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The elements F, C1, Ni, Co, Cu, Ga, Sc, c;r, v, H a  and Sr have 
been detemined i n  two d r i l l  cdl-es through a d i f f e r e n t i a t e d  t h o l e i i t i c  , 
d o l e r i t e  s i l l  from Tasmania. 
employed t o  demonstrate the  occupancy of hydroxyl lattice sjtes hy hnth 
chlor ine  and f luorine.  
r a t i o s  suggests t ha t ,  i n  these do le r i t e s ,  N i  occu ies Feed s i t e s ,  Co and 

Al, and Ba and Sr both replace Ca. 

A mult ivar ia te  s t a t i s t i c a l  technique i s  
I 

Consideration of trace-element/ma or element 

Sc replace both Mg and Fe+2, C r  replaces Fe+3, V+ 3: 

INTRDDUCTION 

Tho le i i t i c  d o l e r i t e s  of Ju ras s i c  age are of widespread occurrence 

Edwards (1942) has shown t h a t  these  d o l e r i t e s  are commonly 

I 

i 
I n  Tasmania. 

d i f f e r e n t i a t e d  and a r e  similar i n  composition t o  those of the  Karoo, Pali-  

sades and Antarctica provinces. The e f f e c t  of the  l imi ted  d i f f e r e n t i a t i o n  

of t h e  M t .  Wellington sheet  on the d i s t r i b u t i o n  of major and t r a c e  elements 

has  been rrtudied by Edwards (1942) and T i l l e r  (1959) ; i n  t he  Red H i l l  in t ru-  

sion, d i f f e r e n t i a t i o n  has produced s i l i c i c  granophyre and t h i s  body has been 

s tudied i n  d e t a i l  by McDougall (1962) and the  va r i a t ion  of N i ,  Co, C r  and Cu 

reported by McDougall and Lovering (1963). 
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The s t ruc tu re  of  the  Great Lake sheet has been discussed by Carey 

(1958) and McDougall (1964). 

t h i s  sheet  and the  physical and pe t ro logica l  proper t ies  of Borne of these 

cores  studied by Jaeger and Jopl in  (1955), Jopl in  and Jaeger (1957), Jaeger 

and Green (1958), and McDougall (1958) . McDougall (1964) has recent ly  c o w  

pleted a de ta i l ed  study of the  petrology and major element composition of 

two cores  from t h i s  sheet  and shown t h a t  one, D.D.H. 5084, i s  very similar 

t o  the  M t .  Wellington sheet, and the other, D.D.B. 5123, is markedly more 

d i f f e r e n t i a t e d  i n  that granophyre has been produced i n  the  upper 70-100 

f e e t .  

found i n  t h e  Tasmanian do le r i t e s ,  

Numerous bore holes  have been d r i l l e d  through 

These two cores,  then, exhib i t  t h e  complete range of f r ac t iona t ion  

Although severa l  s tud ies  bf t r a c e  element va r i a t ion  during magmatic 

d i f f e r e n t i a t i o n  have been reported p h v i o u s l y  (e.g, Wager and Mitchell ,  1951; 

Nockolds and Allen, 1956; McDougall and Lovering, 1963) the  behaviour of 

f luo r ine  and chlor ine has not  previously been examined. 

advantages associated w i t h  t h e  study of bore hole material and the  extensive 

physical,  chemical and mineralogical da ta  a l ready ava i lab le  from the  Great 

Lake d o l e r i t e  sheet, an invest igat ion of the  t r ace  element d i s t r i b u t i o n  i n  

t h e  same samples studied by McDougall should prove of fundamental importance 

t o  our understanding of the  d i f f e r e n t i a t i o n  of t h o l e i i t i c  magmas. 

I n  view of the  

DescriDtion of the Great Lake Doler i te  Sheet 

The Great Lake d o l e r i t e  i s  a l a rge  t ransgress ive  sheet  of Jurass ic  

age. 

granophyre, of very l imi ted  l a t e r a l  extent ,  has been produced only i n  t h i s  

area.  The 5123 bore hole commenced i n  granophyre and grades downward i n t o  

a c i d  d o l e r i t e  a t  a depth of 70-100 feet. 

Adjacent t o  Great Lake it is of the  order of 2000 feet th i ck  and 

Eastwards, t he  sheet  r i s e s  s teeply 
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1 
and i n  t he  region of the  Tiers Arch (Carey, 1958) becomes only 100-200 

f e e t  th ick ;  f u r t h e r  eastwards it again achieves a thickness  i n  excess of 

1200 f ee t .  The 5084 core is from t h i s  region of the  sheet. The paper by 

McDougall (1964) provides block diagrams i l l u s t r a t i n g  the  s t ruc tu re  of t he  

sheet  and t h e  loca t ion  of t h e  bore holes. 
8 

Modal analyses of 5123 and 5084 have been reported by McDougall 

The lower 2one d o l e r i t e s  cons i s t  of approximately 45% (1958; 1964) . 
clinopyroxene, 408 plagioclase,  up t o  8$ orthopyroxene, 2% i r o n  ore, w i t h  

t h e  residue being made up by a poorly c rys t a l l i zed  mesostassis. In the 

c e n t r a l  zone d o l e r i t e s ,  orthopyroxene disappears and the  proportion of 

clino-pyroxene s t e a d i l y  decreases;  plagioclase and i ron  ore  increase 

s l i g h t l y  and mesostasis increases  markedly. Granophyre, found only i n  

5123, i s  formed by a rapid increase i n  mesostasis a t  t he  expense of the  

o ther  const i tuents .  

The pyroxene of the  lower and c e n t r a l  zone d o l e r i t e s  cons i s t s  

of equal proportions of augi te  and pigeoni te ;  t h e  plagioclase of both regions 

i s  l ab rador i t e  commonly zoned t o  a rim of andesine. An intergrowth of quartz 

and a l k a l i  fe ldspar  i s  r a r e l y  v i s i b l e  i n  the  mesostasis of t he  lower zone 

but  i s  somewhat more common i n  the  c e n t r a l  zone do le r i t e s .  Micro l i tes  of 

pyroxene and needles of apatite are a l s o  observed i n  the  mesostat is  of t he  

c e n t r a l  zone. I n  the  granophyre, t h e  plagioclase remains l ab rador i t e  but  

pigeoni te  i s  absent and t h e  pyroxene i s  ferroaugi te .  

ANALY!IICAL METHODS 

The a n a l y t i c a l  procedures f o r  ch lor ine  and f luo r ine  have been 

descr ibed i n  d e t a i l  elsewhere (Greenland and Lovering, 1964a). I n  b r i e f ,  

ch lo r ine  was determined by fusion of the  powdered rock sample i n  an Edwards- 
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Urey type d i s t i l l a t i o n  device (Eduards and Urey, 1955) and ana lys i s  of t he  

d i s t i l l a t e  by a m i c r d i f f u s i o n  technique as demribed by Conway (1957) ; 

b’ 

P 

f luor ine  was determined by an emission spectrographic technique employing 

the  C a F  emission bands and t h e  CaO bands as i n t e r n a l  standard. I n  both 

cases,  precis ion is approximately ?lo$ of the amount present  as estimated 

from numrous r e p l i c a t e  analyses of a s ing le  sample. 

The emission spectrographic procedure employed i n  the  determina- 

tion of Ni, Co, Cu, Ga, Sc, Cr, V, Sr, and Ba has a l s o  been described pre- 

viously (Greenland and Lovering, 1964b). Samples were mixed I t 1  w i t h  

graphi te  containing palladiwn as In t e rna l  standard and arced i n  dupl ica te  

i n  an oxygen stream. 

used as standards. 

Dilutions of the  U.S,G.S, standard diabase U-1 were 

The a n a l y t i c a l  precis ion w a s  estimated from 14 single 

arcings of a d o l e r i t e  sca t te red  throughout the  samples studied here; these 

r e s u l t s  are shown in Table 1 expressed as a r e l a t i v e  error .  

RESULTS 

The ana ly t i ca l  r e s u l t s  of t h e  5123 d r i l l  core are presented in 

Table 2 and of the  5084 core In Table 3. 

c e r t a i n  major elements have been computed from t h e  da t a  of McDougall (1964) 

and a r e  shown in Table 4. 

Ratios of t he  t r a c e  elements t o  

It is convenient t o  have an index of d i f f e r e n t i a t i o n  i n  order t o  

McDougall (1964) has shown t h a t  combine the  da t a  from t h e  two bore holes. 

d i f f e r e n t i a t i o n  i n  the  Great Lake sheet was control led by f r ac t iona t ion  i n  ~ 

c (Fee+  Fe+3) x 100 
the  pyroxene s e r i e s  and thus the  mafic index, Fe+z $. Fe+l + Mg , of Wager 

and Deer (1939) and Simpson (1954) provides a s a t i s f a c t o r y  measure of the  

degree of f rac t iona t ion ,  

f o r  these samples and has been Included i n  Tables 2, 3, and 4. The combined 

d a t a  of these two cores  have then been p lo t t ed  aga ins t  t h i a  index i n  Figures 

This r a t i o  has been computed by HcDougall (l%4) 



1 1, 2, and 3 thus i l l u s t r a t i n g  t h e  f r ac t iona t ion  pa t t e rns  of t h e  trace elements 

with d i f f e r e n t i a t i o n ;  s ince t h e  analytical e r r o r  of t h e  determinations i s  

log-normally d i s t r ibu ted ,  a logarithmic concentration scale has been employed. 

The ion ic  r a d i i  and e l ec t ronega t iv i t i e s  of a number of elements have 

been assembled i n  Table 5 since these proper t ies  are general ly  believed t o  

govern t h e i r  f rac t iona t ion  during c r y s t a l l i z a t i o n  d i f f e r e n t i a t i o n  and are 

frequent ly  re fer red  t o  i n  the  text.  

Fluorine : 

Correns (1956) has reviewed the  geochemistry of f luo r ine  and con- 

cluded t h a t  there  appears t o  be no co r re l a t ion  between f luo r ine  content and 

chemical composition of a rock. No study of t h e  va r i a t ion  of f luo r ine  during 

d i f f e r e n t i a t i o n  of a basic magma has been published and, while Correns' con- 

c lus ion  may be general ly  t rue ,  f luor ine  would be expected t o  become enriched 

i n  t h e  most acid f r a c t i o n  of a d i f f e ren t i a t ed  sequence. According t o  Correns 

(1956), f luo r ine  may occur as independent minerals ( apa t i t e ,  f l u o r i t e )  or 

may replace hydroxyl ions i n  micas and amphiboles. O f  these minerals, only 

a p a t i t e  has been detected i n  t h i n  sect ions from these  cores  (McDougall, 1964) 

and thus  f luo r ine  i s  presumably concentrated i n  the  mf$ostassis. 
e3 

In 5123, f luo r ine  i s  reasonably constant i n  the  lower zone d o l e r i t e s  

and increases  s t e a d i l y  through the c e n t r a l  zone t o  a m a x i m u m  i n  t h e  granophyres. 

The lower zone d o l e r i t e s  of 5084 are a l s o  depleted i n  f luo r ine  r e l a t i v e  t o  the  

c e n t r a l  zone and it i s  apparent tha t  c r y s t a l  f r ac t iona t ion  of the  Great Lake 

shee t  has led  t o  enrichment of the r e s idua l  magma i n  f luorine.  Figure 1 shows 

t h a t  f l uo r ine  is enriched t o  about t he  same degree as barium and gallium i n  

the  f i n a l  c r y s t a l l a t e s  of t he  magma. I n  fact, t he  p r o f i l e  of i l u o r i n e  with 

depth  i s  very similar t o  t h a t  of barium i n  both cores  demonstrating t h a t  



t 
similar d i s t r i b u t i o n s  do not necessar i ly  imply iden t i ca l  l a t t i ce  sites. 

Although a p a t i t e  i s  universal ly  present i n  the  mesostassis of 

these rocks, there  i s  insu f f i c i en t  phosphorus t o  account f o r  even half  t he  

f luo r ine  as a pure fluor-apati te.  

hydroxyl ions i s  presented i n  a l a t e r  section. 

Chlorine : 

Evidence t h a t  f l uo r ine  i s  replacing 

The d i s t r i b u t i o n  of chlorine through a d i f f e ren t i a t ed  sequence 

has not  been described previously, but  Correns (1956) has concluded that 

there  i s  no general enrichment of ch lor ine  i n  acid rocks r e l a t i v e  t o  basic 

rocks. 

hornblendes, replacing the  hydroxyl ion, but may a l s o  be present  as solu- 

t i o n s  i n  mineral inclusions or dissolved i n  rock g l a s s  (Correns, 1956), and 

thus  i s  expected t o  be concentrated i n  the  mesostassis of t he  Great Lake 

sheet.  

In  s i l i c a t e  rocks, chlorine occurs predominantly i n  micas and 

The f rac t iona t ion  of chlorine i n  5123 i s  considerably less marked 

than t h a t  of f l uo r ine  though t h e  s l i g h t  enrichment of chlor ine in t he  c e n t r a l  

zone d o l e r i t e s  and granophyres does p a r a l l e l  t he  enrichment of f luorine.  

Although s l i g h t l y  enriched i n  the earliest c e n t r a l  zone d o l e r i t e s  of 5084, 

t h e  degree of f r ac t iona t ion  is much less than that of f luo r ine  o r  even of 

ch lor ine  i tself  i n  5123. 

shown i n  Figure 1 which confirms the  very s l i g h t  f r ac t iona t ion  of ch lor ine  

p a r t i c u l a r l y  as compared w i t h  f luorine.  This i s  a surpr i s ing  result s ince  

t h e  l a r g e r  ion ic  radius  of chlorine and i t s  w e l l  known a b i l i t y  t o  form 

complex molecules should lead t o  g rea t e r  concentration of chlor ine than 

f l u o r i n e  i n  res idua l  magmas; these f a c t s ,  as w e l l  as the  water s o l u b i l i t y  

of chlor ine compounds, have been advanced as an explanation f o r  t h e  high 

The var ia t ion of chlor ine with d i f f e r e n t i a t i o n  i s  
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c1/F r a t i o  obtaining i n  volcanic gases (Correns, 1956). 

explanation of t h i s  anomalous d i s t r ibu t ion  i s  that v o l a t i l e s  have been 

The most l i k e l y  
k 

l o s t  from the  magma chamber during c r y s t a l l i z a t i o n  and it i s  of i n t e r e s t ,  

therefore ,  t h a t  McDougall (1964) has been l ed  t o  invoke a loss of v o l a t i l e s  

through j o i n t s  i n  the  overlying do le r i t e s  and sediments on independent 

grounds. The ch i l l ed  contact  of 5084 gives no r e l i a b l e  evidence on t h i s  

point  s ince it is  ac tua l ly  depleted i n  chlor ine r e l a t i v e  t o  the  bulk of 

both cores, and, i f  taken as representat ive of the o r ig ina l  content of 

chlor ine i n  the  magma, would require the  addi t ion of chlor ine during 

c r y s t a l l i z a t i o n ;  t h i s  sample contains evidence of a subsequent a l t e r a t i o n  

(McDougall, personal communication) and it i s  probable t h a t  chlor ine was 

l o s t  a t  this time, 

Nickel : 

Vogt (1923) presented extensive evidence that nickel  i s  camou- 

f laged by magnesium and t h i s  view has subsequently been supported by more 

recent  authors (Wager and Mitchell, 1951; Goldschmidt, 1954) . 
(1955a, 1956) suggests, however, t h a t  due t o  similar ion ic  r a d i i  and 

Ringwood 

e l ec t ronega t iv i t i e s ,  t he  nickel-iron diadochy should be of paramount 

importance, and support for t h i s  conclusion i s  derived from the  high abun- 

dance of n icke l  i n  i ron  oxides, (Wilkinson, 1959; McDougall and Lovering, 

1963). On the  o ther  hand, Snyder (1959) has c r i t i c i z e d  Ringwood's discussion 

and favours the  nickel-magnesium diadochy as t h e  more important. 

Tasmanian d o l e r i t e s  a t  M t .  Wellington and Red H i l l ,  t h e  i ron  ore  contains  

approximately twice as much nickel  as do co-existing pyroxenes ( T i l l e r ,  

1959; McDougall and Lovering, 1963) and thus t h e  Ni-Fet2 diadochy might be 

I n  the  

expected t o  be of most importance in  t h e  Great Lake sheet. 



However e lec t ron  probe s tudies  (Lovering, unpublished work) have 
e 

shown t h a t  magnbtite gra ins  i n  some e c l o g i t i c  rocks contain very small 

(ml?) sulphide blebs. 

ind ica te  t h a t  these sulphide blebs are composed of chaldopyrite, various 

Semiquantitative analyses using t h e  e lec t ron  probe 
L! 

i ron  sulphides and an iron-nickel-cobalt sulphide of some type. It i s  not  

impossible t h a t  similar sulphide blebs could occur i n  the  i ron  ores  extracted 

from the  Tasmanian d o l e r i t e s  so t h a t  the  n i cke l  (and cobal t )  found i n  these  

i ron  ores  may occur i n  a separate sulphide phase. 

I n  5123, n icke l  i s  uniformly abundant a t  about 115 p.p.m. a t  

depths g rea t e r  than 1000' and decl ines  smoothly from t h i s  point  t o  5.5 

p.p.m. N i  i n  the  uppermost cen t r a l  zone d o l e r i t e s ;  t h e  granophyres contain 

n icke l  below the  de tec t ion  l i m i t  of 2 p.p.m. N i .  

pronounced peak i n  the  most basic port ion (200'-300*) of the  core and 

dec l ines  s t e a d i l y  through the  cent ra l  zone do le r i t e s .  The p r o f i l e  of 

n icke l  through both cores  i s  very similar t o  t h a t  of magnesium, as has 

a l s o  been noted i n  the  M t .  Wellington s i l l  ( T i l l e r ,  1959). 

necessar i ly  evidence f o r  Hi-Mg diadochy, however, s ince chromium a l s o  

In  5084 nicke l  shows a 

This i s  not 

possesses a very similar p r o f i l e  although it i s  known t o  be replacing 

ferric iron. 

Figure 3 shows the  smooth decrease of n icke l  with d i f f e ren t i a t ion .  

Nickel and chromium are the  t r ace  elements most severely affected by frac- 

t i o n a l  c r y s t a l l i z a t i o n  i n  the  Great Lake sheet,  as has been found i n  other  

d i f f e r e n t i a t e d  d o l e r i t e s  (Nockolds and Allen, 1956) , but  they d i f f e r  from 

each o ther  i n  t h a t  t he  decrease of chromium i s  more rapid than of n icke l  

and n icke l  i s  not enriched i n  the f i n a l  d i f f e ren t i a t e s  as is  chromium. 
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If n icke l  i s  replacing magnesium, the  Ni/Mg r a t i o  should increase 

during d i f f e ren t i a t ion  whereas i f  it i s  replacing i r o n  the  Ni/Fe'2 r a t i o  should 

decrease s ince the ionic  radius  and e lec t ronegat iv i ty  of n icke l  i s  interme- 

d i a t e  between that of magnesium and iron. I n  f a c t ,  both r a t i o s  decrease 

which s t rongly suggests t h a t  the  f rac t iona t ion  of n icke l  has proceeded inde- 

pendently of t h a t  of magnesium. This  i s  i n  accord with the  smooth curve 

obtained from a p l o t  of Mi/FeO against  an index of d i f f e r e n t i a t i o n  i n  con t r a s t  

t o  t h e  s c a t t e r  of N i / M g O  points  (Figure 4 ) .  

least i n  the  Tasmanian d o l e r i t e s  the Ni-Pe+2 diadochy i s  of g rea t e r  impor- 

Thus it seems probable t h a t  a t  

tance than t h a t  of Ni-Mg i n  agreement with Ringwood's (1955a) in te rpre ta t ion .  

Scandium and Cobalt: 

Tnese eiements are alike i n  t he i r  a b i l i t y  t o  replace magnesium 

and di-valent i ron  and commonly show similar f rac t iona t ion  pa t te rns  during 

igneous d i f f e ren t i a t ion  (Wager and Mitchell ,  1951; Nockolds and Allen, 1956) 

Til ler (1959) and McDougall and Lovering (1963) have shown t h a t  t h e  i ron  ore* 

conta ins  more cobal t  than do co-existing pyroxenes i n  the  Tasmanian d o l e r i t e s  

but s ince i ron  ore  cons t i t u t e s  less than 5% of the  t o t a l  rock (McDoWall, 

1964) the  var ia t ion  of cobal t  must be a t t r i b u t e d  pr imari ly  t o  the  pyroxenes. 

Both cobal t  and scandium increase from t h e  bottom of 5123 t o  a 

s l i g h t  maximum i n  the  12OO1-70Ot portion of the  core and then slowly decrease 

till the  appearance of granophyre when they f a l l  abruptly. I n  5084 they 

aga in  p a r a l l e l  each o ther  by r i s ing  s l i g h t l y  from t h e  ch i l l ed  contact  values 

t o  form maxima i n  the  200'-300' portion of t he  core,  rise t o  f u r t h e r  maxim3a 

* Co may occur i n  separate  sulphide phases included i n  the  i r o n  ores  ( see  
Nickel discussion) 
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I t 

i n  t h e  uppermost lower zone do le r i t e s  and gradually decrease through the 
b 

cen t r a l  zone. 

i s  very similar t o  t h a t  of magnesium suggesting that they may be replacing 

The trend of both scandium and cobal t  through these  cores  

Mg ra the r  than i ron  i n  the  pyroxenes. 

p r o f i l e s  of the two elements does not necessar i ly  imply t h a t  t h e i r  la t t ice  

sites are ident ica l .  

On the  o ther  hand, a s imi l a r i t y  of 

The abundance of scandium and cobal t  decrease with d i f f e r e n t i a t i o n  

but the  rate of change i n  the  more ac id  d i f f e r e n t i a t e s  appears t o  be some- 

what g rea t e r  for scandium. A similar d i s t r i b u t i o n  f o r  these  elements has 

been shown t o  hold f o r  a la rge  number of d i f f e ren t i a t ed  t h o l e i i t i c  magmas 

by Nockolds and Allen (1956). 

while t he  Co/Fet2 and Sc,/Fet2 r 8 t . i ~ ~  decrease vf th  dfffarentiaiion. 

r a t i o s  correspond t o  the r e s u l t  t o  be expected from consideration of t he  

relevbnt ionic  r a d i i  and e lec t ronegat iv i t ies  (Table 5 )  . 
cobal t  and scandium w i t h  magnesium adhePe somewhat more c lose ly  t o  a smooth 

curve when p lo t ted  aga ins t  an index of d i f f e r e n t i a t i o n  than do t h e i r  r a t i o s  

with i ron  (Figures 5 and 6) ,  again suggebting t h a t  they a r e  more c lose ly  

associated with magnesium than w i t h  iron. 

The Co/Mg and Sc& r a t i o s  increase rap id ly  

These 

U 
The r a t i o s  of 

Copper: I 

Copper replaces sodium and di-valent i ron  i n  si l icate and oxide 

minerals as w e l l  as forming independent sulphide minerals (Wager and Mitchell ,  

1951; Snyder, 1959). 

I 

In  t h e  M t .  Wellington d o l e r i t e  of Tasmania, T i l le r  

(1959) has shown that copper i s  present i n  the  pyroxene, plagioclase and 

i r o n  ore  f r ac t ions  and McDougall and Lovering (1963) have demonstrated the  

same d i s t r i b u t i o n  of copper i n  the  Red H i l l  (Tasmania) granophyre; it therefore  
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seems probable t h a t  the  Great Lake sheet  also contains  a d i s t r i b u t i o n  of 

copper between the s i l i c a t e ,  oxide and sulphide minerals. 

I n  5123 copper is low (35-50 p.p.m.) i n  the  lower zone d o l e r i t e s ,  

r i s e s  t o  a maximum of 100-150 p.p.m. i n  the  c e n t r a l  zone and abrupt ly  decreases 

i n  the  granophyres t o  44 p.p.m. I n  5084 it i s  depleted i n  the  lower sone and 

rises t o  a maximum i n  the  central zone do le r i t e s .  The d i s t r i b u t i o n  of copper 

i n  5084 is very s imi la r  t o  t h a t  found by Ti l le r  (1959) f o r  the  M t .  Wellington 

s i l l ,  whereas the  d i s t r i b u t i o n  i n  5123 p a r a l l e l s  that found a t  Red H i l l  

(McDougall and Lovering, 1963) and i n  the  Skaergaard in t rus ion  (Wager and 

Mitchell ,  1951) 

The rapid increase i n  copper cohtent with d i f f e r e n t i a t i o n  t o  a 

maximum a t  a mafic index of 70-80 followed by an abrupt dec l ine  i s  shown 

c l e a r l y  i n  Figure 2. 

of granophyre has been attr ibuted t o  the  separation of an d i s c i b l e  sulphide 

The peak i n  copper abundance preceding the  appearance 
m 

be a general  accompaniment t o  magmatic fractional c rys t a l l i za t ion .  

G a l l i u m :  

G a l l i u m  i s  commonly camouflaged by t r i -va l en t  i ron  and aluminium 

during magmatic d i f f e r e n t i a t i o n  and occurs predominantly i n  the  fe ldspars  and 

magnetite (Shaw, 1957). I n  the  Great Lake sheet,  magnetite i s  present a t  

5% while plagioclase cons t i tu tes  4040% of the  rock (McDougall, 1964) and 

thus  the  fe ldspar  would be expected t o  account f o r  v i r t u a l l y  a l l  of the  gallium, 

G a l l i u m  decreases with depth through near ly  the e n t i r e  length of 

5123; it fa l l s  rap id ly  from 33 p.p.m. Ga a t  10' t o  19 p.p.m. Ga a t  200' and 

decreases  more slowly t o  6.2 p.p.m. Ga a t  14001, af ter  which it begins t o  rise 
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again. I n  5084, t he  gallium content decreases from the  ch i l l ed  contact  

value of 13 p.p.m. Ga t o  a minimum of 8.5 p.p.m. Ga a t  a height of 195' 

af ter  which it increases  t o  a maximum of 20 p.p.m. Ga i n  the upper p a r t  of 

t he  core. 

dual  magma during c rys t a l l i za t ion  d i f f e r e n t i a t i o n  and, i n  f a c t ,  t he  degree 

of gallium f rac t iona t ion  i n  5123 very c lose ly  approximates t h a t  of t h e  

Skaergaard in t rus ion;  i n  t h e  l a t t e r ,  Wager and Mitchell  (1951) record a 

range of 8 t o  35 p.p.m. Ga i n  rocks or ig ina t ing  from a parent magma containing 

17 p.p.m. Ga. 

It i s  apparent that  gallium was g rea t ly  concentrated i n  t h e  resi- 

When the  da t a  from both d r i l l  cores  are combined and p lo t ted  aga ins t  

an index of d i f fe ren t ia t ion ,  it may be seen that gallium increases  l i n e a r l y  

w A m  a i r r e ren t i a t ion  (Figure 1). 

with d i f f e ren t i a t ion  as i s  comon i n  t h o l e i i t i c  magmas (Wager and Mitchell ,  

1951; Nockolds and Allen, 1956) and probably reflects the  g rea t e r  radius  and 

e lec t ronegat iv i ty  of gallium w i  1 h respect  t o  aluminium. 

Chromium : 

--,A,. * .  n.. The Ga/Al  (Table 4) r a t i o  a l s o  increases  

Chromium is  camouflaged by f e r r i c  i ron  i n  magnetite and pyroxenes 

and may form an independent chrome-spinel mineral a t  concentrations as low 

as 250 p.p.m. Cr i n  t h e  magma (Wager and Mitchell ,  1951). 

Lovering (1963) have shown t h a t  i n  the  Red H i l l  d o l e r i t e ,  t he  i r o n  ore  

contains  more chromium than does co-existing pyroxene but t h e  t o t a l  rock 

contains  almost twice as much chromium as can be accounted f o r  by the  pyroxenes 

and i r o n  ore;  they were unable t o  decide whether t h i s  re f lec ted  an a n a l y t i c a l  

bias or t h e  presence of chromite. 

i n  t h e  Great Lake sheet  (McDougall, 1964) ind ica tes  t h a t  t he  var ia t ion  of 

chromium i n  the rock i s  predominantly due t o  t h e  pyroxenes. 

McDougall and 

Nevertheless, the  preponderance of  pyroxene 
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The chromium content of 5123 fa l l s  rap id ly  from the  high abundance 

i n  the  deepest portion of t he  core t o  a plateau of approximately 10 p.p.m. C r  

i n  t he  c e n t r a l  zone d o l e r i t e s  and i s  absent (c2 p.p.m.) from the  f i n a l  grano- 

phyre a t  a depth of 10'. 

basic p a r t  of t he  core (10Ot-30O') and decl ines  s t ead i ly  through the  cen t r a l  

zone do le r i t e s .  

magmatic d i f f e r e n t i a t i o n  (Nockolds and Mitchell ,  1946; Wager and Mitchell, 

1951; Nockolds and Allen, 1956) and i s  usual ly  a t t r i bu ted  t o  the  smaller 

size and e lec t ronegat iv i ty  of the Cr-'3 ion r e l a t i v e  t o  Fe-3 leading t o  enrich- 

ment of the  ea r ly  c r y s t a l s  i n  chromium and consequent rapid deplet ion of t h e  

magma. 

I n  5084, chromium i s  g rea t ly  enriched i n  the  most 

The extreme f rac t iona t ion  of chromium invar iab ly  a t tends  

The rapid decrease of chromium with d i f f e r e n t i a t i o n  i s  c l e a r l y  

shown i n  Figure 3 which a l s o  indicates  a s l i g h t  increase of chromium i n  the  

f i n a l  d i f f e ren t i a t e s .  The f i n a l  enrichment of chromium has been a t t r i bu ted  

t o  a change i n  oxidation state (Wager and Mitchell, 1951) and t o  the  formation 

of a complex (Ringwood, 1955b). 

shown by t h e  Cr/Fe*3 r a t i o  (Table 4) which decreases sharply a t  first but 

remains e s sen t i a l ly  constant i n  t h e  l a te r  d i f f e ren t i a t e s .  

Vanadium : 

The change i n  propert ies  of chromium i s  a l s o  

Vanadium i s  usua l ly  concentrated i n  the  i ron  ore  f r a c t i o n  of si l icate 

rocks i n  which it replaces titanium and i ron  and, t o  a lesser extent ,  i n  t h e  

pyroxenes replacing t r i -va len t  iron. T i l l e r  (1959) has shown t h a t  i n  the  

M t .  Wellington s i l l  (Tasmania) the ore contains 3-4 times as much vanadium 

as  do co-existing pyroxenes and a similar d i s t r i b u t i o n  can be expected f o r  

t h e  Great Lake sheet. 
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Vanadium i s  

only a s l i g h t  m a x i m u m  

remarkably c o n s t a t  i n  t he  d o l e r i t e s  of 5123, showing 

i n  the  8001-9001 portion, end decreases abruptly i n  

the  granophyres, 

i n  t he  most basic  200'-3001 portion of t he  core and dec l ines  i n  the  c e n t r a l  

zone doler i tes .  

M t .  Wellington doler i tes .  

d o l e r i t e s  is i n  marked cont ras t  t o  t he  strong f rac t iona t ion  exhibi ted i n  t h e  

Skaergaard (Wager and Mitchell, 1951), Dillsburg ( io tz ,  1953), and most other  

d i f f e ren t i a t ed  t h o l e i i t # s  (Nockolds and Allen, 1956), and probably r e f l e c t s  

t h e  very minor and rather constant aniount of ore  obtaining i n  t h e  Great Lake 

d o l e r i t e s  

X t  is  more varfable in 5081, i n  t h a t  it i s  slightly enriched 

Tiller (1959) has described a similar d i s t r ibu t ion  in the  

The uniform abundance of vanadium i n  the  Tasmanian 

ll 

4 

i n  accord w i t h  t h i s  d i s t r ibu t ion ,  vanadium changes l i t t l e  with 

d i f f e r e n t i a t i o n  u n t i l  t h e  abrupt decrease i n  the  granophyre (Figure 2). The 

g r e a t  impoverishment of t he  granophyre i n  vanadium i s  due t o  t h e  steady d e p  

l e t i o n  of t h e  magma since most of the 5123 core contains s l i g h t l y  more vana- 

dium than t h e  o r ig ina l  magma PIS represented by the c h i l l e d  margin of 5084. 

The ionic  radius  and e lec t ronegat iv i ty  of quadri-valent vanadium 5s less 

than t h a t  of ferric i ron  and thus t h e  V/Fe3.3 r a t i o  i s  expected t o  dearease 

during d i f f e r e n t i a t i o n  and t h i s  i s  found t o  be true of these rocks. 

V/Ti  r a t i o  i s  a l s o  expected t o  decrease during d i f f e ren t i a t ion  due t o  the  

smaller radius  of V* and the  observation t h a t  t h i s  r a t i o  adheres more c lose ly  

t o  a smooth curve with d i f f e ren t i a t ion  than does t h e  V/FeQ3 r a t i o  (Figure 7) 

suggests  t h a t  vanadium i s  more closely associated with t i tanium than with 

fe r r ic  i ron  i n  the Great Lake sheet. 

Bar ium : 

The 

The ionic  rad ius  of barium i s  such t h a t  it may be camouflaged by 

calcium or captured by potassium bearing minerals and i t s  f r ac t iona t ion  
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during d i f f e ren t i a t ion  i s  generally very similar t o  t h a t  of potassium 

(Wager and Mitchell, 1951; Nockolds and Allen, 1956; dotz, 1953). 
n 

The barium content of 5123 decreases rap id ly  with depth from 

550 p.p.m. a t  50° t o  120 p.p.m. a t1200 '  af ter  which it remains e s s e n t i a l l y  

constant. In  5084, it fal ls  abruptly from t h e  ch i l l ed  contact  value of 

500 p.p.m. t o  200 p.p.m. and begins a gradual rise a t  the  250' height. If 

t he  ch i l l ed  contact of 5084 is taken as representat ive of t he  composition of 

the  o r ig ina l  magma, it i s  apparent t h a t  barium must have been l o s t  during 

c r y s t a l l i z a t i o n  s ince only the  granophyres of 5123 contain as much barium 

a3 the  o r ig ina l  abundance. McDougall (personal communication) considers 

t he  5084 contact  t o  be slightly a l te red ,  however, and it may be that barium 

has been added io this sainple d-tiring the a l t5~a t io i i .  

The grea t  enrichment of t h e  res idua l  mew i n  barium i s  c l e a r l y  

shown i n  Figure 1 where the  combined da ta  are p lo t ted  aga ins t  an index of 

d i f f e ren t i a t ion .  The f rac t iona t ion  of barium i s  similar t o  t h a t  of potassium 

i n  these  cores but  tihis does not necessar i ly  ind ica te  t h e i r  occupatdon of 

i d e n t i c a l  l a t t i c e  sites. The Ba/K r a t i o  i s  highly var iable  and shows no 

d i sce rn ib l e  trend with d i f f e ren t i a t ion  whereas the  Ba/Ca r a t i o  def ines  a 

smooth curve increasing with d i f f e ren t i a t ion  (Figure 8 ) .  This s t rongly 

suggests t h a t  t h e  barium i s  present i n  the  plagioclase and therefore  v a r i e s  

independently of potassium. The increase of the  Ba/Ca r a t i o  may be a t t r i b u t e d  

t o  t h e  g rea t e r  radius  of barium which causes i t s  p re fe ren t i a l  exclusion from 

t h e  e a r l y  c rys t a l l a t e s .  

Strontium : 

The strontium-calcium diadochy i s  w e l l  known and r e s u l t s  in t he  

concentration of strontium i n  the  plagioclase f r ac t ion  'of a rock (Nockolds 

and Mitchell, 1945; Wager and Mitchell, 1951). 
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The strontium content of t h e  Great Lake shee t  has been only 

s l i g h t l y  affected by d i f fe ren t ia t ion ,  

i n  t h e  granophyre of 5123 t o  a minimum of 98 p.p.m. i n  t h e  lower zone 

do le r i t e s ;  i n  5084 it falls  from t h e  ch i l l ed  contact  value of 150 p.p.m. 

t o  100 p.p.m. Sr i n  the  most basic rock before r i s i n g  slowly t o  a maximum 

of 170 p,p.m. i n  the  c e n t r a l  zone doler i tes .  

strontium rises t o  a maximum before decreasing in t he  granophyre f r a c t i o n  

(Wager and Mitchell, 1951) and the same pat te rn  has been found f o r  t he  

d i f f e ren t i a t ed  d o l e r i t e  of Dillsburg (do t i ,  1953), but  i f  such a maximum 

is present i n  the Great Lake sheet it i s  too  small t o  detect .  

Strontium f a l l s  from 190 p.p.m. 

I n  t h e  Skaergaard intrusion,  

/f 

The increase of strontium with d i f f e r e n t i a t i o n  l a  shown i n  Figure 

i io be curvilinear with the  grea tes t  rate of change et iow mafic W e x  

values;  again there is no indicat ion of a maximum preceding the  granophyre 

stage. 

the increase i s  most rapid i n  the  f i n a l  d i f f e ren t i a t e s .  

buted t o  the  larger sise of the  strontium ion and is invar iab ly  found i n  

d i f f e ren t i a t ed  sequences (Nockolds and Mitchell, 194.6; Wager and Mitchell, 

1951; Nockolds and Allen, 1956). 

The Sr/Ca r a t i o  (Table 4) a l s o  increases  with d i f f e r e n t i a t i o n  and 

This may be attri- 

DISCUSSION 

ComDarison of the  Great Lake Mama w i  t h  Other Tho le i i t i c  Basalts. 

The ch i l l ed  margin of an intrusion I s  general ly  accepted as an approximation 

t o  the composition of t h e  or iginalmagm. 

concentrations of the  lower contact of 5084 with similar samples from other  

t h o l e i i t i c  baaa l t s  and with the  ”average basa l t ”  of Turekian and Uedepohl 

( 1961) . 

Table 6 compares trace element 
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Unfor "mate  
t 

r, kD0ugal.l (personal commun,dation) has found evidence 

of a s l i g h t  hydro-thermal a l t e r a t ion  in t h i s  sample and thus the value of such 

a comparison may be somewhat dubious; in fact, carpsrison of these results 

with the d i s t r ibu t ion  found i n  tha two cores s t rongly suggests that barium 

has been added and chlorine l o s t  from t h i s  sample. Hovertheless, Table 6 

indica tes  the  general  similarity of the  assumed Great Lake magma t o  other  

Tasmanian magmas ( i n  so far as comparison is possible) that might be expected. 

It contains considerably 1088 Hi, Co, Cr and Cu than do the Hawaiian, Karroo 

and Skaergaard d o l e r i t e s  and ra ther  more Sc. 

strontium, the Great Lake sheet compares remarkably c lose ly  with the average 

basalt .  

Except f o r  the depletion of 

k t t i e e  &CiiEiad by P1'30ifii8 md CkiGiLi6 .  Skits the h k i i S f l ~ G = -  

of the halogens during d i f f e ren t i a t ion  has not  previously been studied, it i s  

of some i n t e r e s t  t o  determine their mode of occurrence in t he  Great Lake sheet. 

Fluorine and chlor ine normally occur i n  a p a t i t e  a t  hydroxyl l a t t i c e  sites; 

f luor ine  can a l s o  fonn f l u o r i t e  or replace oxygen while chlorine can occur 

independently i n  soda l i t e  and scapolite. 

t he re  is i n su f f i c i en t  phosphorus in the  Great Lake sheet  t o  account f o r  e i t h e r  

of the halogens as a p a t i t e  and thus if it can be shown that f luor ine  and 

chlor ine are occupying iden t i ca l  l a t t i c e  e i t e s  they m e t  be replacing the  

hydroxyl ion. 

independent f luorine and chlor ine minerals (McDougall, personal coamunication) 

but t h i s  is not conclusive and a multi-variate rrtatistical teehnique will be 

employed t o  show that chlor ine and f luor ine  do in fact occur in the  aame 

It has been noted previously that 

Examination of t h i n  sect ions has f a i l e d  t o  de tec t  any of the  

l a t t i c e  site. 
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It has been s t ressed  previously t h a t  similar concentration t rends 

of two elements with depth or index of d i f f e r e n t i a t i o n  does not  necessar i ly  

imply an iden t i ty  of l a t t i c e  sites. It is  therefore  necessary t o  consider 

t he  residual  var ia t ions  after removal of t h e  e f f e c t s  produced by differen-  

t i a t ion .  

. 
l 

To do t h i s ,  we assume tha t  the  observed abundance Zi, (Z1 L log C 1 ,  

% = log  F) a t  any depth D i n  t he  core i s  t h e  sum of three  independent functions: 

the  depth of the  sample; t h e  a v a i l a b i l i t y  of la t t ice  sites, Sz'; and the  analy- 

t i c a l  e r r o r  of the  determination, # a  

It i s  obvious t h a t  f ( 9 )  and h(Si )  are not ac tua l ly  independent funct ions but 

h(Si) may be considered as random variat ions of l a t t i c e  s i t e s  whereas f (Di)  

may be a t t r i bu ted  t o  t h e  smooth var ia t ion with d i f fe ren t ia t ion .  

Therefore Z i  f(Di) f h ( S 8  + g&). L' 

Thus we f u r t h e r  

n l n  1 ~SS-XIE t h a t  A \ u i l  is 8 sfiiitl~, ~ i i i ~ o t h  CXTB and t h ~ t  the  c ~ E ~ F Y ~ : !  ~ c a t t e r  ~f 

t h e  d a t a  represents  irregularities of c r y s t a l l i z a t i o n  from t h e  magma and ana- 

l y t i c a l  error .  

functions: 

The removal of t h e  e f f ec t  of f (Di)  on Zz' then y i e lds  two new 

Z ' i  ,C= g a z ,  4 h ( Q .  

Fluorine and chlor ine were determined independently of each other  

and thus  the ana ly t i ca l  e r r o r s  of the determinations cannot be correlated,  

implying t h a t  g(gi :  and g(Y2) a r e  completely independent functions. 

any re la t ionship  found between Z l f  and 

h(S1) and h(S2) implying t h a t  t he  small sca le  var ia t ions  of f luo r ine  and ch lor ine  

l a t t i c e  s i t e s  are ident ica l ,  which i n  tu rn  suggests t h a t  t he  si tes are i n  f a c t  

i den t i ca l .  

Therefore, 

must r e f l e c t  a re la t ionship  between 

The first problem then, is the  computation of f(Dd). Observation of 

t h e  p r o f i l e s  of f l uo r ine  and chlorine with depth i n  5123 (Figure 9) suggests 

t h a t  t h e  general  trend of t h e  data  may be s a t i s f a c t o r i l y  approximated with a 

parabola. 

methods (Ezekial  and Fox, 1959). 

With t h i s  assumption, f(Di) may be computed by standard least  square 

I t  should be noted t h a t  t h e  abundance values 
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I -  

have been transformed t o  t h e i r  logarithms i n  order t o  s a t i s f y  the  statist ical  

requirement of homocedacity s ince it i s  known from experimental considerations 

t h a t  t h e  ana ly t i ca l  e r r o r  of both determinations i s  d i s t r ibu ted  approximately 

log-normally. The curves f i n a l l y  arrived a t  are: 

log  F z 2,814 - 6,3208 x 10m4D$ 2,3875 x lom7$ 

l o g  C1 = 2.0605 - 5.4648 x 1 0 n 4 D $  3.0254 x lo-?? 

These are shown p lo t ted  with the  observed 28 i n  Figure 9. From A 
these  parabolas a "calculated" abundance of t h e  halogens may be obtained at 

any depth which, when subtracted from the  "observedn abundance, y i e lds  the  

Z h f  values. 

Given these values of Z i t ,  a least squares s t r a i g h t  l i n e  of t h e  

fnmn 7.- I . A +  BZI2 may be f i t t e d  t o  these data. 

standard techniques t o  yield:  

This has been done by -it - --- 

( log  F) = 0.0039 + 1.0015 ( log c1)' 
The cor re la t ion  coef f ic ien t  computed from these  da t a  ind ica tes  a 

highly s ign i f i can t  re la t ionship  between t h e  Z 1 i  funct ions and thus, i n  view 

of t h e  preceding discussion, t h e  inference t h a t  f luor ine  and chlor ine are 

occupying iden t i ca l  l a t t i c e  sites appears t o  be warranted, The coe f f i c i en t s  

of t h i s  equation are of some in te res t .  The computed value of A does not d i f f e r  

s i g n i f i c a n t l y  from zero which indicates  t h a t  when no ch lor ine  sites are avail- 

able ,  there are no f luo r ine  sites; t h e  coe f f i c i en t  B does not  d i f f e r  s ign i f i -  

c a n t l y  from one ind ica t ing  t h a t  an increase of chlor ine sites y ie lds  an equal 

increase of f luor ine  sites, 

of an i d e n t i t y  of f luo r ine  and chlorine lat t ice sites. 

minerals have been observed i n  th in  section, it appears probable therefore  

Thus both coef f ic ien ts  agree i n  the  implication 

Although no hydroxyl 

t h a t  they do exis t  as submicroscopic inclusions i n  the  mesostassis and that 
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. they do contain most of t he  f luor ine  and chlor ine present i n  t h e  Great Lake 

d o l e r i t e ,  

Small Scale Variation i n  the Cores. McDougall (1964) has noted 

the  presence of a f i n e r  scale var ia t ion  i n  the  Great Lake d o l e r i t e s  and 

s p e c i f i c a l l y  c i t e s  t he  abnormally low MgO content of t he  900' sample of 

5123. 

and 950' were a l s o  included i n  t h e  trace element study. The 900' sample 

To f u r t h e r  determine t h e  extent of t h i s  "ripple", samples from 890' 

contains less  Cr, Sc, V, N i  and Co and more Ga, Sr, F and C 1  than e i t h e r  

t h e  890' o r  950' samples confirming t h e  i r r e g u l a r  va r i a t ion  i n  t h i s  region 

of t h e  core. 

of "acidity" from 1000'-900', an abrupt decrease between 900'-890', followed 

From the  p r o f i l e s  there  appears t o  be a r a t h e r  gradual increase 

by t h e  gradual increase through the c e n t r a l  zone do le r i t e s .  

t i o n  i s  l imi ted  t o  100' and may be considerably less. 

Thus, t h e  varia- 

Small scale va r i a t ions  

such as t h i s  are probably of frequent occurrence i n  these  d o l e r i t e s  and a 

more de t a i l ed  study of them than was possible  here might be of considerable 

i n t e r e s t .  

CONCLUSION 

The general  f rac t iona t ion  of t r a c e  elements i n  the  Great Lake 

d o l e r i t e s  i s  similar t o  those found i n  most d i f f e r e n t i a t e d  basic t h o l e i i t i c  

magmas. Nickel and'chromium become g r e a t l y  depleted and cobal t  and scandium 

s l i g h t l y  depleted i n  t h e  r e s idua l  magmas, 

with d i f f e r e n t i a t i o n  but i s  v i r t u a l l y  exhausted by t h e  granophyre stage. 

Copper rises rapidly with d i f f e r e n t i a t i o n  t o  a maximum and i s  then removed, 

presumably by separation of an immiscible sulphide phase. 

s l i g h t l y  and f luor ine ,  barium and gallium increase/ g rea t ly  with d i f f e ren t i a -  

t ion.  

bable t h a t  chlor ine has been l o s t  with o the r  v o l a t i l e s  during c r y s t a l l i z a t i o n  

Vanadium decreases only s l i g h t l y  

Strontium increases  

Chlorine may increase s l i gh t ly  i n  these  d o l e r i t e s  but it appears pro- 

, 1! 



-21- * 

I of the Great Lake sheet. 

I n  these  d o l e r i t e s ,  it i s  believed t h a t  N i  occupies Fe+2 sites, 

Co and Sc replace both Mg and F$*; C r  replaces Ff?3 u n t i l  t h e  la ter  s tages  

when a change of oxidation state probably occurs; replaces  Ti*4; Ba and 

Sr replace C a  i n  t h e  plagioclase;  Ca replaces  Al, while F and C1 occupy 

hydroxyl sites i n  the  poorly c rys t a l l i zed  material of t h e  mesostassis. 
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TULE 1. 

SPECTMIGRAPHIC PRECISION 

Element Hean Relative Error 
(D.D.B. 1 (%I 

Ba 329 5.7 

Sr 157 3.6 

s c  40.8 14.9 

V 196 5.2 

cu 127 9. 8 

Cr 15.1 9.8 

Ga 19.1 10.9 

N i  29.6 7.0 

co 42.0 6.5 

Stat i s t ics  calculated from 14 single arcing8 of a dolerite (D.D.H. 5084, 
1035') distributed throughout the sample exposures. 
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I . TABLE 4 

TRACE ELEMENT - MAJOR ELEMENT RATIOS. 

4 Mafic Ni x lo4 N i  x lo4 Co x lo4  Co x lo4  Sc x 10 sc x 10 
Index FeO Mgo FeO Mgo FeO Mgo 

41.0 

41 .2  

41.4 
42.6 
43.0 
43.0 
44.1 
44.4 
44.5 
46.0 
46.6 
47.5 
48.9 
50.8 
53 .1  
54.6 
55.1 
56.8 
56.9 
57.4 
59.3 
60 .5  
63 .5  
65.6 
66 .4  
69.2 
73 .0  
7 4 . 3  
81.2 
83.2 
8 4 . 1  
91.4 

15.3 

18.1 

17.6 
15.9 
15.9 
16.4 
18.5 
17.7 
14.8 
14.1 
18.0 
13.4 
12.8 

9.8 
10.9 
10.3 

9.0 
9.3 
9.0 
8.6 
7.0 
6 .1  
5.7 
4 .8  
3 .8  
4.1 
2.6 
2.2 
1.2 
0.72 
0.63 - 

10.1 
11.7 

11.8 
10.8 
11.1 
11.9 
12.9 
12.8 
11.2 
10.9 
13.5 
10.8 
10.4 

9.5 
10.7 
11.5 

9.7 
10.8 

9.7 
10.1 

9.7 
8.5 
8 .8  
8.1 
6.7 
8.4 
5.6 
5.2 
4.0 
3.1 
2.6 - 

6.27 

6.68 

6.13 
6.23 
6.62 
8.106 
6.04 
7 .08  
6.72 
5.92 
7.63 
6.52 
5.80 
5.54 
5.96 
5.34 
6.14 
5.78 
5.66 
5.52 
5.33 
4.92 
5.00 
4.55 
5.28 
4.32 
4.87 
4.88 
4.43 
3.86 
3.91 
2.96 

4.1 

4.3 

4.1 
4.2 
4.6 
5.8 
4.2 
5.1 
5.1 
4.6 
5.7 
5.2 
4.7 
5.4 
5.9 
5.9 
6.6 
6.7 
6.1 
6.5 
7.5 
6.9 
7.8 
7.7 
9.4 
8.9 

10.4 
11.7 
14.8 
16.6 
16.0 
19.3 

5.83 

7.56 

6.52 
6.64 
7.28 
6.69 
6.18 
7.08 
7.48 
7.28 
7.90 
7.16 
6.21 
5.80 
6 .61  
5.46 
6.47 
6.38 
5.39 
5.81 
6.56 
5.38 
5.57 
4.'92 
5.15 
4.80 
6.62 
5.24 
5.82 
3.38 
4.37 
2.41 

4.5 

4.9 

4.4 
4.5 
5.1 
4.8 
4.3 
5.1 
5.7 
5.6 
5.9 
5.7 
5.0 
5.6 
6.5 
6 .1  
7.0 
7.4 
5.8 
6.8 
9.2 
7 .5  
8.7 
8.3 
9.2 
9.9 

14.1 
12.6 
19.5 
14.5 
17.9 
19.3 



TABLE 4 ( C o n t ' d )  

Mafic C r  x l o3  V x lo2  V x IO2 Ga x lo4 B a  x IO2 B a  x lo3  Sr x lo3 
I n d e x  Fe203 Fe203 T i 0 2  O3 K20 CaO C a O  

41.0 
41.2 
41.4 
42.6 
43.0 
43.0 
44.1 
44.4 
44 .5  
46.0 
46.6 
47 .5  
48 .9  
50.8 
5 3 . 1  
54.6 
5 5 . 1  
56 .8  
56.9 
57 .4  
5 9 . 3  
60 .5  
63.5 
65.6 
66.4 
69.2 
73 .0  
7 4 . 3  
81.2 
83.2 
84 .1  
91.4 

50.0 
59.6 
110 

33.8 
36.7 

119 
34.4 
30.7 
39.6 
30.8 
31.4 
12.0 
14.3 
26.8 
10.6 
19.0 
4.4 
9 .4  
7 .3  
8 .1  

12.3 
4.2 
1.7 
1.9 
1.7 
1.9 
0.4 
0.56 
0.35 
0.65 
0.38 
0.40 

5.26 
4.04 
5 .00 
3.10 
3.84 
7.10 
1.98 
2.67 
5.00 
2.95 
1.93 
2.50 
1.50 
3.57 
1.95 
2.86 
2.12 
2.26 
1.22 
1.76 
6.78 
2.53 
2.10 
2.06 
2.30 
2.66 

.88 
1.11 

.81 
1.12 

.87 

.12 

4.56 
4.79 
4.40 
4.59 
4.79 
4.23 
4.04 
4.00 
4.62 
4.60 
5.00 
5.20 
3.84 
3.64 
3.67 
2.73 
4.65 
3.43 
2.60 
3.17 
3.75 
2.91 
2.84 
2.98 
3.18 
2.19 
2.40 
2.26 
1.76 
1.79 
1.76 
0.31 

0.46 
0.49 
0.83 
0.50 
0.66 
0.56 
0.69 
0.92 
0.62 
0.72 
0.60 
0 .73  
0.75 
0.82 
0.70 
0.75 
1.25 
0.85 
0.88 
0.85 
0.72 
0 .93  
0.75 
1.22 
1.16 
1.08 
0.84 
1.13 
1.14 
1.16 
1.77 
2.71 

1.91 
1.78 
2.13 
2.07 
2.10 
2.08 
1.32 
2.50 
2.30 
2 .93  
2.47 
1.95 
2.37 
2.95 
1.96 
1.94 
2.75 
2.61 

2.44 
1.46 
1.92 
2.13 
2.70 
2.57 
2.52 
2.68 
2.03 
2.63 
2.50 
2.66 
2.33 

- 

1.04 
1.22 
1.08 
1.08 
1.06 
1.33 
1.21 
1.39 
1.42 
:.si 
1.65 
1.39 
1.69 
1.81 
2.00 
1.83 
1.94 
2.23 

1.69 
1.63 
2.00 
2.43 
2.98 
3.25 
3.40 
2.91 
2.98 
4.50 
4.47 
6.74 

- 

10.5 

0.79 
0.81 
0.83 
0.81 
0.82 
1.00 
0.86 
1.04 
1.00 
L e  of! 
1.04 
0.96 
1.07 
1.09 
1.18 
1.10 
1.15 
1.25 
1.46 
1.10 
1.14 
1.27 
1.31 
1.64 
1.58 
1.60 
1.45 
1.49 
1.80 
1.88 
2.64 
3.23 



c 
TABLE 5. 

RADIUS AND ELECTROWGATIVITY 

OF A NUMBER OF IONS. 

I on Radius, A Electronegativity 

Fe' . 74 1.65 

Mgt2 66 102 

Ni4- 2 

C0'2 

sc"3 

Fed3 

~ r ' 3  

v+3 

V' 4 

T i '  

Ac3 
42 Ca 

Ba) 

sr--2 

K- 

P- 

c1- 

0-2 

69 

72 

. 81 

. 64 

63 

. 74 

e 63 

68 

. 62 

5 1  

0 99 

1.34 

1.12 

1.33 

1,36 

1.81 

1.40 

1.3 

1.8 

1.6 

l e 3 5  

1.6 

1.6 

1.6 

1.3 

1.0 

85 

1.0 

e8 



TABLE 6. 

COMPARISON OF GREAT LAKE MAGMA 

WITH OTHER THOLEIITIC 

BASALT MAGMAS. 

P a r t s  pe r  mill ion.  
Sam- 
ple  F C 1  Ba Sr N i  Co C r  Se V Cu Ga 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

A :  
B: 
C: 
D: 

' E: 
F: 
G: 
H: 
I: 
J: 
K :  

390 72 >500 150 67 42 120 40 200 75 13 

270 - - - 93 47 1 5 1  - -  78 - 
- - - - 88 5 1  - - 380 105 22 

- - 60 j j o  3521 55 532 13 300 0 25 

- - 70 125 150 50 425 20 220 - 30 

- - 170 200 60 55 250 40 275 - 20 

- - 80 178 18 42 63 57 475 - 25 

- - 350 350 30 30 45 20 300 - 25 

- - 125 400 87 3 5  200 - 250 170 - 
- 0 43 350 170 53 170 12 140 130 17 

400 60 330 465 130 48 170 30 250 87 17 

Great Lake Sheet, Chilled Contact of 5084. 
Red H i l l ,  McDougall and Lovering, 1963 (F determined here). 
Elt. Wellington, Tiller, 1959. 

Karroo Doleri tes  
B r i t i s h  Tert iary Tho le i i t i c  ) Nockolds and Allen, 1956. 
Nakone Volcanics 
Northfield S i l l  
Di l lsberg Dolerite,  N o t a ,  1953. 
Skaergaard, Wager and Mitchell, 1951, 
Average Basalt, Turekian and Wedepohl, 1961. 

Hawaiian Tho le i i t i c  Basal ts  1 
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Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8, 

Figure 9. 

FIGURE CAPTIONS 

Variation of F, C 1 ,  Ga, Ba, and Sr with d i f f e r e n t i a t i o n  i n  t h e  

Great Lake sheet. 

Variation of Cu, V, Co, and Sc with d i f f e ren t i a t ion  i n  t h e  

Great Lake sheet. 

Variation of Ni and Cr with d i f f e r e n t i a t i o n  i n  the  Great Lake 

sheet. 

Variation of the Ni/FeO and Ni /MgO r a t i o s  with d i f f e r e n t i a t i o n  

i n  the Great Lake sheet. 

Variation of the  Co/FeO and -&/go r a t i o s  with d i f f e r e n t i a t i o n  

i n  t h e  Great Lake sheet. 

Variation of t h e  Sc/FeO and Sc/MgO r a t i o s  with d i f f e r e n t i a t i o n  

i n  the  Great Lake sheet. 

Variation of the  V/Fe203 and V/Ti02 r a t i o s  with d i f f e r e n t i a t i o n  

i n  the  Great Lake sheet. 

Variation of the  Ba/k20 and Ba/CaO r a t i o s  with d i f f e r e n t i a t i o n  

i n  the  Great Lake sheet. 

Variation of F and C1 with depth i n  the  D.D.H. 5123 core showing 

the  least-squares f i t t e d  parabolas. 
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