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Subsolidus equilibria between pyroxenes in the CaO-MgO-SiO, system at high pressures and
temperatures
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Abstract

The extent of pyroxene sol id solut ions has been experimental ly determined in the
CaO-MgO-SiO2 system at 30 kbar and 1500"C. The results show the enstat i te and diopside
mutual sol id solut ions and also define the l imited sol id solut ions towards ol ivine and quartz.
Although the enstat i te-diopside solvus is wider when ol ivine rather than quartz is a coexist ing
phase, the difference does not seriously affect the pyroxene solvus as a geothermometer. Thus,
this geothermometer can be used without taking the coexisting phases other than pyroxenes
lnto account.

The study of the enstatite-diopside solvus in the MgrSi,Ou-CaMgSirOu system has been
extended above 1500'C at 20 and 30 kbar. These pyroxenes show almost complete sol id
solut ion at sol idus temperatures. The iron-free pigeonite-diopside solvus which was pre-
viously found at 20 kbar and inferred to be stable at 30 kbar did not appear at these pressures.
The phase equil ibr ium data in this paper are combined with those in the l i terature to make a
compilat ion of the enstat i te-diopside solvus over a wide temperature-pressure range.

Some dif f icult ies in use of the pyroxene solvus geothermometer are discussed, taking the
garnet lherzolite nodules from Lesotho kimberlites as examples.

Introduction

The past few years have seen much interest in the
phase equil ibrium studies of pyroxenes (Lindsley el
al., 1974a; Warner and Luth, 1974; MacGregor,
1974; Smyth,1974; Nehru and Wyllie, 1974; Howells
and O'Hara,1975;  Mor i  and Green,  1975;  and Chen
and Presnall, 1975). We note particularly Howells
and O'Hara's (1975) treatment of pyroxenes as solid
solutions towards forsterite and quartz. The present
study, although a continuation of our earlier work,
was in part undertaken to evaluate their suggestions.

The enstatite-diopside solvus has long been used as
a geothermometer and applied to temperature esti-
mates of natural rocks. An implicit assumption in
using the geothermometer is that pyroxenes had no
solid solutions towards forsterite and/or quartz.
Thus temperatures have been estimated without tak-
ing coexisting phases into account. However, How-
ells and O'Hara (1975) suggested that pyroxenes have
solid solutions towards forsterite and quartz and that
these solid solutions greatly affect the degree of mu-
tual solid solution. Since all minerals are solid solu-
tions in a strict sense, it is important whether or not

the magnitudes of solid solution towards forsterite
and quartz are enough to alter the practical appli-
cation of the solvus as a geothermometer. In this
paper we describe experiments made to define these
solution l imits.

The second problem treated in this paper is a reex-
amination of the stabil ity of iron-free pigeonite' at
high pressures. Kushiro (1969) presented a phase dia-
gram in the system MgrSirO.-CaMgSirO. at2Okbar.
Pigeonite was thought to be stable above 1450"C,
producing two solvi between enstatite and pigeonite,
and pigeonite and diopside. Howells and O'Hara
(1975) reexamined this system at the same pressure,
and contrary to Kushiro's experiments found homo-
geneous clinopyroxenes well within the pigeon-
ite-diopside solvus as determined by Kushiro. We
have reexamined this system at 20 kbar and obtained

' Hereafter, this mineral is called pigeonite for convenience. We
use this term for low-calcium clinopyroxene which is distinguished
from diopside (high-calcium clinopyroxene) by a solvus between
them This definition is also applicable to iron-bearing pigeonite.
Note that if the two minerals have the same crystal structure of
C2/c, it is not necessary to call them by different names
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results supporting Howells and O'Hara's con-
clusions.

The third experimental problem discussed in this
paper is the enstatite-diopside solvus at temperatures
above l500oC at20 and 30 kbar .  The data are supple-
mentary to those previously obtained at lower tem-
peratures by us (Mori and Green, 1975).

Throughout this paper we use mole percent rather
than weight percent in describing pyroxene composi-
tions in terms of their end members. Data referred to
from the literature have also been converted to mole
percent.

. Experimental method and results

All the starting materials used in the experiments
were mechanical mixtures of two or three synthetic
minerals among diopside (CaMgSirOu), clinoenstatite
(MgrSirO.), forsterite (MgzSiOr), and quartz (SiOr).
The mixtures were dried and loaded into Pt capsules.
We used a piston-cylinder pressure apparatus (Boyd
and England, 1960a), and the furnace assemblage
included alumina sleeve and alumina thermocouple-
insulator to minimize thermocouple contamination
and pyrex glass instead of boron nitride outside the
graphite heater. A pressure correction of - l0 percent
of nominal load pressure, using piston-in technique,
was applied. No pressure correction was made to
thermometry by WrrRer/WrrRe2u thermocouples.

All the run products were analyzed by means of the

TPD-electron microprobe. Phases were almost free

from inclusions and were large enough to avoid

chemical contamination from surrounding minerals:
the sizes of crystals were up to 60, 40, 20, and 20

microns for enstatite, diopside, forsterite, and quartz,

respectively, except for quartz in trace amount (grain

size around 4 microns).
The details of experiments are l isted in Table l.

Chemical analyses of the run products are shown in

Tables 2 and 3.

The extents ofpyroxene solid solutions in the
CaO-MgO-SiO2 sYstem

Figure I is an isothermal, isobaric diagram of

the Di(CaM gSi,Ou)-Fo(2M g,SiOn)-Qz(2SiO') system
which is itself a portion of the CaO-MgO-SiOz sys-

tem. Though solid solution fields are much exagger-

ated and are schematic only, two aspects suggested by

Howells and O'Hara (1975) are i l lustrated: f irstly, the

diopside l imb of the enstatite-diopside solvus is less

calcic when pyroxenes are coexisting with forsterite

rather than with quattz, and secondly, ensta-
tite-diopside tie l ines cross the stoichiometric En-Di
join from upper left to lower right.

Among the s ix  runs (2B1-2G in Table l )  made at

30 kbar and 1500'C, two had bulk compositions
within the three-phase fields, namely, one in the for-

sterite-enstatite-diopside field and the other in the
quartz-enstatite-diopside field, and the remaining

Tner-E l. Results of experiments in the systems Di(CaMgSizOe)-Fo(2Mg,SiO,)-Qz(2SiOz) and En(Mg,SirO.)-Di(CaMgSirOu)

Run No.  S tar t ing  mater ia ls Bu lk  compos i t ions P (kb) T (oc) hrs Products
( n o t e  % )

2BL

282

283

284

2F

Fo ,  C -En

C-En ,  Qz

D i ,  Q z

Fo ,  D i

Fo ,  C -En ,

Q z ,  C - E n ,

C -En ,  D i

C -En ,  D i

C - E n ,  D i

C -En ,  D i

C -En ,  D i

D i

D i

F o 6 g . 3  Q ' s 6 . 2

F o 2 t . t Q t 7 2 . g

Disz.g Q'qz.z

D i73 .o  Fo27 .o

D i z 9 . 5  F o + 0 . 9  Q ' 2 9 . 6

D igo .  
o  

Foz9 .  E  Q '+0 .  z

F n  n i
o o - 6  J J . Z

E t 8 7 . o  D i t s . o

E n 8 3 . r  D i t o . 9

" " 8 3 . 1  " ' 1 6 . 9
E t z t .  

s  
D i z 8 .  

s

30

30

30

3 0

3 0

30

2 0

2 0

30

50

3 0

1500

1 5  0 0

1 5  0 0

1500

1500

l5  00

I  600

1 600

1700

I 600

I  600

4

4

4

4

2 0

24

6

8

2

4

l 0

Fo ,  En

En ,  Qz

D i ,  Q Z

F o ,  D i

Fo ,  En ,  D i

Qz ,  En ,  D i

D i ,  Qz  ( t r )

En ,  D i

En ,  D i

En ,  D i

En ,  D i ,  Qz  ( t r )

Y I

243

Y2*

Y3*

2A4

C-En :  c l i noens ta t i t e ,  En :
mater ia ls are of  synthet ic
* :  d i sequ i l i b r im .

The ninerals in the star t ing
are sol id solut ions.

ens ta t i t e ,  D i :  d i ops ide ,  Fo :  f o r s te r i t e ,  Qz :  qua r t z .
end menber conponents and those in the run products
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Tlsl-s 2. Electron probe analyses ofolivine, pyroxenes, and quartz in the system Di-Fo-Qz at 30 kbar and I 500"C

283281 282 284Run No.

Phase DiQz

si0^

Mgo

CaO

Total

Number of

S i

M o

C a

Di

Fo

Qz

s9 . ss (63 )  42 .70 (20 )  60 .0s ( s0 )

3 9 . 9 8 ( 5 4 )  s 6 . 4 9 ( 1 3 )  3 9 . 3 3 ( 3 3 )

9 e . s 3 ( 9 6 )  9 9 . 1 9 ( r 2 )  9 9 . 3 9 ( 7 0 )

i ons  (o l i v i ne :  0=4 ,  p ) ' r oxene :  O=6 ,

2 . 0 0 0 ( 3 )  r . 0 0 7 ( 4 )  2 . 0 1 6 ( 6 )

2 . 0 0 1 ( s )  1 . e 8 6 ( 7 )  r . 9 6 8 ( r 2 )

1 0 0 . 3 7  ( r 7 )

0 .  4 1  ( s )

r00 .78(22)

q u a r t z : 0 : 4 )

r . 9 9 4  ( 1 )

0 . 0 r 2 ( r )

s s . 2 3  ( 6 3 )

r 8 .  r 8  ( 3 1 )

2s.98(32)

s e . 4 ( 1 . 1 )

2 . 003 (2)

0 . e 8 3 ( r 0 )

I  . 0 1 0  ( 9 )

r 0 0 . 8 ( e )
- 0 . 7 ( s )

- 0 . 1  ( s )

e 8 . 7  ( 1 . 8 )

0 .  os  ( 4 )

0 .  28  (4 )

9 e . 1 ( 1 . e )

1 . 9 9 6  ( 1 )

0 .  002  (1  )

0 .  o06  ( r  )

0 . 6  ( 1 )

- 0 . 1  ( r )

ss .  s  (1 )

s4 .  es  ( s1 )
r9 .3s (43 )
24 .82 (s7)
99.12(7r)

r  .  e94 (s)
|  .047 (23)

0  . 96s  (22 )

e 6 . 8 ( 2 . 3 )

2 .  r  ( 1 . 1 )

r . 2  ( 1 . 3 )

42  . 32  (30 )

s 6 .  r 0 ( 1 7 )

0 . 7 9  ( 9 )

99 .  20  (46 )

r  .  oor  (3)
r  .  978 (s)
0.  020 (3 )

4 .  0  ( s )

s 7 . 8  ( s )
- r . 8  ( s )

Molecular  percent (D i :  CaMgS i rO6 ,  Fo :  2MgZS iOO,  Qz :  2S iOr )

s 0 . 0 ( 2 )

s 0 . 0 ( 2 )
9 8 . 6 ( 7 )  4 8 . 8 ( s )

r . 4 ( 7 )  s 1 . 2 ( s )

0 . 3 ( 1 )

9s .7  ( r )

Run No.

Phase EnQzD i

s i 02  59 .  l 0

M g O  3 7 . 9 6

CaO 2 .68

To ta l  99 .74

Nunber of  ions

s i  1 . 9 9 6

M g  I . 9 1 1

C a  0 . 0 9 7

Molecular  percent

D i

Fo

Qz

4 5  . 4

4 4 . 9

1 . 0 0 3  ( 2 )

r  .  98s (s)
0 .009 ( r )

1 . 7 ( l )

s8.  s  (s)
- 0  . 2  ( 4 )

2 . 0 0 0

r . 8 9 7

0 .  1 0 3

r 0 . 3

4 4 . 8

4 4 . 8

2  . 0 7 2

1 . 3 9 4

0 .  5 8 3

20 .2

2 L . 9

l .  s ss  ( r )
0 . 0 0 6 ( 2 )

0 . 0 0 3 ( r )

0 . 3 ( 1 )

0 . 1 ( r )

9 e .  6  ( r )

2  . 0L8

L . 8 6 2

0 . 1 0 3

I 0 . 2

+ J . O

+ o .  z

s 7  . 6 0

2 6 . 9 4

1 5 . 1 5

99 .  69

2  . 0 L 4

1 . 4 0 4

0 . 5 6 8

5 6 .  4

20 .8

2 2 . 9

5 6  . 5 7

2 6 . 4 6

1 6 . 1 3

9 9 .  r 5

1 . 9 9 8

I  < O 1

0 . 6 r 0

6 I .  I

1 9 . 6

1 0  ?

4 2 . 7 9 ( 4 0 )  s 9 . 0 4
s 6 . 7 8 ( 4 5 )  3 7 . s 6

0 .  3 s  ( 2 )  2 . 8 4

9 9 . 9 2 ( 8 1 )  9 9 . 4 4

2 6 . 6 6

1 5 . 5 1

9 9 . 5 4

1 0 0 . 2 6 ( 1 8 )  6 0 . 2 7
0 . 2 r  ( 6 )  3 7  . 3 L

0 .  l s ( s )  2 . 8 6

r 0 0 . 6 r ( 2 s )  1 0 0 . 4 4

The nunbers in parentheses represent estinated standard errors
See text for explanations of the data without standard error,
l is t  to Mor i  and Green (1975).  About 10 analyses were obtained
each charge,

( l  s igma) and refer  to the last  decinal  p lace(s) .
*: referred from the supplenental analytical
for pyroxenes, and 4 for olivine and quartz in

four runs were on the edges of the Di-Fo-Qz
triangle.

For the analyses in Table 2, synthetic forsterite,
clinoenstatite, diopside, and quartz were used as

substandards additional to the standards used in rou-
tine analysis in our laboratory (Reed and Ware,
1973). Thus, we could locate phase boundaries more
precisely and could also lower the background uncer-
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Tlet-r 3. Electron probe analyses ol pyroxenes in the En-Di system

Run No.
P k b

T o c

Phase

20
Y I
20

1600 r 600

\ 2
30

1700 1600

2A4
30

si0^

Mgo

Ca0

TotaI

Number of  ions

b 1

M o

u l  m o l e  6

ss.  06 (s0)
32 . s7 (8s)

8 . 7 7  ( 8 7 )

r00 .  r e (6e )

( 0 = 6 )

2 . 0 1 6  ( 3 )

7 .647  (34 )

0 . 3 2 1  ( 5 3 )

3 2 . 6 ( 3 . 4 )

s9,77  (4L)

3 6 . 8 0 ( 3 s )

2  . 8 3  ( 4 )

99 .  40  (73)

2 . 0 2 r ( 3 )

1 . 7 s s  ( 7 )

0 .  r 0 3  ( 2 )

1 0 . 4 8  ( 1 6 )

se .  28  (36)

s4  .42(36)

s  . s 4  ( 2 7 )

99 .  2s  (s1)

2 . 0 2 3 ( 3 )

r . 7 s l  ( 1 4 )

0 . 2 0 3  ( r 0 )

2 0 . 8  ( 1 .  r )

6 0 . 4 4  ( 3 s )

s7 .60(s6)

2  .  es  ( r7 )

1  00 .  99  (64)

2 . or4 (s)

r . 8 6 7 ( i 0 )

0 . 1 0 s ( 6 )

1 0 . 6 7 ( 6 6 )

2  . 0 2 2 ( 3 )

1 . 8 s 8 ( 1 0 )

0 . 0 s 8  ( e )

1 0 . 0 6 ( 8 4 )

2 . 0 r e  ( s )
1 . 6 0 3  ( 1 1 )

0 . 3 s 9  ( r 3 )

3 6  . 6  ( L  . 2 )

60.  01  (23)  s8  .  90  (2e)

s6.98(27) 31.37 (22)

2 . 7 2 ( 2 s )  9 . 7 7  ( 3 6 )

99.72(3s)  r00 .04(40)

The nunbers in parentheses represent est imated standard errors ( l  s igna) and refer  to the last  decimal  p lace(s) '

ta int ies in  t race e lement  analyses which were caused
by X-ray pulse pile-up problems (MgO in quartz, cf.
Reed and Ware,  1973) and improve accuracy for  low
concentrat ions (e.g.  CaO in o l iv ine and quartz) .

The mean composi t ions and thei r  s tandard devia-
t ions are l is ted in  Table 2.  The composi t ions of
pyroxenes in runs (2F and 2G) wi th in the three-phase
f ie lds were not  wel l -c lustered:  enstat i te  composi t ions
scat tered wi th in 3 mole percent  Di ,  and d iopside
wi th in 6 mole percent .  Because our  s tar t ing mater ia ls
were the pure phases, we have chosen the most-reac-
ted composi t ions,  i .e .  d iopside wi th the lowest  Di
content  and enstat i te  wi th the h ighest  Di  content .  The
val id i ty  of  th is  procedure was d iscussed by Mor i  and
Green (1975).  Table 2 a lso l is ts  the most- reacted
composi t ions of  pyroxenes in an unmix ing run (Run
l l  o f  Mor i  and Green.  1975.  the data are f rom the
supplement prepared for the paper). The run charge
is saturated or  near ly  saturated wi th quar tz ,  and these
data p lot  wi th in 1.5 mole percent  f rom the run 2G of
Table 2.

Figure 2 shows the phase re lat ions in  a real  scale.
Note that  molar  uni ts  of  Fo and Qz presented in
Figure 2 are twice the convent ional  formulae,  so that
En has a formula of  MgrSirO. .  As shown in the
f igure,  both enstat i te  and d iopside are sol id  solut ions
not  only  between En and Di ,  but  a lso form l imi ted
s o l i d  s o l u t i o n s  t o w a r d s  F o  a n d  Q z .  N o n -

sto ich iometry of  pyroxenes has been exper imenta l ly
shown or  suggested by Kushiro (1972) for  d iopside,
by Onuma and Ar ima (1975) for  protoenstat i te ,  and
by Boyd and England (1960b) for  enstat i te .  I t  is  a lso
descr ibed f rom natura l  rocks (c l  Sobolev et  a l . ,
r 968 ).

The solvus is  wider  when pyroxenes are saturated

CoMgSi205

2MgrSioa 2SiO2

Ftc l .  Isothermal ,  isobar ic phase re lat ions of  pyroxenes,  o l i -

v i ne ,  and  qua r t z .  Schema t i c  on l y .  See  t ex t  f o r  exp lana t i ons .

o l r v rne  s . s .  _
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CoMgSi206

with forsterite rather than with quartz. This feature is
opposite to that inferred by Howells and O'Hara
(1975). The difference of the diopside l imb in terms of
the Di component is about 3 mole percent. This
suggests that when the pyroxene solvus is used as a
geothermometer at approximately 1500"C and 30
kbar without taking the coexisting phases into ac-
count, errors in the temperature estimates of the or-
der of 20oC may result (cl Nehru and Wyllie, 1974;
and Mori and Green, 1975). Thus, sil ica activity does
not seriously affect the pyroxene solvus as a geother-
mometer.

It should also be noted that the enstatite-diopside
tie-l ines are almost parallel to the En-Di join. The
diopside-forsterite tie-l ine for a charge with a bulk
composition on the Di-Fo join clearly crosses the
join, in agreement with observations of coexisting
natural forsterite and diopside.

Stability ofpigeonite-diopside solvus at high pressures
in the MgrSirOu-CaMgSirO. system

Two runs (Yl and 2A3) at 20 kbar and 1600'C
yielded results supporting Howells and O'Hara's

oc

%l

(1975\ conclusion that there is no stabil ity f ield of
coexisting pigeonite and diopside at this pressure, in
contradiction to Kushiro's (1969) phase diagram.
The measured compositions of enstatite and diopside
grains are shown in Figure 3 and are summarized in
Table 3. The synthetic diopside and clinoenstatite
loaded into the run Yl with a bulk composition well
within Kushiro's (1969) pigeonite-diopside solvus
( E n r r D i , r - E n u o D i u o )  a n d  w i t h i n  H o w e l l s  a n d
O'Hara's (1975) diopside field homogenized to cli-
nopyroxene although there is some compositional
hysteresis. Enstatite was not found in the charge.

The run 2A3 at the same Z-P conditions had a less
calcic bulk composition. Compositions of enstatite
and diopside were well clustered with a definit ion of
the diopside l imb which coincides with that of How-
ells and O'Hara (1975) within estimated errors.

Kushiro's (1969) main reason for deducing the
presence of a pigeonite-diopside solvus at 20 kbar
was the systematic change in intensities of paired 3l I
X-ray reflections with bulk composition of starting
materials. Thus the solvus was located by observing
the presence or absence of the paired reflections. For

2Mg2SiOa Mg2Si2O6 2 SiOz

Frc.  2.  Exper imental ly-deduced phase equi l ibr ia of  o l iv ine,  pyroxenes,  and quartz at  30 kbar and
1500"C. The hatched areas represent sol id solut ions.  The data (dots)  are f rom Table 2 Note that  molar
units of forsterite and ouartz oresented here are twice the conventional formulae
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example, the diopside l imb of the solvus at 1600'C
and 20 kbar was estimated to be at EnuoDiuo.

Alternatively, Lhe 20 angle of the 3l I peak can be
more directly used in determining the pyroxene com-
positions (McCallister, 1974). 20 values read from
Kushiro's Figure 4, combined with Mccall ister's 2d-
composition equation, which we found very satisfac-
tory, allowed us to estimate the diopside l imb of the
solvus to be on EnrrDir", EnruDiur, or EnrrDiu, at
1600'C and 20 kbar ,  and on En.rDiu,  at  1650'C and
20 kbar. All the data locate more calcic pyroxenes
than the diopside l imb as determined by Kushiro at
corresponding temperatures. The difference is about
20 mole percent CaMgSirOu. In addition, according
to Kushiro's Figure 3, l iquid, instead of clinopyrox-
ene, is stable for the last composition at 1650'C and
20 kbar. These facts show diffifficulties in the use of
paired X-ray reflection to infer the presence or ab-
sence of the pigeonite-diopside solvus.

We also cast doubt on the pigeonite-diopside sol-
vus at 17.5 kbar as inferred by Kushiro and Yoder
(1970,  F ig.  l9) ,  which we bel ieve was constructed by
an analogy to the solvus at 20 kbar by Kushiro
(1969 ) .

Thus, our experiments refute the existence of the
pigeonite-diopside solvus at 1600"C and 20 kbar,
and the X-ray data of Kushiro (1969), reinterpreted
by McCallister's (1974) calibration, can be shown to
be inconsistent with the interpretations placed on
them by Kushiro (1969). However, there sti l l  remains
a possibil i ty that a very narrow pigeonite-diopside
solvus could exist at 20 kbar and a temperature lower
than 1600"C. This possibil i ty is discussed in the next
section.

SUBSOLIDUS EQUILIBRIA BETWEEN PYROXENES

a
a a

a  a a a a a
3 0  k b . I T O O  o C  2  h r s

3 0  k b  , 1 6 0 0  
o c 4  h r s

2 0  k b  . 1 6 0 0  o C  8  h r s

20 kb  ,  t600 oc 6  h r s

CoMgS i206

The present state of knowledge is that the pigeon-
ite-diopside solvus is definitely stable only at I atmo-
sphere (Yang, 1973; Yang and Foster 1912, and
Kushiro 1972), and the maximum pressure for the
stability of the solvus remains unknown.

MgrSirOo
50

MOLE % CoMsSirOo

Ftc 4.  Compar ison ofenstat i te-diopside solv i  at  20 and 30 kbar
Dots are from Table 3 Stars and solidus at 30 kbar are from
Howel ls and O'Hara (1975).  The solv i  below l500oC are af ter
Mor i  and Green (1975).  Sol id i  are only part ly  drawn. Sol idus at  20
kbar is  f rom Kushiro (1969).

5 0

M O L E  %

Ftc.  3.  Microprobe analyses of  pyroxenes.  Al l  are of  homogenizat ion exper iments.  Direct ion of
triangles shows direction of chemical reaction Decimal fractions in the raw data have been rounded to the
nearest  integer.
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I ron-bear ing p igeoni te has been observed at  l5
kbar and 980'C (Lindsley et al. 1974b), coexisting
wi th more calc ium-r ich pyroxene and hypersthene.
I f  p igeoni te is  unstable in  the i ron- f ree system at
this pressure, then the pigeonite""-diopside""-hyper-
sthene""  three-phase t r iangle must  converge to a d iop-
side""-hypersthene"" t ie-l ine with decreasing FeSiO,
content (associated with increasing temperature)
wi th in the magnesian par t  of  the pyroxene quad-
r i la tera l .

The enstatite-diopside solvus in the
MgrSirO.-CaMgSirO. system

Four runs (Y2,  Y3,  2A3 and 2A4 in Table I  )  a t
temperatures above 1500"C are re levant  to  determi-
nat ion of  the enstat i te-d iopside solvus.  These are
complementary to our  prev ious resul ts  at  and below
1500 'C  (Mor i  and  Green ,  1975 ) .  Aga in  i n  t h i s  s tudy ,
we experienced sluggishness of chemical reaction,
even at  temperatures as h igh as 1700"C.  In the runs
Y2 (30 kbar  and 1700'C) and Y3 (30 kbar  and
1600'C),  a l though composi t ions of  enstat i te  were
rather well clustered, those of diopside showed exten-
sive hysteresis in the change in chemistry from the
pure d iopside (CaMgSirO.)  of  the star t ing mixes.  The
run at  30 kbar  and 1600'C was repeated wi th pro-

longed run durat ion (10 hours) .  More c losely c lus-
tered composi t ions of  d iopside resul ted.  The chem-
ical  composi t ions of  pyroxenes in those runs
inc luding enstat i te  of  Y2 (30 kbar  and 1700'C) are
l is ted in  Table 3,  and are compared wi th the data by
Howel ls  and O'Hara (1975) in  F igure 4.  Our data are
in good agreement with theirs and further confirm the
large pressure effect on the enstatite-diopside solvus
at high temperatures.

At  the sol idus between 20-30 kbar ,  the enstat i te
and d iopside show almost  complete sol id  solut ion,
but  mel t ing occurs just  below the temperatures at
which the enstatite and diopside (with their different
crysta l  s t ructures)  l imbs would in tersect .

A peculiar feature observed in Figure 4 is that the
diopside l imbs at  both 20 and 30 kbar  show a s l ight
in f lect ion between 1500 and 1600"C.  Al though we
prefer to regard the figure as an equil ibrium phase
diagram, there st i l l  remains a possib i l i ty ,  as suggested
by the presence of  the in f lect ion,  that  the p igeon-
i te-d ionside solvus ex is ts  around the in f lect ion
point  at  20 and 30 kbar .  In  th is  regard,  i t  is  in terest-
ing to note that  Eggler  (1974) suggested a coexist -
ence of  two c l inopyroxenes at  20 kbar  and around
1540"C based on synthesis  data in  the system
CaO-MgO-SiOr-COr.  However,  the p igeoni te-
d iopside solvus,  should i t  ex is t  at  temperatures
lower than 1600'C at  20 kbar .  must  be much nar-
rower than indicated by Kushiro (1969).

The data in  F igure 4 were used together  wi th those
of  Mor i  and Green (1975) in  construct ion of  the
pressure-composition section (Fig. 5) which shows
enstatite and diopside l imbs as a function of temper-
ature and pressure.

Application to temperature and pressure estimates of
garnet lherzolite nodules from Lesotho kimberlites'

and constraints on the pyroxene-solvus
geothermometry

Garnet lherzolite nodules from Lesotho kimber-
l ites have been extensively studied ( e.g. Boyd, 1973).

Physical  condi t ions of  equi l ibrat ion for  these nodules
can be estimated by solving two independent geo-

thermo-barometers. For this purpose, the MacGre-
gor  (1974) and Davis and Boyd's  (1966) gr ids or
modifications of them have been commonly used
(Boyd,  1973 and Merc ier  and Carter ,  1975).

ln this section, we wil l also try to estimate pres-

sures and temperatures of these nodules using Boyd's
extensive chemical data for the minerals of the garnet
lherzol i te  nodules (Boyd,  in  Nixon,  1973).  Al though
the principle of the method is the same, we wil l em-
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Frc.  5.  Compi lat ion of  enstat i te l imbs ( the lef t -s ide batch of
l ines) and diopside l imbs ( the r ight-s ide batch of  l ines) based on
the data f rom Fig.  4 and Mor i  and Green (1975)
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ploy the enstatite-diopside solvus presented in the
previous section rather than that of Davis and Boyd
(1966). Ca/(Me * Ca) ratio of diopside from the
nodules gives one temperature-pressure equation.
AlrOr contents of enstatite coexisting with diopside
and garnet and with or without olivine were compiled
from the experimental data by Akella and Boyd
(1972, 1973, and 1974), Hensen (1973), Mysen and
Boettcher (1975), Green (1973), and Mori and Green
(unpublished data on the pyrolite system). All the
chemical systems include at least SiO2, TiO2, Al2Os,
FeO, MgO, and CaO. Their temperatures and pres-
sures vary from 900 to 1410'C and from 15 to 45
kbar. Consistency among the data is, however, not
fully satisfactory. In addition, both geothermo-ba-
rometers have to be greatly extrapolated towards
higher pressures and temperatures in order to be
applied to the garnet lherzolite nodules. These two
features greatly limit reliability of this method of
temperature-pressure estim ates.

Figure 6 shows a graphic method of solving the
two equations. Diopside-component isopleths cross
the AlrOr (enstatite) isopleths giving unique solutions
of temperature and pressure. Boyd's analytical data
(Boyd, in Nixon 1973) show that AlrO, content in
enstatite is rather constant through the nodules
(A l roa :  l  l  +  0 .3wt .Vo) ,  wh i le theCa/ (Mg +  Ca)
ratio varies extensively from 0.481 to 0.287. This
means that the temperature-pressure trend is depen-
dent on the AlrO, isopleths and is linear within * 3
kbar, which roughly corresponds to the variation of
* 0.3 percent AlrO3. If the nodules are classified into
granular and sheared types (Boyd,1973), we can find
that the sheared type is more aluminous than the
granular type by 0.3 weight percent. The diopside-
component isopleths only limit the extent of the tem-
perature-pressure trend determined by the AlrO, iso-
pleths.

A few data points from Boyd (in Nixon, 1973) are
p lo t ted  in  F igure  6 .  The h ighes t  temper -
ature-pressure rock (1597, not plotted in Fig. 6) is
estimated at about 85 kbar and 1950"C, and other
sheared nodules approach these conditions (Fig. 6).
The granular nodules yield temperatures up to
1170"C. Many granular type nodules plot at lower
temperatures than 900oC, but the diopside-com-
ponent isopleths become temperature-insensitive.
Thus, the lowest temperature-pressure values cannot
be reasonably estimated.

Our estimates are very different from those by
Boyd (1973) and Mercier and Carter (1975).  The
rather narrow range of pressure (up to 70 kbar) and
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Frc. 6. Method of temperature and pressure esti-

mates.  Composi t ions of  d iopside l imbs (broken

lines, in CaMgSirO. mole fraction) are from Mori
and Green (1975) and this paper. AlrO. contents in
enstat i te ( l ines wi th dots,  in wt .  Vo) are f rom Akel la
and Boyd (1972, 1973, and 1974), Hensen (1973),

Green (1973),  Mysen and Boettcher (1975),  and our
unpublished data. The stars represent temper-
ature-pressure estimates for garnet lherzolite no-
dules (1572, 2302A, 15598, 1859N, 2273, 83,  and
1924) from Lesotho kimberlites (Nixon, 1973). In
plotting the natural diopsides we have used the ratio
2Ca/(Ca + Mg). Construction of this figure in-
volved large extrapolation of the data and neglect of
some inconsistencies among AlzOs data. The de-
duced P,7 conditions may be far from the true val-
ues (see text).

temperature (up to 1430"C) by Boyd (1973) is mainly
due to his use of the enstatite-diopside solvus of
Davis and Boyd (1966) at 30 kbar, which shows a
more calcic diopside limb below 1000"C and less
calcic limb above it compared to our solvus. Mercier
and Carter's (1975) revision shows temperature and
pressure values up to 80 kbar and 1600"C. Again, the
difference from the trend in Figure 6 is mainly due to
their scheme for the enstatite-diopside solvus, which
has less pressure effect on the solvus than ours.

I t  m igh t  be  cons idered tha t  the  . temper -
ature-pressure trend in Figure 6 is too steep to repre-
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Tlsr-B 4. Accuracy of TPD-probe analysis

JG-1 J B - I

reconunended
value

TPD-probe reconnended TPD-probe
value

si02
Ti02
A1203

F"oaoa"l

MnO

Mgo

Ca0

Na20

Kzo

7 2 . 9 s

. 2 6

1 4 . 3 6

1 . 9 9

. 0 6

. 7 5

2 . 2 2

3 . 4 L

4 .  0 0

7 3 . 0 6 ( 4 1 )

. 2 6 ( 4 )

14 . 42 (3o)

I  . 8 e  ( 4 )

n .  d .

. ee (4)
2 . 2 r ( s )
3 . 2 s  ( e )
3 . e 3 ( s )

5 3 .  s 3

1 .  3 8

1 4 . 8 7

8 .  3 1

. 1 5

7 . 9 L

9 .  5 0

2 . 8 7

L . 4 7

s3 .64 (2r)

1 . 3 3  ( 4 )

1 4 .  8 3  ( 1 3 )

8 .  s 3  ( 8 )

.  03  (7 )

7.s3( r2 )
s  .47  (7 )
2 . 7 s G 4 )
1 . 4 7  ( s )

The recomnended values for the standard rocks are frorn Ando et al.
(L974). Both sets of data are recalculated to total of 100.
The numbers in parentheses represent estinated standard errors
(1 signa) of the probe analysis, and refer to the last decinal
p l a c e ( s ) .

sent a palaeogeotherm. From present knowledge, we
do not know whether the nodule trend is an artifact
due to lack of data for phase equil ibria at very high
pressures and temperatures. In addition, we do not
know that the temperature-pressure thus estimated
represents a palaeogeotherm.

The principal diff iculty in temperature estimates on
the basis of the pyroxene solvus is, as shown in the
example above, the fact that we have to know pres-
sure values by an independent method. In addition,
the solvus is almost useless at temperatures below

-900"C. We emphasize that the pressure-temperature
estimates of Figure 6 are an illustration of the effect
that the new solvus data have on the methods of
pressure-temperature estimation used by Boyd
(1973). We consider that the estimates of pres-
sure-temperature in Figure 6 have very large uncer-
tainties indeed.

Appendix : Accuracy of TPD-microprobe analysis

Standard rocks (JG-l and JB-l) of Geological Sur-
vey of Japan were melted on an iridium strip heater
following the melting procedure of Nicholls (1974).

The glasses were analyzed by TPD-microprobe using
the energy-dispersive analytical system with the rou-
tine analytical procedure in our laboratory (Reed and
Ware, 1973) but with defocussed beam (about 100
microns). The raw data and the recommended values
for the standard rocks (Ando et al. 1974) were re-
calculated to total of 100. This was necessary in order
to compare the two sets of data since HrO+ and HzO-
etc. evaporate during the melting process.

The results are l isted in Table 4. The probe data are
satisfactory except for MnO. Concentrations of MnO
in these rocks are nearly the same or just above the
detection l imit of MnO by TPD-probe (about 0.08
wt.Vo). For those elements with very low concentra-
tions, the conventional wavelength-dispersive micro-
probe system must be used instead of the energy-
dispersive TPD-microprobe. It should be noted that
the standard deviations in Table 4 are due almost
entirely to heterogeneii ies of the glasses.
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