IGNEQUS AND METAMORPHIC PETROLOGY OF LAVAS AND DYKES

OF THE MACQUARIE ISLAND OPHIOLITE COMPLEX.

by

~ Brendon J© Griffin

Submitted in fulfilment of the requirements

for the‘degree of Doctor of Philosophy.

University of Tasmania

HOBART

1982
(comfored Masct'e3)



Theos

Geol
Ph-D.
G.‘(.;|FFIN

95709




This thesis contains no material which has been
accepted for the award of any other degree or diploma in any
university, and to the best of my knowledge and belief,
contains no copy or paraphrase of material previocusly
published or written by another person, except where due

reference is made in the text of this thesis.

Lt

B. J. Griffin

University of Tasmania,
May, 1982.



Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

CONTENTS

List of Figures
List of Tables
List of Plates
Abstract

INTRODUCTION

1.1 Intreoduction
1.2 Acknowledgements

LOGISTICS AND TECHNICAL DEVELOPMENTS

2.1 Location and tectonic setting of Macquarie Island
2.2 Access and field conditions
2.3 Electron microprobe development and calibration

GEOLOGY OF MACQUARIE ISLAND

3.1 Introduction

3.2 General geology
3.3 Structural geology
3.4 Age.

PETROGRAPHY AND PRIMARY PHASE MINERALOGY

4.1 General petrography of the lavas and dykes
4.2 Phenocrysts distribution and mineral chemistry

4.2,1 Plagioclase feldspar
4.2.2 Clinopyroxene

4.2.3 Olivine

4.2.4 Spinel

4.3 Phenocryst crystallization order

4.4 Origin of the phenocrysts

4.5 Petrography and mineralogy of young ocean-floor
' basalts

4.6 Comparison with other ophiolite complexes

4.7 Summary
METAMORPHISM OF THE LAVAS AND DYKES

5.1 Introduction
5.2 Sample -collections and mineral identification
techniques
5.3 Metamorphism: definitions and terminology
5.4 Metamorphic assemblages in the pillow lavas und
dyke swarm zones of the Macquarie Island complex

Ocean-floor weathering

Zeolite facies alteration

Lower greenschist facies alteration

Upper greenschist to amphibolite facies
metamorphism

(S T IRV T, ]
f- S-S S -
ol B =

page

viii

xii

bt
.
[P

NN
£t =

[T P R
= N e

.10

.12
.15
.28
.28

.31
.35

s bR A

. 36
.37

S~

v
(2™

;M L
{5y ]



Contents cont.

Chapter 6-

5.5

5.6

5.7

5.8

5.9

Sulphide mineralization and associated alteration

Introduction

Discrete sulphides amongst lavas and dykes
Vein mineralization

Stockwork mineralization

Sulphide mineralization - a summary

! nuun
v e e e =
L
[N TS R I

Oxygen and carbon isotope study of the
metamorphism
Conditions and processes of metamorphism

5.7.1 Specific conditions of metamorphism
5.7.2 Regional nature of the metamorphism and
volcanic stratigraphy '

A summary of ocean-floor metamorphism exposed at
Macquarie Island
Fluid convection and sulphide mineralization

MAJOR AND TRACE ELEMENT GEOCHEMISTRY

6.1
6.2

6.4

Introdﬁction
Geochemical effects of the alteration and
metamorphism

6.2.1 H20 abundances and Fe“/Fe2+ ratios
6.2.2 Comparison of petrography and CIPW
normative and major element chemistry
6.2.3 Core-rim variations in pillow lavas
and variations across a massive flow
6.2.4 Inter-element correlations of major and
trace elements

Igneous geochemistry

6.3.1 Petrogenesis of the lavas and dykes:
implications from their geochemistry
6.3.2 Major element and compatible trace
element vatriations _
6.3.3 Major element composition modelling and
constraints on petrogenesis
6.3.4 Major element petrogenesis
3.5 Incompatible and hygromagmatophiic
trace element variations and character-
ization of the volcanic rocks
6.3.6 Implications of incompatible and
hygromagmatophile element ratios
6.3.7 Relationships of the incompatible and
hygromagmatophile element abundances to
the petrologic and normative character
of the samples o
6.3.8 Refinement of partial melting estimates
using a two-component mantle

Summary

ii

page

tnnugran un

(9]

v N

G,

G.

.55

.55
.56
.57
.61
.62

.66
.66

.66

.83

.85
.87

17
.19
.26
.32
.34

.45



Contents cont,

Chapter 7 EVOLUTION OF MACQUARIE ISLAND-TYPE OCEANIC CRUST

Appendix 1

7.1 Introduction

7.2 Metamorphic processes in the oceanic crust

7.3 Implications and further studies

7.4 Igneous processes at oceanic ridge spreading
centres

7.5 Derivation of primitive magmas and nature of
the mantle heterogeneity

7.6 Near-surface processes at a Macquarie Island-
type mid-oceanic ridge

REFERENCES

Major element analyses and CIPW norm
calculations for Macquarie Island lavas and
dykes

CIPW normative compositions of Macquarie Island
lavas and dykes’

Primary phase microprobe analyses

Microprobe analyses of secondary phases in
Macquarie Island lavas and dykes

XRD results on secondary mineral separates
XRF and wet chemical analysis techniques
Sample catalogue

Oxygen isotope geochemistry of the Macquarie
Island Ophiolite, by J.D. Cocker, B.J. Griffin §
K. Muehlenbachs.

The outiying islands of Macquaric Islund, hy
D.J. Lugg, G.W. Johnstone § B.J. Griffin.

Energy dispersive analysis system calibration and
operation with TAS-SUEDS, an advanced interactive
data-reduction package, by B.J. Griffin.

The petrology of the Macquaric Island gphiclite
association: Mid-Tertiary oceanic crust of the
Southern Ocean, by B.J, Griffin § R. Varnc.

The Macquarie Island ophiolite association: Mid-
Tertiary oceanic crust of the Southern Occan,
by B.J. Griffin and R. Varne.

Er051on and rabbits on Macquarie Island, by
B.J. Griffin.

iii

page

Al.]

A2.1

A3l

Ad.]
A5.1
A6.1
A7.1

in
pocket



Contents cont.

Appendix 8 cont.

The Macquarie Island ophiolite association:
Mid-Tertiary oceanic crust of the Southern
Ocean, by B.J. Griffin § R. Vamne.

Oxygen and carbon isotope geochemistry
of the Macquarie ophiolite, by J.D. Cocker,

_B.J. Griffin & K. Muehlenbachs.

iv

page

in
pocket



Contents cont.

Figure 2.1

3.1
3.2

3.3

4.1

4.2

4.6
4.7
4.8
4.9

4.10
4.11

5.1
5.2
5.3
5.4

5.5

5.8

5.9

List of Figures

Locality.map

Generalized geologic map of Macquarie Island

Geological map of the northern part of Macquarie
Island '

Structural measurements on lavas
Spatial distribution of alkaline and tholeiitic
lava variants

Size distribution of plagioclase phenocrysts
between tholeiitic and alkaline lava variants and
for the lavas as a group

Plagioclase compositions in sample 211
Plagioclase compositions in the lavas and dykes

Microprobe analyses of cores of clinopyroxene
phenocrysts plotted in the Ca-Mg-Fe compositional
triangle

Cr,0;-Mg/Mg+Fe variations in clinopyroxene
phenocrysts

-Coﬁariation of Cr;0; in clinopyroxéne phenocrysts

from lavas

Compositional variations of groundmass
clinopyroxenes

Ti vs Mg/Mg+Fe for tholeiitic lava pyroxenes and
alkaline lava pyroxenes

Cr vs Mg/Mg+Fe as for Figure 4.9

Compositions of spinel phenocrysts

Distribution of secondary assemblages in Macquarie
Island lavas

Mass balance for zeolites analyzed using the TPD
micropreobe

Charge balance of zeolites analyzed using the TPD
microprobe.

Mass balance for zeolites analyzed with the LEDAX
system

Charge balance for zeolites analyzed with the EDAX
system

Compositional fields for zeolites on a Na:2Ca:(8i-16)

Zeolite analyses from Macquarie Island tavas plotted

on a Na-2Ca-(S5i-16) cation plot

Phillipsite analyses from Macquaric lsland lavas
and modern ocean-floor basalts

FeO vs MgO plot for '"chlorites" from Macquaric
Island lavas from different metamorphic grades

w1

j ]

Ay

.13

.16

.17

.18

.19

.20

.25

.26
.27

.11

A3

L6
18

Y

.27

N
~3



vi

Contents cont.
page
Figure 5.10 FeO vs MgO plot for chlorites from individual

lavas that have undergone lower greenschist facies

metamorphism 5.38 .
5.11 Sulphide occurrences 5.58
5.12  Oxygen isotope composition for whole rocks of the

Macquarie Island ophiolite vs H20 content 5.64
5.13  Oxygen and carbon isotopic coﬁposition for calcite

in the Macquarie Island ophiolite _ 5.64
5.14  Secondary phase distribution in Macquarie Island

units 5.67
5.15  Temperature ranges of zeolites in active hydro-

thermal areas 5.72
5.16 Activity diagram at constant temperature, pressure

and activity of H,0 showing phase relations for

albite, analcime and heulandite 5.78
5.17 Simplified metamorphic distribution and structure

of lavas and dykes : 5.84
5.18 Schematic of ocean-floor metamorphism 5.89
6.1 Histograms of LOI for lavas and dykes from

different metamorphic grades 6.4
6.2 Histograms of Ee2+/FeT for lavas and dykes of

different metamorphic grades 6.7
6.3 Relative proportions of normative ol, hy, di, ne

and Q in Macquarie Island basalts 6.9

Normalized REE abundances 6.13
6.5 Ni and Cr contents of Macquarie Island basalts and

dolerites 6.15
6.6 Geochemical patterns in MORB and other mafic lavas 6.20
6. AFM diagram for Macquarie Island basalts, dolerites,

layered gabbros and wehrlites, and harzburgites 6.23
6.8 Plot of major elements against Mg/Mg+Fe for

lavas and dykes ‘ 6.25
6.9 Ti and Zr contents of Macquaric Island basalts

and dolerites 6. 37
6.10 Ti, Zr and Y contents of Macquaric Island basalts
: and dolerites 6. 3K
6.11 Ti, Zr and Sr contents of Macquarie Island basalts

and dolerites 6,34
6.12 Zr and Nb contents of Macquarie Island basalts and

dolerites 6.4
6.13  Zr and Y contents of Macquarie Island basalts and

dolerites 6.4
6.14  Masuda-Coryell REE plot of Macquaric [sland

basalts and dolerites - ' (.44



vii

Contents cont.

page
Figure 6.15 La/Sm vs Zr/Nb 6.48
6.16 Sr, Rb, K20 and P20s against Nb for the lavas _
and dykes 6.51
6.17 La, Zr, TiO2 and Y against Nb for the lavas and
dykes’ : 6.52
6.18 Geochemical patterns normalized to MORB
abundances for "enriched", "depleted" and MORB-
equivalent liquids from Macquarie Island 6.53
7 6.19  Ne- and hy-normativghcomposition éonténz'éghinst
Nb abundance. 6.56
7.1 A schematic section through Macquarie Island-type
oceanic lithosphere. The section is based on the
traverse from North Head to Eagle Point. 7.3
7.2 Dynamic nature and evolution of the oceanic crust
sequence of Macquarie Island 7.7
7.3 A schematic model of near-surface magma

processes in the formation of Macquarie Island -type
oceanic lithosphere 7.16



viii

Contents cont.

List of Tables page
Table 3.1 Structural measurements off lavas and sediments
at the same locality 3.8 7
3.2 Angular relationships between lavas and intruding
dykes 3.9
4.1 Phenocryst assemblages and abundances in lavas 4.3
4.2 Phenocryst assemblages and abundances in alkaline
and tholeiitic lavas ' 4.11
4.3 Representative microprobe analyses of plagioclase
phenocrysts and groundmass crystals 4.21
4.4A  Representative microprobe analyses of pyroxene
phenocrysts 4,22
4.4B  Representative microprobe abalyses of goundmass
pyroxenes and amphiboles 4,23
4.5 Representative microprobe analyses of olivine 4.29
4.6 Representative microprobe analyses of spinels 4.33
5.1 Representative microprobe analyses of smectites 5.9
5.2 Zeblite structures and optical properties in
Macquarie Island rocks 5.20
5.3A Representative microprobe analyses of Group I
zeolites 5.22
5.3B  Representative microprobe analyses of Group 5
zeolites . 5.23
5.3C Representative microprobe analyses of gyrolite
and ?hillebrandite 5.24
5.4 Phillipsite analyses from literature - 5.26
5.5A  Representative microprobe analyses of mixed-layer
silicates 5.34
5.5B Microprobe analyses of Ti-rich mixed-layer
silicate 5.35
5.6 . Representative microprobe analyses of albite and
K-feldspar 5.40
5.7 Representative microprobe analyses of prehnite 5.41
Representative microprobe analyscs of epidotes 5.44
5.9 Representative microprobe analyses of sphenc and
recalculated sphene and epidote analyses 5.46
5.10  Representative microprobe analyses of sccondary
amphiboles and talc in the dyke swarm samples h.48
5.11  Relict clinopyroxene and rim amphibole
microprobe analyses : 5.49

5.12  Secondary and primary plagioclase feldspar
compositions from altered dyke swarm samples 5.54

5.13 Fe2+/Fe3* ratios, H20+ and CO; data for ocecun-floor
weathered lavas and dykes 5.68



Contents

Table

6.
6.

cont,

—

J7A
.7B

.10
.11

.12

.13

14

€0z and H20 analyses of lavas and dykes

Rim-core pillow lava and edge-core massive flow
analyses

Pearson correlation coefficient matrix for
major and trace elements in Macquarie Island
lavas and dykes

Correlation coefficients of Zr with other elements/
oxides for recalculated analyses

Macquarie Island lavas and dykes: major element
data summary

Possible primary liquids
REE abundances in Macquarie Island lavas and dykes

Literature REE analyses of Macquarie Island lavas
and BCR standard analysis

Mixing calculations: Macquarie Island lavas and
dykes ' :

Macquarie Island lavas and dykes: trace element
data summary -

Selected major and trace element ratios in the
REE data subset

La/Sm and La/Yb ratios of Macquarie Island samples
grouped by grade of alteration and metamorphism

Trace element‘abundances in end member components
defined by Nb variance in the Macquarie Island
lavas and dykes

MORB normalized values of hygromagmatophile
elements in the "enriched", "depleted" and "MORB-
equivalent" components - :

Effects of increasing K,0 and P,0s on CIPW
normative compositions.

page

6.

6.

]

11

.14
.18

.21
.27
.28

.29
.31
.35

.42

43

.50

.54

.58



Contents cont.

Plate 4.1

List of Plates

Quenched olivine crystallites in unaltered
basaltic glass.

Subvariolitic texture in a chilled lava pillow rTim.

Intersertal texture in an alkaline basalt.

Discrete kaersutitic amphibole in an alkali
olivine basalt.

Hydrous segregation zones in an alkaline basalt.
Subophitic texture in a tholeiitic basalt flow.
Corroded plagioclase phenocrysts.

A rounded and embayed augite phenocryst.

Altéred olivine glomerocryst.

Spinel phenocrysts'included in a large plagioclase
phénocryst.

A zoned augite'phenocryst including plagioclase.

Replacement of olivine by smectites and calcite.

Natrolite-thomsonite-mesolite intergrowths filling
an amygdule rimmed by smectites.

Laumontite filling a vein rimmed by albite.

Euhedral calcite rhombs rimmed by brown smectites
in a zeolite filled amygdule.

Actinolite-sphene-chlorite assemblage replacing
mesostasis.

Brown-olive green Ti-rich chlorite as a sccondary
matrix to relict titanomagnetite.

Subradiating epidote and chlerite filling an
amygdule in an altered tholeiitic lava.

Uralitized doleritic dyke with primary twinning

preserved in uralitized clinopyroxene.

Relict clinopyroxene with marginal alteration to
actinolite amphibole in a partially uralitized
dyke.

Randomly oriented actinolite fibres replacing
mespstasis in a doleritic dyke.

page

k9 4]

.14
.14

.30

.30

.34

.52

.43

.43

50

.50



Contents cont.

Plate 5.

11

.12

.13

.14

.15

Secondary sphene mantling titanomagnetite in a
uralitized dyke swarm sample.

Tremolite-talc-magnetite amygdule assemblage in
a dyke swarm sample.

Massive Fe-rich amphibole in a lower amphibolite
facies altered dyke swarm sample.

Palimpsest structure in quartz in a quartz-
sulphide vein.

Two stages of smectite growth in a smectite-
zeolite filled amygdule.

xi

page

5.51

5.51

5.53

5.53

5.75



xXii

ABSTRACT

Macquarie Island is an emergent part of the Macquarie Ridge, which
runs south from New Zealand to join the Indian-Pacific ridge system, and
marks the boundary betwéen the Indian-Australian and the Pacific plates.

Most of Macquarie Island is comﬁosed of fault-bounded blocks of
volcanic rocks that are commonly basaltic pillow lavas with rarer massive
flows and minor sediments. The sediments range from Globigerina oozes and
red siltstones through coarser lithié wackes to agglomerates. Dolerite
dyke swarms, gabbroic masses including a layefed complex, and serpentinized
peridotites also occur in the northern part of the island, where an

oceanic lithosphere section has been recognized.

The basalts and dolerites ;¥e ﬁsually porphyritic, carrying
plagioclase (Ang7-Angg) aglthe dominant phenocryst phase with less
abundant olivine (Foag-Foas), chrome spinel and rarely clinopyroxene
(CausMgsuFes-Ca3§MgsoFe12).. Normatively the rocks rénge from ne- to Q-
bearing, with most falling near the critical plane of normative silica
undersaturation. Dykes tend to be moré irvon-rich than lavas, and include
the more di-poor rocks. The rocks also range in composition from typical
ocean-floor basalts through varicties relatively enriched in some
incompatible trace elements, ﬁarticularly Nb (20-73 ppm) and the light
rare earth elements, tﬁat otherwise retain ocean-floor basalt phenocryst
assemblages, major element compositions and Ti, Ni, Cr and Zr contents.
These latter varieties closely resemble the ocean-floor basalts from the
"abnormal" ridge segments near 45°N and 36°N (FAMOUS) on the Mid-

Atlantic Ridge.
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Mixing calculations using phenocryst and rock compositions suggest
that much of the compositional variation in the volcanics could have
arisen by low-pressure crystal fractionation. However, low—prpssure
fractionation proceéses cannot alone account for all of the variations in
concentration in the incompatible elements: some may also arise from
different degrees of partial melting of a possibly inhomogeneocus source.

Four grades of glteration'and metamorphism have been distinguished
in the lavas and dykes. The lowest grade of alteration produced smectite-
carbonate dominated assemb;ages, principally affecting olivine and glass.
Lavas that have suffered this ocean-floor weathering alteration have been
shown to retain the magnetic properties of typical oceanic crust, and
were probably at the top of the pile, in the uppermost 200 m. Underlying
fhese is a compléx zone of zeolite alteration defined by the development
of Ca and Na zeolites, principally natrolite, thomsonite, analcite,
wairakite and at the bottom of the zone, laumontite. The degrec of
alteration is variable: fresh glass has been found within a few metres
of intensely zeolitized lavas. Beneath thesec zeolite facies assemblages
are albite—chlorite—epiddte-sphene'assemblages of the lower grecnschist
facies, present at the base of the lava pile where up to half of the outcrop
is  composed of basaltic dykes. In contrast, the dykes of the dyke swarms
have suffered a distinctive‘éctinolite amphibole alteration and
replacement of the primary mafic minerals that has left the plagioclase
little altered. This "uralitization' reflects the attainment of
conditions of the upper greenschist facies grade of metamorphism, and
sporadically at the base of the dyke swarm unit, where veins of hornblende
are present, the lower amphibolite facies grade of metumorphism.

It is argued that the observed progression of sccondary assemblages
arose from hydrothermal alteration under varying temperature amd pressure
conditions, which affected the oceanic crust section to the buasc of the

dyke swarm unit. Field relationships suggest that on Macquaric island
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this corresponds to a depth of approximately three kilometres. Prelim-
inary oxygen and carbon isotope studies show that sea water was the
initial fluid and that the fluid became substantially modified with depth
through rock interaction. Fluid movement was concentrated along fracture
systems in the lavas. |

| Thé major effects of geochemical alteration of the massive rocks,
away from the fracture zones, are increases in the H,0" content and
Fe3+./Fe2+ ratio. The magnitude of the changes is dependent on strati-
graphic position: both deérease with depth. Gypsum deposits, containing
minor amounts of suiphides, are present in the top of the dyke swarm
unit. Pyrite-dominated sulphide-quartz-carbonate assemblages are present
in veins in the base of the lava pile and upper part of the dyke swarm
unit. A large stoékwprk deposit, with the same mineralogy, is also
present in the base of the lava section. It is suggested that the gypsum-
tich deposits reflect tempérafure-inducéd‘sulphate saturation of the
descending fluid whefeas the sulphide-bearing vein assemblages have been

precipitated from cooling upwelling fluids.
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Many of the grassland slopes contain small terraces or terracettes (plate 1b),
These are commonly misnamed "sheep tracks' throughout rural mainland Australia and on
Macquarie Island some workers have similarly misinterpreted these features as due to
rabbit tracks or squats. Actually these features are usually a result of creep pro-
cesses, solifluction and or occasionally small scale slumping.

Wind is another erosive agent on Macquarie Island; during the three month 1975/6
summer the average wind speed was 26 km per hour. However because of the moist sur-
face environment wind deflation effects are drastically reduced relative to those in
drier environments. Moist clay has strong interparticle adhesion so that only during
the rare dry periods if ever, are the clays deflated. Coarser material is more Sus-
ceptible and fossil aeolian dunes deposited along the natural wind ‘funnel' between
Sandy Bay on the east coast and Bauer Bay on the west coast are being eroded through

wind deflation. Observations suggest that this was initiated by rabbits burrowing on
the windward side of the dunes, Erosion of raised marine ridges on the coastal ter-
races is probably also a result of similar rabbit activity. These arcas are very

small relative to the whele island and insignificant in terms of the overall erosion
processes.

It has also been suggested that rabbits have increased the incidence of landslips
by weakening an area through burrowing. No evidence has been presented on this and a
visual comparison of the island today with photographs taken at about the time of intro-
duction of rabbits would suggest that the rate of occurrence has not significantly
altered. Furthermore areas of burrowing petrel colonies, which have a higher burrow
density than rabbits, are not obviously more eroded than adjacent areas.

In summary, the major processes active on Macquarie Island are various forms of
mass movement. Although rabbits may have severe botanical effects on the ecology,
they have had little effect on the erosion of Macquarie Island. Et is invalid to
compare Macquarie Island with mainland Australia because of the major climatic differ-
ences and such comparisons are misleading.
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