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ABSTRACT 

Macquarie I s l and  i s  an emergent p a r t  of t h e  Macquarie Ridge, which 

runs south from New Zealand t o  j o i n  the Indian-Pac i f ic  r i d g e  system, and 

marks t h e  boundary between t h e  Indian-Austral ian and t h e  P a c i f i c  p l a t e s .  

Most of  Macquarie I s land  i s  composed of  fault-bounded blocks o f  

vo lcan ic  rocks  t h a t  a r e  commonly b a s a l t i c  p i l low lavas  with r a r e r  massive 

flows and minor sediments.  The sediments range from GZobCgeriw oozes and 

red  s i l t s t o n e s  through coa r se r  l i t h i c  wackes t o  agglomerates.  Do le r i t e  

dyke swarms, gabbroic masses ' inc luding  a layered complex, and se rpen t in i zed  

p e r i d o t i t e s  a l s o  occur  i n  t h e  nor thern  p a r t  o f  t h e  i s l a n d ,  where an 

oceanic  l i t h o s p h e r e  s e c t i o n  has been recognized.  

The b a s a l r s  and d o l e r i t e s  a r e  usual ly p o r p h y r i t i c ,  c a r ry ing  

p l ag ioc l a se  (ha 7-Ane o )  as  t h e  dominant phenocryst phase w i t h  l e s s  

abundant o l i v i n e  (FOB 9 -Fos 5) , chrome s p i n e l  and r a r e l y  c l  inopyroxene 

{Cat, S M ~ S  Fes -Ca3 a ~ g s  0 ~ e l z )  . ~ o r m a t i v e l y  t h e  rocks range from n k -  t o  Q- 

bear ing ,  with most f a l l i n g  n e a r  t h e  c r i t i c a l  plane of  normative s i l i c a  

unde r sa tu ra t ion .  Dykes tend t o  be  more i r o n - r i c h  t h a n  lnvns, and -inclttdc 

t h e  more tli-poor rocks.  Tile rocks a l s o  ra igc  i n  composition from t y p i c a l  

ocean-f loor  basa l  t s  through v a r i e t i e s  r e l a t i v e l y  enr iched  i n  some 

incompatible t r a c e  elements ,  p a r t i c u l a r l y  Nb (20-73 ppm) and the  l i g h t  

r a r e  e a r t h  elements ,  t h a t  otherwise r e t a i n  ocean-f loor  b a s a l t  phenocryst 

assemblages, major element compositions and T i ,  N i ,  C r  and Z r  con ten t s .  

These l a t t e r  v a r i e t i e s  c l o s e l y  resemble t h e  ocean-f loor  b a s n l t s  from t h c  

"abnormal" r i dge  segments n e a r  45% and 36ON (FAMOUS) on t h e  M i t l -  

A t l a n t i c  Ridge. 



Mixing ca l c l l l a t i ons  us ing  phenocryst and rock compositions suggest  

t h a t  much of  t h e  compositional v a r i a t i o n  i n  t h e  volcanics  could have 

a r i s e n  by low-pressure c r y s t a l  f r a c t i o n a t i o n .  However, low-pressure 

f r a c t i o n a t i o n  processes  cannot a lone  account f o r  a l l  of  t h e  v a r i a t i o n s  i n  

concent ra t ion  i n  t h e  incompatible elements:  some may aZso a r i s e  from 

d i f f e r e n t  degrees of p a r t i a l  melt ing of a  poss ib ly  inhomogeneous source .  

Four grades of  a l t e r a t i o n  'and metamorphism have been d i s t i ngu i shed  

i n  t he  lavas and dykes. The lowest grade of  a l t e r a t i o n  produced smect i te -  

carbonate  dominated assemblages, p r i n c i p a l l y  a f f e c t i n g  o l i v i n e  and glass .  

Lavas t h a t  have s u f f e r e d  t h i s  ocean-f loor  weathering a l t e r a t i o n  have been 

shown t o  r e t a i n  t h e  magnetic p r o p e r t i e s  o f  t y p i c a l  oceanic  c r u s t ,  and 

were probably a t  t h e  top  of t h e  p i l e ,  i n  t h e  uppermost 200 m. Underlying 

t h e s e  i s  a  complex zone of  z e o l i t e  a l t e r a t i o n  def ined  by t h e  development 

of  Ca and Na z e o l i t e s ,  p r i n c i p a l l y  n a t r o l i t e ,  thomsonite,  a n a l c i t e ,  

wa i r ak i t e  and a t  t h e  bottom of  t h e  zone, laumonti tc .  The degree o f  

a l t e r a t i o n  i s  v a r i a b l e :  f r e s h  g l a s s  has  been found wi th in  a fcw.nietres 

of i n t e n s e l y  z e o l i t i z  ed lavas. Beneath t h e s e  z e o l i t e  f n c i e s  asscmblagcs 

a r e  a lb i te-chlor i te -epidote-sphene assemblages o f  t h e  lower g recnsch i s t  

f a c i e s ,  p re sen t  a t  t h e  base o f  t h e  l a v a  p i l e  where up t o  h a l f  of t1lc outcrop 

i s  composed of  b a s a l t i c  dykes. In c o n t r a s t ,  t h e  dykes of  t h e  dyke swarms 

have . suf fe red  a  d i s t i n c t i v e  a c t i n o l i t e  aml~hibole a . l t e ~ * a t i o n  and 

replacement o f  t h e  primary mafic minerals  t h a t  has  l e f t  t h e  p l ag ioc l a se  

l i t t l e  a l t e r e d .  This " u r a l i t i z a t i o n ' '  r e f l e c t s  t h e  a t ta inment  of  

cond i t i ons  o f  t h e  upper g reensch i s t  f a c i c s  grade of metamorphism, i ~ n d  

s p o r a d i c a l l y  a t  the  base of t h e  dyke swarm u n i t ,  whcrc v e i n s  o f  IlornbIondc 

a r e  p re sen t ,  t h e  lower amphibol i te  f a c i c s  grade of  metrrn~orphisnl. 

I t  i s  argued t h a t  t h e  observed progression of  sccondary :1sscn~l1 I :~ j ics  

arose  from hydrothermal a l t e r a t i o n  under varying tcmperaturc :111t l  I)rcs:;llt*e 

conditions,  which a f f e c t e d  the  oceanic  c r u s t  s cc t ion  t o  t h c  I);lsc 01: t.lic 

dyke swarm u n i t .  F i e ld  r e l a t i o n s h i p s  suggest  t h a t  on Mncquaric l sland 
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t h i s  corresponds t o  a  depth o f  approximately t h r e e  k i lomet res .  Prelim- 

ina ry  oxygen and carbon i so tope  s t u d i e s  show t h a t  s e a  water  was the  

i n i t i a l  f l u i d  and t h a t  t h e  f l u i d  became s u b s t a n t i a l l y  modified with depth 

through r o c k ' i n t e r a c t i o n .  F lu id  movement was concent ra ted  along f r a c t u r e  

systems i n  t h e  l avas .  

The major e f f e c t s  o f  geochemical a l t e r a t i o n  of  t h e  massive rocks ,  

+ 
away from the  f r a c t u r e  zon'es, are inc reases  i n  t h e  W 2 0  content  and 

~ e " / ~ e ~ +  r a t i o .  The magnitude of  t h e  changes i s  dependent on s t r a t i -  

g raphic  p o s i t i o n :  both decrease with depth.  Gypsum d e p o s i t s ,  conta in ing  

minor amounts o f  su lph ides ,  a r e  p re sen t  i n  t h e  top  o f  t h e  dyke swarm 

u n i t .  Pyrite-dominated sulphide-quartz-carbonate assemblages a r e  p re sen t  

i n  ve ins  i n  t h e  base o f  t h e  l ava  p i l e  and upper p a r t  o f  t h e  dyke swarm 

u n i t .  A l a rgk  stockwork depos i t ,  with t h e  same mineralogy, i s  a l s o  

p re sen t  i n  t h e  base of  t h e  lava  s e c t i o n .  I t  i s  suggested t h a t  t h e  gypsum- 

r i c h  d e p o s i t s  r e f l e c t  temperature-induced su lphato  sa tu ra t ion  of t h e  

descending f l u i d  whereas t h e  su lphide-bear ing  vein assemblages have been 

p r e c i p i t a t e d  from cool ing  upwelling f l u i d s .  



Chapter 1  

I NTRODUCTION 

1.1 INTRODUCTION 

'Ihe Macquarie Ridge i s  a  narrow a r c u a t e  system o f  submarine r i d g e s  

t h a t  runs .  south from New lea land  t o  jo in  t h e  Ind ian-Pac i f i c  r i d g e  

system, and marks t h e  boundary' between t h e  Indian-Austra l ian  and t h e  

P a c i f i c  p l a c e s .  The c r e s t  o f  t h e  Macquarie Ridge i s  a t  water  depths  o f  

l e s s  than 200 m i n  severa l  p laces ,  and n e a r  54"s 15g0E has  emerged t o  

form Macquarie I s l and  (Cullen,  1969; Hayes G Talwani, 1972) .  

Linear  eas t -west  t r end ing  marine magnetic anomalies south  o f  

A u s t r a l i a  have been t r a c e d  ac ross  the ridge t o  t h e  Macquarie Trough 

e a s t  o f  Macquarie I s l and .  Geophysical d a t a  show t h a t  t h e  i s l a n d  

represen t s '  oceanic  c r u s t  produced dur ing T e r t i a r y  s e a - f l o o r  spreading 

a t  the  Ind ian-Pac i f i c  r i d g e  system, which was l a t e r  u p l i f t e d  d u r i n g  

marginal i n t e r a c t i o n s  between t h e  Indian-Austra l ian  plate moving nor th  

and t h e  P a c i f i c  p l a t e  moving west (Williamson, 1974, 1979). Magnetic 

p r o p e r t i e s  of pillow lavas  from t h e  i s l a n d  correspond well with those  of 

ocean f l o o r  b a s a l t s  (Bu t le r  e t  aZ.,  1976) and the  i s l a n d  is  recognized 

t o  have t h e  h i g h e s t  p o t e n t i a l  o f  known o p h i o l i t e s  f o r  modell ing t h e  

magnetic l a y e r  o f  t h e  oceanic  l i t h o s p h e r e  (Levi et n l . ,  1978).  

Macquarie I s l a n d  t h e r e f o r e  provides  t h e  oppor tuni ty  t o  cxmnirlc 

oceanic  c r u s t ,  us ing the  same methodology and a t  thc! s;imc s c : ~ l c  :IS l u r ~ c l -  

based s t u d i e s  o f  o p h i o l i t e  complexes. Thc i s l a n d  i s  ttlc connecting 1 i11k 

between t h e  o p h i o l i t e s  of  c o n t i n e n t a l  environments, and t.hc in ::.itu 

oceanic  c r u s t  s t u d i e d  by dredge,  d r i l l  and submersible.  

Previous geological  s t u d i e s  (Mawson, 1943; Varne E Hubenacli , 1 9 7 2 ,  

1973) i n d i c a t e ,  wi th in  t h e  p i l low lava  l a y e r ,  a range from ~inmctamorptrased, 

bu t  oxidized assemblages, through z e o l i t e  facies grade nssc~nbl:~j;es,  t o  

lower g r e e n s c h i s t  f a c i e s  assemblages i n  samples poss ib ly  from clcul) j 11 t hc  



oceanic p i l low lava  l a y e r .  The d o l e r i t e  dyke s w a n s  have been meta- 

morphosed under condi t ions  o f  upper g reensch i s t  and varying grades o f  

amphibol i te  f a c i e s  metamorphism. Dykes in t rud ing  t h e  p i l l ow lava  

l a y e r  a r e  noted t o  con ta in  metamorphic assemblages s i m i l a r  t o  t h e  

enc los ing  l avas .  The p l u t o n i c  rocks p r e s e n t  have been v a r i a b l y  serpen-  

t i n i z e d ,  p rehn i t i zed  and p a r t i a l l y  o r  completely metamorphosed. S i m i l a r  

grades and v a r i a t i o n s  i n  metamorphism have been r epor t ed  from modern 

ocean-f loor  rocks (Cann, 1971) and o p h i o l i t e s  found i n  con t inen t s  

(Smewing, 1975; Coleman, 1977; Coish, 1977) .  

T h i s  t h e s i s  p re sen t s  an i n v e s t i g a t i o n  of  t h e  s t y l e  and na tu re  of 

t h e  ocean f l o o r  metamorphism i n  t h e  p i l low lava  and dyke swarm u n i t s  of  

the  oceanic  l i t h o s p h e r e  exposed on Macquarie I s l a n d .  A summary of  

background s t u d i e s ,  l o g i s t i c s  and instrument  development a s s o c i a t e d  

wi th ,  t h i s  p r o j e c t  i s  given i n  the  fol lowing chap te r .  The f i e l d  r e l a t i o n -  

sh ips  and macroscopic f e a t u r e s  of the lavas and dykes are descr ibed  i n  

Chapter 3 .  The primary phase mineralogy and p e t r o l o g i c a l  na tu re  o f  the 

lavas  and dykes a r e  presented  i n  Chapter 4 a s  a background t o  the 

i n t e g r a t e d  pe t rographic ,  e l e c t r o n  micro-ana ly t ic  and i s o t o p i c  s tudy  o f  

t h e  metamorpl~ism of t hese  rocks, given i n  Chapter 5 .  Effects o f  t he  

a l t e r a t i o n  and metamorphism on t h e  primary geochemistry o f  selected 

l avas  and dykes a r e  d iscussed  i n  Chapter 6 .  The geochemical cha rac t e r -  

i z a t i o n  of  oceanic  c r u s t ,  based on t h e  Macqrlarie I s land  d a t a ,  i s  a l s o  

c o n s i d e r e d . i n  Chapter 6;  t oge the r  with a pre l iminary  djsci~ssiori o f  t11c 

pet rogenes is  o f  t h e  samples. The major conclusions of' t h i s  tticsis : ~ r u  

summarized and recommendations f o r  f u r t h e r  s t u d y  a r c  madc i n  (:h;tl)tcr 7 .  
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Chapter 2 

LOGISTICS AND TECHNICAL DEVELOPMENTS 

2 . 1  LOCATION AND TECTONIC SETTING OF MACQUARIE ISLAND 

Sub-Antarctic Macquarie I s l and  (54'30 '5; 1 5 9 " ~ )  l i e s  i n  t h e  South 

P a c i f i c  Ocean, 1280 km sou theas t  of Hobart, Tasmania, and 1440 km nor th  

o f  t h e  Anta rc t i c  con t inen t  (Figure 2 . 1 ) .  I t  is  a s u b a e r i a l  exposure of 

t h e  Macquarie Ridge.  The i s l a n d  i s  about 37 km long by 4 . 8  km wide and 

c o n s i s t s  o f  a h i l l y  p la teau  a t  about 300 m a l t i t u d e ;  t h e  h ighes t  po in t  

i s  433 m. 

The Macquarie Ridge i s  a narrow, a rcua te  r i d g e  t h a t  runs south  

from New Zealand t o  jo in  t h e  Ind ian-Pac i f i c  r idge  system. It has  a 

rugged and complicated topography and i n  some p laces  has a double c r e s t  

separated by a deep and narTow depress ion (Summerhayes, 1974).  The r i d g e  

is  l o c a l l y  topped by a flat plat form about 160 rn below sea. l e v e l  t o  mark 

where it may have been exposed i n  t h e  Pl iocene.  A s u b s i d i a r y  r i d g e  occurs 

e a s t  o f  t h e  main ridge i n  t h e  Macquarie I s l a n d '  region,  . separ ted  from 

it by a narrow b u t  deep t rench,  t h e  Macquarie Trench. This  t r ench  

con ta ins  undeformed sediments [Hayes F Talwani, 1972) . 
The r i d g e  i s  s e i s m i c a l l y  active; and i s  genera l ly  considered t o  

mark t h e  boundary between t h e  Indian-Austra l ian  and t h e  , P a c i f i c  p l a t e s .  

~ a r t h ~ u a k ' e s  a r e  shallow, and f i r s t  motion analyses  imply t h a t  t h e  r i d g e  

is  assoc ia ted  with normal, t h r u s t  and s t r i k e - s l i p  f a u l t i n g .  P l a t e  

t e c t o n i c  analyses  suggest  t h a t  the predominant motion along t h e  r idge  i s  

r i g h t - l a t e r a l  s t r i k e - s l i p  (Hayes E Talwani, 1972) , Nevertheless,  d i f f e r e n t  

p a r t s  of t h e  r idge  a r e  probably a l s o  governed by extensional  and compress- 

i o n a l  regimes as  a consequence of t h e  c loseness  of t h e  r idge  . t o  the 

Pac i f i c - Ind ian  po le  of r e l a t i v e  motion. Marginal i n t e r a c t i o n s  between 

t h e  p l a t e s  assoc ia ted  with r a p i d ,  r e c e n t  motions o f  t h i s  pole (LC Pichon 

e t  aZ., 1973; G r i f f i t h s  6 Varne, ,1972) have'probably con t r ibu ted  t o  t h e  



Figure 2 . 1  Locality map. Isabaths a t  2 ,  4 ,  and 6 km. 



complex s t r u c t u r a l  development o f  t h e  r i d g e ,  and i n c i d e n t a l l y  t o  t h e  

exposure o f  p a r t  of  it t o  form Macquarie I s l a n d .  

Local 1 y  , rad iomet r i c  ' c ages o f  Aptenodytes patagonica (b l i l l e r )  

i n  u p l i f t e d  t e r r a c e s  suggest  t h e  a c t u a l  emergence of  Macquarie I s l a n d  

i n  t h e  e a r l y  P le i s tocene ,  with an average u p l i f t  age of  t h e  i s l a n d  

between 1 . 5  m and 4 . 5  rn p e r  1000 years  (CoLhoun & Goede, 1973).  

2 . 2  ACCESS AND FIELD CONDITIONS 

Macquarie I s l a n d  i s  a  Tasmanian State Reserve and i s  a l s o  classified 

as an Antarct ic  base.  Its s t a t u s  as a rese rve  r e q u i r e s  t h a t  pcrmiss.ion 

t o  work on and sample t h e  i s l a n d  be obta ined from t h e  National  Parks 

and Wi ld l i f e  Se rv ice  of Tasmania. I t s  c l a s s i f i c a t i o n  a s  an A n t a r c t i c  

base  means t h a t  access is  genera l ly  l i m i t e d  l o  personnel o f  exped i t ions  

o f  the  A n t a r c t i c  Division of the  Aus t ra l i an  Department o f  Science  and 

t h e  Environment. Access is  normally only  p o s s i b l e  by sea  and t h e  t h r e e  

f i e l d  t r i p s  I made dur ing  t h i s  s tudy involved 4-6 day voyages (each way) 

on t h e  M.V. NeZZa Dan, o r  M.V. Tka2a Dan. Tl~e  f i e l d  t r i p s  were f o r  the .  

four-month 1975/76 summer season,  and two f ive-day v i s i t s  dur ing  t h e  1876 

and 1979 Spr ing Re l i e f  exped i t ions .  These enabled t h e  completion of  

mapping and sampling p r o j e c t s  i n i t i a t e d  by e a r l i e r  workers (Varne e t  aZ., 

1969; Varne E Rubenach, 1972, 1973). 

The outcrop on Macquarie I s l and  v a r i e s .  I t  i s  genera l ly  good 

along t h e  c o a s t  al though t h e  r a p i d  emergence o f  thc i s l a n d  Ilas l c f t  :;omc 

l a r g e  f o s s i l  beach d e p o s i t s  where t h e  recogn i t ion  o f  i n  s i t u  a:ltcrial c a n  

be d i f f i c u l t .  On t h e  p l a t e a u  t h e r e  i s  l e s s  outcrop and wcathcring has 

a f f e c t e d  the  rocks ,  t h e  metamorphosed matc r i a l  bcing p a r t i c u l a r l y  

s u s c e p t i b l e .  

Temperatures normally range,  a t  s e a  l e v e l ,  from O 0  t o  5 "C and w I t l l  

average wind speeds of 2 8  knots and continuous heavy m i s t ,  worki~hg 

condi t ions  a r e  d i f f i c u l t .  A l l  movement on t h e  i s l a n d ,  exccpt i n  the 



immediate v i c i n i t y  of  t h e  base camp, i s  on f o o t .  Small f i e l d  h u t s  a r e  

spaced a t  approximately four-hour walking i n t e r v a l s  down t h e  e a s t  coas t  

o f  t h e  i s l a n d ,  with only  one h u t  on t h e  west coas t  a t  Bauer Bay. 

2 . 3  ELECTRON MICROPROBE DEVELOPMENT AND CALIBRATION 

An i n t e g r a l  p a r t  of t h i s  research  p r o j e c t  was t h e  development of 

sof tware  and hardware necessary  f o r  c a l i b r a t i o n  and r o u t i n e  opera t ion  

o f  an energy d i spe r s ive  micro-ana ly t ica l  system f o r  accu ra t e  

q u a n t i t a t i v e  ana lyses  of geologica l  m a t e r i a l s .  The system i s  an 

EDAX EDS system a t tached  t o  a J E O L  JXA-50A scanning e l e c t r o n  microprobe 

i n  the Central Science Laboratory, Univers i ty  of Tasmania. The softwarc 

and ope ra t ing  procedures developed for t h i s  system a r e  descr ibed i n  

d e t a i l  by G r i f f i n  (1979), Appendix 8 of t h i s  t h e s i s .  

The i n i t i a l  development o f  t h i s  system by myself r equ i r ed  one 

yea r ,  and thus  comprises a  s i g n i f i c a n t  propor t ion  of  t he  s tudy .  This 

was e s s e n t i a l  t o  the project  a s  t h e  f ine -g ra ined  na tu re  of  both primary 

and secondary f e a t u r e s  of  t he  samples excluded normal i d e n t i f i c a t i o n  

techniques.  Subsequent c a l i b r a t i o n  and updat ing o f  c o r r e c t i o n  r o u t i n e s  

werc performed independently of  t h i s  s tudy ,  a s  a c o n s u l t a n t .  The sys tem 

currently provides up t o  20 ana lyses  p c r  hour  of norrnal s i 1 icclte 

and oxide minerals .  



Chapter 3 

GEOLOGY OF MACQUARI E IS LAND 

3.1  INTRODUCTION 

The general  geology of  Macquarie I s l and  has  been descr ibed  by 

Mawson (1943) and Varne E Rubenach (1972). The r e s u l t s  of f ie ldwork 

a s soc i a t ed  with t h i s  t h e s i s  gene ra l ly  cor robora ted  t h e  work by Varne 

e t  aZ. (1969) and Varne E Rubenach (1972), i n  p a r t i c u l a r  support ing t h e i r  

r ecogn i t i on  of t h e  ''Older Basic Groupff (Mawson, 1943) a s  dyke swarm 

units, and t h e r e f o r e  t h i s  chapter  i s  only a s h o r t  summary of  t h c s e  

e a r l i e r  s t u d i e s ,  mainly  drawn from G r i f f i n  E Varne (1980) (Appendix 7 ) .  

However i t  has proved poss ib l e  t o  d i s t i n g u i s h  s t r a t i g r a p h i c  r e l a t i o n s h i p s  

between d i f f e r e n t  vo lcanic  b locks ,  and t h i s  a spec t  of  t h e  f ie ldwork i s  

descr ibed  i n  Chapter 5 .  These f i e l d  r e l a t i o n s h i p s  form t h e  b a s i s  f o r  

t h e  r ecogn i t i on  of  s eve ra l  p a r t i a l  s e c t i o n s  through the volcanic  sequence, 

t h a t  eluded t h e  previous 'workers ,  based on t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h c  

var ious  secondary assemblages and new s t r u c t u r a l  information.  
I 

3 . 2  GENERAL GEOLOGY 

Fault-bounded blocks of  vo lcanics  and dyke swarms colnpose about. 

80% of  t h e  outcrop of  Macquarie I s l and  (Figure 3 .1 ) .  An i n t r u s i v e  

complex of dyke swarms, massive and layered gabbros, and scrpcnt:inizod 

p e r i d o t i t e s  l oca t ed  a t  t h e  nor thern  end of  t h e  i s l a n d  (Figurc  3 . 2 ' ~  
I 

c o n s t i t u t e  t h e  remainder. 
I 

The volcanic  blocks a r e  mainly p i l low lavns ,  t oge thc r  with v ; ~ r y i n g  

propor t ions  of  r a r e  massive lava f lows,  b a s a l t i c  dykes and var ious  

sediments.  These sediments inc lude  ca lcareous  CZobigerina oozc :tr~cj 

v o l c a n i c l a s t i c  sediments.  The ooze forms thin coat ings  on l a v a  s ~ t r f a c c s  



Figure  3 .1  ,Gerieralized geo log ic  map o f  blacquarie I s l and  
with s u p e r f i c i a l  d e p o s i t s  omi t t ed .  Serpent in ized  
p e r i d o t i t &  and gabbro masses a r e  marked by c r o s s e s ;  
e x t r u s i v e . v o l c a n i c  rocks  and a s s o c i a t e d  sediments a r e  
marked b y ' v e e s ;  dyke swarms a r e  b l a n k .  S t r i k e s  on 
l avas  a r e  shown with a  s i n g l e  t i c k ,  and strikes on 
dykes are 'shown wi th  a  double t i c k .  F a u l t e d  c o n t a c t s  
a r e  drawn as heavy l i n e s ,  and g rada t iona l  o r  unce r t a in  
c o n t a c t s  a r e  drawn a s  d o t t e d  l i n e s .  (From Varne 

Rubenach, 1972.) 



Figu re  3 . 2  G e o l o g i c a l  map o f  t h e  n o r t h e r n  p a r t  o f  Flacquar ie  I s l a n d ,  
w i t h  s u p e r f i c i a l  d e p o s i t s  o m i t t e d  (from Varne E Rubenach, 1972) .  
S e r p e n t i n i z e d  p e r i d o t i t e  b o d i e s  a r e  marked by  heavy d i a g o n a l  
c r o s s - h a t c h i n ' g ;  l a y e r e d  gabbro  complcx i s  marked by c r o s s e s ;  
o t h e r  gabbro  masses a r e  marked by l i g h t  c r o s s - h a t c h i n g ;  
e x t r u s i v e  v o l c a n i c  r o c k s  and a s s o c i a t e d  s e d i m e n t s  a r e  marked by 
v e e s ;  dyke swarms a r e  b l a n k .  S t r i k e s  on l a v a s  a r e ' s h o w n  w i t h  
a k i n g l e  t i c k ,  and s t r i k e s  on dykes  a r e  shown w i t h  a  d o u b l e  t i c k .  
F a u l t e d  c o n t a c t s  a r e  drawn As heavy l i n e s ,  and  g r a d a t i o n a l  o r  
u n c e r t a i n  c o n t a c t s  a re  drawn a s  d o t r e d  l i n e s .  S p o t  h e i g h t s  i n  
f ee t  above  s e a  l e v e l .  



;II~J i r1*cgul:lr*, thin, lcnsoid :icctimiil;~tio~~s int.crsti t in1  t o  t hc  p i  1 low 

l a v n s ,  (11) to 8 CIII i n  thickness. It is usually rccryst;lll i zcd  a n d / o r  

silicified. Poorly preserved coccoliths in this ooze have hccn intcr- 

preted to yield an Early, or perhaps Cliddle, Miocene age (Quilty e t  GZ., 

1973). 

The volcaniclastic sediments range from siltstones to volcanic 

brcccias. All are reddish-brown, due to a high proportion of iron 

oxides in the matrix'cement. The finer-grained sediments occur in 

small lenses, up to 2 m thick, intercalated with the lava flows. Their 

lrlteral ex ten t  is difficult to estimate. One lens is exposed for about 

60 rn at Mawson Point, on the northwestern coast of Macquarie Island 

(Figurc 3.1). These,lenses commonly contain graded beds, from siltstone 

to lithicwackes, and rarely include truncated, convoluted laminae. The 

volcanic breccia deposits are lenses ranging from 2-3 m up to 15 m in 

thickness, again well exposed at ~awson Point. These are unstratified 

rocks with angular clasts varying up to 15 cm (in maximum scction) from 

n silt-sized matrix and with a highly variable degree of packing. 
I 

liyaloclastite breccias occur interstitially to lava pillows and as 
I 

small lenses.  I 

Varnc c t  aZ. (1969) have noted that the association of pillow 

lava with interstitial GZobigerina ooze, hyaloclastite and lithiwacke 

is characteristic of ocean-floor deposition and probably occurred at 

water depths between 2000 m and 4000 m. The range of sediment types, 

including small turbidite flows, reflects a variety of depositonal 

environments, from low to high energy. The volcanic breccias closely 

resemble talus-slope and rubble deposits observed at various places on 

the Mid-Atlantic Ridge. 

The dolerite dyke swarms are a notable geological feature, and 

occur as fault-bounded blocks almost entirely composed of series of 

narrow dykes lying &rallel to sub-parallel to one another to form a 



shee ted  dyke complex. Screens of  massive gabbros, s e rpen t in i zed  

p e r i d o t i t e s  and volcanics  a r e  p re sen t .  Although mul t ip l e  i n t r u s i o n s ,  

evidenced by s e r i e s  of  s i m i l a r l y  f ac ing  c h i l l e d  edges,  make e s t ima te s  

of  t h i ckness  d i f f i c u l t ,  t h e  average dyke th i ckness  i s  about 1 m, with 

r a r e  examples ranging t o  3 metres .  

Rocks o f  t h e  layered  gabbro complex around Half-Moon Bay 

(Figure 3 . 2 )  inc lude  wehr l i t e ,  p l ag ioc l a se  w e h r l i t e ,  t r o c t o l i t e ,  o l i v i n e  

gabbor and g a b b r o .  The rocks a r e  minera logica l ly  s imple .  They mainly " 

c o n s i s t  of o l i v i n e ,  p l a g i o c l a s e  and clinopyroxene. Spinel  i s  a r a r e  

bu t  widespread accessory minera l ,  and orthopyroxene occurs  very r a r e l y  

a s  t h i n  rims around o l i v i n e  o r  a s  t i n y  r e l i c t  g r a i n s  w i t h i n  clinopyroxene. 

Cumulate phenocryst phases a r e  o l i v i n e ,  p l ag ioc l a se  and' s p i n e l .  Clino- 

pyroxene i s a l w a y s  postcumulus; p l a g i o c l a s e  i s  a l s o  postcumulus i n  some 

o l i v i n e - r i c h  rocks.  

The massive gabbros exposed on t h e  east c o a s t ,  and t o  t h e  nor theas t  

of  t h e  layered gabbro complex (Figure 3 . 2 )  possess  complicated i n t r u s i v e  

c o n t a c t s ,  con ta in  inc lus ions  o f  o t h e r  gabbros,  a rc  i n  places deformed, 
! 

and a r e  :ilso c u t  by dykes .  Thei r  bu lk  chetnical coml~os i t ions  are s i m i l a r  

t o  those of some o f  t h e  lavas  and dykes ( G r i f f i n  G Varne, 1950) :3nd they 

range i n  t e x t u r e  from gabbroic  t o  d o l e r i t i c .  A zone o f  massive gabbros 

t h a t  have undergone high-temperature sub-so l idus  r e c r y s t a l l i z a t i o n  occurs  

around I s l and  Lake and no r th  of  Eagle Point  (Figure 3 . 2 ) .  This  zone 

s e p a r a t e s  t h e  wehr l i  t e s  of  t h e  layered gabbro compl cx from n h:irzl,~r 1.1: i t-i: 

a t  Eagle Poin t ,  and t h e  gabbros a r e  esscnt i . a l  ly composcd of  c l  j r~opy roxcnc 

and p l ag ioc l a se ,  with l e s s e r  amounts of o l i v i n e ,  and minor amounts n f  

orthopyroxene, hornblende and s p i n e l .  



' h e  complcx s t ~ u c t u r o  of Macquorie Is iand i . ~  a .resu.lt o f  t h e  wi.dc- 

spread  f a u l t i n g ,  probably on a l l  s c a l e s ,  and t i l t i n g  o f  t h e  f a u l t - '  

bounded b locks .  Dips measured on sediments range from near -hor izonta l  

t o  45' and f o r  pi l lowed lava  u n i t s  t o  80' (Figure 3 . 3 ) .  These l a t t e r  

measurements a r e  l e s s  r e l i a b l e  b u t  a r e  supported by good agreement where 

outcrops al low measurements from both l avas  and sediments (Table 3 . 1 ) .  

Two s t r i k e  d i r e c t i o n s  a r e  common, about 150' and 230'. I t  h a s  been argued 

t h a t  the  t i l t i n g  of  t h e  vo lcan ic  rocks occurred i n  two s t a g e s :  t h e  f i rst  

stage involved t i l t i n g  around axes t h a t  were near -hor izonta l  and p a r a l l e l  

to dyke-bedding plane i n t e r s e c t i o n s  and t h e r e f o r e  only  caused v a r i a t i o n s  

i n  d ip ;  t h e  second was a l a t e r  r o t a t i o n  about v e r t i c a l  axes of  t h e  t i l t e d  

rocks t h a t  caused t h e  v a r i a t i o n s  i n  s t r i k e  (Varne E Rubenach, 1972) . 
This i n t e r p r e t a t i o n  i s  supported by palaeomagnetic s t u d i e s  (Williamson, 

I 

1979) . 
Angular r e l a t i o n s h i p s  between l avas  and dykes measured a t  14 . 

localities range from 46' t o  86' (Table 3 . 2 )  . The mean angle  i s  72' 

0 
and a t  11 o f  t h e  14 l o c a l i t i e s  t h e  angle  i s  g r e a t e r  t h a n  60 , suppor t ing  

a model where t h e  lavas  have been in t ruded  by n e a r - v e r t i c a l  o r  v e r t i c a l  

dykes. The dev ia t ions  of  t h e  angular  r e l a t i o n s h i p s  from 90' may i n  

p a r t  r e s u l t  from non-horizontal  a t t i t u d e s  of  t h e  l avas  a t  t h e  t ime o f  

i n t r u s i o n .  The dykes seem t o  have been in t ruded  o r i g i n a l l y  s t r i k i n g  

eas t - sou theas t .  This  o r i e n t a t i o n  corresponds very wel l  wi th  t h e  i n f e r r e d  

o r i e n t a t i o n  of  the  spreading  a x i s  of t h e  Indian-Pac i f ic  r i dge  dur ing  

Anomaly 7 t ime, as preserved  b y . t h e  p re sen t  o r i e n t a t i o n  of  t h e  l i n e a r  

marine magnetic anomalies i n  t h e  r eg ion  (Weissel & Hayes, 1972;  Williamson: 

1974) . t 



on lovas. The dato se t  ancludes  
measurements i rom Vorne 8 Rubennch 
L19721. Ooshed Lines denote fau l ted  
contacts w i t h  other rock types 

( f r o m  Vorne & kuhcnoch. lq7?l. 



Table 3 .1  
- . . . . -. . . . 

STRUCTURAL MEASUREMENTS FtiOIl PILLOW LAirAS 

AND SEDIMENTS AT THE SAME LOCALITY 

1 

Locality Lava Sediment 

*Measurements given using a clockwise 
convention, e.g .  



Table 3.2 

ANGULAR RELATIONSHIPS BETWEEN LAVAS 

AND INTRUDING DYKES 

' Locality Angle ( O ) *  

Bishop I s .  ' 8 2 

Average = 7 2 O  

Range = 86"-46" 
I 

I 

* True angles were obtained by standard stereographic 
projection techniques. 



Rotat ions  of  the  c r u s t a l  blocks o f  t h e ' i s l a n d  t h e r e f o r e  

apparent ly  occurred f i r s t  about h o r i z o n t a l  axes p a r a l l e l  t o  t h e  spreading 

a x i s ,  probably a s  an i n t e g r a l  p a r t  of the  sp read ing  process (Ba l l a rd  6 

Van Andel, 1977).  La te r  r o t a t i o n s  about v e r t i c a l  axes could have been 
I 

caused by r e c e n t  s t r i k e - s l i p  movements a long t h e  Macquarie Ridge. 

3 . 4  AGE - 
I 

Coccol i ths  p r e s e n t  i n  t h e  GZobigerina oozes,  i n t e r s t i t i a l  t o  the  

p i l low lavas,  i n d i c a t e  a n  age o f  Early,  o r  perhaps Middle, Miocene 

( Q u i l t y  e t  aZ., 1973).  This i s  a range of  about 11-22 Ma i n  a b s o l u t e  

terms. The c o r r e l a t i o n  of marine magnetic Anomaly 7 ac ross  Maequal-ie 

I s l a n d  (Williamson, 1974) sugges t s  an age o f  about 27 Ma using t h e  

H e i r t z l e r  e t  aZ. (1968) magne tos t ra t ig raph ic  time s c a l e ,  or  25.5 Ma 

us ing t h e  more r e c e n t  t ime s c a l e  o f  L a  Brecque et at. (1977) . Thus the 

general  age appears well  cons t ra ined ,  but a s p e c i f i c  age a e t e r m i ~ l a t i o n  
I 

awai t s  completion o f  a geochronological  s tudy  c u r r c n t l y  i n  p r o g r e s s .  



Chapter 4 

1'ETROC;RAI'IIY AN11 I'll1 MARY PIIAS [I MlNERA1.OC;Y - 

4 . 1  GENERAL FETROGRAPlIY OF THE LAVAS AND DYKES 

The lavas  range from g la s sy  t o  medium grained c r y s t a l l i n e  l avas ,  and 

from aphyric  t o  s t r o n g l y  p o r p h y r i t i c  v a r i e t i e s .  P l ag ioc l a se  i s  t h e  

most abundant phenocryst phase followed by o l i v i n e ,  s p i n e l  and r a r e l y  

cl inopyroxene.  Dykes in t rud ing  t h e  lavas  show similar pe t rographic  

v a r i a t i o n s  but a r e  coar.ser gra ined .  

Dyke swarm rocks range from f i n e  t o  coarse  grained,  aga in  with 

both a p h y r i c  and s t r o n g l y  p o r p h y r i t i c  v a r i a n t s .  P l ag ioc l a se  i s  more 

abundant i n  t hese  rocks than it i s  i n  t he  lavas and a s s o c i a t e d  dykes, 

as has  been noted by Varne E Rubenach (1972). 

A l l  o f  the  samples examined have been a l t e r e d  o r  metamorphosed 

t o  some e x t e n t  bu t  t h e  primary igneous t e x t u r e s  have n o t  been 

s i g n i f i c a n t l y  d i s rup ted .  This  i s  a  general  f e a t u r e  of  t h e  a l t e r a t i o n  o f  

mafic rocks from o p h i o l i t e s  (Coleman, 1977) and from t h e  ocean f l o o r  

(Cann, 1971).  The mineralogical  changes imposed on these  rocks during 

t h e  var ious  mctamorphic events  a r e  d iscussed  i n  d e t a i l  i n  Chapter 5 .  

Cameron e t  aZ. (1979) have recognized t h r e e  types of b a s a l t s  from 

Macquarie I s l and  i n  t h e  Aus t ra l ian  National  Universi ty c o l l e c t i o n .  

Type-] b a s a l t s  a r e  p lag ioc lase-phyr ic  (Ansz-70) with s u b - v a r i o l i t i c  

t e x t u r e s  and con ta in  euhedral  o l i v i n e  phenocrysts  (Fogo-88) and, r a r e l y ,  

c l inopyroxene.  The p l ag ioc l a se  phenocrysts  conta in  g l a s sy  inc lus ions  

and sometimes t i n y  euhedral  s p i n e l s  and a r e  no t  s t rong ly  zoned. 

Q p e - 2  b a s a l t s  conta in  microphenocrysts o f  a l t e r e d  o l i v i n e ,  e longate  

l a t h s  of  p l ag ioc l a se  f e l d s p a r  and dark a reas  of  mesostasis  which are 

l a r g e l y  cl inopyroxene.  Reddish chrome s p i n e l  i s  p re sen t  a s  t i n y  euhedra 



in altered olivine or as rnegacrysts up to 0.6 mm. ape-3  basalts 

contain primar). kaersutitc as discrete groundnrass crystals or as rims 

on colourless ai~gite and microphenocrysts of plagioclasc, clinopyroxene 

and chrome spinel. 

Type-I basalts dominate the A.N.U. collection'and, with type-2 

basalts, are noted to be texturally and mineralogically similar to 

basalts generated at mid-ocean ridges or in marginal basins. The 

amphibole-bearing type-3 basalt is suggested to have no ocean-floor 

equivalent and possibly to represent the type of vulcanism .that 

eventually forms seamounts (Cameron et aZ., 1980) although this seems 

unlikely from the field relationships. 

The study reported here is the first made on a comprehensive 

collection from Macquarie Island and involved the petrographic exam- 

ination of 198 lava samples and 41 dyke samples. Three major petro- 

graphic variations are present in the samp1e;'in the degree of 

crystallinity, porphyritic nature and, in the coarser variants, 

groundmass mineralogy. 
..-. . - .. -- 

The majority of the samples is porphyritic, and relative proportions 

and assemblages of'phen~cr~sts are given in Table 4 -1, based on the 

initial sample set (129 lava samples: Appendix 9). The major feature 

shown by Table 4.1 (1) is the predominance of plagioclase amongst the 

phenocryst phases. It is present.in 91% of the phyric lavas, followed 

, by olivine (47%) ,  clinopyroxene (27.5%) and spinel (26.5%) ). The 

various phenocryst assemblages present are listed in Table 4.1 (3, 

together with their relative frequencies of occurrence. 

The lavas vary in degree of crystallinity from glassy pillow- 

selvedge material and spalled glass fragments in interstitial hyalo- 

clastite breccias (e .g . ,  as commonly exposed in the North Head and 

Pyramid Peak areas) to medium grained holocrystalline rocks in the 

central zones of the occasional massive lava flows, as exposed at 



Table 4.1 

PHENOCRYST ASSEMBLAGES AND ABUNDWCES IN LAVAS 

(129 samples) 

No. 0. 
'0 

Aphyric samples 

Porphyritic samples 

PORPHYRITIC SAMPLES 
7 

. - 
1. Ind iv idua l  phase  occur rences  

plagioclase is contained by 93* 91.2 

olivine 11 48* 47.1 

spinel I f  27* 26.5 

2.. Phenocryst assemblage occurrences 

plag 37 36.3 

0 1 3 2 -9 

s P 1 1 .o 
plag + cpx 10 9.8 

p lag  + 01 13 12.7 

plag + sP 5 4.9 

cpx + s p  

01 + sp 

plag + 01 + cpx 

plag + 01 + sp 

plag + 01 + cpx + sp 

* Many samples contain,>l phenocryst phase and these values 
include the occurrence of a phase together w i t h  other 
phases. 



blawson Poin t .  A complete v a r i a t i o n  e x i s t s  between t h e s e  two extremes. 

Flany o f  t he  g los ses  conta in  quenched c r y s t a l l i t e s ,  commonly of o l i v i n e .  

These c r y s t a l l i t e s  may conta in  two-phase ihc lus ions  of  g l a s s  and. 

vapour ( P l a t e  4 .1 ) .  More slowly-cooled samples conta in  g ranu la r  

plumes o f  clinopyroxene with t h e  development of s u b - v a r i o l i t i c  t e x t u r e s  

( P l a t e  4 . 2 )  . 
The groundmass mineralogy of  t h e  h o l o c r y s t a l l i n e  lavas  and dykes 

e x h i b i t s  a  wide v a r i a t i o n .  A t  one. extreme t h e  lavas  have suboph i t i c  

t o  ophi t i c  t e x t u r e s  ( P l a t e  4-61 with equant subhedral p l ag ioc l  a se  

p a r t i a l l y  o r  completely enclosed by g ranu la r  t o  subhedral  aug i t e  

t oge the r  with t i t anomagnet i te  and g l a s s .  In coa r se r  graincd examples 

t h e  a u g i t i c  clinopyroxenes may have t h i n  pu rp l i sh  t i t a n a u g i t e  rims and 

i n  r a r e  l a t e - s t a g e  seg rega t ion  ve ins  k a e r s u t i t i c  arrrphibolc, t oge the r  

wi th  a p a t i t e  rods and s k e l e t a l  i lmen i t e ,  may a l s o  be p re sen t  a s  a l a t e  

growth.on t h e  cl inopyroxene,  bu t  no t  a s  d i s c r e t e  g r a i n s .  O l iv ine  is 

no t  p re sen t  a s  a groundmass phase.  Such rocks a r e  no t  t r u e  t h o l e i i t e s  

i n  t h a t  they  lack p igeon i t e  o r  orthopyroxene as a groundmass phase 

( Jop l in ,  1 5 7 1 ) .  As Carmichael etaZ.(1974) have remarked, acean-f loor  

b a s a l t s  have a l k a l i n e  b a s a l t  mineralogy but  t h o l c i i t i c  chemistry.  

Ilowever, a s  noted by Cameron e.t aZ. (1980), pe t rog raph ica l ly  t h e s e  

rocks a r e  i d e n t i c a l  t o  modern ocean-f loor  b a s a l t s  o r  "abyssal t h o 1 e i . i . t ~ ~ "  

(Cann, 1971). I n  the fol lowing t c x t  t h e s e  v a r j a n t s  a re  conscclucnt l y  

r e f e r r e d  t o  a s  t h e  t h o l c i i t i c  v a r i a n t s .  
-- - . - . . . .-. --..... ~ . . 

A t  t h e  o t h e r  ex t r eme . the  l avas  a r e  c h a r a c t e r i s e d  by p u r p l i s h  

t i t a n a u g i t e s  gene ra l ly  developed as sheaves of  t a b u l a r ,  e longate  
I 

, 

c r y s t a l s  o r i en t ed  perpendicular  t o  randomly-oriented, c longatc  laths of: 

p lag ioc l a se , '  forming an i n t e r s e r t a l  t e x t u r e  (Plate 4.3) . 'Ihc ~)yraxcncs 

a r e  uniform i n  co lour ,  and t h i s  d i s t i ngu i shab le  from thc  Latc stilgc 

overgrowths found i n  t he  t h o l e i i t i c  v a r i a n t s .  thhcdra l t o  s111)hcd r-;i l 



Plate 4.1 Quenched olivine crystallite in glass containing 
symmetric glass and glass + vapour inclusions 
(sample 46). Scale: 1 cm = 10 microns. 

Plate 4.2 Subvariolitic texture in chilled lava pillow rim 
(sample 156E). Scale: 1 cm = 10 micron;. 





Plate 4 . 3  Intersertal texture in alkaline basalt (sample 38391). 
Scale: 1 cm = 800 microns 

Plate 4.4 Reddish-brown kaersutitic amphibole as discrete crystals 
and rims on zoned titaniferous augites in an alkali 
olivine basalt (sample 3 A ) .  Scale: 1 cm = 1000 microns. 





o l i v i n e  i s  common a s  a gmundmass phase b u t  i s  usua l ly  rep laced  by 

smec t i t e s  o r  c h l o r i t e s  , depending upon t h e  grade of  metamorphism. 

I t  is l a r g e l y  una l t e r ed  i n  samples 38265 and 38392. K a e r s u t i t i c  

amphibole i s  p re sen t  i n  most samples a s  rims on the  t i t a n a u g i t e ,  

and as d i s c r e t e  groundmass c r y s t a l s  i n  the  ms,t extreme v a r i a n t s  

(e .g .  samples 3A and 64D, P l a t e  4.41. Ti tanmagnet i te  i s  a minor 

component of t h e  groundmass a s  s k e l e t a l  and bladed forms. I n t e r -  

s t i t i a l  g l a s s  i s  r a r e .  A notable  f e a t u r e  of t h e s e  samples is  t h e  

presence o f  sphe r i ca l  aggregates  o f  amphibole and minor t i t anmagne t i t e  

where exsolved hydrous phases appear t o  have concentrated i n  the l a t e  

s t a g e s  o f  cool ing;  a vapour phase being absent  ( P l a t e  4 .5) .  These 

aggregates  grade from t h e  spheru les  t o  t h i n  rims around v e s i c l e s  where 

a vapour phase was p r e s e n t .  Pe t rographica l ly  many of t h e s e  rocks are  

c l a s s i f i a b l e  a s  a l k a l i  o l i v i n e  b a s a l t s  and are  subsequent ly r e f c r ~ e c l  t o  

a s  the a l k a l i n e  v a r i a n t s .  
L 

- . . . . - - . .. .- - . . . 

The a l k a l i n e  and t h o l e i i t i c  v a r i a n t s  descr ibed  previous ly  a r e  

t h e  end members of  a pe t rographic  and chemical (Chapter 6) spectrwn of 

lavas  and d o l e r i t e s  p re sen t  on Macquarie I s l and .  The d i f f e r e n t i a t i o n  o f  

t h e  lavas  i n t o  t h r e e  types  by Cameron e t  aZ. (1980) i s  no t  supported 

by t h e  observa t ions  made i n  t h i s  s tudy .  

A major ques t ion  t h a t  a r i s e s  from t h e  recogni t ion  o f  t h i s  

pet.rographic v a r i a t i o n  of  t h e  l avas  and dykes i s  whcthcr o r  not  a 

sys temat ic  d i s t r i b u t i o n  o f  any p a r t i c u l a r  lava  ( o r  l avas )  c x i s t s  on t h c  

i s l a n d .  This  problem i s  made more d i f f i c u l t  I>y two features. I:i r s t l y ,  

the  quenched na tu re  of  many samples prevcntct1 ; I J I ~  c l i;~~nost i c  ~ ; r * o ~ ~ ~ ~ t l r r i ; r : ; . u .  

mineral growth, and secondly, t h e  d i s t i n c t i o n  bctwccn o l i v i n e  a s  a 

groundmass o r  microphenocryst phase i s  o f t c n  d i f f i c u l t  and sul>jcctivc 

For t h e s e  reasons,  a t h i r d  group ,termed in te rmedia te  rocks h a s  bccn 

recognised i n  t h e  samples. 



P l a t e  4 .5  Sections through spheroidal  hydrous segregation zones 
i n  an a l k a l i n e  lava. The l a r g e s t  zone i s  0.25 nun i n  
diameter (sample 211). 

P l a t e  4.6 Subophitic t e x t u r e  i n  a medium grained t h o l e i i t i c  
basal t  (sample 56H) from a massive flow. 
Scale:  1 cm = 0.1 mm. 
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The spatial distribution of alkaline and tholeiitic samples is 

shorn in Figure 4.1. The alkaline rocks are relatively more abundant 

in the North Head volcanic block and in the middle section of the 

island, but are present in all the volcanic sequences. Metamorphic 

studies give a zonation which can be correlated with this distribution 

(Chapter 5 ; ~ i ~ u r e  ' 5.14) . The alkaline varieties are most abundant 

where the lower grades of alteration (zeolite facies grade metamorphism 

and below) are also observed. If the metamorphic zonation of ocean- 

floor weathering - zeolite facies - lower greenschist facies is related 
to depth in the volcanic sequence, as is argued in detail in Chapter 5, 

then the observed distribution of the various lavas suggests that the 

magmas became more alkaline with development of the Macquarie Island 

ocean crust segment. This question is considered in more detail 

using the geochemistry of the lavas and the possible petrogenetic 

models in Chapter 6 ;  

4.2 PHEEOCRYST DISTRIBUTION AND MINERAL CHEMISTRY 

Data on the relative abundances of phenocryst species have been 

subdivided on the basis of the groundmass mineralogy of the lavas and 

are presented in Table 4.2. The alkaline lavas have a higher proportion 

of aphyric samples (43.5%) than the tholeiitic lavas (9.1%) . Plagioclase 

is the most frequent phenocryst phase in both variants althot~gh morc 

frequent in the tholeiitic samples. Olivine and spinel occur morc 

often in the alkaline lavas than in the tholeiitic lavas; the revcrsc 

is observed for clinopyroxenes. These variations i.n phenocryst 

distribution do not correspond with any di ffcrcnti nti oil h c t w c u l ~  t : t ~  

variants recognized from t h e  groundmass minc.ralog.i.cn1 studics. 



Table 4.2 

PHENOCRYST ASSEMBLAGES AND ABUNDANCES 

IN ALKALINE AND THOLEIITIC LAVAS 

(123 samples) 

Alkalic Abyssal tholeiitic 

% No. % No. I 

Aphyric samples 20 43.5 . 7 9 . 1  

Porphyritic samples 26 56 - 5  70 90.9 - - 
46 77 - - 

1 .  Porphyritic samples 

plagioclase 19 73.1 68 97.1 

olivine 15 5 7 . 7  32 4 5 . 7  

CPX 3 11.5 2 3 3 2 . 9  

s p i n e l  8 30.8 18 2 5 . 7  

Phenocsyst assemblages 

plag 

01 ' 

s P 
plag + cpx 

plag + ol 

plag + SP 

cpx + sp 

01 + sp 

plag + 01 + cpx 

plag + 01 + s p  

plag + 01 + cpx + sp - - 4 - 5.7 



The chemical composition o f  t h e  primary phases,  a s  determined by .+,. 

e l e c t r o n  microanalys is ,  is  discussed i n  t h e  fo l lowing s e c t i o n s  

(Sect ions  4 . 2 . 1  t o  4 . 2 . 4 ) .  Data on both phenocryst  and groundmass 

phases a r e  p resen ted .  

4 . 2 . 1  Plag ioc lase  f e l d s p a r  

P lag ioc lase  f e l d s p a r  is t h e  most abundant phenocryst  phase,  both  

i n  i ts  frequency of  occurrence and i n  i t s  amount w i t h i n  t h e  samples. 

I t  ranges i n  abundance up" t o  a maximum of  50 vo l .% (sample 112) and 

makes up 25-30 vo l .% o f  many rocks .  The s i ze  o f  t h e  phenocrysts  v a r i e s  

widely from 2 - 3  mrn up t o  a maximum of 30 mm (sample 1 5 9 ) .  Most 

phenocrysts  a r e  i n  t h e  range 2 t o  6 mm (Figure  4 . 2 )  . S i z e  d i s t r i b u t i o n  

wi th in  p a r t i c u l a r  samples is v a r i a b l e :  some possess  a complete range 

from t h e  groundmass c r y s t a l s  t o  t h e  l a r g e s t  phenocrys t ,  whereas o t h e r s  

con ta in  uniformly s i z e d  phenocrysts  . Phenocrysts l a r g e r  than 15 mm 

a r e  on ly  p r e s e n t  i n  t h e  a l k a l i n e  l avas  (Figure  4 . 2 ) .  

T h e p l a g i o c l a s e  i s  p r e s e n t  as t a b u l a r ,  euhedral  t o  subhedral  

c r y s t a l s .  Glomerocrysts a r e  not  uncommon, and many c r y s t a l s  a r e  

apparen t ly  fragments o f  l a r g e r  phenocrysts .  Zoning i s  a genera l  f e a t u r e ,  

o f t e n  t r u n c a t e d  i n  f r a c t u r e d  c r y s t a l s .  R i m s  a r e  emphasized by t h e  

almost ub iqu i tous  cor ros ion  o f  the ,  more c a l c i c  co res  o f  the phenocrysts  

( P l a t e  .4.7). T h i s  corrosiarl  i s  v a r i a b l e ;  i n  extreme cascs  on]}, 

s k e l e t a l  remains of  t h e  o r i g i n a l  c r y s t a l  have s u r v i  vcd. L:orros i ~ ) I I  i 5 

i n i t i a t e d  along cleavage planes  i n  thc c r y s t a l s  and produccs i~ 1 i 1:11~'0, 

t a b u l a r  g lassy  i n c l u s i o n s  wi th in  t h e  cores  of  t h e  s l i g h t l y  rcactcd 

phenocrysts  ( P l a t e  4.7)  .. In t h e  more extreme cases t h e  i n c l ~ ~ s i o n s  arc 

i n d i s t i n g u i s h a b l e  from t h e  groundmass o f  t h e  sample. Small spinel 

pllenocrysts ( t o  0 .2  mm) are a l s o  p r e s e n t  as i n c l u s i o n s .  
. - . . 

P l a g i o c l a s e  phenocrysts  and gmundmass c r y s t a l s  i n  20 sarnplcs 

have been thoroughly analysed us ing e l e c t r o n  microprobc t c c h n i q ~ ~ c s .  

These samples inc lude  both  a l k a l i n e  and t h o l c i i t i c  v a r i a n t s  as  well ;IS 



F i g u r e  4 . 2  S i z e  d i s t r i b u t i o n  o f  p l a g i o c l a s e  phenocrgsts 
between t h o l e i l t l c  ( A )  and a l k a l i n e  (8)  l a v a  v a r i a n t s  
and lor t h e  Lava6 a s  a group ( C ) .  S i z e  v a l u e s  
r e p r e s e n t  t h e  l a r g e s t  phenocryst observed i n  each 
s e c t i o n .  



P l a t e  4 . 7  Plagioclase phenocrysts w i t h  corroded calcic core 
(sample 3 A ) .  The replacement material is  t u r b i d  g l a s s  
The crystal is 0.6 mm long. 

P l a t e  4 .8  Rounded and embayed a u g i t e  phenocryst (sample 43B) .  
The phenocryst i s  0.85 nun long.  





.- 

f r e s h  g l a s s e s ,  and covered t h e  s i z e  range of t h e  phenocrysts .  Core 

compositions from wi th in  one sample (211, Figure 4 . 3 )  cover t h e  e n t i r e  

compositional range (An,,-,,) t h a t  i s  found i n  both t h o l e i i t i c  and 

a l k a l i n e  lavas  (Figure 4 . 4 ) .  Mid-crystal and r i m  ana lyses  o f  phenocrysts  
. 

span t h e  range of microphenocryst and gromdmass 'p lag ioc lase  compositions 

and range down t o  An4 3; bu t  genera l ly  f a l l  i n  t h e  range An.50- 70. 

Representa t ive  ana lyses  a r e  given i n  Table 4.3 and t h e  f u l l  d a t a  s e t  

i s  included i n  Appendix 3 .  

Clinopyroxene phenocrysts  are r e l a t i v e l y  r a r e  and form about 1-2% 

by volume o f  most pyroxene-phyric lavas ,  a l though r a r e  i t  ranges .  

up t o  5% by volume (samples 38439 and 38392). The l a r g e s t  phenocrysts  

a r e  up t o  6 mm i n  maximum s e c t i o n  (2.11), bu t  g e n e r a l l y  a r e  i n  t h e  1-3 rmn 

s i z e  range.  The i r  p r i n c i p a l  f e a t u r e  is  an ubiqui tous  rounded and 

embayed form (P la t e  4 . 8 ) .  Zoning is  common and i n  most ca ses  is 

conformable with the  p re sen t  rounded forms. Simple twinning is p re sen t  

i l l  some c r y s t a l s .  

A l l  pyroxene phenocrysts  a r e  aug i tkc  i n  composition. Core ana lyses  

have a r e s t r i c t e d  range of  major element chemistry (Figure 4.5' ;  Table 4.4A)  

They a r e  magnesium-rich,.reaching Mg/Mg+Fe va lues  of  0.91 and t h e  range 

i n  Ca, Mg and F e  i s  Ca4sMgsoEes t o  Ca3eMg4sFel~. Minor elements show 

cons iderable  v a r i a t i o n s  wi th in  and bktween samples. 171a cl i t~opyroxcncs 

with blg/Mg+Fe - 0.88  have a v a r i a b l e  chromium con tcn t ,  r n ~ i g i n g  

t o  1 . 8  wt.% Cr203 (Table 4 .4;  Figure 4.6) .  Within ind iv idua l  san~plcs 

t h e  chromium content  decreases  with decreas ing  Mg/Mg+Fe, whcrcas T i 0 2  

i nc reases  (Figure 4 . 6 ) .  In a l l  c a ses  t h e  C r 2 0 3  conten t  i s  ~ ) o s . i t i v c l y  

c o r r e l a t e d  with t h e  A1203 content  ( ~ i g u r e  4 . 7 ) .  



Figure 4.3 Plagioclase compositions in sample 211. Key: Phenocryst 
cores ( 0 ) .  phenocryst rims (a), microphenocrysts ( x ) ,  groundmass 
crystals ( + ) .  



Figure 4 . 4  Plagioclase compositions in the l a v a s  and d y k e s .  
The sodic analyses ( eAnlO)  a r e  of secondary feldspnrs. 
Key for symbols is as for Figure 4 . 3 .  



Figure 4.5 M i c r o p r o b e  analyses of cores of c l i n o p y r o x e n e  p h e n o c r y s t s  
plotted in t h e  system CaSi03-MgSi03-FeSiO3. 



Figure 4.6 Cr 0 Mg/Mg+Fe variations in clinopyroxene phenocrysts 
Each surrouo8ea-set of data points 1s from clinopyroxenes 
in a single lava.  



Figure 4.7 Covariatlon of Cr20 and A1203 in climpyroxene phenocrysts 
from alkaline (.) and tholeiff ic (x) lavas. 
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Table 4 - 3  

REPRESENTATIVE MICROPROBE ANALYSES OF PLAGIOCLASE PI-IENOCRY STS AND GROUNDMASS CRYSTALS. 

Sample No. 2 11 211 2 04 2 04 159 2 35 64 64 21 1 2 04 
Analysis No. B-2-C1 0 - 2 - R 1  8-2 6-1 A-4 E - D - 2  C- 1 C - R - 2  B - G - 2  A-G-4 
Key C R C R C C C R G G 

S i O ,  46.15 
'412% 34.49 
F eO - 
CaO 17.68 
Na20 1.58 
K20 0.08 

Total * 100.60 

Structure on 32 oxygens 

S i 8.496 
A 1 7.486 
Fe - 
C a 3.488 
Na 0.565 
K 0.019 

Total 20.053 19.996 20.028 20.090 20.036 20.032 20.055 20.063 20.096 20.052 

An 85.7 64.7 86.9 74.7 86.3 83.8 84.7 74.5 64.2 58.3 

Key - C = phenocryst core; R = phenocryst rim; G = groundmass; total* =true analysis total, oxides are 
normalized to 100 wt.% 



Table 4.4A 

REPRESENTATIVE MICROPROBE ANALYSES OF PYROXENE PHENOCRYSTS 

Sample No. 157 144 211 42 3 425 7 55 S5 5 5 55 
Analysis No. C - 2 C - 2  A-C-4 C - C - 1  H - P - 2  E-4 A-A-2 A-A-3 A-R-2 A-R-4 
Key C C C C C C C C R R 

Si02 51 .62  
Ti02 0 . 3 3  

2O 3 4 . 8 2  
Cr203 1 . 3 8  
FeO 3.75 
MgO 16 .46  
CaO 2 1 . 4 0  
Na20 0 . 2 4  

Total * 98.97 

Structure on 6 oxvnens 

Total 3.996 

Key - C = phenocryst core; R = phenocryst rim; total* = true ana lys i s  t o t a l ,  oxides are normalised to 
100 w t . %  



Table 4+4B 

REPRESENTATIVE MICROPROBE ANALYSES OF GROUNDMASS PYROXENES AND AMPHIBOLES. 

Sample No. 55 5 2 1 1  2 1  1 53 5 3 3A 3A 3A 3A 64D 
Analysis No. B-A-2 B-C-11 B-G-5 B-G-7 A-G-2C A-G-8C A-G-1 B-G-5. A-A-5 C-A-1 B-GA-4 
Key G G G G G G G G G G G 

Si02 
Ti02 
A1 2O3 
Cr20 3 
FeO 
MgO 
MnO 
CaO 
Na20 
K20 

Total 99.74 100.82 98.71 99.98 

Structure based on 6 oxygens 

Total 4.025 4.024 4.017 4.009 

: - 23 oxygens 

5.652 4.929 
0.729 . 0.907 
2.494 2.836 

Key - G = groundmass . 



4 . 2 4  
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One sample (55) contains clinopyroxene phenocrysts whose compositions 

are anomalous. Although not unusual in Mg, Ca, Fe contents (cores of 

Ca4 zMgs o Fee and Mg/blg+Fe = 0.87) , cores have around 0.38 wt. % CrzOj but the 

rims have 0.81 wt,% Crz03. Ti02 and Mg/Mg+Fe exhibit normal behaviour; 

0.18-1.30 wt.% Ti02 and Mg/Mg+Fe from 0.87 to 0.79, from core to rim. 

The groundmass pyroxenes in this sample are typically Ti enriched, to 2.56 

wt.% TiOz, with low ~z/Mg+Fe values ( around 0.72) and have a range i n  Cr203 

of 0.87-0.13 wt. % Cr203. The Cr-rich groundma& grains have Mg/Mg+Fe 

= 0.79, lower than the phenocrysts but higher than the Cr-poor groundmass 

grains. This anomalous Cr distribution can be explained by two models. 

One possibility is that the physico-chemical conditions that control cpx- 
. . 

melt relations changed. A more reasonable alternative is that the primitive 

Cr-poor clinopyroxenes are xenocrysts, either included in the magma or through 

mixing of their host magma with a Cr-rich magma. 

Clinopyroxene microphenocrysts and groundmass crystals (Table 4.4B) 

exhibit chemical variations following on from compositions of the phenocryst 

rims. All are calcic and the samples analyzed show various trends which are 

summarized in Figure 4.8. Most follow an iron enrichment trend. Super- 

imposed to various degrees is a calcium depletion trend which probably 

reflects decreased Ca activity in the melt, through plagioclase feldspar 

fractionation. 

Schweitzer et a2. (1978) have shown that a Ti against Mg/Mg+Fe plot 

(using cations per formula unit) can be used to distinguish pyroxenes from 

alkali basalts and tholeiitic basalts, recovered from various Deep Sea 

Drilling Project (DSDP) legs. A plot of the Macquarie Island clinopyroxene 

data shows similarly that pyroxenes from alkaline lavas may be more Ti-rich 

at the Mg-rich compositions (> Mg/Mg+Fe = 0.80) than correspond in^ pyroxeucs 

from the tholeiitic lavas (Figure 4 - 9 ) .  . Cr is' cnrichcd in t h c  Mg-1-i clt 

pyroxenes in tholeiitic rocks (Figure 4.10). These rcsults suplior-t. t.lre 



Figure 4 . 8  Compositional varintioos of groundmass clinopyroxenes 
Each field denotes a different sample. 



Figure 4.9 Ti vs. Mg/Mg+Fe. T h e  two groups are: alkaline lava 
pyroxenes ( 0 )  and tholeiitic lava pyroxenes (0). Units are 
cations per formula unit. T h e  pyroxene discriminnnt line is 
from Schweitzer et al. (1978, fig.2). T h e  rock discrimination 
is based on the petrography of the lava. 



Figure 4.10 Cr vs. Ug/Yp+Fe. Symbols as for Figure 4 .D. U n i t s  
nre cations per lormuln unit. 



suggestion by S ~ h w c i  t z e r  e t  ( 1 2 .  (1'378) t h a t  t h e  non-quadri i a t c r a l  componerlrs 

of t h e  pyroxenes may be a guide t o  chcmical c h a r a c t e r  of b a s a l t s ,  but  only 

when big-rich ( i . e .  Mg/Mg+Fe > 0.80) compositions a r e  used.  

4 . 2 . 3  O l iv ine  

Ol iv ine  i s  h igh ly  s u s c e p t i b l e  t o  a l t e r a t i o n ,  p a r t i c u l a r l y  by C l - r i ch  

f l u i d s  l i k e  s ea  water (Chapter 5 ) .  Consequently it normally occurs  as 

pseudomorphed c r y s t a l s ,  recognizable  by h a b i t  and morphology ( P l a t e  4 . 9 ) .  

I t  formed eul~edral  crystals everaging 2 mm, but reaching  3.5 mm (38258), 

i n  maximum dimension. Although usua l ly  p re sen t  i n  low percentages (1-3) 

by volume i t  composes a s  much as 10% of some samples (38188, 38122). 

Fresh o l i v i n e  occurs  i n  e i g h t  h y a l o c l a s t i t e s .  The o l i v i n e  

phenocrysts  a r e  magnesian, with a range of  Fo,,.,,,,.,, most l y i n g  

between Foe9 and FOB,. Representat ive ana lyses  a r e  given i n  Table 4 .5 .  

Within a s i n g l e  g l a s s  t h e  o l i v i n e  compositions a r e  uniform, with ranges 

< 2 mol.% Fo. Quench o l i v i n e s  i n  some ,samples range down t o  Fo,,.,.  

F resh  o l i v i n e  phenocrpsts  and groundmass c r y s t a l s  from a dyke (38189) 

i n t rud ing  lavas  a t  Green Gorge have been, analyzed.  The phenocr!.sts 

have an average composition of Fo,,., (nine ana lyses ) ,  similar t o  t h e  

h y a l o c l a s t i t e  phenocrysts .  Groundmass o l i v i n e s  arc I : O , , . ~  i n  composition. 

. . - . - - - - - - . . . 

4 . 2 . 4  Spine l  

Sp ine l s  a r e  t h e  l e a s t  abundant phenocryst phasc , prcserlt i n 20. !>Yl 

of t he  samples examined. Thcy a r e  more ahundant i n  ttre a1 k ; i l  in( :  1av:is 

(Table 4.2) bu t  r a r e l y  ( e - g .  38188) form a s  much as  about: 1% of  t h e  rock. 

Usually t h e y  form l e s s  than  0.5% of  t h e  rock and arc r n r c  as d i s c r o t c  

c r y s t a l s ,  most occurr ing  as inc lus ions  i n  o l i v i n e  and plagiocl i isc  pt~cnocry:+t:i 

( P l a t e  4.10) .  These s p i n e l s  occur a s  sub- t o  euhedral  c r y s t a l s ,  genera l ly  

about 0 . 1  mm i n  maximum s e c t i o n ,  bu t  r a r e l y  up t o  0.0 mm. Thcy are reddish- 
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Plate 4.9 Olivine glomerocryst altered to dark.smectites along the 
margins and lighter mixed-layer sheet silicates and black 
iron oxides in the bulk of the crystal (sample 38515). 
Scale: 1 cm = 800 microns. 

Plate 4.10 Two dark, euhedral spinel phenocrysts included in a 
large, altered plagioclase phenocryst. The adjacent 
olivine phenocryst has been altered to chlorite 
(sample 202). Scale 1 cm = 0.2 mm. 
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brown i n  p lane  po la r i zed  l i g h t  and no colour  zoning has been observed 

i n  any c q V s t a l s .  The l a r g e r  s p i n e l s  con ta in  numerous g l a s s  i nc lus ions .  

Spine l  compositions a r e  represented  on a p l o t  of C r / C r + A l  a g a i n s t  

Mg/Mg+Fe (Figure 4 - 1 1 ) ,  and r e p r e s e n t a t i v e  ana lyses  a r e  given i n  Table 4.6,. 

Titanium has been removed from t h e  i n i t i a l  a n a l y s i s  a s  u lvospine l  and then  

~e~ + has been c a l c u l a t e d  assuming s to ich iometry ,  us ing  the  method descr ibed  

by Rodgers (1973) . Sp ine l  compositions repor t&d by Cameron e t  aZ. 

(1980) from biacquarie I s land  l avas  a r e  a l s o  p l o t t e d  on Figure  4 .11  
c 

+ 
[Because Cameron e t  aZ. (1980) do not  desc r ibe  t h e i r  ~e~ r e c a l c u l a t i o n  

procedure some e r r o r  i s  introduced but t h e  low TiOz minimises t h i s  problem. 

A d i f f e r e n c e  of  +0.02 i n  t h e  Mg/Mg+Fe r a t i o  r e s u l t s  when the TiO, and 

equivalent  FeO a r e  sub t r ac t ed .  This e r r o r  i s  ind ica t ed  on Figure  4.11 

and a p p l i e s  t o  a l l  t h e  d a t a  from Cameron e t  a t .  (1980) bu t  does not 

s i g n i f i c a n t l y  change t h e  composition f i e l d  of  t h e  mid-Atlant ic  Ridge 

s p i n e l s .  ] 

4 . 3  PHENOCRYST CRYSTALLIZATION ORDER 

The euhedral  form of t h e  s p i n e l s  and t h e i r  i nc lus ion  i n  both 

o l i v i n e  and p l ag inc l a se  phenocrysts  demonstrates t h a t  when s p i n e l  occu r s ,  

i t  was t h e  f i r s t  of t hese  phases t o  c r y s t a l l i z e .  Ol iv ine  probably precedes 

p l ag ioc l a se :  a l though t h i s  o rde r  of c r y s t a l l i z a t i o n  i s  no t  detnonstrable 

p e t r o l o g i c a l l y  i n  t h e  Macquarie I s l a n d  rocks,  o l i v i n e  prccedcs p l ag ioc l a sc  

i n  experimental s t u d i e s  o f  s i m i l a r  compositions (Green e t  uZ., 1979).  

Large clinopyroxene phenocrysts  occas iona l ly  conta in  rounded 

inc lus ions  of  p l ag ioc l a se  (211 and 217, P l a t e  4.11).  Illese plilgioclascs 

a r e  composi t ional ly i d e n t i c a l  t o  t h e  p l a g i o c l a s e  phenocrysts  a~lrl this 

r e l a t i o n s h i p  s t r o n g l y  sugges ts  t h a t  p l ag ioc l a se  preda tes  t h e  cl inopyroxcnc.  

In  glomerocrysts  o r  clumped p l ag ioc l a se  and clinopyroxene phenocrysts t h e  

clinopyroxene f u r t h e r  demonstrates a l a t e r  growth by subophi t ic :~ l ly  e n c l o s i r ~ g  
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Figure 4.11 Compositions of spinel phenocrysts. The 
outlined field is for spinels from mid-Atlantic Ridge 
basalts (Cameron et at., 1981). Key: + this study, 

Cameron et aZ. (1981). 



Table 4 . 6  

REPRESENTATIVE MICROPROBE ANALYSES OF SPINELS 

Analysis No. 1 2 3* 2 

FeO 17.97 17.95 16.76 17.33 16.22 19.18 

Structure based an 32 oxygen** 

* Analysis using TPD microprobe, A.N.U., remainder with Jeo l /  
Edax microprobe, University of Tasmania. 

* *  Normalised to 24 cations (Rodgers, 1973) after removal of 
ulvospinel component. Progressive calculations are given 
in Appendix 3. 



Plate 4.11 Zoned clinopyroxene phenocryst with typical rounded 
form (sample 211). Rounded plagioclase grains are 
included in this pyroxene (within the marked c i rc le ) .  
Scale: 1 cm = 0.2 mm. Crossed nicolls. 





the plagioclase. Thus petrographic and other evidence g ives  n c r y s t a l l -  

ization sequence for the pllenocrysr phases in order of appearance: 

spinel + olivine -+ plagioclase + clinopyroxene 
There is no evidence of orthopyroxene as a phenocryst phase within 

the lavas at any stage. Olivine and spinel show no evidence of reaction 

with the lavas but both plagioclase and clinopyroxene have reacted, with 

the exception of the plagioclase inclusions in the clinopyroxenes.. This 

last feature is a result of protection of the plagioclase by the mantling 

clinopyroxene and it shows that the plagioclase was in equilibrium with 

the liquid at the time of clinopyroxene crystallization. 

4.4 ORIGIN OF THE PHENOCRYSTS 

The term "phenocryst" has been used up until this point but the 

analytical results demonstrate that at least in some cases this term 

is incorrect. More specifically the reversed distribution of chromium 

between phenocryst and groundmass pyroxene in sample 55 (Section 4.2.2) 

identifies these particular crystals as xenocrysts, i.e. they did not 

crystallize from their eventual host liquids. Indeed this is probably 

true of many of the other phenocrysts, particularly the PIg-rich olivines 

present in the glasses (Section 4 . 2 . 3 1 ,  b u t  i t  is difficult to generalize. 

The phenocryst compositions are compatible with crystallization from the 

lavas with respect to experimental studies of the liquidus and near- 

liquidus phases. The xenocrystic nature of some of the crystals ccluld 

result from a magma mixing process. In view of this the term "phcl~ocrysr~ 

is retained for these crystals without the assumption that a g c n c t t c  

relation relates crystal and rock. Further discussion as to t h e  o r i g i n  

and role of these phenocrysts is included in the disc~~ssjon of the petro- 

genesis of these lavas (Chapter 6). 



4 . 5  P~TROGfWTIIY AND F1INEItA1,OGY 01: YOUNG OCL1\N-\:LOOR BASALTS 

I t  i s  now appropr i a t e  t o  cons ider  t h e  petrography of  young 

ocean-f loor  b a s a l t s .  A s  noted by Coleman (19771, t h e r e  i s  a s u r p r i s i n g  

lack  of  pe t rographic  d e s c r i p t i o n s  a v a i l a b l e .  Nichol ls  (1964) presented  

one of  t h e  f i r s t  reviews of  dredge samples from t h e  deep ocean f l o o r  and-. 

descr ibed  them as t h o l e i i t i c  i n  t h e i r  general  a f f i n i t i e s ,  ranging from 

g l a s s e s  t o  h o l o c r y s t a l l i n e  p o r p h y r i t i c  b a s a l t s  conta in ing  as phenocrysts :  

p l a g i o c l a s e ,  o l i v i n e  and a u g i t e .  Ophi t ic  t e x t u r e s  were r epo r t ed  i n  some 

samples. These d e s c r i p t i o n s  covered samples recovered i n  l a t e r  dredging 

p r o j e c t s ,  f o r  example a t  30°N Mid-Atlantic Ridge (M.A.R.) (bluir & 

T i l l e y ,  1966), 22ON M.A.R. (Melzon e t  aZ., 1968) ahd 24'~ and 30°N M.A.R. 

(Mipshiro e t  'a2 . , 1969, 1970) , and with a s soc i a t ed  geochemical s t u d i e s  

t h e  concept of  a uniform mid-ocean r idge  b a s a l t  (MORB) was e s t a b l i s h e d  

(Cann, -1971 ; S c h i l l i n g ,  1971) . - _ _  . _-._/.--. - 
However b a s a l t s  with a l k a l i n e  a f f i n i t i e s  had been descr ibed  i n  d e t a i l  

by Muir 6 ~ i l l e y  (1964) i n  dredge haul  samples from 45'50 'N M . A . R .  They 

noted t h a t  w i th in  t h e i r  sample c o l l e c t i o n  "the . b a s a l t s  with a l k a l i  

a f f i n i t i e s  may be d i s t i ngu i shed  from t h e  r e s t  [ t h o l e i i t i c  basnlts] by t h e  

s l i g h t l y  more i r o n - r i c h  na tu re  of t h e  o l i v i n e  occurr ing  i n  two gene ra t ions ,  

and t h e  deeper co lour  of  t h6  t i t a n i f e r o u s  pyroxene. . ." .  Addit ional  

a l k a l i n e  samples from t h e  M . A . R .  near  4S0N were descr ibed  by Allmento (1968) 

who compared t h e  Discovery c o l l e c t i o n  (Muir E T i l l e y ,  1964) with h i s  

samples from t h e  confedera t ion  Peak a rea .  Aumento (1968) suggested t h a t  

"volcanoes begin t h e i r  ex i s t ence  on t h e  f l o o r  of t h e  Median R i f t  V a l  ley 

( t h e  c e n t r a l  f e a t u r e  of t h e  M . A . R . )  with t h e  cx t rus ion  of tholcijtic 

l avas  with low a l k a l i  and normative o l i v i n e  content .  As t h e  volcanoes 

develop, t hey  ex t rude  p rog res s ive ly  more a l k a l i - r i c h  lavas on the top of 

t h e  t h o l e i i t i c  co re s .  A l a r g e  volcano ends i t s  e r u p t i v e  cyc l e  wLth a 

capping of a l k a l i  l avas  with cons iderable  normative nephel inc."  . 



Thus evidence wgs present for the alkaline nature of some ocean-floor 

basalts and Cann (1971) recognised that the term "oceanic tholeiite" 

had become misleading. In his conclusions he noted, with respect to 

ocean-floor basalts, that "the basalts range from definitely tholeiitic 

types to definitely alkaline types with a wide zone of transitional 

basalts between the two extremes." 

Considerable information has since been accumulated on modern ocean- 

floor basalts and Bryan et aZ. (1976)) in a swnmary of information from 

the DSDP sites in the North and South Atlantic Ocean, the Nazca Plate, 

and the eastern Indian Ocean recognized two groups of ocean-floor basalts 

on chemical and to a less extent petrographic grounds. Group I basalts 

correspond to the uniform classical abyssal tholeiite with large-ion .- 

lithophile (LIL) depletion, whereas the Group I 1  basalt~ are heterogeneous 

and are characterized in particular by a titaniferous groundmass clino- 

pyroxene and rarely by phenocryst clinopyroxene, spinel being rare or 

absent. Plagioclase phenocrysts are characteristic of both groups and are 

not diagnostic. Both groups can carry olivine in the range F o ~ ~ - ~ ~ .  

Most of the Macquarie Island lavas are Group IZbasalts but a significant 

proportion fall into the Group I 1  category on these petrographic criteria, 

and some are transitional as was the case for FAMOUS and leg 37 DSUp lnvas 

(Bryan e t  aZ., 1976). 

4 .6  COMPARISON WIT11 OTHER OP1IIO1,l'Sl~ COb!l'LliXI:S 
-.- 

The Troodos ophiolite complex is the best documented opl~iolitc 

at present. Two volcanic episodes are recognised and arc scpar:rtcci I)y 

an unconformity which represents a time break when metamorph i snl, nri n c r i ~  1 - 

isation, and submarine erosion of the Ax is  Formation occ~rrrcd (Smcwinfi, 

1975). The overlying Upper Pillow Lava sequence contains mainly b ~ s ; l I t i c  

lavas with rare ultramafic types rich in 01 ivi n c  and pyroxcnt!. 



Within t h e  b a s a l t i c  lavas  phenocrysts  o f  o l i v i n e ,  c l inopyroxene,  or tho-  

pyroxene and p l ag ioc l a se  f e l d s p a r  have been r epor t ed ,  i n  t h a t  o r d e r  of  

abundance, i n  c o n t r a s t  t o  t h e  Macquarie I s l and  volcanic  sequence where 

p l ag ioc l a se  f e l d p s a r  i s  predominant amongst t h e  phenocryst phases and ' 

orthopyroxene has  no t  been observed. The p i l l ow l avas  and dyke swann- 

rocks,  which form equal  p a r t s  by volume o f  t h e  underlying Axis Formation, 

were considered by Smewing (1975) t o  be pe t rog raph ica l ly  i d e n t i c a l  t o  

t h e  Upper Pi l low Lavas and thus  s i g n i f i c a n t  d i f f e r e n c e s  e x i s t  between 

t h e  Troodos o p h i o l i t e  vo lcanic  sequence and t h e  corresponding sequences 

of  t h e  Macquarie I s l and  o p h i o l i t e  complex. 

Cameron e t  aZ. (1980) a l s o  noted t h i s  d i f f e r e n c e  and i n  a summary 

o f  t h e  petrography o f  must documented o p h i l i t e s  recognized t h e  volcanic  

members o f  the  ~ a c q u a r i e  I s l a n d  o p h i o l i t e  and t h e  Newfoundland west coas t  

oph i61 i t e s  a s  being comparable t o  young ocean-f loor  basa l  t s  whereas 

o t h e r  o p h i o l i t e s ,  inc luding  Troodos, O t h r i s ,  Vourinos and Be t t s  Cove 

form a group which i s  d i s t i ngu i shed  i n  p a r t i c u l a r  by t h e  presence of  

orthopyroxene, chromium s p i n e l s  (Cr/Cr+Al > 0.7)  and p i g e o n i t e s  with .. 

M ~ / M ~ + F ~ ~ +  as high a s  0.86 unreported s o  far from t h e  ocean f l o o r s .  

4 . 7  SUMMARY 

The fol lowing general  p o i n t s  summarize t h e  petrography and phase 

mineralogy o f  t h e  l avas  and dykes: 

1. A continuous spectrum i s  p re sen t ,  between b a s a l t s  with s i~bophit ic  

t e x t u r e s  with t h o l e i i t i c  a f f i n i t i e s ,  and basalts with i n t e r s c r t i ~ l  

t e x t u r e s  with a l k a l i n e  a f f i n i t i e s .  

2 .  Most l avas  a r e  p o r p h y r i t i c  : p l a g i o c l a s e  i s the  domin:int. pircnoc rytit 

phase followed, i n  o rde r  of  decreas ing  abundance, by olivinc, 

clinopyroxene, and s p i n e l .  Aphyric l avas  a r c  morc common umcmgst 

t h e  a l k a l i n e  v a r i e t i e s .  Orthopyroxene and p igeon i t c  ilrc not present .  
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3. The phenocryst compositions a r e  p r imi t ive ,  i . e .  o l i v i n e s  and c l i n o -  

pyroxenes a r e  Mg-rich and t h e  p l ag ioc l a se  i s  calcium-rich.  I n  some 

cases t h e  chemistry demonstrates t h a t  they may be xenocrys ts ,  

i n d i c a t i v e  of  magma mixing. The c r y s t a l l i z a t i o n  sequence i n f e r r e d  

from petrographic s t u d i e s  is :  

s p i n e l  + o l i v i n e  -+ p l a g i o c l a s e  -+ clinopyroxene. 

4 .  S imi l a r  petrography has been r epor t ed  i n  young ocean-f loor  b a s a l t s  

bu t  no t  from o t h e r  o p h i o l i t e s .  



Chapter 5 

5.1 INTRODUCTION 

This study is the first detailed investigation of the metamorphism 

of the basalts and dolerites of the Macquarie Island Complex. The approach 

has been principally to record the metamorphic assemblages that occur in 

the available collections on both local and regional scales to establish 

whether or not a systematic variation in metamorphism exists within the 

samples, and then to consider if such a variation is a result of one 

coherent metamorphic process acting within the oceanic crust. Other 

questions to be considered are (i) at what stage in the evolution of the 

oceanic crust did the metamorphism(s) occur,and (ii) what sort of time 

scale (s) is (are) involved. 

Apart from these problems the study is also aimed at providing 

information (i) to aid recognition of "on-land" oceanic crust through 

the comparison of metamorphic styles (patterns), (ii) on the nature and 

evolution of the hydrothermal fluid involved in the metamorphic 

processes, particularly with respect to sulphide mineralization, and 

(iii) on major and trace element migration during the .metamorphic 

process (es) . 

5.2 SAMPLE COLLECTIONS AND MINERAL IDENTIFICATION TECHNIQUES 

The sample collections used were those described in Chapter 4 

together with vein and amygdule material that was collected during thc 

1975-76, 1976-77 and 1979 field trips. This latter material formed t i l c  

basis of the samples used for XRD studies because in general the amygdulcs 

are only 1-2 mm in diameter and only rarely monomineralic, u s u a l l y  con- 

taining' at least three, and up to five, intergrown phases. 
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Weathering produccs a reddish-brown colouration in thc rocks, fresh 

mat.crial in general having a dark bluc-grey oppcarancc. I'he presence of 

zeolites in the field is easily determined but beyond that identification 

is very difficult with only thomsonite and matrolite being positively 

identifiable, a contrast to the Troodos Massif where Smewing (1975) was 

able to recognize a11 seven s~lecies of zeolites present in hand specimen. 

Other secondary assemblages are virtually impossible to identify in i he  

field due to the fine grained nature of the material. Consequently micro- 

scopic and electron microprobe studies formed the major part of the work. 

'fie approach used was to distinguish the various phases using their 

optical properties and follow this by electron microprobe and XRD exam- 

ination (Appendices 4-7) to identify the phases present, thus developing 

the necessary experience and expertise required for correct optical 

recognition of the various phases. Detailed microprobe studies of diag- 

nostic assemblages are described later. 

5.3 METAMORPHISM : DEFINITIONS AND TERMINOLOGY 

It is firstly necessary to define the terminology applied to the 

changes encountered in the samples. Miyashiro (1973) discussed the 

concept of metamorphism and notes that recently through the work of 

Coombs (1954) and others the studies of metamorphism and diagenesis 

have begun to converge. Miyashiro (1973) defined diagenesis to include 

those changes taking place at essentially the same temperature as that 

of the original deposition, and metamorphism to include those changes 

takingplace at essential-ly higher temperatures, as Coombs (1961) pointed 

out. Miyashiro (1973) subsequently presented an argument that ocean- 

floor metamorphism must occur mainly beneath the crust of mid-ocean 

ridges because of the high geothermal gradients there, relative to 

elsewhere on the ocean floo~. Because, principally, the large-scale 

recrystallization occurred without penetrative deformation, this . - 
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metamorphism is considered to be one aspect of burial metamorphism. In 

his more detailed discussion of ocean-floor metamorphism, Miyashiro 

(1973) noted that most metabasalts recovered from the ocean floor belong 

to the zeolite and greenschist facies, with some in the greenschist 

facies transitional to the amphibolite facies. 

These definitions and discussions are difficult to apply to 

ocean-floor rocks in that samples altered under conditions lower than 

those required to form zeolite facies assemblages may be more extensively 

altered from the pristine state than those containing metamorphic 

assemblages of relatively high grade, e.g. greenschist facies. Indeed 

this important aspect of extent of alteration of samples is one which 

has been, to a large extent, ignored by most workers in this area. 

Steiner (1977) however, considered it in same depth based on his 

studies of the Wairakei geothermal area. He defined two features of the 

alteration of a rock sample: rank and intensity, and gives the following 

definitions: "The term 'rank of alteration1 implies a definite assemblage 

of hydrothermal minerals associated with more or less unaltered primary 

minerals, irrespective of whether this assemblage is in equilibrium or 

not within a measured range of temperature and pressure" and "'intensity 

of alteration1 defines whether the alteration is incipient, partial, or 

c~rnplete.'~ Steiner (1977) also noted that the intensity of alteration 

usually corresponds with the degree to which the original texture of the 

groundmass is obliterated by hydrothermal alteration and finally that it 

is not always certain whether incomplete alteration is due to dis- 

equilibrium, to lack of time, or lack of necessary reactants. The concept 

of intensity is very useful and this formal definition is felt necessary 

to avoid ambiguity or misconceptions. 

Coleman (1977) reviewed the metamorphism of ocean-floor rocks and 

ophiolites and dealt with the secondary processes acting on ocean-floor 

rocks under the classification of "oceanic hydrothermal metamorphism". 



; As did Miyashiro (1973), Coleman (1977) discussed zeolite facies meta- 

morphism as representing the lowest grade of metamorphism encountered. 

He incidently noted that, in his opinion, "spilite" metamorphism results 

from hot circulating H20 within the newly formed parts of the oceanic 

crust and that "spilitesw probably do not have a primary igneous origin 

(c.f. Amstutz, 1974). 

Both Coleman (1977) and Miyashiro (1973) -failed to consider sub- . 

zeolite facies alteration effects in the oceanic pillow lava layer. .- 

This reflects the fact that the Macquarie Island complex is one of the 

few, if not the only one, of the ophiolites to have preserved within it 

the zone of rocks which have suffered sub-zeolite facies alteration, 

i.e. Ocean-floor weathering. Also it is only in recent years with the 

successful DSDP and other basement drilling projects that attention has 

focussed on this area (Andrews, 1977; Pritchard et aZ., 1979; Robinson 

et aZ., 1977). The most significant point of this discussion then is that 

ocean-floor metamorphism must be considered to include this style of 

alteration, thus extending the concept of met&orphism.to lower 

temperature and pressure conditions. 

5.4 METAMORPHIC ASSEMBLAGES WITHIN THE PILLOW LAVA AND DYKE SWARM UNITS 

OF THE MACQUARIE ISLAND COMPLEX - 

Results from this study have confirmed the previous prc 1 i minary 

studies (Chapter 2) . The levels of metamorphi sm and altcrnt ion rccogni zcd 

within the pillow lava section aye (1) ocean-floor weathering (halmrolysis), 

(2) zeolite facies metamorphism, and (3) lower grecnschist facics mcta- 

morphism. 

Dykes intruding the pi 1 low lava section contain asscnlh 1 ;rgcs s i 111 i l i lr .  

to the host lavas but within the dyke swarms, as noted by Varnc f ;  

Rubenach (1972) , secondary assemblages are typical of upper ~ r e c n s c l ~ i  s t 

to lower amphibolite facies metamorphism. 



The following sections describe the mineralogy and petrography of 

each group of assemblages, including electron microprobe analyses of the 

various phases. 

5.4.1 Ocean-f loor weathering (halmrolysis) 

Distribution (localities) 

Rocks from the North Head block of pillow lavas have previously 

been described as either unmetamorphosed (Varne E Rubenach, 1972), or as 

having suffered low temperature oxidation (~evi et aZ., 1978) and it is 

from this area that samples most clearly illustrate the effects of low- 

temperature sea water interaction. Samples showing similar styles of 

alteration occur in the Pyramid Peak area, within a block of pillow lavas 

that have generally been metamorphosed to zeolite facies grade. Other 

samples occur sporadically, again within blocks of lavas, showing zeolite 

facies grade metamorphism, and this sporadic occurrence reflects firstly 

the uneven character of these low grades of metamorphism and secondly the 

lack of exposure in the inland sections of the island, as discussed 

earlier. 

Mineralogy - 
Minerals present include calcite + smectites + celadonite I 

phillipsite ' saponite ' hematite ' Fe {OH)'s, with glasses being 

replaced by palagonite to varying extents. 

The phases are listed in approximate order of abundance. Cirlcite 

and smectites are ubiquitous. In holocrystalline samples, olivinc and 

mesostatis are affected by this style of alteration. The altcratjon is 

initially along grain boundaries and cracks in the olivine and from 

there, the bulk of the crystals. Commonly fresh augcn of olivinc rcmnin, 

in the less altered samples. Yellow-orange smcctitcs and/or sirporrit ic 

material form along the grain boundaries and cracks, w i th c i  thcr cia l c  i tc . 
commonly coarse granular sparry material, replacing thc ccnt:rul porti 011s 

of the crystals or fibrous subradiating pale grccn smcctito (I'late 5.1, 
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sample 38389).  This green smec t i t e  i s  very s i m i l a r .  t o  c h l o r i t e  except 

t h a t  it d i sp lays  b i r e f r i r ~ g e n c c  up t o  low second order  co lours ,  and not  

t h e  c h a r a c t e r i s t i c  anomalous "Berlin blue" b i r e f r i n g e n c e  o f  t h e  

c h l o r i t e  family ,  

In  o t h e r  samples from North Head, e . g .  38391 and 35, t h e  green 

smec t i t e  i s  f a i r l y  r a r e ,  t h e  dominant secondary phases being t h e  

yellow-orange smec t i t e  and c a l c i t e .  The smec t i t e  i s  commonly p resen t  a s  

g ranu la r  o r  massive m a t e r i a l  b u t  where it occurs  a s  t h i n  rims t o  c a l c i t e  

i t  shows a f i b r o u s  vermicular s t r u c t u r e .  I t  is notably  p a l e r  i n  t h i s  

h a b i t ,  probably due simply t o  t h i n n e r  wedges being observed i n  t h e  

s e c t i o n s .  

I n t e r s t i t i a l  g l a s s  i s  t o t a l l y  replaced by smect i te-carbonate  and 

t h e s e  assemblages a l s o  f i l l  amygdules i n  t h e  rocks.  Or ig ina l  f e l d s p a r s  

a r e  l i t t l e - a f f e c t e d :  g l a s s  i n c l u s i o n s  a r e  a l t e r e d  and srnect i tes  a r e  

developed along f r a c t u r e s  i n  the c r y s t a l s .  

H y a l o c l a s t i t e  b recc ias  and g lassy  selvedges on p i l lows ,  are common 

i n  t h e  North Head block and t h e s e  g l a s s e s  a r e  v a r i a b l y  a l t e r e d .  The 

a l t e r a t i o n  s t a r t s  along cool ing con t rac t ion  cracks i n  t h e  g l a s s  and 

expands away from t h e s e ,  r e s u l t i n g  i n  augen of f r e s h  g l a s s  s e t  i n  a  

matr ix  o f  alteration products.  Smect i tes  form e i t h e r  a s  p a l e  yellow, 

f i n e ,  f i b r o u s  'rims along t h e  ve ins  with c e n t r e  f i l l s  of p h i l l i p s i r e ,  

o r  a s  massive yellow rims. Around t h e s e  cracks  t h e  glass  i s  a l t e r e d  t o  

brownish pa lagon i te .  Calci t c  i s  only prcscnt  as  t h i n  vcin1ct.s c u t r   in^ 

t h e  b recc ias  and se lvedges ,  l o c a l l y  c u t t i n g  through bot.11 a l  tc.rcll i ~ n d  

f r e s h  g l a s s .  This suggests  t h a t  t h e  , c a l c i t e  p rcc ip i t a t i .on  i s  1:rtcr t h r ~ r ~  

t h e  smec t i t e -pa lagon i te  a l t e r a t i o n  of t h e  g l a s s .  Fur the r  evidcnce for 

l a t e  c a l c i t e  p r e c i p i t a t i o n  i s  present  i n  38335 where t h e  ca l c i t e  is  

o f t e n  p resen t  a s  f i n e l y  f i b r o u s  r a d i a t i n g  bands w i t h i n  areas of a l  tcrcrl 

.mesostas is ,  apparen t ly  isomorphously rep lac ing  srncctites. Ihcs'c cnlcitc 

zones a r e  t u r b i d  with myriads o f  inc lus ions ,  commonly opoquc, t rnppcd 

between t h e  f i b r e s .  



Plate 5.1 Altered o l i v i n e  phenocryst replaced by dark yellow-orange 
smect i tes  along the rims and pale  green smectite and 
c a l c i t e  i n  the  core. Sheaves of t abu la r ,  purpl i sh  
t i t a n a u g i t e  c r y s t a l s ,  t yp ica l  of  t h e  more' a l k a l i n e  
lavas, a r e  present  i n  the  right-hand top corner o f  the  
photo. Scale :  1 cm = 0.1  .mm. . Sample 38389. 

Plate 5 . 2  Amygdules with dark smectite rim and cen t re  f i l l  of 
z e o l i t e s .  The brown f i n e  f ibrous  form is  o intergrowth 
of narrol i te- thomsonite -mesolite and t h e  bladed c l e a r  
va r i e ty  is  thomsonite. The gradation bctwccn t h e  two 
is shown i n  t he  lef t-hand area of the  photo.  
Scale: 1 c m  = 0.1 mm. Sample 151. 





5 . 8  

The a l t e r a t i o n  i s  pervasive i n  a l l  samples but v a r i a b l e  i n  t h a t  

i n  some samples f r e s h  augen of  o l i v i n e  remain, e . g .  38389 and 38365, 

whereas i n  o t h e r s ,  a l l  t h e  o l i v i n e  has been a l t e r e d ,  e .g .  35. A l l  

i n t e r s t i t i a l  g l a s s  has  been a l t e r e d  i n  t h e  samples examined. Within 

t h e  hya l ine  ma te r i a l  t h e  maximum a l t e r a t i o n  observed i s  -50% of t h e  

sample (352) al though t h i s  i s  only a rough e s t ima te  a s  i n c i p i e n t  palagon- 

i t i z a t i o n  o f  g l a s s  i s  o f t e n  not  o p t i c a l l y  recognizable .  As o l i v i n e  and 

i n t e r s t i t i a l  g l a s s  a r e  t h e  only ma te r i a l  a f f e c t e d ,  t h e  abundance of  t h e s e  

determines t h e  e x t e n t  of  a l t e r a t i o n  i n  terms o f  whole rock compositions,  

with t h e  more a l k a l i n e  o l iv ine-phyxic  samples being most a f f e c t e d .  The 

e f f e c t s  o f  t h i s  a l t e r a t i o n  on whole rock chemistry a r e  considered l a t e r  

(Sect ion 6.1) . 
Chemistry of t h e  secondary phases 

P h i l l i p s i t e  and smec t i t e s  i n  samples 35 and 252 have been analysed 

by e l e c t r o n  microprobe and r e s u l t s  a r e  presented i n  Table 5.1. The 

p o s s i b i l i t y  t h a t  specimen damage occurs  during a n a l y s i s  i s  suggested by 

t h e  low and v a r i a b l e  t o t a l s  of  t h e s e  ana lyses ,  p a r t i c u l a r l y  t h e  s m e c t i t e s .  

The p h i l l i p s i t e  compositions a r e  s t o i c h i o m e t r i c a l l y  c o r r e c t  and l i e  

between compositions r epo r t ed  from DSDP l e g  37 samples, by Robinson 

e t  aZ. (1977) and Barager e t  aZ. (1977) and from DSDP l eg  49 by P r i t cha rd  

e t  aZ. (1979). The v a r i a t i o n s  i n  composition occur  both between and 

wi th in  samples and, a s  many o t h e r s  have noted,  appears  t o  r e f l e c t  l o c a l  

v a r i a t i o n s  i n  condi t ions  which a t  p re sen t  have no t  been determined. 

The smec t i t e  ana lyses  (Table 5.1) a r e  v a r i a b l e  but f i r s t l y  show 

only a minor i l l i t e  composition (K20 < 0.88) .  S t r u c t u r a l  formula 

c a l c u l a t i o n s  based on 22 oxygens sugges t  t h a t  t h e  smec t i t e s  a r e  tri- 

oc tahedra l  and t h a t  both oxid ized  and reduced v a r i e t i e s  a r e  p r e s e n t .  

In  sample 252 t h e r e  i s  no o p t i c a l  d i f f e r ence  between t h e  oxid ized  and 

reduced v a r i e t i e s .  The oxid ized  smec t i t e s  i n  35 a r e  brownish, s i m i l a r  

t o  those  descr ibed  by P r i t cha rd  st aZ. (1979) . 



Table 5 . 1  

REPRESENTATIVE MICROPROBE ANALYSES OF SbECTITES 

Sample No. 25 2 3 5 3 5 11 7 252 252 
Analysis  No. B-SM B-SM-2 SAP-1 N-4 SM-1-r SM-2- r  

Total 

Total 

Structure based on 22 oxygen 

* t o t a l  iron expressed as Fe203. 

I 

Phillipsite 

Sample No. 2.52 . 252 252 
Analysis No. 1 2 3 

SiOz . . 
A1 2O3 
cao 
Na20 
K20 
Tota l  



5 .4 .2  Zeolite facies alteration 

Distribution 

Zeolite-bearing assemblages,predominate in the central and eastern 

parts of the middle section of Macquarie Island and occur irregularly in 

the southern section (Figure 5.1). These assemblages are best developed 

around Pyramid Peak and Green Gorge although assemblages representing 

the highest levels of zeolite facies metamorphism occur in the 

Caroline Creek area at the southern end of Macquarie Island and on the 

mid-west coast just north of Aurora Point within blocks of pillow lavas 

containing dominantly lower greenschist facies metamorphic assemblages. 

Mineralogy and metamorphic petrography 

The basic assemblage within this group is Na,Ca,K zeolites k 

smectites % CaC03 + chlorite + sericite 2 K-feldspar with the zeolites, 

in order of abundance: thomsonite, mesolite, phillipsite, wairakite, 

natrolite, analcite, laumontite, heulandite, and gyrolire. llyirrated 

calcium silicates (?hillebrandite) also occur. 

Styles of alteration within this grade of metamorpl~ism are very 

similar to ocean-floor weathering except that primary plagioclase is 

strongly affected. As the lavas are dominantly plagioclase phyric 

(Chapter 4) and plagioclase is a major groundmass phase, the potential 

for alteration is far greater than with ocean-floor weathering. However, 

this potential is seldom realised with zeolite development being 

essentially restricted to amygdules and veins, and areas adjacent to 

these. Commonly (e.g. 157), plagioclase phenocrysts within a sample 

are unaltered except where cut by or in t h e  immediate vicinity of a vein 

or amygdule. Even where cut by veins the alteration is r a re ly  conilrlcte, 

with relicts of primary plagioclase set in an alteration matrix of 

zeolites within the original crystal boundaries. 

The pervasive alteration of olivine and interstit.ia1 gl;l!;s ol,scrvu<l 

within the ocean-floor weathered samples also is observed within thesc 





samples, again demonstrating that fluid completely permeated the 

samples at'. some stage during the alteration. 

Zeolite mineralogy 

Few of the zeolite minerals are distinctive and consequently the 

group present identification problems. Three zeolites on Macquarie 

Island are identifiable macroscopically: natrolite, as translucent fine 

elongate tabular prisms forming loose matted aggregates; thomsonite, as 

fine fibrous radiating masses; and laumontite, as massive white tabular 

crystals in subradiating aggregates. 
P 

XRD identification techniques have been successfully applied to 

samples containing large (>5 rnm) veins and amygdules >(22.3 mrn) 

(Appendix 5), but generally because of small amygdule size and complex 

intergrowths of up to four zeolite species within any single amygdule, 

this method was not generally useful. 

The following electron microprobe analysis technique was devised 

for use %hen zeolites could not be identified by XRD methods. The problem 

of volatilization of the samples by the electron beam is less pronounced 

using energy dispersive analytical techniques than by conventional 

'wavelength dispersive methods due to the lower (-3 nA) beam currents used. 

Secondly to minimize volatilization still further, reduced area scan (RAS) 

techniques were employed, scanning the electron beam over areas up to 

100 x 100 microns in size, depending upon the crystal s ize .  

Analyses were then checked using the fundamcntal propcrty of 

the zeolite group that the number of Si + A1 atoms in the structural 

formula is equal to half.the number of oxygen atoms. For reasons discussed 

later, a standard value of 72 oxygens was used in structure calculat.ions, 

following the methods of Steele et aZ. (1976) and ideally S i  + A 1  = JO. 

The charge balance was also used as a check, bccausc in t h e  ideal 

structural formula, 2CA + Na + K = Al. The zeolite analyscs arc prcscnted 

in terms of these checks in Figures 5.2 to 5.5. It is notable that tllc 



Thompsonit~~mesoliter 
natrolite 

Phil1 i p s i t e  A 

Figure 5.2 Mass balance for zeolites analysed using the TPD microprobe. 
The line represents the ideal relationship Si+A1=36, based on 
72 oxygen. 



Thompsonitetmesolite 
tnatrolite 

Phillipaite A 

Figure 5.3 Charge balance of zeolites analysed using the TPD microprobe 
The line represents the ideal relationship ZCn+Na+K=Al.  



L b u m o n t l t e  A 
N a t r o l i t e  + 

I :eso;4 te  

Piaure 5.4 Mass balanco for zeolitus nnalrned ~ ' i t h  the 
EDAX 8ystem. 



W a i r a k i t e  o 

T h o m p s o n t t e t m e s o l l t e ~ t r o l i t e  . 
Analcite 0 

Laurnonti t e  ' 
t d a t r o l l t e  ' 
tlesol ite # 

Figure 5.5 Charge balance for zeolitee analysed with the 
EDAX system.  



da ta  s c t  COI  lcctc11 tis ing  t h e  I '  c l e c t r o n  microprobe i ~ t  t h c  

Aus t r a l i an  National Univers i ty  (where it was not  p o s s i b l c  t o  use a 

RAS a n a l y s i s  method) d e v i a t e  from t h e  ideal '  r a t i o  s i g n i f i c a n t l y ,  being 

h igh  i n  t h e  S i  + A 1  sum, and low i n  a l k a l i s  with r e spec t  t o  A 1  i n  terms 

of t h e  charge balance,  except f o r  t h e  p h i l l i p s i t e  ana lyses .  The 

ana lyses  c o l l e c t e d  us ing  t h e  EDAX system a t  t h e  Un ive r s i t y  o f  Tasmania, 

where RAS a n a l y s i s  methods were used, a r e  very c l o s e  t o  i d e a l  S i  + A 1  

and a r e  a l s o  acceptab le  i n  terms o f  charge balance (Figures  5 .4  and 5 .5) .  

These r e s u l t s  a r e  within t h e  acceptab le  e r r o r  margins def ined  by 

Passag l i a  (1970) . 
Iiaving t e s t e d  t h e  a i ~ a l y s e s  for accuracy t h e  problem i s  then t o  

i d e n t i f y  t h e  spec i e s .  Because t h e  ana lyses  a r e  oilly p a r t i a l  (1-120, COz 

not  being determined) it i s  d i f f i c u l t  t o  i d e n t i f y  d i f f e r e n t  Na,Ca spec i e s  

and s o  a  t e r n a r y  p l o t  was developed us ing  t h e  s t r u c t u r a l l y  der ived  va lues  

f o r  Na, Ca and S i .  To maximize t h e  d a t a  spread and sepa ra t ion ,  the  

fol lowing va lues  were used: Na; 2Ca and ( 5 - 1 6 ) .  and t e s t e d  on ana lyses  
.: ' 

made by convent ionai  techniques c o l l e c t e d  from t h e  l i t e r a t u r e .  As shown 

i n  Figure 5.6 t h i s  p l o t  descr imina tes  wel l  between t h e  d i f f e r e n t  species.  

The potassium-rich v a r i e t i e s  a r e  e a s i l y  i d e n t i f i a b l e  chemical ly.  

Data from Macquarie I s l and  p l o t t e d  on this z e o l i t e  d i sc r imina t ion  

diagram a r e  shown i n  Figure 5 .7  with t h e  f i c l d s  from t h e  l i t e r a t u r c  

review. This information was then  combined with t h e  XRD r e s u l t s  a s  , 

a b a s i s  f o r  o p t i c a l  s t u d i e s  and t e n  spec i e s  wcrc found t o  be p r c s c n t .  

These a r e  l i s t e d  i n  Table 5 . 2  with i d e a l  chcmical formula, using thc 

c l a s s i f i c a t i o n  descr ibed  by Flanigen , 1 1 9 7 7 ) .  Macro- and microscopic. 

p r o p e r t i e s  a r e  a l s o  given i n  Table 5 . 2 .  

Zeo l i t e s :  occurrence and chemistrv 

Thomsonite i s  t h e  most abundant z e o l i t e  species. I n  a ptlrc. form 

i t  occurs  as coarse  i n t e r locked  bladed c r y s t a l s  which a r c  clcilr 311d 

show b i r e f r ingence  up t o  low second o rde r .  I t  is fo~lnrl pr.inc..ij):il ly  i n  



Figure 5.6 CoarpoaitionLI fields for zeolites on a Nn:PCe:(Si-16) 
plot. Cation value8 from structural formulae baaed on 72 
oxygen Ire used. 

An analcite La laumontite Sc scoleclte 
Ch chabazite ue mesolite St etilbite 
GO gonnardite YO mrdenlte Th tbomsonite 
He heulandite Nu natrolite 



Figure 5.7 Zeolite analyses from Yacquarie Island lavaa plotted 
on n Na-2Ca-(Si-161 cation plot. COmpOSitionnl fields are 
from Figure 5.6. Abbrevlntions as for  Figure 5.6 
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alnygdules, genera l ly  a s soc i a t ed  with o t h e r  z e o l i t e s  and i s  apparently 

t h e  l a s t  phasc t o  form a s  i t  is ~lcvoloped olr the o u t e r  edges of otlrcr 

z e o l i t e  spcc i c s  and o f t e n  t h e  c r y s t a l s  a r c  i n t e r locked  with c a v i t i c s  

between the  c e n t r a l  c r y s t a l s .  Chemically it shows a  f a i r l y  l imi t ed  

compositional range with t h e  major v a r i a t i o n  being i n  Ca (Table 5 . 3 ,  

Figure 5 . 7 ) .  Excluding w a i r a k i t e ,  and laumonti te  and heu land i t e ,  it i s  

t h e  most Ca-rich o f  t h e  z e o l i t e s  p re sen t ,  with r e l a t i v e l y  low S i  and 

h i g h  A l .  

The next  most abundant ma te r i a l  i s  a  f i n e  f i b r o u s  form which i s  

gene ra l ly  a t u r b i d  brownish co lour  due t o  minute i n c l u s i o n s .  I t  d i s p l a y s  

low b i r e f r ingence  o f  t h e  f i r s t  o r d e r  and the f i b r e s  show p a r a l l e l  o r  

s u b p a r a l l e l  (0-So) e x t i n c t i o n .  XRD r e s u l t s  from t h i s  material a r e  not 

conclus ive  i n  t h a t  they  i n d i c a t e  t h e  presence d f  n a t r o l i t e ,  mesol i tc ,  

and thomsonite.  Chemically t h i s  ma te r i a l  shows a wide compositional 

range from a thomsonite end member towards a  n a t r o l i t e  end member 

(Figure 5 . 7 ) .  A colour  v a r i a t i o n  towards a  c l e a r  form a l s o  e x i s t s  i n  

some specimens and t h i s  c l e a r e r  ma te r i a l  approaches t h e  thomsonite 

compositional f i e l d .  Thus t h i s  ma te r i a l  i s  recognized a s  n f i n e  i n t c r -  

growth o f  t h e s e  t h r e e  z e o l i t e  s p e c i e s :  n a t r o l i t e ,  mesol i te  and 

thomsonite i n  vary ing  propor t ions ,  a s  i nd ica t ed  by t h e  compositional 

range.  

Analc i te  i s  a l s o  very common, i n  amygdulcs, v e i n s  and replacing 

primary p l ag ioc l a se .  In form i t  i s  massive rind clctlr with low T-cl icf 

and undulose low f i r s t - o r d e r  b i r e f r ingcncc .  No major clcavagcs o r  

p a r t i n g s  a r e  p re sen t  and twinning, i f  present, i s  a poorly dcvc lol,ctl 

simple v a r i e t y  and i n  thks  a lone  can i t :  be d i s t i n g ~ l i s h e d  o j ~ t i c : ~ l l y  

from i t s  calcium-analogue, wa i r ak i t e .  Chem.ically it has n rcs t r ic tcc l  

composition (Figure 5 . 7 ,  Table 5 .3)  and i t  i s  notably a S i - r i c h  ~)lrasc 

(-54 w t  .% S i O z )  , as well  as be ing  a pure Na spcc i c s .  When prcscnt  w i  ttr 

o t h e r  z e o l i t e s  a n a l c i t e  occurs  n e a r  t h e  r i m s  o f  t h e  amyytlulcs, I>orclcring 



Tahle 5.3a 

REPRESENTATIVE MICROPROBE ANALYSES OF GROUP I ZEOLITES 

Zeolite Analcite Wairakite Phillipsite Laumontite 
Sample No . 1 7 1 . 1  38190 38190 226 227" 
Analysis No. A-A-2 B-M-2 A-W-1 A-W-2 B-P-2 B-P-1 0-L-1 D - Z - 4  

S i0, 
*lz03 
CaO 
Naz 0 
K20 
Total 

Si 
A l 
Ca 
Na 
K 

Total 

Structure based on 72 oxveens 

Charge balance* 

* i d e a l  l y  (Si+Al) = 36 and (Na+K+2Ca) = A1 . 



Sample No. 
Analysis No. 

Table 5 . 3 b  

REPRESENTATIVE MICROPROBE ANALYSES OF GROUP 5 ZEOLITES 

Natrolite Thomsoni te (coarse) Thomsoni te (fine) 

117 38299 157 1 7 38191 117 1 60 38190 38190 
B-N- 1 B-N Nat . C-C-2 C-2 A-C-1 A-F-1 C- l F-B-1 A-F-3 A-T- 1 

- .  

Si02 
A120 3 
CaO 
NaaO 
K20 

Total 

Si 
A1 
C a 
Na 
K 

Total  

Structure based on 72 oxygens 



Table 5 . 3 ~  

REPRESENTATIVE MICROPROBE ANALYSES OF GYROLITE AND ?HILLEBRANDITE 
- 

Gyrolite ?Hillebrandite 

Sample No. I I 11 11 Reference* 38188 38188 38188 
Analysis No. 1 2 4 . F-E-1 F-E-2 F-Ep-7 

Si02 
*l2O3 
MgO 
CaO 
Na20 
K20 

Total 

Total 

Structure based on 32 oxveens ' 



the smectitcs, and in these cases is the first zeolite to crystallize 

from the altering fluid. This is a widespread phenomenon through the 

samples. 

Wairakite.is far less abundant, having been observed in only six 

samples. Optically it is identical to analcite except for typical 

multiple twinning. Chemically it has a narrow field which is inter- 

mediate ,between compositions given by Seki e t  al. (1969) and analcite. 

Natrolite is generally found as fine elongate prisms in matted 

aggregates. It is particularly abundant in the Pyramid Peak area in 

vein networks up to 7 cm in width, with individual veins of up to 2 cm. 

In this area the growth of natrolite and associated zeolites, principally 

the intergrown natrolite-mesolite-thomsonite material, along fractures 

in the rocks has caused minor brecciation in the vicinity of the vein 

systems. These zones may represent major channelways for the altering 

fluid. The compositions of the analyzed natrolites are also given in 

Figure 5.7 and Table 5.3, falling within the field of analyses obtained 

from the literature. 

Phillipsite is the only zeolite species common to both ocean-floor 

.weathering and zeolite facies grades of metamorphism (Boles, 1977). 'In 

38190 it occurs in amygdules as massive clear material with a very high 

2V, low birefringence and simple twinning. The similarities to albite, 

K-feldspar, analcite and wairakite are obvious. Chemically. it is 

immediately distinguishable by its K 2 0  content (Tablc 5.3). Phillipsitcs 

reported from DSDP sites generally are less calcic than those From 

Macquarie Island but comparable analyses are rcported ('l'able 5.4) and 

this is shown in Figure 5 . 8 ,  using Ca, Na and K cation components From 

structural formula calculations based on 72 oxygens (to avoid i t ~ l a l y s i s  

total errors). 

Laumontite has been found .only in veins, up to 2 cm widc,  i n  thc  

undeformed samples. Laumontite is not associated w i t h  tlrc othur rlcscr.ibcc1 



Table 5.4 

PHILLIPSITE ANALYSES FROM LITERATURE 

Reference 
No. 1 1 1 l 1 1 

Si02 
2O3 

F eO 
MgO 
Mno 
CaO 
Na20 
K20 
P205 

Total 

Structure based on 72 oxygens 

25.13 26.08 26.18 25.78 25.89 26.58 26.44 26.04 26.24 22.67 22.96 25.89 22.67 26.25 26.34 
11.52 9.92 9.84 10.50 10.32 10.08 10.02 10.56 10.40 13.36 13.30 10.41 15.12 10.00 10.50 
0.17 - 0.08 - - - - - - - - 0.02 0.08 0.05 0.05 
- - - - - - - - - - - - 0.02 - - 

0.03 - * - - 
0.32 - 0.08 - 0.17 0.06 0.19 0.05 0.08 2;85 2.69 0.13 0.27 0.08 0.05 
2.73 5.54 3.90 3-65 3.79 2.25 2.63 3.35 3.03 4.40 3.92 4.69 3.79 5.61 3.43 
5.23 4.33 5.58 4.95 5.33 4.56 4.64 4.68 4.66 3.07 2.88 4.21 3.45 3.13 3.52 

0.09 0.11 

Total 45.10 45.88 45.66 44.88 45.50 43.62 44.03 44.68 44.41 46.37 45.78 45.35 45.38 45.12 43.89 

1. Pritchard sf ~ 5 .  (1979) 2 .  Robinson et aZ. (19771, Table 6. 3. Barager et aL (1977), Table 2. 
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Figure 5.8 Phillipsite analyses from Macquarie Island lavas nnd 
modern ocean-floor basalts. References are as for Tnblr 5.4. 



5 . 2 8  

z e o l i t e s  and i s  found i n  rocks c o n t a i ~ l i n g  assemblages t r a n s i t i o n a l  t o  

lowcr g reensch i s t  f a c i e s  grades of  metamorphism and r ep re sen t s  t h e  

h ighes t  grade of  z e o l i t e  f a c i e s  metamorphism. The b e s t  example i s  

sample 440 from t h e  south coas t  o f  Macquarie I s l and  o r  where massive 

ve ins  of laumonti te  and c a l c i t e  c u t  p i l l ow l a v a s .  I n  p l aces  t h e s e  

ve ins  open up t o  form vugs wi th  l i n i n g s  o f  bladed laumonti te  and 

c a l c i t e .  In  o t h e r  a r e a s  i t  i s  found i n  sheared b a s a l t  zones almost 

t o t a l l y  r ep l ac ing  t h e  o r i g i n a l  mineralogy' ( P l a t e  5 . 3 ,  sample 2 2 6 ) .  

.. 
Compositionally it i s  i d e n t i c a l  t o  o t h e r  repor ted  ana lyses  (Table 5.3,  

Figure 5 . 7 ) .  

The f i n a l  two phases recognized, heu land i t e  and g y r o l i t e ,  have 

unique occurrences.  Heulandi te ,  confirmed by XRD r e s u l t s ,  occurs  with 

n a t r o l i t e  as white  bladed c r y s t a l s  up t o  7 mm x 1 .5  mm i n  ve ins  from 

t h e  Pyramid Peak a r e a .  G y r o l i t e ,  an e x o t i c  phase, a l s o  r e f e r r e d  t o  

as t r u s c o t t i t e  o r  "glimmer" z e o l i t e ,  is found i n  a l a r g e  vug i n  p i l l ow 

lavas  j u sz  no r th  (-300 m) of Green Gorge on t h e  e a s t  c o a s t .  The vug 

c o n s i s t s  of  a l i n i n g  of white  r a d i a t i n g  thomsonite-mesolite in te rgrowths  

almost completely f i l l e d  by white  pea r ly  sub rad ia t ing  aggregates  of 

g y r o l i t e  with a small  c e n t r a l  c a v i t y  conta in ing  yel lowish dogstooth 

c a l c i t e .  Compositionally (Table 5 . 3 ~ )  it i s , n o t a b l e  i n  t h a t  i t  i s  a 

high Si,Ca phase and i t ' i s  a l s o  i n t e r e s t i n g  t h a t  t h e  t h r e e  ana lyses  

presented by Palache e t  aZ. (1951) a r e  ident ical  even though they  were 

obta ined  over  t h e  per iod  1851-1889. 

Another hydrated calcium s i l i c a t e  has  a l s o  bcen found i n  t h c  (;rccn 

Gorge a r e a .  Sample 38188, a p i l l ow l ava ,  contains small ves ic l e s  f ' j l l c d  

with white  curved f ib rous  sheaves, co lou r l c s s  i n  t h i n  s c c t i o n ,  with  low 

b i r e f r ingence ,  undulose s u b p a r a l l e l  e x t i n c t i o n  and modcratc 1.c1 i cia.  

Chemically (Table 5.3) i t  i s  similar t o  g y r o l i t e  bu t  d i s t i n c t l y  higher  i n  

A 1  and K. 



Plate 5.3 Coarse laumontite grains filling a vein rimmed by 
small euhedral albite crystals; Scale: 1 cm = 
0.1 mm. Sample 226. Crossed nicolls. 

Plate 5.4 Euhedral calcite rhombs rimmed by brown smectites in 
a zeolite filled amygdule. The intergrown, brown 
thomsonite-mesolite-natrolite and clear, bladed 
thomsonite are the zeolites ,present. 
Scale: 1 cm = 0.7 mm. Sample 157. 





Smectites - 
Smectites occur in the groundmass and as rims in vesicles, similar 

in paragenesis to smectites in DSDP leg 49 rocks (Pritchard et a l . ,  1979). 

Again two forms are present, one a massive yellow-orange brown species 

which commonly forms botryoidal rims to the amygdule growing into the 

centre, the second being an overgrowth of pale green fibrous material 

(Plate 5.17). The deep colour of the massive material masks its optical i: 

properties. The pale green fibrous material is optically identical to 

the material described on the OFW samples. 

Chlorite 

Chlorite is rare in zeolite facies rocks, occurring only in those 

samples that are transitional to greenschist facies metamorphism. 

It occurs as pale green fibrous sheaves with "typicalf' anomalous 

birefringence, riming and filling amygdules and in the groundmass, 

where it replaces olivines and interstitial glass. 

Calcite 

This phase occurs throughout the assemblages, most commonly filling 

vesicles with smectite rims. In some samples, e.g. 156c, calcite occurs 

as coarse granular spar material and also in a fibroils radiating form 

full of microscopic inclusions, often opaque, giving these calcite 

rosettes a very turbid appearance. A thin layer of sparry calcitc is 

often present on the edges of the rosettes with incipient dogstooth 

development. In other samples, e.g. 157, spar calcitc is prcscnt :Is 

coarse separate crystals, generally rhombohedra1 in section b u t  occ.;~si orr- 

ally showing hexagonal sections (Plate 5.4) . Smectite rims arc ~lrcscnt 

on these coarse crystals, generally the fibrous green v a r i e t y  hut 

occasionally a thin massive ye1 low-brown rim prc-datcs tllc f i h ro~~: ;  

lining. Zeolites occupy the rest of the amygdule. 



Minor phases - 
Sericite occurs withi11 altered plagioclase, both groundmass and 

phenocrysts. K-feldspar is also present in these areas as well as 

occurring rarely in veins. Albite occurs in veins, commonly with 

calcite but is only present in the rocks transitional to greenschist 
I 

facies metamorphism. 

5.4.3 Lower greenschist facies alteration 

Distribution 

Rocks of this metamorphic grade are the most abundant on Macquarie 

Island (Figure 5.1). They occur as a narrow strip on the isthmus between 

North Head and the main part of the island in the north and then extend 

in a zone down the west coast from the Eagle Point-Langdon Point area to 

the major fault at Sandell Bay. The southern block of pillow lavas is 

almost entirely composed of lower greenschist facies rocks. These areas 

include +he previously reported occurrences and no conflicting results 

have been obtained. 

~i neralogy and metamorphic petrography 

It is firstly necessary to define the principal features of lower 

greenschist facies metamorphism in these samples. Smewing (1975) lists 

five features which mark the incoming of the greenschist facies: 

"1. The smectite mineral takes on a much clearer appearance due to 

the loss of goethite and is eventually replaced by chlorito which occurs 

in light green flakes up to 0.25 mm long. 

2. Titanomagnetite is rimmed by sphcnc. 

3. Plagioclase feldspar (labradorite - Anco) is rimmccl by a les:; 

calcic plagioclase, typically in thc andes inc rarlgc (An30, s 0) ; r ~ i c l  i !i 

subsequently sericitized. 

4. Secondary quartz is formed and  may interact. wi th t hc p l  :~gi  oc: l :lsc 

feldspar to form albite, back-veining thc q u a r t z .  



5 .  Disappearance of zeolites .I' 

Smcwing (1975) also noted thc  prcscncc of quartz, epidote, pyrite, 

calcite and cl.inozoisite towards thc top of the greenschist facies, 

with actinolite becoming an essential mineral at depth. Coleman (1977) 

recognized these mineralogical changes, apart from Smewingls (1975) 

point three, which he did not mention. Although sericitizatibn of the 

feldspar is undoubtedly a feature of this style of alteration, rims of 

An3o-50 are a primary crystallization feature of tholeiites in general, 

as they are in the Macquarie Island samples (Chapter 4), and not 

necessarily a metamorphic feature. 

In the Macquarie Island samples the phases typical of lower 

greenschist facies metamorphism are: 

chl + sph + ab + cp + k-feld + mag + ser + preh 
As indicated, the first three phases are ubiquitous, with varying 

abundance of the other phases present. The extent of alteration of 

samples ,~l.thin this grade is extremely variable. In some samples cpx 

and spinel are the only relict phases with all other phases replaced 

whereas in others, e.g. 56, from the Mawson Point area, only interstitial 

glass, olivines, and rims of the plagioclase feldspars and titanomagnetites 

are affected, the rocks appearing unaltered at first glance (Plate 5 -5) . 

Chlorites 

Chlorites are ubiquitous in this grade of metan~oqlhism ;3nd ;Ire 

found in the groundmass, rimming and filling amygdules, :and in veins. 

In form they are generally typical, occurring as pulc grccrl t'il)~-ot~s 

subradiating sheaths with low birefringence, commonly the d i  st incr i vc 

"anomalous" Berlin blue colour. The fibres vary in s ize  up to 0.2 mm 

long. Some are difficult to distinguish from green smectitcs and as 

an identification check some chlorites were hand-picked and stutiictl 

using XRD techniques : all are Me-chlorites (Appcndi x 5) . C lcct ror~ n ~ i  c-ro- 

probe analyses were collected from a number of samples, i .ncluditlg some 

of the XRD sample set, and res.ults are summarized in Toblc 5.5. 



Pla te  5.5 ~ i b r o u s  a c t i n o l i t e ,  sphene and c h l o r i t e  developed i n  
i n t e r s t i t i a l  g l a s s  (middle l e f t  and r i g h t  a reas  o f  
photo) i n  a  medium grained t h o l e i i t i c  lava .  Pale 
yellow granular  augi te  encloses 
low r e l i e f  p lagioclase ,  with minor subhedral t i t a n -  
magnetite.  Scale:  1 cm = 250 u m .  Sample 56. . 

Pla te  5.6 Strongly pleochroic brown-olive green Ti - r ich  c h l o r i t e  
developed near  opaque, primary t i tanmagnet i te .  Mg- 
c h l o r i t e  i s  present  as  a  matrix t o  t h e  low r e l i e f ,  pale 
f e ldspar  and h i g h  relief, pale brown aug i t e .  The lava 
has been strongly altered under lower greenschist 
f a c i e s  condit ions.  Scale: 1 cm = 0 . 1  mm. 
Sample 227 .  





Table 5.5a 

REPRESENTATIVE MICROPROBE ANALYSES OF MIXED-LAYER SILICATES 

Sample No. 6 4 428B 200 423 50 22 1 2 14 5 S A  55A 147A 147A 
Analysis No. A- 1 C-2 C-1 A- 2 E- 2 A- 3 C-2 4 3 C - 1  C-2 

Si02 
*I203 
Fe 
MnO 
MgO 
CaO 
Na20 
KzO 

Total  

Total 

Structure based on 28 oxygens 



Table S.Sb 

MICROPROBE ANALYSIS OF Ti-RICH MIXED-LAYER SILICATE 

Sample No. 227 
Analysis No. A-2 D-C B-2 4 A-C-2 

SiO, 
Ti02 
A1203 
FeO 
MnO 
MgO 
CaO 

Total 

Total 

Structure based on 28 oxygen 



The FcO vs blgO p l o t  has been used by var ious  workers ( c  .g.  

P r i t c h a r J  ct n l . ,  1979) t o  p re sen t  t h i s  typc of  data a s  t h i s  p l o t  

involves no assumptions on FC* + / ~ e ~ +  r a t i o s .  The Macquarie I s l and  

d a t a  a r e  presented  on t h i s  p l o t  i n  Figure 5.9, where a s t r i k i n g  

covariance of  FeO and MgO i s  apparent  wi th in  t h e  d a t a ,  f o r  m a t e r i a l  

both from t h e  g reensch i s t  grade and from lower grades o f  metamorphism. 
* 

The c h l o r i t e  ana lyses  from g reensch i s t  f a c i e s  rocks range from high  

i r o n  (-24 w t . %  FeO) and moderate magnesium (-17 wt.% MgO), t o  low i r o n  

(-10 w t  .% FeO) and high magnesium ("24 w t  .% MgO) compositions.  

Analyses from ind iv idua l  samples (Figure 5.10) have l i m i t e d  compositional 

ranges with t h e  except ion of  c h l o r i t e s  i n  sample 227 which span t h e  

e n t i r e  FeO-big0 ranges.  The c h l o r i t e s  from sample.227,however a r e  unique 

amongst t h e  Macquarie I s l and  v a r i e t i e s  i n  that  they  conta in  cons iderable  

and v a r i a b l e  concent ra t ions  of  Ti02 (0.65-2.69 w t . % ,  Table 5.5b). The 

Ti02 i s  covar ian t  with FeO and MgO. These c h l o r i t e s  a r e  a l s o  unique i n  

t h a t  :they a r e  s t r o n g l y  p l eochro ic  from a deep yellow-brown t o  o l i v e  green,  

depending on s e c t i o n  and a l s o  show a colour  zoning (Plate 5 . 6 ) .  The 

occurrence and chemistry o f  t h e s e  a r e  no t  understood. 

The v a r i a t i o n  i n  FeO/MgO of t h e  c h l o r i t e s  i s  r e l a t e d  t o  t h e i r  

l e v e l  of metamorphism. Samples with high Mg c h l o r i t e s ,  e . g .  428B and 

42 3 ,  show (wi th in  t h e  g reensch i s t  facies) t h e  lowest grade of metamorphism 

with only minor development o f  a l b i t e  and sphene rims around t i t n n -  

magnetite . With inc reas ing  FeO/MgO o f  t h e  c h l o r i t c s ,  cpid0t.c ap11~3rs  

and becomes abundant, followed i n  t h e  h ighes t  .grades of  mc.tamorphi sm by 
I 

t h e  development of a c t i n o l i t i c  amphibole a s  beards on cl inopyroxcnes or 

a s  a minor component o f  amygdule assemblages, e .g .  212, 55A.  'Ilrcsc 

samples have t h e  h ighes t  FeO/MgO i n  t h e  c h l o r i t c s ,  with t h c  cxccptio~l o f  

147A. Sample 147A con ta ins  c h l o r i t e s  with t h e  highes t  PcO/MgO l ) u ~  does 

not  con ta in  any secondary amphibole. tiowcvcr i t  is c x t c ~ l s j v c l y  : i l t erod  

with a l b i t e ,  K-feldspar and s e r i c i t e  r ep l ac ing  plagioclase fcldsl):~r a n d  



Figure 5.9 FeO v s .  MgO plot  for "chlorites" from Llacquarie Island lavas 
from different metamorphic grades. Key: o - zeolite f a c i e s ,  
a - greenschist facies, b Ti-rich chlorite. 



Figure 5.10 FeO ve. MgO plot for chlorite6 from individual lsvas t h a t  
h a v e  undergone lower greenschist facies metamorphism. Different 
symbols represent different samples. 
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c h l o r i t e ,  ep ido te ,  a l b i t e  and K-feldspar abundant i n  ve ins  and amygdules, 

i n d i c a t i n g  t h a t  i t  i s  high wi th in  t h i s  grade of  metamorphism and thus  

reasonably c o n s i s t e n t  with t h e  previous observa t ions .  

Secondary f e l d s p a r s  

A lb i t e  and K-feldspar occur  a s  replacements o f  primary p l a g i o c l a s e  

f e l d s p a r ,  both a s  phenocrysts  and i n  t h e  groundmass, and i n  ve ins  and 

amygdules. They a r e  gene ra l ly  intergrown as  small subhedral t o  anhedral 

c r y s t a l s  i n  random o r i e n t a t i o n s  except  i n  ve ins  where they  may form 

cockscomb in te rgrowths  away from t h e  edges o f  t h e  ve ins .  The e x t e n t  of  -' 

replacement of  t h e  primary p l ag ioc l a se  i s  v a r i a b l e  and where complete the  

rocks have a t y p i c a l  " s p i l i t e "  appearance with a r e l i c t .  clinopyroxene and 

s p i n e l  s e t  i n  a low r e l i e f  mat r ix  o f  K-feldspar,  a l b i t e  and c h l o r i t e ,  with 

minor propor t ions  of  h ighe r  r e l i e f  secondary phases inc luding  ep ido te  

and sphene. They a r e  chemically uniform (Table 5 . 6 ) .  Minor chemical 

v a r i a t i o n s  may be a r e s u l t  of small i n c l u s i o n s  b'eing p re sen t  i n  t h e  

analyzed ~ , e a  although care.  was taken t o  avoid t h e  v i s i b l e  i nc lus ions .  

Prehni te  
' 

lhis phase i s  p re sen t  i n  a number.of samples and i s  not. r e s t r i c t e d  

i n  l o c a t i o n ,  i . e .  i t  occurs  r ep l ac ing  f e l d s p a r s ,  and i n  ve ins  and 

a~nygdules. I t  i s  found both a s  massive anhedral g ra ins  and as in t e r locked  

b lades .  Bow-tie s t r u c t u r e s  a r e  f a i r l y  r a r e .  General ly  i t  i s  only  a minor 

component b u t  i t  occas iona l ly  i s  very  abundant and samples from loca t ion  

134 a t  Caro l ine  Cove on t h e  southwest co rne r  of Macquaric l s l and  a r c  

composed of  up t o  70 w t . %  p rehn i t c  i n  a densc vein system along a r ~ ~ j n n r  

shea r  zone. This occurrence i s  s i m i l a r  i n  form t o  thirt  o f  l;i~~rnont it,(: i n  

sample 226 .  

Compositionally (Table 5 . 7 )  analyzed prehni t e s  a rc  f a i r l y  11rli form 

and a r e  s to i ch iome t r i c .  The only s u b s t i t u t i o n  i s  of  FC'* f o r  A I ' *  

(Table 5.7),  a s  noted by Deer st at. (1966). and the  analyzed samples 

range up t o  4.46 w t . %  FeO ( t o t a l  i ron )  from a low of  0 .45 wt .5 .  



Table 5.6 

REPRESENTATIVE MICROPROBE ANALYSES OF ALBITE AND K-FELDSPAR 

Albite K-feldspar 

Sample No. 147A 2 14 22 1 423 50 64 14 7A 2i4 
Analysis No. A-B-1 C-1 A-A-1 A- 1 K-A A-0-2 A-K-2 C-4 

Si02 67.89 66.42 67.43 67.17 63.75 64.01 64.71 64.12 
A1203 21.12 20.68 12.59 20.67 18.73 18.21 18.71 18.92 
FeO - 0.13 - - - - - - 
CaO 1.09 1.53 1.69 1.08 1.23 0.37 - - 
Na20 11.59 10.73 10.90 11.40 - 0.13 - 0.27 
K20 0.14 0.15 0.40 0.37 14.80 16.48 16.71 16.69 

Total 101.83 99.66 101.95 100.71 99.08 99.21 100.14 100.01 

Structure based on 32 oxveens 

Total 20.10 . 20.00 20.05 20.12 19.80 20.03 19.97 . 20.07 -. 



Table 5.7 

REPRESENTATIVE MICROPROBE ANALYSES OF. PREHNITE 

Sample No. 134 1 34 2 12 212 22 7 425 425 425 
Analysis No. A-1  B-1 C-2 C - 1  0 - P - 1  A - 1  A- 3 E-2 

.* . 

Total 95.43 96.00 94.50 93.48 94 -65 94.97 96.16 93.69 

Structure based on 22 oxygens 

Total 13.96' 13.94 13.99 13.97 14.01 13.98 1 3 . 9 7  13.95 



Analyses from sample 154 show a range o f  0.59-1.71 w t . %  FeO wi th  no 

obvious con t ro l  on t h e  i r o n  content .  In  sample 425, p rehn i t e  i n  veins i s  

more i ron - r i ch  (-3.5 w t . %  FeO) t han  massive ma te r i a l  r e p l a c i n g  a 

p l a g i o c l a s e  phenocryst (-0.5-1.0 w t . %  FeO): t h i s  may r e f l e c t  a  l o c a l  

compositional c o n t r o l  with i r o n  more a v a i l a b l e  t o  t h e  ma te r i a l  forming 

i n  t h e  ve ins ,  than  i n  t h e  p l ag ioc l a se  s i t e .  Mid-vein p rehn i t e  i s  low i n  

i r o n  (0.51 w t . %  FeO) sugges t ing  t h a t  i r o n  has  been deple ted  i n  t h e  hydro- 

thermal f l u i d  through inco rpora t ion  i n  t h e  ear l ie r - formed p r e h n i t e .  

Epido te 

Epidotes  i n  t h e  Macquarie I s l and  samples are p i s t a c i t i c  and thus  

are a  b r i g h t  yellow and s t rong ly  p leochro ic .  They occur  i n  granular  

masses and a s  i n t e r locked  bladed c r y s t a l s  and a l s o ,  f r equen t ly ,  a s  

unusual sub rad ia t ing  coa r se ly  fibrous masses (Plate 5 . 7 ) .  These masses 

a r e  small ( t o  0 . 4  mm) with  f i b r e s  up t o  0.15 mm, and compose only up t o  
* - 

-5% of t h e  seconddry phases s o  al though q u i t e  connnon, ep ido te  i s  only a  

minor phase. Analyzed ep ido te s  a r e  f a i r l y  uniform with -12.14 w t . %  Fez03 

( t o t a l  i r o n  c a l c u l a t e d  as Fe203) w i t h i n a p a r t i c u l a r  sample and i n  

d i f f e r e n t  samples (Table 5.8) . 
Sphene 

Although n o t  vo lume t r i ca l ly  a  major phase (-1-2% by volume) sphene 

i s  ubiqui tous  i n  rocks of  t h i s  grade.  I t  i s  p re sen t  a s  f i n e  g ranu la r  

aggrega tes ,  rare ly  t o  0 . 1  mm ac ros s ,  and as rims on primary Fe-Ti  ox idcs .  

Op t i ca l ly  it is cha rac t e r i zed  by i t s  g ranu la r  form and high rcl i c f .  'lhc 

extreme b i r e f r ingence  i s  gene ra l ly  d i f f i c u l t  t o  discern bccousc O F  ttic 

small s i z e  and g r a n u l a r i t y  of  t h e  sphene. Tn some of  the most u l  tcrcrl  

samples it shows i n c i p i e n t  development of  c h a r a c t e r i s t i c  wcdgc-sha~lctl 

s e c t i o n s  ., 

A f e a t u r e  revea led  by e l e c t r o n  mic~oprobe  s t u d i e s  j s t.h:~t w i t h  ill 

t h e s e  aggrega tes  o f  t h e  sphene t h e r e  may a l s o  be some epidote .  ?%is i s  

not  o p t i c a l l y  recognizable ,  b u t  i s  suggested by t h e  prescncc of i ron  .and 



Pla te  5 . 7  Amygdule ' f i l l e d  by r a d i a t i n g  c h l o r i t e  (blue-black) 
and sub-radia t ing  epidote (br ight )  i n  an 
a l t e r e d  t h o l e i i t i c  lava. Rel ic t  clinopyroxene 
i s  d is t inguishable  i n  the  groundmass by its moderate 
b i ref r ingence .  Scale :  1 cm = 0.1 nnn. 
Sample 214C. Crossed n i c o l l s .  

P la te  5 .8  Ura l i t i zed  d o l e r i t i c  dyke from dyke swarm with 
primary twinning preserved i n  u r a l i t i z e d  clinopyroxene 
(cent re  o f  photo). Primary p lagioclase  i s  unal tered  
during t h e  u r a l i t i z a t i o n  event .  Scale:  1 cm = 
0 . 3  mm. Sample 38214. Crossed nicolls'. 



ma 
r p i t  



Table 5.8 

REPRESENTATIVE MICROPROBE ANALYSES OF EPIDOTES 

Sample No. 5 0 50 214 214 220 220 4 19 4 19 
Analysis No. A-1 A-2 C-P-1 C-P-3 A- 1 A-2 C-E-1 C-E-2 

Si02 
A1 2O 3 
Fez03 
MgO 
CaO 

Total 

Structure based on 25 oxveens 

Total 16.00 15.99 16 .03  16.04 15 .93  15.95 15.97 15 .92  



aluminium i n  analyses  o f  sphene aggregates (Table 5.8, sample 50 ) .  

Usin'g t h e  aluminium content  a s  an i n d i c a t i o n  of t h e ' e p i d o t e  component 

p resen t ,  ep ido te  was removed from t h e  a n a l y s i s  and then t h e  modified 

a n a l y s i s  r e c a l c u l a t e d  t o  t h e  o r i g i n a l  t o t a l .  Resul ts  a r e  given i n  

Table 5 .9 ,  where it can be seen t h a t  t h e  r e s i d u a l  composition i s  t h a t  

of sphene. The ep ido te  composition used was from t h e  same sample, 

This i n d i c a t e s  t h a t  epidote  may be more widespread than i n i t i a l l y  

apparent i n  t h e  samples and a l s o  t h a t  ep ido te  occurrence i n  t h i s  form 

may no t  be recognized i n  s t u d i e s  n o t  using e l e c t r o n  microprobe techniques .  

5.4.4 Upper g reensch i s t  t o  amphiboli te f a c i e s  metamorphism 

These grades o f  metamorphism a r e  encountered i n  dykes i n  t h e  sheeted 

dyke swarm complexes (Figure 3 . 1 ) ,  as noted by Varne 8 Rubenach (1972). 

A l t e r a t i o n  wi thin  t h e  l avas  does n o t  reach these  high grades .  The 

'metamorphic grade v a r i e s  up t o  lower amphibolite' f a c i e s  but  i n  general  

t h e  grade encountered i s  upper g reensch i s t  f a c i e s  and t h i s  i s  dominated 

by a l t e r a t i o n  o f  t h e  pyroxenes t o  f i b r o u s  a c t i n o l i t i c  amphibole o r  

" u r a l i t e " .  A t . t h i s  grade t h e  p l a g i o c l a s e  fe ldspar  is n o t  a f f e c t e d  but 

i n  many samples a l t e r a t i o n  of t h i s  phase has  occurred dur ing another  

d i s t i n c t  metamorphic even t .  Other phases assoc ia ted  wi th  t h e  upper 

g reensch i s t  " u r a l i t i z a t i o n "  a r e  sphene, quar tz ,  t r e m o l i t e  and t a l c .  

C h l o r i t e  is  replaced by amphibole, Secondary phases assoc ia ted  with 

a l t e r a t i o n  o f  p lag ioc lase  a r e  p rehn i te ,  ep ido te ,  a l b i t e  and nlinor 

' s e r i c i t e .  In t h e  h ighes t  grades a t t a i n e d '  massive nmpl~.il)ol c is dcvc:lopcd, 
. . 

an Fe-r ich v a r i e t y ,  toge ther  with v e i n l e t s  o f  hornblende and very r ;~ rc ly ,  

a l l a n i t e .  

Mineralogy and metamorphic petrography 

Samples both from within  t h e  one a r e a  and from di ff'crctit: ;ir.c;r:; 

of dyke swarm show a wide v a r i a t i o n  i n  t h e  de i rec  o f  altcri i t ion of' tlrc! 

rock, although t h e  secondary mineralogy i n d i c a t e s  similar b a s i c  met.:i- 

morphic condi t ions ,  i . e .  pressure  and temperature.  



Table 5.9 

REPRESENTATIVE MICROPROBE ANALYSES OF SPHENE AND RECALCULATED 
SPHENE AND EPIDOTE ANALYSES 

Sample No. 4288 50 50 50 50 
Analysis No. A-S D-S-2 D-S-1 Ep-1 D-S-1+* 

Si02 31.92 32.39 32.37 
Ti02 28.42 29.71 29.64 
A1 20 3 6.22 5.10 4 -93 
Fe203* 1 .93  2.36 , 2.43 
CaO 27.89 27.72 27 -66 

Total 96.38 97.28 97.03 

Structure based on 20 
oxveen 

Total 12.29 12.23 12.22 

Structure based on 
25 oxygen 

* Iron recalculated as Fe203. 
** (i) D-S-1 analysis recalculated after subtraction of 19.65 w t . %  

Ep-l and recalculation to previous analysis total. 
(ii) residual Fe203 ignored in structure calculation. 



The least-altered samples have 'actinolite and tremolite developed 

within chloritized mesostasis and as actinolite beards on clinopyroxenes 

(Plate 5.9, samples 38443 and 38206), together with saponite replacing 

olivines and sphene replacing titanmagnetite. Plagioclase feldspar is 

unaltered except for minor chlorite/saponite development along fractures. 

With increasing degree of alteration, replacement of the clinopyroxene 

becomes more extensive until it is all pseudornorphed by pleochroic 

green fibrous amphibole. The amphibole fibres parallel the long axis 

of the original crystal with primary twinning being preserved optically 

(Plate 5.8, samples 38214 and 38446). Amphibole also replaces mesostasis, 

occurring as fibrous crystals with a randomly oriented interlocking 

pattern (Plate 5.10, sample 38446). There is no difference chemically 

between amphiboles from the different environments, as can be seen in 

Table 5.10. At intermediate stages clinopyroxene augen reside in beds of 

fibrous q;~ibole (Plate 5 .IS, sample 38217). Ge relict pyroxenes are 

indistinguishable from pyroxenes in fresher dykes and the phenocrysts 

in the lavas (Table 5.11). In some samples large clinopyroxene phenocrysts 
. . 

have relict cores with all of the groundmass pyroxenes totally altered. 

Analyses of amphibole rims on the pyroxenes (Table 5.10) are intermediate 

in composition between the relict clinopyroxene and the fibrous amphibole. 

Sphene is very abundant both as rims on titanmagnetite and as sub- 

hedral to anhedral grains dispersed through the groundmass (I'lotc 5.11, 

sample 38493). 

Tremolite, talc and magnetite occur together in some samples :is 

replace'ments of earlier formed chlorite and calcite, either aftcr o l  i v j  nc 

or filling amygdules. These areas are common in sample 38493,. which as 

described previously contains totally "uralitizedqt groundmass clino- 

pyroxenes and partially "uralitized" clinopyroxene phenocrysts. 'I'hc 

tremolite occurs as acicular needles to 0.6 mm, lining t h c  cdgcs,  owing 

inwards towards centrally located bands of small euhcdral magncti tc firairis 



Table 5.10 

REPRESENTATIVE MICROPROBE ANALYSES OF SECONDARY AMPHIBOLES AND TALC IN THE DYKE SWARM SAMPLES 

Massive Fibrous Acicular 
Ferroactinolite Actinolite Tremolite 

Talc 

sample NO. 38493 38493 38493 38446 38446 38446 38446 38446 
Analysis 'No. D-A-1 B-A-3 C-A-1 0-A-2 A-A-1 A-A-2 T-2 T-3 

Si02 
Ti02 
A1203 
FeO 
Mno 
blgO 
CaO 
Na20 . 
K2O 

Total 

Total 

Structure based on 23 oxygens. 

7 . 2 2 7  7.197 7.684 7.184 
0.091 0.100 0.041 0.036 
0.769 0.851 0.398 1.131 
3.115 2.855 1.276 1 . 5 4 7  
0.063 0.036 - - 
2.217 2.374 2.779 3.491 
1.539 1.582 1.894 1.640 
0.498 0.474 - 0.371 
0.055 0.085 - - 



Table 5 .ll 

, RELICT CLINOPYROXENE AND RIM AMPHIBOLE MICROPROBE ANALYSES 

Relict 
Clinopyroxene 

Rim amphibole 

Sample No. 38446 38446 38446 38446 38446 
Analysis No. D-C-2 C-C-1 C-R-1 C-R-2 0-A-3 

Si02 
T i 0 2  
A 1 2 0 3  
C r 2 0 3  
F eO 
MnO 
MgO 
CaO 
N a 2  0 
K2 0 

Total . 99.67 99.93 101.46 99.10 97.16 

Structure: 

Si . 
Ti 
A1 
C  r 
Fe 
Mn 
M g 
Ca 
N a 
K 

23 oxygens 

Total 



Plate 5.10 Randomly oriented actinolitic amphibole replacing 
a glassy zone of a doleritic dyke. Scale: 1 cm = 
0.1 mm. Sample 38446. Crossed nicolls. 

Plate 5 .9  Relict clinopyroxene with marginal replacement by 
actinolitic amphibole in a partly uralitiaed dyke 
from the dyke swarm complex. Scale: 1 cm = 0 . 3  mm. 
Sample 38217. 
* 





P l a t e  5 .11  Secondary sphene mantling primary t i tanmagneti te  i n  a 
groundmass of green u r a l i t i z e d  pyroxene and 
una l t e r ed  c l e a r  p lagioclase .  Scale: 1 cm = 0.1 mm. 
Sample 38493. 

Plate  5 .12  Acicular  needles  of  t r e m l i t e  (moderate b i r e f r ingence )  
i n  a matrix of  f i n e  grained talc (high b i r e f r ingence )  
and small  euhedral magnetite c r y s t a l s  {opaque) . 
These a r e  f i l l i n g  an amygdule i n  a  d o l e r i t i c  dyke. 
Scale: 1 cm = 0 . 1  mm. Sample 38446. Crossed 
n i c o l l s  . 





which in some cases cluster around relict chlorite os rarely calcite. 

Talc occurs as large cleaved grains surrounding the tremolite and 

magnetite (Plate 5.12, sample 313433). Analyses of trcmolite and talc are 

given in Table 5.10 and it is notable that both are low in A1 and Fe  and 

very hlg- and Si-rich. Iron is taken up by the magnetite but A1 must be 

released from these areas and Si added, Mg being from the original 

chlorite. The size of these areas [to 2 mm) and their abundance (10% 

in 38353) would suggest that these areas were originally amygdules rather 

than olivine sites since olivine has not been found as large phenocrysts 

in association with clinopyroxene in fresh samples (Chapter 4) and also as 

no relict spinels are present within these areas, which would be likely 

if olivine had been the replaced phase. 

With increasing grade of metamorphism, to lower amphibolite facies, 

a massive pleochroic brown-green amphibole develops within areas of 

actinolite (Plate 5.13, sample 38493). T h i s  amphibole i s  chemically 

distinct as it is more Fe-rich than the other amphiboles (Table 5.10). 

Compositionally it i s  transitional between the ferroactinolite and 

hornblende series. If the arbitrary division of Si -+ A1 replacement 

of 0.5 atoms per formula unit is used (Deer st aZ., 1966) then the 

analyses include both species.' Plagioclase feldspars in these samples 

appear quite fresh but compositionally they are distinct in that they 

are sodic varieties, Anjo-36 (Table 5.12) and do not conform to the 

range of igneous plagioclase compositions. Thus with the development of 

the massive "ferroactinolite", plagioclase feldspar is altered to a sodic 

variety (-Ansa).  T h i s  is consistent with the attainment of low . 

amphibolite facies conditions of metamorphism within the samples 

(Miyashiro, 1973) . 
Many of the samples ,contain veins of other phases, principally 

albite; epidote, chlorite, calcite and prehnite. Zeolites are also 

present in two samples (38445 and 38451) from the dyke swarm zone at 



P l a t e  5.13 Massive Fe-r ich amphibole growing i n  s t r o n g l y  
a l t e r e d  dyke. Scale: 1 cm = 0.1 mm. 
Sample 38493. Crossed nicolls. 

P l a t c  5.14 Palimpsest s t r u c t u r e  i n  sulphide-bearing qua r t z  
ve in .  Trans lucent  brown s p h a l e r i t e  is  p re sen t  i n  
t h e  top  l e f t  o f  t h e  photo,  Sca le :  1 cm = 0 . 1  mm. 
Sample 242. 





Table  5 . 1 2  

SECONDARY AND PRIMARY PLAGIOCLASE FELDSPAR COMPOSITIONS FROM 

ALTERED DYKE SWARM SAMPLES 

Secondary 
Relict primary plagioc lase  p lagioc lase  

Sample No. 38446 38446 38446 38493 38493 
Analysis No. D-P-1 B-P-1 B-P-2 D-P-2 D-P-3 

S i O ,  

A1203 
FeO 
CaO 
Na20 
K20 
Total 

Total 

Structure based on 32 oxygens 
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Gadgets Gul l y ,  high on the nortl~eastcrn coast. 'll~cse samples are unlike 

those lacking ve ins ,  because the plagioclase in the veined rocks show 

marked alteration either in the immediate vicinity of the veins or through- 

out the sample. The plagioclase becomes turbid because of the growth of 

sericite, chlorite, epido.te + prehnite + albite within the crystals. 

One of the zeolite-bearing samples from Gadgets Gully clearly illustrates 

the local alteration of feldspar around veins. 

Thomsonite is the main zeolite species present. These phases are 

anomalous in terms of the grade of metamorphism of the groundmass, 

representing lower temperature conditions. The mineralogy is comparable 

to that found in the metamorphosed lavas and in view of this it is 

reasonable to conclude that the metamorphism produced during the vein- 

forming episode was part of. and identical to, the system involved in 

alteration of the lava sequence. It must post-date the "uralititation" 

event otherwise the low temperature phases would show some signs of 

reaction, -particularly the zeolite species. 

5.5 SULPHIDE MINERALIZATION AND ASSOCIATED ALTERATION 

5.5.1 Introduction 

A detailed study of the sulphide mineralization present in the 

lavas and dyke swarms exposed on Macquarie Island is beyond the scope 

of this thesis. However, these deposits are an intcgrnl part of thc 

. metamorphism and so are briefly described in the following scct.inn 

with recommendations for further studies. 

Sulphides and associated phases are found in thrcc modes of 

occurrence on Macquarie Island: 

(1) as rare discrete grains of sulphides within mctiimorphosotl 

lavas and dykes; 

(2) in small vein systems with carbonate, sulphatc, quartz cpidotc, 

chlorite, pyrite, chalcopyrite, sphalerite and galena; and 
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(3)  i n  a l a r g e  stockwork systen1,with t h e  phases l i s t e d  i n  (Z), 

a p a r t  from sulphatc .  

Mawson (1943) descr ibed  t h e  occurrence of  su lphide-bear ing  ve ins  

i n  both t h e  l avas  ( i . e .  h i s  Younger Basic  Group) and dyke swarm zones 

( i . e .  h i s  Older Basic Group). According t o  Blake (quoted by Mawson, 

1943) "vein's o f  qua r t z  and c a l c i t e  occur between t h e  success ive  igneous 

s h e e t s  (... of  t h e  Older Basic  Group); v e i n l e t s  of  t h e  same minera ls  f i l l  

t h e  f i s s u r e s  formed by some of  t h e  l a r g e r  j o i n t s .  P y r i t e  is  t h e  common 

su lphide  mineral a s soc i a t ed  with t h e s e  ve ins ,  bu t  cha l copyr i t e ,  ga lena ,  

and s p h a l e r i t e  a l s o  occur." Within t h e  p i l low l avas  (Younger Basic 

Group) , Mawson (1943) quoted Blake as s t a t i n g ,  "quartz ,  assoc ia ted . .wi th  

s p h a l e r i t e ,  galena and p y r i t e ,  occurs  i n  t h e  form of  t r u e  f i s s u r e  ve ins  . I 1  

Mawson (1943) a l s o  noted t h e  occas iona l  presence of  s e l e n i t e  i n  some of 

t h e  q u a r t z - c a l c i t e - p y r i t e  ve ins  and t h e  occurrence of ve ins  of an 

a l a b a s t e r  type of gypsum conta in ing  occas iona l  small c r y s t a l s  of  

marcas i te  i n  j o i n t s  and f i s s u r e s  i n  d o l e r i t e s  a t  Nuggets Poin t ,  j u s t  

south of  t h e  isthmus on t h e  e a s t  coas t  (Figure 3.1). More r ecen t  

s t u d i e s  have no t  d i scussed  t h e  occurrence of  su lphide  mine ra l i za t ion .  

D i sc re t e  su lphides  amongst l a v a s  and dykes 

Sulphide g r a i n s  occur r a r e l y  wi th in  ve ins  and amygdules i n  samples 
' 

of both z e o l i t e  and lower g reensch i s t  g rades  of metamorphism. The main 

su lphide  i s  p y r i t e  wlrich occurs  a s  anhedral g r a i n s .  Ch:~lcopyritc OCC\J rS  

a s  a r i m  t o  hemat i te  i n  one z e o l i t i z e d  lava (sample 7 ,  From nc:lr Mou~tt: 

I fould)  and coarse  bladed c o v e l l i t e  i s  rimmed by massivc chi] lcoc i t c  

i n  a lava  o f  lower g reensch i s t  f a c i e s  grade (sample, 428 ,  from nort.11 ti ido 

of Sandel l  Bay) . In a l l  'cases  these occurrences represent a very ' m i  11or ' 

propor t ion  of t h e  sample ( < I %  v o l . ) .  



5 .5 .3  Vein mi t~c l -a l iza t ion  

The vein su lphide  mine ra l i za t ion  on Macquarie I s l and  i s  

cha rac t e r i zed  by t h e  presence of  q u a r t z  as t h e  dominant non-sulphide 

and t h i s  d i s t i n g u i s h e s  t h e  su lphide-assoc ia ted  a l t e r a t i o n  from t h e  

general  s t y l e s  of  a l t e r a t i o n  of  t h e  l avas  and dykes where qua r t z  is  

e i t h e r  absent  o r  very r a r e .  No new major occurrences were found 

during t h e  p re sen t  s tudy .  The main a reas  a r e  (I) t h e  southern  end of  

t h e  isthmus a t  North Head, (2) Douglas Po in t ,  h igh  up on t h e  west 

c o a s t ,  (3) on t h e  west c o a s t ,  northwest of  Mount F l e t che r ,  

(4) Lus i t an i a  Bay, low on t h e  e a s t  c o a s t ,  (5) Gadgets Gully,  and 

(6) t he  Nuggets, t h e  l a s t  two being high on t h e  e a s t  coas t .  A s  can be 

seen i n  Figure 5.11, occurrences 1 t o  3 a r e  wi th in  lavas  of  lower 

g reensch i s t  f a c i e s  metamorphism and occurrences 4 t o  6 a r e  wi th in  dyke 

swarms of  h ighe r  metamorphic grade.  

The b e s t  example of  t h i s  s t y l e  of  mine ra l i za t ion  i n  p i l low l avas  

i s  t h e  occurrence on t h e  isthmus a t  t h e  nor thern  end of  Macquarie I s l and  

(sample 1).  I t  occurs  along a  minor fault  zone which v a r i e s  from 1 mm 

t o  1.5 m i n  width.    he volcanics  a r e  s l i g h t l y  b recc i a t ed  along t h i s  

zone and t h e  su lphide-bear ing  ve ins  now form t h e  mat r ix  around t h e  

fragments.  The ve ins  a r e  dense and reach only 5 mm i n  width w i t h  

occas iona l  more massive pa tches  of  up t o  2 cm ac ros s .  Quartz and c a l c i t e  

a r e  t h e  dominant minera ls  wi th in  t h e  ve ins ,  g iv ing  a whi t i sh  appearance. 

P y r i t e  i s  disseminated through t h e  lava  fragments and pyr.irc (80%), 

s p h a l e r i t e  ( IS%),  and cha lcopyr i t e  (<5%) occur i in vc i n s .  M i  nor  iunotlnt:; 

(<I% of  su lphides)  of galena a r e  v i s i b l e  on mj croscopi c cx:lmi ni1t.i on .  

The su lphides  form 30% of  t h e  ve in  mater ia l  with qua r t z  (-455) c : ~ l c i t c  

(-20%), minor ep ido te  (2-3%) and c h l o r i t e  (2-3%) . 
The p i l low l avas  wi th in  t h i s  zone are aphyr ic  with cjuenchcd sub- 

v a r i o l i t i c  t e x t u r e s  and they  have been t o t a l l y  a l t e r e d  w i t h  thc 

p l a g i o c l a s e  f e l d s p a r  a l b i t i z e d  and t h e  pyroxenes replaccd by c l ~ l o r i t c ,  
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Figure 5.11 Sulph~de occurrences. 
Numbers referred to in text .  Other 
symbols as for Fig. 5-1. 
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t oge the r  with fine grained sphene and o t h e r  very f i n e  g ranu la r  phases,  

poss ib ly  ep ido te , and  c a l c i t e .  No primary opaque phases a r e  i d e n t i f i a b l e ,  

most having been pseudomorphsed by sphene. P y r i t e  i s  disseminated 

evenly through t h e  lower fragments as d i s c r e t e  euhedral  c r y s t a l s , '  

gene ra l ly  cuboid, i n  a  range of s i z e s  up t o  0.1 mm. On average t h i s  

p y r i t e  forms -5% o f  t h e  groundmass. , 

The q u a r t z  v a r i e s  i n  form from coarse  euhedral  c r y s t a l s  t o  2 mm 

x 0.6 mm, t o  sma l l e r  intergrown c r y s t a l s  i n  "combt1 s t r u c t u r e s .  A l a t e r  

generat ion o f  qua r t z  occurs  a s  anhedral  g r a i n s  gene ra l ly  up t o  0 .1  mm 

i n  s e c t i o n  bu t  r a r e l y  t o  0 .3  mm. This occurs  as overgrowths on t h e  

l a r g e r  c r y s t a l s  and t h e  o r i g i n a l  c r y s t a l  boundaries  a r e  def ined  

by p lanes  o f  i n c l u s i o n s  and' g ranu la r  m a t e r i a l .  In  some cases  t h e  f i rs t  

genera t ion  matexial  has been marginal ly  corroded and rep laced  bu t  

c r y s t a l l i n e  o u t l i n e s  a r e  preserved by t h e  l i n e s  of  i n c l u s i o n s  ( P l a t e  5.14,  

sample 242(1)) g iv ing  r i s e  t o  pa l impses t  t ex tu re s .  C a l c i t e  is later than 

t h e  f i r s t  genera t ion  qua r t z  and grows between t h e  coarse c r y s t a l s .  I t  

occurs  normally as massive g r a i n s  bu t  it a l s o  i s  present  as rhombs and 

t he se  show success ive  growth s t ages  through inc lus ion  bands, i n  t h e  same 

. manner a s  t h e  q u a r t z .  Epidote occurs  e i t h e r  a s  small euhedra t o  0 . 1  mm, 

o r  a s  anhedral g r a i n s  t o  0 . 3  mm, wi th in  t h e  second genera t ion  q u a r t z .  

I t  i s  i r o n - r i c h ,  e x h i b i t i n g  s t r o n g  yellow pleochroism. C h l o r i t e  does 

not occur  wi th in  t h e  c e n t r a l  p a r t s  of  t h e  ve in s  bu t  a long tlre edges,  

although t h i s  i s  no t  common. A s  mentioned carljcr both c1)ido.t~ ; ~ n t l  

c h l o r i t e  a r e  only minor components (-2-3%) . 
P y r i t e  i n  t h e  ve ins  i s  larger than t h c  hos t  Iav:i ;ind m:ury o f  tlrc 

c r y s t a l s  a r e  clumped, forming c l o t s  up t o  3.5 mm. I n d i v i d ~ ~ a l  g r a i n s  

range t o  2 mm. The s p h a l e r i t e  is p resen t  as  coarse anhcdral g r i l i ~ i s  111) 

t o  3 mm. In t r ansmi t t ed  l i g h t  the g r a i n s  have p a l e  brown cores Ilro- 

gres s ing  t o  yellowish-brown bands, def ined by concent ra t  ions 01' rninutc 

cha lcopyr i t e  g r a i n s ,  with subsequent rims. of f u r t h e r  pal c brown sl)h:ilc ri tc: . 



Up t o  four  growth s t a g e s  a r e  def ined by t h e  concent ra t ions  o f  chalco-  

p y r i t e  and i n  a l l  bu t  t h e  last s t a g e ,  c r y s t a l  forms a r e  sub- o r  euhedra l .  

The cha lcopyr i t e  i nc lus ions  a r e  a l s o  d ispersed  throughout t h e  g r a i n s .  

Chalcopyri te  a l s o  occurs  a s  d i s c r e t e  g r a i n s ,  up t o  1 mm. The s p h a l e r i t e  

occas iona l ly  i nc ludes  o r  p a r t i a l l y  enc loses  p y r i t e .  Rarely t h i s  is 

reversed .  The s p h a l e r i t e  appears t o  have formed a f t e r  most of t h e  py r i t e ;  

contemporaneously with o r  j u s t  p r i o r  t o  completion of f i n a l  p y r i t e  growth. 

The Nuggets Poin t  mine ra l i za t ion  i s  unique i n  t h a t  gypsum i s  

a s soc i a t ed  with t h e  su lphides .  The gypsum occurs  as t h i c k  ve ins  with 

t h e  su lph ides .  Two v a r i e t i e s  o f  gypsum ve ins  a r e  recognizable  i n  t h e  

f i e l d .  Massive ve ins ,  up t o  12  cm ac ros s ,  randomly t r a n s e c t  one 5 m 

s e c t i o n  of  t h e  dyke swam exposure. The gypsum i n  t h e s e  ve ins  i s  opaque 

white  with a  coarse  f i b rous  c r y s t a l  s t r u c t u r e .  C r y s t a l s  are commonly 

curved. Small euhedral ,  c l e a r  gypsum c r y s t a l s  p r o j e c t  i n t o  minor (<1 cm 

long) c a v i t i e s  i n  and on t h e  edge of t h e  t h i c k  ve ins .  The second 

v a r i e t y  of ve ins  is  smal l ,  up t o  1 cm t h i c k ,  conta in ing  t r a u s l u c e n t  

gypsum t h a t  i s  p re sen t  throughout t h e  dyke swarm exposures.  Op t i ca l ly  

similar gypsum i s  a l s o  p re sen t  i n  t h e  sulphide-bearing q u a r t z  vc ins ,  

pos tda t ing  t h e  q u a r t z  by f i l l i n g  c a v i t i e s  i n  t h e s e  v e i n s .  Sulphides 

a r e  present  on ly  i n  t h e  small v a r i e t y  of  gypsum ve ins ,  a p a r t  from i n  t h e  

qua r t z - r i ch  v e i n s .  These l a t t e r  veins a r e  i d e n t i c a l  t o  t hose  descr ibed  

from t h e  p i l low l avas  e a r l i e r ' e x c e p t  t h a t  a c t i q o l i t e  i s  p re sen t  as a  minor 

phase, growing a s  f i n e  needlcs  and f ib rous  sheaves w i  tll i 11 r.i~c t i l i i l l . t i !  

g r a i n s ,  p a r t i c u l a r l y  near  t h e  edges of t h e  vcins.  

The o r i g i n  of t h e  gypsum issugges ted  l a t e r  t o  h e  a result. of 

hea t ing  of  s e a  water pene t r a t ing  oceanic  c r u s t  (Sect ion 5 . 9 ) .  Tllc 
I 

l a r g e r  su lphide- f ree  ve ins  are probably due t o  remobi 1.i t i i t  i on. ,111~ 

curved na tu re  of t h e  c r y s t a l s  i n  t h e s e  ve ins  i s  considered t o  hc ii 

deformation f e a t w e  i n  view of t h e  b recc i a t cd  n a t u r e  of outcrops i r ~  t h i s  

a r e a .  



5.5.4 Stockwork minera l i za t ion  

Only one sample of t h i s  more extensive  form of  sulphide  mineral-  

i z a t i o n  has  been found; a t  Carol ine  Cove a t  t h e  southern end of Macquarie 

~ s l ' a n d  (occurrence 7 ,  Figure  5.11) . This previously  indescr ibed rnineral- 

i z a t i o n  occurs i n  a wedge-shaped, fault-bounded block with a 150 m 

northwest f a c i n g  beach f ron tage  and two 250 m long s i d e s .  The l i m i t s  of 

t h e  a l t e r e d  zone a r e  very sharp ,  t h e  f a u l t  shear  zones being narrow, 

reaching a maximum width of 2 m on t h e  nor thern boundary. 

Sulphides occur a s  both disseminated through t h e  p i l low lavas ,  

h y a l o c l a s t i t e  b r e c c i a s  and paraconglomerates, and i n  quar tz  ve ins ,  up t o  

1 m t h i c k  t h a t  con ta in  up t o  10-15% su lph ides .  No massive sulphide  

l enses  a r e  exposed. A l l  outcrops  a r e  heav i ly  weathered, commonly wi th  

ferruginous  gossan- l ike  s u r f a c e  l a y e r s .  A l l  a r e  a l t e r e d ,  depending on -, 

t h e  c h l o r i t e  content  b u t  primary t e x t u r e s  a r e  preserved.  Pil low lavas  
I 

showing t y p i c a l  quenched t e x t u r e s ,  c .g .  samples 174 and 193, with a l b i t e  

rep lac ing  p l a g i o c l a s e ,  c h l o r i t e  rep lac ing  g l a s s ,  clinopyro:;enes, and 

o l i v i n e ,  and sphene s c a t t e r e d  through t h e  groundmass with t h e  l a s t  l o c a l l y  

concentra ted where primary Fe-Ti oxides have been a l t e r e d .  Sample 181 i s  

a t o t a l l y  a l t e r e d  h y a l o c l a s t i t e  b r e c c i a  and o u t l i n e s  of g l a s s  fragments 

a r e  c l e a r l y  preserved.  Thus t e x t u r a l l y  these  rocks a r e  recognizable  a s  

members o f  t h e  vo lcan ic  sequence o f  t h e  Macquarie I s l a n d  complex. 

. P y r i t e  i s  t h e  dominant su lph ide ,  followed by ( i n  order  of abundance) 

s p h a l e r i t e ,  cha lcopyr i t e  and galcna.  The pyrj  t e  is prcscnt  [is str i~rgcrr 

i n  veins  up t o  a maximum of 1 cm, but  genera l ly  only 3-5 ma1 i n  w i d t h .  

The disseminated p y r i t e  v a r i e s  widely from f i n e  m a t c r i n l , i d c n t i c ; ~ l  t o  

t h a t  observed i n  t h e  o t h e r  occurrence of minera l i za t ion ,  t o  more coarscly 

c r y s t a l l i n e  m a t e r i a l  i n  t h e  matr ix  o f  one paraconglomerate saml)lu ( 1 7 1 A ) ,  

with well  formed p y r i t e  c r y s t a l s  with t h e  c h a r a c t e r i s t i c  st.r.i:itcd focic:; 

up t o  0.6 mrn a c r o s s .  A s  iln t h i s  sample, t h e  p y r i t e  may form u p  to .402  of 

t h e  sample over a r e a s  up t o  1 m. S p h a l e r i t c  occurs ;IS lorgc i . r l ,cgc~l i~r  

g ra ins  conta ining up t o  5% of cha lcopyr i t e  as minutc inc lus ions .  



These a r e  commonly concentrated around t h e  g ra in  margins and i n  

i r r e g u l a r  zones wi th in  t h e  c r y s t a l s .  Chalcopyri te  a l s o  occurs  as r a r e  

d i s c r e t e  i r r e g u l a r  g r a i n s  wi th in  s p h a l e r i t e - r i c h  a r e a s .  Galena has  only  

been observed a s  i nc lus ions  i n  s p h a l e r i t e  g r a i n s .  

Non-sulphide phases a s soc i a t ed  with t h i s  mine ra l i za t ion  i n  t h e  

ve ins  'are  qua r t z ,  c a l c i t e -  c h l o r i t e ,  ep ido te ,  a l b i t e ,  and r a r e l y  a c t i n o l i t e  

The qua r t z  v a r i e s  from coarse  c r y s t a l l i n e  ma te r i a l  t o  f i n e  g ranu la r  

forms with pal impsest  t e x t u r e s  occas ibna l ly  p re sen t .  Many of  t h e  

c o a r s e r  grains a r e  s l i g h t l y  s t r a i n e d ,  with undulose e x t i n c t i o n  and 

minor r e c r y s t a l l i z a t i o n  around t h e  g ra in  boundaries .  The f i n e  g ranu la r  

ma te r i a l  o f t e n  c u t s  through more coa r se ly  c r y s t a l l i n e  ma te r i a l  and 

su lphides  i n  t h e  o r e s  a r e  s l i g h t l y  b r e c c i a t c d .  This deformation i s  

s t r o n g e s t  nea r  t h e  f a u l t e d  boundary on t h e  nor thern  f lank  of t h e  depos i t  

and sugges ts  t h a t  t h e  mine ra l i za t ion  was e a r l i e r .  

C h l o r i t e  occurs  i n  both coa r se  sheaves and f i b r o u s  forms wi th in  t h e  

hos t  rock and as vermicular  f l a k e s  i n  t h e  ve ins .  C a l c i t e  cccu r s  a s  

i r r e g u l a r  g r a i n s  i n  ve ins  and d i spe r sed  through t h e  h o s t  rock.  Fe-r ich 

ep idote ,  shown by i t s  s t rong  yellow pleochroism, occurs  gene ra l ly  as well  

formed t a b u l a r  c r y s t a l s  t o  0 .1  mm o r  i n  c l o t s  of g ranu la r  and bladed,  

s t r i a t e d  g r a i n s .  Sphene i s  s c a t t e r e d  through t h e  host  rock .  A c t i n o l i t e  

i s  r a r e  and occurs  a s  f i n e  f i b r e s  growing wi th in  qua r t z  i n  t h e  ve ins .  

5 .5 .5  Sulphide mine ra l i za t ion  - a  summary 

1. Sulphide occurrences observed on Macquarie I s l and  are cncountcrcd 

wi th in  rocks of  lower g reensch i s t  f a c i c s  metamorphism o r  h ighcr .  

2 .  Those mineral ized a reas  a r e  r e s t r i c t e d  t o  t h e  Lower p a r t s  of t.lic 

volcanic  l a y e r  and t h e  dyke swarm l a y e r .  

3 .  The su lphide  mineralogy is :  

p y r i t e  (-85-90%) + s p h a l e r i t e  (5-10%) + cha lcopyr i t c  ( 1 - 2 8 j  

+ galena I-0.ln;j. 



4 .  The assoc ia ted  vein  phases a r e :  

q u a r t z  ( 80%) + c a l c i t e  ( 15%) + c h l o r i t e  (2-3%) + ep ido te  (2-3%) 

+ r a r e  a c t i n o l i t e .  

5 .  Host rocks a r e  t o t a l l y  a l t e r e d  t o  assemblages of :  

a l b i t e  + c h l o r i t e  + sphene + epidote  * r a r e ' a c t i n o l i t e .  

6 .  The minera l i za t ion  dominantly occurs i n  ve ins .  Disseminated 

p y r i t e  i s  p resen t  i n  t h e  h o s t  rocks .  Primary t e x t u r e s  i n  t h e  hos t  

rocks a r e  preserved.  

5.6 CXYGEN AND CARBON ISOTOPE STUDY OF THE METAMORPIIIShI 

. -  . . . ~  . . 

This s e c t i o n  conta ins  r e s u l t s  and conclusions from t h e  f i r s t  

s t a g e  o f  a  j o i n t  s tudy  on t h e  s t a b l e  i so tope  geochemistry of t h e  

Macquarie I s l and  o p h i o l i t e  complex. The s tudy i s  being c a r r i e d  o u t  

with D r  J .  D .  Cocker and D r  K .  Muehlenbachs. Analyses were performed 

a t  the  Department o f  Geology, Univers i ty  o f  Alber ta ,  Edmor ton,  Canada. 

The r e s u l t s  a r e  summarized here .and  f o r  a  more d e t a i l e d  account t h e  

reader  is  r e f e r r e d  t o  Cocker et aZ.' ( i n  prep.)  i n  Appendix 8. 

Resul ts  f o r  6018 and bci3 from a l l  components o f  t h e  o p h i o l i t e  

complex a r e  presented i n  Figures 5.12 and 5.13.  The b a s a l t i c  g l a s s  

samples have a 6018 range o f  5 . 7  t o  6.0%. , a " t y p i c a l  range f o r  f r e s h  

ocean-f loor  b a s a l t s  (Taylor, 1968; Pineau e t  at., 1976). The ocean- 

f l o o r  weathered b a s a l t s  and t h e  more highly  a l t e r e d  e x t r u s i v e s  both 

have enr iched 6018 values  with ranges of 7'.9 t o  9.5%. and 6 .9  t.o ' 3 . 6 % a  

r e s p e c t i v e l y .  The i n t r u s i v e  rocks a r e  deple ted r e l a t i v e  t o  thc  frcsh 

b a s a l t  norm with a range o f  3 .2  t o  5 .9%0.  ~ y k e s  wi thin  t h e  cxtrusivc 

sequence have enriched values  matching t h e i r  h o s t  rocks .  

The 6c1 values  f o r  t h e  ocean-floor weathered samples a r e  s i m i l a r  

t o  r e s u l t s  from DSDP l e g  29 and the  b a s a l t i c  oceanic  c r u s t  (Anderson E 

~ a w r e n c e ,  1976; ~ u e h l e n b a c h s ,  1979) with ranges of 0 . 7  t o  -2.2%. and 

1.0 t o  -0.8%. r e s p e c t i v e l y .  Values from t h e  more highly  a l t c r c d  



H204 ' (wt . 5 )  . 

F'igure 5 . 1 2  Oxygen i s o t o p i c  composition f o r  whole rocks of t h e  
Macquarie I s l and  o ~ h i o l i t e  v s .  H ~ O +  con ten t .  The 6018 values  are 
divided i n t o  two groups with respec t  t o  t h e  f r e s h  g l a s s  
compositions - enriched rocks including s u b z e o l i t e  f a c i e s  weathered 
b a s a l t s  (m) , z e o l i t e  f a c i e s  metabasal ts  (m) , greensch i s t  f a c i e s  
metabasal ts  (a), and subgreenschis t  f a c i e s  d iabase  dykes ( 0 ) ;  and 
deplet.ed rocks including g reensch i s t  t o  amphiboli te f a c i e s  d iabase  
dykes (01, gabbros and s e r p e n t i n i s e d  harzburg i t es  ( A ] . .  .The s o l i d  
l i n e  i s  t h e  locus o f  DSDP s e a f l o o r  b a s a l t s .  

Figure  5.13 Oxygen and carbon i s o t o p i c  composition for calcite i n  
t h e  Macquarie I s l and  o p h i o l i t e .  Symbols a s  f o r  Figure  5 .12 ,  exccpt  
t h e  two vein c a l c i t e  samples ( *  and three samples from I)SL)I1 lcg 29 
ho les  278, 279 and 279A(+) .  The c a l c i t e  compositions a r e  c l e a r l y  
divided i n t o  t h r e e  groups - t y p i c a l  s e a f l o o r  b a s a l t  carbonatc 
(shaded f i e l d ) ,  metamorphosed rocks ,  and t h e  ve in  c a l c i t e  with a low 
6cI3  value.  The temperature s c a l e  i s  based on c a l c i t e  water 
f r a c t i o n a t i o n  (20 )  and t h e  a s s m  t i o n  t h a t  t h e  c a l c i t e  was deposi ted 
i n  equi l ibr ium wi th  seawater (60" s O I o ) .  



e x t r u s i v e  rocks and f o r  t h e  i n t r u s i v e  rocks do not  show t h e  same d i f f e r -  

e n t i a t i o n  observed with t h e  601B r e s u l t s .  The o v e r a l l  range f o r  t h e s e  

samples i s  0 .9  t o  -14.6%0 with t h e  i n t r u s i v e  rocks  be ing  s l i g h t l y  more 

r e s t r i c t e d  with a range o f  0 .9 t o  -9.2%<, although t h i s  may b e  a sampling 

b i a s .  one c a l c i t e  sample from a na t ro l i t e -gyro l i t e -ca lc i t e  vein . i n  

z e o l i t i z e d  b a s a l t s  has  a va lue  of  -18.9%0 and a 8018 value o f  2 8 . 1 % ~ .  

This deple ted  6c13 value sugges ts  a c losed  system (~ueh lenbachs ,  1979) 

and an anomalously low temperature of  24"C, c a l c u l a t e d  from t h e  60" 

r e s u l t  assuming a 60" = O%o f o r  t h e  f l u i d ,  i n d i c a t e s  t h a t  t h i s  l a t t e r  

assumption i s  i n c o r r e c t  and suppor ts  t h e  c losed  ve in  model f o r  t h i s  

c a l c i t e  formation. 

Information from ocean-f loor  and o p h i o l i t e  s t u d i e s  al lows seve ra l  
+d I 

conclusions t o  be drawn from t h e s e  Macquarie I s land  r e s u l t s .  F i r s t l y ,  

t h e  r e s u l t s  confirm a low temperature,  sea-water based a l t e r a t i o n  process  

f o r  t h e  samples t h a t  have been recognized on mineralogical  grounds as 

ocean-f loor  weathered b a s a l t s .  The enr iched  values f o r  t h e  more 

a l t e r e d  b a s a l t s  however are not  c o n s i s t e n t  with a l t e r a t i o n  by sea  water 

a t  t h e  h igher  temperatures  i nd ica t ed  by t h e  mineralogy, as t h e  values 

f o r  601e at  temperatures  around 200-250°C should remain similar t o  t h e  

p r i s t i n e  composition. Thus t h e s e  r e s u l t s  i n d i c a t e  r e a c t i o n  with a &ole 

enriched f l u i d .  I t  is suggested t h a t  t h i s  f l u i d  i s  upwelling f l u i d  

t h a t  has been enriched through r e a c t i o n  with t h e  i n t r u s i v e  rocks under 

low water/rock r a t i o  condi t ions .  Using t h e  i n t r u s i  vc rocks, wti  i c l ~  1r;tvc 

been deple ted  by 1.6%0 (average 60" = 4 .2%0)  as an cxamplc, rcacting 

s e a  water would be enriched t o  60'~ valucs of 2.6 t o  3.9%~ f o r  ~ittc-r/rc>~k 

r a t i o s  (weight %) of 0 . 3  t o  0 .2  over  the .  300-50O"i: tcmpcr;lturc rb:lrtgo. 

The b c 1 3  r e s u l t s  f o r  t hese  samples support t hc  low w;~tc?r/rock r . r j t . i o : ;  I'or 

t h i s  p a r t  of t h e  a l t e r a t i o n ,  

In summary, t h e  i s o t o p i c  r e s u l t s  i n d i c a t e  n sc3 w:ltcr l)i~sccI 11yd 1.0- 

thermal a l t e r a t i o n  process  with t h e  sea  water penetrating down itlro tllc 
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intrusive layer where, under conditions of low water/rock ratios, it 

is enriched in 0 " .  The alteration in the lower parts of the extrusive 

section is a result of interaction with this evolved fluid. It is 

probable that this overprints alteration produced by the descending 

fluid (Cocker et aZ., in prep .) . 

5.7 CONDITIONS AND PROCESSES OF METAMORPHISM 

In the previous sections the petrography of the various metamorphic 

assemblages has been described. The ranges of secondary phases between 

these assemblages are summarized in Figure 5.14. The following section 

discusses the processes and chemistry involved in the formation of these 

assemblages and the structural implications of their spatial distribution 

on Macquarie Island. 

5 .7 .1  Specific conditions of metamorphism 

Each s~lbdivision of the metamorphism is considered separat e ly 

in the following sections, and summed up in Section'5.8. 

Ocean-floor weathering or halmrolysis 

The alteration is. a hydration event: the lack of deformation, and 

the fracture controlled alteration of glassy material demonstrate il 

static alteration with dynamic fluid movement along fractures, cracks 

and in amygdules. Within holocrystalline samples, i n t e r s t i t i a l  glass 

and at least part of any olivine prcscnt havc. bccn nl  tcrod, i 1 1 1 l . i  c::l( i t r ~  

a thorough permeation of the samplcs by t h c  f l u i d .  

The predominance .of clay minerals and lack of a l tcrnt ior~  0 1 '  t . 1 ~ :  

feldspar suggests low temperatures during thc n l tcrnti on. ' 1 1 1 ~  i a(:k of' 

Na,Ca zeolites indicates temperatures less than - 1 0 0 ~ ~  (Table 5.15) t111r 
i 

these species may have been suppressed by high X i n  thc  f l t ~ i  d i 11 CO2 

which case the lack of chlorite and epidotc would suggest an 1111j1er 

temperature limit of 2 0 0 ' ~  (Tomassen 4 Kristmannsdottir, 1972). 
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Figure  5.14 SECONDARY PHASE D I S T R I B U T I O N  I N  MACQUARJE I S L A N D  IIN1'r.S. 
The dashed l i n e  i n d i c a t e s  sporad ic  occurrencc and thc 
s o l i d  l i n e  t h e  common occurrencc o f  t h e  p a r t i c u l a r  phasc .  



Table 5 .13  

~ e * + / ~ e ~ *  RATIOS, H?O+ AND C02 DATA FOR 

O.F.W. LAVAS AND DYKES 

Lavas Dykes 

Sample No. 35 38265 38391 231 38337 38471 

* values  i n  w t . %  



The oxygen i so tope  geochemistry of comparably a l t e r e d  samples from 

DSDP l eg  37 (~uehlenbachs ,  1977) i n d i c a t e s  temperatures of 4 ' ~  f o r  t h e  

a l t e r a t i o n  and s i m i l a r  r e s u l t s  have been obtained from Macquarie I s l and  

samples (3-17*C,  Sect ion 5 . 6 ) ,  support ing a low temperature process .  
- . . . . -. -- . -. 

S t r u c t u r a l  r e c a l c u l a t i o n s  o f  t h e  c l a y  compositions a r e  presented 

i n  Table 5.1. The smec t i t e s  from t h e  h y a l o c l a s t i t e  (sample 252) 

are t r i - o c t a h e d r a l  sapon i tes  with a  high ~1 component i n  t h e  octahedral  

s i t e .  This A 1  component i s  h igher  than genera l ly  found i n  smec t i t e s  

and may represen t  i n t e r l a y e r i n g  o f  c h l o r i t e  o r  k a o l i n i t e .  . :  The l a t t e r  

is  precluded by i ts  requirement of non-alkaline condi t ions  f o r  formation,  

i n  c o n t r a s t  t o  smec t i t e s  (Deer et aZ., 1966). P r i t chard  e t  aZ. c.1979) 

have suggested t h a t  s i m i l a r  sapon i tes  are reduced, with condi t ions  

becoming more ox id iz ing  to produce t h e  ce ladon i tes .  The observat ion o f  

a  change t o  more ox id iz ing  condi t ions  dur ing smec t i t e  formation i s  i n  

agreement with conclusions reached by .Robinson e t  aZ. (1977) and o t h e r s  

on DSDP l e g  37 samples. The massive yellow mate r ia l  r e p l a c i n g  o l i v i n e s  

i n  t h e  Macquarie I s l and  d a t a  i s  extremely i r o n - r i c h  and t h e  s t r u c t u r a l  

c a l c u l a t i o n s  i n d i c a t e ,  using t h i s  approach, an oxidized na tu re  wi th  

s i g n i f i c a n t  Fe i n  t h e  t e t r a h e d r a l  s i t e  (Table 5 .l, sample 35) . These 

would then have t o  form late i n  t h e  a l t e r a t i o n  episode after a l t e r a t i o n  

o f  t h e  i n t e r s t i t i a l  g l a s s .  

C a l c i t e  forms l a t e  i n  t h e  a l t e r a t i o n ,  f i l l i n g  v e s i c l e s  and 

rep lac ing  smec t i t e s ,  a s  descr ibed previously  (Section 5 . 4 . 1 ) .  The l a t e  

formation r e f l e c t s  t h e  r e l a t i v e  concentra t ion of Ca i n  t h e  f l u i d  through 

removal of o t h e r  phases, wi th  dep le t ion  o f  C02 i n  t h e  f l u i d .  This C02 

i s  introduced t o  t h e  rock by t h e  f l u i d  and high C02 contents  a r e  a  

f e a t u r e  of samples t h a t  have undergone t h i s  type of a l t e r a t i o n  

(Table 5 .13) .  The o v e r a l l  ox id i s ing  e f f e c t  of t h i s  process  is  demon- 

s t r a t e d  by t h e  low whole rock ~ e ~ + / ~ e ~ * + ~ e ~ + ,  r e l a t i v e  t o  f r e s h  b a s a l t s  

and g lasses  (Table 5 .13) .  
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Zeo l i t e  f a c i e s  metamorphism - temperature and p re s su re  condi t ions  

Tota l  p re s su re  v a r i a t i o n s  through t h e  sequence con ta in ing  z e o l i t e  

assemblages a r e  not h igh .  The f i rst  zeo l i t e -bea r ing  samples occur  a t  a 

s t r a t i g r a p h i c  depth o f  300-500 m which, inc luding  a maximum water  depth 

of 3000 m, would give a t o t a l  p re s su re  o f  400-500 b a r s  r i s i n g  t o  about 

900 b a r s  a t  t h e  bottom of  the z e o l i t e  sequence where an overburden o f  

1 .8  km i s  ind ica t ed .  These a r e  only rough e s t ima te s  because P t o t a l  may 

no t  be t h e  same as P f l u i d '  
depending on permeabi l i ty ,  presence o r  

a c t i v i t y  of  f l u i d  c i r c u l a t o r y  convection systems wi th in  t h e  sequence, 

and o t h e r  f a c t o r s .  This  o rde r  of  to ta l  pres su re  v a r i a t i o n  has l i t t l e  

e f f e c t  on z e o l i t e  s t a b i l i t y  a s  most low-grade metamorphic r e a c t i o n s  

involve  r e l a t i v e l y  small  changes i n  volumes of  s o l i d s  (Zen, 1974) 

although l o c a l  v a r i a t i o n s  i n  Pf/Pt have been demonstrated t o  cause d i s -  

placement of  t h e  equi l ibr ium boundary between hydrous and l e s s  hydrous 

phases (Boles 4 Coombs, 1977) .  Ivanov & Gurevich (1975) found t h a t  a 

v a r i a t i o n  i n  P f  from 500 b a r s  t o  1000 b a r s  expanded t h e  l aumo~l t i t e  . . 
s t a b i l i t y  f i e l d  apprec iab ly  bu t  had l i t t l e  e f f e c t  on t h e  temperature 

s t a b i l i t y  f i e l d ,  confirming t h e  minor p re s su re  e f f e c t  with temperature.  

Generally Pf i s  l e s s  than P i n  shallow b u r i a l ' s e t t i n g s  (Fyfe ,  1974; t 

Boles, 1977),  sugges t ing  low Pf condi t ions  dur ing  t h e  a l t e r a t i o n  of these  

Macquarie I s l a n d  samples. 

Tempcirature i s  widely recognized t o  be very important i n  c o n t r o l l i n g  

z e o l i t e  s t a b i l i t y  from both experimental sturl.ics ( c  . a .  1.ior1, t t )71;1,  lt1711)j 

and t h e  temperature zonat ions found i n  many acti .  vc hyJ.~.othc-r~an l f'i u l ds 

(e  . g.  Ice land  - Kristmannsdott i r  & Tomasson, 1978') . M i n i  rnum tc~si~c.r.:rt.trr.us 

of formation o f  z e o l i t e s  i n  t h e s c  a r c a s  arc low. Thc i s o t o ~ ) ~ '  S I : U O ~ U S  011 

t h e  clay-carbonate  assemblages of  t h e  OFW sarnl~les indi c a t c  tcm1)cr;r t l r  r.c:t; 

t o  17OC with the l e s s  r e l i a b l e  d a t a  from t h e  z e o l i t e - b c i ~ r i ~ l g  s:implos 

g iv ing  r e s u l t s  from 52-79°C. Samples of  c 1 ay-carl)onatc asscrnh l ages f'r-0111 

nea r  t h e  t r a n s i t i o n  t o  z e o l i t e  samples were not available f o r  n n a l y s i s  and  



samples a r e  s t r a t i g r a p h i c a l l y  above t h i s  t r u n s i t i o l l  and g ive  temperatures  

which a r e  presumably lower than t h e  t r a n s i t i o n  temperature which was 

probably around 30-40 '~ .  

Highest temperatures  i n  t h e  z e o l i t e  f a c i e s  a r e  more c l e a r l y  

cons t ra ined  by t h e  disappearance of  laumonti te  and t h e  smect i te -  

c h l o r i t e  t r a n s i t i o n .  Experimental work 'by Liou (1971a) suggested an 

upper temperature of around 200-250°C f o r  t h e  laumonti te  s t a b i l i t y  . 

f i e l d ,  a t  Pfluid = 1 kb; i n  c l o s e  agreement with maximum temperature 

s t a b i l i t i e s  i n  a c t i v e  geothermal f i e l d s  o f  220°C (Liou, 1970) . Fur ther  

support  f o r  a temperature of  200-250°C i s  provided by Tomasson E 

Kris tmannsdot t i r  (1972) who r epor t ed  a temperature of about  230°C f o r  

t h e  s m e c t i t e - c h l o r i t e  t r a n s i t i o n  i n  t h e  Ice land  a r e a  and more r e c e n t l y  

Kr is tmannsdot t i r  F,  oma ass on (1978) def ined  t h e  upper temperature l i m i t  

o f  t h e  laumonti te  zone i n  t h i s  a r e a  a s  about 230°C. In  summary, 

both experimental and d i r e c t  measurement s t u d i e s  a r e  c o n s i s t e n t  wi th  

a temperature o f  about 230°C f o r  t h e  upper s t a b i l i t y  l i m i t  of 

laumonti te  and t h e  s m e c t i t e - c h l o r i t e  t r a n s i t i o n  which i s  found a t  t h e  

base of  t h e  z e o l i t e  sequence i n  t h e  Macquarie I s land  volcanic  sequence. 

Laumontite is' only s p o r a d i c a l l y  developed a t  t h e  base of  t h e  

z e o l i t e  sequence and temperatures range up t o  t h i s  maximum at t h e  base.  

No d i s t i n c t  z e o l i t e  zones have been s p a t i a l l y  de l inea t ed  amongst t h e  

Maxquarie I s l and  volcanics ,  poss ib ly  r e f l e c t i n g  t h e  s t r u c t u r k l  

complexity,  making temperature v a r i a t i o n s  wi th in  t h e  scqucncc d i f f i c u l t  

t o  a s c e r t a i n .  Many of t h e  z e o l i t e  spec i e s  have been found t o  c x i s t  

o v e r r e l a t i v e l y  wide temperaturerangcs, t h a t  a l s o  d i f f e r  bctwccn 

l o c a l i t i e s  (Figure 5.15), and t h e s e  a r e  of l i t t l e  u s e .  

The sporadic  occurrence of  wa i r ak i t c  i n  areas  of z e o 1 i . t ~  facics 

a l t e r a t i o n  may i n d i c a t e  t h e  ex i s t ence  of l o c a l i z e d  " l ~ o t  spots"  w i t h i  11 

' t h e  z e o l i t i z e d  sequence. , ~ n a l ~ s e s  of  wa i r ak i t c  from h1acquori.c [slant1 

a r e  sod ic  (- 3.60 w t . %  NazO), i n  t h e  mid-rangc of wa i r ak i t c s  rcportcd 
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from meta-volcanics in British Columbia by Surdam (1967) (average CaO 

7.9-12.2 wt.%; Na20 0.7-5.7 wt.%). Liou (1970) suggested that' the 

Na component tends to decrease the crystallization temperature, 

' allowing Na-wairakites and laumontite to coexist. In active geothermal 

areas wairakite is reported from as low as llO°C, although generally 

it occurs from about 180°C up to 250°C (Figure 5.15). mere developed. 

extensively it occurs with laumontite or phases characteristic of 

lower greenschist facies grades of metamorphism, e.g. chlorite, ep%dote, 

prehnite, quartz, and sodic plagioclase, or in higher temperature 

zones underlying lawnontite-bearing assemblages (Seki, 1972; Surdam, 

1967; Steiner, 1977). Thus its presence on Macquarie Island amongst 

lower temperature zeolites is somewhat, anomalous unless the Nan0 

component a1 lows a lower formation temperature, as Liou (1970) suggested. 

The sporadic occurrence of wairakite could then reflect local variations 

in the activity of Na in solution but the widespread development of 

other Na-rich zeolites, e . g .  thomsonite, analcite and natrolite, argues 

against this. Consequently the most reasonable theory is that of 

locally higher temperatures, with laumontite formation being suppressed 

by high Na activity in the fluid. Following from this, these wairakite 

occurrences may define conduits or channelways for the hydrothermal 

fluids. 

Chemistry of the:alteration process 

Having estimated the pressure and temperature conditions it is 

now appropriate to consider the alteration process in t.erms of chcnli.cal 

processes. The mineralogy, mineral chemistry and phosc re lat ions  have 

been described' in Section 5.4. In summary a gencral p3ragcnct.i c 

sequence of smectites-Na,Ca zeolites-carbonatc is prcscnt in t l ~ c  :;:j~n]r l cs 

and amongst the zeolites there is a progression to si 1 i cn-dcf ic jer~t  

calcium-rich varieties during crystallization in many s;~ml)lcs. 



The smec t i t e s  t h a t  rim t h e  amygdules and t h a t  l i n e  ve ins  show 

a marked v a r i a t i o n  i n  chc~n i s t ry  with a s t rong  l i n e a r  c o r r e l a t i o n  between 

Mg and Fe which meets t h e  FeO/MgO t r end  show11 by c h l o r i t e s  from 

g reensch i s t  f a c i e s  samples (Figure 5 . 9 ) .  This  t r e n d  r e p r e s e n t s  an 

inc reas ing  i n t e r l a y e r e d  c h l o r i t e  component i n  t h e  smec t i t e s  l ead ing  

t o  an Mg-chlorite composition which i s  t h e  lowest temperature v a r i e t y  

found i n  t h e  lower g reensch i s t  f a c i e s  samples (Sect ion 5 . 4 . 2 ) .  

Calcium-rich v a r i e t i e s  a l s o  l i n e  some amygdules and occas iona l ly  

conta in  T i0  t o  1.35 w t . % ,  bu t  on ly  i n  t h e  ma te r i a l  i n  t h e  immediate 

v i c i n i t y  of t h e  v e s i c l e  wal l .  This  i n d i c a t e s  a  r ap id  f i x a t i o n  of  T i  

i n  t h e  c l a y s  from Ti-enriched f l u i d s  moving through t h e  groundmass, 

thus  prevent ing  any l a r g e  s c a l e  mobi l i ty  of t h i s  element.  I t  f u r t h e r  

sugges ts  t h a t  t h e  amygdule assemblages may a r i s e  fram mixing o f  f l u i d  

t h a t  has pe rco la t ed  through t h e  groundmass and f l u i d  moving through 

amygdulos and along f r a c t u r e s .  The bo t ryo ida l  growth of  t h e  smec t i t e s  

i n  many samples (157, P l a t e  5.15) r equ i r e s  reasonably s t i l l  ( s t a t i c )  

f l u i d  cond i t i ons ,  as does t h e  f i n e  f ibrous  form of  t h e  n a t r o l i t e ,  and 

t h l s  would suggest  a  g e n t l e  mixing of  t h e  two f l u i d s .  In  t h e  hundreds 

o f  amygdule s e c t i o n s  observed i n  t h e  o p t i c a l  s t u d i e s  o f  the samples 

a  d i r e c t  connection between amygdules i s  only  seen where ve ins  cut 

t h e  samples and t h i s  is an uncommon event  r e l a t i v e  t o  t h e  number of  

amygdules. Hence f l u i d  supply t o  t h e  amygdules, i n  gene ra l ,  must. be 

through t h e  groundmass. The i n i t i a l  formation of smcc t i t c s  incrciiscs 

t h e  r e l a t i v e  a c t i v i t i e s  o f  Na, Ca, K and S i  i n  s o l u t i o n s  a s  tho  

smec t i t e s  a r e  l e s s  s i l i c e o u s  than  t h e  phase b roken  down by t he  f l u i d ,  

and con ta in  only minor amounts o f  t h e s e . o t h e r  clcmcnts. The a c t i v i t y  

of  K must be f a i r l y  low o r  i l l i t i c  components would be morc abundant in  

t h e  p h y l l o s i l i c a t e s .  



Plate 5.15 Botryoidal smectite in a zeolite-filled amygdule. 
Two stages of smectites are recognizable, a massive 
yellow-brown variety rimn~ed by a p z l e  grccn 
fibrous variety. The brown fibrous zeolite is a 
thomsonite-mesolite-natrolite intergrowth and thc 
clear coarser material is thomsonite. . 
Scale: 1 cm = 0.1 mm. Sample 157. 





Zeo l i t e s  a r e  t h e  next  phase t o  c r y s t a l l i z e  and, a s  desc r ibed ,  

can  form major propor t ions  o f  t h e  'samples on a l o c a l  s c a l e .  Zen (1961) 

and Thompson (1971) have considered t h e  r o l e  of  pCOn i n  Ca z e o l i t e -  

carbonate  assemblages and have shown t h a t  pCO2 must be low i f  z e o l i t e  

formation i s  t o  occur .  Ivanov E Gurevich (1975) have demonstrated 

t h a t  lowering of  P 
f l u i d  inc reases  t h e  zone o f  laumonti te  s t a b i l i t y  t o  

h igher  pC02, = 0.02, f o r  Pf = Pt = 1 kb a t  260°C and pC02 = 0.04 f o r  

P = P = 0 .S kb a t  250°C, giv ing  a range of  pCO2 = 0.02 t o  0.04 f o r  f t 

f l u i d  p r e c i p i t a t i n g  laumonti te  i n  t h e  Macquarie I s l a n d  system. C a l c i t e  

has  been observed i n  many samples conta in ing  t h e  lower temperature 

z e o l i t e s  (Sect ion 5.4.2) where i t  forms a f t e r  c r y s t a l l i z a t i o n  o f  ~ a - r i c h  

z e o l i t e s  (analcime and n a t r o l i t e ,  sample 157) . This  sugges ts  t h a t  i n  

t hese  samples pCOz was high enough f o r  c a l c i t e  p r e c i p i t a t i o n  bu t  that 

t h i s  was suppressed by high pNa i n i t i a l l y .  Following t h e  lowering of  

pCOz by c a l c i t e  p r e c i p i t a t i o n ,  t h e  more c a l c i c  low temperature z eo l i t e  

s p e c i e s  (? thomsoni te -na t ro l i te  and thomsonite) have c r y s t a l l i z e d .  

The progress ion  of z e o l i t e s  from a n a l c i t e  -t n a t r o l i t e  + thomsonite 

may be represented  by the  fol lowing r e a c t i o n s :  

( i  1 Na16Al16Si32096.16H20 + Na16A116Si2k080.16H20 + 8Si02 

anal  c i t e  n a t r o l i t e  qua r t z  

( i i )  Nal6A1~6Si24000.16H20 + 8ca2+ + 4 ~ 1 ~ '  + 81320 -r 

n a t r o l i t e  

NasCaeA1200so .24H20 + 1 2 ~ a +  + 4 s i 4 * .  

t h o k o n i  te 

Reaction ( i )  shows t h a t  i f  yCO2 is  h igh  then  a n a l c i t e  i s  favoured 

with n a t r o l i t e  forming a t  lower ySiOz. Quartz has  no t  been observed i n  

t h e  samples i n d i c a t i n g  t h a t  psi02 was never high enough f o r  q u a r t z  t o  

form. Reaction ( i i )  i s  more complex and i n d i c a t e s  t h a t  under f l u i d  



conditions of high CC'+/N~+ and ~1 3+/~i4+, thomsoni.te will be 

precipitated. Boles (1977) discussed the heulandite-analcite relations 

and demonstrated a dependence on ca2+/~a+ of the stability field of 

analcite which increases with lowering ca2 '/~a' (Figure 5.16) supporting 

the observations made here, The abundant Na,Ca zeoli.t= which chemically 

represents a natrolite-thomsonite mixture (Section 5.4.2) and forms 

prior to the coarse thomsonite reflects steadily increasing ca2+/~a+ 

ratios. Finally, the occurrence of thomsonite replacing the calcic 

plagioclase phenocrysts ( h a ? - 7 2 )  shows that it formed preferentially 

in a chemical environment where c a 2 + / ~ a +  and A13+/si4* are both high. 

In sununary the mineral paragenesis of the zeolite facies 

assemblages probably formed under low pressure (0.5 to 1 kb = Ptotal 3 

and moderate temperature cdnditions (50-230'~) . uCO2 was low throughout 

the sequence. The.po~e fluid chemistry altered significantly during 

the formation of these assemblages within amygdules, producing a 

~egular occurrence of smectites -+ Na-rich ' zeolites (+ calcite) + Ca-rich 

zeolites from the rim inwards. The control on phase relations by 

chemical components such as vca2+ reflects a strong host rock contribution 

and thus comparable zeolite mineralogies are found in sequences of 

similar host rocks. Experimental and theoretical studies of this facies 

must be extended to include ~ a +  , ca2+, Si02 and Hz0 before a clear 

understanding and quantification of the chemistry of the alteration 

processes will be possible. 

Lower greenschist facies 

. The onset of lower greenschist facies metamorphism is marked by 

the appearance of chlorite (230°C - Thomasson E Kristmannsdottir, 19721, 

epidote (230°C - Seki, 1972), albite and sphene, and the disappearance 

of zeolites (230°C). The presence of actinolite in the most altered lavas 

at the base of the volcanic sequence indicates a rise in temperature to 
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F i g u r e  5.16 Act iv i ty  diagram a t  constant temperature, 
pressure, and a c t i v i t y  of Hz0 showing phase r e l a t i o n s  
f o r  a l b i t e ,  analcime, and heulandi te  (Ca,., NaA1, 
Si28.24H20). Note t h a t  equilibrium boundary w i l l  
shift as a function of  varying Ca/Na a c t i v i t y  r a t i o s  
i n  pore f l u i d s .  ~rrows show d i r e c t i o n  of common 
reac t ions  i n  low-grade metamorphic rocks. 
(from Boles, 1977). 



-320°C (Keith e t  aZ., 1968). Prehni te  is s p o r a d i c a l l y  developed 

through t h i s  zone'and i n  underlying h igher  grade assemblages. 

This t h c m a l  range is i n  agreement with Rusinov (1965) who concluded 

t h a t  t h e  prehni te- laumont i te  t r a n s i t i o n  should be a t  >200°C, and t h e  

experimental s t u d i e s  o f  Liou ( 1 9 7 1 ~ )  . 
Liou ( 1 9 7 1 ~ )  a l s o  suggested t h a t  s u b s t i t u t i o n  o f  i r o n  may allow 

expansion o f  t h e  s t a b i l i t y  f i e l d  over considerable  ranges of phys ica l  

c o n d i t i o n s .  The s u b s t i t u t i o n  of i r o n  i n  p rehn i tes  from t h e  

Macquarie I s l a n d  samples i s  very v a r i a b l e  (Sect ion 5 . 4 . 3 3  even on 

l o c a l  s c a l e s  and does n o t  appear t o  a f f e c t  o r  con t ro l  i ts  s t a b i l i t y  

i n  t h i s  case .  The s t r u c t u r a l  formulae of t h e  p rehn i tes  show small  and 

v a r i a b l e  d e f i c i e n c i e s  i n  t h e  c a 2 +  s i t e  and t h i s  has  been suggested t o  

r e f l e c t  r e l a t i v e l y  low f02 condi t ions  as some ~ e ' +  is required t o  f i l l  

t h e  c a 2 +  s i t e s  (Liou & Erns t ,  1979) . 
The s t y l e  of a l t e r a t i o n  i n  these  rocks i s  very s i m i l a r  t o  t h a t  

o f  t h e  z e o l i t e  f a c i e s  with Fe?Mg phases ( c h l o r i t e s ]  l i n i n g  amygdules 

and ve ins ,  with c e n t r e - f i l l s  o f  ep ido te ,  a l b i t e ,  sphene and c h l o r i t e .  

Again, t h e  l o c a l  environment d i sp lays  a s t rong  control  on phasc s t a b i l i t y  

and t h i s  is demonstrated i n  sample 38151 where c a l c i t e  is present  i n  

t h e  vein only when t h e  ve in  c u t s  amygdules, whereas a l b i t e  occurs 

where t h e  ve ins  c u t  p lag ioc lase .  In  t h i s  case t h e  s t a b i l i t y  o f  Na-rich 
. . 

+ 
phase's under t h e  low c a 2 * / ~ a  condi t ions  observed i n  t h c  zcol itc para- 

genesis  i s  again ind ica ted ,  emphasizing s nccd f o r  t h i s  t o  1)c i~ivcst.i~nrccl 

exper imental ly .  

Upper g reensch i s t  and amphiboli te f a c i e s  

The t r a n s i t i o n  zone from p i l low Iavas int.o tile dyke sw:lrs\ 

sequence a l s o  marks a change i n  metamorphic gradc . Gcncril l l'c:~ t.~rr.c*; ; ~ r ~ c l  

mineralogy of t h e  metamorphism have bccn dcscri bcd (Sccti an !; - 4 . 4 )  , 

the  main features being abundant a c t i r i o l i t i c  ~lmj)liibolc p ; ~ r r i  ; t i  l y  r ~ r  

t o t a l l y  rep lac ing  t h e  pyroxenes, and t h e  stabi 1 i t y  of sod ic pl:~j; loc;la!;u 
, 

(An 3 0 - 3 6 )  r a t h e r  than a l b i t e .  
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The process of "uralitization" of the dykes, and its timing, 

requires some discussion. Several lines of evidence are relevant to 

this problem. Firstly, as discussed earlier (Section 5.4.4), the extent 

of alteration of the "uralitited" samples is variable, ranging from only 

minimal alteration albeit with all secondary phases present, to complete 

alteration of all mafic silicate phases. A hydrothermal process is 

indicated by the hydrous nature of the secondary phases and the range 

of alteration suggests a limited fluid supply to the least altered 

samples. 

Secondly, the textures of the samples, particularly in the least 

altered samples (e.g. 382061, demonstrate the holocrystalline nature 

of the samples prior to the metamorphic event. Piispanen G Alapieti 

(1977) reviewed earlier studies of "uralitization" but reached no 

conclusion as to,whether it is a metamorphic event or a late stage 

magmatic process. ~ e e r  st aZ. (1966) considered "uralitef1 to be 

derived by the pneumatclytic action of residual water-enriched magmatic 

fluids on the earlier crystallized pyroxenes.' This description is ' 

given in reference to uralite as pale green 'mphibole present as rims 

on the pyroxene, not where total alteration has occurred. ,The extent 

of the alterati~n amongst the dykes and the continuity of the meta- 

morphism with respect to the' overlying sequence strongly suggests that 

the alteration of the dykes is part of a major hydrothermal process tha t .  

is defined by secondary asscmblagcs in the volcan'ic scqucncc. Lntc 

magmatic processes cannot be totally excluded. 

Once again local, composition exerts strong controls otl tllc 

secondary phases developed as shown by the restriction of t a l c -  

magnetite-tremolite to amygdule sites where thcsc phases arc rcplacir l~  

chlorite and more rarely calcite. These replaccn~cnt tcxtllres suggc:st, 

a complex alteration history with lower tcmpcratu.re phascs  initially 

developed. This then requires a reheating cvent and r u l c s  out a 1at:c 
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magmatic origin for the uralitization. It is difficult to envisage a 

process involving a complete reheating event unless the amygdule assem- 

blages represent the first formed phases in the alteration event and 

that subsequent reactions were sufficiently exothermic to elevate 

temperatures past the chlorite stability limit. Zen E Thompson (1974) 

have considered this question and although their estimates were crude 

they demonstrated that hydration reactions can produce considerable 

amounts of heat. This has been supported by Fyfe e t  aZ. (1978) who 

noted that essentially anhydrous basalts react with hydrosphere as 
b 

they move away from ridges on the sea-floor and such processes probably 

make a substantial contribution to ocean-floor heat flow and submarine 

heat production (Fyfe, 1973) . 
The uralitization reaction may be represented in the following 

simplified form: 

5Ca2MgFe(Si03)4 + 2H20 + 6C02 + Ca4MgSFe5(Si8022)2(OH)4 + 6CaC03+ 4Si02 

augite actinolite calcite quartz 

Thermodynamic data is not available for these components and so 

an Fe-free reaction has been used, i.e. 

5CaMgSi206 + H20 + 3Co2 -+ Ca2Mg5Si8022(0H)2 .t 3CaC0, + 2Si02 

diops ide tremolite calcite quartz 

At 2s0c, AH = -67.4 kcal and at 327'~ (600°1(), AH = -74.6 kcal 

{using heat of reaction data from Robie & ~aldbaum, 1978). 

The dykes contain - 30 vol.% of pyroxcnc (Ploshko ci; aZ, , 1!)70; 

Joplin, 1971) and in consequence, assuming the prcvi  orls rc;~ct i on, f o r  

a dyke swarm column 1 km deep and 1 c m 2  .in crcrss-scctjon, 

volume of pyroxene = 3 x 10'' cm3 



number of moles of diopside = vo l (3  x lo4) x density(3.22) 

mol . kn. (216.553) 

= 446 .1  

heat produced by conversion to tremolite, etc. 

= 6655.8 kcal. 

Using heat capacity (0.2 cal/gm OC) and density (2.7 gm/cm ) 

values of water-saturated rock from Fehn et aZ. (1978), this reaction will 

raise the temperature of the rock column by 123'~. Although these 

calculations provide only a rough estimate the heat contribution from 

such hydration reactions is clearly large. The presence of the phases 

shows that at the time of alteration, i.e. fluid-rock interaction, 

the temperature was = 300'~ near the top of the dyke swarm so this heat 

generated will encourage fluid circulation and rock reaction. The 

chlorite may then represent a result of the initial alteration of the 

rocks, undergoing subsequent reaction as temperatures were elevated 

beyond the chlorite stability field through the action of exothermic 

hydration reactions . 
Clearly other chemical parameters will change during the alteration 

of the rocks. The presence of magnetite is evidence for more reducing 

conditions than higher in the metamorphic sequence where hematite and 

iron hydroxides are present (zeolite facies). It is not clear where the 
. . . .----. - -- - - - .  - . _ _ _  - - . - . - . 

hematite-magnetite transition occurs specifically but it is within 

the lower greenschist-upper greenschist zone. 



5 . 7 . 2  Regional nature of the  metamorphism and volcanic strat.igraphy 

A s impl i f ied  map showing the  d i s t r i b u t i o n  of the  various grades of  

metamorphism and the  s t r u c t u r e  of the  lavas and dykes i s  given i n  

Figure 5.17. The metamorphic d i s t r i b u t i o n  i s  based on data  from 

individual  sample l o c a l i t i e s  given i n  Figure 5 . 1 .  The s a l i e n t  f ea tu res  

shown by Figure 5.17 a r e  f i r s t l y ,  a widespread d i s t r i b u t i o n  of each 

metamorphic grade and the  dominance of the  h igher  grade metamorphic 

assemblages. The l a t t e r  f ea tu re  may r e f l e c t  the  complex t e c t o n i c  

evolut ion of Macquarie Is land as well as  an eros ional  e f f e c t .  In view 

of t h e  pers is tence  of the  l i t t l e ' a l t e r e d  lavas throughout the i s l a n d ,  

however, i t  seems unl ike ly  t h a t  e ros ion has played a major r o l e .  

The simple metamorphic zonation expected from the  recognised 

progression of  metamorphic assemblages is  not  present ,  b u t  severa l  

p a r t i a l  sec t ions  may be t e n t a t i v e l y  recognised. One poss ib le  p a r t i a l  

sec t ion  i s  present  west f r o m  North Head along the  northern coast  t o  

Handspike Point .  The rocks range from the  lavas a t  North Head through 

dyke swarms and massive gabbros t o  the  layered gabbro complex a t  

Handspike Point .  The North Head lava sec t ion  (Figure 5.17,  s ec t ion  

A-B) cons i s t s  o f  about 200 m of ocean-floor weathered lavas f a u l t e d  

agains t  lower greenschist  metabasalts on t h e  isthmus, which i n  t u r n ,  

t o  the southwest a r e  f a u l t e d  aga ins t  dyke swarm rocks. The z e o l i t e  

f a c i e s  metabasalts a r e  missing i n  t h i s  sec t ion ,  poss ib ly  having been 

f a u l t e d  o u t .  

Lavas between Pyramid Peak and Cape Toucher, t o  t h e  southwest, 

appear s t r u c t u r a l l y  concordant (Figure 5.17, sec t ion  C-D) and range 

from z e o l i t e  f a c i e s  assemblages t o  lower greenschist  f a c i e s  assemblages 

i n  the  Cape Toucher area.  The presence of f r e sh  g lasses  and the  ocean- 

f l o o r  weathered b a s a l t s  sporadica l ly  i n  t h e  Pyramid Peak area  i n d i c a t e  



FIGURE 5.17 Simpl i f ied rneta- 
morphic distribution and  structure. 
Two part ia l  sections ore defined 
by the l ines A - 8  and C-D. 
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t h a t  t h e s e  rocks may have been near  t o  t h e  upper l i m i t  o f  t h e  z e o l i t e ,  

f a c i e s  metamorphism. Also dykes become very abundant i n  t h e  Cape 

Toucher l avas ,  a f e a t u r e  suggest ing t h e s e  rocks a r e  near  t h e  base of 

t h e  vo lcan ic  s e c t i o n .  Assuming then t h a t  t h i s  i s  an a c c u r a t e  s e c t i o n ,  

a th ickness  o f  about 1400 m i s  suggested f o r . t h e  volcanic  s e c t i o n  

from the' t o p  o f  t h e  z e o l i t e  f a c i e s  zone t o  t h e  base .  In  conjunction 

t h i s  g ives  an es t imate  o f  about 1 .6  km f o r  t h e  vo lcan ic  s e c t i o n  and 

thus  a geothermal g rad ien t  o f  about 20O0C/km, a t  t h e  time o f  metamorphism. . 

These values  a r e  comparable t o  those  from o t h e r  o p h i o l i t e s  (Coleman, 

1977) .  

5 . 8  A SUMMARY OF OCEAN-FLOOR METMORPHISM EXPOSED AT MACQUARIE ISLAND 

The var ious  secondary assemblages present  i n  t h e  vo lcan ic  and 

dyke swarm sequences on Macquarie I s l a n d  form a s e r i e s  which i s  

e s s e n t i a l l y  temperature .  dependent. These assemblages formed under 

hydrothermal cond i t ions  and span a range from very low temperature 
\ 

ocean-f loor  weathering (0-20°C), through z e o l i t e  f a c i e s  (20-22U0C] ,  

lower g reensch i s t  (220-320°C), upper g reensch i s t  and f i n a l l y  lower 

amphiboli te f a c i e s  (-450°C) grades o f  metamorphism. Pressure  effects 

a r e  small with t h e  .h ighest  p ressures  a t  t h e  base of t h e  dyke swarms 

being up t o  1 .5  kb. 

The assemblages represen t ing  t h e  var ious  grades  of mct:~morl)h.i sn; 

a r e  widely d i s t r i b u t e d  and t h i s  regional  na tu rc  dcmonstr:~tcs ~ 1 1 ~ :  

r e g u l a r i t y  o f  t h e  ocean-f loor  metamorphic process .  I h c  tcmpcra ttrrcs 

i n d i c a t e d  by t h e  assemblages de f ine  a geothermal g rad ien t  o f  a l ~ o n t  

200°c/krn, a value i n  agreement with s i m i l a r  s t u d i e s  (Smewing, 1!)75j. 

The major h e a t  source f o r  t h i s  g rad ien t  i s  t h c  area of magm:r i.nt.rI1sio11 

a t  t h e  r i d g e  a x i s  bu t  e s t imates  o f  hydrat ion r c a c t i o n  h e a t  i>rotluct:ior~ 

here  and from o t h e r  s t u d i e s  show t h a t  t h e  metamorphic process may. 

through t h i s  mechanism, be a b l e  t o  maintain.  i t s c l  f F u r t h c r  from ttrc 

r i d g e  a x i s  than i s  ev iden t  from b a s i c  heat l o s s  s t u d i e s .  



The major source of hydrothermal f l u i d  i s  sea  water.  This i s  

proved by the  sheer  vol~unc of secondary l~ydrous phases present  in .  

t h e  rocks, f a r  i n  excess of any reasonable es t imates  of magmatic water 

exsolved from cooling l i q u i d s .  A s  discussed,  however, magmatic 

f l u i d s  may form some component of  t h e  hydrothermal f l u i d  but  t h i s  w i l l  

only be smal l .  Other s tud ies  have shown the  s a l i n e  na ture  of  f l u i d  

phases p resen t  i n  o t h e r  examples of ocean-flodr metamorphism (Spooner 

6 Bray, 1977) i n  support of  t h i s  o r i g i n .  The i s o t o p i c  s tud ies  on 

secondary phases from t h e  Macquarie Is land samples, with t h e  exception 

o f  sub-zeol i te  grade samples, do not  give reasonable temperatures f o r  

the  phases analyzed. Th is  r e s u l t s  from t h e . c a l c u l a t i o n s  being based 

i n  the  assumption t h a t  the  f l u i d  had p r i s t i n e  sea  water i s o t o p i c  values.  

I t  i s  suggested t h a t  the  i s o t o p i c  composition of  the  sea water evolvcs 

a s  i t  moves through the  rocks: 

A major f ea tu re  of t h e  a l t e r a t i o n  process i n  a l l  grades i s  the  

loca l  v a r i a t i o n  i n  t h e  i n t e n s i t y  of  a l t e r a t i o n .  I t  i s  notable t h a t  

the  i n t e n s i t y  o f  a l t e r a t i o n  increases  and becr.mes more uniform as  t h e  

grade of metamorphism increases ,  r e f l e c t i n g  f a s t e r  r eac t ion  r a t e s  a t  

t h e  higher temperatures. This i n t e n s i t y  v a r i a t i o n  i s  obviously 

another important f a c t o r  i n  i s o t o p i c  equ i l ib ra t ion  of t h e  secondary 

phases and the  f l u i d .  . I n  cases where only minimal proport ions of t h e  

' rock have been a l t e r e d  i t  i s  most unlikely f o r  an "itlf inirc reservoi r"  

system t o  have ex i s t ed ,  r e s u l t i n g  i n  major modi f i c a t i o n  of' tlrc f l u . i d  

i s o t o p i c  composition. 

The p a t t e r n  o f  f l u i d  migration i n  the scqucnce nppcilrs to I)c 

var iab le .  The con t ras t  between groundmass a1 t c ra  t ion and ilmygdul c 

and vein assemblages i s  s t r i k i n g  a t  a l l  I c v c l S ,  with loca l  c ~ m p ~ s i t i o n i ~ l  

contro ls  being very pronounced away from veins and amygdulcs . 'I'he ve.i 11 

and amygdule assemblages are uniform within the  various grades of 



a l t e r a t i o n ,  demonstrating a mixing o r  c i r c u l a t i o n  of  t h e  hydrothermal 

f l u i d s .  Thus two l e v e l s  of f l u i d  a c t i v i t y  a r e  recognized,  t h e  f i r s t  

on a l o c a l  s c a l e  permeating t h e  samples through t h e  groundmass, and t h e  

second a more vigorous a c t i v i t y  through amygdules and along ve ins .  

This  l a t t e r  a c t i v i t y  genera tes  the s c a t t e r  ob ta ined  f o r  t h e  more 

. so luble  elements ,  e .g .  K, Rb, and provides a mechanism for enhancing 

t h e  f l u i d  i n  base  metals ,  i . e .  Cu, Pb, Zn. 

5:9 FLUID CONVECTION AND SULPHIDE MINERALIZATION 

The occurrence o f  major sulphate deposits at Nuggets Poin t ,  

a t  o r  near t h e  t o p  of t h e  dyke swarm zone, i s  extremely i n t e r e s t i n g .  

The marked decrease i n  s o l u b i l i t y  of CaSOb with inc reas ing  temperature 

(Blount E Dickson, 1969) has  been used t o  suggest  t h a t  CaSO, w i l l  

p r e c i p i t a t e  from down-moving f l u i d .  This is demonstrated by t h e  sudden 

appearance o f  anhydr i te  a t  a depth o f  500 metres and a tempcraturc of 

2 0 0 ' ~  i n  t h e  Reykjanes hydrothermal system (Tomasson & Kris tmannsdot t i r ,  

1972).  On Macquarie I s l and  t h e  su lpha te  i s  Iqca ted  a t  g reaee r  depths 

and with assemblages corresponding t o  a temperature of n300°c. 

Although t h e  increased  pressure  ( 2  1 kb) does inc rease  t h e  su lpha te  

s o l u b i l i t y  (from 0.005 t o  0.016 M/ l i t r e  H,O f o r  a 1M NaCl s o l u t i o n  a t  

200°c, Blount E Dickson, 1969) t h i s  is n o t  s u f f i c i e n t  t o  exp la in  the  

temperature d i f f e r e n c e .  The most reasonable model i n  view of  t h i s  i s  

t h a t ' i n i t i a l  temperatures  at  t h e  top  of thc dyke swarms were iiround 

2 0 0 ~ ~  and t h a t  the  h e a t  produced from t h e  hydra t ion  r e i l c r io~ l s  
. . 

(Sec t ion  5.5)  c r e a t e d  'an upsurge i n  f l u i d  tempcraturc and hcncc sl11l)llat.c 

p r e c i p i t a t i o n .  T h i s  w i l l  change t h e  f l u i d  from a s l i g h t l y  alknlinc, 

Na-Mg-Sob-Cl v a r i e t y  t o  a reduced, more a c i d ,  dominantly Na-Ca-Cl brinc 

(Andrews 6 Fyfe, 1976) . 



The su lphide  depos i t s  occur  mainly wi th in  pi l low l avas  (Sect ion 5 .5)  

and thus  a r e  s t r a t i g r a p h i c a l l y  above t h e  Nuggets Point  su lpha te .  As it 

i s  necessary t o  remove t h e  su lpha te  from s o l u t i o n  f o r  su lphides  t o  be 

p r e c i p i t a t e d ,  it may be t h a t  t h e s e  su lphide  depos i t s  a r e  formed from 

cool ing  s o l u t i o n s  moving up through t h e  sequence. The dominance o f  

q u a r t z  a s  the  major s i l i c a t e  a s s o c i a t e d  with t h e  su lphides  suppor ts  t h i s  

hypothesis  a s  it has  no t  been observed i n  t h e  o t h e r  assemblages and t h e  

r e a c t i o n s  involved i n  t h e  a l t e r a t i o n  of  t h e  dykes r e l e a s e  s i l i c a  t o  the  

f l u id .  

The gypsum d e p o s i t s  a t  o r  near  t h e  top  of  t h e  dyke swarm 

rep resen t  a  temperature-induced p r e c i p i t a t i o n  from downward moving 

f l u i d s .  Heating from hydra t ion  r e a c t i o n s  dur ing  a l t e r a t i o n  of t h e  

dykes may have prompted t h i s  p r e c i p i t a t i o n .  The subsequent ~ 1 -  

dominated b r i n e s  a r e  enr iched  i n  metals  and S i  by r e a c t i o n  with t h e  

dykes and produce t h e  stockwork sulphide-quartz  assemblages p re sen t  i n  

t h e  volcanic  sequence 'as they  move upwards i n t o  lower temperature 

regimes. The dominance of  p y r i t e  r e f l e c t s  t h e  i n a b i l i t y  of t h e  down- 

going su lpha te - r i ch  f l u i d  t o  c a r r y  s i g n i f i c a n t  concerl t rat ions of t h e  

metals a t  t h e  low t e -pe ra tu re  condi t ions .  The upwelling f l u i d s  w i l l  

move along f r a c t u r e  systems where poss ib l e  causing more i n t e n s e  a l t e r -  

a t i o n  along t h e  zones. Post-sulphide depos i t ion ,  t hese  f l u i d s  cont inue 

up through t h e  sequence producing t h e  anomalously high temperature 

assemblages, e.g. wai rak i t e  pa tches  i n  z e o l i t e  f a c i c s  asscmblagcs, 

t h a t  occur amongst t h e  Macquarie I s l and  samples. A schematic 

r ep re sen ta t ion  of  t h e  a l t e r a t i o n  process  i s  given i n  F i g u r e  5.18 
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Figure 5.18 Schematic of oceon-f loor metamorphism. 



B.J. G r i f f i n  

Many o f  t h e  g ras s l and  s l o p e s  c o n t a i n  smal l  t e r r a c e s  o r  t e r r a c e t t e s  ( p l a t e  l b ) .  
These a r e  commonly misnamed "sheep t r acks"  throughout r u r a l  mainland A u s t r a l i a  and on 
Macquarie I s l and  some workers have s i m i l a r l y  m i s i n t e r p r e t e d  t h e s e  f e a t u r e s  a s  due t o  
r a b b i t  t r a c k s  o r  s q u a t s .  Ac tua l ly  t h e s e  f e a t u r e s  a r e  u s u a l l y  a  r e s u l t  o f  c reep  pro-  
c e s s e s ,  s o l i f l u c t i o n  and o r  o c c a s i o n a l l y  small  s c a l e  slumping. 

Wind is  another  e r o s i v e  agent  on blacquarie I s l and ;  du r ing  t h e  t h r e e  month 1975/6 
summer t h e  average wind speed was 26 km p e r  hour.  However because o f  t h e  moist  s u r -  
f ace  environment wind d e f l a t i o n  e f f e c t s  a r e  d r a s t i c a l l y  reduccd r e l a t i v e  t o  t h o s e  i n  
d r i e r  environments.  Moist  c l a y  has  s t r o n g  i n t e r p a r t i c l e  adhesion s o  t h a t  only  du r ing  
t h e  r a r e  d ry  p e r i o d s  i f  eve r ,  a r e  t h e  c l a y s  d e f l a t e d .  Coarser  m a t e r i a l  is more sus- 
c e p t i b l e  and f o s s i l  a e o l i a n  dunes depos i t ed  a long  t h e  n a t u r a l  wind ' funne l '  between 
Sandy Bay on t h e  e a s t  c o a s t  and Bauer Bay on t h e  west c o a s t  a r e  being eroded through 
wind d e f l a t i o n .  Observat ions  sugges t  t h a t  t h i s  was i n i t i a t e d  by r a b b i t s  burrowing on 
t h e  windward s i d e  of t h e  dunes .  Eros ion o f  r a i s e d  marine r i d g e s  on t h e  c o a s t a l  t e r -  
r a c e s  i s  probably a l s o  a  r e s u l t  o f  s i m i l a r  r a b b i t  a c t i v i t y .  These a i c a s  a r e  very  
smal.1 r e l a t i v e  t o  t h e  whole i s l a n d  and i n s i g n i f i c a n t  i n  terms o f  t h e  o v e r a l l  e ros ion  
p rocesses .  

. I t  has  a l s o  been suggested t h a t  r a b b i t s  have inc reased  t h e  inc idence  o f  l a n d s l i p s  
by  weakening an a r e a  through burrowing. No evidence has  been p resen ted  on t h i s  and a  
v i s u a l  comparison o f  t h e  i s l a n d  today wi th  photographs taken a t  about t h e  time of i n t r o -  
duc t ion  o f  r a b b i t s  would sugges t  t h a t  t h e  r a t e  of occurrence  has  n o t  s i g n i f i c a n t l y  
a l t e r e d .  Furthermore a r e a s  o f  burrowing p e t r e l  co lon ies ,  which have a h i g h e r  burrow 
d e n s i t y  than r a b b i t s ,  a r e  no t  obviously  more eroded than  a d j a c e n t  a r e a s .  

In  summary, t h e  major p rocesses  a c t i v e  on Macquarie I s l and  a r e  va r ious  forms o f  
mass movement. Although r a b b i t s  may have seve re  b o t a n i c a l  e f f e c t s  on t h e  ecology, 
they have had l i t t l e  e f f e c t  on t h e  e r o s i o n  o f  Macquarie I s l and .  I t  i s  i n v a l i d  t o  
compare Macquarie I s l and  with mainland A u s t r a l i a  because  o f  t h e  major c l i m a t i c  d i f f e r -  
ences  and such comparisons a r e  mis leading.  

' Many people  have provided f r u i t f u l  d i s c u s s i o n  and adv ice  on t h i s  t o p i c ,  i n  par-  
t i c u l a r  Mr. 6 .  Copson;Dr. E.  Colhoun and Dr. J . ' J e n k i n s .  Mr. G .  Copson i s  thanked 
f o r  supplying t h e  photographs.  The Nat ional  Parks and W i l d l i f e  Se rv ice  o f  Tasmania, 
t h e  A u s t r a l i a n  A n t a r c t i c  Divis ion and t h e  Un ive r s i ty  o f  Tasmania have provided l o g i s t i c  

, suppor t  and funding f o r  two v i s i t s  t o  t h e  i s l a n d  and t h i s  is  g r a t e f u l l y  acknowledged. 
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