








ABSTRACT

An extremely heterogeneous section of upper mantie exposed over 2 km?

in the Springers Hill area of the Lewis Hills Massif, Bay of Islands Ophiolite
Complex, consists of two distinct associations: low-Al peridotites and
pyroxenites (LALPP), and high-Al peridotites, pyroxenites and gabbros
(HALPPG). These represent the processes of magma and fluid generation,
migration and evolution in the mantle wedge of a subduction zone.

The LALPP have Cr-spinel of Cr#=47-90, Mg#=23-65, and formed in
the order of harzburgite--orthopyroxenite (and associated dunite and
chromitite)--clinopyroxenite {and associated dunite, chromitite and websterite).
Harzburgite is a refractory residue from partial melting and complete removal
of low-Ti tholeiitic magma. This harzburgite has straight, positively sloping
chondrite-normalized REE patterns and Pd/ir < 1. Dykes of orthopyroxenite have
U-shaped chondrite-normalized REE patterns and very high Pd/Ir ratios, and
formed from hydrous, As-saturated magma of boninitic affinity, which
previously had fractionated significant quantities of Cr-spinel and relatively
minor olivine. By mechanical mixing or magmatic impregnation, a component
of orthopyroxenite was added to some harzburgites; these harzburgites have
U-shaped chondrite-normalized REE patterns and Pd/Ir>1. Dykes of
clinopyroxenite formed from LREE-depleted, high Pd/ir, S-saturated, low-Ti

tholeiitic magma. The LALPP formed at P <7-8 kbar in upwelling asthenosphere




(T=1300 = 100°C) below a zone of crustal accretion in a supra-subduction
zone environment.

The HALPPG contain spinel of approximately Cr# =30, Mg# =65, and
comprise dunite, wehrlite, olivine clinopyroxenite, gabbro and amphibole
peridotite. The HALPPG formed in the lithosphere (T=900 + 100°C) atP =5-9

kbar by combined assimilation and crystal fractionation, which involved fluid-

bearing magma and LALPP. The replacement of LALPP by HALPPG invoived

dissolution of ortho- and clinopyroxene, precipitation of clinopyroxene,
plagioclase, Ca-amphibole and phlogopite, and recrystallization of olivine and
spinel. In minerals and whole-rock samples of HALPPG, the Mg# is largely
controlled by the LALPP protolith, whereas concentrations of Ti, Al, Ca, Na, K
and REE are controlled by the magma or fluid.

The magma parental to the HALPPG was fluid-bearing, LREE-depleted,
Sr-rich and SiO ,-undersaturated, and formed by partial melting of amphibolitized
oceanic crust during intra-oceanic thrusting and obduction of the Bay of Islands
Ophiolite Complex. The fluid component of this magma became LREE- and Eu-
enriched and SiO ,-saturated by fractionation of Ca-amphibole and reaction with
LALPP. As such, this suggests a link between fluids within metamorphic soles
of ophioiites, metasomatized mantle peridotites and pyroxenites, and forearc
magmatic and fluid processes leading to the formation of wehrlitic bodies and

high-MgO, SiO,-saturated magmas or fluids of boninitic affinity.




ACKNOWLEDGEMENTS

it gives me great pleasure to thank John Malpas, my supervisor, for
introducing me to Newfoundland and for his friendship, hospitality and support.
Tom Calon and Brian Fryer are thanked for acting as members of my
supervisory committee.

Sherry Dunsworth (Memorial) and Giinter Suhr (Memorial) provided an
excellent intrcduction to the mantle sequence of the Bay of Islands Ophiolite
Complex, and John Clarke, Michael Edwards and Jetf Saunders proved to be
very able and entertaining field assistants. Gloria and Derek Mercer and Viking
Helicopters (Newfoundland) provided excellent logistical support.

The author greatly benefited from discussions with Peter Cawood,
George Jenner and Mark Wilson of Memorial, and numerous participants at the
meetings: Magmatism in the Ocean Basins (England), Troodos 87 - Ophiolites
and Oceanic Lithosphere (Cyprus}, Ophiolite Genesis and Evolution of Oceanic

Lithosphere (Oman), and Orogenic Lherzolites and Mantle Processes (France).

Roger Mason (Memorial), Peter Nixon (Leeds) and John Spray (New Brunswick)

are thanked for their thorough and constructive review of this thesis. A special
thank you to Giinter Suhr for his friendship and many discussions concerning
mantle petrology.

Gert Andrews, Pat Browne, Dary! Clarke, Cecilia Edwards, Roberta Ellis

Hayes, Carolyn Emerson, Nancy Fagan, Gerry Ford, Bill Gosse, Dave Healey,




Pat Horan, Simon Jackson, Pam King, Teresa Lannon, Henry Longerich, Dave
MacNeil, Wilf Marsh, Maureen Moore, Annie Reid, Rick Soper, Gerry Starkes,
Foster Thornhill, Geoff Veinott and Lloyd Warford all greatly assisted with
technical and administrative aspects of this thesis, and | thank them all.
Gordon Brown and Bob MacKay greatly assisted with the acquisition of mineral
analyses at Dalhousie University. Geoff Dawe, Chris Finch, Peter Haring and
Hank Wagenbauer are thanked for providing analytical facilities at the
Department of Mines and Energy, Newfoundland. | express my gratitude to
Lisa Pope and Darryl Williams, without whose many hours of drafting,
colouring, cutting and pasting, this thesis would still be in the making.

Thanks to Alasdaire and Lisa and my fellow graduate students, especially
Adam, Bill, David R., David v. E., Don, Ewan, Gee Ung, Ginter, Jeroen, Jim,
Paul and Rob, for companionship and memcrable times. Thanks to the
members of the St. John's Rowing Club, especially the "men’s fast four™ and
associates, for many hours of fun and pain on Quidi Vidi Lake.

To my whole family, especially Mum, Dad and Mike, for their
encouragement of my education and their love and support, and for giving me
such a good start in life.

Finally, to Karen, my fiancée, who with love and support, made many
sacrifices whilst patiently awaiting the completion of this thesis. To her |
express my deepest love and gratitude.

The author was supported by a Canadian Commonwealth Scholarship

and a Memorial University Graduate Student Fellowship. Additional funds were




received from the Timothy Jefferson Field Research Fund (Geological Society
of London), a Viking Helicopters (Newfoundland) Ltd. Scholarship, and a NSERC
operating grant to John Malpas. Much of the field work and analytical costs
were covered by DSS contract 20ST.23233-7-0402 to Tom Calon and John
Malpas, as part of the 1984-1989 Canada-Newfoundland Mineral Development

Agreement.

vii




TABLE OF CONTENTS

VOLUME I;: Text

FRONTISPIECE
ABSTRACT
ACKNOWLEDGEMENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

Chapter 1
INTRODUCTION

GENERAL STATEMENT

HE UPPER MANTLE

Samples of upper mantle

Composition of the upper mantle

Upper mantle heterogeneity

Mantle metasomatism

Magma- and fluid-peridotite interactions

Magma and fluid migration in the upper mantle
Factors affecting the composition of upper mantle
peridotite

OPHIOLITIC AND OROGENIC PERIDOTITES

1.3.1 Classification and origin

1.3.2 Mafic and ultramafic bodies hosted by peridotite
1.3.

0]

- —d
N =

T
1.
1.
1.
1.
1.
1.
1.

NNNNNNM\
\IQW#NN-'

1.3

3 Magma- and fluid-peridotite interactions

1.4 BJECTIVES AND APPROACH

viii

Xiv

XVi

xXxii

WOOoODHDNWN N —

11
11
11
13
1%
16




1.5 AREA OF STUDY 17
1.5.1 Regional geology and origin of the Bay of Islands Ophiolite

Complex 17

1.5.2 The mantle section of the Bay of Islands Ophiolite Complex 19

1.5.3 The Springers Hill area of the Lewis Hills Massif 20

a Mapping and access 21

b Chemical classification of the Springers Hill area 21

1.6 FORMAT OF THE THESIS 22
Chapter 2

FIELD RELATIONS AND PETROGRAPHY

2.1 INTRODUCTION 23
2.2 OVERVIEW OF THE FIELD AREA 24
2.3 LOW-AI PERIDOTITES AND PYROXENITES 26
2.3.1 Harzburgite 26
a Field relations 26
b Petrography 27
2.3.2 Dunite 30
a Field relations 30
b Petrography 31
2.3.3 Chromitite 32
2.3.4 Type | orthopyroxenite, clinopyroxenite and websterite 33
a Field relations 33
b Petrography of type | orthopyroxenite 35
¢ Petrography of clinopyroxenite 36
d Petrography of websterite 37
e Petrography of dunite associated with
clinopyroxenite 38
2.3.5 Type Il orthopyroxenite 38
a Field relations 38
b Petrography 39
2.3.6 Amphibole dunite 40
a Field relations 40
b Petrography 41
2.3.7 Interpretation 43

2.3.8 Platinum group minerals and Fe-Ni-Cu-S phases in LALPP 46
2.4 HIGH-AI PERIDOTITES, PYROXENITES AND GABBROS, AND THE
MARGINAL ZONE 48




2.4.1 HAL dunite
a Field relations
b Petrography :
2.4.2 HAL wehrlite, olivine clinopyroxenite and gabbro
a Field relations
b Petrography
2.4.2 The marginal zone
a Field relations
b Petrography
2.4.4 |Interpretation
2.4.5 Fe-Ni-Cu-S phases in HALPPG
D, SHEAR ZONES AND THRUST FAULTS
2.5.1 Possible tectonic setting
2.5.2 D, shear zones and ophiolite obdustion
2.5.3 The importance of thrusting in the Springers Hili area
SUMMARY

Chapter 3

CHEMISTRY AND PETROGENESIS OF
LOW-ALUMINA PERIDOTITES AND PYRO XENITES

INTRODUCTION
MINERAL CHEMISTRY
3.2.1 Olivine
3.2.2 Orthopyroxene
.3 Clinopyroxene
Ca-amphibole
Cr-spinel
Interpretation
a Silicate chemistry
b Cr-spinel chemistry
3.2.7 Summary
WHOLE-ROCK CHEMISTRY
3.3.1 Major and trace elements
3.3.2 Rare earth elements
3.3.3 Platinum group elements
CHEMICAL EFFECTS OF SERPENTINIZATION
3.4.1 Major and trace elements
3.4.2 Rare earth elements




.4.3 Platinum group elements
ETROGENESIS OF HARZBURGITE
-1 CaO/Al,0, ratio as an index of partial melting
.2 Rare earth elements
.3 Platinum group elements
3.5.4 Orthopyroxene in harzburgite
PETROGENESIS OF CHROMITITE
PETROGENESIS OF DUNITE
3.7.1 Platinum group elements
PETROGENESIS OF TYPE | ORTHGPYROXENITE AND
CLINOPYROXENITE
3.8.1 Magmatic versus metasomatic origin of pyroxenites
3.8.2 Compositions of parental magmas
a Rare earth element abundances of parental
magmas
b LREE enrichment of mantle sources of boninites
c La enrichment of mantle sources of low-Ti
tholeiites
3.8.3 Melting models for the generation of boninites and low-Ti
tholeiites
ENVIRONMENT OF FORMATION OF THE SPRINGERS HILL AREA
3.9.1 Spreading centre
3.9.2 Fracture 20ne
IMPLICATION OF THE SPRINGERS HILL AREA FOR THE ORIGIN
OF THE BAY OF ISLANDS OPHIOLITE COMPLEX
SUMMARY
3.11.1 Platinum group elements

3
P
3
3
3

.5
.5
.5

Chapter 4

CHEMISTRY AND PETROGENESIS OF
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS

INTRODUCTION

CHEMISTRY

4.2.1 Mineral chemistry
Whole-rock major and trace element chemistry
Whoie-rock rare earth element chemistry
Mineral chemistry of LALPP in contact with HALPPG
Interpretation




4.3

4.

ha

[$ 4]

o o
(4,

4

(o) )

N =

a HAL gabbro

b Contacts between HALPPG and LALPP
PETROGENESIS OF HIGH-AI PERIDOTITES, PYROXENITES AND
GABBROS
4.3.1 Interaction between LALPP and the parent magma of

HALPPG

a Assimilation and crystal fractionation

b Thermodynamics and kinetics of reactions
4.3.2 Possible parent magma of the HALPPG
4.3.3 Mocdelling of magma-rock interactions
THE PARENT MAGMA OF THE HIGH-Al PERIDOTITES,
PYROXENITES AND GABBROS
4.4.1 Origin of the parent magma
4.4.2 Thermal regime for partial meiting of amphibolite
ORIGIN OF BODIES OF WEHRLITE IN OPHIOLITES
SUMMARY

Chapter 5

COGENETIC ORIGIN FOR
AMPHIBOLE DUNITE, TYPE Il ORTHOPYROXENITE,
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS,
AND D, SHEAR ZONES

INTRODUCTION

MINERAL CHEMISTRY

5.2.1 Ca-amphibole

5.2.2 Cr-spinel

INTERACTION BETWEEN FLUID AND LOW-AI PERIDOTITES AND
PYROXENITES

5.3.1 Source of fluid

5.3.2 Incongruent yreakdown of orthopyroxene to olivine

5.3.3 Formation of the assemblage phlogopite-amphibole-olivine-

spinel
5.3.4 Origin of type Il orthopyroxenite
CONDITIONS OF PRESSURE AND TEMPERATURE
CHEMISTRY OF FLUID
5.5.1 Mineral assemblages and amphibole chemistry
a Fluid/rock ratio
b Sodium and potassium in hydrous phases

xii

118
115

120

120
121
122
124
125

128
128
130
131
132

134
136
136
137

137
137
138

139
141
143
144
145
145
146




5.5.2 Rare earth elements
5.5.3 Platinum group elements
5.5.4 H-O-C species in fluid
TRANSPORT OF FLUID
SUMMARY

5.7.1 Mantle sources of boninitic magmas

Chapter 6
SUMMARY
CONCLUSIONS FROM THIS STUDY

6.1.1 Types of harzburgite

IMPORTANCE OF THE SPRINGERS HILL MANTLE SECTION TO
MANTLE PETROLOGY

6.2.1 Processes in the mantle wedge of a subduction zone
6.2.2 Mantle heterogeneity
6.2.3 Mantle xenoliths

REFERENCES

Appendix 1: ANALYTICAL METHODS

Appendix 2: SAMPLES ANALYSED

Appendix 3: MINERAL ANALYSES

Appendix 4: WHOLE-ROCK ANALYSES
Appendix 5: ORTHOPYROXENE IN HARZBURGITE

Appendix 6: PUBLISHED MATERIAL RELEVANT TO THIS THESIS




LIST OF TABLES

VOLUME II: Tables and Figures

TABLE 1.1. Classification of ophiolites as harzburgite ophiolite types
and lherzolite ophiolite types

TABLE 3.1. Major and trace element and normative compositions of
orthopyroxenites in ophiolitic and orogenic mantle periciotites

TABLE A1.1. Accuracy and precision of analyses of minerals
TABLE A1.2. Accuracy and precision of analyses of major elements
TABLE A1.3. Accuracy and precision of analyses of trace elements

TABLE A1.4a. Limits of detection and blank compositions of
rare earth elements

TABLE A1.4b. Precision of rare earth elements

TABLE A1.4c. Accuracy and precision of analyses of rare earth
elements: BCR-1

TABLE A1.4d. Accuracy and precision of analyses of rare earth
elements: PCC-1

TABLE A1.5. Accuracy and precision of analyses of platinum group
elements

TABLE A3.1. Olivine analyses
TABLE A3.2. Orthopyroxene analyses

TABLE A3.3. Clinopyroxene analyses

Xiv

74

89

90

90

91

N

92

92

96

97

107

112




TABLE A3.4.
TABLE A3.5.
TABLE A3.6.
TABLE A4.1.
TABLE A4.2.

TABLE A4.3.

Amphibole analyses

Plagioclase analyses

Spinel analyses

Major and trace element analyses

Rare earth element analyses

Platinum group element analyses




LIST OF FIGURES

VOLUME II: Tables and Figures

FIGURE 1.1. Classification of ultramafic rocks

FIGURE 1.2. Solubilities of H,0 and CO, in silicate melts and of
solute (melt) in H,0- and CO,-fluids with variation in pressure

FIGURE 1.3. In-sity formation of dunite

FIGURE 1.4. Generalized geological map of the Humber Arm
Allochthon

FIGURE 1.5. Geological map of the Lewis Hills Massif

FIGURE 1.6. Composition of olivine, clinopyroxene and spinel in
peridotites and pyroxenites of the Springers Hill area

FIGURE 2.1. Geological map of the Springers Hill area
FIGURE 2.2. Stacked sequence of thrust slices

FIGURE 2.3. Type | orthopyroxenite dyke pervasively intruding
harzburgite

FIGURE 2.4. Bands of olivine and orthopyroxene defining S, in
harzburgite

FIGURE 2.5. Partially recrystallized Cr-spinel in harzburgite

FIGURE 2.6. Impregnated orthopyroxene in harzburgite

FIGURE 2.7. Olivine-orthopyroxene cluster in harzburgite

7

map pocket

8




FIGURE 2.8. Disequilibrium texture between orthopyroxene and
olivine in an olivine-orthopyroxene cluster in harzburgite

FIGURE 2.9. Recrystallized grain of Cr-spinel in harzburgite

FIGURE 2.10. Grain of Ca-amphibole enclosed in coarse granular
olivine in LAL dunite

FIGURE 2.11. Chain texture exhibited by Cr-spinel in LAL dunite
FIGURE 2.12. Muiltiple F, folds in a band of chromitite

FIGURE 2.13. LAL clinopyroxenite dyke intruding harzburgite
and the centre of a type | orthopyroxenite dyke

FIGURE 2.14. Cumulate texture exhibited by Cr-spinel in a
dunitic zone in LAL olivine clinopyroxenite

FIGURE 2.15. Thin bands of Cr-spinel in LAL dunite envelope
around LAL olivine clinopyroxenite

FIGURE 2.16. Parallel intergrowth of olivine and orthopyroxene
in type | orthopyroxenite

FIGURE 2.17. Embayment of olivine, tremolite and cummingtonite
in orthopyroxene in type | orthopyroxenite

FIGURE 2.18. Clinopyroxene partially replaced by tremolite in
type | orthopyroxenite

FIGURE 2.19. Tremolite and cummingtonite replacing
orthopyroxene in type | orthopyroxenite

FIGURE 2.20. Orthopyroxene cut by shear zones in type !
orthopyroxenite

FIGURE 2.21. Well equilibrated coarse granular texture of
clinopyroxene in LAL clinopyroxenite

FIGURE 2.22. Irregular grain boundary of clinopyroxene in LAL
clinopyroxenite

XVvii

14

15

16
17

18

19

20

21

22

23

24

25

26

27

28




FIGURE 2.23. Orthopyroxene replaced by tremolite and olivine in
LAL websterite

FIGURE 2.24. Clinopyroxene replacing orthopyroxene, and tremolite
replacing ortho- and clinopyroxene in harzburgite

FIGURE 2.25. Web texture exhibited by type |l orthopyroxenite in
LAL dunite

FIGURE 2.26. Vein of LAL clinopyroxenite offset by narrow D,
shear zones filled with type Il orthopyroxenite ribbon myionite

FIGURE 2.27. Boudin of websterite associated with ribbon mylonite
of type Il orthopyroxenite in D, shear zone

FIGURE 2.28. Cr-spinel hosting inclusions in web-textured type |l
orthopyroxenite

FIGURE 2.29. Monomineralic bands of orthopyroxene, olivine and
Ca-amphibole in type Il orthopyroxenite ribbon mylonite

FIGURE 2.30. Conjugate vein of type | orthopyroxenite partiaily
pseudomorphed by amphibole dunite

FIGURE 2.31. Enclaves of type | orthopyroxenite in amphibole dunite

FIGURE 2.32. Well equilibrated mosaic equigranular texture of
olivine in amphiboie dunite

FIGURE 2.33. Sieve texture in poikiloblastic Cr-spinel in amphibole
dunite

FIGURE 2.34. Modal layering of Al-spinel in HAL dunite

FIGURE 2.35. Band of fine grained Al-spinel cutting coarse grained
Al-spinel in HAL dunite

FIGURE 2.36. Chain texture exhibited by Al-spinel in HAL dunite

FIGURE 2.37. Protrusion of Al-spinel associated with clinopyroxene
along the grain boundary of adjacent grains of olivine in HAL dunite

xviii

29

30

31

32

33

34

35

36

38

39

40

41

42

43




FIGURE 2.38. Al-spinel containing inclusions in HAL wehrlite

FIGURE 2.39. HAL gabbro dyke grading to HAL wehrlite in a
HAL gabbro-clinopyroxene dunite association

FIGURE 2.40. HAL wehrlite grading to HAL dunite and cut by HAL
olivine clinopyroxenite

FIGURE 2.41. Reduction in grain size of Al-spinel from HAL dunite
to HAL wehrlite

FIGURE 2.42. Dunitic portion of a HAL olivine clinopyroxenite dyke
cutting LAL dunite

FIGURE 2.43. Gradational contact between LAL clinopyroxenite
and HAL olivine clinopyroxenite

FIGURE 2.44. Interstitial clinopyroxene in a matrix of olivine in
HAL wehrlite

FIGURE 2.45. Poikilitic clinopyroxene containing chadacrysts of
olivine in HAL olivine clinopyroxenite

FIGURE 2.46. Xenoliths of harzburgite and LAL and HAL dunite in
HAL olivine clinopyroxenite

FIGURE 2.47. Irregular HAL dunite xenoliths in HAL olivine
clinopyroxenite

FIGURE 2.48. Veins of HAL olivine clinopyroxenite at the contact
between HAL dunite and harzburgite

FIGURE 2.49. Assemblage of HAL olivine-spinel-clinopyroxene
replacing harzburgite

FIGURE 2.50. Partially schematic phase relations for ultramafic
rocks modelled by the system H,0-Na,0-Ca0-MgO0-A1,0,-Si0, with
excess H,0 and Mg,SiO,

FIGURE 3.1. Frequency distribution of Mg# of olivine in LALPP




FIGURE 3.2. Compositional variation of orthopyroxene in LALPP
FIGURE 3.3. Cr# vs. Mg# of spinel in LALPP
FIGURE 3.4. Cr# vs. Mg# composition fields of spinel

FIGURE 3.5. Chondrite-normalized rare earth element abundances
of LALPP

FIGURE 3.6. Chondrite-normalized platinum group element
abundances of LALPP

FIGURE 3.7. Mineral/matrix equilibrium partition coefficients of
rare earth elements for olivine, orthopyroxene, clinopyroxene and
amphibole

FIGURE 3.8. CaO/Al,0, vs. Mg# of harzburgites

FIGURE 3.9. Chondrite-normalized piatinum group eiement
abundances of a LAL clinopyroxenite dyke and associated dunite
envelope and harzburgite

FIGURE 3.10. Estimated chondrite-normalized rare earth element
abundances of magmas in equilibrium with type | orthopyroxenite
and LAL clinopyroxenite

FIGURE 4.1. NiO vs. Mg# of olivine in HALPPG

FIGURE 4.2. Compositional variation of spinel in HALPPG
FIGURE 4.3. Compositional variation of clinopyroxene in HALPPG

FIGURE 4.4. Na,0+K,0-FeO,,.,-MgO (AFM) and Ca0-Al,0.-Mg0
(CAM) diagrams (weight %) of whole-rock samples of HALPPG

FIGURE 4.5. Chondrite-normalized rare earth element abundances
of HALPPG and amphibolite dykes

FIGURE 4.6. CAM diagram (weight %) of orthopyroxene in
harzburgite and type | orthopyroxenite adjacent to HALPPG

XX

58
59

60

61

65

69

70

72

73
75
76

77

78

79

80




FIGURE 4.7. Compositional variation of spinel in LALPP associated
with HALPPG

FIGURE 4.8. Compositional variation of Cr-spinel in harzburgite
cut by a vein of HAL olivine clinopyroxenite

FIGURE 4.9. Compositional variation of clinopyroxene, otivine and
spinel across the contact between LAL olivine clinopyroxenite and HAL
olivine clinopyroxenite

FIGURE 4.10. AFM and CAM diagrams (weight %) used to mode!
the formation of HALPPG

FIGURE 5.1. Compositional variation of Ca-amphibole in LALPP
and HALPPG

FIGURE 5.2. Compositional variation exhibited by a grain of spinel
in amphibole dunite

FIGURE 5.3. Chondrite-normalized rare earth element abundances
of amphibole-bearing rock types in the Springers Hill area

FIGURE A1.1. Precision of chondrite-normalized rare earth element
abundances

FIGURE A1.2. Precision and accuracy of chondrite-normalized rare
earth element abundances of USGS peridotite standard PCC-1

FIGURE A1.3. Chondrite-normalized rare earth element abundances
of blanks and limits of detection in runs 182 and 024




LIST OF ABBREVIATIONS

Unless defined otherwise, the following abbreviations are used
throughout this thesis:

Ab albite; molecular % = (Na/(Ca+Na+K)) x 100

AFM Na,0 +K,0-FeO,,.,-MgO

Amph amphibole

An anorthite; molecular % = (Ca/(Ca +Na +K)) x 100

Ap apatite

bal below detection limit

BIOC Bay of Islands Ophiolite Complex

C corundum

°C degrees Celsius

CAM Ca0-Al,0,-Mg0

CcC Coastal Complex

cm centimetre

CN chondrite-normalized

cov coefficient of variation = (SD/mean) x 100

Cpx clinopyroxene

Cpxt clinopyroxenite

Cr# (Cr/(Cr+Al)) x 100

D, deformation of the ith episode

Di diopside

E east

En enftatite; molecular % = (Mg/(Mg+Fe?* +Ca)) x 100, all Fe as
Fe‘*
fold of the ith episode of deformation

Fs ferrosilite; molecular % = (Fe?*/(Mg+ Fe?* +Ca)) x 100, all Fe as
Feu

g gramme

HAL high-alumina

HALPPG high-alumina peridotites, pyroxenites and gabbros

HREE heavy rare earth element(s)

Hy hypersthene

ICP-MS inductively coupled plasma-mass spectrometer

] ilmenite

kbar kilobar




m
Ma
Mg#
ml

N

n

nA
na

nd
Ne

o]
Opx
OPXT |
OPXT 1l
Or

P
PGE
PGM
Phlog
Plag
ppb
ppm
Px
REE
S

S

SD
SEM
Sp

T

um

kilometre

kilovolt

litre

lineation of the ith episode of deformation
low-alumina

low-alumina peridotites and pyroxenites
lirnit of detestion

light rare earth element(s)

metre

million years

(Mg/(Mg + Fe?*}) x 100, all Fe as Fe?*
millilitre

millimetre

mid-ocean ridge basalt

north

number of samples, analyses etc.
nanoampere

net aralysed

not detected

nepheline

olivine

orthcpyroxene

type | orthopyroxenite

type |l orthopyroxenite

orthoclase; molecular % = (K/(Ca+Na+K)) x 100
pressure

platinum group element(s)

platinum group mineral(s)

phlogopite

plagioclase

parts per billion

parts per million

pyroxene

rare earth element(s)

south

foliation of the ith episode of deformation
sample standard deviation (n-1)
scanning electron microscope

spinel

temperature

micrometre




USGS
Wo

wt. %

United States Geological Survey

west

wollastonite; molecular % = (Ca/(Mg+Fe?~ +Ca)) x 100, all Fe
as Fe?*

weight per cent

xXXiv




Chapter 1

INTRODUCTION

1.1 GENERAL STATEMENT

Understanding physical and chemical processes in the upper mantle is
critical to our understanding of global chemical budgets and the geochemical
and geodynamic evolution of the crust-mantle system. The upper mantle is a
massive reaction vessel that is best considered as a series of chromatographic
columns, in which magmas and fluids interact with a variety of solid phases as

they migrate away from their source regions (Navon and Stolper, 1987;

Bodinier et al., 1990). The mineralogy and chemical compositions of upper

mantle materials are controlled by partial melting and magma- and fluid-rock
interactions over a wvide range of temperatures and pressures in specific
tectonic environments. This thesis reports on an investigation of the processes

involved in the generation, migration and evolution of magmas and fluids in the

uppermost mantie.




1.2 THE UPPER MANTLE

The mantle is located between the crust and the core of the Earth. It is
divided into upper and lower regions. The upper mantle extends from the crust-
mantle interface (the Mohorovicic Discontinuity, or Moho) to a depth of 600-
1000 km. The lower mantle occupies the region between the upper mantle and
the outer core which begins at a depth of 2900 km.

The upper mantle comprises lithosphere and asthenosphere, which lie
above {lower temperature) and below (higher temperature} the 1000°C
isotherm, respectively (Nicolas, 1986a). The lithosphere is relatively stronger
than the asthenosphere, is thought to behave in a relatively brittie fashion, and
consists of the crust and uppermost mantle. The lithosphere is 100-200 km
thick in continental regions, 50-70 km thick in oceanic regions, and O km thick

at oceanic ridges where magma is erupted onto the surface of the Earth.

1.2.1 Samples of Upper Mantle
In-sity mantle beneath a crustal carapace is at present inaccessible, but

fragments of upper mantle ranging in size from <1 m? to > 1000 km? occur in

the crust as:

1) Mantle xenoliths entrained during eruption of kimberlites and alkali basalts.

The majority of these xenoliths consist of mineral assemblages which were

stable at depths of <150 km (Boyd and Nixon, 1975).

2) Ophiolitic and orogenic mantle material tectonically emplaced into the crust




in zones of compression.

3) Tectonically uplifted portions of lithosphere, such as St. Paul’s Rocks on the
transverse ridge of St. Paul’s Fracture Zone in the Atlantic Ocean (Melson et
al., 1972), and Zabargad Isiand in the Red Sea (Bonatti et al., 1983).

Each type of sampie has advantages when used to examine the upper
mantle. The most significant of these, is that tectonically emplaced or uplifted
mantle material allows in-situ examination of lithological and structural relations
and mapping of mantle heterogeneities. This is not possible for mantle
xenoliths, and yet much of our present knowledge of the processes and

chemical and isotopic compositions of the mantle is based on information from

xenoliths.

1.2.2 Composition of the Upper Mantle

The rock nomenclature of Streckeisen (1976) is applicable to the study

of ultramafic rocks of the mantle and is used throughout this thesis (Fig. 1.1).

Based on mineralogical, geochemical and geophysical data as reviewed by
Ringwood (1975) and Yoder (1976), the upper mantle beneath stable
continental regions and oceanic basins is composed of peridotite (Fig. 1.1) or
eclogite (almandine-pyrope garnet and omphacite). The need for olivine as an
essential constituent of the upper mantle, suggests that the upper mantle is
composed dominantly of peridotite, but this does not preclude the existence of
regions of eclogite, especially where subducted oceanic crust has been

transformed to eclogite (Green and Ringwood, 1968; Ringwood, 1969, 1975).
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Upper mantle material is described as ‘fertile’, ‘refractory’ or ‘residual’,
and ‘depleted’ or ‘enriched’. Fertile, refractory and residual are terms used to
describe mineralogy and major element composition. Fertile mantle is capable
of generating basaltic magma during partial melting, whereas refractory mantle
is not. Residual mantle has experienced partial melting. Owing to single or
multiple episodes of different degrees of partial melting and extraction of
basaltic magma, residual mantie covers a wide range of compositions, from
that which still is capable of yielding basaltic magma on partial melting (i.e., is
fertile), to that which is incapable of yielding basaltic magma during further
partial melting (i.e., is refractory). Examples of fertile peridotite are pyrolite
{(Ringwood, 1966}, Tinaquilio therzolite (Jaques and Green, 1980), Hawaiian
pyrolite (Jaques and Green, 1980), mid-ocean ridge basalt (MORB) pyrolite
(Falloon and Green, 1987}, and the Iherzolite compositions of Maalee and Aoki
{1977) and Jagoutz et al. {1979).

In agreement with Menzies and Hawkesworth (1987a), enriched and
depleted are used as simple geochemical (trace element or isotopic) descriptions
without any implication for the process(es) responsible. Enriched and depleted
are used relative to a defined composition, such as another sample or group of
samples, or the buik Earth.

Mineral, major and trace element, and isotopic compositions of upper

mantle materials are controlled by processes of partial melting, magma- and

fluid-rock interactions, and mechanical mixing. The important aspects of these

processes are summarized in the following sections.




1.2.3 Upper Mantle Heterogeneity
Attention has focused on the distribution and compaosition of physical

and chemical components in the mantle and their influence on the compositions

of magmas erupted at the Earth’s surface. In essence, this has been a study

of Earth evolution and mantle heterogeneity based on trace element and
isotopic studies of samples of crust and mantle (Schilling, 1973; Wasserburg
and DePaolo, 1979; O'Nions et al., 1980; Aliégre et al., 1981, 1982;
Anderson, 1981; Thompsonet al., 1984; Menzies and Hawkesworth, 1987b).

Owing to the compositional variation exhibited by crustal materials,
mantle heterogeneities have been mapped on scales of (i) >1000 km? as
evidenced by the evolution of the Earth’s crust over the last 3800 Ma (O’'Nions
et al., 1980), (ii) > 1000 km as exemplified by the Dupal anomaly in oceanic
basalts which encircles the Earth at about 30°S (Hart, 1984), and {iii) <5 km
as in the Lamont seamounts near the East Pacific Rise {(Fornari et al., 1988).
Ultimately, this leads to the question posed by Carison (1988): "Is the Earth’s
mantle chemically stratified or are there chemically distinct regions of various
sizes distributed like plums in a pudding throughout the whoie mantie ?”. On
a global scale there is sub-oceanic mantle and sub-continental mantle, but
within these regions there are relatively local variations which could result from:
1) Marble cake mantie, in which bands of subducted oceanic lithosphere are
present in the convecting mantle {(Aliégre and Turcotte, 1986; Kellogg and
Turcotte, 1986/87, 1990). Evidence for this comes from the extreme isotopic

variability exhibited by pyroxenite bands in orogenic peridotites (Polvé and
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Allégre, 1980; Allégre and Turcotte, 1986), and by basaltic glasses from the

East Pacific Rise {Prinzhofer et al., 1989).

2} Veining of th~ mantle by magmas and fluids (Wood, 1979), and the
consequent magma- and fluid-rock interactions, especially those involving
volumes of magma or fluid which occupy <0.1 % of the mantle (McKenzie,
1989; Menzies, 1990).

A classic example of upper mantle heterogeneity has been documented
in the Ronda Peridotite, Spain. These peridotites range from lherzolite to
harzburgite and exhibit a wide range of whole-rock major eiement compositions
iFrey et al., 1985). Partial melting of fertile Iherzolite and extraction of MORB
magma left residues of refractory harzburgite (Frey et al., 1985). However,
isotopic compositions of Cr-diopside separates from these peridotites are
extremely variable and are not restricted to the field of MORB (Reisberg and
Zindler, 1986/87). This suggests that after partial melting, the peridotites
interacted with a fiuid which modified isotopic evolution (Reisberg and Zindler,

1986/87).

1.2.4 Mantle Metasomatism

The concept of mantle metasomatism is unavoidable in any study of the
mantle, but before it can be assessed it is essential to define terminology.
Wilshire (1987) defines metasomatism as "a process or processes whereby the
mineralogy and/or chemical composition of a solid rock is altered by the

introduction of chemical components from an external source; the alteration
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process is commonly accompanied by loss of other components from the
altered rock.” Where components are introduced with the aid of intergranular
fluids (including magmas), it is called infiltration metasomatism; where
components are introduced without the aid of these intergranular phases, it is
termed diffusion metasomatism (Korzhinskii, 1970). The terms cryptic and
patent metasomatism {Dawson, 1984} and modal metasomatism (Harte, 1983)
have been applied to mantie xenoliths. Patent and modal metasomatism

essentially are synonymous and are recognizable through replacement textures

and development of hydrous phases in the aitered rock. Infiitration obviously

is a dominant process. Cryptic metasomatism is recorded by trace element
enrichment apparently unaccompanied by mineralogical changes; this implies
the operation of diffusional processes.

There is some confusion over use of the term ‘fluid’. Wyllie (1987}

states: "'Fluid’ is a descriptive term applicable in geological contexts to liquid

{melt, magma, silicate melt with dissolved volatile components), vapour {(dense
gas, pneumatolytic gas, hydrothermal solution), supercritical solution, or to an
undefined fluid phase. Fluid also has a more restricted meaning in phase
equilibria; it is the phase that is indeterminate between liquid and vapour, where
critical phenomena occur.” Magma will be used in this work to imply a silicate
melt that can contain crystals, rock fragments and dissolved volatile
components; in the classification of Eggler (1987), this is a fluid-bearing melt
(Fig. 1.2). Fluid will be used to imply a volatile component which corresponds

to the melt-bearing fluids of Eggler (1987) (Fig. 1.2).
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Frey and Green (1974) presented data on lherzolite xenoliths from
Australian basanites that clearly demonstrated the concept of mantle
metasomatism through a two component mixing model. Component A was the
residue from partial melting which controlled the major mineralogy, major
element composition, and abundances of compatible trace elements such as Ni,
Co and heavy rare earth elements (HREE). Component B was a migrating fluid
which was not genetically related to component A. It controlled the
abundances of incompatible trace elements such as K, P, Th, U and light rare
earth elements (LREE).
Following Frey and Green (1974) and Lloyd and Bailey (1975), mantle
metasomatism became an essential process by which to explain the
mineralogical, chemical and isotopic diversity of mantle peridotites and the

magmas derived from them.

1.2.5 Magma- and Fluid-Peridotite Interactions

During the emplacement of intrusions of various sizes into mantle
peridotites, associated reaction zones develop at the intrusion-peridotite
interface. These zones are the sites of magma- and fluid-peridotite interactions,

of which there are two types. The first type occurs where peridotites become

enriched in Fe, Ti, Al, Na, K and incompatible trace elements (LREE) by injection

of basaltic magma and/or associated fluid (Wilshire and Jackson, 1975;
Stewart and Boettcher, 1977; Irving, 1980; Wilshire ¢t al., 1980); this

enrichment may result from the crystallization of new phases in the peridotite
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(Wilshire, 1984). The second type is equatable with the process of zone

refining (Harris, 1957), by which magma or fluid assimilates the minimum
melting component of the peridotite and becomes enriched in Na, K, Ca, Al, Ti,
Si, Rb, Sr, U and LREE (Green and Ringwood, 1967; Quick, 1981a}. Both
these interactions can occur together by the simultaneous solution and

precipitation of mineral phases in the peridotite.

1.2.6 Magma and Fluid Migration in the Upper Mantle

The mode of magma and fluid migration in the upper mantle is extremely
important, as it controls the extent of magma- and fluid-rock interactions and
mantle metasomatism. Magmas and fluids migrate by (i) diapiric ascent, (ii)
magma fracture and conduit flow, (iti} percolation, and (iv) transport along shear
zones.

As a solid diapir rises in the upper mantle due to buoyancy effects (free
convection of Spera (1980)) or stress induced flow (forced convection of Spera
(1980)), it will partially meit by adiabatic decompression (Bottinga and Allégre,
1978). Magma will accumulate in zones where the permeability threshold of
the diapir is reached and exceeded (Maalee, 1981, 1982). Two possibilities
exist at this point: (i) at depth, magma will accumulate and escape by fluid or
magma assisted shear fracturing in the deforming peridotite (Weertman, 1972;
Nicolas, 1986b), whereas at shallower depth this will occur by hydraulic
fracturing {(Shaw, 1980; Nicolas ang Jackson, 1982; Nicolas, 1986b; Spera,

1987; Spence and Turcotte, 1990); (ii) magma will percolate through the
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peridotite matrix by porous flow (Sleep, 1974; Turcotte and Ahern, 1978;
McKenzie, 1984; Scott and Stevenson, 1984; Phipps Morgan, 1987). The
abundance of veins and dykes in samples of upper mantle peridotite (Nicolas
and Jackson, 1982; Nicolas, 1986b; Wilshire and Kirby, 1989), suggests that
hydraulic fracture is the dominant mechanism of magma extraction in the upper
mantle. Extremely refractory peridotites such as dunites, may be residues from
highly efficient drainage of the magma conduit (Nicolas, 1986b). Percolation
will be important where a magma cannot maintain hydraulic fracture and
impregnates its host-rock (Nicolas, 1989). If ascent rates of magma are high
and conduits are well defined, there will be minimal interaction between magma
and host-rock.
Conditions for migration of fluid are significantly different from those of
magma, because of the lower viscosity and reactive nature of fluid. if a fluid
is in equilibrium with its host-rock, then it will migrate without reacting and

hydraulic fracture theory can be applied in this situation (Spera, 1987).

Generally, however, it would appear that fluids infiltrate their host-rock by

percolation by porous flow and react with it (Spera, 1987). Large volumes of
fluid may be concentrated in shear zones in the lithosphere (Beach, 1976;
McCaig, 1984; Sinha et al., 1986; Kerrich and Rehrig, 1987), which then
become important zones of heat and mass transport (Bickle and McKenzie,
1987). Because fluids generally have a more pervasive mode of migration than
magmas, they are capable of significantly modifying the compaosition of their

host-rock.




1.2.7 Factors Affecting the Composition of Upper Mantle Peridotite

From the previous sections it is evident that the upper mantle is a
dynamic reaction vessel. Mineralogical, chemical and isotopic compositions of
upper mantle peridotites and the magmatic and fluid components which they
host, are controlled by processes of (i) partial melting, (ii) magma- and fluid-
rock interactions, and (iii) mechanical mixing, ali of which occur over a wide
range of temperatures and pressures in specific tectonic environments. Oniy
by integrating field, petrographic and geochemical studies can we begin to
unravel the complexities of these processes. Hence, ophiolitic and orogenic

peridotites must be primary targets of investigations of upper mantie processes.

1.3 OPHIOLITIC AND OROGENIC PERIDOTITES

1.3.1 Classification and Origin

Tectonically emplaced peridotite massifs were called alpine-type

peridotites by Thayer (1960) and have been divided into two groups (Thayer,

1960; Green, 1967; Den Tex, 1969; Jackson and Thayer, 1972): the lherzolite
group (known also as orogenic root zone or high temperature peridotites), and
the harzburgite group (known aiso as ophiolitic or low temperature peridotites).
By a sequence of tectonic events, both groups have been emplaced into or onto
continental crust as bodies which are <15 km thick (Spray, 1989).

It is here proposed that peridotite bodies conforming to the Penrose

Conference definition of an ophiolite {Anonymous, 1972), be called ophiolitic
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peridotites, and those which do not, be called orogenic peridotites. In cases
where bodies have not been severely dismembered, the former are associated
with an oceanic crustal sequence, whereas the latter are not (Spray, 1983}.
This classification is by no means rigorous, but is in keeping with previous
definitions and will serve its purpose in this work.

Orogenic peridotite massifs are composed of peridotites (mainly
lherzolite) containing variable proportions of bands and dykes of pyroxenite and
gabbro, e.g., Ronda (S. Spain), Lherz and Ariége (S. W. France), Lanzo (N.
Italy} and Beni Bousera (N. Morocco). Equilibration is recorded in the garnet,
spinel and plagioclase stability fields, e.g., the Ronda Peridotite (Obata, 1980).
Nicolas and Jackson (1972) interpreted orogenic peridotite massifs as
fragments of sub-continental mantle or deep sub-oceanic mantle. Prior to
meiting, many of these peridotites were fertile sources for the generation of
MORB magmas, e.g., the Ronda Peridotite (Frey et al., 1985).

Ophiolitic peridotites (mostly Iherzolite and harzburgite) contain variable
proportions of bands and intrusions of dunite, chromitite, pyroxenite, wehrlite
and gabbro. Equilibration occurred predominantly in the spinel stability field.

As examples, ophiolitic peridotites occur in the Troodas Ophiolite (Cyprus), the

Oman Ophiolite, and the Bay of Islands Ophiolite (Canada). There is a complete

spectrum of compositions in ophiolitic peridotites which can be related to their
crustal sequence. This has led to a number of classification schemes for
ophiolite complexes and these are compiled in Table 1.1. Nicolas and Jackson

(1972) interpreted ophioiitic peridotites as fragments of uppermost sub-oceanic
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mantle. This view is held currently, but there is a debate prompted by

Miyashiro (1973) concerning the exact tectonic environment which ophiolites
represent, e.g., mid-ocean ridge, back-arc basin or forearc region. The mantle
section of an ophiolite will be extremely sensitive to this environment, because
it will record the degree of partial melting and the compositions of magmas and

fluids that have traversed the mantle peridotites (Table 1.1).

1.3.2 Mafic and Ultramafic Bodies Hosted by Peridotite

Bodies of mafic and ultramatic material hosted by ophiolitic and orogenic
peridotites occur as layers (called bands from here on so as to have no genetic
implication), dykes, veins, lenses and pods that have been documanted in all
peridotites (Spray 1982, 1989). They typically are <1 m thick and parallel

(concordant) or cross-cut {discordant) the high temperature tectonits fabric of

their hosting peridotite. Textures where minerals are coarse grained with

interlocking grain boundaries are indicative of magmatic crystallization, whereas
granoblastic, mylonitic, schistose or gneissose textures are indicative of
subsolidus deformation. Mineralogy is dominated by pyroxene + olivine +
plagioclase + spinel £ garnet + amphibole + mica. Mafic and ultramafic
bodies in therzolites are dominated by clinopyroxene and have a basaitic bulk
composition {Loubet and Allégre, 1982; Spray, 1982, 1989). Those in
harzburgite frequently are monomineralic, such as dunite, chromitite,
orthopyroxenite and clinopyroxenite, and do not have a basaltic bulk

composition (Reuber et al., 1985). Bodies of websterite, wehrlite and gabbro
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also occur in harzburgite.

Numerous models have been proposed to explain the origin of mafic and
ultramafic bodies hosted by ophiolitic and orogenic peridotites. These bodies
represent:

1) Crystallized magmas that may be in-sity and primary (Boudier and Nicolas,
1972; Dickey gt al., 1979; Reuber et al., 1985), or crystallized magma
fractions (Moores, 1969; Malpas, 1978; Harkins et al., 1980; Quick, 1981b:
Boudier and Coleman, 1981; Hopson et al., 1981; Loubet and Allégre, 1982;
Reuber et al., 1982; Sinigoi et al., 1983; Gregory, 1984) that could form by
gravitational crystal accumuiation (Raleigh, 1965; Conquéré, 1977).

2) Material introduced downward into the mantle from the base of a magma
chamber by subsidence of cumulates (Dickey, 1975) or injection of dykes
(Reuber et al., 1982, 1985).

3) "Xenocryst cumulates’ produced by high temperature minerals accumulating
when a peridotite undergoes >50 % partial melting (Ishiwatari, 1985a).

#) Flow layers within a crystal mush (Thayer, 1963).

5) Metasomatites (Bowen and Tuttle, 1949; Carswell et al., 1974; Loomis and
Gottschalk, 1981).

6) Metamorphic differentiates produced by (i) deformation (Walcott, 1969:;
Moores, 1969; Loney and Himmelberg, 1976; Dick and Sinton, 1979}, (i)
pressure solution creep (Dick and Sinton, 1979), or (iii) anatexis (Dick and
Sinton, 1979).

7) Restites produced by the partial melting of pre-existing bands or dykes
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(Shervais, 1979; Loubet and Allégre, 1982, Sinigoi et al., 1983).
8) Recycled oceanic crust (Allégre and Turcotte, 198€, Kellogg and Turcotte,
1986/87, 1990).
Any of the above may be transposed into parallel alignment with the
peridotite foliation (Wilshire and Pike, 1975; Boudier, 1978; Cassard et al.,
1981; Nicolas and Jackson, 1982).

1.3.3 Magma- and Fluid-Peridotite Interactions

Magma- and fluid-peridotite interactions were described in section 1.2.5.
Classic examples of both types of interaction are found in ophiolitic and
orogenic peridotites:
1) Clinopyroxene and feldspar crystallize from magmas impregnating
harzburgites and dunites (Dick, 1977; Sinton, 1977; George, 1978; Savelyev
and Savelyeva, 1979; Violette, 1980; Nicolas et al., 1980; Boudier and
Coleman, 1981; Nicolas and Prinzhofer, 1983; Nicolas and Dupuy, 1984;
Evans, 1985; Evans and Hawkins, 1989). This often occurs where magma is
expelled into the peridotite ahead of the intrusion, because the magma or fluid
can no longer hydraulically fracture the peridotite (Nicolas, 1989).
2) The other type of interaction is exemplified by the formation of dunite by in-
sity reaction of pyroxene-bearing peridotite with an introduced magma or fluid
(Boudier and Nicolas, 1972, 1977, Dick, 1977; Sinton, 1977; Dungan and Avé
Lallemant, 1977; Leblanc et al., 1980; Quick, 1981a; Cassard et ai., 1981;
Nicolas and Prinzhofer, 1983; Gregory, 1984; Kelemen, 1990) (Fig. 1.3).




1.4 OBJECTIVES AND APPROACH

The following testable hypothesis forms the basis of this thesis:

Processes of partial melting and magma- and fluid-rock interaction in
different tectonic environments are likely to be similar, but the compositions of
residues, magmas and fluids will differ. As a magma or fluid migraics away
from its source region it will attempt to equilibrate with the environment

through which it passes. A fast moving magma or fluid undergoing little or no

equilibration will reflect the compositicn of its source, whereas a magma or

fluid undergoing continuous equilibration will refiect the composition of the rock
with which it last equilibrated. Magmatic and fluid components in the upper
mantle range from complstely crystallized primary compositions to
monomineralic crystal fractionates, all of which have experienced different
degrees of magma- and fluid-rock interaction. The mantle is a dynramic system
that experiences numerous episodes of partial melting and magma and fiuid
activity during continuous deformation. The most complete record of these
episodes is preserved in regions of low strain. Heterogeneities are rapidly
destroyed by diffusion and mechanical mixing in regions of high strain.

A test of this hypothesis requires a very practical approach which
integrates field and petrographic observations with geochemical data. In this
thesis the emphasis is on understanding the processes of magma and fluid
generation, migration and evolution in the uppermost mantie. Special attention

is paid to developing the platinum group elements (PGE) as petrogenetic




tracers.

1.5 AREA OF STUDY

The Bay of Islands Ophiolite Complex (BIOC), western Newfoundland,
Canada, was selected for this study because of its excellent exposure of
uppermost mantle, and convenient accessibility. Foliowing reconnaissance
work in the BIOC, the Springers Hill area of the Lewis Hills Massif was selected
for a detailed study. Before discussing the geology of the latter, the geology

of the BIOC is considered.

1.5.1 Regional Geology and Origin of the Bay of Islands Ophiolite Complex
The island of Newfoundland lies at the centre of the Appalachian-
Caledonian Orogen. From west to east the island is divided into the Humber,
Dunnage, Gander and Avalon tectonostratigraphic zones {Williams, 1979). The
Humber Zone documents the opening and closing of the proto-Atlantic Ocean

{Wilson, 1966). The Humber Arm Allochthon was emplaced onto the ancient

continental margin of North America during the Middle Ordovician Taconian

Orogeny as an assembled series of stacked thrust slices of east to west
derivation (Malpas, 1976). The BIOC and the Coastal Complex (CC) are two
adjacent Cambro-Ordovician ophiolite terranes that occupy the highest
structural slices of the Humber Arm Allochthon (Stevens, 1970; Church and

Stevens, 1970a, b, 1971; Bird and Dewey, 1970; Williams, 197 1; Williams and
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Malpas, 1972; Church, 1972; Malpas, 1973, 1976). Together they form a

discontinuous, narth-northeast trending belt of mafic-ultramafic rocks some
100 km long and 2% km wide (Fig. 1.4). From north to south the BIOC
comprises the Table Mountain, North Arm Mountain, Blow Me Down Mountain
and Lewis Hills massifs. There is disagreement over the definition of the CC.
For Karson and Dewey (1978}, Casey et al. (1983) and Karson (1984}, the CC
is that defined in Figure 1.4, whereas for Williams (1973) it is called the Little
Port Complex and does not include the western part of the Lewis Hills Massif
which oelongs to the BIOC. In keeping with the terminology of Karson and
Dewey (1978), Casey et al. (1983) and Karson (1984), their definition of the
CC will be used throughout this work (Fig. 1.4).

Two distinctly different origins have been proposed for the BIQC and CC:
(i} the BIOC formed at a major seafloor spreading centre (Casey et al., 1983,
1985), whereas the CC represents oceanic crust that has experienced a
transform fault tectonic history within an oceanic fracture zone (Karson and
Dewey, 1978; Karson, 1984); (ii) in contrast, Malpas et al. (1973) and Malpas
(1979a) interpreted the CC as an arc assemblage, which is supported by the
supra-subductionzone/back-arc basin origin proposed by Malpas {1976), Searle
and Stevens (1984), Edwards (1990) and Jenner et al. (in press) for the
evolution of the BIOC and CC. Age data are crucial for determining which
origin is most plausible. The BIOC has been dated at 501-508 Ma (Mattinson,
1976; Jacobsenand Wasserburg, 1979) and 476-489 Ma (Dunning and Krogh,

1985; Jenner et al., in press), whereas the CC has been dated at 505-508 Ma
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(Mattinson, 1975; Jenner et al., in press). Similar ages of the two complexes
are likely to support origin (i), whereas origin (ii) may accommodate similar or
dissimilar ages.
The metamorphic sole underlying the BIOC has been dated at 454-460
Ma (Dallmeyer and Williams, 19795, Archibald and Farrar, 1976) ai.d forms an
integral part of the ophiolite which documents dynamothermal metamorphism
during transport of the ophiolite slice (Church and Stevens, 1971; Williams,
1971; Williams and Smyth, 1973; Maipas et al., 1973; Malpas, 1976, 1979b).
Intra-oceanic thrusting and obduction of the BIOC is recorded by the mylonitic
fabric in the sole and basal peridotites of the mantle sequence (Girardeau and
Nicolas, 1981). The metamorphic sole may represent the hanging wall of a
once east-dipping subduction zone, in which the BIOC occupied the forearc of
the overriding plate (Casey and Dewey, 1984). According to Karson and
Dewey {1978) and Casey and Dewey (1984), the fracture zone preserved in
the CC was the nucleation site for the subduction zone and obduction of the

BIOC.

1.5.2 The Mantle Section of the Bay of Islands Ophiolite Complex

in the mantie section of the BIOC, harzburgite is the most abundant
residual peridotite and occurs with lesser amounts of lherzolite and dunite.
These peridotites crop out in each massif and reach a maximum thickness of
5 km (Malpas, 1978). The occurrence of fertile Iherzolite in Table Mountain

{Malpas, 1978) and abundant refractory peridotites in the southern massifs,
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suggests either a change in tectonic setting or degree of fertility in a given
tectonic environment. Accoiding to the classification n Table 1.1, this
southward trend reflects a change from the lherzolite to the harzburgite
ophiolite type. This agrees with the relatively high abundances of chromitite

and webhrlite in the Lewis Hills Massif (Dunsworth et al., 1986).

1.5.3 The Springers Hill Area of the Lewis Hills Massif

The Lewis Hills Massif preserves an original, subvertical contact between
the BIOC and CC. This contact is marked by the Mount Barren Assemblage of
the CC, which is a prominent belt of highly deformed greenschist, amphibolite
and granulite facies rocks that are intruded by wehrlite-lherzolite crystal mush
intrusions (Karson, 1977, 1979, 1984; Karson and Dewey, 1978; Karson et
al., 1983) (Fig. 1.5). The Mount Barren Assemblage records the transform
domain of the fracture zone in model (i} of section 1.5.1.

The Springers Hill area conforms to the harzburgite ophiolite type (Table
1.1), and is situated in the eastern part of the Lewis Hills Massif in the BIOC,
but lies directly adjacent to the CC (Fig. 1.5). Dunsworth et al. (1986) defined
an early suite of refractory harzburgite, dunite and mafic-ultramafic cumulates,
and a late suite of dunite, wehrlite, clinopyroxenite and gabbro. These record
a complex history of syn-kinematic multiple intrusion and ductile deformation
(Dunsworth gt al., 1986).

The area investigated in the present study is 2 km? and provides 40-50

% exposure of uppermost mantle peridotites which exhibit spectacular evidence
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for magmatic and fluid activity and interaction. As such, it is the best locality
in the BIOC to study the processes of magma and fluid generation, migration
and evolution. The structure of the area has been extensively documented by
Karson {1979), Dahl and Watkinson {(1986), Dunsworth et al. (1986} and Suhr
et al. (in pressj, which provided an excellent foundation on which to base this

petrologic study.

1.5.3a Mapping and Access

The area was mapped by the author during the Summer of 1987.
Mapping was undertaken at a scale of 1:4000 on enlargements of the Province
of Newfoundland and Labradar Department of Forest Resources and Lands
1:12500 scale colour aerial photographs NF84020-14, -121 and -122. The
Department of Energy Mines and Resources 1:50000 scale map sheet 12 B/16,
Georges Lake, covers the eastern part of the Lewis Hills Massif.

There are no roads close to the field area and access by helicopter is a
necessity. Camp equipment and provisions were flown in from the
communities of Pasadena and Fox Island River which are easily accessible by
road. The field area is barren, rugged and gently undulating, and is easily

traversed on foot.

1.5.3b Chemical Classification of the Springers Hill Area

Based on mineral chemistry, the rock types in the mantle section of the

Springers Hill area occupy two compositionally distinct fields (Fig. 1.6). Olivine




22

and clinopyroxene plot in two fields, but there is some degree of overlap.
Spinels define two well separated fields and are used to classify the rock types
as low-Al peridotites and pyroxenites (LALPP), and high-Al peridotites,
pyroxenites and gabbros (HALPPG). The classification of rock types of the
Springers Hill area as LALPP and HALPPG is similar to those mapped by

Dunsworth et al. (1986) as early suite and late suite, respectively.

1.6 FORMAT OF THE THESIS

The subsequent chapters of this thesis are arranged in such a way that
after description and interpretation of the field relations and petrography in
Chapter 2, each chapter is a study which can stand alone. Chapters 3 and 4
are concerned with the chemistry and petrogenesis of LALPP and HALPPG,
respectively. Chapter 5 examines the physical and chemical interactions of
fluid in mantle lithosphere, and Chapter 6 is 3 summary of the ihesis which

emphasizes the importance of the Springers Hill area in studies of the upper

mantle.




Chapter 2

FIELD RELATIONS AND PETROGRAPHY

2.1 INTRODUCTION

This chapter describes the rock types found in the Springers Hil! area and
the deformation which they record. Emphasis is placed on the spatial relations
of rock types with respect to one ancther and to domains of deformation.
Particular attention is paid to features which document interaction between
low-Al peridotites and pyroxenites (LALPP) and high-Al peridotites, pyroxenites
and gabbros (HALPPG).

Petrographic descriptions are broad owing to wide variations in modal
composition within a given rock type, and between certain rock types. Detailed
descriptions are reserved for features particularly relevant to this study. The
terminology adopted for textures arising from deformation and recrystallization
follows that of Mercier and Nicolas (1975), except that coarse granular (Boullier
and Nicolas, 1975) is used as a purely descriptive term in place of
protogranular. Terminology of cumulate textures is based on Wager et al.
(1960). Recognition of textures frequently is hampered by the development of
serpentine, bastite, uralite, chlorite and other minor phases arising from low

temperature alteration. Thin sections were made from samples cut

i——-—d
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perpendicular to their foliation and parallel to their lineation where lineation

could be defined.
2.2 OVERVIEW OF THE FIELD AREA

As previously defined by Dunsworth et al. (1986), the Springers Hili area
comprises rocks of the mantle and crust. The mantle sequence is divisible into
LALPP, HALPPG, and a marginal zone which in places separates the two (Fig.
2.1 in map pocket). The LALPP are harzburgite, dunite, chromitite,
orthopyroxenite, clinopyroxenite, amphibole dunite and minor websterite,
whereas the HALPPG are dunite, wehrlite, olivine clinopyroxenite, gabbro and
amphibole peridotite. The marginal zone contains all these rock types. The
geological map (Fig. 2.1) illustrates that the uppermost mantle in the Springers

Hill area is extremely heterogeneous with respect to the distribution of rock

types and deformation. The crustal sequence was not mapped or sampled in
any detall in this study, and its relation to the mantie sequence is not known.
Hence, the crustal rocks are tincorrelated, but consist of wehrlite and gabbro
which host amphibolite dykes (Fig. 2.1).

Two episodes of deformation have affected the area, and these .re
thoroughly documented by Dahl and Watkinson (1986), Dunsworth et al.
(1986) and Suhr et al. (in press). These episodes are denoted D, and D,, and

are recorded by high temperature S, or L,-S, and L,=S, tectonite fabrics,

respectively. D, is preserved only in LALPP along the southern portion of the
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mapped area, where S, trends N-S to NE-SW and has a vertical to steep W to
NW dip. Mylonitic ductile simple shear zones that record D, are <700 m wide
and occur in all rock types throughout the area. Along the western portion of
*he mapped area, S, trends NNE-SSW to NE-SW and has a shallow WNW to
NW dip; lineations are N to NNE and shallow plunging. Along the southern
portion of the mapped area, S; is E-W with a shallow N dip. The variation in
orientation of S, in the northern part of the mapped area was produced by -
doming of this region during formation of the HALPPG (Dunsworth et al.,
1986). Faulting appears to correlate with D, because of high temperature shear
displacement along fault surfaces. The thrust fauits at the northern extent of
the mapped area are completely hosted within D, shear zones and thrust
surfaces lie parallel to the plane of S,. Mulitiple thrusting has juxtaposed slices
of LALPP and uncorrelated wehrlite and gabbro, which has produced an
interleaved stack of slices (Fig. 2.2).

To understand the mantle section of the Springers Hill area, it is
imperative that magmatic and fluid activity and deformation are considered
together, because deformation continually modifies primary magmatic and fiuid
features and relations, and magmas and fluids assist recrystallization and

deformation. The relative time of formation of rock types is summarized in

Figure 2.1.
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2.3 LOW-AI PERIDOTITES AND PYROXENITES

Within the LALPP generally there is a west to east distribution of the rock
types, which resuits in a regional banding paralle! to the dominant tectonite
fabric (Fig. 2.1). The west is dominated by harzburgite and dunite and their
amphibole-bearing equivalents. On moving east, harzburgite, dunite,
orthopyroxenite (OPXT |, see section 2.3.4a) and clinopyroxenite give way to
harzburgite, dunite and ciinopyroxenite. Harzburgite almost always is the host
of OPXT I, whereas dunite usually hosts clinopyroxenite. Consequently, on
moving from wvest to east, the ratios of harzburgite/dunite and OPXT
I/clinopyroxenite both decrease. Because concentrations of chromitite correlate
with abundances of dunite and clinopyroxenite, chromitite is more abundant in
the east than in the west, and culminates in the Springers Hill chromitite
showing. Dunites, chromitites and clinopyroxenites in the southeastern part of
the mapped area often are displaced along shear zones. Folded structures have
developed which were attributed to shear folding by Dahl and Watkinson
(1986). These features correlate with the western limb of a synform defined

by Dunsworth et al. (1986).

2.3.1 Harzburgite
2.3.1a Field Relations

iHarzburgite apparently is the oldest rock type preserved in the Springers

Hill area. Large volumes of pure harzburgite are rare due to the abundance of
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intrusive phases and local gradation into dunite. Porphyroclasts of
orthopyroxene define S, and S,, and these fabrics are enhanced by concordant
and subconcordant mm- to m-wide veins and dykes and their boudinaged
equivalents of dunite, OPXT | and clinopyroxenite. Veins and dykes may be
isoclinally folded, especially in D, shear zones.

Harzburgite has a modal composition of 50-90 % olivine, 10-50 %
orthopyroxene, <2 % Cr-spinel, frequent, but modally insignificant amphibole,
and rare clinopyroxene. The olivine/orthopyroxene ratio of harzburgite is
extremely variable. Where harzburgite grades into dunite, there is a progressive
decrease in the concentration of orthopyroxene as the dunite is approached.
A high concentration of orthopyroxene correlates with the presence of OPXT
{, and manifests itself as (i) individual grains and veins associated with the
margins or terminations of massive dykes of OPXT | (Fig. 2.3), or {ii) stretched,
boudinaged and highly disaggregated veins of OPXT I. A screen of harzburgite
may separate OPXT | from adjacent dunite. These relations suggest that a
significant percentage of the modal orthopyroxene in harzburgite may have

been derived from OPXT |I.

2.3.1b Petrography

The petrographic description of harzburgite is restricted to those samples
recording the D, deformation. The D, eventis recorded by porphyroclasts { <5
mm) and neoblasts of orthopyroxene distributed unevenly throughout a matrix

of olivine. This heterogeneity can result in alternating bands of orthopyroxenite
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and dunite (Fig. 2.4). Olivine is coarse granular (=10 mm) in dunite, but is
much finer grained in the presence of orthopyroxene, where polygonized grains
of olivine {<0.1 mm) define a mosaic equigranular texture. Olivine interstitial
to orthopyroxenein aggregates of orthopyroxeneis coarser grained (<0.5 mm)
and embays orthopyroxene. Grain boundaries of olivine and orthopyroxene
usually are well equilibrated (curvilinear to straight grain boundaries, well
equilibrated triple junctions), but bent and kinked substructures occur in
orthopyroxene porphyroclasts and neoblasts and coarse granular olivine.
Orthopyroxene rarely has exsolutions of clinopyroxene, but contains round and
oval inclusions of olivine and equant to ovalinclusions of spinel. Inclusions and
trails of inclusions of spinel and wunidentified opaque, transparent and
translucent phases are more common in finer grained olivine than in
orthopyroxene and coarse granular olivine. The silicate portion of harzburgite

is 40-70 % altered depending on the modal abundance of olivine.

Cr-spinelis most abundant in samples richest in orthopyroxene. Cr-spinel

most commonly is found in orthopyroxenes or at the grain boundaries of
orthopyroxenes, but also occurs at the grain boundaries of coarse granular
olivines. The grain size of Cr-spinel exhibits a bimodal distribution occurring as
large grains (<! mm) containing inclusions of olivine, serpentine and
orthopyroxene, and as minute grains disseminated throughout a sample.
Porphyroclastic and pull-apart textures are dominant, but their less deformed
and recrystallized equivalents do occur (Fig. 2.5). The foliation defined by Cr-

spinel either is concordant or discordant with respect to S, defined by




orthopyroxene (Fig. 2.4).
A relatively late generation of orthopyroxene manifests itself as delicate,

interstitial grains (< 1.5 mm). This orthopyroxene is most obvious where it is

oblique to banding in coarse granular olivine (Fig. 2.6). In areas of low strain,

the interstitial texture is preserved, but in areas of higher strain, the texture is
obliterated and the orthopyroxene inherits a porphyroclastic texture. The
orthopyroxene exhibits partial replacement by olivine (Fig. 2.6).

A very distinct feature in many harzburgites is the occurrence of olivine-
orthopyroxene clusters hosted in coarse granular olivine (Fig. 2.7). The clusters
contain remnants of porphyroclasts and aggregates of porphyroclasts of
orthopyroxene in a matrix of mosaic equigranular olivine. Spinel is a minor
phase in these clusters; it occurs as minute blebs and vermicular grains in
mosaic equigranular olivine, and along the contact between olivine and
orthopyroxene (Fig. 2.8). The highly embayed grain boundaries of
orthopyroxene in contact with olivine, and the optical continuity of islands of
orthopyroxenein olivine, demonstrate that orthopyroxene has been replaced by
olivine with the production of minor spinel (Fig. 2.8}. In extreme cases, zones
of mosaic equigranular olivine (<7 mm) exist which do not contain
orthopyroxene. The irregular morphology of orthopyroxene, olivine and spinel,
indicates disequilibrium with no overprint of deformation or recrystallization
associated with D,;. Olivine-orthopyraxeine clusters most commonly are
encountered in harzburgites adjacent to HALPPG.

Ca-amphibole occurs in association with orthopyroxene and Cr-spinelin
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many harzburgites. It commonly is encountered in samples with olivine-
orthopyroxene clusters, but may or may not be associated with the cluster
itself. Cr-spinel associated with Ca-amphibole often is equant to sub-equant,
has grain boundaries embayed by Ca-amphibole, and contains inclusions of
olivine, serpentine, Al-orthopyroxene, clinopyroxene, Ca-amphibole, phiogopite,
magnetite and magnesioferrite (Fig. 2.9). This Cr-spinel recrystallized in the

presence of Ca-amphibole after the D, event.

2.3.2 Dunite
2.3.2a Field Relations

The complex nature and 50-98 % serpentinization of dunites makes it
difficult to correlate them. Dunites dominantly occur within harzburgite and
bordering chromitite and clinopyroxenite. Their association with chromitite and
clinopyroxenite is described in sections 2.3.3 and 2.3.4e, respectively.

Dunites have a modal composition of olivine (85-98 %), Cr-spinel {2-15
%) and minor pyroxene and Ca-amphibole. Morphologically, dunites occur as
pods up to 400 m wide, veins and dykes. These occurrences possess both
sharp (restricted mainly to veins and dykes} and ragged (restricted mainly to
pods) contacts with harzburgite. Dykes and veins rarely are tabular for more
than several metres, and are concordant and discordant with respect to the
orthopyroxene S, fabric in harzburgite. Dunites that have ragged contacts with
harzburgite, in some places contain fragments of harzburgite. The concordance

of the foliation between harzburgite fragments and harzburgite hosting the
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dunite, suggests in-situ replacement of harzburgite by dunite. These Jdunites
contain a few isolated grains of orthopyroxene and a concentration and
distribution of Cr-spinel similar to that of the adjacent harzburgite. In certain
cases, the margin of a dunite may exhibit the aforementioned features, but as
the centre of the dunite is approached, (i) the proportion of orthopyroxene
decreases to <2 modal %, (ii) the concentration of Cr-spinel increases, and (iii)
a Cr-spinel banding may develop.

Based on the features observed in the core regions of dunite veins and
dykes, two generations of dunite have been defined. The earliest contains
minor orthopyroxene and is rich in Cr-spinel. The Cr-spinel is disseminated
throughout the dunite matrix, but may concentrate in homogeneous and layer-
like bands in the centre of the dunite (see section 2.3.3). The later generation
is devoid of orthopyroxene and contains disseminated Cr-spinel at <1 modal
%. The latter may offset the former where the two intersect. This two stage
formation of dunite is consistent with the observation of Suhr and Calon

(1987), that the Springers Hill chromitite is cut by Cr-spinei-poor dunite.

2.3.2b Petrography

Dunites have coarse granular olivines (<18 mm) with weil developed
kinked substructures. In the absence of neoblasts and a well developed
porphyroclastic texture, grain boundaries are curvilinear and smoothly
interlocking. Spinel, sulphide and unidentified inclusions occur in coarse

granular grains and are concentrated around Ca-amphibole enclosed in olivine




32
(Fig. 2.10).

Cr-spinel { =4 mm) is restricted mainly to the grain boundaries of olivines,
but small ovoid grains occur in olivine. The abundance and grain size of Cr-
spinel approximately is inversely proportional to the grain size of olivine. Cr-
spinel exists as equant, ovoid, round, lobate, cuspate and porphyroclastic
grains, and granulated margins are common. Inclusions of olivine and
serpentine are restricted mostly to those Cr-spinels exhibiting the most
deformation and recrystallization. Olivine and Cr-spinel define the same
foliation. Clinopyroxene associated with Cr-spinel has been documented in a
concordant dunite which possesses a spinel chain texture (Jackson, 1961) (Fig.

2.11).

2.3.3 Chromitite

Chromitites range from massive true chromitites (95 modz| % Cr-spinel)
with well developed margins, to dunites rich in Cr-spine! (=30 modal % Cr-
spinel) where the Cr-spinel is disseminated and a faint banding is developed.
Mineral graded layering may develop in the latter (Fig. 2.12). The extremes
may occur together. Cr-spinel exists as equant, lobate and cuspate grains and
their porphyroclastic equivalents. Cr-spinels with granulated margins occur
where D, shear zones cut chromitite. Pull-apart fractures are filled with chlorite
or serpentine. Olivine interstitial to Cr-spinel is partially to completely
serpentinized. Inclusions in Cr-spinel are chlorite.

Chromitites are always enclosed in an envelope of dunite. Morphologies
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and textures of the composite chromitite-dunite body are the same as those

described for dunite, except that lenses, boudins and schlieren of chromitite

also are present. Dunite envelopes are <4 m wide on either side of chromitite.

These envelopes contain traces of pyroxene and the widest envelopes retain
bands of harzburgite that trend parallel to the chromitite. Two types of small
chromitite body are present within dunite envelopes. The first is very angular,
is <10 cm wide, and appears to be xenolithic. The second is elongate or pod-
like, possesses smoothly curved margins, measures up to 80 x 15 cm, and
exhibits simple zonation (>95 modal % Cr-spinel at the rim, >50 modal %

olivine and <50 modal % Cr-spinel in the core).

2.3.4 Type | Orthopyroxenite, Clinopyroxenite and Websterite
2.3.4a Field Relations
Websterites were not identified in the field and were mapped as
clinopyroxenite. They are a minor component of clinopyroxenite. Two types
of orthopyroxenite have been identified, and are described separately as Type
I (OPXT 1) and Type Il (OPXT ll) in accordance with Suhr and Calon (1987) and
Subr et al. {in press). Type |l orthopyroxenites are described in section 2.3.5.
Type | orthopyroxenites (<95 modal % orthopyroxene) and
clinopyroxenites ( <99 modal % clinopyroxene) occur as veins and dykes and
their boudinaged equivalents. Grain size typically is coarse to pegmatitic ( <40
mm). Recrystallization of dyke margins and veins correlates with D,, whereas

extensive mylonitization of veins and dykes is attributed to D,. No chilled
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margins have been identified. Clinopyroxenites consistently cross-cut OPXT |
and are more discordant with respect to S, than are OPXT | (Fig. 2.13).

The olivine content of pyroxenites varies along and across strike, and
many bodies exhibit features akin to lit-par-lit injection. Lensoid patches of
harzburgite and wehrlite occur in OPXT | and clinopyroxenite, respectively.
Patches of dunite in OPXT | usually are richer in Cr-spinel than those in
clinopyroxenite. These dunite patches have cumulate texture (Fig. 2.14).
Elongate bedies of host-rock occur in pyroxenite dykes where the dykes branch
into numerous subparallel veins or narrower dykes. These branches may
coalesce along strike to re-form a massive dyke.

The consistent association of OPXT | with harzburgite has been

described in section 2.3.1a. Clinopyroxenites are hosted by harzburgite (Fig.

2.13), or are enclosed in an envelope of dunite which separates them from
harzburgite (Fig. 2.15). The former is more common for true clinopyroxenites,
whereas the latter dominates for olivine clinopyroxenites. The width of the
dunite envelope is unrelated to the width of the clinopyroxenite ( £ olivine) it
encloses. The dunite need not be continuous along strike, especially where
there are variations in the olivine/clinopyroxeneratio of the clinopyroxenite and
in the degree of strain at the dyke margin. Bands of Cr-spinel in dunite are
parallel to clinopyroxenite (Fig. 2.15). A mm-wide band of chromitite often
defines the contact between clinopyroxenite and dunite. True clinopyroxenites
are more common in the west of the mapped area, which explains why there

is no dunite envelope around clinopyroxenites cutting OPXT | (Fig. 2.13). In
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the east of the mapped area, olivine clinopyroxenites are more common than

clinopyroxenites.

2.3.4b Petrography of Type | Orthopyroxenite

Orthopyroxene, olivine, Cr-spinel and amphibole occur in all OPXT |.
Clinopyroxene is a rare phase in some samples. The oldest texture is well
equilibrated and coarse granular. Grain boundaries between adjacent grains of
orthopyroxene are smoothly undulating or serrated with consertal intergrowth,
Exsolutions of clinopyroxene have not been identified positively in
orthopyroxene, but acicular grains of amphibole commonly are parallel to the
cleavage of orthopyroxene. Olivine, Cr-spinel, clinopyroxene and amphibole
occur as inclusions in orthopyroxene and interstitial to orthopyroxene. Cr-spinel
(=1 mmj) is equant to rectangular and oval, and generally is coarser grained
where it is interstitial to orthopyroxene, than where it is enclosed in
orthopyroxene. Cr-spinel is everywhere associated with Ca-amphibole, which
suggests that fluid was intimately involved in the formation of Cr-spinel.
Olivine embays orthopyroxene in a8 manner characteristic of parallel growth of
these two phases (Figs. 2.16 and 2.17). Clinopyroxene has poorly equilibrated
grain boundaries where it replaces orthopyroxene. Amphibole occurs as

tabular, acicular and bleb-like grains associated with all other mineral phases.

Tremolite replaces clinopyroxene (Fig. 2.18) and tremolite and cummingtonite

replace orthopyroxene (Fig. 2.19). Symplectitic growths of spinel are common

in amphibole and may define a previous feature such as a pyroxene that
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amphibole has replaced. Tabular grains of amphibole of the anthophyllite-
gedrite series have been identified in association with orthopyroxene.

Deformation resuits in porphyroclastic and equigranular {mylonitic)
equivalents of the features described above. Amphibole always is found in
zones of deformation. Deformation primarily nucleates at inclusions of olivine
and Cr-spinel in orthopyroxene, or where olivine embays orthopyroxene. Kink
band boundaries are smooth to serrated and neoblasts develop at the
intersection of numerous kink band boundaries. Clinoenstatite has once been
identified defining a kink band. Grains of orthopyroxene are cut by shear zones

that are filled with variably equilibrated, fine grains of orthopyroxene, olivine

and amphibole (Fig. 2.20). Silicates have recrystallized to enclose granulated

trails of Cr-spinel in zones of high strain. Pull-apart of orthopyroxene is
recorded in veins of OPXT I. Tremolite and cummingtonite are in places
deformed, and in others undeformed, as a consequence of the heterogeneous
distribution of strain in OPXT | during their growth. Serpentinization and
uralitization of OPXT | post-dates deformation and the formation of tremolite

and cummingtonite.

2.3.4c Petrography of Clinopyroxenite

Orthopyroxene, olivine, Cr-spinel and Ca-amphibole occur in
clinopyroxenite. Where these phases are minor, clinopyroxene is extremely well
equilibrated and coarse granular (Fig. 2.21). Grain boundaries may be less

equilibrated in the presence of other phases (Fig. 2.22). Clinopyroxene often
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has a dusted appearance due to exsolutions of orthopyroxene(?) and spinel.
Grains of Cr-spinel are equant throughout a sample, but are coarser where they
are interstitial to clinopyroxene than where they occur in clinopyroxene. Olivine
occurs rarely as embayments or inclusions in clinopyroxene. Ca-amphibole is
a rare phase restricted mainly to regions interstitial to clinopyroxene.

Recrystallization of clinopyroxene is recorded by grain boundary
migration, and possibly by lingar trails of spinel grains which traverse several
adjacent grains of clinopyroxene that bhave different orientations.
Clinopyroxenites record less deformation than OPXT |. Clinopyroxene has
ragged grain boundaries and substructures where porphyroclastic textures

develop.

2.3.4d Petrography of Websterite

Orthopyroxene (< 5 modal %) is present in most samples of
clinopyroxenite, but localized zones of websterite occur where orthopyroxene
is more abundant. Websterite that formed by the mutual exsolution of ortho-
and clinopyroxene is relatively rare, and is included in the definition of
clinopyroxenite from here on. The term ‘websterite’ is applied to a pyroxenite
which is a composite assemblage of clinopyroxenite and xenocrysts of
orthopyroxene. Waebsterites are most common where clinopyroxenites cross-
cut OPXT 1. Orthopyroxene xenocrysts record greater deformation than
clinopyroxene, and have ragged grain boundaries. Orthopyroxene xenocrysts

may be totally inert in the presence of clinopyroxene, or partially replaced by
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clinopyroxene or Ca-amphibole and olivine (Fig. 2.23). This olivine often
contains an interconnected network of unidentified symplectitic inclusions,
which may be indicative of the presence of fluid. Orthopyroxene xenocrysts

in websterite contain less amphibole than orthopyroxene in OPXT I.

2.3.4e Petrography of Dunite Associated with Clinopyroxenite

Olivine and Cr-spinel have textures as described for dunite in section
2.3.2b. Two types of dunite are definable according to the presence or
absence of pyroxene and Ca-amphibole. Dunites with well developed banding
of Cr-spinel are completely devoid of pyroxene and Ca-amphibole, whereas
dunites with no banding usually contain orthopyroxene, clinopyroxene and/or
Ca-amphibole.

Orthopyroxene is porphyroclastic, whereas clinopyroxene and Ca-

amphibole are undeformed and interstitial with respect to their hosting phases.

Harzburgites adjacent to these dunites may contain clinopyroxene replacing

orthopyroxene, and Ca-amphibole replacing ortho- and clinopyroxene (Fig.

2.24).

2.3.5 Type Il Orthopyroxenite
2.3.5a Field Relations

Dunite is the dominant host of OPXT ll. There exist two end-member
morphologies with a continuous spectrum between the two. Web textures

occur where ribbon-like veins of CPXT |l grade into an intricate network of




39
web-like veins that resemble stockwork veining (Fig. 2.25). Web textures of
OPXT Il have been observed in dunite at the contact between harzburgite and
dunite. Ribbon mylonites develop in regions of high strain. They exist as mm-
wide ribbon-like veins in shear zones (Fig. 2.26). Type |l orthopyroxenites
generally are discordant with S,, but are found commonly in D, shear zones
(hence the mylonitic fabric) and parailel S,. Bodies of OPXT ! are cut by ribbon
mylonites.

Perhaps the most significant relationship exhibited by OPXT Il is their
frequent occurrence in or adjacent to zones containing HALPPG and/or
amphibole dunite, i.e., in the marginal zone and D, shear zones.

A relatively rare occurrence of websterite is found in association with
OPXT Il. It occurs as <20 mm wide veins which consist of alternating zones
of orthopyroxenite and clinopyroxenite along their length (Fig. 2.27).
Lherzolites are produced where these websterites become highly strained and

mi~ed with their harzburgite or dunite matrix in D, shear zones.

2.3.5b Petrography

The modal composition of the bulk sample (dunite matrix and OPXT i)

is harzburgite with at least 3-10 modal % Ca-amphibole. Type |Ii

orthopyroxenites contain 85-98 modal % orthopyroxene and 2-15 modal %
olivine, Ca-amphibole and minor Cr-spinel.
In samples with web texture, olivine is coarse granular (25 mm) in

dunitic regions, but is =<0.5 mm in association with orthopyroxena.
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Orthopyroxene ( <3.5 mm]) is restricted to veins of anastomosing QPXT Il that
are intergranular with respect to coarse granular olivine. In rare cases, these
veins cut grains of olivine. Orthopyroxene exhibits straight to undulatory
extinction. It is embayed by fine grained olivine and contains inclusions of
olivine, Ca-amphibole (=<0.5 mm) is found with crthopyroxene cnly, and Cr-
spirel {<1.2 mm) is almost always associated with orthopyroxene. Cr-spinel
is equant to porphyroclastic and bears inclusions of serpentine, clinopyroxene,
orthopyroxene,Ca-amphibole, Cr-cummingtonite, chlorite, sulphide (pentlandite)
and magnetite (Fig. 2.28).

Ribbon mylonites are composed of bands {< 10 mm wide) of OPXT |l,
dunite and Ca-amphibole (Fig. 2.29). The texture is mosaic equigranular for
olivine and orthopyroxene, but orthopyroxene is coarser than olivine. Grain
boundaries generally are well equilibrated. Porphyroclasts of orthopyroxene
(=1 mm) and olivine (<3 mm) are rare. Porphyroclasts of orthopyroxene
contain inclusion< of olivine. Grains of Cr-spinel {<1 mm) are equant to sub-
equant and contain inclusionis of olivine, serpentine, rnagnetite, chiorite and
amphibole. Bands of Ca-amphibole are restricted to dunitic zones, but
disseminated Ca-amphibole occurs in bands of OPXT Il and dunite. Ca-

amphibole is contemporaneous with the formation of banding during D,.

2.3.6 Amphibole Dunite
2.3.6a Fleld Relations

Amphibole dunite is a collective name for compositions that include




41
dunite with <5 modal % Ca-amphibole, and assemblages of Ca-amphibole +
arthopyroxene + olivine £ chlorite which contain <20 modal % Ca-amphibole.
Cr-spinel is always present. Amphibole dunites are encountered throughout the
rmapped area as discontinuous sub-metre- and metre-size bodies associated
with all pyroxene-bearing LALPP, especially those in the marginal zone and D,
shear zones. In the latter, the foliation of Ca-amphibole defines S,. In the
marginal zone, amphibole dunite often separates LALPP from HALPPG.
Amphiboie in amphibole dunite preserves S, defined by orthopyroxene in
adjacent harzburgite, despite the amphibole post-dating D,. In a similar
manner, amphibole dunite may pseudomorph veins and dykes of OPXT | and
clinopyroxenite (Fig. 2.30). Amphibole is most abundant where amphibole
dunites are in contact with OPXT | or clinopyroxenite. In extreme cases,
enclaves of these pyroxenites reside in amphibole dunite and the latter separate
the former from dunite (Fig. 2.31). Undeformed amphibole may exhibit

poikilitic texture.

2.3.6b Petrography

Amphibole dunites with equigranuiar texture are restricted to the D,
harzburgite-dunite mylonite underlying the mylonites of uncorrelated wehrlite
and gabbro in the northern part of the mapped area. Modal mineralogy is
olivine (=93 %), Cr-spinel (2 %) and Ca-amphibole (<5 %). Textures of

olivine range from porphyroclastic and tabular equigranular to mosaic

equigranular. The latter (grain size <1 mm) dominates and is well equilibrated
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with a weak lattice fabric (Fig. 2.32). The coarsest grains of olivine and Cr-
spinel are restricted to those samples richest in Ca-amphibole. Ca-amphibole
(1.2 mm) and Cr-spinel {s2 mm) are commonly associated; they may exhibit
a sigmoidal pattern, with Ca-amphibole in the pressure shadow of Cr-spinel.
The preferred orientation of amphibole and spinel is parallel to the foliation
defined by olivine. Cr-spinelis porphyroclastic to poikiloblastic, and in extreme
cases, preserves a sieve texture with inclusions of olivine, serpentine, Ca-
amphibole and phlogopite. These inclusions exhibit a change both in
morphology and compasition from core to rim of the Cr-spinel (Fig. 2.33). As
in harzburgite (Fig. 2.9), the grain boundary of Cr-spinel in contact with Ca-
amphibole is highly embayed.

Amphibole dunite at the margin of OPXT | exhibits a progressive
evolution. As the concentration of Ca-amphibole increases above that normally
associated with OPXT I, orthopyroxeneis replaced by Ca-amphibole and olivine,
and OPXT | grades through an intermediate compaosition of harzburgite, into
amphibole dunite. A discontinuous seam of Cr-spinel separates harzburgite
from dunite. The grain size of olivine increases with its modal abundance, and
reaches 20 mm. In extreme cases of replacement of OPXT | by amphibole
dunite, olivine is cut by veins of Ca-amphibole and chiorite, and Ca-amphibole

is replaced by chlorite. Magnetite rims occur around most grains of chlorite and

some grains of Cr-spinel.




2.3.7 Interpretation

The S, fabric and coarse textures of har:burgite are indicative of

asthenosphericdeformation dominated by plastic flow at 1200-1300°C (Mercier
and Nicolas, 1975). Dykes and veins of dunite (+ chromitite), OPXT | and
clinopyroxenite are concordant 1o subconcordant with respect to S,. As such,
they were transposed into the mantle flow plane to different degrees according
to (i) their relative time of formation, (ii) their original orientation with respect
to the flow plane, and (iii) the intensity of strain (Nicolas and Jackson, 1982).
The strain recorded by a dyke need not correlate with its relative age of
formation, as strain partitioning is heterogeneous. Because veins and dykes of
dunite, OPXT | and clinopyroxenite intrude harzburgite and were transposed
into paralielism with S, under asthenospheric conditions, they may represent
a major feeder system for overiying accreting crust.
Harzburgite records three stages in its evolution:

1) The earliest event is recorded by the irregular morphology of Cr-spinel {Fig.
2.5), which suggests progressive melting-out of oyroxene (especially
clinopyroxene) and crystallization-recrystallization of Cr-spinel (Lehlanc et al.,
1980).

2) A component of orthopyroxene from OPXT | was then introduced into
harzburgite by mechanical mixing of veins and narrow dykes, or by magma
impregnation. These early events (1 and 2) occurred in the asthenosphere (D,).
J) The latest event post-dates D,, and is recorded by olivine-orthopyroxene

clusters with or without associated Ca-amphibole and recrystallized grains of
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olivine and Cr-spinel. Olivine is well recovered to coarse grains in areas of
dunite where no other minerals were present to impede growth. Coarse grains
derive from finer deformed grains by recrystaliization (Harte et al., 1973). Such
recrystallization requires active migration of grain boundaries at 1300 in the
presence of magma, or 1000°C in the presence of hydrous fluid (Nicolas,
1986a). Olivine in areas of dunite probably recrystallized in the presence of
fluid, wvhilst orthopyroxene underwent incongruent breakdown (Bowen and
Tuttle, 1949) to olivine and spinel in olivine-orthopyroxene clusters. Olivine in
the clusters did not recrystallize. Fluid did not affect harzburgite
homogeneously, and reactions occurred in-sity and at a grain by grain scale.

Dunites in the uppermost mantle of ophiolites either are magmatic
(O’'Hara, 1968; Jackson et al., 1975; Malpas, 1978; Eithon et al., 1982;
Komor et al., 1985; Furnes et al., 1988), or are the product of reaction of
harzburgite or lherzolite with a magma or fluid, thus being residual (section
1.3.3). Features documented in LAL dunites suggest both magmatic and
residual origins. Bands and layers of Cr-spinel in dunite suggest a magmatic
origin. Textures of coarse granular olivines associated with chains of Cr-spinel
are identical to those of olivine cumulates (Jackson, 1961). A gradational
contact with harzburgite, where fragments of harzburgite may be enclosed in

dunite, suggests formation by reaction. These dunites often contain

porphyroclasts of orthopyroxene, and are frequently impregnated by

clinopyroxene and Ca-amphibole. Dunites may exhibit magmatic features in

their interiors and residual features at their margins, as often observed in dunite




45
surrounding clinopyroxenite. The textural evoiution of olivine and Cr-spinel,
from coarse granular olivine and lobate-cuspate Cr-spinel to their
porphyroclastic equivalents, results from progressive recrystallization during
plastic flow (Mercier and Nicolas, 1975). Mosaic equigranular texture is
characteristic of amphibole dunites which are considered in Chapter 5.

The sequence of dyke intrusion is dunite (£ chromitite)--OPXT |I--
clinopyroxenite (+ dunite), but nowhere has any gradation of one rock type
into another been observed along strike. However, many olivine
clinopyroxenites have a Cr-spine! dunite envelope, whereas clinopyroxenites
generally do not. From this it is assumed that clinopyroxenite { + olivine) and
its associated dunite are comagmatic. Clinopyroxenite bands in olivine
clinopyroxenites represent relatively evolved fractionates from the magma.
Type | orthopyroxenites are not related to this sequence, but Dahl and
Watkinson (1986) have documented orthopyroxene in dunitic dykes and veins
near the main Springers Hill chromitite. Consequently, it would appear that the
OPXT levent is olivine--orthopyroxene, which is post-dated by a separate event
of olivine (+ Cr-spinel)--clinopyroxenite. Further evidence that OPXT | and
clinopyroxenite record separate events, is that OPXT | contains relatively
abundant amphibole, whereas clinopyroxenites do not. This amphibole is not
cogenetic with that in amphibole dunite.

Clinopyroxenites contain xenocrysts of orthopyroxene from OPXT I. The

deformation recorded by the xenocrysts pre-dates the crystallization of

clinopyroxenite. Incorporation of xenoliths of OPXT | into the magma from
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which clinopyroxenite precipitated, would locally have increased the volatile
content of the magma. This is additional evidence for OPXT | forming before
clinopyroxenite.

Clinopyroxenites and OPXT | preserve textures identical to adcumulates
and mesocumulates. Apparently undeformed interiors of massive dykes of
pyroxenite should record relatively primary features, because it is extremely
difficult for pyroxene to recrystallize or flow under normal mantle conditions
when isolated in @ much weaker olivine-rich matrix {(Mercier, 1985). However,
OPXT | crystallized in the presence of fluid which would have aided
recrystallization, aspecially as the solidus of amphibole is lower than that of
olivine and orthopyroxene. This, and evidence of grain boundary migration in
clinopyroxenites, suggests that primary magmatic textures of pyroxenites may
have been modified or obliterated during recrystallization in the asthenosphere.

Interpretation of amphibole dunite and OPXT [l is reserved for Chapter

2.3.8 Platinum Group Minerals and Fe-Ni-Cu-S Phases in LALPP
Extensive documentation of platinum group minerals (PC) and Fe-Ni-Cu-
S phases in LALPP is given by Edwards (1990), and only a summary of this

work is presented here. Platinum group minerals occur as: (i) Os-bearing laurite

(RuS,) in unaltered Cr-spinel in chromitite {two samples); (ii) trails of inclusions

of arsenides of Pt and Pd in unaltered orthopyroxene in OPXT | (one sample);

{iii) an assemblage of Pt-Pd-Fe-Co-Ni-Cu-As phases in unaltered clinopyroxene




47
in websterite (one sample). These PGM formed with their hosting silicate or Cr-
spinel and are primary and in-situ.

Harzburgites, dunites and OPXT | contain minute wisps and flecks of
undeformed Fe-Ni-Cu-S phases which were derived from silicates during
serpentinization. Chromitites very rarely contain Fe-Ni-Cu-S phases associated
with laurite, and these are primary in origin. In clinopyroxenites and
websterites, Fe-Ni-Cu-S phases form grains <0.15 mm in diameter. Nickel-rich
pentlandite and native Cu, and minor associated Cu sulphide, are the most
common phases found, both within clinopyroxene and at clinopyroxene grain
boundaries. Native Cu has exsolved from pentlandite and locally has been
mmobilized during serpentinization. Before crystallization, exsolution and
serpentinization, the suiphide formed immiscible Cu-bearing, Ni-rich pentlandite
globules in silicate magma. Such a sulphide component was derived from a
mantle source which previously had experienced partial melting and removal of
Fe and S (Garuti gt al., 1984). Harzburgites, dunites and OPXT | adjacent to
clinopyroxenites, in some places contain minor Fe-Ni-Cu-S phases derived from
the latter.

Fe-Ni-Cu-S phases are rare to absent in amphibole dunite and OPXT II.
Where they occur in the silicate matrix, they are most commonly associated
with Ca-amphibole and have been variably zffected by serpentinization.

Sulphides occur in orthopyroxene and Cr-spinel in OPXT Il with web texture

(Fig. 2.28).
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2.4 HIGH-Al PERIDOTITES, PYROXENITES AND GABBROS, AND THE
MARGINAL ZONE

The main body of HALPPG crops out in the centre of the mapped area
and extends eastward (Fig. 2.1). Upward from the lowest ground, spinel dunite
progressively grades into clinopyroxene dunite, wehrlite, olivine clinopyroxenite
and gabbro; all contacts are gradational. The main body truncates lithological
domains and S, defined by LALPP. However, in undeformed HALPPG, dykes
and the foliation defined by clinopyroxene have a very similar trend to dykes
and S, of LALPP. The trend of S, in HALPPG is consistent with that in the
adjacent LALPP. Faulted contacts apart, the contact between HALPPG and
LALPP is marked by the marginal zone, except along the southern contact
where HAL dunites are in direct contact with LALPP over a distance of 340 m.

The chromitite-rich zone in the LALPP appears to continue into the HAL dunites

across this contact (Fig. 2.1). This suggests that the chromitite bodies in the

HAL dunites are xenolithic, as suggested by Dunsworth ¢t al. (1986), and
implies that a marginal zone exists along the contact.

Localized bodies of HALPPG crop out in LALPP. The most prominent is
in the southeastern corner of the mapped area. These bodies exhibit the

features found in the main body.




2.4.1 HAL Dunite
2.4.1a Field Relations

Dunites are composed of >85 modal % olivine, <15 modal % Al-spinel
and <2 modal % clinopyroxene and Ca-amphibole. Volumetrically they are the

most abundant rock type exposed in the HALPPG. Al-spinel is disseminated,

but banding and modal layering occur on a mm-cm scale (Figs. 2.34 and 2.35).

Some layers appear overturned. Banding and layering are oriented
approximately north-south or east-west. The former orientation is concordant
with the trend of dykes of olivine clinopyroxenite and gabbro, and the foliation
defined by clinopyroxene in wehrlite.

Three types of Al-spinel are found in dunite. Spinel-rich bands (cm-wide)
cross-cutdisseminated spinel (Fig. 2.35), and chromitite bands ( < 20 mm wide)
cross-cut spinel-rich bands. Lenses and angular pods ( <1 m long) of chromitite
occur in all HALPPG; these are the chromitite xenoliths of Dunsworth et al.
(1986).

Bands of Al-spinelin places define the contact between spinel dunite and
spinel wehrlite. In contrast, the foliation defined by clinopyroxene in wehrlite

may cross-cut spinel banding at a high angle.

2.4.1b Petrography
Ths features described here have not been affected by D,. Olivine{=<10
mm) coramonly is coarse granular with well equilibrated to lobate, cuspate

interlocking grain boundaries. Kink bands and deformation lamellae are
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common. Olivines have been observed having grown through one another. Ti-
spinel and Ti-Cr-magnetite occur as inclusions. Mosaic equigranular olivine is
very rare.

Clinopyroxene and Ca-amphibole are interstitial to olivine and Al-spinel.
Veins of clinopyroxene and Ca-amphibole occur within coarse granular grains
of olivine associated with mosaic equigranular olivine. The veins may define
original grain boundaries of olivine which have been destroyed during
recrystallization of olivine to coarser grains.

Al-spinel (=8 mm) is equant to lobate-cuspate. It is disseminated
throughout the olivine matrix with a preference for grain boundaries of olivine
rather than grain interiors; grain size is similar in both environments. Chains of
Al-spinel frequently occur parallel and perpendicular to layering defined by Al-
spinel in layered dunite (Fig. 2.36). Sharp contacts are preserved between
2ones of coarse and fine grained Al-spinel. Al-spinel may protrude along grain
boundaries of adjacent olivines, where the grain boundary is filled with
clinopyroxene (Fig. 2.37). Porphyroclasts are rare.

One case has been documented of a band of Al-spinel hosted by wehrlite
in dunite. The band has a higher concentration of Al-spinel and sulphide than
its host, in which Al-spinel is finer grained. Inclusions in Al-spinel in the host
usually are single round grains of olivine, whereas those in Al-spinel of the band

are abundant and comprise olivine or serpentine, chlorite {clinochlore}, iimenite,

pargasite, tremolite, phlogopite, Ca-plagioclase and orthopyroxene (Fig. 2.38).




2.4.2 HAL Wehrlite, Olivine Clinopyroxenite and Gabbro
2.4.2a Field Relations

Modal compositions are not defined for the rock types bearing

clinopyroxene, because proportions of constituent minerals are so highly

variable. This arises because of multiple generations of a complete spectrum
of compositions, which may grade from clinopyroxene dunite to gabbro over
a distance of <1 m to >10 m. The complete spectrum is observed along
strike of gabbro dykes and normal to these dykes. The complete gradational
sequence hosted by dunite is anorthositic gabbro (core}--olivine gabbro--
plagioclase, olivine clinopyroxenite--olivine clinopyroxenite--wehrlite--
clinopyroxene dunite (Fig. 2.39), which suggests a crystallization sequence of
olivine--clinopyroxene--plagioclase. The grain size of clinopyroxene decreases
from pegmatitic in gabbro and olivine clinopyroxenite, to medium-coarse in
wehrlite and clinopyroxene dunite. The orientation of the foliation defined by
clinopyroxeneir: wehrlite and clinopyroxene dunite is concordant with the strike
of dykes of gabbro and olivine clinopyroxenite. It is rare to find the complete
gradational sequence because dyke interiors concentrate strain and much of the
sequence may be sheared out (Fig. 2.39). Also, mulitiple injection of these
dykes causes overprinting of one sequence by another, and foliations and dyke
orientations may cross-cut one another. Discontinuous cm- to m-wide bands
and irregular zones of dunite separate sequences where the sequences do not
overlap. The contacts between this dunite and wehrlite or olivine

clinopyroxenite are both gradational and sharp (Fig. 2.40). Grains of Al-spinel
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in the dunite generally are coarser and more abundant than those in adjacent
wehrlite (Fig. 2.41). Gabbros outside of the composite dunite-gabbro
sequences, occur as isolated, discrete ( <1 m wide) dykes with sharp margins
against their host-rock.

Unlike the gradational dyke contacts described above, there exist
essentially plagioclase-free olivine clinopyroxenite dykes with well defined
margins. These dykes are <1 m wide and have a margin of pegmatitic
clinopyroxenite and a core of coarse grained olivine clinopyroxenite, wehrlite or
dunite. The pegmatitic margin in some places is developed on one side of the
dyke only. Along strike, non-poikilitic olivine clinopyroxenite (clinopyroxene
=< 12 cm) often grades into poikilitic olivine clinopyroxenite {clinopyroxene <5
cm), wehrlite with interstitial clinopyroxene (<1 cm), and finally dunite. These
dykes often contain bands of Al-spinel at their margin with dunite. Olivine
clinopyroxenite dykes of this nature are relatively abundant in the marginal zone
and traversing LALPP outside of the marginal zone (Fig. 2.42). They are most
voluminous where they grade into LAL clinopyroxenites in the marginal zone
(Fig. 2.43). Associated with these dykes, are amphibole peridotites which crop
out as dykes { <1 m wide) in LALPP and the marginal zone. These dykes have
olivine { =55 modal %) and Ti-amphibole (<45 modal %).

The central regions of some dykes exhibit an intense L= S fabric which

is attributed to D,. The orientation of the fabric and dyke are the same. D, is

preserved in the form of shear zones in the northern extent of the HALPPG.




2.4.2b Petrography

The features described here have not been affected by D,. Textures are
gradational in parallel with progressive evolution of modal compositions from
wehrlite to gabbro. The crystallization sequence in gabbro is olivine--
plagioclase--clinopyroxene, which is a reversal of the order of crystallization of
plagioclase and clinopyroxene that is predicted from field relations. This is an
important point and is dealt with in Chapter 4.

Olivine in wehrlite is similar to that in dunite. Clinopyroxene is interstitial
to olivine in wehrlite, but develops into more massive crystals exhibiting broad
twins as its modal abundance increases (Figs. 2.44 and 2.45). Clinopyroxene
embays olivine and may dissect a large grain of olivine into a number of islands
that are optically continuous. Rarely, isolated veiniets and negative crystals of
clinopyroxene occur in olivine. Al-spinel is equant and decreases in abundance
and grain size with increase in abundance of clinopyroxene and plagioclase. Al-
spinel is rare to absent in gabbro. Plagioclase is present in most cases, but is
less abundant with respect to clinopyroxene. The morphology of plagioclase,
or its altered equivalent of hydrogrossular garnet, is similar to that of
clinopyroxene. Clinopyroxene or a Ca-amphibole-spinel symplectite separates
Al-spinel from plagioclase. Plagioclase always is separated from olivine by an
inner symplectitic intergrowth of Ca-amphibole and spinel, and an outer rim of
orthopyroxene. Ca-amphibole mimics the morphology of clinopyroxene and

plagioclase, except where it occurs as rare veins with magnetite. Ca-amphibole

may partially replace clinopyroxene. Brown Ti-amphibole occurs as interstitial
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grains associated with olivine and also enclosed within or rimming
clinopyroxene. Phlogopite occurs with Ti-amphibole and as inclusions in Al-
spinel. Sphene has been identified in Al-spinel in olivine clinopyroxenite. Ti-
amphibole partially replaces olivine in amphibole peridotite.

There is little sign of deformation outside of D, shear zones. That which
is present, is recorded by undulatory extinction, deformation lamellae and kink

bandsin olivine. Porphyroclastic textures are poorly developed in other phases.

2.4.3 The Marginal Zone
2.4.3a Field Relations

The marginal zone is <160 m wide and contains all LALPP and HALPPG.
Consequently, this zone is extremely complex and preserves essentially all the
features documented so far. The striking feature of the marginal zone is the
local abundance of spectacular xenoliths of harzburgite, LAL and HAL dunite,
and minor chromitite in HAL wehrlites and HAL olivine clinopyroxenites. Two
types of xenolith are found: (i) xenoliths with straight edges and angular or
rounded corners, and (ii) xenoliths with extremely irregular margins that are
diffuse (Fig. 2.46). Features of both types can be found in an individual
xer :''*  This situation arises commonly where a rim (<2 cm wide) of Al-
spinel and/or clinopyroxene is discontinuous around a xenolith of LAL or HAL
dunite. Where the rim is present, the xenolith margin is sharp, but where the

rim is absent, the margin is very diffuse due to clinopyroxeneimpregnation (Fig.

2.47). Trails of Cr-spinel in harzburgite xenoliths in some places are traceable
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into their enclosing HAL wehrlite or HAL olivine clinopyroxenite.

Dykes and anastomosing veins of dunite, wehrlite, olivine clinopyroxenite
and amphibole peridotite of HALPPG which traverse LALPP, exhibit features
similar to those documented for xenoliths. The development of HAL olivine
clinopyroxenite is governed by the composition of the LALPP encountered. It
develops where harzburgite is intersected (Figs. 2.48 and 2.49), but is
discontinuous or absent adjacent to LAL dunite (Figs. 2.42 and 2.43). Dyke
margins may be diffuse adjacent to LAL dunite, but sharp adjacent to
harzburgite. Most dykes of HAL olivine clinopyroxenite and HAL amphibole
peridotite have a zone of HAL or LAL dunite separating them from LALPP. The

same feature is observed for dyke-like LAL amphibole dunites (Fig. 2.30).

2.4.3b Petrography

Xenoliths of harzburgite and LAL dunite contain variable proportions of
impregnated HAL clinopyroxene, and olivine-orthopyroxeneclusters at different
stages of development. Narrow zones (mm- to cm-wide) of HAL dunite which
separate harzburgite (with olivine-orthopyroxene clusters) from HAL olivine
clinopyroxenite dykes, contain minor HAL clinopyroxene and abundant Al-
spinel. LAL dunites defining this zone, contain minor HAL clinopyroxene, and
Cr-spinel in no greater abundance than that in the adjacent harzburgite. In any
of these situations, Cr-spinel contained within HAL clinopyroxene frequently is

skeletal.

Type | orthopyroxenite in contact with HAL wehrlite or HAL olivine
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clinopyroxenite either is replaced by clinopyroxene, olivine and minor spinel, or
is replaced by Ca-amphibole and olivine to amphibole dunite. Type |
orthopyroxenite in contact with HAL amphibole peridotite is replaced by
harzburgite.

Inclusions of ilmenite rimmed by perovskite occur in spinelin a chromitite

xenolith in HAL dunite.

2.4.4 Interpretation

The temperature and pressure of equilibration of HALPPG can be
estimated from mineral assemblages and textures. The close spatial association
of Al-spinel and plagioclase, with plagioclase occasionally rimming Al-spinel,
demonstrates that the HALPPG equilibrated at or below the spinel-plagioclase
boundary. Under hydrous conditions, maximum temperatures and pressures are
875°C, 6 kbar to 1050°C, 9 kbar according to the phase relations for ultramafic
rocks modelled by Jenkins (1983) for the system H,0-Na,0-Ca0-Mg0-Ai,0,-
SiO, (Fig. 2.50). Corona textures in HALPPG are (i} orthopyroxene between
olivine and plagioclase in gabbro, and (i} symplectites of amphibole-spinel and
rare clinopyroxene-spinel around plagioclase in contact with olivine in wehrlite.
These coronas may correspond to the Seiland subfacies of the spinel lherzolite
facies as defined by O’'Hara (1967). The low pressure side of this subfacies is
bounded by reaction R2.1:

[R2.1] Plag + Ol == Al-Px + Sp

Experimental studies in the system pure anorthite-forsterite (£ H,0) yield
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pressures of 8 kbar at 1100-1300°C (Kushiro and Yoder, 1966} and 7 kbar at

900°C (Yoder, 1967) for this reaction. At 800°C the pressure can be reduced
to 6 kbar (Herzberg, 1978) or 5 kbar {Obata, 1976). These conditions restrict
the formation of HALPPG and D, shear zones to a high pressure environment
within the fithosphere. This in turn, requires that LALPP were part of the
lithosphere by this time.

All HALPPG are intimately associated through gradational contacts and
textures. These features are characteristic of cumulates and rocks impregnated
by magma. Nicolas (1989) states that fabric studies of olivine are necessary
to distinguish between true cumulates and impregnated mantle rocks. Fabric
studies have not been undertaken in this study, but minerai and whole-rock
chemical criteria will be used to assess the possible origins of the HALPPG,
which are:

1) If a magmatic origin is assumed, then HAL dunites are adcumulates that
have experienced very efficient removal of intercumulus material. During
compaction of the cumulate pile, Al-spinel was jostled into vertical and
horizontal alignment along channels accessed by migrating postcumuius
material in @ manner similar to that proposed by Irvine (1980) for the Muskox
Intrusion, Canada. Postcumulus growth of Al-spinel resulted in grains joined
by bridges of Al-spinel and sulphide, and protrusions of Al-spinel along olivine
grain boundaries occupied by clinopyroxene. Alsn consistent with lrvine's
model, is that maximum compaction of the cumulate pile occurred in zones

where crystals are aligned. It is in these zones that extreme adcumulate
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textures develop, and weak substructures develop in olivine due to compaction.
The postcumulus material concentrated progressively in zones of wvehrlite,
olivine clinopyroxenite and gabbro. Cross-cutting relations demonstrate that
expulsion of postcumulus material was not a single stage event. Itis possible
that postcumulus material impregnated its host-rock as it migrated away from
the zone of maximum compaction of cumulate crystals. In this model, the
marginal zone represents a zone of reaction surrounding a large igneous
intrusion. A simple model of fractional crystallization may be used to estimate
the compaosition of the parental magma. A variation of the magmatic model
would involve gabbroic or more evolved magma impregnating HAL dunite and
precipitating clinopyroxene. This also would explain the concentric zonation of
decreasing clinopyroxene and absence of plagioclase away from a gabbroic
dyke.

2) If 3 metasomatic grigin is assymed, then the marginal zone represents the
extent of a metasomatic front which passed through LALPP and metasomatized
them to HALPPG. Within the main body of HALPPG, all evidence of LALPP \.as
been obliterated by dissolution and diffusion. Reaction wou!d have been most
extensive in regions containing clinopyroxene and plagioclase. Gabbros may
represent extreme reaction, or conduits through which passed the magma or
fluid responsible for metasomatism. Estimation of the parental magma or fluid
may require complicated modelling of combined assimilation and fractional

crystallization {Bowen, 1928; Taylor, 1980; DePaolo, 1981).

Evidently, any model for the origin of HALPPG must consider the features
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observed in zones of interaction of HALPPG and LALPP. The most important

of these are here summarized. Pyroxene in harzburgite, OPXT | and LAL

clinopyroxenite has been replaced by Ca-amphibole, olivine and minor spinel.

Concentrations of chromitite and distributions of Cr-spinel in harzburgite are
traceable into HAL dunites and HAL wehrlites in much the same way as
sedimentary structures are preserved in granites produced by granitization (see
review by Hatch et al. (1972)). Contacts between HALPPG and LALPP
commonly are defined by HAL olivine clinopyroxenite and/or Al-spinel, which
likely represent reaction fronts. In the absence of these reaction fronts,
contacts are diffuse and LALPP are pervaded by HAL clinopyroxene. All these
features suggest replacement reactions involving LALPP and magma or fluid
related to HALPPG. Reactions occurred mostly in-situ. The close spatial
association of some xenoliths of LAL dunite, harzburgite and mylonitic
harzburgite prohibits an in-gity origin for these xenoliths. Interactions between
LALPP and magma and fluid related to HALPPG are considered in chapter +

and 5.

2.4.5 Fe-Ni-Cu-S Phases in HALPPG

Fe-Ni-Cu-S phases occur as <0.5 mm grains, which rarely exceed 1
modal % and occur nearly always with clinopyroxene. Outside of D, shear
zones, Fe-Ni-Cu-S phases are undeformed. Pentlandite is the most primitive
sulphide and volumetrically is most abundant. Pyrrhotite which pre-dates

serpantinization, increases in abundance with increasing modal proportion of
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plagioclase. In gabbros, pyrrhotite occurs with unaltered heazlewoodite.
Harzburgites, LAL dunites and OPXT | adjacent to HALPPG, in some places
contain minor Fe-Ni-Cu-S phases derived from the latter.

During serpentinization, sulphides were aiterad to an assembiage of
awaruite, wairauite, native Cu, digenite, chalcopyrite, pyrrhotite (believed to be
mackinawite), magnetite, pentlandite, and possible goethite and cuprite. Such
an assemblage is characteristic of ultramafic rocks serpentinized by extremely
reducing fluids (Eckstrand, 1975; Moody, 1976).

The morphology of pentlandite and pyrrhotite and their serpentinized
equivalents, and their common association with clinopyroxene, is very similar
to that of Fe-Ni-Cu-S phases in upper mantle peridotites of Table and Blow Me
Down mountains of the BIOC (Lorand, 1987), and the Oman Ophiolite (Lorand,
1988). Inthese localities, Fe-Ni-Cu-S phases are of metasomatic origin, having
precipitated from S-saturated basaltic magmas which became trapped as they
percolated through dunite at the top of a mantle diapir {Lorand, 1987, 1988).
The origin of Fe-Ni-Cu-S phases is intimately associated with the formation of

clinopyroxene in HALPPG, which is discussed in Chapter 4.

2.5 D, SHEAR ZONES AND THRUST FAULTS

The contemporaneity of HALPP/5, LAL amphibole dunites, OPXT il, and

D, shear zones and thrust faults, is evidence of magmatic and fluid activity

associated with a significant tectonic event. Constraining the nature and origin
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of D, is essential to understand the tectonic environment within which HALPPG
formed.

The abundance of LAL dunite and chromitite in the Springers Hill area
suggests that this section of mantle was situated just below the petrologic
Moho (Malpas, 1973} during formation of the HALPPG. The normal ophiolite
sequence of harzburgite grading upward into olivine-pyroxene-plagioclase
cumulates was disrupted by ductile shearing and thrusting of the D, event.
This event removed evidence of the petrologic Moho, as partially
amphibolitized, uncorrelated wehrlite and gabbro mylonites were thrust against
mylonitic LALPP. Thrust-bound lenses of uncorrelated wehrlite and gabbro
mylonites occur in mylonitic LALPP (Fig. 2.2). Obviously there has been
significant tectonic disruption, which resulted in the removal of at least several

hundred metres of uppermost mantle and lower crustal cumuiates.

2.5.1 Possible Tectonic Setting

The models of Girardeau and Nicolas (1981), Nicolas and Violette
{1982), Casey et al. (1983}, Nicolas and Rabinowicz (1984), Dunsworth et al.
(1986} and Calon ¢t al. {1988), suggest that D, shear zones may relate to
subhorizontal flow directed away from a ridge axis. Several features are
inconsistent with this interpretation: (i) D, mylonites and amphibole-bearing
LALPP mylonites are atypical of ophiolites, c.f., the Oman Ophiolite

(Christiansen, 1985); (ii} high pressures (5-9 kbar) recorded by HALPPG are far

too deep for HALPPG to have formed just below normal oceanic crust; (iii) in
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a spreading environment, fabrics of D, should be contemporaneous and
gradational with those of D,, but clearly they are not in the Springers Hill area.
Many of the features in D, shear zones and HALPPG are similar to those
of the Ingalls Complex, Washington, which is a fracture zone ophiofite that has
widespread amphibole-rich mylonites in imbricate thrust slices of uitramafic
rocks {Miller and Mogk, 1987; Miller, 1988). Based on evidence from the St.
Paul's Rocks (Melson et al., 1972), Miller and Mogk (1987) suggested that
mylonitic amphibole peridotites are an important component of oceanic
transform-fracture zones. D, shear zones and HALPPG may be explainedin this
way if the Mount Barren Assemblage represents a fracture zone (Karson and
Dewey, 1978), but this explanation cannot account for the high pressures
recorded by HALPPG, as oceanic crust is thin at fracture zones {Fox et al.,
1980).
Karson (1979) proposed that WSW to ENE shear zones in the Lewis Hills
Massif (Fig. 1.5) were tear faults that developed and evolved during early
obduction of the BIOC and CC. D, shear zones correspond with these zones

and, therefore, may relate to obduction. This possibility is considered below.

2.5.2 D, Shear Zones and Ophiolite Obduction

There are striking similarities in rock type, metamorphic grade and

structural style between D, shear zones and the Mount Barren Assemblage

(Dunsworth gt al., 1986), and between these and the basal peridotite mylonites

and metamorphic sole of the BIOC as documented by Malpas (1973b), McCaig
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(1983) and P. Cawood and G. Suhr (pers. comm., 1990). The Mount Barren
Assemblage grades from granulite to amphibolite and greenschist facies
mylonites over a distance of several kilometres on moving away from the BIOC
(Fig. 1.5). The same change is true in the metamorphic sole over a distance of
several hundred metres (Malpas, 1973b).

A noticeable difference between the Mount Barren Assemblage and
metamorphic sole, is the abundance of syn- to post-kinematic intrusions of
feldspathic wehrlite and lherzolite, diabase and plagiogranite in the former
(Karson, 1984). These intrusions are lacking in the metamorphic sole of the
BIOC, but plagiogranites produced by anatexis of amphibolites during obduction
are relatively common in some other ophiolites, e.g., Oman (Searle and Malpas,
1980, 1982; Boudier et al., 1988), the Lizard, England (Malpas and Langdon,
1987), and Karmoy, Norway (Pedersen and Malpas, 1984).

Despite similarities between the metamorphic sole of the BIOC and the
Mount Barren Assemblage of the CC, very different origins have been
proposed. The basal peridotite mylonites and metamorphic sole of the BIQC
record intra-oceanic thrusting and obduction of the ophiolite (Williams and
Smyth, 1973; Malpas, 1979b; Girardeau and Nicolas, 1981; McCaig, 1983).
The Mount Barren Assemblage records the transform domain of a ridge-
transform-fracture zone system (Karson and Dewey, 1978). Massive hydration
of the crust and upper mantle along the fracture zone resulted in the formation

of amphibolite and serpentinite (Karson et al., 1983). Consequently, it would

appear that the Mount Barren Assemblage and metamorphic sole developed in
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distinctly different tectonic environments. In fact, this may not be so, because
the model of Karson and Dewey (1978) has the site of obduction of the BIOC
at the transform-fracture zone. With the intensity of deformation during the
obduction process, the original features of the Mount Barren Assemblage are
likely to have been cbliterated.

A new interpretation of the Mount Barren Assemblage is suggested here,
which has it as a thick sequence of metamorphic sole. This interpretation
explains the similarity between shear zones and thrust faults in the Springers
Hill area, the Mount Barren Assemblage, and the metamorphic sole. In
particular, it explains the generally consistent north, shallow plunging lineations
in shear zones in the Springers Hill area, Mount Barren Assemblage, and
harzburgites and metamorphic sole at the base of the Lewis Hills Massif (data
from Karson (1979) and Dunsworth et al. (1986)), which may correlate with

northward thrusting during obduction of the BIOC {Girardeau, 1982). The

original morphology and origin of the Mount Barren Assemblage is open to

question, but indeed it may once have been part of a transform-fracture zone.

Casey and Dewey (1984} proposed that the metamorphic sole of the
BIOC represents the hanging wall of a once east-dipping subduction zone, in
which the BIOC occupied the forearc of the overriding piate. An evaluation of
this tectonic situation is not possible here, but if it were so, the Mount Barren
Assemblage would represent a thick metamorphic sole accreted to the leading

edge of the forearc region of the overriding plate.




2.5.3 The Importance of Thrusting in the Springers Hill Area

The HALPPG formed at the very top of the mantle, and the high

pressures of 5-9 kbar which they record must be accounted for in the crust.

The minimum pressure of 5 kbar requires 15 km of crust above the HALPPG.
There are at least four possible explanations of these high pressures:

1) The assemblages of minerals from which the pressures are estimated are
metastable, and actually they formed at pressures of 2-3 kbar, which is
expected for the thickness of normal oceanic crust. This possibility cannot be
evaluated.

2) McCaig (1983) used the model of Nicolas and Le Pichon (1980) to explain
high pressures in the metamorphic sole of Table Mountain, by detachment of
the BIOC from below a subduction zone. This mechanism cannot be evaluated
at present.

3) Similar pressures as those in HALPPG occur in granulite facies
metacumulates of the Yakuno Ophiolite, Japan, where they record thick
oceanic crust like that beneath the Black Sea (Ishiwatari, 1985b). There is no
evidence for such thick crust in the BIOC, but B, shearing and thrusting may
have transported HALPPG and LALPP from a higher pressure environment.

4) Tectonic thickening by stacking of thrust slices. The interleaved stack of
thrust slices of uncorrelated wehrlite and gabbro and LALPP attest to the
importance of thrusting in the Springers Hill area. However, there are several
problems with this explanation: (i) the overall effect of thrusting in the area was

the removal of material; (i) if the crustal sequence originally was 5 km thick,
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thrusting wouid have to add a further thickness of 10-22 km; (iii) pressures in
the crustal sequence permit little, if any, tectonic thickening.

At this time it is not possible to say which explanation is mcst plausible.

Clearly this is a problem which requires further investigation.

2.6 SUMMARY

Harzburgite is a refractory residue from extensive partial melting and
complete extraction of magma, as attested by its total lack of clinopyroxene
other than that resulting from impregnation. Dunite, chromitite, OPXT | and
clinopyroxenite of the LALPP intruded harzburgite under asthenospheric
conditions (D,, T=1200-1300°C) below a region of crustal accretion. A
component of the dunite is residual by replacement of harzburgite. Harzburgite
has a component of OPXT | that was introduced by impregnation or mechanical
mixing. Type | orthopyroxenites were derived from hydrous, As-saturated
magma which fractionated olivine (+ Cr-spinel) and orthopyroxene, whereas
clinopyroxenites were derived from relatively anhydrous, S-saturated magma
which fractionated olivine, Cr-spinel and clinopyroxene. Clearly these magmas
are not comagmatic.

Dunite, wehrlite, olivine clinopyroxenite and gabbro constitute the
HALPPG, which are essentially devoid of orthopyroxene. They formed in the

uppermost mantle lithosphere at abnormally high pressure, by magmatic

crystallization, or magma or fiuid metasomatism. Olivine, clinopyroxene and Al-
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spinel formed as reaction fronts at the interface between HALPPG and LALPP.

D, shear zones and thrust faults, HALPPG, and amphibole dunite and
OPXT Il of LALPP, are contemporaneous with intra-oceanic thrusting and
obduction of the BIOC and formation of the metamorphic sole. The Mount
Barren Assemblage in the Lewis Hills Massif represents an unusually thick
sequence of metamorphic sole, which was accreted to the leading edge of the

BIOC as it was obducted in a northerly direction.




Chapter 3

CHEMISTRY AND PETROGENESIS OF
LOW-ALUMINA PERIDOTITES AND PYROXENITES

3.1 INTRODUCTION

The aim of this chapter is to characterize the chemistry of LALPP, and
use it in combination with field relations and petrography (Chapter 2) to
determine the petrogenesis of LALPP. Data for amphibole dunite and OPXT I
are presented, but they are not discussed until Chapter 5. Chemical analyses
of LALPP at LALPP-HALPPG contacts and in LALPP-HALPPG reaction zones are

not considered in this chapter. They are dealt with in chapters 4 and 5.

A major aim of this thesis has been to develop a method to analyse the
rare earth elements, La-Lu (REE), at sub-ppm concentrations by inductively
coupled plasma-mass spectrometry. The analysis of REE in LALPP caused
many probiems owing to extremely low absolute concentrations of REE.
Sample preparation procedures, and precision and accuracy of the analyses, are
discussed in Appendix 1, which should be read before assessing the
significance of REE data presented in this chapter.

Analytical methods are described in Appendix 1, and mineral and whole-

rock chemical analyses of LALPP are presented in appendices 3 and 4, respectively.



3.2 MINERAL CHEMISTRY

Unless stated otherwise, the compositions reported below are for

analyses of cores of grains.

3.2.1 OQOlivine

The composition of olivine in LALPP is summarized in Figure 3.1, which
illustrates that the Mg# of olivine generally occupies the compositional range
88.3-91.9, but extends to 85.7 and 92.7. Olivine has the highest Mg# in
harzburgite, dunite, amphibole dunite, OPXT | veins, OPXT li, and dunite
associated with clinopyroxenite, whereas olivine in OPXT | dykes, websterite
and clinopyroxenite has a slightly lower Mg#. The Mg# of olivine associated
with Cr-spinel is high; olivine of Mg# =92.7 occurs in Cr-spinel in OPXT |, and
the Mg# of clivine increases from 89.9 to 91.9 over 6 mm on passing from
dunite into a band of chromitite in a dunite envelope around clinopyroxenite.
Olivine of Mg# =85.7 in websterite sample L288 is anomalous and may
correlate with olivine in HALPPG,

The NiO content of olivine is 0.08-0.73 wt.%, but the majority of

analyses cluster about 0.40-0.50 wt.%.

3.2.2 Orthopyroxene

Orthopyroxene in all LALPP has very low concentrations of TiO, (=<0.08

wt.%) and Al,O, (=<1.40 wt.%), and high Mg#. The Mg# ranges from 88.6 in
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clinopyroxenite to 92.2 in harzburgite, and exhibits the same trend as olivine
(Fig. 3.2). Orthopyroxene in harzburgite exhibits wide variation in CaO (0.26-
1.73 wt.%) and Al,O, (0.32-1.40 wt.%) for a narrow range of Mg# (91.1-
92.2). Variation in Ca0 may be attributed to extremely fine lamellae of
clinopyroxene parallel to the cleavage of orthopyroxene. Analyses of dykes of
OPXT I and clinopyroxenite are limited, but they exhibit a slight FeO enrichment

trend as Ca0 and Al,0, increase.

3.2.3 Clinopyroxene

Clinopyroxene in all LALPP is diopside having extremely depleted
chemistry of CaO =23-26 wt.%, Ti0,<0.07 wt.%, Al,0,<1.0 wt.% and
Fs=<4.0. Clinopyroxene in harzburgite, dunite and OPXT | has Mg# =94 .3-
95.3, whereas in websterite Mg#=94.3 and in clinopyroxenite Mg# =92.5-

94.3, which is the same trend as for olivine and orthopyroxene.

3.2.4 Ca-Amphibole
Ca-amphibole exhibits a continuous compasitional range from tremolite

to pargasite. The chemistry of Ca-amphibole is dealt with in Chapter 5.

3.2.5 Cr-Spinel
Cr-spinel exhibits the widest variability in composition of all the mineral

phases in LALPP. It occupies the compositional range of Cr#=47-30,

Mg# = 23-65 (Fig. 3.3). Cr-spinels exhibit a relatively uniform change in
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composition from low Cr#, high Mg# in chromitites, changing through
harzburgites, dunites and amphibole dunites, to high Cr#, low Mg# in
pyroxenites., The widest variation is exhibited by amphibole dunite (Cr# =55-
89, Mg# =37-61). A bimodal distribution occurs in harzburgite, where grains
of Cr-spinel associated with Ca-amphibole have lower Cr# than those
associated with olivine and orthopyroxene. As observed for silicates, OPXT li
and the vein of OPXT | plot in the field of harzburgite. Dunites overlap with
OPXT 1 and clinopyroxenite. Websterites, and clinopyroxenites containing

xenoliths of OPXT |, have lower Cr# than OPXT | and clinopyroxenite.

3.2.6 Interpretation
3.2.6a Silicate Chemistry
Harzburgites have olivine and orthopyroxene that are similar in
composition to these phases in (i) harzburgites of the Lewis Hills Massif (Smith
and Elthon, 1988), the whole BIOC (Malpas, 1978), and the White Hills
Peridotite, Newfoundland (Talkington, 1981), and (ii) abyssal peridotites (Prinz
et al., 1976; Hamlyn and Bonatti, 1980; Shibata and Thompson, 1986). As
such, they represent residues from extensive partial melting (approximately 23
%) of fertile Iherzolite and efficient extraction of magma (Malpas, 1978).
Nicolas (1989) suggested that magmatic dunites should have olivines
with Mg# that are less than or equal to those in adjacent harzburgite, whereas

residual dunites should have olivines with Mg# that are greater than or equal

to those in adjacent harzburgite. The trend of olivine in LAL dunite is to lower




Mg#, but limited data do not permit a conclusive statement.

The highly magnesian and depleted chemisiry of silicates in OPXT |,
clinopyroxenite and websterite, is unusual for pyroxenite dykes and crustal
cumulates of the BIOC, which generally are richerin Al,0, (Elthon et al., 1982;
Komor gt al., 1985; Smith and Eithon, 1988). Elthon et al. (1982) explained
the depleted chemistry and absence of plagiociase in pyroxenites, by high
pressure (P> 10 kbar) polybaric crystal fractionation of primary MORB magmas
beneath a mid-ocean spreading centre. However, large volumes of
orthopyroxenite were not documented by Eithon et al. (1982), who suggested
that o.thopyroxenite would be related to boninitic magmatism.

Pyroxenite bodies in several localities have been attributed to arc
magmatism. Jan and Windley (1990) proposed that the highly depleted mineral
chemistry of pyroxenite bodies in the Jijal Complex, Pakistan, correlates with
high pressure (P>8 kbar) crystallization of arc-related magmas.

Orthopyroxenite dykes cutting mantle harzburgite in the Papuan Ultramafic Belt

contain orthopyroxene with Mg# =89.4, Al,0,<0.09 wt.% and Ca0=0.14

wt.% (Jaques and Chappell, 1980). These orthopyroxenites are related to
tonalites, which represent the early stages of island arc magmatism
immediately prior to emplacement of the Papuan Ultramafic Belt {Jaques and
Chappell, 1980). Pyroxenites associated with chromite in the White Hills
Peridotite, Newfoundland, have highly depleted mineral chemistry, and
crystallized from a second-stage magma of magnesian quartz tholeiite (Duncan

and Green, 1980) at P<8 kbar (Talkington, 1981). Similar silicate mineral
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chemistry is found in boninitic lavas (Crawford, 1980; Crawford et al., 1989;
Coish, 1989; Falloon gt al., 1989). Silicate mineral assemblages and chemistry
in LAL OPXT 1, clinopyroxenite and websterite, are very similar to those in the
aforementioned occurrences, and suggest that these LAL pyroxenites correlate

with high-SiO,, high-MgO arc-related magmas.

3.2.6b Cr-Spinel Chemistry

The considerable solid solution exhibited by spinel makes it a very useful
monitor of magma composition and the extent of partial melting recorded by a
peridotite residue. Spinel also is sensitive to subsolidus reequilibration and
alteration, and these effects must be determined prior to using spinel chemistry
as a petrogenetic indicator.

I ion, Serpentinization has affected ali LALPP, and
serpentinization is often most severe around grains of Cr-spinel, which is why
olivine in chromitite generally is completely serpentinized. Cr-spinel may be
altered to magnetite and ferrichromite at grain margins and along internal
fractures. Alteration and metamorphism increase Cr# and decrease Mg#
relative to the unaitered parent grain (Frost, 1975; Bliss and MaclLean, 1975;
Lipin, 1984; Jan and Windley, 1990). Analyses of Cr-spinels in LALPP are from
cores of grains which are unfractured and exhibit no optical evidence of
alteration. It is assumed that the analyses record little evidence of alteration,

which is supported by the increase in Cr# and decrease in Mg# of LALPP

exhibiting progressively less alteration, i.e., chromitite, dunite and harzburgite




are significantly more aitered than pyroxenite.
ii) Subsolidus reequilibration. Mg= =Fe?* and Cr= = Al substitutions

control the chemistry of spinel. Subsolidus Mg = =Fe?* exchange between

spinel and silicate lowers the Mg# of spinel (Irvine, 1967; Dick and Bullen,
1984; Jan and Windley, 1990). The lower Mg# of accessory Cr-spinel in
dunite and harzburgite relative to chromitite (Fig. 3.3}, probably is the resuit of
subsolidus reequilibration. Two major reactions affect the Cr# of spinel: (i)
transfer of Cr from spinel to pyroxene (Irvine, 1967; Komor et al. 1985}, and
(ii) transfer of Al frorn spinel to plagioclase (Irvine, 1967; Henderson, 1975).
Plagioclase is not present in LALPP and is not involved in reequilibration. The
Cr# of Cr-spinel in pyroxenite, especially clinopyroxenite, may be lower than its
original value due to subsolidus reequilibration.

iii) Chromitite. Cr-spinel in chromitites from the Springers Hill area lies
within the field of podiform chromitites of ophiolites, and overlaps with
chromitites from stratiform intrusions (Figs. 3.3 and 3.4). The wide range of
Cr# and narrow range of Mg# are typical of podiform chromitite deposits
(Thayer, 1964). The low TiO, content (0.12-0.23 wt.%)} of Cr-spinel in
Springers Hill chromitites is characteristic of podiform deposits (Dickey, 1975).

In ophiolite mantle sequences, Al-rich and Cr-rich chromitites occur at the
harzburgite-dunite and iherzolite-harzburgite transitions, respectively (Leblanc
and Violette, 1983). The Cr-rich chromitites precipitated from Cr-rich magmas
that were produced by the complete melting-out of Cr-diopside (Leblanc and

Violette, 1983). The Ai-rich chromitites have a genetic relation with Al-rich
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magmas that were parental to crustal cumulates (Thayer, 1969; Golding and
Johnson, 1971). Such a correlation does not hold for the Springers Hill area,
as all chromitites are hosted in dunite associated with harzburgite. Subsolidus
reequilibration or reaction may be responsible for the observed variation in
composition, as one traverse of a Cr-spinel grain in sample L289 shows a core
of Mg# =65, Cr#=47 and a rim of Mg# =58, Cr# =61, i.e., a large variation
in Cr# for a relatively small change in Mg#.

ivl Accessory Cr-spinel. The Mg# of accessory Cr-spinel appears more
susceptible than Cr# to change with alteration, metamorphism and subsolidus
reequilibration. The Cr# is here considered more representative as a
petrogenetic tracer than Mg#. Apart from several Cr-spinel grains associated
with Ca-amphibole in harzburgite and amphibole peridotite, all Cr-spinels
analysed have Cr#>60. According to Dick and Bullen (1984}, Cr# > 60 are
indicative of arc environments.

Harzburgites lie in the high Cr# field of harzburgites from the BIOC, but
at higher Cr# than harzburgites previously analysed from the Lewis Hiils Massif
(Figs. 3.3 and 3.4). Using the argument of Dick and Fisher (1984), the low
content of Ca0 and Al, 0, in orthopyroxene, and high Cr# of Cr-spinel, indicate
that partial melting occurred well into the three phase field of olivine-
orthopyroxene-spinel-magma. This is in total agreement with the petrographic
evidence that harzburgite is devoid of clinopyroxene. If the precursor to

harzburgite approximated the composition of Tinaquillo Iherzolite, then, under

anhydrous conditions, 12-15 % magma could have been extracted from the
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Iherzolite before clinopyroxene in the residue was exhausted (Jaques and
Green, 1980). Cr-spinel in harzburgite of the Springers Hill area is similar to
that in harzburgite of the Miyamori Ophiolite Complex, Japan (Figs. 3.3 and
3.4), which represents residual mantle of an island arc (Ozawa, 1988).
Dunites, OPXT |, clinopyroxenites and websterites lie in the field of
stratiform intrusions (Figs. 3.3 and 3.4). Dunites lie in the field of peridotites
of the BIOC and Miyamori Ophiolite Compiex (Figs. 3.3 and 3.4). Type |
orthopyroxenites, clinopyroxenites and websterites have Cr#(Sp) similar to
those of low-alumina orthopyroxenites of the White Hills Peridotite, olivine
clinopyroxenites of the Miyamori Ophiolite Complex, boninites, and basaltic
komatiites (Figs. 3.3 and 3.4). Dunites, OPXT | and clinopyroxenites do not
exhibit the fractionation trend of decreasing Mg# and Cr# that is observed in
stratiform intrusions (Figs. 3.3 and 3.4). This is expected as OPXT | and
clinopyroxenite (and their associated dunites) are not comagmatic. Type |
orthopyroxenites and clinopyroxenites precipitated from different magmas
which had fractionated olivine (£ Cr-spinel), and yet they have very high
Cr#(Sp), which may have been even higher prior to subsolidus reequilibration.
High Cr#(Sp) and lack of fractionation recorded by Cr#(Sp) was explained by
Irvine (1976) and Cick and Bullen (1984) in terms of Cr-spinel precipitating
from a magma with high molecular Si/Al. Pyroxenites (and their associated
dunites and chromitites), therefore, precipitated from magmas with high SiO,

and low Al,0;, which is in total agreement with silicate mineral chemistry.

These magmas are diagnostic of an arc environment (Dick and Bullen, 1984).
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3.2.7 Summary
Mineral chemistry, field relations and petrography of LALPP demonstrate
that harzburgite, dunite, OPXT | and clinopyroxenite are not cogenetic, except
perhaps for dunites associated with their respective pyroxenites. Prior to
intrusion of magmas from which dunite, chromitite and pyroxenite precipitated,
harzburgites had experienced melting well into the three phase field of olivine-
orthopyroxene-spinel-magma. Following the argument of Dick and Bullen
(1984), this melting would have occurred in an arc environment.
Clinopyroxenites and OPXT | (and their associated dunites and chromitites)
precipitated from magmas with high MgO and SiO, and low Al,0,. These
magmas are present in arc environments (Dick and Bullen, 1984), and the
pyroxenites could not have formed by high pressure (P> 10 kbar) polybaric
crystal fractionation of a basaltic magma parental to MORB, as proposed by
Elthon et al. (1982} for cumulates in North Arm Mountain.
The mineral chemistry of OPXT Il and veins of OPXT | indicates that they
are in equilibrium with harzburgite. Veins of OPXT | equilibrated with

harzburgite by subsolidus reequilibration. The harzburgitic composition of

OPXT Il is considered in Chapter 5.
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3.3 WHOLE-ROCK CHEMISTRY

3.3.1 Major and Trace Elements

Major elements and Sc, V, Cr and Ni reflect the modal mineralogy and
mineral chemistry of LALPP. Extremely low concentrations of TiO, (<0.02
wt.%), Rb (=1 ppm), Y (=<2 ppm) and Zr (<2 ppm) are consistent with the
depleted mineral chemistry of LALPP. Concentrations of Sr range from <0.8
ppm to 64 ppm, and these values will be considered in the next section on rare
earth elements. Native Cu and minor associated Cu sulphide account for 125-
313 ppm Cu in clinopyroxenite.

Whole-rock Mg# is equivalent to that of Mg#(Ol) for harzburgites,
dunites, amphibole dunites and OPXT |l, which have olivine as the dominant
phase. Whole-rock Mg# is noticeably higher than Mg#(Ol) for OPXT |,
clinopyroxenite and websterite, which have pyroxene as the dominant phase
and Mg#(Px)> Mg#(0l). Whole-rock Cr# are lower than those of Cr-spinel for
all LALPP because Cr-spinel is an accessory phase. Whole-rock Cr# of dunite
approach those of Cr-spinel because pyroxene and amphibole are minor phases
or absent. In all other rock types, the modal abundances of pyroxene and
amphibole are significantly higher than in dunite and Cr#(whole-rock) is

approximately half that of Cr#(Sp) because of the low Cr# of pyroxene and

amphibole.
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3.3.2 Rare Earth Elements
Absolute concentrations and specific ratios of REE in LALPP are not used
because of uncertainty of the quality of the REE data (Appendix 1). Despite
this, chondrite-normalized REE (CNREE) patterns of LALPP are assumed to
closely approximate the true patterns of LALPP, because CNREE patterns of
standard PCC-1 determined in this study are very similar to those determined
in other studies (Appendix 1).
All CNREE patterns of LALPP lie in the range 0.001-1.0 x chondrite (Fig.
3.5). The lowest abundances of REE occur in harzburgite, dunite, amphibole
dunite, OPXT | and OPXT Ili, whereas the highest abundances occur in
clinopyroxenite and websterite. Flat to positively sloping CNREE patterns occur
in harzburgite (sample L225) and dunite (samples L246 and L262), which are
composed of olivine, Cr-spinel and orthopyroxene (harzburgite only).
Harzburgite sample L225 records the earliest documented partial melting event
and apparently does not contain introduced OPXT |, clinopyroxene or Ca-
amphibole. Harzburgite containing OPXT | (sample L106) has a U-shaped
CNREE pattern very similar to those of OPXT |. Type | orthopyroxenites have
negative Euanomalies. Harzburgite containing Ca-amphibole {sample L103) has
a positive Eu anomaly and U-shaped CNREE pattern similar to amphibole
dunites. Type |l orthopyroxenites have U-shaped CNREE patterns similar to
OPXT |, harzburgite containing OPXT 1, and amphibole dunite. Dunites

(samples L216 and L217) enveloping clinopyroxenite contain orthopyroxene

(both samples), clinopyroxene (sample L216) and Ca-amphibole (sample L216),
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and have CNREE patterns similar to the LREE-depleted patterns of
clinopyroxenites. Websterites are composite pyroxenites of OPXT | and
clinopyroxenite and have flatter CNREE patterns than clinopyroxenite, which
may be explained by the LREE-enriched patterns of OPXT 1.

Concentrations of Sr correlate well with the CNREE patterns of LALPP.
Consistent values occur in amphibole dunite (2-13 ppm Sr) and amphibole-
bearing harzburgite (8 ppm Sr), which have U-shaped CNREE patterns with
positive Eu anomalies. Type | orthopyroxenites and clinopyroxenite have 2-6
ppm and 2-19 ppm Sr, respectively; these concentrations cannot account for
53-64 ppm Sr in websterite. Concentrations of Sr in harzburgite and dunite are

=<0.8-15 ppm.

3.3.3 Platinum Group Elements

Harzburgites have flat chondrite-normalized platinum group element
(CNPGE) patterns at approximately 0.01 x chondrite (Fig. 3.6a). Ratios of Pd/Ir
are 0.6-1.7. The lowest value occurs in sample L225, which records the

earliest documented partial melting event, whereas the highest value occurs in

harzburgite sample L106, which has been impregnated by OPXT I. Sample

L218 is from harzburgite adjacent to dunite enveloping clinopyroxenite, and it
contains clinopyroxene and Ca-amphibole, and has Pd/ir=1.2.

Chromitites have remarkably uniform CNPGE patterns despite the wide
range of composition of Cr-spinel in these samples (Fig. 3.6b). The V-shaped

Os-Ir-Ru patterns support the occurrence of Os-bearing faurite in these sariples.
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The CNPGE pattern of a xenolith of chromitite in HAL olivine clinopyroxenite is
indistinguishable from the other chromitites, except for Pd. Osmium-be aring
laurite occurs in the xenolith. All samples have characteristic CNPGE patterns
typical of ophiolites (e.g., Page et al., 1982, 1983; Page and Talkington,
1984), but exhibit a positive slope from Pt to Pd, which is a characteristic
feature of Newfoundland ophiolites (Page and Talkington, 1984).

The dunites that have been analysed for PGE are all associated with
clinopyroxenite. The sampies that have CNPGE patterns similar to chromitite
(Fig. 3.6¢c), either contain minor orthopyroxene and clinopyroxene (sample
L254), or they are devoid of these phases (sample LO54}. Those samples with
very different patterns (Fig. 3.6d) contain orthopyroxene (samples L216 and
L217), clinopyroxene (sample L216) and Ca-amphibole (sample L216). Similar
CNPGE patterns and Pd/Ir ratios of chromitites and dunites (Figs. 3.6b and
3.6¢), suggest that the Cr-spinel component of these dunites controls their
abundances of PGE, although no platinum group minerals (PGM) or base metal
phases have been identified. This is supported by the highest abundances of
PGE in the dunite richest in Cr-spinel (sample LO54). Consequently, a similar
origin is suspected for the chromitites and these dunites. The low Os/Ru value
of the highiy serpentinized dunite (sample L054) may argue for the presence of
Os-poor to Os-free laurite in this sample. Osmium-free laurite has been
observed in serpentine and chiorite interstitial to chromite grains in chromite-

rich samples from the Shetland Ophiolite (Tarkian and Prichard, 1987). Dunites

in Figure 3.6d contain minor base metal sulphide and native Cu associated with
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clinopyroxene and Ca-amphibole. These dunites have relatively high Pd/Ir ratios
and a somewhat positive slope from Os to Pd.

Type | orthopyroxenites have Pd/Ir = 32-470 and CNPGE patterns which
approximate a mirror image of the patterns for chromitite (Fig. 3.6e). The
CNPGE patterns of OPXT | support the occurrence of Pt- and Pd-arsenide grains
in orthopyroxene. Websterite has Pd/Ir =120 and a CNPGE pattern similar to
that of OPXT | (Fig. 3.6f). The pattern is consistent with the occurrence of Pt
and Pd phases in clinopyroxene. Clinopyroxenites have Pd/ir>44-1040 and
highly variable CNPGE patterns (Fig. 3.6f). Clinopyroxenites without a dunite
envelope, have CNPGE patterns somewhat similar to OPXT |, whereas those
with a dunite envelope, exhibit extreme depletion of Ru and negative slopes
from Os to Ir. Both types of clinopyroxenite contain abundant primary native
Cu and base metal sulphides, but PGM have not been identified.

The CNPGE patterns of OPXT Il are very different from those of OPXT
I, and are more like those of harzburgite and chromitite (Fig. 3.6g). Their Pd/Ir
ratios are equivalent to those of harzburgite. The anomalous enrichment of Ru
in the web-textured OPXT Il could be inherited from Cr-spinel, as Legendre
(1982) reports chromitites with extreme enrichment in Ru from ophiolites of
Oman and Cyprus. Alternatively, the high concentration of Ru could represent
contamination from HCI during sample preparation (Jackson et al., 1990). The
latter is favoured because a sample previously analysed and reanalysed with

sample L271 shows no change in abundances of PGE, except for extreme

enrichment in Ru. The sulphide content of OPXT |l may influence their CNPGE
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patterns. No sulphide is observed in the ribbon mylonite which has a
harzburgitic CNPGE pattern. Harzburgites do not contain sulphide that pre-
dates serpentinization. Sulph.de occurs in the web-textured OPAT Il which has

a chromititic CNPGE pattern.

Only amphibole dunites associated with OPXT | have been analysed for

PGE. Their CNPGE patterns exhibit remarkable similarity with those of OPXT
I (Fig. 3.6h). Ratios of Pd/Ir in amphibole dunite are lower than those of OPXT
I. Platinum group minerals have not been identified in these samples and
sulphide is absent, except for rare altered sulphide or native Cu in amphibole-

rich areas.

3.4 CHEMICAL EFFECTS OF SERPENTINIZATION

In order to use whole-rock concentrations of major and trace elements,
REE and PGE as petrogenetic tracers, the effects of alteration must be known.
The silicate portion of LALPP is always serpentinized. Serpentinization is most
severe in areas rich in olivine and the silicate portion of some dunites is 100 %
serpentinized. An extensive discussion of the effects of serpentinization is
beyond the scope of this thesis, but the most important points are considered

below.

3.4.1 Major and Trace Elemeants

Under conditions of non-constant wvolume, serpentinization is an
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isochemical process except for the introduction of H,0 and loss of Ca (Coleman
and Keith, 1971; Eckstrand, 1975). Frey et al. (1985} report no change in
major eiement abundances for serpentinized peridotites of Ronda (<31 %
serpentinization). Concentrations of Si, Mg, Fe, Cr, Al and Ni in Archean
dunites of Western Australia are unaffected by serpentinization (Donaldson,
1981). Concentrations of Fe, Ni and Cu are redistributed during
serpentinization, but are unaffected at the scale of a whcle-rock sample (Shiga,
1987; Edwards, 1990). Peridotite samples in the Springers Hill area have
Mg#(whole-rock) =Mg#(Ol}, which demonstrates that Mg#(whole-rock) is
unaffected by serpentinization. Pyroxenite samples are much less serpentinized
than peridotite samples.

For the purpose of this thesis, it is adequate to assume that

serpentinization in the Springers Hill area had relatively little influence on

abundances of major and trace elements, except for the introduction of H,0.

3.4.2 Rare Earth Elements

There is no clear consensus as to the mobility of REE during
serpentinization. It has been argued that hydrous alteration can result in either
a subparallel shift downward of CNREE patterns, or development of negative
Ce anomalies with preferential loss of LREE (Ottoneilo et al., 1979). Frey
(1969) also predicted that LREE are removed during serpentinization. Mobility
of Eu?* during serpentinization (Sun and Nesbitt, 1978) may account for

positive Eu anomalies in peridotites lacking plagioclase (Frey, 1984). On the
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other hand, there is strong evidence to argue that concentrations of REE are
unaffected by serpentinization. Michard (1989) suggested that because
hydrothermal fluids have low concentrations of REE, hydrothermal activity is
not expected to change REE abundances of arock unless water,rock ratios are
extremely high. In agreement with this argument, Frey (1984) presented data
for serpentinites which appear to preserve the original CNREE patterns of their
ultramafic protoliths. Further agreement comes from the harzburgites and
dunites of the New Caledonia Ophiolite, where there is no correlation between
the degree of serpentinization (<40 %) and LREE enrichment (Prinzhofer and
Allégre, 1985). Frey (1984) made a similar observation for the peridotites of
Ronda that were <30 % serpentinized.

In the Springers Hill area, serpentine and associated alteration products
occur mostly in areas rich in olivine. Pyroxene and amphibole generally are
unaltered to partially altered. Because partition coefficients of REE are so much
greater for pyroxene and amphibole than olivine (Fig. 3.7), and because
pyroxene and amphibole control CNREE patterns of peridotites (Stosch and
Seck, 1980), the removal of REE from olivire will have little effect on CNREE
patterns of whole-rock samples. This appears to be the situation in the
Springers Hill 2area, especially as all CNREE patterns of LALPP are adequately

explained by their mineralogy which pre-dates serpentinization. Consequently,

CNREE patterns of whole-rock samples of LALPP reflect processes pre-dating

serpentinization of the Springers Hill area.
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3.4.3 Platinum Group Elements

Platinum group elements generally are immobile during serpentinization
(Keays and Davison, 1976; Groves and Keays, 1979: Oshin and Crocket,
1982; Prichard and Tarkian, 1988; Edwards, 1990), and concentrations of PGE
in whole-rock samples of LALPP reflect processes pre-dating serpentinization
of the Springers Hill area. This is well supported by the similarity of CNPGE
patterns of dunite (sample L254) and extensively serpentinized Cr-spinel-rich
dunite (sample LO54) (Fig. 3.6¢c). The mineralogy of PGM in LALPP is primary
and relatec to fractionation of immiscible As-S-rich liquids in the early stages

of crystal fractionation (see sections 2.3.8 and 2.6).

3.5 PETROGENESIS OF HARZBURGITE

3.5.1 CaO/Al,0, Ratio as an Index of Partial Maelting

Harzburgites have experienced melting well into the three phase field
olivine-orthopyroxene-spinel-magma. Klein and Langmuir (1987) stated that
melting-out of clinopyroxene from iherzolite to produce harzburgite, causes an
increase in Ca0/Al,0, ratio of the whole-rock until clinopyroxene is exhausted:
as melting continues, the CaO/Al,0, ratio decreases. Extremely refractory
harzburgites in the Papuan Ultramafic Belt (Jaques and Chappell, 1980),
provide evidence that CaO/Al,0, ratios drop sharply as orthopyroxene is
progressively melted out of harzburgite (Fig. 3.8a). Falloon and Green (1987)

demonstrated this trend in experiments of equilibrium partial melting of MORB




87
pyrolite at 10 kbar. Further work by Falloon gt al. (1989) confirmed this trend
(Fig. 3.8a).

Samples of harzburgite from the Springers Hill area record melting wvell
beyond the melting-out of clinopyroxene. These samples should have
Ca0/Al,0, ratios similar to, or lower than, those in lherzolites, but they have
Ca0/Al,0, ratios which generally are higher than |herzolites (Fig. 3.8a). The
lowest ratios (samples LO97 and L225) correlate with harzburgites from other
ophiolites, and agree with petrographic and chemical evidence that they are
residues from the earliest documented episode of partial melting and efficient
extraction of magma. Due to the abundance of chemical data on sample L225
relative to sample LO97, the former will be used as the harzburgite end-member
of partial melting and efficient extraction of magma. This sample has not been
modified petrographically or chemically by subsequent processes, except for the
formation of serpentine from olivine.

Harzburgites having CaO/Al, O, ratios higher than that of sample L225,
contain clinopyroxene and/or Ca-amphibole, or infiltrated OPXT | (Fig. 3.8a).
Clinopyroxene and Ca-amphibole have high CaO/Al,O, ratios. Petrographic
evidence shows that 1-2 modal % of these phases in harzburgite cause the

observed increase in CaO/Al,O, ratio. Type | orthopyroxenite has a lower

Ca0/Al,0, ratio than clinopyroxene or Ca-amphibole, and yet the harzburgite

containing introduced OPXT | (sample L106) has the highest Ca0Q/Al,O, ratio.
Figure 3.8b shows that sample L106 contains a large component of OPXT | in

addition to a component of sample L225. The composition of sample L106
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estimated from CaQO/Al,0, ratios is 58 % sample L225 and 42 % OPXT |

(Appendix 5). Modal abundances of orthopyroxene are 15 % in sample L225,
90 % in OPXT Il and 45 % in sample L106. Therefore, sample L106 contains
an estimated 8.7 % orthopyroxene from sample L225 and 37.8 %
orthopyroxene from OPXT |, which is a total of 46.5 % orthopyroxene, i.e.,
essentially identical to the 45 % orthopyroxene estimated visually.

The introduced component of orthopyroxene in harzburgite is not
apparent from mineral chemistry, even though compositions of minerais in
OPXT | are very different from those in harzburgite. The changes in mineral
chemistry associated with the introduction of OPXT | into harzburgite should
be accounted for by reequilibration at magmatic and subsolidus temperatures
with or without the later effects of serpentinization. To determine the response

of mineral chemistry to these changes is an immense task well beyond the

scope of this thesis.

3.5.2 Rare Earth Elements

At the present time, the key to understanding the origin of ophiolite

harzburgites lies largely in understanding their CNREE patterns. Unfortunately,

the REE data acquired in this thesis limits interpretation, and modelling using

the REE is not possible. The essence of the following discussion is that CNREE
patterns of harzburgites of the Springers Hill area are representative of
processes which pre-date serpentinization of the area.

Sample L225 has a straight, positive sloping CNREE profile from La-Lu
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(Fig. 3.5a). The pattern is controlled by orthopyroxene as suggested by (i)
modal mineralogy, (ii} partition coefficients of REE in orthopyroxene (Fig. 3.7},
and (iii) REE analyses of orthopyroxene separates from anhydrous spinel
peridotite nodules from Dreiser Weiher, Germany (Stosch and Seck, 1980).
Patterns of this type are rare in ophiolites, but they have been documented in
harzburgites from the New Caledonia (Nicolas and Dupuy, 1984) and Trinity
(Brouxel and Lapierre, 1988) ophiolites. They also have been documented in
the Ronda Peridotite (Fiey et al., 1985). Schilling (1975), Menzies et al. (1977)
and Frey et al. (1989) have calculated that positive sloping CNREE profiles in
residues can be produced by 9-30 % partial melting of LREE-depleted lherzolite.
The magmas which segregated from the Ronda peridotites were picritic (12-22
wt.% MgO) and may have been parental to MORB (Frey et al., 1985). Ronda
harzburgites with CNREE patterns similar to that of sample L225 were in
equilibrium with the picritic magma for 26-32 % partial melting (Frey et al.,
1985). Experiments performed by Green et al. (1979) show that such picrites
are multiply saturated in olivine and orthopyroxene at P =20 kbar (60-70 km
depth) and T =1430°C. The harzburgite residue left after extraction of this
picrite would contain orthopyroxene with >5 wt.% Al,0, and >2.5 wt.%
Ca0, and would recrystallize to spinel Iherzolite at lower pressure {Green gt al.,
1979}

The mineral chemistry of sample L225 is inconsistent with it being a
residue from extraction of picritic magma at P =20 kbar. Cr-spinel in sample

L225 lies in the range of those analysed from the Troodos Upper Pillow Lavas
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by Duncan and Green (1987). Many of these lavas are severely LREE-depleted

(Kay and Senechal, 1976; Smewing and Potts, 1976), which correlates with
the CNREE pattern of sample L225. Consequently, this sample could be a
residue from (i) continuous meiting of a Iherzolite diapir {Smewing and Potts,
1976), or (ii) 5-10 % second-stage partial melting of an anhydrous, residual
Iherzolite diapir at P = 7-8 kbar (<25 km depth) and T = 1360°C, and extraction
of a LREE-depleted magnesian quartz tholeiite or olivine-poor tholeiite (Duncan
and Green, 1980). The latter would correlate with melting in a back-arc basin
{Duncan and Green, 1987).

The majority of harzburgites in the Springers Hill area are assumed to
have an initial origin similar to sample L225, but some experienced subsequent
modification by the addition of OPXT | (sample L106) and Ca-amphibole
{sample L103}, which produced U-shaped CNREE patterns. Ailthough these
modifications occurred during separate events, they both produced significant
enrichment in the LREE. If these harzburgites had undergone further melting,
they would have produced high-MgO and -Si0, magmas with U-shaped CNREE
patterns. Magmas of this type occur as boninites in arc environments (Hickey
and Frey, 1982).

It has been argued on the basis of CNREE patterns of ophiolitic rocks,
that harzburgites possessing U-shaped patterns are not genetically related to
overlying rocks of the crustal sequence through a simple parent-daughter
relationship because of the relative LREE depletion exhibited by the crustal

sequence {Suen et al., 1979; Pallister and Knight, 1981; Frey, 1984).
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Harzburgites of the Springers Hill area having U-shaped CNREE patterns support
this view, but the positively sloping CNREE pattern of sample L22% suggests
that prior to involvement of fluids and fluid-rich magmas, ophiolite harzburgites
may indeed have LREE-depleted CNREE patterns and be related to the LREE-
depleted component of the crustal sequence. Such a suggestion disagrees with
the sequential integrated disequilibrium melting model developed by Prinzhofer
and Allégre (1985), which requires that LREE-enriched residues and LREE-
depleted magmas are cogenetic. Prinzhofer and Allégre (1985) developed this
model from harzburgites in the New Caledonia Ophiolite which have CNREE
patterns similar to that of harzburgite in the Springers Hill area which contains

OPXT I. The importance of this will be discussed in section 3.5.4,

3.5.3 Piatinum Group Elements

Before interpreting the PGE chemistry of harzburgites, it is necessary to
understand the behaviour of PGE, base metals and sulphides in these rocks.
The sulphide component of the upper mantie has a low melting point (Naldrett,
1973) and is largely involved in mantle melting (Garuti et al., 1984). This
allows the abundance of Fe-Ni-Cu-S phases to be used as a depletion index,
especially as their abundance correlates with the modal abundance of
clinopyroxene and plagioclase in residual mantle material (Lorand, 1388). The
Springers Hill harzburgites are devoid of primary Fe-Ni-Cu-S phases and residual
clinopyroxene and plagioclase, which is consistent with their having

experienced extensive partial melting prior to local modification by infiltrating




fluid and fluid-rich magma.

it is possible to estimate the degree of partial melting required of a
mantle source to yield a harzburgite residue totally barren of sulphide (Barnes
et al., 1985). Garuti et al. (1984) report an Fe-depleted, Ni- and Cu-enriched
mantle sulphide component for the Baldissero and Balmuccia lherzolites of the
lvrea-Verbano mantle peridotites, western Italian Alps. These l|herzolites
preserve S contents of 140-320 ppm, which are representative of the S
content of undepleted to partially depleted upper mantie {Garuti et al., 1984).
For the Springers Hill harzburgites, it is assumed that the initial S content of the
mantle source was 140-320 ppm, that partial melting occurred at a depth of
<40 km (Duncan and Green, 1987), and that S solubility in basic silicate

magmas is 0.19 wt.% (Wendlandt, 1982). For these parameters, 7-17 %

partial melting is required to remove all of the mantle sulphide into the magma

for, respectively, S concentrations between 140-320 ppm in the initial mantle
source. Partial melting to produce Springers Hill harzburgites was far in excess
of 17 %. These rocks contain no petrographically visible sulphide phase, apart
from that resulting from serpentinization of the silicate phases. During partial
meliting, the dissolution of all of the mantie sulphide left no sulphide residue
into which the PGE could partition. Magma has been very effectively removed
from the Springers Hill harzburgites, as there is no evidence for trapped silicate
or sulphide magma.

The Springers Hill harzburgites contain 23-38 ppb total PGE. Because

there is no sulphide in which the PGE can exist, they must be present in either
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Cr-spinel and silicate phases, or an intergranular phase. It has been postulated
that refractory Cr-spinel and olivine in S-poor ultramafic rocks may act as a sink
for Ir (Crocket, 1979; Naldrett et al., 1979). In addition, Mitchell and Keays
(1981) predicted that high-temperature Ir alloys may exist under upper mantie
P-T conditions in environments of low fS,. Iridium in this form would remain
as a residual phase during partial meiting of the mantle (Mitchell and Keays,
1981). In contrast to Ir, Pd is more volatile (Arculus and Delano, 1981) and,
therefore, during partial melting Pd fractionates from iIr which is left in the
residue (Hertogen et al., 1980; Mitchell and Keays, 1981). Hence, highly
depleted and refractory mantle peridotites have low total PGE contents,
fractionated CNPGE patterns with negative slopes from Ir to Pd, and Pd/Ir< < 1.
Such patterns have been reported from the Thetford Mines Ophiolite, Quebec
(Oshin and Crocket, 1982), and the Ronda Peridotite, Spain (Stockman, 1982),
and calculated for the Vourinos Ophiolite Complex, Greece (Cocherie et al.,
1989).

The CNPGE pattern and Pd/ir =0.6 of sample L225 is consistent with it
being a residue from partial melting. However, more extreme fractionation of
Pd and Ir is expected for harzburgite as refractory as sample L225. The PGE-
depleted (ir =2.1-2.9 ppb, Pd =0.45-0.68 ppb) Black Lake harzburgites of the
Thetford Mines Ophiolite have average Pd/Ir =0.22 (Oshin and Crocket, 1982),
which are expected to be more typical of harzburgites that are residues from
extensive partial melting and efficient extraction of magma. Despite this,

sample L225 will be used as the starting composition for discussing the PGE
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content of harzburgite with Pd/Ir> 1.

The CNPGE patterns and Pd/ir=1.2-1.7 of Springers Hill harzburgites
that contain OPXT I, and Ca-amphibole and clinopyroxene derived from
clinopyroxenite, are completely inconsistent with a simple residual origin. In
fact, the flat PGE patterns coincide with the CNPGE data compiled by Arculus
and Delano (1981) for undepleted upper mantie (Jagoutz et al., 1979; Morgan
and Wandless, 1979; Morgan et al., 1980; Mitchell and Keays, 1981). The
discrepancy can be explained by the introduced components. That involving
a component of clinopyroxenite is of minor sigrificance based on petrographic
evidence; it will be considered with the origin of dunite in section 3.7.1. The
addition of OPXT | to harzburgite is, however, significant.

The formation of sample L106 by addition of OPXT | to sample L225 has
been demonstrated earlier. Using the same approach as for Ca0Q/Al,0Q, ratios,
the proportions of OPXT | and sample L225 in sample L106 are calculated
using Pd/Ir ratios (Appendix ). Concentrations of Ir are similar for all
components, whereas concentrations of Pd differ significantly, so that addition
of OPXT | to harzburgite will produce large variations in concentrations of Pd
at approximately constant concentrations of Ir. The composition of sample
L106 estimated from Pd/Ir ratios is 98 % sample L225 and 2 % OPXT I. This
clearly is inconsistent with petrographic evidence and the calculation involving
CaQ/Al,0, ratios, which estimated 58 % sample L22% and 42 % OPXT | for
sample L106. Using the OPXT | sample poorest in PGE (sample LO71), the
estimate becomes 81 % sample L225 and 19 % OPXT | {Appendix 5).
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Significant variations are expected in the calculation using Pd/ir ratios because
these ratios in the mixing components are very different relative to CaO/Al,0,
ratios. Consequently, it is predicted that the component of OPXT | in sample
L106 has a lower Pd/Ir ratio and total abundance of PGE than the massive
dykes sampled in this study. Alternatively, Pd may have been removed from
sample L106 by fluids associated with the formation of the HALPPG (section
5.5.3). Some orthopyroxene in sample L106 was converted to olivine during

this late event.

3.5.4 Orthopyroxene in Harzburgite

Although extensive field and petrographic work has documented the
addition of OPXT | to harzburgite by magmatic impregnation or mechanical
mixing, the chemical data base is limited to several carefully selected samples.
The question arises as to how significant are the orthopyroxene-addition
processes in terms of modifying harzburgite compositions in mantle sequences
of ophiolites. In the Springers Hill area, dykes and veins of OPXT | are
abundant, and a significant proportion of the harzburgite appears t0 be
modified. However, the area mapped in this study is only 2 km2. There is
evidence of orthopyroxene impregnation in other massifs of the BIOC (G. Suhr,
pers. comm., 1990). A survey of literature data on the PGE content of
harzburgites from ophiolites, reveals that many of them preservePd/ir> 1, e.g.,
the Troodos Ophiolite (Becker and Agiorgitis, 1978), the Thetford Mines

Ophiolite (Oshin and Crocket, 1982), and the Vourinos Ophiolite (Cocherie et
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al., 1989). A similar survey reveals that harzburgites from the ophiolites of

Othris, Vourinos, Troodos, Oman, New Caledonia and Bay of Islands, exhibit
U-shaped CNREE patterns (Prinzhofer and Allégre, 198%; compilation of Frey
(1984)). Without detailed field and petrographic studies of harzburgites from
these ophiolites, it is premature to attribute elevated Pd/Ir ratios and U-shaped
CNREE patterns to addition of orthopyroxenite. If such a process operated in
these ophiclites, then significant modification of the trace element composition
of harzburgite, with little or no evidence of this in the petrography or mineral
chemistry, would appear to be the rule rather than the exception. Partial

melting of these harzburgites should produce magmas of the boninitic series

which have U-shaped CNREE patterns, negative Fu anornalies, and high Pd/Ir

ratios.

3.6 PETROGENESIS OF CHROMITITE

Lago et al. (1982) have discussed the origin of chromite deposits in
ophiolites. They concluded that chromitites represent magmatic accumulations
from basaltic magmas. Field, petrographic, mineral chemical and PGE data
support a similar origin for the chromitites of the Springers Hill area, which are
magmatic accumulations from magmas with high malecular Si/Al ratios. This
is in agreement with Roberts (1988), who proposed that extensive chromite

mineralization is restricted to ophiolites with supra-subduction zone

characteristics.
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The CNPGE pattern of the xenolith of chromitite (sample L326) from the

marginal zone of the HALPPG, and the occurrence of Os-laurite in this sample,
suggests that it is a xenolith of LALPP affinity (Fig. 3.6b). This evidence
disagrees with the interpretatior of Bédard {1991), that chromitites may be
products of the assimilation of gabbro and pyroxenite by invading primitive

magma.

3.7 PETROGENESIS OF DUNITE

The origin of dunites in ophiolites as residual versus magmatic is a topic
of major discussion which is largely beyond the scope of this chapter. For a
review of the problem see Nicolas (1989, pages 225-236). Field and
petrographic observations presently are the best way to examine the origins of
dunite in LALPP. These observations have been interpreted in section 2.3.7.
The chemical data available for dunites is varied, limited, and may be affected
by serpentinization, but some general statements will be made based on

abundances of PGE in dunites enveloping clinopyroxenites,

3.7.1 Platinum Group Elements

The CNPGE patterns of dunites with chromititic patterns (Fig. 3.6c¢c) are
controlled by Cr-spinel, which is inferred to be magmatic based on the origin of
chromitite. Whether or not olivine is magmatic is questionable because rare

porphyroclasts of orthopyroxene are hosted in one sample. According to Lago




98

et al. (1982), residual dunite is expected to develop by the incongruent melting

of orthopyroxene at the interface between harzburgite and the magma conduit
in which olivine and Cr-spinel are accumulating by magmatic crystallization.
Olivine and Cr-spine! in dunites having chromititic CNPGE patterns would
appear to have developed by this process.

A more complicated situation is portrayed by dunites containing Ca-
amphibole and relatively abundant pyroxene (Fig. 3.6d). To explainthe CNPGE
patterns of these dunites, they are considered with the clinopyroxenite dyke
which they envelope and the harzburgite which hosts them (Fig. 3.9). Figure
3.9 shows that Pd/lr=1.2 in harzburgite is due to a component of
clinopyroxenite. The same conclusion was reached using Ca0O/Al,0, ratios (see
section 3.5.1). Dunite (sample L217) sampled 1.5 m from this harzburgite is
residual in origin as supported by (i) olivine of Mg# =91.3, which is the same
as that in harzburgite, (ii) orthopyroxene porphyrociasts, and liil a CNPGE
pattern almost identical to harzburgite except for Pd. The elevated Pd value
demonstrates that a component of clinopyroxenite is contained by sampie
L217, although it is not visible in the field or in thin section. This variation in
Pd is testimony to the much higher degree of incompatibility of Pd relative to
Pt (Peck and Keays, 1990). The dunite (sample L216) sampied 0.7 m from
sample L217 has clots of Cr-spinel and a very different CNPGE pattern. The
pattern is a mirror image of that of chromitite and may indicate that a
significant amount of Cr-spinel had fractionated previously from the magma.

However, porphyrociasts of orthopyroxene are present, which indicate that a
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component of the dunite is residual. The extreme depletion of Ru in
clinopyroxenite also may support the conclusion that the magma had
fractionated significantly large amounts of a Ru-bearing phase (most likely
laurite).

Thus, CNPGE patterns are very sensitive to the magmatic and residual
components in a dunite. A better understanding of the PGE, and careful use
of the data in combination with field and petrographic observations, may make

these elements an important tool for solving the dunite problem.

3.8 PETROGENESIS OF TYPE | ORTHOPYROXENITE AND CLINOPY ROXENITE

3.8.1 Magmatic versus Metasomatic Origin of Pyroxenites

In section 1.3.2, numerous models were outlined that can be used to
explain the origin of pyroxenites. From the field and petrographic observations
and geochemical evidence presented for OPXT | and clinopyroxenite, there are
two plausible origins for these rocks. Either they may have crystallized directly
from two distinct magmas, or they may represent the products of
metasomatism of harzburgite and dunite by two distinct fluids.

Bowen and Tuttle (1949) suggested that pyroxenites are produced by
the interaction of hydrous, SiO,-saturated fluid with olivine {dunite).
Pyroxenite-amphibolite bands have a hydrothermal origin in the Seiad Complex,
Ca.ifornia (Loomis and Gottschalk, 1981). These authors stated that as fluid

equilibrates with peridotite, the minerals that precipitate in the bands shouid
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have compositions similar to those in the peridotite. Orthopyroxene is the
dominant pyroxene in most metasomatic bands (Carswell et al., 1974; Loomis
and Gottschalk, 1981).

There are a number of difficulties in accepting this interpretation. The
first is that clinopyroxenites essentially are anhydrous. Secondly, OPXT | are
hydrous, but they do not contain the abundance of amphibg'e expected for a
metasomatic origin. Thirdly, the CNPGE patterns of OPXT | may be explained
by previous fractionation of a significant volume of Cr-spinel as chromitite;
chromitites are magmatic in origin (section 3.6). Aiternatively, field and
petrographic observations and mineral chemistry of OPXT | and
clinopyroxenites, are best explained by these pyroxenites having precipitated
from hydrous and anhydrous magmas with high molecular Si/Al ratios which

fractionated olivine, Cr-spinel and pyroxene.

3.8.2 Compaositions of Parental Magmas

At least two parental magmas were required to produce OPXT | and
clinopyroxenite. These magmas had high MgC, high molecular Si/Al ratios, and
high Pd/ir ratios. The high Mg# of olivine and pyroxene in the pyroxenites,

suggests that the magmas from which they precipitated had undergone very

little olivine fractionation before pyroxene became the dominant fractionating

phase. Cr-spinel fractionated with olivine as exemplified by the strong control
of Cr-spinel on CNPGE patterns of pyroxenites. Despite these similarities, there

were important differences between the two magmas: OPXT | precipitated from
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a hydrous magma with abundances of REE very different from the essentially

anhydrous magma which precipitated clinopyroxenites.

3.8.2a Rare Earth Elemaent Abundances of Parental Magmas

The uncertainty in the REE data of the pyroxenites does not preclude an
estimation of the CNREE patterns of the magmas from which they precipitated.
If all crystalline products remained in chemical equilibrium with the magma, the
situation is a reversal of batch meiting. This is a plausible situation in the
pyroxenite dykes because crystals are unzoned (although this may be the effect
of subsolidus reequilibration) and dykes internally are unfractionated. For
clinopyroxenites, the latter applies to any dyke without a dunite enveiope.
Crystals in the dykes probably grew dominantly by an adcumulus process,
whereby all interstitial magma wvas physically removed as a result of crystal

growth. This process is in agreement with the assumption of mineral-magma

equilibrium. Itis assumed that the system was open and homogeneous crystal

growth occurred by crystals plating to dyke walls. The composition of the
magma passing through the dyke was constant because no mineralogical

zonation is present.
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Equation E3.1 is the Berthelot-Nernst equation and is used here to
calculate the composition of the magma in equilibrium with the pyroxenite:
(E3.1] C/Cs = 1/(F+D-FD), if F=0, then

C. = C4/D,

where C, is the concentration of the element in the magma, Cs is the

concentration of the element in the pyroxenite, F is the proportion of material
representing trapped magma in the pyroxenite, and D is the bulk partition
coefficient of the element (calculated as the product of the weight proportion
of each mineral in the pyroxenite multiplied by its mineral/matrix partition
coefficient (Kp)).

For the clinopyroxenites, the equation with F=0 provides a good
estimate of the composition of the magma because there is no interstitial
material representing trapped magma. For the OPXT I, the equation with F=0
is used, but it is questionable because amphibole is present, which may
represent a component of trapped magma. In OPXT | sample L268 used for the
calculation, amphibole is 5 wt.%. It is unlikely that F=5 wt.% because
amphibole replaces clinopyroxeneand orthopyroxene,i.e., F <5 wt.%. Because
partition coefficients of clinopyroxene and amphibole are similar (Fig. 3.7),
amphibole is considered in the calculation for F=0.

The estimated CNREE patterns of magmas in equilibrium with pyroxenites
are very different (Fig. 3.10). Type | orthopyroxenite was in equilibrium with
a magma with a U-shaped CNREE pattern, whereas clinopyroxenites formed

from a magma with a relatively flat CNREE pattern. These patterns are
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characteristic of boninites and low-Ti arc tholeiites, respectively. Locations
where these two magma types are juxtaposed are the western Pacific island
arcs (Hickey and Frey, 1982), the Betts Cove Ophiolite, Newfoundtand (Coish
et al., 1982), the Upper Piliow Lavas of the Troodos Ophiolite (McCulloch and
Cameron, 1983; Cameron, 1985), and western Tasmania (Brown and Jenner,
1989). Whether boninites are produced before or after low-Ti tholeiites varies
from one location to the next. In the Betts Cove Ophiolite, boninites formed
before and during the formation of low-Ti tholeiites (Coish et al., 1982), which

is similar to the sequence in the Springers Hill area.

3.8.2b LREE Enrichment of Mantle Sources of Boninites

The LREE enrichment of the source region of boninites is explained by
invasion of a LREE-depleted harzburgite by small volumes of a i.REE-enriched,
Ti-depleted component (Sun and Nesbitt, 1978; Jenner, 1981; Hickey and
Frey, 1982; Coish gt al., 1982). This component may be from a sedimentary
source, or a mantle source with recent to ancient LREE enrichment {Hickey and
Frey, 1982; McCulloch and Cameron, 1983; McCulioch et al., 1983). The
LREE-enriched component may be similar to that associated with ocean island
basalts (Hickey and Frey, 1982). The fluid or magma which produces the LREE
enrichment may crystallize as veins (Wood, 1979), or react with harzburgite
and crystallize new minerals such as mica, amphibole, rutile, ilmenite and
diopside (MARID) that are found in MARID suite xenoliths in kimberlites

(Kramers et al., 1983). The LREE-enriched source may then experience partial
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melting. Alternatively, flushing of harzburgite by fluid may trigger incongruent

melting of orthopyroxene, given the experimental evidence of Kushiro (1969,

1972) and Nicholls and Ringwood (1973).

3.8.2c La Enrichment of Mantle Sources of Low-Ti Tholeiites

The analytical uncertainty in the LREE data of clinopyroxenites does not
permit a conclusive statement to be made about the positive La, or negative
Ce, anomaly diagnostic of this rock type. If the anomaly is not associated with
contamination during sample preparation, then it would correlate with similar
anomalies found in supra-subduction zone volcanics (Rautenschlein et al.,
1985; Brown and Jenner, 1989) and island arc volcanics (White and Patchett,
1984), and could correlate with a sedimentary component in the mantle source

(Hole et al., 1984).

3.8.3 Maelting Models for the Generation of Boninites and Low-Ti Tholeiites
Smewing and Potts (1976) explained the variation in chemistry of the
lava sequences in the Troodos Ophiolite by continuous partial melting of a
Iherzolite diapir. Cameron (1985) proposed that the Upper Pillow Lavas of
Troodos were produced by incrementat melting of a variably depleted and
residual source region. The latter is similar to the model proposed by Hickey
and Frey (1982) for production of boninites and low-Ti tholeiites in western
Pacific island arcs by partial melting of a variably depleted and residual source

which had been pervasively enriched in LREE. This kind of model was used by
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Coish et al. (1982) to explain the lava sequence in the Betts Cove Ophiolite.

The OPXT 1 are very similar in composition to orthopyroxenite veins and
dykes in the mantle sequences of the Pindos Ophiolite, Greece (Montigny et al.,
1973), the Troodos Ophiolite (Menzies and Allen, 1974), the Papuan Uitramafic
Belt (Jaques and Chappell, 1980}, the White Hills Peridotite (Talkington, 1981},
and the Oman Ophiolite (Lippard et al., 1986) (Table 3.1). Montigny et al.
(1973), Menzies and Allen (1974) and Jaques and Chappell (1989) interpreted
orthopyroxenites as the final products of partial melting of extremely residual
peridotite. Talkington (1981) proposed that orthopyroxenites formed from a
magma of magnesian quartz tholeiite produced by localized second-stage partial
melting at P<8 kbar of lherzolite nearly devoid of clinopyroxene (Duncan and
Green, 1980). This magma crystallized significant quantities of chromitite,
orthopyroxenite and websterite, in this order. The situation in the White Hills
Peridotite most closely approaches that of the Springers Hill area, except that
websterite is not present in the latter, and mineral compositions are more
depleted in the latter with respect to the former.

Harzburgites, as exemplified by sample L225, are residues from the
extraction of magnesian quartz tholeiite, which probably was LREE-depleted,
low-Ti tholeiite. This residue subsequently was intruded, respectively, by OPXT
I (boninite magma) and clinopyroxenite {low-Ti tholeiite magma), and their
respective dunites and chromitites. The juxtaposition of these rock types,
suggests that partial melting and magma intrusion occurred within a well

defined vertical column of upwelling asthenosphere. The experimental work of




106
Duncan and Green (1987) demonstrated that all these events could have

occurred through partial melting of residual therzolite and harzburgite diapir(s)

at P<7-8 kbar (<25 km) with and without the presence of hydrous fluid.
These conditions agree with the supra-subduction zone environment proposed

for the BIOC by Malpas (1976), Edwards (1990) and Jenner et al. (in press).

3.9 ENVIRONMENT OF FORMATION OF THE SPRINGERS HILL AREA

3.9.1 Spreading Centre

The S, fabric and coarse textures of harzburgite are indicative of
asthenospheric deformation dominated by plastic flow at 1200-1300°C (section
2.3.7). These fabrics and textures are indicative of the low velocity zone
beneath a ridge (Mercier and Nicolas, 1975), and this environraent has been
proposed for the Springers Hill area by Dahi and Watkinson (1986).
Consequently, the Springers Hill area could represent a zone of asthenospheric
upwell, extreme partial melting and magmatic activity below a spreading centre
in a supra-subduction zone. Such an interpretation is consistent with the steep
foliations in the mantle sections of the Troodos and Oman ophiolites, which
have been ascribed to asthenospheric flow beneath a spreading centre (George,
1978; Ceuleneer gt al., 1988). Also consistent with this interpretation are the
occurrence of veins and dykes of pyroxenite and economic concentrations of
chromitite in the residual mantle peridotites of ophiolites such as Troodos

(Menzies and Allen, 1974; Greenbaum, 1977).




3.9.2 Fracture Zone

In section 1.5, the models for the origin of the BIOC were summarized.
In the model of Karson and Dewey (1978), the Springers Hill area would have
been situated adjacent the non-transform domain of an oceanic fracture zone.
Several features in the Springers Hill area are consistent with this environment
of formation:
1) Fabrics similar to those in harzburgites of the Springers Hill area have been
documented in the Bogota Peninsula, New Caledonia (Prinzhofer and Nicolas,
1980), the Antalya Ophiolite, Turkey {(Reuber, 1984), and the Western Limassol
Forest Complex, Cyprus {(Murton, 1986). In all three cases the fabric was
formed in a transform fault zone.
2) Chromitite mineralization is associated with fracture zone ophiolites. One of
the largest chromite deposits in the world is the Tiébaghi chromitite pod in New
Caledonia. This chromitite contains Cr-spinel of 59 wt.% Cr,0, and marks the
Iherzolite-harzburgite contact (Leblanc, 1987). The deposit is located along the
Tiébaghi-Poum-Belep Fracture Zone, which represents a palaeotransform fault
(Sécher, 1981).
3) Magmas having highly depleted chemistry are associated with fracture zone
ophiolites. Separating the Troodos Complex from the Limassol Forest Complex

in Cyprus, is the Arakapas Fault Belt, which Moores and Vine (1971)

interpreted as a palaeotransform fault. Murton (1986) explained LREE-depleted

or U-shaped CNREE patterns of lavas in the Arakapas Fault Belt, by partial

melting of mantie material associated with a once active palaeotransform fault




zone in a supra-subduction zone environment.
Evidently, features in the LALPP of Springers Hill area can be explained
by the presence of a fracture zone. If such a tectonic environment existed,

then, as the CC is older than the BIOC by 14-29 Ma (Jenner et al., in press),

relatively cold lithosphere (T < 1000°C) of the CC would be juxtaposed against

relatively hot (T=1200-1300°C) asthenosphere of the BIOC at the fracture
zone. The lithosphere would act as a thermal and mechanical boundary to the
upwelling asthenosphere (Sécher, 1981; Nicolas, 1989), and flow would be
channelled parallel to the fracture zone (Vogt and Johnson, 1975). Fluids and
magmas also would be channelled parallel to the fracture zone. Casey and
Dewey (1984) explained the association of boninites with a fracture zone by
initiation of subduction along a transform-fracture zone. In this model,
underthrusting of the CC would explain arc magmatism in the overriding BIOC.

At the present time, it is not possible to make a conclusive statement
about the possible involvement or influence of a fracture zone adjacent to the
Springers Hill area, especially as (i) the original morphology of the Mount Barren
Assemblage (which would represent the fracture zone if it existed) is open to
question (section 2.5.2), and (ii) the fabrics, textures and chemistry of LALPP
(excluding amphibole dunites and OPXT |l) are adequately explained by a
spreading centre in a supra-subduction environment. However, Suhr et al. (in
press) suggest that the proximity of a fracture zone explains many features in

the Springers Hili area. Once again, this aspect requires further investigation.
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3.10 IMPLICATION OF THE SPRINGERS HILL AREA FOR THE ORIGIN OF THE
BAY OF ISLANDS OPHIOLITE COMPLEX

The mapped area is 2 km? and is anomalous with respect to the rest of
the Lewis Hills Massif and BIOC. Nowhere else in the BIOC has such an
abundance of pyroxenite and chromitite bodies been documented. Comparison
of mineral chemistry of harzburgites and LAL pyroxenites with the data of
Malpas and Strong (1975) and Smith and Elthon (1988}, demonstrates that the
Springers Hill area may represent the most residual and depleted section of

mantle in the BIOC. This would agree with the proposed idea that the

Springers Hill area is located in a zone of extreme partial melting and magmatic

activity. The mineralogical and chemical signatures of harzburgite, OPXT | and
clinopyroxenite reflect a supra-subductionzone environment, which may or may
not be recorded in the rest of the BIOC. Jenner et al. (in press) propose that
the whole BIOC has this signature.

The mineralogy and chemistry of cumulates in North Arm Mountain need
not be explained by high pressure (P> 10 kbar) polybaric crystallization of a
MORB parent (Eithon et al., 1982), if these cumulates crystallized from
magmas of arc theoleiite composition. It is important to mention that MORB-like
chemistry is to be expected in a supra-subduction zone environment. The arc
may be built on MORB basement and MORB-type magmatism is tc be expected

as an arc evolves (Crawford et al., 1981).




3.11 SUMMARY

Three partial melting events are recorded by LALPP {excluding amphibole
dunite and OPXT Il). All occurred at P < 7-8 kbar under anhydrous or hydrous
conditions. Harzburgite was the residue from melting and extraction of low-Ti
tholeiite. These harzburgites then were intruded by boninitic magmas which
iractionated hydrous OPXT | (+ dunite and chromitite}). Subsequently, low-Ti
tholeiitic magmatism returned with the formation of anhydrous clinopyroxenite
(+ dunite and chromitite). This sequence of intrusion, and the extremely
depleted nature of all components involved, is predicted for a supra-subduction
zone setting of the Springers Hill area. The steep foliation of orthopyroxene in
harzburgite, and the parallel to subparaliel alignment of veins and dykes of
dunite and pyroxenite to this foliation, was produced as asthenosphere flowed

up below a zone of crustal accretion.

Harzburgites with slightly LREE-depleted CNREE patterns are refractory

residues from the removal of low-Ti tholeiitic magma. Addition of a component
of OPXT | or Ca-amphibole to some of these harzburgites has produced U-
shaped CNREE patterns. These modified harzburgites are a potential source of

boninitic magma.

3.11.1 Platinum Group Elements
The PGE are essentially immobile during serpentinization. Ratios of Pd/Ir

used in conjunction with CNPGE diagrams are a very powerful tool for
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understanding the petrogenesis of highly depleted ultramafic rocks where other
more conventional trace elements fail. Further development of the PGE as
petrogenetic tracers, particularly with the Re-Os isotopic pair, should be
pursued in the future. Although ophiolites have not yet yielded economic
concentrations of PGE, it is possible that pyroxenites which fractionated from

arc-related magmas may be of economic interest.




Chapter 4

CHEMISTRY AND PETROGENESIS OF
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS

4.1 INTRODUCTION

Bodies of wehrlite are diagnostic of the harzburgite ophiolite type (Table
1.1), and the occurrence of HALPPG in the Springers Hill area is in keeping with
this classification. However, the HALPPG are different from wehrlite crystal
mush intrusions in other ophiolites, as these intrusions contain orthopyroxene
and either are never found in harzburgite (Benn and Laurent, 1987; Benn et al.,
1988; Juteau gt al., 1988), or have sharp intrusive contacts with harzburgite
(Murton, 1986). The observation that the HALPPG post-date asthenospheric
deformation, is inconsistent with the model of Benn and Laurent (1987) and
Benn et al. (1988), who proposed that wehrlite intrusions are a normal product
of magmatic activity at a fast spreading centre. One feature that is common
to the HALPPG and most wehrlite intrusions is that olivine may be a cumulus
phase or a xenocryst from the mantle. The difficulty in distinguishing between
these twao origins of olivine arises because adcumulate and heteradcumulate
textures may be produced by the corrosion and recrystallization of olivine and

spinel xenocrysts during crystallization of clinopyroxene and plagioclase as




113
poikilitic grains (Violette, 1980; Nicolas and Prinzhofer, 1983; Donaldson,
1985).

According to Figure 1.5, the HALPPG do not correlate with the wehrlite-
Iherzolite crystal mush intrusions in the Mount Barren Assemblage of the CC.
These intrusions contain orthopyroxene, but otherwise possess many features
which re similar to the HALPPG (Karson et al., 1983).

The aim of this chapter is t¢ examine the processes involved in the
formatinn of the HALPPG. As discussed in section 2.5, the contemporaneity

of HALPPG, amphibole dunites and OPXT Il of LALPP, and D, shear zones and

thrust faults, is evidence of magmatic and fiuid activity in the lithosphere during

intra-oceanic thrusting and obduction of the BIOC. The magmatic activity is the
focus of this chapter, whilst the fluid activity associated with the formation of

the HALPPG is the subject of Chapter 5.

4.2 CHEMISTRY

Analytical methods are described in Appendix 1; mineral analyses of
HALPPG and LALPP-HALPPG contacts and reaction zones are presented in
Appendix 3, and whole-rock analyses of HALPPG are presented in Appendix 4.
The effects of alteration and subsolidus reequilibration on mineral and whole-

rock chemical analyses have been discussed in Chapter 3.




4.2.1 Mineral Chemistry

Unless stated otherwise, the compositions reported below are for
analyses of cores of grains.

Qlivine has a composition of Mg#=80.2-90.4 and Ni0=0.10-0.40
wt.%, and has fairly constant values of NiO with decreasing Mg# (Fig. 4.1).
Within-sample variations are limited, except in gabbros where the Mg# of
olivine varies by as much as 1.7.

Al-spinel ranges from approximately Cr# =30, Mg# =65 in dunites and
wehrlites, to Cr# =78, Mg# =22 in amphibole peridotite (Fig. 4.2}. This wide
variation also is exhibited by TiO, (Fig. 4.2). For a given Mg#, Al-spinel in
dunite has a higher Cr# than Al-spinel in wehrlite. Within-sample and within-
grain variations are present, but these have not been studied systematically.

Clinopyroxene is high-Ca diopside and occupies the compositional range
En=43.5-48.6, Fs =3.2-8.0, W0 =45.1-52.3 (with the exception of sample
L115). Iron enrichment is very limited through the compositional range from
dunite to gabbro. Variation diagrams are plotted in Figure 4.3. There is a clear
positive correlation between Mg# and CaO, whereas the converse is true of
Mg# and Al,0,. Concentrations of Na,0, TiO, and Cr,0, exhibit no systematic
change with Mg#. The Mg# of clinopyroxene is significantly higher than that
of olivine with which it is associated. The composition of clinopyroxene varies
to different degrees within a given sample.

Plagiociase has been analysed only in gabbroic parts of HALPPG.

Plagioclase is labradorite (An=66.7, Ab=33.3) to bytownite (An=75.5,




Ab =24.5) and essentially is devoid of K,0.

Ca-amphibole is pargasitic and its chemistry is described and discussed

in Chapter 5.

4.2.2 Whole-Rock Major and Trace Element Chemistry

The Ca0-Al1,0,-Mg0O (CAM) diagram reflects the modal mineralogy of
HALPPG, in that the progressive increases in abundances of clinopyroxene and
ihen plagioclase produce enrichment in Ca0O and then Al,0, (Fig. 4.4). A
surprising feature of the Na,0 +K,0-FeO(t)-MgO (AFM) diagram is that gabbros

do not show any enrichment in FeO with increase in their proportion of alkalies

(Fig. 4.4). The enrichment in alkalies essentially is caused by Na,0, which

supports the evidence from mineral chemistry that minerals in HALPPG
essentially are devoid of K,0, except for rare phlogopite. Inthe CAM and AFM
diagrams there is little evidence of olivine control on the compositional
evolution of the HALPPG.

Variations in trace element concentrations correlate with modal
mineralogy. Nickel and Cr decrease with decreasing modal abundance of
olivine and Al-spinel, respectively. Scandium and V increase with increasing
modal abundance of clinopyroxene, and Sr increases with increasing modal

abundance of plagioclase. Zirconium is concentrated in gabbro.

4.2.3 Whole-Rock Rare Earth Element Chemistry

Appendix 1 should be read before assessing the significance of REE data
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presented in this section. Howvever, because absolute concentrations of REE
in HALPPG are so much greater than those in LALPP, analyses of the former are
more reliable than those of the latter.

The CNREE patterns of HALPPG all exhibit LREE depletion with the
exception of dunite (Fig. 4.5). The evolution of CNREE patterns from dunite to
olivine clinopyroxenite is simply explained in terms of an increase in the ratio
of clinopyroxene/olivine. The shape of the CNREE pattern of the amphibole
peridotite is indistinguishable from those of wehrlite and olivine clinopyroxenite.
The CNREE patterns of gabbros are controlled by clinopyroxene and plagioclase,
and this control is in agreement with concentrations of REE in plagioclase and
clinopyroxene mineral separates from cumulate gabbros of the Oman Ophiolite
(Pallister and Knight, 1981). The CNREE patterns of amphibolite dykes are

discussed in section 4.3.

4.2.4 Mineral Chemistry of LALPP in Contact with HALPPG

The mineral chemistry of phases in LALPP in contact with HALPPG have
been examined at a scale of <40 mm unless otherwise indicated. Olivine,
orthopyroxene, clinopyroxene and Cr-spinel in LALPP all exhibit significant
changes in composition adjacent to HALPPG.

The Mg# of olivine in harzburgite (Mg# =90.9-91.9) decreases to
Mg# =89.0-90.2 adjacent to HALPPG (Mg# =80.2-90.4). Harzburgite rarely

is in contact with HALPPG as the boundary is marked by a 7-12 mm wide zone

of dunite which has olivine of Mg# =8%.3-88.5. Olivine in dykes of OPXT | has
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Mg# =89.6-90.9, but adjacent to HALPPG this decreases to 89.3. Similarly,

where UPXT | has been converted to an olivine orthopyroxenite-harzburgite
assemblage adjacent to a dyke of HAL amphibole peridotite, olivine in the
assemblage has Mg# =86.9.

Orthopyroxene in harzburgite and OPXT | adjacent to HALPPG exhibits
enrichment in CaO and Al,0, (Fig. 4.6), in addition to FeO, relative 10 the
unaffected protolith. Orthopyroxene in xenoliths of harzburgite record the
greatest change. The Mg# of orthopyroxene adjacent to HALPPG is always
lower than that not associated with HALPPG.

The composition of Cr-spinel straddles the gap between LALPP and
HALPPG (Fig. 4.7). Where amphibole dunite replaces OPXT I, spinel exhibits
a decrease in Cr# and increase in Mg#, much the same as observed for Cr-
spine! associated with Ca-amphibole in harzburgite (Figs. 3.3 and 4.7).
Concenirations of Ti0, are highiy variabie, often higher than those in HALPPG,
and almost always are higher than those in precursor LALPP (Fig. 4.7). Cr-
spinels in harzburgite intruded by HAL olivine clinopyroxenite exhibit smooth
and symmetrical increases in concentrations of V,0, and TiO,, which peak in
the HAL olivine clinopyroxenite, but show less regular patterns for Mg# and Cr#
(Fig. 4.8).

Only one case has been studied of LAL olivine clinopyroxenite in contact
with HAL olivine clinopyroxenite. On passing from LAL olivine clinopyroxenite

into HAL olivine clinopyroxenite, (i) the Mg# of olivine remains approximately

constant, (ii) the Mg# of clinopyroxene decreases, (iii) the concentrations of
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Al,0, and TiO, in clinopyroxene increase, (iv) the Cr# of spinel decreases, and

(v) the Mg# of spinel increases (Fig. 4.9).

4.2.5 Interpretation
4.2 52 HAL Gabbro

No clear fractionation trend is apparent for the HALPPG. The HAL
gabbros do not represent magma compositions because of their (i) high whole-
rock Mg#, (ii) high Mg# of olivine, and liii} positive Eu anomaly which is
supportive of textural avidence for the accumulation of plagioclase. Using
sample L294 as an example, the anorthite content (An =69) of plagioclase is
much lower than predicted for olivine of Mg# =83 with which it coexists. As
a comparison, leucogabbros in North Arm Mountain with olivine of Mg# = 76-88
have plagioclase of An =78-88 (Komor et al., 1987). This ~sscciation of high
MgO in olivine and relatively high Na,Q in plagioclase is portrayed in the AFM
diagram by the lack of FeO enrichment with increasing proportion of Na,0 (Fig.
4.4). Consequently, the HALPPG do not exhibit a tholeiitic or calc-alkaline
trend, but a trend where enrichment in FeQ is suppressed below that of the
normal calc-alkaline trend. This trend may be explained by combined
assimilation and crystal fractionation. The effect of assimilation of rocks rich
in MgO by a fractionating magma, is to produce a less FeO-enriched, more
alkaline derivative magma than would be produced by crystal fractionation
alone (Kelemen, 1986). Such a process is believed to have operated during

formation of the HALPPG and is considered in section 4.3.
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Another striking feature of the HAL gabbros is their high concentration

of Sr (320-860 ppm! These high values and associated positive Eu anomalies
(Fig. 4.5), attest to the precipitation of plagioclase. Gabbros in the BIOC have
significantly lower concentrations of Sr (60-290 ppm) (Malpas, 1976; Komor
etal., 1987; Komor and Eithon, 1990), as do gabbros from the Oman Ophiolite
(70-200 ppm) (Lippard et al., 1986). Such high concentrations of Sr in HAL
gabbros indicate that plagioclase could not have been retained in the magma
source during meiting, unless concentrations of Sr in the source were extremely
high. Alteinatively, the magma from which HAL gabbro precipitated could have

been contaminated by seawater or continental material.

4.2.5b Contacts between HALPPG and LALPP

Chemical differences between LALPP and HALPPG confirm field and
petrographic observations that these two associations are not cogenetic. This
especially is supported by steep chemical and mineralogical gradients at the
contact between LALPP and HALPPG, which imply extreme disequilibrium and
limited reequilibration, i.e., the contact represents a reaction front which has
not been smoothed by subsolidus reequilibration. The mechanisms by which
LALPP are modified are (i) by the interaction of magma and fluid as evidenced
by the presence of HAL clinopyroxene and Ca-amphibole in LALPP, and (ii) by
diffusion according to the criteria of McCaig and Knipe (1990), as evidenced

by smooth compositional variations and symmetrical profiles in Figure 4.8.

Mineral chemistry described in section 4.2.4, demonstrates that in the
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immediate vicinity of HALPPG, LALPP experience a depletion in Si, especially
by the incongruent breakdown of orthopyroxene to olivine and spinel, and an
enrichment in Ti, Al, Ca and Fe. In many cases, Cr-spinel experiences
Mg = =Fe exchange favouring Mg in the spinei structure, in order to
accommodate the increase in Al,0, as Cr-spinel evolves toward MgAl,O, by
Cr= =Al exchange. By these exchange reactions, Cr-spinel in LALPP is
converted to Al-spinel in HALPPG. AIl these compositional changes are very
similar to those reported by Evans (1985) for the Zambales Ophiolite,
Philippines, where peridotites have reacted with mafic material impregnated

from mafic dykes.

4.3 PETROGENESIS OF HIGH-AI PERIDOTITES, PYROXENITES AND GABBROS

4.3.1 Interactio: between LALPP and the Parent Magma of HALPPG
Evidence that reaction has occurred between LALPP and the parent
magma and associated fluid of HALPPG is supported by (i) reaction zones at the
contact between HALPPG and LALPP, (ii) mineral compositions in this zone that
bridge the compositional gap between LALPP and HALPPG, (iii) impregnations
of HAL clinopyroxene and Ca-amphibole in LALPP, (iv) the lack of FeO

enrichment exhibited by HALPPG, and (v) HAL gabbros having plagioclase with

a lower content of anorthite than predicted from the Mg# of coexisting olivine.




4.3.1a Assimilation and Crystal Fractionation

Several reactions best summarize the evidence for reaction of magma

ar-d its associated fluid with LALPP:
[R4.1] Mg-Ol + Opx + Cpx + Cr-Sp + Fiuid = =

Ci (lower Mg#) + Cr-Al-Sp + Ca-Amph + Phlog + Si-Fluid
(R4.2] Mg-Ol + Opx + Cpx + Cr-Sp + Magma = =

Ol (lower Mg#) + Al-Sp + Cpx {assemblage A}

[R4.3j {A} + Magma = =

Ol (even lower Mg#) + AI-Sp + Cpx + Plag {assemblage B}
[(R4.4] {B} + Magma = = Cpx + Plag

At low pressure, fluid exsolves from magma (Burnham, 1979) and a fluid
front advances ahead of the magmatic front. In so doing, it would convert
pyroxene-bearing LALPP to pyroxene-poor LALPP or dunite with affinities to
HAL dunite (reaction R4.1).

Fzactions R4.2 to R4.4 describe the evolution of the HALPPG in terms
of magma/rock ratio. In the gabbros, magma/rock ratics are highest and
plagioclase crystallizes before clinopyroxene. As the magma/rock ratio
decreases, dyke-like intrusions grade into impregnations along olivine grain
boundaries. This is observed as gabbro dykes grade into HAL dunites by the
progressive decrease in modal abundance of plagioclase and then
clinopyroxene. Hence, clinopyroxene in wehrlite represents the complete

reaction of magma with olivine. These relations explain the crystallization

sequence of plagioclase before clinopyroxene in gabbros, and the appearance
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of clinopyroxene before plagioclase in wehrlites as the proportion of
impregnated material in the olivine matrix decreases. In terms of field relations,
the highest magma/rock ratios are recorded in the northern extent of the
HALPPG, where dunite is absent and gabbro, olivine clincpyroxenite and

wehrlite are most abundant.

4.3.1b Thermodynamics and Kinetics of Reactions

Much of the discussion in this section is based on the work of Kelemen
{1986) and Kelemen and Ghiorso (1986).

Reaction between LALPP and fluid-bearing magma parental to HALPPG
was possible only if the temperature of LALPP was high enough to permit
reaction. Temperatures estimated from assemblages of hydrous phases in
amphibole dunite and OPXT Il of LALPP are 750-1050°C (section 5.4}, which
approximate the temperature of the lithosphere at the time of formation of
HALFPG. The addition of magma to the lithosphere would locally have raised
the ambient temperature at sites of reaction, and the reactions themselves may
liberate heat. Consequently, it is considered that the temperature of LALPP
was high enough to permit reaction.

Thermodynamic modelling by Kelemen and Ghiorso (1986) shows that
isothermal assimilation of olivine-rich rocks in hydrous dioritic magma is
spontaneous and exothermic because reactions involve large negative changes

in enthalpy, volume and free energy of the magma-rock system. This system

may approximate the LALPP-magma system; a negative volume change during
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reaction of magma with LALPP may have produced fracturing concordant with
S, in LALPP, as evidenced by the concordance of dykes and foliations of
HALPPG with dykes and S, of LALPP. However, upward doming of the wide
D, shear zone aroundu the northern part of the mapped area during the formation
of the HALPPG, demonstrates that the overali volume chanrge during the
formation of the HALPPG was positive. This results because not all the fiuid-
bearing magma reacted, and the volume of unreacted magma exceeded the
negative volume change produced by reaction.

Where fracturing could not be sustained, magma was injected along grain

boundaries of olivine in a manner demonstrated experimentally by Stolper

(1980) and Watson (1982). Viscosity influences the kinetics of infiltration ard
is related to the surface energy difference which determnes the equilibrium
wetting angle in a given system (Bulau and Waff, 1979; McKenzie, 1984). The J
ability of silicate magma to infiltrate is greatly enhanced by H,0, which
depolymerizes the mclten silicate phase and lowers the viscosity of the magma
(Burnham, 1979). H,0 also is important in diffusion of magmatic components
into wall-rocks, as diffusion is significantly enhanced in the presence of H,0
(Walther and Wood, 1984). Infiltration and diffusion both have been important
in producing HALPPG from LALPP (section 4,2.5b).

High activities of H,0 and alkalies in the magma would cause dissolution
of pyroxene and greatly expand the olivine stability field (Kushiro, 1975). Ca-
amphioole ard phlogopite attest to the presence of H,0 and alkalies in the

ma:gma, but the formation of clinopyroxcne from magma reacting with olivine
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suggests that activities of H,0 and alkalies were low enough to permit stability
of clinopyroxene. Amphibole dunite and OPXT Il in LALPP are evidence that
the activities of H,0 and alkalies in HALPPG were kept low by the release of
these components into LALPP.

At the present time, it is difficult to distinguish between rocks
precipitated entirely from the magma and those which have been recrystallized
and reacted in the presence of magma. Even cumulate textures and chemistry
of Al-spinel and olivine in the HALPPG are probably the product of in-sity
recrystallization of Cr-spinci and Mg-rich olivine of LALPP parentage in the

presence of the magma and its associated fluid.

4.3.2 Possible Parent Magma of the HALPPG

It has been previously stated that the HAL gabbros do not represent the
composition of the parent magma of the HALPPG. The compositions of HAL
gabbros, olivine clinopyroxenites and wehrlites do, however, reflect the
composition of the parental magma. They require that the magma was fluid-
bearing, LREE-depleted, Sr-enriched, and was capable of precipitating
plagioclase before clinopyroxene.

In the upper thrust slice in the northern part of the mapped area there are
brown amphibolite dykes <1 m wide, which intrude uncorrelated wehrlite and
gabbro. These dykes have sharp contacts with their host and exhibit variable
deformation. Three samples have been examined: SD194, SD380 (kindly

donated by S. Dunsworth) and L341, Mineralogically they consist of
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plagioclase, Ti-ferroan pargasite, clinopyroxene and minor opaques. Plagioclase

and pargasite are most abundant and the latter may reach 60 modal %.
Clinopyroxene contains abundant inclusions of pargasite. Orthopyroxene and
olivine have not been found. The amphibolite dykes have CNREE patterns very
similar to those of HALPPG (Fig. 4.5).

The amphibolite dykes have relatively low SiO,, low P,0,, high Ca0 and
high Mg#, which correlate them with diabase dykes of the Lewis Hills Depleted
Suite of Casey gt al. {1985) and Elthon et al. (1986). Petrographic and REE
data are unavailable for the diabase dykes, but they are high in Sr (117-649
ppm) (Eithon et al., 1986). All samples studied by Elthon et al. (1986) in the
vicinity of the Springers Hill area belong to the Lewis Hills Depleted Suite. The
diabase dykes of the Lewis Hills Depleted Suite are syn- to post-kinematic with
respect to deformation in the Mount Barren Assemblage (Casey et al., 1985).
These dykes often strike ENE (Casey et al., 1985), which is approximately
consistent with the orientation of HAL dykes of gabbro and olivine
clinopyroxenite. Consequently, there may be a genetic link between diabase
dykes of the Lewis Hills Depleted Suite, amphibolite dykes in the uncorrelated

wehrlite and gabbro, and the HALPPG.

4.3.3 Modelling of Magma-Rock Interactions
In order to determine whether the diabase dykes of the Lewis Hills
Depleted Suite and amphibolite dykes represent the parent magma of the

HALPPG, it is convenient to model magma-rock interactions on AFM and CAM




126
diagrams (Fig. 4.10). This modelling is at best semi-quantitative. As will be
expounded in section 4.4, it is reasonable to assume that dykes having sharp
contacts with their hosting metamorphosed mafic rocks are close to their
source region and record little if any crystal fractionation or assimilation. This
is supported by the high Mg# of amphibolite dykes (Mg# = 65-71) and diabase
dykes (Mg#=56-77 (Eithon et al., 1986)), which may be controlled by fe:roan
pargasite (Mg# =68) in the case of amphibolite dykes.

The FeQ enrichment trend followed by the diabase dykes is assumed to
represent crystal fractionation alone (Fig. 4.10a). Based on field, petrographic
and chemical evidence, reaction of the magma of these dykes and amphibolite
dykes with LAL harzburgite, dunite, OPXT | and clinopyroxenite will generate
HAL wehrlite, olivine clinopyroxenite and clinopyroxenite. HAL gabbros do not
represent complete reaction of the magma with LALPP; their Mg# is controlled
by reaction which produced clinopyroxene and perhaps olivine, whereas their
relative proportions of alkalies reflect the compositional evolution of the magma
(Fig. 4.10a}. The AFM diagram demonstrates that following reaction, the
resultant magma will have a higher Mg# than predicted from its proportion of
alkalies, i.e., plagioclase with a relatively low anorthite content can coexist with

olivine wvith a relatively high Mg#, as is observed in the HAL gabbros.

The CAM diagram (Fig. 4.10b) is more sensitive of the reactive system

magma-LALPP, because it considers proportions of element oxides that are
more sensitive of the system than the AFM diagram. The triangle HC-MA-LO

in Figure 4.10b represents the three component system of 100 % unreacted
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olivine and orthopyroxene in LAL dunite, harzburgite and OPXT 1 (LO), 100 %
HAL clinopyroxenite produced by 100 % reaction of magma with LO (HC), and
100 % magma not having experienced any reaction with LO (MA). LAL
clinopyroxenite is a minor reactant relative to LAL olivine and orthopyroxene,
and is not considered for simplicity. Most of the whole-rock compositions of
HALPPG are restricted to the triangle HC-MA-LO, which supports the field and
petrographic evidence that they are composite rocks containing variable
proportions of the end-members HC, MA and LO. The relative proportions of
these end-members in a sample, as estimated from the triangie HC-MA-LO,
agree well with the modal abundances of minerals in the sample. Problems
arise with the HAL gabbros because the proportion of unreacted magma (MA)
is overestimated due to the accumulation of large amounts of plagioclase,
which drives the composition of HAL gabbro toward anorthosite (indicated by
P in Figure 4.10b). Despite this problem, CaO/Al,0, ratios of HAL gabbros
(0.70-0.80, average 0.74) are similar to those in dykes of amphibolite {0.70-
0.76, average 0.73) and diabase (0.46-0.98, average 0.73). Consequently, the
magma controls this ratio in HAL gabbros.

In summary, CaO/Al, O, ratios and relative proportions of alkalies in HAL
gabbros reflect the composition of the magma, whereas their Mg# is controllied
by olivine and clinopyroxene produced by reaction of magma with olivine and
orthopyroxene in LAL dunite, harzburgite and OPXT |. Olivine in HAL gabbro
may represent incompletely reacted xenacrysts, which have reequilibrated to

a lower Mg# by interaction with the magma. Alternatively, olivine may have
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formed by chemical stoping (Watson, 1982), whereby chemical solution of
olivine is accompanied by simultaneous precipitation of olivine in the magma
reservoir (represented by HAL gabbro). In a magma which does not have
olivine on the liquidus, as appears t0 be the case for the amphibolite dykes, the
process of chemical stoping enables olivine to appear as a liquidus phase by
driving the magma into the olivine stability field. Considering all the evidence
presented in this section, magmas represented by the diabase dykes of the
Lewis Hills Depleted Suite and amphibolite dykes are capable of reacting with

LALPP to produce HALPPG.

4.4 THE PARENT MAGMA OF THE HIGH-AI PERIDOTITES, PYROXENITES
AND GABBROS

4.4.1 Origin of the Parent Magma

Diabase dykes of the Lewis Hills Depleted Suite were not derived from
magmas produced by partial melting of the mantle because they are not
saturated with respect to orthopyroxene (Elthon et al., 1986). Diabase dykes
(and amphibolite dykes) are significantly different in composition from MORB,
island arc tholeiites, calc-alkaline basalts and within-plate basalts (Casey et al.,
1985). In order to explain the unusual chemistry of SiO, undersaturation and
low concentrations of incompatible trace elements of diabase dykes, Elthon et
al. (1986) proposed that these dykes formed from magmas derived by partial

melting of gabbroic and troctolitic cumulates at 2-3 kbar within a fracture zone.
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This partial melting occurred under dominantly anhydrous conditions in order
to produce SiJ,-undersaturated magmas (Eithon et al., 1986). There are three
major problems with this model:

1) Fracture zones are sites of fluid circulation at temperatures as high as 900°C
(Kimball et al., 1985), where fiuid and stress induce ductile deformation and
equilibrium recrystallization of gabbro under amphibolite facies conditions
(Honnorez ¢t al., 1984). Under these conditions it is unlikely that partial
melting of gabbroic and troctolitic rocks could have occurred under anhydrous

conditions.

2) Amphibolite dykes are syn-kinematic with respect to deformation in D, shear

zones (section 2.2), and diabase dykes of the Lewis Hills Depleted Suite are
syn- to post-kinematic with respect to deformation in the Mount Barren
Assemblage (Karson, 1984). This deformation is attributed to intra-oceanic
thrusting and obduction of the BIOC and is unlikely to record deformation in a
fracture zone {section 2.5).
3) The HALPPG equilibrated at pressures of 5-9 kbar {section 2.4.4).
Evidently, it is necessary to have a period of magmatism and associated
fluid activity during intra-oceanic thrusting and obduction of the BIOC. The
composition of amphibolite dykes indicates that amphibolite in the metamorphic
sole and Mount Barren Assemblage may have been the source of this magma.
Melting under hydrous conditions is documented in amphibolites of the Mount
Barren Assemblage, where net veins and massive bodies of plagiogranite are

associated with granulite facies mafic gneiss, which is the residue of partial
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melting and magma extraction (Karson, 1984).
Plagiogranites produced by partial meiting of amphibolite are enriched in
Si0, relative to Al,0,, depleted in Sr, and enriched in LREE and Eu, because of
preferential melting-out of plagioclase and stabilization of amphibole and Ca-
plagioclase in the amphibolite residue (Helz, 1973, 1976; Pedersen and Maipas,
1984). These plagiogranite magmas are unsuitable as parents to the HALPPG.
However, continued melting of amphibolite beyond the point required for the
production of plagiogranite, or second-stage melting of the amphibolite residue
from which plagiogranitic magma had been extracted, will generate magma
approaching the composition of amphibolite. This magma will be fluid-bearing,
Si0,-undersaturated, LREE-depleted, and have a flat to positive Eu anomaly.
Such a composition is identical to the amphibolite dykes. High concentrations
of Sr in HAL gabbros attest to the melting of plagioclase and involvement of

seawvater.

4.4.2 Thermal Regime for Partial Melting of Amphibolite

Partial melting of amphibolite to produce magma saturated with
plagioclase before amphibole requires T >925°C and P(H,0) > 2 kbar (Yoder and
Tilley, 1962). Several sources of heat may produce these temperatures in
amphibolite:
1) Webhrlite-lherzolite crystal mush intrusions in the Mount Barren Assemblage
(Figure 1.5). Many diabase dykes of the Lewis Hills Depleted Suite are spatially

associated with these intrusions (Elthon et al., 1986).
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2) Subduction of a dying spreading centre (Boudier et al., 1988; Ernewein et

al., 1988).

3) Juxtaposition of hot obducted lithosphere (T =1000°C) against subducted
lithosphere (Malpas, 1979b; Boudier et al., 1988).

4) Frictional heating during obduction {Malpas, 1979b; Pavlis, 1986).

5) Thickening of the lithosphere (England and Thompson, 1984).

These sources of heat constrain distinct tectonic environments. The
question is how does all the syn- to post-kinematic magmatism recorded by
diabase dykes of the Lewis Hills Depleted Suite, amphibolite dykes,
plagiogranites, webhrlite-Iherzolite crystal mush intrusions, and HALPPG reiate

to a tectonic environment. This question is addressed in section 4.5.

4.5 ORIGIN OF BODIES OF WEHRLITE IN OPHIOLITES

Field and petrographic evidence suggests that the HALPPG are quite
different from wehrlite crystal mush intrusions in ophiolites (section 4.1). This
difference is borne out by mineral and whole-rock chemistry in the Oman
Ophiolite, where gabbros associated with wehrlite exhibit FeO enrichment and
have 50-180 ppm Sr (Lippard et al., 1986), and wehrlites have spinel of
Cr# =50-70, Mg# =5-70 and plagioclaseof An=73-95 (Erneweinetal., 1988).
Despite these differences, webhrlite crystal mush intrusions in the Oman
Ophiolite may indicate a genetic link with the environment of formation of the

HALPPG, as they are contemporaneous with magmatism at a ridge duringintra-
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oceanic thrusting and obduction of the ophiolite (Boudier et 3l., 1988; Ernewein
et al., 1988; Juteau et al., 1988). Picritic to ankaramitic dykes which are
cogenetic with these wehrlites (Ernewein et al., 1988; Juteau et al., 1988),
correlate with the Lasail Lava Unit and the Alley and Clinopyroxene-phyric lava
units, which record an arc seamount environment and a rifting event in a supra-
subduction zone, respectively (Alabaster ¢t al., 1982).

In conclusion, although the HALPPG appear quite unique, these and
wehrlite crystal mush intrusions suggest a link between fluids within
metamorphic soles derived from oceanic crust, metasomatized mantle
peridotites, and forearc igneous processes leading to the formation of wehrlite.

To test for this link, age determinations of all components involved are crucial.

4.6 SUMMARY

The HALPPG do not represent crystal mush intrusions, but an extensive
zone of lithospheric mantle metasomatized during obduction of the BIOC. Fluid-
bearing, SiO,-undersaturated, LREE-depleted, Sr-rich magmas were produced
by nartial melting of dominantly amphibole and plagioclase in amphibolite.
These magmas reacted with LAL dunite, harzburgite, OPXT | and
clinopyroxenite to produce HALPPG. A situation of this type suggests a link
between fluids within metamorphic soles derived from oceanic crust,
metasomatized mantie peridotites, and forearc igneous processes leading to the

formation of webhrlite.
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Reactions which produced the HALPPG invoived a fluid front preceding

a magmatic front. The clinopyroxene content of the reaction product is
proportional to the extent of reaction, which in turn is proportional to the
magma/rock ratin. Increasing modal abundances of clinopyroxene and then
plagioclase reflect an increasing magma/rock ratio. Unreacted magma is
represented by plagioclase, which is cumulus in HAL gabbros, and minor Ca-
amphibole. The Mg# of HAL gabbros is controlled largely by the Mg# of the
LALPP with which the magma reacted. CaO/Al,0, ratios and relative
prcportions of alkalies in HAL gabbros essentially were unaffected by reaction
and reflect the composition of the original magma and the compositional
evolution of the magma. Through reaction with LALPP, the magma evolved
toward SiO, saturation, as the precipitating ferromagnesian mineral changed
from Ca-amphibole (amphibolite dyke) to clinopyroxene (HAL gabbro dyke).
Evidently, the chemical and mineralogical composition of a magma may
change significantly during magma-rock interactions, to the point where it is
difficult to define the original composition of the magma. For example, a
magma which does not have olivine on the liquidus, may react with an olivine-
bearing solid by chemical stoping (Watson, 1982} to the point where olivine
appears on the liguidus. Such possibilities must be considered when modelling

magma evolution.




Chapter 5

COGENETIC ORIGIN FOR
AMPHIBOLE DUNITE, TYPE Il ORTHOPYROXENITE,
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS,
AND D, SHEAR ZONES

5.1 INTRODUCTION

A knowiedge of the physical and chemical behaviour of fluids is central
to our understanding of the upper mantle. Fluids have a tremendous influence
on the physics and chemistry of mineral stability, heat and mass transport,
melting, and processes of deformation and recrystalization. Much attention in
mantle petrology focuses on the influence of fluids in the development of
petrographic features and chemical variations in mantie samples. In recent
years, this has culminated in compilations devoted solely to this topic,
especially mantle metasomatism (Menzies and Hawkesworth, 1987a; Morris
and Pasteris, 1987; Nixon, 1987). Despite this interest, a hitherto poorly
documented aspect of mantle petrology is the role of fluids in ophiolite mantle
sequenc:s. Perhaps a reason for this is that magmas associated with ophiolites

often are considered anhydrous. With the occurrence of boninites and hydrous
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wehrlites in ophiolite sequences, there is a need to consider fluid activity,
This chapter attempts to place some constraints on fluid processes in
ophiolitic upper mantle, by investigating amphibole-bearing harzburgite,
amphibole dunite, OPXT Il, HALPPG, and D, shear zones in the Springers Hill
area. The field, petrographic and chemical features of these have been
documented in chapters 2, 3 and 4, and should be referred to if necessary.
Certain points are crucial and must be emphasized:
1) The HALPPG formed by reaction of fluid-bearing magma with LALPP under
lithospheric conditions. Amphibole in LALPP is concentrated at the contact of
LALPP with HALPPG. Amphibole dunite and OPXT Il are often rooted in the
rmarginal zone of HALPPG and are most abundant in D, shear zones which are
contemporaneous with HALPPG.
2) Qlivine-orthopyroxene clusters in harzburgite were produced by the
incongruent breakdown of orthopyroxene to olivine and minor spinel in the
presence of fluid (Figs. 2.7 and 2.8). In amphibole-bearing harzburgite and
amphibole dunite, grains of Cr-spinel which recrystallized in the presence of
fluid are associated with Ca-arnphibole and phlogopite (Figs. 2.9 and 2.33).
Some olivine in LAL dunite recrystallized to coarse grains in the presence of
fluid (Fig. 2.10).
3} The mineral and whole-rock chemistry of OPXT Il is very similar to that of
harzburgite. The bulk modal composition of web-textured OPXT Il and its
dunite matrix is harzburgite.

As already stated in section 2.5 and Chapter 4, these points emphasize
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that OPXT Il, HALPPG, D, shear zones and amphibole in dunite and harzburgite
are contemporaneous. They all relate to magmatic and fluid activity during

intra-oceanic thrusting and obduction of the BIOC.

5.2 MINERAL CHEMISTRY

5.2.1 Ca-Amphibole

Ca-amphibole exhibits a continuum of ccmpositions from tremolitic to
pargasitic end-members as Na+K (formula units) increases and Si (formula
units) decreases (Fig. 5.1a). Ca-amphibole in harzburgite and OPXT Il generally
is tremolitic, whereas amphibole dunite contains edenite-pargasite amphibole.
Ca-amphibo‘es in HALPPG contain a large component of pargasite, and overlap
with the compositions of Ca-amphibole in amphibole dunite and OPXT Il. Ca-
amphibole in harzburgite, amphibole dunite and OPXT Il exhibits a relatively
narrow range of Mg#, but wide range of Na +K (formula units); Ca-amphibole
in HALPPG exhibits the opposite trend (Fig. 5.1b). The Mg# of Ca-amphibole
is always higher than that of olivine and orthopyroxene with which it is
associated. An exception occurs in the web-textured OPXT Il sample L271,
where the Mg# of olivine is greater than that of Ca-amphibole. Concentrations
of TiJ, in Ca-amphibole (Fig. 5.1c) are 0.04-0.14 wt.% in harzburgite and
OPXT II, with the exception of 1.4 wt.% TiO, in the web-textured OPXT Il
sample L271. In amphibole dunites, Ti0,=0.07-0.58 wt.%. Ca-amphibole in

the HALPPG has Ti0,=0.01-3.1 wt.%. Ca-amphibole exhibits within-sample




variation of all elements.

5.2.2 Cr-Spinel

Cr-spinel exhibits significant within-grain and within-sample variation, but
certain trends have been identified. In harzburgite, Cr-spinel has a lower Cr#
where it is associated with Ca-amphibole than where it is not (Fig. 3.3a). A
detailed study of a grain of Cr-spinel associated with Ca-amphibole in
harzburgite sample L173, reveals little within-grain variation (Fig. 2.9). Within
the same sample, grains of Cr-spinel associated with Ca-amphibole cover a

wide compositional range of Cr#=59-71, Mg#=44-54. A wide range of

compositions occur in amphibole dunite (Fig. 3.3b), and extreme within-grain

variation is preserved in some samples (Fig. 5.2). Cr-spinel in OPXT li is very

similar to that in harzburgite (Fig. 3.3).

5.3 INTERACTION BETWEEN FLUID AND LOW-A! PERIDQTITES AND
PYROXENITES

5.3.1 Source of Fluid

The contemporaneity of rock types and deformation (D,) associated with
fluid, necessitates a8 common source of fluid and a well defined period of flux
of fluid. Several features support a source of fluid in, or associated with,
HALPPG: (i) the occurrence of Ca-amphibole and phlogopite in LALI’P and

HALPPG, (ii) the continuous chemical evolution of Ca-amphibole betweer
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LALPP and HALPPG, (iii) the rooting of some amphibole dunites and OPXT Il in

the marginal zone of HALPPG, (iv) the syn-kinematic formation of HALPPG with

D,, and (v) the common occurrence of amphibole dunite and OPXT Il in D,

shear zones.

5.3.2 Incongruent Breakdown of Orthopyroxene to Olivine

Bowen and Tuttle (1949) showed that orthopyroxene transforms to
olivine in the presence of H,0-fluid. This concept has since been applied to the
formation of dunite bodies by the metasomatic transformation of harzburgite
in the Canyon Mountain Ophiolite, northeast Oregon (Dungan and Avé
Lallemant, 1977). Many of the features described by Dungan and Avé
Lallemant (1977) are found in the Springers Hill area, such as the replacement
of orthopyroxene by amphibole, and the abundance of amphibcle dunite at the
contact between dunite and OPXT I.

Olivine-orthopyroxene clusters in harzburgite formed at the same time as
amphibole dunite and OPXT iI; all formed in the presence of fluid. The clusters
are poorly equilibrated and represent the incongruent breakdown of
porphyrociasts and neoblasts of orthopyroxene to olivine and minor spinel.
Breakdown occurred locally, in-sity, and at a grain by grain scale, depending on
the presence of fluid. Grains of orthopyroxene at different stages of
breakdown, attest to heterogeneous distribution of fluid in harzburgite. The
conversion of orthopyroxene to olivine or Ca-amphibole appears isovolumetric.

Silica is liberated by the conversion of orthopyroxene to olivine (Nakamura and




Kushiro, 1974); the consequence of this is addressed in section 5.3.4.

5.3.3 Formation of the Assemblage Phlogopite-Amphibole-Olivine-Spinel
The assemblage phlogopite-amphibole-olivine-spine! is found in LALPP
and HALPPG. Phlogopite and amphibole are important constituents of many
mantle xenoiiths in kimberlites and alkali basalts, but they are rare in orogenic
and ophiolitic peridotites. In both occurrences, spinel and hydrous phases are
associated, but two different modes of formation are postulated:
1) In the orogenic and ophiolitic peridotites, the hydrous phases usually are
associated with chromite in podiform chromitites. Inclusions of olivine, ortho-
and clinopyroxene, edenite-pargasite amphibole, phlogopite and plagiociase
occur in chromite (Johan et ai., 1983; Talkington et al., 1984; Augé, 1987;
Leblanc, 1987; Leblanc and Temagouit, 1989; Bacuta et al., 1990). An
extensive discussion of the origin of these inclusions is inappropriate here. it
is sufficient to say that .ne silicate inciusions in chromite are believed to be
magmatic phases crystallized at high temperature with their chromite host
(Talkington et al., 1984; Augé, 1987; Bacuta et al., 1990).
2) Based on textural criteria from xenoliths sampled by kimberlites, spinel and
hydrous phases often are associated as a result of metasomatic reaction.
Phiogopite frequently is observed replacing orthopyroxene {(Kushiro and Aoki,

1968; Dawson, 1987; Hatton and Gurney, 1987; Erlank et al., 1987), and

garnet and clinopyroxene (Hatton and Gurney, 1987; Erlank et al., 1987).

Phlogopite forms more easily from orthopyroxene than clinopyroxene or garnet,
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as the latter minerals possess substantial amounts of Ca which cannot be
accommaodated in the structure of phlogopite (Hatton and Gurney, 1987), Of
course, Ca is involved in the formation of amphibole. Spinel, as a reaction
product, is an essential constituent where phlogopite replaces garnet, olivine,

and ortho- and clinopyroxene; the amount of Cr-spinel in phlogopite-bearing

garnet peridotites is indicative of the amount of garnet replaced (Erlank et al.,

1987). In metasomatic reactions, amphibole appears generally after phlogopite,
but in rare cases, pargasite and edenite accompany replacement of garnet by
phiogopite (Erlank et al., 1987).

The textural relations of the assemblage phlogopite-amphibole-olivine-
spinel (Figs. 2.9 and 2.33), and the occurrence of such an assemblage in
harzburgite, which is a refractory residue from partial melting and complete
removal of magma, disagree with a magmatic origin. A metasomatic origin for
phlogopite and amphibole is more likely, but garnet and clinopyroxene were not
present as reactants, and orthopyroxene was low in Al,0,. Cr-spinel could
have supplied Mg and A' needed for the production of phlogopite and edenite-
pargasite amphibole. Cr-spinel was present in the rock prior to metasomatism,
and would have also been produced by the incongruent breakdown of
orthopyroxene to olivine. The involvement of Cr-spinel in reaction is supported
by its variable Cr# and Mg# in amphibole dunite, and its textural disequilibrium
with respect to phlogopite and Ca-amphibole.

The formation of olivine-amphibole-spinel symplectitic intergrowths (Fig.

2.33) can be accounted for by reaction R5.1 (Jenkins, 1983; Schneider and




Eggler, 1986; Piccardo et al., 1988):

[R5.1] Opx + Cpx + Sp + Fluid == Q! + Amph

The reaction involves clinopyroxene. With the exception of LAL
clinopyroxenite, which appears to be a relatively minor reactant, protoliths for
the metasomatites did not contain significant clinopyroxene or Ca. However,
significant quantities of Ca were contained in the fluid-bearing magma which
was parental to the HALPPG.

In summary, Ca-amphibole and phlogopite could not have been produced
from LALPP simply by the addition of H,0, although Mg and Al could have been
supplied by orthopyroxene and Cr-spinel. Mineral chemistry of hydrous phases
suggests that at the site of formation of Ca-aimphibole and phlogopite the fluid
contained appreciable concentrations of Ca, Na, K, Ti, Al and H,0. The

breakdown of orthopyroxene during reaction liberated Si into the fluid.

5.3.4 Origin of Type Il Orthopyroxenite

Field relations, petrography, and mineral and whole-rock chemistry are
supportive of a non-cogenetic origin for OPXT Il and OPXT I, but a cogenetic
origin for OPXT II, amphibole dunite and HALPPG. The fluid-bearing magma
parental to the HALPPG had alkaline affinities (Chapter 4). The fluid ex;olved
from this magma, or liberated during the reaction of this magma with LALPP,
was SiO,-undersaturated. This fluid reacted with Cr-spinel and LAL pyroxene,

and Si was liberated. Reaction continued until the fluid equilibrated with LAL

pyroxene, i.e., until the fluid was saturated with Si. At this point, the fluid was
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in equilibrium with harzburgite, OPXT 1 and LAL clinopyroxenite, but in
disequilibrium with dunite. Consequently, as the Si-saturated fluid passed from
harzburgite, OPXT | or LAL clinopyroxenite into dunite, it reacted with olivine
to form pyroxene (reaction R5.2):

(R5.2) 0Ol + Si-saturated Fluid = = Px + Si-undersaturated Fluid
Fluid in equilibrium with harzburgite and OPXT | reacted to form OPXT II.
Clinopyroxenite in websteritic veins associated with OPXT [l, indicate that the
fluid was in equilibrium with LAL clinopyroxenite. The scarcity of clinopyroxene
associated with OPXT I, agrees with the field evidence that LAL
clinopyroxenite was a relatively minor reactant with respect to harzburgite and
OPXT I. Such an origin for OPXT Il is similar to the hydrothermal production
of pyroxene according to Bowen and Tuttle (1949). In keeping with their
model, OPXT |l does not extend into the HALPPG, which are the source of
fluid.

Similar fluid-rock interactions have been documented in other localities.
A classic example are the pyroxenite-amphibolite layers in the Seiad Complex,
California, which have a hydrothermal origin (Loomis and Gottschalk, 1981).
Tnese authors stated that as a fluid equilibrates with peridotite, the
hydrothermal pyroxenes that precipitate will be similar in composition to those
in the peridotite. The OPXT |l have the modal composition of harzburgite,
when considered as a bulk sample with their dunite host, and have mineral

chemistry and CNPGE patterns similar to harzburgite. These features are proof

that OPXT Il precipitated from fluid that was in equilibrium with harzburgite.




5.4 CONDITIONS OF PRESSURE AND TEMPERATURE

Before examining the compositional evolution of the fluid from which
hycdrous phases precipitated (section 5.5), it is necessary to define T, P
conditions because the composition of Ca-amphibole varies with T and P
(Jenkins, 1983). Fluids are associated with HALPPG, which record maximum
T, P conditions of equilibration of 875-1050°C, 5-9 kbar (section 2.4.4). The
assemblages of minerals in amphibole-bearing harzburgite, amphibole dunite and
OPXT Il span the T, P range of 750°C, 5 kbar, for the breakdown of chlorite
(Zen, 1972}, to 1050°C, 6 kbar for the upper limits of stability of pargasite and
phlogopite (Holloway, 1973; Westrich and Holloway, 1981; Montana and
Brearley, 1989). The upper limit of siability of Al-tremolite is 870°C, 6 kbar
(Jenkins, 1983). LAL dunites and amphibole dunites that are unaffected by D,,
may preserve coarse granular olivines containing inclusions of Ca-amphibole.
This is evidence of growth of olivine in the presence of fluid at temperatures
of about 1000°C (secticn 2.3.7).

The wide range of temperature has important consequences for the
stability of hydrous phases: {i) phlogopite and pargasite formed at about

1000°C by reaction of a fluid that caused recrystallization of olivine to coarse

grains in areas not experiencing D,; (ii) tremolite and pargasite formed a

continuous series of solid solution at about 850°C (Oba, 1980), which suggests
that phlogopite and coarse grains of olivine formed at this lower temperature

in the presence of fluid.
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Although the intrusion of fluid-bearing magma may have caused local
heating, fluids are important transporters of heat (Bickle and McKenzie, 1987)
and should have carried heat into LALPP. A fairly constant thermal regime,
therefore, is likely for the formation of hydrous phases. This is supported by
the occurrence of tremolitic 2and edenitic amphibole in the same sample, with
no overgrowth of one on the other. Consequently, Ca-amphibole and
phltogopite formed at approximately 900°C, and compositional variations
between tremolite and pargasite end-members are due to solid solution. This
is corroborated by Dahl and Watkinson (1986), who estimated T <3800°C for

D, shear zones in the Springers Hill area.

5.5 CHEMISTRY OF FLUID

In Chapter 4 it was demonstrated that HALPPG formed by the interaction
of fluid-bearing magma with LALPP. This magma is arguably represented by
amphibolite dykes located in the uncorrelated wehrlite and gabbro in and
adjacent to the Springers Hill area. In keeping with this, the compositions of
these dykes will be used as an approximation of the ultimate source of the fluid

which reacted with LALPP. In the amphibolite dyke sample L341, Ca-

amphibo'e is ferroan pargasite of Mg# =68 and has 3.3 wt.% TiO,.




5.5.1 Mineral Assemblages and Amphibole Chemistry
5.5.1a Fluid/Rock Ratio

Two reactions govern the assemblages of minerals arising from
metasomatism. The first involves the disappearance of orthopyroxene and
formation of amphibole (sections 5.3.2 and 5.3.3), whereas the second
involves the formation of orthopyroxene as OPXT |l (section 5.3.4). The former
is considered here.

With increasing metasomatism, the assemblages of minerals change in
the sequence: olivine-orthopyroxene-spinel (unmetasomatized harzburgite and
OPXT I)—-olivine-orthopyroxene-spinel-tremolite--olivine-spinel-edenite-phlogopite
(amphibole dunite)--olivine-spinel-clinopyroxene-plagioclase-pargasite-phlogopite
(HALPPG). Largely, this sequence correlates with the fluid/rock ratio as
estimated from the abundances of orthopyroxene and Ca-amphibole. Ca-
amphibole exhibits enrichment in Ti, Al, Fe, Na and K, and depletion in Si and
Mg, as fluid/rock ratio increases, i.e, as the occurrence of Ca-amphibole
changes from rare, dominantly interstitial grains in harzburgite, to more
abundant and occasionally poikilitic grains in HALPPG. These trends correlate

with progressively larger volumes of fluid (Best, 1974), and have the effect of

increasing the apparent metamorphic grade of amphibole (Jenkins, 1983),

because of the solid solution series between tremolite and pargasite (Oba,
1980). Hydrating the assemblage olivine-orthopyroxene-spinelis retrogressive,
which is the opposite of what the chemistry of Ca-amphibole indicates. This

apparent contradiction is explained by looking at smail volumes of fluid. Within
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a given sample of harzburgite, Al-tremolite replaces orthopyroxene, whereas
edenitic amphibole and phlogopite occur in textural disequilibrium with spinel.
This suggests that the Al required in metasomatic reactions was provided
dominantly by the phase being replaced, and does not relate to the volume of
fluid involved when the volume is relatively small. When fluid volumes are
large, as indicated by extensive metasomatism, the chemistry of amphibole

correlates with the volume of fluid (Best, 1974).

5.5.1b Sodium and Potassium in Hydrous Phases

Ratios of Na/K of the fluid change through fractionation and reaction.
A feature of this is the zonal distribution of hydrous phases in grains of Cr-
spinel, where phlogopite occurs in the core and Ca-amphibole at the rim (Figs.
2.9 and 2.33). On a much larger scale, Arai (1986) attributed decreasing
phlogopite/amphibole ratios in upper mantle peridotites to fractionation of rising
metasomatic fluids. Similarly, K/(K + Na) ratios of phlogopites in the Horoman
Peridotite Complex, Japan, reflect this fractionation (Arai and Takahashi,
1989).

The variation of Na +K (formula units) and Mg# of Ca-amphibole (Fig.
5.1b), demonstrates that Na +K in HALPPG is controlied by that of the parent
magma (pargasite in amphibolite dykes has Na+K=0.874 formula units),
whereas Mg# is controlled largely by the Mg# of LALPP which HALPPG

replaced. The same conclusion was reached in Chapter 4, where the Mg# of

olivine in HAL gabbros was higher than expected for the alkali content of
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coexisting plagioclase. Consequently, reaction of magma and fluid with LALPP
has a much greater influence on the composition of ferromagnesian minerals
formed in HALPPG, than does simple fractionation. The alkali content of these
minerals is controllied by that of the parent magma or fluid. Because Ca-
amphibole is a ferrom.agnesian mineral with a relatively high concentration of
Na,0, it records the alkali content of the fluid from which it precipitated, but
its Mg# is controlled by that of LALPP. As such, the composition of Ca-
amphibole is a very powerful too! for monitoring the extent of reaction (Mg#)

and fractionation (Na +K) of magma or fluid.

5.5.2 Rare Earth Elements

The CNREE patterns of amphibolite dykes and HAL amphibole peridotite
are LREE-depleted, whereas those of LAL amphibole dunite, OPXT Il and
amphibole-bearing harzburgite are U-shaped, but overall more depleted (Fig.
5.3). These patterns are controlled by Ca-amphibole, as it has the highest
mineral/matrix partition coefficients for REE of any phase in these rock types
(Fig. 3.7; see Arth and Barker (1976) for comparison of partition coefficients
of hornblende and plagioclase). Consequently, the CNREE patterns in Figure
5.3 trace the evolution of fluid by assimilation of LALPP and fractionation of
Ca-amphibole. With progressive evolution, the fluid evoives from SiQO,-
undersaturated and LREE-depleted (amphibolite dykes and HAL amphibole

peridotite), to SiO,-undersaturated and LREE- and Eu-enriched (amphibole-

bearing harzburgite and amphibole dunite), and SiO,-saturated and LREE- and
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Eu-enriched (OPXT Il). This is much the same origin as for LREE and Eu
enrichment in trondhjemitic-tonalitic magmas (Arth and Barker, 1976). The
negative Eu anomaly of the web-textured OPXT Il must be treated with caution,

as Pr-Tb values are affected by the blank and fall below the limit of detection.

5.5.3 Platinum Gioup Elements

Data are not available for the PGE content of the fluid. The CNPGE
patterns of harzburgite, chromitite and OPXT Il are similar (Figs. 3.6a, b and g,
respectively), which suggests that the fluid from which OPXT Il precipitated
was in equilibrium with harzburgite and Cr-spinel. This is in total agreement
with mineral chemistry.

The CNPGE patterns of amphibole dunite (Fig. 3.6h) reflect the pattern
of their protolith, i.e., OPXT | (Fig. 3.6e). During metasomatism,
concentrations of Os, Ir, Ru and Rh in the whole-rock were unaffected,
whereas Pt and Pd were removed. The greatest loss of Pt and Pd is recorded
for the most extensively metasomatized sample, where minor orthopyroxene
remains from OPXT |. This fractionation of the PGE may be produced by high
temperature, Cl-bearing, supercritical fiuids (Mitcheif and Keays, 1981; Keays
et al., 1982; Ballhaus and Stumpfl, 1986; Boudreau et al., 1986; Wood, 1987).
An important conclusion is that the concentrations of Os, Ir, Ru and Rh can be
used as a fingerprint of the rock type which existed prior to metasomatism,

whereas the REE reflect the composition of the fluid that caused

metasomatism. This property of the PGE should be a very powerful tool in
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defining the composition of a rock type prior to metasomatism, where there is

little or no record remaining of that rock type.

5.5.4 H-O-C Species in Fluid

Fluid inclusions in olivine of the mantle are typically found to be of co,
(Roedder, 1965). Inclusions in olivine in the Springers Hill area have not been
investigated and their compaosition is unknown. However, the absence of
carbonate in metasomatic assemblages in the area, suggests that
H,0/(H,0 + CO,) ot the fluid was high. The ability of the fluid to dissolve SiO,
supports this, as there is a marked increase in the solubility of Si0Q, in H,0-fluid
relative to H,0-CO,--fluid (Walther and Orville, 1983). The CNPGE patterns of
amphibole dunites, suggest that Cl was present in the fluid. Consequently, the
fluid appears to have been H,0-rich and Cl-bearing. The ultimate provenance
of such a fluid could be seawater, which is consistent with the origin of the
fluid-bearing magma of the HALPPG, by partiai melting of oceanic crust that
had been altered to amphibolite by seawater interaction. In support of this,

Peacock (1990) estimated that hydrothermally altered oceanic basalts and

gabbros contain 1-2 wt.% H,0 and 0.1 wt.% CO, bound in minerals.
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5.6 TRANSPORT OF FLUID

Magmatic and fluid activity associated with the formation of HALPPG is
contemporaneous with the D, event, which is attributed to deformation during
obduction of the BIOC (section 2.5). Fluid migrated by two distinct processes:
(i) by migration along grain boundaries as evidenced by interstitial Ca-
amphibole; (ii) by flow along shear zones. The latter is oy far the most
important mechanism of fluid transport, and attests to the importance of D,
shear zones in focusing fluid flow during obduction of the BIOC. Consequently,
metasomatism is most prevalent in shear zones. Shear zones probably
nucleated in zones of high pore fluid pressure, as evidenced by the rooting of
OPXT Il ribbon mylonites in the marginal zone of HALPPG. The olivine-
orthopyroxene-amphibole banding developed in ribbon mylonites may not
represent metamorphic differentiation, but lit-par-lit injection along shear zones

of fluids at different stages of their evolution.

5.7 SUMMARY

The kinetics and mode of fluid migration will govern the type and extent
of reaction between fluid and wall-rock. A fluid unable to equilibrate with the
environment through which it migrates, will reflect the composition of its

source; a fluid experiencing continuous equilibration with its wall-rock, will

reflect the composition of the rock with which it last equilibrated.
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The compositions of hydrous phases produced by metasomatic reactions
involving small volumes of fluid, strongly reflect the composition of the solid
phase(s) involved in reaction. Forexample, in a given sample, Al-tremolite was
produced by fluid reacting with orthopyroxene, and edenitic-pargasitic
amphibole and phlogopite were produced by reaction of fluid with Cr-spinel.
This reflects the microscopic scale. As the volume of fluid increases, so the
compositions of precipitated hydrous phases reflect more the composition of
the fluid; hydrous phases will also reflect variations in the bulk composition of
the protolith. This reflects the megascopic scale.

Caution must be exercised when using modal proportions of hydrous
phases to estimate fluid/rock ratios. Consider a fixed volume of fluid fluxing a
fixed volume of rock in which olivine remains a stable phase, and let the
volume of fluid be in excess of that required to completely replace
orthopyroxene in harzburgite and orthopyroxenite by amphibole. The
metasomatite produced from orthopyroxenite will have a higher modal
abundance of amphibole and will appear to record a higher fluid/rock ratio than
the metasomatite produced from harzburgite, and yet both protoliths
experienced the same fluid/rock ratio. Consequently, modal proportions of
hydrous phases can be used as an indication of fluid/rock ratio, provided that
similar protoliths are considered. Fluid/rc .. ratios can be estimated when
different protoliths are involved, by using O< #, Ru and Rh as a fingerprint of

the protoliths, as these PGE appear essentially immobile during metasomatic

reactions. H,0-fluid does not appear to carry significant concentrations of PGE,
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especially Os, Ir, Ru and Rh, at 800-900°C, and is unlikely to add these PGE to

metasomatites during metasomatism.

5.7.1 Mantle Sources of Boninitic Magmas

The formation of olivine-orthopyroxene-spinel-amphibole assemblages
with U-shaped CNREE patterns and positive Eu anomalies could be an important
mechanism by which to generate the mantle source of boninites. Boninites
derived from such a source would have positive Eu anomalies, which is in
contrast to those that would be produced by partial melting of harzburgites
containing a component of OPXT |, which have negative Eu anomalies {section
3.5.4).

Fluids from which OPXT Il formed were boninitic, in that they had a high
Mg#, were SiO,-saturated, and had U-shaped CNREE patterns. These fluids
were in equilibrium with Cr-spinel and harzburgite, which is a requirement of
boninite genesis. Some OPXT II ribbon mylonites are 1-2 m wide, which
suggests that large valumes of boninitic fluid may have been transported away
from the Springers Hill area via shear zones during the formation of HALPPG.
If this wvere the case, then aithough HALPPG and wehrlite bodies in other
ophiolites do not have compositions anywhere approaching those of boninites,
they may be an essential source of fluid and heat for the generation of high-
MgO, SiO,-saturated magmas or fluids. Once again, this emphasizes the

importance of fluids within metamorphic soles derived from oceanic crust,

metasomatized mantle peridotites and pyroxenites, and forearc magmatic and




153

fluid processes leading to the formation of wehrlites and high-MgQ, SiO,-
saturated magmas or fluids (section 4.5). Plagiogranites with U-shaped CNREE
patterns may be the evolved component of the boninitic fluid. Some

plagiogranites in the Mount Barren Assemblage may represent this component,

but a genetic link cannot be made without a detailed study of the bodies.




Chapter 6

SUMMARY

6.1 CONCLUSIONS FROM THIS STUDY

Integrated field, petrographic and chemical studies of veins and dykes in

ophiolite mantle peridotites can be used to construct a sequence of magmatic

events in much the same way as can be done for the extrusive sequences of
ophiolites. Modellingis required to determine the origin of minera!l and chemical
compositions of extrusive sequences, whereas studies in the mantle allow first-
hand definition of the processes by which these compositions arise.

The Springers Hill area of the Lewis Hills Massif, BIOC, is a section of
extremely heterogeneous ophiolitic upper mantle which devzloped in a supra-
subduction zone environment. Harzburgite, dunite, chromitite, OPXT | and
clinopyroxenite of LALPP, formed at pressures of <7-8 kbar during upwelling
of asthenosphere below a zone of crustal accretion. Harzburgite formed as a
refractory residue from partial melting and complete removal of low-Ti tholeiitic
magma. Harzburgite was intruded by hydrous boninitic dykes wvhich
fractionated OPXT | (and associated dunite and chromitite), and these were
intruded by dykes of anhydrous low-Ti tholeiite which fractionated

clinopyroxenite (and associated dunite and chromitite). This sequence was
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metasomatized at 5-9 kbar in the lithosphere, by fluid-bearing magmas that
were produced by partial melting of underthrust amphibolitized oceanic crust
during intra-oceanic thrusting and obduction of the BIOC. The metasomatites
are HALPPG, and amphibole dunites and OPXT Il of LALPP. These document
a link between amphiboiite and granulite facies oceanic crust in metamorphic
soles of ophiolites, metasomatized mantle peridotites, and forearc igneous

processes leading to the formation of wehrlitic bodies.

6.1.1 Types of Harzburgite

Harzburgites that are products of extreme partial melting and complete
magma extraction should have positive sioping CNREE patterns, relatively low
Ca0/Al,Q, ratios, and Pd/lr<<1. There are several ways of producing U-
shaped CNREE patterns in harzburgites:
1) By impregnation of boninitic magma, or by mechanical mixing of
onhopyroxenite precipitated from boninitic magma. These harzburgites have
Ca0/Al,0, ratios higher than expected, Pd/Ir>1, and may have negative Eu
anomalies. Harzburgites with these characteristics may also form from dunites.
2) By introducing minor Ca-amphibole which precipitates from SiO,-
undersaturated fluid that previously fractionated hornblende. These
harzburgites have Ca0/Al,0, ratios higher than expected, Pd/Ir ratios similar to
those of the harzburgite prior to introduction of fluid, positive Eu anomalies, and

orthopyroxene partially replaced by olivine and Ca-amphibole.

3) By formation of orthopyroxene by reaction of dunite with SiO ,-saturated fluid
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that had previously fractionated hornblende. These harzburgites have the
chemical characteristics of the olivine-orthopyroxene assemblage with which
the fluid was in equilibrium.

If these harzburgites with U-shaped CNREE patterns are homogenized by
deformation in the upper mantle, they will not exhibit textural evidence for
processes (1) to (3). Formation of harzburgite in this way, may explain the

absence of a simple parent-daughter relatiunship between crust and mantle in

many ophiolites, because harzburgite is a nybrid rock with mineral chemistry

and textures indistinguishable from those of a true residue. However, these

harzburgites are potential sources of boninitic magmas.

6.2 IMPORTANCE OF THE SPRINGERS HILL MANTLE SECTION TO MANTLE
PETROLOGY

Similar physical and chemical processes of interaction of rocks, magmas
and fluids occur in all tectonic environments, but compositions differ. The
results from this study are specifically pertinent to processes in ultramafic rocks
at pressures <10 kbar (30 km depth) in the mantie wedge of a subduction
zone, and more generally to processes in ultramafic rocks over a wide range of
temperature and pressure in all tectonic environments. It is at shallow depth
that fluid exsolves from magma (Burnham, 1979), and this is where significant
changes will occur in fluid, magma and wall-rock compositions, as found in the

Springers Hill area.
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6.2.1 Processes in the Mantle Wedge of a Subduction Zone
Subduction zones are one of the most dynamic parts of the Earth and
processes in them have fundamental consequences for energy and chemical
budgets in the asthenosphere-lithosphere-hydrosphere system. Although the
volume of magma reaching the Earth’s crust is relatively small in comparison
to mid-ocean ridges, the processes in subduction zones have important
implications for the generation of crust in island arcs and continents. The
petrogenesis of HALPPG, and LAL amphibole dunite and OPXT Il is directly
applicable to studies of assimilation and hybridization of peridatites by fluid-
bearing mafic and felsic magmas. Thus, itis suggested that the magmatic and
fluid processes associated with the formation of these HALPPG and LALPP are
applicable to the deeper levels of subduction zones, which are important for
production of magmas of the calc-alkaline rock series. Studies of these deep
processes have concentrated on experimental phase relations (Green and
Ringwood, 1968; Sekine and Wyllie, 1982b, 1983; Carroll and Wyllie, 1989),
and modelling of reactions and phase relations (Sekine and Wyilie, 1982a, c¢:
Wyllie and Sekine, 1982; Kelemen, 1986, 1990). Such studies are hampered
by the lack of mantle exposure and this is why the Springers Hill area is so

important for these studies.

6.2.2 Mantle Heterogeneity

Although the Springers Hill area may represent an exceptional piece of

uppermost mantle because of its abundance of peridotites and pyroxenites
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which formed over a period of time from distinctly different sources, it
demonstrates the extreme mineral and chemical heterogeneity which may be
present in the upper mantle. The heterogeneity arises from mechanical mixing,
and magma and fluid intrusion, impregnation and reaction. Small volumes of
magma or fluid (McKenzie, 1989; Menzies, 1990) derived from heterogeneous
mantle will very effectivel; transfer heterogeneities to other regions of
asthenosphere or lithasphere, whereas larger volumes will not, due to
homogenization in the resulting magma or fluid. The latter is partly dependent
on the mode of melting, as successive batches of magma produced by
equilibrium modal melting will be relatively homogeneous with respect to those

produced by non-modal melting.

6.2.3 Mantle Xenoliths

Several important points are applicable to the study of mantle xenoliths
where there is not the advantage of a regional overview:
1) The mantle is extremely heterogeneous on a sub-km scale, and xerncliths
that are derived from adjacent parts of the mantle may reflect very different
environments even if they record similar pressures and temperatures.
2} Xenoliths having cumulate textures may be products of extreme textural
and chemical reequilibration of non-cumulate mantle material in the presence

of magma or fluid. An example of this are the dunites, wehrlites and olivine

clinopyroxenites of the HALPPG.
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Appendix 1

ANALYTICAL METHODS

A1.1 MINERAL ANALYSES

Silicate minerals were analysed at Dalhousie University using a JEOL 733
automated electron microprobe. Spinels were analysed at Memorial University
using a JEOL JXA-50A automated electron microprobe. Both machines utilize
wavelength dispersive spectrometers.

Operating conditions for the JEOL 733 electron microprobe were 15 kV
accelerating voltage, 5 nA beam current, 10 ym diameter electron beam, and
40 seconds counting time for each element. Data was reduced with a Tracor
Northern data processor using ZAF matrix correction. Only one calibration was
required for all silicates analysed, which was based on natural mineral
standards and Cr metal.

Operating conditions for the JEOL JXA-50A electron microprobe were
15 kV accelerating voltage, 22 nA beam current, 10 ym diameter electron
beam, and 30 seconds counting time or 80000 counts for each element. Alpha
corrections (Bence and Albee, 1968) were used in data reduction. Two
calibrations were required because of the compositional variation of spinel in

LALPP (high Cr#) and HALPPG (low Cr#); these were based on spine! standards




200
53IN8 (12.82 wt. % Al,O,, 49.31 wt.% Cr,0,) and SPIN-B {59.40 wt.% Al,0,,

8.05 wt.% Cr,0,), respectively, and other natural mineral standards and
metals.

Accuracy and precision are reported in Table A1.1. Precision, measured
as the coefficient of variation (COV), generally is <6 %. The high COV of NiO
and Cr,0, in silicate standards, would appear to result from heterogeneity
associated with the standard. Analyses of apparently homogeneous silicates
in samples, give COV <6 % for both these oxides. Two tests were undertaken
to examine the poor accuracy of Cr,0, indicated by analyses of the Cr-diopside
standard: (i) the spinel standard 53IN8 at Dalhousie University was analysed
using the same calibration as for Cr-diopside, and results were within + 2 % of
the accepted value; (ii) several grains of clinopyroxene in samples of LALPP
were reanalysed at Memorial University, and excellent agreement was obtained.

Hence, values of Cr,0, appear both accurate and precise.

A1.2 WHOLE-ROCK MAJOR ELEMENT ANALYSES

A1.2.1 Preparation of Rock Powder
Samples selected for whole-rock analyses were trimmed to remove

weathered surfaces, and broken into chips { <10 mm diameter) using a steel

jaw crusher. Chips were washed, dried, and ground in an agate puck mill for

atleast 6 minutes until a fine powder was obtained. This powder was used for

all whole-rock analyses. The use of agate for grinding should not produce
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measurable contamination (Hickson and Juras, 1986).

A1.2.2 Samples Analysed at Memorial University

Major element analyses were obtained by atomic absorption
spectrophotometry using a Perkin-Elmer digitized spectrophotometer at
Memorial University. Samples were prepared for analysis using the following
procedure. Add 5 ml concentrated HF to 0.1000 g of rock powder in a
digestion flask. Tightly cover and heat for 30 minutes on a steam bath (residue
should be white}). Remove from heat, cool, and add exactly 50 mi saturated
boric acid solution. Place back on steam bath until solution is clear. Remove,
cool, add exactly 145 mi distilled H,0, cover and shake. This solution is
treated with lanthanum oxide solution for the determination of CaO and MgO.
FeO was determined by dissolving rock powder in HF and ammonium
metavanadate, adding ferrous ammonium sulphate, and titrating the solution
against potassium dichromate (Wilson, 1955); Fe,0, = Fe,0,(total) - (1.1114
x FeO). P,0; was determined by calorimetry. Loss on ignition (LOI) was
determined after heating a known amount of rock powder at about 1000°C for
2-3 hours.  Accuracy and precision are given in Table A1.2. Values of 0.42
wt. % Al,0, were obtained for USGS peridotite standard PCC-1 by this method,
which are much lower than the accepted vatue of 0.67 wt. % from Govindaraju
(1989). This low yield of Al O, resulted from incomplete dissolution of spinel,

even when the rock powder was treated with aqua regia.




A1.2.3 Samples Analysed at the Department of Mines and Energy

In order to determine Al,O,, samples were analysed by atomic absorption
spectrophotometry at the Mineral Development Division of the Department of
Mines and Energy, Government of Newfoundiand and Labrador. Samples were
prepared using the following procedure. Place rock powder (0.1000 g) in a
graphite crucible and mix with 0.5 g LiBO,. Fuse mixture for 1 hour at 1000°C
and transfer to a digestion bottle containing 25 mi 4 % HC! and 5 ml
concentrated HF. Place bottle in steam bath at 90°C for 1.5 hours, remove,
add 50 ml saturated boric acid solution, and return to steam bath ‘or a further
1.5 hours. Cool and make up to volume.

Values of Al,O, are very accurate and precise (Table A1.2). Standard
PCC-1 was analysed by both methods and excelient agreement was obtained
for all oxides except Al,0,. Consequently, the incomplete dissolution of spine!

has relatively little effect on concentrations of major element oxides except

AL, O,

A1.3 WHOLE-ROCK TRACE ELEMENT ANALYSES

Trace element analyses were obtained on pellets of pressed powdered

sample (10 g sample, 1.45 g Bakelite brand phenolic resin binder) using a

Philips PW1450 X-ray fluorescence spectrometer at Memorial University. TiO,,

Sc, V, Cr, Ni, Cu and Zn were determined using the TRACE2 program, whilst

Rb, Sr, Y and Zr were determined using the TRACE4 program.
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Accuracy and precision are given in Table A1.3. Probiems exist with the
determination of Cu, as there are Cu-bearing components in the Philips
machine. For this reason, Cu values are reported solely for the purpose of

comparing Cu-rich and -poor samples, and the data are not considered

quantitative.

A71.4 WHOLE-ROCK RARE EARTH ELEMENT ANALYSES

A1.4.1 Sample Preparation

The REE were analysed using the SCIEX ELAN inductively coupled
plasma-mass spectrometer (ICP-MS) at Memorial University. Sample solutions
of peridotite, pyroxenite and gabbro were prepared by dissolution of rock
powders in a clean laboratory. Several dissolution procedures were used. The
procedure adopted depended on the precicted concentrations of REE in a
sample, which was based on minera! analyses and whole-rock major and trace
element analyses. FEP teflon beakers and double-distilled reagents were used
for all procedures. Dissolutions for procedures 1, 2 and 3 were carried out in
teflon beakers on a hot plate at low heat. Samples were covered at all stages
during the dissolution procedure, except during evaporation. Sample solutions
were always evaporated slowly over a period of 2-3 days. The quartz and
pyrex columns used for cation exchange were packed with CG120 Amberlite
(200 mesh) cation exchange resin. The resin was in the chloride or nitrate form

for HCI or HNO, separation of the REE, respectively. All sample solutions
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analysed by ICP-MS were calibrated by standard addition, which involved
splitting the sample solution. The first split was composed of sample solution
(9 g)and 0.2 N HNO, {1 g}; the second split was composed of sample solution

(9 g) and mixed spike solution (1 g).

A1.4.1a Procedure 1 (ICP-MS Runs 116 and 153)

This procedure was adopted for the most depleted samples. To the rock
powder (1.00000 + 0.1 g} add several drops of 6.0 N HCI to test for the
presence of carbonate, then dissolve in @ mixture of =3 m| 8.0 N HNO,, 10 mi
HF and 2-3 ml HCIO,, and evaporate. Add 1-2 ml HF and 2-3 mi 8.0 N HNO,,
and evaporate. Dissolve residue in 2 ml 8.0 N HNO,, evaporate and repeat.
Dissolve residue in <5 ml 2.5 N HCI and filter onto a gquartz column whilst
rinsing with <3 mil 2.5 N HCI. Fiush the column with 20 mi 2.5 N HCI and
discard filtrate. Refill column with 100 ml 6.0 N HCI, collect filtrate and
evaporate. Take up residue in a minimum amount of 8.0 N HNO, and
evaporate. Dissolve residue in 0.2 N HNQ, and make sample solution up to
20.0 £ 0.1 g with 0.2 N HNO,. The approximate concentration of sample in
solution is 50 g/i.

During dissolution of the rock powder, a poorly soluble gel-like material
formed; this may have been a fluoride complex. With continued acid digestion
and evaporation the gel dissolved. Opaque grains and a rare transparent gel
remained as residues in the filter paper during loading of the sample solution

onto the column. The effect of these residua on the concentrations of REE in
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the final sample solution is presently unknown. The dominant residue was
spinel, which is unlikely to have affected whole-rock concentrations of REE, as
it has the lowest concentrations of REE of minerals found in ultramafic rocks
(Stosch, 1982). However, spinel does contain silicate inclusions which may
contain significant concentrations of REE. It is assumed that because rock
samples were crushed and ground to a very fine powder, the majority of
inclusions were dissolved. The incompiete dissolution of spinel will affect the
computed absolute concentrations of REE in a sample, as the actual weight of

sample dissolved is less than that weighed initially, which is the weight used

in computation.

A1.4.1b Procedure 2 (ICP-MS Run 240)

Procedure 2 (D. Scott, pers. comm., 1989) was used for samples similar
in composition to those prepared by procedure 1. To the rock powder (0.5 g)
add 3 ml HF and 4 mi 8.0 N HNO,, and evaporate. Add 4 mi 8.0 N HNO, and
4 ml 6.0 N HCI, and evaporate. Add 4 m! 8.0 N HNO,, dry and repeat.
Dissolve residue in 5 ml 1.5 N HNO,, filter with washing, and evaporate.
Dissolve residue in 2 ml 1.5 N HNQ,, load onto a quartz column, flush with 45
mi 1.5 N HNO,, discard filtrate, flush with 23 mI 8.0 N HNO,, collect filtrate
and evaporate. Dissolve residuein 2 mt 2.5 N HCI, load onto a quartz column,
flush with 5 mi 2.5 N HC!, discard filtrate, flush with 25 mi 6.0 N HCI, collect
filtrate, evaporate, take up residue in a minimum amount of 0.2 N HNO,, and

make sample solution up to 50 g with 0.2 N HNQ,. Tihe approximate




concentration of sample in solution is 10 g/l.

A1.4.1c Procedure 3 {(ICP-MS Run 182)

Procedure 3 (P. Moore, pers. comm., 1989) was adopted for samples
relatively enriched in REE. Dissolve the rock powder {0.2 g) in HF, 6.0 N HCI
and HCLO, (2 ml, 3 ml and 1 drop, respectively), evaporate, add 6.0 N HC|,
evaporate, and dissolve residue in 5-8 ml 2.5 N HCI. Filter onto a pyrex column
and rinse fiiter paper with 2.5 N HCIL. Flush the column with 20 mi 2.5 N HCI,
discard filtrate, flush column with 120 mi 6.0 N HCIi, retain filtrate, and
evaporate. Repeat the column procedure to clean up the sample. Add and
evaporate 10 ml 8.0 N HNO,, dissolve residue in 0.2 N HNO,, and make samplie
solution up to 20 g with 0.2 N HNO,. The approximate concentration of the

sample in solution is 10 g/l.

A1.4.1d Procedure 4 (ICP-MS Run 024)

This procedure was used for samples richestin REE, and as a comparison
for samples whose concentrations of REE were determined using procedures
1, 2 and 3. Mix rock powder {0.2 g) and Na,0, (0.8 g) in a 30 mi Ni crucible,
place in an oven for 1 hour at 480-490°C, remove and allow to cool for 15

minutes. Very slowly add H,0 until effervescence ceases. Wash cake and

solution into a teflon centrifuge tube. Centrifuge for 10 minutes at high speed,

decant and discard liquid, add <5 ml H,0, stir with a teflon rod, and repeat.

Centrifuge for 10 minutes, decant and discard liquid, pour sinter and cake into
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a 125 mi teflon bottle, add 2.0 ml 8.0 N HNO, and shake vigorously. Rinse Ni

crucible with 0.5 mi 8.0 N HNO, and add washings to the bottle. Stir sample
solution with a teflon rod and filter if sample solution contains residue. Make

up to 90.0 g with H,0. The approximate concentration of sample in solution

is 2 g/l.

A1.4.2 Limits of Detection {(LOD)
Limits of detection (Table A1.43a) are <0.01 x chondrite {runs 116 and

153), <0.02 x chondrite (run 240), <0.05 x chondrite (run 182) and <0.4 x
chondrite (run 024).

A1.4.3 Biank

Blank solutions wvere prepared in exactly the same way as sample
solutions, except that no ‘sample’ was used. The composition of the blank
generally lies at or below the LOD for runs 116, 153, 240 and 024, but
significantly above the LOD for run 182 (Table A1.4a). The influence of the

blank on sample data is discussed below.

A1.4.4 Precision

Based on duplicate analyses of samples in a given run, the COV is 7-40
% for runs 116, 153 and 240, and 2-4 % for runs 024 and 182 (Table 1.4b).
Within a given run, precision of CNREE patterns is good (Fig. A1.1).

The COV for USGS basalt standard BCR-1, for one determination in each
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of runs 182 and 024, ranges from 0.1 % (Yb) to 6 % (La and Ce) (Table

A1.4c). The precision of CNREE patterns of a given sample analysed in both
these runsis good, except for concentrations of La below chondrite (Fig. A1.1).
The COV for PCC-1, for one determination in each of runs 116, 153 and 240,
ranges from 4 % (La) to 64 % (Tb) (Table A1.4d). These values are reflected
in the CNREE patterns of PCC-1 (Fig. A1.2), and suggest that HREE are more
susceptible to sample preparation procedure and operating conditions of the

ICP-MS, than are LREE.

A1.4.5 Accuracy

Standards BCR-1 and PCC-1 were analysed to determine the accuracy
ot the sample preparation procedures and the subsequent analyses. The results
for BCR-1 indicate that although yields of REE are somewhat lower than
accepted, CNREE patterns will be consistent with the accepted pattern (Table
A1.4c). Run 024 is more accurate than run 182 at the REE concentrations
found in BCR-1.

The accuracy of concentrations of REE in PCC-1 are difficult to ascertain,
as the concentrations of REE in this standard are not known to better than + 10
% (Frey, 1984). The best way to examine the quality of the data is on CNREE
diagrams. The CNREE patterns of PCC-1 determined in runs 116, 153 and
240, consistently exhibit U-shaped patterns, but analyses from these runs lie

at the lower end of, or out of, the range of REE values published for PCC-1

(Table A1.4d; Fig. A1.2). High La values in PCC-1 result from laboratory
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contamination. The CNREE patterns arising from this study have a shaliower
U-shape than those published. The problem of yield is most prevalent for Tm,
Yb and Lu, especially in runs 116 and 153, but loss of HREE may occur over
the range Ho-Lu. In order to test for HREE loss in samples analysed in runs
116, 153 and 240, PCC-1 and some of these samples were analysed using
procedure 4 and run 024. Ytterbium values obtained in run 024 are as much
as 2-3 times higher than Yb values obtained in runs 116, 153 and 240.
Extrapolation of the slope Ho-Er on CNREE diagrams, predicts Yb and Lu values
in close agreement with those determined in run 024. With the exception of
PCC-1, thic generally also applies for CNREE patterns of samples for
extrapolation of the slope Gd-Dy. The slope Gd-Dy is more reliable than the
slope Ho-Er, due to the possible loss of HREE over the range Ho-Lu. Hence, in
cases where Tm, Yb and Lu deviate significantly from the trend defined by the
slope Gd-Dy (and Ho-Er), it is likely that there has been a major loss of Tm, Yb
and Lu. The CNREE patterns of samples where this is observed are treated
with caution, as Tm-Lu have been selectively lost with respect to the other
REE. Ytterbium and Lu values from run 240 are probably more representative
of true values than are those obtained fromruns 116 and 153.

The description and discussion of CNREE patterns in chapters 3, 4 and
5 are based on uncorrected patterns, bearing in mind the HREE trend defined
by the slope Gd-Dy. Unfortunately, it was not possible to check LREE values,

as procedure 4 and run 024 are not sensitive enough for these elements at low

concentrations. However, LREE trends of CNREE patterns generally are smooth
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and any breaks in the pattern are explained in terms of the mineralogy of a
sample. Consequenitly,itis not possible to predict the relative loss of individual
REE throughout the series, and the data cannot be corrected. In summary,
despite the apparent overall loss of the REE and the lower yield of Tm, Yb and
Lu with respect to all other REE, the values obtained for REE in runs 116, 153

and 240 are representative of concentrations of REE in a given samp'e.

A1.4.6 Influence of the Blank Composition on Sample Data

As previously mentioned, the concentrations of REE in the blank are
significantly above tiie LOD in run 182 (Fig. A1.3). The concentrations of La
and Ce in the blank for run 024 are also well above the LOD (Fig. A1.3). The
blanks are enriched in LREE relative to HREE. In order to test for a blank
signature in a sample, REE data are compared for blank and sample. The LAL
clinopyroxenite sample L213 is used as an example; comparison of Figures
A1.1 and A1.3 for run 182, shows that La, Ce and Pr lie at or below the
composition of the blank, and that the Ce anomalies are inconsistent. Likewise
for run 024, La and Ce lie at or below the blank composition, and the trends of
the La-Ce slopes in the blank and sample oppose one another. There is obvious
inconsistency between CNLREE patterns of sample and blank, and the
occurrence of samples with LREE abundances less than those of their
associated blank. Even the disagreement between the sample data for La, Ce
and Pr from runs 182 and 024 cannot be explained by the abundances of REE

in the blanks.
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Unlike the procedure used to analyse the PGE (see section A1.5), no
‘'sample’ was used in preparation of blanks for REE analysis. The problem with
tr.e REE biank is that solution chemistry throughout a given procedure will likely
be different when a sample is present compared to when it is not. Therefore,
the blank may not be representative of the blank associated with a sample.
This manifests itseif in situations where concentrations of REE in a sample fall
below those of their blank, and where samples have CNREE patterns which are
inconsistent with those of their blank. In this situation it becomes meaningless
to subtract the composition of the blank from the sample data, becatise it is not
possible to quantify the component of the blank in the sample data.
Consequently, REE data for samgles from the Springers Hitl area have not been
corrected for the blank. Sample analyses where the blank is thought to
interfere are indicated in parentheses in Table A4.2.

At this time it is difficult to assess the involvement of the blank in
samples analysed in runs 116, 153 and 240. Howevaer, in Table A4.2, values
from these runs which lie at or below the LOD, or appear to contain a
component of the blank, are placed in parentheses. These analyses are plotted
in CNREE diagrams, as they are consistent with the overall CNREE pattern of

a sample {see chapters 3, 4 and 5).
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A1.5 WHOLE-ROCK PLATINUM GROUP ELEMENT ANALYSES

The PGE were analysed using the SCIEX ELAN ICP-MS at Memorial
University. Samples were prepared by fusing a mixture of rock powder {15.0
g), Ni carbonyl (9.6 g), S (6.0 g), Na,CO, (18.0 g), Na,B,0, (36.0 g) and SiO,
(15.0 g) in a clay crucible at 1000°C for 1.25 hours to produce a NiS button.
This button was dissolved in HClI and the PGE were collected by Te
precipitation (Jackson et al., 1990). Blanks were prepared in the same way as
samples, except that an additional 15.0 g of SiO, was used in place of rock
powder.

Accuracy and precision of PGE analyses vary widely, but are good for Pd
and Ir (Table A1.5). The average blank composition has been subtracted from
all sample analyses (Appendix 4), in order to remove the effects of
contamination from samples having low concentrations of PGE. Prior to
correction, samples low in Pd and Ir exhibited Pd/Ir ratios biased by the blank
component. Some corrected values lie at or below the LOD, but these are still

considered because they were above the LOD before correction.




Appendix 2

SAMPLES ANALYSED

A2.1 GENERAL STATEMENT

All samples contain spinel, with the exception of some HAL olivine

clinopyroxenites and gabbros. Abbreviations are in parentheses.

A2.2 LOW-AI PERIDOTITES AND PYROXENITES (LALPP)

SJE-LO97
SJE-L103
SJE-L106

SJE-L1567
SJE-L173
SJE-L218

SJE-L225
SJE-L263
SJE-L264

SJE-L153
SJE-L193
SJE-L226
SJE-L336

SJE-L143
SJE-L162

Harzburgite {(H).

Harzburgite containing Ca-amphibole (H).

Harzburgite containing an introduced component of type |
orthopyroxenite {H).

Harzburgite {H).

Harzburgite containing Ca-amphibole and phlogopite (H).
Harzburgite containing clinopyroxene and Ca-amphibole (H); 2.4
m from clinopyroxenite (L211-L214).

Harzburgite (H).

Harzburgite (H).

Harzburgite {H).

Harzburgite {H) cut by vein of type | orthopyroxen:te {Ol).
Harzburgite (H)-dunite (D) contact.

Harzburgite band (H) in dunite (D).

Harzburgite (H)-amphibole dunite (AD) contact.

Spinel-rich dunite (D).
Spinel-rich dunite (D).




SJE-L254
SJE-L262

SJE-LO50
SJE-LO53
SJE-LO54

SJE-LO55
SJE-L176
SJE-L199
SJE-L216

SJE-L217

SJE-L246

SJE-L130
SJE-L161
SJE-L203
SJE-L244
SJE-L245
SJE-L289

SJE-L125

[ 16 L wial BN

SJE-L129
SJE-L132
SJE-L140
SJE-L148
SJE-L172
SJE-L200
SJE-L265
SJE-L266
SJE-L275

SJE-LO66
SJE-LO67
SJE-LO68
SJE-LO71
SJE-LO73

214

Dunite containing orthopyroxene and clinopyroxene (D) from
dunite envelope around clinopyroxenite (C).
Dunite containing Ca-amphibole (D).

Spinel-rich dunite envelope (D) around clinopyroxenite (C).
Spinel-rich dunite (D)-olivine clinopyroxenite (C) contact.
Extensively serpentinized spinel-rich dunite from dunite envelope
(D) around clinopyroxenite (C).

Spinel-rich dunite (D)-olivine clinopyroxenite (C) contact.
Spinel-rich dunite (D) in type | orthopyroxenite (Ol).

Spinel-rich dunite (D) in clinopyroxenite (C).

Spinel-rich dunite containing orthopyroxene, clinopyroxene and
Ca-amphibole (D); 0.2 m from clinopyroxenite (L211-L214).
Dunite containing orthopyroxene (D); 0.9 m from clinopyroxenite
(L211-L214).

Dunite envelope (D) around chromitite (CR); 0.4 m from massive
chromitite (L244 and L245).

Chromitite vein {CR).

Chromitite schilieren (CR).

Massive chromitite from Springers Hill chromite showing (CR).
Massive chromitite (CR).

Massive chromitite (CR).

Massive chromitite (CR).

Amphibele dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD).
Amphibole dunite (AD) replacing type | oithopyroxenite (Ol).
Amphibole dunite (AD) replacing type | orthopyroxenite (Ol).
Amphibole dunite (AD) replacing type | orthopyroxenite (Ol).

Type | orthopyroxenite (Ol).
Type | orthopyroxenite (Ol).
Type | orthopyroxenite (Cl).
Type | orthopyroxenite (Ol).
Type | orthopyroxenite mylonite from dyke margin (Ol).




SJE-L267
SJE-L268
SJE-L286

SJE-L271
SJE-L351

SJE-LOO4
SJE-LO12
SJE-LO26
SJE-L211
SJE-L212
SJE-L213
SJE-L214
SJE-L231
SJE-L293

SJE-LO69
SJE-L283
SJE-L288
SJE-L290

SJE-L201
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Type | orthopyroxenite (O}).
Type { orthopyroxenite (Ol).
Type t orthopyroxenite (Ol}.

Type |l orthopyroxenite (Oll); web texture in olivine matrix.
Type Il orthopyroxenite (Oll); ribbon mylonite.

Olivine clinopyroxenite (C).

Olivine clinopyroxenite (C).

Clinopyroxenite and olivine clinopyroxenite (C).
Clinopyroxenite (C).

Clinopyroxenite (C).

Clinopyroxenite (C).

Olivine clinopyroxenite containing shear bands (C).
Olivine clinopyroxenite (C).

Clinopyroxenite (C).

Websterite (WB); orthopyroxenes are xenocrysts.

Websterite (WB); orthopyroxenes are xenocrysts.

Websterite (WB); orthopyroxenes are xenocrysts.

Websterite containing mutual exsolution intergrowths of
clinopyroxene and orthopyroxene (included in definition of
clinopyroxenite (C)).

Wehrlite (W).

A2.3 HIGH-AI PERIDOTITES, PYROXENITES AND GABBROS (HALPPG)

SJE-L107
SJE-L108
SJE-L229
SJE-L298
SJE-L299
SJE-L302
SJE-L305
SJE-L324
SJE-L350

Dunite (D).

Dunite (D).

Spinel-rich dunite (D).

Dunite (D).

Spinel-rich dunite (D).

Spinel-rich dunite (D).

Clinopyroxene, plagioclase dunite (D).
Dunite (D).

Layered dunite (D).




SJE-L093
SJE-L109
SJE-L114
SJE-L301
SJE-L307
SJE-L316
SJE-L317
SJE-L331

SJE-L310
SJE-L315

SJE-L186
SJE-L241
SJE-L296
SJE-L297
SJE-L303
SJE-L312
SJE-L349

SJE-L309
SJE-L314

SJE-L090
SJE-L294
SJE-L295
SJE-L313

SJE-L273

Wehrlite (W).
Plagioclase wehrlite (W).
Wehrlite containing Ca-amphibole {W).
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Spinel-rich wehrlite containing plagioclase and Ca amphibote (W).

Wehrlite (W).
Plagioclase wehrlite (W).
Wehrlite (W).
Plagioclase wehrlite (W).

Plagioclase wehrlite (W)-olivine clinopyroxenite (C) contact.

Wehrlite (W)-clinopyroxenite (C) contact.

Olivine clinopyroxenite (C).
Olivine clinopyroxenite (C).
Olivine clinopyroxenite (C).
Olivine clinopyroxenite {(C).
Plagioclase, olivine clinopyroxenite (C).
Plagioclase, olivine clinopyroxenite (C).
Olivine clinopyroxenite (C}.

Interbanded wehrlite and gabbro in dyke (WG).
Interbanded wehrlite and gabbro in dyke (WG).

Gabbro (G).
Olivine gabbro mylonite (G).
Clinopyroxene troctolite (G).
Gabbro (G).

Amphibole peridotite (AP).
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A2.4 LALPP-HALPPG CONTACT RELATIONS AND REACTIONS ZONES

SJE-L115
SJE-L177
SJE-L221
SJE-L274

SJE-L327
SJE-L328

SJE-L329
SJE-L330

SJE-L326
SJE-L333

SJE-L348

SJE-L234

SJE-L236

Harzburgite (H) cut by vein of HAL olivine clinopyroxenite (C).
Harzburgite (H) cut by vain of HAL clinopyroxenite {C).
Harzburgite (H)-HAL clinopyroxene dunite (D) contact.
Harzburgite mylonite (H) and type | orthopyroxenite (Ol) cut by
HAL amphibole peridotite (AP).

Harzburgite xenolith (H-X) in HAL olivine clinopyroxenite (C).
Harzburgite xenolith {(H-X) in HAL olivine clinopyroxenite (C).

Dunite xenolith {D-X) in HAL olivine clinopyroxenite (C).
Dunite xenolith (D-X} in HAL olivine clinopyroxenite (C).

Chromitite xenolith {CR-X) in HAL olivine clinopyroxenite (C).

Type | orthopyruxenite (Ol)-HAL Ca-amphibole wehrlite (W)
contact, with development of amphibole dunite (AP).
Type | orthopyroxenite (Ol)-HAL dunite (D) contact,
development of cliinopyroxene (C).

with

Qlivine clinopyroxenite reaction front (C) 20 m from L231 and 20
m from L241.
Qlivine clinopyroxenite reaction front (C}) 20 m from L231 and 20
m from L241.

A2.5 UNCORRELATED (UC)

SJE-L341
SD194
sSD380

Amphibolite dyke (AMPT).
Amphibolite dyke (AMPT).
Amphibolite dyke (AMPT]).




Appendix 3

MINERAL ANALYSES

A3.1 GENERAL STATEMENT

Mineral analyses of olivine, orthopyruxene, clinopyroxene, amphibole,
plagioclase and spinel are presented in Tables A3.1 to A3.6, respectively.
Analyses are tabulated in the sequence of LALPP, HALPPG, LALPP-HALPPG
contact relations and reaction zones, and uncorrelated samples (see Appendix
2 for sample listing and abbreviations). ’Location’ is the spot number and
mineral analysed in a sample. With the exception of several very small grains,
all analyses in Tables A3.1 to A3.6 are the average of 2-3 adjacent points in

a mineral grain.

A3.2 CHEMICAL CLASSIFICATION OF THE SPRINGERS HILL AREA

The classification of samples as LALPP or HALPPG is based on spinels
with high or low Cr#, respectively. This classification does not hold strictly for
LALPP-HALPPG contact relations and reaction zones, because Cr-spinel may
occur in HALPPG, and Al-spinel may occur in LALPP. In these situations,

classification as LALPP or HALPPG is based on (i) the presence or absence of
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orthopyroxene, {ii) deformation features, and (iii) chemistry of silicate minerals.
No record in ‘type’ in Tables A3.1 to A3.6, indicates that it is not possible to

assign to LALPF or HALPPG in this case.

A3.3 SPINEL ANALYSES

Sp* in ‘location’ for harzburgite in Table A3.6, indicates spinel is

associated with Ca-amphibole + phlogopite.

A3.3.1 Calculation of Fe®* in Spinel

Calculated Fe®* values from electron microprobe analyses of spinels are
comparabie to Fe®* values determined by wet chemical techniques and
Maossbauer spectroscopy (Osborne et al., 1981; McGuire et al., 1989; Wood
and Virgo, 1989). Conseguently, in Table A3.6, Fe** values of spinels are
calculated from electron microprobe analyses, assuming charge balance and
perfect stoichiometry of cations to O% in the ratio of 24:32 for the ideal spinel
structure AgB,¢0,,. Cations (A and B) are not assigned to sites of tetrahedral
or octahedral coordination because the degree of inversion of the spinel
structure is not known.

Redox ratios calculated from electron microprobe analyses, with the
assumption of ideal stoichiometry, tend to overestimate Fe** values (Osborne

et al., 1981; Canil et al., 1990), but this is not too significant (Osborne et al.,

1981).




Appendix 4

WHOLE-ROCK ANALYSES

Major and trace element analyses in wt.% and ppm, respectively, are
tabulated in Table A4.1. Values of Cu are not quantitative.

Rare earth element analyses in ppb are tabulated in Table A4.2. Values
in parentheses either are at or below the LOD, or appear to contain a
component of the blank. Yb* and Lu* are values of Yb and Lu in extremely
REE-depleted samples that were determined by procedure 4 and rur 024. The
chondrite values used for normalization are those of Wakita ¢t al. (1971): 340
ppb La, 910 ppb Ce, 121 ppb Pr, 640 ppb Nd, 195 ppb Sm, 73 ppb Eu, 260
ppb Gd, 47 ppb Tb, 300 ppb Dy, 78 ppb Ho, 200 ppb Er, 32 ppb Tm, 220 ppb
Yb and 34 ppb Lu.

Platinum group element analyses in ppb are tabulated in Table A4.3. The
composition of the average blank has been subtracted from all analyses. The
composition of this blank is: bdl Ru, 0.05 ppb Rh, 0.92 ppb Pd, 0.15 ppb Re,
bdl Os, 0.03 ppb Ir and 0.33 ppb Pt. The chondrite values used for
normalization are those compiled by Naldrett and Duke (1980): 69C ppb Ru,
200 ppb Rh, 545 ppb Pd, 514 ppb Os, 540 ppb Ir and 1020 ppb Pt.

Refer to Appendix 2 for sample listing and abbreviations.




Appendix 5

ORTHOPYROXENE IN HARZBURGITE

In Chapter 3, evidence was presented which suggested that some
harzburgites contain an introduced component of OPXT |. In this appendix, the
proportion of introduced OPXT | is estimated from values of CaO, AIl,0, and
Ca0/Al,Q, (Table A4.1), and Pd, Ir and Pd/ir (Table A4.3). All values used in
calculations have been recalculated to 100 wt.% on an anhydrous basis with
alliron oxide as FeO. Sample L225 is a harzburgite residue from partial melting
and complete removal of magma, whereas harzburgite sample L106 contains
a component of OPXT I. Samples L225 and L106 have 15 and 45 modal %
orthopyroxene, respectively. The proportions of residual harzburgite
(represented by sample L225) and introduced OPXT | in sample L106 are
estimated by simultaneous solution of equations of the form:

xL225 + yOPXT = L106.

(i) CaO and Al,0,

Ca0 0.30x + 1.67y = 0.90

Al,0, 0.21x + 0.66y = 0.41

Solving gives x =0.59397 andy=0.43222, butx + vy = 100 % and x=57.9

% and y=42.1 %. Therefore, the composition of L106 is 58 % 1.225 and 42
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% average OPXT I.

{ii) Pd and Ir

Pd 1.90x + 182.2y = 9.23

Ir 3.22x + 3.57y = 5.38

Solving gives x=1.63353 and y =0.03362, and therefore, the composition of
L106 is 98 % L225 and 2 % average OPXT I.

(iii) Pd and Ir using OPXT { sample L071
9.23

Pd 1.90x + 16.6y

Il

Ir 3.22x + 0.46y 5.38
Solving gives x =1.61783 and y =0.37085, and therefore, the composition of

L106 is 81 % L225 and 19 % LO71 (OPXT I).
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HARZBURGITES AND REFRACTORY MELTS IN THE LEWIS HILLS MASSIF.
BAY OF ISLANDS OPHIOLITE COMPLEX: THE BASE-METALS AND PRECIOUS-METALS
STORY

STEPHEN 1. FDWARDS
Cenire for Eurth Resources Research, Department of Farth Sciences, Memortal Universiy of Nestoundlan..
St John ', Newfoundliund AJB 3NS

ABSTRACI

The immobility of the platinum-group elements (PG E)
during serpentinization enables these elements to provide
important information on the history of ophiolite mantle.
Inthe Springer< Hill area, Lewis Hills Massif, Bay of Iands
Ophiolite Complex, Newtoundland, a residuum of har/-
burgite and minor dunite is intruded successiety by asune
of dunite = chromite, orthopyroaenite and clinopyronenite
wims and dykes. These intrusive bodies represent cry stal
trachionates rather than liguid compositions. The frachio-
nation sequ2pce is (vpical of retractory melts such as
bomnites. Platnum-group minerals (PG and chondrite-
normatized PGE patterns shov that as the melt evolves,
wlid grains of Os-bearing laurite become entrapped in chro-
mitz. wherean solid Pt-Pd arsenide phases are incorporated
in pyronene. Consequentty, the Pd. Ir value of the mel
increases with progressive crstal fractionaton, as the
immiscible liquid phase changes from S-saturated 10 As-
waturated. Harsburgites of residust! origin have Pd Ir << 1.
The Springers Hill harsburgites are PGE-enriched (Pd T¢

1.2-1.7), but otherwise possess residual charactenistics
arming from a minimum of 17% partial melting. Partial
melting would have partinoned all sultide in the source into
the melt. Melt eatraction was haghly etticient, and no sul-
fide or silicate melt remained in the Springers Hill hars-
burgites. Theretore, PG m the Springers Hill harzburegites
are net present insolfides. Field and petrographic evidence
shows that enrichment of the PGE 0 Springers Hill harz-
burgites resuhied from addition of an carly -siteorthopyros-
enite component {average Pd I &1). Orthopyvroaene
addition occurred by melt imapregnation or mechanical

- .
minang,

Acevwords: Bay of Ilands ophwolite, Newtoundland, hare-
burgite, dunite, chromite, prrovenite, melhimpregna-
tion. platinum-group elements, basc-metal sulfides

SONVINALRL

1 ‘immobihté des lements du groupe du platne (-G
pendant o serpeptinisation permet IPutithsation de ves ¢le
wmems pour déduire de Pintormation utile concernant le
manteau a L base des ophiohies. Dans ta region de Spin
cors Hill, dans le masstt de Tews Htls de Pophiobie de
Bay of Iands, @ Terre-Neuse, un residu de harzbur gy
ol de dUmite avcessorre est FeCoupe suceessivement par une
wite de dunite = chronute, orthopyroxemte et chnopy rose-
wite e veinies et en filons. Ce cortege de tochey mipusives
COIBE M TIQUCS Teprosenierint des prodwmiy dun traction
nentent de crastaus plutdr que des compaositions de ligae

des. i sequence de tractionnement est npaque de
ativean un magma restduel] comme un omagma e

que. Tes minerauy des FGP et les teneurs de ces vl
normalisees par tappott aune chondute, montiers
mesure que e magma ey ohiet, des costans de laurn
tenant de Mosmum ont cte coplobes par Lt chiromna

dis gque des arsemures de Pretde Pdone ciemcong
dans le pyroaene. Par conseguent, la vadewr b
MAZNGE AURIIICHTIT O TICIE (U Provtessal et
nement et quie ki phase ligumde e scible devennt s
en As plutar gulen S Dans les hatzbureiies resnabaclic
le rapport Pd v est beancoup plus taible gue ) Fos i,
burgite « de Springers Hilbsont enviwhes en £ G201 0 -
Pd It < 171 s sont autiefiient iyprgsement resihie
les, avant tésodie d un smmum de 17%a de tasion parield
Cette ctape de fuson aurait catse tout sulfure dispaotbeh
a la souree a tavorser ki phase higode 1 rextiaction da b
fondu aurait ¢te 1res efhcace, de telle sorte gue n Tigande
sulture, mi hgude sihicate nerestnt dans 1a harzbunin
Clest dong dire gue dans Lo harzbuneite de Sprangers Hhill,
los 2 GE e sont pas sitiies dans Tes saftures A L dnoere
des relations de terran et de L petrographie, Pentchina
ment des £GP semble avon accompagne Paddition d'an
composante arthopy rosctiihgue, partic diune site precoce,
g anvant, en mosenate, up cippott P e de 81 Cate frac
DON G OFTHOPY FOACHHLE SO OUICC SO Pat 1 preriation
Gdun higuide, son par melanee mecamgne

Chradant par b Redaction)

Moty cfes: ophiohite de Bay of Iands, Terre Seave, bay
burgie, dunite, chromite, pyrosetiie, papreenahon
d'un ilgunde. clements do groape do platme. satture
des metaun de buase
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It is mow well established that stratton compleses
wuech as those of the Bushveld, Grear Dyke and Sull
water are important hosts tor the platnmon vroap ch
ment~ (PG, on the othet hand, ccononne concen
trations of these elements hinve et to be toand an
ophiokite complexes, mpite of ther close sianty
to stratiform complexes. To date, there have been
very few complete studies ol the base and preaions
metal concentiations in an uphiolite section Oxdun
A& Crocket (19R20 19x6) Gurned out the most tho
rough imvestigation, and tocused on the nircamats
gabbrow und voluanosedimentan seihons ol the
Thettord Mines Opluohte, Quebrey
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{ s paper combines tield, petrographic, and base-
and precsous-metal datan order to explain theoccur-
renee and origin of base and precious metals in resi-
Jduatl and magmatic lithologies of the Springers Hill
arca, bewis Hills Massif, Bay of Islands Ophiolite
¢ omplex (BIOC), western New foundland. Empha-
sis 1s placed upon trends of magmatic fractionation
detined by the PGE, and the use of these elements
1o document maodifications to pyroxenite and peri-
dotne mimeralogy and chemistry.

GLOTOGICAL SETHING ASD FIETD REUATIONSHIPS

On the western coast of Newtoundland, the Hum-
ber Arm Allochthon (Williams & Cawood 1989) of

FHE CANADIAN ALINERAL OIS

the Humber Zone (Williams 1979) preserves two
ophiolite terranes: the BIOC and the Coastal Com-
plex (CC). These adjacent terranes form an approxi-
mately north-south-trending zone some 100 km long
and 25 km wide (Fig. 1). The CC lies to the west of
the BIOC. The BIOC comprises four ophiolite mas-
sifs that, from north to south, crop out as the Table
sfountain. North Arm Mountain, Blow AMe Down
Mountain and Lewis Hills massifs, respectively, The
Lewis Hills is unique in that it preserves an original,
subver. al contact between the CC 1o the west and
BIOC to the cast (Karson 1977, 1979, Karson &
Dewey 1978). The BIOC formed at a spreading cen-
ter (Casey er al. 1983, 1985}, whereas the CC repre-
«ents oceanic crust that has experienced a transform-

c
S B
c® pav OF
{SLANDS

\‘ ALLOCHTHON

AUTOCHTHON

STUDY AREA

5 km

Lo, 1. Generatized geological map of the

Humber Arm Allochthon (Williams &

Cavwood 1929). Geology of the 1ewis Hills Massif is 1aken from Karson (1979.
RIOC: Bay of Ilands Ophiolite Compley, T: Table Mountain, N North Arm
\ountain, B Blow Me Down Mountain, and 1: I ewis Hills Massif; C stands
tor the Coastal Compley,
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fault 1ectonic history within an oceanic fracture-zone
(Karson & Dewey 1978, Karson 1984).

The Springers Hill area is located in the southern
part of the Lewis Hills Massif, within the BIOC (Fig.
1). The area has been studied by Karson (1979), Mahl
& Watkinson (1986), Dunsworth er al. (1986), Suhr
& Calon (1987) and Edwards (1988a). Two magmativ
suites are hosted within a harzburgite-dunite resid-
uum (Ed vards 1988a, b). The carly suite is defined
by successive intrusions of variably deformed dunite
(with or without chromitite), orthopyroxenite and
clinopyroxenite, as millimeter- 1o meter-wide veins
and dvkes lying parallel and subparallel to the plane
of mantle flow defined by the tectonite fabric of the
residuum. The order of crystallization among sili-
cate minerals mimics the sequence of crvstallization
of melts derived from highly retractory mantle
sources. The later suite is relatively undeformed.
cropping out as a kilometer-sized body of dunite,
wehrlite, clinopyroxenite and gabbro. The margin
of the late suite cross-cuts the foliation defined by
the residual tectonites and carly-suite veins and
dvkes. This margin contains xenoliths of residuum
and carly-suite lithologies. The abundance of carly-
suite veins and dvkes and the presence of the mas-
sive, late-suite intrusive body are unique to the
Springers Hill area. In no other part of the BIQC
has such a concentration of varied intrusive phases
been observed in the mantle sequence. The late suite
is not considered in this study; attention will focus
on the origin and evolution of the residuum and
carly-suite lithologics.

The residual nature of the harsburgite is supported
by the absence of clinopyroxene, presence of ¢
mite, occurrence of porphyroclastic orthopyrosene
with margins corroded to olivine, and oceurrence of
minor residual dunite. The latter is produced cither
by 35-45% partial melting of pyrolite (Jaques &
Green 1980), or by reaction of peridotite with an
introduced fluid, resulting in incongruent melting or
orthopyroxene (e.g., Dick 1977, In the Springers
Hill arca, residual dunites contain isolated grains of
orthopyroxene and a chromite foliation and concen-
tration similar to those in the adjacent harzburgite
(Edwards 1987, 1988a). A« the modal abundance of
orthopyroxene decreases, harsburgite grades into
residual dunite. Residual dunites are most casily
recognized where they cross-cut the foliation of the
harsburgite; remnants of the foliation they cross-cut
are preserved, Massive bodies of pure harzburgite
are rare owing to the presence of abundant carly-
suite veins and dykes.

Magmatic dunites are generally dyke-like in
appearance, preseryve a higher concentration of chro-
mite than their harzburgite host, and parallel or
cross-cut the harzburgite folation. The margins of
some magmatic dunites have residual characteristics.
Chromitite bodies are alwavs hosted in a dunite

AR 1M

cmelope.

The orthopyrovenite and clinopyrosemite bodies
occur as coarse-praimed to pegmatine yems and dyvhes
and their boudinaged equivalents. Both types o)
PYTONCDITC preserve magmatic tevtuies such s
olivine-pyrorene parallel grosth, adeunmilus sestue
and consertal inesrgrowth tenture. The priosenies
rarely  oceur together, and i1 is vy e Lo
clinopyrosenite to intrude orthopyrosenie
Orthopyroxenites are hosted by harsbugiie, whereas
clinops rovenites are usually hosted by dumite. Con
sequently, the pyrosemites and their assoeciated hos
rocks define domains, which can be several hondnd?
meters in width,

The orthopyroxene content of harzbuipe s hehi
variable and ranges from - 10 maodal s
(orthopyroxene dunite) 1o < 90 modal s golione
orthopyroyvenite). However, the majors of haizin
gites have an intermiediate composition, 2., betwean
10 and S0 modal ®o orthopyrovene. Fhe low e ot
this range s associated with dunite, whereas oevied
orthopyroxene contents almost alwavs occur m tie
vicinity of orthopsronenite veins and dvhes.

Two types of harzburgite have been detined on the
basis of ficld and petrogriaphic obsersations, The i
type is residual, and has characteristios of a residae,
as already described. The other type s residual iy
burgite, or i rare cases, residual or magmatie dumte,
with an oserprint ot up to 20 madal "o orthopyion
ene derived trom the carly -sunte orthopyrosenines
The addition of orthopyrosene to harzburgite ocowms
cither by mechanical mining or melt smpregnation,
The former case arises by partial 1o complete e
tonic disaggregation of orthopyrosenite veins and
narrow dyvkes (<1 myin harzburgite during progres:
sive flow ot mantle. The distnibution of orthopyion.
ene in the resulting harzburgite is partly to completely
homogenized, and  orthopyrosene has o pm
phyroclastic texture. Meh unpregnation occurs whete
orthopyrovenite veins and dvkes become dittuse. e
dittuse budies occur in zones where melt could ne
longer hydraulically fracture the host 1ock to ton
dykes.  Petrographically . the ampregnanons o
undetormed orthopyrosene are present as dehicate,
interstitial  grains, whercas impregnations of
deformed orthopyroxene also exhibit a porphyiodas
tic texture. Nicolas & Prinzhoter (1983 and Nicolas
& Dupuy (1984) have used melt nnpregnation o
evplain the enrichment of clinopyrosene and tehd
spar in harzburgite and dunite 1o vield Ther 2ol
wehrlite and troctolite.

P1iROGRAPIY

Polished thin sections were examined in detl
using transmitted- and reflected -hght nicroscopy an
order to determine the nature and occurience of base
and precious-metal sulfides, arsemdes, allovs ad
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native metals. A Hitachi S-570 scanning clectron
microscope was used to identify mineral grains and
obtain semiguantitative analyses where appropriate.
I he distribution of base-metal phases and PGM is
heterogeneous at the scale of a thin section.

Platinum-group minerals (PG M)

Discrete PGM have been identified in only three
wimples belonging 1o the carly suite: a chromitite
(1 245), a pegmatitic orthopyroxenite dyke (LO6R),
and a clinopyroxenite dyke that intrudes an
orthopyroxenite dyke (1.283).

A single grain of Os-bearing laurite (RuS,) has
been found in the chromitite sample. The grain is
located within unaltered chromite, in association with
native Cu and a Ca-Mg-Al silicate (Fig. 2A). Os-
bearing laurite is commonly found in chromitite from
ophiolites (Talkington er al. 1984).

I he orthopyroxenite sample preserves a trail of
Pt- and Pd-arsenide mineral grains at the margin of
a pegmatitic orthopyroxene grain that is in contact
with Ca-amphibole (Fig. 2B). Of the seven grains in
Iigure 2B, six are Pd-arsenide and one is Pt-arsenide.
The Pd/As ralue is lower in the Pd-arsenide
associated with the Pr-arsenide than in any other
grain ot Pd-arsenide. Low concentrations of Fe and
Ni occur in Pd-arsenide.

“

In the clinopyroxenite sample, a single, hexagonal,
componsite grain of PGM occurs fully enclosed within
the margin of a clinopyroxene grain (Fig. 3). Phascs
present in the composite grain are native Pt, native
Cu, Pd-Cu and minor Pt-Cu ailoys, and P1-Pd
arsenide phases with or without Fe, Co and Ni. The
P1-Cu alloy probably is hongshiite (PtCu), which has
only been described from Hung, China (Peng ef al.
1978) and the Shetland Ophiolite (Prichard & Tar-
kian 1988). The Pd-Cu alloy identified in the
Springers Hill area may be a new mineral.

Sulfides, alloys and native metals

In harzburgite, residual dunite, and dunite, chro-
mitite and orthopyroxenite of the early suite, rare
base-metal phases occur as minute wisps, flecks and
grains in serpentine. Grains are commonly too small
to be identified positively. Awaruitc (Ni-Fe alloy)
and magnetite are the most common phases identi-
fied. In some harzburgites, wiistite has altered to
magnetite and native Fe. Pentlandite, heazlewoodite
(Ni,S,), awaruite and millerite (NiS) occur in some
dunites. Copper sulfides and native Cu are foundin
orthopyroxene, parallel to the cleavage and in frac-
tures, respectively. All the base-metal phases are
believed to be of secondary origin, related to serpen-
tinization. In the harzburgite-dunite tectonite,

P, 2 Scanning cecuon photomicrographs. (A) L uhedral Os-bearing laurite {white), cuhedral Ca-Mg-Al silicare
(hlack ), and tongae of native Cu in a grain of unaltered chromite (grey). Larly-suite chromitite, 1245 (B) Trail
of cubiedril Pt- and Pd-arsemde grains (white) in unaltered orthopyroxene (grey). The trail of arsenide grams is
perpendicular to the clenage in orthopyrosene, which is partly altered (dark grey). Early-suite orthopyrosenite,

106X, Scale bar 10 ;om i both cases.
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magnetite and Fe-Ni-Cu-S phases are undeformed
and show no evidence of recrystailization, which sup-
ports their late origin.

In clinopyroxenite of the early suite, Fe-Ni-Cu-
S phases form grains < 0.15 mm in diameter, and
are more abundant in the early-siite clinopyroxenites
than in any other lithology of the carly suite.
Moreover, within meter-wide dykes of clinopyrox-
enite, which contain variable amounts of olivine, the
Fe-Ni-Cu-$ phases occur ubiguitously, but not
exclusively, in clinopyroxene-rich areas. Henee, the
" distribution of Fe-Ni-Cu-S phases is heterogeneous
and suggestive of localized 7zones of S saturation in
clinopyroxene-rich areas.

Pentlandite and native Cu with minor associated
Cu sulfide are the most common phases found, both
within clinopyroxene and at clinopyroxene-
clinopyroxene grain boundaries. These base-metal
phases may or may not be associated with chromite
and amphibole. Pentlandite and native Cu com-
monly exhibit a symplectitic texture (Fig. 4), which
probably resulted from the exsolution of native Cu
from pentlandite and its subsequent migration to the
margin of the grain. In places, pentlandite fragments
are wholly enclosed in native Cu. Discrete ovoid
grains of native Cu occur in unaltered, unfractured
clinopyroxene grains.

The occurrence of pentlandite and native Cu as
inclusions in clinopyroxene, and at grain boundaries
of clinopyroxenc, is best explained in terms of innnis-
vible globules of liguid torming at or near the sut -
tace of growing crystals of clinopyrovene. Some
glohules became entrapped, whereis others were
pushed ahcad of the crystallization front (Peterson
& Francis 1977, Sharkov 1983, Andeisen ¢ . 1URT),
This would also expliain why the majority ot inclu-
sions in the Springers Hill samples are hosted in the
margin of chnopyroxene crystals. Alternatively,
native Cu could have exsolved from clinopyronene,
especially in cases where native Cuoccurs as inrepu-
lar blebs parallel to the cleavape in grains of unaliered
clinopyroxene.

During late-stage alteration, Cu was mobile, and
was remosed from pentlandite. Other reactions
include the tormation of awaruite at the contact
between pentlandite and native Cu, the repliacement
of pentlandite by magnetite, and the formation ot
cuprite where natise Cu is ovidized i the presence
of magnetite.

Cobalt-bearing iwaruite or a composite awarune
wairauite (Co-Fe alloy) grain has been idemtified
the silicate-chromite contact of a sthaite inclusion
in a chromite grain hosted by chnopyrovene,

Sumiguantitative  analyses ot pemthandite and
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awannte show that they are Ni-rich. The absence of
alrvne m the vicimity of the assemblage pentlandite
« awaruite mav explain the elevated NivFe value.

WHOI L -ROCK BAasE-Mi1at
AND PriCIOUS-NE 1ar CHENISTRY

Analvncal wechmgues

Faghteen whole-roch samples were analvzed for
PG and Au using the SCIEX EI AN inductivels
coupled plasma - mass spectrometer (FCP-MS) at
Memornial University, Nickel and Cu concentrations
were determined by Neray fluorescence (NRF) in
tourteen whole-rock samples using  the Philips
PW 1450 instrument at Memorial University, Large
samples were powdered in order 1o minimize sam-
phing ¢tror arising from grain size and mineral dis-
tribution,

Peliers of pressed powdered sample (10 g sample,
1.45 ¢ Bakcehte brand phenolic resin binder) were
analyzed on the XRE. Based on standards, Cu values
are considered to be consistently much lower than
true values. Consequently, Cu values are reportied
solely tor the purpose ¢f comparing Cu-rich and Cu-
poot samples, and the data are not used quantita-
tively. Standards demonstrate that Ni values are pre-
cise and accurate (Table 1).

b 4o Scanmng clectron photomicrograph of vermiform
exsohition blebs of natne Cu (white) in Ni-rich pent-
Landite (greny hosted by chinopyroseng (black). Farly -
ste chinopytozenite, 12140 Scale bar 20 gm,

FHE CANADEAN AINE RAFOGIST

Samples run on the ICP-MS were prepared by fus-
ing a mixture of rock (15.0 g), Ni carbony! (9.6 g).
S (6.0 g). Na.CO, (18.0 g), Na-B,0O- (36.0 g) and
SiO. (15.0 ) to produce a Ni$ button. This button
was then dissolved in HCL, and the PGE and Au were
collected by Te precipitation (Jackson er al. 1988).
Detection limits are at or below 0.3 ppb (Table 1).
The precision and accuracy of the Auand PGE ana-
Iyses vary widely, but Pd and Ir both exhibit good
precision and accuracy (Table 1). The average blank
composition (Table 2) has been subitracted from all
Springers Hill data in order toremove the effects of
contamination from samples yielding low clemental
concentrations. Prior to correction, samples low in
Pd and Ir exhibited Pd/Ir values biased by the blank
component. Some corrected values lie at or below
the detection Limit (Tables 1. 2). These values are still
considered because they were above the detection
limit before correction.

Whole-rock chemistry

Nickel, Cu and PGE values (Table 2) support the
petrographic evidence for the presence of pentland-
ite, awaruite, native Cu and PG.M. Based on all of
the analyses, only the early-suite orthopyroxenites
conaistently show significant enrichment in PGE.
Gold exhibits an affinity for clinopyroxenites. The
highest Au values are restricted 1o those samples with
high Cu values.

ORIGIN OF tHE Bask aND PRECIOUS METAars

Prior to an interpretation of the base- and
precious-metal data, it is first necessary to determine
whether the measured values reflect primary or
secondary processes. The distribution of the elements
may reflect conditions during instial crystallization
of the melt, subsequent subsolidus re-equilibration,
and later low -temperature alteration related to ser-
pentinization.

Primary grains of base- and precious-metal minerals

It is assumed that grains of base- and precious-
metal mincrals enclosed in unaltered and unfractured
chromite and silicate grains are primary because sub-
solidus reactions occurred as a closed system (Lorand
1987a). Phases interstitial to chromite and silicaie
grains have clearly reacted with serpentinizing fluids.

The laurite - native Cu - silicate assemblage in
chromite (Fig. 2A) is primary and in sitw. The
euhedral nature of the laurite and silicate grains indi-
cates that they were incorporated into chromite as
solid grains during chromite growth. Johan & Le¢ Bel
(1978), Constantinides er al. (1980), Prichard er ul.
(1981), Stockman (1982) and Talkington er @/. (1983)
also have found that euhedral grains of PGAM are
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TABLE 1 PRECISION AND ACCURACY OF ANALYTICAL METHODS

dard Elesent n L Precision Mean mw Ref

- L1} 19 ? 11 291 2600
PIC-1 Au 4 0 léa 212 9t 461 650
PIC-1 Ru A 0 o8 w? LR 40 450
PTIC1 h 4 0 02 31 604 609 K0
pPrC-1 Pd 4 0 1) 58 11)% 11409 12700
PIC-) Re b 0 U4 18 2 6? [ 3 .
PIC-1 Os 4 011 28 160 192 2aU
Prc-1 Ir a o 01 I ) 171 164 170
PTC-1 Pt I3 0 05 18.4 2583 2699 1000

Pd/1r 86 & 9.y ta

Cancentrations in ppe {nr N and ppb for Au and PGE
of analyses ol the standard DL = detection llmit
(as 8) reported as the coeffictent of variation
Meworial University reported velues for PTC.)

n « nusher

Precision
NUM are the

Ref are accepted

L
F
P

COMPLEN

The origm of Asin PGM s equinocad, wid the on
e of the Pt- Pd arsemide phases s tosernved tor the
following section on alteration.

The primars composition of the base metal i
tide in the carly -sinte chinopyrosenmites s most likeh
appronumated by grains of pentlandite that host exso
lnnon blebs of natve Cu (big, ), 10 subsolidus e
equilibraton of such grams was inochennaal. the buik
composition of the original sulfide phase was that
of 4 Cu-bearing, Ni-rich penthandite, Such o sullide
phase is likely derived from a mantle source that had
previously undergone partial melime, whaoh
decreased the Fe and 8 content of the mantie il

tandard 1 N1 (Abb 198)), A d PGE {McAd, .. . \
Toray o velure i o chdae 1 al fide component (Garut e wl. 1984).
TABLE 2. Wi, Cu, Au AND PGE CONTENT OF SPRINGERS WILL AREA L1THOLOGIES
ppm peb

Semple Lithology wi Cu Au LT} ®h pd Re Os Ir Pt Sum PGE (X714
1106 Hera 1908 bl 014 B.7S 1S3 8.1 039 481 476 9.5 3.2 v
218 nerx 1992 bl 032 7.3 1.8 387 0.05  3.46 313 319 247 1k
0S¢ €S Serp ne e 009 2098 339 267 000 40« 9.60 1.3  «2.01 028
256 ESOn 218 bl 038 3% D&k O.N bl 190 2.00 0.20 A8l 0%
L03  ES Chrm ne o 0.0 S0.66 4.62  2.79  0.06 1661  15.05  1.58  89.37 0.9
(266 €S Chrm e ne 457 5041  2.83 0.0 0.00 22.41 1191  2.13  89.49 :
29 €S Cvm e ne 0.2 25.60 2.35 5.31 000 1331  6.05  2.13  5.75  0.88
W68 €S Opat 721 bt 059  0.03  0.48 17038 0.00 0.1  0.36 170.85 2.3 4/1.28
L7 ES opat m bt 0% 0.9 1.60  15.92 1643 ndl 0.4 14.58 4516 .18
267 €8 Opat ™m bt 0.50 0.5 10.12 106.7%  0.30  1.20 332 41.70 262.03  31.5%
1268 €S Opat 103 bdl  0.63 2,02 30.92 405.68  0.00 279 951 517.20 68.12  42.6b

Av opat 78 bl 0.6  0.75 \0.78 7.8  &.18  1.06 341 211.08 405.41  51.08
026 €S Cont Te4 13 2.3 0.7 0.7% 6798  0.00  0.26 031 61.2¢ 130.70 219.29
124 g8 cput %8 7 a8 bl 0.3\ j0.38  0.% 0435 001  3.47  15.2¢ 1038.00
212 €8 cont o 132 2un bt 0.13 0.4 0.5 0.3 Wt 018 1.92 :
L2138 Cpat ss8 bl 2.13 bt 0.13 3.8 1.0 0535  0.08 0.7 6% 127.8/
2% ES Cout 135¢ 125 1.3 bl 0.0 6.05 13.28 bl 0.07  1.00 2043 8643
(283 ES cout 18 il 7.9 0.23  3.73 .71 0.08 035  1.62 520.53 720.27 11957
\293 B3 Cpat 60 Bt 013 0.6  0.08 1016 0.0 005  0.06  3.41 13.92 169.33

ok 0.5 bl 0.05 092  0.15 bl 0.0 0.33 148 30.67

Au ond PGL values are reported os the original vaiues minus the reagent blank composition. bdt = below detection Limit; na «
not analyied; Av = average; Warz = harzburgite; €35 s early-suite; Serp = chromite-rich serpentinite; Dn » dun:te;
Chrm = chromitite; Opxt = orthaopyroxenite; Cpxt = ciinopyroxenite.

entrapped in chromite, whereas silicates become ini-
tially trapped a- liquids or euhedral crystals (Talking-
ton et al. 1984). Therefore, the suggestion by Gij-
bels er al. (1974), Agiorgitis & Wolf (1978), Crocket
(1979) and Mitchell & Keays (1981) that the PGE are
in solid solution in the spinel structure does not apply
to the Springers Hill samples. Gijbels er al. (1974)
have suggested that grains of PG M are produced by
expulsion of the PGE from structural sites in spinel
during subsolidus re-cquilibration. Inclusions in
chromite from the Springers Hill chromitite sample
do not support this process. The occurrence of sul-
fide in chromite probably results because the crys-
tallization of chromite locally reduces the Fe() con-
tent of the melt, allowing sulfide to precipitate (Page
1971. Haughton ef al. 1974).

Alteration

In order to use base- and precious metal coneen
trations in whole-rock  samples as petrogenetic
tracers, the eftects of alteration must be known. The
preseiit Fe-Ni-Cu-S assemblage represents the end
product of serpentinization reactions, which viclded
an asemblage of magnetite, awaruite, native mcetals
(Cu). pentlandite and other minor phases. Sachan
assemblage is characteristic of serpentintzed ult
mafic rocks (Fokstrand 1975, Moody 1970)
pentlandite - magnetite - awarnnte natnge €

Vhie

assemblage is common in all environments wheie
relict olivine and serpentine coevint, as i tesult ol
low f10,) and low f(S,) condinons (F ohstrand
1975). The magnetite awaruite assermblagen ~crpan
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tite s evidence 1or a very O.-deficient, H.-rich
chnvironment at temperatures below 420 C (Moody
1976).

Under conditions of nonconstant volume, serpen-
tinization 1s an isochemical process except for the
introduction of H,0 and ioss of Ca (Coleman &
Keith 1971, I-chstrand 1975). Groves & Keays (1979)
predicted that a system undergoing serpentinization
miy gain' S from an exter nal source and fose Ni from
the silicate fraction into opaque phases, or from the
system altogether. In terms of mobility, Fe, Ni, Co
and S can move as much as 10 em during the most
avtive sage of serpentinization (Shiga 1987); Fe?”
i mote mobile than Nit© because NiS has a smaller
solubility product than LeS (Groves & Keays 1979).
Fhe petropraphic exantination of the 1¢-Ni-Cu-§
assemblages in samples from the Springers Hill arca
mdhcates that Feand Ni remained essentially in situ
i pentlandite, awaruite and magnetite, or moved a
short distance (mm scale) to be incorporated into
sther opague phases in serpentine. Copper was the
wrost mobile clement (mm-cm scale): in cases, it was
remanved trom pentlandite and precipitated along
tractures (Fig. 3y and grain boundaries. Henve, Fe,
Nt and Cu are i sitie, at least at the seale of a hand
specimen; data on these elements should, therefore,
be representative of the original composition of the
whole rock prior to serpentinization.

Platinum-group clements are immobile during ser-
pentimzation (Keavs & Davison 1976, Groves &
Keavs 1979, Oshin & Crochet 1982, Prichard & Tae-
hran 198R); therefore, primary magmatic abundances
should survive this alteration (Oshin & Crochet
1982). Prichard & Tarkian (1988) have found,
however, that the phases comprising the PGA assem-
blage will change during serpentinization; for exam-
ple, hongshinte may be an alteration product of sper-
ivite (PtAsy) (Prichard & Tarkian 1988) or
couperite (P18) (Cabri 1981), By inference, hongshiite
m the Springers Hill sanmiples probably has a similar
origin. 11 so, the source of Cu could be native Cu
blebs and pentlandite 1n the carly -suite clinopyrov-
cnites. Copper remobilization in clinopyroxenite is
probably related to serpentinization of the harsbur-
pite and dunite hosting the clinopyroscenite. The
preference of natine Cu and Cu-PGE alloys for the
matgins of PG arsenide grains (lig. 3) strongly
suggests that arsenide minerals existed prior to the
mrroduction of Ca

Another example ot a moditication in the PG M
assemblage may result from the mtroduction of As.,
The origin of Asin £2G M is unclear; Naldrett & Cabri

(1976) repotted that during cooling, sutfides undergo
phase  transtormations and  the PGH essolve,
reciystalhize, and combine with As, Te, Bi and Sbh
to torm complex PGA phases. Thelow S Asvalues
reported by Groses & Keass (1979) for some serpen-
tmtes (nanndy tale-carbonate rocks) suggest that As

THE CANADIAN MINERAT OGING

was introduced by an alteration fluid. Similarly,
Prichard & Tarkian (1988) argued that As could be
introduced with [ate-magmatic fluids, or during or
after low-temperature hydrous conditions suitable
for chlorite formation. In the Springers Hill samples,
the cuhedral nature of the arsenide grains in rela-
tively unaltered pyroxene (Figs. 2B, 3) implies that
the arsenides precipitated as primary phases from a
fractionating melt. Support for this was provided by
Ocn (1973), Lorand (1987b) and Lcblanc er af.
(1989), who proposed that the PGE are fractionated
in an immiscible As-S-rich liquid in the early stages
of crystal fractionation during mantle upwelling.

Gold may be lost during serpentinization (e.g.,
KReays & Davison 1976), but Oshin & Crocker (1982)
showed that Au may be added to harzburgite dur-
ing the formation of asoestos veins. Groves & Keays
(1979) proposed that the dissolution and removal of
Au in an alteration environment are enhanced by
high 4(0O.), but strongly oxidizing conditions do
not appear 1o have prevailed in the Springers Hill
arca.

In conclusion, the concentrations of Fe (as total
Fe), Ni, Cu and PGE in lithologies of the residuum
and early-suite rocks in the Springers Hill arca are
most likely primary in origin, despite local remobiti-
zation. Solid sulfide and arsenide grains were incor-
porated into chromite and pyroxene as the meh
cevolved. Osmium-Ru-S$ saturation was followed by
Pt-Pd-As and l'e-Ni-Cu-S saturation, respectively,
all under magmatic conditions.

PEIROGENETIC CONSTRAINTS

The concentrations of PGE enable constraints to
be placed upon the origin of the lithologies in the
Springers Hill area. The PGE data are presented as
Pd. Ir values (Table 2) and in chondrite-normalized
PGE plots (Fig. §). Gold is not considered because
it is more mobile than the PGE during serpentini-
zaton.

Origin of the Springers Hill harzhurgite

Before examining the PGE chemistry of the
Springers Hill harzburgite, it is necessary 10 under-
stand the origin of these rocks. The sulfide compo-
nent of the upper mantle has a low melting point
(Naldrett 1973) and is largely involved in mantle
melting (Garuti ef a/. 1984). This phenomenon aliow s
the abundance of Fe-Ni-Cu-S phases to be used as
an index of depletion, especially as their abundance
correlates with the modal abundance of clinopyrox-
enc and plagioclase in residual mantle maierial
(Lorand 1988). The Springers Hill harzburgites are
devoid of primary Fe- Ni-Cu-S phases. clinopyrox-
ene and plagioclase. They have highly depleted trace-
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and rare-earth-clement characteristics, and they con-
tain chromite associated with Mg-rich olivine and
orthopyroxene. These features are all characteristic
of a highly depleted mantle residuum.

It is possible 1o estimate the degree of partial melt-
ing required of a mantle source to yield a harsbur-
gite residue totally barren of sultide (Barnes er af.
1985). Garuti er af. (1984) reported an Fe-aepleted,

Ni- and Cu-enriched mantle sultide cotuponent tor
the Baldissero and Balmuccnr Thetzolites ot the
Ivrea: Verbano mantle peridotites, western 1tahan
Alps. These Thetzolites preserse S contents ot
140-320 ppm, which are representative of the S con
tent of undepleted to partly depleted upper mantle
(Garuti e gf. 1984). For the Spongers $hll hatzbur
wites, 1t is assumied that the minal S content o the
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mantle source was 140-320 ppm, that partial melt-
ing oceurred at a depth of < 40 km (Duncan & Green
19K7). and that § solubility in basic silicate melts is
0.19 wt. % (Wendlandr 1982). For these parameters,
T to 17%% partial melting is required to remove all
ot the mantle sulfide into the melt for, respectively,
S contents between 140 and 320 ppm in the initial
mantle source. Depleted mantle peridotites in the
BIOC were produced by 23% partial melting of
BIOC spined Therzolite (Malpas 1978), which would
leave a harsburgite residue totally devoid of any
prmary sulfide phase atter complete extraction of
melt. Basal spinel thersolites in the BIOC have an
Fe Ni Cu-S component of <0.005% by volume,
and they grade mio harzburgites totally devoid of
a sultide component (Lorand 1987a). Springers Hill
harsburgites contain no petrographically visible sul-
tide phase, apart from that resulting from serpen-
tinizition of the silicare phases. During partial melt-
mg, the dissolution of all the mantle sulfide leaves
no sulfide residue into which the PGE can partition.
Melt has been very effectively removed from the
Springers Hill harsburgites, as there is no evidence
for trapped silicate or sulfide melt residing in the
residoum.

I'he Springers Hill harzburgites contain 24-38 ppb
total PGE. Because there is no sulfide in which the
PGE can exist, they must be present in either chro-
mite and silicate phases, or an intergranular phase.
It has been peczulated that refractory Cr-spinel and
olivine in S-poor ultramafic rocks may act as a sink
tor It (Crocket 1979, Naldrett ez @f. 1979). In addi-
tiwon, Mitchell & Keays (1981) predicted that high-
temperature It allovs may exist under upper-mantle
P T conditions in environments of low f(S,).
Iridium in this form would remain as a residual phase
Juring partial mching of the mantle (Mitchell &
Keays 1981). In contrast to Ir, Pd is more volatile
(Arculus & Delano 1981); therefore, during partial
miclting Pd tractionates from Ir, which is feft in the
residue (Hertogen er al. 1980, Mitchell & Keays
1981). Henge, highly depleted mantle peridotites have
low total PGE contents. fractionated chondrite-
normalized PGE patierns with negative slopes from
Ir 1o Pd, and Pd Ir <. Such patterns have been
reported from the Thetford Mines Ophiolite, Que-
bec (Oshin & Crocket 1982) and the Ronda perido-
Dite massit, Spain (Stockman 1982), and calculated
for the Vourinos Ophiolite Complex, Greece
(Cocherie er al. 1989), The chondrite-normalized
PG patterns (Fig. SA) and Pd. ir values (1.2-1.7)
of the Springers Hill harzburgites are completely
inconsistent with a residual origin. In fact, the flat
PGE patterns for Springers Hill harzburgites coin-
cide with the chondrite-normalized PG £ daia com-
piled by Arculus & Delano (1981 for undepleted
upper mantle (Jagouts er af. 1979, Morgan & Wand-
less 1979, Morgan er af. 1980, Mitchell & Keays
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1981), and yet the Springers Hill harzburgite is clearly
residual in origin. In o-der to explain the apparent
discrepancy between the FGE data and the residual
origin for the harzburgite, it is necessary first to con-
sider the origin and PGE chemistry of the early-suite
lithologies.

The earlv suite

Lithologies of the early suite are magmatic in ori-
gin, as demonstrated ear lier, and both their silicate
mincralogy and PGE chemistry define a fractiona-
tion sequence. All of the chromitite samples (Fig. 5B)
have characteristic chondrite-normalized PGE pat-
terns typical of ophiolites (e.g.. Page et al. 1982,
1983, Page & Talkington 1984), but exhibit a posi-
tive slope from Pt 10 Pd, which appears to be a diag-
nostic feature of Newfoundland ophiolites (Page &
Talkington 1984). The V-shaped Os-1r-Ru patterns
of the chromitites reflect the occurrence of Os-
bearing laurite inclusions in chromite grains. It is
important to note that a discrete Ir-bearing phasc has
not been found in any lithology investigated in this
study.

Dunite has a nearly identical chondrite-normalized
PGE pattern to that of serpentinite (Fig. SC), which
strongly suggests that serpentinization has not
affected whole-rock PGE chemistry. The PGE pat-
terns in Figure 5C are best explained by chromite
fractionation (¢f. Fig 5B), and the higher PGE con-
tent of the serpentinite is attributed to its greater
abundance of chromite relative to the dunite. The
low Os/Ru value of the serpentinite may argue for
the presence of Os-poor or Os-tree laurite in this sam-
ple. Osmium-free laurite has been observed in ser-
pentine and chlorite interstitial to chromite grains
in chromite-rich samples from the Shetland Ophio-
lite (Tarkian & Prichard 1987).

Chondrite-normalized PGE patterns for the
orthopyroxenites (Fig. SD)show an inverse correla-
tion with respect to the chromitite and dunite pat-
terns (Figs. SB, 5C), which reflects the presence of
Pt and Pd phases in the orthopyroxenite. Oshin &
Crocket (1982), Page & Talkington (1984), Barnes
et al. (1985} and Prichard & Tarkian (1988) have sug-
gested that as a magma evolves, it becomes enriched
in Pt and Pd relative to Ir, implying a fractionation
trend. The PGE patterns presented in Figures 5B,
&C and 5D suggest that the o.thopyroxenites precipi-
tated from a basic melt that had previously under-
gone fractionation of a chromite component. The
intrusive relationships, magmatic textures, fraction-
ated PGE patterns, and high Pd/Ir values exhibited
by the orthopyroxenites all argue against their ori-
gin as residucs after partial melting. Loubet ef al.
(1976) and Loubet & Allegre {1979) proposed a
residual origin for the garnet pyroxenites of Beni-
Bousera, Morocco.
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Chondrite-normalized PGE patterns are highly
variable in clinopyroxenites (Fig, SE). The
clinopyroxenite richest in PGE has a PGE pattern
almost identical to those of the orthopyrosenites.
This clinopyroxenite intrudes an orthopyrosenite and
contains orthopyrosenc senocrysts derived from the
orthopyronenite. As a result, in places, the
clinopyronenite becomes a webster'te, and inberits
asigniticant component of its PGE pattern {rom the
orthopyroxene xenocrysts. Primary sulfides Tirst
appear in the clinopyroxerites, but their intfluence
on the PGE patterns presently is unknown,

During fractionation in the early suite, there was
a significant fluctuation ia the concentration of Ir
fractionating from the melt relative to Os and Ru.
If an Ir-rich alloy remained in the residuum upon
melt extraction (Mitchell & Keays 1981), then this
could account for the V-shaped Os-1r-Ru pattern
of chromitite. However, even if this were the vase,
the PGM in chromitites should be Ir-depleted. rela-
tive to Os and Ru, in order to account tor the upward
V-shaped Os-Ir-Ru pattern in orthopyroxenite. This
trend suggests that the relative proportions of Os,
Ir and Ru present in ,’GM are very sensitive to the
crystallization environment in terms of whether chro-
mite Or pyroxene is precipitating.

The complementary evolution of the PGE chemis-
try with mineralogy of the early-suite veins and dykes
strongly suggests that the veins and dyKkes of this suite
may be comagmatic and that the PG £ patterns have
not arisen through alteration. Clearly the veins and
dykes are crystal fractionates and do not represent
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liquid compositiens. The tractionation sequence olivine
— orthopyrosene = clinopyroaene is tvpreal of fughly
refractory melts such as boniniies. The correspond-
ing fractionation of the PGE to vield high Pd b
values in the carlv-suite pyroaenites also s consis
tent with o boninitic origin tor this suite, as bomunites
and fow-Ti Lanas have Pd e values e the tange
20- 200 (data compiled by Barnes ef al. 198%),

Modification of the Springers Fill harsburgae

The relatively unfractuioniated PGE chennstiy
exhibited by the otherwise highly depleted Sprongers
Hill harzburgites is best evplained in terms of the
field and petrographic evidence for adduion ot an
early-suite orthopyroxenite component 1o residual
harzburgive. As deseribed carlier, the addition o)
orthopyroaene involies cither melt infiltration ot
orthopyroxenite into residual harsbureite, o
mechanical mixing of orthopyrozenite into harzbuor -
gite by the stretching and  pulling apart o
orthopyroaenite veins and narrow dykes (- 1 m)
hosted within residual harzburgite. These processes
would increase the orthopyroxene content of
depleted harsburgite. In a simifar way, itis possible
to produce harzburgites by adding orthopyroaene to
residual or maematic dunites.

Plotted in Figure 6 ace the Pd and 1r data tor the
PGE-depleted Black Lake harsburgite (sample 1L)
from the Thetford Mines Ophiolite (Oshin & Crochet
1982), the PGE-enriched Springers Hill harzburgate
tsample 1106), and the average Springers thit

Enriched Hz

Rock/Chondrite

0.0001

Pd/ir

Opxt 51.08

Depleted Hz

Ir

Pd

Fic.. 6. Pd, Ir and Pd - Ir values for PGE-depleted harzburgite [sample 1C from Oshin
& Crocket (1982)|, PGE-enriched harzburgite (1 108) trom Springers Hill, and
average earlv-suite orthopyrovenite composition, also from Sprngers Hhll
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onhopyrosetite composition (Table 2). The PGH
content of the Black Fake harsburgite is assumed to
represent the PGE content of residual mantle.
fridium Pd slopes pivot about an essentially cons-
pant 11 value for Jarge variations in Pd concentra-
non (g, 6). ¢ onseyguiently, the addition ot carly-
SUITC OFTHOPY Fosenite 1o PG E-depleted harsburgite
will greatly alter the Pd content of the harsburgite
without sipnificanily maditving the {Ir coment. This
trend s further supported by the difterences in Pd/1r
and Bd - Prvaloes ot the PGL-enriched harzburgite,
compated o those af the average orthopyroxenite.
Whereis Pd e values for the two lithologies are
vastiv ditterent, 1.7 and 51, respectively, Pd/Pt
values are essentially identical, 0.86 and 0.83, respec-
tvelv. The proportion of - average carly-suite
orthuapyrorenite required 1o change residual harzbur-
pite compasitions (sample 1C of Oshin & Crochet
1952) inte Springers Hidl har/sburgite (sample 1 106}
can be caleulated from simultancous cquations
mvolsing the Pd, Irand Pd ‘Tr values of these three
components. The PGE chemistry suggests that the
enriched Springers Hill harsburgite (1 106} is com-
posed  of 98% residual harsburgite and 2%
orthopyrovene  from early-suite Springers  Hill
orthopyrovenite. The addition of 2% orthopyrox-
ene to 1esidual harzburgite is clearly inconsistent with
the ticld and petrographic data, which suggest that
up to 20 modal *e orthopyroxene from orthopyrox-
cttite 1s added to hatzburgite. One explanation for
this discrepaney appeals to the heterogeneous dis-
tibution of PG in orthopyroxenite; the addition
of orthopyrosene thus need not result in a propor-
tonal addition of PGE 1o the harzburgite. As an
alternative, the PGE-eariched harzburgites may have
evperieneed a small degree of partial melting to
remove Pd relative to ir. This is unlikely, however,
pecatnse the fine, delicate, impregnated orthopyro-
ene in the harzburgite exhibits no evidence for cor-
tosion resulting from partial melting. More PGE
data from harzburgites are required in order to bet-
tor understand the behavior of the PGE in mantle
residtium in ophiolite sequences.

Ihe guestion now arises as to how significant are
the orthopyroaene-addition processes in terms of
moditying harzburgite compositions 0 mantle
sequenices in ophiclites, In the Springers Hill area,
orthopyroaenite seins and dyhes are abundant, and
a significant proportion of the harzburgite appears
to be mudificd. However. the area mapped in this
sudy s only 2 km'. A more regional study of the
BIOC mantle section is presently under way, and
there is evidenee for orthopyrosene impregnation in
other masifs (G, Suhr, pers. comm.). A survey of
the literature data on the PGE content of other harz-
bus gites from ophiolites indicates that many of them
presene Pd e values greater than 1, e.g., Troodos
Ophiolite Complen, Cyprus (Becker & Agiorgitis
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1978), Thettord Mines Ophiolite, Quebec (Oshin &
Crochet 1982), Yourinos Ophiolite Complex, Greeee
(Cacherie ef al. 1989). Without detailed ficld and
petrographic studies of the harsburgites from these
ophiolites, it is premature 10 aitribute the elevated
Pd-Ir values to orthopyroxene addition. However,
if such a process does operate in these ophiolites,
then modifications of Pd/Ir values of harsburgite
by orthopyroxence addition w ould appear to be the
rule rather than the exception,

CONCLEUSIONS

The main conclusions drawn from the Springers
Hill area of the BIOC are summarized as tollows:
1) The PGE are essentially immobile during serpen-
lipization, despite modifications of PGM phase
assemblages resuiting from the addition of Cu. Con-
sequently. chondrite-normalized PGE diagrams and
PGE values are useful tools to determine the petro-
genesis of ultramafic rocks.

2) Copper is locally mobilized during serpentiniza-
tion, but Fe, Ni and Cu remain essentially in siru at
the hand-specimen scale. Original Fe-Ni-Cu-S phase
assemblages are affected by serpentinization,

3) The carly-suite veins and dykes fractionate olivine
+ chromite — orthopyroxene — clinopyroxenc,
which is the order of crystallization of refractory
melts., e.g. . boninites. Fractionation of the PGE from
a melt oceurs by removal of sulfides in chromite (Os,
Ru and possibly Ir) and arsenides in pyroxene (Pt
and Pd). Base-metal sulfides do not seem o play a
role in this fractionation,

4) Partial melting of mantle witha chondritic distri-
bution of the PGE yields melt and residue with high
and low Pd/Ir values, respectively. Precipitation of
chromite from this melt enhances the Pd/Ir value
of the residual melt. Pyroxenites with highly elevated
Pd. Ir values precipitate from sucha residual melt.
5) The Springers Hill harzburgites that exhibit a
Pd/1r value greater than 1 contain a component of
carly-suite orthopyroaenite. These harzburgites con-
tain coexisting residual and magmatic orthopyrox-
enes. The residual orthopyroxene is porphyroclas-
tic and corroded, whereas the magmatic
orthopyroxene is porphyroclastic if deformed, or a
delicate impregnation ift undeformed.

6) Refractory pyroxenites in mantle sequences in
ophiolites may be of economic interest for future
mineral exploration.
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TABLE 1.1. Classification of ophiolites as harzburgite ophiolite types (HOT)
and lherzolite ophioiite types (LOT) (modified from Boudier and Nicotas, 1985;

Nicolas, 1989).

LOT

HOT

Alternative

Mafi¢ ¢rustal section

basalt

crystallization
late intrusives

low-T plastic
deformation

Mantle section
peridotites

podiform chromitites
partial melting
high-T plastic
flow structures

r ingr
Environment

Examples

high-Ti type

Type |

mid-ocean ridge type
Liguria type

W. Mediterranean type
chromite-barren type
0-3 km thick

tholeiitic and alkalic,
high-Ti

Ol--Plag--Cpx
diabase dykes and sills

very ccmmon

plagioclase lherzolite and abundant
dunite within 2 km below Moho.
Cr#(Sp) <60

uncommon to absent

low at greater depth and small
volume of magma extracted

steep foliation and
moderately plunging lineation

incipient/slow rift
mid-ocean ridge

Trinity, Liguria

low-Ti type (1)

Type i1 (2)

supra-subduction zone type (3)
Papua type (4)

E. Mediterranean type {5)
chromite-mineralized type (5)
2-7 km thick

tholeiitic and quartz tholeitic,
low-Ti

0O1--Opx--Cpx--Plag
wehrlite bodies
absent, except local shear

zones

harzburgite and abundant
dunite to 10 km below Maho.
Cr#(Sp) >60

always present

high at shallower depth and
large volume of magma extracted

flat foliation, locally vertical
with vertical lineation

mature/fast rift
supra-subduction zone

Troodos, Papua

(1) Serri (1981), (2) Dick and Bullen (1984), (3) Pearce gt al. (1984), (4) Ishiwatari (1985a),
(5) Roberts (1988).
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ALLOCHTHO

AUTOCHTHON

FIGURE 1.4. Generalized geological map of the Humber Arm Allochthon,
western Newfoundland, Canada, after Smith (1958), Wiliams (1973) and
Karson (1979). The Bay of Islands Ophiolite Complex (BIOC) comprises Table
Mountain {T), North Arm Mountain (N), Blow Me Down Mgountain (B} and Lewis
Hilis (L); C is the Coastal Complex; barbs on upper thrust slice.




lew:s }’
Hiils - ".?‘ Lo
Massif / -

~

COASTAL BAY OF ISLANDS
COMPLEX OPHIOLITE COMPLEX

FIGURE 1.5. Geological map of the Lewis Hills Massif from Karson (1977,
1979, 1984). Bay of Islands Ophiolite Complex (BIOC): harzburgite {coarse
stipple); dunite cumulates (unpatterned); variably deformed layered cumulates
of dunite, wehrlite, clinopyroxenite and gabbro (dense stipple); mafic gneiss and
amphibolite (metamorphic sole according to Williams and Cawood (1989))
(vertical lines which approximate orientation of foliation and mineral lineation).
Coastal Complex (CC): highly deformed mafic gneiss and amphibolite of Mount
Barren Assemblage (dashed lines which approximate orientation of foliation and
mineral lineation); wehrlite-lherzolite crystalmush intrusions (black); gabbro and
metagabbro (fine stipple); sheeted dyke complex (d); mafic dykes {short bold
lines); small bodies of plagiogranite occur throughout (not shnwn), Faults and
shear zones (thick black lines), with barbs on upper thrust slice; Springers Hill
(black triangle); area of this study enclosed in thick biack line.
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FIGURE 1.6. Composition of olivine, clinopyroxene and spinel in rocks of the
Springers Hill area. Using spinel, the rocks are classified as low-Al peridotites
and pyroxenites (LALPP) (0}, and high-Al peridotites, pyroxenites and gabbros
(HALPPG) (x).













FIGURE 2.5. Partially recrystallized Cr-spinel (black}) in an aggregate of
porphyroclastic grains of orthopyroxene (lines defining cleavage) which have
well equilibrated and embayed grain boundaries adjacent to olivine (undefined).
Harzburgite sample L225. In many samples of harzburgite, similar textures of
Cr-spinel are developed in olivine adjacent to orthopyroxene.
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FIGURE 2.9. Recrystallized grain of Cr-spinel (black) hosting inclusions of
olivine {Q), serpentine (S), magnetite (M), phlogopite (P) and Ca-amphibole (A).
The grain boundary of Cr-spinel is even in contact with serpentinized olivine,
but highly embayed in contact with Ca-amphibole and phlogopite.
Serpentinization has affected all phases. Harzburgite sample L173. (Numbers
are Cr#, Mg# of points analysed in Cr-spinel).
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FIGURE 2.11. Chain texture exhibited by Cr-spinel (black) along the grain
boundaries of grains of olivine (white). LAL dunite sample L162. Length of
drawing 6.6 mm.
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FIGURE 2.30. Conjugate vein of type i orthopyroxenite (OPXT 1) partially
pseudomorphed by amphibole dunite (AD). The amphibole dunite is bordered
by dunite (d} which has olivine of a lower forsterite content than that in
harzburgite. S, of harzburgite indicated by dashes.
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NO exposure

FIGURE 2.46. Xenoliths of harzburgite (H and Hm) and LAL (D) and HAL (d)
dunite, in HAL olivine clinopyroxenite (stippie). Xenoliths either are angular
with well defined margins (solid lines), or are irregular with gradational margins
(brokenlines). Irregular dunite xenoliths in some places grade from LAL to HAL
as the olivine clinopyroxenite is approached. HAL dunite xenoliths often
contain impregnated clinopyroxene. Offsets in the central LAL dunite xenolith
are filled by HAL clinopyroxenite. The close spatial distribution of xenoliths of
harzburgite (H), harzburgite mylonite (Hm) and LAL dunite (D}, suggests that
these xenoliths may not be in-situ.
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FIGURE 2.47. Irregular HAL dunite xenoliths (d) in HAL olivine clinopyroxenite
(stipple). HAL clinopyroxenite (thick black lines and Cpxt} forms along the
margins of dunite xenoliths. Parts of dunite xenoliths {di) contain impregnated
clinopyroxene where their margins are gradational (broken lines) to olivine
clinopyroxenite.
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FIGURE 2.50. Partially schematic phase relations for ultramafic rocks modelled
by the system H,0-Na,0-Ca0-Mg0-AI,0,-Si0, with excess H,0 and Mg,Si0,.
Solid lines are experimentally determined. Dash-dot lines are approximated.
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plagioclase; Sp=spinel; Trem =tremolitic amphibole; V =aqueous vapour.
Diagram from Jenkins (1983}.
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FIGURE 3.4. Cr# vs. Mg# composition fields of spinel. (a) Mafic-ultramafic
stratiform complexes (S) (lrvine, 1967) with trends of the Bushveld (b} (De
Waal, 1975) and Skaergaard (s) (Jackson, 196Y); podiform deposits of
ophiolite complexes (C) (Leblanc et al., 1980). (b) Abyssal peridotites (A) (Dick
and Fisher, 1984); harzburgites and dunites of the Bay of Islands Ophiolite
Complex (B) (Malpas and Strong, 1975); harzburgites of the Lewis Hills Massif
(L) (Smith and Elthon, 1988) and Papuan Ultramafic Beit (P) (Jaques and
Chappell, 1980); Cr-spinel harzburgites and lherzolites ot the Miyamori Ophioli*e
Complex (M) (Ozawa, 1988). («¢: Boninites and basaltic komatiites (Bo)
(Cameron et al., 1979); orthopyroxenites of the Lewis Hills Massif (L) (Smith
and Elthon, 1988) and Papuan Uitramafic Belt (P) {Jaques and Chappell, 1980);
low-Al orthopyroxenites of the White Hills Peridotite (W) (Talkington and
Malpas, 1984); Cr-spine! olivine clinopyroxenites of the Miyamori Ophiolite
Complex (M)} (Ozawa, 1988).
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FIGURE 3.5. Chondrite-normalized rare earth element abundances of LALPP:
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(e} clinopyroxenite samples LO12, L0O26, L213, L290 and L293; (f} dunite
samples L216 and L217 from a dunite envelope around clinopyroxenite.
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FIGURE 3.6. Chondrite-normalized platinum group element abundances of
LALPP: {a) harzburgite samples L106, L218 and L225; (b) chromitite samples
L203, L244, L289 and L326. Numbers to right of pattern are Pd/Ir ratios.
Normalization values are those compiled by Naldrett and Duke (1980) for an

average C1 chondrite.
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Normalization values are those compiled by Naldrett and Duke (1980) for an
average C1 chondrite.
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FIGURE 3.7. Mineral/matrix equilibrium partition coefficients of rare earth
elements for olivine, orthopyroxene and clinopyroxene (values compiled by
Prinzhofer and Allégre (1985)), and amphibole (Irving and Frey, 1984):

Ol Opx Cpx Amph

0.00044 0.0012 0.12 0.064
0.00030 0.00162 0.15 0.097
0.00020 0.0028 0.2 0.29
0.00018 0.0054 0.24 0.37
0.00020 0.0078 0.25 0.43
0.00025 0.0111 0.263 0.62
0.0007 0.01975 0.29 0.52
0.00174 0.0392 0.294 0.48
0.00522 0.06 0.3 0.19
0.00852 0.0703 0.31 0.13
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FIGURE 3.8. (a) CaO/Al,0, vs. Mg# (whole-rock) of refractory harzburgites
(closed circle), Ca-amphibole- and/or clinopyroxene-bearing harzburgites (solid
diamond), and harzburgite containing type | orthopyroxenite (solid square) of
the Springers Hill area. Fields are: harzburgites of Table Mountain (T) and North
Arm Mountain (N) (Malpas, 1976), harzburgites of the Oman Ophiolite (O)
{Lippard et al., 1986), harzburgites of the White Hills Peridotite (W) (Talkington,
1981), harzburgites of the Papuan Ultramafic Belt (P) (Jaques and Chappell,
1980), and harzburgites (H) and Iherzolites (L) of the Ronda Peridotite (Frey et
al., 1985); fertile Iherzolite compositions of Maalee and Aoki (1977) and
Jagoutz et al. (1979) are open square and open circle, respectively. Trend of
residue compositions from batch equilibrium partial meiting of MORB pyrolite
at 10 kbar from Falloon et al. (1989).
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FIGURE 3.8. (b) CaO/Al,0, vs. Mg# of harzburgite samples L106 and L225
and their constituent silicate phases.
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FIGURE 3.9. Chondrite-normalized platinum group element abundances of a
LAL clinopyroxenite dyke and associated dunite envelope and harzburgite.
Normalization values are those compiled by Naldrett and Duke (1980). All
samples contain sulphide and/or native Cu.

Clinopyroxenite samples L211, L2112, L213 and L2114 {open circle}:
Pd/Ir= > 44-1040, Mg#(Ol) =88.3.

Cr-spinel-rich dunite sample L216 (closed circle): 0.2 m from clinopyroxenite,
Pd/Ir=2.1, Mg#{O1) =90.5.

Dunite sample L217 (closed square): 0.9 m from clinopyroxenite, Pd/ir = 8.4,
Mg#(Ol) =91.3.

Harzburgite sampie L218 {opensquare): 2.4 m fromclinopyroxenite, Pd/Ir = 1.2,
Mg#(Ol) =91.3.
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FIGURE 3.10. Estimated chondrite-normalized rare earth element abundances
of magmas in equilibrium with type | orthopyroxenite sample L268 (square) and
LAL clinopyroxenite sample LO26 (circle). Normalization values are those of
Wakita et al. (1971). Mineralogy is 95 wt.% orthopyroxene and 5 wt.% Ca-
amphibole for type | orthopyroxenite sample L268, and 80 wt.% clinopyroxene
and 20 wt.% olivine for clinopyroxenite sample LO26 (olivine in this sample
may have been overestimated due to its heterogeneous distribution). Partition
coefficients are those in Figure 3.7. Equation used is E3.1.
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TABLE 3.1. Major and trace element and normative compositions of
orthopyroxenites in ophiolitic and orogenic mantle peridotites.

Lacation WHP WHP
Type Low-Al  High-A)
n 3 4

(wt %)
S02
T102
Al203
Feo(l)
MnQ
MgO
Ca0
Na20
K20
P20s

Mg#
CaQ/Ai203

(wt %)
[

O

Ab

An

Ne

o]

Hy

SHA Springers Hill area: O° Oman Ophiolite (Lippard et al., 1986)
P: Pindos Op-hiolite (Montigny et al., 1973)

T. Troodos Ophiolite (Menzies and Allen, 1974)

PUB Papuan Ultramafic Belt (Jaques and Chappell, 1980)

WHP. Whitn Hitls Peridotite (Talkington, 1881)

8B Bent Bausera (Pearson, 1988)
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FIGURE 4.1. NiO vs. Mg# of olivine in HALPPG. Unless otherwise stated,
these symbols are used throughout this chapter.
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diagrams {weight %) of whole-rock samples of HALPPG. Symbols as Figure
4.1.
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FIGURE 4.6. CAM diagram (weight %) of orthopyroxene in harzburgite and
type | orthopyroxenite adjacent to HALPPG. The Mg# of orthopyroxene in
contact with HALPPG is always lower than that not associated with HALPPG
{this is not shown by the diagram).




FIGURE 4.7. Compositional variation of spinel in LALPP associated with
HALPPG: harzburgite xenoliths in HAL olivine clinopyroxenite {(x}, harzburgite
adjacent to veins and dykes of HALPPG (v}, chromitite xenolith in HAL olivine
clinopyroxenite (c), and type | orthopyroxenite adjacent to HALPPG (o). Arrow
indicates direction of compositional change over a distance of 8.5 mm on
passing from type | orthopyroxenite into amphibole dunite for sample L333.
Fieids are from Figures 3.3 and 4.2: harzburgite (H), chromitite (CR) and type
| orthopyroxenite {O!l), which are the LALPP components of LAL; dunite and
wehrlite of HALPPG (HALJ.
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FIGURE 4.8. Compositional variation of Cr-spinel in harzburgite cut by a vein
of HAL olivine clinopyroxenite.
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FIGURE 4.9. Compositional variation of clinopyroxene (Cpx), olivine (Ol) and
spinel {Sp) across the contact between LAL olivine clinopyroxenite and HAL
olivine clinopyroxenite.
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FIGURE 4.10. (a) AFM diagram (weight %) of HALPPG from Figure 4.4, tie
lines connect gabbro (solid circle} and associated clinopyroxene or olivine
clinopyroxenite. Composition fields: orthopyroxene in type | orthopyroxenite
(O), olivine and orthopyroxene in harzburgite (H), clinopyroxene in LAL
clinopyroxenite (C}, amphibolite dykes (solid square), ferroan pargasite in
amphibolite dykes (open square), plagioclase in amphibolite dykes (P}, and
diabase dykes of the Lewis Hills Depleted Suite (open field) (Casey et al., 1985;
Eithon et al., 1986)}. Mg# reported as relatively high or low for a maximum
proportion of Na,0 +K,0=22 %.
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FIGURE 4.10. (b) CAM diagram {weight %) of HALPPG from Figure 4.4. Fields
as for Figure 4.10a, except average coimposition of the Lewis Hills Depleted
Suite (X). Triangle HC-MA-LO represents the three component system of 100
% unreacted olivine and orthopyroxene in harzburgite, LAL dunite and type |
orthopyroxenite (LO), 120 % HAL clinopyroxenite produced by 100 % reaction
of magma with LO (HC), and 100 % magma (represented by X) having
experienced no reaction with LO (MA).
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Compositional variation of Ca-amphibole in harzburgite (e),

amphibole dunite (v) and type |l orthopyroxenite (2) of LALPP, and dunite,
wehrlite, olivine clinopyroxenite (x) and amphibole peridotite (+) of HALPPG.
Formula units are the number of ions calculated on the basis of 23 oxygen

atoms in the amphibole structure.
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FIGURE 5.2. Compositional variation of spinel along traverses a-b and c-d in
amphibole dunite sample L125. Refer to Figure 2.33 for detail of this spinel
grain.
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FIGURE 5.3. Chondrite-normalized rare earth element abundances of
amphibole-bearing rock types in the Springers Hill area: type Il orthopyroxenite
(open circle), amphibole dunite replacing type | orthopyroxenite (solid circle),
amphibole dunite (solid inverted triangle), and amphibole-bearing harzburgite
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(solid square). Normalization values are those of Wakita et al. (1971).




TABLE Al.1. Accuracy and precision of analyses of minerals
Accepted Mean Min Max SO cov
wt.X wt.% wt.% wt.% wt.X X
Olivine 174.1: Dalhousie; n=98
$i02 40.8 40.98 39.93 41.97 c 36 0.88
FeO 9.46 9.36 8.94 9.72 0.17 1.87
NiO 0.39 0.41 0.00 0.89 0.13 3.7
MgOo 49.26 49.25 47.88 50.46 0.38 .
Cr-diopside: Dalhousie; n=18
$i02 55.12 55.15 54.62 55.76 0.37 0.67
cr203 0.58 0.26 0.03 0.40 0.08 32.61
FeO 1.20 1.38 1.24 1.50 0.07 5.23
MgO 17.46 17.30 17.02 17.68 0.19 1.10
Ca0 25.56 25.52 26.89 25.82 0.26 1.02
Kakanui kaersutite (KK): Dalhousie; n=50
$102 40.37 40.44 38.11 41.19 0.45 1.1
Tio2 4.72 4.68 4.26 4.92 0.15 3.15
Al203 14.9 14.52 14.01 15.06 0.24 1.82
FeO 10.91 10.36 9.77 10.75 0.19 1.88
MgO 12.8 12.53 11.49 12.95 0.25 2.03
Ce0 10.3 10.22 9.63 10.61 0.17 1.68
Na20 2.6 2.7 2.47 3.01 0.13 4.80
K20 2.04 1.98 1.3 2.17 0.12 6.25
Orthopyroxene grain: Dalhousie; n=3
MNO 0.14 0.13 0.16 0.02 12.37
Spinel S3IN8: Memorial; n=25
Tio2 1.60 1.29 1.17 1.37 0.04 3.39
v203 0.91 0.99 0.87 1,10 0.06 6.12
AL203 12.82 12.87 12,44 13.32 0.21 1.59
cr203 49.3 9N 48.42 50.16 0.43 0.87
FeO 28.15 28.00 27.23 29.10 0.40 1.43
MNO 0.32 0.26 0.18 0.32 0.03 12.37
NiOo 0.06 0.08 0.04 0.12 0.02 22.71
Mgo 6.12 6.04 5.81 6.23 0.11 1.88

Accepted values are those of Dalhousie University and

Memorial University
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TABLE A1.2. Accuracy and precision of analyses of major elements

Accepted Mean
wt.X

Basalt BE-N: MNemorial; n=6
$i02 38.20 38.50
Al203 10.07 10.02
Fe203 12.84 12.84
NNO 0.20 0.19
NgO 13.15 13.14
Ca0 13.87 13.9
Na20 3.18 3.25
K20 1.39 1.46

OC0O0000COOO

v e e e
00000 = =
=NV NO—-O®

Basalt BCR-1: Memorial; ns1
Fe203 3.59 3.49
FeD 8.88 8.87
P205 0.36 0.36

Peridotite PCC-1: Memorial; n=2

$i02 41.67 41,90 41.70
Fe203 8.25 8.06 7.98
3] 0.12 0.12 0.12
Mgo 43.43 43.49 42.87
Cao 0.52 0,55 0.5¢

Peridotite PCC-1: Mines; n=6
AlL203 0.67 0.65 0.64 0.67

Accepted values from the compilation of Govindara;u (1989)

TABLE A1.3. Accuracy and precision of snalyses of trace elements

Accepted

Basalt BCR-1: Memorial; n=3

TioR 22400 22900 22700
S¢ 33 32 3
v 407 624 423
Zn 130 129 127
Rb 47 48 47
Sr 330 338 336
Y 38 37 37
2r 190 195 194

- ON bt b2 O
mO®WOWwONO
onNOoON—-0OwWOo
Ve N—=N NN~

Peridotite PCC-1: Memorial; n=16

Sc 8 7 b 10
v 31 n 26 34
Cr 2730 2873 2839 2918
Ni 2380 2299 2252 2343
Zn 42 45 42 47

g
wWo oo
vo~NN=

Accepted values from the compilation of Govindaraju (1989)




TABLE A).4a. Limits of detection and blank compositions of rare earth elements

(concentrations in ppb)

91

LOD Blank
Run 116 116
n 1
La 0.21 0.40
Ce 0.15 0.58
Pr 0.23 0.079
Nd 1.5 2.1
Sm 1.00 1.16
Eu 0.36 0.24
&d 1.1 0.55
b 0.16 0.119
Dy 0.40 0.80
Ko 0.183 0.162
Er 0.61 0.51
m 0.070 0.119
Yb 0.66 0.64
Lu 0,062 0.193

L0D
153

e 6w e e e
W o wn &£Hoan
gO ooogmo

O—=20—-000=20-NOOO

.

WO W=
wvu.unuo

Blank
153

00000000000 QO0

DRI IR R e

SBVNOWDWO PRV RV

googc\moum gou
w ~ ~ o

o
»
w

LOD Blank
240 240
1

1.06 1.3
0.35 2.3
1.0 0.072
1.5 1.0
2.1 0.035
0.45 0.23
3.1 nd
0.19 0.100
0.86 0.125
0.160 0.043
1.50 0.170
0.360 nd
0.53 0.0076
0.190 0.39

-
=S BN WNE NN ON W
O O O o

&R

.._._.
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o

N — [
U‘*Wﬂx
ﬂogo«-

2o2-.23223
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TABLE A1.4b. Precision (as COV in X) of rare earth

elements

Run 116 153 240 182 024
La 26 26 26 2 2
Ce 26 26 26 2 2
Pr 3 3 3 2 2
Nd 35 35 35 3 3
sm 23 23 23 2 2
Eu 34 34 34 4 4
cd 40 40 40 3 3
b 19 19 19 3 3
Dy 21 21 21 4 4
Ko 15 15 15 3 3
Er 7 7 7 3 3
™ 7 7 7 3 3
Yb 9 9 9 3 3
[RY] 13 13 13 3 3
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TABLE Al.4c. Accuracy ard precision of analyses of rare earth elements

Basalt BCR-1: Memorial

MUN Run 182 Yietd Run 024 Yietd Mean SO cov

ppm ppm x ppm x ppm ppm kS
n 1 1
La 24.9 22.4 90 24.3 98 23.4 1.3 3
Ce 53.4 45.9 86 50.1 96 48.0 3.0 6
Pr 6.9 6.26 91 6.5 95 6.40 0.19 3
Nd 28.8 26.7 86 26.4 92 25.6 1.2 S
Sm 6.59 6.03 N 6.26 95 6.14 0.17 3
Eu 1.96 1.57 80 1.67 85 1.62 0.07 &
Gd 6.64 5.36 81 5.63 85 5.49 0.19 4
Tb 1.05 0.945 90 1.00 96 0.98 0.05 5
Oy 6.42 5.87 91 6.06 96 5.97 0.14 2
Ho 1.25 1.18 95 1.22 98 1.20 0.03 2
Er 3.67 3.53 96 3.49 95 3.51 0.03 1
Tm 0.59 0.4%0 83 0.509 86 0.500 0.G13 3
Yb 31.37 3.19 95 3.19 95 3.192 0.004% 0.1
Lu 0.497 0.496 99 0.477 96 0.488 0.012 2

MUN are the Memorial University accepted values

TABLE Al.4d. Accuracy and precision of analyses of rare earth elements

Daridotite PCC-1: Memerial

oy

Accepted Min Max Run 116 Run 153 Run 240 Run 024 Mean sD cov
ppb  ppb peb ppd ppb ppb ppb ppb ppb %

n 1 1 1 1
La 3 32 55 150 160 150 150 -} 4
Ce 88 66 120 37 1A &9 43 [ 1%
Pr 1" 7 15 5.3 5.8 5.8 5.6 0.3 5
Nd 49 33 80 20 23 23 22 2 8
Sm 6.5 5.4 8.5 3.8 5.1 2.6 3.8 1.3 33
Eu 6.2 0.96 29 0.75 0.64 0.65 0.68 0.06 9
Gd 8.1 3.4 16 4.1 5.6 3.8 4.5 1.0 21
b 1.7 1.2 3 C.50 1.1 2.0 1.2 0.8 [
Dy 8.7 6.5 10 7.4 8.1 4.8 6.8 1.7 26
Ho 2.7 1.3 4 1.49 2.1 1.26 1.6 0.4 27
Er 8.4 4.7 12 4.9 8.4 5.4 6.2 1.9 n
™ 2.6 0.77 3 1.1 1.56 1.9 1.48 0.34 23
Yb 25 7.5 3 9.8 10.8 15.5 32.9 12.0 3.0 25
Lu 5.3 1.6 8.5 1.78 2.4 5.0 6.23 30 1.7 56

Accepted, minimum and maximum values are from the compilation of Frey (1984)
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FIGURE A1.1. Precision of chondrite-normatized rare earth element abundances
of representative analyses from runs 153 and 024, and between runs 182 and
024. Each point represents a single determination. Normalization values are
those of Wakita et al. (1971).
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FIGURE A1.2. Precision and accuracy of chondrite-normalized rare earth
element abundances of USGS peridotite standard PCC-1. Each point in runs
116, 153, 240 and 024 represents a single determination. The mean,
roinimum and maximum of published values are from the compilation of Frey
(1984). Normalization values are those of Wakita et al. (1971).
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Wakita et al. (1971).




TABLE A1.5. Accuracy and precision of analyses of platinum group elements

PTC-1: Memorial; n=S

Accepted

Accepted values from McAdam et al. (1973); MUN are accepted values from Memorial
University




TABLE A3 1 Oimine analyses (oxides in wt 8. number of ions on basis of 4 Q)

Rock H H H H H H H H H H H H H H
Sample Lo®7 Lo97 L10e L106 L106 L153 L183 L157 L157 L157 L157 L157 L157 L1893
Location 1-01 4-0O1 3-0i 3-01 3-Ol 1-0l 1-0l 1-01 1-Ol 3-0l 501 5-01 8-0l 2-01
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP

S.02 40.49 40 59 41.26 4141 41 40 41 83 40 70 4137 4028 40.86 4129 4100 4100 41 38
Ti02 0.02 0.02 0.00 0.01 001 000 000 002 002 000 0.01 0.03 009 000
AlI203 0.01 0.00 0.00 0.00 0.00 003 001 005 000 000 000 001 000 004
Cr203 005 0.00 004 000 0.00 0.00 002 000 009 000 0 00 000 000 000
FeO 858 877 841 848 8 58 8 61 845 8 82 861 8 58 872 826 864 8 42
MnO 0.02 0.08 o1 0.15 0.13 003 000 008 017 005 013 007 on 005
NiO 0.48 044 0.41 048 015 044 039 na 072 045 0.58 0 87 027 050
MgO 4970 49 34 49 81 49.99 49 64 48 95 49 48 50 12 50 02 4997 49.73 49.73 46 79 49 37
Ca0 0.00 000 0.00 0.00 000 0 00 0.00 000 000 000 0.00 000 000 000
Na20 0.00 0.01 0.01 003 003 000 001 003 004 002 0.00 002 002 000
K20 0.00 0.00 0.00 000 000 000 000 0.00 000 000 000 000 000 000

99 30 99.23 100 .05 100.53 99 92 99 50 9903 100 29 9993 09 N 9979 28 8¢ 9976

0995 0.999 1.008 1.004 1.008 1015 1.002 1.005 D a7 0998 1.002 1001 1010
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 000 ) 0.001 0.000 0 000
0.000 0.000 0 000 0.000 0.000 0.00¢ 0000 0001 0.000 0000 0 000 0 000 0 001
2.001 0.000 0 001 0.000 0 000 0 000 0.000 0.000 0.002 0.000 0 000 0.000 0000
0.178 0.180 0171 0.174 0.176 0174 0.175 0.176 0175 0.176 0172
0.000 0.001 0.002 0003 0 001 0000 0 002 0.004 0.001 0002 0 001
0.009 0.009 0.008 . 0.003 0.009 0008 0.000 0014 0.009 0005 0010
1.821 1.810 1.808 1.802 t 783 1814 1815 1828 1819 1813 1.7906
0.000 0.000 0.000 0.000 0.000 0.000 0 000 0.000 0.000 0000 0 000
0.900 0.001 0.000 0.001 0 000 0.000 0001 0.002 0.001 0001 0000
0.000 0.000 0.000 . 0.000 0.000 0.000 0.000 0.000 . 0 000 0 000

3.001 2995 . 2992 2 885 2.999 3013 3.003 . 2999 2 990

90.9 913 912 910 912 912 Q12 211 913




Sample
Location
Type

Si02
Tio2
Al203
Cr203
FeO
MnO
NiO
MgOo
Ca0O
Naz2O
K20
Total

Fe2+
Mn
N
My
Cu
Na

Total

Mge

«©

H
L218
2-01

LALPP

4127
0.01
000
0.02
8.41
000
0.60

4944
.00
0.04
0.00

979

1.008
0 000
0.000
0.000
0172
0.000
0012
1.790
0 000
0002
0000
2983

913

H
L218
2-0l

LALPP

41.00
0.01
0.00
0.02
8.39
0.17
0.40

4923
0.00
003
0.00

99.24

1.007
¢ 000
0.000
0.000¢
0172
0004
0008
1802
0.000
0 001
0 000
2994

913

H
L225
2-0l

LALPP

41.00
0.00
0.02
0.00
7.95
0.02
045

5013
0.00
0.01
0.00

99.58

1.001
0.000
0.001
0.000
0 162
0.000
0009
1825
02300
0 000
000
2 999

918

H

25
4-0l
LALPP

40.09
0.00
0.03
0.00
8.28
0.01
0.48

49.00
0.00
0.00
0.00

99 68

1001
0000
0.001
0 000
0 169
0 000
0009
1817
0 000
0 000
0 000
2998

9156

H
L225
50l

LALPP

41.10
0.00
0.01
0.00
538
002
094

49.61
0.00
0.01
000

9953

1.008
0.000
0.000
0 000
01N
0 000
0 009
1809
0.000
0 000
0 000
299¢

914

H
L225
6-0|

LALPP

4114
0.00
0.03
.00
7.83
0.03
0.50

49 9
0.00
0.00
0.00

99.45

1.005
0.000
0.001
0000
0180
0 001
0G10
1818
0 Guo
0000
0.000
2995

919

H
L226
1-0l
LALPP

41.04
0.01
1.00
0.00
79!
Q.14
0.45

50.03
0.00
0.01
0.00

90 50

1.002
0 000
0.000
0.000
0162
0003
0.009
1821
0 000
0 000
0000
2008

H
1226
4-0Ol

LALPP

40.74
0.01
0.00
0.01
8.15
0.15
013

49.54
3.00
0.02
0.00

08.73

1.003
0 000
0 000
0.000
0168
0003
0.003
1819
0 000
0001
0 000
2 997

916

H

Llo4
1-Oi
LALPP

41.35
0.03
0.00
0.02
814
0.15
0.29

49 93
0 00
002
000

9 91

1.008
0.000
0.000
0.000
0168
0.003
0 008
181
0 000
0 001
0 000
2993

918

H
L338
1-01
LALPP

4118
0.00
0.01
0.00
839
0.00
0.44

4092
0.00
001
0.00

90 83

1.003
0000
0 000
0.000
0171
0.000
Q009
1813
0 000
0 000
0 000
2997

9t 4

[a}
LOSS
4-0f

LALPP

40.88
2.00
0.03
0.00
f68
0.04
o3

40.08
0.00
0.00
0.00

99.02

1.010
0.000
0 001
0.000
0 200
0.001
0008
17N
0 000
0 000
0 000
2989

899

D
LO5S
6-01

LALPP

41.19
0.00
0.04
003
839
0.00
038

4023
0.00
0.00
0.00

9927

1.010
0.000
0.001
0.001
0172
0.600
0007
1799
0000
0 000
0000
2990

913

D
LO55
7-01

LALPP

4134
0.00
0.03
0.05
78
002
040

50 08
0 00
001
0.00

99 82

1.008
0.000
0001
0.001
o161
0000
0.008
1818
0 000
0000
0 000
2993

019

o}
L143
1=0i

LALPP

41 45
0.04
0.01
000
8.49
0 20
032

40 71
000
0.05
0.00

100 25

1007
0.001
0000
0000
0172
0004
0.008
1800
0 000
0002
0 000
2983

913

D
L143
2-01t

LALPP

4 i8
000
0.00
004
8 48
027
05
4075
0.00
0.03
000
100 18

1002
0 000
0000
0.001
0173
0004
0010
1506
0 000
0001
0 000
2988

913

86




Sample
Location
Type
Sio2
TiOo2
AI203
Cr203
FeO
MnO
NiO
MgO
Ca0
Na20

Total

Total

D
L1682
501

LALPP

4).47
000
0.02
0.00
8064
0.00
029

4972
0.00
000
000

9913

0.908
0.000
0.00C
0.000
0178
0.000
0.006
1824
0000
0.000
0.000
3.004

D
L193
1-0l

LALPP

40.00
0.01
003
0.00
838
000
048

49 31
000
000
0.00

9.1

1.005
0.000
0.001
0.000
0.172

0.009
1.806

0.000
0.000
0.000
2.994

213

D
L1698
501

LALPP

4074
0.0c
0.00
0.00
s08
0.05
053

50.34
0.00
000
0.00

90.70

0.995
0.000
0.000
0.000
0.185
0 001
0.010
1.833
0.000
0.000
0.000
3.005

218

D
L2186
-0

LALPP

40 30
0.00
0.02
0.00
039
0.03
0.49

4956
0.00
0.01
0.00

99.80

0.990
0.000
0.001
€.900
0.193
0.001
0.010
1845
0000
0 000
0.000
3.010

2}
L216
5-0i

LALPP

40 63
0.00
0.03
0.00
928
0.05
048

49133
000
0.01
0.00

w77

0.997
0.000
0.001
0.000
0.190
0.001
0.009
1.808
0.000
0.000
0.000
3.003

90.5

D
L217
1-01

LALPP

4128
002
000
0.05
8.45
0.21
041

50 01
0.00
0.02
0.00

100 45

1.002
0.000
0.000
0.001
0.172
0.004
0.008
1.810
0.000
0.001
0.000
2.998

913

D
L248
2-01

LALPP

40.64
0.00
000
0.00
8.43
0.11
029

w4
000
0.02
0.00

99.20

1.005
0.000
0.000
0c72
0.173
0002
0.008
1.808
0.000
0.001
0.000
2995

91.3

D
L254
1-0l

LALPP

4119
0.03
001
006
920
0.18
0.49

48 94
0.00
005
0.00

100.15

1.008
0.001
0.000
0.001
0.188
0004
0oto
1782
0.000
0002
0.000
2994

905

D
L2862
1-Ot

LALPP

41.10
0.00
002
0.00
8.48
002
038

S0 15
0.00
0.00
000

100 13

1.000
0.000
0.001
0.000
0.172
0.000
0.007
1819
0.000
0.000
0.000
3.000

ot 4

D
L2e2
2-0i

LALPP

4114
0.00
002
000
835
0.01
0.38

50.19
0.00
0.00
000

100.08

1.001
0.000
0001
0.000
0.170
0.000
0.007
1.820
0.000
0.000
0.000
2999

915

D
L262
3-0i

LALPP

4117
0.00
003
0.00
832
0.02
044

50 29
000
0.00
000

100.268

1.000
0.000
0.001
0.000
0.100
0.000
0.009
1821
0.000
0.000
0.000
3.000

oS

AD
L125
1-01
LALPP

40.68
000
0.00
0.18
855
005
0.22

5017
0.00
000
0.00

29.81

0.904
0.000
0.000
0.003
0.175
0.001
0.004
1828
0.000
0.000
0.000
3.005

213

AD
L125
1-0}
LALPP

40.77
000
0.00
000
8.58
013
0.40

49 42
0.00
0.00
0.00

99.28

1.002
0.000
0.000
0.000
0.176
0003
0.008
1810
0.000
0.000
0000
2988

811

AD
L1289
2-0I

LALPP

40 88
0.00
004
000
838
0.03
047

49 90
000
0.00
0.00

99.60

0 000
0.000
0001
0.000
0171
0.001
0.008
1810
0.000
0 000
0 000

9t 4

L129

LALPP

40 57
0.00
0.03
0.00
8 45
000
047

49 93
0.00
0.00
000

99 45

0.995
0 000
0.001
0 600
0.173
0.000
0.009
1828
0.000
0.000
0.000
3.004

3

66




Rock AD AD AD AD AD AD AD AD AD AD AD (o]} (o]} ol (o]

Sample L132 L140 L140 Li48 L148 L148 L1172 L172 L275 L3368 L3386 Loes Lo73 Lo73 L153

Location 2-01 1-01 4-0l -0l 7-0l 8-01 2-Ol-1  2-01-2 2-0l 2-0l 3-0l 5-O1 1-01  2-01-B 4-0l

Type LALPP  LALPP  LALPP  LALPP  LALPP  LALPP  LALPP  LALPP LALPP LALPP  LALPP LALPP  LALPP LALPP  LALPP

Si102 4083 40 .45 40.45 40.56 40.60 4125 4076 40.70 40.39 4120 4133 4037 4138 40.32 41.03

02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 0.00 0.00 002 000 0.00

A203 0.00 0.02 0.01 0.03 0.02 003 0.03 0.04 002 002 0.03 0.01 001 0.00 0.01

Cr203 001 003 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 000 033 005 0.00

FeO s a4 8.47 8 52 aze 877 8.54 824 9.77 8.17 8.24 993 71s @15 810

MnO 0168 0 00 000 0.05 0.03 008 0.02 0.04 0.08 0.01 0.04 002 0.14 022 000

NiO 0.08 030 032 037 0.32 0 36 0 49 0.47 0.25 039 038 0 49 025 034 054

MgOo 50.18 49 65 40 98 49 39 49 06 49 07 50.25 50 32 49.18 4970 50.00 48 04 50 69 49 89 49 87

Ca0 000 000 000 000 000 000 000 0.00 000 000 0.00 0.00 000 000 000 -
Na20 002 000 000 0.01 001 0.01 000 0.00 0.03 0.00 0.00 000 000 0.02 000 '
20 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00 000 0.00 000 )
Total 99 98 08 88 9021 98 90 98 83 9957 10008 0 81 99.70 9047  100.00 99.74 "W o7 %79 99 55

S 0.908 0997 0 994 1 000 1.002 1010 0994 0904 0 004 1.007 1.005 0.994 1.001 0 990 1003

\ [ 0 000 0 000 0.000 0.000 0 000 0 000 0.000 0 000 0 000 0.000 0.000 0.000 0000 0 000 0 000

Al 0000 ¢ 000 0 000 0001 0000 0001 0001 0 001 0 000 0 000 0.001 0.000 6 000 0 000 0 000

(o] 0 000 0001 0.000 0.000 0.000 0 000 0 000 0.000 0.000 0000 0 000 0 000 0006 0001 0 000

Fe2+ 0177 0173 0174 0178 0 181 0 180 0174 0188 0 201 0167 0 188 0 205 0 145 0188 0 108

Mn 0 003 0 000 0.000 0001 0 001 0 001 0 000 0 001 0 001 0 000 0 001 0 000 0003 0005 0 000

N 0002 0 006 0 000 0007 0 000 0007 0010 0 009 0 005 0 008 0.007 0010 0 005 0 007 eo1

Mg 1825 1828 1831 1815 1 808 1701 1827 1832 1804 1.811 1313 1797 1820 1819 1817

Ca 0 000 0 000 0 000 0 000 0 000 0 000 0 000 0 GO0 0 000 0 000 0 000 0000 0 000 0 000 0 000

Na 0001 0 000 0.000 0 000 0 001 0 000 0 000 0 000 0001 0 000 0 000 0 000 0 000 0001 0 000

LS 0000 0000 0 000 0 000 0 000 0000 0 000 0.000 0 000 0 000 0 000 0 000 0 000 0000 0000

Total 3004 3002 3006 3000 2998 2990 3008 3005 3007 2993 2984 3008 2080 3010 2097

Mge ot 013 913 912 90 9 80 9 913 9186 900 918 915 898 827 908 96

00l




Rock
Sample
Location
Type

Ti02

Bg8

S é‘*ES’é;;ng:m igggggg

ol
L1s3

LALPP

4940
0.00
0.04
0.00
7.98
0.05
0.47

§0.38
0.00
0.01

100.33

1.003
0.000
0.001
0.000
0.162
0.001
0.000
1.820
0.000

0.000
0.000
2.008

918

ol
L1583
s-01

LALPP

40.73
0.00
001
0.00
8.24
0.00
0.44

4071
0.00
0.00
0.00

90.12

1.001
0.000
0.000
0.000
0.18
0.000
0.009
1.821
0.000
0.000

2909

o5

Ol

2-01
LALPP

4077
0.00
0.00
0.00

1005
0.03
0.42

48.60
0.00
0.00
0.00

90.88

1.002
0.000
0.000
0.000
0.207
0.001
0.008
1.781
0.000
0.000
0.000
2.998

(o]
L2806
1-01
LALPP

1.808

0.000
0.000
2 999

809

on
L2n
1-Ot
LALPP

4137
0.00
0.03
001
8.1
0.07
0.48

50.13
000
0.01
0.00

100 21

1.004
0.000
0.001
0.000
0.185
0.001
0.009
1814
0.000
0.000
0.000
2995

817

ol
L271
1-Ot
LALPP

929
0.00
0.04
0.01
8.4
000
[ X))}

50.12
000
0.00
0.00

100.40

1.002
0.000
0.001
0.000
[ ARa)
0.002
0.008
1813
0.000
0.000
0.000
2997

014

on
L3Sy
3-01
LALPP

1.4
002
0.01
0.00
LX)
0.12
0.60

49.14
0.00
0.04
0.00

100.15

1.008
0.000
0000
0.000
0.182
0.002
0.012
1,787
0.000
0.002

0.000
2992

908

c
L0044
4-O1

LALPP

40.11
0.00
003
0.0t

1068
0.08
0.49

4827
0.00
0.01
0.00

99.64

0983
0.000
0.001
0.000
0221
0.001
0.010
1.781
0.000
0.000
0.000
3.007

890

o4
L199
2-O1

LALPP

4032
0.00
0.02
000

10.85
000
053

4437
0.00
0.01
0.00

100.09

0904
0.000
0.001
0.000
0.224
0.000
0.010
wn
0.000
0.000
0.000
3.000

as e

o4
L213
1-01
LALPP

40.86
0.03
0.01
0.05

11.25
01
073

4308
0.00
005
0.00

101.23

0998
0.000
0.000
0.001
0.230
0.004
0.014
1.75¢
0.000
0.002
0.000
3.002

88.4

C
L213
2-01

LALPP

40.71
0.00
0.02
0.06

11.24
027
043

47 82
000
00s
0.00

100.40

1.002
0.000
0.001
0.001
0.231
0.006
0.000
1.747
0.000
0.002
0.000
2.908

883

[+
L231
3Ot

LALPP

40 08
0.00
004
000

10.19
0.06
0.60

48.74
0.00
000
0.00

100.61

1.001
0.000
0.001
0.000
0.208
0.001
0.012
1.775
0.000
0.000
0.000
2968

895

w8
LOS9
1-0i
LALPP

4143
0.03
0.00
¢ 02
L]
0.13
033

970
0.00
0.00
0.00

100.98

1.003
0001
0.000

wB
L283
1-0t
LALPP

1.001
0000
0.000
0000
0.210
0.001
0008
1778
0.000
0.000
0.000
2 999

wB
L2683
1-Ol
LALPP

1.002
0.000
0.001
0.000
0212
0001
0.009
1774
0.000
0.000
0.000
2998

803

LOL




Rock wB w w D D D D D [») D D D D o]

Sample L288 L201 L201 L2290 L229 L2290 L208 L2909 L2009 L2990 L2909 L302 L302 L305
Location 1-01 2-01 3-ot 1-0t 2-0l 30l 3-01 1-01 2-00 30t 302 2-01 301 1-01
Typre LALPP LALPP LALPP HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG
5102 3077 4130 @2y 40 41 40.82 4100 “an 40 85 4088 4084 40.73 40.70 40 97 4002
Tio2 0.00 000 0.00 0.00 0.01 000 0.00 000 000 0.00 002 0.00 0.00 0.01
AI203 0.01 000 001 0.02 0.02 002 0.02 005 002 003 002 000 0.03 005
Cr203 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 oo1 0.00 014 000
FeO 13 55 839 819 10.73 10.38 10.46 10.50 1085 10.63 10.12 10 42 10 47 10 02 10 67
MnO 012 012 0.12 005 002 001 0.08 0.04 007 0.08 007 0.07 003 008
NIO 044 054 0.18 0.32 0.32 0.30 0.33 0 36 033 037 0.38 035 029 0.40
MgO 4551 4988 50 05 4795 48 55 4811 4827 an 4763 4823 47.08 @001 48.31 4763
CaO 000 001 000 001 000 0.0t 010 017 019 0.15 019 003 000 000
NazO 000 001 000 000 000 000 001 001 002 0.00 001 0.00 000 001
20 000 000 000 0.00 000 000 000 000 000 0.00 0.00 000 000 000
Total 9940 10023 90 75 9940 10012 10001 10042 10001 9076 90383 90 81 90 83 9078 0075
. S 0 090 1 004 1004 1000 1002 1.009 1 008 1007 1008 1.005 1.004 1.004 1.007 1009
T 0000 0.000 0000 0.000 0000 0.000 0 000 G 000 0 000 0.000 0 000 0 000 0.000 0000
Al 0 000 0 000 0000 0000 0001 0000 0001 0001 0001 0.001 0.001 0000 0.001 0001 '
Cr 0 000 0 000 0000 0000 0000 0000 0 000 0 000 0000 0.000 0000 0000 0003 0000
Fe2s 0285 0171 0187 0222 0213 0215 0215 0219 0219 0.208 0215 0218 0 208 0220
Mn 0 003 0 002 0002 0001 0 000 0000 0 002 0001 0001 0002 0001 0001 0001 0 002
N) 0009 0011 0004 0006 0008 0006 0008 0007 0 008 0007 0007 0007 0008 0008
Mg 1705 1808 1818 1700 1776 1701 1761 1752 175 1768 1762 1706 1770 1751
Ca 0 000 0000 0000 0000 0 000 0 000 0003 0005 0005 0004 0005 0001 0000 0000
Na 0 000 0 000 0000 0000 0000 0 000 0000 0000 0001 0000 0090 0000 0 000 0 000
X 0 000 0 000 0 000 0 000 0000 0 000 0 000 0 000 0 000 0 000 0000 0000 0000 0 000
Total 3001 2996 2996 3000 2998 299t 2994 2092 2992 2085 2998 2 908 2992 29001
Mo# 857 P14 216 888 89 3 ag 891 889 88 9 895 89 89 1 89 6 888

—_
o
N




w w

L109 L4
2-O1 1-Of
HALPPG HALPPG

40 54 40.32
002
0.00
0.02

11.73
0.20
0.12

4727
0.01
0.03
0.00

90.70

1.000
0.000
0 000
0.060
0.243
0.004
0.002
1.743
0 000
0.001
0.000
3.000

878

w

L301
1-Ot
HALPPG

40.23
0.03
0.01
000

12.32
0.21
0.17

47 47
0.00
003
0.00

100.45

0 904
0.001
0.000
0.000
0.254
0 004
0.003
1.748
0.000
0001
0.000
3.000

w

L301
5-01
HALPPG

40.22
0.02
0.00
000

1218
022
024

48.01
0.00
002
000

10090

0.089
0.000
0.000
0.000
0.251
0.005
0.005
1.760
0.000
0.001
0.000
3on

875

w

L31e
1-0O1
HALPPG

4075
000
0.00
003

10.58
0.20
0.24

47.93
0.00
007
0.00

90.80

1.005
0.000
0.000
0.001
0.218
0004
0.005
1.761
0.000
0.003
0.000
2997

890

w

L317
1-01
HALPPG

40 72
0.01
003
0.0t
1 865
008
040

47 83
000
001
0.00

100.71

1.000
0000
0.001
0.000
0.239
0.001
0.008
1.750
0.000
0.000
0.000

[
L298
301

C

L3S
304
HALPPG

3952
003
0.00
0.02

15.81
020
010

a4
0.00
0.05
0.00

100 20

0 995
0.000
0.000
0.000
0.333
0.008
0.002
1.067
0.000
0.002
0.000
3.008

834

WG
L309A
1-01
HALPPG

4050
0.00
0063
001

12.40
0.09
035

4739
0.00
0.02
0.00

100.79

0.907
0.000
0.001
0.000
0 255
0.002
0.007
1739
0.000
0.001
0000
3003

872

WG
L309A
30!
HALPPG

010
001
003
0 00
1228
008
035
47.75
000
0.01
000
100 61

0.990
0.000
0.001
0.000
0.253
0.002
0.007
1.757
0.000
0 000
0.000

WG
L309A
5-01
HALPPG

4028
000
0.01
0 00
1mn
012
029

47.64
0.00
0.02
0.00

100.38

0.993
0.000
0.000
0.000
0.242
0003
0 008
1782
0 000
0 001
0.000
3007

879

WG
L3098
2-0l
HALPPG

40 57
002
003
0.0
1194
010
037
4784
0.00
0.00
0.00
100 88

0990
0.000

0.000




Sample
Location
Type

Si02
T2
AI203
Cr203
FeQ
NO
Mgo
Ca0O
Na20

Total

Total

Mge

WG
L309C
2-01
HALPPG

39.76
0.00
0.04
0.0

1267
0.13
035

47.35
000
002
0.00

.00 35

0 987
0.000
0001
0 000
0263
0003
0 007
1761
0 000
0 001
0 0™
3013

WG

HALPPG

40.20
0.00
0.04
000

11.74
002
0.30

47 62
000
002
0.00

00 94

0 995
0 000
0001
0 000
0 243
0 000
0 008
1758
0 000
0001t
0000
3005

wG
L308C
5-01
HALPPG

40.78
£.W
0.03
0.02

1150
008

4777
0.00
0.00
000

100 50

1002
0000
0001
0 000
0238
0002
0008
1749
0 000
0 000
0 000
2998

88 0

WG
L308C
7-0I
HALPPG

40.31
0.00
0.04
0.00

1220
o1
0.32

47.20
0.00
002
000

100 28

0997
0 000
0001
0 000
0254
0002
0 008
1741
0 000
0001
0 000
3003

873

™

WG
L314
2-0I

HALPPG

40.54
0.00
0.02
0.01

11.94
on
0.33

47.24
0.00
0.02
000

100.20

1.002
0 000
0001
0 000
0247
0002
0008
1740
0000
0 001
0000
2998

876

WG
L314
3-01

HALPPG

39.80
000
0.04
0.01

1377
0.13
0.32

4583
000
000
000

100.00

0985
0.000
0.001
0000
0 288
0003
0 008
1714
0000
0 000
0 000
3005

858

G

L2064
1-01
HALPPG

39.27
0.00
0.05
0.04

18.14
0.14
032

44 00
000
003
0.00

99.9¢

0 993
0 000
0.001
0001
0 341
0003
0007
1850
0000
00Ct
0 000
3008

829

G

L2095
3-O
HALPPG

39.75
0.00
0.03
0.00

1582
013
0.28

4323
000
000
000

00 24

1.009
0.000
0001
0000
¢ 338
0003
0.008
1838
0 000
0 000
0 000
2 990

830

G

L2095
[ ]]
HALPPG

40.00
000
000
0.01
14 47
004
o
4500
0.00
000
000
90 81

1.003
0000
0 000
0 000
0 304
0.001
0008
1083
0 000
0.000
0000
2997

847

H
L177
2-01

LALPP

40.60
0.00
0.02
0.00

10.38
004
054

48 50
0.00
000
0.00

100.07

0 9908
0.000
0000
0 000
0213
0001
0.01t
1778
0 000
0 000
0 000
3001

893

H
L177
2-0l

LALPP

40 42
0.00
0.01
0.00

1063
001
0.45

48 48
000
0.00
000

100 05

0995
0000
¢ 000
0000
0220
0 000
0009
1780
0 000
0 000
0000
3004

890

H
L7z
7-01

LALPP

40.34
0.00
0.00
0.00

11.13
0.10
032

48 24
000
0.02
0.00

100.13

0995
0.000
0 000
0 000
0229
0002
0 008
1773
0 000
0 001
0000
3 008

885

o]

L2214
3-Of
HALPPG

40.28
006
0.02
000

12.18
0.04
031

4063
0.00
0.00
000

00 45

1.003
0000
0.001
0 000
0253
0001
0008
1732
0 000
0 000
0 000
2 990

872

H
1221

LALPP

40 44
0.00
Q.02
0.00
11.30
0.00
029

47 60
002
0.00
000

90.81

1000
0.000
0.000
0.000
0235
0000
0.008
1758
0001
0 000
0 000
3000

POl




H
L2221
-0t

LALPP

40.40
0.01
0.00
0.00
137
008
038
4765
000
0.00
0.00
90.88

[
0.000
0 000
0 000
0235
0.002
0.008
1757
0 000
0.000
0.000

H
L221
8-O!

LALPP

40 50
000
0.01
0.00
955
001
0.45
4910
000
000
0.00
99.71

0.998
0.000
0.000
0.000

0 000
0009

0 000
0 000
0.000

H
L221
10-04
LALPP

40 .62
000
0.00
0.00
997
0.05
0.44
4917
0.00
.01
000
100.25

0995
0.000
0.000
0.000
0204
0.001
0009
1.706
0.000
0000
0000

L274
2-01
HALPPG

3928
0.03
000
004
17 .80
033
0.12
4217
0.01
0.05
0.00
990.83

1.002
0.000
0.000

Oi
L274
4-Ol

LALPP

4032
0.03
001
0.02
1255
025
027
48 67
0.00
002
0.00
100.12

1.000
0.000
0.000
0.000
0.260

H-X
L1327
1-04
LALPP

40.50
000
003
001
1352
0.07
034
4628
0.00
000
0.00
100.73

1.002
0 000
0.001
0.000
0.280
0.002
6.607
1.708
0.000
0 000
0.000

H-X
La27
2-0l

LALPP

4072
0.00
003
000
191
006
048
4727
000
000
0.00
100 45

1.003
0.000
0.001
0.000
0.245
0.001
0.009
1.738
0.000
0.000
0.000
2.968

878

H-X
L327
3-O1
LALPP

40.58
0.00
001
001
1034
(1]
0.49
43 64
0.00
001
000
100.08

0997
0000
0.000
0.000

0.000

H-X
Lazz
3-O1

LALPP

4019
0.00
0.03
0.00
10.07
003
03
48 01
0.00
0.00
0.00
98.65

1 000
0.000

0.000

Laz27
3-O1
LALPP

4107
0.00
000
oot
982
003
0.48

4915
0.00
0.00
0.00

100 .56

1.001
0.000
0 000
0.000
0200

H-X
L32s
2-Ol

LALPP

40 06
000
0.02
000
1372
005
0.34
4604
0.00
0.00
0.00
100.22

0998
0.000
0.000
0 000




Sample
Location
Type

502
TiO2
AI203
Cr203
FeO
MnO
NOQ
MO
Ca0O
Na20
K20
Total

Ti

Cr
Fe2¢

n

L329
3-01
HALPPG

320N
000
002
000
14 27
007
032
4548
000
000
000
100 08

0 908
0 000
0 001
0 000
0 298
0 001
0 006
10698
0 000
0 000
0000
3 001

850

w

L333
1-01
HALPPG

40 14
002
001
0.05
123
027
018
a8 99
000
008
000
100 02

0 996
0 000
0 000
0 001
0 258
0006
003
1739
0000
0003
0 000
3 004

872

ol
L333
-0l

LALPP

4078
004
001
000
10 40
024
034
48 87
000
0407
000
100 51

0 998
0001
0 000
0 000
0213
0005
0007
1778
0 000
0003
0 000
3003

893

Ol
L333
-0l

LALPP

40 88
004
9 00
0.07

10.37
0.19
029

4912
000
0.04
000

101.00

0 996
0 001
0 NO0
0001
o211
0 004
0008
1783
0 000
0002
0 000
3004

89 4

c

L348
3Ol
HALPPG

4107
004
0.00
007

1208
0.19
043

47.3%
0.00
005
0.00

101 24

1.005
0 001
0 000
0 001
0 247
0 004
0008
1728
0 000
0.002
0 000
2995

8758

L234
1-01

40 62
004
000
010
10 10
023
0.45
48 43
000
003
n.00
100 00

0 999
0.001
0 000
0 002
0208
0005
0009
1778
0 000
0001
0 000
3000

895

L238
1-0i

40 52
001
002
0.00
1025
005
042
48 34
000
000
000
99 81

1000
0 000
0001
0 00U
0212
0001
0008
1778
0 000
0 000
0 000
3000

88 4

901




TABLE A32 Orthopyroxene analyses (oxides in wt % . number of ione on basss of 6 Q)

Rock H
Sample L1106
Location 1-Opx

Type LALPP

58 34
0.00
032
041
527
018
0.00

34 90
045
002
000

99 83

2.002
0.000
0013
0.011
0151
0.005
0.000
1.788
0018
0.001
0.000
3986

0142
174
084

2
462

H
L1os
1-Opx-1

LALPP

57.47
0 00
0.83
044
542
0.12
on

3381
122
002
0 00

99 41

1 889
0.000
0034
0012
0.157
0.004
0.003
1744
0.045
0001
0 000
3989

89 83
805
232

918
261

H
L1068
1-Opx-2

LALPP

57.75
0.03
0.88
0.47
5§50
015
000

3413
008
002
000

90 88

1888
0.001
0.036
0.013
0.158
0.004
0000
1.752
0.035
0.001
0.000
3988

90 05
814
181

817
265

H
L108
3-Opx
core
LALPP

57 .49
0.01
081
0.39
541
o186
000
a3 8
143
003
000
99 54

1.988
0.000
0033
0011
0157
0 005
0.000
1743
0.053
0 002
0000
3 991

89.27
802
2N

918
246

H
L1086
3-Opx
nm
LALPP

57 83
002
09
043
573
012
0.00

34 52
059
0.02
000

100 15

1985
0000
0037
0.012
0164
0003
0 000
1768
0022
0.001
0000
3 99

90 47
843
110

915
241

H
L153
1-Opx

LALPP

57 81
000
088
042
567
004
016
34 20
098
000
0.00
100 24

1985
0000
0.036
0011
0163
0001
0 004
1755
0035
0.000
0000

H
L157
1-Opx
core
LALPP

58 78
000
140
083
6.01
020
003

34 63
037
0.02
000

90 67

1959
0000
0057
0014
0.173
0008
0001
1781
0014
0.001
0.000
4.008

90 49
881
069

H
L157
1-Opx
nm
LALPP

5778
0.08
082
0.30
500
0119
0.00

3403
024
0.03
0.00

90 92

1.985
0.002
0033
0.008
0.161
0.008
0.000

M
Li57
1-Opx

LALPP

5760
001
121
013
$.34
0.08
009
3425
173
000
000
100.42

1975
0.000
0.049
0.003
0.183
0.002
0.002
1751
0 084
0.000
0.000
3.999

H
L157
3-Opx

LALPP

57 24
004
130
047
562
o
0.09

3278
028
002
000

99 99

1.989
0 001
0 053
0013
0 162
0.008
0002
1782
0.009
0.001
0.000
3.908

9125
827
048

N7
196

H

5-Opx

LALPP

57 .54
003
1.08
0.39
577
018
008

3401
075
003
0 00

99.86

H
6-Opx
LALPP

5724
003
105
035
5.80
018
010
3427
064
0.02
000
90.63

1977
0 001
0043
0.009
0.168
0 008
0.003
1.768
0.024
0.001
0 000
3907

90 24
858
120

013
181




Rock H H H H H H H H H H H H D D AD

Sampie 1225 L225 L225 L225 L225 L225 L225 L2268 L264 L264 L3368 1338 L2186 L2168 L120

Location 2-Opx 2-Opx  6-Opx-1 6-Opx-1 6-Opx-2 6-Opx-2 6-Opx-2 1-Opx 1-Opx 1-Opx 4-Opx 5~Opx 2-Opx 4-Opx 5~Opx
core nm core n"m core nm rim cofe fim

Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP

Si02 57 37 57 82 57 24 57.25 $7.18 58 20 57 90 57.28 8702 58 12 57 08 57 41 5764 58 83 57 48
T102 0.00 000 0.00 0.00 0.01 0.00 000 0.00 001 001 0.00 000 0 00 0.00 0.08
AI203 082 049 085 0.85 082 0.76 048 084 0.77 045 0.90 085 ¢73 0 80 135
Ci203 na na ne na na na na 053 038 018 047 042 031 028 048
FeO 547 551 533 542 538 404 509 515 540 574 538 5680 611 802 560
MnO 002 001 005 001 003 0.04 000 0.18 016 o1t 0.00 008 0.03 007
013 016 017 0.00 0.21 018 013 000 000 000 014 0.10 0.12 0.15
MO 3388 34 96 34 37 3408 34.02 34 90 3530 3395 3504 3501 3433 34 26 34 92 33 90
Ca0 108 019 107 110 101 058 021 124 039 032 081 094 025 107
003 000 002 002 0.04 000 000 003 003 001 001 00t 000 001
K20 000 000 000 0 00 0 00 000 000 0.00 000 0 00 0 00 0 00 000 000
9878 90 14 09 18 98 73 98 67 99 60 96 09 99 20 100 07 100 02 9014 ©9 66 100 11 98 90

1905 1999 1986 1.901 1001 1990 1909 1885 1986 1905 1980 1983 1982 1083
0.000 0 000 0 000 0.000 0 000 0000 0000 0000 0 000 0 000 0.000 0000 0000 0 000
0033 0035 0035 0034 0031 0019 0034 0031 0018 0035 0030 0025
0 000 0 000 0 000 0 000 0 000 0 000 0 000 001S 0010 0 005 001 0008 0007
0150 0154 0158 0.157 0142 0147 0 140 0155 0165 0162 0176 0176
0 000 000t 0 000 0001 0001 0 000 0005 0005 0.005 0002 0001 0002
0 004 0 008 0000 0 008 0005 0004 0 000 0 000 0 000 0003 0003 0 004
1756 1775 1767 1 768 1787 1816 1754 179 1792 1764 1790 1784
0 040 0 040 004 0038 oo 0 008 0 048 0014 0012 0035 0 009 0040
0002 000 0001 0 002 0 000 0000 0002 0 002 0 001 0 000 0000 0 000
0 000 0000 0 000 0000 0000 0000 0000 0 000 0000 0000 0000 0000
3980 3997 3 992 3993 3N 3 984 3903 3904 3 999

90 15 89 89 90 09 89 98 91238 9104 89 97 00 64
7 84 802 790 7¢8 79 8 37 825
202 209 192 2 072 059 177

918 919 922 920 Me6 916
297 246 212 247




Rock
Sampie
Location

Type

S402
02
Ai203
C1203
FeO
MnO
N0

Ca0O
Na20O

Total

Total

En
Fe
Wo

Mg#
Cr#

AD
L172
1-Opx

LALPP

58 04
000
050
020
552
008
018
3525
0.20
000
0.00
100.05

1.901
0 000
0020
0.005
0158
0 002
0005
1 803
0011
0 000
0 000
3008

N4
803
0.56

L]
212

ot
Loos
2-Opx
core
LALPP

57.58
0.01
[+ ]
0.34
6.82
000
012

AN
048
000
0.00

00.79

1.969
0 000
0.039
0.009
0.191
0 000
0.003
1737
0.018
0.000
0.000
3.087

89.25
963
0.01

901
192

(o]}
Loes
6-Opx
nm
LALPP

57 42
001
096
033
8.75
004
o

34.02
040
0.00
000

100.03

1982
0.000
0039
0.009
0105
0001
0003

1.750
0015
0.000
0.000
3904

9.3
9983
0.75

200
187

[o]]
Loes
8-Opx
nm
LALPP

58 44
0.00
[ R
0.10
e79
0.05
0.08

34.38
(] ]
000
0.00

100 39

2008
0000
0014
0.003
0195
0.001
0002
1759
0 008
0.000
0.000
3987

89.67
993
039

900
165

ot
LO73
2-Opx
core
LALPP

58.07
002
038
028
6.02
018
004

3427
1.10
007
0.00

100.40

1964
0001
0015
0 007
0.173
0 005
0001
1.754
0.040
0.004
0000
3 %08

8918
879
205

910
330

ol
LO73
2-0Opx
fim
LALPP

57 84
002
034
oxn
614
023
000
300
132
004
000
100 22

19083
0 001
0014
0 008
0177
0007
0 000
1748
0.049
0.003
0.000
3997

88 56
897
246

908
azs

[o]]
Lo73
2-Opx
fim
LALPP

58 .47
001
010
0.09
6.30
021
013

3492
026
003
0.00

100 50

2.003
0 000
0.004
0.002
0.180
0.0ce
0 004
1.784
0.000
0 002
0 000
304

90 39
914
047

808
aze

[o]]
Lo7a
2-Opx-A

LALPP

57.74
003
0.13
0.14
605
0.15
000

3520
030
000
000

974

1092
0001
0 005
0.004
0175
0.004
0.000
1810
oon
0000
0000
4003

90.70
875
056

912
419

ot
L153

5~-Opx
LALPP

57.73
001
o908
X))
564
0.08
0.15

34.43
097
000
000

100 35

1980
0 000
0039
0011
0.182
0.002
0.004
1761
0.038
0.000
0000
3004

89 92
820
182

o6
223

[o]]
L2068
2-Opx

LA: PP

57 48
000
oM
019
045
000
0.14
3384
038
000
0.00
08 02

2 001
0.000
0018
0.005
0.188
0.000
0 004
1756
0014
0.000
0.000
3.087

69 00
950
072

903
225

1]}

1-Opx
core
LALPP

53.34
0.01
075
012
542
012
019

3485
0 52
0.04
000

100.34

1905
0.000
0030
0003
0.186
0.003
0.005
1.776
0010
0002
0.000
3089

9109
7.4
097

920
93

OH

1-Opx
nm
LALPP

56 74
003
053
012
5.84
on
0.16

47
020
002
0.00

98.63

1960
0.001
0022
0003
0170
0.003
0.004
1810
oon
0.001
0000
4.007

90.80
8.50
054

o114
132

ol
2N
1-Opx
nm
LALPP

5873
0.00
044
0t1
557
010
0.16

38 33
003
001
000

o0 48

1963
0.000
0018
0003
0.161
0 003
0 004
1874
0.001
0 001
0.000
4027

9203
792
005

921
144

on
L2714
1-Opx
m
LALPP

58 04
0.02
[ X. <}
012
586
005
o1
3527
030
003
000
100 42

19086
0 000
0 025
0003
0188
0 001
0003
1799
0011
0 002
0 000
4000

90 98
847
055

s
114

on
1-Opx
LALPP

58 03
000
05S$
0.08
552
009
017
35 02
0 22
000
0.00
90 68

1 908
0 000
0 022
0 002
0.15¢
0003
0.008
1798
0.008
0 000
0 000
3901

91 50
[ X
o4

601t

.




[o]]] [o]]] o] o] C H H H H
L2714 L35 L1909 L213 L1213 Lir7 (R s4
2-Opx 1-Opx 2-Opx 1-Opx 2-Opx 2-Opx 3-Opx 4-Opx 5-Opx
nm
LALPP ALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP

58 45 58.18 50.88 5721 57.42 58.70 57 83 57.71 57.50
0.01 0.03 0.00 003 0.05 i 0.04 0.00 0.00 001
051 089 063 078 072 X 1.31 100 1.00 121
0.10 o 028 o028 035 0.41 0 42 044 0.50
5008 o8 701 753 7.34 670 630 827 e77
009 0.19 005 025 024 005 008 004 001
010 0.04 0.16 000 0.04 013 0.15 016 on

34 68 34.35 nn 3276 328 259 34 30 an 33 20
027 024 060 082 061 190 038 148 1.08
002 002 000 003 0.0% 004 0.00 001 001
000 000 000 000 000 000 000 0 00 000

095 10021 99 68 100 07 [ X 1] 100 12 100 26 100 52

2 005 1995 1991 1989 1970 1981 1988 1881
0 000 0001 0001 0.001 0 000 0 000 0 000
0 021 0032 0029 0 054 0041 0043 0040
0003 0 008 0009 oot 001t 0012 0013
0 182 0219 0213 0195 0181 0181 0195
0003 0007 0007 0 001 0002 0001 0 000
0004 0 000 0001 0 004 0 004 0004 0003
1774 1700 177 1088 1780 1700 1708
0010 0031 0023 0071 0013 0055 0 040
0 001 0002 0003 0002 0 000 0001 0 000
0 000 0 000 0 000 0 000 0 000 0 000 0600

3 983 3988 3992 3997 3085 jea7

91 14 8719 8795 86 42 8785 a7z 9
B34 1124 10 89 997 833 10 04
082 157 118 s 282 208

e 88 6 890 897 90 4 898
116 194 243 174 21 8 215




H
L221
7-Opx
nm
LALPP

57.83
0.00
0.49

na
eas
0.07
0.15

34 44
026
0.00
0 00

H
L2
8-Opx

LALPP

57.12
0.00
0.80
0.38
827
004
013

32e
1.74
0.05
000

%76

1.882
0.000
0033
0.010
0.182
0.001
0.003
1.720
0.0684
0.003
0.000
3.990

H
L221
8~-Opx

LALPP

57.19
0 00
089

na
828
0.01
c.18
3a
153
002
000
949

1988
0.000

0.000

0000
0 004

ol
1274
4-Opx
core
LALPP

58.67
0.05
[ X ]
032
807
0.26
0.00

33.20
028
0.03
000

99 .9

1972
0001
0.040
0009

0.008
0 000

(o]}
L274
4-Opx
nm
LALPP

56.81
0.0§
043
011
8.02
0.29
0.00

.10
020
0.03
0.00

9 07

1.991
0.001
0.020
0.003
0235
0.009
0.000
1720
0.007
0 002
0.000
3.097

7.
1192
037

88.0
133

H-X
1327
3-Opx-1

LALPP

57 02
001
04
0.38
6.82
0.08
0.17

33.18
094
0.00
000

99.53

1983
0.000

H-X
L327
3Opx-2

LALPP

57 89
0.00
048
0.09
7.25
0.05
018

34.20
0.13
0.00
000

100 34

1.004
0.000

H-X
L328
1-Opx

LALPP

56 85
0.09
213
038
828
0.13
013

3149
128
0.03
000

100.57

1983
0002
0.087
0.011
0.240
0.004
0.004
1627
0.048
0.002
0.000
3.987

85.04
12.54
242

87.2
108

H-X
L328
1-Opx

LALPP

5558
022
254
048
829
010
009

3140
T
0.00
0.00




TABLE A3.3. Clinopyrorene analyses {oxides in wt %, number of 10ns on baeis of 8 0)

Rock H D D D D D [o]] [+ C [ C C Cc C C
Sample L157 L8z L216 L216 L254 L254 Lo73 LOO4 Loo4 L004 L213 L213 L231 L231 1231
Location 4-Cpx 1-Cpx 3-Cpx 8-Chx 2-Cpx 3-Cpx 2-Cpx-A 1-Cpx 2-Cpx 3-Cpx 1-Cpx  3-Cpx-B 1-Cpx 3-Cpx 4-Cpx

Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP
Si02 5473 54 51 54 38 54 14 54 88 §5.17 54 68 54.00 54.38 54 35 54 30 54 94 54.€0 54 30 5471
. Ti02 0.03 000 009 002 0.07 007 0.02 0.01 003 000 0.08 0.02 o0 001 0.02 s
) AI203 0.87 084 08s 065 0.69 0.86 0.21 0.46 0.46 0.50 081 0.8 048 0.69 070
Cr203 0.62 185 068 0 58 0.65 067 0.33 0.55 0.52 042 057 0.64 0.80 0.89 069
FeQ 1.59 152 170 134 184 177 1.83 187 215 219 230 234 208 257 1983
MnQ on 004 000 0.00 011 006 012 0.00 0.04 0.07 0.04 0.00 0.00 ¢.00 0.02
NiO 013 000 on 013 0.00 001 0.00 013 0.17 015 0.12 0.07 007 0.05 011
MgO 17 82 17 40 17 42 18.17 17.00 17.23 17 80 1728 17 14 1721 17.38 17.30 17.90 1781 1755
Ca0O 2445 24 38 2427 2338 2508 2553 25.04 24 91 2.79 24 84 24 45 24 80 23 4y 23 13 2378
N Na20 015 038 025 030 032 023 023 024 0.28 022 022 021 017 031 0.28
K20 000 0.00 000 000 000 oo? 000 000 0.00 0.00 000 000 000 000 000
Total 100.38 100 69 99 44 99 19 100 63 101 58 100 26 99 44 99 92 89983 10073 100 93 99.52 99 55 9878
S 1977 1 968 1984 1978 1984 1978 1984 1978 1982 1982 1979 1980 1989 1 881 1888
T 0 001 0 000 0 000 000t 0002 0002 0.001 0 000 0001 0 000 0.002 0 001 0 000 0000 0 000
L 0041 0.038 0028 0028 0029 0.036 0 009 0020 0020 0021 0034 0034 0021 0.030 0030
Cs 0018 0047 0020 0017 0019 0019 0009 0018 0015 0012 oo18 0018 0023 0020 0 020
Fe2s 0048 0048 0 052 0058 0058 0053 00568 0057 0.065 0 067 0009 0071 0063 0078 0 059
Mn 0003 0001 0000 0 000 0003 0 002 0004 0 000 0001 0 002 0 001 0 000 0000 0 000 0001
N1 0 004 0 000 0003 0 004 0000 0000 0 000 0 004 0005 0004 0003 0002 0002 0 001 0003
. My 0 949 0938 0 948 0 990 0917 0920 0 963 0943 0932 0935 0935 0930 08972 0 969 0951
Ca 0 946 0 942 0 849 0915 0970 0979 0973 o978 0 968 0970 0 948 0 950 0914 0 904 G oz28
Na 001 0027 0017 0021 0022 0018 0016 0017 0018 0018 0015 0015 0012 0022 0019
K 0 000 0000 0 000 0 000 0 000 0 000 0000 0 000 0 000 0 000 0 000 0 000 0000 0 000 0 000
Total 3 9688 4004 4001 4008 4002 4003 4014 4013 4008 4 009 4002 4000 3885 4 005 3908
En 48 83 48 65 48 64 50 48 47 18 47 12 48 34 a7 89 47 40 47 43 47 93 47 67 49 88 49 84 4913 .
. Fs 248 238 2668 287 288 27N 279 <90 33 338 358 3 ez 325 402 303
Wo 4870 48 97 48 70 18 85 49 968 8017 48 87 49 4 49 27 4919 48 5 48 72 4688 4834 47 84
My# 952 953 948 318 943 946 845 843 934 934 931 922 939 925 842
Cre 300 589 416 37 4 87 M3 513 438 a1 3683 21 313 526 400 k-1

rAN!




Rock Cc

Sample L2
Location 5-Cpx
Type LALPP
S102 54 61
Ti02 001
Al203 0.69
Cr203 063
FeO 210
MnO 000
NIO 0.1
MgO 17.31
Ca0Q 24 22
Na20 030
K20 0 00
Total 90 .68
Si 1.885
Ti 0 000
Al 0.030
Cr 0018
Fe2+ 0.084
Mn 0.000
Ni 0203
Mg 0938
Ca 0943
Na 0.021
K 0.000
Total 4.002
En 48.22
Fs 328
Wo 48 49
Mg# 936
Cr# B0

[
L2
5-Cpx
core
LALPP

54 42
002
083
065
220
000
012
17.48
2401
0.25
0 00
90 08

1978
0 000
0.038
0019
0.067
0000
0004
0947
0935
0018
0.000
4.003

48 59
343
47.98

93.4
A4

[
Ln
5-Cpx
nm
LALPP

54.56
001
085
062
183
0.00
0.08

17 47

24.44
026

000
100.00

1.982
0.000
0.028
0018
0.059
0000
0002
0946
0.951
0018
0.000
4.004

48.37
300
48 63

842
39.0

wB

LO68
3-Cpx

LALPP

54.86
0.00
043
063
187
0.00
0.00
17.21
24.58
0.38
0.00
90 04

1803
0.000
0018
0018
0.057
0.000
0 000
0932
0.958
0027
0.000
4002

47.92
2.82
49.15

943
4906

wWB
L283
3Cpx-1
fim
LALPP

5 89
302
030
058
1.69
000
0.01
17.44

24.32
039
0.00

100.64

2 009
0 001
0.013
0016
0 051
0.000
0 000
0935
0937
0027
0 000
3989

48 62
2,64
4873

%48
565

WB
L283
3-Cpx-2
core
LALPP

55 60
003
0 50
042
194
000
000
17.684
24 54
038

0.00
101 09

1996
0.001
0021
0012
0058
0.000
0 000
0943
0943
0.025
0.000
3999

48 51
299

942
380

WB
L283
3-Cpx-2
rm
LALPP

5525
0.03
035
0.55
1.68
0.10
0.07

17.61

24 36
0.35

0.00
100 3+

1.997
0.001
0.015
0018
0051
0003
0 002
0949
0943
0.024
0.000
3.999

48 84
261
48.55

949
513

w
L201
3-Cpx

LALPP

54 51
oo7
063
060
180
008
0.01

1745

249
025
000

100.33

1976
0.002
0.027
0017
0055
0002
0000
0943
0.988
0018
0 000
4.009

47 97
2.78
4925

945
3.0

w
L201
4-Cpx

LALPP

5508
010

0.45
0.52
1681
oos
001
17 68
24 41
020
000
100.10

1903
0.003
0019
0015
0040
0.002
0000
0953
0947
0014
0.000
3904

48 91
250
48 .59

95.1
437

L201
4-Cpx

LALPP

54 58
008
067
089
167
0.19
0.08

17.53

2481
029
000

100.79

1971
0.002
0.029
0.025
0.050
0.008
0002
0944
0960
0020
0.000
4010

48 29
258
49.12

049
471

o]
L302
$—Cpx

HALPPG

5263
0.49
259
034
205
000
0.09
1628
2501
004

000
100 41

1918
0013
0.111
0.010
0.082
0.000
0.003
0884
1010
0003
0000
4012

4517
318
5165

834
81

o]
L30S
2-Cpx

HALPPG

5217
048
320
124
207
007
000
16 54
24 00
038

000
100.10

1901
0013
0137
0.038
0.063
0.002
0000
0.g08
0937
0.025
0.000
4012

47.32
332
49 35

834
207

o]
L350
2-Cpx

HALPPG

50 21
004
495
137
224
0.08
0.00
1541

2427
078
000

100.24

1.838
0026
0214
0040
0.069
0002
0000
084
0952
0055
0 000
4037

45 18
368
51.13

925
156

w

L108
3-Cpx
core
HALPPG

40 57
155
561
2]
268
018
000
15 52
2282

087
000
9978

1821
0043
024
0028
0083
0.008
0 000
0850
0808
0.002
0.000
4032

48 43
451
49 08

[AR)
103

ELL




L

Rock w

Sample L109
Location 3-Cpx

nm
Type HALPPG
8102 49 08
Ti0o2 173
Al203 6.58
Cr203 1.03
FeO 2.61
MnO 0.12
NIO 0.01
MgO 15 50
CaO 2141
Na20 109
K20 000
Total 9 22
S 1805
T 0048
Al 0285
Cr 0030
Fo2+ 0080
Mn 0 004
Ni 0 000
Mg 0855
Ca 0844
Na 0078
K 0 000
Total 4028
En 48 07
Fs 451
Wo 47 43
Mgw» 2t 4
Cre 95

w
L1301
3-Cpx

HALPPG

5110
0 80
424
0 54
243
013
000
17 02
23 18
046
000
9 89

1866
0022
0182
0018
0074
0 004
0 000
0926
0 907
0033
0 000
4030

48 58
388
47 54

926
79

w
L301
4-Cpx

HALPPG

50.80
1.02
443
0.66
218
0.06
0.00

18.72

23 89
050
0.00

100 27

1851
0028
0190
0019
0 067
0 002
0000
0808
0933
0035
0000
4034

47 81
350
48 89

932
91

w
L31s
4-Cpx

HALPPG

50.7¢
094
504
062
312
0.18
0.00
16.14
23 02
o84
0.00
100 41

1850
0028
0216
0018
0095
0005
0000
0877
0899
0045
0 000
4030

487
508
48 05

902
78

w
L3186
2-Cpx

HALPPG

50 77
0 61
543
093
2mn
017
0.04

15 42

2285
083
0.00

%056

1 861
0017
0235
0027
0083
0005
0001
0843
08987
0045
0 000
4014

46 22
4568
49 22

910
103

w
L317
1-Cpx

HALPPG

50.77
080
510
091
249
000
on
1582
2333
048
0.00
9879

1857
0022
0 220
0026
o078
0 000
0003
08683
0914
0033
0 000
4014

46 55
an
49 34

019
107

w
L317
2-Cpx

HALPPG

5198
0866
370
0.91
214
0.00
0.09
18 45
23.90
035
000

100.18

1 891
0018
0159
0.020
0 085
0 000
0003
0 892
0932
0025
0 000
4011

4723
345
49 32

832
142

C
L2086
1-Cpx

HALPPG

50 92
oes
8.08
071
383
0.00
009
14 85

2273
060
0.00

100 47

1854
0019
0 260
0020
0117
0 000
0003
0 808
0847
0042
0 000
4008

44 55
845
4901

87 4
73

C
L2906
2-Cpx

HALPPG

5301
025
223
0.2t
356
000
013
1848
2385
021
000
2003

1930
0007
0008
0 006
0.108
0 000
0004
0 899
0935
0015
0 000
4010

4827
581
4812

892
59

C
L2096
3-Cpx

HALPPG

5128
0.82
478
067
32z
0.02
007

1547

2379
0.28
000

100.41

t 860
0022
0 204
0019
0 100
0.000
0002
0840
0929
0020
0 000
4 007

44 98
533
497

89 4
86

C
L303
1-Cpx

HALPPG

51.13
057
490
oo
38s
0.18
000

1545

2283
043
0.00

100.21

1860
0018
o021
0027
0.118
0 005
0 000
0 842
0 804
0030
0000
401

45 42
8 34
48 24

877
12

C
L310
1-Cpx

HALPPG

5261
028
190
025
272
0.18
000
1683
2445
020
000
99.40

1934
0 008
0.082
0 007
0 084
0 005
0 000
0 922
0 963
0014
0 000
4020

48 84
425
48 @1

917
81

[+
L31S
1-Cpx

HALPPG

49 09
088
5.44
066
478
0.13
0.00

14 84

22.23
0.52
0.00

047

1848
0.024
0237
0019
0.148
0 004
0 000
0818
0 881
0037
0 000
4017

44 30
801
47 &%

847
78

C
L340
1-Cpx

HALPPG

51.02
077
5.21
068
3n
015
0.00

1464

2313
0.48
0.00

977

1872
0021
0.22%
0020
0.114
0 005
0 000
0 801
0910
0033
0 000
4 000

4388
627
49 84

875
80

L3490
2-Cpx

HALPPG

49.20
1.00
713
092
3688
014
003

4Hes

2100
079
0.00

99.42

1813
0028
0310
0027
0123
0 004
0001
0 805
0853
0 058
0 000
4010

45 20
889
a7

- LN
80

vil




Rock Cc

Sample L349
Location 3-Cpx
Type HALPPG
Si02 51 49
TiO2 0.69
Al203 340
Cr203 072
FeO 388
MnO o
NiO 002
MgO 15.54
CaO 2372
Na20 0.38
K20 000
Total 0990
Si 1.803
Ti 0.019
Al 0.147
Cr 0.021
Fe2+ 0.119
Mn 0.007
Ni 0 001
Mg 0.851
Ca 0934
Na 0.025
K 0.000
Total 4.017
En 4.72
Fs 6.22
Wo 49.06
Mg# 878
C# 12.4

WG
L309A
3-Cpx

HALPPG

50 .09
078
525
1.00
2.70
0.05
013

14 98

230
067
000

99 54

1.848
0.022
0.228
0.029
0.083
0. 01
0.004
0.823
09044
0.048
0.000
4028

44 .47
450
51.03

908
13

WG
L3098
1-Cpx

HALPPG

5085
07e
588
093
2.75
000
0.14

1493

23.58
068
000

100.30

1847
0.021
0.252
0.027
0.084
€ 000
0 vo4
0812
0.921
0.049
0.000
4017

4468
482
50.70

906
97

WG
L308C
1-Cpx

HALPPG

50.33
068
503
1.00
281
0.03
0.17

14.08

2368
023
0.00

90.78

1.848
0.018
0.256
0.029
0.086
0.001
0.005
0.802
0831
0.037
0.000
4012

4409
473
51.18

90.3
10.1

WG
L308C
5-Cpx

HALPPG

50.82
110
502
092
261
0.00
0.10

15.42

2415
053
0.00

100.73

1.849
0.030
0.215
0.026
0079
0.002
0.003
0838
0.941
0037
0.000
4019

4503
428
50 60

0.3
109

WG
L314
3-Cpx

HALPPG

50.08
0.78
.04
084
302
0.00
0.07

1472

2287
oe7
0.00

90.09

1.847
0022
0.263
0024
0093
0.000
0.002
08090
0904
0048
0.000
4012

44 81
516
50.03

80.7
85

WG
L34
8-Cpx

HALPPG

50 95
0.49
5.16
0.83
3.57
0.01
008

1460

2314
063
0.00

90.52

1.875
0014
0224
0.024
0.110
0 000
0.002
0 8086
0912
0.045
0.000
4.010

44.08
8.01
4901

880
97

G
1294
2-Cpx

HALPPG

50.13
0.54
526
063
3.83
0.1t
0.15

15.20

2270
ose
0.00

0.1

1.858
0015
0229
0018
0.118
0.003
0004
0839
0 901
0.042
0.000
4.026

4518
638
48.48

876
74

G
L284
4-Cpx

HALPPG

48977
0.85
6.96
0 82
45
0.07
0.12
15.05

20.08
1.18
000

08 %

1.837
0.018
0.303
0018
0.138
0.002
0.004
0823
0.783
0084
0.000
4.027

47.04
791
45.00

856
56

G
L2085
1-Cpx

HALPPG

50 19
1.00
696
oas
3.5t
0.01
0.11

1400

2261
060
0.00

99 64

1840
0028
0.301
0019
0.108
0.000
0.003
0.765
0 888
0.043
0.000
J.984

4345
611
50.44

87.7
59

[»
L11S
1-Cpx

HALPPG

54 91
008
1.00
0.52
1.81
008
0089
177N

24 44
0.24
000

100 68

1977
0.002
0042
0.015
0048
0.002
0003
0.951
0.943
0.017
0.000
4 000

48 95
250
48 55

05.1
259

[+
L177
9-Cpx

HALPPG

5235
057
aon
084
293
001
010

15.52

2354
0.42
000

100 29

1.905
0018
0.188
0.027
0.0890
0.000
0 003
0 842
0918
0.030
0.000
3907

4554
482
49.64

904
139

1221
1-Cpx.

HALPPG

5152
049
389
084
227
0.00
010

15 88

2582
0.20
0.00

100.70

1.87¢
0.013
0.187
0.027
0.000
0.000
0.003
0.851
1.000
0014
0.000
4.021

4434
380
52.08

25
130

Le2y
4-Cpx
core

HALPPG

5072
0.72
483
1.0t
219
000
007

1525

2517
037
000

100.13

1.857
0020
0 200
0029
0087
0 000
0 002
0832
0.087
0.026
0.000
4022

4412
355
52 33

925
128

Git




Rock
Sampie
Location

Type

Sio2
TiO2
Al203
Cr203
FeO
MnO
NiO
MgO
CaO
Na20
K20
Total

Si

T

Al

Cr
Fe2e
Mn
Ni
Mg
Ca
Na

K
Total

o]

L22y
4-Cpx
(m
HALPPG

51 24
0684
.68
093
2.37
0.00
012
15.78

25 32
029
0.00

100.38

1874
0018
0.150
0.027
0072
0 000
0004
0861
0 992
oo
0000
4028

“un
376
5153

922
145

C
L327
1-Cpx

HALPPG

50 85
0.84
44
0.48
3.51
005
on
15 58
2355
028
000
99.73

1872
0.023
0191
0014
0 108
0001
0003
0853
0927
0020
0 000
4013

45 20
570
49 10

88 8
87

c

L328
6-Cpx
€ore
HALPPG

50.32
0.88
553
0.78
415
0.00
008

14 85

2275
0.81
0.00

99.73

1853
0.024
0.240
0023
0128
9 000
0003
0.804
0 897
0 044
0 000
4014

43 98
899
49.05

863
86

Cc

L328
6-Cpx
nm
HALPPG

50.78
0.65
520
077
344
000
0.00

15 38

22 05
042
0.00

99 88

1.850
0023
0228
0022
0105
0 000
0 000
0838
0 900
0030
0000
4007

45 47
5N
48 82

[o]
L328
8-Cpx

HALPPG

51.44
0.67
429
0.47
308
0.00
0.00

15.17

2372
038
000

100.12

1.885
0018
0185
0014
0.122
0 000
0000
0820
0931
0027
0 000
401

4403
848
40 48

872
68

c
L329
2-Cpx

HALPPG

52 30
053
3567
0 54
282
0.00
007
1590

24 47
030
000

100.48

19802
0014
0153
0015
0086
0 000
0002
0862
0 9853
oo
0 000
4 000

45 34
450
5018

010
91

[
L329
4-Cpx

HALPPG

5227
0.44
2.94
0.57
2.0
0.00
0.08

15.83

2475
011
0.00

9087

1.918
0012
0127
0017
0080
0 000
0002
0865
0971
0008
0 000
4 005

4492
482
50 47

907
1e

w
L333
2-Cpx

HALPPG

54 09
0.20
0.81
0.30
223
0.14
000
17 36
24 88
0.13
000
100.10

1968
0 005
0035
0 008
0088
0 004
0 000
0942
0 960
0 009
0 000
4009

47 59
3a3
48 98

833
199

w

L333
3-Cpx
core
HALPPG

54.12
0.14
0.65
0.29
225
0.15
0.00
17.53
24 80
0.13
0.00
100 08

107
0.004
0.028
0008
0 000
0 005
0 000
0052
0 987
0 009
0 000
4012

47 88
345
48 68

033
230

w

L333
3-Cpx
nm
HALPPG

53 51
022
096
0.40
233
021
000
1723

2520
013
0.00

100.19

1952
0008
0041
0012
oon
0 008
0 000
0937
0 985
0 009
0 000
4 020

47 01
357
49 42

F4 ]
218

Cc

L348
1-Cpx
core
HALPPG

5308
015
n
0.61
2.47
0.13
0.01
16 52
2472
0.14
0.00
100 49

1959
0 004
0073
0018
0075
0 004
0 000
0884
0 981
0010
0 000
3997

48 30
Js88
49 81

923
104

Cc

L348
1-Cpx
nm
HALPPG

54 64
0.10
126
0.55
241
0.18
000
17 26
24 51
015
000
101 04

1 968
0003
0053
0018
0073
0 005
0 000
09027
0 940
0010
0000
4 000

47 84
373
4a 82

827
227

L348
2-Cpx

HALPPG

53 34
0.16
232
o77
238
018
000
16 45

2a

019
000

100 49

1.937
0 004
0 090
0022
0073
0005
0 000
0 800
0 961
0013
0 000
4 005

46 27
377
49 98

925
182

5497
003
073
055
230
0.21
012

17 42

2392
026
0.00

100 51

1987
0 001
0 031
0016
0070
0.008
0003
0039
0 @26
0018
0 000
3008

48 52
3s5e
47 838

931
336

L2368
3-Cpx
core

5352
018
204
084
262
000
012
18 95
23 34
038
000
99 95

1949
0 004
0 088
0024
0 080
0 000
0003
0 920
0810
0025
0 000
4004

48 16
418
47 60

(13
218

9ll




Rock [

Sample 1238
Location 2-Cpx
1m

Type
Si02 54.13
Tio2 o011
. A203 14
Cr203 0.43
FeO 2.51
MnO 0.00
NiO 0.10
Mgo 17.05
CaO 2410
Na20 0.24
K20 0.00
Total 100.14
Si 1.987
fi 0003
A 0.080
Cr 0012
Fe2+ 0.076
Ma 0.000
Ni 0.0023
Mg 0024
Ca 0841
Na 0017
K 0.000
Total 4.003
En 47.60
Fs 383
Wo 48 .48
Mg# 02.4
Cv 16.9

LLL




TABLE A3.4. Amphibole analyses (oxides in wt.%, number of ions on basis of 230)

Rock H H H H H D AD AD
Sample L1s7 L157 L157 L218 L218 L216 L125 L125
Location 2-Amph  3-Amph 5-Amph 1-Amph 1-Amph 2-Amph  1-Amph  1-Amph
Type LALPP  LALPP  LALPP  LALPP  LALPP  LALPP  LALPP  LALPP
Si102 54 31 5326 5166 54 14 56 a7 5518 46 58 4799
Tio2 010 009 004 0.05 0.08 004 018 o021
AI203 4.10 506 7.18 388 220 3.00 1075 964
Ci203 11 128 0es 077 057 094 2.47 224
FeQ 227 237 233 216 168 207 256 261
MnO 007 0.09 0.04 003 0.00 0.00 005 008
NIO 002 628 0.00 0.00 000 015 039 012
Mgo 21 60 21.35 20 36 21n 2272 22.53 19 89 2001
CaO 1293 12 50 1285 12.88 12 92 1276 1201 1202
Na20 055 on 105 070 051 064 274 241
X20 000 000 005 000 000 000 ot 008
Total 97 34 96 92 96 19 96 32 97 54 07 29 97 49 97 39
Si 751 7414 7247 7658 7747 7621 6 582 6754
Ti 0010 0009 0004 0 005 0008 0004 0019 0022
Al 0867 0830 1184 0638 0370 0 488 1780 1589
Cr 0121 0139 0.072 0 085 0 082 0102 0275 0249
Fe2+ 0263 0278 0273 0252 0227 0239 0302 0 307
Mn 0008 0011 0005 0004 0 000 0 000 0 005 0010
N 0 002 0027 0000 0 000 0 000 0017 0044 0014
Mg 4514 4429 4258 4517 4647 46838 4147 4199
Ca 1915 1863 1931 1926 1699 1887 1818 1813
Na 0147 0190 0 286 0189 0138 0170 0751 0658
K 0 000 0 000 0009 0000 0 000 0 000 0020 0014
Total 15158 15 188 15 288 15172 15 096 15168 15 752 15 6836
Mge M5 941 940 947 953 951 032 932
Cie 154 143 57 17z 143 173 133 135

AD
L125
1-Amph
LALPP

49 04
019
aon
1685
267
017
016
2054
1200
224
008
97 65

0 866
0.020
1470
0 183
0313
0020
0018
4287
1800
0 608
0014
15 599

832
1

AD
Li25
1-Amph
LALPP

48 92
022
9.1
204
232
0.06
0.23

20 58

12 40
242
000

98.28

6813
0023
1495
0225
0270
0007
0028
4268
1850
0es3
0 000
1563

840
131

AD
Li29
3-Amph
LALPP

49 20
007
873
208
258
000
0.14

20.24
1264
203
0.14

9785

o882
0008
1 440
0228
0302
0 000
o018
4221
1804
0 550
0 028
15 564

933
137

AD
L1289
4-Amph
LALPP

48 82
007
817
187
238
000
o021
1004
1271
180
015
9609

0 044
0 ¢o7
1 360
0210
0 282
0 000
0023
4227
1938
0 498
0 026
15 521

937
133

AD
L132
1-Amph
LALPP

50.05
028
704
170
250
0.07
050

21.12

1238
284
002

98 48

89877
0029
1157
0187
0291
0.008
0055
4288
1848
07e8
0 003
15 708

938
139

AD
L132
3-Amph
LALPP

50 08
027
882
180
228
0.10
0.48

21.30
1199
285
003

97.99

7002
0028
1123
0109
0 267
0.012
0054
4 440
1785
0773
0 004
15 697

943
151

L14g
2-Amph
LALPP

44 30
083
11.57
208
288
000
012
18 88
12868
345
on
98 76

6 363
0 087
1058
0234

0 000
0014
4042
1979
0 981
0020
15974

021
07

8Ll




Rock AD AD AD AD [e]] [e]] (o]} oil O Oil ol c
Sampte Li48 L275 L27s L2338 Loes LOo88 LOo68 L27y L351 L3S L35 213
Location 4-Amph  4-Amph  5-Amph  3-Amph 3-Amph  4-Amph  8-Amph 1-Amph \-Amph 2-Amph 4-Amph 1-Amph
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP

Si02 44 24 48 27 48 13 4718 55 67 56.12 55 50 43908 50.80 54 03 56 35 5347
Ti02 0.58 0.25 024 0.31 0.05 002 006 143 0.14 009 008 014
AI203 11.60 12.33 1183 10.95 3.08 230 338 12.13 8.19 429 263 470
Ci203 1.82 138 140 152 062 0.51 087 1.61 1.05 0.88 044 1.28
FeO 301 327 e 280 2N 219 2.46 8.10 275 2.3 220 2068
MnO 0.00 002 0.00 0.00 000 0.00 000 0.18 o1t 0.07 014 0.04
NiO 0.14 0.07 0.07 0.12 0.16 0.15 0.12 0.05 0.00 001 007 000
MgO 18 .60 18.96 18.96 19.52 22.58 2263 22.28 16.68 20.48 22.02 22 44 21.04
Ca0 12.84 12.17 11.85 1203 12.43 12 67 12.55 11.85 12.45 12 82 1265 12.90
Na20 355 2.59 2.6t 2.54 . 082 0.48 071 278 182 0.70 054 100
K20 012 0.09 0.09 0.08 000 0.00 0.00 0.16 000 0.00 0 00 0.00
Total 98 50 97.38 96.62 97.02 97.48 $703 97.70 97.08 97.48 97.15 97.52 97.43

Si 6.373 6.529 8.502 8.A81 7.368 7.658 7.748 7.630 6.346 7.070 7487 7737 7428 7558
Ti 0.083 0.026 0.026 0.032 001 0.00S 0.002 0.006 0.155 0.015 0.008 0008 0015 0004
Al 1.870 2.050 1.984 1.822 0858 0.498 0373 0.545 2084 1.343 0.700 0428 0770 0 542
Cr 0.207 0.1583 0.157 0.170 0.182 0.087 0.055 0073 0.184 0.116 0.004 0.048 0.141 0089
0.363 0.385 0.412 0.331 0.204 0.265 0.252 0283 0.736 0.320 0.288 0.252 0.332 0254

Mn 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0020 0.012 0008 0016 0.005 0.007
Ni 0.008 0.007 0.014 0014 0018 0.018 0014 0.008 0.000 0.001 0007 0 000 0.008
Mg 3088 4020 4.109 4 403 4831 4.858 4.562 3633 4248 4.548 4503 4357 4831
Ca 1.839 1806 1820 1861 1832 1873 1.848 1858 1903 1881 1920 1 880
Na 0.707 0719 0694 020 0 104 0.128 0.189 0410 0.187 0 144 0 269 0 300
LS 0.016 0.018 0010 0.003 0000 0.000 0.000 0.000 0.000 0.000 0000 0.000
15708 15.709 15.682 15.261 15137 15.102 15.150 15301 15 201 15.001 156 237 15273

1.2 907 926 07 946 949 W2 930 5 48 928 948
70 73 85 180 1o 129 118 79 1o 10.1 154 140




RAock wB D w w w w w w [+ (] C C AP
Sample Lo8g L305 L109 L109 L3001 L301 L315 L318 L2906 L2986 L310 u7zr L274
Location 3-Amph 5~-Amph  1-Amph t-Amph 1-Amph 2-Amph  4-Amph  3-Amph 2-Amph 4-Amph 1-Amph O-Amph  2-Amph
Type LALPP HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG HALPPG

802 53 26 4405 4325 4317 4391 44 82 4895 4299 41 98 53 01 4529 4467 4387
Tio2 011 0.01 068 247 0.18 0.08 097 148 307 0.16 164 152 148
AI203 453 16.24 16 70 13.56 16.04 15.86 6.08 14 82 14 32 534 1268 1350 1213
C1203 1.3t 0.00 0.13 1.59 0.08 0.00 0.59 1.77 122 001 113 090 147
FeO 267 368 423 3se 422 432 310 318 605 468 390 516 586
MnO 0.08 000 014 0.14 0.12 010 013 000 000 005 012 0.00 015
NO 0.00 000 000 0.08 0.00 0.00 000 000 010 008 000 0.13 004
MgO 2166 17.63 17.22 17.29 17.63 17.55 1586 17 08 15.35 2083 17 74 18 4 1670
Ca0 1263 12.30 12.38 12.00 12 52 1227 21 44 12 50 1210 1207 1277 12 30 1180
Na20 154 311 287 252 276 232 080 309 284 079 225 228 275
K20 000 000 014 036 000 000 000 014 0.34 0.00 000 049 014
Total 97.79 96 99 97.72 96.85 97 42 7.3 97 92 97 43 97 34 87 ot 97 52 97 47 06 44

Si 7 385 6 240 6117 6.187 6216 6 325 6097 6118 6 080 7 458 641 6 370 6383
T 0011 0001 0070 0268 0015 0 006 0104 0 158 0333 0017 0175 0183 0159
N 0740 271 2784 2.280 2675 28638 1024 2 452 2438 0870 2118 2268 2073
Ct 0144 0000 0015 0.180 0.009 0 000 0 087 0.199 0139 0 001 0128 0112 0169

0310 0434 0 500 0430 0 500 0510 0371t 0378 0730 0.541 0 462 0615 0710
Mn 0 009 0 000 0017 0018 0014 0012 0018 0 000 0 000 0 005 0014 0 000 0018
Ni 0 000 0 000 0.000 0010 0.000 0 000 0 000 0 000 0012 0010 0 000 0015 0 004
Mg 4478 3724 30630 3684 INe 3 601 3380 3747 3 304 4295 3 744 3 493 3630
Ca 1876 18668 1876 1858 1999 1855 3284 1908 1872 1789 1937 1879 1833
Na 0414 C 853 0787 0700 0758 0635 0222 0853 0790 o2n 0 e8 0830 0773
K 0 000 0 000 0025 0 0668 0 000 0 000 0 000 0025 0063 0 000 0 000 0080 0026

15 388 15 830 15820 15 895 15 805 15 484 15837 15748 15 196 15 602 15 038 15 757

935 896 879 806 88 2 901 908 819 ess 890 850 a3e
162 00 05 73 03 61 75 54 01 56 47 75




Rock
Sample
Location

Type

S102
T:02
AI203
Cr203
FeO
MnO
NiO
MgO
Ca0
Na20
K20
Total

Total

Mg#
Cr#

w

L333
2-Amph
HALPPG

47.10
0.95
9.53
1.83
338
0.12
0.00

18 89

1285
220
0.00

98.78

6.713
0.102
1.500
0.172
0.400
0.014
0.000
4009
1975
0.632
0.000
15618

w09
9.7

AD
L333
8-Amph
LALPP

4895
027
820
1.10
313
0.15
0.04

2043

12.28
1.79
0.00

97.33

6.008
0.028
1.3583
0.122
0.387
0.018
0 005
4.268
1842
0.488
0.000
15.482

921
83

AMPT
L3418
1-Amph
uc

42.01
33
13.23
0.28
11.03
0.22
0.18
12.87
11.90
302
0.24
98.27

8.144
0.364
2.280
0.032
1.349
0.027
0019
2808
1.8685
0858
0.045
15.787

675
14

AMPT
L3418
1-Amph
uc

4145
327
13.28
0.34
10.84
023
0.00
13.00
1168
279
0.20
97.10

6.125
0.533
2.308
0.040
1.339
0028
0.000
2864
1849
0.708
0.048
15.782

68.1
1.7

LZi




Rock
Sample
Location

Type

SiI02
TiOo2
AI203
Cr203
FeO
MnO
NiO
MgO
CaO
Na20
K20
Total

Ti

Ci
Fe2+

Ne

Mo
Ca
Nea

Totai

O

TABLE A3.5. Plagioclase analyees (oxides in Wt.%. number of ions on basis of 32 O)

WG
L3098
3-Ptag

HALPPG

50.75
0.00
31.84
0.00
0.13
0.00
0.05
000
14.74
308
0.00
10057

9.181
0.000
6705
0.000
0.020
0.000
0.007
0 000
2859
1080
0000
19 951

72 59
2741
000

WG
L3008
S5-Ptag

HALPPG

49 .48
0.00
260
0.00
0.15
0.00
0.04
0.00
1548
2.78
0.00
100 81

8984
0.000
7.000
0.001
0023
0.000
0.006
0 000
3014
0078
0 000
20.005

75.50
24 50
0 00

wG
L300C
3-Plag

HALPPG

50.02
0.00
ne7
0.00
0.18
0.00
0.04
0.00
1477
3.00
0.00
10005

.17
0 000
6 ase
0.000
0.024
0.000
0.005
Q000
2884
10603
0 000
19 9894

72 51
2749
000

WG
L309C
4-Plag

HALPPG

49.69
0.28
32.04
0.00
013
0.00
0.05
0.00
15.08
3.03
0.00
100.28

9051
0.038
6878
0000
0 020
0.000
0007
0000
2 942
1070
0 000
20 007

7333
28 87
000

WG
L309C
8-Plag

HALPPG

50 65
0.01
31.81
0.00
0.10
0.00
0.09
0.00
14.65
33
0.00
100 82

9177
0 001
8783
0 000
0015
0 000
0013
0 000
2 4S5
1164
0000
20 007

70 96
2004
000

WG
L314
1-Plag

HALPPG

50.64
0.00
31.58
0.00
0.06
000
007
000
1422
3.50
0.00
100 06

9215
0.000
8774
0000
0 009
0 000
0.010
0 000
2773
1238
0 000
20015

89 18
30 82
000

WG
L314
2-~Piag

HALPPG

50.86
0.00
31.10
0.00
0.19
0.00
007
000
14.24
338
0.00
o0 84

9.276
0.000
8aas
0000
0028
0.000
0010
0 000
2783
1197
0 000
19 980

a9 92
30 08
000

WG
L314
4-Plag

HALPPG

50 .43
0.00
31.50
0.00
on
0.00
0.04
000
1438
320
000
90.83

9199
0.000
8.701
0.000
0.017
0000
0 008
0.000
28N
1184
0.000
19687

7072
2928
000

WG
L314
5-Ptag
core
HALPPG

50.36
0.00
3143
0.00
0.09
000
003
000
14 54
343
0.04
99.93

9.192
0.000
8782
0 000
0014
0.000
0.005
0 000
2843
1.215
0 009
20 039

60 91
288
o

WG
L314
5-Piag
rin
HALPPG

50,72
0.00
3133
0.00
0.12
0.00
007
0.00
1429
3
0.0
09 88

9.247
0 000
8732
0 000
0018
0 000
0010
0 000
271N
1.175
0.002
19978

7033
2001
008

WG
L314
8-Plag-1

HALPPG

49.70
000
3100
0.00
0.10
0.00
0.05
000
1402
301
0.00
%77

9 089
0.000
6 805
0 000
0.015
0.000
0007
0.000
2924
1.087
0 000
19997

7326
2674
000

wG
L3144
6~-Plag-2

HALPPG

50.16
0 00
kAR
000
008
0.00
004
0.00
14 52
3
000
00 .44

9 108
0.000
67¢5
0 000
0011
0000
0005
0 000
2 851
1187
0 000
20015

70 80
20 40
000

WG
L314
7-Plag
core

HALPPG

50.38
0.01
31.28
000
008
000
002
0.00
1473
345
000
0902

9100
0001
67N
0000
0009
0 000
0 002
0000
2881
1220
0 000
20.044

70 26
2074
0 00

WG
L314
7-Plag
nm

HALPPG

49 70
0.%
nez

008
000
003
000
1502
3.14
0.00
X ]

9108
0020
6 840
0 000
0014
0 000
0 004
0 000
2948
1114
0 000
20 020

7258
27 42
000

o

3-Plag
HALPPG

50 63
0.00
314
0.00
012
0.00
012
000
1453
el
000
100 43

9 202
0.000
6720
0.000
o018
0 000
0017
0000
2830
1278
0 000
20 073

68 0
3110
000

24!




Rock
Sample
Location

Type

SiO2
Tio2
AI203
Cr203
FeO
MnQ

G
L2086
2-Plag

HALPPG

§2.02
.00
31.90
0.00
0.06
0.00
0.08
0.00
13.78
38
0.00
101.08

9.298
0.000

0.000

0.000
0.009
0.000
2039
1.320
0.000

G
L2085
6-Plag

HALPPG

51.02
0.15
31.40
0.00
0.10
0.00
003
.00
13.87
380
0.00
100.43

0.247
0.020
6726
0.000
0.014
0.000
0.004
0.000
2.603
1.334
0.000




TABLE A3.6. Spinel analyees (oxides in wt.%. number of ions on basis of 32 0)

Rock H H H H H H H H H H H H H H H
Sample Lo9? L103 L103 L103 L108 L108 L1068 L106 L1086 L108 L1068 L108 L153 L173 L173
Location 7-Sp 1-Sp* 1-Sp 4-Sp 1-Sp 1-Sp 1-Sp 4-Sp 5-Sp 8-Sp 7-Sp 8-Sp 2-Sp 1-Sp* 1-Sp*
coie Hm rnm
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP
TiO2 0.05 0.18 0.11 0.00 0.12 0.18 014 0.12 0.11 0.11 0.15 0.17 0.13 0.12 0.13
V203 0.2¢ 019 0.18 0.24 0.24 0.27 0.25 025 0.28 0.25 0.27 028 022 019 0.20
AlI203 11.168 19.33 12.58 12.47 11.32 11.79 12.49 11.80 13.07 13.2¢ 1215 11.80 1168 14 30 20 52
Cr203 55.01 4528 5179 5863 55.47 §5.51 54.93 54 89 §5.65 54.38 55.41 5822 50 42 5§2.53 48 50
FeO 23.08 24 04 28 57 2186 20.72 22 44 2167 23 14 2070 2112 21.38 23 60 21.78 2154 20 §7
MnO 034 0.26 033 0.28 0.28 028 025 029 0.29 0.26 0.27 0.30 o 029 013
NiO 0.08 0 04 000 004 007 0.04 005 008 002 oo8 0.05 0.05 0.04 0.04 0.09
MgO 9.38 10 57 816 9.45 283 984 973 886 1009 948 10.05 942 221 952 11 40
Totat 99 33 99 86 08 72 101 08 98.05 100.30 99.49 99 42 100 20 98 87 9973 100.71 9974 28 61 99 58
Ti 0010 0 030 0022 0017 0024 0.031 0027 0.024 0021 0022 0.029 0033 0 025 0.023 0024
v 0.055 0038 0 040 0 051 0.052 0058 0053 0 054 0.058 0.053 0.056 0055 0047 0039 0.041
Al 3 487 5.757 3923 3820 3.568 3633 3868 3 881 4 004 4117 3.753 3575 3830 4 462 6070
Ct 11537 9048 10.838 11634 11726 11473 11 413 11514 11 438 11.345 11 479 11 412 11 784 10 928 9228
Fele+ 0 801 1087 1185 0 460 0 805 0776 0812 0 604 0.4568 0 441 0 653 0893 0.488 0524 0613
Fe2+ 4218 3983 4728 4290 4028 4130 4151 4.440 4.045 4220 4034 4288 4319 4218 3708
Mn 0075 0 055 0073 0 081 0 083 0057 0055 0084 0 03 0.057 0059 0.008 0088 0 064 0038
Ni 0017 0008 0000 0008 0015 0 008 0010 0017 0 004 0013 0010 0010 0 008 0.008 0018
Mg 360 3984 32 3858 3019 3838 3Bt 3503 3 909 3.732 3925 3en 3629 3735 4204
Total 24 000 24 000 24 000 24 000 24 000 24 000 24.000 24 000 24 000 24 000 24.000 24 000 24 000 24 000 24 000
Mge @7 500 405 46 0 49 3 48 2 479 a4 402 409 493 481 a57 470 535
Ci# 768 611 734 753 787 58 747 757 741 734 754 701 764 710 603

144}




Sampie
Location

Type

Ti02
V203
Al203
Ci1203
FeO
MnO
NiIO
MgO
Total

Fe3+
Fe2+

Ni
Mg
Total

Mg#
Cr#

L173
2-Sp*

LALPP

013
0.20
15.18
50.92
21.57
032
002
0.80
08.19

0.025
0043
4.697
10.568
0.642
4004
0.070
0.004
3857
24.000

485
9.2

H
L173
2-Sp*

LALPP

0.1
0.25
2.1
46.57
20.98
0.14
0.08
10.81
101.03

0.020
0.050
6.449
9.112
0.348
3003
0.029
0012
3 986
24.000

500
58.6

H
L173
3-Sp*

LALPP

0.08
0.1
17.68
49.78
21.49
0.21
003
983
90.29

0.0t5
0.044
5358
10.132
0.435
4.1
0.045
0.008
3773
24.000

47 .4
654

LALPP

on
0.20
14.08
52.08
2238
0.31
0.04
890
90.92

0.021
0.041
4583
10014
0.410
4.488
0.068
0.008
3479
24.000

438
704

H
Li73
3-Sp*

LALPP

on
0.1
14.27
62.02
22.14
0.33
0.08
920
98.35

0.022
0.045
4.449
10.87¢
0.587
4.309
0073
0.013
3627
24.000

457
7.0

H
L173

3-Sp*
LALPP

007
0.15
16.48
50 35
2122
0.24
0.05
1031
88 80

0013
0.030
5025
10.301
0617
3978
0052
0010
3975
24.000

§0.0
67.2

H
L173
3-sp*

LALPP

0.08
0.26
17.33
51.15
2158
0.32
0.02
10.19
100.92

0015
0.053
5178
10.255
0.484
4.002
0.068
0.004
3852
24 .000

485
06.4

H
L173

3-sp*
LALPP

0.09
023
15.58
51.63
2202
0.18
0.07
9 50
9027

0.017
0.048
4.781
10.628
0.512
4.283
0.035
0.014
3 685
24.000

483
8.0

L1210
3-Sp

LALPP

na
na
16.04
52.33
2328
na

na
10.36
101.97

0.000
0.000
4768
10 435
0.707
4.100
0.000
0.000
384
24.000

487
888

L225
7-Sp

LALPP

0.14
0.17
1217
5673
10.88
0.29
0.01
9.50
98.87

0.028
0.036
3 808
11.900
0.202
4 205
0.004
0.002
3.758
24 000

472
758

LALPP

014
0.19
10 88
55683
22 38
0.34
003
9.18
98 72

0.028
0.040
3.365
11.817
0.722
4.283
0.078
0.008
3.882
24.000

481
778

L22s
o-Sp
core
LALPP

0.168
024
11.38
57.68
21 45
0.29
0.08
923
100.45

0.031
0.050
359
11 986
0.383
4334
0.004
0.017
e
24.000

455
773

1225
-Sp
nm
LALPP

0 1a
o
1138
5§7.52
2168
027
0.00
9.38
100.55

0.027
0.044
3.519
11.933
0 449
4.308
0.050
0.000
3.0680
24.000

459
T77.2

H
L2206

2-5p
LALPP

2.20
0.20
13.00
55 86
19.89
027
005
1079
100.20

0038
0042
363
11.424
0.404
3.808
0058
0.010
4182
24 000

522
742

LALPP

o1
024
13.58
53 32
22.41
0.27
0.07
844
98 42

0022
0.050
4207
11.238
0.404
4 501
0 060
0.015
3.355
24 000

422
725

S¢ci




Sample
Location

Type

TiO2
V203
AI203
Cr203
FeO
MnO
NO
MgO
Total

Mge
Cre

LALPP

0.19
0.19
14 43
5243
22 66
023
0.09
9.82
100.02

0037
0039
4 408
10.744
0738
4175
0 050
0019
3703
24 000

476
709

]
L2e3
3-Sp

LALPP

0.19
023
16.86
49.24
22 83
028
0.05
10.73
100 40

0038
0046
5048
9 889
0.947
3 904
0 05¢
0010
4 063
24 000

519
86 2

H
L3386
6-Sp

LALPP

0.17
0.20
123
58.08
2275
027
0.08
859
99.33

0.034
0042
3832
11830
0529
4548
0 060
0011
3415
24.000

29
770

LOS0A
2-Sp

LALPP

0.14
0.26
a8
5879
27 08
0.38
0.08
88
99.65

0028
0.056
2623
12248
1015
5187
0087
0013
2m
24 000

350
824

L053
5-Sp

LALPP

017
0.18
11.25
67.32
21.22
028
0.04
1025
100 89

0033
0033
3453
11807
Q6842
3 982
0 061
0008
J 982
24 000

500
774

L0SS
3-Sp

LALPP

0.13
0.26
1146
56.79
2340
028
0.05
874
101 09

0025
0.054
3 539
11768
0 589
4 538
0 061
0010
JNs
24 000

29
7890

D
L143
3-Sp

LALPP

na
na
12.28
5418
23 61
na
na
101
100 17

0 000
0000
3772
11188
1073
4072
0 000
0 000
3928
24 000

91
747

D
L1e2
1-Sp

LALPP

022
0.18
12.17
5161
2483
020
004
945
98.63

0043
0.034
3 807
10 805
1.208
4241
0 058
0 008
3738
24 000

488
739

LALPP

024
o
1093
52 89
2537
029
0.03
963
99.48

0047
0.023
3 406
11.053
1424
4184
0.084
0.008
3793
24 000

4715
764

D
L178
3-Sp

LALPP

022
035
1233
5187
28.60
0.34
0.08
699
100.78

0043
0.073
3 848
10.854
1.139
5.1
0075
0.017
2780
24 000

347
738

D
L1990
6-Sp

LALPP

na
na
84
55.04
2582
na
na
834
97.62

0.000
0 000
2719
11.042
1.339
4 587
0 000
0.000
3413
24 000

a7
815

L218
3-5p

LALPP

na
na
922
58 90
2358
na

na
8.77
100 44

0.000
0.000
2892
12.391
one
4523
0.000
0.000
3477
24 000

435
811

o}
L218
8-Sp

LALFP

na

na
918
57.38
2620
na

na
737
100.10

0000
0.000
2.008
12 227
0.865
5 040
0000
0 000
2 980
24.000

370
8os

o}
L2108
8-Sp

LALPP

na
na
9.20
67 53
2305
na
na
8.88
99 .56

0 000
0.000
2 904
12 184
oo
4 454
0 000
0 000
J 548
24 000

43
808

D
L217
2-Sp-1

na

na
969
56.13
2491
na

na
7.82
98 55

0.000
0.000
3172
12072
0757
4000
0.000
0 000
3001
24.000

e
792

9zl




Rock
Sample
Location

Type

Tio2
V203
Al203
Cr203
FeO
MnO
NiO

MgO
Totat

D
L2268
3-Sp
core
LALPP

018
020
1213
53.92
22.77
038
010
10.40
100 05

0.031
0.042
3723
11.103
1.009
3891
0.083
0.021
4038
24.000

509
749

D
L2682
6-Sp

LALPP

0.19
0.24
952
58 83
23 38
0.31
007

8o
299 44

0.038
0.052
3 005
12.031
0838
4398
0.089
0018
3.555
24.000

4“7
80.0

D
L2682
7-Sp

LALPP

023
0.24
1393
5112
23 81
0.25
000
9.50
9907

0.045
0.050
4 307
10.805
0.649
4275
0058
0.000
3714
24.000

465
71

CR
L130
4-sp

LALPP

02y
0.19
19.18
48 .92
2019
025
0.02
11.83
100.78

0.039
0.037
5027
2039
0.820
3 587
0.052
0.004
4305
24.000

§5.1
631

CR

Sp

LALPP

023
011
10 89
56 94
19.90
0.20
0.14
1208
100 54

0.044
0.022
3.309
11.609
0972
3330
0.043
0.029
4.633
24.000

581
77.8

CR

2-Sp

LALPP

012
017
2508
42.61
17.43
0.18
012
1434
100.02

0.021
0.033
7.114
8.113
0.000
2815
0.038
0023
5147
24.000

640
533




Rock
Sample
Location

Type

Tio2
V203
AI203
Cr203
FeQ
MnO

AD
L12s
1-Sp

LALPP

0.1
on
1733
51.20
20 48
029
0.08
10 86
100.42

0.021
0 023
5177
10 263
0 495
3.844
0061
0012
4103
24000

518
ess

AD
L125
1-Sp

LALPP

0.1
022
1873
50.43
108
031
007
1142
101 11

0020
0.044
5513
9 956
0 446
3690
0 085
0014
4251
24 000

535
844

AD
L125
1-Sp

LALPP

012
0.19
2374
44 68
17.58
0.25
008
13.27
100 08

0022
0037
83822
8 850
0 448
3138
0051
0012
4823
24 000

808
559

AD
L125
1-Sp

LALPP

0.15
0.20
2354
4398
20.02
025
on
1268
10093

0027
0040
8.744
8.452
0710
3 380
0051
0021
4595
24 000

578
556

AD
L125
1-S¢

LALPP

0.14
0.20
2315
4468
17.45
028
011
1315
100.15

0025
0038
6 929
8.601
0382
3172
0057
0024
4775
24.000

601
554

AD
L125
1-Sp

LALPP

010
021
2453
4477
18 61
023
007
1314
10185

0.018
0 041
[.N- T3]
8 500
O 483
3254
0 048
0013
4704
24 000

591
550

AD
L125
1-Sp

LALPP

013
022
2150
4737
18.70
0.29
0.086
1217
100 43

0.024
0.044
6260
9255
0393
3470
0.080
0012
4482
24 000

564
507

AD
L125
1-Sp

LALPP

018
0.19
2062
48 50
2021
025
008
1204
100 05

0.030
0037
6 047
9.147
0 709
3405
0052
0018
4485
24 000

561
60 2

AD
L128
1-5p

LALPP

0.13
0.14
23 11
4514
1807
025
on
1235
9988

0.024
0.027
6.707
8.791
0 427
3418
0051
0022
4533
24 000

5§70
587

AD
L128
1-Sp

LALPP

011
019
2170
48.07
2059
oA
005
12.38
101.30

0.020
0037
6254
8 909
0780
3452
0043
0010
4510
24 000

587
588

AD
L140
3-Sp

core
LALPP

020
o1
4.9
58 42
7%
0.4
008
71?7
99 20

0 041
0.024
1601
12783
1510
4 087
0097
0018
2 960
24 000

373
880




‘D

Sample
Location

Type

Ti02
V203
Ai203
Cr203
FeO
MnO
NiO

. MgO
Total

Mo#
Cr#

AD
L148
1-Sp

rim

LALPP

0.42
0.08
1215
5176
2604
0.48
007
8f1
100.82

0.083
0.019
3740
10.68¢
1.389
4495
0.107
0015
3407
24.000

435
741

L14g
2-Sp

LALPP

0.38
0.09
10.85
52.89
27 10
0.27
0.07
870
100 32

0.071
0019
3379
11.048
1410
4570
0.060
0015
3420
24.000

428
768

AD
L14g
3-Sp

LALPP

0.37
0.08
907
55.24
25.38
038
0.09
908
100.57

0.073
0.019
3.103
11.632
1.201
4.403
0.084
0.019
3568
24.000

447
788

AD
L27s
6-Sp

LALPP

0.23
0.20
11.14
55.83
24.19
0.29
0.03
7.98
09.75

0.046
0.083
3.508
11.744
0.594
4807
0 085
0.008
3.168
24.000

397
70

AD
L336
7-Sp

LALPP

0.18
019
12.25

22 43
0.38
003
8.62
100.35

0.035
0.030
3.801
1mnz
0.372
4.585
0079
0.008
3384
24.000

420
755

ol
Loes
2-Sp

LALPP

na

na
7.28
54.58
29075
na
na
717
98.78

0.000
0.000
2358
11.862
1.780
5.080
0.000
0.000
2.940
24.000

367
834

[o]]
Loea
3-Sp

LALPP

na
na
8.34
5503
28.45
na
na
7.34
99.16

0.000
0.000
2078
11.857
1.465
5018
0.000
0.000
2982
24.000

373
s1e

Ql
LoBs
4-Sp

LALPP

na
na
970
52 85
2020
na
na
7.37
98 96

0.000
0.000
3118
11.264
1018
5023
0.000
0.000
20977
24.000

37.2
783

Ol
Loss
5-Sp

LALPP

na

na
888
5518
27.09
na
na
764
98.76

0.000
0.000
2.849
11.880
1.271
4890
0.000
0.000
3.101
24.000

¥ )
80.7

o]
Lo73
1-Sp

LALPP

na

na
483
8183
27.12
na

na
(X1}
100.25

0.000
0.000
1.503
13424
1073
5175
0.000
0.000
2825
24.000

353
299

Ol
L183
9-Sp

LALPP

0.12
0.22
12.01
58.25
22 49
0.29
0.08
9.23
100.07

0.023
0.048
3.701
11.632
0.574
4345
0.083
0.017
3508
24.000

453
759

ol
Li7e
2-Sp

LALPP

013
033
14.05
51.85
27.55
032
0.09
7.08
101.09

0.025
0.088
4338
10.677
0.808
5.170
0.070
0.019
2.7e7
24.000

349
74

(¢]]
L268
3-Sp

LALPP

020
030
10 28
54 07
27.u2
0.32
0.08
7.8
96.92

0.040
0.004
3239
11.448
1,109
4.882
0.072
0.017
3.000
24.000

386
779

ol
L208
4-5p
cole
LALPP

0.18
035
7.00
57.28
27.42
0.33
0.08
640
0976

0037
0.078
2482
12.402
0987
5313
0078
0.013
2835
24.000

032
833

Ol

4-Sp
rim
LALPP

0.18
034
7.25
57 24
27 .82
0.37
0.05
590
00.14

0.037
0075
2369
12,538
0 944
5502
0.080
0011
2438
24.000

30.7
84.1

6¢ClL




Rock
Sample
Location

Type

TiO2
V203
Al203
Cr203
FeO
MnO
N:O
MgO
Total

Ti
v

Al
Cr

on
L2
3-Sp

LALPP

0.14
0.18
16.84
50.78
21.78
030
008
11.33
101.17

0026
0033
4938
10.102
0878
3701
0083
0012
4251
24 000

835
87 2

oh
L3561
4-sp

LALPP

0.07
0.10
1524
52.28
2344
0.31
oor
785
98 04

0.014
0 021
4758
10 951
0.243
4 950
0 089
0015
2981
24 000

376
687

on
L3s51
5-Sp

LALPP

0.13
024
13.62
54 22
2228
0.27
0.05
(Y.
99 47

0025
0 052
4231
11 304
0.382
4 550
0 080
vo10
J 405
24 000

428
728

ol
L351
7-Sp

LALPP

0.12
0.20
15.00
52.68
2285
0.30
004
8 44
90 74

0023
0043
4830
10.808
0373
4653
0068
0008
3 208
24 000

418
70.2

[
L0O4
5-Sp

core
LALPP

0.16
0.28
13 00
5238
2728
03s
009
719
100.73

00N
0.058
4042
10.920
0917
5102
0.084
0019
2820
24 000

356
730

C
LoO4
5-Sp

fim

LALPP

0.18
028
12.43
8321
2693
0.37
007
828
99.71

0032
0 0680
3.937
11 308
0633
5419
0083
0015
2514
24.000

317
742

LALPP

0.15
026
173
§5.06

2584
0.40
0.07
735

100 86

0028
0.054
3.6858
11.520
0.792
5021
0 091
0015
2903
24.000

/e
7%9

c
Loze
1-Sp

LALPP

na

c
Lo2e
1-Sp

LALFP

na
na

c
LOs3
1-5¢

LALPP

Q.18
0.23
9.40
5615
2598
034
007
7.84
100.14

0032
0.049
29N
11.802
1015
4807
0076
0015
314
24 000

39S
800

c
Loss
1-Sp

LALPP

0.18
0.30
10.03
55.90
2588
0.33
0.05
7.20
9086

0038
0.084
3184
11908
0772
5059
0074
oot
2892
24.000

384
789




Rock
Sample
Location

Type

Ti02
V203
Al203
Ci1203
FeO
MnO
NiO
MgO
Total

Ti

> <

Cr
Fel+
Fo2+

Ni
Mg
Total

Mg#
Cr#

c
L213
7-5p

LALPP

na
na
1305
52.53
206.38
na

na
8.i68
100.09

0.000
0.000
4 050
10939
1.011
4.785
9.000
0.000
3.205
24000

40.1
73.0

c
L231
1-Sp

LALPP

na

na

8 82
58 25
2667
na

na
674
98.28

0.000
0.000
21N
12822
1.000
5.204
0000
0.000
2.798
24.000

350
855

C
L231
6-Sp

LALPP

na
na
646
57.43
27.73
na

na
8.44
98.07

0.000
0.000
2130
12.699
117
5314
0.000
0.000
2.086
24,000

338
85.6

wB
Lo6s
Sp

LALPP

0.14
025
10.45
55.84
24 64
0.35
0.06
8.17
99.90

0.028
0.054
3.288
11786
0818
4085
0.079
0.013
3252
24.000

410
78.2

w8
L283
2-Sp
coie
LALPP

0.12
0.30
11.64
52.50
27.82
0.45
0.09
6.90
90.90

0.024
0.083
3087
11.110
1.106
5114
0103
0019
2.788
24.000

353
75.2

wa
1283
2-Sp
nm
LALPP

0.14
026
10.31
5421
2807
038
0.14
718
100.68

0.028
0.055
3.243
11.443
1.204
5.083
0085
0030
2.850
24 000

380
779

ws
L283
3-Sp
core
LALPP

017
028
(X
5508
20.52
038
0.09
8.00
100.18

0.034
0059
3.053
11 638
1.185
4744
0.085
0.019
3.186
24.000

40.2
72

w8
L283
3-Sp
nm
LALPP

011
0.23
8.77
50.69
2487
038
0.04
7.18
925

0.022
0.050
2.198
12979
073
4968
0090
0.008
2938
24.000

7o
855

we
L283
5-Sp
core
LALPP

011
0.30
10 .44
54.79
28 41
038
0.00
761
100.12

0.022
0.083
3200
11.581
1.022
4.882
0.087
0019
3.033
24.000

383
779

wB
L283
5-Sp

nm
LALPP

0.14
0.29
1011
5535
2683
0.43
0.11
748
100.74

0.028
0.081t
3.174
11.083
1.048
4934
0.098
0.023
2973
24 000

376
708

wa
L283
s-sp

LALPP

013
0.22
684
57.10
2025
0.45
0.06
470
98.81

0.027
0.049
2.264
12.677
0950
5913
0.108
0.013
1.993
24.000

252
8438

w8
L2889
2-Sp

LALPP

0.18
0.3
121
50.7¢
31.50
049
0.44
472
98 59

0.033
0.068
3.330
11111
1.425
5800
0.116
0.009
1.049
24.000

249
769

w8
L288
3-Sp

LALPP

0.20
0.2¢
979
51.37
3265
0.44
007
441
99.22

0.041
0.083
3.169
11.224
1441
6.103
0.104
0.015
1.819
24.000

230
779

wB
L288
8o

LALPP

0.18
028
1187
5104
N
0.42
0.08
$.22
00.44

0032
0.056
371
10.881
1187
5802
0008
0013
2119
24.000

2038
747

w8

5-Sp
LALPP

011
0.23
11.14
5108
29 57
0.3
0.11
6.70
100.21

0.022
0.049
3518
11.003
1.387
5234
0 090
0023
2675
24.000

a3s
758

LEL




Rock
Sampie
Location

Type

TiO2
V203
Al203
Cr203
FeO
MnO
NiO
MO
Total

T
v

Al
Cr

D
2-Sp
HALPPG

0.47
0.17
36 12
24.74
2282
0.20
026
14 38
9916

0082
0.032
8870
4 535
1399
3025
0039
0048
4989
24 000

822
315

D

L108
3-Sp
core
HALPPG

035
0.18
3975
2298
18 89
021
020
15 99
98 55

0 060
0033
10 667
4137
1043
2554
0041
0037
5420
24 000

680
279

D

L108
3-Sp
fim
HALPPG

0.32
018
40.21
22.79
18.84
o
019
1830
99 12

0054
0029
10 708
4070
1086
2492
0040
0035
5488
24 000

68 8
275

D
Li1o8

4-Sp
HALPPG

046
0.18
37ea3
2389
2026
022
0.20
15.47
88.28

0 080
0.030
10 228
4356
1227
2681
0043
0037
5319
24 000

685
209

D
L1o8

5-Sp

HALPPG

045
0ot8
39.37
2385
18.37
0.18
021
18.13
98 84

0077
0033
10 550
4 306
0958
2538
0035
0038
5469
24 000

33
200

D

L298
1-Sp
core
HALPPG

0.48
0.15
3588
28.17
17.40
019
0.23
18.45
88.95

0083
0028
9718
5117
0974
2389
0037
0043
5634
24 000

704
345

D

L2098
1-Sp
rim
HALPPG

0.39
0.18
36 98
26 87
18 86
013
023
1633
99.77

0.087
0033
9913
4.796
1.125
2 482
0025
0 042
5537
24 000

692
328

D
L2908
2-Sp

HALPPG

0.46
019
30 88
2367
3158
024
0.29
1219
W47

0.083
0.038
8 882
4485
2 852
3845
0048
0056
4334
24.000

543
340

D
L288
4-Sp

HALPPG

0.49
0.20
36.72
27.35
19.45
022
o21
15 67
100.21

0084
0037
9 868
4 931
0 997
2Mm2
0 042
0 03¢
5291
24 000

681
333

o

1200
3-Sp
cole
HALPPG

0.39
0.18
39.67
2320
19 50
015
021
15.82
99.20

0 087
0033
10 608
4181
1.087
2 650
0029
0038
5 350
24 000

689
282

D

L2090
3-Sp
fim
HALPPG

0.37
0.19
30.5¢
22.92
20 07
0.18
0.20
1561
L AR

0.083
0.035
10 808
4120
1111
2705
0031
0037
5 201
24 000

66 2
280

D
L2099

5-Sp
HALPPG

0.38
0.18
4053
22.44
1975
0.18
o
1595
90 81

0 081
0.034
10 780
3 908
1.987
2633
0034
0038
52355
24 000

870
271

D

L2909
6-Sp
core
HALPPG

0.40
018
39 10
24.22
18 93
013
020
1813
989.27

0 088
0020
10 452
4343
1.039
2 851
0025
0038
5455
24 000

68 1
294




Rock
Sample
Location

Type

Ti02
V203
AI1203
Cr203

FeO
MnO
NiO

MgO
Total

Ti

Ci
Fel+
Fe2+

Ni
Mg
Total

Mo#
Cr#

o]
L2090
E-Sp

HALPPG

042
0.19
40.60
23 08
18.62
018
0.18
16.28
99.84

0.071
0.034
10.776
4100
0.947
2.552
0.034
0033
5452
24.000

68.1
270

o)
L2900
F-Sp

HALPPG

()]
020
3C.85
2295
19 34
013
020
1573
98.82

0.070
0038
10 687
4129
1.007
2673
0025
0.037
5336
24.000

686
279

0

L2909
G-Sp
core
HALPPG

035
018
40 08
22 28
1980
012
020
15.84
98 83

0.080
0.029
10.728
4.000
1123
2638
0023
0.037
5302
24.000

687.0
272

D

L2980
G-Sp
nm
HALPPG

0585
0.24
38 69
22.56
21 50
0.18
0.21
15 50
99 40

0.094
0.038
10 380
4080
1333
2.7860
0.035
0.038
5261
24.000

e56
281

o)

L302
5-Sp
core
HALPPG

0.37
0.21
39.26
2480
20.20
023
0268
1580
101.13

0.082
0.038
10381
4.390
1.086
2608
0 044
0.048
5276
24.000

682
208

D

1302
5-Sp
rim
HALPPG

038
0.21
3827
2420
2280
0.23
0.27
1477
101 21

0.081
0.038
10.189
4322
1328
26895
0.045
0.048
4073
24.000

62.4
208

0

L350
3-Sp
core
HALPPG

046
018
38.99
28.02
17.90
0.22
0.24
1814
10110

0.078
0.033
0.82¢9
51723
0.800
2.560
0043
0.044
5424
24.000

679
M5

0

L350
3-Sp

rim
HALPPG

054
018
3384
2054
2193
0.24
018
14 84
101.31

0003
0.034
9.150
5.35@
1.2
2938
0048
0.034
5.076
24.000

63 4
389

D

L350
a-sp
cote
HALPPG

044
021
38.24
2828
19.67
018
023
15.62
100.87

0075
0.039
9.704
5.080
1.027
2.7090
0.031
0.043
§.201
24.000

68.1
44

D

L350
4-Sp
nm
HALPPG

05
019
32 82
27.0%
2523
0.18
032
1382
100.17

0.104
0.038
9.035
4.988
1.733
3.198
0.038
0.059
4813
24 000

80.1
356

w
L109
1-Sp

HALPPG

027
024
4326
2245
1717
018
o.1e
1574
99.47

0.045
0.043
11.410
3073
0.483
2733
0.034
0.029
5.252
24.000

e58
258

w
Liog
2-Sp

HALPPG

<K}
021
43.55
2186
16.77
019
0.20
18 00
99.18

0.089
0.038
11481
J.500
0477
2660
0.038
0.038

5337
24.000

687
25.2

w
L109
3-Sp

core

w
L10®
3-Sp

fim

HALPPG HALPPG

X ~]
0.19
8N
2521
1911
0.21
023
1479
99.07

0.107
0.035
10 471
4575
0.705
2.983
0.041
0.042

5.001
24.000

631
30.4

040
0.16
248
2292
17.15
018
0.18
1578
99.24

0.088
0.029
11.254
4073
0.500
2.7s
0.034
0020
5.289
24.000

68.1
266

w
L1090
5-Sp

HALPPG

035
0.23
4275
2284
18.74
0.17
0.17
15.51
98 70

0.059
0.042
11.378
4a.0m7
0.388
2715
0.033
0.031
5221
24.000

853
204

8] |




Rock
Sample
Location

Type

Tio2
V203
Al203
Cr203
FeO
MnO
NiO
MgO
Total

T
v

Al
Cr

w
L109
6-Sp

HALPPG

023
0.14
45.26
20.84
1508
016
020
18.61
99.42

0038
0028
11795
3 044
0 460
2 498
0030
0038
5477
24 000

887
238

w

Li14
1-Sp
core
HALPPG

051
021
4227
20.77
19.90
o
o
1478
98 83

0.087
0038
11 305
3728
0757
3019
0040
0038
4 989
24 000

623
248

w

L1114
1-Sp
rim
HALPPG

0.45
0.22
38.52
23.38
2179
0.22
0.15
13.41
98.12

0079
0.041
10 589
4 308
0904
3 348
0043
0028
4 662
24 000

58 2
28 8

w
Lt14

2-Sp
HALPPG

0.43
0.20
4200
21.22
19.20
0.18
0.19
14 91
08.34

0074
0037
1277
3.822
0717
2940
0035
0035
5004
24 000

833
253

w w

L114 L30t
3-Sp 6-Sp
coie

HALPPG HALPPG

0.62 032
o021 021
4117 4540
2151 21.23
2008 17 83
018 024
025 023
14 92 1592
98.94 101 39

0052
0038
11702
aen
0 486
2775
0045
0041
5191
24000

852
239

w

L301
6-Sp
tHm
HALPPG

o1
0.16
47.18
19.50
175
0 t4
0.16
18.07
101 09

0035
0 028
12.098
3n
0434
2767
0 028
0029
5213
24.000

853
218

w

L301
7-Sp
core
HALPPG

0.45
0.19
40.99
2484
1949
020
0.16
1489
101.21

0.078
0.035
10,811
4.308
0 0607
3 040
0039
0020
4 967
24 000

820
289

w

L301
7-Sp
tim
HALPPG

025
0.16
44.01
21.47
18.54
021
024
15.76
101.28

0042
0.029
11548
3730
0.009
2797
0 040
0.043
5162
24 000

849
24 4

w

L31e
1-Sp
cole
HALPPG

0.39
0.18
42,40
2417
16 62
0.21
0.19
15.08
99.22

0 068
0033
11 204
4319
0.222
2920
0040
0035
5072
24 000

835
277

w

L3186
1-Sp
im
HALPPG

0.29
0.17
42.77
24.02
1679
0.12
0.17
1524
90.57

0.049
0031
11.333
4270
0 260
2 888
0023
0031
5 108
24 000

a3 9
27 4

w

L3118
2-Sp
core
HALPPG

0.55
0.22
40.42
2578
17 49
0.t6
0.20
15.18
90.97

0.094
0.040
10.774
4010
0.390
2918
0031
0038
5108
24000

a3je
300

w
L316
2-Sp
m
HALPPG

043
021
4173
21.38
18.15
022
0.24
186.21
08 57

0073
0.038
11.103
387
0 896
253
0 042
0044
5 450
24 000

663
258

c
L241
1-Sp

HALPPG

0.43
0.28
29000
3437
24 92
023
0.10
o441
98.71

0.081
0.052
8454
6723
0.610
4 544
0048
0020
3 400
24 000

433
44 3




Sample
Location

Type

Ti02
V203
Al203
Cr203
FeO
MnO
NiO
Mgo
Total

Mg#
(o7

H
L11s
1-Sp

LALPP

0.08
0.25
13.81
54 11
21.84
0.31
007
934
99.59

0.012
0.052
4264
11.204
0.458
4283
0.069
0015
3.845
24.000

460
T24

H
L1115
2-Sp

LALPP

0.18
0.31
13.54
54.05
21.80
0.33
0.07
972
09 68

0.031
0.085
4158
11133
0 581
4189
0073
0.015
3.778
24.000

475
728

L1115
3-sp

LALPP

027
0.35
12.78
54.21
22.39
033
0.05
o83
100.21

0.053
0073
3928
11.108
0727
4.152
0073
0010
3.818
24.000

479
740

L1115
4-sp

LALPP

048
035
11.65
54 47
22.98
0.32
0.08
0.02
9033

0.096
0.074
3845
11.430
0.659
4.442
0.072
0.013
3.569
24.000

448
758

H
L1158
8-Sp

LALPP

0.48
0.37
197
54.63
21.87
0.29
0.07
938
98.91

0.096
0.070
3.745
11477
0.508
4303
0 085
0.015
3713
24.000

4463
754

H
Li1s
8-Sp

LALPP

0.18
0.30
12.42
54 67
2182
031
007
917
98.85

0.036
0.084
3.883
114865
¢.516
4 324
0.070
0.015
3628
24.000

45.8
747

c
L11s
9-Sp

HALPPG

0.68
0.43
12.57
53.40
21.92
0.33
0.13
9.52
98.08

0.131
0.001
306
11101
0.589
4.277
0074
0.028
3.753
24.000

48.7
740

H
Lt77
1-Sp

LALPP

0.88
0.24
28.09
38.17
2298
0.38
0.12
11.17
90.90

0.158
0.048
7.528
7.389
0719
3.082
0078
0.023
4.075
24.000

506
95

H
L7z
6-Sp

LALPP

0.62
0.24
18.81
47.78
2412
023
02
.29
88.90

0.122
0.040
5.004
0820
0.784
4403
0.050
0.004
3.604
24.000

447
850

H
L177
11-8p

LALPP

028
028
22 40
4375
2321
0.34
0.04
920
0940

0.053
0.056
6.679
8.751
0.408
4.502
0.072
0.008
3.470
24.000

45
58.7

o]
L2221

2-Sp
HALPPG

0.55
015
38.82
2308
241
0.22
01S
14.32
10238

0.003
0.026
10.250
4243
1.204
3.242
0.041
0.027
4.783
24.000

506
€3

]
L1221

11-Sp
HALPPG

0.55
0.18
3748
24.49
2530
0.23
0.7
13.83
102.21

0.094
0.032
0.979
4.377
1.424
3.358
0.043
0.031
4.082
24.000

8.1
30.5

H
L2221

7-5p
LALPP

0.
0.14
13.60
52.30
234
028
0.08
8.3
98.22

0.022
0.030
4.283
11.045
0.509
46830
0.058
0.017
N7
24.000

497
721

H
L2

12-Sp
LALPP

0.14
0.18
15.22
§0.23
2358
0.30
004
808
98 &

0.027
0.034
4720
10.445
0.747
4441
0.08e
0.008
3512
24.000

4.2
LX)

AP
L274

5-Sp
HALPPG

1.39
0.30
20.20
ar.7o
35.78
0.32
0.12
551
101.30

0260
0.082
8118
7.661
1.821
6 006
0 089
0.024
2100
24.000

258
558

SEL




AP
L274
6-Sp

HALPPG

073
0.19
973
5135
32 48
038
0.07
427
9917

0 152
0042
3175
11.245
1234
6 289
0083
0015
1785
24 000

219
780

AP
L274

7-Sp
HALPPG

132
025
2012
38 94
31 98
0.30
on
8.17
9918

0 260
0053
8188
8 035
1205
5770
0 0685
0023
2 401
24 000

294
585

H-X
L327
4-Sp

LALPP

0.42
0.24
1324
51.58
26 19
028
007

8 88
100.67

0083
0049
4089
10 834
1081
4 632
0083
0014
3374
24 000

421
723

H-X
L327
5-Sp

LALPP

0.91
028
17.37
45.50
2798
031
009
801
100 42

0176
0058
5283
9283
1023
5010
0 087
0018
3 081
24 000

381
837

H-X
L1328
3-Sp

LALPP

1.3
0.32
23 28
36 21
27.28
0.38
0.10
8903
98.79

0240
0064
8904
7.209
1328
4420
0 080
0020
3729
24 000

458
511

(o}
L328
9-Sp

HALPPG

063
028
38.72
27 58
24 69
023
o188
1163
s

0110
0051
9970
5028
0722
4039
0044
0029
3997
24 000

a7
s

[
L330
1-Sp

HALPPG

112
041
28 30
3218
26 95
024
0.11
898
9928

0.208
0.080
8 200
8 254
1054
4 488
0 049
0021
649
24 000

449
433

CR-X
La328
3-Sp

LALPP

070
0.19
18 43
47 38
2194
023
[B1]
11.49
100.54

0.132
0038
5.450
$ 398
0 851
3753
0 048
0038
4295
24 000

534
633

CR-X
L328
3-Sp

LALPP

072
021
21.90
4318
20 68
008
on
1294
100.77

0133
0.041
6311
8.537
0 840
3379
0018
0 021
4718
24 000

58 3
578

CR-X
L3268
4-sp

LALPP

0.681
0.21
2380
42,64
1981
0.t8
0.05
12.49
99 .58

0.113
0.042
8844
8.290
0 52
3485
0037
0010
4581
24 000

568
548

Ot
L333

10-Sp
LALPP

059
019
8.19
58 00
2003
043
007
484

100.35

0.122
0.041
2.655
12.175
0883
6023
0101
0015
1083
24 000

248
821

AD
L333

11-8p
LALPP

0.87
0.29
2413
38 98
2670
027
0.07
956
100.68

0125
0058
7048
7633
1010
4 524
0.058
0014
3532
24 000

438
520

AD
L333

12-Sp
LALPP

0.20
0.13
38 43
248
2204
029
0.03
1421
100 92

0049
0024
10 284
4418
1177
3180
0055
0005
4 809
24 000

80 2
00




Rock AD

Sample L333
Location 14-Sp
Type LALPP
Ti02 0.40
V203 021
AI203 3912
Cr203 26.15
FeO 19.72
MnO 0.17
NiO 010
MgO 1317
Total 09.05
Ti 007
v 0.039
Al 10.682
Cr 4.789
Fel+ 0 349
Fo2+ 3 472
Mn 0033
Ni 0.018
Mg 4 547
Total 24.000
Mo# 567
C# 31.0

AD
1333
14-Sp

LALPP

045
028
38.34
28 90
21 90
0.25
0.03
12.10
100.23

0.080
0.049
9998
5334
0.460
3814
0.049
0.006
4211
24.000

525
348

Ot
L348
4-sp

LALPP

025
on
20.1
3280
28.78
0.25
0.12
9.36
100.77

0.045
0.022
8331
8.208
1.259
4584
0 051
0.023
3.387
24.000

425
431

Ql
L348
5-Sp

LALPP

0.13
0.15
41.08
2581
1990
0.19
0.03
14.14
101.53

0.022
0026
10.857
4594
0.479
3253
0038
0.005
4728
24.000

502
207

ol
L348
6-Sp

LALPP

0.25
0.18
2083
37.19
20.50
016
0.13
12.00
100.03

0.045
0.034
8.388
7.061
0.427
3891
0032
0025
4206
24.000

538
457

L236
5-Sp

0.45
023
18.14
47.34
20685
027
011
6.84
100.23

0089
0047
5.560
9.733
0.483
5.358
0050
0.023
2.051
24 000

31
eie

L238
7-Sp

076
0.24
19.04
4461
26.80
0.34
0.12
9.45
101.34

0.144
0.048
56848
8878
1.138
4 504
0072
0 024
3.845
24.000

440
811

LEL




TABLE A4.1. Major and trace element analyses (oxides in wi.%, trace elements in ppm)

Rock H H H H H o] (] D D D AD AD AD AD
Sample Log7 L103 L1068 L2168 L217 L2468 L254 L262 L132 L140 L172 L200
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP

5102 37.30 3520 40.00 . 38 80 3580 na 33.40 39.60 3580 37.00 38 40 3510
Ti02 na bdl bd! bdl bdl na bdl na na na na na
Al203 0.24 0.23 0.38 0.39 0.12 o 0.1 0.23 0.08 na 0.21
Fe203 .44 3.02 2.41 2.79 297 442 4.18 400 361 k3~ 358
FeC 404 435 443 4.63 4.85 328 301 330 304 3.55
MnO 0.1 on 0.12 0.12 0.10 o1 on 0.10 0.11 0.10
MO 41.75 4225 40 55 39.49 42 56 40 28 4130 40.77 42,60 41.54
CaO 028 0.40 080 0.88 014 024 0.14 064 0.44 036
Na20 0.02 0.02 0.02 002 0.01 0.0t 0.01 0.04 001 0.03
K0 0.00 0.00 000 R : 000 0.00 0.00 000 0.00 .00 0.01
P205 0.00 000 0.00 R 0.00 0.00 0.00 000 0.01 0.00 0.00
LOI 1296 14 51 12.84 16.32 10 39 15.14 11.90 15.00
Total 100.14 100.09 99.19 98.27 98.75 100.12 99.76 90.48

Feo(1) 7.14 707 732 7.28 7.87 aos 7.19 e
Mg#» 812 014 . 92 90.8 9006 912 94

Co 610 721

CaQ/AI203 117 174 1.14 127 278 733

Sc na bal na
v na 15 ne
Cr na 5538 na
N na na
Cu na na
Zn na na
Rb na bai
St na n
Y na bdi
Zr na




Rock
Sample
Type

S$i02
TiOo2
AI203
Fe203
FeO
MnO
MgO
Ca0
Na20
K20
P20s
LOt
Total

FeO1)

Mg#

Cr#
CaO/AI203

Sc
v
Cr
Ni
Cu
Zn

Rb
St
Y

u

LALPP

38.20

1.24
4.652
2.70
0.1t
38.45
1.16
0.1
0.00
0.05
13.02
08.58

0.77
0.8
308
0.64

23
40

943
badi
20
bl
13
bal

AD
L275
LALPP

38.60

bdi
1.88
3.44
a1
0.13
38 10
1.10
0.14
0.01
0.00
12.23
97.84

7.3¢1
0.3
209
059

[o]]
Loos
LALPP

5410

na
0.80
0.62
4.73
0.13
3395
280
0.08
0.01
0.03
1.04
98 98

520
92.0

407

na
na
na
ne
na
na

bal
bdl

[o]]
Loe?
LALPP

63..0
na
na

1.18
5.24
0.15

33.05

1.80
0.12
003
0.01
378
99.34

6.30
90.0

na
na
na
na
na
na
na

na
na

Ol
Loes
LALPP

§3.70
bdi
1.00
137
481
0.14
33.85
1.70
0.12
002
0.0t
n
100 29

6.04
90.8
31.2
1.70

20
89
4631
721
bdt
20

1

4
bdi
bdi

[e]]
Loz
LALPP

63.00
bal
048
0.35
5.50
0.1
35.26
1.30
007
0.02
0.01
308
99.18

581
915
47
27

15

42

3952

775
bal

17

1

8
bd

bal

[e]]
Lo73
LALPP

54.80
na
0.39
1.18
476
0.10
34.85
154
0.04
0.01
0.00
1.42
990.10

583
91.4

3.05

na
na
na
na
na
na
na
na
na
na

Ot
L2687
LALPP

53.30

bal
070
0908
5.47
0.11
33.908
124
0.08
0.01
0.00
308
08 91

8.35
0.5
s
1.77

17
52
4688
m

[o]]
L268
LALPP

54 00

b
064
1.08
5.18
0.15
3225
1.08
008
0ot
0.00
287
98.20

613
90.4
424
189

1]
52
4790
703

21
bdl

bdl

oil
L27
LALPP

40.70
na
029
350
342
0.11
39.52
0.34
0.14
0.00
0.05
1245
100.52

8.57
o5

1.17

na
na
na
na
na
na
bd
bdt
bal

Oli
Las
LALPP

na
na
0.68
na
na
na
na
na
na
na
na
na

na

na
na
na
na
na
na

na
na
na

[
L004
LALPP

48.70
na
0.78
115
342
on
27.35
14.00
0.17
0.00
001
344
90.71

445
916

19.21¢

na
na
na
na

C
L012
LALPP

50.20
na
0.82
1.10
320
on
24.30
17.58
0.2t
0.00
0.01
220
99.70

4.19
91.2

21.40

na
na
na
na
na
na
na
na
na
ha

C
Lo28
LALPP

5320
bdi
0.67
0.2¢
3.
[ R]]
21 .41
1904
0.16
0.00
0.02
t.38
100 .61

30
912
324
W76

2

3275
744
313
bat
bdt
19
bdl

L2
LALPP

na
bdl
na
na
na
na
na
na
na
na
na
na

na

6¢lL




Rock
Sample
Type

§i02
TiO2
A203
Fe203
FeO
MnO
MgO
CaO
Na20
K20
P20$s
Lol
Total

FeoK1)

Mg#

Cee
CaO/AN203

Sc
v
Cr
No
Cu
Zn
Rb
S
Y

2Zr

C
L213
LALPP

54 80
bdi
0.01
0.45
278
on
20.00
2015
0.18
0.00
0.00

c
L231
LALPP

50.70
na
0.58
0.3
2.81
01
2318
17.45
0.19
0.00
000

[
L293
LALPP

50.50
bdl
075
047
276
0.09
21.74
19.68
009
0.00
0.00
280
98.88

wB
L283
LALPP

53.70
bdl
0.67
1.14
241
on
23.58
15.12
0.28
0.01
001
1.1
0817

344
924
410
2257

27
a8

we
1288
LALPP

83.60
na
0.96
0.45
282
0.1
20.20
1988
0.27
000
0.00
128
90 .54

D
L1107
HALPPG

3.4
na
107
kX))
577
0.14
4205
020
0.02
000
0.00
1322
99 28

884
895

019

na
na
na
na
na
na
na
na
ne
na

D
L302
HALPPG

3420
bdl
127
4.42
458
012
39.60
032
0.01
0.00
J a1
1419
€372

858
89.2
249
025

0
L324
HALPPG

3500
bdi
.18
334
573
0.14
40.27
048
002
0.00
000
1275
97 8t

874
892
539
207

bdi
15

L
Lo93
HALPPG

3810
0.15
na
429
401
0.14
3209
o34
0.13
0.00
000
041
9626

847
871

w
L307
HALPPG

38.00
0.04
1.88
3.50
502
0.13
39 12
098
0.09
000
000




w w o] o] [+ [+ [+ [+ G G G
L317 L3n L186 L241 L2086 L2907 L312 L328 1294 1205 L313
HALPPG HALPPG HALPPG HALPPG HALPPG MHALPPG HALPPG MHALPPG HALPPG HALPPG HALPPG

38 90 3580 38.30 40.10 48 70 47.00 4500 4410 42.10 48.70
na 0.03 0.10 0.12 0.45 044 0.38 018 022 020

252 248 2.08 1.48 434 515 8.31 1587 1556 2133

284 355 5.13 512 1.44 0.78 098 04s 1.34 028

FeQ 5.87 8.28 435 3.34 558 554 412 457 297 208
0.13 0.14 0.14 0.13 013 0.13 0.10 009 007 008

MgO 3601 8" 33.30 31.06 21.80 20,64 1903 1392 1269 823
3.30 1.42 492 6.54 14.42 16.42 15.45 11.8¢ 1248 1485

o 011 0.11 0.1 0.60 0.57 1.02 308 392 275

K20 000 001 0.00 0.00 0.01 001 0.03 028 0.00 017
P205 0.00 0.00 0.00 0.00 0.01 000 0.00 0.00 0.00 0.00

Lot 10.78 11.58 10.13 3.80 218 512 4.10 820 333
Total 90 04 88.7t 100.08 98.10 90.25 99.43 90.57 90.39 90.64 9098

Feo{t) 0.47 897 7.95 8.85 624 500 5.00
Mg# vy 878 86.0 87.4 850 855 87.2 . 832
cw 12.3 110 9.0 58 37 . os
CaO/AI20 3 1.31 0.57 2.30 4.48 332 319 186 0.75

Sc na 5 18 28 81 na 53 32
v na 37 7 e7 na
Cr na 3583 na
Ni na 1204 na
Cu nNa bd! na
Zn na 36 28 na
Rb bdl bdt bdi na
St 13 13 25 na
Y 2 bdl 2 na
2r 3 1 4 na




TABLE A4 2 Raie saith efement analyses (concentrations in ppb)

Rock H H H [} [} o] 9]

AD AD AD o]} (o]} [o]]] on C
Sample L103 L1086 L225 L216 L217 L2486 L262 L140 L2668 L27s L066 L268 L271 L3S Lo12
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP
Run 116 16 153 118 116 153 153 153 240 153 153 240 183 240 182
La 21 41 32 37 39 27 24 64 21 96 18 54 17 70 {38 5)
Ce 44 78 85 72 72 61 40 1S 29 130 41 92 32 14 (89 8)
Pr 55 078 13 1B} 089 089 0689 19 29 13 (0 43) (10) (0 38) 16 (16 3)
Nd 24 51 75 71 46 62 48 81 8.0 46 22) 43 (26) 624 (98 2)
Sm 59 {(r1y) (19 7 (13) (7 [ra )} 28 23) 97 (0 87) (128) (121) (1 04) 617
Eu 25 051 10 10 (0 38) 066 {0 49) 10 25 87 nd (0 32) (0 10} (O 48) 234
Gd 72 29 37 44 21 23 (18) 40 22) 11 an (2 3) (10) (1) 107
Tb 155 055 0861 108 0.55 040 (0 34) 093 071 24 080 092 oN) (0 20) 219
Dy 106 52 45 91 40 30 22 76 55 18 58 79 3 123 171
Ho 20 140 103 21 098 062 0 49 21 148 33 185 26 068 029 355
i Ev T 59 306 79 49 204 211 74 62 133 63 106 3865 (113} 118
Tm 116 136 043 1561 106 049 050 124 11 194 090 217 061 (0 174) 171
Yb 79 19 43 94 90 37 33 08 97 138 86 178 50 258 101
Lu 1 52 205 075 176 200 059 ¢ X-13 177 25 225 107 44 107 o8z 150
Yb* 151 (13 4) 338 209 177 354 176
Lu® 238 294 798 714 117 kX-1.] 4 39

a4}




Rock
Sample
Type

La
Ce

Nd

Eu
Gd
o
Dy
Ho
Er
Tm
Yb
Lu
Yb*
Lu®

Loz2e
LALPP

182

)
(90 9)
(18.3)
{90 .2)
{67 8)
255

272
175

405
124

16.0
891
127

~

A\
1213
LALPP

182

(38 7)
(84.9)
(19.9)
{(170)
s 2
2.9
147
359
220
Y}
157
22 4
125
201

c
L290
LALPP

182

(39.4)
(90 .9)
(20.6)
127
(65 4)
300
132
270
182
388
108
179
105
16.1

c
L2083
LALPP

182

(38.0)
(74.0)
(14.79)
199 3)
(50 8)
268
125
24 8
172
39.7
113
189
807
158

wB
1283
LALPP

182

(63.9)
(130.4)
(206
(10)
(44 9)
153
68 8
171
17z
277
86 2
134
88 4
128

wsg
L288
LALPP

182

(49 4)
(1207
(189)
{102)
{51.9)
202
922
203
135
e
116
193
120
181

D
L302
MALPPG

1e

83
19
27
13
48
14
00
1.50
121
33
138
2.79
231
50
539
129

D
L305
HALPPG

182

72
(188)
338)
{180)
(78 1)
207
104

210
141

300
888
157
107

187

w
L083
HALPPG

024

(117.3)
467
1123
800
432
133
540
112
780
182
an
840
430
631

w
L3
HALPPG

024

(128 9)
410
886
a3
279
a0
347
00.0
44
972
276
304
270
391

[
L296
hALPPG

024

449
1700
379
2340
1152
424
1540
310
2140
442
1260
179
1070
158

C
L328
HALPPG

182

(170)
784
191

1230
[.AL:]
221
887
178

1180
237

678
076

582
827

G
L2904
HALPPG

024

(222)
734
1380
903
425
195
546
13
740
155
407
59.0
389
534

L313
HALPPG

024

431
179
210

1260
£22

132
850
17

006
405
578

AP
L2723
HALPPG

024

837
422

120.5
822
420
182

118
T80

424
629

47

evi




Rock AMPT AMPT
Sample SD194 SD330

Type uc uc
Run 182 182
La 2050 1330
Ce 7100 4930
Pr 1209 1023
Nd 8700 5710
Sm 2510 2t70
Eu 850 900
Gd 2850 2690
Tb 559 520
Dy 36870 360
Ho 748 897
Er 2240 2010
Tm 309 277
Yb 1980 1750
Lu 300 258
Yb*

Lu®

124"




TABLE A4 3. Platinum group element anatyses (concentrations in ppb)

Rock H H H D D D o} CR CR CR CR-X AD AD AD
Sample L1088 L218 L225 L054 L2168 L217 L254 L203 L2424 L2889 L3206 L265 L2686 L275
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP
Ru 875 723 790 20.88 1 556 3.58 50 66 50 41 2560 40 38 074 o7 122
Rnh 153 1.84 1.19 359 1.06 1.88 0.44 462 283 235 4.20 11.59 11.32 8 68
Pd 818 387 1.63 287 463 2308 071 279 000 531 182 6072 108 01 8.08
Re 039 0.05 bdi 0.00 0.00 0.01 bdl 0.08 000 000 bdl 009 bdi 0.38
Os 4 81 318 298 4.04 044 244 1.90 14 81 24 133 14.29 055 bdl 062
Is 476 313 278 9 80 220 278 200 1505 1o 805 1099 345 4.40 597
o] 954 519 631 1.13 44.27 558 020 158 213 213 273 11700 182.33 330t
Sum PGE 37.74 24 .47 275 42 01 54 61 4120 as 8937 89.69 5475 74 14 194.23 0477 57 94
Pdn: 17t 124 059 028 2.10 838 0J8 0.19 088 0.14 17.60 2409 135
Rock ]} [o]] [o]] [o]] [o]]] ol C C C Cc C o wB
Sample Loss LOZy L287 L2é8 L27n L351 Lo2e L2111 L212 L213 L214 L2093 L283
Type LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP LALPP
Ru 0.13 0.19 058 202 58 99 6 84 017 bd! bdl ba) bdl 0.18 023
Rh 0.48 1.80 1012 30 92 015 1.42 0.74 03 013 013 0.03 008 373
Pd 170 38 15.82 104 74 405 68 059 2.11 67 98 10 38 0.44 383 805 1018 19371
Re 0.00 16 43 030 000 007 008 0.00 094 0.54 105 1328 000 008
Os 0.14 bdl 128 279 on 154 0.268 013 063 053 bdi 005 035
Ir 0.38 0.44 332 2 51 0.49 168 (R} 001 bdl 003 007 006 162
Pt 170 85 14.58 14170 517 20 024 334 61.24 347 0.18 077 1.00 3 520 53
Sum PGE 342 34 49 16 262 03 968 12 6124 1729 130.70 1524 182 834 20.43 1382 72022
Pdne 473.28 368.18 3155 42 66 1.20 107 219.20  1038.00 127 67 8643 169.33 11987

SplL
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