
t ~i~ned !r emir ! ................................................ 
trices. The subscripts m ~d n ~s~e values 2 and 3 or h ~d 6 according 
to whether A is a function of the edges or of the ~it cell ~gles. Fur- 
thermore: 

3A/~x--(I/gA)(~B/~m)• (II) 

~B/~(A34-A12) (y4-Y3-Y2+Yl) 

~C/ax=A~Jyg-~I)+A~2(~41~8)--AI2A3~(yh--y3+Y2-Yl l 
aA/gy=-(I/gA)(~B/3y)• (12) 

~B/ay=-(A34-AI2)(m4-X3-X2+X I) 

~g/~--a~(x2-xl)-a~2(x4-xg)+Al2a3~fx~-x3+x2-zl) 
Equations (22) ~d (12) must be used with the positive sign or the neg- 

ative sign according to whether the value of A accepted has been obtained 
from (6l with the positive or negative square root of the disnrimdn~t. 

Variance and eovariance ter~ required to solve equation (20) ~e usu- 
ally available on the output of the lattice constant refinement progr~s. 
Incidentally, for correct utilization of (10) it should be borne in mind 
that, as far as unit cell ~gles are concerned, computer progr~s usually 
furnish variance and covarianee values in tad 2 and sb~d~d deviation val- 
ues, i.e. the square root of the variances, in de~ree. 

If on applying (g) one ass~es that the errors are~eorrelated, i.e. 
ooU(~r,~s)cO, then 

V -{ ~ ras ~d o~(A)=(~A/)x)2V~t+(~A/)y)2Vnn~ (13) rs o. r/a (10) reduces to 

The values of the st~dard deviation given by (10) are generally 
slightly greater th~ those furnished by (13), but in both eases are 
sm~ller than those obtained graphically. 
Error terms in 0~. The st~dard deviation o(Or) of Or(b'e*) can be calcu- 
lated in a simii~way to that of A by means of the Law of Propagation of 
~rrors: 

o2(Or)x(POr/~x)2Vnnl+(aOr/~y)BVnn+2(~Or/ax)(~Or/Py)Pmn (24) 

where V~, Ynn, Vn~ have been previously defined. Bn this ease, the sub- 
scripts m and n of course ass~e values 2 ~d 3 in the reciprocal lattice 
constant varianee-cov~-iance matrix. Moreover: 

~Or/am=-(1/2D)(aE/~)• (15) 

~E/~=(Or24-Or13) (~4-~3-~2+Yl) 

?F/~x=Or~4(Y3-Yl)+Or~3(yg-yB)-Orl3Or2~(yk+g3-YB-Yl ) 
~Or/~g=-(I/2D)(~E/~y)• (16) 

~E/~y=-(Or24§ ) 
2 ~F/3y-~Or24(z3-xi)-Or13(x4-xB)+Or130rBg(xh+x3-m2-xl ) 

When applying (14), it should be noted that double signs must be used 
in expressions (25) and (16) in a similar way to those used in calculating 
the errors in A. If one ass~es that the errors ~e uncorrelated the cross 
product of equation (24) becomes zero. 
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Es t i ~ t i on  o f  e r r o r s  in the ~ thod  o f  ca l cu l a t i on  used by g~ ies  (1977) 

The f o r~ t i on  o f  l i gn i t e  f rom t i t ano~gne t [ t e  f r equen t l y  shows 

separate generat ions o f  exso lved i l ~n l t e .  Bowles (1977) used m~croprobe 

analyses o f  host  ~gne t i t e  and t ~  genera t ions  o f  i ] ~n l t e  w i t h  an 

es t i ~ t e  o f  the volu~ o f  each phase to  de r i ve  compos i t ions  rep resen t i ng  

d i f f e ren t  stages in the coo l i ng  h i s t o r y  o f  a complex ~gne t i t e  i t ~n i t e  

g ra in ,  Use o f  the Buddington and L inds ley  (~96/4) geo the r~me te r  p rov ided  

two po in t s  in the temperature and oxygen - fugac i t y  h i s t o r y  o f  the spec i~n .  

In t h i s  appendix  a comparison o f  the e r r o r s  o f  ~asu re~n t  is  used to  

determine the l i ke l y  e r r o r s  in  the r esu l t ,  to  check the va l i d i t y  o f  t ha t  

resul  t .  

The quan t i t y  o f  TiO 2 in the t i t ano~gne t i t e  is  d i r ec t l y  r e l a t ed  to  

the c iuan t i t y  o f  u l vosp ine l  t ha t  is  ca l cu l a t ed .  One ~tandard dev i a t i on  o f  

the microprobe X-ray counts leads to  an es t i ~ t ed  e r r o r  o f  -+ 0.12~ TiOg on 

the ~asu red  value o f  8.07~ TiO 2 . This e r r o r  encompasses the X - ray  

s t a t i s t i ca l  va r i a t i on  and the m ine ra l og i ca l  va r i a t i on  between 2O measured 

local [ t i e s  on 5 ad jacen t  magnetites. 0nly minor a~un t s  of TiO 2 are 

sub t rac ted  when the minor  e l e~n t s  are expe l l ed  to  g ive 23.7 ~ 0.35~ 

u l vosp ine l .  Since the ~gne t i t e -u l vOsp ine l  contours  on the guddlngton and 

L i nds ley  (1964) diagram are the ~s t  s teep l y  i n c l i ned  they have the g rea tes t  

i n f l uence  on the ho r i zon ta l ,  temperature ax i s ,  At  the cond l t l on  o f  

equ i l i b r i um  o f  the aBgne t i t e  w i t h  the i l l . i r e  l am inae  a va r i a t i on  o f  IO~ 

u l vbsp lne l  r esu l t s  in a temperature  va r i a t i on  o f  25~ hence the ca l cu l a t ed  

e r r o r  o f  O.35~ u lvOspine l  g ives a temperature e r r o r  o f  _+ O.88~ and a va lue 

History of Fe3Q-FeTiO3 grains (App.) 
of + l~ is adopted here. 

The quantity of total FeO contained in the il~nite la~llae is 41.19~ 

w~ an error o _+ . es iN e rom one s an ar evia ion o e 
mite; ......... ;re~n3t~on 71~tnidte f ....... :it~indtZe f~tve adj~c:~t 80 

~gnetite grains. Only a small proportion of the ~asured Fe forms the 

3.0g~ he . t i r e  but s ince  a sub t r ac t i on  is  invo lved the whole o f  the e r r o r  

has been loaded on to  the hemat i te .  The less s teep l y  i n c l i ned  i f ~n i t e -  

hemat i te  l i nes  o f  the guddington and Linds~ey diagram ~ndicate a g rea te r  

i n f t u~nce  on oxygen f ugac i t y  and a t  the lower temperature equ i l i b ra t ; on  g~ 

he~ t s  represents  a change o f  about I log fO 2 in oxygen f ugac i t y .  Thus 

an e r r o r  o f  0.33~ he . r i t e  represents  an e r r o r  o f  0,17 log fO 2 oxygen 

f ugac i t y  and a va lue of--+ 0.2 is taken here.  

At  the cond i t i on  o f  equ i l i b r i um  o f  the g ranu la r  i l ~n i t e  the i n f l uence  

o f  e r r o r s  in the microprobe resu l t s  f o r  the g ranu la r  i l ~n~ te  ~s l ess ,  s ince  

the l i nes  the 8uddington and L inds ley  d iagram are spaced ~ re  c ] ose l y  and 

reasoning s im ; l a r  to  the above Tends to  -11 .5  ~ 0.04 log fO 2 f o r  the oxygen 

f ugae i t y  ~asu re~n t .  In the de te rm ina t i on  o f  the ea r l i e r  ~gne t i t e  

compos i t i on ,  e r r o r s  in t roduced by o the r  :echnlques must be cons idered .  

The change in ce l l  s l ze  o f  the ~gne t i t e  w i t h  compos i t ion  is  s~11 , so  the 

e f f ec t  o f  e r r o r s  In compos i t ion  on ce l l  s i ze  may be neg lec ted .  However 

the i n f l uence  o f  the less p rec ise  po i n t  coun t ing  technique must be 

cons idered here.  The sa~  f i ve  ad jacen t  ~gne t i t e  g ra ins  f o r  which 

microprobe resu l t s  were obtained~were covered by po i n t  coun t ing  on equa l l y  

spaced l i nea r  t raverses  and 1019 po in t s  were coun/ced. The f i ve  g ra ins  In 

d i f f e ren t  o r i en ta t i ons  sh~  wide va r i a t i on  in the w id th  o f  the l i gn i t e  

l a~ l l ae  a t  t he i r  i n t e r sec t i on  w i t h  the po l i shed  su r face .  However, s ince 

for each g ra i n  the r e l a t~  o r i en ta t i on  o f  the ~9ne t i t e  to  the l i gn i t e  

is  p reserved,  the ~asu red  va lue o f  the r a t i o  o f  area is  l i t t l e  a f f ec ted  

by changes in o r i en ta t i on .  The p ropo r t i on  o f  l i gn i t e  l a~11ae  determined 

In t h i s  way is  16.1 _+ 2.03~ w i t h  the e r r o r  determined a t  the 95~ conf idence  

l im i t ,  This f l gu re  is  used (Bowles, 1977) to  determine t ha t  the number o f  

atoms o f  fe and Ti w i t h i n  the i l ~n i t e  i s  (6,12 -+ 0.76) x 1021 and 

(33.60 + 0.84)  x 1021 w i t h i n  the ~gne t l t e .  A t o t a l  o f  (39.72 -+ 1.14) x 1021 

atoms, o f  which (5.61 -+ 0.16) x 1021 a re  T~, ~re ca~a ted  f o r  the magnet i te  

produc ing a T i / (T i  + Fe) r a t [ o  o f  0 .141 ~ 0.004 and lead ing to a ~ l e c u l e  

con ta l n i ng  42.3 _+ 1. f2~ u l vCsp ine l .  At  the cond i t i ons  o f  equ i l i b ra t i on  o f  

the g ranu la r  i l ~n i t e  a change o f  ~0~ u l vbsp ine l  corresponds to  a 29~ 

change In temperature and leads to  a temperature  o f  930 -+ 3 .2~  Because 

the l i nes  on the 8uddington and L lnds ley  d iagram i n t e r sec t  a t  a I ~  ang le ,an 

e r r o r  on one set  o f  l i nes  in f l uences  es t lmate~  o f  e r r o r  on the o the r  ax i s  



and the error in oxygen fugacity due to the microprobe results is masked by 

the larger e r r o r  (0.1 log  fO2) ~asured from the diagram. 

The 16.1~ of the second generation ilmenite l a ~ l l a e  changes the 

~gnet t te  composition by 18,6 tiol %. The th i rd  g e n e r a t i o n  of l i g n i t e  

la~llae occupy less than 0.1% of the speci~n. These la~IIae can only 

change the n~lecular percentage of the ulvbspine~ in the ~gnetite by less 

than one th i rd  of the 0.35~ error  of the microprobe results, so that they 

have not been considered in the calculation. 

Mineralogical ~asure~nts  can clear ly be placed on the Buddington and 

Lindsley diagram with a g~d precision but the accuracy of the whole set of 

results is governed by the error HmJts of ~ 3O~ and ~ I log fO~ laid d~n 

by 8uddington and Lindsley for their  exper i~nta l  work. 

Discussion of  the method of t r e a t ~ n t  of minor e le~nts  used by 8owles (1976, 

~97__Z) 
Complete analyses of natura l ly  occurring i ron- t i tanium oxides often 

show appreciable concentrations of other e ]e~nts .  A number of ~thods of 

dealing with these Impurities are in c o ~ n  use. One method is proposed by 

Chevall ier, in  Vincent, Wright, Chevall ier, and tlathieu (1957), whi ls t  

another ~thod, due to D. R. Wo~s. is descrlbed by Buddington and Lindsley 

(1974), The ~thods appear similar in that divalent e le~nts  are gathered 

together as ~O, t r i va len t  eJe~nts appear as R203 , and tetravalent form 

~O 2. H~ever, the use of these groupings by various authors is very different. 

In the method of  Chevall ier, ~gne t l t e  and ~nagnetite-iike ~ lecules (eg 

MUg, AI203) are grouped together and taken as ~gne t i t e ,  TiO 2 and SlO 2 are 

~quated to form uIvgsplnel by the addltlon ~f 2 Peg. and the ~lvospinel is 

taken to include ulv~spinel-I lke ~ lecules such as 2 Mg0. TiOg, where some 

of the TiO 2 in the entire group is in fact SiO 2. Re~ining RO and ~O 2 are 

associated to form an i tn~ni te suite of minerals. Molecular proportions 

o f ~ g n e t i t e ,  ulvbsplnel and l i g n i t e  are calculated and thus contain the 

impurities distributed between them in an arbitrary manner. A similar 

t reat~nt has been described by Carmichael (1967a). The ~thod of 

gu~dington and Lindsley groups and discards RO.Rg09 and 2RRO.SIO 2 but in 

this ~thod RO and R203 do not contain iron oxide. Either R0 or .RgO3 are 

l e f t ,  and these are grouped with s ~ l l  a~unts of Tron oxide ~nd TiO 2 as 

FeO.R2O 3 or as equal a~unts of RO.Fe%O 3 and 2RO.Ti02, and d~scarded from 

the system. Re~ining iron and t i tanium oxides ace grouped so as to l ie  on 

the appropriate solid solution ~eries, 

Anderson (1968) has proposed a var iat ion on this method in which the 

t r e a t ~ n t  of the minor elements in the ~gnc t i t e  is changed, r a l l y i n g  the 

~ r k  of Speidel (1967). so that 2RO.TiO 2 is preferred to RO.Fe2O3, and 

RO.~203 contains a proportion of Fog as RO. A ~ r e  comprehensive discussion 

of  the reasons why Anderson ~de this change is contained J~ a ]ater paper 

by Speidel (1970). 

Buddington and Lind~ley suggest that ,  i f  the impurities have not been 

measured, then the Iron-t i tanium oxides can be rounded up to I00%. This 

method is occasionally used (guchesne 1972) where the impurlties have been 

measured and then discarded. However, this ~thod can only be applied where 

Fe 2+ and Fe 3+ have been determined, and the ~ j o r  phases can be computed 

without recourse to the minor elements. I f  this ratio has not been 

determined, a~ with microprobe analyses, i t  is necessary to associate the 

minor e le~nt~  w~th s ~ l l  a~unts of the ~ ] o r  e/e~nts before the m~jor 

phases can be assembled by d is t r ibu t ing  total  Fe between Fe 2+ and Fe ~+ to 

form i l r~n i te  and hematite or ulvOspinel and ~gne t i t e .  I f  the results are 

to be used in conjunction with the Buddington and Lindsley g e o t h e r ~ t e r ,  

i t  is essential to decide which m~thod should be used. Since ~he exper i~nta ]  

system Of Buddington and Lindsley involved only the pure Feg- TiO 2 - Pe203 

system, the ~thods of Chavallier and Carmichael are inappropriate here. 

The ~thods of Chevallier and of guddington and Lindsley require that the 

Fe 2. to Fe ~* ra t io  is known and as such are inappropriate for microprobe 

results. The ~thod of Wanes acknowledges the minor eleff~nts, yet gives 

the pure system as the f inal  result .  This ~ thod,  as ~ d i f i e d  by Anderson, 

appears to be the ~ s t  sat isfactory and is the ~thod selected here and used 

elsewhere (g~les t97&, 1977). A speci~n previously described (Bowles 1977) 

ls used ~n Table ~ to i l l u s t r a te  the difference in the results produced by 
the various methods. 

By adopting di f ferent ~thods of calculat ion of the d is t r ibut ion of 

trace eletaents, sign[Y[cant ly di f ferent  results may be obtained. This is 

[ ] ]ustrated by the work of E]sdon (]~72) in wh;ch he has tPade a comparison 

between i ron- t i tanium oxides of the Kap Edvard Holm layered gabbro calculated 

according to Anderson, and the sa~ phases from Skaergaard as calculated 

by guddington and Lindsley, from the analyses of Vincent and Phi l l ips  (I954). 

Table ~ shows one of Elsdon's analyses (No 2) recalculated by these methods 

and i t  {s seen that the method of Anderson gives a result so~ 8O~ lower 

and with an oxygen fugacity about I.  5 to 2.5 more negative on the log fO 2 

scale. Eldson's comparison s h ~ d  that the Kmp Edvard Holm series 

equil ibrated at a temperature 200 to 3OO~ lower than Skaergaard but i t  is 

seen that a proportion of this temperature difference is cause ~y e 

di f ferent ~thod of calculat ion of the results. Hoover the change in 

the oxygen fugacity caused by the change in calculation is twice as large 

and in  ~he opposite direction to the comparison made by Elsdon. AS i t  

happens this does not detract from Elsdon's argu~nt, since the change 

brought about by changing the ~thod of calculation has the effect of 

s l id ing the results along the buffered c~l~ng curve. 

I t  is therefore worth noting that analyt ical  results.can, in some 

cases, be affected qulte strongly by the ~thod of calculation of ~he 

minor eleraents, and i f  comparisons are to be made they should clearly be 

between results calculated in the sa~manner, The ~thod due to Wone~ 

(Buddington and Lindsley. 1964) as ~dlfied by Anderson (1968) is preferred 

for calculatlons based on microprobe results destined for use on che 

Buddington and Lindsley geother~meter. Analyses should contain minor 

elements which are used to subtract a proportion of the Fe and T~, to leave 

a result which may be compared with the pure experimental system of 

Buddingti>n and blnds]ey. ~omparison of the remaining Fe and Ti with 

appropriate Formulae enablelthe total  Pe to be allocated to Fe 2+ and Fr ~ .  
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TABLE I A comparison of the results obtained for the ~ l e c u l a r  composltlon 

of a single specimen of ~gnetlte and ilmenite lamelloe after the minor 

ele~nt distribution has been calculated using several published ~thods. 

The analysis of these phases was glven by B~le~ (1977 p. 107). 

Method o f  

calculation OF Chevailier Wones 

minor e le~nts  

Reference Vincent et guddington 

a).O957) ~ . I .  

(1964) 

Method 

adopted in Vincent et 

papers by: el .  (1957) 

l l ~n i t e  % 96.0* 96.6 

Me~tite % 4,0 ~ 3.4 

Magnetite % 72.9 74.0 

UIv~spinel ~ 27.1 26.0 

Temperature (~ 678 

Log fO 2 -lB.2 

* RO.~2O 9 ~2D3 ++TiO 2 

{Table II overleaf) 

guddington Carmichael Anderson 

8 Lindsley 

guddington Carmiehae) Anderson 

~ a l .  (I967a) (1968) 

(1966) 

Buddington Carmichael Anderson 

~E t e l  - (1967a) 0968) 

(1964)  Carmichael Elsdon 

Duchesne (1967b) (1972) 

0 9 7 2 )  Nicholls ~za~nske 

O971) et el. 

~97;7. 
87.6 96.0* 96.6 

12.4++ 4.0 + 3.4 

73.5 72.9 76.3 

26.5 27.~ 23.7 

675 662 

-18.5 -19.0 
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TABLE ~ Comparison o f  ca lcu la t (ons  of resulLs qiven by Elsdon 157~} f o r  

h ls  sseclr~n NO. 2. 

Hotbed o f  

ca~ cu]at  ion o f  Wones 8uddington Anderson 

minor e le~nLs  S L ind �9  
Calculated fo r  EIsdonl s 

Lh[s paper Calculat (ons 

l i gn i t e  87,7 87.7 87,7 87.7 

He~ t [ t e  J2,~ 12.3 12.~ ~2,3 

(~I ~) 

Hagnet[ te 75.2 73.h 79,3* 81.2 

UlvSsp]nel 2~,8 26.6 20.7 18.8 

( t~ l  ~} 

Temperature (~ 771 788 7o6 7OO 

Log f0 2 -14.3 -14.0 -15.8 -165 

* ~he d~ fe re~ce  ~ resu l t s  f o r  ~9ne t~e  - ulv~sp[neI  are probably due 

to d i f fe rence  in the Hg/fe a l loca ted  in _RO to for~ _KB,~20 ) ,  

5.Sinh o Royj  et gm or phism 
s .  S igh �9  Roy 

G ~ l ~ g l c e l  S u d s y  o f  ~ndia.  
Ch~w~lnghee goad, C a l c u t ~  7OO013 t Ind ia .  

The Proterozoic  Dating F o t m a t i ~  of the Sikki~ to Dar jee l ing  area of the 
H i ~ l a y a J  OCCUrs as a t ic tonost~&ti~raphic  al lochth~aoua ~ i t  above a 
parauto�9 Upper Palaeozoic ( L ~ r  G ~ d v a ~ )  l e q u ~ e e  (GanSser, 1966, 
S igh t  Roy. 197h5.  The L ~ r  Gond~a~ sacks e re  exposed in  i s o l a t e d  
t ec ton ic  w i n d ~  i n  the $ikkim H i . l a y s  ~nd are aepa ra~d  fr~ the D e l l s  K 
and e i e e ~ l a t e d  rock~ by v ~ l i  def ined t h r ~ t  z~ee  (Ghosh, 1956). The 
thrus~8 a re  c ~ t d e r a d  t~ be deep-rooted because p re -Ds i i ~  b a s ~ u t  rocks 
occur a l ~  E thee as t e c h n i c  s l l ~ e a .  ~he DaLin| ~ k ~  in the wL~dw z o ~  
aza ue~-grey~mck~ ,  p a ~ t t e e  sad a q~ s  end b a s i l  f~neoas r ~ k t *  
They s h ~  evldl~ce ~s as l e ~ t  ~ r e e  phases of d e f o ~ t i o ~  and meum~rph l~  
(Sinha tey  e 1973b). ~ e  data  i nd l co t e  ~ a t  the u s a  ( B a t t e r i e s )  
metmmrphism 18 Staked with the Ter t i a ry  Ut~atayta o r u g u y  (C~ewford. 19763 
The n e r r e ~ a n  z~8*  are  inver ted  (~Uty, 1967, Gass ie r ,  1o645, and i n  the 
v i c i n i t y  e f  the thrust zone n d e ~  c o n s t d * r a t i ~ t  ere of l o ~ r  ~ reensch i s t  
f a c i e s .  

At the bose of t h ~ e  g r e e ~ c h i e t  f ac ie s  tucks wi th in  �9 meta-KzeYwacke 
n i t  of  ~he t h r u s t  s e e #  there a t e  ~ d e r e ~ t  to haSh-pressure & i i ~ b l ~ e l  
~ l ~  p i l l  i n to  ~ e  ~ r e  ~ i v s  Braun �9  and are c a p r i c i ous l y  
d e . l o p e d  for  2OO to 25O �9 above the ~ r u i t .  
~oder@te to h i g h - p r u n e r *  �9  a e a m b l ~ e a .  The p o ; p h y r ~ l a s t i ~  
cc~ponen~ of the �9  a t e  quar te t  a l b i t a  see o l f goc l a e a .  Thee* 
are h i g h l y  d e f e n d  in to  l e e s  with pressure  f r i nges  ia the f o l i a t i o n ,  the 
l a t t e r  being �9 m f l ~ l t i c  f a b r i c .  The 8 r o ~ m a s s  coupriee8 r e c ~ y s t a l i i s e d  
fine poIyKenal quar tz  ang f a i r e d  c h l o r i t e  sad a e z i c i t e .  A l l  or  s0me of  the 
fo l lewia8  ~ u e r a l s  may occur i n  s i n g l e  specimens. S t i lpne~e lane  ~ f inn  
f ibrous  ugKteKaUte rep lac in~  p lag ioc ia~8  end 88 stumpy ~raine  ~ c l o e e d  
wi th in  the f e l t  of  c h l o r i t e  end s e r t c i ~ a  end p a r l l l � 9  to the ~ o l i a t i ~ .  
L e ~ o a l t e  (2 to 8 %) ~ c u r s  a l  e i t h e r  ~ b o l a r  & r a i ~  (0,02 m lon~),  as 
s t a l l  c l u s t e r s  r ep lac ing  piegs  ~ d  s the f e l t  o f  c h l o g t t e  and 
s a r i c i t e  a l ~ 8  the f o l i a t i o n .  Near the th rus t ,  phens t t i c  mtr i e  p resen t  
i n  � 9 1 4 9  ~ l ~ J  as sttmpy f lakes  o~leuta ted  J o b - p a r a l l e l  to the f o l i a t i o n  
mad replaced along the cleavages by s t i l p e ~ t a o a .  Here. the l ~ n ~ t e -  
boaliu& a e s m h l a i n s  eon~aLn a regoo i t e  ~hich ~ c u r a  as n t h i n  f i ~ t  p a r a l l e l  
to the fo i l �9  as ahapelegs g r � 9  rep lac ing  p i u g l ~ l a s e  sod a8 
subhedral  g r e i ~  ln t e r i ecked  with qunrtz and l a ~ i t e ,  p ~ p e l l y i t e  i8  
f i r s t  ~ t  abeut 1~o m above the t h rua t  where i t  occurs as a f i b r o . e  f a l l  
o r i ~ t e t e d  p e r e l l a l  to the f o l i a t i o n  and a a s ~ i a t e d  with s~ l l  gra ins  of 
I e l m ~ i t e .  I t  increase8 appreciably  iu  a~otmt (up to 10 ~)  e~y  f r ~  the 
t h r u s t  and some 25O m above the t h r u s t  I t  d~fines po ly$~mi  ezcs of 
microfolde and a loe  occur�9 es s lender  needles io  r n d i a t i n g  c i s t e r n .  
S t i l ~ e l a n e t  o r l ~ t a t e d  p e r l l l e l  to the a x i a l  planes of such u i czo fo lds ,  
o f ten  r e p l i e s � 9  the p~mpeliys ~ n i i e  eubed~al 8pidote replaces  both the 
a t i lpno~e laue  ~ d  the p ~ p b l i y i t ~  i n  the cores of  the mlcrofolds .  AS the 
BarrovL~ b i o t i t e - z e n e  l a  approached l aw.so les  l a  a l so  ~epLeced by ap ldote  
and b l e t i t e  8 t o n  fze~ a~ t t pn~e lane ,  p~s~e l l y t t e ,  sp iders  ~ d  ohior f teo  
A c o e l l o r i e l  In t h e e  asamblage$  are z i r c ~ , a p a t f t e , a p h e u e ~  tourmaline 
and opaque .  ~ the e s a ~ b i a g e s  a t  or  near the t h ~ s t  are quar tz-  
p l ~ i o c i a s  e . e p i d o t a . a e r i c i ~ e - t h l o r l t e - s  t i l ~ n ~ l a ~ - l a ~ o n i  te -araEoni te  end 
q u a r t z - p l u g i o c l a e a - s e z i c i t e - c h l o r i t ~ - p b e u g i t h - a t i l p n m e l a ~ .  A ~ y  f r ~  the 
t h r u s t  and with pea�9 lnr 8 r ee nsc h i s t - f a c i e a  the a a s ~ b l u g e s  i : e  I quar t s  
- p l a s i o c l a s e - c h l o r i t ~ - s  e r i c i  t e -ep ido te ,  q ~ r  t z -p la~ t  nc bzee-ch In~i~t-  
p ~ p e l l y l t e - s t i l p n C ~ t l e n e - e p l d o t e  and q u a r t ~ - p l a g i o c l n s e - c h l o r i t e - a e r i c i t e -  
l a ~ i t a - e p i d e t e .  In the b i o t i t e - z o n e  of th t  n d J a c ~ t  greeuschLet f a c i e s  
there ere  q ~ r t z - p l a g i ~ l a e e - c h l o r i t e ~ u s c o v i t e - b i o t l t e - e p i d o t r  a~d 
quar t~-p l e~ ioc l a  J e - c h l o T i t e - s e r i c i t e - b i o  t i t s  �9 

The t ~ t u r a l  evidence s u g g ~ t a  t ha t  the s e a . h i n g e  l & ~ o u i t e - q ~ r t z -  
�9 a~agonitr  ~s l ~h l e  and t h l i  i n d i c a t e s  a moderate to h igh-p re la~ra  

(Gla181ey e t  a_...~l,, 19)65, The p r e s a g e  o f  n i i goc laae  i8 i ncc~pa t ib i e  with 
r e l a t i v e l y  h i g h - p r ~ s u r e  co~di t ions  (Taylor end Gels�9 1968) but here the 
mineral  i s  a ~ l i c t  e l a s t i c  phase. The rock~e u y  thez~fore be o e ~ l d e r e d  
t o b~loug to the l a ~ o n i t e . a l b i t e  f a r  (Winkler, 1967) or h igh -p re s lu re  
i e t e r ~ e d i e t e  fi~les l e r i a l  (Miyeahiro. 1961). Crnwiord and Fyfe (1965) and 
~lt~ch (19685 ha~e d ~ s t r s t e d  t ha t  s t a b l e  r  of  1 8 ~ o n i t e  and 
quartz r equ i res  ~ ~o 8 kb ~ d  the min im~ pressure  required has been s h ~  
exper imenta l ly  to be 5.1 kb a t  about 25O ~ and 3 kb 8 t  ~10 o c where PH O " 
P to ta l  (Lieu, 1971). Zen (197~) ar&~ea. r to Miysshiro (1961~ ~it 
p~apellyite-b~&rin& assmbladea  nmy not  i nd i ca t e  hi&b pressure  end l ~  
t~ lpera tu~e m e t a ~ o ~ h i ~ .  He e h o o v e r ,  i n d i c a t e s  ~het pumpel ly l te  of 
apecrific cc~tposition could be e ~ b l e  a t  p r e s s . roe  o~ f z ~  0 to 7 kb, and 
tha t  a l thvugh hashes p ~ � 9  seem ~o favour p ~ p e l l y l t e ,  i t s  s t a b i l i t y  
r e l e t i o ~  a t  l ~  pressure  and iu  he te rog~eous  e q u i l i b r i a  are ~ c e t t a i n .  

The met �9  ~ockm assoc ia ted  with the meta-greywacke conta in  an 
~ p h i b o l e  which i s  co~ ide~ed  to be in te rmedia te  between gLaucophane and 
a c t L n o l i t e  (N. L. Dobretsov~ ~ e r s ~ l  c ~ u n i c a t i ~ :  Siuha Roy, 1975). 
Other minera l s  in  the ~ -~ l iC~  i t  or  near the th rus t  are  pumpal lyi te ,  
s t i l p n ~ l a n a  and r a r e ly ,  law~oulte.  Iu the h igher  s t r u c t u r a l  l e v e l s ,  

in the Himalayas 
a c t l n o l l t e  rep laces  the lntermedia~e a~phlbole and the pumpel ly i te-  
a c t i ~ U t e - b o a r i u s  a a e ~ b i ~ e  in  the l e t a b o s i c  rock�9 and the p ~ e i l y l t e -  
c h l o r i t e - b e e r i e s  assemblage in  the ~t~greywacke ~ u i d  i n d i c a t e  tha t  these 
r ~ k s  b e l o ~  to a h ighe r  grede than ~he prehns f ac ie s  (Co~b l ,  
1960). ~hm disapptereur  o |  th* pumpailyite-bemrLn~ a e s ~ b l ~ e  i n  the 
~re| facle* le to be *~ptcte6 (Co~bs e t  e___~l., 1970). At t ~ e r e t u r e e  
of 2O0 to 300 o C the pressure naeesea$7 for  the f o ~ i t i ~  of  araKoaite f r ~  
calolte Is  about 5 to 8 kb (Ctawford and Fyfe, 196& t Soattoher and ~ t l i e ,  
1967)* I f  the a ragon i te  i s  s ~ b l e  in  the lew$oni te-bear ln  8 a88~b lage ,  then 
the pressure  i nd i ca t ed  ~ u l d  be e r o ~ d  g kb i f  I t  i e  n e s t e d  t ha t  the 
teapsre ture  i s  about 280 o C. This i s  wi th in  the atshs f i e l d  of 
l e ~ l t e  ( ~ o  Newton nnd K ~ e d y ,  19635. and s l o ~ r  t h ~  the t ~ p e r a t u r e  
probably ranched in  the ad jacent  s reenach i s t  Genies (Boettcher and g y l l i e ,  
196gl Johannes and Pubes, 19715o F r ~  these co~tderatio~, i t  way be 
j t ~ e s t e d  t h a t  the rocks tu the s h o a t  zone have uud*rg~e  a ~ d e r a t e -  ~e 
h igh-p ressu re  ~ d  r a l a t t v e b y  l ~  temperature ~tamorphtsm. 
DLaeUe Ion. I t  i s  Seus~slby he ld  t ha t  reeks c o n t s t n t ~  hs 
~ a re  r e s ~ l c ~ s ~  to ~totentc  b t l ~  t ha t  a r t  e o ~ t d e r a d  to be 
f e m u r  c o n t t n ~ t a l  ~ g s i n t , r e p ~ e t a n E i n g  c ~ a p r ~ s i o ~ l  p l a t e  b o ~ d a r i e l .  In 
the Himalayan t ~ c t o s e ~  , the i d e a l  l oca t i on  for  such rock8 ~euld be the 
Indus-Tean~oo suture  z ~ e .  The p ~ s e n t  th rue t  zone 18 about 20O k~ 8outh of 
t h i s  su ture  end i s  c lo se  to the f ron t a l  t h r e a t  b o l t .  I t  i s  therefore  
d i f f i c u l t  to l i n k  t h i s  ~ t ~ e r p h i s m  with c ~ c i n ~ t a l  c o l l i s i o n  between Ind ia  
and Tibe t .  The rocks a r r e s t ed  are Protatozoic  and, i f  the metamorphism to 
Ter t i a ry  t h ~  the time r e l a ~ t ~ h t p s  are ~ u s ~ l  for  Lu o ther  s i m i l a r  b e l t s  
the a~ra t i g r aph lc  i~e o f  the t ~ k ~  i s  no t  ~ r  grea te r  than the age of  fhe 
~ r p h i l m  ( E ~ S t .  1972)* I t  i s  d i f f i c u l t  to decide ~bether the ~ d e r a t e -  
to h igh-pressure  met~ao~phiam i s  a P r e c ~ b r i a n  e ~ t  ~bich i s  p a r t i a l l y  or  
eoLtt ly overpr in ted  by TerCiacy ~tr~ovian metamorphic ,  oz daather  the 
Te r t i a ry  ~ t a l o r p h i ~  i s  p l o r i f a c i a I  ($iuba Koy~ 19785. ~ l e  r n l l c t ~  of mu 
e a r l i e r  h i g h - p r e s s u r o t l o w - t ~ e r a t u r e  m t a ~ o r p h i ~  wi th in  a l a t e r  B a r . v i s a  
m e t ~ r p h l ~  a~e c~n~lde~d to ba a p o s s i b i l i t y  in  the ~ p a l e c h i a n  
~ t ~ p h i c  b o l t  (za~ t 19765. the f o ~ r  i s  r e l a t e d  to the r ~ l o n a l  t h r u s t -  
f a u l t i n g  i n  the p l u r i f e c s  ~ t amotph ic  ~nvironment s the F ~ a n c i e ~  b o l t  
(Ghent, 19d~! Blake a t  a t . ,  1969)o Secaule of the p = ~ i e ~ t y  of the presen t  
a s e ~ h l a g e s  to the ~ the l e t t e r  p o s s i b i l i t y  i t  to be p ~ f e ~ d  and t h i s  
l~ supported by the f ao t  tha t  the minerals  are coeval  with the th rus t in~  a~d 
grow i n  and defin~ the ~ y l ~ l t i c  f o l i a t i o n  ~ i c h  i n  the greonschis~ fac ie s  
rock~ i s  an a x i s l  p l a ~ s  f o l i a t i o n  t ~ fold~ developed durin~ ~ s ~  
d e f e c t i o n .  

The Ea~zke~ ProUt r~o ic  rncke in ~e  l ~e r  t ec ton ic  be l t .  t n~ l ud l~  the 
. dnd~  zones of the H i . l a y � 9  are thought to have been d e r i ~ d  t h r o u ~  
thrvmting of  a 'm~crocoatioencal ~ cover sequence, which lay between the 
land masses of India  and Tibet  (Sinha Roy. 1976a). The deep-rooted th rus t s  
such as the present  examp le ,~ i ch  ere located to the south of the c ~ t r a l  
c r y e ~ l l i u e  ~ i s  end hence much to the south of the Indus-TaaaSpo su ture ,  
represen t  �9 Tertiar~ co l l la l~a l  ~nterac~ten zone bet~eeu the micro- 
cont inent  and the Indian cont inent  (8inha Roy, 1976b). I f  as suggested,  
the moderate- to h /gh-pressure  ~ta~orphism i s  temporally r e l e ~ d  to the 
6 a r t e r i e s  m e ~ r p h l s m ,  then the Gnawer might be the sesult of such an 
in te rne  t i n s .  
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D.R.Mason : Zoned amphibole 
Zoned Amphibole in the Yirri Intrusive Complex, anus Island, Yapffa New Gulnea. 

The Y l r r i  I n t r u s i v e  Complex (Jaques and Webb, 1975) of mid-Miocene age occupies  

about 200 sq. km in the central and southern parts of Menus Island, about 400 

N of the Papua New Guinea ~inland. The island forms the ~ extr~ity of the 

Tertiary Outer Melanesian Arc. 

High-K dlorltlc rocks (Gulson et el., 1972) constitute the bulk of the Complex, 

and contain a typical talc-alkaline assemblage of plagioclase, K-feldspar, quartz, 

amphibole, biotite, ~gnetlte, and accessory sphere and apatlte. The amphiboles 

of dioritic rocks have us~lly been reported as being of '~gneslo-horublende' 

type in the termlnolo~y of Locke (1968]. Chemical analyses of a high-K diorite 

and a low- to normal-K diorite from the Mount Kren area are given in Table 1. 

Electron microprobe analyses (Ware, 1973; Reed and Ware, 1973) of discrete 

amphibole grains in these rocks reveal a wide range of composition (Table i). In 

the hlgh-K diorite, green amphibole is zoned from magnesia-hornblende in cores to 

from Papua J Ivllg 
which has crystallized from the melt. This interpretation supports theories 

which consider most granitolds to be Composed initially of a melt plus solid 

refractory material from the source (Piwinskil, 1968; Chappell and White, 

1974). 
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cores ,  through e d e n i t i c  hornblende,  t o ~ g n e s i o - h o r n b l e n d e  r ims .  In t h i n  s e c t i o n  

the pargasltlc cores can be discerned as sharply-deflned, central bro~ areas 

entirely surrounded by green amphibole ulti~tely forming discrete subhedral 

grains up to  2 ~ long. Fig, la shows a positive correlation between A1 lv an d 

total Fe, a relationship attributed to high fO during crystallization by 

Cza~nske and Wanes 41973). Such an interpretation is particularly acceptable 

when it is noted that hydrother~l alteration and porphyry copper mlneralizatlon 

are present in the Complex (Jaques and Webb, 1975). The negative correlation for 

the pargasltlc cores might imply that conditions of low were operative at fo 2 
the time of gentler of the core amphibole, 

The pargasltle cores have compositions quite atypical of amphiboles from 

dlorltic rocks, With about 43% Si02, 3% Tie2, and 10% AI203 they are ~re 

characteristic of amphiboles from gabbroic rocks and of high-pressure, high- 

t~perature amphiboles from experimental work on basaltic rock compositions 

(Table i). Itmight be suggested that the dloritlc rocks of the Complex have 

assimilated basaltle country rocks, but the intrusive rocks are texturally 

homogeneous and ~fic xenollths are rare or absent. 

The preferred interpretation is that the bro~pargasitic cores represent 

relic ~terial from a partially melted ~fic source (possibly in the base of 

the crust), and the green~gnesio-hornblende ~utles represent amphibole 

Table I: Analyses of dlorites and their amphiboles, Yirri Intrusive Complex, 

Menus Island, Papua New Guinea. 

SiO 2 61.58 59.91 48.9 52.9 43.7 51.5 42.1 40.2 

rio 2 .48 .53 1.5 .4 3.0 .7 2.4 3.1 

AI203 16.92 17.31 5.8 3,2 10.3 3.9 12.5 15.4 

Fe203 2.51 2,99 

Fee 1.81 2.10 9.9* 9.5* 10.8" 9.3* 13.8" 9.8* 

MnO .04 .05 .3 ,4 ,2 .3 .3 

MgO 2.72 2.99 17.3 17.8 15.2 i~.i 12.5 12.1 

taG 5.18 6.63 11.4 12.3 11.6 11.9 12.1 11.8 

Na20 4.60 4.75 1.5 .7 2.5 1.2 2.0 1.8 

K20 2.49 .88 .5 .2 i.i .3 .8 .3 

P205 .29 .29 

S .03 .03 

H20+ .83 .95 

H20- .20 .19 

co 2 .i0 .09 

total 99.78 9g.69 97,1 97.4 98.4 97.2 98.5 94.5 

Explanatlon: * total Fe as Fee. 

l: Specimen DRMII0, high-K hornblende (blotite-clinopyroxene) 

diorite. 2: Specimen DRMII2, low- to normal-K hornblende-quartz diorite. Both 

specimens from outcrops in Willie River, 2,5 ~ SSW of Mount Kren. All el~ents 

by XRF except Na, FeO, and volatiles. Analysts: D.R. Mason and P.H. Beasley. 

Probe analyses. 3, 4: green core and green rim respectively of 

~phlbole in DRMIIO. 5, 6: bro~ core and green rim of ~phlbole in DRM212. 

Core and rim analyses for DRMIIO and DRMII2 were selected from totals of 25 

and 27 spot analyses respectively to display the maximum amphibole compositional 

Litho~ 5, 269-279. 
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v a r i a t i o n  ob ta ined  fo r  each specimen. 7: average of 6 spot  a n a l y s e s  of  b r o ~  F i g .  1:  Composi t ional  v a r i a t i o n  i n  amphiboles ,  u s i n g  da t a  from s t r u c t u r a l  

hornblende in DRM065, a gabbro with granulitlc texture from the Western Kighlands fo~ulae (cations per half unit cell). (a) AI Iv versus total go. (b) Ca+Na+K 

of Pap~ New Guinea (Maso~, 1975). g: Amphibole in basaltic composition at versus Si, (c) A1 Iv versus Ti. (d) Mg versus total Fe. Small filled circles: 

i0 kb and 920~ (Green and Ringwoed, 1968). Note that the bro~ core of DRMII2 green cores from DRMIIO. Open circles: gre~ rims from DRMIIO. Large crosses: 

is similar to amphibole from~flc rocks, brow cores fr~DRMII2. Small crosses: green rims from DRMII2. 


