
Kimberlites. 11: The Mantle and Crust-Mantle Relationships, by 3. Kornprobst (Editor), pp. 33-42 
@ 1984 Elsevier Science Publishers B.V., Amsterdam -Printed in The Netherlands 

ORIGIN OF A ROBERTS VICTOR SANIUINE-COESITE GROSPYDITE: 
THERMODYNAMIC CONSIDERATIONS 

by K. H. WOHLETZ AND J. R. SMYTH 

Abstract  - A grospydi te  xeno l i th  from the Roberts V i c t o r  k i m b e r l i t e  p ipe i n  
South A f r i c a  presents an unusual phase assemblage o f  clinopyroxene, garnet,  
kyani te ,  coesi te ,  and sanidine. The rock as p rev ious ly  described (Smyth and 
Hatton, 19771 cons is ts  o f  50% omphacitic clinopyroxene, 28% garnet  (Gr50Py28 
A l n ~ ~ ~ ) ,  9% kyani te ,  6% coesi te, and 1% sanidine (Org9). Assuming the add1 t i o n  
o f  th ree  add i t i ona l  compatible phases ( phlogopite, e n s t a t i t e ,  and Hz0 vapor) 
and a s i m p l i f i e d  chemistry o f  the phases present, a Schreinemaker's thermo- 
dynamic analys is  was attempted i n  order t o  estimate the pressure and tempera- 
t u r e  o f  equ i l i b r ium o f  the rock. 

Four react ions i n v o l v i n g  s i x  components are l i k e l y  t o  have determined an 
i n v a r i a n t  p o i n t  f o r  the  assemblage. 

(1 )  3 K y n +  6 Cpx + Phl = San + 3 G t +  6 En + H20 
( 2 )  6 Cos + 3 G t  + Phl = San + 3 Kyn + 6 Cpx + H,O 
( 3 )  K y n + 2 C p x = C o s + G t + E n  
( 4 )  3 C o s + P h l  = S a n + 3  E n +  H,O 

Using tabulated as wel l  as estimated thermodynamic data f o r  the phases, t h e  
ca lcu la ted  values f o r  equ i l i b r ium temperatures and pressures f o r  the r e a c t i o n s  
y i e l d  an i n v a r i a n t  p o i n t  f o r  the assemblage a t  a depth o f  about 160 km (49 
kbars) and a temperature o f  about 1060°C. Th is  p o i n t  l i k e l y  represents a 
subsol i dus r e c r y s t a l l  i z a t i o n  stage o f  o r i g i n .  

INTRODUCTION 

Ecl ogi t e  nodules are t y p i c a l  i nc lus ions  i n  many mantl e-derived magmas and 

are genera l ly  considered t o  have equi 1 i brated w i t h i n  the upper mantle. Smyth 

and Hatton (1977) recovered an unusual e c l o g i t e  nodule from a k i m b e r l i t e  o f  

the Roberts V i c t o r  Mine near Kimberly, South A f r i ca .  Th is  e c l o g i t e  nodule 

shown i n  F igure 1 i s  unusual because i t  conta ins c r y s t a l s  o f  sanid ine and 

coesite. The p r i n c i p a l  phase assemblage cons is ts  o f  omphacitic cl inopyroxene, 

pyrope t o  g rossu la r - r i ch  garnet, kyani te ,  coesi te ,  and sanidine. Th is  rock i s  

a grospydite (Sobolev e t  a1 . , 1968) o f  which several have been p rev ious ly  

described from Roberts V i c t o r  by Hatton (19781, Rickwood e t  a l .  (1968), 

MacGregor and Car te r  (1970)b, Lappin (19781, and Chinner and Cornel l  (1974). 

Free Si02 (Coesite - Coes, 1953) i s  r a r e  i n  e c l o g i t i c  i n c l u s i o n s  from kimber- 

l i t e ,  and potassium Feldspar has been noted only  i n  small amounts from diamond- 

i f e r o u s  ec log i tes  and diamond inc lus ions  (Reid e t  al . ,  1976; P r i n z  e t  al., 

1975). 

Smyth and Hatton (1977) estimated a minimum pressure o f  e q u i l i b r a t i o n  o f  29 

kbar based on the quar tz-coesi te  t r a n s i t i o n  and a minimum temperature o f  

e q u i l i b r a t i o n  o f  900°C based on the h igh  s t r u c t u r a l  s t a t e  o f  the  sanidine. 

E l l i s  and Green (1979) have c a l i b r a t e d  the  Fe-Mg d i s t r i b u t i o n  c o e f f i c i e n t  as a 



Fig. 1. Photograph o f  the sanidine-coesi t e  grospydi t e  c o l l e c t e d  a t  the 
Roberts V i c t o r  Mine, South A f r i c a  by, Smyth and Hatton (1977). 

func t ion  o f  temperature, pressure, and Ca-content o f  garnet. Using t h e i r  

equation f o r  t h i s  rock, we c a l c u l a t e  temperatures o f  1038", 1067", and 1097°C 

f o r  pressures o f  30, 40, and 50 kbar respect ive ly .  The l a r g e  number o f  

e q u i l i b r a t e d  phases i n  t h i s  nodule compared w i t h  other  e c l o g i t e  inc lus ions  i n  

kimberl  i tes, however, permits the  appl i c a t i o n  o f  a d d i t i o n a l  thermodynamic 

c o n s t r a i n t s  t o  e s t a b l i s h  the cond i t i ons  o f  e q u i l i b r a t i o n .  We have therefore 

attempted t o  determine a poss ib le  i n v a r i a n t  p o i n t  f o r  the  system from which 

t h i s  grospydi te  c r y s t a l l i z e d .  

Tab1 e 1 1 i s t s  the phases and t h e i r  observed compositions i n  the grospydi t e  

(Smyth and Hatton, 1977). S ix  components (Ca0-Mg0-K20-A1203-Si02-H20) are 

considered t o  cover the range o f  compositions i n  t h i s  study. For  s i m p l i -  

f i  cat ion,  the  garnet  (Gr50Py28A122) i s  assumed t o  be a grossul ar-pyrope s o l i d  

sol u t i  on, and the c l  i nopyroxene, an average omphaci te ,  i s  t r e a t e d  as d iops i  de. 

Primary phlogopi te  may occur i n  r e l a t e d  ec log i tes ,  and both phlogopi te  and 

e n s t a t i t e  are common secondary phases i n  k i m b e r l i t i c  ec log i tes  from Bobbejaan 

(Caporuscio and Smyth, 1983). E n s t a t i  te, phlogopi te ,  and water are a d d i t i o n a l  

phases assumed t o  accompany t h i s  rock i n  order t o  s a t i s f y  the phase r u l e .  

The methods employed f o r  a n a l y s i s  o f  t h e  system a r e  Schre inemaker '  s  

geometric approach (Zen, 1966), treatment o f  thermodynamic p roper t ies  taken 

from var ious experimental works us ing the method o f  F isher  and Zen (19711, and 

data approximation methods from Wood and Fraser (1976). 



TABLE 1 

Compositions and assumed compositions o f  phases. 

Phase Present Composition Assumed 

1 '2 Sanidine KAl Si 308 KAl Si308 

6 % Coesite Si02 Si02 

9 % Kyanite A12Si05 A12Si05 

28% Garnet (Gr50P~28A1 22) (Gr67P~33) 

(Ca2MgIAl2Si3ol2 

56% Clinopyroxene lJa50Di50) Ca MgSi206 

Additional Phases Assumed 

vapor H2° 

Phlogopi t e  K2~Mg,Fe161Al,Si,)020~OH~4 KMgAl Si3010(OH)2 

Ensta t i  t e  MgSiOg MgSi03 

THERMODYNAMIC DATA AND CALCULATIONS 

Wi th  t h e  excep t i on  o f  ph logop i t e  and ga rne t ,  thermodynamic data  f rom Robie  

and Waldbaum (19681, Robie e t  a l .  (19781, and K e l l y  (1960) a re  complete f o r  

t he  phases i n  t h i s  rock .  Of i n t e r e s t  f o r  c a l c u l a t i o n s  a r e  va lues a t  b o t h  298 

and 1000 K f o r  T h i r d  Law en t rop ies ,  e n t h a l p i e s  and f r e e  energ ies  o f  f o r m a t i o n  

from t h e  elements. and molar  volumes (Tab le  2 ) .  

Garnet 

The g a r n e t  i s  assumed t o  be Gr67Py33. S ince pyrope (Mg A1 S i  0 ) w i t h  3 2 3 1 2  
l e s s e r  amounts of g r o s s u l a r  (Ca3A12Si3012) and almandine (Fe3~12Si3012) i s  t h e  

TABLE 2 

Thermodynamic data* used i n  analyses 
- 

~ n a s e  v Hf .1 s t s  Gf .T Sf .T 
Molar Formation Th i rd  Law Formation Fornat ion 
Vol m e  Enthalpy Entropy Free Energy Entropy 

298 K 1000 K 298 K 1000 K 298 K 1000 K 298 K 1000 K 
(ca l lbar1  (Kcallmole K l  (Kcal lmole K) (Kcallmole K l  (ca l lmo le  K) 

Garnet 
1Ca2Mg)Al2Si3Ol2 2.89 -1554.2 -1577.9 62.7 186.6 -1469.0 -1290.9 -285.9 -287.6 

(-1562.61 (-1591. i :  (64.3) (185.1) (-1477.9) (-1302.2) (-284.4) (-289.1) 

Phlogopl t e  
KNg3A1Si3010(OH)2 3.58 -1534.0 -1443.8 76.4 231.9 -1442.5 -1154.8 -307.9 -289.4 

1-1560.0) (-1469.8) (-1460.0) (-337.0) 

Sanidine 
KAlSi308 2.61 -944.4 -944.5 56.9 134.7 -892.3 -768.7 -174.8 -175.8 

Coesite 
Si02 0.49 -216.4 -215.7 9.65 26.61 -203.4 -172.7 -43.8 -42.9 

Kyani t e  
A12Si05 1.05 -619.9 -623.3 20.0 68.2 -584.0 -499.4 -120.6 -123.9 

Cl inopyroxene 
CaMgSi206 1.58 -767.4 -766.9 34.2 95.7 -725.8 -628.2 -139.5 -138.7 

Ensta t i te  
MgSi03 0.75 -370.1 -371.4 16.2 46.1 -349.4 -3W.6 -69.6 -70.8 

Vapor 
0.431 -68.32 -24.40 16.71 55.6 -- -- -39.02 -29.09 

Adjusted estimated values shown i n  parenthesis. 



c h a r a c t e r i s t i c  garnet o f  mantle-derived samples, i t  cons t i tu tes  a very impor- 

t a n t  mineral system t h a t  has, u n t i l  recent ly ,  been poor ly  understood. Maalee 

and Wy l l i e  (1979) have determined pyrope-grossular s t a b i l i t y  a t  30 kbar  and 

establ  ished subsol idus phase boundaries f o r  these sol i d  so lut ions.  Hasel ton  

and Newton (1980) reviewed previous s tudies on the pyrope-grossular j o i n  and 

formulated the thermodynamic funct ions based upon a p o s i t i v e  dev ia t ion  from 

i d e a l i t y  o f  mixing. I n  t h i s  study, we use a s l i g h t l y  d i f f e r e n t  approach t o  

c a l c u l  a t ing  garnet s tab i  1 i t y .  

Data f o r  grossular and pyrope are given i n  Robie e t  a l .  (1978), however, 

pyrope data are estimated i n  p a r t  from oxide sums (Mood and Fraser 1976) f o r  

use i n  the fo l low ing  mixing model. Newton e t  a l .  (1977) have found by us ing 

s o l u t i o n  ca lor imetry  i n  lead  borate t h a t  grossular-pyrope s o l i d  s o l u t i o n s  show . 
a p o s i t i v e  dev ia t ion  from i d e a l i t y  i n  enthal py which becomes smal ler  f o r  

g rossu la r - r i ch  compositions. For the g rossu la r - r i ch  garnet i n  t h i s  study, 

enthalpy o f  formation i s  ca lcu la ted  from heats o f  s o l u t i o n  values g iven by 

Newton e t  a l .  (1977) using oxide ca lor imetry  data from Navrotsky and Coons 

(1976) and Navrotsky and Kleppa (1968). The enthalpy obtained f i t s  a Margules 

type o r  subregul a r  mix ing model (Thompson, 1967) : 

where W1 and W2 equal 2.0 kcal/mole and 3.82 kcal/mole respec t i ve ly  (Newton e t  

a1 . , 1977). Since dev ia t ion  from i d e a l i t y  becomes small f o r  grossul a r - r i c h  

compositions, i dea l  mix ing model i s  assumed f o r  entropy o f  mixing: 

where n i s  the number o f  pos i t i ons  i n  each formula u n i t  i n  which m ix ing  occurs 

( 3  f o r  garnets w i t h  no s u b s t i t u t i o n  i n  the A1 s i t e )  and R i s  the  gas constant  

(Wood and Fraser, 1976 1. 
The heat capaci ty  o f  pyrope has been discussed by Haselton and Westrum 

(1980) and i s  est imated i n  t h i s  study by summing oxide values: 

where N represents constants a, b, o r  c o f  the heat  capaci ty  funct ion summed 

from cons t i tuen t  oxide values (Kel ley,  1960). The volume o f  pyrope i s  calcu- 

l a t e d  f rom u n i t  c e l l  measurements. U s i n g  t h e  e s t i m a t e d  h e a t  c a p a c i t y  

funct ion,  T h i r d  Law entropy a t  a T o f  1000 K can be ca lcu lated:  



where : 

0 

S i m i l a r l y ,  HZg8 i s :  

where Hioo0 ( p y r o p e )  i s  c a l c u l a t e d  f rom f o r m a t i o n  f rom t h e  e lements 

(Navratosky and Coons, 1976). Estimated f r e e  energy values shown i n  Table 2 

have been adjusted using tabulated pyrope data from Robie e t  a1 . (1978). 

8 

P h l  ogopi t e  

Thermodynamic data a v a i l  able i n  Robie and Waldbaum (1968) f o r  ph logopi te  

are i t s  molar volume and entropy a t  298 K. Wood ( 1976)~ has performed exper i -  

ments w i t h  a reac t ion  i n v o l v i n g  the dehydrat ion o f  ph logopi te  es tab l i sh ing  two 

equ i l i b r ium pressure-temperature points .  

Phlog Q t z  En San Water 

KMg3A1Si3010(OH)2 + 3Si02 $ 3Mg2Si03 + KA1Si308 + H20. 

These two po in ts  were used i n  the method o f  F isher  and Zen (1971) t o  ob ta in  an 

entropy f o r  ph logopi te  where the f r e e  energy expressions f o r  the  two po in ts  

are solved simultaneously y i e l d i n g  t h i s  expression a t  equi l ibr ium: 

= AG1,sol ids - L\G2,sol i d s -  Assol i d ~ ( ' ~ 1 )  ' Assol i d ~ ( ' ~ 2 )  

The f r e e  energies o f  the s o l i d  components sub t rac t  o u t  r e s u l t i n g  i n  t h e  f o l -  

lowing equation f o r  Sf o f  the react ion.  

*H20 *H 0 
where Pl = 385 bar, Tl = 790°C, P2 = 293 bar. T2 = 750sC and GT and GT = 

1 1  2 2 

-33.79 kca l  and -34.34 kcal respec t i ve ly  (Wood, 1976Ia. The entropy change o f  

, t h i s  reac t ion  equals the standard entropy o f  the s o l i d s  minus the  elements: 

 AS^^^^' = AS0(sol i d s )  - AS'( elements) f (9 )  

and the standard entropy o f  ph logopi te  i s  then: 

The value o f  standard entropy a t  298OC obta ined f o r  ph logop i te  i s  too l a r g e  by 

14 kcal/mole compared t o  t h a t  g iven by Robie e t  a l .  (1978). Th is  r e s u l t  



suggests t h a t  t he  e r r o r  i n  exper imenta l  measurement i n  P  and T  i s  s u f f i c i e n t  

t o  g i v e  poor  r e s u l t s  i n  data  es t ima t i on .  The entha lpy  o f  f o r m a t i o n  f rom t h e  

elements o f  ph logop i t e  i s  c a l c u l a t e d  a t  298'C by 

H;,~h = G;,~h + TcS;,~h (11)  

where, from F i s h e r  and Zen (19711, we c a l c u l a t e  

A Sreac *H20 
G:,~h = 3G;,En f G;,San - 3G:,Qtz- 'AT1 + " V 1 ~ l  + GT I 1  

f o r  t h e  above dehydra t ion  reac t i on .  SiOo0 and Hioo0 then  can be c a l c u l a t e d  

from heat  capac i t y  f u n c t i o n  es t ima ted  by Equat ion  3. The en t ropy  o f  f o r m a t i o n  

from t h e  elements shown i n  Tab le  2 has been a d j u s t e d  t o  f i t  t h e  average range 

o f  f r e e  energ ies  expe r imen ta l l y  determined by (Wood, 1 9 7 6 ) ~  which a c c o r d i n g l y  

produce v a r i a t i o n s  i n  H; and S:. 

The f r e e  energy c a l c u l a t e d  f o r  ph logop i t e  f rom t h e  Fisher-Zen equa t i on  i s  4  

kca l /mole  l e s s  than t h a t  g i ven  f o r  f l u o r o p h l o g o p i t e  a t  298 K  (Robie e t  a l . ,  

1978). These two m ine ra l s  shou ld  compare c l o s e l y  when c o n s i d e r i n g  t h e  

s t r o n g e r  b o n d i n g  i n  f l  u o r o p h l o g o p i  t e  due t o  h i g h e r  e l e c t r o n e g a t i v i t y  o f  

f l u o r i n e .  

MINERAL REACTIONS 

Four r e a c t i o n s  can be w r i t t e n  t h a t  i n v o l v e  t h e  assumed phase assemblage. 

They a r e  two u n i v a r i a n t  r e a c t i o n s :  one w i t h  c o e s i t e  absent, 

( 1 )  3Ky + 6Cpx + Ph * San + 3Gt + 6En +  H20 (COS) 

and t h e  o t h e r  w i t h  e n s t a t i t e  absent, 

( 2 )  6Cos + 3Gt + Ph 2 San + 3kyn + 6 Cpx + H 0; 2  (En 

and two double-degenerate r e a c t i o n s :  one w i t h  sandine, ph logop i  t e ,  and vapor  

absent,  

( 3 )  K y n + Z C p x * C o s + G t + E n  ( S a n ) ( ~ h ) ( v a p )  

and the  o t h e r  w i t h  k y a n i t e ,  c l i nopy roxene  and g a r n e t  absent, 

( 4 )  3Cos + Ph 2 San + 3En + H  0. 2  (Kyn) tCpx ) (G t )  

Each o f  these r e a c t i o n s  are  cons idered sepa ra te l y '  and mo la r  volume changes, 

en t rop ies ,  en tha lp ies ,  and f r e e  ene rg ies  a t  298 K and 1000 K  f o r  t h e  r e a c t i o n s  

a r e  c a l c u l a t e d  (Tab le  3 ) .  From these values, Clapeyron s lopes,  dP/dT = 

AS:/LV, a re  c a l c u l a t e d  and equ i  1  i b r i  urn temperature  p o i n t s  f o r  t h e  vapor con- 

t a i n i n g  r e a c t i o n s  a re  found by e x t r a p o l a t i n g  s lopes c a l c u l a t e d  by t h e  F i s h e r  . 
and Zen (1971) equa t i on  t o  zero  r e a c t i o n  f r e e  energy: 

A G ~ , ~  
= A G ( s o l i d s )  - A S ( s o l i d s 1 A T + ~ V ( s o l i d s ) A P + G  = O  . " z0 

(13 )  

RESULTS 

Us ing t h e  t a b u l a t e d  as w e l l  as es t ima ted  thermodynamic data,  we have de te r -  

mined an i n v a r i a n t  p o i n t  o f  i 3 3 0  K  and 49 kbars.  Several  methods o f  P and T  



TABLE 3 

Thermodynamic data calculated for reactions. 

"r ASigs  A s i ~  AHigs AHiooo *Sf,298 ASf,iooo 
Reaction (barlK) I c a l l m l e  K l  (Kcallmole K) (calfmole K) 

1.  ICOSI  0.029 17.54 15.5 163.6 -15.9 --- --- 
solids -0.402 --- --- --- --- 90.2 29.9 

2 .  (En) 0.438 16.5 17.9 44.2 31.5 --- --- 
solids 0.007 . -- --- --- --- 83.9 29.9 

4 .  (Kynl(Cpx)lGt) 0.234 17.2 16.7 60.3 7 .8  --- --- 
sol ids  -0.197 --- --- --- --- 85.9 29.9 

hGf ,298 
(Kcallmole K) 

determinat ion f o r  the reac t ion  curves were attempted. These inc luded extrapo- 
I l a t i o n  o f  P-T values a t  standard s t a t e  o f  1 bar and 298 K by Clapeyron slopes 

w i t h  a co r rec t ion  f o r  the a c t i v i t y  o f  water when present and the Fisher-Zen 

equation ( 11). The Fisher-Zen equation produced the  most cons is ten t  r e s u l t s  

f o r  the react ions i n v o l v i n g  water f o r  which the adjusted values o f  Sf,298 and 

Gf,298 f o r  ph logopi te  were used. 

Reaction ( 1) Sol u t ions  t o  the Fisher-Zen equation g ive  temperature values 

o f  about 1315 t o  1325 K f o r  a near ly  v e r t i c a l  r e a c t i o n  slope. When extrapo- 

l a t e d  t o  50 kbar by ca lcu la ted  Clapeyron slopes o f  0.5 kbar - K-l, a ternpera- 

t u r e  o f  1330 K i s  obtained. 

Reaction (2 )  Temperatures o f  near 1088 K and 1230 K were obtained f o r  pres- 

sures o f  25 kbar and 40 kbar respect ive ly .  These values are ex t rapo la ted  by a 

Clapeyron slope o f  100 bar-"K-' t o  a p o i n t  a t  50 kbar near 1330 K. 

Reaction (3 )  The r e s u l t s  o f  ca lcu la t ions  f o r  t h i s  reac t ion  produce con- 

s t r a i n i n g  values because i t  i s  the on ly  one i n  which water i s  absent as i s  

phlogopi t e  f o r  which data are considered l e a s t  re1 iab le .  The Cl apeyron slope 

i s  30 bar  -OK-'. Using the expression f o r  e q u i l i b r i u m  f r e e  energy a t  1 bar: 

0 =AG f , lba r  - A  Hf , lba r  - T A S ~ , ~ ~ ~ ~  - (P-1)aV (14) 

a temperature o f  -240 K i s  obtained t h a t  when ex t rapo la ted  t o  40 kb: 

T40kb = T l b a r  + (P-l)(dT/dP) 

i s  i n  the  range o f  1050 t o  1090 K. 

Reaction ( 4 )  Consistent r e s u l t s  f o r  the F i  sher-Zen equation and C l  apeyron 

slopes were obtained using the est imated phlogopi te  data f o r  a l l  values except 

Sf, 298 
f o r  which the adjusted value was used. The Clapeyron slope o f  the  

reac t ion  curve i s  70 bar -OK-' a t  both 298 and 1000 K. Resul ts  o f  the  

Fisher-Zen equation showed po in ts  a t  Y - 5 uild 40 kbar  and T = 1050 and 1320 

K respect ive ly .  

The near v e r t i c a l  slope ca lcu la ted  f o r  the coes i te  absent r e a c t i o n  (1 )  

places the most re1 i a b l e  c o n s t r a i n t s  on the i n v a r i a n t  p o i n t  temperature. 



Simultaneous so lu t ion  of the Fisher-Zen equation f o r  the two u n i v a r i a n t  

react ions y i e l d s  an i n v a r i a n t  p o i n t  a t  1330 K and 49 kbar. Reaction ( 3 )  t o  

which the problems of estimated phlogopi te  data do n o t  con t r ibu te  has the 

lowest P-T slopes and therefore places the  s t rongest  c o n s t r a i n t  o f  P a t  the  

i n v a r i a n t  po int .  

I n  order t o  establ i s h  the sequence o f  reac t ion  curves about the i n v a r i a n t  

po int ,  we use Schreinemakers' geometric approach (Zen, 1966). Two u n i v a r i  a n t  

react ions ( 1  and 21 o f  s i x  components and seven phases each and two double- 

degenerate react ions ( 3  and 4) o f  f i v e  phases each ex is t .  Each double- 

degenerate reac t ion  may be considered as th ree  separate, i d e n t i c a l  reac t ions  

each i d e n t i f i e d  by one o f  the three miss ing phases (e.g., reac t ion  (3 )  com- 

p r i ses  three react ions o f  the same slope, one w i t h  sanidine absent and the  rn 

others w i t h  ph l  ogopi t e  and vapor absent respect ive1 y 1. Stab1 e-to-stab1 e 

p ro jec t ions  through the i n v a r i a n t  p o i n t  then can be constructed i n  order  t o  

s a t i s f y  Schreinemaker's c r i t e r i a  (F igure 2). Curvature. o f  reac t ions  i s  

p red ic ted  from v a r i a t i o n  o f  Clapeyron slopes w i t h  temperature as we l l  as the 

existence o f  water as a v o l a t i l e  phase i n  r e a c t i o n  products. 

DISCUSSION 

The p o s i t i o n  o f  the i n v a r i a n t  p o i n t  (F ig .  2) a t  1060°C and 49 kbars appears 

t o  be a 1 i k e l y  environment o f  e q u i l i b r a t i o n  f o r  the sanidine-coesite grospy- 

d i t e  and i s  supported by the f o l l o w i n g  arguments. The quar tz-coesi te  t r a n s i -  

t i o n  passes through 1186 K a t  about 30 kbars as determined by Boyd and England 

(1960) and Akel la  (19731, which suggests t h a t  t h i s  rock l i k e l y  e q u i l i b r a t e d  a t  

depths greater  than 100 km. Smyth and Hatton (1977) used c e l l  parameters 

determined by x-ray precession photographs t o  v e r i f y  t h a t  the fe ldspar  present 

i s  sanidine, a high-temperature d isordered s t ructure.  Previous s tudies o f  

fe ldspar  (Smith, 1974; O r v i l l e ,  1967) demonstrating Al -Si -d isorder  t o  be a 

func t ion  o f  temperature and pressure l e d  Smyth and Hatton (1977) t o  conclude 

t h a t  e q u i l i b r a t i o n  must have occurred a t  temperatures greater  than 900°C. 

Fur ther  evidence c i t e d  by Smyth and Hatton (1977) inc ludes t h e i r  measured 

value f o r  Kd o f  6.04. This  value f o r  Fe-Mg d i s t r i b u t i o n  between co-ex is t ing  

garnet  and c l  inopyroxene corresponds t o  a temperature o f  1038", 1067O, and 

1097°C a t  pressures o f  30, 40, and 50 kbar respec t i ve ly  when appl ied t o  P-T fi 

curves generated by E l  1 i s  and Green (1979). 

Harte and Gurney (1975)~ suggest an i n i t i a l  cumulate o r i g i n  f o r  gros- 

pyd i tes  from Roberts V ic to r .  The i r  evidence i s  the layered tex tu res  and 

s i m i l a r  compositions o f  re1 ated ec l  og i  tes. However, subsol idus r e c r y s t a l -  

l i z a t i o n  tex tu res  are ev ident  and Lappin (1978) recognizes three stages i n  the 

t e x t u r a l  evo lu t ion  i n v o l v i n g  c l  inopyroxene and garnet i n  a grospydi t e  from 

Roberts V ic to r .  Because we use an i d e a l  cl inopyroxene composition i n  our 
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Fig. 2. Pressure-temperature diagram showing the i n v a r i a n t  p o i n t  f o r  t h e  
grospydite; s tab le  and metastable p r o j e c t i o n s  o f  two u n i v a r i a n t  react ions,  
coes i te  absent (Cos) and e n s t a t i t e  absent (En), two sets of degenerate 
r e a c t i o n s ,  s a n i d i n e  and vapor  absen t  (San) (Yap) e x t e n d i n g  t h r o u g h  t h e  
i n v a r i a n t  p o i n t  t o  the phlogopi te  absent r e a c t i o n  (Ph), and garnet absent (Gt)  
extending t o  the kyan i te  and cl inopyroxene absent reac t ion  (Kyn) (Cpx). The 
quartz-coesi t e  t r a n s i t i o n  shown i s  taken from Akel 1  a  (1973), the quar tz  
e c l o g i t e  m e l t i n g  curve from M e r r i l  e t  a l .  (1970). The r e l a t i o n s h i p  o f  t h i s  
i n v a r i a n t  p o i n t  i s  shown w i t h  respect  t o  the  s h i e l d  geotherm and gabbro- 
ec log i  te-1 i q u i d  f i e l d s  (Green and Ringwood, 1967): The p o i n t s  1  abeled 2H and 
3P are the i n f e r r e d  e q u i l i b r a t i o n  cond i t i ons  o f  two corundum grospydites from . Bobbejaan studied by Smith e t  a l .  (1982). The po in t ,  L, corresponds t o  con- 
d i t i o n s  o f  subsol idus r e c r y s t a l l i z a t i o n  o f  the  grospydi te  from Roberts V i c t o r  
s tud ied by Lappin (1978). 

m 

thermodynamic treatment and those o f  Roberts V i c t o r  grospydi tes a re  o f t e n  non- 

s to ich iomet r i c  and hyperaluminous (Smyth, 1980; Gasparik and L inds ley,  19801, 

we can no t  c o n f i d e n t l y  r e l a t e  the above mineral reac t ions  t o  an e q u i l i b r a t i o n  

P-T path f o r  t h i s  rock. I n i t i a l  coprec ip i  t a t i o n  o f  kyani t e  and c l  inopyroxene 

w i thou t  garnet fo l lowed by f u r t h e r  kyan i te  format ion as T decreased and P 

increased (Lappin, 1978) may invo lve  a  r e a c t i o n  s i m i l a r  t o  r e a c t i o n  (1) .  



Figure 2 shows the i n v a r i a n t  p o i n t  p l o t t e d  on a P-T diagram w i t h  the 

equ i l i b r ium curves f o r  each react ion.  The p o i n t  i s  shown i n  r e l a t i o n s h i p  t o  

the gabbro-eclogi te-1 i q u i d  s t a b i l i t y  f i e l d  o f  Green and Ringwood (1967 la, the 

sh ie ld  geotherm, and the quartz ec log i  t e  me1 t i n g  curve i n  water-saturated 

systems ( M e r r i l  e t  a1 ., 1970). The i n v a r i a n t  p o i n t  l i e s  below the s h i e l d  

geotherm which does no t  agree w i t h  "ho t  spot" theor ies  o f  magma generat ion b u t  

poss ib ly  may be explained by the presence o f  water i n  the system, espec ia l l y  

i f  i t s  a c t i v i t y  i s  un i t y .  The p o i n t  however i s  above the minimum m e l t i n g  

curve o f  a  water-saturated quartz e c l o g i t e  suggesting t h a t  t h i s  rock was n o t  

water-saturated. The water and phlogopi te  are assumed phases and, i n  f a c t ,  * 
Smyth and Hatton (1977)  found no hydrous phases present  i n  the  rock. Carswell 

(1982) suggests t h a t  the phlogopi te  ( 1  volume percent) he found i n  garnet  = 

l h e r z o l i t e s  ind icates depths o f  o r i g i n  from 100 t o  150 km. Due t o  the  idea l  

nature o f  assumed and estimated phase compositions used i n  the thermodynamic 

analys is ,  the P-T condi t ions o f  e q u i l i b r a t i o n  o f  the grospydi t e  l i k e l y  occur 

i n  one o f  the d i v a r i a n t  regions around the i n v a r i a n t  po int .  For example, 

reac t ion  ( 3 )  places the strongest c o n s t r a i n t  on the  pressure o f  the i n v a r i a n t  

po in t .  Var ia t ion  o f  garnet 's  T h i r d  Law entropy by less  than one percent o f  

i t s  absolute value r e s u l t s  i n  an i n v a r i a n t  pressure near 40 kbar. 

CONCLUSIONS 

Thermodynamics provides a method t h a t  can be a powerful t o o l  f o r  under- 

standing the o r i g i n  o f  rocks. O f  course, the method cannot be r e l i a b l y  used 

unless accurate thermodynamic data are ava i l  ab le f o r  the phases invo lved  i n  

the system being studied. S t i l l ,  when data are incomplete, reasonable 

est imates can be made t o  y i e l d  approximate r e s u l t s .  As w i t h  a sanidine- 

coes i te  ec log i te ,  i ncorpora t ion  o f  estimated data i n  a thermodynamic study 

r e s u l t s  i n  f i n d i n g  an i n v a r i a n t  p o i n t  o f  o r i g i n  f o r  the rock a t  1060 K and 49 

kbars. This  f i n d i n g  i s  cons is ten t  w i t h  other  p e t r o l o g i c  evidence and y i e l d s  

several i n t e r e s t i n g  imp l i ca t ions  about the upper mantle: (1) the  existence o f  

f r e e  s i l i c a  i s  i n  the form o f  coes i te  a t  depths greater  than 100 km; ( 2 )  t h a t  

a1 ka l  i concentrat ion w i t h i n  the mantle r e s u l t s  i n  the  formation o f  K-feldspar u 

where the me l t  i s  s i l i c a - s a t u r a t e d  b u t  l i t t l e  water i s  present; and (3) a 

v i o l e n t  erupt ion mechanism i s  indeed probable i n  the  formation o f  diatremes 
D 

and k imber l  i t e  pipes. 


