959

0.m2 0.029
0.m3 0.m0
0.w7

TOTAL r.ozt {.Bl 1.{}29 4.m3 {.02a {.090 4.029 4.052 4.0x, 4.024 4.Oin {.040 4.02{ 4.q10

Wo
En
Fs

47.16 46.00 48.01

41,& 4.77 4L72
11.20 10.E3 9.E8

4E,78

4L83
8.39

48.05 47.92
41.57 4t.78
to.gl 1030

o57
1Lt2
10.31

,t8.55 {6.80 36.86 0.67
40.59 4L49 50.72 4L06
10.86 r0.7r 7L47 10.2E

L5.42

42.94

11.64

48.n
40.96
10.E2

0.s0
86.11

11.39

Senplc 900{88 900{EB 9m48D 90o46D 90qgD 9()0,|ED 9fiXED 9OOIED X)0{ED 9004ED 90o48D 9dXED gm{tD 900{6D

Typ" P)'xitc Pyxib P)'rite P''rih Pgtte Ppic Ptril,G Pl'xitc fyrib PFltr B'xit Pyxite Pyitc Pgile
corc cort corc coE cola Gotc cote cola col. corc cotc coE coc con

sio2 47.% 4E54
At203 7.62 7.47
Tio2 t7E 1.57

Feo totrl 777 7.65
MnO 0.16 0.34
MgO l2.A 12.63

CeO 19.98 2035
N.2O 1.04 1.01

KtO 0.01 0.02
Cr2O3 0.41 0.33

45.52 47.49 M.37
8.59 7.73 0.04

L6t 237 2.31

8.69 E51 5.75

0.30 0.0r 0.29

1Z5s 1zJ2 1255
20.65 20.36 20.72

1.04 0.97 0.99

0.04 0.02 0.02
0.15 0.00 0.t7

47.11 45.91

9.21 8.77
3.r0 z.%
E.37 8.92
0.16 0.2r
ll.El 1218
20.01 N.42
1.02 t.g7
0.8 0.G
0.13 0.11

47.8 6.4
E.34 8.63

2.61 2.O
8.26 8.74

0.2r 034
lLO rL0,
20.16 20.m
r.05 1.01

0.00 0.01

0.26 0.8

45.!6 47.U
8.81 7.97
L65 236
8.10 7.97
036 0.24
lz51 12.m
20.30 21.06
l.l8 0.9E

0.01 0.06
0.12 0.13

o.a 46.40 6.26
8.48 8.24 8.81

275 LS6 Ls4
7.9r 8.45 8.26
0.22 0.26 0.4
12.09 lz48 rz20
2055 20.,t1 20.53

1.02 0.9E l.l8
0.01 0.02 0.0r
0.20 0.42 0.18

f€203
FeO

L46

'JJ

ZIU
5.69

6.,16

285
z9L
5.90

g.9t
75,0

5.ll
4.32

Lv)
5.fl

6.W
L6

l.ut
6.29

4"Zt
4-66

L94
3.81

2b4
5.69

z.(D
6.4

5.5U

3.73

TOTAL ,9.9r 1m.15 99.97 9ZU 100.95 1m.46 10026 10q{4 99.t9 10021 1m.65 1m.$ 1@.20

si
Allv
Alvl
Ti
FelIl
Fell
Mn
Mg
Ce
Na
K
Cr

r.79t 1.8&
0.210 0.200
0.1?6 0.t27
0.050 0.043
0.069 0.60
0.173 0.176
0.005 0.010
0.76 0.699
0.800 0.810
0.0n o.a7r
0.0m 0.m1
0.012 0.@9

r.7to t.n3
0.290 0.Bo
0.090 0.110
0.475 0.066
0.181 0.61
0.68 0.183
0^010 0.m0
0.702 0.06
0.830 0.E14

0.4/3 0.oo
0.m2 0.m1
0.m5 0.m0

t7t9 1.740
02& 0:60
0.095 0.140
0.065 0.086
0.156 0.027
0.116 0.231

0,009 0.m5
0.701 0.650
0.s2 0.792
o.or 0.v73
0.001 0.001

0.005 0.004

r.716 L7A
0.2EO 0.2&
0.106 0.15
0.080 0.w3
0.1,12 0.057

0.134 0.19
0.007 0.w7
0.678 0.669

0.817 0.E04

0.fJ78 0.t76
0.001 0000
0.003 0.w7

L7N L7l3
0.26 0.290
0139 o.lm
o.uB o.tn
0.0E4 0.t68
0.187 0.083

0.011 0.011

0.67t 0.707
0.798 0.817

o.on 0.066
0.00 0.0m
0.0s 0.0(B

r.76 1.755

o.2n 0.240
0.717 0.129

0.065 0.976
o.o1 0.60
0.1n 0.194

0.008 0.w
0.66E o.ffi
0.842 0.815

o.w 4.973
0.0@ o.ml
0.004 0.@5

r.iBo 1.729
o.To o.70
0.092 o.llE
0.(B0 0.u71
0.tt7 0.138
0.144 0.118
0.m8 0.N7
0.693 0.579
0.815 0.822
0.s71 0.086
o.ml 0.m0
0.012 0.m5

TOTAL 4.077 {.m0 4.0s5 4.m4 4.050 ,t.00E {.0{1 ,f.015 {.(X6 4.(xE 4.0x2 {.m2 {.(!3 {.0{3

Wo
En
Fs

45.n
40.39
13.&l

4639 45.09 45.88
40.29 3E.9E 39.2,t
13.01 14.93 1{88

4&6 ,16.5E 46.14 46.49 45.57 16.21 O.89 47.24 {6.0E 46.78

38.64 38.24 38.26 9.70 38.56 39.A 37.99 38.62 39-16 38.65
t'.o 15.18 15.5E 14.61 15.57 14.19 14.11 14.14 lL76 t1s7
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Micronrobe mineral analvses

SAMPLE g(xxlc 90ot1c 90s1C 9mr1c 9o04lc 9m{1G 90041G 900arc gqxrc 9@t1c 9oorlc 9{rx1c 9@{1t 9@{tt
Typ. Gnn Gnn Gnn Gren Gnn Gra Gnn Gnn Gnn Gnn Gnn Gnn Gren Gren

core core con coE coE coE corc coro cot! cot! corc core oxld r orid r

sio2 52.6
At20t 1.83

Tto2 0.40

FeO totd 5.70
MnO 0.19

MgP 15.26

cJo 8.43
NIZO 0.49

K20 0.0{
Cr2O3

53.26 Er.fi 5r.75
1.49 3.67 3.98
036 0.95 0.94
4J6 5.30 4.70
o.27 0.19 0.11

15.39 15.65 14.E:t

24.55 2:2.74 2255
0.45 0.67 0.59
0.02 0.01 0.01

0.49

51.2{ 523it 5r.4r
3.E0 3.85 3.63
0.78 0.73 0.7s
474 4.t7 4.51
0.08 0.00 0.21
15.50 15.07 1s.69

tL85 22.08 4,42
0.65 0.52 0.60
o02 0.31 0.00
0.60 0.78 0.68

il.20 51.33

209 2.7
0.09 0.13

tz06 12.53

0.3,1 0.32

29SO 8.54
0.6,t 0.63

0.10 0.o
0.G 0.@
0.35 0.22

50.62 49.*
2.8 554
0.16 1.39

5.09 6.%
0.05 0.21

15.21 14.6
24.e n.y7
0.4 0.52
0.m 0.05
0.01 0.10

53.57 4737 53.&
2.45 9.39 Lts
0.21 0.42 0.ll
4-27 5.70 5.99
0:0 0.19 024
15.81 t3X8 19.{t
2L9r 2t.76 ti.O
0.40 057 0.34
0.@ 0.04 0.m
0.1E O.gt 0-0€

feZO3 L:g zJl s,Ul tJ,/4 3.ZO

FcO 3.56 2.67 L59 40,1 1.86

o.q) 3.77 L.TJ l.E7 5.6
417 1.12 1050 10.87 0.00

0.m 45s I49-
4.21 1.60 /1.65

2.fr
4.53

TOTAL 10001 100s5 99.59 lm.(X 7@.2 99.8,1 100.90 9.{0 100.05 99.96 s9.r3 n.96 99Zt 1m.02

si
A|ry
AIVI
Ti
FeIII
FclI
Mn
Mg
Cr
Ne
K
Cr

1.9,t3 1.952
006() 0.050
0.020 0.01.1

0.010 0.009
0.06 0.064
0.109 0.082
0.010 0.008
0.838 0.E40

0925 0.9A
0.66 0.82
0.w2 0.000

1.8E5 1.901

0.110 0.100
0.s0 0.069
0.m6 0.08
0.083 0.m0
0.079 0.124
0.@6 0.m
0.650 0.811

0.875 0.87
0.0{j} 0.u7
0.@0 0.000

0.013

1.8E2 1.916

0.120 0.G0
0.044 0.085
0.421 0.019

0.68 0.000
0.67 o.Ln
0.m2 0.m0
0.u7 0.E12
0.899 0.W
0.016 0.87
0.m0 0.014

0.017 0.v12

1.t7E r.937 1.934
0.120 0060 0.v70
0.cEl6 0.0a 0.0T2
0.020 0.002 0.0(B
0.lB 0.045 00{9
0.034 0.321 0322
0.006 0.010 0.009
0.E54 rS70 r.557
0.915 0.0?4 0.023
0.u2 0.006 0.004
0.000 0.001 0.00r
0.019 0.009 0.005

1.E80 1.836

0.120 0.160

0.0m 0.g 78

0.005 0.0s8

0.158 0.974
0.0m 0.140

0.001 0.006

0.8q7 0.809

0.982 0.833

0.G1 0.87
0.00 0.04
0.0m 0.0@

1.956 1.76t 1.948

0.050 0.2{0 0.060
0.0'1 0.177 o.Gi
0.006 0.011 o.ffi
0.0m 0-126 0.0{r
o.la 0.049 0.141
0.006 0.m6 0.w7
0.861 0.763 1.60
0,897 0.866 0.78
0.028 0.04r 0.924
0.001 0.m2 0.o0
0.06 0.m2 0.m2

TOTAL 4OI9 4.015 4.Vr7 {.qn {.ql3 3.909 1,023 {.013 4.0(x) 4,Vt4 1.0v 3.993 4.n2

36i3
g.?6
9.41

Wo 47.n 49.4
En 49.24 {(l.6
lis 9.G 7.49

,16.13 ,4S.15 17.54 47.71

8.54 7.82 7.O 7.m

4E.CB LN
4478 80.05

7.18 1E.73

1.77 $.2. 4.ffi
n.gt 44.& 41.6r
1E.92 7.75 l1.5il

47.55 48.02

45.63 42.28

6.82 9.70

slvpL
Typ" fyxite PJndt F:dltc P]':ite Grrn Gnn Gren Gtrn Gnn Gnn Gran F)nire Pyrtb pFite

colc cotc cota coro cott con corrt cotg cora core core cota coE coE

SiO2 ,5.54 46.@ 46.25 46.8
A1203 854 851 E67 8.75
Tio2 Ln 2.E8 263 L69
FeO totel 8.88 7.87 8.54 8.89
MnO 0.30 0.26 0.12 0.15
MgP 12.24 12.53 lLrz 12.00
C.O n.54 20,4 20sZ 2030
Ne2Cl 1.6 1.09 LO l.l7
K20 0.00 0.0r o0l 0.04
Cr2O3 0.09 0.13 0.30 0.26

48.67 4632 46.50 47.2r ,19.94

7.U 8.,r8 8.62 7.59 3.20
1.84 Z6t 2.73 25r 0.76
8.91 &32 8.,(} 8.62 9.84
0.21 0.29 0.r7 0.31 0.30
11.93 tL37 lZlE r2.& 13.22

20s7 20.00 19.90 19.90 D.-r6
0.83 1.19 r.21 1.06 0.?
0.02 0.00 0.01 0.0{ 0.01

0.r4 0.t7 0.6 0.6

o.g 49.99 48.O 49.19 47-75
6.12 ?.49 Es? 6.E5 8.80
l.60 0.50 1.51 0.85 1.79
9.30 10.54 7.13 650 7.76
0.3{ 0.59 0.20 0.77 0.6
l3.,t0 13.2,1 13.42 l,l.8il 13.{/
n.n 21.59 19.90 zr.Lt 19.20
0.81 o.g 0.84 0.{? l.(B
0.6 0.01 0.00 0.m 0.06
0.m 030 022 0.30 0.2r

EoO 3.47 97a LO 434 8.rO 8.32 5.0t 5.35 6.82 3.61 5.6 S.sr 3.ZS LV

TOTAL 9.95 99.63 10.64 1m.28 lm.m 99.71 99.95 99.92 yr.76 99.Xt 99.y 1o0.3r 1m3E 1m.5,1

sl
AilV
AIVI
Ti
FeIII
FrlI
Mn
Mg
Cr
Nr
K
Cr

1.714 1126
0290 0.270
o0E9 0.106
o.a8 0.081

0.1(a 0.12A
0.16 0.115
0.010 0.008
0.87 0.69
0.8a 0.E22
o.gn o.wl
0.0@ 0.00
0.0@ 0.004

t.724 r.7t
02ffi 0.70
0.101 0.117
0.o1 0.9/6
0.13E 0.141
0.125 0.135
0.04 0.005
0.93 o.Qr
0.835 0.816
o.gn 0.0E5

0.m0 0.m2
0.m9 0.w7

1.815 7.n8
0.180 0.2fi
0.130 0.115

0.60 0.s74
0.m5 0.m0
0.42 0.251

o.w7 0.m9
0.663 0.697
0.E2:2 0.m4
0.061 0.086
o.ml 0.m0

0.at

lJ39 1.76
0.260 0230
0.120 0.105

o.cn o,an
0.106 0.101
0.155 0.166
0.005 0.009

0.679 0,7a
0.797 0.797
0.087 0.0n
0.001 0.002
0.00s 0.001

1.885 1.7C7

otr0 0.210

0.@2 0,064

o.w2 0.0,15

o.@1 0.176
0.214 0.112

0009 0.011

0.7u 0.7fi
0.896 0637
0.020 0.060

0.0q) 0.06
0.002 0.0@

1.8% 7.7U
0.110 0.2n
0.0m 0.147
0.01,1 0.0't4
0.171 0.97
0159 0.1E2
0.019 0.m5
0.747 0.7%
0.876 0.76
0.050 0.059
0.001 0.0m
0.009 0.006

1.812 r.78
0.190 0.240
0.104 0.134

0.c'24 0.049
0.64 0.092
0.115 0.ro
0.m5 0.014
0.Et3 0.7&
0.87 0.761
0.Gt0 0.4t2
0.m1 0.m
0.m9 0.m6

TOTAL 3.9!15 4.@1 {.0{1 {.ottz 4.06 4.0t1 {.029 4.0n 4,0n 4.056 4.051 {.009 4.m. f,glE

4.64 ,t4.E5

40.01 9.26
t5.35 16.89

45.90
39.41
15.0s

162E
38.06
15.&

Wo
En
Fs

o.6 16.57 A.tE
3r.a 39.A 97.98
l2.O 13.82 l,l.E {

{665 45.7E

t7.6X 39.35
15.72 1,186

45.09 {5.01
39.E1 36.18
15.10 15.81

,15.11 4526 43.67
12.37 U.45 42.67

12.58 9.78 137r
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SAMPLE 9@{1t goD|rl 90oa1l 9O041I g{'o{ll 9tX}444 90{/rA 9(I}444 9{XX4A 90O,l,lA gfiXttA 9O044A 9qX4A 9(ntlA
TyF Gren Gren Gran Gren Gren Plait Pyrite Pydte Pyrdtc Fyrtr. PFit Ptaib Plxit! PFit!

cola cot€ corc colg cota cole cote (orc colt conE core colt con! coE

sio2 52.2E

A1203 350
Tio2 0.50
FGO iorrl 350
MnO 0.14
M8O l6.m
CeO 23.39

Ne2Ct 050
Kro 0.03

ct2o3 0.59

/18.49 46.44

7.07 9.8
1.53 1.77
3.E9 4.n
0.10 006
15.14 13.EE

2239 2L81
059 0.51

0.04 0.01
o.79 0.69

47.97 50.€
E.22 3.90
\M 0.87
3.42 ,1.45

0.10 0.10
15.29 15.18

2212 B.t8
0.65 0.84
0.m o.02
0.81 0.61

53.43 50.30
5.17 6.97
o.y 0.80
9.97 LU
0.18 0.17
28.99 r4.U
0.9r n.45
0.15 r.ct7

0.00 0.m
0.2r 0.15

50.42 51.17 53.E9

6.61 6.4 S.A
0.v 0.81 0.16
4.62 455 9.90
0.06 027 0.29
t4.76 r1.Q 29.11

20.95 20.53 0.99
1.15 1.06 0.t7
o.fl 0.01 0.0t1

0.39 059 029

5036 50.65 53.17

6.74 690 5.3{
0.72 0.85 0.19

Ln L78 10.16

0.14 0.17 032
1453 1L7E 2934
20.96 20.y 0.85

1.11 1.12 0.12
0.8 0.00 0.04

0.56 055 0.40

53.16

5.?5

0.19

9.55

0.8
8.49
0.92

0. l2
0.03

0.28

Fc2O3
F"O

1.66 3.36 L99
2.00 0.87 0.26

4.94 0.00
0.00 9.97

3.80
0.00

t.62
3.3E

0.65

9.6
zfi
1.S

037
1.21

o.00
9.90

LL\
285

1.24
3.6

o.69

9.26

TOTAL 1006t 1m.06 100.07 lm.B 99.87 99.28 99.69 9.% 99.t6 1m3t 1m11 1@,04 lm.(r/ 9.93

sl
AIIV
Alvl
TI
FclIl
Fell
Mn
Mg
C.
Ne
K
Cr

r.9@ l-ru
0.1m o.?20
0.050 0.60
0.016 0.o{4
0.0{5 0.096
0.061 0.m6
0.00,1 0.m2
0.867 0.829
0.911 0.8E1

0.035 0.or0
0.001 o.ml
0.019 0.u22

1.720 r.E9
0.280 0.2,10

0.110 0.120
0.046 0.G19

0.137 0.116
0.m9 0.m0
0.m2 0.m
0.765 0.835
0.904 0.86E

0.042 0.045
0.m0 0.00
0.019 0.9?,3

1.866 t.E91

0.130 0.110
0.040 0.110

0.02.1 0.Wz
0.152 0.0m
0.000 g29s

0.003 0.005

0.836 15n
0.930 0.034

0.060 0.010
0.000 0.000
o.or7 0.005

1.8,t4 1.880

0.150 0.120

0.140 0.10
0.021 0.005

0.045 0.017

0.104 026E
0.005 0.0s
0.799 1.554

0.803 0.034

0.075 0.0c
(}000 0.001

0.012 0.w7

1.845 1.860 1.898

0.150 0.1,10 0.110
0.1,() 0.150 0.100
0.020 0.021 0.00
0.065 0.010 0.0m
0.o6 0.128 o.zm
0001 0.0G 0.010
0.806 0.794 1.324
0.821 0.799 0.@6
0.0E1 0,974 0.010
0.0s 0.000 0.@1
0.011 0.016 0.010

t.us 1.E48 t.971
0.150 0.150 0.130
0.140 0.150 0.090

0.019 0.s23 0.m5
0.060 0.64 0.u21
0.G5 0.tr2 0.m
0.m4 0.@5 0.m9
o.n2 0.ff)3 1.5{1
0.822 0.792 0.@2
0.4/7 0.479 0.m6
0.001 0.m0 o.ml
0.019 0.016 0.011

TOTAL {.011 4.@4 4.(B6 {.(xE 4.05E 3.996 {.(x}t {.001 4.077 4.0,m 3,984 4.m{ {.o12 4.m

Wo
En
Fs

,18.35 /4.09 49.81 47.72 ,18./19 1.83

46.m $.25 ,1215 45.90 4359 Ez29
5.63 66 8.04 6.3E 7.9?. 15.68

45.6 1.82

45.63 82.C7

E.51 15.2.

#.u 46.76 1.95 46.73 45.49 t.7r
45.59 45.O 82.38 45.03 46.t2 8232
7.95 7.97 15.6E E.74 8.39 15.97

SAMPLE 900t4C 90054C fi)54t 900s4t 900ttl 9003t1 900tll 9009|1 9m5{l 9qE4I 9m54I 900t{l 9m5{l 900541

Typ" Fyrit€ P)'rltG Plaite Pglh PFite Pl'Iit Pyrib Pyxile FFioe Pydte P).xli! P).rite P)ryile Pyrlr!
core cole orld orid cor€ orid cort- exsol cora cole cor€ cott con con

sio2 48.{L 4791
A1103 8.28 8.62
Tioz 1.,13 1.74

FeO totrl 6.92 6.75

MnO 0.26 0.20
Mto l3.El 1336
C.O 19.E€ 2030
Ne2O l.g7 1.04

K20 0.19 0.02

cao3 0.16 0.10

48.97 4E.3:i 8.71
5.34 6.35 7.75
1.56 1.55 1.38

5.74 6,65 6.12
0.15 0.13 0.27
Irt88 14,14 14.22

2L22 20.91 20.20

0.42 0.55 r.U
0.02 0.111 0.o4
0.36 0.66 0.{}

4E.Xt 8.75 53.41

725 6.49 49
1.69 0.9E 0.28
6.05 6.17 10.50

0.15 0.19 0.8
t3.70 14.91 E.D
lLU 19.41 1.8
0.46 0.y7 0.lr
0.05 0.06 0.m
0.39 0.68 0.A

o.7r 49.08 4E.39 48.87 19.07 50.61

E.46 7.72 6.fi 8.06 8.47 5.69
1.65 1.44 7.78 r.32 r.67 1.30

5.74 6.V2 7.r0 5.86 5.50 5.11

0.21 0.17 0.t7 0.20 0.06 0.16
13.98 14.0 13.63 14.17 1405 15.31

19.99 20.19 zl.V 20.26 2O.A 2l.l,l
7.32 1.,r1 0.82 1.19 r.vl 054
0.G 0.@ o.fiI 0.00 0-00 0^02

EcO 337 3.90 262 3.31 2.A 4.43 3.78 9'68 l.SS 2.44 3.21 L64 t.68 L57

TOTAL 10041 lm.ot 99.65 99,71 100.!' 100.U 9E.50 1m4E 99.8 10005 10G28 99.94 1m.10 99.K

si
AIIV
AIVI
Ti
FeIll
Fell
Mn
Mg
Cr
Ne
K
Cr

t.7w Lnl
0.2n 0.230
0.133 0.146

0.039 o.fiE
0.109 0.s7
o.rG 0.120
0.m8 0.m6
0.7@ 0.736
0.76 0.EO1

0-075 o.sls
0.m9 0.ml
0.004 0.m

1.815 1.79E 1i90
0.190 0.210 0.210
0.0{8 0.068 0.132

0.044 0.0$ 0.039

0.096 0.1tr1 0.100
0.fl10 0.102 0.0E5

0.m5 0.m4 0.008
o.&t2 0.800 077E
0.682 0.E33 0194
0.d11 0,040 0.9/8
0.m1 0.tr7 0.002
0.011 0.019 0.013

1780 1.831 1.879

0220 0.170 0.130
0.100 0.117 o.gn
0.053 0.028 0.w7
0.050 0.073 0.02,r

0.136 0.115 0.2ffi
0.005 0.006 0.w
0.753 o.ElE r.534
0.87? 0.76 0.0#
0.83 0.070 0.w
0.002 0.000 0.0m
0.011 0.020 0.012

LM L8,g7

0.29 0.190

0.1,10 0.1/14

0.045 0.039

o.l29 o.ln
0.0,4 0.975
0.006 0.005

0.n4 0.767

0.796 0.795
0.095 0.098

0.001 0.001

1.796 t,n8
0.2m 0.200
0.088 0.149
0.(X9 0.036
0.120 0.081

0.099 0.m6
0.0G 0.096
0.7s3 0.m
0.E65 0.798
0.058 0.0E4

0.001 0.o0

7.n6 1.853

0.200 0.150
0.165 0.099

0.ot5 0.86
0.65 0.016
0.112 0.140
0.m2 0.m4
0.76 0.834

0.786 0.828

0.086 0.G8
o.mo 0.000

TOTAL {.034 4,C16 4.024 4.U26 4.029 {.015 4.017 ,1.0G 4.oE7 4.031 4.O34 4.gn {.or3 3.9t

45.51

45.E7

8.5E

46.01

46.75

s.2t

{3.t9
6.r5
10.67

46.92
43.77

9.36

Wo
En
Fr

U.73 ,16.01

8.n 42.14

12.06 lt.Es

45.31 45.17 48.15
,13.53 41.8 47.57

11.16 10.56 10.2E

2.43 49.56 45.56 47.@
E1.16 44.n (}.90 40.99

16.,11 10.13 10.53 11.92

45,72

&56
9.71
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Microprobe mineral analyses

TyF Pyxite Pyrie P'.xib PFite l)rritt Pldttr Pyrit! Pyxlrr
cot€ cota cont coR conl colc 30tG cotc

sio2 52.49 49.57

41203 531 7.t4
Tio2 025 0.95

FcO totel 10.33 4.61

MnO 0.3E 0.19
MgO 8.6 14.6
C.O 0-% 21.11

Ne2O 0.10 1.26

K2C) 0.92 0.02
Cr2O3 0.3{ 055

Fro E.00 0.86 200 5.01 ,L,14 6.22 239 4.m

TOTAL 9.83 10027 9933 r(n.4! 99.90 1qr.89 99.90 1mr9

49,74 ,t8.05 ,18.16 19.22 46.55 6.62
696 7.41 7.t3 7.25 9.S 7.88
o83 1.96 1.E2 1.59 Ln 153
4.69 8.43 7.9t 7.69 5.58 7.6
0.0{ 0.19 0.26 0.8 0,r5 0.12
14f,9 1250 7299 1248 tZTt t3.6
20.46 2054 20.50 20s7 21.39 n.B
1.20 l.ts t.t7 l.l0 1.02 1.(5
0.00 0.00 0.02 0.02 0.02 0.6
0.58 0.20 0.01 0.72 0.a o.g

si
AIIV
AIVI
TI
Fclll
FcII
Mn
Mg
Ce
Nr
K
Cr

r.859 1.616 1.632 L7a6
0.1,10 0.180 0.170 0.210
0.080 0.130 0.130 0.11,t

0.006 0.026 o.aB 0.0tr
o.oe 0.120 0.(E2 0.105
o.% 0.026 0.061 0.154
0.011 0.006 o.ml 0.m5
1.564 0.8m 0.811 0.92
0.(E6 0.E2E o.Kn O.Er7

o.wl 0.069 0.65 0.82
0.0u) 0.0m 0.m0 0.m0
0.009 0.015 0.017 0.m5

r.795 1.813

0.200 0.190

0.113 0.t24
0.051 0.044
0.197 0.0{5
o.t37 0.191

0.o8 0.w7
0.720 0.685
0.E1E 0.E11

o.v7 0.o8
0.@0 o.ml
0.m0 0.a20

r.732 l.ru
0.270 0.210

0.125 0r3r
0.056 0042
0.129 0.093

o.s74 0.122
0.004 00(B
01u 0.70
0.852 0.79E

0.a74 0.o4
0.000 0.n2
0.013 0.019

TOTAL tl.0l7 {.&t6 ,1.{|19 4.t71 4.V26 {.m9 {.(B4 {qB

Wo
En
Ft

l.E9 6.67 ,S.tli) 6.21 45.90
8Zl0 45.10 ,16.05 39.14 410.$
16.01 E2t &12 t.1.65 73.69

46tz 8.4 45.8
39.55 40.02 AS2
13.63 ll5,l rL24

SAMPLE 9m5{t 9(n5a1 905aK 9mS{K 9005{K gmrtK gqrrtK 9mt4K
TyF PJxlh P)rrdh P,'xtb PFite Pl|rib PFib Il/In h|Itr!

coro cona coE colt cott cota cotG cotc

sfo2 Ltl
A1203 E.4
Tioz LX
FaO totrl 5.Sz

MnO 0.20
MBP ll.@
C.O 20.15

N.2C, 1.33

K20 0.06
cI203

50.5 ,r6.rIt o.46
774 8.21 E.36
r37 205 205
5.33 6y 7Sl
0.12 01{ O22
tdt3 13.19 tL43
20.$ 2la0 2054
132 0.45 0.99
0.04 004 000

0.q, o.t7

{t.70 0.8
7.tg E.45

1.98 1.95

670 7.26
0.16 0.18

1335 lXEl
22f6 21.06

0.42 1.00

0.8 0.02
0.19 0.04

47.79 45.90

8.,f1 832
1.74 t.87
7.25 7.9
0.22 0.8
13.13 tL92
20.86 20.8E

o.g7 0.8{
0.01 o.ts
0.12 0.n

Fc2O3
FcO

3.7!
2.t9

L79
336

3.24

3.7E

450
3.21

,1.09

352
4.52
3.58

L49 2-63
+t2 5.1{

99.96 1(xL9{' 99.m 99rl 1003t 99.15 10037 9.t6

si
Altv
AIVI
TI
FcltI
F:ll
Mn
Mg
Cr
Ne
K
Cr

r.794 7.821 r.754
0.210 0.t$ 0.250

0.155 0.151 0.112

0.97 o.mr 0.c87
0.101 0.060 0.v0
o.0g o.tgz 0.125

o.ffi 0.08 0.m{
0.76 0.7A 0.n6
0.792 0.801 0.874
0'096 0.62 0.@2
0.002 0.001 o.ml

0.0r

1.76 Lnl L754 1.758
0,m o,ao 0.250 0.2&
0.137 0.84 0.121 0.126
0.67 0.055 0.65 0.0/t9
o.gB 0.090 o.tE 0.113
0.159 0.117 0.099 o.l$
0.m6 0.m4 0.m5 0.m6
0.6'0 0.28 0.n0 0.78
0.819 0.901 0.839 0a3r
0.s7t 0.@0 0.o7s 0.0at
0.m o.ml 0.m0 0.000
0,005 0.m5 o.ml 0.06

r.750
0.250
0.115

0.63
o126
0.r11
0.009

0.7rE
o834
0.62
0.001

0.006

TOTAL L026 t.019 r,m6 4.u5 \m6 {.(B2 1.027 d035

16.62

{0.13
t3.25

46.8
44.24

9.38

Wo
En
Fc

{5.E9
{4.38
9.73

4E.42 17.U 48.81 t7.32 #.77
40?8 39.53 39.96 ,10.05 40.t7
10.E0 133:t n.2l 12-63 rL42
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A3.3 Mount Muwhy xenolith mineral analyses: plagioclase

Smple 900{1A 9(Xt{14 9ml1A 90ol1A 9qX1A 9(X}41A 9@{1A 9041A 9m{lA 9qX1B 9@l1B g(X}alB 900418 9{n418

Typr Crrn Gren Grln Grm Gru Gren Gren Gnn Gnn Gren Gren Gren Gr.n Gnn
corc con co!! cort corc corl vein corc nclt cole core cot! corrG con

sio2 49.73 49.63

A1203 31.59 31.61

Tio2 0.09 0.05

FeO 0.19 0.7:L

MnO 0.02 0.05

MgO O.a7 0.gl
CaO 74.6 14.93

Ne2O 3.69 3.53

K20 0.05 008

49.70 48.73

31.94 3233
0.01 0.05

0.1E O.E
0.05 0.03

0.05 0.11

14.46 ld88
3.65 3.65

0.00 0.12

49.&l 48.63

3r.47 3LW
o.a7 0.0E

o.lE 0.@

0.00 0.97

0.04 0.00

1d14 15.,t4

3.7E 3.34

0.06 0.09

.o.63 47.92

31.&t Kl.ll
0.14 0.m
0.19 0.8
0.ol 0.01

0.01 0.ql
14.10 $.m
3.75 2.97

0.08 0.06

sr.rt 47.6
30.6 3L
0.G 0.o5

0.19 0.14

0-m 022
0.0t 0.04

u.a 15.9{

LZ 3.t5
0.47 0.&

u.99 47.87

3{.95 3334
0.00 0.G
0.13 0.20

0.10 0.02

0.03 0.05

18.12 15.93

131 3.10

0.0,1 0.04

45.94 45.91

3453 3.L50

o00 0.m
0.12 0.12

0.01 0.10

0.01 0.02

18.,15 l7.gl
150 1.58

0.04 0.a7

TOTAL 1q109 1m.25 lq).(x 1q1.1{ 99.57 99.60 99,76 1m0{ 1m02 99.35 9.6 1m.s9 1@.@ lm.17

si
AI
TI
FG

Mn
Mg
Ce

Ne
K

2.2e L266
1.69E t.7m
0.0m' 0.m2
o.N7 0.m9
0.001 0.m2
0.06 0.m2
0.715 0.730

0326 0.320

0.0G1 0.@5

2.239 2.82
1.718 1.715

0.m0 0.@2

o.w7 0.m9
0.m2 0.001

0.m4 0.008

0.7s7 0.n0
0323 0324
0.m0 0.fi7

22E2 2.235

1.69E 7738
0.002 0.003

o.w7 0.0@

0.000 0.0Gt

0.0m 0.000

0.694 0.7&
035 0.297

0.004 0,005

22fi zlg'
1.714 t.790
0.005 0.0cxt

o.w7 0.001

0.m2 0.0m
0-001 0.w2
0.60 0.771

osl2 0.264

0.005 0.004

2.334 L|n
1.518 1"7U
0.001 0.001

0.w7 0.06
0.0m 0.06
0.(n1 0.w2
0.699 0.78
0.376 0.283

0.00{ 0.002

2081 zL'd4
1.96 r.nz
0.0m 0.01
0.004 0.w7
0.0ft, 0.m0
0.092 0.m4
0.8c1 0.n8
0.177 0.23
0.0@ 0.02

zt08 Lt12
t.%7 t.t70
0.m0 0.m0
0.m4 0.m,{
0.000 0.m4
o.mo o.sr
0.906 0.6E0

0.133 0.1,10

0.@2 0.m4

TOTAL t.oxl 5.(B4 5.(B1 5.042 t0a3 t0t1 torl 5.052 5.011 5.O11 5,015

An
Ab
Or

68.54 69.t9
31.20 303E
0.26 0.&

58.64 66.80

31.36 30.55

0.00 0.65

67.rE 7752 A./2 74.6
32.48 497 32.31 25.39

0.34 0.51 0.47 0.%

61.6 73.6 88.29 73.88 87.8 85.94
y.96 25.35 11.52 893 rL78 13.67

0.3E 0.19 0.20 o.le 0.19 0.39

Searple 9G41I 9m411 900{11 900trl 90ol1l 9o0{4A 9q}$B 9qxtB gm$B 90o488 9@lSD 9m4tD 9m4tD 90o48D

Typ" Gnn Gnn Gren Gm Gren Pyritc PFltc P''dte fFitc qfrib PFib Plalte PFit! Pyxlt€

src con corc orld oxld splnel r corc odd nclt m.lt ln€lt orid corc corc

sio2 48.G 18.79

At203 35.8 32.47

Tio2 0.01 0.gl
FcO 0.12 0.13

MnO 0.00 0.O5

MgO 0.Ol 0.05

Cro 15.54 1555
Ne2O 3.19 L77
K20 0.6 0.u7

0.67 56.E3

3Zn E.&
0.6 0.ll
0.15 1.00

0.o4 0.01

0.06 0.22

16.66 8.55

Lt? 5.53

0.10 0.60

45.75 53.24

:B.,13 28.57

0.@ 0.11

0.E2 0.E2

0.09 0.o
0.14 0.21

17.40 11.97

t.62 5.99

0.o 0.26

5263 50.36

29.OE n.E7
0.o 0.16

0.5E 0.61

0.01 0.G
0.s 0.14

11.18 14.,14

5.E8 3.55

0.3t 0.13

50.51 49.6
30.4{ 3r.l5
0.19 0.77

0.n r.09
0.6 0.08

0.1,t 0.15

13.s4 13.31

4.gt 4.76

0.21 0.21

50.86 52.44

29.62 28.84

037 0.31

0.v7 0,68

0.11 0.09

0.17 0.97

13.o1 ltn
4.49 5.26

0.8 0.40

5L94 5L26
29.01 29.67

0.r9 0.18

056 0.$
0.r7 0.12

0.08 0,04

11.66 tZ17
499 5.39

0.30 0.gl

TOTAL 1m{5 99.E6 99.9 99.95 100.Ar 9.E1 99.E{' 1m07 10011 99.E6 1m.05 99.90 10.5t

si
A]
Ti
Fe

Mn
Mg
Ce
Ne
K

LlvJ 2.83
1.802 1.748

0.0m 0.@2

o.oot 0.@{
0.0m 0.m2
0.002 0.009

o.7a 0.762
o.zEz 0.245

0.001 0.m3

2.194 2.591

1.780 1.975

O.ml 0.m,1

0.m6 0.88
0.m1 0.m0
0.m4 0.015

0.822 0.422

0,189 0.497

0.m5 0.cs5

2.129 L4r6
1333 tS27
0.001 0.0q)
0.G2 0.c10

0.004 0.m2
0.010 0014
0.867 0538
0.146 0526
0.004 0.015

2399 L36
1.562 1.638

0.N2 0.005

0.02:t 0.0?,,
0.000 0.001

0.005 0.009

0.545 0.708

0518 0315

oou o.w

2313 Ln5
Lut 1.580

0006 o.fib
0.034 0.oo
0.001 0.0@

0.009 0.010

o.&4 0.652

0361 03n
0.012 0.012

L332 2391
1.fr2 1549
0.012 0.010

0.035 0.G2
0.004 0.m
0.001 0.m5
0.641 0.575

0.{m o.&
0.013 0.422

24o7 L37l
1.55{ r.g7
a.w7 0.m6
0.v21 0.016

o.w 0.m5
0.m5 0.m2
0-568 0.592

0.,140 0.o4
0.017 0.019

TOTAL 5.m2 4.ng 5.026 5.070 5.011 t 0{2 5.053 5.051 5.025

An
Ab
Or

72.87 75.t5 80.&3 U.24
27.U 24.26 18.59 5zll
0.10 0.30 0.58 3.66

49.E6 50.46 68.74

48.75 8.96 30.58

1.39 r.57 0.68

64.G 62.63 A.Ez
34.Er 36.8t 37.%
l.16 1.15 t.z3

s4.r7 55.42 5455
4375 4291 4370
LO7 r.67 1.75

85.2E

l4.It
0.39
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Microprobe mineral analyses

serrplc g(xxlB toot1B 9(u1B 9qxlB 9fiX1C 9m41C 9qXlC 9oo41c 9OO{1C 90U1C 9(x}a1c 9qx1c co{rc 90trc
TyF Gnn Gnn Grrn Gnn Grrn Gren Gren Grm Gnn Gnn Gnn Gnn Gren Gren

core cor? coE con con coE core cott cote cofe con corc coE coE

sio2 6.67 4s8
A12c,3 33.26 32.89

Ttoz 0.m 0.01

FeO 0.10 0.13

MnO 0.13 0.10

M8P 0.05 0.04

CeO 16.6 15.81

Ne2O L8 3.06

K2Cr 0.92 0.13

47.95 4838
32.% 3290
0.06 o.GI

0.or 0.t7
0.0E 0.16

0.05 0.(X

1532 7518
3.13 L99
0.08 0.06

4E53 48.94

33.33 3238
0.04 0.04

0.12 o.xt
0.04 0.01

0.03 o.cn
75.47 15.72

L67 L90
0.09 0.06

#.& 48.18 49.19

32.89 *}.38 32.21

o.tt 0.m 0.0
0.11 0.11 0.17

0.0{ o.v 0.(B
0.08 0.05 0.06
r'.u 15.12 15.75

2.EO L% 2.96
0.14 0.8 0.o

6.57 415.418

34.m U.n
o.o2 0.05

0..r5 0.24

0.m 0.01

0.06 0.06

17.6 t7.Cl
t.87 1.72

0.o 0.06

49.16 18.6 48.80
32.n 32.9t 72.49

0.00 0.00 0.09

o.zt 0.22 0.15
0.c7 0.05 0.05

0.00 0.u7 0.05

15.30 15.15 14.88

3.08 3.49 3.35
0.09 0.09 0.06

TOTAL 99.5E 1m1{ lqr.06 1m.{0 1m32 1m.33 1m.20 1m.15 1m.50 100,10 99.E6 1m21 1m.06 99.9t

si
AI
TI
Fc

Mn
Mg
Cr
N.
K

zt% 2.2n
1.E10 t.m
0.0m 0.0m
0.0@ 0.004

0.0G 0.0G
0.0Gl 0.0m
0.825 0.776

0.89 0.?72

0.001 0.w7

2.n 2.28 2.213
L7n 7.n0 l.nl
0.m2 o.ml 0.m1
o.ml 0.m2 0.m4
0.m 0.m5 0.@o

o.m 0.m2 0.m0
o.m o.nl 0.85
0.88 0.264 0.86
0.m4 0.m o.m.r

L8S 2215
t.71t 7.n2
0.m1 0.002

0.m8 0.004

0.000 0.001

0.m0 0.005
0.769 0165
0.86 0.28
0.m 0.008

?-200 L2+3 L112
1.798 1.731 1.843

0.000 0.m0 0.0m
0.00{ 0.005 0.016

0.0fi1 0.0G 0.00
0.0(ts 0.004 0.004

o.7ss 0.769 0.840

o.E3 0.261 0.16
0.00( 0.004 0.001

zt$ L244
t.tt2 1.7t7
o.wz 0.0@

0.009 0.097

0.0@ 0.002

0.004 0.0o
0.885 0.78
0.154 0.m
0.00{ 0.06

2.AO LBz
t.76 7.75r
0.m0 0.m
0.m8 0.m6
0.m1 0.00r

0.m4 0.m
0.7u 0.728

0.310 0.314

0,m5 0.0(B

TOTAL 5.042 5.041 5.015 5.W 5.020 5.021 5.015 t(B2 5.015 5.(xt 5.0{1

An
Ab
Or

77.44 73.55 n37 7428
2:1.4 E.7E 2625 8.43
0.09 0.6 0.38 029

75.88 7L81 74.93

27.72 2L90 2429
0.40 0.8 0.78

74.60 74.37 8.17 84.89 7L% 70.8
25.00 8.24 t6.U t4.78 2614 29.t
0.40 0.39 O.,to 0.34 0.49 0.47

69.67

30.05

0.29

Semple 9qxEE 900488 9qXEE 9qx8E g{x'{tE 9{t0{88 900{EE gqXSF 9(x}4SF goorgF 9${rF 9(xr6c 9@tBG gqXEG

Type Gran Gnn Gnn Grrn Gren Grm Gnn Gnn Gnn Gan Gnn Grrn Gren Gren
corr mclt mcll cor! cort otcll corc cora corc cota core cora. rill cop

sioz 53.,14 52.A
412()3 30.40 29.6
Tfoz 0.ol o.?7

FcO 0.8 074
MnO 0.A2 0.00

Mp 0.6 03t
CrO 12.31 lLZ6
N:2O 4.4E 4.O5

K2€' 0.25 0.21

53.12 4935 53.05

n.45 3Lr0 29.99

0.28 0.18 0.08

o.7t 051 0.77

0.00 0.02 0.00

0.08 0.06 0.06

12.05 15.08 123{
408 2.67 ,L16

0.2r 0.11 0.28

5293 5259 53.32
29,21 29.78 28.85

0.28 0.05 0.11

0.91 0.20 0.39

0.m 0.09 0.05

o12 0.02 0.o
rz31 1265 rr.45
LU7 4.1{ 453
o25 0.24 0.29

52.98 53.20

D.19 LT
0.12 0.10

0.,1? 0.39

0.m 0.10

0.08 0.14

11.12 tl.o2
5J5 5.,()
o.:xr 0.*}

53.59 55.09 49.46 55.19
29.17 2E.S 3076 n.87
0.18 0.02 0.t2 0.00

0.{5 o.st 0.68 0.t7
0.m 0.15 0.00 0.ll
0.06 0.00 0.15 0.fi1

n.m 10.18 14.16 10.17

5.14 6:/0 411 684
0.,11 036 0.ll 0.39

TOTAL r0l2{ 99.t7 99.9t l@.oE 1m.U 1m.6 vr.77 99.05 100.12 99.y 1mO0 1q165 
'9.6t 

1cxr.75

st L392 2-40
Al 1.604 ts62
Tt 0.001 0.010

Fc 0.009 0.028

Ma 0.001 0.0m
Mg 0.0C1 0.021

C. 0591 0.598
Ne 0.389 0.358

K 0.014 0.012

LW 2.85 2,399 2-4tB 2182
1.573 r.729 1599 r.562 tS96
0.010 0.@6 0.m 0.010 0.092
o.ot 0.020 0.m6 0.@6 0.m8
0.m0 0.001 0.0t0 0.m0 0.004

0.@6 0.0{ 0.m{ 0.09 0.001

0585 0.73E 059E 0.599 0.616
0.358 0.87 0.36s 0.358 0365
0.012 0.m6 0.fl5 0.015 0.01{

L196 Z,lOg 2{15
1553 1576 1556
0.001 (}m4 0.06
0.015 0.015 0.014
(1002 0000 0.0c1

006 0.m5 0.009

0.560 O5tlO 0.535

0.401 o.,tEE 0.4;E

o.o77 0.019 0.019

24? L4n 2.93 L4€r
tssT r.,r89 7.65 r.476
0006 0.001 0.m8 0.m0
0.017 0.0@ 0.m5 0.m6
oo(rt 0.005 0.m0 0.m4
0.00{ 0.0m 0.010 0.m2
0534 0.491 0.697 0.199
0.452 0.561 0365 0.596
0.024 0.020 0.m6 0.vx2

TOTAL 100{ t.9E9 1.y7t *n6 a.990 t.yr2 t.99E {993 t051 t(Xo g.gn s.Gto J.o6

An
Ab
Or

9.6 6r.78

39.13 35.98

1.41 r.2{

6t.26 75.23 61.0E 61.63 61.91

37.49 24.16 37.2E 36E:l 3668
r.26 0.61 r.63 1.51 1.41

57.26 5155
41.00 46.64

1.74 l.fr)

5LO2 52.90 U.8 65.19
6.12 14.8 533{ UZI
1.85 2.35 1.83 0.59

,14.18

53J0
LM
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Senrple 9[XX1G 9@{1G 900{11 9{X}a1l 900l1l 9{lOl1I

Typr Gren Gtrn Gnn Gran Gren Gren

core totl cort coE cot? cott

sio2 45.& 17.y
A1203 34.u 3xl.4ii

Tio2 0.0{ 0.05

FrO 0.17 0.20

MnO 0.10 O.l2

Mto 0.00 0.05

CeO V.n r5t4
Ne2O 1.83 3.O
K20 0.o1 g.g7

o.30 ,18.15

:til.05 3z&
0.10 0.00

029 0.25)

0.6 0.05

0.m 0.05

15.E9 15.77

L95 3.12

0.11 0.06

4E.28 17.50

33.(B 3299
0.ol 0.05

0.r3 0.13

0.03 0.05

0.08 0.01

15.04 1620
3.30 3.('
0.o 0.@

TOTAL 1m04 lq).10 99.n 99.97 100,m 1m.('1

si
Al
Tt
Fe

Mn
Mg
C.
Ne
K

2101 2.170

1.889 1.809

0.001 o.mt
0.006 0.r0
0.00{ 0.m5
0.0m o.mg
0.E56 o.n8
0.153 0.m
0.ooz 0.m{

2-t78 L2r3
1.793 r.E6
0.m 0.m0
0.010 0.010

0.m1 0.m2
0.o0 o.ffi
o.ru 0.n3
o.B2 0.m
0.m6 0,009

227? ZlEs
lr&t 7388
0.001 0.001

0.005 0.00{
0.001 0.002

0.005 0.000

ox37 0J9E
o.v92 0.269

0.004 0.001

TOTAL 5.0x1 5.113 5.86 9.@7 5.040 5.04E

Ar
Ab
Or

83.E4 7311 7LS0
15.96 25.8E 2L93
0:0 0.38 0.57

73.41 7135 7L72

26.3r Zi.n 25.19

0.2E 0.39 0.09

Srnplc 9ma8c g{xXEG 9m5{I 9$S4l 900911 9005{1 9{n3ll
Type Gnn Gnn Pyrlt Pldit? Pttrlt€ P)'xitc Pyrite

corc cort cort corc oxid orid rpincl r

stol 54.m 5531
A12()3 28.74 n.#
Tto2 0.03 0.04

FrO 0.20 0.17

MnO 0.Ct 0.10

MtO 0.11 0.11

c..O 10.60 9.57

Ne2O 6.80 7.01

too 030 0.35

3r.73 5253
30.12 28.91

0.17 0.10

0.70 0.71

0.m 0.06

0.14 011
rz70 t1.72
LgS 559
0.15 0.19

5L24 5,141 52.81

28.14 2E.14 28.&
0.34 0.21 o.v
0,62 0.62 0.80

0.00 0.r2 0.09

0.09 0.12 0.0E

11.19 11.01 12.60

5.28 5.rl 4.t4
0.17 0.26 0.n

TOTAL 1m.81 1m.11 1m.66 99.92 9&m 1m.21 100.10

sl
AI
Ti
Fc

Mn
Mg
Ce

Ne
K

2.,$5 2.50r
rsv t.62
0.001 0.m1

o.wl 0.m5
0.001 0.m{
0.w 0.007

0.512 0.,161

0.59d 0.614

0.017 0.s20

L3gE 2306 2.#5
r.620 1565 1510
0.m5 0.m3 0.012

o.ut6 0.m6 0.023

0.m0 0.m2 0.000

0.m9 0,w 0.006

0.620 0573 0342
0.437 0.494 0.463

0.m8 0.010 0.009

2.69 Z&l
1.499 1.532

0.097 0.026

0.024 0.030

0.005 0.003

0.008 0.005

0533 0.613

0.467 0.365

0.015 0.012

TOTAL 
'.1O

t.(r/8 5.06,it 5.61 5.020 5.016 4.9t7

An
Ab
Or

't5.56 42.27 58.22
sLO 55.97 41.G
155 1.82 0.75

53.20 53.45 5252 6r.92
45.87 45.6 45.9E %.82
0.93 0.89 1.50 t.2S
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Miuoprobe mineral analvses

A3.3 Mount Muwhy xenolith mineral analyses: oxides

s.drplc 9(I'414 9O().1A 9(xt{14 9{XX1C 90O{rC 900a1l 900{11 9qt4aA 9m{4A 9fit468 9oo{tB gooltB gooaEB 90o{ta
TyF Gtrn Gnn Gran Gnn Gran Gnn Gren PFitr Ptxir! Pt'xir€ Pydtc fyrit P'att! pJ'rit

mlt melt orelt corr oxid oxld con- rim cora corr corG cort orid

sio2 0.72

A1203 1.14

Tioz 9.7
Fe2O3 O.4O

F€O 31.17

MnO 0.49

MsP 4.n
CrO 0.31

Cr2O3 0.19

NiO 0.?

0.60 0.39

l.El 2.31

8.% O15

47.59 74.62

30.8 400
0.62 0.66

4.E6 1729
0.45 0.06

0.09 0.04
0.24 0.4:2

0.28 0.24

0.91 $.42
ll.B 235
45.G) ,t5.91

7653 4.95
0.13 0.04

239 4.67

0.38 0.59

0.0E 0.28

0.02 0.05

0.23 0.11

o.lE 0.05

0.05 0.08

w6 79.86

1.25 856
0.28 0.24

20.fi ts.29
0.09 0.t7
0.03 0.r7
0.25 0.32

0.19 3.29

@.14 266
0.n 3.6
0.59 42.17

$.17 31.08

0.10 032
18.50 2.9
0.10 054
5.10 5.8r

0.77 0.36

0.r4 0.r{
0.(B 0.6
6L91 9.45
?.70 30.29

0.G 0.r2
0.41 0.r7
0.,15 0.15

0.06 0l,l
1.3 0J0

o.22 0.88 0.25

50.30 039 8.75
125 0.0,1 2r,OO

652 6r.09 14.61

20.42 28.96 3{t.02
0.14 0.01 o45
13.36 0.25 7.86

0.1{ o.x2 0.ll
756 0.19 3.49
0.20 0.34 0.15

TOTAL 95.75 95.35 lcXr.,l5 96.77 9t.25 l(r/.m ilX.75 9rr.11 gLrA 93,At 99.{5 lmlo 9237 94.9

5l
At
Ti
FdII
FcIl
Mn
Mg
Cl
Cr
Nt

0.07 0.04
0.051 0.081

0.255 0.253

1.358 1,363

0.992 0.962

0.016 0.020

0.w2 0.n6
0.013 0.018

0006 0.0@

0.000 0.0o

0.013 0.011

0.091 0.041

0.o4 0318
1.874 t.299
0.u2 r.r72
0.019 0,004

0.885 0.137

0.w2 0.016

0.01 0.m2
0.m 0.m1

0.m8 0.w7
0.67 0.87
0.61 0.001

1.193 1.E76

0.u7 0.@3
0.@1 0.N7
o.B7 0.959

0.922 0.@
0.08 0.m1
0.02 0.06

0.003 0.005

0.002 l.&45

0.002 0.00,1

1.9&t 0.011

0.86 0.257
0.w7 0.002

o?52 0.7t7
0.002 0.0@
0.004 at26
0.009

o.rx, 0029

0.132 o.Nl
0.091 0.08
1.249 7.9?
1.01E 0.9tt3

0.011 oml
0.168 0.06
0.t23 0.020
(1180 0.002

0.w

0.014 0.005 0.cB7 0.m9
0.06 r.636 0.019 0.%7
0.001 0.08 0.@1 0.%2
t.9% 0.135 1.699 0392
0.980 0.471 1.(D1 1.132
0.004 0.08 0.m0 0.01,1

0.010 0J.19 0.015 0.477
0.006 0.004 0.010 0.m4
o.w 0.165 0.m6 0.098
0.015 0.001 0.011 o.m,t

TOTAL 3.()0 L999 3.01 3.ml 3.(x0 3.m0 3.(m L970 3,001 3.(xn L999 L999 L999

senplc 9ooltc 9005dc 9003rc gootrc 9@${c 900!41 9o0t4l 9(ngl g(xl9tt tm54l 905{t 9m5{I 9m54I 9o0t4l
Typ. Gnn Pyxilo B'xfic Pgitc Ppib Pt/rih PFi6e h/Iit! P}uib PyrCtG fFib PyritG Pj/rirr PFii?

odd corc- rlm cort con oxid oxld oxid odd c- ordd r corG oxid coE uid

stoz 0.(}2

Ano3 0.65

Tlo2 st.n
Fc2O3 7.Sz

PcO 32.92

MnO 0.09

MgP 7.6
CeO 0.08

Crft3 O.ts
Nio 0.s

0.15 0.o4

58.83 0.13

05.1 0.00

7.67 47.0r

t6.74 t9S2
0.21 A.2r

16.50 0.111

0.02 0r1
l.l5 0.30

0.20 t.42

1.00 3.18

0.5{ 7.96

0.23 1r.88

55.02 35.17
0.00 ,n.G
0.20 0{l
0.63 3.95

0.6 ri7
32.00 0.,19

28.17 0.39

0.19 6.6
1.48 0.89

0.11 0.15

76.E5 53.72

6.U 3r.78
0.& 0.29

16.00 3.87
0.28 0.19

o.lt 0.19

0.40 0.42

0,46 o.xJ

1.,(} 54.93

0.49 l.m
73.99 3.14

1.61 17.13

0.a 0.20

1E.91 1s.93

0.21 0.8
0.09 5.17

039 0.28

r.l2 0.x
5.8 8.9
36.63 0.66

t9.24 7.8
8.9 16.&|

0.16 0.15

4.12 ft.n
0.,13 0.r7
2.O 1226

0.8 0.8

0.09 0.4 0.92

a.n 56.19 3.r2
037 0.4 0.84

10.,19 65{ 80.65
11.05 13.92

0.13 (t19 0.2:Z

12.25 16.76 0.74
a.n 0.08 0.30

77.n
o24

TOTAL tm3t 10101 68.97 11E.45 10tt.l5 1qL{9 n.t3 9&O:!

'D.(,0 
95.5t 70L52 U.+7 9139 86.7E

st
AI
Ti
FclIl
FcII
Mn
Mg
Ce

Cr
NI

0.0m 0.00{
0.018 1.E05

0.921 0.01r

0.134 0.141

0.631 0.365

0.018 0.06
0.249 0.641

o.wz 0.0m
0.004 0.0u
0001 0.00{

0.m0 0.045

0.m9 0.t2s
0.m0 0.m8
1.C74 t.Ss
0,911 0.000

0,m0 o.ffi
0.012 0.042

0.6n 0.F2
0.013 0.011

o.wt 1.fi5

0.105 0.m6 0224
0310 0.68 0.ct9
o.E6 0.@ 0.m4
0.875 1.921 1.499

1.135 0.179 0.98It

0.o2 0.018 0.009

0.195 0.n2 0.21{
0.018 0.010 0.008
0.013 0.&3 0.006
0.010 0.0u 0.012

0.016 0.005 0.028

0.057 1.743 0.156

0.012 0.€5 0.689

r.8s 0(r4 0.36{
0.045 0.386 05'U
o0l2 0.004 0.0@
0.953 0.639 0.15/t

o.w7 0.w 0011

0.002 0.110 0.049

o0l1 0m5 0.0G

0.010 0.00s 0.012

1539 l.lEr 1.8:t9

0.017 0.010 0.m6
il147 0.285 0.136
0366 0.3:|:1 0.321

0.0G 0.001 0.m5
0.617 0.659 0.689
00(E 0.010 0.m2
0.24 0.56
0.fi8 o.w

TOTAL \974 3.0m 3.(m 3.006 L9tt9 3.@1 3Im L,nt 3.(m Zo(B 3.(m 3.0m 0.@o
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senpla 90fl08 guxED g(xxsD 9@{6D 90O4tD 9OO{6D 90{8E 9qt4tE 9UXtF 9(xX8F 9O48G 9(pttc
Typc F!4itc Pldil. PFiie PFiie Ppiie Pgita Gru Gnn Gnn Gnn Grm Gren

oxid nelt melt m.lt cot€ cot€ corc cor€ o:dd odd orld c' orld r

sto2 0.45

A1203 7J6
Tto2 17.75

F.2O3 lE.6
FcO 41.99

MnO 0.19

MBP 3'0s
CeO O.Zl

Cr2O3 5.20

Nto 0.11

0.77 0.13

9.85 496
19.09 5.11
23.67 17.13

3EX5 45.02

0.28 0.35

7.59 443
0.6 0.13

0.76 1.10

0.0E 0,16

0.29 0.12

8.84 9.39

10.26 r5.E6

4L73 30.37

29.70 37.14

0.56 0.22

7.91 6.6
0.8 0.11

0.16 0.82

0.00 0.11

0.13 0.11

8.75 7.92

15.36 18.80

29.47 35.12

37.63 31.E4

0.42 0.34

6.U 5.6
0.05 0.01

1.18 0.92

0.11 0.m

0.r2 0.24

7.18 t.86
22.71 t7.45

24.43 7.U
D.E C7S3

0.3 0.53

6.fr 5.8{
0.08 0.6
3.,3 0.D
0.6 0.08

0.02 0.01 o.ffi
0-49 0.,l9 5.E2

49.t4 5L70 23.30

74.26 6.19 2r.4)
28.EE 31.E1 €.14
039 0.63 0.53

E.26 E3l 6.n
0.o o.t7 0.09

0.13 0.o2 0.21

0.05 0.05 0,8

TOTAL 94.19 1$.29 1$.55 1m.6t 1m.60 100.53 99.ES 9{.{t 99.ff' 10169 tm28 1fl.{6

si
AI
TI
FoIII
FelI
Mn
Mg
C.
Cr
Ni

0.017 0.m6
0.341 0.393

0.82 0.486

osv o.ffi
1.311 1.07
0.006 0.m6
0.169 03m
0.@9 0.@2

0.154 0.100

0.0@ 0.m2

0.m4 0.010 0.005

0.2m 0355 03V
0.655 0.82 0.40
o.&7 7.87 0.779

r.g7 o.u:r 1.059

0.011 0.016 0.006

0.33 0.,01 03lE
0.005 0.009 0.004

0.80 0.m4 0.022
0.005 0.m{ 0.0@

0.00,1 0.004 0.00i1

035,1 0.176 0.1E3

0.422 0.737 o.g09

0.761 0.880 0.624

1.080 0.886 0.&)2

0.012 0.010 0.010

0330 0.281 03{l
0.002 0.m0 0.0G,

0.@2 0.02,1 0.62
0.0(B 0.002 0.002

0.008 0.0m
0.351 0.01,1

0.49r a.%
0.76 0.251

t.w7 0566
0.019 0.00E

0.353 028
0.0m, 0.0@

0.06 0.w2
0.002 0.0G

0.0m 0.0xt
0.01,1 0.85
0.938 0.601

0.110 0553
o.6E r.86
0.013 0.015

0.2Et 0.3{6
0.002 0.m
0.0m 0.m6
0.001 0.002

TOTAL 299B 3.qrc 3.(m 3.(x)O 3.m0 3.(xn 3.0flt 3,(m L999 2.0(n Zom 3.{XX)

Sernpte 9m54t 9005{t 90or4t 9o05rK 900s4K 90o5aK 9m5{K 9$54K 90taK 90o54K 9{xl5{K 9fitt4K

TyF PI|IIE PFib Pyite Pyxita Ptxite P!'xib Ppitc Pyxitc Pytdb Pyrir€ Pyrlb PFitc
cora cot! cort cotr- rim cora cora orid c' odd I colc Gotr cort

sio2 0,13

Atlor 58.3e

Tto2 0.74

Fc2O3 351
FcO 14.,1'?

MnO 0.f3
MgO rc.e
CeO 0.05

ct2o3
Nio

0.{0 t2s 0.18 0.86 0.20
,13"66 0.72 6336 10.63 A.4S

l.lE 0.34 0.38 3.36 0.69

9.42 5L91 3.20 4E.65 0.00

r2:IO 0.00 70.47 26.75 15.31

0.13 0.00 0.23 0.23 0.22

13.93 0..r8 20.37 5.60 16.03

oan 034 0.08 0.32 0.08

0.ll 0.42 0.25 0.73

2938 0.2? 0.23 0.23

o.t2 0.2s 0.49 0.19 0.17 0.11

59.13 9.57 A.A 59.15 56.33 59.,14

o.E 0.65 1.16 0.90 0,86 0.29

6.01 0,m 8.4 4ts 5.65 s.73

19.31 19.35 2r.90 79.6 19.01 19.11

0.15 0.13 0.16 0.17 0.09 0.15

U.r0 12.99 12.61 V-A 14.9't 1,1.65

0.ll 0.10 0.32 0.12 0.06 0.@

0.63 l.l0 0.90 0J6 0.91 0.,16

0.16 0.16 0.04 0.16 0:l 0.8

TOTAL 9I.06 87.71 ts53 9&85 96t9 97.9? 101.7t 9.31 1U.6t 10051 1m26 10.21

si
AI
Ti
Felll
Fcll
Mn
Mg
Ce

Ct
Ni

0.001 0.013

0.015 1.584

0331 0.029

r.890 0.82
o.wz 0.348

0.m o.ms
0.663 0.679

0,001 0.012

0.055 0.m5 0.031

0.(B8 1.908 0.M7
0.012 0.m6 0.090

1.7E4 0.62 1305
0.m0 0.24 0.797

0.m0 0.m5 0.N7
0.(B2 o.vs 0.298

0.016 0.@2 0.012

0.m4 0.m9 0.n7
1.68 0.04 0.W7

0.005 0006
1.992 t.8zl
0.014 0015
0.0m 0.11E

0340 0.122

0.005 0.003

0.626 0.5E6

0.002 0.003

0.015 0.077

0.004 0.003

o.N7 0.01,t 0.0G

z0t0 1.418 r.w
o0l3 0.024 0.018

0.0m a.40 0.094

0.4u 05(E 0.,[35

ooG 0.00{ 0.004

0.511 0.519 0.5v
0.0a 0.009 0.06
o.oE 0.020 0.016

0.0Gt 0.001 0.0@

0.00{ o.ffi
1.85 r.859
0,u7 0.m5
0.113 0.114

0.{a 0.424
0.002 0.m
0.591 0.579

0.@ 0.@1

0.019 0.010

0.06 0.m1

TOTAL L999 3.m0 3.(m 3.001 3.003 L99B 3.0(n 3.{tot L9r9 3.001 3.m0
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Micronrobe mineral analvses

,4,3.3 Mount M',
g(xxrE 9qxrE 9(xr6E 9@lrB 9(x)a88 gqxl^ 9{IX1A

Typc Gnn Gnn Grrn Gnn Cnn Plait Plalla Gran Gnn

SiO2 8.7 ,1E.65 16.77 17.91 1lt.90 u.6 &69 54.24 41.78

Al2Os 73.79 14.94 1426 14.t8 1,156 15.20 13.39 15.0/t 13.92
Tlo2 4.91 457 163 491 ,158 4.9 5.16 2.72 2-f5
Fco 13.53 1258 1299 12.81 1290 13.01 1052 8.33 11.66

Mno 0.24 0.r9 016 0.19 0.20 0.28 0,23 0.21 0.51

MSp 3.90 3.15 ?.75 Lr4 L17 3.65 5.80 ,1.13 6.0
CeO 6.88 8.2? E.ol 8.21 8.14 11.45 1482 7,62 13.68

Nr2O 3.65 3.13 Ln L4O L67 5.02 205 6.13 4.10
K2O 1.6{ l.5l 1.49 1.,14 r.51 1,60 1.19 1.41 0.31

TOTAL 
'7,97 

97.0s 9431 9639 967' 99.Et yr,g 9'.63 95.T1

Mtf 3.92 30.92 Il99 3653 3653 3332 49.56 692 ,18.13

a
Or
Ab
An
Ne
DI
Hy
ol
Mt
n
Ap

0.m 0.&5 0.55 L70 0.7r o00 0.m 0.m 0.m
9.69 95r 9.18 E.sr 9.51 9.& 7.8 833 l.&l
32.58 26.49 2t.25 2031 ?259 753 1238 n.79 6.2.
15.50 21.96 8.10 8.4 ZL99 1422 n.82 9.35 1E.65

0.m 0.00 0.00 0.00 O00 18.93 L6e 6.m 15.,{t
15.55 15.7X l5:9 72.82 14"47 3555 ,10.3 B.3E (O.U
4.16 r7.n 14.85 l5s1 15.{5 0.00 0.00 0.m 0.m
7.73 0.00 0.00 0.00 0.00 L39 t.92 5.31 6.90
2.59 2-41 L59 LB 2-47 L49 ZOZ 1.60 L?3
9.& 8.68 9.16 9.:Xl E.7o 9.!tB 9.EO 5.17 5.&}
0.m 0.00 000 0.00 0.00 0.00 0.00 0.m 0.@

0.m 0.00 0.00 000 5.06 0.00 0,00 0.m o.q}
7.8 lLlT {.91 1132 7.U 6.13 3.26 11.02 0.110

53.31 16.9 10.93 t8.r1 15.13 0.00 852 3.48 28.09

13.32 16.99 30.92 18.98 31.,{l t0l7 28.2r A.55 2r.%
3.(B r7.{2 0.T E.65 0.00 20,.12 13.06 9.6 7.G
12.90 25.61 36.12 26.46 E.y3 8.77 2'.tt $.78 a.37
0.m 0.00 0.00 000 0.00 0.m 0.00 0.m 0.m
7,n 6.6 3.(b LU 6.% 3.E9 1236 0.O E.9E

1.30 L15 Zll 2.38 t.Vg l.E6 L65 2.66 X14
0.c7 9.08 1039 9.71 5.91 735 5.6 10.88 6.6
0.m 0.00 0.00 0.00 0.00 0.00 0.00 0.m 0.o

TOTAL yl.4 n.A 9t.97 97.U7 9619 1(n.06 99.99 9.94 .91

Saurplc g(xxlA 9048D 9mltD 9618D 9qXtD 9qXgD 90046D 900lltc 9005{l
TyF 9nn Py:dte PFlt PFItc PFii. Pl.rlt! PFii! Gren Pyrih

sio2 57.69 47,35 ,t4,63 1738 5it.12 45.E3 41.3til $.68 {8.39
Ar203 17.62 15.86 rL4S 15.75 18.81 tL87 15.58 13.32 16.19
Tio2 0.6 418 S.O 5.13 3,24 tt7 L# 5.50 L9
F6O 6.78 lZ78 10.99 12,11 9.69 9.73 13.26 13.2,1 rO.O
MnO 0.17 035 0.37 0.12 0.A 039 0.34 0.3,t 0.19
Mtg LgE 3.91 5.50 350 L29 7.88 4.90 3.8 4.6
c;:o 5.80 9.62 15.25 10.22 6.,59 1415 1t.31 15.19 9.8
Ne2O 6.% 450 1.35 d03 1.86 d39 3.70 LD 4.56
K2O 1.19 L06 0.83 200 l.3l 1.6,1 0.53 Ln 1.6

?oTAL 9.69 101.20 9t3a ltXLE2 99.77 lql73 9{.t1 98.60 yl.E7

MC 4?.96 35.29 17.11 33.42 {d09 59.05 39.72 30.43 €.r5

o
Or
Ab
/tn
N.
Di
Hy
ot
Mt
II
AP

TOTAL 99.73 101.t7 9.01 10r,01 9.t5 9&09 9&99 9r.t1 yt.9tl
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Appendix four
WuorE RocK GEocHEMrsrRY

lntroduction

A representative selection of xenoliths based on size, degree of freshness

and suitabitity for sample preparation were selected for major and trace element
analyses. Samples were first split using a tungsten carbide ROCKLABS hydraulic
splitter, and crushed to powder using in a TEMA tungsten carbide swing mill. The

use of tungsten carbide equipment precluded the determination of W and Co.

Whole rock samples and powders are stored in the Victoria University of
Wellington rock collection.

Major and trace elements were determined using a PHILIPS PW1404

automatic sequential X-ray spectrometer, at Victoria University of Wellington.
Fused disks for major element analyses were prepared using procedures modified
after Norrish and Hutton (1969). One half gram of rock powder, 0.50 g of AR
ammonium nitrate, and a determined weight of Norrish formula X-ray flux
(usually between 2.5800 g and 2.7000 g depending on atmospheric moisture at the
time of fusing) were melted together and pressed as a fused disk. Loss on ignition
(LOD was determined by heating approximately two grams of sample at 1,L00 oC

for one hour. Full details of this technique can be found in Palmer (1990).

Fe2O3 (total) listed in tables represents total iron measured as Fe2O3; discrete
FeO and Fe2O3 contents were not determined. For purposes of normative
mineralogy calculations, total iron was adjusted to Fe2O3:FeO = 0.15. Mg numbers
(Mg#) are determined by the ratio: 100MgO/MgO+FeO, where FeO is total iron
(FeO+Fe2O3) measured as FeO. These ratios are preferred as they allow direct
comparisons with the majority of published normative mineralogy's and Mg
numbers.

Trace element concenFations were determined on boric acid-backed pressed
pellets using procedures modified after Norrish and Chappell (L977). Four grams
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of rock powder were combined with boric acid to form a four centimetre pressed

pellet, which was then analysed by X-ray spectsometry for selected trace elements.

Quoted trace element abundances are accurate to approximately + L'2 ppm. The

exact errors depend on the element, and its abundance, with lower concentrations

having higher associated erors. For a more complete discussion of )(RF analyses,

and errors involved, see Roser (19&3).

Results of all major element analyses, together with trace element analyses

and calculated normative mineralogy are presented in Appendices 3.1 to 3.6, with
localities in order of their discussion in the thesis text.

Abbrcviations

The full list of abbreviations used in this appendix, and for sample names

in all appendices is as follows:

Gran - Granulite
Pyrox - Pyroxenite

TypeM -TypeMgranulite
Type P - Type P pyroxenite

Perid - Peridotite

TypeL -Typ"Lgtanulite
Type C - Typ" C pyroxenite

U.C. - Upper crustal rock

Xenoliths named Type L to Type P refer to xenoliths from Mount Sidley

only.

410



A4.7 Mount Siilley xenolith analyses

Sample 9Oo29A 900298 9m29C 9m29F 90029G 90029H 90029K 90029M 900290 90029P

sio2 55.12 44.65 33.28 56.06 63.8 35.29 52.15 47.68 45.02 45.35

Tio2 r.6 0.67 6.40 7.67 0.19 5.74 7.32 3.52 3.27 3.77

At203 75.76 18.54 8.87 16.30 18.09 72.54 23.50 17.70 20.1,3 1,9.&

Fe2O3 total 8.65 14.30 25.74 8.67 3.47 29.28 5.01 13.93 12.01 10.90

MnO
Mgo
CaO
Na2O
K20
P205
LOt

0.15 022 0.37 0.14 0.09 0.35 0.06 0.16 0.12 0.13

4.74 10.08 9.58 2.61 0.39 9.09 1.72 5.72 4J4 4.65

5.18 8.19 12.13 422 1.38 5.03 9.87 11.14 77.97 12.10

5.30 2.n 1.63 5.87 7.59 2.23 5.24 3.18 3.31 3.31

3.22 020 0.07 3.65 4.37 0.15 0.31 0.19 0.19 0.23

0.32 0.15 2.45 051 0.09 0.40 012 7.U 0.02 0.04
0.36 4.23 4.42 0.28 0.28 4.56 0.37 0.88 4.08 0.09

TOTAL 99.86 99.54 1@.10 99.98 99.l*l 99.95 \00.27 100.04 100.10 100.21

Mg# 48.6 58.26 42.43 37.35 18.21 38.07 40.47 44.85 40.57 45.80

83233271,0 1,276 19

118 45 376 88 74 393 47 305 334 258

1266678113<1476
6313612151127488
2015297912158173536
82 70 113 81 22 123 21 49 tl3 49

24 18 18 25 24 21 23 21, 24 22

1<1<1<111<1<1<1<1
122221346127724
475 n4 481 647 200 694 7325 915 949 976

35<1353410351324
357 21 48 304 515 36 29 38 41 38

93377902895969
525 743 47 492 555 135 M 143 737 13s

528456426s101757
97 19 771 118 40 38 21 56 17 2r
105610963345
122118131<11<12
4<1<154<1<11<1<1

Sc

v
Cr
Ni
Cu
7,rr

Ga
As
Rb
Sr
Y
n
Nb
Ba

La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
n
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

19.03 1.18 0.41 2757 25.83 0.89 1.83 1.12 1..12 1,.36

40.64 27.45 1.93 43.97 52.91 10.76 43.24 27.56 19.18 19.85

9.70 37.57 16.68 7.35 2.39 23.76 39.69 33.46 39.s1 38.0s
2.28 1.08 6.42 3.09 0.72 4.39 0.60 2.90 4.78 4.41

71.47 1.71 22.87 8.59 2.35 2.97 3.80 8.08 76.37 77.81

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.24 31.4s n.rc 8s2 2.n 39.42 5.26 17.25 9.81 8.54
r.49 2.47 4.U 1.50 0.60 5.05 0.86 2.8 2.07 1.88

3.15 1.27 12.16 3.77 0.36 9.76 251 6.88 6.27 7.1,5

0.76 0.36 5.80 r.21, 0.27 0.95 r.70 4.36 0.05 0.09

TOTAL 98.76 98.31 9838 98.97 98.28 97.95 99.49 98.02 99.10 99.76
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Sample

T

90029D1 90029EI eO029F1 90029G1

TvpeM Typel TYPeM TYPeL TYPeL fYP"

sioz g7.7s 48.37 33.65 t14.85 48.13 49.14 49.19 8.17 45'87 50'18

Tio2 7.04 2.08 6.74 3.55 7.46 1.59 1.90 4"t'4 2.75 1'48

41203 7.37 21!57 8.91 lg.4g 19.42 22.37 22.n 8.84 20'22 23',n

Fe2o3 total 27,2g 8.64 25.10 11'48 g.gg 7.97 7.# 25,19 7Q.73 6.28

Mno0'390'720,320.160.150.120.100,330.170.10
Mgo10.063.049.634.455.012'n23913.334.441.98
Cao11.6110.9811.1310.9810.2010.5410.389.259.8010.20
Na2o7.4;-4.252'743'424.974.494.727.473.964.73
K2o0.070.240.220.250.250.260.260.070'240.36
P2o5g251.052,340.391.480.861.000.04|.320.n
LoI-0.140.010.|20.294,220.200.020,000.000'22

TOTAL oo:s 1oo:4 100'83 99'50 100'01

42.2547'0743.1843.4949.8340.9539.0751.1745.0438'u

25 1,420L691082856
324 124 2g7 221 35 81 58 415 es 58

1141032<116311
g398411'2842
26 12 38 2't 79 10 12 31 18 L5

123 37 119 61 35 38 28 113 47 34

1s 2s 18 21 18 23 22 16 19 23

<1<1<1<1<1<1<11<1<1
<1 222227212
47g11024611041111112011,28240411091190
s7g257r398597
43 38 47 51 31 39 29 42 37 34

1852019565774L0
31 322 20 204 313 338 372 43 250 394

317214921137251412
158 31 109 31 4S 36 29 32 38 34

8575434364
21, 1<1 1<1 <1 1'2<1
<1<1 <1 <1 11<1 1<1 <1

Sc

V
Cr
Ni
Cu
7.,n

Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0'00 0'00 0.00 0'00 0'00

0.41 7.42 1.30 1.48 1'48 1.54 1.54 0'41 7'42 2'73

3.7633.559.6223.7233.9834.9636.452.3832.0437.93
1.3.37 38.91 14.06 37.09 92.& 40.72 40.53 77.32 36.69 42.40

4.47 1.31 7.85 2.83 1.63 7-64 1.89 5'45 0'80 1'14

19.907.2421.4772.226'|'65'463.6923.302.732.65
0.00 0.00 0.00 0.00 0.00 0'00 0'00 0'00 0'00 - 0'00

go'42g.2g27.2010.9515'109.268'27%'4514.757.32
4.70 7.4g 4.33 1.98 1.72 7.36 1.27 4'34 1'85 0'00

73.37 3.95 12.80 6.99 2.n 3'02 3'61 7't36 s'22 2'87

7.69 2.4g 5.54 o.g2 3.50 2.04 2.37 0'09 3'12 1'82

gs.4o 99.62 97'60 98'62 98'20TOTAL
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Whole rock gttochemistrY

Sample 90029H1 9m31C gflIrlc g{XIllL 90Gt1O 9frr31P 90031Q 90033A 900338 90033C

Type Typel TypeM Typel Typel TnnL Typel TypeP TypeP TpeP TypeP

Fe2O3 total 1,0.24 15.43 7.87 9.18 8.54 10.60 14.81 12.56 'l'2.27 1'6.29

sio2
Tio2
A1203

MnO
Mgo
CaO
Na2O
K20
P205
LOI

45.40 N.89 47.27 U96 45.43 6J6 43.43 42.27 410.80 40.89

3.47 7.10 1.51 2.96 2.78 3.M 1.34 2.1,7 1.49 3.11

1,9.82 13.29 18.69 20.87 23.07 20.02 9.29 11.53 7s.n 8.91

0.12 0.25 0.11 0.12 0.09 0.12 0.20 0.76 016 0.18

s.01 7.3r 7.s8 3.89 2.90 4.63 18.09 1,4.36 13.22 1,8.M

11.80 11.49 13.25 71.69 11.50 11.00 11.38 15.15 15.18 1,0.37

3.75 2.73 3.03 3.81 3.94 3.47 1.45 7.72 1,.28 1.76

0.27 0.30 0.31 0.34 0.44 0.34 0.27 0.04 0.09 0.46

0.04 0.10 0.07 7.67 0.94 0.06 0.07 0.00 0.04 0.05

0.14 0.34 0.29 0.M 0.49 0.22 4.26 {.30 4.18 4.43

TOTAL 100.00 100.23 99.98 99.95 100.12 100.06 100.01 100.06 100.12 100.05

Mg# 49.21 46.U 65.67 45.63 40.27 46.38 70.75 69.37 58.09 69.18

33544331
246 440 444 375

1224 417 205 942
399 246 16 405

29 63 32 59

109 82 722 78

72 20 27 1,2

<1 <1 <1 <1

4<1 33
282 97 774 420

12 18 15 13

45 55 45 72

8341,4
65 13 37 123

6345
19 18 23 30

6655
2711
1<1<1<1

27 25

298 273

11 6

10 15

2846
43n
22 19

<1 <1

15
903 674

270
45 67

835
720 n
34
935
34
<1 1

<1 <1

Sc

v
Cr
Ni
Cu
7f,r
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

La
Ce
Pb
Th
U

74 17

201 215

33
65
79 26

47 47

24 23

<1 <1

63
1151 993

157
65 67

16 72

212 147

157
42 19

54
1<1
2<1

26
186

770
80
31

34
20
<1

2
825
9

58

7
114

6

15

5

1

<1

1,4

787

1

3

1E

57
22
<1

2
1095

t7
53

19

192
15

43

9

2
<1

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
n
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.60 Ln 1.83 2.07 2.& 2.01 1.24 0.00 0.00 1.90

18.79 1251 16.49 26.49 24.14 23.97 4.50 0.00 0.00 0.00

36.45 23.12 36.118 38.84 43.97 38.05 18.22 26.32 37.02 15.0s

7.07 5.74 4.96 3.11 4.98 2.92 4.2t 5.13 5.87 8.07

77.U 27.05 23.24 6.78 5.n 8.24 30.42 34.20 28.69 28.98

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8.94 t1.70 71.62 1038 8.51 10.22 35.72 ?5.61 23.s7 35.57

0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.74 2.1,2 2.81

6.48 13.48 2.87 5.62 5.28 6.53 254 4.12 2.83 5.91

0.09 0.24 0.17 3.95 2.23 0.14 0.17 0.00 0.09 0.72

TOTAL 97.20 95.61 y7.6 97.7E 97.# 97.08 96.42 99.72 100.19 98.41
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Sample s0$3r 90083F 9m33G 9OGI3H 900SlI g(xt$]K 9m33I 90033P 900335 90033U

sio2 41.08 37.69 39.69 39.15 39.6 35.55 41.&5 4r.89 45.ffi 47.73

Tio2 1.83 r.36 5.59 1.15 0.64 7.25 2.5r 4.73 2.02 2-s3

AI203 73.57 4.f36 13.20 4.72 4.97 8.10 9.73 16.52 27.57 21-&

Fe2o3 rotal 72.76 19.74 75.57 17.09 19.11 24.n 15.12 13.17 9.62 8.35

MnO
Mgo
CaO
Na2O
K20
P2()5
LOI

0.14 0.24 0.20 0.23 0.22 0.32 0.21 0.L6 0.10 0.72

15.3s 32.N 10.75 33.89 37.27 9.88 77.98 8.26 4.93 3.32

74.87 3.65 r3.r7 3.82 5.40 72.71 11.48 10.32 72.62 72.24

1.11 0.83 1.94 0.82 0.48 1.40 1.69 3.70 324 3.58

0.09 0.13 0.30 0.13 0.03 0.10 0.31 0.81 0.24 0.25

0.05 0.06 0.72 0.05 0.02 0.07 0.11 0.16 0.05 0.63

4.29 :t.20 {.46 4.91 -7.27 4.17 4.73 0.U 0.07 0.29

TOTAL 99.97 99.76 100.07 100.14 99.87 99.51 10025 100.16 100.06 100.18

77.43 76.47 57.76 79.70 76.* U.ffi 70.19 55.40 50.37 44.05

M1917
39s 317 76
22 69 16

42257
33 11 '1.2

62 49 35

79 22 1,9

<1 <1 <1

77 13
76t ft67 1061

31 58
162 43 46

53210
207 85 2s3
24 7 1.1.

69 18 25

446
1<1<1
<1<12

5673011774647
457 153 461 139 769 580 306

415 3428 63 3188 1726 26 911

351 1050 112 1038 959 26 A9
268145594755n
r27 7't6 707 104 720 134 91

2810248132013
<1 <1 <1 <1 <1 <1 <1

2251112
1418 103 305 93 € 285 352

74420437620
s7 20 77 25 19 70 74

3674321715
40 28 53 28 3 24 118

4272547
195354143627
s556562
<1111<12<7
1<1<12<7<1<1

Sc

V
Cr
Ni
Cu
Z,rl

Ga
As
Rb
Sr
Y
Zr
Nb
Ba
La
Ce
Pb
Th
U

Q
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00

0.00 0.00

0.00 0.00

31.78 9.15

5.09 3.80

31.40 6.85

0.00 0.00

25.87 73.5r
2.10 3.40

3.48 2.58

0.14 0.14

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ln 0.76 0.00 0.00 1.82 4.79 1.42 1,.n
0.44 0.00 0.00 0.00 0.00 8.80 76.54 ?6.M

26.42 8.81 11.32 15.52 18.05 26.08 43.61, 40.06

8.6 3.76 2.20 6.42 7.75 12.79 5.89 3.79

30.80 7.82 72.29 38.79 30.68 19.69 15.35 12.18

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

77.50 73.27 69.78 19.90 33.72 15.58 70.73 6.73

2.69 2.95 3.30 4.19 2.61 2.27 1.66 1,.40

10.62 2.18 7.22 B.n 4.n 8.98 3.84 4.90

0.28 0.12 0.05 0.17 0.26 0.38 0.12 1.54

TOTAL 99.86 99.43 99.18 99.07 100.16 98.76 99,66 98.76 99.76 98.83
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Whole rock Etochemistry

Sample 90Cl3V 9O03i!W 900:BX 9qrStA190O3BB1 gOOlIlCl 90033EI 90033F1 90033H1 90033P1

Typ" ryp"Lf1pst T)"eL U.C. Typel Typel Typel Typel TypeC TypeC

si02
Ti02
41203
Fe2O3 total
MnO
Mgo
CaO
Na2O
I(2O
P205
LOI

47.1,5 52.17 4.U 65.43 t16.83 U.02 49.43 52.00 43.01 45.72

2.34 7.12 3.09 0.19 2.44 2.88 1.67 1.53 4.07 r.t36
2L.07 23.U 15.&3 16.67 19.33 14.25 24.06 18.55 13.53 14.10
9.37 5.01 76.44 3.19 tt.t7 16.11 5.92 8.67 1.4.94 70.21

0.11 0.09 0.27 0.08 0.14 0.23 0.07 0.20 0.1.6 0.14
3.10 1.49 4.n 031 4.s3 7.82 2.57 3.31 1,1,.44 10.38

11,.37 9.50 10.11 0.87 9.58 rc.77 11,.64 9.42 11.11 74.32

4.15 5.50 3.89 7.05 4.31 3.15 4.20 4.80 2.37 2.13
0.30 0.37 0.30 5.29 0.€ 053 0.26 0.64 0.11 0.19
1.31 0.76 1.36 0.05 0.52 0.58 0.08 0.34 0.02 0.07
427 4.13 4.72 0.20 4.10 {.31 0.18 -0.19 4.67 0.19

TOTAL 100.00 99.72 99.81 9933 99.18 99.97 100.02 99.27 100.15 9937

Mg# 39.58 37.47 %.64 16.14 U.54 49.01 45.64 43.06 &.26 66.81,

Sc
v
Cr
Ni
Cu
7'rr
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

22

164
19

74

27

81

27

<1

1

u69

22

38

7
311

22

69

5

<1

<1

<1

9

4

<1

13

35

25

3

775

45

24
494

87

170

2E

46

10

28

9

l4
149

10

76

22

56

20
<1

3
1154

9
77

17
26
t4
39

3

<1

0

11

140

10

6
73

28

22

<1

1

1044

<1

u
4

236
E

t7
J

<1

<1

17
74

3

7
16

53

22
<1

1

757

t4
45

33

Jl,5

17
37
5

<1

<1

126
100 26

5<1
3<1
26 11

3425
23 22

<1 <1

31
1098 1383

11 5

43%
74

2U &6
72 11

37 26

54
<1 <l
<1 <1

27

244
99
53

55

96

18
<1

6
420

13

109

29
271
27

58

7
I

<1

21 39

30s 279

388 375
304 133

130 53

67 52

17 77
<1 <1

13
597 557

9 1,4

47 67

67
36 78

54
21, 16

34
<1 I
<1 <1

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
u
Ap

0,00 0.00 0.00 30.00 0.00 0.00 0.00 0.00 0.00 0.00
1.95 2.19 t.77 030 2.54 3.13 1.54 3.78 0.65 1,.12

29.L8 43.U 26.36 55.30 28.55 76.52 29.85 39.78 12.42 1,0.20

36.54 3927 24.&5 432 32.73 23.18 46.03 27.78 25.96 28.35
4.68 1.68 3.55 0.00 4.29 5.49 3.09 0.46 4.73 4.24
9.20 2.A 8.78 3.48 994 21.58 9.22 14.42 23.49 34.0s
0.00 0.00 0.00 4.69 0.00 0.00 0.00 0.00 0.00 0.00
9.01 5.6 16.92 0.00 13.09 79.37 5.22 7.90 22.44 14.81
1s8 0.87 2.83 0.70 1.93 2.78 1.02 1.50 2.58 1.76
4.43 2.73 5.87 0.36 4.63 5.47 3.77 2.91. 7.73 3.53
3.24 1.80 3.22 012 7.23 r.37 0.19 0.80 0.05 0.t7

TOTAT
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Sample ffic 90036c 90cx'5c 90038L 90039A 9ool9B e0o39c e0039D

P U.C. U.C. U.C. U.C. U.C. Type L Type M Type L TyPg L

s7.7? 73.54 65.69 62.10 66.?5 62.74 50.84 40.89 45.08 47.U6

Tio2 1.09 0.05 0.60 0.48 0.56 0.33 0.54 3.27 3.33 2.30

A1203 6.96 1.4.72 74.96 16.05 15.76 $.n 25.93 8.87 19.10 79.ffi

Fe203 total 20.80 0.80 5.73 7.39 3.64 6.63 3.90 21'35 77.49 1'1.22

MnO
Mgo
CaO
Na2O
K20
P20s
LOI

o-24 0.02 0.14 0.2? 0.05 0.19 0.05 0'31 0.14 0.19

27.63 0.29 0.09 0.27 7.68 0.19 2.69 72.f36 4.@ 3.M

5.82 1.50 0.78 2.01, 4.79 1.31 11.15 17.87 17.63 10.18

0.59 4.47 6.s3 6.13 4.6 6.47 4.ll r.51 3.s1 4'1'5

0.11 3.s0 5.57 5.52 2.56 5.52 0.35 0.12 0.27 0.37

0.04 0.25 0.02 0.0s 0.12 0.05 0.02 0'02 1.54 1.04

-0.89 0.92 0.11 4.07 0.29 0.10 0.00 4.74 4-52 4.49

TOTAL roo.rr s9.lo 100.24 100.18 99.75 9930 99.59 700.27 \00.17 99.86

72.46 47.79 6]5 47.75 537 57.73 9.40 44.22 37.78

14 10

148 43

74
54
18 15

44 45

22 24

<1 <1

JT
1104 1201

13 17

53 54
11 10

190 377

22 2s

58 60

35
11
1<1

132<733<1635
212891050529347
7677 <1 7 2 51 3 11 106

765<1331232841
47410131292562
122 33 172 96 58 91 22 92

76 18 410 28 24 33 21 15

<1<12231<1<1
2 1s9 243 105 108 16 2 2

79 r22 2 36 355 15 1034 3t36

638942 1,648<1 11

29 23 f36r 302 128 359 29 43

3761766977655
20 1s9 33 384 388 203 185 55

4411045195975
17 6 190 86 39 100 13 23

s262213241046
112881572<11
137463<1<1

Sc

v
Cr
Ni
Cu
Zn
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

La
Ce
Pb
Th
U

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

29.47 6.46 0.00 17.55 0.00 0.00 0.00 0.00 0.00

20.68 32.92 32.62 15.13 32.62 2.07 0.7r 1.60 2-'t9

37.83 45.94 51.53 39.35 50.39 32.90 3.30 26.57 33.47

5.81 0.00 0.00 14.57 0.00 51..27 17.07 35.57 33.76

0.00 0.00 0.16 0.00 0.00 r.02 5.13 7.70 0.89

3.51 3.32 8.35 4.49 5.46 3.19 34.18 9.96 832
0.00 7.8 0.00 6.08 4.93 0.00 0.00 0.00 0.00

0.00 0.00 4.s8 0.00 3.84 7.04 28.97 1'2.42 72-01

0.14 1.51 7.25 0.53 0.26 0.67 3.68 1.98 1.93

0.09 1.14 0.91 1.05 0.53 1.03 6.10 5.32 4.37

0.59 0.05 0.19 0.28 0.12 0,05 0.05 3.55 2.46

TOTAL
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Whnlp lock seochemistnt

Sample 9Oo39E 90Gl9F 90039G 9{X}39I 9(XX}9J 9OO39K 90039L 90039M 90039R 90Gl9Sa

Type Typel TypeM Typel Typel Typel Typel Typel Typel TypeM TypeP

Fe203 rotal 12.95 22.93 12.65 812 77.92 15.00 12.15 15.80 3571, 74.43

sio2
Ti02
AI203

MnO
Mgo
CaO
Na2O
I(2O
P205
LOI

114.50 36.91 €.91 47.87 46.24 M.32 46.03 40.48 26.67 t1().55

2.ft6 5.22 4.27 2.72 0.50 2.73 3.00 5.19 8.67 1.93

18.49 10.98 18-34 27.16 20.18 77.00 19.44 15.54 2.04 1,0.73

0.18 0.29 0.74 0.10 0.18 0.27 0.1E 0.21. 0.52 0.18

5.56 7.92 5.16 3.35 9.s5 3.89 4.11 5.32 13.30 15.&
10.38 12.08 11.65 17.07 8.86 9.74 10.34 11.56 10.50 75.02

3.59 1.80 3.01 4.18 2.n 4.27 3.82 3.22 0.59 1.34

0.27 0.13 0.27 0.33 0.24 0.42 0.44 0.28 0.08 0.07
1.56 t.% 0.03 1.38 0.13 A.97 r.05 1,8 3.r7 0,02

4.45 {.39 0.07 4.51 {.53 {.19 4.42 {.65 4.24 {.55

TOTAL 99.89 100e3 9938 9t.77 100.06 10036 100.14 99.43 100.01 99.42

Mg# 45.95 40.62 U.59 M.97 61.34 33.93 N.12 38.54 41,.78 58.15

9321912315102321,44
158 324 3n 103 29 118 170 28 177 463

23181384114897870
712126r399108153s0
26?53113271730754074
54 % 52 32 62 & 59 72 1,76 108

19 27 23 20 77 23 22 21, 15 23

<l <l <1 <1 <1 <1 <1 1, 2 <1

211323441<1
1082 554 U9 1091 m 801 995 n5 101 57
1523410<17774194416
42464842253359544445
t2t4 1094517 1,6242
247 139 722 281 145 374 243 2r3 8 8
2327514725?s22254
57767639t7&E$6618815
4444665753
<1 1 <1 '2 1 I 2 2 2 1

<1<1<1<1<1<1<11<1<1

Sc

v
Cr
Ni
Cu
7rr
Ga

As
Rb
Sr
Y
Zr
Nb
Ba

l^a

Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.77 0.n 7.24 1.95 LA 2.48 2.@ 7.6s 0.00 0.00
28.09 7.77 18.54 3332 23.43 29.42 28.U 16.33 0.00 0.00
33.98 2150 35.91 38.00 41.83 26.25 34.fi 27.72 2.8 23.M
1..24 4.37 3.75 1.11 0.10 3.% 2J0 5.91 2.70 6.14

5.05 2452 17.83 6.52 1.04 13.25 8.19 17.08 27.84 39.39

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

17.70 2136 10.67 9.U 28.41 74.45 13.33 14.33 42.64 25.74

2.23 3.95 2.18 1.110 2.06 259 2.10 2.90 6.33 2.49
5.43 11.81 8.00 4.03 0.95 5.18 510 9.t36 1.6.47 3.67
3.69 3.?2 0.07 3.27 0.31 2.30 2.49 3.s0 7.34 0.05

TOTAL 99.72 98.67 98.19 99.04 99.55 99.28 99.55 98.68 100.00 100.54
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goo3esb 90039T 9fiXl9u 9m39V 90039X 90ql9Y

C TypeC TYPeP M Type P Tf"pe P

si02
Tio2

44.66 44.99 45.75 32.68 45.90 35.58

1.70 0.67 0.94 8.62 7.95 1.53

A1203 16.58 18.10 7-25 7'10 9.56 15'90

Fe2O3 total 10.81 15.30 11.12 30'39 10'80 15'22

0.13 0.24 0.18 0.36 0.18 0.17

11.08 10.84 20.00 9.29 12.05 18.56

13.28 7.76 1s.07 77.n 78.47 11.35

2.79 2.64 0.84 1.08 1.20 0.97

0.15 0.20 0.08 0.11 0.10 0-17

0.0s 0.02 0.00 0.10 0.00 0.01

4.32 -7.06 4.33 -1.55 {.01 4'34

MnO
Mgo
CaO
Na2O
K20
P205
LOI

TOTAL roo-gr ss.zo 10031 99.95 100.21 100.12

67.00 58.39 78.08 37.71 68.84 70.72

s2254337535
311 53 2n 689 50E ft31

3& 55 3004 76 296 7120

225 153 428 16 70 429

34 13 33 30 16 77

80 75 63 1,57 & 184

22 17 12 22 76 34

<1<1<11<1<1
111334
529 758 84 245 180 80

12 <1 10 74 19 12

48 21 28 58 55 38

4312024
51 127 14 l0 25 22

433254
74138492715
553655
111111
<11<1<11<1

Sc

v
Cr
Ni
Cu
kr
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00

0.89 1.18 0.00 0.00 0'00 0.00

8.31 21.87 0.00 0.00 0.00 0.00

34.97 36.95 75.78 14.20 20.40 47'25

5.54 0.25 3.85 495 5.50 4.45

24.57 1.16 47.08 34.24 57.30 12.06

0.00 0.00 0.00 0.00 0.00 0.00

20.09 34.0s 29.54 24.24 10.26 36.15

1.86 2.64 1.92 5.24 l.116 2-62

3.23 1.27 Ln 76.37 3'72 2.97

0.12 0.05 0.00 024 0.00 0.02

s9-6S 99.e 2 99.96 99.8 99.04 99.47TOTAL
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A4.2 Mount Hampton xenolith analyses

Sample

TyPe

PK1A PK41A PK4B PK4C PK4D PK4E PK4F PK4c PK4H PK4Ia
Perid Gran Pyxite Pyxite Pyxite Perid Perid Perid Perid Pyxite

Fe2o3 total 9.22 6.74 12.67 27.65 15.53 4.70 8.79 5.30 8.50 13.43

si02
Tio2
A1203

MnO
Mgo
CaO
Na2O

43.81 50.62 48.52 45.85 49.!# 51.01 U.91, 49.80 43.69 48.73

0.07 0.22 1.11 0.42 0.68 0.1.4 0.14 0.14 0.02 1.1.5

1.90 2t.78 7.u6 3.67 7.00 4.76 3.55 4.36 0.62 7.04

oJA 0.08 0.22 0.29 0.25 0.11 0.14 0.12 0.1,2 0.23
42.52 8.19 15.83 26.70 20.97 24.U 38.00 27.77 45.92 17.61,

7.62 8.88 12.95 1,39 5.46 12.1J6 3.49 11.04 0.54 11.88
0.22 3.50 1.15 1.10 0.46 1.06 0.54 1.77 0.22 0.79
0.00 0.31 0.03 0.08 0.05 0.01 0.01 0.05 0.00 0.02
0.01 0.02 0.00 0.06 0.00 0.00 0.01 0.01 0.02 0.00
4.20 0.04 {.12 {.90 4.32 0.05 4.35 0.1t0 4.26 4.39

K20
P205
LOI

TOTAL 99.31 10038 700.22 10031 99.A 99.9) 9933 99.50 9939 100.50

Mg# 90.13 70.& n.22 70.95 72.n 97.27 89.s4 91,.02 91.4s 72.20

37449
126 24 369

5559 2805 896
1184 2705 235
35225
2949n
5<113
<1 <1 <1

101
r78 2 32

2 <'t 14

13224
311
D)3
614
5211
334
l<1 7

<11<1

s750t9
58 45 364 777

3082 45 735 2%
2349 130 274 499

655328
55 38 70 1s3

215148
<1 <1 <1 <1

72<1 1

10n9623
<1<1141
<119253
1<1<11
3158115
1227
388r7
3354
<1 111
1<11<1

Sc
V
Cr
Ni
Cu
7rr
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce

Pb
Th
U

40 13

757 81

6776 2975

7072 20t]r
43 28

2956
53
<1 <1

1<1
159
4l
72
<1 1

22
27
52
43
72
<1 <1

J)

26
598

303

M
102
t2
<1

1

65

4
11

I
t2.3

2

t1
3

<l
1

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
n
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 1.83 0.18 0.47 0.30 0.05 0.06 0.30 0.00 0.12
7.tt6 29.62 9.73 9.31 3.89 8.97 4.57 9.90 1.86 6.6
4.20 42.n rc.20 4.U 76.9 8.20 7.51 6.50 0.70 15.60
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.98 0.90 fi.67 7.22 8.92 43.74 7.69 37.94 1.45 34.U
1,6.87 7.49 13.49 35.88 55.60 11.33 74.71 8.65 ts.75 22.69

77.05 15.!A 76.6 42.n 9.20 25.57 62.57 34.15 n.& $.25
1.59 7.76 2.t8 3.73 2.8 0.81 1.52 0.92 r.47 2.32
0.13 0.42 2.11 0.80 1.29 0.27 0.27 0.27 0.04 2.20
0.02 0.05 0.00 0.14 0.00 0.00 0.02 0.02 0.05 0.00

98.70 99.75 99.22 99.18 98.77 99.05 98.92 98.65 98.92 99.71
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Sample PK4fb PK4IC PK4Id PK4Ie PK4J PK4K PK4L PK4M PK4N PK4O

Fe203 total 13.45 14.51 17.00 13.05 12.27 17.45 11.94 18.94 24.26 8.98

sio2
Tio2
A1203

MnO
Mgo
CaO
Na2O
K20
P205
LOI

40.25 48.95 49.96 40.63 43.05 50.25 47.57 49.39 43.40 44.63

2.20 1.05 0.66 21I 1..28 0.57 1.39 0.59 0.40 0.12

7s.26 6.23 6.00 14.29 7.72 5.82 8.5? 4.71' 4.28 3'26

0.17 0.25 0.23 0.18 0.23 0.24 0.20 0.28 0'28 0.14

72.82 18.19 23.41 13.25 75.42 24.02 74.91 24.13 25.54 39.U

14.74 10.49 2.91 74.79 74.87 1,.82 74.57 2.58 2.51 2.95

1.59 0.78 0.39 1.62 0.95 0.58 1.16 0.32 0.51 0.33

0.03 0.03 0.03 0.05 0.01 0.03 0.0i 0.01 0.03 0.00

0.00 0.01 0.02 0.00 0.00 0.03 0.02 0.01 0-04 0.01

4.19 4.24 4.55 4.07 0.00 4.37 4.33 4.67 '1.10 4.48

TOTAL roosz 100.25 100.06 99.90 100.21 100.44 99.96 100.29 100.15 99.78

Mg# 65.37 71.29 n.77 6.n 71.34 73.16 77.27 71'.62 67'58 89.78

24 43 31 1.4 11

217 381 239 1,20 77

1509 1235 403 144 2816

450 377 346 421, 21,31

597876723
100 51 1,32 127 55

8.4 11 11 64
<1 <1 <1 <1 <1

<1 <1 <1 <1 <1

3374228
<182<1<1
<147102
<11<1<1<1
4<145<1
33642
81113153
25554
<1 2211
11<1 11

42 50 25 38 58

492 357 231 479 421

28 44 7436 49 926

115 257 475 153 248

423s4573M
723 89 98 772 64

27 1.4 10 24 13

<1 <1 <1 <1 <1

7221, 1

132 34 72 131 33

15 72 <1 15 76

442114229
11<1<1<1
8<11102
43353
191511779
55345
1227<1
<1111<1

Sc

V
Cr
Ni
Cu
kr
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.18 0.18 0.00 0.05 0.18 0.06 0.06 0.18 0.00

0.00 6.60 3.30 0.00 8.04 4.97 9.82 2.71' 4.32 2.79

34.41. 13.47 14.31 31.57 1s.13 8.&3 18.01 11.39 9.30 7.47

7.29 0.00 0.00 7.43 0.00 0.00 0.00 0.00 0.00 0.00

s1.28 31.05 11.50 33.73 47.17 7.10 43.54 1.08 235 5.64

0.00 29.4 50.85 0.00 7.37 60.s0 3.92 6.76 32.22 75"t'4

22.98 13.82 17.55 22.65 16.83 13.78 19.76 13-49 4s.71' 65.8
2.32 2.50 7.93 225 2.12 3.01 2.06 3.27 4.18 1.55

4.18 7.99 7.25 3.99 2.43 1.08 2.64 1.72 0.76 0.23

0.00 0.02 0.05 0.00 0.00 0.07 0.05 0.02 0.09 0.02
II
Ap

iozEs sg.zr tot.92 101.62 99.15 99.46 9926 9930 99.11 99-MTOTAL

420



Whole rock geochemistry

Sample PK4Q PK4R PK4S PK4T PK4U PK4V PK4w PK4X PK4Y PK{Z
Type Pyxite Gran Pyxite Pyxite Perid Gran Perid Gran Gran Perid

si02
Tio2
A1203

47.93 45.73 8.37 47.ffi q.n 49.08 43.81

1.40 1.31 1.00 1.38 0.05 1.58 4.02

8.22 7.58 6.26 7.53 0.52 22.65 1.00

51.55 5'1,.937 44.12

0.34 0.4{ 0.03

18.72 79/62 1.15
6.60 6.1s 8.44

0.11 0.10 0.12
9.17 8.U 44.11,

9.48 9.59 0.91

3.37 3.37 0.58

0.22 0.26 0.05
0.00 0.01 0.01

-0.11 4.08 4.41

Fe2O3 total 72.22 74.12 14.i0 11.55 '1,3.74 5.43 8.76

Mno 0.27 0.23 0.23 0.21 0.77 0.06 0.72
Mgo r4.tl6 76.74 17.8 14.29 45.51 3.n 44.12

CaO 1,4.M 13.36 11.51 16.12 0.55 13.30 0.58

Na2o 1.16 7.63 1.03 1.06 0.40 3.86 0.29
r(2o 0.02 0.08 0.04 0.01 0.02 0.23 0.01
p205 0.01 0.01 0.00 0.00 0.02 0.02 0.01

LOr 425 4.55 4.37 4.10 4.89 0.15 4.41

TOTAL 100.24 100.04 99.85 99.75 10032 100.13 100.41 99.39 99.83 99.7!

Mg# 70.6 69.35 n.29 70.U U.n 57.89 91.25 73.22 73.70 91.t9

Sc

v
Cr
Ni
Cu
7f,r
Ga
As
Rb
Sr
Y
h
Nb
Ba

La
Ce
Pb
Th
U

48

396
10&1

294
44

56

13

<1

<1

38

1,2

11

<1

6

3

12

4

1

<1

40

259

t940
414

6
73

10

<l
<1

164
t7
59

2
n
6
18

3

<1

1

51

36
732

487

163

81

11

<1

1

23

l2
23

1

I
3
t2
5

2

<1

59

439

545

226
44

5l
15

<1

<1

39

20

32

<1

<1

5

t2
5
<1

<1

5

30

2332
2681,

<1

51
7

<1

<1

2

<1

1

1

6
<1

<1

2

<1

<1

6

32

2491
2598
<1

5U

2

<1

1

2

<1

<1.

1

4

1

<1

4
II

1

679
29 15s

658 28

2n9 32

25 38

91 22

220
<1 <1

<1 2

3 1065

<1 3
<1 38

<1 I
1 129

33
89
35
<1 <1

1<1

1,6 18

110 115

265 233
132 1,22

18 15

ftO 36
76 15

<1 <1

11
589 635

<1 1

1,6 20

<1 <1

109 1,36

11
76
25
<1 <1

<1 I

a
Or
Ab
An
Ne
Di
Hy
ot
Mt
u
Ap

0.00 0.00 0.00 0.00 0.00

0.12 0.47 0.24 0.06 0.r2
9.82 8.28 8.72 8.89 0.12

17.16 13.13 12.34 15.76 0.00
0.00 2.99 0.00 0.05 1.33

43.t% 42.82 36.04 51.6 2.10

5.79 0.00 B.A 0.00 0.00

77.87 26.72 18.89 77.79 93.118

2.1r 2.L3 2.43 2.01 2.07

2.6 2.49 1.90 2.62 0.09
0.02 0.02 0.00 0.00 0.05

0.00 0.00 0.00 0.00 0.00

7.% 0.06 1.30 1.54 0.30
23.63 2.45 28.52 28.52 4.97
43.80 1.40 35.30 37.64 0.39
4.89 0.00 0.00 0.00 0.00
17.83 1.51 9.43 7.93 3.20
0.00 12.88 11,.82 13.59 12.12

3.78 N.29 t0.76 8.23 76.33
1.18 1.51 1.14 1.06 7.46
3.00 0.04 0.65 0.84 0.06
0.05 0.02 0.00 0.02 0.02

TOTAL

427

99.41 9935 98.98 9844 99.9 99.52 100.16 98.92 9937 98.79



Sample PK4A1 PK4C1 PK4D1 PK4E1 PK4F1 PK4G1 PK4H1A PK4H1b PK4HIC PK4I1

sio2 39.45 49.6 49.57 M.20 M.48 4i!.93 40.34 49.35 45.09 44.83

Tio2 0.04 0.81 0.59 0.03 0.08 0.03 0.03 0.18 0.12 0.11

41203 0.28 12.& 5.93 0.91 3.22 1.59 0.73 4.% 3.45 3.37

Fe203 total 15.69 10.€ 77.92 8.46 9.11 9.00 10.94 7.23 9.73 9.18

MnO
Mgo
CaO
Na20
K20
P205
LOI

0.18 0.17 0.26 0.13 0.14 0.13 0.14 0'13 0.14 0.14

43.96 13.10 22.37 45.47 39.38 44.6 47.W 37-57 39.10 39.28

0.38 11.15 3.52 0.59 2.74 0.78 0.55 5.97 2.90 293
0.55 2.17 0.50 0.25 0.61 0.23 0.14 0.65 0.41 0.U

0.04 0.13 0.02 0.01 0.03 0.00 0.00 0.00 0'01 0'00

0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01

-1.05 4.13 {.59 4.31 4.45 -0.51 4.55 4.15 4.34 4.53

Perid Perid Perid Perid Perid Perid Perid

TOTAL is.sa 100.09 100.10 99.85 99.35 99.85 100.22 99.79 100.02 99.76

Mg# u.73 7r.33 n,20 91.41 89.54 90.76 89.6 89.53 89'45 89.M

333
19 El
219 M8
2495 222

62%
103 57
215
<1 <1

72
3 302

<1 9

1, 22

1<1
465
33
11 11

42
1<1
t2

Sc

V
Cr
Ni
Cu
Zn
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

30
ZA?

435

415

105

118

13

<1

1

8

2

5

1

<1

8106
33 77 42 18 726

13 10

78 72

60445655

2687 2971, 2347 1533 4564 2750 2750

2594 2154 2342 2892 7414 2053 2064

t172
49 55 51

232
<1 <1 <1

<1 <1 <1

312
<1 <1 <1

<1 <1 <1

<1<11
744
<1<11
1<1<1
22s
1<1 I
<1 <1 <1

55 20 1s

4

13

4

<1

<1

1

<1

<1

3

<1

<1

<1

<1

<l
J
E

<1

I

534
<1 <1 <1

<1 <1 <1

22104
3<1<1
661
111
1<1 2

212
3<1 1.

234
11<1
11<1

o
Or
Ab
An
Ne
Di
Hy
OI
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.n 0.12 0.06 0.18 0.00 0.00 0.00 0.05 0.00

0.00 17.85 4.23 2.12 5.16 1.95 0.00 5.50 3.47 3-72

0.00 24.54 13.83 1.33 5.96 3.31 1.36 10.34 7'54 7.22

0.6 0.00 0.00 0.00 0.00 0.00 0.& 0.00 0.00 0'00

3.03 24.69 2.U 1.60 5.97 0.40 1.06 15.20 5.35 5'72

0.00 12.81 62.U 16.83 12.33 76.73 0.00 3r.24 17.97 1.6.44

93.58 15.19 11,.37 75.94 67.65 75.57 94.85 35.43 63.35 64.97

1.89 1.80 3.09 1.46 7.57 1.55 1.89 1.25 1..57 1.58

0.0s 1.54 1.12 0.06 0.15 0.06 0.05 0.34 0.23 0.21

0.05 0.00 0.02 0.02 0.02 0.02 0.02 0.00 0.02 0.02

TOTAL

422

gg.2g 9s2g 99.11 99.42 98.99 99.59 9948 99.30 99's6 99'tl8



Whole rock seochemistrv

sio2
Ti02
AI203

MnO
Mgo
CaO
Na2O

Sample PK4J1 PK4K1 PK4L1 PK4MI PK4N1a PK4N1f PK4O1 PK4P1 PKSA PKSB

Type Perid Perid Gran Perid Perid Perid Pyxite Perid Perid Perid

43.69 M.57 $.08 43.87 49.08 44.97 8.02 44.59 46.07 46.34

4.07 0.11 0.90 0.12 0.118 0.11 7.72 0.15 0.08 0.20

233 3.N 11.59 3.& 6.31 3.23 8.37 4.07 1.87 3.61

Fe2O3 total 9.62 9.12 10.# 9.28 5.11 9.47 10.95 8.85 7.45 8.93

0.14 0.15 0.18 0.14 0.12 0.14 0.20 0.74 0.1,2 0.14
42.12 39.62 13.14 38.58 21.51 38.12 14.43 8.73 39.57 36.08

1.58 3.30 n.n 3.48 t5.07 2.75 75.29 3.77 4.N 4.45

0.35 0.418 1.90 0.31 7.28 0.$ 1.44 0.47 0.35 0.36
0.01 0.01 0.13 0.02 0.04 0.04 0.05 0.02 0.01 0.04
0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01

4.47 4.40 {.15 0.26 0.&5 0.04 0.33 -0.43 4.24 0.0s

TOTAL 99.45 10031 99.20 99.?0 99.85 99.27 10020 99.77 99.69 L00.22

Mg# 89.6 8959 70.94 89.17 89.n ffisz 72.30 89.66 97.32 88.89

K20
P20s
LOI

7143874431367147418
56 84 273 78 204 74 U3 79 72 85

2372 2915 387 28n ffi4 2741 824 3155 3455 2554
2291, 2188 194 2278 1422 2229 197 2174 2358 2739

247|m47158423235803s
54965858305554584251
441636473524
<1 <1 <1 <1 <1 <1 <1 <1 <1 <1

<11<1<11<11<1<11
452595336984731
<1<110111<117<1<12
11262157261<19
1<1 <l<1 <1<1 1<1 <1 2
5459154663<1
<1<1312221,<12
<11843<110<124
3223414333
<1<1<1<1<1<1<11<1<1
11<1<111<11<1<1

Sc

v
Cr
Ni
Cu
7r.
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
n
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.06 0.06 0.n 0.12 0.24 4.24 0.30 0.72 0.06 0.24

2.96 4.05 16.08 2.62 7.6 3.38 70.70 3.98 3.05 3.05
4.76 7.09 22.71 8.48 11.35 6.90 76.23 8.94 3.46 8.12
0.00 0.00 0.00 0.00 7.72 0.00 0.80 0.00 0.00 0.00
2.38 7.27 8.73 6.93 49.96 5.33 47.97 5.31 1,4.45 11.00
14.35 13.76 t7.96 1321 0.00 20.58 0.00 14.18 1597 22.12
72.75 64.87 14.62 65.M 25.U 60.08 78.96 65.08 @.u6 52.93

1.& 1.57 1.84 7.A 0.88 1,.62 1.89 1.53 1..29 1.54
0.13 0.21 1.77 023 0.91 0.?7 2J3 0.28 0.15 0.38
0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.02

TOTAL 99.08 98.91 98.42 98.63 98.55 9834 98.92 99.44 9929 99.n

423



Sample rrcsc rrsD PK5E PK5F PK5G PK5H PKsI PK5J PK5L PK5M

Fe203 total 9.27 10.58 77.19 10.81 10.13 8.81 8.31 9.00 70.92 8.53

T

si02
Ti02
A1203

MnO
Mgo
CaO
Na2O
K20
P205
LOI

42.25 45.24 49.96 53.02 49.65 45.72 U.27 45.23 s3.77 43.78

0.04 0.77 0.58 0.25 0.85 0.10 0.03 0.09 0.27 0.02

0.84 2.47 5.95 4.49 6.35 3.43 2.09 3.16 4.53 0'85

0.13 0.15 0.23 0.1E 0.19 0.14 0.13 0.14 0.19 0.13

45.45 99.94 24.09 28.57 77.76 37.75 43.54 39.26 28.f]6 45.98

0.39 7.92 2.05 7.92 74.07 3.15 1.09 2.56 196 0.64

0.23 0.33 0.35 0.22 0.87 0.39 0.35 0.48 0.24 0.57

0.01 0.01 0.02 0.00 0.03 0.01 0.01 0.01 0.00 0.03

0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.02

{.31 4.43 {.55 4.r4 0.10 4.24 4.25 {.15 {'38 437

TOTAL 99.31 1(X)33 99.89 9934 100.01 99.26 99.58 99-78 99-87 100.28

90.85 88.20 n.il 83.95 n.64 89.45 97.21 89.63 83-96 91.34

Sc1012624
v 83 26 227 148

Cr - 2432 1'ffi 1'636 3280

Ni 2085 2542 555 996

Cu1824968
7f,i 67 50 98 77

Ga3198
As <1 <1 <1 <1

Rb1<111
Sr7263
Y<1<1<1<1
Zr1<1<1<1
Nb1<1<1<1
Ba5147
La<1<14<1
Ce<138<1
Pb3533
Th<11<1<1
u<11<11

517767444
313 9L 38 76 30 32

77M 2935 2547 2827 2977 2520

484 2053 2548 2117 2658 2637

5836<112<11
58 54 50 53 53 52

10434r2
<1 <1 <1 <1 <1 <L

1111<1<1
3522222
11 <1 <1 <1 <1 <1

20<12<11<1
<111<1<1<1
767447
1111<1 1

8177<1 2

442443
<1 <l <1 <1 <1 <1

<1 11111

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.06 0.06 0.12 0.00 0.18 0.06 0.06 0.06 0.00 0.18

1.95 2.79 2.95 1.86 7.36 3.30 2.96 4.06 2.03 4.21

1.23 5.07 10.04 9.46 13.33 7.58 4.10 6.44 9.6 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.50 2.48 8.07 7.51 45.10 6.35 0.97 4.93 7.67 2.40

8.93 22.U 61.20 69.57 15.15 22.U 15.95 18.94 58.30 8.49

84.44 53.113 72.n 8.99 74.52 56.89 72.54 62.98 10-47 82.78

1.6 L.82 2.96 1.86 r.75 7s2 1.43 1.55 1.88 1'-22

0.08 0.32 1.10 0.49 7.63 0.19 0.06 A.77 0.51 0.04

0.02 0.02 0.05 0.02 0.00 0.00 0.02 0.00 0.02 0.0s

TOTAL

424

98.81 98.83 99.n 99.76 99.02 98.73 99.09 99.13 100.9 9937



Whole rock geochemistrV

A4.3 Mount Muwhy xenolith analyses

Sample 9OO41A 900418 9oo41C 90041D 90041F 90041H 900411 9004U 900444 90048A

Typ" Gran Gran Gran Gran Gran Gran Gran Gran Pyxite Pyxite

Fe2O3 total 3.E9 8.14 3.01 7.78 5.05 4.50 6.72 6.71, 7.29 74.65

si02
Ti02
AI203

MnO
Mgo
CaO
Na2O
I(2O
P205
LOI

48.79 47.34 48.07 45.58 r6.m 49.65 45.03 45.08 50.91 44.%
0.30 023 0.34 0.25 0.27 0.58 0.13 0.t2 0.59 012
22.14 1,8.76 23.70 77.07 24.8 20.89 20.n 20.85 6.47 7.88

0.06 0.12 0.06 0.11 0.07 0.08 0.09 0.09 0.1s 0.20
6.28 12.26 5.53 15.19 8.58 5.6 1,4.43 74.48 1,9.41, 20.29

15.98 10.86 1,6.25 12.11 12.58 75.42 11.03 11.05 t436 10.55

2.58 2.U 2.27 7.57 2.08 2.93 1.75 7.77 1.03 7.37
0.10 0.77 0.18 0.06 0.19 0.16 0.05 0.05 0,02 0.06
0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
0.r7 020 0.22 0.25 0.41 0.47 0.08 {,19 0.06 4.73

TOTAL 100.29 10033 9.& 99.97 100.15 1(X)34 100.09 100.02 100.29 99.s6

Mg# 76.17 74.89 n.44 79.45 n.0S 71.35 n.96 81.04 U.06 73.28

27
T/U

t/)J
s85

222

91,

9

<1
1

340

J

27

1

28

4

10

4
<1

2

241810277
59 70 36 742 31

72 91,4 126 287 4&
31 248 1,68 38 331

55529334
23 48 34 25 4'J,

75 72 18 20 74

<1 <1 <1 <1 <1

27311
588 453 754 547 lK
1<113<1
27 16 21 25 16

5<122<1
37%617535
33544
8711 88
43543
1<1<121
<1<11<1<1

26 t4
85 57

452 220

72 239

236
19 50

74 t6
<1 <1

11
582 559

11
20 16

1,2
51 75

26
372
45
t2
<1 <1

Sc

v
;Cr

Ni
Cu
Zn
Ga
As
Rb
Sr
Y
Zt
Nb
Ba
La
Ce
Pb
Th
U

543
27 238
445 2022
282 624

18 62

37 38
158
<1 <1

<1 <1

579 30

<1 10

15 1.4

21,
402
52
96
34
<1 1

<1 1

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
il
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.59 1.00 1.05 0.35 7.72 0.95 0.35 0.35 0.72 0.35
14.58 17.97 73.32 70.72 15.03 18.46 12.23 12.07 812 7.93
48.54 36.30 53.95 39.35 57.9 43.38 48.64 48.n 12.97 15.18
3.93 3.31 3.19 1.39 1.39 3.t13 1.40 1.58 0.00 r.99
24.67 14.05 2r.22 15.53 3.4r| 26.62 4.U 4.82 46.20 29.82
000 0.m 0.00 0.00 0.00 0.00 0.00 0.00 13.20 0.00
5.30 24.97 5.23 28.86 18.85 4.n 30.55 30.55 76.02 39.82

0.67 1.N 0.52 r.34 0.87 0.78 7.1,6 1..1.6 1.26 2.53
0.57 0.a 0.65 0.47 0.51 1.10 0.25 0.23 1..12 't.37

0.00 0.02 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.02

TOTAL 99.79 99.40 99.16 99.01 99.26 99.49 99.42 99.53 99.67 99.01

425



Sample s00a8B 90048C 900$D 9004{tE 90048G 900grA 900548 9009c 90054D 900548

si02 M.O7 43.29 43.s3 46.54 49.09 44.94 45.22 44.6 45.65 43-82

Tio2 1..74 3.67 3.04 7.75 2.30 0.85 0.11 7'32 0.29 0.09

A1203 7.39 74.25 70.17 75.70 22.39 7.27 2.48 70.26 430 2.31,

Fe203 total 72.95 72.68 72.77 918 6.27 14.79 9.88 9.80 10.35 10.01

MnO
Mgo
CaO
Na20
K20
P20s
LOI

0.20 0.15 0.16 0.14 0.09 0.44 0.15 0.16 0.15 0.15

17.66 10.56 77.42 8.91 3.08 72.73 39.02 15.22 31.42 41.05

75.42 12.37 t7.47 13.s9 10.23 11.82 2.77 77.37 6.79 1.45

0.86 2.25 1.6 2.63 4.39 0.90 0.30 1.05 0.72 0.37

0.10 0.49 0.77 0.35 0.52 0.n 0.05 0.05 0.02 0.02

0.02 0.21 0.06 0.12 0.24 0.01 0.03 0.00 0.01 0.03

0.05 0.18 0.25 0.79 1.37 4.ffi 4.24 0.00 {.38 4'39

100.40 100.05 100.04 10030 100.41 9932 99.18 99.8{} 9933 98.91

Mg# 72.98 62.25 65.02 &.34 49.55 63.03 ffi.66 75.46 85.74 89.04

&79
424 130 57

7092 2896 3018

325 L&5 2205

185
<1 <1 <1

63 23 11

67626

74 41 10

137 7n 62

7 2729 2997

5 329 2088

13818
31 2& 6't

20205
<11<l
320 1

1683 130 18

364<1
54 74 11

10131
243 458 4

7276
22733
473
72<1
<1<11

33 55 32

313 446 251

771. 587 370

u9373
37 33 26

!6 55 56

17 77 17

<1 <1 <1

523
939 310 891

18 22 12

113 90 98

7449
97 27 79

12770
44 22 34

353
211
<1 <1 <1

54

302
.. 2087

334
46

65

14
<1

1

279
15

72

4

19

5
27
3
1

<1

Sc
v
Cr
Ni
Cu
7rr
Ga
As
Rb
Sr
v
Zr
Nb
Ba

La
Ce
Pb
Th
U

1

11

<l
5

<1

8

<1

2

4

<1

<1

1<1
74 2l
745
46 12

<1 1

15
6<1
196
44
<1 <1

1<1

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 2.90 0.00 2.07 3.07 4.79 0.30 0.00 0.12 0.12

0.00 9.34 0.00 13.54 30.89 8.04 2.54 0.00 6.09 3.13

15.85 27.34 19.80 30.00 39.85 14.16 5.27 23.74 8.44 4.58

3.94 s.26 7.67 4.72 3.39 0.00 0.00 4.81 0.00 0.00

48.53 26.10 53.33 29.53 9.63 38.53 4.18 fl.17 79.94 1.91

0.00 0.00 0.00 0.00 0.00 10.06 24'53 0.00 10'rm 77.%

25.74 18.18 10.52 13.40 5.66 17.8s 59.76 18.20 51'.46 69'77

2.23 2.79 2.70 1.69 r.07 3.38 r.70 1.69 7.79 r.73

3.30 6.97 5.n 332 4.37 7.69 0.21 2.51 0.55 0.77

0.05 0.50 0.79 0.28 0.57 0.02 0.07 0.00 0.02 0.07

TOTAL
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Whole rock qeachemistru

Sample 90054F 900SG 9009H 9@541 90054J 90054K 90054L 90054M 90054N 900540

Typ" Pyxite Pyxite Perid Fyxite Perid Pyxite Perid Perid Perid Perid

sio2
Ti02
A12()3

Na2O
K20
P205
LOI

47.13 43.20 4$.08 46.8 38.10 41.55 n.26 113.55 42.08 38.50

1,.25 1.51 0.10 1.15 0.68 1.81 0.32 0.09 0.19 0.55

7.06 12.78 2.22 7.37 5.40 12.34 3.31 1.90 2.89 4.87

MnO
Mgo
CaO

Fe2O3 total 8.35 10.01 12.47 &M 79.24 11.82 12.58 12.27 17.18 1,9.57

0.16 0.16 0.17 0.15 0.23 0.17 0.20 0.77 0.23 0.23

76.33 14.30 39.41 17.22 30.70 15.20 35.66 39.90 34.47 31,.54

18.56 17.14 1,.94 77.73 5.55 76.20 s.26 7.29 2.90 4.88

0.91 127 0.21 1.97 0.54 7.77 0.29 0.58 0.21, 0.89

0.09 0.03 0.07 0.12 0.07 0.02 0.03 0.05 0.02 0.05
0.01 0.m 0.03 0.01 0.01 0.00 0.00 0.0s 0.01 0.04

0.77 0.07 -028 0.08 -1.10 423 4.48 4.63 4.85 -7.77

100.03 too.47 99.42 100.12 9.42 100.05 99.53 99.33 9933 99.96

79.45 73.U 86.22 80.16 75.96 77.87 U.78 f%.56 79.89 76J.4

6853954?0502081313
328 & 64 328 202 472 130 57 88 1.57

2&3 232 2902 3745 2300 399 2520 2525 2547 1,647

299 311 2263 483 7037 236 t737 2075 1611 1109

33 N 27 72 76 36 47 7 1,0 1.4

44 101 91 43 772 91 90 78 106 135

72264721327734t7
<1 <1 <1 <1 <1 <1 <1 <1 <1 <L

<111<1<1<111<1<t
724 72 18 94 35 67 20 7 L8 36

1376<1124772<1<12
554573452043104s16
2727111<1<12't4458282624
6423142<723
18745106735<16tl
4332545343
1<1<11<1111<11
<11<1<11<1<1<11<1

Sc

v
Cr
Ni
Cu
7.rl
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

La
Ce

Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.41 0.00 0.00 0.00 0.18 0.30 0.12 0.00
0.00 0.00 1.78 0.00 0.00 0.00 2.45 5.75 1.78 0.00

14.91 29.08 4sr 10.91 12.10 28.36 7.64 1.98 6.88 912
4.77 5.82 0.00 9.03 2.48 535 0.00 0.00 0.00 4.08

59.96 43.79 3.58 58.79 12.3r. 40.74 14.64 3.34 5.94 11.89
0.00 0.00 76.43 0.00 0.00 0.00 2.48 12.51 15.39 0.00

15.08 78.37 69.09 7730 68.99 21.45 6.71, n.6 65.21 7r.12
7.M 1.73 2.75 7.6 3.32 2.04 2.t9 2.12 2.96 3.38
2.37 2.87 0.19 2.87 1.29 3.44 0.51 0.77 0.36 1.04
0.02 0.00 0.07 0.02 0.02 0.00 0.00 0.07 0.02 0.09

TOTAL 97.95 101.66 98.61 10038 100.51 10139 98.90 %.87 98.66 700.72
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Sample 90054Q 9{Xr54K 90o54r vlru5+u

Tvpe Pertd Perid Perld Perid

si02 a.24 43.55 42.U 42.71

Tto2 0.04 0.04 0.12 0.08

A1203 1.65 1.59 l-73 L.6L

Fe2Os total 77.62 9.76 16.24 13'30

90054Q g(xtgR 9m54T 9qE4U

MnO
Mgo
CaO
Na2O
I(2O
P205
LOI

0.16 0.14 0.27 0.77

40.94 42.67 37.63 40.95

1.34 1.18 7.97 1.32

0.07 0.10 0.56 0.37

0.02 0.02 0.02 0.03

0.00 0.00 0.04 0.02

4.59 0.90 {.81 4.64

TOTAL 9939 99.45 100.18 9932

Mg# 87.6 9022 SZ.rl 85.91

Sc

V
Cr
Ni
Cu
7rr
Ga
As
Rb
Sr
Y
Zt
Nb
Ba
L^a

Ce
Pb
Th
U

47 49 59 52

3048 3104 2431 2550

2203 2422 l7u 2189

731026
81 58 98 91

33?4
<1 <1 <1 <1

<1 111
55107
<1 <1 <1 <1

114<l
1<1<12
4345
32<1 1

1<1 33
4464
1<13<1
<1 111

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00

0.12 0.12 0.12 0.18

0.59 0.85 4.74 3.13

4.13 3.&3 2.15 2.64

0.00 0.00 0.00 0.00

1.99 1.59 5.85 2.99

24.75 20.58 9.49 9.70

66.00 69.73 74.08 n.65
2.01 158 2.80 2.n
0.08 0.08 0.23 0.15

0.00 0.00 0.09 0.05

TOTAL 99.07 97.76 99.56 98.79
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Whole rock geochemistry

A4.4 Mount Cumming xenolith analyses

Sample 90040E 90040G 90040H 9o{140I 90040K 90040L 90040N 90040P 90040U 90040W

Type Perid Perid Perid Gran Perid U.C. PErid Perid Perid Gran

sio2
Ti02
A1203

45.77 42.90 41,.61 47.83 44.83 71.70 M.57 43.89 44.70 47.02

0.14 0.04 0.29 0.46 0.04 0.09 0.05 0.01 0.02 4.6
3.59 0.97 2.58 26.72 1.62 14.88 1,.ffi 0.89 0.78 15.10

MnO
Mgo
CaO
Na2O
tc20
P205
LOI

Fe2O3 total 9.31 10.25 13.85 4.59 8.35 1.38 8.75 8.73 8.69 11.05

0.14 0.15 0.19 0.06 0.13 0.08 0.13 0.13 0.14 0.15

37.93 44.40 38.55 5.39 42.8 0.18 43.05 45.05 44.76 8.04

3.10 0.78 3.34 72.09 1,.57 0.80 7.46 0.86 0.71, 10.24

0.40 0.07 0.35 3.17 0.21, 4.53 0.18 0.04 0.11 2.70

0.03 0.04 0.31 0.23 0.01 5.02 0.04 0.02 0.02 0.26
0.01 0.01 0.02 0.03 0.01 0.03 0.01 0.00 0.00 0.02

{.38 4.38 {.61 0.20 {.45 1.52 {.19 4.24 4.27 0.00

TOTAL 9.M 992? 100.4E 100.17 99.20 99.61 99.60 99.38 99.66 LOO.Z4

Mg# 8.97 89.56 U.& 69.93 91.05 20.53 90.69 97.09 9r.07 59.03

Sc

v
Cr
Ni
Cu
7rr
Ga
As
Rb
Sr
Y
Zr
Nb
Ba

La
Ce
Pb
Th
U

4
68

69
1{]65

24

u
5

<1

2

4l
3

76

2
10

4

11

4

I
1

5

32

11

98

9
35

17

<1

z

m
<1

30

3

109

5

12

5

<1

<1

8
4A

26ts
24%

1

47

3

<l
<1

8

<1

I
1

2
<1

<1

4
<1

<1

4
8

1

1

2

39

22

1

330

55

44

7t7
tJ

774
20

42

%
27
9

5

29

31,65

2587

3

)J

2

<1

<1

J
1

<1

1

4

3
3

4
7

<1

13 <1

79 29

2788 2268
7936 267
153
53 63

43
<1 <1

11
72 11

<1 <1

53
22
29
22
52
46
1<1
1<1

54
39 27

2793 2342
251,1 2643
41
52 50

22
<1 <1

1<1
724
<1 <1

11
11
15
l1
13
33
<1 <1

1<1

27
257
208

1.43

5U

59

20
<L

2

71,4

<1

61.

7
t44
I

2'J.

5

<1

<1

o
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 21.96 0.00 0.00 0.00 0.00

0.18 0.24 0.35 t36 0.05 29.67 0.24 0.72 0.72 7.s4
3.38 0.59 2.96 27.94 1.78 38.33 1.52 0.34 0.93 22.85

7.91 2.27 5.29 56.% 3.45 3.n 3.44 2.19 1.s8 31.04
0.00 0.00 0.00 2.65 0.00 0.00 0.00 0.00 0.00 0.00

5.83 1.25 8.83 2.75 3.37 3.26 294 1.63 1.53 $.n
19.79 t5.64 1.59 0.00 20.92 0.& 79.n D.26 22.48 70.12

60.00 76.97 n.67 72.n 67.81 0.00 69.49 73.79 70.99 7.t4
1.61 Ln 239 0.79 7.M 0.24 1.51 1.51 1.50 1.91

0.27 0.08 0.55 0.87 0.08 0.17 0.09 0.02 0.04 8.85
0.02 0.02 0.05 0.07 0.02 0.07 0.02 0.00 0.00 0.05

TOTAL 98.99 98.71 99.62 99.57 98.93 98.11 99.02 98.86 99.77 99.23
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Sample 9$4oY 9oO4{lS1 9oO40U1 9m40G290040M2 9m40N2 9004002 90040P2 9004043

Tvpe Gran Perid Perid Perid Gran Gran Gnn Gran Perid

sio2 52.22 43.65 46.29 U.32 49.03 46.28 48.56 49.55 43.74

Tio2 0.26 0.05 0.09 0.10 0.24 5'04 0.44 0.22 0.21

AI203 19.51 1.53 3.38 2.85 23-f!6 75.67 17'6 19.75 r.70

Fe203 rotal 7.05 10.11 8.6 11.51 .5.92 11.80 7.51 7.63 10.E3

MnO
Mgo
CaO
Na2O
K20
P205
LOI

0.11 0.15 0.14 0.20 0.07 0.15 0.72 0.10 0.18

9.11 43.36 38.51 37.71 6.41 822 9.02 9.90 40.44

8.47 1.03 3.02 2.78 70.n 9.61 13.55 10.51 r.77

2.96 0.09 0.21 0.75 3.43 3.03 2.67 2.5r 0.60

0.30 0.02 0.02 0.11 0.31 0.35 A.24 0.26 0.17

0.01 0.00 0.00 0.01 0.03 0.03 0.00 0.00 0-02

0.14 4.30 {.15 {.20 0.16 -0.09 027 4.09 {.54

Mg#

TOTAL 100.14 99.79 100.15 100.14 100.21 100.09 100.04 10034 99.06

77.90 89.47 89.80 U.65 8.20 57.98 70.44 71*99 88.09

749
51 47

165 2897

167 2t48
14 29

56 69

173
<1 <1

272
888 72

<1 <1

27E
<1 3

150 28

44
92
64
2<1
<1 <1

7681415102626
52 45 73 68 28 117 273

198 2348 2ffi3 3276 33 1,82 261,

131 2495 2067 1933 1.37 87 729

27 12't413 1749
53 57 50 82 48 53 76

20333191921
<1 <1 <1 <1 <1 <1 <1

2<7<11337
931 4 2 12 1478 !fi7 636

1<1<1<1<167
26313M3567
11<1<13111

163233180777126
5213854
t2<123171419
4342556
1<1<1<1<1<11
<1<1<1<1<11<1

Sc
V
Cr
Ni
Cu
Zn
Ga
As
Rb
Sr
Y
Zt
Nb
Ba
La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ot
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.n 0.12 0.12 0.65 1.83 2.07 7.42 1.54 1.00

25.05 0.76 1,.78 6.35 25.54 25.64 77.29 27.24 5.08

39.06 3.98 8.22 4.09 48.n 28.12 3s.s0 41.85 1'.M

0.00 0.00 0.00 0.00 1.35 0.00 2.87 0.00 0.00

2.33 0.89 5.33 7.63 3.51 15.57 25.59 8.28 5.4s

25.59 18.80 26.92 10.16 0.00 3.39 0.00 10.22 11.19

3.84 72.82 55.52 68.26 15.% 12.67 14.31 14.89 72.77

7.22 1,.75 r.49 1.98 1.02 2.04 1.30 7.32 1'.87

0.49 0.09 0.77 0.19 0.46 9.57 0.84 0.42 0.40

0.02 0.00 0.00 0.02 0.07 0.07 0.00 0.00 0.05

TOTAL
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Whole rock geochemistry

A4.5 Mount Waesche xenolith analyses

Sample
TyPe

89001E 89001F E9001I 890028 89qxl7 890009

U.C. U.C. Gran U.C. U.C. U.C.

si02
Ti02
A1203
Fe2O3total
MnO
Mgo
CaO
Na2O
I(2o
P205
LOI

&.43 62.57 48.78 45.03 38.31 MJg
0.51 0.24 7.79 1.91 7.75 2.n
77.35 79.82 15.19 14.00 8.89 1,6.32

7.12 2.74 B.n n.ffi 25.n n.22
0.15 0.05 0.31' 020 0.35 0.19

0.70 0.20 5.26 12.15 s.08 5.35

2.67 r.52 10.34 9.88 10.06 70.82
7.79 7.27 4.30 2.99 3.06 3.39

3.49 5.20 0.28 4.67 0.81 0.70

0.14 0.04 0.64 0.37 0.42 0.35

0.39 0.77 4.39 0.22 4.32 1.34

TOTAL 100.24 100.24 \00.27 10022 100.12 700.27

Mg# 16.30 12.63 43.07 6528 28.13 44.49

Sc

v
Cr
Ni
Cu
hr
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

I^a

Ce
Pb
Th
U

<1

15

5

3

9

51

22

<1

22

t32
32

797

723

1204
46

100

5

1

I

424223123
15 1,& 188 485 272
7 26 565 10 71

9 27 272 77 35

524n9269
31 92 74 127 73

25 23 18 25 24

1<1 <1 2<'t
109 4 77 19 74

196 562 62 287 455

n27244126
7726 92 152 276 t47
186355125
257 333 293 274 235
47 23 32 27 23
76 52 67 r24 59

156676
132423
47271

a
Or
Ab
An
Ne
Di
Hy
ot
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00

20.62 30.73 1.55 3.96 4.79 4.14
!#.87 53.79 30.91 14.68 9.05 22.01

4.76 6.% 21.32 22.n 8.13 27.25

2.75 3.97 2.97 5.76 9.12 3.61

6.58 0.80 21.50 t9.25 32.95 20.03

0.00 0.00 0.00 0.00 0.00 0.00

5.53 2.68 13.&3 25.74 14.01 13.08

1.23 0.47 2.37 221 4.43 228
1.76 0.6 3.40 3.53 1,4.72 4.55
0.33 0.09 1.52 0.88 o.99 0.83

99.23 9929 99,47 9891 98.19 97.79TOTAL
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A4.6 USAS Escawment xenolith analyses

MB69A MB69C MB69D MB69E MB69F MB69G MB69H MB69I

Perid Psrid Perid Perid Perid Perid Perid Perid

Fe2O3 total 894 9.32 9.51 9.01 8.03 8.07 9.62 8.91

sioz
Tio2
A1203

MnO
Mgo
CaO
Na20
K20

M.48 U.13 44.01 U.26 44.97 44.96 4.32 45.2E

0.15 0.13 0.72 0.10 0.10 0.0r 0.72 0.12

3.68 324 3.34 3.24 3.36 1.76 2.76 3.82

0.1.4 0.15 0.14 0.14 o.rs 0.13 0.14 0.14

37.18 37.38 38.11 38.75 38.28 42.48 n.52 37.23

3.29 3.s7 3.09 3.08 3.38 1.54 2.47 3.77

0.69 0.35 0.55 0.61 0.59 0.41 0.36 0.34

0.05 0.05 0.02 0.03 0.02 0.02 0.01 0.03

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00

1.10 Ln 0.35 0.47 0.61 0.77 0.00 712
P205
LOI

TOTAL 99.71 100.10 99.25 99.70 99.42 99.% 10033 100.16

89.17 88.82 88.81 89.49 90.42 97.25 89.30 89.22

727616111281024
nnn728543&81

2736 2s64 2459 2998 3403 3052 2245 2808

7978 2752 2143 2183 nn 231,9 n35 7962

24 23 26 20 32 <1 22 23

55 54 57 53 51 48 55 55

43434233
<1 <1 <1 <1 <1 <1 <1 <1

<12<7<1<11<11
152095691034
1<111<1<1<11
5522<1<1103
2272<11<12
<17<7<1<163<1
<11<1<1<11<15
13<1<11<156
34314334
<11<1<1<1<1<12
<1<11<1<11<1<1

Sc

v
Cr
Ni
Cu
7n
Ga
As
Rb
Sr
Y
Zt
Nb
Ba

La
Ce
Pb
Th
U

a
Or
Ab
An
Ne
Di
Hy
ol
Mt
II
Ap

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.30 0.30 0.12 0.18 0.12 0.12 0.06 0.18

5.84 2.96 4.55 5.76 4.99 3.47 3.05 2.88

5.80 7.72 6.59 6.01 6.44 2.90 5.89 8.81

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7.46 8.30 5.85 7.26 8.07 3.67 4.97 5.46

13.04 15.03 72.79 11.43 M.A 18.89 15.16 22.76

62.54 ffi.92 65.17 6.63 62.27 58.19 68.47 !6.47

1.54 7.61 7.64 1.55 1.38 7.39 1.6 1.54

0.28 0.25 0.23 0.19 0.19 0.02 0.23 0.23

0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.00

97.82 97.57 98.06 98.$ 98.10 98.67 99'51 98.27
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Appendix five
RAnn EARTH ELEMENT ANALYSES AND MINERAL

SEPARATION TECHNIQUES

Introduction

Trace Elements for selected rocks were also determined using the
instrumental neutron activation analysis (INAA) method, in the Department of
Geoscience, New Mexico Institute of Mining and Technology. Where elements

were determined by X-Ray Fluorescence (XRF) as well as INAA, XRF data was

used for all plots, with the exception of REE normalised diagrams, where INAA
data was used. Using only a single dataset for plots provides internal consistency
in the data set.

INAA samples were prepared as for XRF analyses (Appendix Four). Sample

sixes ranged from 30 and 120 mg, depending on rock type and sample type as

follows;

The samples were irradiated and counted after 7 days, and again after 40 days. A
full detail of the method can be found in Gamble and Kyle (1987).

The estimated accuracy (P.R. Kyle, writ. comm.) of analyses determined by
INAA is as follows:

Granulite rock 70-11.0 mg
Pyroxenite rock 50-70 mg
Peridotite rock 80-1.20 mg

very good

good

rough
very rough

Granulite Clinopyroxene 40{0 mg
Pyroxenite Clinopyroxene 40-50 mg
Peridotite Clinopyroxene 30-50 mg

La, Eu, Tb, Th

Sc, Cr, Rb, Ce, Sm, Yb, Lu, Hf, Ta

hy As, Br, Ba, Nd,
Ni, Sr

2 % or less

2-4%
5-i1:O "/o

up to 25 To
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Abbreviations

Rock sample abbreviations are presented in Appendix Four. Others used here are:

cpx - clinopyroxene sample

wr - whole rock sample

- repeat analysis

Mineral Separation Techniques

Xenoliths from Antarctica are commonly well preserved and unweathered

due to the desert environment. However, the oxidised nature of the xenoliths has

resulted in some minerals with oxide inclusions and coatings. Along with their

high densities this makes the separation of some minerals difficult.
To overcome the difficulties with coated or altered minerals, a suitable

grain size for mineral separations must be established. Typically a fraction of l/5
to I/LO the mean grainsize is suitable. In the case of Antarctic xenoliths, a grain

size of 2-3 a (0.25-0.L25 mm) was selected. This is the largest grain size whereby

samples are large enough to examine easily under a microscope and allow easy

hand picking, while being small enough to produce monomineralic grains

without any coatings of oxides.

Minimising the number of analytical techniques is preferred so as to restrict

the possibility of contamination. With further 'handling' of samples the

possibility of contamination is increased. This is especially important when

dealing with small amounts of sample as for isotopic and REE analyses.

Equipment used must be thoroughly cleaned at each step; especially the sieve

stack and the fuantz magnetic separator which easily produce contaminants.

Sample Crushing

Rock chips of samples for mineral separation were crushed in a tema for a

few seconds to produce the required grain size before mineral separations were

undertaken. Further discussion of techniques used for crushing minerals can be

found in Appendix Four.

Dry Sieaing

To obtain a uniform grain size of 2-3 a, all samples were dry sieved using a

Fritsch shaker. Full details of procedures for grain size analyses can be found in
Barrett and Brooker (1989). The steps taken were:
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Rare earth element analuses anil mineral smaration techniaues

1. Samples were sieved for 18 minutes (6 mins on intermediate setting, 5
mins on micro setting, 6 mins on intermediate) at amplifude 5;

2. Fractions were collected for 1.5-2.0 a, attd for 2.0-3.0 s. All other fractions

were discarded.

3. Both fractions were then placed in beakers and washed of adhering fine

grains by squirting distilled water into the beakers, stirring, and pouring off the

clouded water. This was continued until the water ran dear.

4. Samples were then oven dried at 40 oC overnight before placing in vials
ready for mineral separation.

Magnetic Separations

Mineral separations were undertaken using a Frantz isodynamic magnetic

separator. As a knowledge of the magnetic susceptibilities of the minerals
concerned is needed for this method, experiments were undertaken on a number

of samples at many settings to determine the optimum conditions for separating

minerals from granulites, pyroxenites and peridotites. A hand magnet in a plastic
bag was passed over all samples to remove grains of magnetic oxides which can

easily clog the Frantz separator, and provide contaminants. A slope of 20" for the

magnetic separator was used in all cases. The procedures for different rock types

are outlined below.

Granulites
1.. At a current of 0.5 amps, plagiodase is the only mineral phase not affected

by the magnetic field. A sample containing only plagioclase grains (the residual;
i.e. unaffected grains) was obtained.

2, The sample was then passed through a 0.1 amp current. Highly magnetic

grains and grains well coated with oxides (oxidised olivine and orthopyroxene)
were separated off and discarded. The unaffected residual sample was then
separated for clinopyroxene.

3. Experiments in separations failed to obtain a sample rich in clinopyroxene.
As the oxides had already been separated off, only clinopyroxene and the more

susceptible plagioclase (and unoxidised olivine and orthopyroxene) grains were

affected by the current. The greatest concentration of clinopyroxene
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(approximately 70'/") was obtained at a current of 2.5 amps. The residual grains

(rich in plagioclase) were discarded. Further runs at 2.5 amps failed to increase the

proportion of dinopyroxene significantly, and only succeeded in reducing the size

of the separation. Multiple runs are therefore discouraged unless there is
sufficient sample to do so.

4. In order to purify the samples, both were floated in heavy liquids and hand

picked of impurities (other mineral phases and altered minerals). The resultant

samples were almost (if not totally) t00% pure.

Pyroxenites

The problems encountered in separating granulite minerals were
compounded for separating pyroxenite minerals, which are often oxidised, and

contain mineral phases with similar magnetic properties. For isotopic and REE

analyses only clinopyroxenes were separated. Other mineral phases were not
separated in this study, but because of similar magnetic susceptibilities of the other

grains the use of heavy liquids is recommended.

N.B. Kaersutite was not a major phase in any of the pyroxenites. Separating

kaersutite from clinopyroxene by magnetic properties and their identification
under the microscope at the grain size was considered too difficult, and the use of
heavy liquids is again recorrunended for their separation.

1. Any plagioclase present was separated out at 0.5 amps as per the granulite

procedure.

2. Highly magnetically susceptible phases were then separated out at a current

of 0.1 amps and discarded.

3. A current of 0.25 amps was again found to be the best for separating

clinopyroxenes. Unlike the granulite samples however, it is the residue (grains

unaffected by the current) that was rich in clinopyroxene. The other split is a mix
of clinopyroxene and olivine or orthopyroxene.
4. The sample was then hand picked of any undesirable material.

Peridotites
Peridotites were only separated for clinopyroxenes (for REE analyses).

Optimum conditions for the separation of other phases were also determined.
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Rare earth element analyses and minral separation techniques

1. A current of 0.4 amps was used to separate clinopyroxenes/ which were
unaffected by the cument. This split was not totally impurity free as splits using a

0.5 amp current are, but as clinopyroxene is not an abundant phase, the lower
current was preferred to obtain a larger sample.

2. The sample was then passed through a 0.1 amp current to isolate highly
magnetic minerals.

3. A run at 0.25 amps resulted in a split that was a mix of olivine and
orthopyroxene (rich in the latter). At 3.0 amps a split that was also a mix of olivine
and orthopyroxene was obtained, as well as a split almost purely olivine. A run at

0.3 amps for olivine (magnetic split), followed by 0.25 amps for orthopyroxene
(magnetic split), is therefore recorunended.

Samples were then hand picked of any impurities.

Summary of magnetic separations

Granulites:

0.5A - plagioclase (n)

0.14 - discard (m)

Pyroxenites:

0.5A - plagiodase (n)

0.1A - discard (m)

Peridotites:

0.4A - clinopyroxene (n)

0.1A - discard (m)

0.3A - olivine (m)

0.25A - Orthopyroxene(m)

0.25A' - Clinopyroxene (m) 0.25A - Clinopyroxene (n)

(n) = non'magnetic split, (m) = magnetic split

Heaoy Liquids
Sodium polytungstate was the preferred heavy liquid as it is non toxic.

Although it is generally only useful for densities up to approfmately 3.1 g/cc, and
has problems with densities above 2.7 g/cc, it could still be used if sufficient
sample was present.

Densities of. 3 g/cc were used to float off plagioclase in granulites and
pyroxenites. Such a high density was necessary because of the oxidised nature of
the grains, which makes them denser than unoxidised grains. At this high
density, settling of grains in the liquid was not complete. The heavy fraction was
filtered off and washed. This was a pure clinopyroxene fraction and was used for
analyses. The remaining liquid, except for the very top containing the floated
fraction, was then filtered and evaporated for reuse. The grains were a mixture of
heavy and light, and were discarded. The float was then filtered off and washed.
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This was a pure plagioclase fraction and was added to that produced by magnetic

separation.
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Rare earth element analuses and mineral smaration tecfuia

A5.7 MBL xmolith trace and rare earth element analyses

Sample
T''pe

9q)29c19q129H19fin9H19m29H1 gqIllD 9m33C 9qB3C 90033C 9m$X $039c
Gran Gran Gran Gran Gran Pyxite Pyxite Pyxite Gran Gran
rock rock cpx cpxr€ rock rock rockre rockre rock lock

Sc

Cr
Ni
7rr
As
Br
Rb
Sr
sb
Cs
Ba

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

5.75 24.U5 8/.8 24.79 20.32 34.6 34.7 U.4 23.99 29.08
2.3 10 76 11.5 3.8 872 g7S 872 243 10.4
04900588247245000
32 48 108 50 67 88 &5 70 101 80
007.70000000
0.300000.240000
7000000000

11-10 T : Tt tt-tt t:o ^o' to ': 81'-6

-0.0800
477 749 0 99 792 742 170 43 268 124

74.94 4.07 3.24 4.t8 17.83 6.52 6.61, 6.49 23.78 4.3s
31.5 8.7 17.7 8.1 40.4 77.7 20.3 78.7 54.9 9.3
17 5 8.3 3.9 27.7 10.7 12.8 11 31.5 5
3.49 1.3 3.3 1.31 5.61 3.85 3.93 3.87 7.45 1.53
3.26 1.05 1.11 1.064 2.7 1.38 7.36 t.373 3.47 1.184
0.414 0.171 0.55 0.279 0.686 0.57 0.57 0.56 0.837 0.245
0.55 0.39 0.97 0.4 1.14 0.93 0.99 0.93 1.0s 0.47
0.063 0.047 0.187 0.0n 0.128 0.122 0.138 0.131 0.151 0.053
0.37 0.94 2.9s 0.93 7.02 2.25 2.29 2.71, 0.67 7.77
7.2 7 3.73 0.97 1.03 't.23 1.21 1.19 0.94 1.77
0.29 0.18 0 0.11 0.34 0.37 0.43 0.39 0.42 0.18

Sample
Ty?"

9fi)39c 90039Sa 9flXl9Sa 9fil39sb 9m39Y 9fiUOE 90(UOE 9004oH 9fl)4OI 90O40U
Gran Pyxite Pyxite Pyxite Pyxite Perid Perid Perid Gran Perid
cpx rcck cpx rock rock rock cpx rock rock rock

Sc
Cr
Ni
7"l,;r

As
Br
Rb
Sr
sb
C6

Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

87.7
77.9

252
83

0

0

0

0

51 33.6 4.11 38.8 72.95 58.4 12.76 23.64 7
n5 314 149 947 22u5 5025 657 226 3016
449 188 173 555 7657 451 2047 181 2578
1i9 75 A 185 39 42 57 45 48
001.1 00000-
000.2s0.3s00000
00111060000
0528172014100000

-000 000.200.1 0
- 0 0 0.1E 0.31 0 0.21 0.14 0.06 0
0454922?0001300

4.29 2.65 3.83 8.33 3.44 0.51 1.02 1.5 117 0.77
129 10 10.3 76.4 10.1 2.2 1.9 3.8 4.6 0.8
10 10.9 0 6.2 0 0 0 0 4.2 0.4
4.01 3.68 2.88 1.27 2.54 0.23 1.38 0.75 1.69 0.01
1,rt8 7.26 1.13 1.144 0.89 0.W7 0.57 0.319 0.575 0
0.62 0.68 0.507 0.133 0.3% 0.07 0.38 0.145 0.314 0.035
7.24 1.35 0.97 0.27 0.9 0.34 1.8 0.42 0.63 0.02
0.236 oJn 0124 0.042 0.139 0.04 0.372 0.043 0.0n 0.004
2.83 2.28 1.55 0.73 r.56 0.15 0.62 0.6 1 0
1.48 0.45 0.53 1.5 0.47 0.49 0.08 0.35 0.03 0.23
0 0 0 0.39 0.1E 0.14 0.44 0.1 0 0.05
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Sample
TJrp"

qXr40U1 9m418 9m418 90Od1C 90041C 9fl)54Aa9fi)54Ab 9m548 9m548 9m5,tC
Perid Gran Gran Gran Gnn Perid Perid Perid Perid Pyxite
rock rock c?x rock cpx rock rock rock cpx rock

Sc
Cr
Ni
7rr
As
Br
Rb
Sr
sb
Cs
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

14.76 15.81 42.8 25.14 92.5 27.29 6.96 73.22 58.8
2785 228.8 5n n.4 292 5951 1139 2ffi6 6796
1978 269 318 84 0 7798 2771 1984 450
,:

0 0.44 0
000008
0 611 273 628 0 0

0000.1 00
00.1 000.180
1756824757180-

0.05 7.62 2.r 2.9 2.92 0.8 0.23 7.62 72.76 2.98

0 3.6 5.5 7 7.3 3.1 0.48 4.8 40.1 10.9
02.40002.40000

0.77 0.54 7.27 0.E1 1.97 0.57 0.1 0.55 4.93 294
0.08 0.437 0.68 0.1148 0S7 0.259 0.036 0.1n 1.63 1

0.076 0.111 0.32 0.133 0.47 0.151 0.02 0.072 0.7 0.46

0.34 0.23 0.72 0.4 1.23 0.38 0.09 0.37 7.79 1.15
0.055 0.034 0.08E 0.051 0.155 0.065 0.009 0.052 0.2n 0.77
0.09 0.2 0.61 0.e 1.28 0.23 0.14 0.24 1.7 r.96
0.18 0.14 0.19 0.49 0.47 0.19 0.3 0.24 0.27 0.32

0 0.57 0.83 0,12 0 0 0.18 0

0

0
0
0

00

0 243
0 0.2

0 0.22

61.3

98s

352
95

42

;
0
0

Sample
TyPe

9ms4E 900s4K 9(X)s4K PK4G PK4L PK4C1 PK4C1 PK4G1 PK4H1a PK4H1b
Perid Perid Perid Perid Pyxite Gran Gran Perid Perid Perid
rock rock cpx rock rock rock cpx rock rock rock

Sc
Cr
Ni
7'rl
As
Br
Rb
Sr
sb
C-s

Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

17.25
2936
2185
54

0

45.3

439
38
t78

0

97.5

5399

r283
24

0

50.3
121,6

223
62

0

54.9
335

184

777

0

39.8 71.9 7.!$ 3.93 26.47

421 585 2187 1580 4227

255 193 221,6 2790 1454
53@475139
0000.330
0000.290

000
000

0.03 0.04 0

4.94 219 7.69

2.7 8.3 7.2

1.8 0 6
0.33 3.28 2.53
0.092 7.24 0.9
0.092 0.62 0.5

0.32 1.38 1.01

0.056 0.787 0.152

0.11 2.07 1.35

0.23 0.23 0.13

0 0.1 0.15

163orir;;;;
00
0 0 0.23 0 0 0. 0.1

8500030
6.89 0,58 0.95 1..24 0.09 0.19 1.85

72 2.5 3.2 6.8 0 0 4.6
3.60-
0.46 2.08 1.46 3 0.03 0.02 0.43

0.155 0.92 0.782 1,.26 0.02 0.029 0.767
0.086 0.38 0.326 0.77 0 0.026 0.r2
0.46 0.61 0.95 1.83 0.09 0 0.s9
0.07 0.102 0.119 ', 0.209 0.012 0.014 0.082

0.33 0.38 0.79 1.32 0 0 0.29
0.49 0 0.19 0.05 4.22 0.13 0.25
0.56 0.09 0 0 0' 0 0.1E
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Sample
Type

PK4H1b PK4H1c PK4H1c PK4L1 PK4N1a PK4Nla PK4N1f PK4N1f PKSD PKSJ
Perid Perid Perid Gran Perid Perid Perid Perid Perid Perid
cpx rock cpx rock mck cpx cpx rock rock rock

Sc
Cr
Ni
7rr
As
Br
Rb
Sr
sb
Cs
Ba
Lr
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

56.1 75.07 54.1
6629 2565 M26
511 2127 499.
34 41 24

5.27
1535

2527
u
:

737

;
0

;;

00
09645

42.7

365

2s9
55

:

374

;
0

000
000

000

;;;
0037

M.6
43n
1495

29

:

39.5
422
263
63

t:

13.18

2812
2447
47

:

0

;
0

13.62 57.9
2669 4n9
2279 526
51 47

o:' 
:

0u3
0.77 0.3

4.74 0.84 4.65 I 0.53 0.96 0.55 0.64 0.1E 0
11.3 2.4 10.9 3.8 3.1 2s 0 3.7 0 0

736 0.24 1.18 7.59 1.33 7s2 0.18 1.35 0.04 0.72
0.51 0.103 0.u7 0.844 0.489 0.8 0.072 0.53 0.01 0.037
0.36 0 0.35 0.407 0.374 0.34t| 0.06? 0.35 0 0.0412

7.4 0.31 7.36 1.19 1.25 I 0.29 7.52 0 0.26
0.206 0.049 0.206 0.159 0.762 0.119 0.043 0.219 0.013 0.041

0.91 0.17 0.58 7.2 0.78 0.72 0 0.82 0 0.12
0J2 0.14 0.17 0.15 0.22 0.2 0.23
0.5700.60.77000

0 0.17 0.15

Sample
Ty?e

MB69BaMB69Bb MB69F MB69F MB69H Silica
Perid P€trid Perid Perid Perid tema
cpx cpx rock cpx rcck

Sc

Cr
Ni
7^
As
Br
Rb
Sr
sb
Cs
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th

0.09
0

65.2 64.3 16.74 61.8 77.re 0.22
&96 5556 3274 5n0 2724 4
56 462 2723 259 21n 0
18494729450
0000.3400.32
-000.3400.32
-00009
000000
-000
0000

0 0.1

0 0.2

003000104
0.48 033 0.14 0.37 0.06 1.04

1.1 000 0 1.74
-00000

0.8E 0.88 0.19 0.93 0.18 0.1

0.37 0.38 0.069 0.37 0 0.075
0.37 0.4 0.07 029 0.074 0.027
7.69 1.59 0.32 1.46 0.28 0

0.257 0229 0.052 0.222 0.0119 0.01

0.87 0.83 0
0 0.18

00

0.n 0.3 0.3

0 0.12 0.68

0 0 0.29
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Appendix six
Isororrc ANALYSES

Introduction

Sr, Nd and Pb isotopic ratios were determined on a VG354 multicollector
mass spectrometer in the radiogenic isotope laboratory at Royal Holloway
University of London following conventional ion exchange separation
techniques. Analytical details are descibed in Thirlwall et aI. (rn press). Sr and Nd
isotopic data were determined using the multidynamic procedures outlined in
Thirlwall (1991.a and 199Lb). Pb isotope data was measured statically.

Sr isotope data is reported relative to a value of 0.7L025 for the NBS

standard SRM 987. Internal precision (2 se) was always better than + 0.000015.

However, the mean value obtained for SRM987 during the period of analysis was

0.71.0248 ! 20 (2 sd, n = 22) and is a truer reflection of data quality. Similarly, the

internal precision of Nd isotope data was always better than t 0.000005 and an
internal laboratory Nd standard, Aldrich, yielded a mean value of 0.511421 t 11 (2

sd, n =3 5) during the period of analysis. This value corresponds to values of
0.5t2648 and 0.512850 for the international standards BCR-I and La jolla.

Pb isotope data was corrected for mass fractionation by normalisation to the

average value obtained for the NBS standard SRM981 during the period of
analysis: 206/204 L6.892 tL2, 207 /2M 15.433 t 10 and 208/204 35.509 t 30 (2 sd).

Internal precision was typically better than t 0.005, t 0.005 and 0.008 for 206/204,
207 /204 and208/2M respectively.
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Isotopic analyses

46.7 MBL xenolith isotopic analyses

Sample No. 90029G1 90029Hl 9m31D 90033C

Type Granulite Granulite Granulite P'yroxenite

90033X

Granulite

Rb ppm
Srppm
87Sr/86Sr

214
1190 903 tt22

0.703454 +-20 0.703250 +- 10 0.703490 +-9

31
420 869

0.70306 +- 12 0.78758 +- 11

Nd ppm
Sm ppm
144Ndn4[}Nd

17.0

3.49

0.512864 +- 5

21.t

5.61

0.512870 +- 5

Pb ppm
206Pbl204Pb

207Pbla04Pb

208Pb/204Pb

4
193&
15.650

39.008

6

19.598

16.5&

39.782

3

18.005

15.577

37.876

a180 7* 4.62 5.33 4.04

Sample No. 9@39G 90O39Sa 900395b

Type Granulite Pyroxenite Pyroxenite

9m39Y

Plnoxenite
90040H

Peridotite

Rb ppn
Srppm
87Sr/865r

11
849 67

0.78250+-9 0.702ffi6+-17

t4
529 80

0.702861-7 0.702931 +- Ll

2

41

0.702690 +- 8

Nd ppm
Sn ppm
144Nd/r1('Nd

6.2

t.2t
0.502819 +- 5

Pb ppm
206Pbl204Pb

207Pb1204tu

208Pb/2o4Pb

3

t7.653

15.539

37,378

5

18.252

L5.ffi7

38.487

4.13A18O %"
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Sample No. gmt$I 900418 9fi)41C 90054C 90054K

Type Granulite Granulite Granulite Plrroxenite P5noxenite

Rbppm21211
Srppm nl 559 588 74 67

87Sr/85Sr 0.7O4333 +- 10 A.704416 +- l0 0.703283 +- 10 0.7V2ffi +- 86 0.7V2824 +- 12

Nd ppm
Sm ppm
144Nd/1rBNd

Pb ppm
206Pbl204Pb

207Pbl204Pb

208Pb/2o4Pb

Sample No. PK4L PK4C1 PK4L1 PK4LI (cPx)

Type Pyroxenite Granulite Granulite Granulite

Rbppm I 2

Srppn 37 302

875118651 0.704576 +- L5 0.704242 +- L0

1

259

0.7ML98 +- 46

Nd ppm
Sm ppm 2.08

144Ndn43Nd 0.512771 +- 5

1.69

0.512819 +- 5 0.512818 +- 5

Pb ppm
206Pbl204Pb

207Pbl204Pb

208Pb/204Pb

22
L9.779 19.04ti

75.647 15,650

38.8E3 38.830
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GrossARY or rnnuS

Adiabatic Interior: The region of the mantle with a Rayleigh number far above

critical, where convection results in vigorous mixing of the regiory disrupting
geochemical anomalies. It is overlain by the Thermal Boundary Layer.

AFC: Assimilation - Fractional Crystallisation.

Antarctic Peninsula: One of several tectono-stratigraphic provinces that accreted

to East Antarctica in Paleozoic times, to form West Antarctica.

Assimilation - Fractional Crystallisation: The combined process of Assimilation,
and Fractional Crystallisation, resulting in the evolution of a silicate melt to a

more evolved composition.
Assimilation: The incorporation of foreign material by melting into a magma/

resulting in a change in composition.

Conrad discontinuity: A seismic discontinuity typicatly at L6-LB km depth in
continental crust, where the seismic velocity of P-waves increases from
approximately 6.0 to 6.7 kn/s, and inferred to represent the top of the lower crust.

Crust: The outer carapace of the lithosphere, which includes more felsic and thick
continental crust, and more mafic and thin oceanic crust.

East Antarctica: A tectono-stratigraphic province of Antarctica, consisting of a

stable pre-Cambrian shield. The boundary between East and West Antarctica
extends from the Transantarctic Mountains to the Pensacola Mountains and to
the eastern Filchner Ice Shelf, all of which form part of East Antarctica.

ECR: Executive Committee Range.

Ellsworth Mountains: One of several tectono-stratigraphic provinces that accreted

to East Antarctica in Paleozoic times, to form West Antarctica.

Executive Committee Range: A linear chain of strato-volcanoes in central Marie

Byrd Land, comprising (south to north): Mounts Waesche, Sidley, Hartigan,
Cumming and Hampton.
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Ford Ranges: A mountain range in the Fosdick Mountains, on the Ruppert Coast

of Marie Byrd Land.

Fosdick Mountains: A mountain range on the Ruppert Coast of Marie Byrd Land,

which includes the Ford Ranges.

Fractional Crystallisation: The crystallisation of mineral phases by u melt, and

their subsequent removal from the melt, resulting in a more evolved melt

composition.
Geotherm: The geothermal gradient (the relationship between temperature and

depth in the Earth), estimated from P-T calculations of mineral equilibria.

Gondwana: A Mesozoic supercontinent which included Africa, Antarctica,

Australia, India, New Zealand and South America'

Granulites: plagioclase-bearing rocks which have equilibrated to granulite facies

(high-temperature metamorphic facies) conditions. Granulite conditions are

inferred to be present at lower crustal depths. Mafic granulites are typically

derived from mafic igneous rocks, and consist of one or two phases of pyroxene,

and./or olivine. Micas, K-feldspar and quartz are absent in mafic granulites.

Heavy Rare Earth Elements: Rare Earth Elements with higher atomic number

range of the Lanthanide series (i.e. ..Tm, Yb, Lu)'

HFSEs: High Field Strength Elements.

High Field Strength Elements: Trace elements with generally high charges, and

small atomic radii (e.g. Ti, Y, Zr)
Host Rock: Volcanic rocks that as melts entrained xenoliths, and brought them to

the surface. Host melts may or may not interact with the xenoliths, resulting in

secondary mineral reactions.

HREEs: Heavy Rare Earth Elements.

Kaersutitisation: A secondary reaction, common in pyroxenite xenoliths,

characterised by the replacement of clinopyroxene by kaersutite, due to interaction

with hydrous silicate melts.

Large lon Lithophile Elements: Lithophile elements (elements with a strong

affinity for oxygen that generally occur in silicates) with large ionic radii and low

charge (e.9. Rb, Sr, Ba).

Light Rare Earth Elements: Rare Earth Elements at the lower atomic number

range of the Lanthanide series (i.e. La, Ce, Pr")'

LILEs: Large Ion Lithophile Elements.

Lithosphere: The rigid outer carapace of the earth, floating on partially molten

asthenospheric mantle. The lithosphere consists of the crust, and lithospheric

mantle.
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Glossaru of terms

Lower crush Ttre lower region of the crust, consisting of granulite and eclogite

facies rocks. Its lower limit is the crust-mantle boundary (the 'Moho'), and its
upper limit is poorly defined, and may be taken as the Conrad discontinuity, a

point mid-way between the Moho and the surface, or the upper limit of granulite

facies conditions.
LREEs: Light Rare Earth Elements.

Major Elements: Elements which are naturally abundant ( ) L o/" wt. %) in the

Earth.

Marie Byrd Land: One of several tectono-stratigraphic provinces that accreted to

East Antarctica in Paleozoic times, to form West Antarctica.

MBL: Marie Byrd Land.

Mechanical Boundary Layer: The region of the mantle with a Rayleigh number far

below critical, which moves rigidly with respect to the crust, preserving
geochemical anomalies indefinitely. It is underlain by the Thermal Boundary
Layer.

Metamorphism: The closed-system re-equilibration of rock systems in response to

a change in temperature and/ or pressure conditions. Metamorphism is essentially

a solid state reaction, with little or no fluid or volatile phases present.

Metamorphism involving a change in composition (i.e. open-system) is termed

metasomatism.
Metasomatism: The in situ open-system replacement of minerals in host rocks by
other minerals, facilitated by fluids (e.g. silicate melts) passing along grain
boundaries. Modal (or patent) metasomatism results in the growth of secondary

minerals from the metasomatising agent, whereas cryptic metasomatism is the

chemical enrichment of host minerals without any new mineral growth.

Moho: Mohorovicic discontinuity.
Mohorovicic discontinuity: A seismically defined discontinuity inferred to
represent the boundary between the crust and the mantle.

Mount Cumming: A stratovolcano (261,2 m asl) at the southern end of the

Executive Committee Range. Granulite and peridotite xenoliths have been

collected from Mount Cumming.

Mount Hampton: A stratovolcano at the northern end of the Executive

Committee Range, consisting of two calderas; Mount Hampton (3323 m asl), and

Whitney Peak (3003 m asl). Granulite, pyroxenite and peridotite xenoliths have

been collected from Mount Hampton.

Mount Hartigan: A deeply eroded stratovolcano at the southern end of the

Executive Committee Range, consisting of two adjacent volcanoes (northern is
2811 m asl, and southern volcano is 2552 m asl).

449



CJMAofEms

Mount Murphy: An eroded stratovolcano (2703 m asl) on the Walgreen coast of

Marie Byrd Land. Granulite, pyroxenite and peridotite xenoliths have been

collected from various sites around Mount Murphy.

Mount Sidley: A stratovolcano (4181 m asl) at the southern end of the Executive

Committee Range. Mount Sidley is the highest volcano in Antarctica' Granulite

and pyroxenite xenoliths have been collected from Mount Sidley.

Mount Waesche: A stratovolcano at the southern end of the Executive

Committee Range, consisting of two coalesced volcanoes; Mount Waesche (41"81

m asl) and Chang Peak (2920 m asl). Rare granulite xenoliths have been collected

from Mount Waesche.

Oxidation: A secondary mineral reaction, common in granulite xenoliths,

characterised by the oxidation of Fe2+ to Fe3+, and the breakdown of olivine into

two phases. Oxidation reactions are a result of interaction of the xenoliths with

silicate melts, and is accompanied by the replacement of olivine by Fe-Ti oxides,

and the growth of apatite crystals and plagiodase overgrowths.

Percolative Fractional Crystallisation: The process of fractional crystallisation by a

percolating melt. PFC differs from normal crystal fractionation, as the melt

maintains at least partial equilibrium with the host rock phases; e.g. equilibrium

with olivine
Peridotite: Upper mantle rocks (including lherzolite, harzburgite, wehrlite and

dunite) consisting of olivine, pytoxene (typically Cr-diopsides), and spinel or

garnet. Plagioclase and hydrous phases (e.g. kaersutite or phlogopite) may also be

present.

Petrologic Moho: The base of the lower crust defined by petrologic means, and

taken to be a preponderance of ultramafic rocks. This often differs with the

seismic Moho.

PFC: Percolative Fractional Crystallisation.

Pyroxenite: Lower crustal and/or upper mantle rocks (including websterites,

clinopyroxenites and orthopyroxenites) dominated by pyroxene (typically Al-

augite), and spinel or garnet. Olivine, plagioclase, and hydrous phases (typically

kaersutite or pargasite) may also be abundant .

Rare Earth Elements: Trace elements belonging to the Lanthanide series (La to Lu;

atomic no 57-71) of the periodic table. These elements have 3 valance electrons,

and have very similar chemical properties. They are therefore intimately

associated in nafure.

RE: Ross (Sea) Embayment.

REEs: Rare Earth Elements.
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Glossaru of terms

Ross Orogeny: A widespread deformational event (c 500 Ma) along the paleo-

Pacific margin of Gondwana. The Ross Orogeny has been recognised extensively
in the Transantarctic Mountains, but not in northern Victoria Land, in Marie
Byrd Land, or in New Zealand.

Ross Sea Embayment: An informal, but widely used designation for the area

covering the Ross Sea, and the Ross Ice Shelf.

Secondary Mineral Reactions: Secondary processes that alter the composition of
the primary mineral assemblage and/or result in the growth of secondary
minerals.
Secondary Minerals: Mineral phases that formed as a result of secondary
processes, including metasomatism, after the formation of the initial mineral
assemblage.

Seismic Moho: The base of the lower crust as defined by seismic data, and taken as

a change in velocity corresponding with the base of seismic layering in the crust.

This often differs with the petrologic Moho.

Thermal Boundary Layer: The region of the mantle with a Rayleigh number close

to critical. It is not rigid, but does not convect vigorously, allowing geochemical

anomalies to accumulate over a short term. It is overlain by the Mechanical
Boundary Layer, and underlain by the Adiabatic Interior, and is the region in
which the geotherm inflects towards isothermal adiabatic state.

Thurston Island: One of several tectono-stratigraphic provinces that accreted to

East Antarctica in Paleozoic times, to form West Antarctica.
TM: Transantarctic Mountains.
Trace elements: Elements which occur naturally in the Earth in abundances of <
0.1 wt. % (i.e. measured in ppm).

Transantarctic Mountains: A linear mountain chains extending across the East-

West boundary of the Antarctic continent. The Transantarctic Mountains are the

most conspicuous feature in Antarctica, and rise to heights in excess of 4,000 m asl.

Upper mantle: The upper region of the mantle, consisting of peridotite rocks. The

upper mantle indudes the rigid lithospheric mantle, and the underlying partially
molten asthenospheric mantle.

USAS Escarpmenk A mountain range to the north of the Executive Committee
Range in central Marie Byrd Land, which includes peridotite-bearing scoria cones.

WAVE: The 'West Antarctic Volcano Exploration' programme.
West Antarctic Rifh A Cenozoic rift system inferred to exist along the West and
East Antarctic boundary. The nature and dimensions of the rift are difficult to
assess, however it is thought to be 750 km across, and 3000 km long, and consist of
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a series of block faulted horsts and grabens similar to the Basin and Range

province of western United States.

West Antarctic Volcano Exploration progtamme: A joint New Zealand, United

States and United Kingdom project initiated to study the late Cenozoic volcanoes

and lithosphere of West Antarctica. Two field seasons were completed by the

WAVE programme , in L989 /90 and t990 /9L.
West Antarctica: A tectono-stratigraphic province of Antarctica, consisting of a

number of allochthonous crustal blocks that accreted to east Antarctica in

Paleozoic times. The crustal blocks include (from west to east): Marie Byrd Land;

Thurston Island; the Ellsworth Mountains; and the Antarctic Peninsula.

Xenolith: Fragments of foreign rock entrained in, and brought to the surface by, 
I

ascending magmas.
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