
Chapter 6 

MAJOR AND TRACE ELEMENT GEOCHEMISTRY 

6.1 INTRODUCTION 

In  t h i s  chap te r  a r e  examined the major and t r a c e  element analyses  

of samples r e p r e s e n t a t i v e  of t h e  pet rographic  ranges o f  igneous and 

metamorphic v a r i a t i o n s .  Samples were omitted t h a t  conta ined l a r g e  

ve ins  o f  secondary minerals ,  o r  had s u f f e r e d  r e c e n t  weathering e f f e c t s .  

The a n a l y t i c a l  d a t a  sample se t  c o n s i s t s  o f  80 XRF analyses  of 

t h e  l avas  and dykes, 12 e l e c t r o n  microprobe analyses  o f  f r e s h  volcanic  

g l a s s e s ,  and a f u r t h e r  17 major and t r a c e  element analyses  performed 

by e a r l i e r  r esea rchers .  REE analyses  obta ined by D r  P. Hellman, using 

f a c i l i t i e s  a t  t h e  Univers i ty  of Cambridge i n  t h e  course o f  a j o i n t  s tudy 

with t h e  author ,  a r e  a l s o  presented.  A l l  o f  t h e  a n a l y t i c a l  d a t a  a r e  

given i n  Appendices 1 and 2 ,  and the a n a l y t i c e l  procedures a r e  ou t l ined  

i n  Appendix 6 .  

Geochemical e f f e c t s  of t h e  a l t e r a t i o n  a r e  examined by a comparison 

of t h e  petrography and normative compositions o f  t h e  samples and i n t e r -  

element c o r r e l a t i o n s  wi th in  t h e  d a t a  s e t ,  by comparisons o f  p i l low core  

and r i m  ana lyses ,  and by v a r i a t i o n s  within massive lava flows. 

Primary igneous geochemical v a r i a t i o n s  a r e  then assessed,  and used t o  
. , 

cons t ra in  t h e  pet rogenesis  o f  t h e  l avas  and d o l e r i t e s .  T h e ' v a l i d i t y  

o f  va r ious  b a s a l t  d iscr iminant  diagrams c u r r e h t l y  i n  use i s  t e s t e d  w i t h  

t h e s e  Macquarie I s l and  d a t a .  

Some discuss ion o f  t h e  major and t r a c e  elemcnt geochemistry of 

the  l avas  and d o l e r i t e s  has  been presented i n  the l i t e r a t u r c .  

p a r t i c u l a r l y '  i n  G r i f f i n  E Varne (1980), included a s  Appcndi.~ 8. 

Wherever p o s s i b l e  r e p e t i t i o n  of t h i s  work has been avoided i n  t t l i s  

chapter  and. t h e  reader  i s  d i r e c t e d ,  by appropr ia te  reference,  t o  the  

re levan t -  pub l ica t ion .  



6 . 2  GEOU-IEMICAL EFFECTS OF THE ALTERATION AND METAMORPHISM 

Geochemical e f fec ts  o f  low grade metamorphism on rocks  of 

b a s a l t i c  composition have bee11 shown t o  be both complex and v a r i a b l e  

(Cann, 1969; Myashiro e t  a 2  ., 1971; Hart ,  1973; Smewing, 1975; ~ o i s h ,  

1977). Reviews o f  t h e  range o f  metamorphic cond i t i ons  considered t o  be 

p re sen t  i n  . the oceanic  c r u s t  no te  t h e  d i v e r s i t y  of a l t e r a t i o n  t r ends  

recorded i n  d i f f e r e n t  s t u d i e s  (Hart et aZ., 1973; Aumento e t  az., 1976; 

Coleman, 1977) . 
Many s t u d i e s  have concent ra ted  on b a s a l t s  a l t e r e d  under low 

g reensch i s t  f a c i e s  metamorphism (Cann, 1969; Coish, 1977; Humphris & 

Thompson, 1978a,b) o r  on b a s a l t s  a l t e r e d  dur ing  ocean-floow weathering 

(Andrews, 1977; ~ a r a ~ e r  e t  az., 1977; P r i t cha rd  st u Z . ,  1979).  

S u r p r i s i n g l y  l i t t l e  information is a v a i l a b l e  on b a s a l t s  a f f e c t e d  by 

z e o l i t e  f a c i e s  metamorphism (Andrews et aZ;, 1975; Wood e t  a l . ,  1976) . 
.The va r ious  studies suggest t h a t  only the M2O content and the 

~ e ' +  / ~ e ~ +  r a t i o ,  o f  t h e  rock, show c o n s i s t e n t  i nc reases  dur ing  a1 t e r a t i o n  

occurr ing  r ega rd l e s s  o f  local  environment, metamorphic cond i t i ons  o r  

degree o f  c r y s t a l l i n i t y  of  t h e  rock (Aumento et a l . ,  1976) . I t  i s  a l s o  

apparent  t h a t  a l t e r a t i o n  i s  m o s t . i n t e n s e  around f r a c t u r e s  and o t h e r  

permeable zones i n  t h e  rocks and t h a t  major v a r i a t i o n s  may e x i s t  between 

t h e  g l a s sy  r i m  and c r y s t a l l i n e  co re  of  a  p i l low l a v a  a s  a  r e s u l t  o f  

a l t e r a t i o n .  Ludden 6 Thompson (1979) have demonstrated thesc l a t t e r  

p o i n t s  p a r t i c u l a r l y  well  f o r  t h e  r a r e  e a r t h  elements.  'rhcre is a l s o  

s t r o n g  evidence t o  suggest  t h a t  c e r t a i n  trace elements,  p a r t i c u l a r l y  

T i ,  Zr, Y and Nb, a r e  l i t t l e  a f f e c t e d  by a l t e r a t i o n  and mceamorphism t o  

moderate grades (Cann, 1970; Pearce 6 Cann, 1971, 1973; Wood st  nZ., 

1976; Pearce 6 Norry, 1979). 



6 . 2 . 1  1120 abundances and ~ c ~ + / ~ e ' +  r a t i o s  

' 1 1 ~  lavas and d o l e r i t e s  analyzed i n  t h i s  study have a range of 

l o s s  on ign i t ion  (UI) values from 0.84 w t . %  t o  5.93 w t . %  (Figure 6 . 1 ) .  

~ e s u l t s  of C O ~ - H Z O +  analyses of  se lec ted  samples (Table 6.1) show t h a t  

the  LO1 values a r e  p r i n c i p a l l y  ~ 2 0 +  unless  c a l c i t e  is an abundant 

secondary phase; a f e a t u r e  of the  samplesthat have undergone ocean- 

f l o o r  weathering. A maximum value of  3.25 w t . %  COa was obtained f o r  

sample 35, o t h e r  samples containing from 0.12 t o  0.99 w t . %  COn (Table 6 . 1 ) ,  

Moore (1970) has documented the  low water contents  of  f r e sh  b a s a l t s ,  

with values ranging up t o  0.98 w t  .% ~20' f o r  a l k a l i n e  basal ts  but  l e s s  

than 0.5 w t . %  f o r  K-poor t h o l e i i t e s .  S imi lar  r e s u l t s  have been recorded 

from f r e s h  oceanic b a s a l t  g l a s ses  by Melson e t  aZ. (1976) and i n  t h i s  

t h e s i s  a s  the  microprobe analyses of  f r e sh  vo!canic g lasses  t o t a l  

100 * 1 w t . %  (Appendix 1) .  Consequently t h e  high LO1 values recorded 

from the  c r y s t a l l i n e  samples a r e  in te rp re ted  as  p r i n c i p a l l y  an e f f e c t  

of the  a1 t e r a t i o n  procc,sses. 

A breakdown of the  samples i n t o  subsets  with t h e  same grade of 

a l t e r a t i o n  shows a general decrease of  t h e  LOT value with increas ing 

grade o f . a l t e r a t i o n .  Samples f r o m  the  ocean-floor weathering zone have 

a wide LO1 range, r e f l e c t i n g  the  e r r a t i c  s t y l e  of t h i s  type of a l t e r a t i o n .  

The LO1 values o f  samples from 'higher grades of a1 t e r a t i o n  a r e  more 

uniform. The h ighes t  LO1 mean.value (3.58 w t  .%) f o r  rocks from a 

p a r t i c u l a r  metamorphic grade occurs i n  the  zeo l i t i zed  samples, dccrcusjng 

t o  2 . 2 8  w t . %  f o r  samples which have undergone upper grecnschis t  f a c i c s  

metamorphism This  v a r i a t i o n  presumably r e s u l t s  from t h e  dcc.rcnsc i n  

water content  of  t h e  dominant secondary phases ( i n  the  rcspcctivc 

grades of  a l t e r a t i o n ) ,  from clay  minerals ( 20 w t . %  1120) thro~rgh ~ r : o J  i t c ~  

C12-16 w t  .% H2O) t o  c h l o r i t e s  (10-12 w t . %  i120) and cpidote ( 2 - 4  w t  .?, Il70) 

and f i n a l l y  amphibole (2-3 w t . %  H20). 
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Figure 6 . 1  ti istograms o f  loss on i g n i t i o n  f o r  lavas and dykes from 
d i f f e r e n t  metamorphic grades. 



''Table 6 . l  

CO2 AND Hz0 ANALYSES OF LAVAS AND DYKES. 

Alteration Sample C O ~  Hz0 E LO I i- 

Ocean- f loor 
weathering 

Zeolite 

Lower 
Greenschist 

Upper 
Greenschist 
(Dykes) 

t Analyses by J. Cocker. 
* Analysis by P. Robinson.(Analyst, Geology Dept., 

University of Tasmania) 



The second major geochemical e f f e c t  o f  t h e  a l t e r a t i o n  is' a  

modi f ica t ion  o f  t h e  Fe203 content  o f  t h e  samples compared with f r e s h  

b a s a l t s .  Although it  i s  impossible t o  know e x a c t l y  what t h e  p r i s t i n e  

igneous Fen03 va lues  o f  t h e  samples might have been, Myashiro e t  a l .  

(1970) have shown t h a t  f r e s h  b a s a l t s  have a Fe203/Fe0 weight r a t i o  

range o f  0 . 1  t o  0.3. This  i s  equ iva l en t  t o  a k a n g e  o f  0.92 t o  0.79 i n  

t h e  weight r a t i o  ~ e ~ + / ~ e ~  (= t o t a l  F e ) ,  used from t h i s  p o i n t  on, i n  

t h i s  t h e s i s .  . . 

Although t h e r e  i s  a  considerable '  range i n  ~ e ' + / ~ e ~  values from 

samples o f  similar degrees of a l t e r a t i o n ,  theahis tograms i n  Figure 6 . 2  

demonstrate a p rog res s ive  inc rease  i n  t h i s  r a t i o  with inc reas ing  grades 

of  metamorphism. Samples metamorphosed a t  z e o l i t e  f a c i e s  grade and below 

dominate t h e  low end of  t h e  ~ e ' + / ~ e ~  range, with va lues  from 0.38 t o  

0.62, with lower g reensch i s t  f a c i e s  samples having a  range of  0.55 t o  

0 .74,  and then  t h e  upper g reensch i s t  f a c i e s  and h i g h e r  grade samples from 

t,le dyke swarm - zones wi th  a  range from 0.74 to  0 -97. 

The observed v a r i a t i o n  i n  ~ e ~ + / f c ~  values of t h e s e  samples suppor ts  

t h e  conclusion,  based on t h e  secondary mineralogical s t u d i e s  (descr ibed  

i n  Chapter 51, t h a t  t h e  metamorphic process was s t rong ly  ox id i z ing  a t  

t h e  lower grades and became p rog res s ive ly  more reducing with inc reas ing  

metamorphic grade.  Also, t h e  r e l a t i v e l y  l a r g e  ranges both i n  LO1 and 

i n  ~ e ~ + / ~ e ~  wi th in  each gmup o f  samples from t h e  var ious  metamorphic 

grades i l l u s t r a t e  t h e  incomplete na tu re  of  t h e  metamorphism and t h e  

v a r i a t i o n  i n  degree o f  a l t e r a t i o n  wi th in  t h e  samples. 

In  summary, t h e  lavas  and d o l e r i t e s  probably show a gain i n  I IzQ 

under a l l  condi t ions  of metamorphism and a l t e r a t i o n  recorded i n  t.hcsc 

rocks.  Th i s  ga in  i s  probably a t  a  maximum a t  low grades of metamorphism. 

' ~ e ~ + / ~ e ~  va lues  a r e  more v a r i a b l e  wi th in  grades of  netamorphi sin t.h;ls 1.01 

con ten t s  but show o v e r a l l  group decreases  up t o  and i n c l  udi  np, conclit ions 
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Figure 6.2 Histograms of ~e'+/E'e~* for lavas and dykes of different 
metamorphic grades. 
* total as FeO 



of lower g reensch i s t  f a c i e s  metamorphism. The ~ e ~ + / ~ e  values  a r e  T 

apparent ly  increased dur ing upper g reensch i s t  f a c i e s  metamorphism. 

To a i d  t h e  p e t r o l o g i c  i n t e r p r e t a t i o n  o f  t h e s e  data t h e  analyses  have 

been r e c a l c u l a t e d  t o  a v o l a t i l e - f r e e  b a s i s  with ~ e ~ + / ~ e ~  = 0.85 ( t h d  

mid-range value from Miyashiro e t  a2 . , 1970) . 

6 . 2 . 2  Comparison o f  petrography and CIPW normative and major element 

chemistry 

The samples vary normatively from b a s a n i t i c  through a l k a l i n e  

o l i v i n e  b a s a l t s  t o  o l i v i n e  t h o l e i i t e s  and r a r e l y  quar tz  t h o l e i i t c s  

. . (Figure 6 . 3 ) .  Th i s  range i s  i n  e x c e l l e n t  agreement with t h e  observat ions  

made from t h e  petrography (Chapter 4 )  . In  t h e  analyzed s e t ,  of  21 l avas  

recognized pe t rograph ica l ly  t o  have a l k a l i n e  a f f i n i t i e s ,  15 conta in  

normative Ne; and o f  2 3  l avas  wi th  oceanic t h o l e i i t e  pe t rograph ic  

a f f i n i t i e s ,  14 a r e  01- hy-normative and 6 con ta in  l e s s  than  2  w t . %  

normative ne .  

To check t h i s  r e s u l t  more r igorous ly ,  a Wilke s tepwise  d i sc r iminan t  

a n a l y s i s  was performed on t h e  analyses  o f  lavas  obtained by the  author  

which were pe t rograph ica l ly  defined as e i t h e r  a l k a l i n e  o r  t h o l e i i t i c .  

The disc r iminan t  a n a l y s i s  was success fu l  i n  t h a t  16 of t h e  18 t h o l e i i t i c  

samples and 11 of  t h e  13 a l k a l i n e  samples were c o r r e c t l y  i d e n t i f i e d .  

Components o f  t h e  Wilke d i sc r imina t ion  funct ion were Si02,  CaO, NazO 

and LO1 with s tandardized funct ion values of 1 . 4 7 7 ,  1 . 3 0 7 ,  - 0 . 7 4 4  and 

0.477 r e s p e c t i v e l y .  The s i g n i f i c a n c e  of t h c  d i sc r imina t  ion wrls !)!I .5:, . 

The sys temat ic  r e l a t i o n s h i p  between t h e  r e l i c t  pet rographic  

f e a t u r e s  and t h e  bulk chemistry and normative composition of the samplcs 

suggests  s t r o n g l y  t h a t  t h e  a l t e r a t i o n  and metamorphism has had l i t t l e  

e f f e c t  on t h e  p resen t  geochemistry o f  t h e  saml~lcs .  'l'his i s  not  i n  

c o n f l i c t  with t h e  observed secondary rnincralogical r e c o n s t i t u t i o ~ l  o f  t h c  

samples but  i n d i c a t e s  t h a t  away from f r a c t u r e  surfaces, o r  :lre:ls of rn:tjtrr 

f l u i d  movement, t h e  f lu id / rock  r a t i o s  were low. 



Qtz  

Figure 6.3 Plot o f  relative proportions of normative 01, hy, di , ne 
and Q i n  Macquarie Island basalts (open circles), dolerites (filled 
circles), and volcanic glasses (filled squares). CIPW norm 
calculations were performed on major element analyses recalculated 
volatile-free with ~ e ' ' :  total Fe = 0.85. Two volcanic glasses, 
four basalts, and one dolerite have >5 wf.% ne, and could be 
termed basanitoids .  



6 .2 .3  Coro-rim v a r i a t i o n s  i n  p i l low lnvas and v a r i a t i o n s  ac ros s  a 

massive flow 

To examine t h e  geochemical e f f e c t s  o f  t h e  a l t e r a t i o n  on a l o c a l  

s c a l e  i n  t h e  samples, ana lyses  have been performed on core and r i m  

ma te r i a l  from two p i l low lavas  and on four samples obta ined  from t h e  

edge t o  t h e  c e n t r a l  zone of a  massive l ava  flow. The r i m  m a t e r i a l  from 

t h e  p i l l ow lavas  i s  h y a l o c r y s t a l l i n e  and t h e  cores  h o l o c r y s t a l l i n e .  

These samples should show t h e  maximum geochemical e f f e c t s  o f  t h e  

a l t e r a t i o n ,  a p a r t  from a r e a s  abu t t i ng  ve ins .  A l l  samples have undergone 

lower g reensch i s t  f a c i e s  metamorphism and were s e l e c t e d  t o  allow 

comparison between t h e  samples and o t h e r  s i m i l a r  s t u d i e s  i n  t h e  l i t e r a t u r e .  

Re la t ive  t o  t h e i r  core  compositions,  t h e  rims o f  t h e  p i l low l avas  

a r e  deple ted  i n  A1203, Fe203, MgO, CaO and Sr,and enr iched  i n  S i02 ,  

FeO and Na20. LOI,  FeT, Ni and C r  show opposing v a r i a t i o n s  i n  t h e  

two p i l l o w  core-rim pairs (Table 6 . 2 ) .  The remaining elements show 

l i t t l e  v a r i a t i o n .  The magnitude o f  t h e  v a r i a t i o n s  i s  much sma l l e r  and 
I 

gene ra l ly  opposed t o  r e s u l t s  from a  comparable s tudy o f  p i l low l avas  i n  

t h e  Be t t s  Cove o p h i o l i t e  (Coish, 1977). They could e q u a l l y  well  a r i s e  

from minor d i f f e r ences  i n  p l ag ioc l a se  and o l i v i n e  propor t ions  i n  t h e  

core  r e l a t i v e  t o  t h e  rim, a s  from metamorphic e f f e c t s .  For example, 

a  d i f f e r e n c e  o f  +5 w t . %  p l a g i o c l a s e  (Anss) between t h e  core  and rim wi l l  

account f o r  t h e  observed v a r i a t i o n s  i n  CaO, A 1 2 0 3  and Sr, 311d much O F  

t h a t  i n  SiOn and N a p O .  Samples from t h c  rnassjvc flow show no :;ystcbnr:lri c. 

o r  major v a r i a t i o n s  i n  major and t race  element abundanccs wi th pas i t ion 

r e l a t i v e  t o  t h e  edge of  t h e  flow (Table 6 . 2 )  . 
Rare e a r t h  elements (REE) have bcen obtained for  thcsc  s:~mplcs 

a s  p a r t  o f  a  p r o j e c t  t o  s tudy the mobi l i ty  of  these elcmcnts (Ilcl lm;lr l  

6 Henderson, 1977; Hellman e t  aZ, 1978).  Ilowevcr, no cvirlcncc f'or 

mobi l iza t ion  o f  the REE i s  provided by these r e s u l t s .  'I'hc Masr1~1;t-['orycl I 



'I'ahlc 6 . 2  

KIM-CORlI I'ILLOW LAVA AN11 EDGE-CORE EWSSIVE I'LOW ANALYSES 

Pillow P i  1 low Massive Flow 

Sample No. 438 43B 108 108 56A 56D 56 G 56 I 

Analysis core edge core edge edge 1 .Om 2 .Om core 

SiOz 
Ti02 
A 1 2 0 3  
Fe203 
FeO 
MnO 
MgO 
CaO 
Na2O 
K20 

p 20 s 
LO I 

Total 

Ni 
C r 
Zr 
Y 
Nb 
Rb 
Sr 
Co 
Sc 

~ e ~ ' / ~ e  
F ~ / F ~ + M ~  



6 . 1 2  

p l o t s  of REE abundances show no di f ferences  between the  samples, within . 

t h c  cxpcri1ncnt:rl e r r o r  of  tllc analyses (Figure 6 . 4 ) .  

'I'hcsc data suggest nii 11 i~nal  clement. mobi l i t y  on local  sc.?ics and 

. provide corroborat ive evidence f o r  the  overa l l  conclusion that t h e  

a l t e r a t i o n  and metamorphism has had l i t t l e  e f f e c t  on the  geochemistry o f  

the  samples. 

6 . 2 . 4  Inter-element co r re la t ions  of  major and t r a c e  elements 

A matr ix of Pearson cor re la t ion  c o e f f i c i e n t s  f o r  major and t r a c e  

elements i n  t h e  d a t a  s e t  i s  presented i n  Table 6 . 3 .  The elements have 

been arranged i n t o  th ree  groups based on t h e i r  respect ive  co r re la t ions ,  

o r  .lack thereof .  Group I i s  composed o f  the  major elements SiOz, A1203, 

FeOT, MnO, MgO, CaO and Na20; group II i s  composed of  Y ,  Zr and TiO2; 

.and group III i s  composed of K20, P205, Nb, S r  and Rb.. 

Within group' I  t h e  pos i t ive  co r re la t ion  between CaO and A 1 2 0 3  

and the  negative co r re la t ions  of these elements with t h c  remainder of  t h e  

major elements o f  group I suggest t h a t  p lagioclase  may have played a 

major r o l e  i n  the  evolut ion of these  rocks; corroborat ing observations 

based on the  petrography of  t h e  rocks ( ~ h a ~ t e r ' 4 ) .  

MgO and FeOT do not  c o r r e l a t e  a t  a s i g n i f i c a n t  l e v e l .  However 

MgO negat ive ly  c o r r e l a t e s  with Si02, A1203, CaO and Na20, and Y and 

TiOz i n  group 11; and FeO negatively with A 1 2 0 3 ,  CaO and p o s i t i v e l y  

with MnO and Y ,  Zr, and Ti02 in  group 11. Illis suggcsts t t l : i t .  : t l~u~~tl ;~t~c.cs 

of these  two elements have not been g r e a t l y  a f fec ted .  Ihi s i s  i i l so  

implied by negative co r re la t ions  of t h e  Mg/My+Fe of  the samlslcs w i t h  

N i  and C r  abundances (Figure 6 . 5 ) ,  a systematic r e l a t i o n  general 1 y t'ollncl 

as a r e s u l t  o f  igneous processes.  

The group 11 elements are those which have been rccognizcd t o  1,c 

r e l a t i v e l y  immobile under these condit ions of metamorphism, as  notcd 

e a r l i e r  (Section 6 -2 .1)  . The cor re la t ions  of  thcsc  e1cmcnt.s w i t h  : I ]  I 



Figure 6.4 Normallsed REE abundance6 f o r  ( A )  pillow lava core ( a )  and 
rim (o) pairs and (B) masaive l a v a  smples. Error bars are drawn 
about t h e  mean rbundances. Chondrire normallzing valuee used were 
t h o s e  of Hoahinu c t  4 1 .  (1068) 





Figure 6 . 5  Ni and C r  con ten t s  of  Macquarie I s land  b a s a l t s  (open 
circles) and d o l e r i t e s .  (closed c i r c l e s ) ,  p l o t t e d  aga ins t  
100 Mg/Mg+Fe. 



o t h e r s ,  except ing  KzO,  i s  i n  agreement with the e a r l i e r  s t u d i e s  in 

confirming t h e i r  immobile c h a r a c t e r .  A f e a t u r e  of  t h e  c o r r e l a t i o n s  of  

t hese  elements i s  t h a t  Zr shows t h e  lowest c o r r e l a t i o n s  with t h e  

group I  elements b u t  t h e  h ighes t  cox re l a t ions  wi th  t h e  group I11 elements.  

Evidence i s  presented  i n  Sec t ion  6 . 3 . 6  t o  sugges t  t h a t  t h i s  is  a  f e a t u r e  

o f  t h e  pe t rogenes i s  of  the samples. 

A l l  group 111 elements show s i g n i f i c a n t  c o r r e l a t i o n s  with each 

o t h e r .  Cor re l a t ion  c o e f f i c i e n t  values o f  0.919 between Nb and P205, 

and 0.968 between Rb and K20 a r e  very high and r e f l e c t  t h e  coherent  geo- 

chemical behaviour of t he se  elements .  Apart from c o r r e l a t i o n s  of K20 

and Rb with CaO, these group 111 elements show no s i g n i f i c a n t  c o r r e l a t i o n s  

with t h e  major elements o f  group I .  Although t h e  metamorphic mobi l i ty  

of t h r o e  of t h e  group I11 elements (K20, Sr and Rb) has  been recognized 

i n  some s t u d i e s  (Wart e t  aZ., 1973; Wood st aZ., 1976) t h e i r  c o r r e l a t i o n s  

with t h e  less mobile elements of t h e  group (Nb and P205), and w i t h  Z r  

i n  t h e  case  of Sr and Rb, suggest  t h a t  t h e i r  abundance and v a r i a t i o n s  

r e f l e c t  primary processes  r a t h e r  than e f f e c t s  of t h e  alteration and meta- 

morphism. Later  i n  t h i s  chapter  (Sect ion 6 . 3 . 6 ,  Table 6 . 1 2 )  i t  is  shown 

t h a t  t h e  l i g h t  r a r e  e a r t h  elements (LREE) c o r r e l a t e  c l o s e l y  with Nb and 

t h u s ,  apa r t  from e x h i b i t i n g  v a r i a t i o n s  comparable t o  the  group I I 1  

elements ,  have a l s o  not  been s i g n i f i c a n t l y  a f f e c t e d .  

Overa l l ,  t h e  r e s u l t s  presented i n  Section 6 . 2  are s t rong  c v i d e n c c  

2 + f o r  t h e  conclusion t h a t ,  a p a r t  from Fc /PcrS and 1120 con ten t s ,  ~coctlrsic;ll  

e f f e c t s  of  t h e  a l t e r a t i o n  and metamorphism arc minimal i n  t hc  n n n l y z c d  

d a t a  s e t .  This is no t  i n  c o n f l i c t  with t h e  ex t ens ive  altcrntion of  

many o f  t h e  samples, descr ibed  i n  t h e  preceding chapter, Ilut rcnt'Fi rn9s 

t h e  conclusions drawn regard ing  t h e  loca l  va r i  n l ~ i l  i t y  01' thc mt!t :~~nor . l>t i  i c 

processes;  s p e c i f i c a l l y  t h e  low water/rock r a t i o s  away from thc: major 

f racture  s u r f a c e s  and more permeable zones i n  t h e  rocks. 



6 . 3  IGNEOUS GEOCHEMISTRY 

6.3.1 Petrogenesis of the lavns and dykes : i~ilplications from their 

geochemistry 

The statistical analysis of the results discussed in the preceding 

sections has distinguished. three groups of elements in terms of their 

a variations in the analyzed lavas and dykes. Ni and Cr data were not 

available for inclusion in the statistical analysis, however correlation 

coefficients derived for these elements against the other elements 

(Table 6.4) demonstrate their membership of group I. Also, the LREE 

closely correlate with Nb (Table 6.12, Figure 6.163 and are assigned to 

group I I I . 

In terms of geochemical behaviour, an immediate distinction can 

be made between the elements comprising group 1 and those of groups I1 

and 111. Group I elements are either major elements or elements with . 

high solid/liquid partition coefficients for the phases either comprising 

likely mantle mineralogies or likely to fractionate from basaltic 

liquids, i.e. olivine, orthopyroxene, clinopyroxene, plagioclase, garnet 

and spinel. Group I1  and group 111 elements are, on the other hand, 

generally characterized by low solid/liquid partition coefficients for . 

these phases and thus are "incompatible". Sr, Eu and the HREE may be 

exceptions to this depending on prevailing conditions, particillarly 

P. T, P and P 
H20 02 ' 

Wood (1979) has ranked incompatible elements, including thosc 

of the groups I1 and I11 recognized here, on the basis of bulk  1)nrt.i t ion 

coefficients, for a range of mantle compositions composed of ttrc phascs 

olivine, clinopyroxene, orthopyroxene, garnet and pl agiocl asc . 'I'hc 

last two were only present in minor modal amounts (5%) in tire asst~n~ctl 

mantle mineralogies. Experimentally determincd sol i d / ]  i c l~r i  d I);] rti t  jot^ 

coefficient data from 1-lanson (1977) were used. 'fii s rank i ng i s conlp:~ rcrl 

with the components of groups I1 and I I1 and geochemical patt.crns for 



Table 6.4 

CORRELATION COEFFICIENTS OF Zr WITH OTHER ELEMENTS/OXIDES FOR 
RECALCULATED 'ANALYSES. 

Element/Oxide Lavas (56") Dykes (24* )  

Total iron 
IFeO) 

MgO 0.161 0.220 

CaO -0.240 -0.379 

Correlation Coeffi-cients 
fo r :  

99% confidence 0.340 

95% confidence . 0.260 

- -- - ~~ - .. 

* Number 'of samples 



var ious  mid-ocean r idge  b a s a l t s  (MORB) as  shown i n  

Figure 6 . 6 .  

Group I 1  'elements (Zr, T i  and Y )  a r e  those  with moderately low 

bulk p a r t i t i o n  c o e f f i c i e n t s ,  and show r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  

abundance between t h e  d i f f e r e n t  MORB. Group I I I  elements have lower 

bulk p a r t i t i o n  c o e f f i c i e n t s  and show a wide range i n  abundances; be ing  

most enr iched  i n  t h e  a l k a l i n e  b a s a l t s  from 4S0N on t h e  Mid-Atlantic 

Ridge. On t h e  b a s i s  o f  t hese  c h a r a c t e r i s t i c s  the group 1:F elements 

a r e  r e f e r r e d  t o  a s  t h e  incompatible elements and t h e  g r o u p I I I e l e m e n t s  

a s  t h e  hygromagmatophiZe elements. This  terminology i s  s i m i l a r  t o  t h a t  

o f  Cann et a l .  (1979). The d i s t i n c t i o n  of l e s s -  and more-hygromagrnatophile 

elements suggested by Wood e t  a l .  (1979) i s  no t  made. 

In t h e  fol lowing s e c t i o n s ,  v a r i a t i o n s  and consequent pe t rogene t i c  

imp l i ca t ions  from t h e  major/compatible t r a c e  element,  incompatible  and 

hygromagmatophile element groups a r e  descr ibed  and d iscussed .  This 

approach has been used t o  i d e n t i f y  t h e  var ious  processes  t h a t  t o g e t h e r  

produced t h e  spectrum o f  lavas  and dykes on Macquarie I s l a n d .  

. 6 . 3 . 2  Major element and compatible trace element v a r i a t i o n s  

Both t h e  lavas  and dykes e x h i b i t  a  wide chemical range which 

c o r r e l a t c s  with t h e  pe t rographic  v a r i a t i o n s  from a l k a l i n e  t o  t h o l e i i t c  

and aphyr ic  t o  coa r se ly  p o r p h y r i t i c  descr ibed  e a r l i e r  (Chapter 4 ) .  

Mean r e s u l t s  suggest  t h a t  t h e  l avas  a r e  s l i g h t l y  enr iched  i n  A 1 2 0 3  

and K20, and dep le t ed  i n  FeOT . r e l a t i v e  t o  t h e  dykes, although the high 

s tandard  dev ia t ions  i n d i c a t e  a  l a r g e  over lap  and prcvcnt  f i  rm con c l  us ions 

being drawn. The mean composition of t h e  combined lava and'dyke d a t a  

s e t s  i s  s imi ' l a r  t o  t h e  average MORB composition o f  Cann (1971) , a l  thcx~g11 

the  Macquarie I s l and  mean i s  h ighe r  i n  A1203, K 2 0  and P205, and lowcr i n  

FeOT (Table 6 . 5 ) .  



Hyg. clement abundances in sclcctcd basic iavas normalized to a primordial .mantle compositio~l 
(micrograms per gram) which is given along the abscissa in (b). (a) Opcn circles are melilititc 2!)27 and 
clwcd stars are brrsanite 2070, both from southcastcrn :\us~rnlia (Frey et al.  1978); opcn squarcs, crosses and 
inverted closcd trinnglcs are'alkali Lasalts 1SLi9. T-2 and ClldU from Eldgjd (Iccland), Tcrccirn (Azorcs) 
and Erta Alc (Ahr ;  Treuil & Joron.1975)~ rcspcctivcly; opcn triangles and stars arc rcpresentntivc m.0.r.b. 
from 63" N and 25" N in the North Atlantic ocean, respectively (Ntood et al.  1979~; Joron ct  of. 1978); 
closed circla arc average N-type rn.0.r.b. ( b )  Closcd trianglcs and opcn circles arc E-4-p~ nl.6.r.b. from 
45" N and 36" N hi.:LR. rcspcctivcly; closcd stars are thnlciite ISL'28 from :bkja (Iccland); opcn squares 
are N-type m.0.r.b. from the Iceland-facrocs ridgc (M'ood el al. 19796). Open inverted trianglcs are island 
arc  tholciitc from Osliima, Japan (Joron & Treuil 1977). 

Figure 6.6 From Tarney e t  a2 . (1980) . 



Table 6.5 . 

Macauarie Island Lavas and Dykes: 

Major Element Data Summary 

MEANS AND STANDARD DEVIATIONS 

Lavas (68) Dykes (29) Combined 1 
O . F . B .  

S i 0 2  49.53 5 1.10 49.96 + 1.29 49.66 5 1.17 49.61 ? 0.72 

Ti02 1.36 2 0.37 1.41 + 0.41 1.38 k 0.38 1.43 k 0.29 

2'3 17.95 f 1.90 16.58 ? 1.85 17.54 4 1.98 16.01 5 0.85 

F eO 7.78 +- 1.31 8.60 + 1.74 8.02 k 1.49 11.49 k 1.27 

Mgo 7.68 2 0.99 8.08 2 1.52 7.80 + 1.18 7.84 t 0.90 

MnO 0.15 2 0.03 0.16 k 0.04 0.15 + 0.03 0.18 + 0.04 
CaO 11.27 ? 1.18 11.42 -t 1.03 11.31 2 1.13 11.32 + 0.64 

Lavas Dykes 

Si02 

Ti02 

A1203 
FeO 

MnO 

CaO 

I Cann (1971). 



The range i n  CIPW normative compositions from 01- t o  hy-bearing 

t o  mildly ne-bearing and rarely Q-bearing has  been b r i e f l y  discussed 

i n  t h e  previous s e c t i o n .  I t  i s  important t o  r e i t e r a t e  he re  t h a t  t h i s  

range c o r r e l a t e s  with t h e  petrography of t h e  samples and t h a t  t h e  analyzed 

f r e s h  vo lcan ic  g l a s s e s  span almost t h e  e n t i r e  compositional range o f  t h e  

c r y s t a l l i n e  samples (Figure 6 . 3 ) .  The d i s t i n c t i o n  between t h e  l avas  and 

dykes noted i n  t h e i r  mean compositions i s  c l e a r e r  on t h e  normative 

01-hy-di-Q diagram. The dykes tend t o  be l e s s  r i c h  i n  n'e and d i  than 

the lavas  and include t h e  few Q-normative ro.cks. Th i s  o v e r a l l  normative 

range and t h e  s c a r c i t y  of Q-normative v a r i e t i e s  i s  genera l ly  recognized 

t o  be  c h a r a c t e r i s t i c  o f  ocean-f loor  b a s a l t s  (Kay e t  aZ., 1970; Cann, 

1971; Thompson st aZ., 1972; Bryan & Moore, 1977; Wood e* aZ., 1979a,b).  

A f u r t h e r  comparison wi th  MORB c h e m i s t r , ~  is  presented using an 

AFM diagram i n  Figure  6.7.  ~ i r s t l ~ ,  it can be noted t h a t  t h e  dykes 

occupy a f i e l d  n e a r e r  t o  t h e  F-apex of t h e  diagram than t h e  lavas ,  

although a considerable  over lap i s  p resen t  between the  two groups. 

Secondly, t h e  Macquarie I s l and  d a t a  a r e  d i r e c t l y  comparable t o  IPOD 

l eg  49 b a s a l t s  from 4S0N on t h e  Mid-Atlantic Ridge (Wood e t  ai., 1979a), 

al though with s l i g h t l y  h igher  Mg/Mg+Fe r a t i o s .  

The Mg/Mg+Fe r a t i o s  o f  t h e  l avas  and dykes cover a wide range,  

from 0.51 t o  0.72.  Dykes dominate t h e  lower end o f  t h e  range (d l .54)  

and b a s a l t s  t h e  h igher  end (>0.69), with t h e  except ion o f  one dyke 

(Figure 6 .5 ) .  This' unusual dyke (38471) has a Mg/Mg*l;e rnt ' jo  o f  0 . 7 5 ;  

i ts  MgO con ten t  of 14.74 w t  .%, and C r  content  (690 ppm) could bc due t o  

accumulation o f  o l i v i n e  and Cr-spinel .  

Major element abundanccs a r e  p l o t t e d  a g a i n s t  thc  Mg/Mg+I:c r a t i o  

i n  Figure 6 . 7 ,  al lowing v i s u a l i z a t i o n  of the s t a t i s t i c a l  rcsu1 rs k i  vurl 

e a r l i e r .  K20 and P z 0 s  show no c o r r e l a t i o n .  NazO, MnO, FcO, Ti02 : ~ n t l  

SiOz show a negat ive  covariance with t h e  Mg/Mg+Fe r a t i o  and MgO and  his01  

p o s i t i v e  covariance.  The p l o t s  o f  SiO2 and A 1 2 0 3  with t h c  Mg/Mg+Fc r a t i o  

show a considerable  s c a t t e r .  



Figure 6.7 AFhl diagram f o r  Macquarie I s land  b a s a l t s  (open c i r c l e s ) ,  
d o l e r i t e s  ( f i l l e d  c i r c l e s ) ,  layered gabhros and wcli r l  i rc:s (i'i 1 l ad 
e l l i p s e s ,  ha rzburg i t e s  ( f i l l e d  squares)  . Mass i vc  ga l ) t~~-o : ;  : ~ r c  
shown by open rhombs except fo r  those  e a s t  of  i landspikc  l t o i l l t  : I ~ I ( I  
above t h e  layered rocks i n  the section, w h i c h  a r c  sllown ;IS o1,c11 
e l l i p s e s .  Also ou t l i ned  are  f i e l d s  of II'OP Leg 49 b e s n 1 . t ~  from 
t h e  Mid-Atlantic Ridge (IVood e t  aZ., 1979a) . 



6.24 

The range i n  Mg/blg+Fe i s  a sc r ibed  p r i n c i p a l l y  t o  o l i v i n e  c o n t r o l ,  

presumably through shallow l e v e l  f r a c t i o n a t i o n .  This i s  supported by . 

t h e  petrography of  t h e  samples (Chapter 4 ) ,  and t h e  covariance of  

Mg/Mg+Fe r a t i o s  and N i  abundances. Major f r a c t i o n a t i o n  o f  clinopyroxene 

i s  u n l i k e l y  because o f  i t s  r a r i t y  as a phenocryst phase, a l though 

r e so rp t ion  may have reduced i t s  abundance t o  some e x t e n t .  Also, .CaO 

does no t  show a s i g n i f i c a n t  dep le t ion  with decreas ing  Mg/Mg+Fe, a s  would 

be expected with s i g n i f i c a n t  clinopyroxene f r a c t i o n a t i o n .  I t  could be 

argued t h a t  p l a g i o c l a s e  accumulation would b u f f e r  t h i s  l a t t e r  e f f e c t ;  

however, A 1 2 0 3  decreases  with t h e  Mg/Mg+Fe r a t i o ,  p a r t i c u l a r l y  a t  lower 

Mg/Mg+Fe va lues .  

A t  h ighe r  Mg/Mg+Fe values A l 2 O 3  con ten t s  of  t h e  dykes maintain t h e  

p o s i t i v e  c o r r e l a t i o n  bu t  many l avas  show a s c a t t e r  above t h e  main t r e n d  

(Figure 6 . 8 ) .  The A1203 enricllment i n  these samples i s  co inc ident  with 

low SiOz, and high CaO va lues ;  i n d i c a t i v e  of  p l a g i o c l a s e  accumulation. 

The covariance o f  C r  with t h e  Mg/Mg+Fe values may r e f l e c t  e i t h e x  

clinopyroxene o r  Cr-spinel  f r a c t i o n a t i o n .  Evidence a g a i n s t  t h e  former 

mechanism has  been d iscussed .  Pe t rographica l ly  it has  been observed 

t h a t  minor Cr-spinel  i s  commonly included i n  o l i v i n e  phenocrysts :  s p i n e l  

f r a c t i o n a t i o n  could account f o r  t he  observed C r  v a r i a t i o n ,  bu t  i s  

d i f f i c u l t  t o  quan t i fy .  

The major element and compatible t r a c e  element v a r i a t i o n s  irre i n  

accord with f r a c t i o n a t i o n  o f  o l i v i n e ,  Cr-spinc l and plngioc l i ~ s c ,  : ~ r ~ d  

poss ib ly  minor clinopyroxene. This corroborates observations on tlrc 

petrography of  t h e  samples. S i g n i f i c a n t  f i e  lcl cvidcncc f n v o ~ ~ r i  11): such 

f r a c t i o n a t i o n  i s  the  presence of cumulate gabbros with s u j t a b l c  m i n c r t ~ l -  

og ie s  on Macquarie I s l and .  This is discussed.  more f u l l y  i n  Gri f F i  r~ 

Varne (1980) (Appendix 8) , where i t  i s  shown t h a t  phase cornpos i r i oris i.n 

t h e  cumulate bodies  a r e  comparable t o  those  o f  t h c  phcnorrysts  i n  t.hc 

l avas  and dykes and furthermore t h a t  t h e  c~lmul ntc  gabbros cxh i h i  r 1113 j or 



Plgure 6 . 8  Plot of major elemata (analyses rocnlculated volatile 
free) against Yg/Yg+Pe for Iavrs (0) and dykes (*) .  The field 
marked on the A 1  0 a nlnst Yg/Llg+Fe plot encloses possible 
plagioclaee cumu£a?esg 



element geochemical var ia t ions  commensurate with o l iv ine .  and plagioclase 

f rac t iona t ion  from the  lavas  (Gr i f f in  & Varne, 1980; Figures 6.12 and 

6.13).  

6 . 3 . 3  Major element composition modelling and cons t r a in t s  on petrogenesis  

Preliminary attempts have been made t o  model t he  geochemical 

var ia t ions  more c lose ly .  Several c r i t e r i a  have been used t o  i d e n t i f y  

pr imi t ive  compositions. F i r s t l y  they should have high Mg/Mg+Fe r a t i o s .  

Green e t  a2 . (1978) noted t h a t ,  using K Fe'Mg = 0.3  (Roedder & Emslie, 
Dol/lq 

1970), p r imi t ive  b a s a l t i c  magmas derived from source p e r i d o t i t e ,  with 

mineralogies s imi l a r  t o  re f rac tory  duni tes  and harzburgites i n  oph io l i t e  

complexes, must have M ~ / M ~ + F ~ ' +  = 0.68-0.75 f o r  up t o  about 30% p a r t i a l  

melting. This range is  appl icable  t o  Macquarie Is land rocks where 

harzburgi tes  have Mg/Mg+Fe - 0.89. Secondly, such l i qu ids  should have 

high C r  and Ni abundances, a s  these elements are rapidly depleted by 

high pressure phase f rac t iona t ion .  Limiting values f o r  C r  and Ni i n  

these lavas and dykes a r e  500-600 ppm and -200 ppm respec t ive ly ,  

comparable to pr imi t ive  MORB (Green e k a2 ., 1979) . 
Four samples meeting these c r i t e r i a  a r e  presented i n  Table 6.6.  

As a bas i s  f o r  modelling, sample 38188 has bee? chosen from the  four  

i den t i f i ed  pr imi t ive  compositions, due t o  its r e l a t i v e l y  low A 1 2 0 3  

content,  high CaO/A1203 and low CaO/NazO. These r a t i o s  would be lowered 

and ra i sed ,  respec t ive ly  by plagioclase f rac t iona t ion ,  which would lcave 

Mg/Mg+Fe, Ni and C r  l i t t l e  a f fec ted .  

Mixing ca lcu la t ions  using sample 38188 and the  mineral phuscs 

ol iv ine ,  clinopyroxene, plagioclase and orthopyroxene have been [~crformcd 

on a number of  samples. The method used was t ha t  of  Wright 4 Ilollcrty 
. . 

(1971). . 
- .  . . . . . : I'hcsc 

clinopyroxene and plagioclase compositions represent  t he  most magnosinn 

and c a l c i c  analyses respec t ive ly  present  i n  both lava and dykc samplcs 

and cumulate gabbros (see Gr i f f i n  E Varne, 1980, f o r  mineral compositions 



Table 6 . 6  

POSSIBLE PRIMARY LIQUIDS 

Sample no. 220 2 34 2 36 38188 

Type dyke lava lava lava 

SiOz 
Ti02 
A1203 
Fez03 
F eO 
MnO 
MgO 
CaO 
NazO 
K20 
p205 



Table 6.7A 

RARE EARTH ELEMENT ABUNDANCES I N  IlACQUARIE ISLAND 

LAVAS AND DYKES 

Sample no.  3A 43B/B 43B/A lO8C 108E 56A 56D 56G 561 151 157 38331 64D 38133 38137 38206 

Rock Type P P-C P-E  P-C P-E ML-E ML ML ML-M P P P D D D D 

Rock t g e  k e y :  F = pi l low;  E = edge;  C = core; ML = massive lava; D = dyke; M = middle .  



Table 6.7B 

LITERATURE REE ANALYSES OF MACOUARIE ISLAND LAVAS 

AND BCR STANDARD ANALYSIS. 

Reference 1 1 2 2 ' 3  4 

Sample No. 279-12-1 279-3-2 26 48 BCR Precision BCR 

Rock Type P P P P 

Eu/ Eu* . 1 .O 1 .O 1.2 1.1 

(La/Sm) e . f . 0.54 1.61 0 .85  1.04 . 

La/Sm 2.22 2.28 1.56 1.89 

References: 1 - Schilling E Ridley (1975) 
2 - Jakes 4 Gill (1970) 
3 - Hellman et a t .  (1978) 
4 - Flanagan (1973). 



in the gabbroic rocks). The olivine composition at Fo0.91, is slightly 

more magnesian than the most magnesian composition recorded in the 

lavas and dolerites (F089 - 5 )  'but only a few analyses were obtained as 

olivine is generally altered in these rocks. The orthopyroxene analysis 

is from one of the gabbroic samples. It was not initially included in 

the mixing calculations, because of its absence as a phenocryst phase, 

but was found to be necessary for accurate results to be achieved. 

'The results of the mixing calculations are presented in Table 6.8. 

lle matched compositions cover the ranges of normative compositions and 

Mg/Mg+Fe ratios of the analyzed Zavas and dykes. The importance of 

plagioclase and, to a lesser extent, olivine fractionation is 

emphasized by these results. 

In the extreme of the tested compositions, sample 38337 represents 

60% of one weight unit of primary liquid (38188 composition) with -21% 

plagioclase fractionation together with -7% olivine, 9.5% orthopyroxene 

and 2% clinopyroxene fractionation. Major plagioclase accun\ttlation is 

also suggested for four of the matched compositions. The resillts imply 

that orthopyroxene and clinopyroxene could.also have been involved, 

either through fractionation or accumulation, during the evolution of 

the liquids. A final feature is that the tested liquid compositions 

would only be expected to vary by a factor of 2 in their incompatible 

element abundances if they were derived from a primitive magma with 

constant incompatible element abundances and (1i.d not uildcrgo olrcir-systcn~ 

fractionation of the style suggested by O'iIara (1977). 

It is important to emphasize that these mixing colcultltions only 

provide rough guidlines to the evolution process. Using a s c t  of 

fixed phase compositions is a major simplification of the n n t l ~ r n l  

process, as evidenced by the observed range in phenocryst composit.ion and 

experimental studies of primitive ocean-floor basalt compositions which 

have shown that the liquidus phase compositions arc strongly irrfli~cnccd 



Table 6.8 

Mixing calculations:'Macquarie Island lavas and dykes 

01 4.64 4.46 8.79 1.65 1.43 10.10 7.20 
CPx -7.04 -6.09 1.51 -4.33 4.25 -1.87 1.95 
Plag 3.08' 0.14 15.05 1.75 -38.24 -17.03 20.97 
%x 11.58 9 -37 5.73 9 . 8 3  , 5.47 -9.64 9 .SO 
Li q 88.45 93.43 68.64 91 -28 126.07 118.33 59.86 

0 1 
CPX 
Plag 
OPX 
38188 

01 9.70 8.82 
CPx 2.71 -4.64 
Plag 17.87 -36.53 
Opx 3.15 -3.42 
Ll q 65.86 134.70 

' 01 
CPX 
Plag 
Opx 
38188 

Cres 
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by P,  T,  POI and P (Green G Lieberman, 1976; Green et al., 1979; 
C02 

Jaques F, Grccn, 1980). 

6 .3 .4  Major element pbtrogenesis  

The petrographic  f e a t u r e s ,  geochemical v a r i a t i o n s  and t h e  r e s u l t s  

of modelling c a l c u l a t i o n s  a r e  s t r o n g  evidence f o r  t h e  d e r i v a t i o n  of t h e  

observed spectrum o f  lavas  and d o l e r i t e s  on Macquarie I s l and  through 

c r y s t a l  f r a c t i o n a t i o n  processes  dominated by p lag ioc lase  and o l i v i n e ;  

but  a l s o  involving clinopyroxene.  The presence o f  complementary 

gabbroic rocks on t h e  i s l a n d  f u r t h e r  sugges t s tha t  much o f  t h e  l i q u i d  

evo lu t ion  was through shal low-level  fractionation processes  ( G r i f f i n  G 

Varne, 19801 . 
There i s  growing experimental  evidence f o r  a p i c r i t i c  primary 

' 

magma f o r  ocean-f loor  b a s a l t s  (Green e t  aZ., 1979; Jaques 6 Green, 1980), 

i n  suppor t  o f  e a r l i e r  ideas  a long t h i s  l i n e  (OiHara, 1968) and evidence 
. . . ---- - .  

from o p h i o l i t e s  (Elthon, 1979). . - Green e t  al. (1979) have shown 

t h a t  p i c r i t i c  magma formed by segregat ion from orthopyroxene-bearing 

p e r i d o t i t e s  a t  about 70 km depth w i l l  evolve t o  p r imi t ive  magnesian 

MORB compositions through f r a c t i o n a t i o n  of 15-17% o l i v i n e .  Subsequent 

work i n d i c a t e s  t h a t  t h i s  process  r e q u i r e s  20-30% p a r t i a l  mel t ing and 

t h a t  lower degrees (<18%) w i l l  produce a l k a l i n e  l i q u i d s  (Jaques & Green, 

1980). A l t e r n a t i v e l y  orthopyroxene and o l i v i n e  f r a c t i o n a t i o n  from a 

slowly ascending t h o l e i i t i c  p i c r i t i c  primary magma, i n  t h e  prcssilre 

range 20-15 kb, could produce a p r imi t ive  a l k a l i  o l i v i n e  b a s u l t i c  liqtrid 

(Malpas , 1978) . 
Although Malpast mechanism s a t i s f a c t o r i l y  accounts f o r  tho  major 

and compatible t r a c e  element abundances of mid-occan r i d g e  basnlts and 

t h e  Macquarie I s l and  l avas  and dykes, major ob jec t ions  have been rn i sad .  

S p e c i f i c a l l y ,  Green e k  aZ. (1979) found t h a t  p lag ioc lase  of An,, was the 

most c a l c i c  composition p resen t  under one-atmosphere condjt iorls  on the 

l iqu idus  f o r  t h e  p r i m i t i v e  DSDP3-18 g l a s s .  From t h i s  and t h c  l a c k  of 



orthopyroxene on the  l iquidus  they concluded t h a t  t h e  pr imi t ive  magmas 

were not parenta l  t o  the  c a l c i c  p lagioclase  and a l s o  t h e  magnesian 

clinopyroxene (of Mg/Mg+Fe = 0.92) megacrysts of mid-ocean r idge  b a s a l t s  

and cumulate phases of oph io l i t e  complex layered rocks. I t  has been 

found experimentally t h a t  phases of  these  compositions can f r a c t i o n a t e  

. from second-stage melting o f  d i a p i r s  a t  depths of  1-15 km (Duncan Fr 

Green, 1980) . 
Bender a t  aZ. (1978) have s tudied  one atmosphere l iquidus  phase 

, 

compositions of a s i m i l a r  pr imi t ive  mid-ocean r idge  b a s a l t  g l a s s  

(no. 527-1-1) and reported l iquidus  p lagioclase  comp?sitions up t o  Anlo. 

The apparent discxepancy would seem t o  be  a r e s u l t  of  temperature 

dependence of the  p lagioclase  composition. A n 7 0 . 6  plagioclase  observed 

by Green e t  a l .  (1979) was obtained a t  1 2 1 0 ~ ~  whereas Bender et a2. (1978) 

found compositions of h a g ,  A n e l ,  A n ~ ~ . 6  and An80.o a t  temperatures of  . 

123S0c, 121g°C, 1 2 1 5 * ~ ,  120B°C and 120S°C respectively. Thus t he re  i s  

only a discrepancy of  -1 An u n i t  between the r e s u l t ,  a t  s i m i l a r  

temperatures, which must be considered t o  be a good agreement i n  view 

of the  s l i g h t l y  d i f f e r e n t  s t a r t i n g  compositions, experimental and 

ana ly t i ca l  techniques used. 

In summary, the.Macquarie Is land lavas and dykes have major and 

compatible t r a c e  element compositions t h a t  can be explained through a 

mechanism of extensive shallow leve l  c r y s t a l  f r a c t i o n a t i o n ,  dominated by 
. . 

plagioclase  and t o  l e s s e r  ex ten t s  o l i v i n e ,  clinopyroxcnc and s l ~ i r ~ u l ,  

from pr imi t ive  l i q u i d s  t h a t  i n  tu rn  a r e  a result of  cxtcnsivc i : r~~cr . i on -  

a t i o n  from primary p i c r i t i c  magmas. The range of pr imary magmas prescnt 

probably resu l t ed  from var i a t ions  i n  degree of p a r t i a l  me l t i ng  of t h c  

source o r ,  through an i n i t i a l l y  slowly ascending magma fractionnt.inK 

orthopyroxene i n  addi t ion  t o  o l i v i n e .  

Relevant experimental s tud ies  ind ica te  10-30% p a r t i a l  mclting 

of  the  source mantle is  required t o  produce the  var ' iat ion i n  primary 
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liquids and a consequent fractionation of about 20% olivine to attain 

the primitive liquid composition. Subsequently shallow-level fraction- 

ation or accumulation events are constrained bi the mixing calculations 

to maximum of about 40 wt.% although this is an overiestimate as these 

calculations probably include some contribution from earlier processes. 

Using extreme cases this would suggest a range of extremely incompatible 

elements in the lavas and dykes of -3x to -lox source mantle abundances. 

For primitive lavas (those not having undergone shallow-level fraction- 

ation) the range would be -4x to -12x mantle source abundances, for a 

constant mantle source. 

6.3.5 Incompatible and hygromagmatophile trace element.variations and 

characterization of the volcanic rocks 

Incompatible and hygromagmatophile elements can provide vital 

information on the nature of basalt mantle sources. Element ratios are 

of particular importance as these are not significantly affected by 

fractionation of the major basaltic phases whereas the abundances are 

modified. A major use of such elements has been the characterization 

of altered rocks, as many of these elements are immobile up to moderate 

grades of metamorphism. This is discussed in the following section which 

is drawn principally from Griffin & Varne (1980) . 
Ranges and mean values for low abundance elements analyzed in the 

lavas and dolerites are presented in, Table 6.9.. Apart from ST, the mean 

results are comparable to depleted ocean-f loor basal ts . Observctl ranyos 

(Table 6.9) are also similar. 

The best comparison of the incompatible trace element chemistry 

of the Macquarie Island lavas and dykes with ocean-floor basalts is 

through the use of the various discriminant functions. 'I'hcy havc bcan 

used to characterize altered and metamorphosed basalts, and a s s i g n  thorn 

to particular tectonic environments (e.g. Pearce E Cann, 1971, 1973; 

Bloxam & Lewis, 1972). This also allows a testing of thc usefulness of 



Table 6 -9 

Macquarie Island Lavas and Dykes: 

Trace Element Data S~rmmarv 

MEANS AND STANDARD DEVIATIONS 

Lavas Dykes Combined O.F.B. rF 

"from Pearce (1981) - 

RANGES 

Lavas Dykes 0 . F  .B. 



t h e s e  discr iminant  funct ions;  Macquarie I s l and  being t h e  s o l e  o p h i o l i t e ,  

composed o f  young oceanic  c r u s t .  

On t h e  Ti-Zr diagram of Pearce 4 Cann (1973) t h e  Macquarie I s l a n d  

d a t a  f a l l  mainly wi thin  t h e  ocean-f loor  b a s a l t  f i e l d  (OFB) with some 

d a t a  p o i n t s  i n  t h e  OFB-low K t h o l i i t e  f i e l d  (LKT), where ,over lap occurs  

with t h e  low-K t h o l e i i t e s  i f  i s l a n d  a r c s  (Figure 6 .9 ) .  On t h e i r  

Ti-Zr-Y diagram (Figure 6.10) t h e  major i ty  o f  t h e  Macquarie I s l and  d a t a  

f a l l s  wi th in  t h e  O F 0  f i e l d  but  some d a t a  p o i n t s  occur i n  t h e  "within- 

p l a t e "  b a s a l t  f i e l d  (WPB) def ined by ocean i s l a n d  o r  con t inen ta l  b a s a l t s .  

On t h e i r  Ti-Zr-Sr diagram (Figure 6 .11) ,  t h e  Macquarie I s l and  d a t a  p o i n t s  

de f ine  a band. from t h e  OFB f i e l d  i n t o  t h e  LKT , f i e l d .  

These d i sc r iminan t  diagrams, using T i ,  Z r ,  Y and ST, c l a s s i f y  

most of t h e  Macquarie Island rocks a s  ocean-f loor  b a s a l t s ,  bu t  t h e  

remainder a r e  un l ike  t y p i c a l  ocean-f loor  b a s a l t s  (Varne & Rubenach, 1972).  

S i m i l a r l y  ambiguous r e s u l t s  a r e  achieved us ing t h e  Z r - Z r / Y  diagram 

(Figure 6.12) o f  Pearce 6 Norry (1979) . On t h e  T i - C r  diagram developed , 

by Pearce (1975) t o  d i sc r imina te  between ocean-f l o o r  basa l  t s  and i s l a n d -  

a r c  t h o l e i  i t e s  , t h e  Macquarie Is land rocks with Ti abundances general  1 y 

. g r e a t e r  than 5000 ppm and ranging up t o  15 000 ppm (Figure  6.10) , and 

C r  abundances genera l ly  g r e a t e r  than 100 ppm and ranging up to  600 ppm 

(Figure 6 -53, would f a l l  wi th in  t h e  OFB f i e l d .  

The Macquarie I s l and  rocks t h a t  f a l l  wi thin  t h e  OFB f i e l d s  on 

t h e  var ious  discr iminant  diagrams tend t o  have r e l a t i v e l y  high T i  /Zr 

r a t i o s ,  Na(Na+K) > 0.9., K/Rb > 360, and r e l a t i v e l y  low K 2 0  and Nb 

abundances . .They resemble t h e  "depleted" oceanic t h o 1 e j . i . t ~ ~  of Kngc l 

e t  aZ. (1965) and t h e  Group-I ocean-f loor  b a s a l t s  of Bryan c t  a l .  (1976) .  

The samples t h a t  p l o t  o u t s i d e  t h e  OFB f i e l d s  tend t o  have r c l a t i v c l y  

high Nb con ten t s  and low Z r / N b ,  Y/Nb, Ti/Zr and K/Rb r a t i o s ,  t.o be 

r e l a t i v e l y  , enr iched  i n  K and ST, and t o  be ne-normative. lhcsc rocks 

resemble volcanics  from t h e  so -ca l l ed  'lanomaloustl r i d g e  segments, c .  g. 

t h e  FAMOUS a r e a  (near  36ON on t h e  Mid-Atlantic Ridge) . 



Figure 6.9 Ti and Zr contents of Macquarie Island basalt~ [open 
circles) and dolerites (closed circles) plotted on a basalt 
classification and discrimination diagram of Pearce 6 Cann (1973). 
Ocean-floor basalts plot in the O.F.B. field, and in the field 
that overlaps into the low-potassium tholeiite (L.K.T.) field. 
Calc-alkali basalts also plot in this overlapping field and in 
the C.A.B. field. 



Figure 6.10 Ti, Zr, and Y contents of Mocquarie Island basnlts 
(open circles) and dolerites ( f i l l e d  circles) in a discrim- 
ination triangle of Pearce & Cann (1973). Fields as in 
Fig. 6.9 , with the addition of a "within-plate" basa l t  field 
(W. P. B.) . 



Figure 6.11 Ti, Zr, and Sr contents -of Macquaric l s l n n d  basnlts 
(filled circles) and dolerites (open circles) in a discrjm- 
ination triangle of Pearce 6 Cann, 1973). F i c l d s  as  i n  
Fig. 6.9 . .  



--- - 
~ G u r e  6 . 1 3  Z r  and Y con ten t s  of ~ a e ~ u a r i e  I s l a n d  b a s a l t i  and." 

d o l e r i t e s  plotted on t h e  Z r - Z r / Y  diagram of Pcarce & Norry 
(1979).  F i e ld s  as i n  Fig.,6.9 and Fig. 6.10. : 
p- - - 

.- 

F i g u r e  6 . 1 2  : tr and Nb c o n t e n t s  of Macquarie I s l a n d  b a s a l t ~  and 
d o l e r i t e s .  Also o u t l i n e d  a r e  f i e l d s  f o r  I P O D  Leg 49 basalts 
from t h e  Mid-Atlant ic  Ridge (lVood e t  aZ., 1979a) 

A - -  . 



The "non-0F8" da t a  do not  form a group d i s t i n c t  from t h e  OFB d a t a .  

'h is  continuum i n  compositions i s  wel l  shown i n  a Zr/Nb diagram 

(Figure 6.13) . Rocks from nea r  3 6 ' ~  and 4 5 ' ~  on t h e  Mid-Atlantic Ridge 

have Zr/Nb r a t i o s  i n  t h e  range 3 t o  7, and Nb con ten t s  gene ra l ly  h ighe r  

than those  of  rocks from nea r  63% where Zr/Nb r a t i o s  range from approx- 

imate ly  7 up t o  high va lues  o f  18 o r  more t h a t  were formerly considered 

t o  be d i agnos t i c  of  ocean-f loor  b a s a l t s  (Pearce 6 Cann, 1973; ~ r l a n k  & 

Kable, 1976).  Most of t h e  Macquarie I s l and  rocks p l o t  i n  t h e  same 

f i e l d s  a s  36"N and 4S0N rocks ,  b u t  range more widely when considered a s  

a group ( ~ i g u r e  6.13) . 
REE analyses  of s&nples covering t h i s  range i n  t r a c e  element 

abundances a r e  presented  i n  Table 6.10. These have been grouped by 

p r o f i l e  on a Masdua-Coryell p l o t  i n  Figure 6.14 and demonstrate t h e  

c o r r e l a t i o n  o f  t h e  LREE with o t h e r  hygrornagmatophile element r a t i o s ,  

re-emphasize t h e  continuous na tu re  of t h e  t r a c e  element v a r i a t i o n s ,  and 

f u r t h e r  t h e  c o r r e l a t i o n  of Macquarie I s l and  volcanics  wi th  those  from 

itanomalous" ridge segments (cf.  Langmuir e t  a2 . , 1977) . 
An important  r e s u l t  a r i s i n g f r o m  t h i s  grouping of  t h e  samples i s  

an apparent  r e l a t i o n s h i p  t o  t h e  degree of  metamorphism of t h e  samples. 

Samples which have undergone metamorphism up t o  and inc lud ing  z e o l i t e  

f a c i e s  a l t e r a t i o n  a r e  cha rac t e r i zed  by high La/Sm and La/Yb r a t i o s  

whereas those  o f  g reensch i s t  f a c i e s  metamorphic grade have markedly 

lower va lues  f o r  t h e s e  r a t i o s  (Table 6 .11) .  Although t h i s  is  i n  

apparent agreement wi th  s t u d i e s  which emphasize t h e  s u s c e p t i b i l i t y  of 

t h e  LREE t o  mobi l iza t ion  during metamorphism (Hellman e t  aZ., 1978; 

Ludden & Thompson, 1979) t h e  good p o s i t i v e  c o r r e l a t i o n s  o f  t h e  LREE with 

t h e  o t h e r  incompatible and hygromagmatophile elements a r e  s t r o n g  evidence 

aga ins t  t h i s  i n t e r p r e t a t i o n .  A l t e r n a t i v e l y  t h e s e  r e s u l t s  suggest  a 

temporal evolution o f  t h e  l ava  and dyke compositions,  assuming t h e  l e a s t  

a l t e r e d  rocks a r e  t h e  youngest.  This evolu t ion  i s  manifested by an 



Table 6.10 

Selected Major and Trace Element Ratios 

in the REE Data Subset. . 

Sample La/Sm Zr/Nb T ~ / Y I  Mg/Mg+Fe K / R ~ ~  
Number 

l . 1 0 - ~  

for Rb = 0 

3 for 56G: Rb = 4 ;  56A:  Kb = l;K/Rb = 1910 



Table 6 .ll 

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

metamorphism. 

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

La/Sm La/Y b 

Ocean-floor weathering 
Group I 4.82-2 .56 22 .4 -8 .6  

Zeolite facies 
Group 11 

Lower greenschist facies 
Group 111 1.56-0.86 2.96-1 -90 



o Lavas 
4 Dykes XI! 

- 

Figure 6.14 Ynsuda-Coryell REE plot of Uncquarlc lslnnd 
bmsalts and dolerltcs. 



enrichment of  the LREE while  maintaining r e l a t i v e l y  cons t an t  HREE 

abundances (Figure 6.14) . 
In  summary these  incompatible and hygromagmatophile t r a c e  element 

abundance d a t a  show t h a t  many o f  t h e  analyzed Macquarie I s l a n d  l avas  

and dykes a r e  extremely similar t o  "normal" MORB. However, t h e  unbroken 

t r ends  and v a r i a t i o n s  i n  both abundances and r a t i o s  of  t h e s e  elements  

progress  beyond t h e  "normal" range o f  va lues  f o r  MORB. Some o f  t h e  

samples ( those  enr iched  i n  t h e s e  elements) would n o t  be recognized a s  

MORB us ing  recognized b a s a l t  d i scr iminant  diagrams. This  sugges ts  t h e  

need f o r  major q u a l i f i c a t i o n s  t o  be imposed when us ing  such diagrams. 

Poss ib le  q u a l i f i c a t i o n s  a r e  d iscussed  l a t e r  i n  ;his chap te r .  

6 . 3 . 6  Impl ica t ions  o f  incompatible and hygromagmatophile element r a t i o s  

I t  has been shown t h a t  t h e  lavas  and dykes inc lude  samples having 

wide d i f f e r e n c e s  i n  incompatible and hygromagmatophile element r a t i o s .  

S p e c i f i c a l l y  La/Sm and Zr /Nb  r a t i o s  have ranges of 8.8 t o  0.86 and 1 .53  

t o  18 .0  r e s p e c t i v e l y .  The subset o f  samples f o r  which REE ana lyses  are 

a v a i l a b l e  almost completely span t h e  range i n  Zr/Nb r a t i o s  of  t h e  t o t a l  

d a t a  s e t ,  ranging from 1.53 to 16.5 ,  and is t h e r e f o r e  taken t o  be 

r e p r e s e n t a t i v e  o f  t h e  l avas  and dykes i n ' t h e  fol lowing d i scuss ion .  

Three main mechanisms have been proposed f o r  observed v a r i a t i o n s  

i n  these element abundances and r a t i o s  of b a s a l t  s u i t e s .  Longmt~ir 

e t  aZ. (1977) have invoked a dynamic melt ing process  t o  e x p l a i n  REE 

abundances i n  FAMOUS b a s a l t s .  I n  t h i s  model a po r t ion  of  mclt i s  always 

retain,ed i n  a zone o f  mqlt ing of cont inuously upwelling mnntlc. Providing 

the  melt i s  on a p e r i f e e t i c  o r  c h t e c t i c  i u r f a c e  then major clcmcnt 

compositions of t h i s  melt  w i l l  be  bu f fe red  b u t  % a t i o s  and abundi~nccs of 

elements with small but d i f f e r i n g  l i q u i d / s o l i d  p a r t i t i o n  coefficients 

may a l t e r  markedly, depending on t h e  d i f f e r e n c e  i n  t h c  p a r t i t i o n  

c o e f f i c i e n t s  and the propor t ion  on melt  remaining i n  t h e  melt ing zono. 
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Secondly, OIHara (1977) has proposed a near-surface open-system 

fractional crystallization process. OtHara (op .  cit.) envisaged a magma 

chamber fed regularly by batches of parental magma in which continuous 

fractional crystallization occurs. Resultant steady-state liquids 

could have major element compositions controlled within the liquidus . 

field of a single crystalline phase, or on a cotectic, but potentially 

1 arge variation in concentrations of incompatible and hygromagmatophile 

element abundances and ratios. Isotopic variations are considered, 

in this model, to result from digestion of previously erupted basalts 

which have been altered through contact with sea water. 

The third mechanism assumes that the element abundances and 

ratios primarily reflect the source mantle characteristics and conseqently 

variations in the basalts reflect source heterogeneity (Varet & Treuil, 

1973; Erlank 6 Kable, 1976). The concept of a heterogeneous mantle is 

not new (Green, 1971; Varne & Graham, 1971) but has become established 

with the recent availability of numerous, precise isotopic and hygro- 

magmatophile element abundance data. Reviews of mantle processes in 

light of the new geochemical data strongly favour mantle heterogeneity 

as the prime factor in controlling isotopic, and hygromagmatophile 

.element abundances and ratios (Hanson, 1977; Cann et aZ., 1978; Pearce 

6 Norry, 1979; Sun et aZ., 1979), although processes akin to dynamic 

melting may still be significant (Wood, 1979, 1981). 

Although isotopic data are not yet  available for tho Mar-cltluria 

Island lavas and dykes the extreme ranges in Zr/Nb and La/Sm rntios 

(of 0.53 to 18 and 8.80 to 0.86) are in favour of a heterogeneous 

mantle source. Open-system fractional crystallization (OvHara, 1977) 

is considered unlikely in view of these extreme ranges, yet rclntivcly 

thin layer of cumulate rocks (2-3 km; Griffin 6 Varne, 1980).  

In the preceding sections two important geochemical feat.11rc.s n f  

the Macquarie Island lavas and dykes have been established. I : i r s t l y ,  



many of the samples are geochemically similar to "normal" b1ORB. 

Secondly, those that are not similar differ through a progressive 

enrichment o f  incompatible and hygromagmatophile abundances and ' 

variations in ratios of these elements. On the basis of the introductory 

discussion to this section these variations are suggested to represent 

heterogeneity in the source mantle. Based on the geochemical data the 

heterogeneity may be in the form of "enriched" veins present in 

variable but small amounts in a depleted "MORB" mantle peridotite 

(Wood, 1979) . . 

This could be treated as a two-component model and if correct 

mixing trends should be ,identifiable in the data. Langrnuir et al. 

(1978) have shown that the isotopic mixing equation (Vollmer, 1976) 

can be used as a general equation for incomparible/hygromagmatophile 

element ratios. In the Macquarie Island data suitable ratios are Zr/Nb, 

and La/Sm. Using the extreme data points (dyke sample 64 : La/Sm = 8 -80, 

Zr/Nb = 1.53; dyke sample 38206: La/Sm = 1.58, Zr/Nb = 16.5) the 

following relationship can be derived: 

The resultant binary curve matches the intermediary data extremely 

well (Figure 6.153, supporting's two-component mantle model. Including 

the complete data set, on the basis of the Zr/Nb ratios, the high Zr/Nb 

component has a value of 18.0 which leads; by extrapolation, t.o u 

Having define end-member ratios for the two components in rhc 

Ziquids the next step is to calculate the abundances of the elements. 

Nb has been selected as the control element for the calculations on thc 

basis of its well documented hygromagmatophile character (Pearce C 

Norry, 19793, immobile nature (Cann, 1972) and'its wide yet coherent rangc 

in the sample set. 



Figure 6 . 1 5  V S .  Zr/Xb with  m i x i n g  line d e r i v e d  f rom the extreme 
data p o i n t s  using t h e  equation of hngmuir  r t  al. (1078) .  



6 . 4 9  

From the  d a t a ,  t h e  low Z r / N b  component i n  t h e  l i q u i d  composition 

has a Nb abundance of  87 ppm and t h e  high Zr/Nb component has  1 ppm Nb. 

Abundances i n  t h e  two components of  incompatible and hygromagmatophile 

elements are given i n  Table 6 .12 .  These were c a l c u l a t e d  from t h e  l i n e a r  

r eg re s s ion  t r ends  derived from v a r i a t i o n s  o f  each element with Nb, shown 

i n  F igures  6 .16  and 6.17, f o r  va lues  of  1 and 87 ppm Nb. The r e s u l t s  

a r e  presented  as geochemical p a t t e r n s  normalized aga ins t  average MORB 

(Pearce e t  aZ., 1981; Sun,,1980; Wood, 1979) i n  Figure 6.18. Also 

included on t h i s  f i g u r e  i s  a p a t t e r n  der ived  us ing  t h e  c a l c u l a t e d  element 

t r ends  f o r  a Nb content  of 3 .5  ppm (Table 6 .13) .  This  i s  t o  minimize 

e r r o r s  r e s u l t i n g  from a n a l y s i s  o f  Nb at  t h e  1 ppm l e v e l  and t o  provide 

a comparison with MORB. The subsequent p a t t e r n  does not  show t h e  

pronounced Nb anomaly y e t  o t h e r  element abundances, r e l a t i v e  t o  t h e  MORB 

values ,  a r e  l i t t l e  changed. 

Two major p o i n t s  a r e  r e in fo rced  by t h e s e  geochemical p a t t e r n s .  

F i r s t l y ,  t h e  low Nb o r  deple ted  l i q u i d  component i s  s i m i l a r  t o  MORB i n  

both incompatible and hygromagmatophile element abundances, i n  support  o f  

d e r i v a t i o n  from a "depletedv mantle.  Secondly, t h e . d i f f e r e n c e s  between 

t h e  two components a r e  a func t ion  o f  t h e  incompa t ib i l i t y  o f  t h e  element 

with poss ib l e  mantle mineralogies .  This f e a t u r e  i s  i n  agreement with 

arguments presented  by Hanson (1977) and Wood (1979) f o r  the  d e r i v a t i o n  

of  t h e  l tenrichedl '  ocean-f loor  b a s a l t s  from a source conta in ing  a  

component der ived  through very low degrees o f  mel t ing  of  p r imi t ive  mantle 

m a t e r i a l .  



Table 6 .12  

TRACE ELEMENT ARUNDANCES I N  END MEMBER CO~~PONENTS DEFINED BY 
Nb VARIANCE IN THE MACQUARIE I S L A N D  LAVAS AND D Y K E S .  

Nb Intercept Slope Corr.Coeff. Comp.  A C o m p .  B 
( N ~ = O P P ~ )  ( N b = l p p m )  (Nb=87ppm) 



Figure 6.16 Sr. Rb,  K,O and P,O, against Nb for the Lovas 
and dykes w i t h  lineor regression Lines. I n t e r c e p t ,  slope 
and corretotion coeff icient doto ore given in Table 6.11. 



Figure 6-17 La, Zr. TiO, and Y against N b  for the Lovos 
and dykes with Linear regression Lines. Intercept,  d o p e  
and correlat ion coef f ic ient  data  are given in Table 6.11. 



+ ftEnriched'f  (Nb = 87 ppm) 

"Depleted" (Nb = I ppm) 

4 "MORB-equiv" (Nb = 3.5 ppm) 

Figure 6.18 Geochemical p a t t e r n s .  normalized t o  MORB abundances 
f o r  "enriched1', "depleted" and "MORB-equivalentw l i q u i d s  from 
Macquarie Island.  



Tab le  6 . 1 3  

"MORBtl normali zed values of hygromagmatophile 

elements i n  the "enriched", "depletedf', and 

MORB h%=87 Nb = 1 Nb=3.5 
Enriched Depleted MORB comp. 
component component 

1 .  Value from Pearce (1981), i n  ppm unless otherwise 
shown. 

2 .  Element order from Wood (1979).  

3 .  Sun (1980), values i n  ppm. 



Relationships of the incompatible and hygromagmatophile element 

abundances to the.petrologica1 and normative character of the samples 

The preceding sections have established that the variation of the 

major and compatible trace elements, incompatible elements and hygro- 

magmatophile elements describe a complex petrogenesii involving shallow 

level fractionation, variations in degree of partial melting, and mantle 

heterogeneity. Additionally, relevant experimental investigations imply 

a further process involving olivine fractionation from primary picritic 

.magmas at intermediate depths. Importantly it has been shown that the 

various processes can be recognized by examining the appropriate sets 

of element abundances and inter-element relationships. 

It is also important to emphasize that although the geochemical 

behaviour of elements within the particular groups reflect principally 

the petrogenetic process by which they are most significantly affected', 

there is within the Macquarie Island data set an overall correlation 

between the various groups of elements. This can be most clearly seen 

in a plot of normative ne- or hy-composition against the Nb abundance 

of the sample (Figure'6.19). The hy-rich samples contain relatively 

low Nb than the ne-rich samples, which are more variable but generally 

richer in Nb. Superimposed on this figure is the petrographic nature 

of each sample, the alkaline variants dominating the Nb-rich samples. 

One relevance of this relationship is the use of the basalt 

discriminant diagrams (Section 6.3.5). It has previously bccn noted 

that the Macquarie Island samples which arc incorrectly classl fiat1 u s  i r ~ g  

these discriminant diagrams rend to have relatively high Nb contcnts,  low 

Zr/Nb, Y/Nb, Ti/Zr and K/Rb ratios, to be enriched i n  K and S r ,  and 

t o  be ne-normative (Griffin & Varne, 1980). Such ambiguit-ics caul(l I)c 

virtual ly eliminated by applying, therefore , ci ther a pctrographi r or 

CIPW normative screen to remove alkaline or nc-normative rocks from thc 

data base being used. 



Figure 6.19 Ne- and h y -  normative composition content against h.b abundance. 
Samples recognised pelrogrmphically as alkaline variants are denoted by 
solid c i r c i e s .  



6 . 3 . 8  ~ e f i n e m e n t  of p a r t i a l  melting es t imates  using a two-component mantle 

The recogni t ion  of  a  two-component source mantle allows a  refinement 

of es t imates  of  t h e  degrees o f a p a r t i a l  melting required t o  produce the  

observed range o f  pr imi t ive  compositions for t he  ~ a c q u a r i e  T s land lavas  

and dykes (Section 6 .3 .4) .  The i n i t i a l  discussion was based on t h e  

premise t h a t  the  source mantle was r e l a t i v e l y  constant .  However t h e  

ensuing discussion has shown t h a t  K20 and P2O5 abundances a r e  pr imar i ly  

source-control led and t h a t  l a rge  va r i a t ions  i n  these  elements a r e  present  

between the  two end-member compositions indica ted  by the  lava and d o l e r i t e  

compositions (Sections 6.3.5 and 6.3.6, Table 6.13).  

Original  es t imates  of around 20% p a r t i a l  melting f o r  the  t h o l e i i t i c  

compositions (Nb = 1 ppm, P205 = 0.10 w t . % ,  K20 = 0.27 wt.%) and sub- 

sequent o l i v i n e  f r ac t iona t ion  (15-17%) requi re  a  mantle source with 

0.017-0.025 w t . %  P205 and 0.045-0.068 w t . %  K20. These values a r e  within 

t h e  range of experimentally s tudied  source compositions, i . e .  Pyro l i t e  

and Tinaqui l lo  l h e r z o l i t e  (Green, 1971; Jaques 6 Green, 1980) and need 

no rev i s ion .  However, the  es t imates  of ~ 1 8 %  p a r t i a l  melting f o r  t h e  

more a l k a l i n e  compositions (Nb = 87 ppm, P205 = 0.77 w t . % ,  K20 = 1.60 . 

wt.%) a r e  not v a l i d .  

Normative ca lcu la t ions  a re  presented i n  Table 6.14 f o r  a range o f  

compositions s t a r t i n g  from a  pr imi t ive  t h o l e i i t e  and by t h e  a d d i t i o n  of  

K20 and P205 t o  reach,' i n  t h e  f i n a l  composition, the  observed l imi t ing  

values f o r  these  elements. The normative composi t ions  chnngcl from Iry- rl ell 

(8.75 w t . % )  t o  t r a n s i t i o n a l ,  with 0.11 w t . %  hypersthene. This cmpha3jzca 

the major inf luence  of  K,O on the normative ca lcu la t ion  and thc danger of 

using CIPW normative compositions a s  a  guide t o  mantle processes where 

a var i ab le  source composition may be involved. From t h i s  example it is 

c l e a r  t h a t  it i s  not  necessary t o  appeal t o  va r i a t ions  i n  p a r t i a l  melting 

t o  explain the  range of the  Macquarie Is land rocks although some var ia t ion  

cannot be excluded. 
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The following po in t s  b r i e f l y  summarize the  major f e a t u r e s  and 

implicat ions of the  geochemistry o f  the  Macquarie Is land lavas and dykes. 

1. Geochemical abundances of  both major and t r a c e  elements i n  the  

analyzed sample s e t  have been l i t t l e  a f fec ted  by the  metamorphic 

processes t h a t  have occurred within t h i s  oceanic c r u s t  segment. 

Increases i n  LO1 values and t h e  ~ e ~ + / ~ e ~ +  r a t i o s  of t h e  samples 

a r e  the  only pervasive e f f e c t s  of the  a l t e r a t i o n ;  both e f f e c t s  

decreasing i n  t h e  increas ing metamorphic grade. 

2 .  The petrographic v a r i a t i o n  from t h o l e i i t i c * t o  a l k a l i n e  i s  matched 

by the  geochemical range i n  t h e  analyzed sample s e t .  A good corre la-  

t i o n  between petrography and CIPW normative mineralogy and evidence 

from pil low r i m s  and core analyses,  and v a r i a t i o n s  across  a massive 

lava flow confirm the  lack o f  geochemical a l t e r a t i o n  of these 

samples. 

3 .  Three groups of elements have been d is t inguished on t h e  b a s i s  o f  

s t a t i s t i c a l  covariance. 

(i) major and compatible t r a c e  elements, 

( i i )  incompatible elements, and 

( i i i )  hygromagmatophile elements. 

4 .  A wide range i n  Mg/Mg+Fe r a t i o s  and C r  and N i  abundance covariance 

with t h i s  r a t i o  define c r y s t a l  f r ac t iona t ion  as a major process 

i n  the  evolut ion o f  these  rocks. The s p a t i a l  a s soc ia t ion  of t h e  

lavas and dykes on Macquarie Is land w i t h  apparently cum~rlot ivc  

ol iv ine-plagioclase- r ich  layered gabbros together  with t h e  mincrnl- 

ogica l  s i m i l a r i t y  of the  phenocryst/megacryst phascs of thc l a v s s  and 

dykes and the  gabbro phascs i s  good evidence t h a t  thcsc  two grotrps 

of rocks a r e  complementary products of  a shal low lcvcl crystlil 

f r ac t iona t ion  process.  

# 



Major element mixing models show that much of the gcochcmical 

variations of the analyzed lavas and dykes can be accounted for by such 

a shallow lcvel process. Plagioc.lnse, olivine and spinel arc the major 

pl~sscs involved, but clinopyroxene is also required. If t h c  laycrcd 

gabbros alone represent the cumulate component thm, from the schematic 

section of Macquarie Island-type oceanic lithosphere (Griffin & Varne, 

1980, fig.3) an average of 25% crystal fractionation is required. 

An-overall average fractionation value of 35% is necessary if the 

recrystallized gabbros, that appear to be between the layered gabbros 

complex and the basal harzburgites, are also cumulates complementary to 

the lavas and dykes. 

5. K 2 0  and P205 show extreme variations and behave, together with Nb, 

Sr, Rb and the light REE, as coinpletely incompatible elements 

in these rocks. They have been termed hygromagmatophile to 

distinguish them from the remaining group of elements - Y, Zr, and 

Ti02 - and the heavy REE which show significant correlations with the 

majo~ and trace elements (Table 6.3). 

6. Effects of shallow level fractionation and differences in degree of 

partial melting of the source mantle are too small to account for the 

extreme variations in hygromagmatophile element abundances and 

variations in trace element ratios found in these rocks. Mechanisms 

involving dynamic melting or open chamber fractionation also appear 

unlikely to account for the extreme variations although such 

mechanisms undoubtedly could have had some effect. 

The hygromagmatophile element ranges are considered to result 

primarily from heterogeneity of the source mantl? with respect to 

these elements. Covariants of incompatible/hygromagmatophi.le element 

ratios closely match a binary mixing curve (Figure 6.15). 

Consequently a two-component mantle is envisaged with variations in 



propor t ions  o f  t h e  two components c r e a t i n g  t h e  observed he te ro-  

genei ty .  The s i m i l a r i t y  o f  major and compatible t r a c e  element 

compositions of t h e  Macquarie I s l and  lavas  and dykes t o  t h e  MORB 

average composition (Table 6.5) and success  o f  t h e  t r a c e  element 

d i sc r imina t ion  diagrams i n  recognizing t h e  t h o l e i i t i c  o r  "depleted" 

v a r i a n t s  as MORB-type rocks i s  cor robora t ive  evidence f o r  an upper 

mantle e s s e n t i a l l y  homogeneous with respec t  t o  t h e s e  elements.  The 

s t r o n g  c o r r e l a t i o n  o f  enrichment and inc reas ing  elemental  

hygromagmatophile na tu re  with respec t  t o  l i k e l y  mantle mineralogies 

shown i n  t h e  a l k a l i n e  o r  "enriched" v a r i a n t s  r e l a t i v e  t o  t h e  

t h o l e i i t i c  v a r i a n t s  and t o  "depleted" MORB (Figure 6.18) suppor t s  

t h e  presence of an "enriched" mantle component, formed by small 

degrees o f  p a r t i a l  mel t ing o f ,  o r  f l u i d  migrat ion through, a f e r t i l e  

mantle .. 

7 .  The pe t rograph ic  and CIPW normative c h a r a c t e r  has been shown t o  

c o r r e l a t e  with t h e  degree of enrichment of t h e  samples i n  t h e  

hygromagmatophile elements.  This has  r a i s e d  t h e  ques t ion  o f  whether 

pe t rograph ic  and CIPW normative v a r i a t i o n s  r e f l e c t  v a r i a t i o n s  i n  

p a r t i a l  mel t ing o r  mantle he te rogene i ty ,  because o f  t he  major con t ro l  

of t h e  l a t t e r  on K20 and P205 abundances i n  t h e  der ived l i q u i d s .  

In  view of  t h e  major e f f e c t  o f  K 2 0  on CIPW norna t ive  compositions 

(Section 6.3.8) and experimental  evidence t h a t  the degree of s i l ica  

s a t u r a t i o n  of a melt  i s  dependent and inverse ly  r e l a t e d  t o  t h e  a lka l i  

content  of t h e  source  composition (Jaques E Green, 1980), t h c  e a r l i e r  

suggest ion t h a t  t h e  a l k a l i n e  v a r i a n t s  represen t  lower degrees of 

p a r t i a l  mel t ing than t h e  t h o l e i i t i c  v a r i a n t s  sccms unl jkc ly .  A l l  

v a r i a n t s  a r e  probably t h e  r e s u l t  o f  a s i m j  lar degrcc o f  partial 

melting o f  t h e  source  mantle; t h e  compositional range reflecting 

source mantle he te rogene i ty .  From t h e  morc de ta i led  and cxtcns.ivc 

experimental  s t u d i e s  us ing t h o l e i i t i c  compositions, 10-30% pnrti .al  

melt ing o f  t h e  source  mantle is  suggested. -  



Chapter 7 

EVOLUTION OF MACQUARIE ISLAND-TYPE OCEANIC CRUST 

7.1 INTRODUCTION 

Igneous and metamorphic f e a t u r e s  o f  t h e  Macquarie I s l a n d  l avas  

and dykes have been descr ibed  and d iscussed  i n  t h e  preceding chap te r s .  

This  concluding chap te r  i n t e g r a t e s  t h e  evidence from the  var ious  

a spec t s  of t h i s  s tudy  on t h e  formation o f  Macquarie I s land- type  oceanic  

c r u s t .  Summaries o f  i nd iv idua l  a spec t s  of  t h i s  s tudy  have been 

presented  a t  t h e  end of  t h e  r e l e v a n t  chap te r s  and a r e  no t  repea ted  

h e r e .  I t  i s  important t o  emphasize t h a t  t h i s  work is a pre l iminary  

i n v e s t i g a t i o n .  Recommendations f o r  f u r t h e r  work a r e  presented  i n  t h e  

f i n a l  s e c t i o n  of  t h i s  chapter .  

7 . 2  METAMORPHIC PROCESSES I N  THE OCEANIC CRUST 

Various models f o r  ocean-f loor  metamorphism have been presented 

based on dredge and d r i l l  studies o f  MORB b a s a l t s  (Cann, 1970) and 

der ived  from s t u d i e s  o f  o p h i o l i t e  complexes (Smewing, 1975; Elthon & 

S t e i n ,  1978; Coleman, 1977; Coish, 1977). However'as both Coleman 

(1977) and Cann (1979) have observed, t h e  s i m i l a r i t y  between metamorphic 

(and igneous) models o f  mid-oceanic r i dges  and o p h i o l i t e  sequences i s  a 

r e s u l t  o f  t h e s e  models drawing heav i ly  on s p a t i a l  r e l a t i o n s h i p s  observod 

f o r  on-land o p h i o l i t e s .  In t h i s  sense  t h e  d a t a  from t h c  occanic  c r u s t  

exposed on Macquarie I s l and  a r e  unique. They-are t h e  connect ing l i n k  

between s t u d i e s  o f  o p h i o l i t e s  and oceanic  c r u s t .  

Ocean-floor metamorphism h a s ,  from t h e  Macquaric I s l and  example, 

been recognized t o  r e s u l t  i n  a sequence of secondary assemblages ranging 

from those  through co ld  ocean-f loor  weathering ('%rownstoneV1 f a c i e s ,  

Cann , 1979) t o  z e o l i t e  and lower greenschist f a c i e s  assemblages i n  



t h e  l a v a  sequence and t o  g reensch i s t  and f i n a l l y  amphiboli te f a c i e s  

assemblages i n  t h e  b a s a l  s e c t i o n  o f  t h e  sheeted dyke complex 

(Chapter 5; Figure 7 . 1 ) .  This provides s t r o n g  support  f o r  t h e  genera l ly  

accepted metamorphic model ~ e v i e w e d  by Cann (19 79) . 
The phys ica l  process  of t h i s  oceanic  metamorphism i s  a more 

c o n t r o v e r s i a l  s u b j e c t ,  p a r t i c u l a r l y  as it addresses  t h e  ques t ion  of 

chemical . i n t e r a c t i o n  and elemental  f luxes  between t h e  oceans and t h e  

oceanic c r u s t  dur ing t h e  metamorphic process .  F i r s t l y ,  t h e  metamorphic 

zonation on Macquarie I s l and  r e q u i r e s  a high geothermal g r a d i e n t ,  

poss ib ly  a s  h igh a s  200°c/km (Section 5.7.2) . This value i s  comparable 

t o  es t imates  from o p h i o l i t e s  (Coleman, 1977) and i s  s t r o n g  evidence t h a t  

t h e  bulk of t h e  metamorphism occurred c l o s e  t o  o r  a t  t h e  spreading r i d g e  

c r e s t .  

Fluid  pene t ra t ion  appears t o  involve what may .be  considered a s  

two d i s c r e t e  a l b e i t  i n t e r a c t i v e  processes .  One process  is  f l u i d  flow 

through t h e  more pmous zones o f  t h e  c r u s t ,  p r i n c i p a l l y  f a u l t s  and 

f r a c t u r e  s u r f a c e s  i n  t h e  rocks .  Rocks i n  and a b u t t i n g  t h e s e  zones 

t y p i c a l l y  show an extreme degree o f  a l t e r a t i o n  both chemically and 

mineralogical ly .  The second process  is a pervasive  permeation through 

t h e  rocks a t  a l l  s c a l e s .  Evidence f o r  t h i s  i s  t h e  changes i n  LO1 

con ten t s  and ~ e ~ + / ~ e ~ +  r a t i o s  observed i n  t h e  analyzed samples versus  

f r e s h  (MORB) b a s a l t s  (Section 6 .2 .1 ) ,  t h e  a l t e r a t i o n  o f  i n t e r s t i t i a l  

g l a s s  i n  otherwise pe t rograph ica l ly  f r e s h  rocks (Chapter 5)  , and rcgul n r  

mineral  sequences i n  amygdules (Sect ion 5 . 4 . 2 ) .  

The a c t i o n  and i n t e r a c t i o n  o f  these  f l u i d  movement processes 

must be considered with regard t o  t h e  following f e a t u r e s  o f  the 

Macquarie I s l and  l avas  and dykes: 

1 .  Unaltered volcanic  g l a s s ,  a h igh ly  s u s c e p t i b l e  mate r ia l  with regard 

t o  f l u i d  a l t e r a t i o n ,  p e r s i s t s  well  i n t o  t h e  z e o l i t e  f a c i e s  metamorphic 

zone; commonly p resen t  only metres away from s t rong ly  a l t e r e d  ( z c o l i t i z c d )  

rocks ; 
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Figure 7 .1  A schematic s e c t i o n  through Macquarie Is land- 
type oceanic l i t h o s p h e r e .  The s e c t i o n  i s  based on t h e  
t r a v e r s e  from North Head t o  Eagle P o i n t  v i a  Handspike 
Point (see Figure 3 . 2 )  but i s  augmented by f i e l d  d a t a  
from elsewhere on Macquarie I s l a n d .  (From Gr i f f in  & 
Varne, 1980;) 
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2 .  Only r a r e l y  a r e  rocks t o t a l l y  a l t e r e d .  Fresh o l i v i n e ,  p l a g i o c l a s e  

and clinopyroxene occur  i n  rocks of  t h e  brownstone, z e o l i t e  and 

g reensch i s t  f a c i e s  r e s p e c t i v e l y .  Areas of  extreme . a l t e r a t i o n . a p p e a r  . 

r e s t r i c t e d  t o  f a u l t  and s h e a r  zones; 

3. The geochemistry o f  pe t rog raph ica l ly  f r e s h  samples show, a p a r t  from 

t h e i r  LO1 con ten t s  and ~ e ' + / ~ e "  r a t i o s ,  no evidence o f  s i g n i f i c a n t  

metamorphic a l t e r a t i o n  from igneous abundances (Chapter 6 ) ;  

4 .  Mineral assemblages o f  q u a r t z ,  ep ido te ,  c h l o r i t e  and su lphides  

( p r i n c i p a l l y  p y r i t e  wi th  minor s p h a l e r i t e ,  galena and cha lcopyr i te )  a r e  

i n  genera l  r e s t r i c t e d  t o  ve ins  i n  t h e  shee ted  dyke complex and t h e  lavas  

t h a t  have undergone lower g reensch i s t  f a c i e s  metamorphism, i . e . t h e  

lower p a r t  o f  t h e  e x t r u s i v e  sequence; 

5 .  Gypsum d e p o s i t s  p re sen t  i n  t h e  t o p  of t h e  shee tcd  dyke complex may 

have r e s u l t e d  from t h e  hea t ing  of s e a  water  pene t r a t ing  t o  t h i s  l e v e l  

r e l a t i v e l y  unaf fec ted  by p r i o r  rock i n t e r a c t i o n ;  

6 .  Rough h e a t  o f  r e a c t i o n  c a l c u l a t i o n s  demonitrate  t h a t  t h e  " u r a l i t i z a t i o n "  

of t h e  rocks o f  t h e  shee ted  dyke complex may b e  s t r o n g l y  exothermic; 

7 .  Prel iminary 0 and C i so tope  s t u d i e s  suggest  a d i sc r imina t ion  between 

t h e  "brownstone" f a c i e s  metamorphism and t h e  metamorphism a t  deeper  l e v e l s  

of  t h e  oceanic  c r u s t .  The r e s u l t s  a l s o  g ive  evidence of pene t r a t ion  o f  

s e a  water  t o  t h e  base of  t h e  gabbroic  rocks ,  a depth lof  approximately 

5 km, although no obvious mineralogical  e f f e c t s  of  t h e  metamorphism arc 

presen t ;  and 

8.  The g reensch i s t  f a c i e s  v a s a l t s  a r e  enr iched  i n  " 0  w h c r c : ~ ~  thc under- 

l y ing  dykes and gabbros a r e  deple ted .  This may document pene t r a t ion  WE 

s e a  water  t o  t h e  dykes and gabbros where, through low W / R  ra t ios  and 

high temperatures ,  t h e  f l u i d  has become enriched i n  180 and t h c  ,rocks 

correspondingly dep le t ed .  Subsequent upwelling of  t h i s  enrichccl 1'1 u i  d 

i n t o  t h e  e x t r u s i v e  sequence could have produced t h c  enriched " 0  

c h a r a c t e r  o f  t h e s e  rocks .  
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On the basis of this evidence thc following is suggested for 

the metamorphism of the ~ac~uar'ie Island-type oceanic crust. Firstly , 

this metamorphism is composed of two phases: (i) a relatively short- 

lived intense hydrothermal phase at or near the ridge crust producing 

the bulk of the metamorphic effect, and (ii) a relatively cold 

long-term process resulting in "brownstone" facies alteration of the 

surface and near-suxface lavas. This latter process has been well 

documented through the results of the Deep Sea Drilling Project 

(Pritchard e t  a t . ,  1978; Staudigel E Hart, 19801. 

The near-ridge hydrothermal metamorphism results from the inter- 

action of two fluid processes. The first process is a convective 

circulation. Sea water rapidly penetrates the crust along major fault 

planes. Sea water that reaches the sheeted dyke zone experiences a 

rapid temperature rise resulting in precipitation of gypsum. The 

increase in temperature is a result of both host rock temperature, i.e. 

the geothermal gradient, and the exothermic heat released during later 

alteration of the dykes. This results in substantial modification of 

the fluid, including " 0  enrichment and addition of SOz. Heavy metal 

enrichment of the fluid is also probable during this phase. 

Subsequent convective upwelling and cooling of the fluid results 

in the formation of vein and ltstockworku deposits of sulphide-bearing 

propylitic mineral assemblages. These are concentrated in the top of 

the sheeted dyke zone and basal zone of the cxtrusivcs t )u t  nluy occur 

higher in the section. If the Troodos massive sulphidc clcspos.its urc 

ocean-floor deposits then such fluids may reach the surface, prcsumobly 

when development of major fault systems occurs at a suitable time. 

The second fluid process is one of permeation through t h c  rocks. 

This may be envisaged as a one-way movement and i s  esscnt:ially a clnsccl 

system process. Water from a magmatic source (Moore, 1970) is 

negligible when compared with the large amount of water prcscnt i l l  thc 



altered rocks (2-4 wt.% on average for rocks of the zeolite and lower 

greenschist facies zones) and the source must be a combination of 

water trapped during initial eruption of the extrusives, from inter- 

calated sediments, and water entering the sequence along fault and shear 

zones. This process is physically the dominant process in the 

extrusive sequence, affecting all rocks to some extent. 

To understand the operation of these processes the dynamic nature 

of the spreading ridge crest must be recognized. The schematic 

representation of the metamorphism presented in Figure 5.18 is only a 

scenario of the complete process and represents an ideal end product. 

The initial lava sequence at the spreading crest is only a thin veneer 

over the sheeted dyke zone. Penetration of sea water into the underlying 

I%otlI dyke zone is likely to start right at the active spreading area 

where intense tectonic activity will have provided easy access routes. 

AS the "oceanic crust sequence" develops progressively away from the 

ridge crest the hot fluid distributes heat away from the basal zone 

up through the sequence. The final metamorphic zonation thus represents 

the peak temperature profile through the crustal sequence. A schematic 

attempting to depict the dynamic nature and evolution is presented in 

Figure 7.2. This is extremely simplistic because of the lack of 

specific knowledge about the effects of tectonism at spreading ridge 

centres; such complications are not likely to alter the fundamental 

pattern. 
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0: brownstone. facies  
Z :  z e o l i t e  . fac ics  
LG: lower greenschis t  facies 
UG: upper greenschis t  facies 
LA: lower amphibolite f a c i e s  

F i g u r e  7.2 Dynamic nature  and evolut ion o f  t h e  oceanic c r u s t  
sequence o f  blacquarie I s l and .  



7.3 IMPLICATIONS AND FURTHER STUDIES 

1. The distinction between open system fluid movement along 

fault planes and closed system or one-way fluid movement by permeation 

through the rocks has major implications for isotopic studies of 

oceanic crust. Principally, assumptions of fluid compositions for 

temperature estimates using isolated amygdule phases are clearly made 

difficult. The fluid will have evolved considerably from a pristine 

sea water composition and will further fractionate during permeation of 

the rocks and formation of the amygdule phases. 

2 .  The mechanism of sea water penetration to the sheeted dyke zone 

and subsequent fractionation has been verified by the preliminary 

stable isotope studies. These studies are being extended in detail to 

compare isotopic values of phases formed by the permeating fluid 

.process and to consider the problems raised above. 

3. The sheeted dyke swarm and, possibly, the lowest part of the 

extrusive sequence are, on the basis of these results, the source of 

metals for the sulphide deposits. This could be examined by base metal 

analyses of these rocks. 

4.  S isotopic abundances should be determined for the various 

sulphate/sulphide occurrences together with "0 isotopic abundances to 

test the suggested temporal relationships between the various deposits 

(Figure 5.18) . 
5 .  Surface massive sulphide deposits will only occur I f  tcctorrlc 

activity creates a fault that penetrates the crust to the lcvel of tho 

sheeted dyke swarms, and allows rapid rise of appropriate solut.ions to 

the surface. Also, this must occur during the active initial stages of 

the metamorphism on or near the spreading ridge crest. 

6 .  Preliminary electron microprobe and-petrographic studios o f  

amygdule assemblages have indicated a regular zonation of t h e  phases i n  



the amygdules. More extensive microprobe studies should be performed 

to examine this feature and document the chemistry of this process. 

7. These results illustrate.the importance of the permeation 

process and the variability of degree of alteration of the rocks through- 

out the sequence. They further support the problems outlined by Cann 

(1979) with regard to calculation of element fluxes between oceans and 

oceanic crust. Until the difficult problem of accurately estimating 

the r e l a t ive  importance of open system circulation and convection in the 

overall metamorphic process is overcome, calculations of elemental 

fluxes will remain crude estimates. 

7.4 IGNEOUS PROCESSES AT OCEANIC RIDGE SPREADING CENTRES 

The mineralogic and geochemical features of lavas and dykes from 

oceanic crust exposed on Macquarie Island have been described and 

discussed in Chapters 4 and 6. Although this thesis is mainly an 

investigation of ocean crust metamorphism, some aspects of the processes 

of Macquarie Island crust formation have been explored. The following 

points constrain magmatic processes at spreading ridges producing 

Macquarie Island-type oceanic crust: 

1. The lava sequence is formed through extrusion of pillow pavas 

or occasionally minor lava flows. Small lenses of volcaniclastic 

turbidites are included in the sequences together with occasional block 

breccias. Hyaloclastite deposits are found as dcposits intcrstjtial 

to lava pillows. None of the sedimentary deposits is spatially extensive 

and thus they do not appear to record any major temporal breaks in t h o  

. formation of the approximately 1.5 km thick extrusive sequence; 

2 .  Lavas range from glassy to holocrystallino and arc commonly 

porphyritic. They contain megacrysts of plagioclase, olivine, spincl 

and rarely clinopyroxene. The plagioclasc megacrysts are ch~racterizcd 

by reacted cores and the clinopyroxene megacrysts by rounded cml~aycd forms. 



Megacryst phase relationships indicate a crystallization sequence of 

olivine (+ spinel)-plagioclase-cli~~opyroxenc. Dykes both i n t  rtlding 

lnvas and i n  ttlc sheetcd dyko -,one sllow s . imi l :~ r  ranges in mcg:rcryst 

contents and form. Piagioclase megncrysts may be more abundant in the 

dykes. Orthopyroxene is absent; 

3 .  Groundmass mineralogies of the lavas and dykes exhibit a 

continuous variation from alkaline; with olivine and kaersutitic 

amphibole present, to tholeiitic. The alkaline variants are most 

abundant amongst rocks exhibiting "brownstone" facies or ocean-floor 

weathering alteration. However alkaline lavas are present throughout 

the extrusive sequence; 

4 .  Flicroprobe analyses of the megacryst phases give the following 

compositional ranges : 

cl inopyroxene C a b  sMg5 oFc5-Ca3 sClg5 oI:c 1 2  

plagioclase An~7-An80 

olivine Foas-Foes- 

The spinel is chrome-rich. These compositions have been shown to match 

those of other ocean-floor basalts and more significantly the 

compositions of the principal phases of the layered gabbro 5t.cluenc.e 

present on the island (Griffin E Varne, 1980). Magma mixing is evidenced 

by the presence of Cr-poor clinopyroxene megacrysts in a lava containing 

Cr-ric11 groundmass and microphenocryst clinopyroxene; 

5. The majar elements show variations commcnsurutc w.i t.t~ tile 

petrographic variations, ranging from mi.ldly nc-normst i vc to st r-ongl y 

hy-normative. The range from primi tivc to f ract i onrrtc~l cornpos i t i OIIS 

can be modelled using the. gabbro p h i s c  comp0s:i.t ions , w.i t.11 c 1 i 11o1,y I - c r x c : ~ ~ ~  

playing a significant role, and a primitive lava composition. ~ I I I  t o  

60 wt . %  fractionation is required in the extrcmc cnscs. K, Nl) ,  1 ' .  I tb,  

Sr and light REE behave as hygromagmatophile elemcnts with rc!sl~uc-t 1 0  

the major elements.. Zr, Y, Ti and the hcavy REE arc tt*;i~ts I t.i OII;I 1 i 1 1  

behaviour yet stiIl incompatible; 



7.11 

6 .  '[lie h y g r o m a ~ m a t o ~ ~ h i  l e  element abundsnccs and hygromagm;lt.oph i lc /  

i 11coti1~);it i l > l  c c lcmcnt. ra t.i os i.;lngc w idc ly  . 'I'rnnc c lcmcrit l l iscl- iai  n : ln t  

~ l i  ;lgr;llus ~ ~ s r l l  f o r  illcr~r i t ' i c ; ~ ~  i on ol' tllc tcCt.oni c C I I V ~  I ' O I ~ I I I C I ~ ~  o f  1);15311:5 

i n c o r r e c t l y  c l a s s i f y  b a s a l t s  der ived from a mantle con ta in ing  a s i g n i -  

f i c a n t  "enriched" component al though t h e s e  diagrams a r e  accura te  

d i sc r iminan t s  f o r  t h e  dep le ted  members of  t h e  -Macquarie I s l and  l avas  

and dykes; , 

7 .  Two mantle components have been recognized: a dominant 

"depletedu component comparable t o  t h e  source  o f  "normal" MORB b a s a l t s ,  

and a minor "enrichedtf  component. Geochemical p a t t e r n s  show a s t r o n g  

c o r r e l a t i o n  between degree o f  enrichment of tlic .hygromagmatophi I c  

clement and i n c o m p a t i b i l i t y  with l i k e l y  mxntlc mine.r;llogi cs  , 1.c1:it i v c  

t o  MORB. This suppor ts  d e r i v a t i o n  o f  t h e  sccond component tllrough an 

e a r l i e r  mel t ing event  o f  a " f e r t i l e "  o r  unclel~leted inantle and couscquc~lt  

contamination o f  t h e  "depleted" MORB mantle with ve ins  o f  t h i s  cnricllcd 

component. The pronounced e f f e c t  on K 2 0  and P205 abundances i n  t h e  

rocks r e s u l t i n g  from t h i s  he te rogene i ty  makes e s t ima tes  of  ilegrecs of 

p a r t i a l  mel t ing based on e i t h e r  t h e  a c t u a l  elemental  ahundanccs o r  C1Piv 

normative compositions extremely d i f f i c u l t  a t  a s p e c i f i c  l e v e l ;  and  

8 .  Two major c o n s t r a i n t s  a r e  provided by t h c s c  d a t a  on thc 

physical  na tu re  of t h e  mantlc he te rogene i ty .  F i r s t l y ,  t h e  i n t c r c a l n t i o n  

of  t h e  "enriched" a l k a l i n e  v a r i a n t s  and t h c  "dcpletcd" t h o l c i  i t . 1 ~  v:t~-i:t l~ts 

on Macquarie I s l and  d e f i n e  t h c  hetcrogenei ty  as a loc :~ l  rn;lrlt la L ' C ; I ~ I I J - I : .  

perhaps on a v e r t i c a l  s c a l e .  Secondly, t h c  v:irlo~ts In;llltlc :;curr.(:c::; wc:r.l: 

a c c e s s i b l e  a t  a l l  s t a g e s  o'f t h e  formation of t h c  o x t  nlsi vc S C I ~ I I ~ ! I I I . ~ :  

a l though t h e  "enriched" mantlc source was mo.ro tionti n;irlt. i 11 t . 1 1 ~  I:r ! . I  (:I. 

s t a g e s .  

These b r i e f  summarized s a l i c n t  p o i n t s  cmphasizc t . l ~ ; l t :  I I)(.: c . o r ~ ~ l , l ( : x  

magma processes  a t  spreading r i d g e  c e n t r e s  o f  the M:icclua r.i c: Is l ; 1 1 1 r l  t y llr: 

can be d i scussed  i n  terms of both shallow levql  procosscs ; r r l ~ l  rit!c.:~u!~. 

processes .  



7 . 5  DERIVATION OF P R I M I T I V E  E.IAGbNS AND NATURE OF THE MANTLE HETEROGENEITY 

Resu l t s  from t h e  r e l e v a n t  experimental  s t u d i e s  have been discussed 

i n  t h e  preceding c h a p t e r .  I t  was concluded, on t h e  b a s i s  of  t h e  

s t u d i e s ,  t h a t  p r i m i t i v e  t h o l e i i t i c  l i q u i d s  p a r e n t a l  t o  t h e  l ava  and dyke 

sequences and t o  t h e  layered gabbro sequence may r e s u l t  from moderate 

degrees  (10-30%) o f  t h e  p a r t i a l  melt ing from a p e r i d o t i t i c  source  mant le ,  

followed by s u b s t a n t i a l  (about 16%) o l i v i n e  f r a c t i o n a t i o n  a t  deep 

l e v e l s ,  t h e  i n i t i a l  primary rnagnla being p i c r i t i c .  Depth o f  s c g r c g a t i o ~ l  

of these  primary p i c r i t i c  magmas i s  i n d i c a t e d  t o  be 60-70 km. Argumcnts 

t h a t  p r i m i t i v e  l i q u i d s  a r i s i n g  from t h i s  process  could n o t  be  p a r e n t a l  

t o  t h e  cumulate gabbro sequence (Green e t  aZ., 1979) a r e  based on the  

abundance of  orthopyroxene i n  t h e  gabbro sequences of  many o p h i o l i t c s  and 

the  presence of p l a g i o c l a s e  more c a l c i c  than t h a t  p r e d i c t e d  from thcse  

s t u d i e s .  These have been discounted i n  view of t h e  lack of orthopyroxene 

as  a major phase in t h e  layered gabbro sequence on Macquarie I s l a n d ,  

evidence from o t h e r  experimental  s t u d i e s  ( ~ e n d c r  s t  a2 ., 1978) t h a t  

p l a g i o c l a s e  of compositions s i m i l a r  t o  those  observed i n  t h e  Mncquarie 

I s l and  rocks  i s  p r e s e n t  as a low-pressure l iqu idus  phase f o r  p r i m i t i v e  

MORB compositions, and the f i e l d  and minera logical  evidence presented 

i n  t h i s  t h e s i s  from Macquarie I s l a n d .  

The pe t rogenes i s  of t h e  "enriched" a l k a l i n e  rocks is c r i  t i  c a l  to 

t h e  o v e r a l l  p e t r o g e n e t i c  model and t o  t h e  na tu re  of  the  mantle hct.cro- 

genei ty  . The c o n s t r a i n t s  d iscussed e a r l i e r  (Sect ion 7.4) suggc:st 

s t r o n g l y  t h a t  t h e  mantle he te rogene i ty  evidcnccd by t h e  Macquaric Is1;intl 

d a t a  i s  a l o c a l  f e a t u r e .  Green (1971) and o t h c r s ,  havc prolroscd :r 

v e r t i c a l l y  zoned Low Veloci ty  Zone ( L V Z )  w i t h  hygron~;~gmato~~hi Ic  clt:nlcrl~:s 

concentra ted  i n  a s t r a t i f i e d  l a y e r  ( o r  l ayc r s )  i n  the I,VZ. M i c r : ~ l . i o ~ l  o f '  

C02-rich f l u i d s  h a s  been proposed a s  t h c  method o f  s t . r a t  i I'i cat  i011  0 1 '  

t h i s  zone (Green & Lieberman, 1976) . Tn t h c  cnsc of' M;~c:~tu:lri c I s l : r ~ ~ l l  ;rr, 

ep i sod ic  process  would be requ i red ;  magma d c r i v a t  i oil tally) i.ng t.llr: Jccl)c: r. 



t'.enriched" zone progressively more towards the  end of the  cycle .  This 

could lead t o  a veneer of a l k a l i n e  volcanics on the  ocean f l o o r .  

However t h e  complex tecton2sm a t  and around mid-ocean r idges  would 

break up t h i s  i d e a l  a l k a l i n e  surface  l aye r ,  exposing the  lower l e v e l  

t h o l e i i t i c  rocks. In t h i s  case the  t h o l e i i t i c  lavas recovered from 

the  ocean f l o o r  would be expected to'show evidence of having been 

subjec ted  t o  h igher  grades of metamorphism. 

An a l t e r n a t i v e  concept discussed by Wood (197%) is  t h e  production 

of "enriched" mantle pods through veining of tinormal" mantle with 

products of small degrees of p a r t i a l  melting of subducted l i thosphere ,  

a f t e r  an i n i t i a l  dehydration event.  Wood (1979b)envisaged t h a t  these  

+tenrichedft  o r  veined mantle sources became involved i n  the  mantle 

convection systems and formed enriched pods i n  a dominantly "normal" 

mantle. The v a r i a t i o n  . i n  t h e  Macquarie Is land rocks would then r e f l e c t  

migration o f  one of these  "enriched" pods i n t o  the  zone of  magma 

generat ion.  

Both models have a t t r a c t i v e  f ea tu res  and the  da ta  ava i l ab le  a t  

present  from the  Macquarie Is land rocks do not permit an unambiguous 

so lu t ion  being i d e n t i f i e d .  Further  information is required i n  t w o  main 

a reas .  F i r s t l y ,  the  i s o t o p i c  c h a r a c t e r i s t i c s  o f  the lavas and dykes 

must be i d e n t i f i e d .  Information from Sr ,  Nd and Pb iso topes  should 

provide mork d e t a i l e d  evidence a s  t o  the  nature of t h e  two mantle 

components recognized on t h e  b a s i s  of hygromagmatophile and incompatible 

elements . 
Fur ther  information i s  requi red  on t h e  s p a t i a l  d i s t r i b u t i o n  of 

a l k a l i n e  rocks i n  t h e  v i c i n i t y  of Macquarie Is land and other p a r t s  of 

the  Austral ian-Antarct ic  and Pacif ic-Antarct ic  r idge  system, t h e  mid- 

oceanic spreading r idge  with which t h e  Macquarie Is land oceanic c r u s t a l  

segment i s  cor re la t ed .  A t r ave r se  from t h e  r idge  t o  the  Macquarie 

Is land region would provide information s p e c i f i c  t o  t h e  quostion of 
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ep isodic i ty  of the magma generation. I t  must be emphasized t h a t  

systematic d r i l l i n g  of the  type performed a t  the  DSDP s i t e s  may fail 

t o  provide accurate information. Th i s  i s  seen by the  local  var ia t ions  

present i n  the geology of Macquarie Is land.  Single d r i l l  s i t e s  a t  t h e  

southern end of Macquarie Island and a t  North Head, the northern t i p ,  

would y i e l d  extremely d i f f e r en t  information despi te  being only 

approximately 37 km apar t .  Dredge haul s tud ies  would appear t o  o f f e r  

a b e t t e r  chance of obtaining representat ive 'samples from an area.  

7'.6 . NEAR-SURFACE PROCESSES AT A MACQUARIE ISLAND-TYPE MID-OCEANIC RIDGE 

Although there  is  a t  present a lack of information on the 

i so t rop ic  gabbros and layered gabbros of Macquarie Is land the  ava i lab le  

data  i n  conjunction with the  information on the  lavas and dykes 

co l lec ted  during t h i s  study allow a preliminary model t o  be prepared. 

Strong evidence f o r  a s e r i e s  of pr imit ive magmas from d i f f e ren t  

mantle sources reaching a high level  i n  the crust have been presented 

and discussed i n  the  l a t t e r  sec t ions  of  Chapter 6. An important fea ture  

of the  extrusive sec t ion  on Macquarie Is land is t h a t  although there i s  a 

gradual change from t h o l e i i t i c  t o  a lka l ine  compositions from bottom t o  

top of the  sect ion,  a l l  var ian ts  a r e  present throughout t h e  sec t ion  

a s  flows interbedded with lavas of contrast ing composition. Such 

re la t ionships  could not be achieved i n  a simple f rac t iona t ing  magma 

chamber, and presumably a t  l e a s t  two chambers would be required. This, 

however, i s  extremely unl ikely as it would require  almost. t o t a l l y  

d i sc re t e  paths - for  the  two magma types.  

The " i n f i n i t e  leakit model proposed by Nisbet 6 Fowler (1978) t o  

s a t i s f y  cons t ra in ts  suggested by seismic s tudies  of modern mid-oceanic 

r idges i s  one which w i l l  account f o r  these observed lava relationships. .  

The bas ic  conceptsof t h i s  model a r e  shown i n  Figure 7.1 (Nisbet & Fowler, 

1978, f ig. .  6B). Essent ia l ly  magma batches ascend t o  the  base of the  pre- 
b 



e x i s t i n g  c r u s t  and subsequently r i s e  e r r a t i c a l l y  t o  t h e  surface  along 

tens ion cracks.  The f i n a l  s t age  of  ascent  through t h i s  pre-exis t ing  

c r u s t  depends upon t h e  nature  of  t h e  crack, some magmas becoming trapped 

and, through f r a c t i o n a l  c r y s t a l l i z a t i o n ,  g iv ing r i s e  t o  t h e  gabbroic 

rocks,  o thers  ascending rapidly  ex t ra in ing  xenocrysts and poss ib ly  

xenol i ths .  

The p r inc ipa l  f e a t u r e  o f  t h e  Macquarie Is land lavas and dykes 

summarized i n  Section 7.4 can be achieved from pr imi t ive  magmas by 

s e l e c t i n g  appropriate ascent  pa ths  f o r  various magma a l i q u o t s ,  l i k e  the  

dynamic melting model of Langmuir e t  aZ. (1977). This i s  not a 

r igorous t e s t  of t h e  model a s  the  l a rge  number of  unconstrained variables 

including magma volume, r a t e  o f  ascent ,  mode o f  ascent  (stepwise or 

continuous), and pressure  and temperature condit ions during ascent ,  

allows v i r t u a l l y  any des i red  so lu t ion  t o  be  reached. I t  can only be 

pos tu la ted  t h a t  t h e  mineralogical and geochemical f ea tu res  o f  the  

Macquarie Island lavas  and dykes a r e  s t rong evidence agains t  a near-  

surface  s i n g l e  magma chamber model; t h e  following model has been 

constructed based on t h i s  premise and i s  high specula t ive  i n  na ture .  

A schematic model of t h e  near-surface.magmatic processes based on 

t h e  " i n f i n i t e  leak1' model (Nisbet & Fowler, 1978) and the  schematic 

sec t ion  through Macquarie Island-type oceanic 1 i thosphere,  based on a 

f i e l d  t r a v e r s e  across  the  northern coast  of t h e  i s l and  (Gr i f f in  & Varne, 

1980) i s  shown i n  Figure 7.3. A range of magma paths has been imposed 

on t h i s  schematic which would give r i s e  t o  the  observed f e a t u r c s  of  

the lavas and dykes. 

In addi t ion  t o  t h e  pe t ro logica l  processes depicted i n  t h i s  model 

i t  i s  necessary t o  consider  the  physical  s t a t e  of the  rocks and t h e  

e f f e c t  of l i k e l y  geothermal gradients  around t h e  propagation zone t o  

understand f u l l y  the  mechanism and implicat ions of t h i s  process .  

F i r s t l y ,  it i s  suggested t h a t  the  so l idus  isotherm would occur near t h c  



Depicted events: 

A :  p r i m i t i v e  magma + gabbro. 

B: mixing of  two p r i m i t i v e  magmas i n  small f r a c t i o n a t i o n  chamber 
then  r i s i n g  of "mixed" magma t o  su r f ace .  

C :  d i r e c t  ascent  of p r i m i t i v e  magma to surfacc. 

D: complete entrapment o f  p r i m i t i v e  magma. 

E : pr imi t ive  magma f r a c t i o n a t i o n  + gabbro. 

,- p o s s i b l e  isotherms s o l i d u s  

F i g u r e  7. 3 A schematic n~odcl o f  ncir z - -w~r f : i cc  m;lgtt~;~ jiroc1::;:;t::; 

i n  t h e  formation of  Macquaric island-typc o(:c;itl i c  1 itIlos1)11(:r.i.. 



t o p  of t he  la)*cred gabbros.  [Note t h a t  t h i s  isotherm, and t h e  o t h e r s  

depic ted  on Figure 7.3,  r ep re sen t  t h e  average temperature of  t h e  a r e a ;  

l o c a l i z e d  anomalies w i l l  occur around newly a r r ived  magma pockets  and 

t h e  pa ths  of  magma which is r i s i n g  t o  h ighe r  l e v e l s  i n  t h e  s e c t i o n . ]  

Secondly, t he  base of  t h e  layered gabbro sequence corresponds t o  t h e  

i so therm above which p l ag ioc l a se  i s  not  a  l i qu idus  phase.  Low p res su re  

experimental s t u d i e s  of a  p r i m i t i v e  ocean-f loor  b a s a l t  composition by 

Green e b  aZ. (1979) i n d i c a t e  a  range o f  temperatures  between t h e s e  

isotherms would be  60°C. Including t h e  r e c r y s t a l l i z e d  gabbros,  f o r  

reasons  d iscussed  l a t e r ,  t h i s  would give a v e r t i c a l  geothermal g rad ien t  

i n  t h i s  zone o f  around 30°C/km. The below-liquidus s t u d i e s  by 

Green e t  aZ. (1979) p red ic t ed  a  v e r t i c a l  i nc rease  i n  An content  of  t h e  

p l a g i o c l a s e  wi th in  t h e  layered gabbro sequence: 

The concept of a d i s t i n c t  v e r t i c a l  geothermal g rad ien t  i n  t h i s  

zone a l so  provides,  on t h e  basis of  t h i s  experimental work, an explanat ion 

f o r  two c h a r a c t e r i s t i c  f e a t u r e s  of p l ag ioc l a se  megacrysts o r  xenocrysts  

i n  ocean-f loor  b a s a l t s .  Magma pene t r a t ing  the - l aye red  gabbro sequence 

w i l l  be h o t t e r  than  t h e  surrounding ma te r i a l  and consequently p l ag ioc l a se  

i f  t h e  hos t  w i l l  no t  be i n  equi l ibr ium and r e so rp t ion  must occur. I f  a 

p lag ioc l a se  c r y s t a l  i s  en t r a ined  from t h e  h o s t ,  reverse  zoning w i l l  

develop around t h e  c a l c i c  c o r e ,  t oge the r  with resorption of the core 

u n t i l  equi l ibr ium i s  a t t a i n e d .  This argument i s  a l s o  ;rl)l)licnt~lc t o  

c  linopyroxene en t r a ined  i n  asccnding magmas b u t  w i 1 1 I)c nlorr\ c x l  rck~ac :rs 

i t  has been shown t h a t  clinopyroxcne i s  furtt~cr from t h c  l i ( l t ~ i r l ~ ~ s  rl1;11\ 

p l ag ioc l a se  f o r  l i q u i d s  of t h e s e  compositions (Green c t uL . , 1!)7!)') . 

The second impl ica t ion  i n  t h i s  model i s  t h a t  material i n  tlic 

c e n t r a l  zone bounded by t h e  s o l i d u s  isotherm i s  i n  a q u a s i - s o l r t l  st:rtc.  

This would f a c i l i t a t e  pene t r a t ion  of  magmas through t h l s  zonc ; t l l r l  : I I ~ ; I I  

account f o r  slump and drag  f e a t u r e s  observed w i t h  i n  t h c  i ;~ycrctl  f : ; ~ l ~ l ,  r . r r  

complex on Macquarie I s l and .  
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Within r h i s  rnodc.1 t h e  rccrystnl l i :cd grlbbros i ~ i  t h e  base of t h c  gribhro 

s e c t i o n  I I ~ V C  undergone high tclnpcraturc subsol idus r e c r y s t a l  l i  2:;ltion 

and dcfonnat ion as t h e  rocks rllovc away from t h c  propagation zonc. 

The fol lowing recommendations f o r  f u r t h e r  s tudy would provide 

f u r t h e r  c o n s t r a i n t s  on t h e  near -sur face  magmatic processes  and eva lua t e  

t h e  proposed model. 

1 .  Microprobe s t u d i e s  of  t h e  mineralogy of layered gabbro 

sequences i n  v e r t i c a l  and l a t e r a l  t r a v e r s e s .  Two stages are  recomrncndcd, 

f i r s t l y  a reconnaissance examination of  a l l  avai lable  mater ia l  t o  

e s t a b l i s h  t h e  major v a r i a t i o n  and a second s t a g e  on a l o c a l  s c a l e ,  a s  

determined by r e s u l t s  of  t h e  f i r s t  s t age ,  t o  provide ' in format ion  on t h e  

f r a c t i o n a t i o n  processes .  Because t h e  o v e r a l l  sequence i s  e s s e n t i a l l y  

a composi t ional ly buf fered  system t h e  f i r s t - s t a g e  r e s u l t s  should r e f l e c t  

p r imar i ly  t h e  geothermal g rad ien t s  i n  the propagation pa th .  Second-stage 

r e s u l t s  would be expected t o  show some evidence of i n t r u s i o n  of i nd iv idua l  

magma batches. The compatible t r a c e  clement gcochemistry of t h e  phases 

should d e t a i l  d i f f e r e n c e s  i n  sourcc magmas even i n  rocks of  s i m i l a r  

major element compositions.  

2 .  Low p res su re  experimental s t u d i e s  of p r imi t ive  and evolved 

l i q u i d s  on and below the  l i qu idus  should be performed t o  provide accura te  

inforination with regard  t o  temperature and t o  t e s t  t h e  hypothesis  of  

p l ag ioc l a se  and clinopyroxene r e so rp t ion  and zoning fol lowing entrainment 
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MAJOR ELEMENT ANALYSES AND C . I . P . I I .  NOW CALCULATIONS FOR 

MACQUARIE ISLAND LAVAS AND DYKES . 

Section A: Major element analyses. 
.-. 

Section B: Major element analyses recalculated volatile-free with 

2 + 
Fe :total Fe = 0.85, and trace element analyses. 

Analytical methods and instrument settings are g iven  in Appendix 6. 

Unless marked as below the analyses were performed hy thc author: 

* P .  Robinson, analyst, University of Tasmania. 

1 J .  Cann, University of Newcastle upon Tyne, England. 

2 P. t-lellman, University of Cambridge, England. 

3 J. Cocker, University of Alberta, Canada.' 



APPENDIX 1: Section A K4JOR ELWENT ANALYSES OF CV\CPW\RlE ISLAW LAYAS AN0 DYKES 

1. 

Sample No. 3A 7 35 438/A 438/0 56A 560 566 561 60 lOaC 108E 119 

u*b 
p205 
L.O.I .  

Sample No. 139 147 151 157 199 202 206 210 212 214 226 228 233 

5102 47.11 51.27 49.55 46.30 48.98 46.95 49.26 49.27 46.85 48.72 49.22 45.85 48.19 
T I0  0.91 1.63 0.82 0.98 1.63 0.86 1.25 1.46 0.60 1.34 1.45 1.00 1.39 
~ 1 2 6 3  20.21 14.65 21.63 18.63 15.43 21.21 16.98 14.91 22.90 14.72 15.15 19.19 16.68 
3 3  1.99 3.59 0.59 3.89 4 . 0 2 ,  2.63 2.24 4.02 2.38 3.81 3.68 2.73 3.30 

4.45 6.77 4.73 2.67 5.86 3.95 5.71 6.92 3.89 6.40 5.81 3.36 4.10 
HnO 0.10 0.19 0.11 0 1  0.18 0.11 0.14 0.21 0.11 0.17 0.15 0.10 0.13 

% 6.92 7.13 6.04 7.19 6.59 6.15 7.35 7.11 6.14 7.27 7.32 6.61 7.20 
9.93 8.46 12.05 11.83 10.31 12.64 10.34 10.31 12.80 10.98 9.71 11.30 10.72 

:a0 3.92 3.59 2.37 2.64 3.20 2.54 3.41 3.46 2.40 3.49 3.96 2.44 3.54 
0.45 1.06 0.26 0.83 0.48 0.14 0.27 0.39 0.18 0.25 0.29 0.97 0.90 

PZOS 0 1 4  0.19 0.15 0.20 0.21 0.10 0.21 0.17 0.06 0.17 0.19 0.20 0.40 
L.0.1. 3.73 2.10 2.29 3.67 1.76 2.14 2.83 2.16 1.95 2.20 2.20 4.52 2.61 
Total  99.90 100.65 100.59 98.94 98-65 99.42 99.99 100.40 1W.26 99.52 99.11 98.77 99.17 
~ e ~ + / ~ e ~ + + ~ e ' +  0.71 0.68 0.90 0.43 0.62 0.63 0.74 0.66 0.64 0.65 0.64 0.58 0.57 

Sample No. 234 235 236 38151 38188 38201 38226 38241. 38265" 38280 38284 33288 38291. 

...- 

8 9.25 
10.23 

::t 2.73 
0.64 

P2°s 0.20 
L.O.I. 2.69 
Total 101.24 99.44 99.89 99.28 100.01 98.96 99.81 100.67 99.70 99.88 98.76 99.35 99.5b 

Fe2+/Fe2++~eS+ 0.58 0.55 0.54 0.51 0.62 0.76 0.52 0.54 - 0.68 0.46 0.45 - 

S1O2 48.36 46.0 48.99 47.50 46.14 48.10 47.52 47.09 46.85 47.66 49.01 48.84 48.24 
110 1.07 1.16 1.24 1.19 1.40 1.55 1.36 1.50 0.91 1 4  1.41 1.44 1.19 

2& 19.38 16.63 17.17 18.02 15.39 15.31 16.97 17.43 19.34 15.57 17.62 15.84 17.04 

;:603 
1.68 3.39 2.78 4.46 3.58 4.81 3.95 3 .  2.75 5.62 4.39 3.94 3.88 
4.13 3.56 4.15 2.81 4.62 4.33 3.33 3.94 3.25 3.61 3.06 6.24 4.48 

M O  0.12 0.13 0.13 0.12 0.13 0.18 0.13 0.14 0.10 0.15 0.13 0.20 0.13 

2: 6.39 8.72 7.25 6.02 9.01 6.92 7.52 8.51 6.35 7.37 7.40 7.19 7.13 
10.88 9.52 10.48 10.34 11.34 9.13 10.15 10.25 12.19 10.81 10.64 10.92 10.03 

!:iO 3.70 3.95 4.03 3.77 2.66 3.35 3.09 2.57 2.84 3.35 2.91 3.71 3.71 
' 0 . 6 3  0.56 0.98 0.86 0.62 1.52 1.42 1.14 0.57 0.76 1.12 0.10 0.94 

p205 0.20 0.24 0.27 0.23 0.29 0.49 0.37 0.38 0.16 0.27 0.49 0.16 0.19 
L.O.I. 2.31 4.28 2.83 3.44 3.94 2.98 4.13 3.26 4.74 2.57 0.86 2.02 3.20 



APPEnOlX 1: Section A continued 

sio, 
T i0  
~ 1 t 4  
Fez03 
FtO 
mo 

Smple No. 
Host 

mo 

2: 
Na ' 0  
~ 2 8  
p205 
L . O . I .  

Total 

~ e ~ + / ~ e ' * + ~ e ' *  

~ o s t  Kex: 

V = intruding volcanic 

OS - i n  dyke s w a m  

G = intruding gabbros 

S a q l e  No. 38136 38137 38157 38206 38223. 38236 38237 38242' 38249 38273' 
HDS t G Y V V V L6 0s DS C 05 

51 02 39.55 48.90 50.13 49.69 46.41 49.84 48.63 47.66 54.19 48.24 

;;:& 0.01 0.93 1.65 1.20 1 . 3  1.66 0.76 1.02 0 1.56 
22.83 17.74 13.82 15.36 16.74 14.28 20.66 15.48 15.57 15.55 

Fez03 2.83 1.07 2.74 2.98 1.49 1.29 1 5 5  1 2 5  
FeO 2.93 5.18 7.81 6.23 7'30 9.03 4.57 7:69 3:14 9.55 ... 
Mki 0.07 0.12 0.18 0.16 0.15 0.17 0.12 0.16 0.06 0.18 

%' 11.00 7.14 7.75 7.82 7.17 7.43 6.72 9.03 9.36 6.96 
14.50 10.10 9.27 11.32 12.03 9.41 13.40 11.65 11.45 10.76 

Nd 20 0.77 4-02 3.53 2.51 2.42 3.00 2.06 2.44 3.56 3.24 
~~0 0.07 0.18 0.20 0.11 1.16 0.11 0.11 0.12 0.26 0.65 
Pzos 0.01 0.14 0.21 0.13 0.34 0.20 0.11 0.13 0.11 0.28 
L.O.1. 4.50 3.43 2.72 1.20 3.86 3.26 1.82 2.28 2 .67 2.38 

T o t a l .  99.08 98.94 100.02 98.73 $8.95 99.99 100.28 99.61 98.78 99.35 

~ e ' + / ~ e ' ~ + ~ e ' *  0.54 0.84 0.76 0.70 - 0.87 0.80 O.B5 0.74 - 

Si02 48.73 48.79 48.84 49.37 47.92 49.52 49.74 41.51 44.79 50.15 
T102 1.05 1.10 1.44 1.67 L.16 1.74 1.17 0.59 1.L5 1.56 
Alp> 15.02 16.07 15.84 14.71 16.79 14.86 14.97 21.16 14.95 16.66 
FcP3 
FeO : : : :::: 7.95 9.48 9.21 :::: 6.89 8.26 

MnO 0.17 0.17 0.20 0.16 0.18 0.16 0.15 0.11 0.16 0.09 
k70 8.93 9.32 7.19 6.73 8.22 6.89 8.74 6.E4 13.50 7.77 
cao 11.44 10.10 10.92 10.87 11.02 10.90 11.75 13.12 10.08 10.22 
NaA 2.35 2.16 3.71 3.54 2.77 3.03 2.07 2.34 1.91 2.34 
K ZO 0.17 1.14 0.10 0.18 0.14 0.36 0.15 0.08 0.57 0.49 
P @ I  0.12 0.14 0.16 0.21 0.15 0.25 0.16 0.07 0.22 0.20 
L.0.I . 2.50 3.39 2.02 1.39 2.91 1.34 0.94 2.42 3.21 1.67 

Total 99 .m 100.92 100.61 101.01 99.21 98.53 99.05 99.43 99.43 99.41 
f ~ ~ * / ~ ~ ~ * * ~ e ~ ~  0.83 0.97 0.64 0.62 - - 0.92 - 



Appendix I:  Section 8 GLASS AND RECALCULATED ROCK MAJOR ELEMENT AN0 TRACE ELEMENT ANALYSES 

OF MCACQUARlE ISLAnD LAVA5 AND DYKES 

I. et 
Sawle Ho. 4A 155 157 252 422 38390 40428 47142 47979 47989 47990 

SiO, 48.94 49.05 48.95 9 . 2 9  49.16 51.02 50.06 49.25 49.24 48.72 49.08 
Ti02 1.52 1.33 1.38 1.83 1.92 1.11 1.14 1.59 1.06 2.00 1.68 
A1203 18.20 17.28 17.29 17.40 18.08 16.27 16.43 16.27 17.20 18.37 18.05 

;:io3 7.37 7.89 8.01 7.72 7.86 9.52 8.53 9.64 8.24 7.06 7.26 

Each glass analysis i s  an average of a t  l eas t  three microprobe analyses. 

2 .  

Sample No. 3A 7 35 438111 43818 56A 560 566 561 60 108C 108E 



Appendix 1: Section 8 coot.  A1.5 

Sample No. 119 139 147 151 157 199 202 206 210 212 214 228 

Si02 
T I0  

Z 6 1  
Fez03 
FeO 
MnO 

2: 
Na20 
K20 
P20s 

Sample NO. 233 234 235 236 38151 38188 38201 38214 38226 38241 38265 38267 



Appendfx 1: Section 8 cont. 

Sample No. 38280 38284 38288 38291 38292 38297 38299 38301 38303 38306 38307 38310 

SiOl 46.35 48.95 48.86 49.26 50.14 49.43 - 50.35 50.04 48.59 50.46 49.73 
TI02 1.41 1 . 7 1  1.39 1.64 1.11 1.22 - 1.28 1.25 1.48 1.62 1.41 
* I203 17.56 17.07 18.25 17.53 20.10 17.55 - 17.65 18.95 16.21 16.06 17.76 
Fe203 1.52 1.38 1.19 1.10 0.97 1.21 - 1.14 1.20 1.38 1.52 1.20 
FeO 7.77 7.03 6 .05  6.04 4.97 6.16 - 5.80 6.10 7.02 7.72 6.12 
HnO 0.18 0.14 0.13 0.16 0.12 0.14 - 0.14 0.13 0 .14  0.19 0.14 
MgO 8.24 9.39 8.99 9 . 3 8  6.62 9.20 - 7.45 6.34 9.49 7.25 7.88 
CaO 12.68 10.28 11.05 10.08 11.27 10.05 - 10.77 10.87 11.94 9.57 10.63 
Na.0 2.76 2.73 2.79 2.30 3.83 4.17 - 4.14 3.97 2.81 3 .51  3.24 

Sarrple No. 

510, 
Ti0  
A 1 2 6 3  
fez03 
FeO 



Appendix 1: S e c t i o n  8 c o o t .  

Sample No. 38423 38434 38462 30473 38478 40434 

A1 2b, 
Fe203 
FeO - - 

MnO 

3. 

Sarople No. 53 64 124 139 153 201 220 231 233 38133 38136 38137 38157 

s{02 49.53 47.65 49.47 49.81 50.57 49.31 41.83 49.70 48.61 51.33 41.91 51.20 51.58 
1 102 1.87 1.46 1.51 1.38 2.61 1.88 0.80 1.36 1.34 1.61 0.01 0.97 1.70 
A1 203 '15.43 17.37 15.92 15.60 14.98 15.61 20.31 16.41 17.77 15.34 24.19 18.57 14.22 
Fe203 1.79 1.28 1.68 1.66 1.46 1.83 1.17 4 1.22 1.65 0.97 1.07 1.76 
FeO 9.16 6.54 8.58 8.47 7.44 9.34 5.95 7.25 6.22 8.41 4.93 5.47 8.99 
UnO 0.20 0.15 0.18 0.20 0.12 0.18 0.10 0.14 0.15 0.18 0.07 0.13 0.19 
Hgo 6.61 7.38 6.71 7.78 7.21 7.11 8.41 8.29 9.40 6.91 11.66 7.48 7.97 
CaO 10.53 12.82 11.18 11.64 11.79 11.11 12.82 11.44 11.39 9.85 15.36 10.57 9.54 
Na 0 3.70 3.34 4.08 3.15 3.19 2.84 2.40 3.49 2.71 4.35 0.82 4.21 3.63 
~ 2 8  0.41 0.20 0.51 0.13 0.31 0.54 0.09 0.29 0.82 0.13 0.07 0.19 0.21 
p205 0.31 0.82 0.18 0.16 0.32 0.24 0.12 0.22 0.37 0.25 0.01 0.15 0.22 

T i  w t .  Z) 

C r  
Zr 

I N i  P P ~ )  

Y 
Nb 
Rb 
S r  
Co 
sc 
Zr/Y 

ZrINb 



A1.8 
Appendix 1: Sectlon 8 cont. 

Sample No. 

s io2  
TiOP 
A1203 
Fez03 
FeO 
MnO 

2: 
Na20 
K2O 
P2°5 

Sample No. 38328 38334 38335 38337 38371 38397 38425 38449 38451 38471 38493 38501 

sio, 

:;:ha 
;:io3 



APPENDIX 2 

Mineral Abbreviations: 

quartz 
orthoclase 
albite 
anorthi te 
nephe 1 ine 
diopside 
hypersthene 
olivine 
magnetite 
ilmenite 
hydroxy-apatite 

* calculations by method of Kelsey (1960). 

t compositions are those given in Section B of Appendix 1. 



1. GLASSES 

Sample No. 

C.I.P.W. N O W T I V E  COnPOSlTlONS OF McpuARIE lStAN0 LAVAS AND DYKES 

4A 155 157 252 422 38390 40428 

Sample Ho. 

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

Sample No. 139 147 151 157 199 202 206 210 212 214 226 228 233 

Sample No. 

O t x  

Sample No. 38291 38292 39297 28301 38303 38306 38307 38310 38314 38315 38325 38331 38335 



APPENDIX 3 

PRIMARY PHASE MICROPROBE ANALYSES. 

Section A: Clinopyroxene and kaersutitic amphibole. 

Section B: Plagioclase feldspar. 

Section C: Olivine. 

Sec t i on  D: Spinel , including rccalculations of st ri~ctiire. 

Analytical techniques are described in Appendix 6. The tables arc 

coded as below: 

As sample number suffix or analysis number prefix - 

P = phenocryst (or xenocryst) 

M = microphenocryst 

G = groundmass. 

As analysis number suffix - 

1 = rim analysis 

c = core analysis 

m = mid-grain analysis. 

Structural formulae have been calculated 'on the bas is of the 

fol lowing numbers of oxygens : 

Cl inopyro xene 6 

Amphibole 2 3 

Plagioclase 
feldspar 8 

Olivine 4 



A3.2 
APPENDIX 3: Section A CLlNOPYROXENE AN0 KAERSUTITIC AMHIBOLE MICROPROBE ANALYSES. 

S10, T10, A1,03Cr203Fe0 MgO MnO CsO Na2O KzO Total S i  T I  A1 Cr Fe Hg Mn Ca Na K Total 

163 dyke P - 
Ale 53.30 0.27 2.08 0.45 5.27 17.44 - 21.19 - - 98.41 1.946 0.007 0.090 0.013 0.161 0.949 - 0.829 - - 3.995 
A2c 52.37 0.17 3.47 1.21 4.02 17.05 - 2 1 . M  - 0.16 97.24 1.910 0.005 0.149 0.035 0.123 0.927 - 9.842 - 0.008 3.997 
ASC 52.12 0.29 2.24 0.71 5.36 17.11 - 21.16 - - 1W.55 1.942 0.008 0.097 0.021 0.164 0.932 - 0.829 - - 3.992 
MC 52.79 0.40 2.29 0.67 5.27 17.26 - 21.15 0.17 - 100.97 1.932 0.011 0.099 0.019 0.161 -.941 - 0.829 0.012 - 4.004 
Alr 52.75 0.41 2.18 0.25 6.71 16.91 - 20.41 0.32 - 100.57 1.938 0.011 0.094 0.007 0.206 0.926 - 0.805 0.023 - 4.011 
A2t 53.19 0.33 2.35 0.36 5.27 17.11 - 21.32 - 0.07 98.60 1.943 0.009 0.101 0.010 0.161 0.932 - 0.835 - 0.003 3.994 
A3r 53.28 0.33 1.60 0.20 6.6417.53 - 20.41 - - 100.671.9530.0090.0690.0060.2040.958 - 0.802 - 4.000 
A4r 53.13 0.46 1.67 0.19 7.2216.88 - 20.44 - - 100.161.9530.0130.072O.W60.2220.925 - 0.805 - ' - 3.995 

163 dyke G - 
81 53.08 0.40 1.51 0.11 7.93 17.16 - 1 9 . H  0.17 - 100.26 1 .9Y 0.011 0.065 0.003 0.244 0.941 - 0.775 O.OL2 - 4.006 
82 52.70 0.46 2.16 0.23 6.7916.76 - 20.39 * - 98.701.9370.0130.0940.0070.2090.918 - 0.823 - * 4.000 
C1 50.86 0.92 2.31 - 12.0914.BD 0.2818.40 0.34 - 99.671.9120.0260.102 - 0.3800.8290.0090.7410.025 - 4.024 
C2 52.40 0.34 3.39 0.45 5.26 16.84 - 20.89 0.27 0.16 98.30 1.916 0 . M  0.146 0.013 0.161 0.918 - 0.818 0.019 0.008 4.008 
C3 52.79 0.41 2.24 0.47 5.7017.38 - 20.81 0.20 - 99.2b1.9330.0110.0970.0140.1740.949 - 0.8160.014 - 4.008 
C4 53.53 0.38 1.46 0.26 6.0917.44 - 20.85 - - 99.971 .9590.0110.0630.0070.1860.951  - 0.817 - - 3.995 

159 G - 
Clc 51.61 0.58 3.45 1.18 6.12 16.71 - 19.96 0.38 - 98.13 1.895 0.016 0.149 0.034 0.188 0.915 - 0.785 0.027 - 4.010 
C2c 51.27 0.72 3.96 0.81 6.99 17.08 - 18.92 0.25 - 98.56 1.883 0.020 0.172 0.024 0.215 0.935 - 0.744 0.018 - 4.009 
Clr 52.97 0.38 2.14 0.78 6.0517.61 - 19.83 0.24 - 99.021.9380.0100.0920.0230.1850.960 - 0.7770.017 - 4.003 
C2r 52.12 0.48 2.60 0.75 6.29 17.51 - 20.00 0.21 - 98.03 1.913 0.013 0.112 0.022 0.193 0.960 - 0.786 0.015 - 4.014 

147A mphi bole 
C-56.87 0.7615.48 0.14 4.72 6.45 - 9.58 5.93 0.68300.%7.6090.0772.4420.0150.4601.284 - 1.3721.5370.11514.911 

64 
DT 
02 
03 
W 
157 - 
Cl 
C2 
c3 
t4 
C5 
Cti 
c7 
C8 
c9 
C10 



A3.3 

APPENDIX 3: Section A cant. 

C4C 
C l r  
C2r 
C3r 
C4r 
C 5r 

!P 

Si02 TrOz A1203 Cr,03 Fe0 My0 HnO 

phenocryst 
52.86 0.24 3.31 0.48 4.08 17.88 - 
51.62 0.33 4.82 1.38 3.7516.46 - 
5i .71 0.26 4.25 1.36 3.64 16.94 - 
51.52 0.28 4.75 1.38 3.64 16.70 - 
51.81 0.52 3.71 1.08 4.0216.53 - 
50.45 0.64 4.84 0.99 4.21 16.30 - 
50.80 0.39 5.06 1.59 3.82 16.44 - 
51.47 0.72 4.10 0.60 4.66 16.36 - 
51.76 0.50 3.78 1.03 4.12 16.36 - 
9.68 0.50 5.09 1.58 3.90 16.34 - 

CaO NazO K20 Total S i  T i  A l  Cr Fe Mg Hn Ca Na K Total 

-. . 
AT- 4i.81 3.11 8.99 0.27 6.27 12.95 0.2122.30 0.50 0.08100.51 1.7000.0870.3930.0080.195 1.7160.0070.8870.0360.0044.032 
A2 46.75 1.59 5.20 0.28 5.84 15.28 - 21.78 0.31 0.06 99.09 1.820 0.045 0.229 0.008 0.182 0.850 - 0.871 0.022 0.003 4.030 
81 45.97 2.80 8.97 0.42 5.35 13.18 - 22.96 0.35 - 98.05 1.707 0.078 0.393 0.012 0.166 0.729 - 0.913 0.025 - 4.024 
82 48.89 1.02 4.03 0.58 8.1015.46 - 21.54 0.37 - 10Z.M1.8290.0290.1180.0170.2530.662 - 0.8630.027 - 4.058 
83 49.73 1.49 5.33 0.55 4.82 15.13 - 22.60 0.35 - 99.16 1.831 0.041 0.232 0.016 0.148 0.831 - 0.892 0.025 - 4.016 
84 51.31 1.12 4.08 0.52 4.49 15.82 - 22.67 - * 98.79 1.800 0.031 0.176 0.015 0.138 0.864 - 0.890 - - 3.994 
B5 47.36 2.22 7.83 0.55 5.06 13.75 - 22.84 0.37 - 100.23 1.753 0.062 0.342 0.016 0.157 0.758 - 0.906 0.027 - 4.020 
86 46.48 2.7d 8.64 0.44 5.26 13.33 - 22.80 0.26 - 98.35 1.723 0.077 0.377 0.013 0.163 0.737 - 0.905 0.019 - 4.014 
O l C  50.16 1.42 4.79 0.34 5.31 15.58 - 22.15 0.24 - 99.05 1.847 0.039 0.208 0.010 0.164 0.855 - 0.874 0.017 - 4.013 
02C 46.25 2.72 9.01 .0.36 5.47 13.34 - 22.42 0.32 - 99.28 1.715 0.076 0.394 0.011 0.170 0.737 - 0.890 0.031 - 4.023 
02r 46.33 2.95 8.82 0.24 5.4213.18 - 22.68 0.38 - 98.711.7180.0820.3850.0070.1680.728 - 0.9010.027 - 4.017 
C l C  50.71 1.25 4.36 0.50 5,1215.96 - 21.83 0.28 - 98.661.8630.0340.~890.0150.1570.874 - 0.8590.020 - 4.011 
C2 46.49 2.48 8.73 0.62 5.10 13.56 - 22.70 0.32 - 99.23 1.722 0.069 0.381 0.018 0.158 0.749 - 0.901 0.023 - 4.021 
C4 49.54 1.51 5.14 0.29 5.40 15.39 - 22.33 0.39 - 98.67 1.829 0.042 0.224 0.009 0.167 0.847 - 0.883 0.028 - 4.027 
C6 48.06 1.69 7.30 1.04 4.68 14.14 - 22.66 0.43 - 99.93 1.775 0.047 0.318 0.030 0.145 0.778 - 0.897 0.031 - 4.020 
E l  47.80 1.90 7.48 0.91 4.61 14.05 - 22.95 0.25 - 98.45 1.765 0.054 0.325 0.027 0.142 0.773 - 0.908 0.018 - 4.014 
E2 46.50 2.15 9.05 0.67 6.20 14.07 - 20.93 0.42 - 97.63 1.722 0.0600.395 0.020 0.192 0.777 - 0.831 0.030 - 4.026 
€4 47.00 2.24 8.50 0.88 4.77 13.50 - 22.79 0.30 - 98.44 1.738 0.062 0.370 0.026 0.148 0.744 - 0.903 0.022 - 4.012 
E5 48.06 1.64 7.55 1.11 4.43 14.09 - 22.78 0.34 - 99.44 1.772 0.045 0.328 0.032 0.137 0.725 - 0.900 0.024 - 4.014 
Ed 48.26 1.74 7.28 0.43 5.16 14.19 - 22.73 0.21 - 100.09 1.781 0.048 0.317 0.012 0.158 0.781 - 0.885 0.021 - 4.010 
€7 50.91 1.26 4.19 0.40 4.64 15.82 - 22.50 0.29 - 98.89 1.669 0.035 0.181 0.012 0.142 0.865 - 0.885 0.021 - 4.010 

Kaersuti t i c  amphibole 
38.12 5.28 12.89 - 
41.90 4.03 9.79 0.14 
37.54 6.44 14.05 - 
37.14 6.19 13.70 - 
42.49 3.48 10.90 0.14 
37.87 6.09 13.40 0.12 
36.66 7.35 14.66 - 

141 dyke G - 
A1 48.30 2.03 4.76 0.17 10.49 13.00 - 20.75 0.51 - 99.84 1.8ZL 0.057 0.212 0.005 0.331 0.731 - 0.838 0.037 - 4.032 
A2 50.dl 0.99 4.08 0.18 6.9114.97 - 21.89 0.19 - 89.68 
A3c 49.13 1.76 4.36 0.21 9.8513.49 0.1620.57 0.45 - 1W.191.8440.0500.1930.0060.3090.7550.0050.8270.033 - 4.023 
A3r 48.15 1.76 4.36 0.17 13.32 11.61 - 20.14 0.48 - 98.38 1.836 0.051 0.196 0.005 0.425 0.660 - 0.823 0.036 - 4.031 
A4r 50.79 1.16 3.76 0.14 7.87 14.89 - 21.00 0.38 - 99.39 1 . W  0.032 0.165 0.004 0.244 0.823 - 0.834 0.027 - 4.013 
A4C 49.87 1.21 5.05 0.30 6.80 14.90 - 21.60 0.28 - 99.02 1.845 0.024 0.220 0.009 0.210 0.822 - 0.856 0.020 - 4.016 
A5c 48.15 2.08 4.52 0.15 11.09 12.66 0.16 20.80 0.41 - 99.02 1.822 0.059 0.202 0.004 0.351 0.714 0.005 0.@43 0.030 - 4.030 
A5r 48.41 1.95 4.24 0.1411.5112.21 0.1320.90 0.51 - 98.601.8360.0560.1900.0040.3650.6900.0040.8490.038 - 4.030 
81 49.96 1.39 4.21 0.12 8.8913.96 - 21.03 0.4 
82 48.60 1.81 4.20 0.17 11.89 11.71 0.13 20.89 0.f 
83 49.41 1.39 5.40 0.46 5.87 15.01 - 22.05 0.4 
84 50.39 1.33 4.52 0.31 6.7414.79 - 21.52 0.4 
B5 49.74 1.38 5.34 0.52 6.3214.80 - 21.72 0.1 
86 49.9i  1.31 5.07 0.38 6.5314.80 - 21.57 0.3 
87 49.75 1.61 4.24 0.14 8.8913.84 - 21.14 0.3 
88 49.22 1.59 4.40 - 9.31 13.36 - 21.96 0.1 
B9 50.97 0.78 3.95 0.16 7.1715.33 - 21.40 0.2 
610 48.94 1.65 6.19 0.65 5.7814.74 - 21-74 0.3 
B l l  54.18 1.27 4.22 0.24 7.55 14.79 - 21.31 0.4 



APPENDIX 3: Section A cant. A3.4 

S102 TiOZ A1203 C r 2 0 3  Fe0 W O  MO CaO Na20  KID Total St T i  A1 Cr  Fe Mg M Ca Na K T o t a l  

425 - 
Hlc 
H2c 
H3c 
H l r  
H2r 
H 3 r  
H4r 



APPENDIX 3: Section A cont. a3.5 

2W - 
Ale 
A2c 
A3c 
M c  
Alr  
A2r 
A3r 
Mr 
ASr 
h6r 

204 n - 
A1 53.73 0.32 1.76 0.63 7.06 19.72 - 16.59 0 . M  - 99.B 1.953 0 . W  0.076 0.018 0.215 1.069 - 0.646 0.014 - 3.998 
Clc 53.32 0.29 1.92 0.64 5-94 18.24 0.11 19.31 0.23 - 99.86 1.946 0 . W  0.082 0.018 0.181 0.992 0 . W  0.755 0.016 - 4.OW 
Clr 50.49 1.21 4.78 0.22 7.6116.31 0.1618.89 0.34 - 101.231.8600.04(0.2070.0(#0.2340.8950.0050.7450.024 - 4.012 
C2c 53.69 0.30 1.66 0.41 7.5619.64 - 16.73 - - 100.391.9550.0080.0710.0120.2301.066 - 0.653 - - 3.995 
C2r 49.56 1.21 5.49 0.46 7.2815.%7 - 20.02 0.35 0.06100.Q1.8320.0340.2390.0140.2250.858 - 0.7930.0250.003 4.022 
C k  51.45 0.68 3.81 0 . 4 1 ~ 7 . 4 2 1 7 . 1 1  - 18.77 0.35 - 1~.051.8900.0190.l650.0120.2280.937 - 0.7390.025 - 4.015 
Ck 51.40 0.69 3.98 0.65 6.95 16.89 - 19.00 0.42 - 1M.64 1.887 0.019 0.172 0.019 0.213 0.924 - 0.748 0.030 - 4.013 
C3r 50.56 1.00 5.05 0.27 7.1716.02 - 1 9 . U  0.20 - 99.69~1.8#)0.OZ80.219O.WB0.2210.878 - 0.7750.020 - 4.009 
Cdc 51.58 0.56 3.73 0.91 5.0516.64 - 10.41 0.32 - 99.801.8920.0160.1610.0260.1800.910 - 0.8020.023 - 4.010 
C4r 51.72 0.64 3.96 0.53 7.3017.36 - 10.32 0.16 - 99.331.8950.0180.1710.0150.2240.948 - 0.7180.011 - 4.000 

144 P - 
AIC 53.66 0.11 2.11 0.31 4.7918.38 - 20.48 0.15 - 100.071.9500.0030.~10.@390.1460.996 - 0.7980.011 - 4.002 
A ~ c  54.07 - 2.02 0.21 4.S618.35 - 20.78 - - 99.411.961 - 0.006O.W60.1380.992 - 0.808 - - 3.992 
m 53.55 0.23 2.22 0.22 4.6018.16 - 21.02 - - i w . r n i . ~ ~ o . ~ o . o s ~ o . o o s o . u o o . 9 ~ ~  - 0.819 - - 3.997 
Alr 52.94 0.48 1.46 0.16 8.7617.21 - 18.99 - - 1M.081.9520.0130.0630.0050.2700.946 - 0.750 - - 4.000 
A2r 52.04 0.65 1.46 0.1510.9516.15 0.1918.06 0.35 - 101.071.9410,0180.W0.00)0.3420.8980.0(#0.7210.025 - 4.019 
A3r 51.99 0.73 1.58 - 10.7015.85 0.2418.64 0.28 - 100.641.9390.0200.070 - 0.3340.8810.WB0.7450.020 - 4.016 
Mr 51.70 0.66 1.70 0.1211.3616.18 0.1717.77 0.34 - 101.321.9310.0190.0750.~0.3550.9000.W50.7110.024 - 4.024 
A5r 50.77 1.08 1.96 0.15 13.20 13.26 0.18 19.14 0.26 - 99.65 1.922 0.031 0.OBB 0 . W  0.418 0.748 0.006 0.776 0.019 - 4.011 

64 dyke G 
47.66 1.74 8.75 0.19 4.8313.86 - 22.78 0.18 - 98.301.7550.0480.3800.0060.1490.761 - 0.8990.013 - 4.010 

82 46.61 1.81 8.16 0.13 7.17 12.69 - 22.92 0.50 - 98.56 1.743 0.051 0.360 0.001 0.224 0.707 - 0.918 0.036 - 4.043 
83 50.06 1.11 4.77 0.17 5.80 14.78 - 23.12 0.19 - 98.49 1.851 0.031 0.208 0.005 0.179 0.814 - 0.916 0.013 - 1.018 
84 51.53 0.69 3.90 0.19 4.3416.18 - 23.17 - - 99.011.8880.0190.1690.ODS0.1330.883 - 0.910 - - 4.006 
05 47.041 2.00 8.18 0.13 5.8213.19 - 23.35 0.28 - 101.621.7470.0560.3580,~0.1810.730 - .  0.9290.020 - 4.026 



APPENDIX 3: Sectlon A cont. 

Si02 Ti02 A1,03 Cr20, Fe0 HgO MnO CaO NalO K20 Total St T1 A1 Cr Fe &I Mn Ca Na K T o t a l  

64 dyke benutitic amphibole 
AT U1.73 5.24 15.20 - 13.72 11.19 - 12.26 2.77 1.10 100.21 5.678 0.578 2.626 - 1.682 2.445 - 1.925 0.786 0.206 15.926 
A2 39.26 4.50 14.63 0.10 15.50 10.63 0.24 11.76 3.08 0.95 100.64 5.770 0.498 2.534 0.012 1.905 2.330 0.030 1.852 0.877 0.178 15.986 
81 42.37 3.57 16.20 - 12.76 8.93 0.15 9.86 2.89 0.78 97.50 6.2180.394 2.802 - 1.566 1.954 0.018 1.550 0.823 0.147 15.472 
82 42.15 4.041 14.65 - 12.60 10.89 - 11.13 3.14 0.81 99.41 6.115 0.441 2.506 - 1.528 2.354 - 1.729 0.8B3 0,150 15.706 
83 38.30 5.02 15;15 - 15.06 10.47 0.20 11.56 3.01 1.06 99.82 5.674 0.559 2.644 - 1.866 2.312 0.025 1.835 0.864 0.200 15.977 
B4 37.49 5.16 14.91 - 13.31 10.99 - 12.13 2.79 1.00 97.79 5.637 0.583 2.642 - 1.674 2.464 - 1.955 0.814 0.191 15.961 

214 P-1 - 
8lc 52.79 0.31 2.19 0.32 6.61 17.31 - 20.26 0.20 - 99.72 1.937 0.009 0.095 0.009 0.203 0.947 - 0.796 0.014 - 4.010 
82c 52.89 0.33 2.20 0.27 6.72 17.05 - 20.31 0.24 - 99.56 1.941 0.009 0.095 0.008 0.206 0.933 - 0.798 0.017 - 4.007 
Blr 53.06 0.32 2.30 0.20 6.8317.22 - 20.06 - - 98.501.9440.0090.099O.W60.2W0.940 - 0.787 - - 3.995 
82r 51.93 0.60 3.52 0.20 6.2816.94 - 20.35 0.16 - 99.661.9030.0170.1520.W6O.t920.925 - 0.7990.011 - 4.006 

214 P-2 
Blc 53.09 0.33 2.22 0.28 6.8217.20 - 19.75 0.31 - 99.391.9460.0090.0960.0080.2090.939 - 0.7750.022 - 4.W 
8Zc 52.93 0.35 2.21 0.29 6.6217.21 - 20.16 0.23 - 99.921.9410.0100.0950.0080.2030.940 - 0.7920.017 - 4.006 
Blr 53.82 0.21 1.78 0.36 5.65 18.29 - 19.89 - - 100.28 1.959 0.006 0.076 0.010 0.172 0.992 - 0.776 - - 3.992 
B2r 53.74 0.32 1.71 0.35 6.4918.62 - 18.77 - - l00.011.9~0.0090.0730.0100.1981.011 - 0.773 - - 3.992 
03r 53.33 0.32 1.82 0.27 6.4618.46 - 19.06 0.28 - 9 9 . ~ 1 . 9 4 8 0 . 0 0 9 0 . 0 7 6 0 . 0 0 8 0 . 1 9 7 1 . 0 0 5  - 0.7460.020 - 4.010 
04r 53.51 0.22 1.56 0.27 7.31 19.16 - 17.74 0.23 - 100.54 1.954 0.006 0.067 0.008 0.223 1.043 - 0.694 0.016 - 4.011 

- AL h.29 0.29 2.37.0.39 4.8817.55 - 21.02 0.21 - 101.M1.9420.00B0.1020.0110.1490.954 - 0.8210.015 - 4.001 
A2c 53.39 0.26 2.32 0.33 1.8411.58 - 20.93 0.36 - 100.091.9450.0070.1000.0~00.1470.955 - 0.8170.025 - 4.006 
A3C 53.44 0.18 2.35 0.32 4.7611.58 - 21.15 0.22 - 99.421.9160.0050.1010.0090.1450.954 - 0.8250.016 - 4.002 
A4c 52.39 0.45 3.32 0.38 4.9817.m - 21.17 0.22 - 99.881.9130.0120.1430.0110.1520.93(1 - 0.8280.016 - 4.005 
A h  52.29 0.42 3.46 0.24 4.95 16.99 - 21.24 0.28 - 99.10 1.910 0.011 0.M9 0.011 0.151 0.925 - 0.831 0.020 - 4.009 
Allm 52.36 0.46 3.62 0.42 4.87 16.80 - 21.19 0.28 - 100.56 1.911 0.012 0.1% 0.012 0.149 0.914 - 0.829 0.020 - 4.003 
Alr 52.26 0.61 2.32 0.40 6.65 16.33 - 21.26 0.17 - 99.32 1.925 0.017 0.101 0.012 0.205 0.897 - 0.839 0.012 - 4.008 
A2r 49.59 1.30 4.52 0.81 7.0515.13 - 21.15 0.45 - 100.411.8410.0460.1980.0240.2190.837 - 0.8410.032 - 4.028 
A3r 50.71 1.04 3.86 0.76 6.5715.41 - 21.28 0.37 - 100.131.8740.0290.1680.0220.2030.849 - 0.8430.027 - 4.015 
A4r 51.50 0.84 3.09 0.75 6.3815.59 - 21.60 0.24 - 99.521.9010.0230.1350.0220.1970.858 - 0.8540.017 - 4.007 
A5r 50.34 1.19 3.89 0.81 6.76 15.35 - 21.33 0.24 - 99.85 1.844 0.033 0.170 0.024 0.209 0.847 - 0.836 0.024 - 4.018 



APPENDIX 3: Section A cont. A3.7 

Total Tota l  

55 - 
AlC 
A2c 
A3c 
A l r  
A2r 
A3r 
A4r 
A5r 

AZr k.69 1.03 4.31 - -  8.4315.62 - 19.5) 0.39 - 99.461.8750.0290.186 - 0.2610.861 - 0.7750.028 - 4.016 
A l r  49.04 1.40 4.55 0.11 12.16 13.71 0.16 10.28 0.57 - 100.18 1 . W  0.040 0.202 0.003 0.383 0.770 0.005 0.738 0.W2 - 4.031 
A6r 49.61 1.21 4.20 0 14 12.87 13.dl 0.17 17.55 0.44 - 100.42 1.868 0.034 0.186 0.004 0.405 0.775 0.006 0 708 0.032 - 4.019 

211 P - 
Ale 53.08 0.23 2.67 0.W 4.M 17.90 - 20.77 0.25 - 90.59 1.932 0.006 0.114 0.017 0.138 0.971 - 0.810 0.017 - 
A2c 52.92 0.22 2.68 0.70 4.4617.96 - 20.85 0.22 - 99.241.9270.0060.1150.0200.1360.975 - 0.8130.015 - 
A3c 52.69 0.28 2.59 0.67 4.5317.81 - 21.17 0.25 - 102.241.9210.0080.1120.0190.1380.969 - 0.8270.018 - 
A4c 53.01 0.27 2.63 0.57 4.45 18.03 - 21.05 - - 101.W 1.9290.007 0.113 0.0160.135 0.978 - 0.821 - - 
A5r 51.85 0.40 3 .U  0.W 5.4917.21 - 20.29 0.30 - 101.551.8970.0110.1580.0230.1680.939 - 0.7950.021 - 
P6r 51.79 0.47 3.71 0.55 6.0716.99 - 20.06 0.35 - 96.921.8980.0130.1600.0160.1860.928 - 0.7880.025 - 
A7r 51.25 0.73 4.05 0.56 5.99 16.75 - 20.34 0.34 - 100.61 1.881 0.020 0.175 0.016 0.184 0.916 - 0.800 0.024 - 
A8r 52.16 0.55 3.39 0.61 5.67 17.14 - 20.22 0.26 - 1W.58 1.W7 0.015 0.146 0.018 0.173 0.934 - 0.792 0.019 - 
Blc 53.39 0.21 2.52 0.57 4.40 11.73 - 21.18 - - 99.94 1.941 0.006 0.108 0.016 0.134 0.961 - 0.825 - - 
03r 52.W 0.26 2.56 0.62 4.5717.80 - 21.09 0.25 - 100.511.9270.0070.1100.0180.1390.968 - 0.8240.018 - 
B l r  52.29 0.49 3.37 0.72 4.65 17.64 - 20.85 0.17 - 98.21 1.907 0.009 0.145 0.021 0.142 0.956 - 0.815 0.012 - 
82r 53.02 0.28 2.60 0.50 4.3517.87 - 21.20 0.17 - 100.851.9300.0080.1120.0140.1320.970 - 0.8270.012 - 
Olc 52.41 0.15 3.44 1.38 3.7417.55 - 21.32 - - 9 8 . 5 9 1 . 9 0 7 O . D D I 0 . 1 4 7 0 . ~ 0 0 . 1 1 4 0 . 9 5 2  - 0.831 - - 
02c 52.19 0.19 3.58 1.47 3.56 17.25 - 21.59 0.17 - 99.94 1.901 0.005 0.154 0.042 0.108 0.937 - 0.842 0.012 - 
03c 53.03 - 2.90 1.W 4.C417.89 - 21.14 - - 99.411.928 - 0.l240.0290.1230.969 - 0.823 - - 
MC 52.18 0.27 3.56 1.43 3.75 17.37 - 21.23 0.23 - 100.63 1.901 0.007 0.153 0.041 0.114 0.943 - 0.828 0.016 - 
O l r  52.18 0.44 3.39 0.39 5.94 17.66 - 19.73 0.27 - 100.08 1.907 0.012 0.146 0.011 0.182 0.962 - 0.773 0.019 - 
02r 52.26 0.46 3.49 0.38 6.43 18.25 - 18.39 0.35 - 100.41 1.907 0.013 0.150 0.011 0.196 0.992 - 0.719 0.025 - 

' ~ 3 r  53.01 0.31 2.50 0.42 5.84 18.16 - 19.54 0.20 - 100.59 1.933 0.008 0.107 0.012 0.178 0.987 - 0.764 0.014 - 
04r 52.14 0.49 3.52 0.77 5.0017.08 - 20.72 0.28 - 101.021.9050.0130.1510.0220.1530.930 - 0.8110.020 - 



APPENDIX 3: Sectlon A cant. 
A3.8 

Si0, Ti02 A1203 Cr201 Fe0 ClgO M O  CaO Na,O K20 Total 51  T{ A1 Cr Fe h Ca Ha K Total  

235 P 
Z 53.19 0.15 3.36 0.42 3.3017.49 - 21.09 0.19 - 98.791.9280.0040.1440.0120.1000.945 - 0.8500.013 - 3.997 
A2c 52.99 0.20 3.21 0.40 3.45 17.60 - 22.W) 0.16 - 99.60 1.924 0.005 0.137 0.011 0.105 D.952 - 0.856 0.011 - 4.002 
A3c 52.89 0.19 3.29 0.47 3.2917.66 - 22.22 - - 98.961.9200.0050.1410.0130.1000.955 - 0.864 - - 3.998 
A4c 53.00 0.16 3.21 0.48 3.3217.65 - 22.18 - - 9 9 . 5 3 1 . 9 2 3 0 . ~ 0 . 1 3 7 0 . 0 1 4 0 . 1 0 1 0 . 9 5 5  - 0.862 - - 3.997 
Blc 53.14 0.13 3.26 0.48 3.5217.62 - 21.86 - - 99.791.9270.0030.1390.0140.1070.952 - 0.849 - - 3.993 
82c 53.02 0.13 3.28 0.48 3.4217.81 - 21.66 0.20 - 99.751.9230.0W0.1400.0140.1040.963 - 0.8420.014 - 4.003 

52.95 0.22 3.24 0.50 3.4817.73 - 21.71 0.16 - 99.811.9220.0060.1390.0140.1050.959 - 0.8440.011 - 4.001 
52.91 0.27 3.21 0.66 3.49 17.61 - 21.86 - - 99.30 1.921 0.007 0.137 0.019 0.106 0.953 - 0.850 - - 3.994 

Elc 52.77 0.20 3.47 0.59 3.47 17.41 - 21.86 0.22 - 98.64 1.917 0.005 0.149 0.017 0.105 0.943 - 0.851 0.OL6 - 4.003 
E2c 52.86 0.21 3.40 0.57 3.52 17.49 - 21.78 0.17 - 98.65 1.920 0.006 0.146 0.016 0.107 0.946 - 0.847 0.012 - 4.000 
E3c 52.61 0.26 3.48 0.54 3.44 17.59 - 21.86 0.21 - 99.98 1.912 0.007 0.149 0.016 0.105 0.953 - 0.851 0.015 - 4.006 
Cr 50.81 0.72 5.22 - 5.8315.77 - 21.65 - - 100.001.8640.0190.225 - 0.1780.862 - 0.851 - - 4.002 









APPENDIX 3: Section 8 cont. A3.12 

S102 A120, FeO CaO NalO K20 Total 51 A1 Fe Ca Na K T ~ t a l  

38178 cont. 
48.92' 32.53 0.24 15.44 2.77 0.10 99.68 2.238 1.755 0.009 0.757 0.246 0.006 5.011 

5c 47.90 33.29 0.23 15.85 2.61 0.13 98.54 2.197 1.799 0.009 0.779 0.232 0.007 5.023 
61- 49.91 31.44 0.42 14.77 3.40 0.16 100.52 2.282 1.695 0.016 0.723 0.302 0.009 5.027 

163 dyke 
P T - l c  

2c 
3r 
4 r  
5r 
6 r  

G-C-1 
2 
3 
4 

141 dyke 
1 49.27 29.86 0.60 14.10 3.40 0.27 97.50 

2 50.11 31.95 0.36 14.83 3.09 0.20 100.41 
3 51.79 30.73 0.56 13.49 4.23 0.23 100.88 
4 51.30 30.79 0.52 13.78 3.86 0.23 100.49 

G-8-1 54.28 28.70 0.66 11.25 5.37 0.29 100.55 
2 49.79 32.42 0.37 15.21 2.81 0.11 100.71 



APPENDIX 3: Sectlon C OLIVlNE MICROPROBE WALYSES. 

5102 AlpOIFeO ng0 tho CdO Total 51 A1 Fe Mg Hn Ca T0tal hg/Mg+Fe 

38390 phenacrysts - 
1 39.52 - 14.2045.96 - 0.33107.80 0.989 - 0.2971.715 - 0.009 3.011 85.2 
2 39.34 - 15.03 45.24 - 0.36 109.04 0.989 - 0.316 1.697 - 0.010 3.011 64.3 
3 39.44 - 14.1446.07 - 0.29107.80 0.988 - 0.2961.720 - 0.008 3.012 85.3 
4 39.30 - 14.39 46.07 - 0.25 106.60 0.985 - 0.202 1.72L - 0.007 3.015 85.1 

38189 phenocysts and quench crystals (81.82) 
0 1 4 0 . 0 0  - 12.0347.64 - 0.34 99.20 0.991 - 0.249 1.759 - 0.006 3.009 87.6 
02 40.07 - 12.0347.62 - 0.28 98.10 0.992 - 0.2491.758 - 0.007 3.W7 87.6 
03 39.94 - 12.13 47.62 - 0.29 98.50 0.990 - 0.251 1.759 - 0.001 3.009 87.5 

. . W 40.11 - 11.77 47.82 - 0.29 100.80 0.992 - 0.243 1.763 - 0.007 3.008 87.9 
05 40.26 - 11.68 47.80 - 0.25 102. 0.995 - 0.241 1.761 - 0.006 3.005 87.9 
61 37.56 0.42 23.74 37.24 0.61 0.34 100.70 0.986 0.012 0.521 1.462 0.013 0.009 3.007 73.7 
82 37.50 0.40 23.90 37 -03 0.48 0.35 102.40 0.989 0.012 0.527 1.456 0.011 0.0lO 3.005 73.4 
E l  40.26 - 11.45 47.99 - 0.31 1M). 0.994 - 0.236 1.766 - 0.008 3.W6 88.2 
E2 40.13 - 11.68 41.85 - 0.34 99. 0.992 - 0.241 1.764 - 0.008 3.008 BB.0 
E3 39.98 - 11.39 48.35 - 0.27 97.1 0.981 - 0.235 1.781 - 0.006 3.011 88.3 

422 phenocrysts - 
2 40.17 - 12.64 46.63 - 
3 40.33 - 11.78.47.56 - 
3c 40.65 .- 11.6047.74 - 
5 10.07 - 13.1746.45 - 
6 39.96 - 13.1646.48 - 



APPENDIX 3: SectIon O MICROPROBE U Y S E S  OF SPINEL PHEWRYSTS 

40428 38188 47142 47990 252 

1 2 1 1  12 T3 14 E l  E2 E3 1 2 1 2 3 1 

Mol I 
ulvospinel  1.71 1.20 1.88 1.71 1.76 0.85 
w t . X  FeO 
I n  ulvosp. 1.10 0.77 1.21 1.10 1.13 1.19 

Structure (23 oxygen): 

Using Rodgers (1973) and recalculating to 24 cations: 

3 0 3  
7.30 6.43 5.75 5.96 6.02 5.71 
9.49 9.71 10.33 10.44 10.22 11.55 

A1 9.006 8.690 9.128 9.453 9.473 9.844 
Cr 5.724 6.187 5.866 5.514 5.484 5.167 
~ e "  1.270 1.121 1 . a  1.034 1.M3 0.990 
~ e ' +  1.835 1.881 2.009 1.012 1.968 2.224 

2 6.165 6.121 5.936 5.987 6.032 5.776 - 0.057 - 
Total 24.000 24.000 24.002 24.000 24.000 24.000 



APPENDIX 4 

MICROPROBE ANALYSES OF SECONDARY PHASES IN MACOUARIE ISLAND h\VAS 

AND DYKES . 

Section A: Smectite analyses from zeolite facies samples. 

Section B: Phillipsite and smectite analyses from sub-zeolite fat-ies 

samples. 

Section C: Zeolite analyses. 

Section D: Smectites and chlorites in lower greenschist facies 

samples. 

Sect ion  E :  Epidote, prehnite, sphene, K-feldspar, sericitc, zcolitc 

and albite analyses from lower greenschist facics snml) lc . s .  
- . - - - - -- - - - - - 

Section F: Amphibole, clinopyroxene and plagioclase analyses from 

greenschist -lower atnphibolite samples. 

Analyses names followed by (TPD) were collercted using t h c  TPll 

probe at A.N.U., Canberra. The following table contains the values 

for the number of oxygens from which the structural formulac! f o r  t h c  

different phases have been calculated. 

Smectite 22 Prehnite 2 2 

Chlorite 28 Epidote 25 

Zeolite 72 Sphene 2 0 

Amphibole 23 Feldspar 32 



+ AL.2 
APPEUOIX 4: Section A SIIECTITE ANALYSES FROM ZEOLITE FACIES GRADE SAMPLES. 

Si02 T10, A1,03 FeO MgO Hna CaO Ma20 K20 Tofal Si T i  A1 Fe Mg h Ca Na K Total . . . 
I l l  - 
1 27.49 1.3514.6823.92 1.39 - 12.87 - - 81.70 5.09 0.19 3.20 3.70 0.38 - 2.55 - - 15.12 
2 36.43 - 19.05 10.59 3.23 - 19.63 - - 88.91 5.67 - 3.50 1.38 0.75 - 3.28 - - 14.58 
3 36.62 - 19.16 10.75 3.28 - 19.50 - - 89.32 5.68 - 3.50 1.39 0.76 - 3.24 - - 14.57 
4 35.83 - 18.57 10.91 3.42 - 19.17 - - 87.89 5.66 - 3.46 1.44 0.81 - 3.24 - - 14.61 

157 radiating - 
01 26.98 - 12.2829.09 2.01 0.4613.12 - - 83.95 5.05 - 2.71 4.56 0.56 0.07 2.63 - - 15.54 
02 29.84 - 13.32 24.56 2.50 - 14.76 - - 84.99 5.32 - 2.80 3.66 0.66 - 2.82 - - 15.28 
03 30.23 - 13.36 23.95 2.62 - 15.11 - * 85.26 5.35 - 2.79 3.55 0.69 - 2.87 - - 15.25 

37.01 - 20.84 4.15 15.27 - 5.21 1.33 0.23 84.04 5.65 - 3.75 0.53 3.47 - 0.85 0.39 0.04 14.69 

38299 rim - 
0 3j.26 .17.01 9.87 20.11 0.53 - - 80.76 5.40 - 3.26 1.34 4.87 
C 31.06 

0.09 - - 14.97 
20.01 9.44 21.54 0.43 - - 82.48 4.95 - 3.76 1.26 5.12 0.07 - - 15.17 

1 fibrous r i m  

1 radiating 
01 37.41 12.87 8.14 21.41 0.92 - 0.28 81.05 5.99 - 2.43 1.09 5.11 - 0.16 - 0.06 14.83 
82 36.24 12.81 6.96 18.70 1.36 - 0.31 76.38 6.11 - 2.55 0.98 4.70 - 0.25 - 0.07 14.65 I 
C1 36.97 11.17 10.64 22.19 0.81 - 0.31 82.10 5.95 - 2.12 1.43 5.32 - 0.14 - 0.06 15.02 I 
157 green - 

37.94 12.09 8.94 20.05 2.93 0.15 0.34 82.44 6 . M  - 2.27 1.19 4.76 - 0.50 0.05 0.07 14.88 I 
APPENDIX 4:  Section 0 FlilLLIPSITES AND UECTITES I N  SUB ZEOLITE FACIES SWLES. 

35 radiating beige 
7 

1 38.40 - 7.61 4.10 20.84 0.69 - 0.3s 71.99 6.72 1.57 0.60 5.44 0.13 - 0.08 14.53 
2 42.68 - 3.68 0.73 22.26 0.52 - 0.36 70.59 7.39 0.75 0.11 5.84 0.10 - 0.08 14.27 

35 massive ye l lar  - 
1 34.33 - 8.18 17.89 20.31 0.78 0.59 0.57 82.68 5.80 1.63 2.53 5.12 0.14 0.19 0.12 15.54 
2 24.54 - 8.11 17.23 13.75 I .  - 0.33 64,s 5.42 2.11 3.18 4.52 0.25 - 0.09 15.57 



APPENDIX 4: Sectlon C ZEOLITE ANALYSES. 

5102 AI2O3 CaO Na,O K,O Total 

Analclte . 
A1 53.97 21.96 - 13.09 
A2 54.61 22.16 - 13.43 

Thmonl te  - flbrous 

Anal c i  te 
611 54.6622.57 - 13.36 0 . M  90.94 

11 Thuusonlte 
7 

1 36.64 27.47 11.05 4.21 - 79.38 

Thuusonlte - flbmus 
42.29 26.81 10.19 5.12 
41.71 26.42 10.09 5.18 
42.M 26.51 9.99 5.14 
41.93 27.08 10.33 5.03 
41.16 26.83 10.28 5.05 

640 Thmonl te  - flbrous (TPDI 
41.M 30.18 11.56 4.08 - 86.82 

A2 40.32 33-37 11.57 4.26 0.15 86.67 
A3 40.53 30.47 11.77 4.22 - 86.99 

 sol 1 te (TPO) 
A1 46.44 26.86 9.54 4.18 0.11 87.20 
A5 47.04 27.34 9.69 3.85 0.09 88.01 
A6 46.92 26.74 9.72 3.92 0.25 87.56 



APPENDIX 4: Section C cont. 

5109 A1901 Ca0 Na,O K,O Total 

Hesolite 
A1 42.85 26.36 5.85 9.54 - 
A2 42.18 26.32 4.91 10.49 0.25 
A3 41.9925.92 7.44 7.49 - 
C1 43.38 25.23 7.65 6.86 - 
C2 43.32 25.13 7.58 7.10 - 
Dl 40.73 25.28 7.12 7.18 - 
D2 41.91 25.89 6-39 8.73 - 
F1 42.36 25.23 6.65 8.16 -, 

Phl l l ips i te  
81 44.97 20.69 1.33 7.54 5.23 
62 45.52 21.28 1.44 8.44 5.14 
83 45.27 21.41 1.41 8.73 5.34 

Analcite 
E l  53.69 21.99 - 13.59 0.30 
02 53.99 22.20 - 13.43 0 . S  
8 53.78 21.73 - 13.10 0.30 

Natml l  te 
82 45.97 25.74 - 15.62 - 

45.74 25.30 0.43 15.29 0.27 

Natrolite (Imoum) 

19 Analclte 

- 12.48 - bladed 
11.74 4.52 
11.96 4.25 
11.61 4.52 
12.02 4.25 
10.98 4-73 

f 1 bmus 
8.65 6.30 
8.87 6.50 
8.76 6.44 
8.87 5.50 ... 

38299 h a l c l  te 
r 5 5 . 9 8  21.90 - 12.91 - 90.79 
A2 55.94 21.75 - 12.94 0.28 90.92 

Natrolite 
8 41.61 24.13 1.04 13.44 - 80.20 

Thomsonl te  -.coarse 
01 37.46 27.76 11.08 4.23 - 80.52 
B2 40.37 .28.68 10.80 4-92 - 84.78 



APPENDIX 4: Section C cont. 

. S102 A1203 CaO NazO K20 Total 

117 Analcite 
BT 53.46 22.15 0.97 12.35 - 88.92 
62 53.46 22.49 0.70 13.03 - 89.95 

N a t m l i  te 
1 45.63 25.92 0.50 15.64 0.25 87.95 
2 45.44 25.83 0.66 15.41 - 87.34 

Thoaaonite - fibrous 

Thomsonite - coan .e (TPD) 
4.10 - 

Thomsonite - coarse 
38.76 27.29 10.31 4.88 
38.74 27.53 10.49 4.95 



AL. 6 
APPENOIX 4 :  Section 0 CLAYS AN0 CHLORITE ANALYSES FROM GREENSCHIST FACIES SAWLES. 

SiOl Ti02 A1,03 Fe0 MgO HnO CaO NazO K10 T o t a l  51 Ti  A1 Fe tQ Iln Ca Ha K Total 

221 - 
Alr 32.46 16.80 19.24 20.89 0.27 0.56 
A2r 31.79 16.95 18.35 19.65 0.12 0.83 
Ur 31.54 16.83 18.49 20.71 0.16 0.36 

Structure  based on 28 oygtns .  



ApPENDll 4: Sect ion E EPIDOTE. PREHIIITE, SFWENE, K-FELDSPAR. SERICITE. ZEOLllE AllD ALSITE AMLYSES FR(lrl LOYER 
GREENSCHIST FAClES SMPLES 

$10, T102 A1,03 Fe0 KqO llnO CaO Na,O K,O ' T o t a l  S1 T I  A1 Fe Mg Nn Ca L 

m ~ ~ i d ~ t c  
Total - 
15.995 
15.987 
16.122 
16.140 
15.983 

214 Epidote  
XI- 3 7 . 8  
M 36.45 
P3 38.09 
M 37.59 

220 Epldote  
KT 37.65 - 23.7513.77 - - 22.36 - - 97.53 6.003 - 4.4641.652 - - 3 . 8 8  -' - 15.939 
A2 37.33 - 23,2214.11 - - 22.35 - - 97.00 5.998 - 4.3981.106 - - 3.848 - - . 1 5 . 9 5 0  
A3 37.39 - 23.54 13.67 - - 21.79 - - 96-39 6.023 - 4.471 1.657 - - 3.761 - - 15.913 

134 Prehnlte 
44.60 - 2 4 . 0 5 0 . 5 9  - - 26.68 - - 95.94 6.10 - 3 . 8 8 0 . 0 7  - - 3.91 - '  - 13.96 

02 44.09 - 23.20 1.69 - - 26.54 - - 95.51 6.10 - 3.78 0.20 - - 3.93 - - 14.01 
A1 43.92 - 23.131 .72  - - 26.47 - - 95.24 6.09 - 3 . 7 8 0 . 2 0  - - 3.94 - - 14.01 

Prehnl te 
45.50 - 
43.60 - 
41.86 - 
42.42 - 
43.00 - 

Prehnl  t e  
43.53 - 
44.09 - 
44.20 - 
44.13 - 
42.48 - 
41.95 - 
42.40 - 
41.82 - 
42.06 - 

227 P r e h n l t e  
BT 42.59 - 23.47 1.80 - - 
50 Sphene m 32.39 29.64 4.93 2.19 - - 
82 32.39 29.71 5.10 2.12 - - 
4288 Sphene 
A 3 1 . 9 2 2 8 . 4 2  6.22 1.74 - - 

14711 Serlcl t e  
B- 48.38 - 32.71 1.89 1.18 - 
221 S e r l d t e  
K 46.38 - 33.85 1.69 1.06 - 



Appendix 4: Section E continued 

SiOl TtOl All01 FeO ng0 HnO CaO NasO Kt0 Total 
- 

227 Zeolite 
lT 50.06 - 21.26 - - - 

419 Zeolite 
37.74 - 28.23 - - - 

62 36.94 - 28.80 - - - - -  

a3 37.20 - 28.68 - - - 
423 Zeolite 
KT 51.04 - 18-01 - - - 
A2 52.07 - 19.67 - - - 
425 Zeolite 
AT 51.62 - 22.79 - - - 0.70 13.M - 88.59 
A2 53.57 - 23.m - - - 0.41 13.97 - 90.92 
A3 53.76 - 23.11 - - - 0.42 14.22 0.25 91.77 
01 52.88 - 21.73 - - - 0.27 13.59 - 88.47 
11 52.52 - 22.60 0.42 - - 0.31 13.71 - 89.55 
12 52.71 - 22.39 0.32 - - 0.3513.66 0.24 89.69 

147A Albite 
F 67.89 - 21.12 - - - 1.09 11.59 0.14 101.83 
82 68.58 - 21.27 - - - 1.23 11.57 0.16 102.80 

221 A lb t te  
K 67.43 - 21.59 - - - 1.63 10.90 0.40 101.95 

423 Alblte 
;R 67.17 - 20.67 - - - 1.08 11.40 0.37 100.71 

4288 Alb i te  
T 67.62 - 20.80 - - - 1.09 11.42 0.49 101.42 
C2 66.91 - 21.22 - - - 1.40 11.59 0.30 101.43 
A 68.22 - 20.82 - - - 0.8511.79 0.31102.01 

$1 T i  A1 Fe Mg Mn Ca Na K Total  



AL. 9 

APPEND1 X 4: Sectton f AHPHIBOLE, CLlNOPVROXENE AND PUGIOCLASE ANALYSES FRDn GREENSCH IST-LWER AI(PHI8OLITE S W L E S .  

S102 Tf02 Al,O, Cr,O, FeO HgO ChO CaO Na2O K20 Total  St Tt A1 Ct Fe Hg Mn Ca Na K Total 
38493 Ural i t t sed  dyke .- 

Masstve amnhibolite 

Fibrous a c t l n o l l t e  arnphtbole 
C1 53.78 0.38 2.36 - 10.68 17.74 - 12.37 - - 97.33 7.684 0.041 0.398 - 1.276 3,779 - 1,894 - - 15.072 
C2 53.12 - 2.78 - 14.13 15.74 - 12.26 * - 98.02 7.657 - 0.472 - 1.703 3.381 - 1.893 - - 15.106 

Plagloclsse r i m  analyses 
Dl 59.73 - 24.85 - 0.28 - - 7.09 8.05 - 90.2910.676 - 5.235 - 0.042 - - 1.359 2.789 - 20.101 - - ~ - - -  

b2 60.52 - 24.53 - - - - 6.52 8.10 0.3498.96 10.792 - 5.155 - - - - 1.246 2.801 0.077 20.071 
03 59.26 - 25.34 - - . - - 7.70 7.44 0.2899.5310.598 - 5.342 - - - - 1.475 2.580 0.063 20.058 
38446 U r a l  i t l s e d  dyke 

R e l l c t  c l l n o ~ y m x e n e  

R(m anphibole on c l  inopymxene 
C l r  53.61 0.30 3.06 0.95 4.0818.51 - 20.93 - - 
C2r 52.43 0.47 4.12 0.70 10.07 17.78 - 12.86 0.67 - 

Fibrous mphtbo le  i n  t o t a l l  replaced c l l n o  yroxene r l t c l .  
81 50.87 0.58 5 . 8 1  - 12.3516.33 - 1f.74 1.17 - '  

62 50.10 0.33 6.69 - 12.90 16.33 - 10.68 1.33 - 
83 48.80 0.53 6.58 0.3413.3414.96 - 11.39 1.21 - 

Aclcular t r e m o l i t t c  amphibole 
A1 57.72 - - - 4.23 22.78 - 12.22 - - 
A2 56.75 - 0.72 - 7.26 21.29 - 12.15 - - 
A3 52.84 - 5.01 - 8.34 19.75 - 11.45 0.96 - 
A4 54.81 - - - 4.22 21.39 - 12.13 - - 

Talc centre f t l l  I n  t remol i te  patches 
T l  57.39 - - - 1.89 27.81 - - - - 
TZ 62.29 - - - 2.0130.16 - - - - 
13 61.63 - - - 1.74 29.81 - - - - 

Rel l c t  primary plagloclase 
01 53.78 - 28.74 - 0.54 - - 11.75 5.19 - 
81 51.43 - 30.46 - 0.35 - - 13.98 3.00 - 
85 52.99 - 29.27 - 0.49 - - 12.65 4.58 - 



APPENDIX 5 

XRD RESULTS OH SECOKDARY MINERAL SEPAWTES 

'2le 157 vain 2211 38478 155 117 41A 119 440 120 11 (a) 

z;:rt E:E$;:~+ Natrolite Natrolite Heulmdite yz:::l:e ~ ~ : ~ f ~ ~  humontito Lsumontite Lamonrite Gymlite 

Sample 
No. 60 199 131 72 129 61 2 2 111 I ZO 140 I57 amyg. 

- 

 omi in ant ~ ~ ~ ~ ~ ~ ~ t e  fiehnitO prehnirs w r t r  ~llltts Natmlite Natmlitc Natrolitc Narrolite ::I:::f:t + Xatrolitc 
Phase 

Denotes either three m s t  intense lines or el1 lines with 
IOOI intensity. 



. . - 
Appendix 6 

MAJOR - AND TRACE ELEMENT ANALYTICAL TECHNIQUES 

Major- and trace-element de te rmina t ions  were l a r g e l y  performed u s i n g  

X-ray f luo rescen t  spec t rographic  methods based on those  of  Norrish 6 Hutton 

(1969) and Norrish E Chappell (1967) ,  a t  t h e  Geology Department of  t h e  

Univers i ty  of  Tasmania. 

A6.1 Sample p repa ra t ion  

Rock samples of between 0.5 and 2.0 kg weight were chosen f o r  

a n a l y s i s .  These were cleaned of a l l  weathered s u r f a c e s  and i n i t i a l l y  

broken i n t o  l a rge  fragments with a geologica l  hammer. The samplc w a s  then 

rcduccd t o  fragments of 105 nun o r  l e s s ,  i n  a jaw crusher .  This  crush was 

then quar te red  by passing through a s t a i n l e s s  s t e e l  sample sp l i . t t . c r  s eve ra l  

t imes t o  reduce t h e  sample f o r  f i n a l  gr inding  t o  about 200-500 grams. 

The sample was then  ground i n  a tungsten-carbide swing-mil l ,  i n  150 gram 

l o t s .  Batches of powder from each sample so  produced were tllcn rccombincd 

and thoroughly mixed. 

With t h e  except ion of W ,  C,  and 'Co, t h e  contamination of thc samplc 

during crushing and gr inding  i s  n e g l i g i b l e .  

Fused l i t h ium bora t e  g l a s s  d i s c s  were prepared f o r  major element 

a n a l y s i s  using t h e  method of Norrish fi Chappell (1967).  The f l u x  wss 

prepared i n  bulk p r i o r  t o  t h e  a n a l y s i s  of each batch of snmplcs, the  

mixture comprising:. l i th ium t c t r a b o r a t c  - 38 g ,  1it.lr.iu111 cnrl)o~~;~t:c* - ? ! I . ( ,  I:, 

and lanthanum oxide - 13.2 g .  This mixturc was f ~ l s c d  and c l l ~ ~ ~ r ~ c t ~ c ~ t l  r I I  :I 

g l a s s  coa r se ly  crushed t o  i n h i b i t  t h e  take-up of wrltcr' f r on~  t.l~c. ;tt .~sospl~c~.c:.  

Each disc was then  preparcd from 1 .5  g of t h c  :rhovc l ' l l ~ x ,  0 . ( I %  of' 

sodium n i t r a t e  and 0.28 g of sample (rock powder) . 'Ilrc J i sc::; wt:t.c 

prepared from unigni ted  rock powders which had  bccn J r i c ~ l  at: 1 T 1 0 " ( :  ; ~ r r t l  lo:;:; 

on i g n i t i o n  was determined s e p a r a t e l y .  



Boric acid-backed, pressed p i l l s  were prepared a f t e r  t h e  method of 

Norrish 4 Chappell (1967) f o r  a n a l y s i s  of  t r a c e  elements and Na. P i l l s  

were made with 5-6  g of  rock powder a s  t h i s  was t h e  minimum amount of  

powder requi red  t o  y i e l d  an apparent  i n f l n i t e  t h i ckness  f o r  Ka r a d i a t i o n  
- .  

of some of  t h e  heav ie r  t r a c e  elements (e.g. Nb).  

A 6 . 2  Major element a n a l y s i s  

The d i s c s  and p i l l s  were analyzed us ing  a P h i l i p s  PW1410 vacuum. 

spec t rograph .  Instrumental  s e t t i n g s  f o r  major elements a r e  given i n  

Table A6.1. A l l  major elements were determined on t h e  fused g l a s s  discs 

except f o r  Na which was determined on pressed p i l l s .  Backgrounds were 

determined on t h e  peak s e t t i n g  of  t h e  element i n  ques t ion  us ing  100Z S i02  

d i s c s .  The SiO background was determined on a pure reagcnt  blank d i s c .  2 

Background f o r  Na was taken off-peak and methane gas was used t o  

e l imina te  i n t e r f e r e n c e  from t h e  escape peak of K Ka r a d i a t i o n  from t h e  

K . A . P .  c r y s t a l  and t o  reduce backgrounds.. 

Counting t imes were 50 seconds (peak) except f o r  SiO.,. NgO. and N n 2 0 ,  - 
where 100 seconds (peak) was used. Every Na sample was counted f o r  bnck- 

ground as  wel l  (50 seconds) .  

Matrix co r r ec t ions  were made on nominal percentage readings  from 

t h e  XRF using t h e  method of .  Norrish E Hutton (1969) t o  y i e l d  t r u e  

percentage va lues .  

Standards prepared from Tasmanian igneous rocks ( ~ n n  i tr l y .lu~+nssi c 

d o l e r i t e ,  T A S D O L ~ ~ )  and ca l j .b ra ted  a g a i n s t  i n t crn l1 t . i  o ~ l a  1 s t ; ~ n i l : l ~ * ~ l s  , w<:~.c: 

used as "working s tandards" with known nomi na l pcrccn t : ~ g c  L : ~ I I I ~ ~ ) O S  i I. i OII:.; . 

Discs of s e v e r a l  of t h e s e  were prepared a t  t h e  sarnc t.irnc ;IS thr I J I ~ ~ I I O W I I  

samples, from t h e  same batch of  f l u x .  These wcrc chcckcrl ; I ~ ; I  i 1 1 ~ 1 .  i 11t.r:r- 

n a t i o n a l  s tandards  and dur ing  runs on unknown samplcs, w~!t.c c : c ) u ~ r l . c : t I  o r l ~ t :  

every f i f t h  sample t o  minimise t h e  e f f e c t s  of' i n s t ~ i r m c n t ; i l  tlri t ' t . .  



Table A 6 . 1  

~ n ~ t r u m e n t a l  s e t t i n g $  fo r  x - ray  f l u 0 r e l c e n t ~ s . i ~  o f  Major e l e m n t s  

P h i l  tps PWI410, VaCuun Spectrograph 

C r y s t a l  P.E. LlF200 P.E .  LiF200 A.E.P. LtF200 P.E. P.E. L iF200 K.A.P.  

c F C t o 1  1 i m a t o r ' l )  F F c F c 

E l cmen t St T f A 1 Fe Ca I; P Hn Na 

Tube Vol tage ( KV) 50 I 3 5 50 5 0 50 4 5 4 5  50 5 0 50 

Tube 

Tube Cur ren t  (ma) 1 45 
12 4 5 4 5  4 5  18 30 50 M 50 

C  t C r  C r Cr Cr Cr Cr Au C r Cr \ 

A n a l y t i c a l  L i n e  I Ka Ka Ka Ke Ko KU Ka Ka Ko KO 

~ a c k g r o u n d ( ~ )  
count r a t e  . 

Counter F404V F+D+V f 4 b V  f+O+V F+O+V F+D+V' F+D+V F+D+V F+D+v F + W V  
Gas P 10 P 10 P 10 P 10 PI0 . P 10 P10 P I0  

99 c/s 100 C / S  50 C/S 81 C/S  7 c/s 100 c/s 70 c/s  11 c/s  90 c / s  24 c/s 

~ o w e r  ~ e v e i  ( Y )  I 2 2 2 I 1 1 1 1 2.5 2 

N O ~ C S :  ( 1 )  C = coarse, F = Fine; (2 )  Background d e t e m i n c d  a t  peak pos i t i on  f o r  a l l  elements except  Na on a 

pure 5102 ( 4  f lux) dfsc  o r  I n  the  case of  S i O Z  on a flux d i s c .  ( 3 )  F = Gas F 1 m  Propor t fana t  

Counter; 0 = Automattc Olscrtrr,(nator; Y = vacuum. 

A l l  analyses done on fused glass d i s c s  except Na which w a s  dctermincd on pressed powder p e l l e t s .  



A 6 . 3  Trace element analysis 

The instrumental settings used during trace element determinations 

in this study are given in Table A 6 . 2 .  The mass absorption coefficients 

for the trace elements were calculated from the known major element 

composition of each sample using the method of Champion et a l .  (1968). 

Trace elements were determined on boric acid-backed pressed pills. 

Analytical lines and background positions [see Table A6.2 )  were chosen to 

minimize the effects of interfering peaks and slabing backgrounds. Where 

interferences were unavoidable (e.g. Sr Ka on Zr Ka and Rb La on Y Ka) 

then the extent of interference was measured and corrected for. 

Artificial standards were used, largely prepared by mixing measured 

amounts of trace elements with spec. pure quartz.- These standards were 

checked both for linearity between standards of different concentration 

of the same element and against international standards (making 

appropriate correction for the mass absorption of thc radiation of t h e  

clement in question by the silica matrix of the standard). 

A6.4 FeO determinations 

Samples wOre dissolved using an HF-H2S04 dissolution and i:e2+ was 

determined using the method of Reichen E Fahey ( 1 9 6 2 ) .  

2 + In this method, the Fe -bearing solution reacts with iodine mono- 

chloride in excess HC1. The free iodine thus liberated is titrated against 

a standard solution of potassium iodate using CC14 as an ind ica to r .  . 

The main problem with the method is t h a t  t h c r c  i s l i h c l y  ! o I)(: SOIII~' 

2  + oxidation of Fe during the di ssolution . '1% i s i s I I I ~  11 i m i  zed l ~ y  ( 1  i j:t:s I, i I)}! 

the sample cold, overnight. 



Table  A 6 . 2  

inst rument  Se t t ings  f o r  X-ray f l uo rescen t  ana lys ts  o f  t race  elements 

P h i I i p s  PW1410, Vacuum Spectroqraph 

I i n t e r f a c e  made. 

Element 

Scandium (K?) 

C h r o m i m  (Kal) Au 50 50 f i n e  yes gfpc I LIFZOO 69.34 ?lo SO, 50. 50 none m e t a l i c  ho lders  

Tube KV nJ\ C o l l .  Vacuum Counter C r y s t a l  Ang le  Background Count ing  T i m  Corments 

Cr 50 50 coarse Yes gfpc LlF2OO 97.67 96' 20, 20 C o r r r c t t o n  f o r  Ca 

I used. c o r r e c t i o n  f o r  

I v r g  i n t e r f e r e n c e  

N i c k e l  ( K ? )  

Rubidium ( K ~ ~ )  

I tancously  w i t h  Zr. 

Zirconfum (Kal)j  AU 60 40 f i n e  no s c i n t .  L i F 2 2 O  3 2 . 1 7  +l.oO 20, 20. 20 C o r r e c t  f o r  Sr K e  
I I 

1 l n t k r f e r e n c e  

Au 50 30' f i n e  no g fpc  + s c i n t .  LiF200 48.65 49-65' 50, 50 U i t h  3.0 v o l t  window 

MO ' 5 0  30 f l n e  no s c t n t .  LiFZOO 38.00 !0.6' 20, 2 0 ,  20 detennlned s imul-  

S t r o n t i u m  ( K o l )  

l i b  ( )  1 o  50 30 f i n e  no s c i n t .  LiF220 30.45 t0.5' . 100, 100, 100 5.gram s & ~ p l e  

taneously w i t h  Y 

Au 60 40 f i ne  no s c t n t .  LfF2ZO 35.87 9 . 7 '  20, 20. 20 determined s l rnv l -  

Ldn:hanm L L ~ ~ ) /  Cr 50 50 coarse y e  g f p r  tiF220 138.7 f l  O 100, 100. 100 2.5 v o l t  window 

rrc:es: t e t e m i n a t t o n s  mde on t ressed  powder p c l  l e t s .  gfpc 8 gas f low p r o p o r t i o n a l  coun te r  

S t i n t .  - scintillation counter .  
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Alrpendix 7 

SAMI'LE CATALOGUE 

Dept. F i e ld  Forms Descript ion General Location 
No. No. 

Small g l a s sy  p i l low l avas .  
Z e o l i t e  specimens from 4 .  
Pi l low lava.  
Coarse l i t h i c  wacke. 
Veins of z e o l i t e s .  
Massive flow with ropy s u r f a c c .  
Plag-phyric  p i l low l ava .  . 

Massive gabbro. 
Dyke in t rud ing  above gabbro. 
Dyke/gabbro con tac t  - 
c h i l l e d  dyke margin. 

Eastern f l a n k ,  M t  . Law 
I t  

700m ESE M t  . I fou ld .  
N end Green Gorge Beach. 

I I 

'100m I\! Green Gorge Reach 
200m N Brothcrs  P t .  
P t .  N o f  Sandy Ray. 

t I  

2km N Sandy Bay. 

Fine gabbro o r  dyke i n  Coast SE Mt. B l a i r .  
coarse  gabbro . 
Fine grained dykes c u t t i n g  I s thmus . 
p o r p h y r i t i c  dyke i n  dyke swarm. 
Dyke swarm sample. Perseverance B l u f f  . 
Dyke from dyke swarm. I-lassclborougl~ Bay. 

I I 11 

I 1  I 1  

Baked sediment i n  p i l l ow l avas .  ANARE main base. 
Glassy selvedge of p i l l o w .  N t i p  of North 1Icacl. 
Scm from r i m  o f  pi l low.  I t  

Core of  p i l low (15cm from r im) .  I I 

P i l low lava  co re .  200m S of  top  o f  
North Head. 

Block b recc i a  with r ed  l i t h i c  S t i p  Eagle Po in t .  
wacke mat r ix .  
Dyke i n  harzburgite. [lead of bay, S o f  

Eagle Pt. 
Pillow l ava ,  c h l o r i t e  f i l l e d  1  km ENE Douglas P t .  
v e s i c l e s .  
Sheared p i l low lava  i n  f a u l t  0 . 5  km " 
zone. 
Dyke i n  p i l low l avas .  l louglas I ' t .  
Pillow lava  r i m .  I I 

Pillow lava  co re .  I 1  

Coarse red-brown l i t h i c  wackc. SOrn S of  top ol' Itor~yl:rs l b t  

Red-brown mudstone. I I 

P i l low lava  1 J n j . t ~  I ' t  . 
Red-brown mudstone I I 

?Harzburgite I.ocrrl i t y  unkrrowtr 
Dyke i n  p i l l ow lavas t3ai1cr Ikiy 
Z e o l i t e  ve ins  i n  p i l low lavris. - I t  

hludstone from l c n s  grading S coast., lkrltcl- I t ; ~ y  
t o  60630. 



Dept 
No. 

Forms Description General Location 
No. 

Coarse lithic wacke. 
Baked fine interpillow 
sediment. 
Pillow lava. 
Pillow lava underlying 
massive flow. 
Massive basalt flow + 75cm 
from lower edge. 

I t  + 150 cm from lower edge. 
It + 300 cm from lower edge. 

+ 375 cm from lower edge. 
I t  + 525 cm from lower edge. 
" + 600 cm from l o w e r  edge. 

- S  coast, Bauer Bay. + way to Mawson Pt, 
Bauer Bay. 

I t  

Tip of Mawson Pt. 

I f  + 675 cm from lower edge. I I 

I t  + 750 cm = top edge I l 

Massive flow within 'ropy' top. 1 km S of Clawson Pt. 
Zeolite veins in pillow lavas. -1.1 km S of Mnwson Pt. 
Uralitised? dyke. 1.2 km S of Mawson Pt. 
Baked sediment from pillow rim. 1.3 km S of blawson 1 % .  
Dyke intruding pillow lavas. II 

Pillow lava rim. I I 

Baked globigerina ooze. Comorant Creek . 
Qtz/calcite/sulphide veins, First Gul ly .  
D.S.  

Contact between coarse 6 fine Gadgets Gully. 
dykes i n  dyke swarm. 
Fine plag-phyric dyke, D.S. I t  

Qtz/calcite/sulphide veins,D.S. I I 

Gabbro screen in D .S  . I t 

Medium grained anorthosite,D.S. Wireless Hill. 
Plag-phyric dyke in gabbro. 1 km 1: llandspike Pt. 

on coast. 
Dyke intruding gabbro. Handspikc Pt. 
Pillow lava. Carolinc Covc, 

II Sodomy Ridge, ~ ~ b o v e  

'Caroline Covc. 
Zeolite veins and vugs in I 1 

pillow lava. 

Vesicular pillow lava. I'cak, N of M t  . 1l;lswc 1 l  . 
Pillow lava. Gully, S1: of M t .  Il:~swcl 1 . 
Pillow lava with zeolites 1 km S of M t .  A i ~ ~ s w o r t . l l .  
along fractures. 

II Pcnk, M t .  Ainswortll. 
I! lOOm N, Mt. Ainswortl~. 

Zeolite veins in pillow lavas.  II 

Aphyric pillow lava. 200m l i ,  M t .  Ainswort h.  
Weathered dyke in pillow lavas .  200m N, M t .  Ainsworth. 
Mineralised pillow lava - Caro I i nc Cove, ; ~ t  11l1t. . 
(sulphides) . 
Pyrite-rich altered basalt. (:nrol i i l c  Covr:, Zr) rn 1 1 1 1  

crcck . 

Massive pillow lava. W cr~d, (:;I r - o  l i nc (:ov(: I l t : ;~c l~  
11 l i  end , I I 



117.3 

General 1,ocation Dept. F i e l d  Forms 
No. No. 

Desc r ip t ion  

Z e o l i t e s  i n  p i l low lavas  
(60672). 
Pi l low lava .  
P rehn i t e  ve ins  i n  p i l low lavas  
Palg-phyric p i l low l a v a .  
Dyke i n t r u d i n g  p i l low l a v a s . ,  
P rehn i t e  ve ins  from sheared 
p i l low l a v a s .  
Samples from su lph id lquar t  z /  
c a l c i t e  r e e f .  

E end,  Carol ine  Cove beach. 

Middle of beach, " 
I I 

W f l a n k ,  Pete1 Peak, 
1 1  

Beach, Carol ine  Cove. 

S end o f  quarry ,  Caro l ine  
Cove. 

N end o f  quar ry ,  " 
I I 

Breccia ted  p i l low l a v a .  300m up creek from Carol ine  
Cove beach. 

Adjacent l e s s  d i s rup ted  l avns .  I I 

Dyke i n t r u d i n g  pi l low l a v a .  flurd Point .  
P i l low l a v a  edge. I f  

Z e o l i t e  ve ins  i n  p i l low l a v n s .  Coast ,  l O O m  N of  klurd P t .  
P i l low l a v a .  Coast ,  1 km N of  Hurd Pt. 
Dyke i n t r u d i n g  pi l low l a v a s .  I!  

Dyke from dyke swarm. 
Core and edge p i l low lava  
samples. 
Pi l low l a v a .  

Coast ,  due E of b i t .  J e f f r i e s .  
Coast ,  ENE of  bit. J e f f r i c s .  

'Coast, c reek ~nou th  N of 
M t .  J e f f r i e s .  

I I Dyke c u t t i n g  pi l low l a v a s .  
Small aphyr ic  p i l l o w  lava  
( 50 cm) . 
Dyke samples. from dyke swarm. 

I1 

P i l low lava .  
Dyke sample from dyke swarm. 
Gabbro screen i n  dyke swarm. 

1 .2  km S o f  Lusi tnnia  Bay. 

N end o f  beach, I m i t a n i a  Bay 
1 k m  N ,  Lusitanin R : I ~ .  
2 k n ~  N ,  Lusitan.ia Bay, 
3 km N ,  Lus i t an ia  Bay. 

I ,  

Pi l low lava .  1 km LV,  Pyr:ln~i d i'enk. 
H y a l o c l a s t i t e  b r e c c i a .  I!  

Z e o l i t e  ve ins  through p i l low I t  

l avas . 
Loose ooze and z e o l i t e  l 'y rl1111i ti l'c:ik ( N  ~ . I : I I \ ~ )  . 
specimens. 
H y a l o c l a s t i t e  b recc ia .  I I 

Core and edge samples o f  I I 

p i l low l a v a .  
H y a l o c l a s t i t e  b r e c c i a .  I: f ' lank,  I1yr:i~niiI I'cak. 
Z e o l i t e  specimens i n  p i l low l o  

l a v a s .  
Fine t o  medium grai..ned lithic W ti11 of  So~~thwc:st: I l t . .  

wackes . 
Core and edge samples of p i  1 1 ow I I 

l a v a .  

Aphyric p i l low l a v a .  S siclc!, So~rtl~wust I ' t  . 
Dyke c u t t i n g  p i l low l a v a s .  +10On1 S s-itlo, S .  W .  1 ' 1 .  

P o r p h y r i t i c  p i l low lavas .  l i  t i p ,  S.W. I ' t .  



Dept. Field Forms 
No. No. 

Description 

A 7 . 4  

General Location 

Range of mineralised lavas 
and hyaloclastites. 
Dominantly pyrite with minor 
sphalerite, chalcopyrite and 
rarely galena. X denotes 
sample of unaltered 

Pillow lava. 
Frehnite veins i n  pillow l ava .  
Pillow lava. 
Dyke intruding pillow lava. 

Porphyritic pillow lava. 

Field hut, Caroline Cove - 
see map for relative 
localities. 

I I 



A 7 . 5  

Dept. Field Forms Description General Location 
No. No. 

Porphyritic pillow lava. 
I t  

N end, Cape Star Hay. 
!i way along S side of 
Cape Star Bay. 
3/4 way along S side of 
Cape Star Bay. 
$ way along N sode of 
Cape Star Bay. 
N base of Cape Star Pt. 

Dyke cutting pillow lavas. 

Aphyric pillow lava. 

Aphyric dyke intruding 
pillow lava. . 

Coast due W of Waterfall 
Lake. 
200 m N t I  

I I 

Pillow lava. 

Dyke intruding pillow lavas. 
Baked globigerina ooze between 
pillow lavas. 
Slightly sheared pillow lavas.  
Pillow lava. 

Coast due W of M t .  Aurora. 

+200 M N of Mt. Aurora. 
Small point N of Precarious 
Pt . 

I 1  Pillow lava with pyrite/qtz/ 
calcite vein. 
Plag-phyric pillow lava. 
Pillow lava. 
Porphyritic dyke cutting 
pillow lavas. 

+200 m N along coast 
+300 m N along coast 
Creek mouth, S\J of 
Mt . tlumi 1 ton. 

Aphyric pillow lava. 
Lava block from coarse. 
agglomerate. 

I 1  - 
Coast due W of P l t .  
L.ti1in.i 1 ton . 
500 m S ,  l'yramid Peak.  
500 m S ,  Flat Creek. 

Globigerina ooze. 
Strongly sheared, 1aumonti.sed 
basait . 
Fresh pillow lava away from 
f aul t . 
Pillow lava. 
Pillow lava, strongly veined. 
Sheared, highly altered 
plag-phyric lava. 
Altered hyaloclastite breccia. 
Baked grey siltstone 
between lavas . 

700 m S of F l a t  Creek. 
1 krn S of Flat Creek. 

I I 

Dyke intruding agglomerate. 
Pillow lava. 

I I 

1 . 5  knl N of A I ~ ~ O I . : I  I't . 
1 . 2  k111 N ~ t '  A I I ~ O I . ~ I  l ' t : .  
0.5 km N of' AII ~Y)I ': I  I ' t .  . 

I I 

Aurora I't. 
300 nl N of Mt: . ( ; w y l ~ t l  . 

Dyke intruding pillow lavas .  
Pillow lava. 
Greyish chilled edges on 
Mg-rich pillow lava. 
Olivine-cpx-phyric Mg-rich 
pillows. 
Weathered-out ol+cpxrplag 
nodules. 
Plagioclase-phyric pillow lava. 
Fresh hyaloclastitc brccc i :~ ,  

2 5 0  m N ot- M t .  (;wyrl~r. 
I.octlt i 011 r ~ r ~ k r t o w t ~ .  



Uept Fie1 J Forms Description 
No. No. 

General 1,ocntion 

! 
! 60800 242 R Dyke swarm sample including Isthmus, W side. 

sulphide veins. 
01 243 R Silicified volcanic breccia. 200 m S of Gadgets Gully. 
02 245 R Samples of  pillow lavas. Low plateau on SW section 

of Bishop Island. 
03 245B R $ 1  I I 

04 401  R Fine grained massive gabbro S side Tussock Pt. 
screen in dyke swarm. 

05  402 R Contact between aphyric and II 

plag-phyric dyke swarm sample. 
06 403  R Thin gypsum+minor .sulphide Nuggets Beach. 

veins. 
07 404 R Aphyric dyke. ? I  

08 405 R Massive gypsum vein. 11 

09 406 R Plag-phyric dyke with gypsum t1  

on fracture surfaces. 

Aphyric dyke. 
Brecciated dykes with gypsum 
matrix. 
Fine grained dyke or 
rhodingite. 
Troctolite (host to 60812). 
A 1  tered dyke. 
Aphyric dyke in gabbros. 
Pillow lava. 
Dyke intruding l a v a s .  
Dyke intruding lavas. 

Pillow lava. 
Pillow lava. 

Aphyric pillow lavas. 
Vesicular pillow lava. 
Zeolite specimens from pillow 
1 avas . 
Hyaloclastite breccia. 
Pillow lava. 

t l  

I ?  

Dyke intruding pillow lavas. 

Point in Half Moon Bay 

I I 

N side of Eagle Pt. 
Eagle Point. 
S side Atrroro P o i n t .  

II 

Near creek, middle of 
Souchek Bay. 
N side of point S of 
Souchek Bay. 

I1 

Middle of bay S of 
Souchek Bay. 
Foint S of Souchck Hny. 
1.5 km S of M t .  Waite. 

I t  

E shore of FIynn Lnkc. 
Plateau edge W of Flyn l l  I.. 
Coast, mouth of I:Lynn Creek . 
N tip of IJouhlc I'oint. 

I I 

60830 427 R Dyke from dyke swarm. Ilavis lto.int . 
31 427B R I t  I I 

32 428 R Pillow lava. N side of S;inJcl 1 I3;ly. 
33 4288 R Pillow lava. I I 

34 429 R Pillow lava. Coast, middle of Santlcl l I3:ly. 
35 440 R Laumontite+ calcite in pillow l / 3  way along S coast frorn 

lava vug . llurd Point. 
36 450 R Red-brown mudstone. Plateau edgc,  S sitlc o f  

.Jessie Ni.cco1 1 Creek. 
37 452 R ?Malachite staining on gabbro. On Island track, j i ~ s t :  S of 

I(cd Rivcr. 
38 454 R ?Malachite staining in pi1  low Jsland track on W i  ~ t r l y  Ititlpc;, 

lava. Sli Mt. Fletcher .  
39 455 R Pyrite in qtz/calcite reef. Bucklcs Bay CO;I:;~.  , !i c ~ i i l  

of Isthmus. 
--- - -__-._._ -.-. . _ . _ 
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THE PETRO1.OGY OF .I?E !lAC!)UAklZ ~SL:LYD OPitIOLI'rE ASSIX~>.TION: 
MID-TERTIARY DCCWIC CRUST OF TIE SOUTHEW OCEZ': 

B.J. Gri f f in  nnd R. i7arne 
Ccology Department, The University uf Tasmania. 

Box 1 5 2 C ,  G.P.O. Hobart, Tnsnania. Austra l ia ,  7001. 

The Hacquarie Ridge i s  a  narrow a rcua te  system of submarine r idges  t h a t  

runs  south from h'ew Zealand t o  j o in  thc  Ind im-Pac i f i c  r i dge  system, and marks 

t h e  boundary between the  Indian-Australinnand t h e  Pac i f i c  p l a t e s .  

The c re s t  of t h e  h c q u a r i e  Ridge is  a t  water depths o f  l e s s  than 200 m 

i n  s eve ra l  p l aces ,  and near  54's 159'E has  ererged t o  Tom Macquarie I s l snd .  

Linear eas t -west  t rending n a r i n e  magnetic anomalies south o f  Aus t r a l i a  have 

becn t raced across  t h e  r idge  t o  t he  Macquarie Trough eas t  o f  Macquarie Is land,  

and geophysicaily t h e  i s l and  r ep resen t s  oceanic crus t  produced during T e r t i a r y  

sca f loo r  spreading a t  t h e  Indian-Pacif ic  r i dge  sys tco,  l a t e r  uplifted dur ing 

marginal i n re rac t ions  between t h e  Indian-Austra l ian  p in t e  nor ing nor th  and the  

P a c i f i c  p l a t c  moving uest .  . 
Most of hlecquarie l s i a n d  i s  composcc! of v o l c m i c  rocks t h a t  a r c  connnonly 

b a s a l t i c  pillow l avns  acconpanied by volcnnic b recc i a s  and more massive lnvas ,  

a s soc i a t ed  with calcareous  oozes and l i t h i c  wackes. Uo le r i t e  dyke suarms. 

gabbroic  rrasses including a  layered complex, and serpent inized p e r i d o t i t e s  

occur mainl?' in t he  nor thern p a r t  of t h e  i s l and .  The i s l a n d  is  made up of f a u l t -  

bounded blocks with gene ra l ly  no r the r ly  t i l t s .  and provides several  s ec t ions  

throcgh oceanic c r u s t .  

Lavas and dykes a r e  u sua l ly  p o r p h y i t i c .  Flagioclase  (Xng7-70) i s  the 

dominnnt phenocryst phase, h i t h  l e s s  abundant o l iv ine  (Foag-sS). clinopyroxene 

(Ca4#gsOFe5 - C a 3 ~ F l g s 0 F e 1 2 ) ,  and chrome sp ine l .  L i t t l e - a l t e r e d  groundmasses 

oi both lavas  and dykcs e x h i b i t  continuous va r i a t ion  from asscmblagcs of 

s u b c ~ l c i c  au~i :c ,  p l ag ioc l a se .  opuqucs and g l a s s  i n  subophi t ic  t e x t u r c s  t o  more 

a l 'ha l inc  assenblsges o f  o l i v i n e ,  t i t a n a u g i t e ,  k a c r s u t i t i c  mph ibo le  and minor 

g l a s s  i n  in tcrsc ; ta l  t c r t u r e s .  Gabbros a r e  composed e s s e n t i a l l y  of o l i v i n e .  



p lag ioc l a se  and c l inopjroxene,  s i m i l a r  i n  composition t o  some of t h e  phenocrysts 

of l avas  and dykes. Opnc,ues a r e  s ca rce  and orthop).roxene occurs only  r a r e l y  a s  

t h i n  rims on o l iv ine  o r  r e m a n t  cores w i th in  clinopno*-ene. P e r i d o t i t e s  s r e  

mainly harzburgi t e  and wehrl j te .  

Most of t he  Nacquarie l s l and  b a s a l t s  and d o l c r i t c s  have major and t r a c e  

e l enen t  compositions very l i k e  those  from 4S0N and the  FWOUS a rea  on t h e  mid- 

A t l a n t i c  ridge. Altered rocks have high i g n i t i o n  losses ,  low ~ e * ~  : ZF, and 

abe r ran t  NazO and K20 contents .  L i t t l e - a l t e r e d  rocks vary i n  nonnative 

composition from z- and k - b e a r i n g  t o  mildly  x - b e a r i n g :  t h i s  nornat ive  

range from t h o l e i i t i c  t o  a l k a l i n e  cha rac t e r  corresponds roughly with t h e i r  

groundmass mineralogy c h a r a c t e r i s t i c s .  Their  T i O z  (I -31i0.28 ut .%) and Al2O3 

(17.97t2.00 wt.$) contents  d i s t i ngu i sh  t h e  whole group of Macquarie l s l and  

l avas  and dykes from ocean i s l and  and i s l and  a r c  t h o l e i i t e  s e r i e s .  Preliminary 

r c s u l r s  i nd ica t e  h igh La/Sm (1.69f0.24) and La/Yb (4.420.9) r a t i o s .  The "ocean 

f l o o r  basa l t "  cha rac t e r  of t h e  Macquarie l s l and  rocks extends  t o  the.more 
L 

a l k a l i n e  compositions: t hese  E-normative b a s a l t s  a r e  general ly  l e s s  enriched 

i n  L I L  elcmcnts than ocean i s l and  t h o l e i i t c s  and display. for  example. low Zr 

Cc150ppm) and Y (c4Oppn) but  high hb (20-60ppn) contents.  

Four secondary mineral assemblages have been dis t inguished i n  t he  l avas  

and dykes. Preliminary oxygen and carbon i so tope  s t u d i e s  show t h a t  sea  water 

was t h e  source of much of t h e  f l u i d  involved i n  t h e  a l t e r a t i o n .  but t h e  f l u i d  

composition appears t o  have bcen modified s u b s t a n t i a l l y  by in t e rac t ion  with 

the  rocks. The lowest grade assemblage is a smectite-carbonate a l t e r a t i o n  

i n  which o l iv ine  and g l a s s  a r c  t he  major phases a f f ec t ed .  Lnvas tha t  have 

su f f e rcd  t h i s  occan f l o o r  weathering have bcen s h o w  t o  r e t a i n  the magnetic 

p r o p e r t i e s  of t yp ica 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 ZOO m.  Underlying t h i s  i s  a conpiex zone of a l t e r a t i o n  

def ined by t h e  dcvclopment of Na and Ce z e o l i t e s ,  p a r t i c u l a r l y  n a t r o l i t c ,  

thomsonirc, m a l c i t e ,  wniraki tc  and a t  t he  bottom o f  the  :one. laumontite.  



The degree of a l t e r a t i o n  is  va r i ah le :  f r e sh  g l a s s  has  been found within  a  few 

paces of i n t ens ive ly  zcolitCzed lavas .  Undcrlyine these  z e o l i t e  f a c i e s  

assemblages a r e  a l b i t e ,  ch lo r i t e .  epidore .  sphenc assenblages  t h a t  def ine  t h e  . 

lower greenschis t  foc i c s ,  a t t a i n e d  a t  t he  base  of thc lava  p i l e  tihere about 

h a l f  of t he  outcrops  a r e  conposcd of b a s a l t i c  dykes. In con t r a s t ,  t he  dykes 

of t h e  d o l c r i t e  dyke swarms (sheeted in t rus ive  conplex] have suffered a 

d i s t i n c t i v e  a c t i n o l i t i c  hornblende repl3cenent of pr inary mafic mincrals  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 .  Th i s  ' u r a l i t i z a t i o n '  i s  t h e  highest  

grade of a l t e r a t i o n  encountered i n  t h e  f ine-grained igneous rocks, and a l s o  

occurs  i n  t h e  gabbrus. 

An inconplete  s e c t i o n  i n  t h e  south o f  t h e  i s l and ,  through z e o l i t e  f ac i e3  

volcanics  i n to  lower g reensch i s t  f a c i e s  volcanics ,  is  abour 1400 m i n  th ickness .  

Taken together  w i t h  t he  ocean f l o o r  weathering zone, t h e  Hacqunrie I s l and  

Volcanic p i l c  scens  t o  b e  a i  l e a s t  I600 n, and poss ibly  a s  much as  2100 n, 

th ick.  The d o l c r i t e  dyke swarms a r e  a t  l e a s t  350 m t h i ck  ( the  e l eva t ion  above 
* 

sea  l c v c l  of t h e  i s l and ]  and i f  t h e  dykes .vere  v e r t j c a l  when enplaced, they 

may represent  en oceanic  c r u s t  l aye r  about 1000 m t h i ck  der ived from oceanic 

c r u s t  underlying t h e  volcanic  p i l e .  

Or ig ina l ly  deeper l e v e l s  of t h e  oceanic c r u s t  a r e  now exposed i n  t h e  

nor thern p a ~ f  o f  t h c  i s l and ,  where a  coas t a l  s ec t ion  has  ha rzburg i t e  a t  i t s  

base. over la in  by gabbra3 t h a t  include t h e  laycrcd gabbro complex and form a  

l aye r  about 2000 m i n  th ickness .  Conparison of t h e  phenocrysts of t ho  b a s a l t s  

and d o l e r i t e s  with t h e  mineral compositions of t he  layered gabbros and v e h r l i t e s  

shows t h a t  t h e  b a s a l t i c  nagma conposi t ions  may have bren derivcd by low- 
zoned 

pressure  f r ac t iona t ion  and r eac t ion  wi thin  a / c r y s t a l - l i q u i d  p i l e  t h a t  rcachcd 

thc ' su r f ace  and acted a s  a  f r ac t iona t ion  column. Kc a l s o  show t h a t  t h e  

Macquaric I s l and  oceanic  c r u s t  s ec t ion  puts  the "pctrolngical  bloho" a t  o depth 

o f  4000-5000 m, i f  i t  is  t akcs  t o  be the  t r a n s i t i o n  from harzburgi te  t o  gabbro. 

Last.  wc note  t h a t  cxperimcntal s t u d i e s  of s evc ra l  ocean f l o o r  b a s a l t  and 



g l a s s  coeposirions show then to be in'equilibriun with or thop~~oxcne  only at  

pressures of at  l cas t  8 kb, making the occurrence of  harzburgite a t  shallow . 
depths a difficuit feature t o  explain, a116 speculate about why t h i s  nay be so. 
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T H E  O U T L Y I N G  I S L A N D S  O F  M A C Q U A R I E  
' 1  SLAND . 

D. J .  LUGG, G. W. JOHNSTONE AND 3. J. GRIFFIN 

Clmc to Macquarie Island (54"30'S, 159"E) therc are two groups of outlying 
islands, the Judge md Clak group 14 km to the north and thc Bishop and 
Q a k  group 33 km to the much. This papa reports on n sha-witit to the 
Bishop and Clerk Inlands nnd aerial surveys of thc Judgc m d a c r k  Islands 
md of Anchor Rock (an offshore stack). The field work was'carried out in 
February 1976. T h e  geography and historid records of these islands arc 
rummarized, and ncw information on their gmlogy and biology.& presen~cd. 

S UB-ANTARCTIC Macquarie Island (54"30'S, 159"E) lies in the South 
Pacific Ocean 1280 km south-east of Hobart, Tasmania, and 1440 km north of 

h e  Antarctic continent (Fig. 1). The island was discovered by Captain F. Hassel- 
burgh during a sealing expedition in 1810. I t  is about 37 km long by 4.8 km wide 
and consists mainly of a hilly plateau at about 300 m altitude; the highest point is 
433m. The shores of Macquarie Island are fringed by rock stacks, the most 
substantial being the 25 m high Anchor Rock 0.4 km offshore, west of the north 
tip of the island. A submarine ridge, the Macquarie Ridge, extends north and 
south from the island (Davis, 1919). On this ridge lie two groups of islands (Fig. 2). 
The Judge and Clerk Islands (Fig. 3) are 14 km north of Maquarie Idand, and 
tbe Bishop and Clerk Islands (Fig. 4) lie some 33 km off the south coast. Submerged 
reefs, shoals and banks have been reported near both groups (Antaraic Pilot, 1974) 
and this together with p r  weather has limited observations. Another island was ' reported some 380 km south-east of Macquarie Island in 1821 but despite its being 
on charts for 60 years, 'Emerald Island' docs not exist (Cumpston, 1968). judge 
and Clerk Islands comprise a chain of rocks and reefs, mostly along a north-south 
line but with the northernmost reef offset to the east. The  largest is Judge (19 m 
high), and the two next largest we called South Rock and North Rock, respecrively, 
for identification purposes only. Bishop and Clerk Islands consist of Bishop Island 
(highest point c. 43 m) surrounded by about twenty smaller islands, stacks and 
reefs. 

In early February 1976, the ANARE relief ship MV Thala Dan, with two helicopters 
on board, spent five days at Macquarie Island. On 6 February, a close inspection of 
Anchor Rock was made by helicopter, no landing being possible. On the following 
day, Tirala Don, with one helicopter, went south to the Bishop and Clerk Islands. 
Thc helicopter, with two of us (DJL and GWJ) aboard, made high and low level 
circuit flights over the group.for oblique photography, and landed on the southern 
end of Bishop Island. Unfortunately, sea conditions were deteriorating and the 
visit had to be cut short, with the result that only the period 1340-1415 was spent 
on the Island. A small collection of rocks was made. On 8 February, a survey was 
made of the Judge and Clerk Islands with two helicopters from the Macquarie 
Island station. 

This paper presents a review of information on the outlying islands of Macquarie 
based on these and earlier visits. 

Dr D. 1. Lugg was Leader or the ANARE Expedition and is Senior Medical Officer with 
the Antarctic Division, Deparrrncnr of Science; Dr G. V('. Johnstone is a Biolopist with the 
.4nlarnic Division; and B. J .  Griffin is a PhD srudent, Geology Dcpanmcnt, University of 
Tasmania. 
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General histoty of Maquan'e Island 
Mawson (1943), Law and Burstail (1956) and Cumpston (1968) have rccardcd . . 

much of Macquarie Island's history. The island was an important Kaling centre 
in the nineteenth and early twentieth centuries. On 17 May 1933, Macquarie 
Island was declared a wildlife sanctuary by the Tasmanian Government which is 
responsible for the administration of the island (Tasmanian Government Gazette, 
1923), as politically it is pan of the State of Tasmania. 

Several Antarctic Expeditions of the 'heroic era' visited Macquaric Island. 
Bellingshausen (1831), Wilkes (1845) and Scott (1905) spent from a few hours to 
several days on the island, while members of Shackleton's expedition made collecr- 
ions from the A'irnrod (Shackleton, 1909). 

Scicncific srudy of Macquarie Island has not been neglected and four major 
phases have occurred: Among visitors to Macquarie Island in the 100 years since 
its discovery were a number of natural historians who published their observations 
(Cumpston, 1968). Five members of Mawson's Aus~alasian Antarctic Expedition 
(AM) spenl from December 1911 unul December 1913 on the Island and at the 
conclusion of this expedition the Commonweal~h of Australia established a mereoro- 
logical station for two years. Mawson's British Australian New Zealand Antarcric 
Expedition (BANZARE) of 1929-31 visited briefly. Since March 1948 members of 
the Australian National Antarcdc Research Expedidons (ANARE) have maintained 
a permanently manned station (54"28'S, 158'57.E) on a narrow isthmus at the 
northern end of the island. 

History of the *&ing islands 
One of the earliest records concerning the outlying islands of Macquarie Island is 

contained in an account of Macquarie Island by Captain D. F. Smith in the Sydney 
Gazcne, January 181 1 : 

About 25 miles NNE of thc north point of the Island (Macquarie) lies a smdl isle called the 
Judge, and a reef called the Judge's Clerk; about 30 miles SSE of the south poinr of rhe 
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Island is an islet md a rcci which Gprain Smith gave the namc of the Bishop nnd his 
Clerk. Captain Smith u w  several pieces of wreck of a large vcsscl on tbis Island, apparently 
very old and high up in thc grass, probably the remains of the ship o i  the u n i o r m ~ r t  
de la Pcroure. (Cumpeton, 1968 p. 15). 

In Novunbcr 1820, Captain Thaddeus Belhgshauxn visited Macquarie Island 
and in describing his arrival from thc north commcnts on 'the Judge' thus: 

At 5.0 a.m. I set my m r r c  for the northern end of the Island. At 9 o'clock, on approaching 
closer, we obsavcd rocks, washed by heavy breakm, ahcad of us. I m g n i s e d  them ps the 
rocks which appear on the Arrowsmith ehan undcr the name of 'The Judge'. At 1.0 pm. 
passing dong the nonhcm side of these rocks ar r distance of about half a mile, w t  rounded 
the narrh+asrem extremity of Macquarie Island. . . . 

Cumpston (1%8) repom that thc Arrowsmith chart of Maquaric Island has not 
been located despite searches in a number of archives. 

1 & b '  
7 1 1 I I 'I 

159. 

m 20 
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- Judge and - 
?. 
Clerk lslands 

North Head 
54.30'- 

- - 

Hurd Point 

- - 

- 55' 55'- 
South .., Bishop and 

Clerk Islands 

l d 0 '  159' East 
I I 1 I 

Fig. 2. Alacguoric lsla?:d a~td rhe ourlyirg isla~tdr 
. . 

A further repon of the northern islets was,rnadc by captain ~ a n i c l  Taylor sftcr 
his ship, the Caroline, visited Macquarie Island in 1824 : 

Caution to Marir.cn, NW by N (by mrnpass) six leagues from thc Northernmost brcakcrs 
and thc Judge's Clerk, lays a very dangerous reef 01 rocks undcr the water. The sea broke 
very heavy on two a a e n t  p m .  1 passed close to ir with the ship. (Cumpsron, 1968 
p. 63). 
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As late as 1881 there was much con- 
fused thought concerning the islets. 
Professor John Scott read a paper to 
the Otago Institute in which he stated: 

I t  (Macquarit) is a solilsry island, but it 
has two outlying &. One cnlled the 
'Bishop and Clcrk' lies 30 mil- to the 
mu& of the cduth end; the other died 
thc 'Judge and Clcrk' is 7 milts LO the 
n o d  of Nonh Head. (Transactions of 
the New Zcalmd Institute, 1882). 

Information on these island groups 
was very limited (Davis, 1919; Falla, 
1937; Mawson 1943; Grenfcll Price, 
1963) up to 1965, when a helicopter 

. from the USS Glacier landed for a few 
minutes on an outlying rock platform 
(island 'X' in Fig. 4) of the Bishop and 
Clerk Islands. Six species of birds and 
one species of seal were reported from 
that visit (Mackenzie, 1968). Prior to 
this trip the island groups were con- 
sidered ro be 'mere strings of barren 
rocks' (Taylor, 1955). Apart from the 
1965 landing, no records of other 
landings are known. I (Not to scale) 

Charrs of Macquarie lsland and the 
outlying islands 

The earliest extant map of Mac- 
quarie Island, drawn by British sealers, 
was published by Bellingshausen in 
1824. The Bishop and Clerk appears 
on this map. Lieutenant W. Langdon, 
RN, made a sketch and a plan of 
Macquarie Island in 1822 and thest 
are idthe records of the Hydrographic 
Department of the Admiralty in Lon- 
don (Cumpston, 1958). Mawson repro- 
duces an Admiralry chart of 1887 in 
his w Report (Mawson, 1943). Cap 
tain Neil McDonald of the ketch 
Gratiride made a chart of Macquaric 
Island in 1899 and this became tht 
official chart of Macquarie Island in 
1905. Blake's survey during rhe ME 
resulted in a new chart in 1914 that 
was published by the Admiralry 
Hydrographic Department in 1917. 
A chart which came into the posses- 
sion of the authorities.in Tasmania in 
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1901 was said to be 'from a survey made by H. Gunderson' but, as Cumpston 
(1968) reports, it was later found to be traced from a sketch lent to Gunderson by 
the oil traders Hatch and Fisher. This shows the outlying islets. Mawson (1943) 
drew a location (Table I) and distribution sketch while aspects of the islands 

TABLE 1 

Reported pon'tiom of outlyitg island noups 

Islandr Reporred h t .  and h. ShiplExpdtirn Refercme 
Bishop and Clerk - 158"44$ 'E Blakc from Mawson AAE 

Mequatic Is. Report (1943) 
AAE 1914 

5S0O3'S 15S046'E Discwny, Mawson,AAE 
BANZARE, 1930 Report (1943) 

55°04'55"S 158"41'50"E ANARE, I958 Admiralty Charr 
(1958) 

5S005'50"S 158"43'25"E Glacier, 1968 MacKenzie (1968) 
55"04'50"S 158"42'20"E Thala Dan This Repon 

ANARE 1976 

Judge and Clerk 54'21'5 159°01'E AAE 191 1-14, Mawson AAE 
BANZARE Report (1943) 
1929-31 

have been sketched by Davis (Mawson, 1943). The ME and BANWRE took a large 
number of soundings from North Head to the Judge and Clerk Islands. As Maw- 
son (1943) states: 

An accurate and complete survey of the Bishop and Clerk group of islets has not yet been 
achieved. They were too far distant from Macquarie Island for Blake to see any but the 
highest rocks. On no occasion did the Aurora find time to examine and map the group 
in detail. 

The visit by the D i s c o v q  in 1930 provided more information and a sketch map 
(Maason, 1943). The description in Mawson's log (Grenfell Price, 1963) is as 
follows: 

Friday, 5th December 1930 Bishop and Clcrk Islands After clearing Hurd Point course 
was set to close a reported rock marked (E.D.) about three milcs to  the south. A good 
lwk-out was kept . . . . .However, two miles to the west of the reported position soundings 
gave s depth of forty fathoms.. . . . Co was then eltered for Bishop and Clerk Rocks. 
Soundings taken frequently were between 90-50 fms. and very regular, proving chat a 
high ridge extends south from Macquarie I. to the Bishop.. . . . the islands appeared in 
the mist. Although the ship approached to within two or three cables only an occasional 
glimpse of the island could be seen. The main island appears to be very s r q  on all sides 
with a very prominent western summit. A large conspicuous white patch on the eastern 
side is a Royal and Gentoo penguin rookery. Two or three small islets only were seen; 
they were about twenty feet high and appeared to'run in a N.E. and S.W. direction. 
There was no indication of the long line of rocks extending to the north as charted (Ad- 
miralty Chart). Sights obtained at this position were not accurate bur it was estimated 
that the Bishop and Clerk Rocks lie approximately two miles to the south and one mile 
to the east of the charted position. . . 

Blake's chart formed the basis of the present day Admiralty Chart No. 1022 and 
the Australian Division of National Mapping produced a new map of Macquarie 
Island in 1971. This map resulted from oblique air photography and terrestrial 
photography by ANARE 1947-1969 with horizontal and vertical control of ANARE 
surveys 1950, 1958, 1969 and supplementary information from AAE: 
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(Not to scale) 

Metres (appror.) 300 

Fig. 4. Sketch map and cross-profile of the Bishop and CIerk Irlandr. (Positions me approximate.) 

In late 1975, a surveyor from the Division of,National Mapping made a JMR 

Doppler satellire posiuon fix and did further tellurometer surveys. During the 
visit in 1976 further vertical aerial photography was carried out. Table I shows the 
variation in stated position of the Bishop and Clerk. Until a further landing is made 
and an accurate position found by means of a satellite position fix there wil) be 
dispute as to the precise position of the group. 

Geology of the outlying island group$ 
Prewiour studies.-H. F. Ferrar was the first geologist to visit hlacquarie Island. 

As a member of the British National Antarctic Expedition of 1901, he landed at 
Lusitania Bay for several hours. L. R. Blake, of the ME, studied the  geology while 
carrying out a cartographic siuvey of Macquarie Island. Unfortunately, he was 
killed on the last day of hostilities of the First World War after serving for several 
yean, and it was left to Mawson (1943) to write up the geology from Blake's work. 
Mawson recognised three groups of rocks; an older basic group of lavas, in places 
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intensely folded, intruded by the ultramafic and mafic plutonic rocks of the gabbroid 
group, with boEh groups overlain unconformably by a younger basic group of 
pillow lavas and agglomerates. J.  F. Ivanac, of the Bureau of Mineral Resources, 
Geology and Geophysics, agreed with these observations after spending a few 
days on Macquarie Island (Ivanac, 1948). From information gathered on @e-!968 
relief trip to Macquarie Island, Varne er d. (1969) suggested that the rocks are 
oceanic crustal material and that Macquarie Idand represents uplifted oceanic 
crusr originally generated at a spreading plate boundary in a mid-octanic ridge 
environment. Further evidence supporting this hypothesis has since been presented 
(Varne and Rubcnach, 1972). In thesevarious studies, however, no refcrena is made 
to the outlying island groups, and prior to 1976 they represented geologically un- 
known areas. 

Obsmariom-1976.-Bjshop lsland is entirely c o m p x d  of pillow lavas with 
interpillow sediments. The pillows are closely packed and are approximately one 
metre across. Seven samples were collected: six of these are porphyritic tholeiitic 
basalts, with coarse plagioclase phenocrysts, and the orher sample is an aphyric 
tholeiitic basalt. All samples were extremely weathered with strong iron discolor- 
ation. 

The Judge and Clerk Idands group is more variable geologically. The two larger 
islands are composed of stratified volcanic agglomerate striking approximately 
SSW, and dipping 25-30' to the ESE. Blocks in the agglomerate are angular and 
vary in size around an estimated mean of 20 crn. The propomon of blocks in the 
agglomerate .is variable, up to 80 per cent, and this variation defines the suati- 
fiation. The shelving ridges of Judgc Island arc bedding plane surfaces; the 
bounding cliffs are fault scarps. The northernmost island of the group displays, 
on its norrhern tip, an apparently conformable contact between agglomerate and 
pillow lavas. The agglomerate is cut by a series of vertical grey dykes, all striking 
ssw. The lava pillows are similar in size to those of the Bishop and Clerk Islands 
group. 

The rocks described from the two island groups are very similar to the volcania 
and associated rocks on Macquarie Ishnd. Thus it appears that these island groups 
are geologically extensions of Macquarie Island, and presumably all are subaerial 
exposures of the Macquarie Ridge. 

Bwlogy of the ouflu;l9 i s h &  
Vqetarimi.-The ridge of Anchor Rock supports a relatively luxuriant growth of 

vegetation, including at least a grass and a cushion-forming plant. The latter is 
presumably Colobanrhur muscoides which grows commonly on coastal rocks at 
Macquarie Island where it accounts for up to 10 per cent of the total plant cover 
(Taylor, 1955). On Anchor Rock it occurs down the north-eastern face to about 
10 m below the ridge. The only vascular plant noted on Bishop Island was a 
cushion-forming .one, again probably C. wcoidcs. Cushions of this plant cover 
much of thc summit plateau of Bishop Island, and also occur on the western 
and northern tops. Two species of lichens were found on the rock specimens 
collected. They were identified as Placopsb aff. biwlm and Caloplara croeetica 
both previously recorded from Macquarie Island. On the Judge p u p ,  the only 
plant life detected was a green coloration, probably algal, on Judge Island beside 
the white guano of the shag roosts. 

1merrebrares.-The rocks collected from Bishop Island and their associated 
detritus yielded a few invenebrates. Some of these have been identified. All 
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material ha5 becn deposited in the South Australian Museum, Adelaide, except for 
the diprcran spccirncns which have been lodged in thc Australian National Insect 
Collection, Canberra. 

A~clida.-Some small worms which have not bcen identified. 
Acarina.-Mits werc rhc group best represented in the collection. Thcy in- 

cluded the cryptostigrnatid mitt AIarRozetcs mrorcricus (Michael), widespread 
in the far south and present on Heard Island and Macquarie Ishnd (Wallwork, 
1963; Watson, 1967); Purun.tiphis jeunneli (An&), a littoral gamasine mite wide- 
spread in thc far south but apparently not previously recorded from Macquarie 
Island; a prostigmarid mite, possible of the family Penthalodidat; and other 
unidentified cryptostigmatid, mesostigmatid and g&sine species. 

Araneac.-Spider egg sacs and a spiderling, perhaps of the family Lycosidae. 
(woIf spiders). 

~ollembolit.-several ~ollcmboians, most probably TulIbergin mediun~arrica 
Wise. This species has not previously bcen found outside the Antarctic continent. 

~ i ~ t e r a . - ~ a r v a e  and of s d l  flies, very probably one of the acalypmte 
families. 

Birds 
Gentw penguin Pygoscelis papa.-This species may have been present in the 

Bishop Group but was not positively identified. An observer aboard Thala Dun 
reported that many penguins left island 'X' when the helicopter approached and 
that some of these appeared to be gentoos (N. Brothers, pen.-comm.). Mawson 
(quoted above from Grcnfell Price, 1963) reported gentoos among the f0y.d 
penguins on Bishop Island in 1930. Viewing conditions were very poor, however, 
and it is possible that shags were mistaken for gentoos; Falla (1937) slated that 
mist prevented the pany ,from recognising the species with certainty. MacKenzie 
(1968) rcportcd this species present in small numbers among several hundred 
royal penguins on island 'X' but implied that they were unlikely to be breeding 
bccausc this rock would not be safe from high seas. The spccics is abundant and 
widespread on Macquarie Island. 

Rockhopper penguin Eudyptes chrysocome.-Two small groups of breeding 
rockhopper penguins were noted on Bishop Island between h e  summit plateau 
and the albatross colony. Thtre were about 20 half-grown chicks and may well 
have been more. The species is abundant and widesprtad on Macquarie Island, 
but has not becn recorded previously from the Bishop group. 

Royal penguin ~ u d ~ p z e s  chrysolophus schlegeli.-~hcre was a group roughly 
csdmated to be in excess of 1000 birds on the upper part of the east side of Bishop 
Island, and another group, probably smalicr, on island 'X'. Some fully grown 
chicks were noted among the adults on Bishop Island, though most would have 
gone to sca by this date (Warham, 1971). The presence of this specjes on Bishop 
Island was first recorded in 1930 by Mawson as quoted above from Grenfcll 
Price (1563). MacKenzie (1968) recordcd approximately 150 on Bishop Island 
and 700 on island 'X'. This race of the macaroni penguin is abundant and wide- 
spread on Macquarie Island where it is endemic. 

Black-browed albatross Diomrdea me1amphris.-The southern high area of Bishop 
Island contains a thriving colony of black-browed albatrosses. There werc 44 half: 
grown chicks present with black flight feathers prominent through the grey down. 
Therc wcrc many more adults, a i d  all checked had dark brown eyes confi-ng 
that they were the nominate race D.m.meIanophTis which breeds on Macquarie 
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which is frequently scen between 
ceds on Campbell Island. MacKenzie 

107 adults, counted from the air. It is now 
e colony on Bishop Island is mnsiderably 

c than the two small colonics at the north and south 
have about 30-40 pairs but seldom 

However, MacKcnzie's suggesuon that 
-brewed albawsscs from Bishop Island 

1948 when the spades was &st recorded bred- 
on the assumption that becaw did not record 
breeding. AM rtards arc notoriously deficient in 

lack of mention of a species cannot be takn to 
are in relatively remote and inaccessible places 

by other visitors to Maquaric I s h d .  
status of the capc petrel at Macquarie 

3 % ~  k n  resolved sine 1951 when 'a small number' were found 'appa- '-* aesting' on Anchor Roclr (Law and Burstall, 1956). The relevant Antarctic 
' --~o]ogg 1% records that tbm wcre either the or five cape pcuels sitting 
an- pnd mother-six or aght flying around on 21 October 1951, but the o b  
'-;--able to climb down to the nesting area on.the north-east side of the 
R* r;b && for eggs. This is thc only record of the spcacs ashore at Macquaric . 
'..frw;sba then there have been frequent sightings of cape petrels ova the sea .-. .. . 

*. Uacquarie Island, parricularly near the station and North Head and 
vessels at anchor cast of the stadon. For example, on 25 November . . 

*-1~15 , : i~ than  20 cape pemls attended Nelh Dm there. Several (three or four) 
ap pcmls seen from Nena Dan on 21 Novtmbcr 1971 in the same area had 
underparts $rained brown, suggesting that they had recently left nests (Johnstone, 
1974). 

, The north-eastern and western faces of Anchor Rock cannot be s e n  from 
Macquarit Island, but of these only the north-eastern is sheltered from the pre- 
vailing westcrly winds and seas. During the 1976 inspection by helicopter fow cape 
petrels wcre occupying three s i t s  on this face, two singly and one pair. The sites 
with single birds were protected by overhangs and were much whitened with guano .m appearrd,to be suitable for nests. A f o u h  unoccupied site also had much . ..*^ 

;@&0:0n tht approach of the helicupta the birds flew off. No chicks could bc 
- 4;'rt'"this date a t  Heard Island (535,  73"M'E) chicks arc left unattended, but . 

cbey $0 not fledge until March (Downes et al., 1959). Law and Burstall (1956) 
w t c d  there might be a colony of capc petrels in the Bhhop gmup, but none 

re~ordcd t h m ,  nor were any seen in the area from Thala Dan during the 
1976 visit. The relatively sheltered south-eastern cliffs m steep and c r e v i d  
like Anchor Rock and may be suitable for this species, bur close inspection was not 
possible. None were seen at the Judge group, and the extreme exposure of these 
sacks maka it unlikely that any bud could ncst there successfully. The cape petrel 
amnot be regarded as a breeding species at Macquarie Island until it can. be 
dcmonstratcd that the handtid of buds on Anchor Rock do actually breed. 

King shag Phalmocosaz albiumrer purpurau~.-This race of the king shag is 
mdemic m Maquarit Island wbere about 600 pairs breed at I4 colonies, many on 
osshorc stacks, all round the island (N. Brothers, pen. comrn.). There is a 
b m g  colony on the eastern side of Bishop Island btlow the royal penguins and 
T u d  from them by a deep cleft running across the rock face. About 100 ncst 

w a  ~ t e d  but most of the season's nests were broken down and an accurate 
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would have been impossible even had time k e n  available. No eggs 4 
P n g  chicks acre seen but there werc many young birds, somc still with down 
br most fledged. Therc were also a few shags perched on top of the guano-capped 
bland 'Y'. Other prominent crags of Bishop Isiand were whitened with guano, 
kdimting their use as roosts by shags. Judge Island has two separate tops, b o a  
~ v e r e d  with guano; there were more than 100 shags on the southern top and more 
e n  30 an the northern. Most flew off when the helicopters approached, and there 
m s  no s i p  of nests. A single shag was s e n  on the exposed south-wcstcm side of 
Anchor Rock. 

Great sku Srmcorarrsls s h a  1onnbngi.-Near where the helicopter landed on the 
southcastern platform of Bishop Island, D. J. Lugg found a ncst contairung two 
brokcn tggs, either a skua's or a southern black-backed gull's. There wcrc some 
penguin tail feathers beside it which sugest a skua was the more likely. A skua was 
Men higher up on Bishop Island. MacKenzic (1968) recorded two adults there. 
One skua was also seen on South Rock in rhc Judge group during o w  1976 in- 
spection. 

Southern black-backed gull h r u s  dominianus.-The only souchern black- 
backed gull seen at any of the outlying islands was a large, but still downy, chick 
at the eastern cnd of the summit ridge of Anchor Rock. Earlier in thc season, on 
28 November 1975, G. W. Johnstone observed two gulls on Anchor Rock sitting 
on thc two main tops of the ridge, as if incubating. Several other nests around 
Macquarie Island contained eggs at this time. Presumably at least one of these 
gulls was incubating and the chick was its progeny. MacKcnzie (1968) recorded 
several adult gulls and four downy young among the black-brewed albatrosses on 
Bishop Island, but none werc recorded during the 1976 visit. 

Other Species.-Prions Pachyprila sp. were common at sea near the Bishop 
p;roup. The Antarctic prion P. desola~a is an abundant breeding species at Mac- 
quarie Island, where it nesrs in burrows dug in the peary soil. (Although thc fair). 
prion has been recorded at Macquarie Island it has not yet been rcmrded breeding 
there, pace MacKcnzie (1968)). The vegetation on Bishop Island is probably too 
sparse and the terrain too rocky for burrows, hut prions could nest in rock crevices 
as MacKcnzie (1968) suggested. Blue petrels Halobaenu caerulea nest on offshore 
stacks of Macquarie Island where they are safe from feral cats (N. Brothers, pcrs. 
corn.); they also may ncst on Bishop Island. Anchor Rock could also support a 
few of either of these spears. 

New Zcaland fur.smls Arcroccphalus forrrm' were recorded at both groups of 
islands. Thcre were ten on sloping rock near the eastern point of Bishop Island; 
MacKcnzie (1968) recorded two on one of the southern reefs in February.1965. In  
the Judge group, theex were seven fur seals on South Rock. This seal is common on 
Macquarie Island in summer when about 1000 are present, most non-brecding 
males which come here from their breeding colonies in New Zealand waters. 
Breeding has been recorded at Maquarie Island since 1955; thc most pups seen 
were eleven in February 1977. All seals seen on the outlying islands were adult. 
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OXYGEN ISOTOPE GEOCHEMISTRY OF THE 
h4ACQUAFIE ISL4ND OPHIOLITE 

J.D. Cocker (Dept. o f  Geology, Univ. o f  Alberta, 
Edmonton, Alberta, Canada T6G 2E3) 

8. G r i f f i n  (Dept. o f  Geology, Univ. o f  Tasmania, 
Hobart, Tosmcnia, Aus t r~ l i o  7001) 

K. Muehler~bachs (Dept. o f  Geology, Univ. of 
Alberta, Edmonton, Alberta, Canada T6G 2E3) 

h c q u a r i e  Island i s  o we1 l preserved Miocenc ophio- 
l i t e  with ou:stoncling expoiures o f  weathered pi l low 
bosalts, zeolite iacies metarnorphc,scd basalts, sheeted 
dolerite dykes, gabbrcs and ultramafics. The 6 ''0 
values o f  bosalk and non-uralitized dolerite dykes which 
intrude the lavos range from +5.7 to +9.  6O/O0; ural- 
i t ized dyl:es, gabbros and ultramafics rangc from +3.2 
to +6.0~/00. The 180 content o f  fnsalts re f leck their 
.degree of a!te:atim; bcsaltic gldsses ore +5,. 7'/00 
whereas the altered hsa l t s  arc enriched i n  "0  i n  pro- 
portion to tlleir H z 0  content. Uralit ized samples from 
the dyke swcrms as wel l  as gabbros ol:d ultromafics have 
lower 6 1 8 0  values indicating hydrothermal alteration. 
Disseminated and ve in  calcites from sub-zeolite to high 
zeolite Lasalts rangc In 6 180 from +18 to +33O/ao 
which implies temperatures o f  3 to 69OC assuming sea 
wafer alieri l t ion. Carbonates from i~l t rusive rocks range 

18 i n  6. 0 from 4-12 to +22'/00 correipondirig to ternpera- 
tures o f  60 to 150°C. The 6180  o f  notrolite, gyrollte, 
woirokite, laumontite and prehniic range from -1-8 to 
-t20O/00 with prelrnite having the Ibwest 6 1 8 0  indi-  
cative of higher temperatures o f  mc~~rnorphisrn. 6 I3c 
values o f  colcites vary widely (+0.7 to -18.9°/00), 
tending towclrds lower ratios i n  ihc hicih zcoli tc bc~sults 

17 ond the intrusive rocks. Those low 6 - C values i n  the 
high tcrn~eratvre rcrcl<s sugge5ts tl:ut the C wos dcrivcd 
from organic scurces wit11 alteration occurring i n  a closed 
system. The c!.ove data indicates that the 180 enriclred 
basu:'~s were cltered a t  lcw temperatures by sea vrotcr in  
lire oceanic crust. Ths 180 dcp!eiion observed i n  the 
intrusive rocks must also rcsvl: frcjnl rcuction wi th  sea 
water, t c i t  at hisher f~.rq:erotures. 
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1. Introduction 

TAS-SUES i s  a program for rapid quanti tat ive reduction of X-ray 

spectra collected by an EDAX energy dispersive system attached t o  a JEOL JXA-50A 

scanning electron microprobe analyzer. Up t o  11 elements may be determined 

aimultaneoualy and standard data on up t o  19 elements may be stored i n  each 

of two arrays, t h i s  data thus bcing imedin te ly  accessible. Providing su i tab le  

standards are available there are no program r e s t r i c t i o n s  on the elements t h a t  

can be analysed. The proqrm i s  run on a NOVA 28K minicomputer which i s  on-line 

t o  the EDAX unit .  Spectrum t ransfer  from the NOVA to  the  EDAX la autoraatio. 

Rates of twenty analyses per hour are routinely achieved by only minimally trained 

operators. 

Apart from the reduction of unknown spectra, the progran a l s o  contains 

options f o r  (i) element cal ibrat ion using pure o r  conpound standards. 

(ii) element background calculat ions using known spectra,  and 

[ i i i )  gain and zero cal ibrat ion of the EDRX analyt ical  system using 

a pure copper spectrum. Other program options allow input o r  output of reference 

standard data,  corrections for electron beam d r i f t ,  changes in  major operating 

c ~ d i t i o n s  of the microprobe Ie.g. accelerating voltage),  and select ion of e i t h e r  

of the two arrays of standard data.  The l a s t  option i s  of value when the system 

i s  used for  analysis  of materials  which require d i f f e ~ n t  operating conditions 

(e.g. s i l i c a t e  analysis  i s  carr ied out  with an accelerating voltage of 15kV. 

and sulphide analyses with 20kV). The storage of data i n  separate arrays 

corresponding t o  the d i f fe ren t  conditions eliminates the potential  fo r  e r r o r s  due 

t o  the use of inappropriate standard data. 

2. Speci Eications 

TAS-SUEDS i s  a BASIC language program [single-user level)  operated on 

a NOVA 1210 s e r i e s  minicoaeuter with 28k of a. The program requires spectra 

t o  be comprised of BOO channels with 20 e.v. per channel, i . e .  over a O-16KeV 

range. The EDAX analyt ical  system consists  of a s e r i e s  1838 detector  and 

amplifier with a s e r i e s  7078 multichannel analyzer. This system is  attached 

on a spectrometer port  of a JEOL JXA-SOA scanning electron microanalyzer [plate 11 

in the Central Science Laboratory a t  the University of Tasmania. 

W E D S  1 (Nockolds, 1976) was the basis  for  t h i s  program. Major 

modifications have bcen,madq incorporating the data reduction methods of Wed t19751, 

Reed and Ware ( 1 9 7 5 ) ,  and Ware [pers. corms., 1979). Modifications have a l s o  been 

made t o  the output format so  tha t  i t  i s  oriented towards presentation of the 

analyses of geological materials. These modifications include the calculat ion 

of s t ruc tura l  formulae on a given number of e i t h e r  oxygen o r  sulphur atoms and 

various molecular cation ra t ios  . 



Processing of an unknown spectrum for  ten elements, plus oxygen by 

difference, requires about 110 seconds. Spectrum collect ion with the EDAX 

takes about 100 seconds but as  the program col lec t s  a l l  required spec t ra l  

information from the EDAX unit  during the f i r s t  IS seconds of data reduction 

the  next spectrum collect ion can be s ta r ted  a f t e r  t h i s  15 second period (an 

"EDAX free' message i e  displayed). CMsequently there i s  only a 15 second 

minimum delay between successive spadrum accumulations required by the analyt ical  

eystem and t h i s  i s  v i r t u a l l y  always l e s s  than operator t h  required for  

select ion of the next m s l y s i s  point. 

EDM-NOVA interface routines a re  included in  the BASIC Interpreter  

syrtern tape supplied with the copy of TAS-SWDS. These interface routines a re  

control led by the 'CALL' -d i n  BASIC. 

3. Software Loading Procedure 

TAS-SUES is loaded using tha no-1 procedure. F i r s t l y  the .bootstrap 

loader' is antered manually through the data switches on t h e  computer, then the 

BASIC In te rpre te r  system tape i s  loaded, and f ina l ly ,  a f t e r  the "NEW" cornand, 

TAS-SUED6 i s  read in. @ace t h i s  stage i s  reached a l i s t i n g  of the program 

should be obtained and checked against the supplied master l i s t i n g .  

4. System Calibration 

4.1. Proqram I n i t i a t i m  

Once i n i t i a t e d ,  a l l  options in  TAS-SURDS operate from a central  control  

l i n e  ( l i n e  70001 and the  operating procedure depands upon the option selected by 

the user. The various options a re  iden t i f ied  by integer values ( tab le  1) and 

a t  the completion of each task the program returns t o  t h e  central  control  point. 

The "RUN" c m a n d  i s  only used to  s t a r t  the program for the f i r s t  t h  o r  t o  

c lear  e r ror  conditions i n  the camputer. I t  rese t s  variable and array values t o  

zero and the oporatox must re-enter a number of variable values before the proqrm 

can be used again. If the computer is turned off  a t  the end of each analyt ical  

session, it should be reactivated hy the connnand "goto 7000" rather  than the "RUN" 

coremnnd. 

Fafault values for  the various parameters have been m i t t e n  in to  the 

program and these must be checked for  each par t icu la r  system a s  some are  systcm- 

dependent. Before i n i t i a t i n g  the program, the following variables should be 

checked and redefined i f  necessary. 

4.11. Electron beam current default  value - 3 x 

opecified a t  l i n e  2010 a s  HE 1 3 

change at lines: 2010, 2055, 4515. 



Table 1 

Cption Denominator 

- 1 

1 

2 

4.12. Sample tilt 

Options available with T A S - S U E S  

Function 

select ion of e i ther  of the tver standard data arrays 

quanti tat ive analysis of unknown spectra 

calculation of element conversion and overlap fac tors  
from pure element spectra 

calculation of element conversion fac tor  from 
complex spectra 

calculation of element background values 

gain and zero cal ibrat ion of the EORX system 

routine t o  change the defined value of the 
accelerating voltage in  the program 

l i s t s  stored values of variables and standard data 

routine for  variat ion of the beam current  value 
used i n  the program. 

default  value = O0 

specif ied a t  l i n e  2075 as T1 = 0 

change a t  above l ine .  

4.13. X-ray take of f  anqle default  value = 30° 

specif ied a t  l i n e  2080 a s  D l  = 30 

change a t  above l i n e  

4.14. System dead time default  value = 16 x seconds 

specif ied a t  l ine  7233 a s  0.000016 

change a t  above. 

Thls 16us i s  the e f fec t ive  dead time and is eas i ly  calculated by measuring 

the count ra te  as a function of beam current usinq a fixed ample.  The count 

ra te  is calculated by integrat ing the whole spectrum and dividing by the displayed 

t i m e .  If the specimen current i s  used as s rapid measure of beam current it i s  

essen t ia l  t o  move t o  a fresh area of the sample before each reading since build-up 

uf contamination spots can a l t e r  the specimen current. Effective dead time 

should be calculated for  bo<h high and low energy X-rays: it i s  qu i te  cormnon for  

the dead time t o  increase a t  the low energy end where pile-up correction ceases 

t o  be effect ive.  1f t h i s  proves t o  be the case, the valuc of the e f fec t ive  dead 

time calculated for  the higher energies should be adopted. 



4.15. Interferences on the l o w  energy background posi t ion 

default  values: ( A 1  t Al) = 0.97.E-8 
(Hq + S i )  = 2.21.E-8 

specif ied a t :  (Al + Al) l i n e  4051 
(Mg + S i )  l i n e  4059 

change a t  above l i n e s  

Imperfect pulse pile-up correction r e s u l t s  in  minor (Al KO + A1 Kal and 

(Mg & + Si 4) radiation pile-up on the Argon & peak posit ion (which is used 

as the l o w  energy background posi t ion).  These interferences should be allowed 

for  and the proportion of each interference can be calculated by manual measurement 

and extrapolation using pure A 1  and f4g2 SiOc spectra.  

4.16. System resolution parameters 

default  values w7 - 2.392 
W B  - 19100 

specif ied a t :  w7 l i n e s  2022, 6193 
WB l i n e s  2024, 6194 

change a t  above l i n e s  

These parameters are fixed during routine system calibrat ion.  They a re  

printed out automatically a f t e r  each cal ibrat ion check. I n i t i a l l y  they do not 

need t o  be r e s a t  but once the program i s  operating average values should be obtained 

and inserted i n  the program. These parameters s e t  t h e  width of the windows used 

t o  measure the counts in  each elemental peak and must not be allowed t o  vary 

from day t o  day. 

4.17. Calibration ta rqe t  material 

A pure copper target  is preferred for calibration purposes but other 

materials ,  e.g. Ni2Si, may be used. The only program changes necessary a re  t o  

r e s e t  the values of the cal ibrat ian peaks. 

default  values: l a w  energy peak, E3 - 0.930 [KeV) 
high energy peak E 4  - 8.040 (KeV) 

specified a t :  E3 - l ine  7091 
E4 - l ine  7092 

change a t  above l ines  

mce the required a l te ra t ions  have been made the program may be i n i t i a t e d  
with the "RUN" comrnand (section 5 .1) .  Following t h i s  the gain and zero m n t r o l s  

of the analyt ical  system must be cal ibrated with respect t o  the program. 

4.2 Gain and Zero control cal ibrat ion 

The gain and zero of the analyt ical  system w i l l  d r i f t  and Reed (1975) notes 

that  for  accurate resu l t s  the zero e r ror  should be l e s s  than ? 2 e.v.  between 

analyses. This program is cal ibrated using pure copper spectra but a s  noted 





The background value takes i n t o  account the Brchmstrahlunq and the 

charac te r i s t ics  of the analyt ical  aystem [e.g. beryllium window absorption). 

Theoretically the background values derived from d i f fe ren t  t e s t  spectra for  an 

element should be the sama but minor e r r o r s  a r i s e  due t o  the empirical nature 

of p a r t s  of the correction procedures. Some typ ica l  examples, shown in  table 2,  

dewns t ra te  the degree of variat ion camonly encountered. Values selected 

for  use a re  a l s o  shown. 

Qlce the required background values have been derived they can be 

wri t ten i n t o  the appropriate data statements i n  the program (see end of sect ion 

4.41. 

4.4. Element Conversion fac tors  and Overlap fac tors  

I t  i s '  a lso necessary t o  calculate for  each element a conversion fac tor  

(which i s  count per weight percent per second per nanoamp, corrected for  matrix 

absorption e f fec t s )  and the degree of overlap of each elemental peak on t o  the 

peaks of adjacent elements. In dealing with overlaps affect ing the element with 

atomic n&er 2, t h i s  program considers only the elements 2-1 and Z+i. For 

many analyt ical  systems the degree of low energy t a i l i n g  of peaks is such tha t  

i t  i s  necessary t o  consider the overlap e f fec t  on element 2-2. e .g.  i t  may be 

necessary t o  consider the overlapping of the S i  Ka peak (2-14) on Mq ((2-12) a s  

well as  on A 1  (2-13) and P (-15). The program must k modified accordingly. 

Conversion factors  and overlap factors  ace calculated using options (12 

and I 3  of the program. option *2 calculates both conversion and overlap fac tors  

from e i t h e r  pure clement spectra o r  from multipeak spectra i n  which the peak of 

in te res t  i s  well reeroved from other peaks In tho spectrum and also the elementn 

which may be affected by overlap from the element of in te res t  a rc  absent. Option 

s3 calculates the element conversion factor  only and i s  used for  processing 

complex standard spectra, e.9. in  the case of using a feldspar a s  a standard 

for  sodium. Some overlap fac tors  nay have to  be estimated h c a u s e  of a lack of 

sui table standards and a guide for  estimation i s  the tab le  of overlap fac tors  

presented by Smith (1976). 

Machine conditions must be constant during collect ion of the standard data. 

Measurements should be repeated durinq d i f fe ren t  analyt ical  sessions to  obtain 

representative resu l t s .  Any values tha t  show s ign i f ican t  variat ions ( > t 2 r  re la t ive)  

should be checked. 

Once it has been established tha t  the standard data a re  accurate and the 

analyt ical  system i s  perfoming consistently then t h i s  data can kc v r i t t c n  i n t o  

the program in  place of the d m y  values. The data statements for  standards for 



Table 2 Background values  obta ined wi th  Tasuni system 
a t  3 nanoamps and 20 KV 

Measured pure  Cu pure  Fe Pure  Zn Se lec t ed  
element values  
p o s i t i o n  1 2 3 1 2 3 1 2 

S (16) 

'Cd (481 

t4n (25)  

Fe (26) 

Co (27 )  

N i  ( 2 8 )  

(29) 

zn (301 

AS (33)  

*Cd - L l i n e  is used f o r  a n a l y s i s  r a t h e r  than K l i n e  as with t h e  r e s t .  

Bracketed va lues  were r e j e c t e d  because of i n t e r f e rences .  Other r e s u l t s  ware 

considered i n  c a l c u l a t i n g  f i n a l  values .  

15 KV a n a l y t i c a l  work ( e .9 .  s i l i c a t e  phases)  a r e  from l i n e  1660 to  l i n e  1698 

i n c l u s i v e ;  and f o r  s t anda rds  f o r  20 KV a n a l y t i c a l  work (e-g.  sulphides)  a r e  from 

l i n e  1700 t o  l i n e  1730 inc lus ive .  Each da t a  s t a t emen t  i s  s t r u c t u r e d  a s  b l o w :  

1600 DATA 12105. 0. .OOB, 11, 1.72 

l i n e  number conversion f a c t  overlap-1 ove r l ap+ l  atomic number background value  

I t  i s  u s e f u l  t o  then check t h e  system performance on a s  wide a  range of 

known samples a s  poss ib l e  i n  t he  f i r s t  ins tance.  Following t h i s  i t  i s  usua l  t o  

include some of t h e  s tandards  and pure copper ( o r  app ropr i a t e  c a l i b r a t i o n  ma te r i a l )  

i n t o  a l l  specimen ho lde r s  ( p l a t e  '2) f o r  ca sy  r e fe rence  beforc .  du r ing ,  and a f t e r  

a n a l y t i c a l  s e s s ions .  Thc s tandards  s e l c c t e d  should con ta in  the  e lements  of 

i n t e r e s t  a t  abundance5 comparable o r  h igher  than those  expected i n  unknowns and 

a t  lcas: one of t h e  s t anda rds  should be a  s t o i c h i m e t r i c  compound. A s u i t a b l e  

s e t  of s t anda rds  f o r  s i l i c a t e  phase a n a l y s i s  is ;  a  magnesian o l i v i n e ,  ,an a u g i t i c  

c l inopyroxeno,  a p lag ioc l a se  f e l d s p a r ,  and an amphibole. 

When t h e  system has  been thoroughly checked and a l l  of t h e  d a t a  w r i t t e n  

i n t o  the p r q r n m  a  paper t ape  copy should be obta ined.  This  t ape  i s  then t h e  

m s t e r  tape f o r  t h e  system. 

The o v e r a l l  system c a l i b r a t i o n  procedure is summorised i n  f i g u r e  1. 



Figure 1 surm~ary of System Calibration Procedure 

A .  Hardware measurements 

1. t.leasure o r  check [il beam current  magnitude 

(ii) specimen tilt 

' ( i i i )  x-ray take off  angle 

2.  masure system dead time 

3. Measure interferences on Argon Ka posit ion 

B. Software Loading and ca l ib ra t ion  

4. Load and check program 

5. Replace default  values for b e a m  current ,  specimen tilt, x-ray take off 

angle, dead t i m e ,  Argon interferences,  and ca l ib ra t ion  ta rge t  d e t a i l s  

where necessary. 

6. Activate program with "RUN" camnand, change accelerat ing voltage value 

i f  necessary (option '101. 

7. Mcasure gain and zero adjustment parameters (ev/turn) and resolution 

parameters, W7 and WB, i n s e r t  i n t o  the program and ca l ib ra te  the gain 

and zero (option * 5 ) .  

8. Measure a l l  required background values (option * 4 ) .  

9. Feasure a l l  required element conversion and overlap fac tors  (options 

'2 and " 3 ) .  

10. Check data reduction on a range of known materials (option * I ) .  

11. Writc the collected standard data i n t o  the "DATA" statements in 

the program. 

The system should now be cal ibrated.  Pegular checks (dai ly i s  suggested) 

should be performed t o  recognise any short or l m g  term d r i f t s  i n  the system. 



5. Z o g r a T  woeration and o ~ t i o n  d e s c r i p t i o n  

5.1. Proqran s t a r t i n g ,  r e s t a r t i n g  and e r r o r  co r r ec t ion  

For succes s fu l  q u a n t i t a t i v e  microanalys is  t h r e e  b a s i c  cond i t i ons  

nus t  be f u l f i l l e d .  

( i )  A "good" spectrum must be  c o l l e c t e d ,  i . e . ,  wi th  the  d e t e c t o r  

dro?er ly  c a l i b r a t e d .  t he  bean c u r r e n t  a t  t he  c o r r e c t  magnitude, and the  a n a l y s i s  

a r e a  being a c l ean ,  f l a t ,  carbon-coated a r e a  o r  spo t  on the  specinen.  

{ i i )  A l l  parameters i.e. background values .  s tandard f a c t o r s .  

a c c e l e r a t i n g  vo l t age ,  x-ray t ake  o f f  ang le ,  and beam c u r r e n t  d r i f t  must be 

c o r r e c t l y  s p e c i f i e d  i n  t he  program. 

and ( l i i )  The appropr i a t e  a n a l y s i s  d e t a i l s  n u s t  be suppl ied under 

op t ion  .1. the  a n a l y s i s  rou t ine .  

When problems o r e  encountered wi th  t h e  a n a l y s i s  r e s u l t s  follow the  

procedure o u t l i n e d  below u n t i l  t h e  e r r o r s  have been i d e n t i f i e d  and resolved.  

( a )  r epea t  t h e  a n a l y s i s  on a d i f f e r e n t  a r ea  of t h e  sa.-nple and i f  

s t i l l  i n  e r r o r  check one o r  m r e  of t h e  s t anda rds  i n  t h e  sample holder .  

(b) nex t  check t h a t  no e r r o r s  were made i n  t h e  s p e c i f i c  a n a l y s i s  

d e t a i l s ,  a s  suppl ied through op t ion  '1. 

(c )  i f  problems a r e  still encountered, using op t ion  * l I .  ob ta in  a 

l i s t i n g  o f  program ope ra t ing  cond i t i ons  and check these  wi th  t h e  r e fe rence  s e t  

of parameters .  

[d) then suspend program ope ra t ion  by p re s s ing  t h e  "escape" key. 

A message i n d i c a t i n g  a t  which p o i n t  t h e  program was stopped w i l l  be p r i n t e d  ou t .  

( e )  e n t e r  t h e  "RUN" comand. This  s t a r t s  t h e  program again  and 

r e s e t s  a l l  va r i ab l e  and a r r a y  values  t o  ze ro  before  f i l l i n g  the  a r r a y s ,  e t c . ,  

from t h e  "DATA" s ta tements  a t  the  beginning of Lhe program. I t  i s  necessary  

t o  e n t e r  i n t o  t h e  program t h e  cu r ren t  values  of t h e  a c c e l e r a t i n g  vo l t age ,  beam 

d r i f t .  and numbcr o f  ana lyses  performed. Values of t h c s e  parameters a r e  given 

i n  Appendix B. 

(f) Use opt ion *11 t o  ob ta in  another  l i s t i n g  of t h e  s tandard d a t a  

and check t h a t  a l l  f a c t o r s  a r e  a s  g iven on the  r e fe rence  s e t .  I f  sane a r e  

different ic icnt i fy  t h c  c o r r e c t  values  and i n s e r t  t hee  i n t o  the  program. A t  

p r c scn t  no d i r e c t  input  i s  a v a i l a b l e  f o r  da t a  on s tandards  and consequently 

s tandard d a t e  must be changed by an e x t e r n a l  procedure. S top  tho program 

(normally by us ing thc  "ESCAPE" key) and then change the  appropr i a t e  parameter 

(program va r i ab te  names a r e  l i s t e d  i n  t a b l e  3 )  using the  "I.ETW convnand ( s e e  

example i n  t a b l c  3 ) .  



Table 3 

Variable 

In te rna l  Variable Names and "LET" Commbnd 

Program variable 

Atomic number of standard 

Element conversion factor  

Overlap on lower energy element 

Overlap on higher energy element 

Background value of element 

- for  standard number J. 

To change the c l c m n t  conversion factor  f o r  eleraent I ( i )  s top program using 

"EsC'APE' key (ii) enter  "LET Q [O,I] - xxx" 

Normal operation should now be possible. I f  not then e i t h e r  

. sane p a r t  of the program has been corrupted i n  the computer mewry or a 

hardware problem has been encountered. Reloading the program w i l l  overcome 

the corruption problem but the reasons for  the corruption should be iden t i f ied  i f  

possible. Keep a record of the behaviour of  the system from just  before the 

trouble comenced a s  t h i s  riiay be useful i n  t racing the f a u l t  immediately and 

identifying recurring problems la te r .  

5.2. Option Description 

In the following sect ions the use of each option of the program i s  

described. A br ie f ly  annotated flow chart  for  each option is given in ~ ~ ~ k n d i x  

A and examples of operation and resu l t s  of each option a r c  given i n  Appendix 8. 

5.2.1. Option-1 : Selection of standard data a r ray  

I t  was previously noted tha t  two arrays of standard data a re  

available in  the program. Having two arrays avoids potential  conEusion between 

standard data for  a given element under two s e t s  of operating conditions e.g. 

Fe a t  15 KV f o r  s i l i c a t e s  or 20 KV for sulphides. T h i s  option is used to  deEine 

which of the arrays is  to be used durinq the data reduction. 

The choice of data array is made through the variable 8 2  and i t  may 

have the value of "0" or  "9". Normal pract ice is t o  store data for analyt ical  

work a t  15 KV (mainly s i l i c a t e s )  in  the "0" array and for 20 KV work in the "9" 

array. When the program i s  s ta r ted  with the "RUN" c o w n d  the "P" array i s  

selected automatically. 



5 . 2 . 2  Opt ion  1 : W a n t i t a t i v e  spec t rum r e d u c t i o n  

T h i s  is t h e  r o u t i n e  through which a l l  unknown s p e c t r a  a r e  p r o c e s s e d .  

The proyram c o u n t s  t h e  nu~nber o f  t i m e s  t h i s  r o u t i n e  is o p e r a t e d ,  by i n c r e m e n t i n g  

t h e  v a l u e  o f  t h e  v a r i a b l e  ~ [ 1 2 ]  ( a t  l i n e  70261. Thus t h e  numbor o f  a n a l y s e s  

performod c a n  b e  de termined  e i t h e r  by r e q u e s t i n g  d i r c c t l y  t h e  v a l u e  o f  ~ [ 1 2 ]  when 

t h e  program i s  n o t  i n  o p e r a t i o n  ( " p r i n t  3[12]")  o r  through t h e  h t a  l i s t i n g  

o f  o p t i o n  '11. 

Thc r e s u l t  p r i n t  o u t  r o u t i n e s  is t h i s  o p t i o n  have  been  developed 

p a r t i c u l a r l y  w i t h  t h e  a n a l y s i s  o f  s i l i c a t e  p h a s e s  is mind. For s u l p h i d e s ,  e t c . .  

t h e  p r i n t  o u t  f o r m a t s  a r e  a c c e p t a b l e  b u t  n o t  o p t i m a l  a t  p r e s e n t  and t h e s e  

a r e a s  o f  t h e  program c o u l d  b e  f u r t h e r  developed. The f o l l o w i n g  s e c t i o n  is a  

d e t a i l e d  d e s c r i p t i o n  o f  t h e  opera tor -computer  i n t e r a c t i o n  f o r  t h i s  r o u t i n e .  

OPTION I - IWALYSIS CORRECTION 

Computer r e s p o n s e s  i n  i t a l i c s  

1. I $ )  C a l l  a n a l y s i s  o p t i o n  a s  below 

S ?  1 
2 .  (SAMPLE=?) F i r s t  p i e c e  of i n f o r m a t i o n  i s  sample i d e n t i f i e r  - t h i s  must 

c o n t a i n  a t  l e a s t  o n e  o f :  L e t t e r ,  Blank s p a c e ,  o r  n o n - i n t e g e r  symbol 

( e . g .  1 -2)  S M L E  = ? DEL. CPX - 1 

3 .  ( ?) A f t e r  t h i s  p r e s s  RETURN KEY, t h e  r e s p o n s e  is: 7 .  If s i l i c a t e s  a r e  

b e i n g  a n v l y s e d  t h e  f o l l a v i n g  r a t i o s  may be c a l c u l a t e d  from t h e  a n a l y s i s :  

0 + No r a t i o s  c a l c u l a t e d  

1 * Mg/W + Fe c a l c u l a t e d  w i t h  a l l  

fe a s  Feo 

2 ->  Ca:Mq:Pe w i t h  t h c  t o t a l  n o m a l i s e d  t o  100 

3 + Ca:Na:K - t o t a l  100 a s  above 

S e v e r a l  o p t i o n s  may h e  s e l e c t e d .  End t h c  l i s t  v i t h  -1. 

NOTE The r a t i o s  a r c  c a l c u l a t e d  from t h e  m l e c u l a r  p r o p o r t i o n s  i n  t h e  

c a l c u l a t e d  s t r u c t u r e .  

i . e .  ? 1 - t h e  l ! q / l q  + Fe v a l u e  f o r  t h e  a n a l y s i s  w i l l  b e  c a l c u l a t e d .  

4 .  (OXiJO=?) The n e x t  p i e c e  of i n f o r m a t i o n  r e q u i r e d  i s  t h e  n&r o f  oxygen 

atoms on which t o  b a s c  t h e  s t r u c t u r a l  formula c a l c u l a t i o n s  (OXNO = ?). 

For s m p l e s  c o n t a i n i n g  no oxygen o b v i o u s l y  t h i s  is 0 .  

For NiIIYDROUS PllASES (e .9 .  pyroxcnes .  o l i v i n e s )  t h e  OXUO i s  t h e  number 

o f  oxygcns i n  t h e  i d e a l  s t r u c t u r e ,  (see Deer,  liowie, and zussman. 1966, 

i f  you are n o t  s u r c ) .  However, f o r  HYDROUS PHASES t h e  OXNO is t h e  number o f  

oxygens t \ t h e  no. o f  ( O H ) .  The ntunber o f  H 0 molecules  is ignored .  2 



o l i v i n e  

anhydrous p l a g i o c l a s e  

a u g i t e  

hornblende  
hydrous [M) 

muscovi te  

n a t r o l i t e  
hydrous  ( z e o l i t e )  
(fltO) 

p h i l l i p s i t e  
( z e o l i t e )  

NOTE 1 

I n  s a n e  c a s e s  t h e  Oxno. i s  l a r g e r  b y  sane m u l t i p l e  of t h e  nuaber  of  oxygen8 

i n  t h e  formula  ( s .g .  z e o l i t e s ] .  T h i s  is done  by  convent ion  t o  make t h e  r e s u l t s  

more e a s i l y  unders tood.  Check w i t h  Deer, Howie and  Zussman (1966) i f  u n c e r t a i n .  

NOTE 2 

1f you d o  n o t  know what t h e  p h a s e  b e i n g  a n a l y s e d  is, make a n  i n t e l l i g e n t  

guess! The o u t p u t  format  is b c s t  when a  s t r u c t u r a l  formula  i s  c a l c u l a t e d .  Also  

t h e  s t r u c t u r a l  formula  i s  ' . r i v e d  from t h e  a n a l y s i s  and  t h u s  d o e s  n o t  a f f e c t  it. 

NOTE 3 - 
I f  g l a s s e s  a r e  b e i n g  a n a l y s e d  used a n  Oxno. of 16. T h i s  approximates  t h e  

Bbr th  c e l l  c a l c u l a t i o n s  f o r  a  C.I.P.W. Norm. of 160 Oxygen atoms. 

' NORIIAIJSATION 

F i n a l l y  i f  you want t o  n o r m a l i s e  t h e  a n a l y s i s  t o  100 w t . 9 ,  t h e n  I F  AN OXNO. 

IS  SUPPLIED:- A n e g a t i v e  oxno. c a u s e s  t h e  a n a l y s i s  TO BE NOAMALISED t h e  

PRINTED TOTAL of  t h e  o x i d e s  is  t h e  a n a i y s i s  t o t a l  BEM)IIE 

n o r m a l i s a t i o n .  

- A p o s i t i v e  oxno. i s  used  i f  a n  unnormal ised  a n a l y s i s  i s  r e q u i r e d .  

i . e .  ( a )  f o r  a  n o m l i s c d  a n a l y s i s  o f  a n  o l i v i n e  OXNO = ? -4 

(b) f o r  a n  unnormal iscd  a n a l y s i s  o f  a n  amphibole OXiVO = ? 23 

NOTE Pi t h e  m i n e r a l  be ing  a n a l y s e d  i s  e i t h e r  hydrous  o r  it c o n t a i n s  major - 
e l e m e n t s  n o t  i n c l u d e d  i n  t h e  a n a l y s i s  e . g .  C1, then  t h e  a n a l y s i s  s h o u l d  nor. be 

normal ised .  I n  t h i s  c a s e  t h e  team c u r r e n t  should  he monitored c l o s e l y  t o  o b t a i n  

a c c u r a t e  t o t a l s .  

These comments a l s o  a p p l y  t o  p a r t  6 of t h i s  s e c t i o n .  

5. I f  an Oxno. h a s  been used  i g n o r e  p a r t s  6 ,  7. 

6. ( f l O H L I S E ? )  I f  t h e  h t n o .  is 0 te.q. f o r  a  s u l p h i d 2  analysis) t h e  n e x t  

q u e s t i o n  i s  N O ~ Z I . ' i E  ?. The p o t e n t i a l  aoswcrs  a r e :  

0 = y e s  - t h e  a n a l y s i s  is normal i sed  t o  100% and t h e  p r e n o m l i s a t i o n  

t o t a l  is p r i n t e d  o u t .  



9 = no - n o  n o r m a l i s a t i o n  is per formed.  

i . e .  NORMALISE ? 0 - y e s ,  n o r m a l i s e  t h e  a n a l y s i s  

7. (SULPH NO.=?) The program w i l l  a l s o  c a l c u l a t e  s t r u c t u r a l  formulae  based  

on s u l p h u r .  If h a .  = 0 t h e n  a f t e r  6 t h e  f o l l o w i n g  i s  asked  SULPH. NO. = ? 

~ h u s  i f  a s u l p h i d e  is b c i n g  a n a l y s e d  t h e  number o f  s u l p h u r  a t m s  i n  t h e  

formula  i s  s u p p l i e d .  

e . g .  N m  Formula Sulphur  No. 

p y r i t e  FeSl 2 

s p h a l e r i t e  (Zn,Fe)S  1 

c h a l c o p y r i t e  CuFeSa 2 

b o r n i  t e  CU FeS4 
5 

4 

a r s e n o p y r i t e  Fe ASS 1 * 
t e n n a n t i t e  - t e t r a h e d r i t e  Cu12 (As.Sb) S 

4 13 
1 3  

p y r r b o t i t e  FeSl-x 1 .  

NOTE 1: P y r r h o t i t e  is n o n - s t o i c h i m e t r i c  W.R.T. s u l p h u r  and  t h e  "Sulph ,  no ."  

i s  a n  approximat ion  o n l y .  The o t h e r  m i n e r a l s  marked ' c a n n o t  be r e g a r d e d  a s  

combinat ions  o f  s imple  s u l p h i d e s ,  s o  t h e  program c a n n o t  g i v e  a c c u r a t e  s t r u c t u r a l  

formulae  f o r  t h e s e  a n d m a n y  s i m i l a r  s u l p h o a a l t s .  

-2: 
Again i f  u n c e r t a i n  make an  i n t e l l i g e n t  g u e s s  o r  check  w i t h  B e r r y  and 

Mason (1959) o r  a n o t h e r  a p p r o p r i a t e  t e x t .  I t  is always  u s e f u l  t o  u s e  some 

v a l u e  i f  a s u l p h i d e  i s  b e i n g  a n a l y s c d  t o  g e t  t h e  b e s t  format .  

i . e .  SULPH. NO. ? 2 e . 9 .  f o r  c h a l c o p y r i t e  

8. ( A S  BEPORE) Up t o  t h i s  p o i n t  t h e  i n f o r m a t i o n  is s p e c i f i c  f o r  e a c h  a n a l y s i s  

and s o  must be s u p p l i e d  e a c h  t i n e .  However, t h e  d e f i n i t i o n  o f  t h e  e l e m e n t s  t o  

be a n a l y s e d  f o r .  and t h e  t y p e  o f  sample may o f t e n  be dono once  a t  t h e  s t a r t  

o f  t h e  a n a l y s i s  s e s s i o n .  

ThereCore i n  r e s F n a e  t o  t h e  p r e s e n t  q u e s t i o n  "AS BEFOREf' t h e  p o s s i b l e  

answers  a r e :  

0 - y e s ,  t h e  o t h e r  i n f o r m a t i o n  a s  p r e v i o u s l y  s e t  

9 - no, i f  t l ie e lement  a n a l y s i s  list and/or  t h e  t y p e  o f  

a n a l y s i s  is t o  be changed. 

i . e .  tl.7 EX120/?E ? 0 - y e s  

IF t h c  answer i s  2 COMPUTATION STARTS I h W D I A E L Y  THE "RETURN KEY" IS 

PW.SSED. TIIU5 TllE ANALYSIS SPECTRUM MUST BE CATHERED PRIOR TO PRESSING THE 

REPUFt'4 KEY. 

9. Ill.' :;UL?'/lUH OR O X  I'X?,'S1.NT ((?)?,I 

A t  t l r i a  s t a g e ,  b e f o r e  t h e  f i r s t  a n a l y s i s  o r  when a change  is b e i n g  made 

t h e  type o f  a n a l y s i s  rr.ust be declared. 

Responses 0 - i f  s u l p h r ~ r  or oxygen is  p r e s e n t  i n  the sample 

9 - i f  n e i t h e r  present, e .q .  m e t a l  a l l o y  



i.e. IF SULPHUR OR OX PRESENT /0J? 0 - an o l i v i n e  being analysed 

10. (2, L, Ox, o r  2, LI A t  t h i e  po in t  t h e  element6 t o  be analysed f o r  a r e  

def ined.  Rlo headings a r e  p r i n t e d  by t h e  e p u t e r ,  depending on t h e  

response to p a r t  9 (oxygen o r  sulphur  p re sen t  or no t ) .  as below: 

(a) i f  ox o r  sulphur  p re sen t  (b) n e i t h e r  p re sen t  

? 2, 6, Ox/$ ? 2, L 

Z - atomic number e.g. Na = 11 

L = r a d i a t i o n  l i n e  t o  be used i n  t h e  a n a l y s i s ,  where 

K - l i n e  = 1 

L - l i n e  = 2 

H - l i n e  = 3 

Ox = no. o f  atoms of ox o r  sulph. which combine t o  form simple su lph ides  

o r  oxidea wi th  the element. 

e.g. Na 0 
2 Ox = 0.5 FeS O x =  1 

nso O x - 1  Cus ox = 1 

=2O3 
Ox = 1.5 

SiOZ O x - 2  

Lp t o  10 elelnents may be l i s t e d  f o r  ana lys i s .  If oxygen i s  p re sen t  t h e  

l a s t  d a t a  l i n e  i s  "78 ?O ?Om 

Note 1 m y  number or .lements may be l i s t e d  up t o  10 (no t  i nc lud ing  - 
oxygen i f  p;resent) . 

Note 2 Af t e r  t h e  l a s t  "0" is s e n t  computation s t a r t s  and so  a s p c t r u m  

must be gathered before  p re s s ing  t h e  "WTVRH" Key. 

Note 3 Appendix 1-A con ta ins  lists of e lements  f o r  which  s tandard d a t a  

a r e  a v a i l a b l e ,  and t h e  energy l i n e s  t o  be used f o r  a n a l y s i s .  

11. (EDAX FREE) The computer only  r equ i r e s  t he  spectrum i n  t h e  d i s p l a y  f o r  t h e  

i n i t i a l  ca l cu la t ions .  Once these  have been completed t h e  message "EDAX PREL" 

i s  p r in t ed  ou t .  Following t h i s  a new spectrum c o l l e c t i o n  can be s t a r t e d .  

Note 1 no response i s  r equ i r ed  from t h e  ope ra to r .  

Note 2 a t  p re sen t  s m e  o the r  information i s  p r i n t e d  o u t  before  tlle 

"EDAX FREE" message. This  information i s  p r in t ed  t o  provide a 

check on computer ope ra t ion  and does  not  concern t h e  ope ra to r .  

12. (TRACE ELEMENTS?) n f t e s t h e  co r rec t ed  a n a l y s i s  has  been p r i n t e d  o u t  

( f  r a t i o s )  t h e  program checks t o  s e e  if t r a c e  clement analyses  a r e  beinu 

c a r r i e d  o u t  simultaneously. There a r c  two poss ib l e  responses: 

"9" - no, t h i s  is t h e  normal case .  The program r c t u r n s  t o  hese 

p o s i t i o n  and p r i n t s  $?  ( see  p a r t  1) 

"0" - yes ,  

i.e. TRACE ELC'XFVTS? 9 - no wD5 ana lyses  being p e r f o r d .  



The "trace element" question re fe rs  t o  the naster  version of the program 

a t  the University of Tasmania which a l so  has correction routines for  dealing 

wit;) data from wavelenqth-dispersive c r y s t a l  opectrometers. These routines 

a re  under options 24-30 but a r e  not available with t h i s  version of the program. 

5.2.3 g t i o n s  *2 and '3 :  Calculation of standard data from pure and 

multi-element spectra 

Option '2 calculates the clement conversion factor  and overlap fac tors  

from puce element spectra. Gption * 3  does not calculate overlap e f f e c t s  and is 

designed for  use with multielement standards. Option '2 can be used on multi- 

e lenrn t  spectra where there a re  no interferences present on the t a r g e t  clement 

and the adjacent elements. - 
Options 2 and 3 

1. I$?) c a l l  required option as below 

? 2 o r 3  

2. (STD?) F i r s t l y  the number of the standard must be specified. The l i s t  of 

standard data (from option *11) should be consulted t o  see which numbers 

have already bees used. I f  a standard number i s  duplicated then.the 

previous data w i l l  be ovewr i t ten  by the new values. The range of values 

Eor the standard number is 0-40. 

3.  (FOR Z = ? I  Give the atomic number of the element which is being 

cal ibrated.  

4,  ( A S  BEFORE?) Docs the present t a rge t  have the same composition a s  the 

previous one? 

The possible responses are:  P = yes 

9 = no 

I £  a 'yes' response i s  made the computcr s t a r t s  working on the 

spectrum without any rurther  operator input. 

5 .  (IF SULPIIUR 011 OX PHESEW (0) ?) Is there sulphur or  oxygen in  the sample, 

responses: B = ycs 

9 = no 

6. (Z, L ,  Ox, K-RAT) or  (2,  I,. K-RAT) The f i r s t  i f  oxygen o r  sulphur present 

(par t  51. 

T h i s  scction i s  where the ta rge t  composition i s  defined so t h a t  

matrix correct ions can be mde.  The composition i s  supplied one element a t  

a tlme with Z = atomic nwnber, L = analysis  l ine  [K=l, - 2 .  B 3 ) ,  ox = 

number of oxyscn atoms per aton of the par t icu la r  element e .g.  Aa (Na20) Ox . 5 ,  

Si(Si0 ) 0x=2. and K-PAT i s  thc dccimal weight fract ion of the oxide or  

elanent ( i f  oxyqen not prcsont i n  sample e.g. sulphide). To escape from 

tlie input I w g  once the composition has been defined one of the folloving 



responses m y  be made: 

0 ,  0, 0, 0 i t  oxygen present 

0, 0, 0, 0 ' ' - notpresen t  

I f  overlap fac tors  a re  t o  be calculated (option *2 only1 then the elerrents 

on which the overlap factors  a re  t o  be calculated must be specif ied i n  the 

composition list. Their abundance is given a s  zero. The routine goes i n t o  

operation a f t e r  the 'return' of the l a s t  zero in  the ccqmsit ion list. The 

spectrum [=st therefore be collected before the zero is "RETURNED". 

Results from several runs should be averaged and inserted i n t o  the data 

array ( f o r  teaplorary changes) o r  wri t ten i n t o  the appropriate "MTA" statement 

( for  a permanent change). 

5.2.4 pption *4: Background value calculat ion routine 

This routine calculates the background values ( re la t ive  t o  

the measured background a t  the Aegon Ka peak energy) from a spectrum of 

specif ied composition. Obviously the spectrum must contain no in te r fe r ing  

peaks i n  the areas of i n t e r e s t  dnd consequently pure metals a re  commonly used 

c.g. i ron ,  nickel ,  zinc. 

Background values for up to  eight  elements can be calculated in  any 

one run of the routine,  and because t h i s  routine, l i k e  a l l  of the routines, 

does not a f f e c t  the spectrum i n  the Video Display Unit, each spectrum can be 

reprocessed as necessarv t o  obtain a l l  desired background values. A t  l eas t  

three measuremcnts should be made to  obtain a re l iab le  background measurement 

result .  A s e t  of resu l t s  obtained with the Tasmanian system i s  given i n  table 

2. If vide discrepancies occur between resu l t$  for the same elements derived 

from spectra of d i f fe ren t  compositions then it is possible t h a t  the value of 

accelerating voltage. x-ray take o f f  angle, o r  sample tilt i s  wrongly specif ied.  

OPTICN 4 

1. ($?) c a l l  required option 

$14 

2 .  f B C D  CALCfl USING ?) Any sample description may bc n i v . . ~  hcre b u t  it must 

include a non-numeric character .  The respon!..c w i l l  t r: ! \ : I ,  t o  which 

value i s  given, i . e .  FRED \ ?  2 

3. (AS BEFORE?) I s  the composition of the target  thc same do you went 

background values calculated for the same elements as before? mspon?e: 

B - yes 

9 = no 

I f  "yes" then a f t e r  "RETURV" of the zero the computer proceeds d i rec t ly  

i n t o  spectrum p r a c s s i n g  and so the spectraua nust L-e available a t  t h i s  point. 

4. I f  "9" = NO t o  par t  3 then the program operates as from 5 .23  port  5 except 



t h a t  once the  t a r g e t  composition has  been given t h e  e lements  f o r  which background 

va lues  a r c  reg= a r e  given i n  t h e  s n m  li.:t wi th  abundance8 of zero. Up t o  

10 e lements  can be specifi8.d o v e r a l l  i n  t h e  l i s t  and so  t h e  number of background 

values  t h a t  can be c a l c u l a t e d  depends upon t h e  number o f  e lements  i n  t h e  t a r g e t ,  

t h i s  i s  another  reason f o r  us ing pure element t a r g e t s .  Once a l l  t h e  e lements  

have been def ined t h e  l is t  is f in i shed  i n  t h e  normal manner (5.23-5)  and a f t e r  

t h e  "RETURN" of t h e  l a s t  ze ro  value  the program s t a r t s  spectrum grocesaing.  

5.2.5 Option ' 5  : System zero and g a i n  c a l i b r a a  

Use and ope ra t ion  o f  t h i s  opt ion has been p rev ious ly  

discussed ( sec t ion  4 . 2 ) .  

I.  f$?) c a l l  required op t ion  

575 

2.  (SPEC CALIBRATION ON PUKE Cu) 

(IS SPECTRUbf READY ( B ) ? )  Enter  "0" "RETUFNn when a  copper spectrum has  

been c o l l e c t e d .  Data process ing then proceeds immediately and on completion 

the .  r e s u l t s  a r e  p r i n t e d  ou t .  The required adjus tments  if any, should be made 

on a  new copper spectrum co l l ec t ed .  Af t e r  t he  r e s u l t s  a r e  p r i n t e d  o u t  t h e  

E o l l w i n g  is asked:  

4  (AGAIN?)  rcsponscs: 0 = yes  - i f  no spectrum is t o  be processed 

9 = no - i f  previous  r e s u l t s  showed t h a t  t h e  system 

was s a t i s f a c t o r i l y  c a l i b r a t e d .  

5.2 .6  Option * l o  : Accelera t ing vo l t age  inpu t  

This opt ion a l lows  changing o f  t h e  a c c e l e r a t i n g  vo l t age  

used i n  da t a  rcduct ion by t h c  program. I t  i s  a  rou t ine  designed f o r  systems 

whore r cqu la r  a l t e r n a t i o n  hetwcen a n a l y t i c a l  work a t  d i f f e r e n t  a c c e l e r a t i n g  

vo l t aycs  occu r s .  

1. (371  10 

2 .  (ACC. VOLTtlr;l:=?) N where N i s  the  ncw value oE t h e  a c c e l e r a t i n g  

vo l t age  ( i n  KV) . 

5.2.7 O p ~ i o n  '11 : Standard da t a  prin= 

T h i s  rou t ine  p r i n t s  o u t  c u r r e n t  machine cond i t i ons  and 

a n a l y t i c a l  d e t a i l s  a s  well a s  a l l  of the  s t o r e d  s tandard data .  

2 .  (I'hVI;IW! UA'l'tl AT ? I  Three i n t ege r  values  must be rjlven s e q u e n t i a l l y  by 

thc opcra to r  a t  t h i s  po in t .  These values  a r c  a r b i t r a r y  a s  they a r e  not  used by 

the  progran but  they a r c  u sua l ly  chosen t o  r ep resen t  t h e  date .  



5.2 .8  s t i o n  '14 :.,Electron beam current d r i f t  adjustment 

For reasons known only t o  i t s e l f  an electron microprobe 

system w i l l  of ten s t a i l i s e  with a beam current  a t  not qu i te  the s e t  value. 

An a l te rna t ive  procedure t o  res tab i l i s inq  the system is t o  rese t  the beam current  

value in the program providing the e r ror  is small (5fSI r e l a t i v e ) .  Because 

t o t a l s  a r e  almost d i rec t ly  progortional t o  beam current therequiredadjustment 

can be calculated by analysing a phase with an accurately known analysis  t o t a l .  

The required correction can be calculated from several analysis  t o t a l s .  

2. (DRIFT?) give the correction a s  a fract ion of 1 i . e . ,  i f  analyses a re  

t o t a l l i n g  105 w t  \ and they should t o t a l  100 w t . \  then the correct ion i s  1.05. 

If t o t a l s  were 96.5 w t . \  then the correction would be .96S. 

3. (TOTAL DRIFT = -1 The program then p r i n t s  ou t  the t o t a l  d r i f t  factor  

i n  use [I new x old) and then returns to the cen t ra l  control  l i n e  ( l i n e  7000) 

6. &narks and Conclusions 

Provided t h a t  an E M X  system is performing consistently and t h a t  i t  i s  

attached t o  a s tab le  e l e c t r m  microprobe, it can be cal ibrated to  produce 

rapid, geologically acceptable quanti tat ive analyses with the procedure outlined 

here and Taa-sueds. lnp ~ o t a l  procedure should take approximately two weeks 

and analysis  r a t e s  of up t o  20 analyses per hour should be routinely achieved. 

A major problem tha t  was encountered with the Tasmanian system was il gradual 

build up  of contamination on the detector window. The contaminant was o i l  from 

the diffusion pump. This has been overcome by the ins ta l la t ion  of two small 

heating r e s i s t o r s  inside the collimator cap of the detector. *ese i r rad ia te  the 

outer  aurface of the Beryllium window and prevent the o i l  from condensing on it. 

A check can be made for  t h i s  type of contamination by manually measuring the 

r a t i o  of the heights of the copper K a  and La peaks durinq the da i ly  cal ibrat ion.  

This r a t i o  is a measure of the eff iciency of detection of low energy radiat ion 

(Cu La) compared t o  high energy radiat ion (Cu Ko) and thus is affected by 

a i w s t  any change i n  detector  performance. This r a t i o  should not vary by more 

than 2 \  i n  the short  o r  long term i f  the background values and conversion 

factors  a r e  to  remain correct .  

Final ly,  with the Tasmanian system it has been found t h a t  a beam current  

of three nanoamps gives a count ra te  on pure copper of about 7000 counts per 

second. Dead time a t  t h i s  count ra te  i s  about 20t. A l i v e  time counting 

period of 80 seconds is used. The f a s t  discriminator of the EDRX system is s e t  

t o  give a noise ra te  of 100 counts per second with no incoming signal. 
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~ p p c n d i x  A EXAMPLES OF ERCH OPTION 

S ? -1 S I L I C A T E S ( 0 )  OR E T C E T E R A ( 9 )  
7 0 

Sample=? DELEGATE CPX\? I ?  2 ?  -1 OXNO.=? -6 
A s  he fo re?  ?IF SULPHUR OR OX PRESENT ( O ) ?  0 

Z P  tr O X I S  
? l l ?  17 .5 
? 127 l ?  1 

137 I ?  1.5  
? 147 17 2 
? 19? I ?  .5 
'Ir 20? l ?  1 
? 22? I? 2 
? 247 I ?  1.5 
?.25? l ?  1 
? 267 I? 1 
? 81 O? 0 
t TI= 9 Time= BO EDAX free 
T o t  Int= 524302 
E L E H  OX STRUCT 
N ~ 2 0  a 8 2  ,058 
0 15.75 -897 
A 1 2 0 3  5.25 -226 
Si02 51.53 1.88 
CaO 21.17 . a 2 7  
T i 0 2  .48 .013 
C r 2 0 S  .73 .021 
F e O  4.23 ,129 

TOTAL 110.27 4.011 
MG/MG+FE= 86 92 
CA: MG: F E  = 45.61 47.27 7.12' 

Trace E l e m e n t s ?  9 

* ? 14 
D R I F T  ? 1.10 TOTAL D R I F T =  1.15556 

Sample-? DELEGATE ELINOPYROXENE\? I ?  2? -1 OXNO+=? -6 
A s  be fo re?  0 1  T l =  9 Time= 80 EDAX f r e e  
To t  Int- 915404 
E L E H  DX STRUCT 
N a 2 0  .63 ,045 
HqO 15.92 .a65 
6 1 2 0 3  5.22 .224 
8 i 0 2  51.49 1.878 
C a n  21.31 , 833  
T i 0 2  .53 .015 
C r 2 0 3  .72 ,021 
F e O  4.10 . 1 2 B  

TOTAL 100.19 4.009 
MG/HG+FE= 87.11 
cn: nG: FE = 45.62 47.37 7.01 

Trace  Elements? 9 



$ 7 2  
SlD #? 16 FOR Z=? 29 

As hePore7 91F SULPHUR OR OX PRESENT ( O ) ?  9 

Z,  LIK-RAT 
'1 28? l? 0 
7 197 l? 1 
? 30? l? 0 
? 0.' O? 0 
1( T 1 =  9 T i m e =  80 EDAX f r e e  
T o t  In t=  550041 
8965.82 0 

OLAP FACTORS 1.75406E-3 0 
CONVERSION FfiCTOR 1877.06 

* ? 3 
SUBSTD C ?  16 FOR Z=? 29 

bs before? 91F SULFHUR OR OX PRESENT (O)? 9 

? JO? 17 0 
? O? O? 0 
t T1= 9 T i m e =  80 EDAX f r e e  
Tot Int= 550041 

CONVERSION FACTOR = 1877.06 

S ? 4  
DGD CALCN USING ? 
? FLlRE CIJ\? 1 
A S  b e f o r e ?  9 1 F  SULPHVK OR OX PRE5ENT ( O ) ?  9 

Z P  LvK-RAT 
? 18? 17 0 + * s. data for Argon (?18 ? I  ?O) must be given as t h e  f i r s t  
? 20? i? 0 e l m e n t  in t h e  list i n  a l l  cases with o p t i o n  4 .  
7 22? I? 0 
? 25? 17 0 
? 2h? I ?  0 
? 3 Y ?  17 1 
? O? O? 0 
lh Tl= 9 Time= 80 EDAX free 
lot Int= 550041 

BACK(5ROUND FACTORS CALCULATED FOR 15 
ZC I 3  R G D ,  FACTOR 
18 1.00092 
20 .737698 
2 2 + 557662 
-75 .367205 
16 .417789 
29 4.91978 



1 ? 5  
-CALIBRATION ON PURE CU 

IS SPECTRUM READY ( 0 )  
? 0 
933.609 152.696 8046.86 200.938 

EV/CHvZERO ERROR(EV) 19.9909 3.18323 RES 167.603 
U7= 2.39712 WB= 21066.2 
G -.I01471 Z -.374497 TURNS 
Again? 0 
936.916 153.435 8049.68 199.617 

EV/CHvZERO ERROR(EV) 19.9922 6.55188 RES 186+812 
U7= 2.29143 U8= 21393 
G -8.64665E-2 Z -.770809 TURNS 
Asain? 0 
931.105 154.863 8043.82 201.898 

EV/CHsZERO ERROR(EV) 19.9924 ,749512 RES 188.867 
Y7= 2.35829 YB= 21771 
G -.084983 Z -8.81778E-2 TURNS 
Asain? 9 

$ ? 10 
ACC. VOLTAGE=? 15 

1 ? 11 
Program Data st? 20T 57 79 

Acc. V o l t a s e ~  19 D r i f t  Factor= 1.12089 No. Analvsesv 200137 
1 t 1 12109 0 .008 1.72 
2 12 20766 .Of52 ,0098 1.824 
3 13 28300 ,032 $02 1.95 
4 1 4  31100 .016S 0 2.135 
S 19 19530 0 .015 .843 
6 20 16100 ,0075 0 .748 
7 22 12394 0 0 ,521 
6 24 8700 0 . I181 ,402 
9 25 8239 0 .1105 +333 
10 26 6450 0 -0488 -277 
11 29 3586 0 0 .262 
12 56 11433 0 0 .S2 
13 28 3690 0 0 - 2  
14 15 27000 0 0 1.62 
15 17 22000 0 0 1 153 
20 3 2 100 0 0 .1  
**a*****  a****** 
21 16 29463 0 0 1.335 
22 2 4 0 0 0 ,487 
23 25 11484 0 0 *41  
24 2 6 11500 0 0 .362 
25 27 8215 0 0 .32 
26 26 6786 0 0 .273 
27 29 5436 0 0 +245 
28 30 4213 0 0 -21  
29 33 0 0 0 . I44  
50 48 0 0 0 -941 
31 3 4 0 0 0 -124 
3 2 47 0 0 0 ,993 
33 50 0 0 0 .a23 
34 51 0 0 0 .782 
35 75 0 0 0 ,207 
36 76 0 0 0 .I95 
37 7 7 0 0 0 + 183 
38 79 0 0 0 1.533 
39 B 2 0 0 0 1.507 
4 0 3 2 100 0 0 . I 6 2  

? 
14 

D R I F T  ? 1.00 TOTAL D R I F T =  1.05051 



op t ions  1-4 a r e  d e a l t  w i th  i n  t h i s  appendix. All o t h e r  o p t i o n s  involve 

only minor computing and do not  r equ i r e  any explanat ion.  Coments  have been 

m d e  where necessary  and t h e  i n p o r t a n t  v a r i a b l e s  i d e n t i f i e d .  The fol lowing 

symbols have been used. 

xxx 
I 
I = program works through f r o m  l i n e  xxx t o  l i n e  y y y  
I 

i Y;Y 

XXX - program jumps from l i n e  xxx t o  l i n e  Y ~ Y  

( A )  - bracke t s  i n d i c a t e  ope ra to r  i npu t  d a t a  

xxx $ sub  yyy = subrout ine  d i r e c t i o n ,  a t  l i n e  xxx go t o  sub yyy 

Option 1 Quan t i t a t i ve  a n a l y s i s  opt ion 

7426 J [12]  = no..of ana lyses  performed - incremented by 1 

70?9 Sample = ? (FED) - input  o f  sample d e s c r i p t i o n  - n o t  used 

7430-33 - i npu t  o f  op t ion  choice  f o r  molucular r a t i o n s  e t c .  

7d35 - i n p u t  OXNO - ? - v a r i a b l e  U2 

MZ<>O[ 

i f  t.QcO then N 3  (normal isa t ion v a r i a b l e )  - 0 
9: 3 M2>O M 3  r 3 

/ 958 

otherwise  a t  7037 i npu t  3 3  

7 1 2 5  i f  02 ( s i l i c a t e  (01 o r  su lph ide ,  e t c .  (9)  c o n t r o l  v a r i a b l e  c > 9  

B2<>9 C 7128 inpu t  A 9  - no. of sulp)ur i n  s t r u c t u r a l  formulae 

7130  

C21,ciO 1 input  of d e t a i l s  of e l a c n r  l ist  r equ i r ed  i n  a n a l y s i s .  

t TASK DEFINITION 

4 mSULT CALCULATION 



get spectrum from EDAX U.D.U. 

add up t o t a l  in tegra l  of spectrum = D9 

dead time correction - 16 x seconds 

escape peak correction 

calculat ion of upper and Lover channel numbers for each 

clement windm [O[O,I] and ~ [ l  ,I] respectively I 

sub 7740 1 t ransfers  std. data an each required element from 

7;85 p e m n e n t  data array o[I ,J]  to  temporary array Y[I . J ]  

sums for t o t a l  in tegra l  i n  window for each element 

= N[O,I]  = N [ ~ , I I  

- calculation and removal of peak overlaps f r m  windov 

in tegra l s  - Also i te ra t ion  counter variable N 3  = -2 on 1st 

time through and then N3 s e t  a t  4 and 7370 used as 

subroutine block. 

~ [ 1  1 1  calculat ion of nominal v t  8 ~ [ r ] :  = peak 
Y l O . 1  xtt8 (std.Eactor) x beam 

va luo 

sub 4000 

of background values aL Arqoa (nQ4) 

sub 25,10 1 
I /ZAE correction 

3i13 

- if Ne - 1 - 7531 - escape l ine  f r o m  i t e ra t ion  t o  print  out t 
routine I 



7;15 sub 4?00 

i calculates ZAP correct ions for  Ar + Ge posit ions 
I 
I 4245 I I using sub 2526 + bgd. parameters P0, P1 

7 4 i e  I 3  ca lcu la tes  bgd. 89 for  each element and subt rac t s  it 

74:43 f r m  raw peak N[O,I]  t o  get  r e a l  peak value N [ ~ ; K ]  

74196 

+ sub 7372 for each element I ,  f i r s t l y  subtracts  overlaps using 
I 
I 

1 corrected peak values ( N [ ~ , I  1) through sub 7372 and 

7460 calculates new canposition K [ I  ] and s e t s  any K [ I ]  <0.2 
I 

I v t  .t t o  zero 
I 

7495 f sub 8500 calculates oxygen wt.N by difference i f  oxygen 

has been noainated a s  present otherwise nornalises 
I 
L resu l t s  p r ior  t o  ZAP correction 

7466 

(~s?o  N3 - N3-1 decrements i t e r a t i o n  counter variable N3. 

7 h 0  t e s t s  N3r-0 and if returns t o  7412 and goes through 
I 

, another correction loop 

7431,  t e s t s  M3 = nocmalisation control  variable 

E13~0 f sub 9100 - normalises r e s u l t s  

H3>0 :: 
7536 ' 
7g42 

C t CALCULATION SECTION 

+ PRINT OUT SECTION 

BZcO R2>O 6380 p r ~ n t  out for s u l p h i d e s ,  otc .  + 3293 I""\.. 
e . 0  ( 3246 \I 3 2 h  pr in t  out for  oxide r e s u l t s  - 3293 

pr in t  out Eor s i l i c a t e  resu l t s  

327 3283 3 
3246 -- input A 9  = yes/no f o r  t race element ana lys i s  (WDS system) 

3268 

C7000 - cnd of option. 



Options *2 and +3 Standard Factor  Ca lcu la t ions  

These op t ions  a r e  very s i m i l a r  and on ly  d i f f e r  l a t e  i n  t h e  com?utational 

path a t  l i n e  7617 and s o  t h e  o p t i o n s  a r e  no t  d e a l t  wi th  ind iv idua l ly  up t o  t h i s  point. 

$? ( 2  o r  3)  choice  of opt ion (=C) 

input  numbor of s tandard - 24 

FOR 2 - 7 

i npu t  atomic number of element - z l  

24 * 21 

3 i npu t  of d e t a i l s  of c m p o s i t i o n  of t a r g e t  

i npu t  of spectrum £ran V.D.U. + dead t i m e .  escape pk. 

7i66 c o r r e c t n s  + ca lcn .  of window i n t e g r a l s  a s  i n  Option *1. 

75,445 

7i50 = sub  4000 background values  Eor Ar and Ge pos ' n s .  

7552 f sub 2510 ZAP cor rec t ions  f o r  each element nonindted 

7254 f 1 s u b  4200 background va lues  

I 1 calculates Mg. (B9) f o r  each element and s u b t r a c t s  frun pcak 

7433 
value ~(0.11 t o  g e t  co r r ec t ed  peak value N [ P , I ]  

I 

76'17 -\- 

I 

c a l c u l a t e s  and s u b t r a c t s  

7d60 m y  over l aps  on peak o f  

i n t e r e s t  7000 end oE opt ion - i 7 



Option '4 

c a l c u l a t e s  and prints the 

element convers ion f a c t o r .  

end o f  o p t i o n .  

Background Value Calculat ions  

$7 14)  

1 v a r i a b l e  N7=9 set by program 

J BGD CALCN USING? - input  of  spectrum nane- n o t  usad. 

se t  N3=4 

3 input oE composition d e t a i l s  inc luding i n  element 

list the  e lements  f o r  which background v a l u e s  a r e  needed 

I c o l l e c t i o n  of spectrum, dead t ime and escape  peak c o r r e c t i o n s ,  

and c a l c u l a t i o n  oE element i n t e g r a l s  



1 1  
N [ l , I ]  = - T2 = - ZI\F correctn factor for Z A F  correction 

element I 
routine for each 
element in the 
element list 

C 

+ sub 4000 calculates  Ar bgd. value = T3 

corrects  AT bgd. for Z M  e f f e c t s  : let Te = Te x ~ r 1 . 1 1  

corrects  element background (N[o , I ] )  for ZAF e f f e c t s  ( N [ ~ , I ] )  

and then nonnalises background value against the Ar posit ion 

(divides by T3)  

prints  out resu l t s  

end of option. 



TAS SUEDS L I S T I N G  

0 . J .GRIFF IN  2 7 / 4 / 7 9  
GEOLOGY DEPARTMENT 

UNIVERSITY OF TASMANIA 
BOX 252CG G.P.0. 0 0 1  
HOBART r TASMRNIAT 

- BUEifBBLXB 

GOT0 1005 
I F  Z C I l = 1 1  GOT0 
I F  Z C I 3 = 1 2  GOT0 
I F  ZC IJ=13  GOT0 
I F  ZC13=14 GOT0 
I F  Z C I 3 = 1 5  GOT0 
I F  ZC I1=16  GOT0 
I F  Z C I J = l 7  GOT0 
I F  Z C I 1 1 1 9  GOT0 
I F  ZC I3=20  GOT0 
I F  ZC I3=22  GOT0 
I F  ZC I3=24  GOT0 
I F  ZC13=2S GOT0 
I F  Z E I 3 = 2 6  GOT0 
I F  ZCI1=2B  GOT0 
I F  Z C I l = 5 6  GOT0 
PRINT  Z C I l 1  
RETURN - - 

PRINT  'Na20. i  
RETURN 
PRINT  * M s O n i  
RETURN 
PRINT *A1203 ' ;  
RETURN 
PRINT 'S iO2 ' ;  
RETURN 
PRINT 'P205 '  
RETURN 
PRINT  ' 5 ' ;  
RETURN 
PRINT  ' C l ' i  
RETURN 
PRINT 'h20';  
RETURN 
PRINT ' C a O ' i  
RETURN 
PRINT  .TiU2.;  
RETURN 
PRINT 'CI-203' ; 
RETURN 
PRINT 'nnO'; 
RETURN 
PRINT  ' Fe0 . i  
RETURN 
PRINT  'NiQ'; 

RETURN 
PRINT  ' BAO'I 
RETURN 
GOT0 1 0 0 s  



7 9 2  LET J=1  
7 9 3  I F  I C J I <  0  GOT0 3 2 9 5  
7 9 4  LET A9= ICJ3  
7 9 5  GOSUB 8 0 0  
7 9 6  LET J=J+1 
7 9 7  GOT0 7 9 3  
8 0 0  I F  A9>1 GOT0 8 2 5  
801 FOR 111 TO N2 
8 0 2  I F  ZCI1<>12 GOT0 8 0 4  
8 0 3  LET A9=JCI3  
8 0 4  I F  ZCI3<>26 GOT0 8 0 8  
8 0 9  I F  ( A 9 t J C I l ) -  0  GOT0 810 
8 0 6  LET A 9 = A 9 / ( A 9 + J C I l )  
8 0 7  LET A9=100$( I N T  ( 1 0 0 0 0 k A 9 + ~ 5 ) ) / 1 0 0 0 0  
8 0 8  NEXT I 
8 0 9  PRINT  ' H G / H G + F E P * ~ A ~  
8 1 0  RETURN 
8 2 5  I F  A9>2 GOTO 8 6 0  
026 FOR 1-1 TO N 2  
828 I F  ZCI3<>12 GOTO. 8 3 0  
8 2 9  LET 6 5 - J C I  3  
8 3 0  I F  ZCI3<>20 GOT0 834 
8 3 2  LET A 9 - J C I I  
8 3 4  I F  ZC I3<>26  GOT0 0 5 0  
8 3 6  LET AB=JCI3 
838 LET i-l2=AS+AB+A9 
8 5 0  NEXT I 
8 5 1  LET A9=( I N T  ( 1 0 0 0 0 * A 9 / H 2 + ~ 5 ) / 1 0 0 1  
8 5 2  LET AS=( I N T  ( 1 0 0 0 0 $ A S / H 2 + ~ S ) / 1 0 0 )  
8 5 3  L E T  A8=( I N T  ( 1 0 0 0 0 * A 8 / ~ 2 + . 5 ) / 1 0 0 )  
8 5 4  PRINT ' CA: nG: F E  = ' i A 9 i A 5 ; A 8  
8 5 9  RETURN 
6 6 0  I F  A9<>3 GOT0 8 9 2  
8 6 1  FOR I - t  TO N2 
8 6 2  I F  Z C I I < > l l  GOT0 8 6 4  
8 6 3  LET AS-JC13 
8 6 4  I F  Z C I I < > t 9  GOT0 8 6 8  
8 6 6  LET AB=JCIJ  
8 6 8  I F  ZCI I<>PO GOTO 8 8 0  
8 7 0  LET A9=JCI3 
8 7 4  LET tiZ=AStAB+A9 
8 8 0  NEXT I 
8 8 2  LET A5=4( I N T  ( 1 0 0 0 0 t A 5 / H 2 t . 5 ) / 1 0 0 )  
8 8 4  LET A8=( I N T  ( 1 0 0 0 0 1 A 8 / H Z t . 5 ) / 1 0 0 )  
0 8 6  LET A?=( I N T  ( 1 0 0 0 0 S A 9 / H 2 + . 5 ~ / 1 0 0 )  
8 8 8  PRINT CA: NA: K = ' i A 9 i A S i A B  
8 9 0  RETURN 
8 9 2  PRINT ' NO SUCH OPTION nunnu!. 
8 9 4  RETURN 
9 5 0  I F  H2> 0  GOT0 9 5 5  
9 5 1  LET f l3= 0  
952 LET f l Z = - l l f l 2  
9 5 3  GOT0 9 5 8  
9 3 5  LET M3=9 
958 GOT0 7 1 2 5  
1 0 0 5  PRINT TAS SUEMi C999' 
1012 nIn ~ c i 3 1  
1 0 1 5  DIM T C 2 5 3 ~ 0 E l l I ~ I C i l l  
1 0 2 0  nIn D C I . ~ I ~ ~ N C ~ , I ~ ~ ~ O C S ~ ~ O ~ P Y C ~ . I I ~  
1 0 4 0  D I M  A ~ 3 ~ 3 l ~ B C 3 ~ 9 l ~ C K l 3 ~ ~ E C 1 3 3 ~ F E 1 3 7 ~ G C 3 l 1 H C 1 ~ ~ 3 ~ K L l 3 l ~ L C l 3 ~  
1050 D r n  H C ~ ~ . I ~ ~ , P C ~ . ~ ~ . U C ~ J ~ V C ~ ~ ~ ~ ~ ~ W C I ~ ~ I X C ~ ~ ~ . ~ ~ I ~ I  
1 0 5 1  D I M  R C 1 1 3 ~ S C 4 ~ 1 1 3  
1 0 0 0  FOR I = l  TO J 



FOR J = l  TO 3 
READ A C J r l l  

NEXT J 
NEXT f 
DATA -1.88608E-2. 2.21859~-5.17083 
DATA -.123941t 3.29533.-9.75836 
DATA -+47555r 6.84662~-20.0833 
FOR I = 1  TO 9 
. FOR J=l TO 3 

READ B C J 1 1 3  
NEXT J 

NEXT I 
DATA -3.97931E-21 2.423, 5.5091 
DATA -.O33916r 2.82526. 9.03526 
DATA -8.65397E-21 3.32315. 10.2505 
DATA -.220343v 4.31172~ 12.0025 
DATA 1.25179r-7.838,-11.5803 
DATA .834903r-4.14925.-3.33B02 
DATA ,442217r-e979241r 3.15548 
DATA -25141. -931913~  0.03561 
DATA .272951r .688906r 7.4243 
FOR 1=1 TO 3 

READ GCI3 
NEXT I 
DATA .BOP .75r .5 
FOR 1=1 TO 11 

READ ZCI I ,LCI I tOCI l  
NEXT 1 
DATA l i r  1 9  rSr 12. 1. l r  13, l r  1.51 14r 1r 2, 199 l r  - 5  
DATA 20, 11 I r  229 l r  21 24. i v  1 . 5 ~  251 I r  1, 26t  1 s  i r  8 r  01 

LET o c  OD o 
LET N l = l l  
LET N2=lO 
FOR 1=1 TO 2 

FOR J = l  TD 2 
READ HCJ.11 

NEXT J 
NEXT I 
DATA 2.373,-8.902 
DATA 2.946,-13.94 
FOR I = 1  TO 2 

FOR J=1 TO 3 
READ PCIvJ l  

NEXT J 
NEXT 1 
DATA 1. -24. S O 2  
DATA 4.29 l r  a02 
FOR I = i  TO 2 

FOR J = l  TO 10 
READ V C f r J 3  

NEXT J 
NEXT I 
O A T A  1, 1r 1.17r 1.63, 17 1-16, 1.4, 1.621, 1.783, 1 
DATA l r  2r ? r  2 r - 3 ,  3, 3 9  3, 3,  4 
FOR 1=1 TO 40 

FOR J= 0 TO 4 
READ OCJ.13 

NEXT J 
NEXT I 
IlATA l? lOJr  0. a008. 111 1.72 
OATA 707669 60352. .0098. 12, 1.624 
DATA 28300s ,032. .02. 13. 1.95 
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INPUT J C 1 2 J  
PRINT  
LET  H8=3 
LET B2= 0 
FOR 1-1 r 0  Nl 

LET  OCI3=XCZCXll/(l6SOEIltXCZCX33~ 
NEXT I 
LET U3=20 
LET W4= 0 
LET W7=2.392 
LET W8=19100 
DEF FNE(Y)=Y" l .65 
DEF FNF(Y)= l t 21Y+YSY 
PRINT  'BEAfl DRIFT=';  
INPUT HP 
L E T  HB=3SH9 
PRINT  
PRINT  'ACC. VOLTAGE='$ 
INPUT V 9  
LET T i =  0 
LET D1=3O 
GOTO 2 1 3 0  
LET D l =  COS ( 1 . 7 4 5 3 3 E - Z t T l ) /  S I N  (1 .7453 fE -2 *DL)  
LET V=V9 
LET  D=Di  
GOT0 7 0 0 0  
IF C<24 GOT0 2146 
I F  C>3O GOTO 2 1 4 6  
LET  D=DO 
LET V=UB 
GOT0 2 1 5 0  
LET  D=DI  
LET V=V9 
PRINT  
PRINT  ' A s  before'; 
INFUT T 1  
LET Q5= 0 
IF T1= 0 GDTO 2 3 5 0  
PRINT  ' I F  SULPHUR OR OX PRESENT (0)'; 
INFUT OE 0 1  
PRINT  
P H I  NT 
PRINT  ' Z P  L m i  
IF C>.l GOT0 2 1 6 9  
I F  OC 0 1 >  0 GOT0 2 1 7 9  
PRINT  ' r  OX/S' 
GOT0 2 1 8 0  
I F  OL 01) 0 GOT0 2 1 7 4  
PRINT  ' P  0X.K-RATa 
GOT0 2 1 8 0  
PRINT '.ti-RAT' 
GOT0 2 1 8 0  
PRINT  
FOR N l = l  TO 11 

LET OCN11=1 . 
I F  C : > l  GOTO 2 1 9 4  
IF OE O l >  0 GOTO 2 1 9 0  
LET TS= 0 
INPUT Z C N 1 3 ~ L C N l l r O T N 1 1  
GOTO 2202 
INPUT ZCNl I .LCN13 
GOT0 1202 
IF OC 03:> 0 GOT0 2 2 0 0  



INPUT Z C N 1 3 ~ L C N 1 1 ~ 0 t N 1 Y ~ K t N 1 1  
GOT0 2202  
INPUT Z t N l Y , L t N l l r K C N 1 3  
PRINT 
I F  Z C N l I =  0 GOT0 2290  
I F  L C N l I n  0 GOT0 2320  
I F  OC 01) 0 GOT0 2270 
LET OCN1l=XCZCN113/(16~OCN13tXCZCN13l) 
I F  C-1 GOT0 2 2 7 0  
LET KCNI3=KCN13LOCN13 

NEXT N1 
GOT0 2 3 0 0  
LET N l c N I - 1  
LET N2=N1 
I F  021 0 GOT0 2 3 1 0  
I F  A93 0 GOTO 2 3 1 0  
LET OC 01-9 
GOTO 2350 
LET N2zNI -1  
IF C<24 GOT0 2368 
I F  C>30 GOTO 2369 
I F  T i =  0 GOT0 2 3 6 1  
FOR I= i  TO N2  

LET C C I I = K C I I  
NEXT I 
LET 1-12 
GOT0 2370  
PRINT '8.9 
FOR In1 TO N 2  

LET Z= LOG ( Z C I ? )  
LET T 2 = L C I 3 8 L C I l  
LET E C I l =  EXP (~ClrLCIlI*Z*Z+AC2rLCI3~*ZtAC3~LCI3I) 
LET F C I 3 n  EXP ( B C ~ . T ~ ~ * Z ~ Z ~ R C ~ Y T ~ ~ * Z - B C ~ I T ~ ~ )  
LET CCIJ=KCI3 
FOR J = l  TO N I  

LET EuECI3 
LET 2-ZCJ I  
GOSUB 3310  
LET H C I * J l = T 3  

NEXT J 
I F  C<24 GOT0 2426  
I F  C>30 GOT0 2 4 2 6  
GOT0 2530  
I F  i>li GOT0 2474 

NEXT I 
IF ~ = l  GOT0 2450  
GOSUB 8500 
I F  C>4 GOT0 2495 
FOR I = 1 2  TO 1 3  

I F  1>12 GDTO 2 4 6 6  
LET ZCI3-16 
GOT0 2468  
LET ZC13132 
LET LC1311 
LET KC t 3 ~  0 
GOT0 2 3 7 0  

NEXT I 
GOTO 7 1 4 0  
I F  N5> 0 GOT0 2505  
PRINT 
I F  N3<>1 GOTO 2510  
FOR I a I  TO N2 



REH 
REH 
LET T6=V/FCX3 
I F  T6<10 GOT0 2 5 4 0  
LET f 6 = 1 0  
LET T7=.00873~T6"3-.1669ST662t.9662*T6+*4423 
LET TB=~002703*T6~3 - . 05182ST662+~302 tT6 -~1B36  
LET T9=.887-3.44/T6+9.33/T6-2-6-43lT6-3 
FOR .I=l TO N 1  

LET RCJIaT7-TBt LOG (T9$ZCJ3+25) 
LET T2=14*(1- EXP ( - . l S Z C J I ) )  
LET T2=ZCJ31~T2+75~S/ZCJl~~ZCJ3/7.5)-ZCJl/~1OOtZCJl~~ 
LET SC O I J ~ = Z ~ J I / X C Z C J I I S  LOG ( 5 8 3 S ( V t F C I l ) / T 2 )  

NEXT J 
LET T7= 0 
LET 15 -  0 
LET T8= 0 
LET T9= 0 
FOR J=i TO N 1  

LET T7=T?+CCJI&SC O v J l  
LET TB=TB+CCJl*RCJl 
LET  T9=T9+CCJI *HCIvJ l  
LET  T5=T5tCCJ3*1.2tXCZCJ3l/ZCJl/ZCJ3 

NEXT J 
I F  C>24 GOTO 2 8 0 8  
LET T2~ltT9SD/400000*(V~1~65-FCf331~b5) 
LET T2=( l+T5) /T2 / (1+TSST2) *T8  
I F  1<12 GOT0 2 7 9 1  
RETURN 
I F  C-4 GOT0 2794  -. . - - 

LET N t l r I l = T 2  
GOTO 2 7 9 8  
LET N C l v I l = l / T 2  
GOT0 3110 
LET T2=.0000012$( FNE(V)- F N E ( F C I 3 ) )  
LET T4= F N F ( T 2 l H C I ~ f I S D )  
LET T3= FNF(TZtT9SD) 
LET TZ=RCIlST3ST7/SC Ov I l /TB /T4  
GOT0 2 8 3 0  
LET T2=T3*T7/TB 
LET Y=  0 -- 

I F  C C I l < =  0 GOT0 3 0 6 1  
FOR J=i TO N1 

I F  CCJI<= 0 GOT0 3060  
I F  E C J 3 < F C I l  GOT0 3060  
I F  EEJ l>FCI1+4  GOT0 3 0 6 0  
LET T7=.5S EXF (HC lvLCJ311  LOG ~ Z C J l ) t H C 2 v L C J l 3 )  
LET  T8= 0 
LET T6= 0 
LET TB=TB+HCJsT63*CCT6J 
LET T6=T6+1 
I F  T6<=Nl GOT0 2950  
LET T6=T9*D/TB 
LET T5=333000/(  FNE<V)- F N E ( F C I I ) ) / T B  
LET Tb= LOG ( l t T 6 ) / 1 6 +  LOG { l + T S ) / T 5  
LET T5= FNE~(V/FCJ3-1)/(V/FCIl-l))$FCLCJlvLCI3l~G~LCXl~ 
LET Y=Y+CCJ3kT7*MCJrI3*T5*Tb*XCZCI33/XCZCJJ3/TB 

NEXT J 
LET Z 2 = C C I l / T 2 * f l t Y )  
I F  C<24 GOT0 3080 
I F  C>30 GOT0 3080  
LET ZL?=( l+Y>/TZ 
I F  C=24 GOT0 9 3 1 9  



I F  C = 2 6  GOTO 9 5 6 5  
I F  C = 2 5  GOTO 9 5 6 5  
L E T  T 2 = Z 2  
I F  C C I l =  0 GOT0 3 1 1 0  
L E T  C ~ I ~ ~ ~ K K I ~ * C C I ~ ~ ~ ~ - T ~ ) ) / ( K C I ~ * ( C C I ~ - T ~ ) ~ T ~ * ~ ~ - C C I ~ ) )  

NEXT I 
I F  C>3 GOT0 3 1 1 4  
RETURN 
I F  C=4 GOT0 8 2 1 0  
I F  N 3 = 1  GOT0 3230 
GOSUB 8 5 0 0  
L E T  N3=N3-1  
RETURN 
I F  8 2 >  0 GOT0 6 3 8 0  
L E T  T2= 0 
L E T  T I =  0  
L E T  T 4 -  0 
L E T  7 3 1  0 
I F  OC 0 3 >  0  GOT0 3 2 4 7  
I F  U2> 0  GOT0 3 2 6 7  
P R l N T  ' E L E H ( Z ) ' v 8 E L X ' . ' O X X '  
FOR 1=1 TO N 2  

I F  OC 01) 0 GOT0 3 2 6 1  
L E T  C C I l =  I N T  ~ 1 0 0 0 0 ~ C C I l + ~ 5 ) / 1 0 Q O O  
L E T  T 3 = C C I 3 / O C I 3  
L E T  T3= I N 7  ( 1 0 0 0 0 t T 3 + . 5 ) / 1 0 0 0 0  
L E T  f 2 a T 2 t T 3  
P R I N T  Z C I l ~ 1 0 0 * C C f 3 ~ 1 0 0 * T 3  
GOT0 3262 
P R l N T  Z C I Y v l O O * C C I 3  
LET T l = T l t C C I l  

NEXT I 
P R I N T  wTOTALm~100tTlr100ST2~100~R2 
GOT0 3293 
P R I N T  * E L E H m i  TAB ( 7 ) ; '  OX'; T A B  ( 1 3 ) ; '  STRUCT' 
FOR I s1  TO N 2  

I F  CC13> 0 GOT0 3 2 7 1  
L E T  J C I 3 =  0  
L E T  T l = T t t C C I 3  
L E T  T 3 = C C I 3 / O C I I  
L E T  C C I l = (  I N T  ~ 1 0 0 0 0 S C C I 3 + . 5 ) ) / 1 0 0 0 0  
L E T  T 2 m T 2 t T 3  

NEXT 1 
FOR I s 1  TO N 2  

I F  C C I l =  0  GOT0 3 2 8 6  
L E T  T 3 = C C I I / O C I l  
L E T  JCIl=CCI3/XCZCIl11M2*XCBl/(T2-T1) 
L E T  T3=(  I N T  ( 1 0 0 0 0 * T 3 4 ~ 5 ) ) / 1 0 0 0 0  
L E T  J C I l = (  I N T  ( 1 0 0 0 1 J C I ~ + . S ) ) / 1 0 0 0  
L E T  T 4 = T 4 t T 3  
GOSUB 6 5 0  
F R I N T  T A B  ( 6 ) ; 1 0 0 $ T 3 i  TAB ( 1 3 1 i J C I 3  
L E T  Q S = J C I l t Q S  

NEXT I 
IF n 3 ~  o GOTO 3 2 9 0  
P R I N T  ' TOTAL' ;  I N T  ( 1 0 0 0 0 * 0 2 + ~ 5 ) / 1 0 0 i ~ 5  
I F  M3a 0 GOT0 3 2 9 3  
P R I N T  ' T O T A L m v 1 0 0 * T 2 i n 5  
I F  ICll> 0 GOT0 7 9 2  
PRXNT ' T r a c e  E l e m e n t s ' i  
I N P U T  A 9  
P R I N T  
I F  A9> 0  GOT0 7 0 0 0  
GOT0 9 5 9 6  



37 .  

LET TJ= LOG ( 2 )  
LET UC13= EXP (-r0045522*T3*T3-6.BS35E-3*T3+1.07Ol8) 
LET UC21=2.73 
LET U C 3 3 ~ 2 . 6  
LET UC43=2.22 
I F  t (42 GOT0 3 3 8 0  
LET UC21= EXP (-~113159~T31T3t.636883~T3-3545969) 
LET T1=1 
IF T I = l O  GOT0 3 4 2 0  
LET TO= EXP ~ B C ~ P T ~ I * T ~ ~ T ~ ~ B L ~ ~ T ~ I ~ T ~ - B C ~ P T ~ I )  
I F  E<TO GOT0 3460  
LET TO=WCVC2rTl1l*T3$T3tUEVC2*T13t43~T3tWCVC2~Tllt8~ 
LET TO= EXP ( T O ) / U C l r T l l  
LET  T ~ = T O ~ ( ~ ~ . ~ ? ~ / E ) - U C V C ~ P T ~ ~ I  
RETURN 
LET T i = T l + l  
GOTO 3 3 9 0  
RETURN 
LET U=XCKY 
LET 03=  0 
I F  B9> 0 GOT0 4 0 1 0  
FOR I = 4 0 5  TO 5 0 3  

GOT0 4 0 1 2  
FOR I = 4 8 9  TO 4 9 9  

CALL 3 v l r I v T 2  
LET Q3=Q3tT2  

NEXT I 
I F  B9> 0 GOT0 4024  
LET P3=03/19 
GOT0 4025  
LET Q3=03/11 
LET T3= 0 
FOR I = 1 4 4  TO 1 9 2  

CALL 3 r l r I ~ T 2  
LET T 3 u T 3 t T 2  

NEXT I 
LET T3=T3/9 
LET T2= 0 
FOR 1=1  TO N2  

I F  ZCI3<>13 GOT0 4052  
LET T2=NC O r I l * N L  0111$8.97£-8 

NEXT X 
LET JC131=1 
FOR I = l  TO N2 

IF ZCI3<>12 GOT0 4 0 5 7  
LET JE133=NC 0 ~ 1 3  
I F  JC133=1 GOT0 4060  
I F  ZCI1<>14 GOT0 4 0 6 0  
LET T2=T2t(JC133*NC 0.11*2.2 iE-8)  

NEXT I 
LET T3=T3-T2 
LET C)4=T3 
RETURN 
LET I = 1 2  
GOSUR 2526  
LET C45='T2 
LET I = 1 3  
GOSUA 2526  
LET Z1=T2 
LET F O = ( Q ~ - ~ ~ ) / ( Q ~ - Z I * Q C ~ P ~ O ~ )  
LET P1=04-POMt5 
RETURN 
I F  0 1 9  GOTO 5000  
I F  C>iO GOT0 4415 



GOT0 2060  
I F  011 GOT0 ,4435 
FRINT P r o g r a m  Data a t ' i  
INPUT C r H 7 r T 1  
GOT0 9900 
I F  CS12 GOTO 4455  
I F  0 1 3  GOT0 4505  
GOT0 7 0 0 0  
I F  C114 GOTO 7 0 0 0  
LET H7=1 
FRINT DRIFT 'i 
INPUT H7  
LET HB=H8*H7 
LET H9=!48/3 
PRINT TOTAL DRIFT=' iH9 
GOT0 7 0 0 0  
I F  0 6 6  GOT0 9 2 5 0  
GOT0 7 0 0 0  
GOT0 6 0 2 5  
LET TC13- I N T  (E3*50+.5) 
LET  TC215 I N T  (E415Ot.5)  
FOR J=l TO 2 

LET T2= 0 
FOR f = T C J l - 5  TO TCJ3+5 

CALL 3 r 2 r I ? T 3  
I F  T3<T2 GOT0 6 0 6 5  
LET T2=T3 
LET T 4 = I  

NEXT I 
LET TB=-2-2*J 
LET TO=TB 
FOR Is1 TO 6 

LET TCI+23= 0 
NEXT I 
FOR I u T 4 t T O  TO T4-TO 

CALL 3 v 2 r I t T 3  
LET T5= LOG ( T 3 )  
LET TC33=TC33tTS 
LET TC43=TC43tTS*TB 
LET TCS3=TC5ItTS*TB*T8 
LET TC61=TC63+1 
LET TC7l=TC73tTB*TB 
LET TC83=TC83tTB*T8*TB*TB 
LET T B = T B t l  

NEXT I 
LET T2=TC3l-TC63*(TC33*TC~J-TC5~~TC73)/(TC6l~TC83-TC73~TC7l~ 

LET TC7,1+2*J3=T4-.5*TE43/T2 
LET TK8.1+2*~1=-2.77258*~~71/~2 

NEXT J 
PRINT 20*TC93i20X SQR ( T C 1 0 7 ) ; 2 0 * T C l l 3 i 2 0 1  Sat? ( T C l 2 J )  
LET W3=1000*(E4-E3)/(TCllY-TC97) 
LET W4=1000*E3-W3*TC91 
LET W7=W3*W3~(TC12l-TCl01)/(E4-E3)/1000 
LET W8=TC103*W3*W3-1000*W7*E3 
PRINT 'EV/CH*ZERO ERROR(EV)' iW3i-W4i '  R E S ' i  SOR (WBtW7*5894) 
PRINT *U7=';W7i'W8=*iW8 
PRINT 'G " i ( W 3 - 2 0 ) / + 0 9 i '  Z ' ;W4/8.5im TURNS* 
LET W3=20 
LET W4= 0 
LET W 7 ~ 2 . 3 9 2  
LET W8=19100 
PRINT ' Again*; 



INPUT T 1  
PRINT 
I F  T1> 0 GOT0 7 0 0 0  
I F  N6= 0 GOT0 7185  
CALL 1 ~ 2 t T  
GOTO 6 0 0 0  
LET T I =  0 
LET T l =  0 
LET TZ= 0 
LET T3= 0 
LET T4= 0 
PRINT 
LET R5= 0 
PRINT 'ELEM'. 'ELX'r*SULPHX'vmSTRUCT' 
FOR I=l TO N2 

I F  ZCI1<>16 GOT0 6525 
LET TZ=CCI3 
LET CCI3=1 I N T  (10000*CCI3+ .5 ) ) /10000  
LET T l = T l + C C I l  

NEXT I 
FOR I=l TO N2 

I F  C C I l =  0 GOT0 6600  
IF Z C I l = 1 6  GOT0 6596 
LET T3~CCI3S(XCZCIlI+32~06)/XCZEI33 
LET JCIl=CCII/XCZCI~3*A9~XC163/T2 
LET T3=( I N T  (10000*T3+.5)) /10000 
LET J C l l * (  I N T  ( 1 0 0 0 0 t J C I l t . S ) ) / 1 0 0 0 0  
LET T4=T4 tT3  
PRINT ZfI3r100~CCIlr100ST3~J~I3 
LET Q S = J C I l t Q S  
f F  ZE11<>16 DOT0 6 6 0 0  
PRINT t C I l t 1 0 0 ~ C C I l v ' O ' ~ ' 0 *  

NEXT I 
I F  M3<> 0 GOT0 6 6 1 4  
PRINT ' T O T A L ' ~ 1 0 0 * Q 2 r m . ' r 0 5  
I F  H3= 0 GOT0 6 6 2 5  
LET T l =  0 
FOR 1=1  TO N2  

LET T i = T l t C t I l  
NEXT I 
PRINT ~ T O T A L ~ , ~ O O * T ~ ~ - . ~ ~ Q S  
PRINT 
PRINT 
LET HS= 0 
LET H3= 0 
LET NS= l  
PRINT ' S 'i 
INPUT C 
I F  C3 0 GOT0 7 0 1 6  
PRINT S IL ICATESIO)  OR ETCETERA(9)* 
INPUT B2 
GOT0 7 0 0 0  
PRINT 
I F  C=8 GOT0 2 0 0  
IF C>22 GOT0 9250 
I F  C>9 GOT0 4 4 0 0  
I F  C > i  GOT0 7 0 4 0  
LET J C l Z I = J E 1 2 1 + 1  
FRINT 
PRINT 
PRINT ' Sample=*; 
FOR J=1 TO 4 

INPUT I C J I  



I F  I C J l <  0 GOT0 7 0 3 4  
NEXT J 
PRINT ' OXNO. =' i 
INPUT HZ 
I F  M2<> 0 GOT0 9 5 0  
PRINT 'NORHALISE' i  
INPUT M3 
GOT0 7 1 2 5  
I F  C>2 GOT0 7 0 5 5  
PRINT ' STD # ' i  
GOT0 7 0 5 9  
I F  C>3 GOT0 7 0 7 0  
PRINT ' SUBSTD t ' i  
INPUT 24 
FRINT  * FOR Z = ' i  
INPUT f 1 
LET 24-21 
GOT0 7 1 2 5  
I F  C>4 GOT0 7 0 8 5  
F R I N T  'ROD CALCN USING 7' 
LET N7=9 
INPUT N7 
LET N7=9 
GOT0 7 1 2 5  
I F  C>5 GOT0 7 0 0 0  
F R I N T  ' SPEC CALIBRATION ON PURE CU' 
PRINT  ' I S  SPECTRUM READY (0)' 
INPUT N b  
LET N6=9 
LET E3=.93 
LET E4=8.04 
PRINT 
GOT0 6 2 1 5  
GOT0 7 1 2 5  
I F  C 0 1  GOT0 7 1 3 0  
I F  82<>9 GOT0 7 1 3 0  
PRINT 'SULPHUR NO.'i 
INPUT A9 
LE'T N3=4 
GOT0 2 1 4 0  
I F  CC6 GOT0 7 1 8 5  
GOSUB 2 5 0 0  
I F  C=7 GOT0 7 0 0 0  
I F  N3> 0 GOT0 7 1 4 5  
GOTO 3240 
LET X1=399 
PRINT ' T I= ' ;  
CALL i r l * T l  
PRINT T l i  
I F  T1<8 GOT0 7202 
LET X1=799 
CALL 3.1. OvT1 
PRINT ' T i m e = ' i T l ; '  EDAX f r e e '  
I F  C>4 GDTO 8 1 8 0  
FOR 111 TO X1 

CALL 3 r l v I 1 T l  
LET D9-DPtT1  

NEXT I 
CALL 3719  O r T 1  
PRINT ' T o t  I n t = ' ; D 9  
LET D 9 = l / ( l - D 9 / T 1 $ . 0 0 0 0 1 6 )  
FOR 1=1  TO X I  

CALL 3 r l r I ~ T l  
LET T l = T I * D 9  



CALL 4tI~ItTi 
NEXT I 
FOR I197 TO X1 

IF I>450 GOTO 7310 
CALL 3tltItT5 
LET T3=.001t(U4tU3*1) 
LET T 6 = T 5 ~ ~ ~ 0 0 1 9 9 / T 3 + ~ 0 0 9 7 6 - ~ 0 0 2 3 8 ~ T 3 - 1 ~  
LET T5mT5tT6 
CALL 4tlrI~T5 
LET T7=1-87 
CALL 3tltT7tT8 
LET TBmfB-T6 
IF T8> 0 GOT0 7296 
LET TB= 0 
CALL 4vl~T7tTB 

NEXT X 
FOR 1-1 TO N2 

LET E=1000tECIl 
LET TI- SQR (U8+ESW7>*.5-.5$U3 
LET DC 0.11- fNT ((E-W4-Tl)/W3) 
LET DClrIl= INT ((E-U4tTl)/W3+.5) 

NEXT I 
GOSUB 7740 
FOR 1=1 TO N2 

LET NC OvIl= 0 
FOR J-DC 0111 TO DCltI3 

CALL 3vlrJtT3 
LET NE OvIl=NC 0 ~ 1 3 t T 3  

NEXT J 
LET NC OtIl-NC OtIl/(DClsIl-DC 0.13+1) 
LET NClrIl=NC 0111 

NEXT I 
IF C=4 GOT0 8100 
IF C<>1 GOT0 7545 
LET N3=-2 
FOR 1=1 TO N2 

FOR J=l TO N2 
IF ZCJl<>ZEIl-1 GOT0 7380 
LET NClrIl=NCltI3-NCltJ3~YC2rJ3 

NEXT J 
FOR J=1 TO N2 

IF ZCJl<>ZCIl+l GOT0 7390 
LET NC L ~ I 1 = N T l t I l - N C 1 t J 3 * Y C l ~ J 3  

NEXT J 
IF N3=-2 GOT0 7398 
RE1 URN 

NEXT I 
LET N3=4 
FOR I=1 TO N2 

LET CEI3=NElt13/YC OtIJ/HB 
LET KEIl=CCIl 

NEXT I 
GOSUR 4000 
REM 
GOSUB 2510 . 
IF N3=1 GOT0 7531 
GOSUB 4200 
IF N31 0 GOTO 7418 
FOR 1=1 TO N 2  

LET E=EEII 
LET R9=04/a5tNCl,IItQC51I3 
IF B2=9 GOT0 7440 
IF ZCI3<18 GOTO 7440 



LET B9=PltPO*NCl,I3XQCSt13 
LET NCl.IJ=NC 0 ~ 1 3 - 8 9  
IF N3> 0 GOT0 7443 
PRINT N3rZCIJrNC 01IlrNClrI3 

NEXT I 
IF N3> 0 GOT0 7446 
FOR I = l  TO N 2  

GOSUB 7372 
IF NJ> 0 GOTO 7471 
LET KCII=NCIPII/YC OVIY/HB 
IF (KCIl/OCI~)>.OO2 GOT0 7475 
LET CCI3= 0 
LET N C 1 ~ 1 3 =  0 
IF N3<3 GOT0 7490 
LET CCIl=KCI3 

NEXT I 
IF N3>-1 DOTO 7495 
GOT0 7520 
GOSUB 8500 
GOT0 7520 
IF N3C4 GOT0 7520 
FOR I=lTONl 

LET KCIJ=CCII 
NEXT I 
LET N3=N3-1 
FOR I=l TO N 2  
NEXT I 
IF N3>= 0 GOT0 7412 
IF Ma> 0 GOT0 7536 
GOSUB 9100 
LET Q5= 0 
FOR 1=1 TO N2 
NEXT I 
GOT0 3240 
IF C-4 GOT0 8180 
GOSUB 4000 
GDSUR 2510 
GOSUB 4200 
FOR 1=1 TO N2 

LET B ~ = Q ~ / Q S * N C ~ P I ~ ~ Q C S ~ I ~  
IF ZCI3<18 GOT0 7564 
LET B9=PltFO*NClrTJ*OCSrI3 
LET NC O I I ~ = N C  0 ~ 1 3 - 8 9  
IF NC 0?11>= 0 GOT0 7572 
LET NC 0.13- 0 

NEXT I 
FOR I=l TO N2 

IF ZC13=Z4 GOT0 7586 
NEXT I 
LET Z3=I 
IF C = 2  GOT0 7690 
FOR J=l TO 3 

FOR I=1 TO N? 
IF 1=1 GOT0 7645 
IF ZCI-13<>ZCI3-1 GOT0 7645 
LET NC OvIl=NC 0.13-NC 0.1-13*YC2~I-13 
IF ZCIt13<>ZCIl+l GOT0 7655 
LET NC O v I 3 = N C  0111-NC OvItl~*YC2rL+lI 

NEXT I 
NEXT J 
IET Ot 0rZ47=NC O I Z ~ ~ / ( C C Z ~ I / N C ~ ~ Z ~ I ) / H ~ / ( H P * H ~ )  
PRINT 



P R I N T  'CONVERSION FACTOR - * i D C  0 , 2 4 1  
GOT0 7 0 0 0  
I F  2 3 = 1  COT0 7 7 0 0  
I F  Z C Z 3 - l I < > Z C Z 3 1 - 1  GOT0 7 7 0 0  
L E T  a C l r Z 4 1 = N C  OvZ3-11/NC 0 , 2 3 1  
I F  ZCZ3+11<>ZCZ31+1 GOT0 7 7 1 0  
L E T  OCZrZ41=NC OvZ3+13/NC 0 1 2 3 1  
L E T  Q C  OrZ43=NC 0~Z3J/(CCZ33/NC1~Z33~/HB/~H9*H9~ 
P R I N T  NC 0.Z33.22 
P R I N T  
P R I N T  'OLAP FACTORS*iQClvZ41iQC2rZ43 
P R I N T  'CONVERSION FACTOR ' i Q C  0 1 2 4 1  . 
GOT0 7000 
FOR In1 TO N 2  

I F  B2= 0 GOT0 7 7 4 5  
FOR J = 2 1  TO 4 0  

GOT0 7 7 9 0  
FOR J=i TO 2 0  

I F  Z C I J < > R t f r J I  GOT0 7 7 7 5  
L E T  YE O s I l = O C  0 ~ J 3  
L E T  Y C l ~ I l = a C l t J 1  
L E T  Y C 2 r I ? = O E 2 v J l  
L E T  Q C S r I 3 = Q C 4 r J l  
GOT0 7 7 8 0  

NEXT J 
NEXT I 
RETURN 
FOR 1 x 4 0  TD 2 0 0  STEP 2 

LET E=.02SI  
GOSUB 4 2 0 0  
CALL 4 ~ 2 r I r B Q  

NEXT I 
C A L L  2 - 2  
GOT0 7 0 0 0  
GOT0 2 5 1 0  
GOSUB 4 0 0 0  
P R I N T  BACKGROUND FACTORS CALCULATED F O R ' v V v *  KV '  
P R I N T  Z C I 3 . r .  BGD FACTORm 
FOR I=I TO N2 

I F  Z C I 3 0 1 8  GOT0 8 2 6 6  
L E T  T 3 = T 3 X N C l r I l  

NEXT I 
FOR 111 TO N:! 

L E T  NC O v I I = N C  O r I l S N C 1 ~ I l / T 3  
P R I N T  Z E I 1 t N C  0.11 

NEXT I 
GOT0 7 0 0 0  
L E T  O= 0 
L E T  V i a  0 
FOR J=l TO N2 

LET V 1 = V l t C C J l / O C J I  
NEXT J 
I F  N l = N 2  GOT0 8 5 6 0  
I F  OC 0 3 =  0 GOT0 8 5 6 0  
L E T  R = U l  
I F  O < = 1  'GOT0 8 5 5 0  
1.E-r 0-1 
L E T  CCN13=1-R 
RETURN 
FOR J = 1  TO N 2  

L E T  C C J l = C C J 3 / V i  
LET Q = a t C C J 3  

NEXT J 
I F  DE O>= 0 GOTO 8 5 4 0  



RETURN 
LET E = 1 + 7 3 9  
GOSUB 3 6 0 0  
LET 02= 0 
FOR J=1  TO N2 

I F  H29 0 GOT0 9 1 0 6  
LET R2=QZ+CCJI/OCJl 
I F  U2> 0 GOTO 9 1 1 0  
LET Q 2 4 2 t C C J l  

NEXT J 
FOR J = 1  TO N2  

LET CCJl=CCJI/C42 
NEXT J 
RETURN 
LET C C I l =  I N T  (10000*CCI l+.5)  
LET CCI3=CCI3/10000 
RETURN 
LET T3= I N T  ( 1 0 0 0 0 * T 3 + ~ 5 )  
LET T3=T3/10000 
RETURN 
FOR I=1 TO N 2  

I F  OC 01> 0 GOT0 9220  
LET CCI l=CCI l * tOO/T2  
GOT0 9225 
LET C C I l = C t I I * 1 0 0 / T 1  

NEXT I 
RETURN 
PRINT 
I F  C>23 GOT0 9287 
FOR L-1 TO N2  

LET CCLI-  I N T  (100$CCLl t .S)  
LET CCLl=CCL3/100 
LET J C L I -  I N T  ( 1 0 0 0 0 t J C L 1 + ~ 5 )  
LET J C L 3 ~ J t L 3 / 1 0 0 0 0  

NEXT L 
RETURN 
I F  C>3O GOT0 9 6 0 0  
LET A 8 1  0 
LET A9= 0 
I F  C>3O GOT0 9 8 0 0  
GOT0 9596  
PRINT No t r a c e  elements routines loaded. ' 
GOT0 7 0 0 0  
PRINT . . . - . . . 
GOTO 7 0 0 0  
PRINT 
PRINT 'Acc. V0ltsSe=~iU9f' D r i f t  F a c t o r = ' ; H 9 i m  No. Analyses 

FOR J=1  TO 20 
I F  OC3v.t3= 0 GOT0 9 9 4 0  
PRINT J i  TAB ( l O ) ; O C 3 r J l i  TAB (19);OC O P J I ;  TAB ( 3 2 ) i O C l . J  

PRINT TAB ( 3 8 ) i R C 2 ~ J l i  TAB ( 4 6 ) i O C 4 r J 3  
I F  J > 2 1  GOTO 9 9 9 2  

NEXT J 
PRINT ' $*$*$*** *I**:**. 
FOR J = 2 1  TO 40 

I F  Q C 3 r J l =  0 GOTO 9952 
GOT0 9936  

NEXT J 
GOT0 7 0 0 0  
END 



PLATE 1 The Jeol JXA-SOA scanning electron microanalyses and EDAX 

energy dispersive analysis eyetem at the Central Science 

Laboratory, Univereity of Tamania. The EDAX MCA conaole 

and V.D.U.  are a t  l e f t  i n  the photograph. 



PLATE 2 Sample holders used i n  microanalysis uork. The standards 

are  mounted i n  the replaceable brass s t r i p s  i n  the surface 

of the holders. The holder on the l e f t  i s  used f a r  work 

with polished th in  sections and other  glass  s l ide  mounts, the 

other holder i s  used with one inch diameter a ra ld i te  mounta 

containing surface embedded specimens, e.g. experimental 

charges, ore samples. 
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hBSTKnCT 

Rocks of the  Nioccnc K1cquaric [.land oph lo l i t c .  south  of tlcw Zcalond, have 

oxygen and carbon i s o t o p i c  compnsltions comparable t o  those of scnf loor  rocks. 

Basal t  g l a s s  end vcnthcrcd b n s a l t s  have 6'" vvslucs a t  5 . 8  t o  6.OZ. an3 7.9 t o  

9 . 5 % . ,  r c spec i ivc lg ,  s imi l a r  Lo d r i l l e d  s e a f l o o r  rocks including samples f roo 

t h c  Leg 29 DSDP ho les  near  khcquarle Is lnnd.  Comp.arcd t o  the bnsnlc glass  the  

greenschis t  t o  amplribnliLe f a c i e s  mecaint rus ives  a r c  dcyle ted i n  "0 (6180 - 3.2 

t o  5 .92 . )  simiLar t o  drcdged sea f loo r  ~ a n p l e s ,  vhcreas t he  merabasal ts  a r c  

Enriched (6'" - 7.1  t o  9.71. ) .  Altlioogh t h e  gabbros n re  only s l i g h t l y  a l r e r c d  

i n  th in-scct fon thcy have exchanged uxyecn with e hydrotiterux~l f l u l d  to  8 dcptlt 

of a t  l e a s t  4 .5  km. There is an a p p r o r i m t o  balance bctveen "0 deple t ion and 

enrichment In  the  exposed o p h i o l i t e  s ec t ion .  The carbon i s o t o p i c  composition of 

c a l c i t e  i n  the weathered b a s a l t s  ( 6 " ~  - 1 .0  t o  2.0X.)  1s s imi l a r  to thosc of 

d r i l l e d  basa l t s .  but  thc  mctsmorphoacd rocks hove low 6 ' ' ~  values  (-14.6 t o  0.9Z.1. 

Thcse d a t a  a r e  conpat ible  wrth two seawater c i r c u l a t i o n  rcglncs .  In the  . 

upper regimc b n s a l t s  were vesthered by cold  scavarer i n  a  c i~ . cu ia t Io t t  sys ten 

wl th  a high watcr / rock r a t i o  (>>I .O) .  Bescd on c a l c i t e  conposicIons veathecing 

temperatures wcre l e s s  than ZO'C and thc  carbon was derived from s predoninancly 

inorganic  m r i n e  source. A s  previously suggested fo r    he Samnil oph io l i r e ,  i t  

is  postulnted tha t  the  lower hydrothcrmsl reginl: consis ted of tvo coupled pa r t s .  

A t  t he  dccpcr l eve l s .  scawatcr c i r c u l a t i n g  a t  low vater / rock r a t i o s  (0.2 t o  0 .3)  

and high temperatures (300-b004C) gave r i s e  LO "0 deple ted gabbro and shected 

dikes  via opcn system cxchnnge r eac t ions .  During react ion t $  seaw;ltcr undcrvcnt 

a  s h i f t  i n  oxygen i so top ic  cornpositon (6'" - 1 t o  SX. )  end subsequenrty caused 

"0 cnrichncnc of the ovcr lylng rtecabasalts.  In ttic shallower p a r t  of the hydro- 

t h c r m l  rcgimc che metsbasal rs  verc  a l t e r e d  a t  r r l a t i v e l y  high vatcrl;ock r a t i o s  

(1 t o  10) and tcmpcrarurcs i n  tho range 200-300.C. Thc r e l n t i v e l y  low S C n ~ n t e r /  

rock r a t i o s  i n  t l ~ e  hydro thc rwl  reglue  one supported by the  low 6 " ~  values of 

c a l c i t e .  In terpreted a s  evidence of juveni le  carbon i n  con t r a s r  t o  the  inorganic  
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m:,rllrp i:;irbcui [t~und i n  thu  wc.~t l icrt*d IB;L.;.~~ t s  . 

Thc r ; imi l ; r r i ty  i n  stabkc Lrutop ic  c ~ ~ n p c ~ s l t l ~ ~ n  h~ .~w<.vn  t h v  Wt-lcqli.bric tnldnrl  

u p t ~ i n l i t e ,  c s p ~ c i ; ~ l l y  tltc wcathcrcd bosolts, alrd st,nl'lrx)r rocks is n'lrl~bd r n  rltc. 

yrovi lrg l i $ ~  t r t  c h ; i r ~ c r t + r i s t i c r  whl.:l& i n d i c o t v  t I : ~ r a ~ u , ~ r i r  Is la l id  i s  .In t ~ l ~ l l l r c d  

section uf  occentc c r u s t .  Cooscqucl~tty the t ~ y t l r d r l ~ e r m ~ l  mudcbl dcvc l~ lp~ . r l  for  

t h i s  cxpll?;~.d k : r # r % r .  .tllhl~ttfii8 s i m p l i l  l c . 1 1  and i l l  IW...<I < 1 1   TI.^ l ! ~ ~ - m ~ < . c ~ t ,  m.hy I,.. u-cd 

r u  cons; r . i i n  h y d r o t h c r m l  procet;se:r a t  slow sprc:~di l ig ridgr!?;. 
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1. 1ntrodi1cti"n 

~ h c  H;lcqu;lrj e Is land ophi 01 i re Presents scvcrnl adv:lntagrs compared to 

ophioi ites to model alteration processes of the oct:ianic crust. primrily 

the well-exposed oyhlolitc. vh5ch incIudcs n pillow basalt sequence, sheeted 

dike complex, layerad and m~ssivc g~bbros, and o basal harzburgite section, is 

still in en oceanic rather than a continental cnvlronment [1,2]. The island is 

an emereenc seciion of thc ccnrral rortion of the !bcquarie Ridge which marks 

t h e  dominantly rransfom boundary bctwecn the Pacific and Indian-Australian 

places 13.i~). A coolpressional component of thc movement along the ridge 151 

and the tendency for buckling of the Indian-Australian Plate 161 m y  have caused 

the cnerecnce of thc island In middle or late Pleistocene time [71 .  The ophio- 

1Lre is Hioccne in age [ 1.81 and formcd on thc Indian-Australian - Antarctic 
Ridge to thu south of its present yosltion. Also, srvural studics have shown 

that rhc rocks of thts cornl>lcx rrsemblc ocean floor rocks pecrogrilphically [ : ,g]  

and chrmically. The Klcquaric Island basaLrs and dikco sange cumpol;itlonally 

from typical occnn-floor hasalts to nore alkaline varicrlcs, enriched in some 
, 

incaolpatible trace cli!mcnts, psrcleulorly Nb (20-60ppm). slmilar to ocean-floor 

basalt5 f r o m  the "abnuroul" rldce ncpcnts near 4 S 0 N  and 3GeN (FAMOUS area) on 

thc u i d - ~ ~ ~ ~ n t i c  Ridge (21. The srrontium, isoroplc composition (0.70229- 

0.70276) of mlnlm.illy 11tert!d rocks (10,111 is also comparable to the isotopic 

composition of sc~floor rocks. Tilc mgnctic propcrtlcs [11,12.13] of rhc upper 

level cxtrusives as well as tho s~afloar mgnCtiC anomaly pattern 14.131 traccd 

across the island. indicate  hat the opt~iollrc is an exposed sectlon of occanic 

crust. With rllesc consideratiunc in mind wc cxumii>ed the oxygen and carbon 

isotope geochemistry of the ophiolitc, anclcipating similarities vlrh thc sea- 

floor and lack of cnplacemcnt or post-cmplaccmcnt disturbance to che fsotapic 

systens. 



S t n h l c  I r . o t r ~ p ~ .  stut1ir.s h:rvc ci8nLrlbuted s u b s ~ ~ ~ ~ t i n l l y  t o  o u r  u l r d u r . s ~ : i o < I l ~ ~ y  

of t h e  no tu r r :  ;lltd t.Ktont o f  i I l t c r : ~ t i o ~ t  of t h e  uc ran i r .  c r u s l .  D r i l l e d  alrJ d ~ c d g c l t  

s a m p l e s  o f  I ;~ycrrr  2 and  3 01 tllu qlr~!:~nic c r u s t  ind i r . l cp  c x t e t r s i v e  c x c h : ~ n ~ : c  

b c t v c c n  I hc c r u s t  . ~ n d  scil w:lLt:r 1 1 4 - 1 9 1 .  CLIIJ  s ~ \ ~ w i t t i . r  V C . I I I I L , ~ P ~ ,  p i  I L,IV l>;+s.~l  t-: 

a  r e  c n r l c h r ~ l  i l l  "0 ct,ml,:~rud t o  u n ; ~  l t v r ~ . d  bas.1 l t  i c  fil:l:;s ;LS .I rest11 t  <,[ I IUI I -  

c q u i  l i b r i u m  rcl*l ;~ucmenl  oi L I I ~ .  b:l!;;ll L by soi<!<:tirtbs. irttn i ~ x l d c r .  : P L I ~  ~ ; 1 1 ~ 1 1 1 ~ . .  At 

deeper L c v u l s ,  r c 1 ; i r i v u l y  h i g h  t cmpera tu r t :  i ~ y d r o t l ~ u r n i l  : h l t c r : ~ t i n n  ( i 3 O O 0 C )  

and  mctnrnorpl~tsm g l v c e  r l s e  i u  u d e c r o o s c  i n  "0 it1 d redged  ~ r c e n s c l ~ l s t  and  

amphibo l  i t c  I s c l e s  m e r ; ~ b i l s ; ~ l t s ,  m c t a g s b b r o s ,  and s c r p c n t i n l  t e s .  As u u r  undc-r- 

s t a n d i n g  of a l t e r a t i o n  procussvs is r r s t r i c t i h d  by l a c k  o f  c r p o s u r t b  o f  ~ 1 1 1 .  dc.t.pvr 

Levels of o c c : ~ n l c  c r u s t .  t l t e  K l c q u a r i e  Is!.#nd o p h l o l i t c .  proviatcs  c n n s t r . a ~ n l s  l o r  ' 
! 

a  model u f  cru::till ; ~ l t r ~ r ; l t l o n  t - s p c c l n l l y  as t h c  complex h.ts n o t  cxpcrlcnc.vd a n y  

c o n t  i n c n t a l  gcoch t*n lc .~ l  InClua!~rct:s a u c l ~  ils g r t v ~ ~ n d u a t t . r s  c q u i  l i b r a t c d  w i t h  s l  t l c  [I: 
I 

r ~  ks .  

Althouglr  t h c  3a2;lcquariu I s l a n d  o p h i o l l t c  is s t r e n g l y  i a u l t e d .  all tl1,- 

componL.nt'; n l  :III n p l ~ i u l t t e  ( F i g u r e  1 )  a r e  exp~bsed  (1 .21 .  Ovcr mosL of 111,. is l : lnd 

p l l l u u  b e s n l t s  and  rrrlne,r v i , l r ; ~ n i c  b r c e c f a s .  m s s 1 v c  I a v a s ,  ouzcs .lnd i n t t . r p i  l Irw 

s c d l m c o t s  c r o p  o u t .  The P S L ~ I I . ~  i v c s  r:gtlqc from f r e s h  t l l o l r > i i r  ic:  4 1 . 1 ~ s  ;lm*m: c . ~ > l d  

t c m p c r a t < l r e .  sc: iunter  u e ; t t l l r r ~ , d  p i  l  l t w  1av;ks and  b r c c c  i;is rlnruugh z e o l  i  t e  tnv 

lovcc g r c c n s c t ~ l s t  i.tcic.% mt!t ;~b;~s;~l  t s .  The e x t r u s i v e s  a r c  i n t r u d e d  by d < ~ l v r i  ~ c  

d i k e s  and  smnl? f i ~ u l  r hounilcd b l u r k s  a r c  c n t i r c l v  cr~rnptrscd nf urd  1 i 1 l z r d  danlvrt 1 cs 

d l  ka sw;lrtn. D01cr.l r c  rl I kcs a l : ;o  tnc  rurla !.ryvrr.li .?lid m:lss ivr. g:lbbros ; L I I ~  p :#r t  Iv 

s c r p c n t  1nlzr.d 11s rzbr~r i : i t c .  TII~:  l::$bbrus u l ~ i c i ~  .IT? rcm;lrk:~bi  y un.rl l c r e d  <:r8nlllrls~. 

n a r r t w  vcjnr i  u l t h  c ; l l c i t c .  c l : ~ y ,  z t ~ ~ l i  t e  and pr<.hniri. ~ L ' I I I ~  c i )mon v e i n  p l t i ~ ~ ~ . . i .  



-5- . 

TIrc. dara  ;Ire rrbpi,rlt.cl v i  t l i  rt,::pcct t o  t l l c  dMJW ;III~ PUB SI : t~~J ; l rds  l o r  01"0 il11rl 

&"c, rt.s~,t.a:tivuly. i.1 1111: usu:~l  6 11o1:1tIun. Tl~r. f rn i . l i<>n; t t iq>n r . lc tur  brlut*t.n 

Cot ;and rater v i ~ s  rakun t u  be 1.0407 [21l. R t - p r o d t ~ c i h i l i c y  ot  r c p l l c a t c  c~nygan 

onalysl:; i s  0.IZ. and : 0.32. for ~ l l . s s i ~ m i n ~ ~ L c d  c n r b o ~ r ; ~ ~ ~  ( I n ) .  D u r i n g  t i le 

I p c r l o d  of t h i s  study I h c  h l n O  v:~lttllc u f  NHS-28 W:I$ 9.6 2 O.lX. ( l o .  7 an;t lyscs).  

3 .  Rcsr i l rs  

C lass  i s  p r c n c r v c J  ;\a p i i l u v  s a l v c ~ l ~ r s  nnd l r y l o c l n s t  l t c  hrcbccias i n  p i t  lnu 

scqucnc8:s wh ich  IILIVC been vea l l rc red  and p ; t r r i n i l y  r u p l n c c d  by c ; l l c i t e  and 

smec~ita: .  Rt!pr~vst!nc.rr ivc: n n a l  yscs o f  x l a s r c s .  i r lc  l u d i l r g  tvqm !;;cm111t.s rlnt~sr! riL'O 

v a l i ~ c s  (T:~hl t .  1) tr.lvz heen dctcrmit~e-d,  a r c  g l v a n  I n  Tab le  1'. 'Tlrc i,xyi:vn i s r ) t t lp ic  

cnmpnsltit,tr nf t h r e e  h n e i r l t l c  g l a s s  s;lmplcs i s  i n  t h e  range dl'O - 5 . 8  - 6 . 0 2 .  

1 (Figure 2*\) and i s  i d c n t l < : a l  t o  g l a s s  and p t ~ c n v c r y s t  m i n e r a l  c u m p c ~ s i t i o t ~ s  t c ~ r  

i b;lp:ilI:i tre,m t h r  st..# ( l o u r  [ 17,1H,27.?/~.25..'61. 6 '"  v y l t ~ c q  i n  t h l s  r.lnp.8. : I ~ U  

T l ~ c  lou tcmpvr:l r urt. ue;~ 1 t lercd b l r i l  l  tr v i 1 h st..-oild.t r y  I)~I:I:;-*S S ~ L ' C  I i IU . 
1 I I I  ; I i t  I I I a I I .  A 1 ' ( l  

va lues  raogc from 7 . 9  t o  9 .5Z0  (Tablt: 1) ~ - c l i ~ , c t i t ~ g  t t l c  prugrl.::sivc a i t r r . ~ t i o n  

of f r c s h  h;hsolt (&"o - 5.82.)  t o  s rnec t i t c  (61* ( l?2 i -25~. ) ,  c ; ~ l c i t c  (A1'0::30-322.) 

and i r o n  o x  id,.r (~~*0~:15-?112.) .  T h i s  : t l  1,-r:rl iim is pct-v.nslvt* (11  tht,u$:h V : I ~  i.11-1,. 

t l t rou f i l~out  t l ~ c  'lr i l l c d  *,c,-;u~ir: c r u s t  :~crd 11;~s hvr.n shhvt~ t o  occur t o  ;I d<>l>l h <,C 

t o  tl~n::c for t l ~ o  n p l ~ i ~ v l l t ~ ~ ,  ut-rv f ' n~nd i n  I>Slll' tlm>lr.; 27H. 2 7 1 ,  :~n t l  17 ' )A  2'3) 

of 0 1  L ~ : ~ ~ c c n t ~ - ~ t i ~ , ~ : ~ ~ ~ r ~  .,xu t o  chv s\,i1~11 ;lard nor 111 of tL1tlcqu:lr ic Irl .lnJ in 111. S~rttrlr 
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The vt.;rtiri.rin)! hy ccbld scavatcr t11 rhk. tlppcr. l e v c l  b.ls:~l t s  From :bctlu;rr 1,. 

IsI.l l ld [I ?ill(lwl hv Llu* i.s~lLnlb i c  Cumlvir!:i t iilll 1 9 1  d I s ~ k ~ m i l l . ~ t ( ~ d  c.1 I i. i t t . .  C;I 1': i I,, 

t rum the wct1lt1crr.d b;lsJit.q 11;t.i A ' %  vv;rluc.s i n  r h r  ratlet! 1Y . 6  111 33.02. (T.tI)I,. 1) 

and i s  s l m i l ; ~ r  t o  r a l c : i ~ c  futr~id i n  the I.cg 9 s.rml,lr.s ( 3 4 . 0 - 3 ' .  If,) (P iG t~~ , .  ? R )  

nnd dissumln:~tcd a~ut  vt!ia c : ~ l c i t t *  i n  mllry slsr:l iton; o f  lhc- upper h;rs;~l t i c  ~u.c;rtl iv 

c r u s t  [ 1 5 . 1 A . l 9 . 2 6 . 2 7 . ? H . ~ .  An ; ~ l t ~ - r ; ~ l i t ~ i r  ta.mllt.r;rtur*n 0 C  3-1 7'C (T; lbl~- I )  colt 

bc c; tkt :ula~cd f r t m  tlrc: .S1'O ;t~r,rly:.c< ,,i tlht* <:;nlcitv 130) ~>II ~ I I C  .~ssumpt i t 8 1 1  ~ I I C  

carbonate was p r e c i p i t a t e d  in equilibrium from nurm;rl senw.ltcr ( ~ " 0  - Of,). 

The 6 " ~  VIIIIIL'R. M. 7 LO - 2 . 2 2 ,  l n d i r . ~ t c  L h ~ r  th.. sourer. of c;arb~?n i n  thenc 

bosa l t s  u;ln I ;~r) :c ly dissolved inurg: inic r ; ~ ~ - h o n  i n  sciwi&tt :r ,  a>;,7in roml,i<r,~hlr I,) 

thc Lrg 23  d;rt.r (+L.I1 L O  -0.HZ.) and t lrc d r i l l e d  bnz.hLts clsn.vllt~r~.. i\ S~LI I I  

componcrrt o f  ox id i zcd  org.rnic c.rrbmi s ~ t y  bc cxpectr-d itr tht* r,.l;lt i v r  l y  s11.1 1 l cw 

upper Ic.vr:ls 1tf ttrc b;ls;rlt sa-<ltr~.nc': ;!rid mly g i v c  r i s v  rct CIIV r l l g l ~ t l y  nci::~t i v r -  

6 " ~  v.rluos 1291. 

C; l lc i l c  t'ron .r n a t r n l  it*.-gyro1 ( t o - r a l c i r c  w i n  c u r t  Ink: ee:u,l it,! t;lr:ict; IP.L<.I~ I.; 

has a 6 ' * 0  value 2 8 .  Lb. i n d i c a t i n g  an ayparu11Lly kdv tcrnpcr. :~l~lrc (?&'(;I. b i ~ t  

tht. d e y l c t . ~ d  ?I"C v : ~ l u r  (-18,'IZ.) of c h i s  r s l e i t t .  soggcrts t~r):;~trir. c;lrl>aw o r  

u i I L r : .  S l m l  l;lr c ; ~ r i ~ # l n  isutopi i :  compcv: i i iuo.; h:~vr. I .II-*~ l y h,.t.~r ~,l,cc.r vn.01 

i n  OSDP b a s ; ~ l l s  a11d 11.lve bc1.11 atLr1buLc.J L O  c lused v c l n  f l t ~ i d  I - i r c u l i i t  i l l 1 1  ill 

contact  wit11 orlditud o r g ~ n i c - r l c h  scd iWc~r  [ 181. I f  thc c.rrb<~o isr,tulaic conposi-  

t i o n  r r f  l e c l u  e clused sys1t.m. 1tlr.n Ltw ;~:;:;umplion o[ htqO - OX. fcvr t l i r  i l l r i d  

is incorrect ;hod ~ h c  apparent tcmpcraturc of c ; ~ l c l t c  F<>rm.rt ion  I s  proh.~l,ly 

h igher  I n  Lhi:i s;rmplt-. R c t ; ~ t i v e l y  d e p l r t c d  ,S"C vrrtucs ( 1 1 '  [I,,. d r c p ~ ~ r  It.vt.ls 

mur.~twrrpl~~~.;r-d tzwks arc d i$cu?;.itvl b+.t8lu. 

Us lng t>xyga3n iaotopu ct>mposit lons. t l lc m~.t;hrncrrphosr.cl r ~ c k s  a rc  J i v i ~ l t . d  i t t t l )  .. 
t v u  groups. TIlc l n t r t ~ v i v c  r t ~ c k s  i nc  ludinl :  shcm:~ed d ike w.rrms, ~;rbhrol i .  .111d 

s c r p c n t l ~ t i r o d  h . ~ r r b ~ ~ r g l t r s  arc  dcplcnlcd In "0 uhr!rt.as LIIV ~*r;tt.a~sivc. zi,tbl i t * .  t o  

lower g re t~nuch i s t  f ;bcirs nct;lb;bs;alts art .  c o r i c l ~ c d  i n  ''u r..l.rtivt* c u  b.lr..tlt ir. 
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g l a s s  (T.lb l c  I  . F i  1:urc 2A) . TIIP ~ r i w w c l ~ i . ~ t  .an1,1 ;tn~plt i h o l  I cs, !:I<, i v s  m<, t .~ in t ru : ;  i n ,  

rock.; I I : I V ~  6 ' *  v . 1 1 1 1 ~ ~ ~  ill tlat. r . ~ n g v  2 .h  t t b  5.?1Z0.  S i n ~ i l : ~ ~ .  d c * p l q , t i t ~ ~ ~ : ;  ,kccur i n  

g a b b r u s  and :ic.rpr.nrini;~-s drt.(lecd a n d  l i r i l l v d  !~g,m t l ~ r ,  uce.illic c r l t s t  116.26.3.331. 

Tfie ''0 d c - p l c t l t ~ n  of  1 1 1 ~ s ~ '  d c r p v r  l c v p l  roa:ks h : ~ s  bcvn a t  t r l lbut tvl  t t ~  hie11 

t empcrn t l l ro  (>30f1°C) rxcl~:~til:r. u iLh  sci1watt.r ( 6 ' e 0 . d , )  1 16,3?.3:1,3~l. 

To f u r t h u r  undcrs t .md  t h c  n a t u r e  of t h e  h y d r u t l ~ c r m x l  ; r l t c r i l r l n f ~  a p t ' t * l lmina ry  

s t u d y  h a s  becrl made of t h e  oxygcr. i s o t u p i c  co rnpus i l lon  u r  r l l n t , l , y ~ - t ~ r < * ~ ~ ~ .  a n d  

p l a g l o c  l a s e  i n  Lhe gabbrn  SI.CL Ion en K?cqu;~ri t :  1 s l ; tnd .  F o r  r o c k s  whlctr a r c  

c l e a r l y  <lcpl,.tc-d In "0 t l i r r e  i s  r e l i l t i v c l y  I i t t l r :  p e t r o y , r : ~ l ~ l i i c  e v i d e n c e  f o r  

s u b s e l  Ldus a 1  t c r a t i o n .  The <: l  i n~>pyr i>xcc tc  i s  r ; i r c l  y r e p l a c e d  ; ~ l t ~ n ~  m;~r'gin!I by 

h o r n b l e n d e  and  p l a g i o c l n s e  is r c p l s c e d  by less t h a n  2% calcite ;md t a l c .  

O l i v i n e  1 s  p . l r r l s l l y  r e p l a c e d  by t a l c .  mngnr t l r t . .  .ICE i n o l i t t . ,  nnd s c r p e n r  i n c  

(30-60'1). Tlle t a l c  + pray,nr!tll.c a s sumhl :~c r  I n  l a ~ l f r a t i v e  ot t~lp.ll i ~ l t u r d t l n ~ r  

t c m p c r o t ( l r ~ ? s  i n  .~ccurcl  w i t h  L11c r l ~ c l l c  rock ,~xyy,ct> i s , r t n p i r  k-t,rnptr:;it ir~n!;. rZl s o ,  

i t ~ c r e  is c l c , ; ~ r  i s n t o p i c  t I i ~ : ~ ~ q ~ ~ i i i t ) r l i ~ r n  hctwt:t!t~ c l  i ~ t ~ ~ ~ ~ y r n ~ ~ ~ ~ t l v  .II!,I ~ I , I ~ ~ c ~ c I ~ I ~ L ~  ill 

mosc s a r p l u p  w i t h  p lne inc l ;~ ! i r  d r * p l c t c d  by alp 1 % )  2 . 5 2 .  f rom iynl.ou:; v ; ~ l u i a ~  u i  

6.02.. In c t~r t . c  g;~bbrcrs  t l i c  r.1 i n u p y r < ~ x c n e  i s  ; I I  sc~ d r p l c . t c J  ;inn1 L I I  tbnr! s.lnaplc 

(38357) h n s  a  A1'O v a l u e  s i m i I . ~ r  r i r  t h e  r n @ . < i s t  Itrl: i l c j ~ l r t o d  pl ;~~:ia ,cI :~sc. .  Tlti!; 

d i s c q u i l I b r i u o l  e x c h a n g e  p i l c t+ ! l~ i  I s  c h ; ~ r ; i c l c r i r ; t  i': o f  open r:iLItosr t 1 r . 1 ~  r la~sivl  

s y s t e m  c o n d i r  i o n s  1351. A s  t h e  c l i n o i ) y r o x e n e  and  p l i ~ g i n c l a ~ e  :arc u l r t t ~ i ~ l  l v  

p r l s l  i n e ,  l a c k i n g  h y d r o u s  rcpl .arcmnt 1>!13sc!~. LIIC l ~ y d r n t h t : r m ~ l  : I I  ~ c r i l t i c > n  

e v l d c n t  Ir(,m t h e  dcplt!ti:lt ''0 compos l t  i o n s  milst h:ivk\ occurrr .d  .I[ lllgtt rcrnr,er.t- 

t l i r e s  (p rn l )a t> ly  g r r n r e r  L~I.III LOO'C) .urJ r c l : ~ t l v ~ ! l y  1.w u ; ~ t ~ : r / ~ ' ~ n c : k  r : ~ t l ~ l h .  U ~ ~ t l v r  

~ h e s ~ .  cond 1  t  I o n s  p l s g i o c l u s e  d1i,1 c l  Inopyrssxcllu :air. s t . ~ h l e ,  hut  cxc11;111gt: ,,xyz:cn 

w i c h  t l l c  t l y d r o t h s r m l  f l u l d .  Thls p a t t e r n  o r  a l t r . r ; u i o n  . ~ n d  ci,.grcc u f  dr.plct lol1 

arc a l m l l ; ~ r  i n  b o t h  t h e  m ? s s i v c  nlrd layerr-d g:lbbro on K~rquarL,. Is lnl td and a r c  

s i m i l a r  to tl!;kt f v u r ~ d  In g:~lrhro nf t h e  Skacr~: ;~:rrd i n t r ~ l a i < ~ t l  (361  ;lnJ u s p r , c i n l l y  

\ r l ~ c S a m . 1 l l u p l 1 i ~ ~ l i t r [ 3 5 ~ .  
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1 1 1  L.C,ILI I..l:tl . 111~. u~~~L.ob.~~. l  1 I:. wI&~t:;,, mb.1 . I I ~ I , S A  tdmi&. ~ ; r : l , l ~ ~  ~ ~ v ~ ~ l ' l ; ~ ~ ~ ~ ~  u i  I I t  l l t c  

m i : ~ i ~ ~ t t ' u s  i i..,s . ~ r c  ~ ~ 1 1 r  i c l ~ c d  u i 111 "0 ".I I IZ,% ~ I I  L!IC ~:III~.C b . 9  t,, 9.62-  (F igure  ? A ) .  

111 I  .rct , 131.; ~lt.1:r'c~: t t l  cl i r  ict~n~c:itt I:; riiuri 1.81 .  1 4 ,  I l~.rt 1 ~IIIII~ ill ~ l t c  IUY I cml)tnr.Itur($ 

w~~;~ thr~rc .d  Ir.~.;.ilt :;. IIIC \ULI+YI +II tI11 s C I , U I U ~ ~  ;trt. LI~I.~Y. ::IJ~>-,;I ~ ~ t ~ ~ ~ s c l ~ i , s t  1 ;IC i ~ . s  

d i h r s  u i l i c l r  1IN rudv .;ct*Li tc. Lo lover  g r ~ c n s u l ~ i s t  I.lc i c s  met;lb:l:;;lI 1s. Zeal i r e  

t o  gr rc l i sc . l~ is t  1.1~:Ics mt:t:hb.~.;:~l t s  ill the E. L i g u r i ; ~  [  1 1 1 .  I'lndrtr 131 1 .  T r u d o a  

[31.3.'] atid C h i l c i ~ l  1 3 1 , 3 8 1  o p h i u l i r r ! ~  .ilsu sl~uw "0 c n r i d ~ m c n t  I n  con t ras t  w i t h  

dredged submnt i~ ic  grcenstoncs v h i c h  ,ire cormwnly d,!l~LcLcd t o  crclly s l i g l t t l y  

c l ~ r i c l l e d  ( S " U  - 2.8 t o  6.R%,) [ 3 3 . 3 9 , 4 0 ] .  AILIIOII~II t l lc m c t i ~ l > i ~ ~ i ~ l L s  d r ~ :  "0 

~xlri,. l l~.i l t.sn~q,.trcd l u  ~ lnc .  u~,.l:rinirustv,.a. l l ~ c  isu tuy i r :  cuml>u.sicu~is UI d i s s c r n i ~ ~ a ~ ~ ~ d  

c d l c i t e  i n  bo th  group3 a r e  s i m i l a r .  The c i l r b u n a t ~ , ~  llove .S1'O ;lnd d " ~  vn lucs  it1 

~ t l r  r:ul&c 1 2  LU ZbX. .~lrd 0.9 Lo -1G.hZ.. r t .apuc i iuc ly  (F i gu re  1 ' B ) .  Such a u l d c  

range i n  " c / ~ ' c  r a t i o s  ot  corbonntcs ill tlre rnr. t ;~nur l~l~oscd rocks tlds ~ l o c  been 
\ 

iuutld ill scd l l o ~ ~ r  rocks, t l ~ n  most dal,ldted cumpusit ion br!lng - b . G X .  [ 3 3 j .  The 

c ; ~  l c l  t  L. isuLol)u S<I~I~,LIS~ t ~UIIS n i  clio mc; i l l>~uryhi~s i ~ r c  i. i ~ a r  I y d i i l t : r t ! l ~ t  to t t ~ u s e  

o f  ~ t l c  low lr~mpcrvcure ~ c i l ~ h c r e ~ i  b i ~ s i ~ l ~ ~  a t  I r iy l ta:~ 1cvcIs I n  ttlr: occi in ic c r u s t .  

!&. L ) i ~ ~ ' ~ * b l l l l >  

The tLcclu.lric Is lanrt  a p h i o l i t e  has n range i n  axygct~ isv tc lp lc  compos i t ion  

cornpi~r;~bl  r. Lo th.4 t  ~IILJWII f o r  t l lc  oct.n1riL' c r u s t .  Tliu b.tt;il l L i c  g lass ,  c o l d .  

seuwatcc wc i l t i ~c r cd  I r . i s ; ~ l ~ s  ;rod sccutklnry e : t l c i t c  t ~ a v a  uxy&:sn ;111d carbuo i s o t o p i c  

com;,osititrts iumpar;lblc. ru t l~usc. o i  d t i l l u d  l aye r  2 uf ~ l t c  oceanic c r u s t .  i n c l ud -  

i n g  nt.;trby IlSlIP hu lcs  . 'Tl~t,se dar :~  i i r c  ;~~ l t rL l le r  impor r i ln l  I i nk  I n  u s r a b l  i i h i n g  

the "pcJi j i rcc" i b t  the  op lh i u l i t c  3s occ;~n l r  c l 'us t  and p rnv l d i ng  cvida:l~cc necessary 

tcl usc t l tc duupcr unit:. u i  rhe o p L t l u l l ~ c  Lu mudul Lllrb lower ucconic c r u s t .  TItc 

dccpcr I~.v,.l mcL.ta~,~rj~lrus~.il d ikcs ,  ~ . i bb ru  itnil h :~ r z l r t l r y l t u  bcrdlcs ;11s(1 I>;~vc 

i su to l l l c  i'sllnjlusi t  l ~ l r l s  <.~~rnlb;tri lhlc t u  Lhusc ut rockh rlt.edgcrl from r bc  sca f l o o r .  

t u r t h c r  I i l ~ k i l l g  t l t ~ .  u p h i u l  i t c  t v  t t ~ c  UCC;III c r u s t .  
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ll.th,,d ,- i t  Lt t ih t-cI.rl I v..ly :ilk11 l ~~utvdbt*l- o f  LIKYJ:I.II ~RIILL)~L' t - ~ s t ~ t  t s  i j t ~ t l  L~I,. 

~ ~ ~ ~ . ~ l i ~ ~ i i l . ~ l v  !.Lt ' . l t  i);r.lpl$i%. :;%*~:t I8111 C l ~ # t ~ i n ~ ; I c  118,. t > p i ~ i ~ ~ l i t , . .  t l ~~ . r c ,  i s  .h IB,~~:I~I,:C 

bc tuccn r.tcLs dcplc3teJ i111d e l l r  lct lcd !lr "0. Ansue~i l~ j i  J sirn(vlu :111d rr.~il l ; r r  

s t r : l r  i):r.~l?lsy, t l ~ c r c  i!; .I 1 . 5  bm Ir:lh:ll t i i . q t ~ ~ . l ~ i . ~ :  wi t l ~  311 :IVI.I.:I%~ &'"o w;~iui: u f  

ti. JZ.. ,.nrict~..,l b y  2 . 5 ; .  I rom :I 131 I s <  i ~ i t .  n~k i l t  I t *  cun~ l>~ ls ic  i u n  c l €  5 . H % - .  Thc 

i n t rus iv r :>  ;try r.r;t i?stcd LC> br: 3.5 km t l ~ i c h  imrl u i l l i  ;III ;tver:lgc 6'*0 v.~lur! u i  

4 .  5 % , .  d ~ . ( > l o i v d  by 1 . 3%, .  Al  t t~uh~gt i  ~ h u :  \>vcr. i l  1 b.2 l.tilet! i r r  oxygen lsi)t\,pii: 

c . om l>o~ i l  i ~ ~ n  La s t  r , >~ \g l y  dcpcadet~ t  01, tllc: sLroL i g r i ~ p t l i z  ~ l ~ i c k < ~ t : s s ,  tllesl: da ta  

support  MU~.~IJI.III,.ICI~J .~ i id  C l i ~ y  t u n ' s  [ I 7  I mudal fcrr L~I+: ; ~ i ~ c r i j t i o n  of tl~l: < ~ c e a ~ i i c  

r t  I 1 I I 0 m i  I i s t .  T l l i s  b.~l i tnce 1s r s ~ a b l  ishxd 

iur th., < r ( r l r iu l i l r ,  dr*::pitc.  LIIC cvid,.nt!r: r'or i s u t o p i c  :1gi11i: uT f l u i d s  :~nd r,ussible 

~ U ~ ~ C L ~ S ! , I V ~ ~  . ~ \ t ~ : r . i t i t m  C~VI: I~LS to  bi. ~ ~ S C U S S L . ~  b ~ l u ~ .  A ~ i m l l ~ r  I,dl:~ncc 11.1s been 

i<,crltd i t 1  ~ l t c .  5.1n.ii l .,pt~ l u l  i L C  (15  1 i 11 ulrI<.l l cltr.rt. is cvidr.azc f u r  c v t ~ l u t  ikbn ul' 

t t ~ c  h y d r ~ n t I ~ ~ . r m l l  1 I u i d  i s u t u ~ > i c  c ~ ~ r a p ~ ~ : ; i t l c ~ ~ ~ .  

T i ~ c  cwyp~m i s u t o p i c  \ieplc%cialn k r F  ttrc: i n c r l ~ s i v u s  i n  thl: n p t ~ i < > l i e e  I +  

cent rust cd w l  th  L~ IC  . . r~r ic1inc.n~ of t l l v  gcca-nscliist in': i ca  n!c.~ba.;;il t s .  *'or m c ~ i i -  

ba;l.tl ~ i c  r w k s  enr lc l lmcnt ur Jey l c t i u n  vi  l l dr,pend on t l lc Lr-mperdcr~rr!, tilt: mrld.11 

ainl.rdl,rgy u f  t t w  . ~ l t e r c d  ruck ,  ~ l b c  i s u f u y l c  cumlm:;icidn uf kl!c l ~ y d n , t l ~ c r o n l  

r l u i d  snd t \ ~ e  u .~ ter / rocC (U/K) r ~ L i d .  W i r i ~ou t  i ~ # l l o l ) i c  ~ I I S U I I S  t u r  oil~tur;l l! i  o r  

u t hu r  indvpcndelIr guuthc~uomccry ,  s p a c i f i c  models fuc  t t l r  l ~ y d r o ~ l w r m * l  o i t c r u t i a i n  

i ~ r r  d i i i  i c u l r  t o  cons t ruc t  and l nvo l vc  scver;11 i isst~mpt ions .  Thc mt,dcl d c v c l u p ~ d  

bu luu  f u r  elm d-cpcr hydruL11crml ~ i r c u l r l l i o l l  l i n k s  t i l e  UICC~IIC~OII L I ~  tlll? mdL:i- 

basil It:, cu LIIC C c i ~ c t i u n  u i  LIIC' l l ~ t r u ~ i v c s  w i t h  s c : ~ u a ~ e r  ill r e l : ~ t i v e l y  llril U / R  

r i ~ c i ~ n s .  T h i s  i s  111 CVIIL~~IHL t o  the  uppvr c i r c u l i ~ t i o ~ ~  rci;imc i f 1  wtiiclr c o l d  sea- 

w: l lcr  r c n c l  i o n  yavc risk. t o  t t ~ e  wanrl>arcd bas.1 l t s .  

F u r  J c lused . rystcm cxch:t l r~c becwucn s(.ilv;~t~:r 2nd b i ~ ~ i i l l t  rock ~JII: W/R raLLa 

( i~ torn ic  pcrcunr )  is g iven by 1411: 



whcrc I - 111i L I:II V ~ I I ~ I ~ .  I - f i n : ~ l  V : I ~ ~ C  . ~ n d  ~IIP "0 I r .kct  inn: l t  i u s t i  t . ~ ~ . t n ~ r  

d l  - &"of - J'*L)' . ,i i s  o luncr i,,l~ u i  rt.mllvr:ttllrr* .I:IJ 101. bilsihl L ic: roc.ks 
r i ~ ~ : k  watt-r  

cnn hc ollproxlm.it.:rl hy plill:lnrct;~.;c- fAorp)-u.~rc.r  i s o t ~ ~ p l c  CXC~I.IIIEI! 1421:  

u h c r r  T i s  tc.nl,&bc:Ilurc (*li). UFLII): ~I~<.sL: r ~ ' I ; ~ ~ l o n b h i p L i .  mt.t.~l>ia*:tI~-: ri..~,.tirsg 1~1 

c q u i l l h r i u m  s t  ; ~ p p r o x l m ~ t e l y  ~ 5 0 ° C  w i l l  undcrgn L i ~ ~ l c  ':ll;ar11:a i n  ' R O l " ' ~ l  r;arius 

from t h v  p r i m . ~ r y  rt,mp<ls i t  ion ( '1.8:~) i i the Irydrotht . r rs~ l i l 1 6 i c i  i s ::uahv.ltt,r. 

Iluwevcr . a t  h i  ghcl' trrnpcr;Lt u r c s  ill I hc* rangat 300-6UU0(: ;I\ t..rad rocks a , i   bit::.^ l i i c  

compos i t ion  uc.l~ld l ~ r *  Je.~>It'tt!d ; ~ n d  t h c  i ~ v ~ I r a * ~ t k c r t ~ ; ~ I  I Iuial enr icI11.4 . I S H L I ~ ~ I I ~ ,  .I 

c l u s r d  systom. t.qui l ihr i t tm r~u-k-sa.:~v.)tt.r r t>.~i- t  i~)~l. Ilqit l): i . t l t ~ i ~ t  i ~ t u s  ( I )  .I&ICI ( 2 )  

t l l c  dvgrce oi t~nr i r : l rm~~rrc c ;~n  bc CJICUL.III~ 101. v . a r ~ l : ~ ~  U/K r i l t l t lL i .  1 . ~ 3 ;  1 t . k  W/R 

r a t i o s  ( 0 . 2  l r )  0 . 3 )  .?I ~ ? q l ~ i l i t l t ' i u m ,  the  d c p l c l c d  i l i t r u l l v r  !;cqeu.llrv utut ld II,IVL. 

6 '"  V Y  lues  i n  LIIC ranee 5 .  3 t o  4 . 5 X . .  vhr*rc;18 thr. si:lw.dtcr uu>ilcl vnl- i<.r!s.d w i t  it 

6-13 v o l u c r  nf 1 . b  t o  5. 32. Irbr tt.mpcr;lturt:s of  300 L O  hOIl"<:. b',)r l) i}: l~c r h'/K 

r a t i o s  ( U f U  7 1.0) Ll+s, : ; c~~~v.kL~~r  i:; l t$sl .IS : i l r ~ s ~ l g I y  a :~~r i , . \~< , t i  ( ~ ~ ' ' 0  = I . . '  1 - 8  L..!Zu). 

Ttlc. c v u l l t t  ion i n  t h r  Cluiml r-,,rnl>o<ition I s  l i t t l t !  cl1;un);t.d i f  ;II~ ,,p,!r~ ~ i g ~ i  , . t ~ i  11.1 / 

c l  r c u l a t  Lun 11,11tt*rn v h l ~ h  i s  i!rclic':ll cd hy th,! pl ; l~ : in~ : l ;~ . ; ,~ - [~yr~bn .nc  ~ l . l t ; l  I r8url rll,: 

~ n b h r o i c  rocks,  I s  used i n  thu  c a l c u l : ~  t iibn. Thb: i : :~,tull lc.> l l y .;lri C ~ c d  h l . .~v . l t~* r  

i s  thcn a b l e  10 re.lct w i t h  o v c r l y  lnj: r w k s  and .)I!;.> c.<i t l u  t l w  s c : ~ i l n s ~ r .  

The r c ; l c t i i i n  heLwr.cl1 the* I s o l u p i r ; ~ l  l y  sh i f t cd  ath.8v.8tvr . ~ ~ i c l  thr! rn~.l:~lv:t:;.~l t s  

can be m ~ ~ d r l l c d  ~ i s i n g  equ;ttio:ls ( i )  all,! ( 2 )  f o r  v:lrylltr: U/K r . l t  l u s  . ~ n d  rr:nllklr:t- 

1uri.s I n  t h c  r;lnRe 200 to 3 0 0 ° C .  Ashumin& Ltlv :;caw.ltcr rr.:~t-ticn): v i r h  r l i ~ .  l<w,.r 

g r c r n r c i ~ l s r  m,.t,~b,>sa I t s  i s  5111 i t ~ . ~ l  t ~ )  .I Il' "O.V:I LII~! <>f  5 X . .  ~ h c -  mtat:~lr.ts.~ l t h  .Irk* 

,-nrlched t o  7 .  2 t o  1 i . .?Z. ;rt U/R r.11icls ill t l l c  rotr};~: 1-10. Lou,,r W/U r:11 i l w  



: ~ r l i l  h l p h c r  r rrnp4tr;l rilrc.:; ubwld n o t  gcvc r  Is , :  t t~c !  rnn~.t.;urr~i ..~rriclim,.sii~ ilr tItr 

t b s  I t '  0 - 7 .  I - .  2 . 11 ~ 1 1 ~ .  sa.:lw.tter ,-n r r . ;~c t  i n 7 1 1  v t  tln iirrt ru:. IV,.!; 

is only  t:arichr'd Lo kZ.. Lhc tnc.L:~I,a?;;~lls .Irt. c n r i r t l v d  111 6"0 v;llu,:s 411 8 . 4  tml 

10.32.  u n l y  . ~ t  t h e  Ic,wc>r cud tht. ron::irlel.cd tr.npcr:mLt~rr* r;ln&:t. (2011-C). U + i ~ t f i  

p l ; tg ioc lns l .  compclsi t i o n s  s i m l  l i t r  t u  LII<,SC i n  L l r c  rnr.L.rb:~:;;i I t s  i r ~ ~ d  ;]I  l + ~ w i t r ~  

Thr. g r e a t e r  en r l c l lman t  of t h e  z e o i  i t c  f n c i c s  mc tabnsa l  t s  i s  c t ) n s i s ~ t ! n t  v i  ti1 

l w c r  t t : n p r r a c u r c  rnctamorphism compared t r  t h c  l o v e r  ~ r e t ~ n s c t ~ i s t  f a c i c s  r o c k s .  

Also  i n  som+? a r r a s  Lhcrc i s  n i n r r a 1 c ) g i c a I  i . v idence  f irr r r t ~ - ~ l g r . l d e  r c o l i t c  f n c i e s  

c o n d i t i o n s  a l t e r  t h a  fora?.rlon o f  g r e r n s c h i s c  f n c i c s  p l ~ ; ~ s e s .  Suet1 r c t r o c r a d e  

mccanorph i sm v o u l d  be consi : ; t rbnr  u i t h  r c l : ~ c i v c l y  h i ~ h  ~ ' " 0  v a i t l e s .  

Thc rnod6.l f o r  tht: h y d r t ~ ~ l ~ \ : r m d l  a l t c r ; i t i o ~ \  of ~ l r p  Nar:qu.rrin I.sl.~ncl ~ q ~ l ~ i o l i r c  

l l n k s  t h e  m~.t;amcnr'l~l~i:;m o f  tht, b;~?;.\l La l o  tlrnr of tht: i ~ i t r r ~ ~ i l ~ ~ ~  r o c k s .  Tlw 

m c t a b a s : ~ ! ~  hxygnrr I sn t r )pc  camp~bs i r  i r m s  rcqtlirc! r rk: l r t iurr  r i t h  .In c n r  i c h r d  F l l i i d  

(6110 - 3 t o  5Z.) ;at r e l i l t  i v c l y  h i ~ h  W / R  r:lt i < - s  ( W I H  - I to 10) c~or l  Itw crnryn~.r .b-  

t u r e s  (200  Ln 300°C).  Tun s u t i r c e s  f o r  I > y d r o t l ~ c r m i l  f l u i d  v i t h  6"0 . OX. i n  c h c  

h l g h  rsmycr:r turu rc . lc t  l o n  u i t h  r o c k s  o r  b.isal Lic c4,rnlm:;li i o i ~ .  . ~ n d  nufirn,r i e  w.r ter~.  

Al though  t h c r e  I s  c v i J e n c e  f o r  mill:mnttc v o l a t  i l c e  I ronl ~ l t e  c a r b o n  iaurcmpic 

c o m p o s i t i o n  (discussed b c l i ~ w )  m a g a l t i c  w a t e r  i:; ~ o l ~ s l d ~ . r e r l  t o  b e  ;B n i t ro r  rornpslncnt 

In ~ h c  hydri,tl~t!rrn.ll f l u i d  br!c;l~lse u f  Lhc pcrv : I s ive  iscbtopic d c p t ~ . t l o n  c,f  lh i !  

b y  rc . ,c t lon o f  scnusLcSr ( d l ' f l  - O f . )  v i t l r  Lhc i ! l t rusivt!f i  i ~ t  I r i f i l i  tt.mper.~ttrr,..s 

(300-60OuC) and low U/R r a t i o s  ( 0 . 2  t u  0 . 1 ) .  Tllc WIH r . r t l<as  userl i n  Llii?; c j ~ l c u -  

l a t i o n  a r c  luw i n  u r d c r  t o  g l v o  r i n r  r u  a  ~ L r ~ ) n g l y  "0 s h i f ~ e d  r l u i d  und s t i t !  . . 
\ c a u s e  a ~ C C ~ P B S P  I n  t h e  6"0 v.~fuc.  u l  t l ~ c  i r l t r u n l v c s .  c~mpnr.ubl t .  tnr ~ t l i l t  ~ I ( . . I S I I ~ C ~  

f o r  t h c  o p h l o l l t c .  Thc i . s o t o p l c a l l y  s h l f t c d  re:awa?er fcvm dr.t.pvr L~.vb*ls L!IC 
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Irydrorht.rm:~l :;y:;tq.m rlt;,.~ t o  t11tcr;lct w l t t t  ~tntt ov,.t l y i l l j :  b.ls.ltts. Gv,?lur irbn I n  

~ h c  I s ~ ~ t u p l ~ :  c.omp!rsI L i on  u l  !:C*.IW.I~L-~ I s  s ~ ~ ~ ~ n ~ > r t v d  I,y r~.*.,.#ll d.11 .) I rtlm .IC:I ivc. 

sc .~ f lo r * r  system+ I b l { l  v i ~ h  ~ * ~ l r i v l r r ~ J  f t o i d s  (.ql'O = I . b X . ) .  T i ~ c  muul8.l cli:;cuscr~il 

;~bovc is b.lsa.3 on r..t.il i ve ly  l o u  W/n r . ~ t  Allhi.ul:h c,t lcul ; l t t -d r.11 i18s :Ire 

mlnimun v ; l l ~ l c s  i t  is  c lcs i l r  t l l i l ~  LIIU t l y d r o ~ t ~ ~ r m l l  sybtrm was rcx :k - l lnmi~~;~ t td  I L I ] .  

Ifowever, evid*.ncc f o r  scnw:itcr Jomitlat~.Lt a I t ~ . r : h  t Ion  n.ly bc. L I X ~ P C . ~ ~ ~  .tm(111~: 

s t t r j og l y  vcinr.d ;Irenr I n  bo th  d i k e  Sv3rm.s and met;lb;ls:~l t s  I,II b h c q l ~ : ~ r i < .  [s l .~nd.  

fhc r e l e t  i v v i y  dcp l c t cd  r;,rbt>n {so t  i> l l lc  cr,mpt,silionc from t 11c d i .~q~t ! r  I~v t l r t l -  

~ h e r m a l  regimc a [ t c c t i v c l y  d i s ~ l n g u i s l ~ c s  ch is  rtbKlmc? i r ~ m  r l t . ~ r  which ch;lr.lc- 

tcrizcd thv  uc i~ t t ~ . . r r d  b;ls:~lts. l'llt. r : t l c i  t r  I n  c o l d .  s;~-;iw:tt c r  wc.;rt 1tr.rl.d I~;I.;.? 1 t s  

hi13 bo th  mnxyl:ooi ;lncI cnrhoo isntc-pic cuapusicitbns coml,;l; ;IL l e  l o  t l~os t?  d r  i l 1t.d 

l n y c r  2 and I.; cnmpnt l b l c  w i r h  .I r c l ; i t l v c l y  t ~ i g h  w.lt~,r/rt,ck r a r i u  ( .I .n). ~ c a -  

1 water  r i r c u l d t i t r n  system. I lov~-vr!r ,  Lhc ctlrhon i s o t o l ~ i e  ~( IL~~OSI~II I~ of  mk.l.i~nnnr- 

I phuacd rrbcks ( 6 '  'C --14.6 t o  0.12.) suzgests c l tl18.r !;a.v,.r.il c : ~ r b t r ~ ~  sur1rcc.a o r  
' 

I I 

I \ 
v n t i o h l c  pl l ,  i l l, . ~ n d  carbu~r  :;pb.cics ill : ; o l u r i <~ \ .  l'lir.:t. v;trbno snurccs .ICI. 

p l ; ~ i i s i l ? l ~ ~  t o r  t h i s  r:~nc*. i n  i % o ~ o v i ~ :  c ~ m ~ [ ~ ~ h s l ~ i c ~ t t  - i~i t ) rc; .~~t i<:  ,.:~rh,?n i t 1  ,:cww.~t<*r 

( 6 ' ' ~  - 0.0 t v  3.02.) (:4,18,291. n rgan ic  carbon (O"C m.27.0 t o  -In+.OZ.) I L f . . G i  1 

and j i iva.nl lc c;~rhn! i  (II"C - -9.0 t o  -2.OX.) ( 4 6 . 4 7 1 .  I t  is cIc. l r  C ~ I ; I ~  inrtr$;,cttic. 

scawiltcr carbon IIJ~ nor been the m l j u r  cnrbun sourcc. i n  the  r n~ : t : i r nc~ r&~h t~~ t~~ i  

rocks. it wily bc s i g n i f  i cnn t  Lhnl  tbc  dacper Ievr! l  1n t rus lvc : i  t1.1ve a11 o v c r n ~ ?  

4 " ~  --6 . O X . ,  s im i  t: ir t o  the ermlrosit i'rn o i  cr.,(,p<:d CU: i n  s<-;tt  l o o r  b . ~ s . ~ l t s  11.61 

axid CO, di.;cl~.~r);rd 31 s t~hml r ink-  hu t  s p r t l ~ g s  1481 . . lu rcn i l i .  c.~rl,un, ;bs CU, 

r xsu l vud  I rnm m.t$;mas, cov l r l  r t > r r t r i b u t ~ +  t o  ;I I ~ y d r t ~ t t ~ ~ r m . t l  C l u i d  p r+ . c i p i l : l t  ill); 

c a l c l ~ e  i ~ r  LII~. 6 " ~  t..lngr. -10.0 0.OZ. d,uasr w i d e  t..nj-.-r;rtun: in i t . rv . l l  

(500-SO'C) b;~?;cd on CU, -c .~ l c i ~c  ir;u.t iillbat i $ ~ n  1491. Alstv, Cll~.-<:a l c  i 1,. ir:t,.t iun:i- 

c l~sn 1491 cou ld  gLvr. ria.. 14, ~ l ~ . l i l ~ ~ t c . c l  c . : ~ l c i t r  I n  ;i I ~ y ~ l r ~ , ~ l t n . ~ m ~ l  :;y.;~,.m i t l l t l  CIIh 

I n 1 1  I n  r i  I I I ( I  ' I  - 1 .  1 - 0  5 . ' 1 1 ~  

l l r , t ~ t  <::I~ISC?II l s < ~ r o [ > i c  c 0 1 1 1 ~ ~ 4 ~ a L t i ~ ~ n ! ~  may .11w r ~ . l l t , c t  .I I-;LI.I l y  ~ ~ r ~ ~ , . 1 ~ 1 1 ~ ~  st,urcc 
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a l t h r l t ~ g l ~  l h t r  i s  u ~ r l t k o l y  f v r  rock!; drop I n  the h y < l r ~ > t l r a r n ~ i l  r y s l t t m .  V . ~ r i . ~ l > l c ~  

plt .~ t ld  f O ,  wi  l l .also i n f  Lucncc the  c;~rht,ll i : ioL<vl~ic ~ t ~ m l x ~ s l t  i t ln and rc!q<~i r v  

! asscssmrrt  f o r  ii l f t c r e r l l  ~ : ~ ~ r n p ~ ) l l c ~ t l s  o f  ~ l t c  c i r c ~ l l a t  l,>n systr-m, A 1 t l~un~.h  

' Len tn t i v c ,  t l l i r r  c a r b ( ~ n  i:iotnpc* data  is s n p p ~ > r ~ i v c  c l i  t l ~ c  r c l . ~ t i v r l y  low V/Il 

r e t I o s  i n f c r r c d  from oxygen i s o t o p i c  compos i~ i ona  :IS r l l c  d,.cpcr l cv<: ls  ltnvr. n o t  

sc,.n predornIn.lntly i l l o r ~ a t r l c  sc.rw;lLer carbon. r\lsu~ t h y  luw J"C v.~lues i n d i r ~ t c .  

pctvaslvc.  Lm t cmprrnrur~ :  sv:tu.lrcr c i r c u l . ~ t  ion tt:rs n o t  ;tccomp:>nied the cmp!;~cc- 

mcnL u f  chi: i s l a n d  o r  c o n t r i b i ~ t c d  ro t l rc  '*0 cnrichn>cn; n f  t i ~ c  nutal,as;l lts. 

I f  our i n t c r p r c t ; ~ r l r m  of ~ l t e  an.ryb:anr isotrmlr~c. r ohpns i  ion of the  c ; l l c  i t c  i s  

c0rrec.L , the  tt*mpc r:;t l r r r s  strovn i n  F igure  ?ti must hc con:: ldcred ui t h  c;lut ion .  

They arc. c ; ~ l c t ~ l a t e c l  on the .rrsurnl,ti~)t~ th;rt t t to  hyt l rr)c l ;c~rm~l f l u i d  c .1 .~  so;iuJtcr 

{ A l R 0  - O X . ) .  T h i s  ~<.SI~IU~IL~~*II i s  p r a d > ; ~ t ~ l y  v : ~ l  i d  fl,r 111,: w~~:I~II~~ccII bas :~ I  t s  2nd 

1 t hv  ' "O - r l ~ .~~ l c .~ed  i n t  rus ivcr ; ,  t l u t  f n r  t l io " O - C U ~  ic l lct l  c ~ ~ ~ t i l l ~ : i s i l l t ? i  ~ h c  i l t ~ i t l  mty 
i 

have bccn ~.nl.ic.l,~!d r,.l;~tiv,- 11, rc.lwater. icw permi!  (2-3Z.I t . r~r ic i~rn.r lL hi thc  

I 1 l u i d  incl.c.ls,.s t,.mp,*r;~t ltrt's b v  : ipprtri im;~ y 11O01: ,,rver t l ~ c  SO-IOODC 1 k.mlr~~r:ll uC6 

i 
r.angc ~;ht,w, i n  Fi):uru ZD. 11, ( l in t  c.tsc. l l ~ c  c ; l l zu l :~ t r~r l  t ~~n lpc r ;< tu r cs  i t 1  11111 n1!L:1- 

b a s . 3 1 ~ ~  r:rltfi.-s f c v n  70 t4, 110°C:. Ti),. estim.ltr.il Lcrnl,rt..lft~rep : I rk .  lt*,:h 1lt.1n llzi~hc: 

exp<.ctt*d 1-or t h ~ .  g r<~ ,~~ ! sc I~ i : i t  .111d :~ml>I~ lh l> l  i t t :  f . t r i r s  I r1~3ir ; t t in) :  rll;lr 111i. c.1lr.i tr. 

c l t h t - r  r c e q u i l l b r d t ~ . d  d l~ r i n ) :  Lransl.rtio!r aw;ly tralln t l i c  ridr:*. and suhst.qc~t.nt 

u p l i i r .  o r  u . 3 ~  d*!pcrsired durin): t h e  w:lnlng st.byes o f  i tydrc,rI~crrn.~l . I C L  i v i t y  i n  

the  ccurL. 

- Althougtt the  mnrd,:l pr4:bcntcd above is b i~sed  nii s nllmbcr 01  :tsaurnl>Lio~is 

which need r~: l incmcnc ~ t l c r c  I s  cvldcncr. t l u ~ t  b r tmdty  s i n i l a r  hydrocht.rm.11 syslcm:; 

e x i s t e d  I n  t , t l~pr r,l,lli<ll i tl,';. A c ~ ~ r n ~ ~ r c h ~ ~ t ~ s l v v  nxygian i:;rtt,qw :;ttttly t.f I ha. S.lm;ll l 

o p h l o l l t c  1 1 5 1  pr t . . i c . t~~~ ~ ~ v l ~ j ~ ~ n i : ~  f o r  t l w  ~VIIIUL~OII t l i  t11,. t,xyjil:ll i : : ~ , t t q~ I~ :  t:41ml>o- 

s l t ( o n  of s~.ilwatcr ;lnd chc "0 .,nri<.lien.rr~ +>I ~ r a - < . n ~ ~ I ~ i h t  i.icil.:; ( l i k t .  ru81.L:~. 

Thc ror l r l imr.nt  of the  ncrnb;rs.l 11s r ; ~ t  1lh.r ttt:ln r ht. il $CI: su.trm ,at( tf:rt:r(u.lf-ir- Is1:lnd 

- m1y rv f  I ocr t hr? d l i f  r r c n l  tm-c.cc~n l c  uou I r on rn~~n t  i l l l t l  JI~-I~,:C d l  I.f+.r~.nt hyil TI,! I~vrrnil I 
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sysLt*ms :I I~,IIX %lt~w-::l~rt..Itl illl; 1. i~1p.s w i  111 r L-I;I~ l u ~ . t y  sm.11 I n~11:ln.l ~ . t ~ : ~ m l ~ u ~ r s  ( 2  , . I ?  1 .  

'i'llcre Is c v i t t ~ . n r ~ ~  1 8 v r  ~ a n r i t ~ l ~ n ~ ~ ~ ~ i ~  i t 1  "0 t ~ i  t I>tb t t ? t l r t ~ l l ~ ~ ~ r m ~ l  i l k t i 4  ill ilt,. T r ~ ~ , ~ t l , ~ ! ;  

opl~iasl  l t c  . i 3 1 < l  :I I LIIO~II$;II ttnt.<munrul, vuir i < ~ l i t x l  ~ t ~ t ~ ~ ~ 1 1 s ~ : l ~ ~ ~ t  I.;Iv it.3 'I i i i l 8 : ~ ~ ~ .  <I i h ~ ,  rntcks 

hnvu bcvn nnolyrr,d I 3 2  I .  S ~ - v t ~ r a  l 0111~:. up l t i< l i  i t c s  1 1 2 . 3 7 . 3 H  I t h . ~ v ~  i;r*!cl~schisc 

f.1clrs mk.~.ahnr-ill t s  u i t l ~  6ln1, v;blr~t.s grt.;ttlbr :hiin h .OZ. pos:;i h l y  r v f  l o r r  i n &  s11i i t s  

In  isocuplc: cumpuusltlon o f  rite l ~ y d r t ~ t i ~ k . r m s l  f l u i d  s i m l l ~ l '  tt, I t lohe y ~ ~ s ; i v l ; ~ t e d  

f u r  t t l c  H.ncqunriu Is I:lltd ~ l p t ~ i o l  i tan. TILI. ~ q ~ l ~ i ~ l l  i ti. ~1.1t.n f o r  ~ r ~ . ~ . n s ( . h i s t  I.IC IVY 

nutab.rs:l t t s  i s  cc~tirr-:rstcd w i t 11 titit 1 ant rt.4y.r.d nc!r:~l,:ls:~ l c . i  w l ~ i c h  :~r,. 11.1~t1~terl 

t u  ~ l i ) : l h l l y  c ~ ~ r i c h v d .  Wc h . ~ v c  n o  c l r ; i r  sxpl ;~n;tr lun f o r  t h i s  c t m t i s s t .  I t  I s  

u n l i k c l y  t o  he. r t . l r t c d  t n   mud.^! d i i r ~ . r ~ . t i ~ . c : i ,  but i t  mly r c l l ~ ~ c t  I ~ i x h r r  tcrnpcr.1- 

cures n l ~ d / u r  UIR r a t  i t>::  fcrr It:iclruthcrmi l sys tcas  $:Imp l cd by drcdy.c hnu ln  n;l i n  l y  

from t r ; ~ n s f u r m  I n u i t  scarps .  T ~ L ~ S B  c I ~ : l r i i c t c r i ~ :  LCG of t h e  I ~ y d r o t h e r m l l  sy:;tcm 

I n:iy bc I n  ratsp<v>sn. tqi t l l i ~ i r l ~ - r  t,cr.;urit. c r u s t  ;I l u t ~ ~  stmu tr . rnsf t ) rm f;tul.ts 1 5  1 I 

! The c u i ~ p l c d  1rydro~ l~crn .1  l nr,clcl prcscnccd . ~ b n v c  fhr  ~ 1 1 c  dccpcr  5c.s t ions < i f  
i 

thc  ti.ir:qti.brln. I * l i ~ l l O  ~ ~ ~ > l > i c v l i c t .  i:i I I ~ ~ L  r,.1,11..d co the* c . 1 1 1 1 1 ,  ?~L.:Iw.IcL.~ v~..htI~t.ri l l l :  

o f  the uppcr I c ~ c  1 b:is.~l LS. Tlw vc;+thcrcd ; Insemhl :~~c  is 11 i r i  inc t  ivc. . u ~ d  i h c  

rocks have Ir.t,trlpic c<,mltusitions cumr: l t ib lc w i t h  l u v  c<.rnpet':lLurc (L rgs  ~ I m n  20.~) 

of replsccrnent 1s m:irkc<lly i r r c p u l n r  ;lnd is ? I  non-er lu i l ib r ium process crmntr.wc 

K O  t h e  d e e p e r  nct.lmno~.phic rcuccirrns.  

5 .  Cunc lu:; i<~: j<  

The oxygt.11 and c.irboti i !;otopc gcrrcbuml u t r y  and p ~ > s t u  lat<.d .? t ter . i t  Iran j1.1~ t t,rt la I 
of t h e  M;lcqts.lrle Lsl.tr~al o p h i o l i t e  fu r  1t1c.r c o n f i r m  t l rv u,.,..lnic o r i g i n  13f I he- I 
a p h l o l l t r .  The cs*pt~scd c r t l ? ; t ; ~ I  scct  l o l l  11:~s I s o l u p i c  ~:urnlnrt:;i t ilur:; cum&~;~r:~lb It. LO, I 
those of d r i  t tcJ ;md drc:~I~;t:d ~ ~ c v ; ~ n i c  C I I I F ~ .  TILL- iowcr t ~ ~ ~ I r ~ ~ t l ~ ~ . r r u ~ l  r i r < : t ~ l . ~ t  ism I 

system I n  opcra t  i u ~ r  w l i ~ t i  the  ~ ,p l lLc~ l  iti. w.18 furm8.d pvltnt r.11 wl t t l  t lil. b:ls,. 0.1 I 11,. 

~ ; t b h r u  sc*c; it111 :III~[ L l i i s  pcSrv;hs i vt. ,118 cr. ic lam W,QII<I 11111 114. d<.t4.1. LL'LI w i t I!,UII ..\YI:..II 

lsocopc s n n l y s  I s .  Tl~,.rc i s  ; i r l  ap11t.rxim;lt n *  uver.hl l I>.L~.ICICC bctut.t.n "0 tlrtlb la.;~.d 
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and *tnr ichct i  r t x h s  i ~ j  t he  o p l ~ l u l i t r  as i s  ~ I I S ~ U ~ ; I L < ~ ~  f o r  L\IC UCC:II>~C <:I.us~ 1 I 7 t  

and ha:; r ! s c t ~ r r ~ ~ d  d r s p i t t *  l n i t r r c d  v:Lr i . ~ t  ~ISIIH i n  CIk r .>t  :t:td L.YIIIU~ int i  01  LII,, 

f l t ~ l d  I s n t o p i c  composic iun .  

Two a1 L r r n t i o n  regIncs  ;Ire cv i dcn t  a t  M;lcqu:rrlc Is l i l t td .  Tlic upper c i r c u l a -  

t i o n  syscrm w i t h  t t i ~ l >  sr;hvntcr/rnck r ;~ t iu ls  (??1.0)  gavc r i s r  t o  co ld ,  scawarer 

voothcreJ  basn l t s ,  which uc r c  s t r o n g l y  rnriclic.d i n  I q 0 .  Tt t is c t~ r i c l ~ rn t~ t r t  i s  

s i m l l n r  t o  tlut found f o r  t t lc d r i l l e d  or<- .u~ ic  crusL. F u r r t ~ r ~ r  s l ~ t ~ s ~ : ~ i ~ t i i i t i n p  t l i ~ -  

uccan lc - r idge o r i g i n  ( o r  t l re o p l l l u l i t c .  I L  i s  p ~ ~ s t ~ i l ; l t c i l  t t t i t t  i n  t t lc ltwer 

hyd ro the rw l l  c l r cu l . ? t i un  systcrn r t ~ c  nttt; lai>rphism ot' l h c  '% ~crt t . lc l i rd grt .msct i ist  

I.ic l e s  mct.lhds:~ l r s  I s  cotrplc-il v l  z 11 the ill r v r . i t  in,#: of rttc "(1 (IcpIt.tcd c l  I kcs and 

gobbrus. Scavorcr r r a c t i o l l  v i t t ~  the  i i lLru.siv~.s ill low U/R r i t t i tns  ( : .n .5)  ant1 

h i gh  tcrnlr<.raturvs (300-60OdC) i n  nn  olwn system gave r isc i  L O  ; ~ n  tmr l r l l cd  I l u i d  

( 6 I P 0  - 2 l o  5 X a )  which tttr:n ceuscd the ~ ~ n r l c l l m c n t  ; i L  Iov<*r rcmjnur;rrurcs (2UO- 

300.C) u f  LII,. m~:t:rh;l!::llth. TI>,. c:irbun is6) lqh! l i : r t : l  Tt~r c; l !c l rc i n  r l l c  Lovr*r 

t~ydcutltcrmml .;ysit:n irtciicori.!; .I j u v ~ . n i l c  source itlr c.1tbo11 r . r t l i c r  tl1;in inorg;lnic: 

m r l u c  carhon :tnrl i s  c ~ > n s l : ; t ~ ~ n t  v i  t h  1 , ~  U/R r:ttio.; in lc r r l : t l  [rum the oxygen 

I so tope  darn .  

The metami>rpt~oscd rucks  o f  the ELlr:quat i c  Isl;lnrl u l> l r in l  i ~ c  LI;IV~: alxyg+.n i.snn- 

t op i c  composit [ons comj8:lt;rblc cu d r c d g ~ d  scat ' luur rocks and orlt<:r o y h i u l  ite.5. 

Among o p h i o l i ~ c s  broad ly  s i m i l u r  h y d r o i t ~ e r m l l  systcats were opcr: i t iyc.  and t l te rc  

I s  c v i d c l ~ c e  f u r  i s ~ # t u p i c n l l y  s h i i t u d  sc;iuiltrr i n  o ~ t ~ i o l i L ~ : i  rormcd i t t  t~gnlh ~ i l u w  

(Ehcquaric I s l i ~ ~ i d )  and l a s t  ( S o r s ~ l l  - t 3 5  1) spread ing r i dces .  A pt,lnL of rrw>tr;lsc 

brttvr!cn N;tc~lkn.trlu Is lnnr l  itnd t l tc scilfI8,or i s  Lhc l% ctlrichrac.nt ~ r f  t l l c  o p l ~ i o l i t c  

rnr!Lahasal~s. L:tck oi "0 cnr ic i~mc?nt .nrnotit: s c :~ l l uo r  erct;tbas.tlts m y  be n t r r i -  

b t l t ah l e  t o  sampl ing b i a s  o tung  t rnns fur rn  I ; t u l t s  vhc r c  most drc<lk;r.rl s:tmlnlcsi I~:l i.t* 

\ bccn co l l uc re t i .  Tr;haslurm 1.1111~ zutlcs wly  hd i c  I>ydr i>r l t r ! ra t l  sysrcms a.!~:~r;~rLt,r.ir.t.rl 
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THE MACQUARIE ISLlVCD OPIIIOLI'IT b5SOCIATION: MID-TERTIARY OCEANIC 
CRUST OF THE SOLITtIERN OCEAN 

B.J. G r i f f i n  and R. Varne 

Department o f  tcology. Univers i ty  o f  Tasmania 

The Uacquaric Ridge runs south from New Zealand t o  j o in  t h e  Indian-Pacific r i dge  
systcm. and emerges n e a r  5a0S 15g0E t o  form Macqur i e  Is land.  The is land represents  
T e r t i a r y  oceanic  c r u s t  produced during sea f loo r  Spreading a t  t h e  Indian-Pacific r i dge  
system, l a t e r  u p l i f t e d  du r ing  narginal  i n t e r a c t i o n s  between the  Indian-Australian and 
P a c i f i c  p laces .  

Most o f  t h e  i s l a n d  i s  composed of b a s a l t i c  p i l l ow lavas  accompanied by volcanic  
b rccc i a s  and more massive Iavas ,  a s soc i a t ed  with calcareous  w z c s  and l i t h i c  wackes. ' 

The vo lcan ic s  have s u f f e r e d  somc netamrphism.and a l t e r a t i o n .  A composite s ec t ion  
pas scs  from an'bcean f l o o r  ueathcring" zone through z e o l i t e  f a c i e s  i n t o  lower greenschis t  
f a c i c s  volcanics  and is  about 1600 n t h i ck .  Deeper l e v e l s  o f  t h e  oceanic c r u s t  s ec t ion  
a r e  exposed i n  t h e  no r th  of t h e  i s l and ,  where a coas t a l  s e c t i o n  about ZOO0 m th ick has 
ha rzburg i t e  a t  t h e  bnsc ,  ove r l a in  by gabbms t h a t  include a layered gabbro complex. 
Do lc r i t e  dyke swarms form a sheeted i n t r u s i v e  complex perhaps 1000 m i n  th ickness  der ived 
from oceanic  c r u s t  under lying thc  volcanic  p i l e .  

Hacquarie I s l and  b a s a l t s  and d o l e r i t e s  a r c  very l i k e  those  from 4SeN and 36ON 
(FAklOUS a rea )  on t h e  Mid-Atlantic Ridge. Usually po rphyr i t i c ,  they ca r ry  plagioclase  
(Ang7-70) a s  t h c  dominant pbenocrysr phase, w i t h l e s s  abundant o l i v i n e  (Foes-0s). 
clinopyroxcne (Cah5MgSOFeS - Cag8Mg5pFe12), and chrome sp inc l .  Groundmasses of l i t t l e -  
a l t e r e d  lnvas  and dykes c x h t b i t  continuous va r i a t ion  from assemblages o f  subcalc ic  a u g i t e ,  
p l ag ioc l a se ,  opaques and g l a s s  i n  suboph i t i c  t ex tu re s  t o  morc a l k a l i n e  assemblages of 
o l i v i n e ,  t i t a n a u g i t e ,  k a e r s u t i t i c  amphibole and minor g l a s s  i n  i n t c r s e r t a l  textures .  
Gabbros a r e  composed essentially of o l i v i n e ,  p l ag ioc l3se  and clinopyroxcne. Opaques a r e  
s ca rce  and orthopyroacne occurs  only r a r e l y  as t h i n  rims on o l iv ine  o r  rennant cores  
withilr c l inopyrorcnc.  P e r i d o t i t e s  a r e  mainly ha rzburg i t e  end wehrl i te  [ F O ~ ~ - ~ ~ ) .  

Ti02 [1.31fO.28 u t  \) and Al2O3 (17.9752.00 rt %) con ten t s  d i s t i ngu i sh  t h e  whole group 
o f  hlacquarie Is land l s v a s  and dykes from occan i s l and  nnd i s l and  a r c  t h o l e i i t e  s e r i e s .  
Normative v a r i a t i o n  from 0 2 -  and hy- bear ing t o  mildly  ne-bcaring types corresponds 
roughly wi th  groundaass a incralogy asseeblage.  The "ocean f l o o r  basa l t "  character-af-  
t h e  volcanics  i s  a l s o  apparent  i n  t he  most a l k a l i n c  n e - b e a ~ i n g  cosposi t ions  ~ h i c h  a r c  
gene ta i ly  l e s s  enr iched i n  LIL c l e ~ . e n t s  than  ocean i s l a n d  r h o l e i i t e s  and d i sp l ay ,  f o r  
c x m p l c ,  low Z r  (CIS0 ppm) and Y ( ~ 4 0  ppm) but  high h'b (20-60 ppm) contents.  

Mixing c a l c u l a t i o n s  us ing observed phenocryst and m c k  compositions s u g ~ c s t  t h a t  much 
of the  co~ ipos i t i ona l  v a r i a t i o n  i n  t h e  volcanics  could havc a r i s e n  by low-prcssurc c r y s t a l  
f r ac t iona t ion .  Some compositions of o l i \ . i nc ,  p l a&ioc la sc  and clinopyroxene from t h c  

, 

layered p b b r o  conplcx can be c lose ly  rratched lii th phenocrysts  from lavas  and dykes. Thc 
lavas  a r c  gene ra l ly  l e s s  f r ac t iona ted  t h a n  t h c  dykes; t h e  most p r imi t ive  compositions 
have Mg/blg+Fc = 0.71 wi th  high X i  and Cr contents .  Low-pressure f r ac t iona t ion  processes 
a r e  inadrqua:c t o  account f o r  a l l  o f  t h c  v a r i a t i o n  i n  t h c  ' incompatible e lcnents ' :  somc . 
may a r i s e  from d i f f e r e n t  degrees  of p a r t i a l  melting o f  a poss ibly  inhomogeneous source .  
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The rocks of Macquarie Island are part of the  mid-Tertiary oceanic lithosphere fr0m.a 
major ocean basin. They were probably created a t  the Indian-Australian-Pacific spread- 
ing ridge. .' 

The basalts and dolerites are usually porphyritic, carry plagioclase (Ani,-,,) as a dorni- 
nant p h e n . o c r , ~ ~ t  phase with less abundant olivine (Fo,,-,,), chrome spinel and rare clino- 
pyroxene (Ca;;Mg, ,Fe,--Ca,,Mg,,Fe,?) phenocrysts. Normatively the rocks range from 
ne- t o  Q-bearing, with most falling near'the critical plane of  normative silica undenatura- 
tion: Dykes-tend t o  be  more Fe-rich than lavas, and t o  include the more di-poor rocks. The 
rocks also range compositionally from typical ocean floor bqsalts through t o  varieties rela- 
tively enriched'in some incompatible trace elements, p-r!icularly Nb ( 2 0 - 6 0  ppm), that  
otherwise r&tai,n ocean-floor basalt ph{hb~ryst~iise+blages, major-elemtint compositions 
and Ti, Ni, Cr and Zr contents. This enrichment, also.characteristic of ocean-floor basalts 
from the "abnormal" ridge segments pear 45"N.and 36" N (FAMOUS area) on  the Mid- 
Atlantic Ridge, causes the rocks t o  plot away from the ocean-floor.basalt fields o n  popular 
trace-element diagrams intended to identify tectonic a f f in i t i~s  of,basalts. 

The upper parts of the Macquarie Island oceanic ljthosphere 'section can be thought of 
as a veitical slice through a magma colGmn, differentiatink at shallow levels. The layered 
and.massive gabbros that underlie th6 basalts and dolerites are composed essentially o f  
olivine, plagioclase and clinopyroxene; Olivine and plagioclase are cumulate phases in the 
layered rocks,'clinopyroxene is postcumulus. Mineral compositions of the gabbros, partic- 
ularly those,of the layered rocks, are closely resembled by phenocryst compositions in 
the basalts and dolerites. Plagiogranites and trondhcimites are unknown from the island, 
and norites very rare. Thus, Macquarie Island basalts, dolerites and gabbros form a dis- 
tinctive igneouk association that  ought, t o  rnake ,~ac~uar i 'e~~s l~and-type  ophiolite complexes 
from major ocean basins an easily recognized ophiolite type in continental orogenic terranes, 

.'t' e"en wh8h:diskembered. # .  . . . . ,  . 
I ' , . , 

I 

. i INTRODUCTION 

1: . , .  . * 

.~ar ' ious mbthods of chemical characterization of imeous'rocks from differ- 
ent. iectonic settings have been propoiedl, particularl; &$be idvancis in instru- . . . .  . . .  I . ' .  , ,.. . \ . . I  
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mental analysis techniques have made available a large number of rock and 
mineral analyses for isotol~es and major, minor and trace elements. 

Particular attention has been paid to  the ocean-floor basalts. Early results 
suggested that these basalts were of distinctive and intriguingly uniform 
major-element composition (Engel e t  al., 1965; Kay e t  al., 1970; Cann, 
1971). This uniformity seemed to extend to  some of their trace elements and 
t o  their Sr-isotope characteristics. And when Cann (1970) remarked that 
their Ti, Y, Zr and Nb abundances fell within a fairly restricted range that . 
was not only distinctive but also apparently strongly resistant t o  change by 
secondary processes, he started one of the great growth industries of modern 
igneous geochemistry. 

For if their Ti, Y and Zr abundances could identify ocean-floor basalts 
even when they were altered and metamorphosed, this offered a geochemical 
means of tracing t o  their source the ophiolite complexes with sheeted dyke 
complexes that had been suspected t o  be fragments of former oceanic litho- 
sphere, and whose presence among continental rocks in orogenic terrains 
might mark a suture line where an ocean basin has been eliminated during 
plate collision. 

Ge'ochemical methods were developed that used abundances of P, Ti, Cr, 
Sr, Y, Zr, Nb and the rare-earth elements t o  determine the tectonic settings of 
basalts (Pearce and Cann, 1971, 1973; Bloxam and Lewis, 1972; Jakes and 
Gill, 1970; Pearce e t  al., 1975; Floyd and Winchester, 1975). It was soon 
shown that many of the lavas and dykes of two of the well-developed ophiol- ' 

ite complexes, the Troodos complex and the  Macquarie Island complex, re- 
sembled ocean-floor basalts in their Ti, Y and Zr abundances (Pearce and 
Cann, 1971; Varne and Rubenach, 1972). The problem of determining the 
original tectonic setting of ophiolite complexes seemed solved, and the 
Troodos complex became widely accepted as a type example of oceanic 

' \  

lithosphere created at a spreading mid-oceanic ridge. 
Yet i t  has since been shown that some of the volcanic rocks of ophiolite 

complexes, including the Troodos complex, may possess characteristics simi- . 
lar t o  those of island-arc tholeiites (Miyashiro, 1973, 1975; Pearce, 1975), 
bofiinites (Varne and Brown, 1978; Cameron e t  al., 1979,1981),  and LREE- . 
depleted magnesian olivine-poor tholeiites (Duncan and Green, 1980). Simi- 
lar volcanic rocks could form in n varicly ol sc:ltir~gs, in back-arc or intcr-iuc 
basins in island-arc environments (Miyashiro, 1975; Pearce, 1975; Smewing 
e t  al., 1975; Dewey, 1976; Saundcrs and Tarney, 1979), in fore-arc settings 
(Cameron et al., 1981), or  by shallow multistage melting of rising mantle, 
perhaps in an oceanic basin (Duncan and Green, 1980), o r  perhaps in the wan- 
ing stages of magmatism associated with aborted continental rifting (Brown 
et al., 1981). 

A growing recognition that many ophiolite complexes may not represent 
6 oceanic lithosphere derived from a spreading mid-oceanic ridge environment . - 1 
! 

in a major ocean basin has been paralleled by reappraisals of the extent of 
compositional variation of ocean-floor basalts. It had been known for some 



time that alkaline basalts occurred on the Mid-Atlantic Ridge a t  45"N (Muir 
et al., 1964). It has now been shown that segments of the ridge near 36" N, 

' 45"N.and 6 3 " ' ~  have erupted volcanic rocks that are relatively enriched in. 
some "~ncompatible" or  "hygromagmatophile".trace elements.(e.g., Hart e t  
a]., 1973; Schilling, 1973; Frey et:al.; 1974; Wood et  al.,.1979a) although 
still plotting within the ocean-floor basalt field, on the Ti-Y-Zr discriminant 
triangle of Pearce and Cann (1973). 

. -, Arguments that Macquarie Island probably represents uplifted oceanic crust 
formed by spreading processes in a major ocean basin have been presented , 

elsewhere (Varne et al., 1969; Varne and Rubenach, 1972, 1973; Miyashiro, - 

1975; Cameron e t  a]., 1981). New geological, geochemical and geophysical 
data corroborate these aguments. 

With the current controversy about the origin of many ophiolites, it seems 
timely t o  present some of the new geochemical information about the Macquarie 
Island ophiolite complex, and t o  use it t o  help reassess the characteristics of 
oceanic lithosphere. 

ANALYTICAL METHODS 

Major- and trace-element abundances were mostly determined using XRF 
methods (Norrish and Chappell, 1967; Norrish and Hutton, 1969). New bulk- 
rock analyses were carried out by B.J. Griffin and P. Robinson, using a 
philips@ PW1410 spectrometer. Earlier data from Varnc and Rubenach (1972, 
1973) are included. Electron microprobe analyses by B.J. Griffin and R. Varne 
were performed on the JEOL@ JXA-SOA scanning electron microscope, . . 

Central Science Laboratory, University of Tasmania, using an EDAX@ EDS 
system (Griffin, 1979) and on the TPD@--OrtecQ system, Australian National 
University (Reed and Ware, 1975). Representative analytical data are a v d -  
able on request from R. Varne. , 

REGIONAL SETTING OF THE MACQUARIE,ISLAND OPHIOLITE COMPLEX 
. !  

Macquarie ~sland'lies on the Macquarie ridge (Fig. I), - 1100 km SSW of 
the southern'tip of New Zealand, the nearest major continental land mass. 
The island is elongated NNW along the ridge axis, and is - 37 km long and as . 
much as 5 km; wide although it is mostly narrower. ~ a t h ~ m e t r i c  data (Cullen, 
1969; Hayes and Talwani, 1972) suggest that morphologically the island is 
pa* of the Macquarie ridge crest that breaks the surface. 

The ~ q c ~ G a r i e  Ridge is a narrow, arcuate ridge that runs south from New 
. . Zealand t o  join the Indian-Pacific ridge system. I t  has a rugged and compli- 

cated topbgraphy and in places has a double crest separated by a'deep and . 

narrow depression (Summerhayes, 1974). The ridge is locally topped by a 
;# flat platform - 160 m below sea-level where it may have been exposed in 

the Pliocene. A subsiduary ridge occurs east of the main ridge in the Macquarie 
Island region, separated from it by a narrow but deep trench, the Macqbarie 



Fig. 1. Locality map. Isobaths at 2, 4 and 6 km. 

trench. This trench contains undeforrned sediments (Hayes and Talwani, 
1972). 

The Macquarie ridge is seismically active, and usually considered to  mark. 
the boundary between the Indian-Australian and the Pacific plates. Earth- 
quakes are shallow, and first-motion analyses imply that the ridge is associat- 

,ed with normal, thrust and strike-slip faulting. Plate-tectonic analyses suggest 
that the predominant motion along the ridge is right-lateral strike-slip (Hayes . 
and Talwani, 1972). Nevertheless, different parts of the ridge are probably 
also governed by extensional and compressional regimes as'a consequence of 
the closeness of the ridge t o  the Pacific-Indian pole of relative motion. Mar- 
@rial interactions between the plates associated with rapid recent motions of 
this pole (~r i f f i ths  and Varne, 1972; Le Pichon et al., 1973) have probadly 
contributed to  the complex structural development of the ridge, and incident- 
ally to  the exposure of part of it to  form Macquarie Island. 

. Rocks similar to  those of Macquarie Island have been dredged from the 
submerged ridge crest to north and south (Summerhayes, 1969; Watkins and 
Gunn, 197 2), encountered at nearby DSDP sites 278, 279 of Leg 29 (Oven- 



shine et al., 1979; Schilling and Ridley, 1979), and occur in.some much ;.:. 
smaller islands also exposed alonk the ridge (Lugg et.al:,i!97,8)::i, i.. :, .' 
. ~alco~naghetic pole positions derived fro4'thc isiani Puggijt that it.forms 

.-. :; .,,.< . .  ,,",::,...;L ' , ,  - 
,part of the indian-Australian plate,(W/lliamson, ,19?9),:and ,.. i . . h . . ,  pjllow,l,avas I 

:fr&nithe islqnd have magnetic pr'oil&i&$: that ~i3$$%pqnd yell.yith' those of 
?be&-floe: a ( ,  . . basalts (Butler et al.j;$76';'~~~i'&il:y . . . . .  , . ) . . .  1978). , , .  ' . , 

' A magnetic profile across the idand shqwsii ,... . .  i . , h , s J  . > ,  broad:anomaly ,,..: .-, . .  which . ..+. is cor- 
relatable with similar anomalies it$'harinq,magnetic .i.,..l.?L.L-..I. profilks . .:‘a ..... .. arpund the .? , . is- 
l$nd: .T~s  local anomaly probably fdt&k.&t,of 'Ano,$my 7;'khikti can be 

' .=- traced ~qcrois~the ridge and island, . to  , its 'Gimination'itrthI;i' . ; % , . I . . . ,  ,,.,y,,y5.it ,;,a.r ~ & @ & ~ i b  :::,.,.. *trench. . .. . to !. the. , .,+, &st (~illiarnson, 1974). ;. ,. . ;.: . .. . , . a ,,, . ,,.+!* . ;:it. : .:. ,.., . ! .  , 
1 . ~ ~ ~ n e t o k t i a t i g r a ~ h i c  ages for Ariornaly 7 liC.%ithin , .:. ,<.,a Life ..., ;:, .. Oligo&&' :. .. . . ,... time 
(~e i r tz le r  ., etal., ; . 1968; La 13recq;e &t a l ,  1977);-but'iioor,ly' preiervkl eoc- 
koliths from 'calcareous oozes a s s ~ c i a t e d ~ ~ i t ~ ~ i l l o & ' l ~ ~ ~ &  ti +; (,I:..,; 

L . . . l l l l .  ,.a<. , from .;;,., the northern ' 
part of the is lkd suggest an Early, or perhapl',~id#$, Mi*ck,ne age . (~ui l ty  et 
@., 1973).,R@iometric and ti),n. radiolariaiist~idies'thit'ke :!i:..r,:,.+:..,lj . s . ~ , ~ , ~ ~ : y : ~ ~ ~  .unde&vay , ;;!I: I.~:I:(:;~, may . resolve 
,this deskrepa.ncy. . . .  .. . 

, . , ,:,. :.:! .,.., . ; ; : ~ . \ ~ ; ~ . ~ c ! , ~  :,:$i. i,;?!!:;!;; , !( , i !: i . j . : \: ,~ 

. . . , .  . . .  . 'I 
r :  

. .i . ; t;{,:+.i Ci i,: 1 ,  , , 

~+e ' i i l&d  is formed almost entirely . df . . . . basalts . . . , doleriiks, . A  E .  ,!-; .. , gibbros..and .. , 
serpentinized-peridotites, Here w e . ~ ~ m m . ~ i ~ e ~ g ~ ~ l p g i c ~ , ~ ~ l ~ t i ~ r i s ~ i p ~ S d e ~ -  ' 

ed in more detail elsewhere ( h l a ~ ~ o ; ,  1923; . . . . . .  ~&n*:ahd,~~b{hiGh; , . 1972) and 
\ I , <  , , ,.::;:,t':,t; 

incorporate some results of recent ~ n ~ e ~ ~ ~ a t i ~ n s ~ , ~ : ~ ~ . .  ... , a. . . ... 
. The northern part of the island is foirnkd ri+inl$bf ,ini&si&[r<cks whereas . ? . .,. . _ . . , "!',?. :.:%'.. 

thdseuthern part is fonned maid$, b'f ;kt&sive r6cksl Th6'd6l.~rite':dike ;.,: < ,:::&,:: I : . I  '. 

swarms are a lidtable geolo@cal f ~ ~ t u r ~ ' ~ ~ d . a r e c o r n p o ~ e ~ ~ a l ~ ~ o ~ ' e ~ t i r e l y  - ._  . . , :  of 
ieries,,of n+bw dykes lying parallel to'sub-pballii'tb on+arhther @form a 
sheeted dyke complex. Faulting i'&,wides~read~on~th~~isl~d~~ind . ,. ..:,..* . .  . it is essenti- 
~ ~ $ ' c ~ r n h ~ ~ d  of fault-bounded hi&ks,'biobably , . . . . . .  on;all-scales;, , .. :!(.. !.:- . . . (,;:',. 
; ! i ~ h e  ;olcanic rocks are kommoKl$ ba$altik pilloy.lav~;:accdmp~nied by 
lb~cacic  breccia5 and some m a s s i ~ : l , ~ ~ : ~ ~ ~ ~ ~ ~ r i ~ ~ , ~ $ f ~ $ ~ r ~ . ~ ~ , , b ~ ~ t i c  dykes cut 
iheik volcanic rocks..Calcareous ~ldberigina',oo?ei btcur; between pillows, . . , . ..- ,., i:. :1.,: : : .. . 7 . ; .  , ,,.. 

whereas the volcanic sequences that conta;in massive, . _.. ... lav'as~also,,~cludk lenses 
of volcaniclastic sediments, and &aych~vi  form+ dying'periods .,,.., . , ..... ... I ,  . . <  . . o'f . ;, relatively 
high tectonic activity. The coarsely-grained seGimentk . 5 , ,  r e , ,  resemble. .. ,.a,: talus-slope ,,.. and 
rubble deposits. Graded bedding $$d. truk?it@d 'and~$ncdlyt$ l .ein+e occur 

..., ' ., ,,. !. ! ? , , . , I : ' ,  ... ..,.. . . 
, in the more finely-grained sediments';, :.. ::- . . - , .  - , .  . . ,... . . . , . : , .. . ,  .... , ..... . . . . . ... >?. 

. 
, The volcanic rocks are tilted. ~ i i i  raige from. near-horironieu$ +' 45' or 

9 more. Two strike directions are ~ b h m o n , : ~ .  150" ilid,~~::230~~:,!t;fik, been 
> .  '. . . . , .  ,,. . , .  

argued that the tilting of the volc&iic ,.. .. rocks~occurred"iri ,.. ., twb stagks.(Varne and ' 

Rubenach, 1972): the first stage involved tiltiiig . . ~ ~ ~ n d ' $ ~ ~ d ~ d ' ~ & e s  .. ,. :., . . , . that 
L' were near-horizontal and parallel !to dyke:beddijg"p!an'e!iflte'rsdctions, and 

. . . s c ' ; : x : r . r .  ,::I, , c :  

therefore caused variations.only in'dip; the second~was:a~ater,rotBtion, , .: I..':.. about 
.vertical . . L a . .  , &ei . qf ,. the tilted rocks dat-:'causeh the variations~h:strike.~~his inter- 

. . .. , 
.. , i; , : ;  . ;'.; : , ., . ,.. , ':i '~ ., ! i . . n ,  t';.! .;,, ' ! $ ' I  . . . . . . . . . . . ...: . 
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pretation is supported by paleomagnetic studies (Williamson, 1979). The 
dykes seem to  have been intruded originally in a near-vertical orientation strik- 
ing cast-southeast. II 

This ESE dyke orientation corresponds very well with the inferred orienta- 
, tion of the spreading axis of the Indian-Pacific ridge during Anomaly 7 time, 

as preserved by the present orientation of the linear marine magnetic anomalies 
in the region (Weissel and Hayes, 1972; Williamson, 1974). 

Rotations of the crustal blocks of the island therefore apparently occurred 
first about horizontal axes parallel t o  the spreading axis, probably as an integral 
part of the spreading process (Ballard and van Andel, 1977). Later rotations 
about vertical axes could have been caused by recent strike-slip movements 
along the Macquarie ridge. 

The Macquarie Island oceanic lithosphere section 

The tilting of the fault-bounded blocks that  make up the island, and their 
planation by marine erosion as they were brought up during the tectonism 
that formed the Macquarie ridge, has provided several partial sections through 
oceanic lithosphere. Deeper crustal levels are represented by the, gabbro and 
peridotite masses of the northern part of the island. A relatively complete 

. section is apparently preserved in co&tal exposures from North Head, around 
' ' the northern coast of Handspike Point, and from there t o  Eagle Point i ~ i g s .  

2 and 3). 
The top of the section is represented by North Head, where the volcanic 

rocks are relatively fresh, and retain the magnetic properties of typical ocean- 
floor basalts (Butler e t  al., 1976). The rocks have suffered the smectite--car- 
bonate alteration that is characteristic of ocean-floor weathering, and prob- 
ably formed the uppermost 200 m of the volcanic pile. On the isthmus to the 
south of North Head the pillow lavas are metamorphosed a t  higher grades and . 
some of the volcanic section is apparently missing. Another incomplete volcan- 
ic section in the south of the island is - 1.4 km thick, and exhibits a metahor- 
phic succession through zeolite facies assemblages defined by the development . 
of Na- and Ca-zeolites, particularly' natrolite, thomsonite, analcite, wairakite 
and at the base, laumontite, into albite-chlorite-epidote-sphene assemblages 
of the lower greenschist facies (B.J. Griffin, in prep.). When the two sections are 
combined, it seems that the Macquarie Island lava pile may have been a t  least 
1.6 km thick. Nevertheless, such attempts t o  reconstruct the volcanic stratig- 
raphy of ocean crust must be treated sceptically. The very nature of the sea- 
floor spreading process, by'which material is added laterally, makes it unlike- . 
ly that true horizontal superimpositional stratigraphic successions are formed 
in the mid-oceanic ridge environment. 
, The dolerite dyke swarms exposed in both the northern and southern parts 
of the island display a widespread and distinctive actinolitic replacement of 
primary mafic minerals, with p~agioclase commonly surviving little-altered 

' (Varne and Rubenach, 1972;Banerjee e t  al., 1974;lB.J. Griffin, in prep.), and 
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Fig. 2:. ~ e o l o g i ~ a l  map of the northerni'rpdrt of Macquayie.Island, with superficial deposits 
. . of"itt;e;d, from'Varne and Rubenacf, (1yg72). . :: : ' """" d '. '. "."' !. " ' . . . 

~ e r ~ e n t i n i z e d  pkridotite bodies are ma'rked b y  heobj dingono1 cio~s-hatching;  laiered gab- 4 

I bro complex is marked by crosses; other gabbro'masscs ar6.marked by'light'cross-hatching; 
extrusive volc?$ic rocks and associated sedinie-ts are..mar$?djbf "&i: d$ke swarms are 

~ 8 ,  ! ' 8  . .blanfz, . .'..:I . . . . : - .  
Strikes bn 1avad;are shown with a sin& tick, aAd !trikes 0*.d;kcs,6re,~h?G~ y j t h  a'dooble 
tick. Fau!t<d contacts are drawn as  he-vy lines, and griditional iii'hncettain =oritacts are 
drawn',= dotted lines. Spot  heights in feet ( t  I t . '=  0.3048 m) above'sea level. Vertical aerial 
photography . .. has recently become availabld and the h t e r i o r p f  the Wind h to !=,mapped. 
I '  ;.. ::, ':" ' .. . . 
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VOLCANIC SEQUENCE 

Piltow lava8 

massive flows 
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L A Y E R E D  
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R E C R Y S T A L ~ ~ Z E D  
GABBROS 

HARZBURGITES 

Fig. 3. A schematic section through Macquarie Island-type oceanic lithosphere. The section 
is based on the traverse from North Head to Eagle Point via Handspike Point (see Fig. 2), 
but is nugmentcd by field duin from clscwl~cre on Mocqunric Island, us cxpluincd in the text. 

locally the metamorphic grade lay within the amphibolite facies, the highest 
grade attained in the fine-grained igneous rocks. The thickness of the dyke 

@ swarms is a t  least 250 m (the elevation above sea-level of the island), If the 
dykes were vertical when emplaced, as has been argued, they could have. 
been derived from a layer as much as 1 km in thickness. . 

The dolerite dyke swarms grade downwards into massive gabbros. Most of 
the dykes strike about 120" and dip a t  about 50" southwest, and the thick- 
nesses of the gabbroic layers in the oceanic lithosphere section have been esti- 
mated by reconstructing a section from North Head t o  Eagle point, and rotat- 
ing it about a horizontal axis of 120" so that  the dolerite dyke swarms become 
vertical or near-vertical. This brings many, but by no means all, of the layers , . 
of the layered gabbro complex into a near-horizontal attitude and puts the 

I olivine-rich rocks at its base. 
The rocks of the layered gabbro complex around Half Moon Bay (Fig. 2) 



:.:a-.,::z , , , I . :  , . , , ' . ,  , 
.include wehrlite, plagioclase wehjliie, , . .  . . . . . . . . .  troct~1ite~:olivine .:?....I..: <., gabtif6.and . ..,.; .... gabbro, , 

. ut!d arc rnincralogically fairly siq~~~lc,."l:licy . . .  t i  r . .  ,aqc,cdm,,osc~:ma~nly , ,..;. .<.+ ,;.::.. ... : i t . <  . . . . . . . .  of olivine, 
,pla@oclase.and clinopyroxene. Spinel .,.. is;a';sciif<e ...... butl\?r.idespread'accesso~. . L ~ . . ~ ~ , , . ~  \ $ ,  .... < , ,  L;;, ...... . . I . .  

:.mineral, and orthopyroxene occ& very rarely a.i thin'rims around olivine or  
I . a s  . .: tiny relict grains within clinopyroxene. cumulate ph'eriocryst . . .  . . phases are 

blivin'e, plagioclase and spinel. ~ l i n ' & ~ ~ r o j r e n . e '  is alw'ays!postcumul~s, plagio- . 
clase is also postcumulus in some olivine-rich rocks;..:ii.pi.- :. :,:..i :%...: . a , .  

. Several massive gabbro masses outcropion the.east coast; and t o  the north- 
. east of the layered gabbro cernplex (Fig. 2). They 2'ccui:both $iljovk'and,be- 
:.low the:layered rocks in the section, pos~es i :~~mpl ica ted  intrukivi-contacts,' 
~contain~inclusions of other gabbros, are iri plac6s . . , ; !  .. ilefon$ed .,. . "arid are also cut  
by dykes. Their bulk chemical compositions are similarto th'oie.of;some.of 
the lavas'and dykes (see Figs. 5 and 13 on pP. 295 and 302 re,spectiv'elx) and 

' : : ; . ~  ;,., , 

they ral?ge in texture from gabbroic to doleriti=; .'.-'':'.' ':;;. ! ;':;:'." .. ? .  
+ . 

A zone of massive gabbros that have undergohb.high-t{mpdhtu~6 , .... ..',.: . .  sub-solidus ,.... ... .: 
rekrystallization occurs: around lsland Lake andndrtti:6f'~a~l~l~@iht.(~i~:- . , . / - .  2). 
They separate the wehrlites'of the layered gabbro,bom@l+* fi;61G,th&'hariburg- 
ite a t ' ~ a ~ l e  Point, and are c6mposed essentially of c i i n o p y r ~ $ , ~ n e $ ~ d  I. .,. .. . plagio- 
clase, with lesser amounts of olivine, and rninor,atr+$tt~@f dithdbyrdxkne, .: : . . . . . . .  

. hornblende and spinel. The ~ r t h ~ ~ ~ r o x e n e  occJrs p*ailyi,k, a reaction prgduct, 
rimming olivine in a yermicular intergrowth with plagioc!,aset: $ ... , .. 

The harsburgite a t  Eagle is interleaved in a:ep,$plex.m.enei.wi&hin 
gabbroic and doleritic sheets, and to the south is thro~~~~~aga~~~~v01canic.r.ocks 
along a major] fault. Other, more-serpentinized, hhzburgites . . . . . . . . .  also .occur else- 

.*. where on the island (Fig. 2). :': . . .  . . . . . , . . . . . .  

Whether the location of the h&burgite at the b & e , o f . t h e ~ ~ t i o n ,  . I , , . , .  and the 
sandwiching of the layered gabbro complex between mhsive gabbros (Fig. 3), 
were features .of the oceanic lithosphere when it was.first:form,ed or whether 
they developed shortly afterwards.,during tectonic.a'djus~ments, not  yet 

1'. 

. ' i , ,  . -  . . 
... known. 

I . .,. . >: : $ . , !.,.. i . 
Many other sections through &e&ie lithoiphere are available. , .  . I .  But, . . .  as .. 

. . .  Coleman (1977) remarked: ., , .. . . . . . . . . .  . . . .  . . - 
., . ? .  

. . . . I : . , , ;  
' ! .  . , ;. ':,. , . . . . .  ,, .1 

:! , +.,: ! . > i  : ::. . . .  . .. 9:. 
"Numerous models o f  mid-ocean spreading tied to observed pe'trologic relationships, 
have been published and they bear <startling similarity t o  the gphidihj sequ,e?Ses. 
Mainly because all these models dray heavily on  spatial re!atioish$iiobsii~edslfor on- 

. . . . . . . . .  
, . I _ '  '. 

, !:,.; . . .  . . .  . . 
land ophiolites." 

. . , .,,::;. , . , . : ; : ,'. . ,  . .,.,. . 
The schematic section through :Macquarie Island-type pce*'i'5:.litGiphere 

is useful in several ways: (1) it  offers a.guide to .the geological relations in the 
lithosphere after removal from the spreading axis; . . . .  (2)  itjwili be shownthat it 
provides some plausible constraints on the range ~ £ , , ~ , ~ n j ' a t i c  ....... processes that 

% , .  1 , : .  . . . . . .  

.-. may cause differentiation in spreading ridge enviroa,ments . *,, , ,  ,,,. similar:.ro 'segments 
of the Mid-Atlantic Ridge near 45,ON and the: ~Ahl0us:area . -: .,.. 3 + r < . 5 i ! ~ . , .  nea$:36°:N; . . . . . . .  ,?.., .. aa, 
(3) it aids in the characterization of ophi@lib d ~ r n p l & s f ~ r p x l  ,~,,-:!,., .... by b$re&hg 

, :  ; ! .'. . . . .  . 
1 . . . . .  I . / <  ' I  

processes in major ocean basins. : : .. . . . . . .  ., . 
. . . . .  . . ) - . '  '.:. ' .. I,'.:<':. I 

/ /  . "  . . . . . . .  
. . 

' . : ,  ....... , ; . <; ..:... 
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MACQUARIE ISLAND VOLCANIC ROCKS: OCEAN-FLOOR BASALTS 

. The lavas and dykes of Macquaric Island arc basaltic. Petrographic dcscrip- 
tions have been presented elsewhere (Mawson, 1943; Varne and Rubenach, 
1972; Cameron et al., 1981). To summarize their characteristics, the rocks 
range from coarsely porphyritic to aphyric, and from almost wholly crystal- 
line to almost wholly glassy. The most abundant phenocryst phase is plagio- 
clase (An87-70), followed by olivine (F0~9-~5), rare clinopyroxene (Cap5Mgs5- 
FeS-Ca,,Rlg,,Fe,2) and tiny euhedra of chrome spinel. Spinel compositions 
from Macquarie Island volcanics fall within the compositional field of spinels 
from Mid-Atlantic Ridge basalts (Cameron et al., 1981), and zoned plagioclase 
phenocrysts are progressively enriched in FeO from core to rim (Banerjee et 
a]., 1974). 

Slightly-altered groundmasses of both lavas and dykes exhibit continuous 
variation from assemblages of subcalcic augite, plagioclase, opaques and glass 
in subophitic textures, t o  less common and relatively alkaline assemblages of 
olivine, titanaugite, minor glass and rare kaersutitic amphibole in intersertal 
textures. 

Normatively, the rocks vary from of- and hy-bearing to mildly ne-bearing 
and rarely Q-bearing (Fig. 4). Within the analysed glasses the nonnative range 

Fig. 4.  Plot o f  relative proportions of normative 01, h y ,  di, ne and Q in Macquarie Island 
basalts (open circles), dolerites (filled circles), an t  volcanic glasses (filled &uares). CIPW 
norm calculations were performed on major-element analys~s recalculated volatile-free with . 
Fea*: (total Fe) 0.85. Two volcanic glasses, four basalt4 and one dolerite have > 5 wt.5 

I 
I ne, and could be termed basanitoida 
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is almost as great as within the crystalllne.rocks, although tlie'data.are fewer. 
. ., ..)*' 

Thc..normative transition from 011 and hL-bZLrink .to,'kc:bcaring corresponds 
roughly with the appearance of 'groundmass olivine'and $itkaugi:te,. The 
rocks plot within a fairly restricted field on an A'FM t&in&lar.'plot, similar 
t o  that a t  45"N on the  id-~tlkiic ~ i d ~ e ;  althohgh' with slightli higher 
M ~ / ( M ~  + Fe) ratios (Fig. 5), thatrange from - 0:72 ddwA to -- 0.51 (Fig. 6). 

~ I t h o u g h  there is almost complete o v e r ~ a ~ , . ~ o m i i r i s &  of +e'group of 
dykes with the group of lavas shows thatthidyke+?d;to . . . . .  .;. b$:lessrich in ne 
and 'di, to  include the few 9-normative .rocks:'( ~ i ~ . ' 4 ) ,  arid b'o'ccupy 'a field ' 
nearer t o  the F-apex of the AFM-diagram ( ~ i ~ : : 5 j . ~ $ h $ ~ , ~ ~ ~ ~ ~ ~ f  dykes is also 
displaced towards lower Mg/(Mg + ~ e j * r a t i o i " t h d t h e  . . . . .  .,,.,.t q o u p  . o!.lavas (Fig. 6). 

The Macquarie Island rocks have phcnocryst as$embl'&psjsimii@to . . . . . .  ,.. ocean- 
floor basalts ' ( ~ a r n e  and ~ u b e n a c h  . .  ' . . . . . . . . . . , . . .  ,19,72; ~&eron~et.ai ' .  .....,:!. - 9  l '98l),grid ..... ... m.ost ' 

resemble Bryan et al.'s (197'6) CroliilI:robks:, I.;.i ,: . , Ttieirhorrnati"etrange, .. .,,. ._. . .._ and the 
scarcity of Q-normative varietie$"&e a l s p . c h a . i a c t ~ i c o f  ..i.: , ,  oce&:X'ioor basilts 
(cf. Aumento, 1968; Kay et'al., 197O; '~r i r i r i ,  1971; ~ h o m ~ s o n  et al., 1972; 

. . 

1 . .  
> : '  ,~ \;., . s'.:;: :, . . h : ,a,: . , 

ria. 5.  A FM-dikrarn for Maequarie lalaid basalt5 (ope" .ci$leh),d?lFrite,s (filled circle;), 
layered gabbros and wehrlites (filled ellipses), h+$.u6rgites (filled squares). ;M,a~ ive  gabbros 
are shown by open rhombs except for those east of,fiandspikeP$ntjnd,abo~ the layered 

C; rocks in the section (see Fig. 3), which aie.sh&n as op^eri'illipsea ~ l d . o u t I i h a d  are fields of 
1POD Leg-49 basalts from the Mid-Atlan,tic Ridge (Wpod et 19798). . .  :i " t i  . .~ . . .  .< :: . . .  ,.! . . . . . . .  . . .  . . .  i :.. . . .  'c.: :., . ,:, ,a:.:: / ; ? 

. . . . : ,  . I .  

. . :. . . . * .  



Fig. 6. Ni and Cr contents of Macquarie Island basalt5 (open circles) and dolerites (closed 
circles), plotted against 100 Mg/(Mg + Fe). 

Trace-element characterization o f  the volconic rocks 
. . 

It has been shown that some trace elements in basaltic rocks are fairly ' 

- resistant t o  the chemical changes that occur during the alteration and meta- 
morphism of ocean-floor basalts (Cann, 1970; R. Hart, 1970; Thompson, 
1973). Trace elements that have been used t o  characterize altered and meta- 
morphosed basalts and assign them to particular tectonic environments in- 
clude P, T, Cr, Sr, Y, Zr, Nb and the rare-earth elements (e.g., Pearce and 
Cann, 1971, 1973; Bloxam and Lewis, 1972; Floyd and Winchester, 1975). 

On the Ti-Zr diagram of Pearce and Cann (1973) tho Macquarie 1sldd data 
fall mainly within the ocean-floor basalts (OFB) field, with some data points 

, within the OFB-low-K tholeiite (LKT) field where overlap occurs with the 
low-K tholeiites of island arcs (Fig. 7). On their Ti-ZFY diagram (Fig. 8), 

, the majority of the Macquarie Island data falls within the OFB field but some 
data points occur in the "within-plate" basalt WPB field defined by ocean is- 
land or  continental basalts. On their T i -ZrSr  diagram (Fig. 9), the Macquarie 
Island data points define a band from the OFB field into the LKT field. 

Thus, use of discriminant functions involving Ti, Zr, Y and Zr classifies 
most of the Macquarie Island rocks as ocean-floor basalts, but the remainder 
are unlike typical ocean-floor basalts (Varne and Rubenach, 1972). Similarly 
ambiguous results are achieved using the plots of Floyd and Winchester 
(1975), and the recent Zr-Zr/Y diagram (Fig. 10)  of Pearce and Norry 
(1979). On the useful Ti--Cr diagram developed by Pearce (1975) t o  discrimi- 
nate between ocean-fIoor:basalts and island-arc tholeiites, the Macquarie Is- 

1 . land rocks with Ti abundances generally greater than 5000 ppm and ranging 



.!. ;. . . . .. . t .  

" 5,o 140 r qo zoo . .  , .. 
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Fig. 7. Ti and Zr contents of Macquarie Island basalts (open circles) and dolerites (closed 
circles) plotted on a basalt classification and discrimination diagram oFPearce and Cann 
(1973). Ocean-floor basalts plot in the OFB field, and in the field'that overlaps into the low- 
potassium tholeiite (LKT) field. Calc-alkali basalt6 (CAB) also plot in thie overlapping field 
and in the CAB field. 

~ id .8 , .  Ti, f ! ,  ind  Y contents of ~ a c ~ u i r i e  Idand basalts (open circler) and dolerites (filled 
circlis) in a discrimination triangle of Pearce and Cann (1973). Fieldsas in the caption to  
Fig. 7, with the addition of a "within-plate" basalt field (WPB). 



Fig. 9. Ti, Zr, and Sr contents of Macquarie Island basalts ( f i l b d  circles) and dolerites (open 
circles)  in a discrimination triangle of Pearce and Cann (1973). Fields as in the caption to 
FiQ 7.  

IAB / 

Fig. 10. Zr and Y contents of Macquarie Island basalts and dolerites plotted on the Z r  
Zr/Y diagram of Pearce and Norry (1979). Fields as in the captions of Figs. 7 and 8. 



. . 
. up to  15,000 ppm (Fig. 7), and Cr abund@~,es~~en,eralg!!~~reater. . . . . . . . . . . .  , . . / . .  , ,  than 100 . < 

pph and ranging up to 600 ppm (Fig. 6),  would,f$l wit-~in:t,he'dI?~,field, 
'.' The Macquarie Island rocks that plot wittiin the wit  fields . . . .  ten3. to have 
relatively high Ti/Zr ratios,  have.:^?/^? + 'K) %ti& .>,0~.9; low ~ . d  K/Rb 
> .360, and relatively low Nb values. These resemble Erige! .., ,:::;. et:al,'$ , ,(1965) 
"depletedn oceanic tholeiites and Bryan et  al:'; (19.76) . . . ,  Group;I . . . .  ocean-floor 

. . bealts. . ~. . I 
. , .  

. I  % . . . . . . . .  , : .. .:.. . , .: I .  

: The Macquarie Island rocks that plat bitside , ,.. : the .. 0 ~ ~ f i ? ! d %  tend to hive 
relatively high Nb contents and low. z;(N~, Y / N ~ ; : T / / Z ~  ......:,. aKd . K / R ~  ratios;'to 
be relatively enriched in K and s;, kd kd be !$:<*imatii+: . :  ! :.: : :, .. .:I 

I. I '  ,_._ 
.): ,These rocks are reseibled by volcaniki~frorn ..... > . . . . . .  ttid. ; ~ ~ $ l ! ~ e d L : l ~ $ , $ B l < ~ $ ~ ~ ,  
fidges'kgments. Using large arnoun@.of khemi:<d,:$:@y~cal,$:+t?, parJiqu)arly 

. for trace elements, Woqd et:al. (1979a) $&*d t @ ~ t f { ~ > ~ ~ ~ l t i  ... .-,‘ ... fibhi thk Mid- 
f i t lh t i c  Ridge near 63' N (~eykjanes) ,  4S0N+hd ,367 ~ d t h e . ~ ~ o . w - s ~ ~ a r & j  ,. ...._ 

. . . have the geochemical c5aradteristids of ~hg$l k t  al:% (1965) "deIjl&tkd" 
. . . . .  

' ,oceanic tholeiites. , . .  : ..i::$.:-~;.;. 
' .. . ; .  . , ' , . . .  I , . . ! . ' .  

. On a Zr/Nb diagram ( ~ i g .  l l ) ,  rock; from 3 6 " ~ . & d  4 5 " ~ . o n  the Mid- 
Atlantic Ridge have Zr/Nb ratios in the ianih, ,3-7.ahd:~$ <$nterits'generally 
higher than those of rocks from near 63" ,where ZrlNIj ratios range from 

" . . ? . F .  <.*.,; 

4 7 up t o  the high values o f 1 8  or more that were, f o - ~ j ~ r l ~ ~ o ~ ~ ~ i d e r &  t o  be 
diagnostic of ocean-floor basalts ( ~ e a r c , e ~ a ~ $ a n n ; 1 9 7 3 ;  .. .,..::-! $.; ........ Erlanli and Kable. 
1976). Most of the Macquarie Island r o c k s $ , i ~ t  in,'t&e~s,$he~fieldS;.+ XI,; ...... * .  36"N and 
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Evidence for low-pressure fractionol crystallization 

The great majority of the basalts and dolerites have phenocryst assemblages 
that strongly resemble the mineralogy of the layered gabbro complex.: 

Olivine from the layered rocks falls in the compositional range and C' 

was probably more magnesian in the serpentinized plagioclase dunites judging 
by their bulk-rock compositions (see Figs. 5 and 13). Plagioclase compositions 
lie in the compositional range An,,-,,. The compositional ranges in the  cumu- . . .. 
late silicates therefore correspond reasonably well with the compositional 
ranges encountered 'in the same phases. occurring as phenocrysts in the basalts . 

and dolerites (Fig. 12). Preliminary data show that the'spinels are like the 
spinel microphenocrysts in the volcanics but more anaIyses are needed. Post- 
cumulus clinopyroxenes in the layered rocks are apparently heteradcumulus 
but are very similar to the rare phenocrysts of the volcanics, both in CaMgFe 
ratios (Fig. 12) and also in Al, Cr and Ti'contents (not shown). 

These mineralogical comparisons imply that the layered gabbro complex 

Fig. y2. Illustrntians of the compositional ranges in CaMgFe contents of olivines and 
pyroxenes in: (A) basalts, dolerites, gabbros and peridotites; and (B) An and Ab contents 
of plagioclases from basalts, dolerites and gabbros. 
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is composedlof cumulates compl&ent%y t o  the v o l ~ ~ a n ~ c . ~ o . c k s , . . ~ ~ e  conclu- 
sion can be tcstcd by comparisori with experimental studies of the distribu- 
tion of Mg and Fe2+ betwccn olivi.k<-ahd basic hclts (Rqeder and Ernslie, 
1970; Cawthorn e t  al., 1973; Ito, 1973;,l)hl;i?; G 7 6 ; ~ ~ n d e i ' e t : h  ' 1978). 
Basic liquids in equilibrium with the olivihkof t h e  lig+red iockh:ie calcu- 
lated to  have Mg/(Mg + Fe2+) in the range 0.67t0'.0'2-0.58+0.02','a range simi- 
lar to that of the basalts and dolerites (Fig. 6). Conversely, the most magnesi- 
an basalts [Mg/(Mg + Fe) - 0.721 could have been in equilibrium with olivines 
as magnesiad as F o ~ ~ - ~ ~ .  There is no obvious evidence that the harzburgite 
was a low-pressure cumulate from basaltic magma: the minerals o f  the harz- 
burgite are more magnesian thanithe phenocrysts .,-,,. , , .  , o f  the basa!tic ,r.ocks (Fig. , . , . . 
12), and ortliopyroxcne docs n o t b c c ~ a s  . . . . .  a phenodi$st phase in the volcinics. 

Fractionation of olivine and pla@oFlase,~the'cu&ulate.p~&es . . . . .  < . . .  , in .the layered 
gabbros and the  common phen@j.jlsts in . , .+.. tli&'l&a$'arid ., ,, ; . . . . .  :.. ::. dykes .,. .>.!. "&iis~beer! . ,, ..; ,-.. widely 
invoked to explain major-eleme$t~omp,ositi~dn,al ... vakiabili&, <... ... !.\, +... ...... in ,. .dce~an~floor 
bkalts. Yet mixing calc~latjons'(b$'~it , .~1: ,~1976i  Tti*thxg$.et$:, 1980) 
suggest that the variability is only ;itisfact@iilj. ac~ou@te3~for..if :.;;.: ..., clihbpyrox- :..,, 

ene is also extracted, in spite' of!& rarity,,&~{;phbfi.06iy$,t.t'Ph~6~:'~gine i+d.. 
'Rubenach (1972) pointed out tl$itrapid.eniptipn,i9'f a_tj'$c~ocean:flo6r, . , . 
basalt magma from - 9 kbar pdhbk  c o u l d l ~ d ~ t o . a , s i t u a t i o ~ : ~ ~ ~ e r e :  # -  - 

ti:?' , ... \ ,.. ; , ,> , t a , , ,  .\., $i2.., ' . <,+,., +:v>:y,.. ;:: . .  . ' : : i t ! .  
* .: . ~. ., . ., , 

. , : . ,.-;. ;,. ...... \. ,; ..;; ;!-. : .:, ,;; .;,*;-, i.:. ;- .: 
!'aluminous clinopyroxene stable ?t  highei$;edii!$s wb~ild :rka&.:wit>:the'magma, and 
plagioclase and olivine would be pricipitated.as tlie'magma fracti.oria1ljr ciysfallized to . . .' move to a cotectic relationship at lower~preiSuFes~.tt: ~:~~.~;.:..:i~,~. !: --.:, ,?;:,: ,!.':. ~ ,. -. . . .  

... . . . . .  ...... G . . . . . . .  .- ' .;,.;:,. ' , :.:, ? 
6': ' . ." '  ' . .  ..,,... I :  I .  ' - "  ' ' 

, l twas  argued that the rare clinopyroxene r$crysts qfoqean-flopr basalts 
should prove t o  be highly aluminpus if .this sugge&oni3ere yalid.,However, 
the clinopyroxenes are not notably rich.i+l> and rkiebbl'e the~postcurnulus ( : ' . .  i).I.L.. 

clinopyroxenes in the layered rbkks. This ~iri j l ,~i$G, '  z"d, the likelihg,?d that 
the postcumulus clinopyroxene ~rystallized bylh@hdcurnula@ ...,, , koivth, im- . 
piiii that many of the basdts eoul+ h&'form$d$ a ,. .. bsen intercumu!~? , :  .,..,. liquids 
at shallow crustal levels (cf. ~ o d ~ e s  and;P?bikk, , ... 1976; . Brooks . . .  and . .  Nielson, 

s .  . . . . .  . " . " : I ; . ,  
1978). ' 2 .  . : , .  .. !L.: :, ., : 1, -. .?~: 1;;. ,t2 ;;.,,- . . 
:~ecause  the layerid rocks are 2 m h t g e  o f  c,~mulus:and: pdstfukuiur . . ~. 

phases similai in composition to t h e  pheriocrjlqts ,.:. .... ~ f , t h ~ ~ ~ b ~ a l ~ ~ ~ n ~ d o l e r i t e s ,  
their bulk compositions are unlike . .  those 1 1 , ,  of li~uids.~This.:comfiositional .. fea-. - . . ' I . '  , ...'....* ..:. ,.,. 
i$i& displaied on a plot of CaOagainst ,;%;; , . , ... ,# :,... Mg/(Mg:+ ,. A-.. 'I:.: F ~ ) . ; ( F J ~ , : I ~ ) ; : ; T ~ ~  .?, . .  :.. ..... ! - .  .-.r..:: basalts 
aihablerites plot within a fairly,iestricted ..,<, ..: area ..::.* &ly:slightlyiaffected ,.,, .,-.. - ,  by. 
plagiocl&e eniichrnent in some <diks. Mosf:qf th@:jgbbr~s',gid - . , _  . . . ,  ... peyidotites, 

. ~ d b l l  of the'layered rocks, havebulk cornpds$id;is - .!,.. ..,. with .. >... ~ g / ( h l g t , F ' e )  \ ! : .  .. ratios 
h'igkier- than 'those of the fine-grained'or gl&s~:;ign'eo.us . , ...... . . ,, .:;* rocks,-:yith ..( . ,a scattersof 
CaO contedsjthat reflects crys t4  ,. fractio.natidn,effects .;:., , , .... c .... s t  {.  in~o!~~$g:olivine, .:.,, 

pi 
plyiocl&e ind  clino pyroxene. 'lk influenpen .of mqked,variation~.in modal 
cumulate olivine and plagioclase i$ also cl&rljr shown @ dB ~ ~ h f a i a g m m  

(( :. ....... ,: , ,\ ... '.:. .:: . . . . .  . . ? : .  !? . ,  : * a ; .  , (Fig. 5). . . !  . , . . . . . .  , . . . . . . .  . . . .  ,; ',. . . . . .  , , . .  . . _ .  v > . , 



Fig. 13. CaO contents o f  Macquarie Island.rocks, plotted against 100 Mg/(Mg E Fe). 
Basalts are shown by open circles, dolerilcs I,y fi1lr.d circles. tayercd gahbrqs,and wehrlites 
by fillcd cllij~ses. Crrbtros from east o f  Handspike Point and above the layered gabbros in 
the section (see Fig. 3)  are shown by open ellipses. Other massive gabbros are shown by 
open rhombs except for the massive gabbros from around Island Lake (see Figs. 2 and 3 ) ,  
shown b y  filled rhombs. . . 

? . .  % 

The massive gabbros have Mg/(Mg + Fe) ratios that range widely, but most,  
' are intermediate between those of the dykes and those of the layered rocks 

' 

(Fig. 5). Those gabbros with Mg/(Mg + Fe) ratios sirnilar.to those of the basalts 
x and dolerites have mineral compositions similar t o  those of pkie~ocrysts and 

groundmass phases in the fine-grained rocks (Fig. 12). 
The massive gabbros iri the northwest of the island (Fig. 2), placed between 

the dyke swarms and the layered gabbro complex in the oceanic lithosphere 
section (Fig. 3), have Mg/(Mg + Fe) ratios intermediate between those of the 
dykes and those of the layered rocks (Fig. 5), as do the recrystallized massive 
gabbros south of  the layered gabbro complex (Fig. 2) that in section appear . . 
beneath them, and above the harzburgite. 

These compositional relationships indicate that the upper part of the 
. Macquarie Island oceanic lithosphere section resembles a vertical slice through - 
, a differentiating column of magma. Much of the major-dement compositional 

variability in the l a v a  and dykes is apparently the result of low-pressure frac- 
tional crystallization. Many of the magmas could have been intercumulus 
liquids in the layered gabbros, differentiating by adcumulate fractional crystal- 
lization. As a group, the dykes are more differentiated than the lavas. The 
strong resembIances between the Macquarie Island rocks and the volcanic 
rocks erupted near 36ON and 45"N on  the Mid-Atlantic Ridge imply that simi- 
lar fractionation processes and spatial relationships occur in these active 
"anomalous" ridge segments, and that a magma chamber may be at  least epi- 
sodically present, perhaps s m d e r  than that proposed by Bryan and Moore 
(1977) but more substantial than that inferred by Nisbet and Fowler (1978). 

! 



DISCUSSION 

Its oceanic environment, its tectonic setting, its magnetic properties, its pil- 
low lavas and deep-sea sediments - these features all show that Macquarie Is- 

:land is composed of oceanic crust. 
The age of the rocks, the presence of dolerite dyke swarms, their structural 

'history, and the linear magnetic anomaly patterns of the region are all consis- 
tent with the hypothesis that Macquarie Island'oceanic lithosphere was form- 
ed by mid-Tertiary sea-floor spreading at the Indian-Antarctic-Pacific ridge 
far from any continent. Indeed, it isdifficult t o  explain the origin of the rocks 
in any other way. 

Macquarie:Island therefore provides the opportunity t o  examine oceanic 
crust, using the same methodology and a t  the sam'e scale as land-based studies 
of ophiolite complexes. The islad'is the connecting-link between the ophiolites 
qf continentdl environments, and' thein  situ oceanic c&t studied by dredge, 

' ,  . . , .  
drill and submersible. 

Miyashiro (1975) commented'that vd~canic rocks could be used.to assign 
ophioiite complexes t o  at least three classes:' cl&-I, ophiolite's &e characterized 
by tholeiitic volcanics that display, at  least the compositional character- 
istics of island-arc magmatism. ~ k c h  class-I ,optiiolites *iiy indude t h e  Troodos 
complex and'may have formed in an islirid"&c ( ~ i ~ a s h i r o ;  1975); 'and inter- 
arc basin ( P e k e ,  1975; ~rnewing e t  al.,' 1975; ~ewey , . l976 , ;  s u n  and Nesbitt, 
1978; Saunders and Tarney, 1979), in forb-aic settingsl(~anierdn et al., 1981), 
or  in the waning stages of abortedcontinental'rifti<g (8iown et al., 1981). 
These are thcicomplexes where *ithop$idxefi; ippkairs . ,.. kely,& .,. . ,  . . i inajor  . 
cumulate phasc in the ultramafick, and as a phenocryst phase in volcanic se- 
quences that arc proving to i n c l 4 e  high-~g,'lob-~i~~'andesites or  basalts 
that arc hy-rich and may have boninitic affin,ties (Kuroda and Stiiraki, 1975; 
Varne and Bibwn, 1978; Camerqp e t  al., 1979; ~ r o d n  e t  al., 1981; Cameron 
e t  al., 1981);! 

~ i ~ a s h i r o " s  (1975) Class-I1 ophiolites are associated with tholeiitic volcan-. 
ics similar to"ocean-floor basalts, .but showing more variation in Si02 contents 
and ~ e o * / M g O  ratios. Miyashiro (1975) suggested that  C1ass:II ophioiites, 
like'those of the Labrador Trough and the Yap ~slands, may have formed in 
immature arcs or in mid-oceanic ridges. Broadly sirni!ar,volcanics occur in the 
Mid- Atlantic 'Ridge from the Reykjanes ~ i d ~ e  at: 63' N (W?& et,al., 1979a) 
Qnd frp* the .Indian and Pacific bccans (Bryan 'et.al., ,1976); 

. . . . , . :  . 
Miyashiro '41975) also distinguished Class-111 ophiolites in which tholeiitic 

vol&&hics were accompanied by alkaline b,&alts, and included in this class the 
ophiolites of $igh-pressure metamorphic terranes, .and those of Macquarie Is- 
land. ~ i y a s h i r o  (197 5) suggested, that some of these. Class-I11 ophiolites could ' 

be derived from fracture zones, marginal sea floor or sea-mounts. 
However, has been shown, the volcanic rocks 0.f Macquarie Island are 

strongly resembled by the volcanic rocks from.the so.-c-dled  anom om do us" 
~ i d - ~ t ~ a n i i c ' ~ i d ~ e  segments near 36" and 45"N, b u t . s p g  . a compositional 



,range that is wider than that so far encountered a t  any single sea-floor site. In 
addition, the dykes and some of the gabbros tend to follow a more pronounced 
Fe-enrichment trend than do the lavas, and also include more di-poor and Q- 
rich compositions. The extent of the compositional range among the Mac- 

' quarie Island volcanics is partly a consequence of sampling methods and ex- 
posure: the best-known Mid-Atlantic Ridge site; the FAMOUS area, has simi- 
larly been shown t o  include almost the complete compositional range en- 
countered in the three major ocean basins (Bryan e t  al., 1976). 

On Macquarie Island, the volcanics range from ne- t o  Q-normative, and in- 
clude types that are relatively enriched in K, Sr, Rb, Nb and related elements 
but retain the characteristic phenocryst assemblages, the Ti, Ni, Cr, Y and Zr 
abundances, the major-element compositions,'and the normative mineralogy 
of ocean-floor basalts. Their geochemical characteristics, which may be related 
t o  source-heterogeneities (Pearce and Norry, 1979), pose a problem for the 
widely-used trace-element discrimination diagrams, where the ocean-floor 
basalt fields were defined using compositional data from the so-called "normal" 
ridge segments. These diagrams are an efficient method of identifying "normal" 
ocean-floor basalts, but "abnormal" ocean-floor basalts like the more enriched 
Macquarie Island basalts and dolerites tend t o  plot away from the ocean-floor 
basalt field into the "within-plate" basalt field or  into. the low-K island arc 
tholeiite field or are left unclassified. 

Similar "abnormal" ocean-floor basalts in ophiolite complexes may betray 
their origins by Nb contents in the range 20-60 ppm. High Nb  contents are -. very rare in basalts and andesites from,island arcs: even highly potassic and 
undersaturated mafic lavas from the Sunda arc have Nb contents of only - 15 ppm or less (Foden and Varne, 1980). In alkaline "within-plate" basalts, 
high contents of Nb are commonly accompanied by Ti and Zr contents that . 
are much greater than those of ocean-floor basalis. I t  would be of great in- 
terest to find out if many of Miyashiro's (1975) Class-111 ophiolites from high- 
pressure metamorphic terranes are Macquarie Island-type ophiolite complexes 
that could have been derived from "anomalous" ridge segments. 

The mineralogy and chemical composition of the Macquarie Island plutonic 
rocks are almost exactly those that would be predicted from consideration of a 

the mineralogy and major-element composition of the basalts and dolerites. 
There are no plagiogranites or  trondheimites on Macquarie Island, norite is 
either very rare or absent, orthopyroxenites are unknown, and the harzburg- 
ites are the only rocks in which orthopyroxene is abundant. The olivine, . 
plagioclase and clinopyroxene of the gabbros have compositions that are 
closely similar t o  thode of the same phases in the basalts and dolerites. Ortho- - 
pyroxene is unknown from the volcanic rocks, and is only a very rare con- 
stituent of the gabbros, where it seems to  have formed by subsolidus or  near- 

. solidus reaction (R. Vame, in prep.). 
The comagmatic character of the basalts, dolerites and gabbros of the 

I Macquarie Island ophiolite complex implies that any Macquarie Island-type 
I . opjiolite complex derived from a similar tectonic setting ought t o  be recogniz- 

' able from its field relations, petrology and geochemistry, unless it is extreme- 
ly altered and dismembered.' 
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ABSTRACT 
GRIFFIN, B . J . ,  1980 (31 v ) :  Erosion and rabbi t s  on Macquarie Is land:  some comments. 

Pap. Proc. R. Soc. Tasm., 114: 81-83 ( i n c l .  one p l a t e ) .  ISSN 0080-4703. 
Department of Geology, University of Tasmania, Hobart, Tasmania, Austral ia .  
Rapid emergence and subsequent 'g lacial  and p e r i g l a c i a l  ac t ion  on Macquarie Is land 

have placed it i n  a  s t a t e  of high erosional  a c t i v i t y .  The dominant processes a r e  
mass erosion through lands l ips ,  s o i l  creep slumping and s o l i f l u c t i o n .  F luv ia l  and 
aeo l ian  erosion a r e  only important i n  very r e s t r i c t e d  a reas .  Rabbit a c t i v i t y  has had 
a minimal e f f e c t  on th8 o v e r a l l  r a t e s  of erosion although appearing s i g n i f i c a n t  i n  
some loca l i sed  a r e a s . .  

INTRODUCTION 

Macquarie Island i s  widely recognised a s  an extremely i n t e r e s t i n g  a rea  i n  terms of 
most na tura l  sciences.  This b r i e f  repor t  looks a t  erosion processes on the i s land  and 
the e f f e c t s  of the r a b b i t  population on these processes and t h e i r  r a t e s  of operat ion.  
the 34 km by 3 km i s l a n d  l i e s  almostmidway between the  Austral ian mainland and t h e  
Antarct ic  cont inent ,  and is a subaer ia l  exposure o f  the  Macquarie Ridge. Physically 
it is  dominated by a  200-300 m hlgh plateau bounded by very s teep  s lopes and c l i f f s  
with only very minor low-lying coas ta l  t e r r a c e s ,  These ra i sed  marine t e r r a c e s  a r e  of 
middle t o  l a t e  Holocene age, ind ica t ing  an average u p l i f t  r a t e  of the i s l a n d  between 
1.5 and 4 .5  m per 1000 years (Colhoun and Coedg 1973). 

Geologically Macquarie Is land i s  a t  present  considerkd t o  represent  Miocene 
oceanic c r u s t  generated i n  a  spreading r idge environment (Varne and Rubenach 1972). 
The northern t i p  and southern three-quarters  of the  i s land  a r e  composed of b a s a l t i c  
pillow lavas and associated d o l e r i t e  dykes. The remaining northern quar te r  i s  com- 
posed of more massive u n i t s  of coarser-grained gabbros and ul t ramafic  rocks. 

The Calhoun and ~ o e d e  (1974) have shown t h a t  former i c e  ac t ion  on t h e  i s land  was 
dominated by l o c a l  plateau,  va l ley  and. c irque glaciers-which covered, a t  t h e i r  maximum 

? cx ten t ,  some 40% of the i s land ,  r a t h e r  than by complete over-r iding of an e a s t e r l y  
moving i c e  sheet  (Mawson 1943). Present landforms a r e  dominantly o f  former periglac-  
i a l  and g l a c i a l  o r i g i n .  The cur ren t  c l imat ic  condit ions a r e  humid. p e r i g l a c i a l  . 

PREVIOUg STUDIES OF EROSION 

Few observations have been made of erosion processes on Macquarie Is land.  How- . 
ever various workers i n  other  d i s c i p l i n e s  have made somc b r i e f  comments. Taylor (1935) 
suggested t h a t  r a b b i t  grazing is  having ca tas t rophic  e f f e c t s ,  i n  terms of erosion,  on 
the grassland a reas  of  Macquarie Is land.  This view was s t rongly supported by Costin 
and Moore (1960). They suggested t h a t  on the s teeper  s lopes ,  which include grassland 
s lopes i n  excess of  700 up t o  an a l t i t u d e  of 300 m,  e l iminat ion of t h e  s t a b i l i z i n g  dom- 
inan ts ,  Poa fokiosa and StiZbocarpa polar i s ,  by rabbi t  grazing w i l l  almost c e r t a i n l y  
increase t h e  incidence of minor l ands l ips ,  r e s u l t i n g  i n  the  s t r i p p i n g  of blanket  bog 
peats  and the development of s c r e e s .  They f i n a l l y  suggested t h a t  small l ands l ips  i n  
otherwise i n t a c t  s lopes o f ten  i n i t i a t e  an i r r e v e r s i b l e  trend towards s o i l  loss .  



Eros ion and Rabbi ts  on Macquarie I s l a n d  - 

S o i l  creep i s  the major erosion mechanism on Macquarie Island. - This i s  a  con- 
tinuous process with mater ial  gradual ly moving downslope under g rav i ty .  On Macquarie 
Is land the so i l - rock  i n t e r f a c e  is  permanently sa tura ted ;  a  r c s u l t  of t h e  continuous 
heavy d r i z z l e  and low mist t h a t  charac te r i se  the weather condit ions on t h e  i s l a n d .  
Precipitation i s  r a r e l y  heavy and many of the water channels on the i s land  today a r e  
r e l i c t  meltwater channels which a r e  general ly  u n d e r f i t  (Colhoh and Goede 1974). Con- 
sequently today f l u v i a l  erosion does not play a  major r o l e  on Macquarie Is land.  

?he most spectacular  f o ~ m  of mass movement, namely lands l ips ,  a r e  very common on 
Macquarie Island. This i s  not surpr i s ing  because the mass movement mantle is  i n  a  
permanent s t a t e  of i n s t a b i l i t y  and only requ i res  a  s u i t a b l e  t r igger  t o  move more rap- 
i d l y  a s  a  l ands l ip .  During the  th ree  months 1975/76 summer f i e l d  season it was 
observed t h a t  a  number of l ands l ips  occurred immediately a f t e r  the  heaviest  r a i n f a l l  
period o f  the  summer. - T h i s  cor re la t ion  of l ands l ips  occurring a f t e r  heavy r a i n  
periods has a l s o  been observed subsequently (G .  Copson, peps. e m . ) .  Another recog- 
niscd t r i g g e r  i s  large earthquakes and a s  Macquarie Island i s  seismical ly very a c t i v e ,  
earthquakes a s  well as  heavy r a i n  periods form the major t r i g g e r s  f o r  the l ands l ip  
a c t i v i t y .  The i r r e v e r s i b l e  s o i l  l o s s  t rend a f t e r  l ands l ips  suggested by Costin and 
Moore (1960) has not been observed by t h e  author. On most of the  s lopes on both coas t s  
it i s  possible  t o  see l ands l ip  areas  i n  various s tages  of revegetat ion ( p l a t e  l a ) .  
Bare rock is only exposed, i f  a t  a l l ,  a t  the head of t h e  s l i p  and t h i s  is  quickly cov- 
ered by col lapse of upslope mate r ia l .  

PLATE l a .  - Recent and revegetated land- 
s l i p s  on s teep  coas ta l  tussock 
slopes near Nuggets Point a t  the 
northern end of  Macquarie Is land.  

PLATE 1b.- Ter race t tes  on a  grassed 
h i l l s l o p e .  
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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. 

REFERENCES 

Colhoun,..E.A., and Goede, A . ,  1973: F o s s i l  Penguin Bones, 14c  Dates and t h e  r a i s e d  
marine t e r r a c e s  of ~ a c q u a r i e  I s l a n d :  some comments. Search, 4 ( 1 1 ) :  499-501. 

, 1974: A reconnaissance survey.of  t h e  g l a c i a t i o n  of  
Macquarie I s l a n d .  Pap. Proc. .R. Soc. Tasm. , 108 : 1- 19. 

Cos t in ,  A.B., and Moore, D.M., 1960: The e f f e c t s  o f  r a b b i t  g raz ing  on t h e  g r a s s l a n d s  
o f  Macquarie I s l and .  J .  EcoZ.,,48: 729-732. 

Cumpston. J.S., 1968: Macquarie ;sland. ANARP. S c i e n t i f i c  Reports, Series A, 9 3 .  
Mawson, D . ,  1943: Macquarie I s l a n d :  - i t s  geography and geo logy . ,  duotralasian 

Antarctic e p e d i t i o n  191 1-1914 Sc ien t i f i c  Reports, Ser iss  A ,  5 .  
Taylor ,  B .W., 1955: Tne f l o r a ,  v e g e t a t i o n  and s o i l s  o f  Macquarie I s l a n d .  Australian' 

Nationul Antarctic Research Expedition Reports, Series 5 . .  11. 
' Varne, R . ,  and Rubenach, M.S., 1972:. Geology o f  Macquarie I s l a n d  and i ts ' r e l a t i o n s h i p  

t o  ocean ic  c r u s t .  Amer. Geophys. Union, Antarctic Research Series, 19:  251.  




