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Abstract

Subsolidus equilibria along the CaMgSiO.-Mg,SiOn olivine join are governed by partial

immiscibility between the end-member phases. The solvi bounding the two-phase region are
determined over the temperature range 800-1300'C at 2, 5, and 10 kbar. Within the limits
of experimental error, the two-phase data are symmetric with respect to composition. Nurnerical
analysis of the experimental data in terms of a one-constant Margules equation (Thompson,
1967) yields the following relationship for the mixing parameter of the Gibbs Free Energy

Function:

wc(callmole) : 20,338 + 2355 - 13,560 + 3412 x T("K)/1000 + 3627 + 1228 X (Z/1000X -

3s5.4 + 87.5 X P(kbar) + 308.7 +6s.4x P(T/|0[0),S.D. :297.4

Temperature-composition sections of the two-phase region calculated from this equation are
in good agreement with the experimental data, The results imply that the maximum amount
of CaMgSiOn which may be dissolved in forsteritic olivine is less than 5 mole percent under
physico-chemical conditions likely to exist in natural systems.

Introduction

In terms of the common rock-forming silicates,
Ca $ Mg substitution may be an important petrG-
genetic indicator. Because of the disparity in cation
size [6-cdordinated ionic radii 1.00 A and 0.72 A,
respectively (Shannon and Prewitt, 1969)1, systems
involving Ca $ Mg substitution tend to exhibit only
limited miscibility between the crystalline end-mem-
ber phases. For such systerns, experimental data out-
lining the limits of miscibility as a function of tem-
perature and pressure yield information of potential
applicability to geothermometry and geobarometry.
Through the application of a suitable solution model,
such data may be used also to calculate useful ther-
modynamic quantities for the crystalline solutions
involved (e.g., Thompson, 1967; Thompson and
Waldbaum, 1969; Saxena, 1972).

The monticellite (CaMgSiO+)-forsterite (Mg,
SiOa) system has been chosen for study because

l Presently a National Academy of Sciences Resident
Research Associate at Goddard Space Flight Center.

the two end-member phases display similar crystal
structures (both belong to space gtoup Pbnm),
and because no polymorphic changes occur within
the stability range of the monticellite-forsterite
twophase coexistence. The primary objectives of
this study are to map the boundary of the monti-
cellite-forsterite two-phase region as a function of
temperature at several pressures (2, 5, and 10
kbar were chosen), and to derive an equation of
state and activity-composition relations for the oli-
vine crystalline solutions. The results may then be
used to correlate the Ca content of forsteritic olivine
with P, Z conditions of crystallization.

' Previous VYork

In their study of solidus-liquidus relations in the
system CaO-MgO-SiO2 at L atm, Ferguson and
Merwin ( 1919) demonstrated the existence of limited
(up to about ten w percent) crystalline solution of
Mg2SiO+ in monticellite. They also reported that pure
monticellite was unstable in the temperature range
investigated. Ricker and Osborn (1954) further in-
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vestigated phase equilibrium relationships along the
join CaMgSiOa-Mg2SiO+ at 1. atm. At near-liquidus
temperatures, crystalline solution was found to ex-
tend approximately 30 wt percent from either end-
member. The extent of crystalline solution was shown
to decrease (i.e., the monticellite-forsterite two-phase
region widens) rapidly with decreasing temperature.
More recent 1 atm data for this system (Biggar and
O'Hara, 1969) suggest that the extent of crystalline
solution is less than that reported by Ricker and Os-
born (1954). According to Biggar and O'Hara
(1969), the estimated range of stable crystalline
solutions is 75 to 92 mole percent monticellite and
81 to 100 mole percent forsterite, respectively, at
1490"C. In addition, Biggar and O'Hara (1969)
confirmed that CaMgSiO+ is unstable at atmospheric
pressure. Yang (1973) studied the monticellite-
forsterite solvi between 144OoC and 1496'C at 1
atm by means of electron microprobe analysis of co-
existing monticellite and forsterite crystallized from
melts with cornpositions off the CaMgSiO+-Mg-
SiO+ join. His determinations indicate that the amount
of CaMgSiOa which may be dissolved in forsterite
varies from 13.5-14.5 wt percent at l44O"Cto 17 .2-
18.7 at 1496"C, whereas the amount of MgsSiOr
in monticellite varies from 16.2-18.0 wt percent at
1440'c to 27.2 to 28.7 at 1496"C.

Experimental studies by Kushiro and Yoder (1964)
and Yoder ( 1968) have shown that at high pressures
monticellite breaks down to the assemblage mer-
winite (CasMgSieOa) * a forsterite crystalline solu-
tion. The P-T curve for this reaction originates from
an invariant point at 1095'C and 10.6 kbar and has
alarge negative dT/dP slope (about -160'C/kbar)

according to Yoder ( 1968).

Experimental Resultsl

Results ol Synthesis Experiments

Synthesis of single-phase materials (experimental
apparatus and procedure described in Appendix)
along the join CaMgSiO+-MgzSiO+ (Table 2) were
carried out for the purpose of selecting an X-ray
peak or peaks whose variation with composition
could be used for rapid determination of composi-
tions of coexisting olivines. Trace amounts of peri-
clase, never in excess of l-2 percent by volume, were
detected in a number of 1 atm runs; no periclase was
observed in the products of hydrothermal syntheses.

'For an explanation of the symbols used in the text, see
Table 1.

THE MONTICELLITE-FORSTERITE IOIN 999

Presence of periclase in the 1 atm runs is considered
to reflect incomplete reaction. All attempts to syn-
thesize the monticellite end-member were unsuccess-
ful. Instead, this composition always crystallized to
a monticellite solution containing several wt percent
Mg2SiO+ plus minor merwinite (CagMgSizOs), the
latter phase exceeding 10 percent by volume in runs
at 1450'C and 1 atm. This finding corroborates ear-
lier reports on the instability of CaMgSiOa (Fergu-
son and Merwin, 1919; Biggar and O'Hara, 1.969).

The variation with N1" of 20nr was selected for
determining olivine compositions. The 131 peak was
selected because it is one of the strongest olivine
peaks, varies linearly with composition, and is close
to both the 220 and 311 peaks of the spinel internal
standard. The linear equations relating this param-
eter to composition are given by

N , o :  - 1 8 . 1 I s  +  0 . 5 3 9 ( 2 d f r , )  ( 1 )

Nr "  :  -20 .360 +  0 .5s7Q03)  Q)

where A and B refer to the CaMgSiOr- and Mg2SiO.r-
rich phases, respectively. Determinations obtained
through the use of these equations are believed ac-
curate to within -+0.015 Nro.

Results of least-squares cell refinements of syn-
thetic Ca/Mg olivines are furnished in Table 3 and
plotted in Figure 1. The chief contribution to the
change in unit cell volume comes from variation of
the b cell edge; the c cell edge is only moderately
affected by Ca <= Mg substitution, while the a cell
edge is virtually unaffected. With reference to the
end-member phases, the series of crystalline solutions

Tlnlp l. Explanation of Symbols Used in Text

Co6pon6nt  d€s ignat ions

MO = CAT{BSIOA

fo = ldc25i04

no fo  =  coDpos i t ion  o f  phaso or  h ix tuo  ( in  ve ish t  pero€nt )

* a < a  i a < i  d n + i  ^ h  :

Mo = oont ioo l f i t€

Fo =  fo rs te r i to
Mo =  Eardn i to
p  -  por io la ro

L = silioat€ liquid, sen€rdly oontaining dissolved vat€r

V =  hydrous  vapor ,  con ta in tng  d isso f ,ved  s i l i ca te  con lononts

ss  =  subsor i l t  re fo rs  to  so l id  so lu t ion  phasos

ThorEoohedca l  d6s isa t ions

N-  =  Dof€  f rac t ion  l l s^ i io ,

d  =  d iBens iodoss  p i l i l e to r  donot ina  nwbor  o f  o rys ta l  subr t i tu t ion  i i to :

W-  i  l l se l€s  pee€-6 .  o f  DoIy  G ibbs  fuc t  ion

sa =  subscr i t t  re f€ rs  to  thorEodyndo 6xo€ss  funot ion

n l x  -  s u b s c r i ! t  r € f o c .  t o  ! h 6 r e o d F m i c  b i x i n a  u c + i o n

a =  r€ la t i v€  ac t iv i t y  o f  conpon6nt  I
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TesrE, 2. Olivine Synthesis Data TAsrs 3. Unit Cell Dimensions of Svnthetic Olivines

Ste t lna  @t6r ia f
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b) hydrothorml data
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'Mo
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Fo +Mo
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*f'o +V
.Mo +V

Mo +Fo +V

Mo +Fo +V

Fo +Mo +V

Io +Mo +V

s s

Mo-_+L?+V

Mo_ _+ M+V
'Mo +h+V

rFo +V

o . o r o "  4 . 8 2 0 s ( 5 )
0 . 0 5 5 *  4 . 8 2 O r ( ? )
0 , 0 6 5  4 . 8 2 0 2 ( 8 )
0.r .10 4.8180(6)
o , 1 6 4  4 . 8 1 5 2 ( 6 )
0 . 2 1 8  4 . 8 1 3 9 ( 9 )

o. aeotr 4,1 6s4(4)
0 . 8 6 3  4 . 7 6 6 4 ( 5 )
0 , 9 0 9  4 . 7 6 0 6 ( 4 )

.  4 . ? 5 9 6 ( 5 )

/  r c c c l ^ \

"  4 . 7 5 8 1 ( 3 )
i  4 . 7 5 1 5 ( 3 )

'  n < a o | . \

"  4 . ? 5 5 5 (  6 )
i l  4, '1549(3)

1 1 . 0 9 1 1 ( 9 )
1 1 . o s 3 o ( r o )
1r.0so6(19 )
I I .O0?4( 9 )
1 0 . 9 5 9 9  (  l 5 )
r0.9r.3r(  14)

1 0 . 5 1 8 o ( n )
r-0,2ee6( 13)
10.2499 (ro)
1 0 . 2 4 6 3 ( 1 6 )

10,2248( 11)
1 0 , 2 2 3 0 ( ?  )
10.2144(10)
10.rs80(11 )
10,r9s6(10)
1 0 . 1  9 7 6 (  1 1  )

340.74(4, zslas
l a e  a o / c \  o ^ l D r

338.34(7) 20/24
3ab.84(4) 26/32
a " e  o a l . \  1  a  l .  ^

z ? ^  r ! r r \  1 n  1 . .

2s7.oo(4) 34/36
2 9 s . 4 0 ( 4 )  3 a / 3 5
r o ,  A o f " \  . a l . a

. o .  4 t l  a \  t 4  | t a

2s1.61(4) zel3o
o o 1  E 1  / ? \  a a  1 1 '

agr .o8(3)  3s /4 r
z8s,e6( 4) z7 /2a
29o.18(4)  24 /24
990.08(4) 35/38

2L

23

3I

26

38

120

1 4

50

6 . 3 7 2 6 ( 6 )

6 . 3 5 1 9 (  I ? )
6,3321 (6\
6 . 3 0 9 e (  9  )
6.2s21( u)

6 . 0 3 5 3 (  7 )
6 . o 2 s o ( 7 )
6,0023( 6 )
6.ooe7(ro)

5 . e s 3 3 (  6 )
5 . s 9 2 9 (  4 )
5,se00( 5)
5 . 9 8 1 r (  6 )
5 . s 8 2 ? (  6 )
5.9824( 6)
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n/o = nunbor of linos us6d in r€finsDont/neber of input diffraotlon liMs
Nwbers in ( ) roprosont orrors in f inal fi$6s at th6 uit vsight stdded

orror lovol
*ApproxiBt€ Nr^ bascd on optlcaJ. osti@te of uout of o€rwinite (Uo) in

smDl6 Fodu6t 
- -

#app"o*fute Nfo bes€d on €sti@t6 of eowt of Moss in s@p16 prduot

to load only a few wt percent water in order to in-
sure that the two-olivine assemblage, here Mo* *
Fo"" * L, was obtained.) X-ray exposures with a
focusing camera were taken of the run products, and
olivine compositions were obtained by measuring
2'01y (Equations 1 and 2).

b ( A )
60  80

19 500

15 1000

16 2000

1 8

1 7 i l

1 9

2A

1 9

18 2000

8 . 5  5 0 0 0

16 5600

1 2 . 5  1 0 , O 0 O

T 2
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1240

1150

1250

8 5 0

1000

1150

o l o t m
a hydrolhermol

72

330

L20

19

z

Abbr€v ia t lons t  SG =  s l l l ce  g lass  ( \F€aoted) ;  o thor  phas6 dd  o@pon6nt
dos ipa t ions  as  in  Tab la  1

.  =  leas t  squqos co l l  r6 f ineE6nt  p€r fo rmd on o l i v ino  (Tab lo  3 )
r = pr€sonce of phes€ thought to bo n6tastabl6

= wount  o f  phas€ Fesont  es t imtod a t  16ss  the  5  vo lw6 p6ro6n i

extending from CaMgSiOa displays no volume of
mixing, whereas the forsterite-rich solutions show a
slight negative volume of mixing.

Results ol Two-Phase Determinations

The solvi bounding the monticellite-forsterite two-
phase region were determined by homogenization
experiments at 50"C intervals over the temperature
range 800o-1300'C. Isobars at 2, 5, and 10 kbar
were mapped out in this manner. All experiments
were made under hydrothermal conditions in order
to expedite the reaction rate. (At temperatures above
the vapor-saturated solidus, it was found necessary

z

\  / ideol Co/Mg

\ n

\ . J
\o

b. I
vo.i- \ -l

r - r , 1 3 ]
2906to

c ( A )
410 490  ro20

o

o
o
o
o

o

o
o

ro.i \
o \

3ro 330 350
V(A')

Ftc. l. The observed relationship between Nr" and the
a, b, and c cell edges and unit cell volume for synthetic
monticellite and forsterite crystalline solutions. Data from
Table 3. The dashed line indicates ideal Ca/Mg mixing as
defined by the two end-members.



The experimental results are presented in Table 4.
Where two or more samples were run simultane-
ously, agreement to within 0.01 Nr" was observed.
Reproducibility of the results was tested by a number
of runs duplicating conditions of pressure and tem-
perature of a previous determination but differing
in duration. Again, agreement to within 0.01 Nr"
was observed. The solvi were reversed at 900" and
1200'C at 2 kbar by unmixing a twophase assem-
blage previously heated at 1450'C and I atm (Table
4 (d) ). These findings strongly imply the general
attainment of equilibrium throughout this study.

At 10 kbar the two phase region apparently widens
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at temperatures above 1200"C [Table 4(f), Figure
2(b)1. In ggneral, discontinuous changes in slope
along a solvus result from phase reactions. In this
case, it is possible to relate the observed behavior to
the reaction Mo* = Me * Fo*. This reaction (Ku-
shiro and Yoder, 1964) represents the maximum
upper thermal stability of Mo* at a given pressure,
and the monticellite participating in this reaction will
be of some unique composition. On the basis of pre-
viotrs studies (Ferguson and Merwin, 191.9; Biggar
and O'Hara, 1969) it is probable that the composi-
tion of Mo* that is in univariant equilibrium with
Me and Fo,. is enriched in Mg2SiOn relative to stoi-

T,lsr.e. 4. Monticellite-Forsterite Two-Phase Data

r('c) t(hrs) ,rir, ,rirr. Ner Nas r r ( ' c )  t (h rs )  , . ia R
- - 1 3 1 N^-Nal

1450 38
1450 170

1240 14
1280 2I

800 229

850 2L2

a) I ato data

34.034 35 ,425 0 .228 0 .?89 o .Ot?
3 4 . 0 4 3  3 5 . 4 3 3  0 . 2 3 4  0 . 7 9 4  0 . 0 2 8

b) I kb date

33 ,A25 35 .612 0 . t  l?  o  ,900 0  .017
3 3 . 8 5 6  3 5 . 5 9 3  0 . 1 3 3  0 . 8 8 9  0 . 0 2 2

o) 2 kb aata (homogenization)

33 .639 65 .7  62
33.633 35.752
33.636 35 . ' t  64
33.643 35 .761
33.641 35 . ' t54

0 . 0 1 6  0 . 9 9 0  0 . 0 0 6
0 . 0 1 3  0 . 9 8 4  - 0 . 0 0 3
0 . 0 1 4  0 . 9 9 1  0 . 0 0 5
0.018 0 .989 0 .OO?
0 . 0 1 ?  0 . 9 8 5  0 . 0 0 2

0 . 0 1 9  0 . 9 8 5  0 . 0 0 4
o . o 2 2  0 . 9 8 8  0 . 0 1 0
0.023 0 .976 -0 .001
0.028 0 .979 0 .007

o . 0 6 0  0 . 9 6 4  - O . O O 6
0 . 0 3 8  0 . 9 6 8  0 . 0 0 6
0 . 0 3 5  0 . 9 6 7  0 , 0 0 2
0 , 0 3 7  0 , 9 5 8  _ O . O O 5
0 ; 0 4 1  0 . 9 5 9  O , 0 o o
0 . 0 4 5  0 . 9 6 7  0 . 0 1 2

0 . 0 5 4  0 . 9 4 5  _ O . O O t
0 . 0 5 5  0 . 9 4 0  _ 0 . 0 0 5
0 . 0 5 2  0 . 9 4 6  _ 0 . 0 0 2
0 . o 5 5  0 . 9 4 3  - o . o o 2

0 . 0 6 4  0 . 9 2 8  _ O . O O 8
0 . 0 6 9  0 . 9 3 6  o . o o 5
0 . 0 6 7  0 , 9 3 4  0 . 0 0 1
0.063 0 .927 _0 .010

900

1200

1 6 7  3 3 . 6 5 4
"  3 3 . 6 6 0
r7  33  . '162
j 33.'t72

d) *2 kb date

35. '734
3 5  . 7  3 4
35.623
35.632

o ,  D  K O  O e t €

3 5 . 7  5 6
35 . '7  56
3 5 . 7  5 5
35.7  49

35.'t04
35.706
3 5 .  6 9 1
3 5  . 6 7  5
3 5  . 6 7  6

3 5 . 6 6 6
35.662
3 5 . 6 8 5
5 5 .  6 5 6

f )  to  kb  da ta

3 5 . 7  6 1

35. '162
35 .'7 40
35 . '7  46

35 . ,134
35.7r7
3 5 , 6 8 0
35.6'-19
3 5  . 7 0 5

35.  680
3  5 .  6 8 4
3 5 .  6 8 5
3 5 .  6 9 7

(umixi.ng)

0 . 0 2 5
o , o e 8
0 . 0 8 3
0 . 0 8 8

0 . 0 0 8
0 . 0 1 9
0 , 0 1 6
0 . 0 1 7
o . 0 2 2

0 . 0 3 2
0 . 0 4 4
0 . 0  5 5
o.o77
0 . 0 8 0

0 . 0 8 0
0 . 0 8 1
0 . 0 8 0
0 . 0 9 3

o . 0 1 3
0 . 0 0 9
o . 0 1 4
0 . 0 1 2
0 , o I 5
0 , 0 1 5

0 . 0 2 3
0 , 0 3 0
0 ,041
0 . 0 6 5
o . 0 6 5

0 . 0 7 3
0 .070
0 . 0 6 9
o , 0 5 2

0 . 9 7 3  - 0 . 0 0 3
0 . 9 7 3  0 . 0 0 1
0 , 9 0 7  - 0 , 0 1 0
0 . 9 1 2  0 . 0 0 0

0 . 9 8 6  - 0 . 0 0 6
0 . 9 8 6  0 . 0 0 5
0 . 9 8 6  0 . 0 0 2
0 . 9 8 2  - 0 . 0 0 1
0 . 9  6 5  - 0 . 0 1 3

0 . 9  5 5  - 0 , 0 1 3
0 . 9 5 6  0 . 0 0 0
0 , 9 4 8  0 . 0 0 3
0 . 9 3 8  0 . 0 1 5
0 . 9 3 8  0 . 0 1 - B

0 , 9 3 2  0 . 0 1 2
0 . 9 3 0  0 . 0 1 1
o . 9 4 4  4 , O 2 4
o .927 0  .020

0 . 9 8 9  0 . 0 0 3
0 . 9 8 7  - 0 . 0 0 4
0 . 9 8 6  0 . 0 0 0
0 . 9 9 0  0 . 0 0 2
o .9 '77  -0  .008
0 . 9 8 0  - 0 . 0 0 5

0 . 9 7  3  - 0 .  O O 4
0 . 9 6 3  - 0 . 0 0 ?
0 . 9 4 1 -  - 0 . 0 1 s
0 . 9 4 0  0 . 0 0 5
0 , 9  5 6  0 . 0 2 1

0 . 9 4 1  0 . 0 1 4
0 . 9 4 3  0 , 0 1 3
o , 9 4 4  0 , 0 1 3
0 , 9  5 1  0 . 0 0 3

800 216 33 .624
850 330 33,64L

3 3 . 6 3 8
900 118 33 .64 I
9  50  117 33 ,650

900 157 33 .644 35 .754
3 3 . 6 5 0  3 5 . ?  5 8

950 158 33 ,652 35 .?38
33.660 35 . ' t  44

IOOO 110 33 .666 35 .?18
33.680 35 . ' t25
33,67  4  35 .723

1050 I92  33  .678 35 .?09
5 3 . 6 8 5  3 5 . 7 1 1

1050 70  33 ,692 35 . '123

1100 11? 33 .710 35 .686
33.7L1 35 ,679
3 3 , 7 0 4  3 5 , 6 8 8

L10C 65 35 .711 35 .683

taoo 4s  s3 .787 3b .6z . l
3 3 . 7 8 9  5 5 . 6 3 0

1235 20 33.'t9't 55.604
1 3 0 0  r 7  3 3 , 8 5 6  3 5 . 6 1 6

0.096 0 .909 0 .005 : -260
0 . 0 9 7  0 . 9 1 1  0 . 0 0 8  ! 2 4 5
0.102 0 .896 _O.OO2
0.135 0 .903 0 .036 1300

9 1  3 3 . 6 6 9
6 5  3 3 . 6 9 0
66 33 .711
36 33 .7  52
"  3 3 . 7 5 8

1200 32 33.7 57
1240 22 33.759

1300 18  33 .781

800 324 33.633
33.626

850 z l .a  33 .636
33.632.

900 139 33 .637
33.637

9 50  119 33 .651
1000 , to  33 .666
1 0 5 0  2 0  3 3 , 6 8 5
1100 90  33 . ' t25

33.730

19 33  .7  43
21 33  . ,139
"  3 3 . 7 3 6
1 6  3 3 . 7 0 6

1000
1050
1100
1 1 5 5

1150 50
1150 120

1150 86

33 , ' , t27  35 ,659
33, '136 35 .6?1
33. ' t33  35 .668
33.',t25 35 .65'l

2gl3l  = Eoasured velu€ of 2eraa (Cu Kc radiat ion) for montioelLi to orystal l ine solut ion

iel" ,  = tu."*""d valuo of 2g1g1 (cu Ko radiat ion) for forst€r i te crystal l ine solut ion

NeA = molo fraot ion MgASi04 j .n nont icolLi te crystal l ino solut ion

I ' IZB = Eolo fraot ion MgzSi04 in forstor i te orystal l ine solut ion

r = N z A + N 2 B - I

+ S t a r t i n S  m t e r i a l  u s e d :  M o " " ( N f o  =  O . Z 2 Z )  *  F o " " ( N f o  =  O . Z e g )

M o " " ( N f o  =  o . 2 3 2 )  *  F o " " ( N f o  =  o , z g a )
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chiometric monticellite, fle?r moesfo? at 10 kbar as
shown schematically in Figure 3. Yoder (1968) lo-
cated this reaction at 1200"C, 10 kbar, although we
did not find any evidence of this reaction at tempera-
tures to 1300'C at 10 kbar. In Figure 3 this reaction
is assumed to take place at some temperature greater
than 1300'C. This explanation of the reversal in
slope of the solvus limb is not wholly satisfactory in
that it would generally be expected that the slope of
the Fo,* limb of the solvus would decrease, not in-
crease as shown in Figure 2(b), as the univariant
reaction is approached from the lower temperature
regime. The close correlation of this solubility re-
versal with beginning of melting under hydrous con-
ditions (approximately 1050'C at 10 kbar, Warner,
1973) suggests another possible explanation. The
solidus reaction along the olivine join at this pres-
sure is Mo." * V = Fo," * L (Warner, 1973). At
temperatures above this reaction forsterite crystal-
line solutions are present in three different phase as-
semblages: Fou" * Mo"" + L; Fo"" * L; and Fo*" *
L + V. This sequence of phase assemblages corre-
sponds to an increase in HsO content, and a decreas-
ing monticellite solubility in the forsterite crystalline
solutions for a given bulk composition on the olivine
join. For this reason, the experiments (Table 4f)
were conducted with HsO content low enough to en-
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sure that the bulk composition was in the composi-
tion region appropriate for the maximum solubility
of monticellite in forsterite, Mo* * Fo"u * L. Un-
fortunately, quench liquid products tend to obscure
the equilibrium phase assemblage, so that appear-
ance of monticellite in the X-ray patterns of the ex-
perimental products did not necessarily imply equi-
librium coexistence under the pressure-temperature
conditions of the experiment. Therefore, the results
of X-ray analysis were supplemented by careful mi-
croscopic examination, and only those experimental
products demonstrably in the Mos* * Fo* * L field
are included in the monticellite-forsterite two-phase
data given in Table 4. Consequently, the reversal in
solubility exhibited by the forsterite solvus limb is
not satisfactorily explained by the univariant reac-
tion Mo"" + V = Fou" * L, as related to phase as-
semblages other than Moo* * Fo"* f L.

An alternative explanation would involve metasta-
bility of either or both monticellite and fonterite at
the higher temperatures. This explanation does not
seem valid in view of the fact that the experiments
at l, 2, and 5 kbar at temperatures greater than
12OO"C did not show the reversal in slope of the
forsterite solvus limb (Table 4). It should be clear
from the preceding discussion that we do not have a
satisfactory explanation for the maximum in monti-

NtoNfo

Fro. 2. Isobaric temperature-composition sections of the monticellite-fosterite two-phase
region. The open circles indicate experimental determinations of the compositions of coexisting
two-phase pairs (Table 4). The solid curves represent boundaries for the two-phase region
calculated according to methods outlined in the text.
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shown by the data at 10 kbar. This feature is ac-
cepted as real, and the data at high temperatures are
included in the following analysis of the two-phase
data.

Numerical Analysis of Two-phase l)ata

Method ol Treatment ol Data
The two-phase data given in Table 4 permit de-

rivation of an equation of state for the monticellite-
forsterite olivine series. The method of analysis em-
ployed in this study involves the application of an
abridged Margules-type expansion. The theoretical
and analytic basis for this approach rvas discussed at
some length by Thompson (1967) and thus need not
be developed here. It is important to note that the
theory is closely tied to the assumption that the laws
of ideally dilute solutions are obeyed-that is, Henry's
Law applies for the solute crystalline species, and
Raoult's Law applies for the solvent crystalline
species.

In treating the rnonticellite-forsterite crystalline
series, some knowledge of the olivine crystal struc-
ture is required in order to assess the number of
substitution sites which take part in the Ca/Mg mix-
ing. Since in monticellite Ca is ordered into the M(2)
site and Mg into M(1) (Onken, 1965), and since in
forsterite the M(2) site is larger than M(7) (Birle
et al, 1968), it seems reasonable to conclude that
for the monticellite-forsierite crystalline series Ca/Mg
mixing occurs solely at M(2), and that M(1) is
filled by Mg. This is probably a valid assumption for
CaMgSiOa-rich compositions, but is open to some
question for compositions close to Mg2SiO+. So that
we may keep our treatment as simple as possible,
we shall proceed on the basis of single-site substitu-
tion-that is, the partially miscible series is described
by the formula (Ca,Mg)MgSiOe. The value of the
dimensionless parameter ,a, which denotes the num-
ber of crystal substitution sites (Thompson, p. 342,
1967), is thus taken as unity.

Inspection of the experimental data (Table 4) re-
veals that the two-phase region is approximately sym-
metric. The values for the compositional parameter
r are very small and exhibit no consistent tendency
to bo either positive (asymmetric toward MgzSiOa)
or negative (asymmetric toward CaMgSiOa). Con-
sequently, we may further simplify our analysis by
treating the (Ca,Mg)MgSiOr solution in terms of a
one-constant (symmetric) formulation of the ther-
modvnamic excess functions.

THE MONTICELLITE-FORSTERITE TOIN 1003

Following the notation of Thompson (1967), we
have chosen the adjustable Margules parametet W6
to represent the excess molar Gibbs free energy:

G.*  :  N1N2IY6 (3)

when Nr and Ne here refer to mole fractions of the
components CaMgSiOr and MgSiO4, respectively.
For computational convenience, we have defined Ws
as the average value of the asymmetric parameters
(Thompson, 1967) WGL and Wq2:

w" : V-4&" G)
For each observed pair of l"*i.ting phases, N2a
and N2s (A and B refer to the CaMgSiOa-rich and
MgSiOa-rich phases, respectively), values for Wat
and W62, and thus for lVs, were computed accord-
ing to equations given on page 674-675 of Thomp-
son and Waldbaum ( 1969).

14 00

Nfo

Ftc. 3. Schematic temperature-composition diagram illus-
trating possible phase relations on the join CaMgSiO*-
Mg,SiO* at 10 kbar. Abbreviations: Me, merwinite; Mo"",
monticellite crystalline solution; Fo"", forsterite crystalline
solution.

(,)

F

Me + Fo""

Mo"" (Me, Fo"")
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Since Nee and Nps are pressure and temperature
dependent, it follows that the Margules parameter
We is a function of both pressure and temperature.
By deriving an equation of best fit for the complete
set of polybaric, polythermal data, we thus obtain
an expression which relates chemical composition to
pressure and temperature for the monticellite-forste-
rite crystalline series. To determine an equation of
best fit, least squares fits to various simple polyno''
mial functions in ? and P were investigated. The
"estimated standard error" of Deming (p. 168, 1943),
defined bv

S , :

for the
used as a measure of the standard deviation of the
dependent variable (here, Ws).In Equation (5), n
represents the number of data points, p is the num-
ber of adjustable parameters in the fitted polynomial,
and (n-p) gives the number of degrees of freedom.
The parameter s, satisfies the Gauss criterion for
selection of the best equation that fits a given set of
data (Thompson and Waldbaum, 1969). The stan-
dard errors of the polynomial coefficients, ei, wete
computed from

I  t l / 2
e i  :  S o  l C ; i l (6)

where cii are diagonal terms of the inverse of the
normal equations matrix (Deming 1,943).

Results of Numerical Analysis

Results of polybaric-polythermal least squares fits
for the Margules parameter We are presented in
Table 5. In evaluating these results, we are interested
in (1) adopting the best representation of the data
and also (2) keeping our equation as simple as pos-
sible. The best fit is obtained with an equation of
the form:

W e  : A + B Z + C T , + D P * E P T  Q )

which reduces to a quadratic in T under isobaric
conditions. This result apparently reflects the tend-
ency for the two-phase region to widen at higher
temperatures (Table 4), which results in solubility
maxima in the delimiting boundary curves. The pres-
ent data do not justify the adoption of a simpler (i.e.,
linear in both Z and P) expression.

Since

G-r* : RZ (Nr ln N, * N, ln Nr) + G." (8)
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( i , r ,"or,  -  vn(calc)) 'z / (n -  d)" '  (s)

case of equally weighted data points, was

we shall write for the molar Gibbs free energy of
mixing:

G-r* : Rr (N1 ln Nr * N, ln Nr) + 20,338

+ 23s5 - 13,560 + 34r2(T/r000) + 3627

+ r228(T/r000)'z - 355.4 + 87.5P + 308.7

+ 65.4PQ/1000)N1N,, s, :  297.4 (9)

Here R is the universal gas constant (1.98717 calories
"K-' mole-'), P is in kilobars, and T is in degrees
Kelvin (the units of G-'- thus are calories per mole).
Equation (9) may be taken as an equation of state
which describes the monticellite-forsterite binary
crystalline solutions in the system CaMgSiOn-
Mg,SiO,.

In treating phase reactions in multicomponent sys-
tems, it is frequently convenient to have information
concerning the activities of the various participating
phases. Relative activities may be computed from
the equations:

R T  l n  a t :  R 7  l n  N ,  i  N ? r W .

RT ln a, : RT ln N, * N?Wo

(10)

(1  I  )

(Thompson, p. 349, 1967), where W6 is given by
Equation (7) (coefficients in Table 5).

C alc ulate d T em p e r at u: r e-C o mp o si tion S ect ions

Points delimiting the boundary of the two-phase
region may be obtained by resolving Equation (7)
for Nzr and N2B by an iterative procedure (Thomp-
son and Waldbaum, 1969) or, alternatively, by direct
calculation from Equations (10) and (11), utilizing
the chemical potential equivalence condition for the

Tesre 5. Polybaric-Polythermal Least Squares Fits to I/o

5 , 9 4 3
+ 2 2 5

I 2 , O 5 2  - 2 , 4 5 3
+ 3 8 3  + 2 7 2

1 3 , 4 3 9  - 3  t 4 ' , 7 6
+519 !316

2 0 , 3 3 S  - 1 3 , 5 6 0

1 2 , 3 5 5  + 3  t 4 I 2

t 3  , 5 3 5  - 3  , 5 1 I
+ 3 , 3 0 3  + 4 ' B I 7

2 0 5  , 5

+ 1 3 . ?

+ 8 9 . ?

3 , 6 2 1  - 3 5 5 , 4
+ 7 , 2 2 a  1 8 7 . 5

r23 2,2',1',1

!L, '137 !60

1 , 4 8 7 , 5

J D C .  /

2 4 r . 3
+ 6 6 . 8  3 2 3 . 9

+ . ) 5 , r -  2 9 7 . 4

- 3 , t : 7 3  r , 4 A 5

4 , 1 4 9  ! 4 2 8  3 3 7 , l

wc = A + B (r/looo) + c: lt l tooo)z+ DP + EP (r/1c0o) + re 1r/rooo;2
s  =  €s t iDeted  3 landard  6r ro r  o f  d€pendont  var iab lo

u l i t " ,  u o ,  c a l / n o l e ;  r ,  ' K ;  F ,  k b



isobaric-isotherrnal coexistence of the two phases ex- tropy at high temperature and high pressure and a
pressed in terms of relative activities: positive excess entropy atlow TandlowP. Thetwo

RT ln a,11 : RT ln a1- |,2) 
regions of' P'T space are separated by the condition

w": o: -(#)"
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(14 )

and the corresponding equation

r(oK) : 1869 - 0.04256P (bars) (15)

Petrologic Irnplications

The experimental results from this study place
limits on the potential Ca content of naturally-occur-
ring Mg-rich olivines. The maximum soluLility of
CaIvIgSiOa in MgSiOn as a function of pressure and
temperature, as calculated from Equation (9), is
shown in Figure 4. The isocompositional curves
shown in Figure 4 indicate the low-temperature sta-
bility limits of a given crystalline solution. At tem-
peratures less than the values indicated by these
curves, the composition shown would be a two-phase
Mo*" f Fo*" assemblage.

At temperatures below 800"C, less than one mole

RT ln  a"a  :  RT ln  azv ( l  3 )

(Scatchard, 1940; Luth and Fenn, in preparation).
Isobaric temperature-composition sections obtained
by the latter method (procedure described in Luth
and Fenn, in preparation) at 2 and at 10 kbar are
shown as solid curves in Figure 2. Agreement be-
tween the calculated solvi and the experimental data
is extremely good.

Of necessity, the calculated curves in Figure 2
represent a smoothing of the experimental data in a
way that is internally consistent. This smoothing pro-
vides a basis for extrapolation to conditions of tem-
perature and pressure beyond the range of experi-
mental observation, but, in so doing, there is no
guarantee that the calculated curves will continue to
yield a close approximation of the solvi boundaries.
The occurrence of polymorphic transitions or other
phase reactions, such as the high pressure breakdown
of monticellite suggested by the 10 kbar data, can
only be verified by additional phase equilibrium data
outside the P, 7 realm investigated in this study.

Discussion

The relative merits of the abridged Margules
equation for binary solutions (as opposed to more
sophisticated theoretical models, such as the "quasi-
chemical" model) have been discussed by Thompson
(1967), Thompson and Waldbaum (1969), Green
(1970), and others. The adequacy of any particular
thermodynamic model for a given application is
determined by its success (or lack of success) in
predicting measurable thermodynamic properties of
that system. The data are not presently at hand with
which to evaluate the success of Equation (g) for
describing the mixing properties of monticellite-
forsterite crystalline solutions in the systemCaMgsiOn-
MgrSiOn. (In the absence of direct measurements at
the conditions of synthesis, it would be misleading to
use the unit cell volumes from Table 3 as a basis for
comparison with Z-,- as implied by Equation (9).)

It should be noted that Equation (9) requires a
negative volume of mixing at low temperature, but
a positive volume of mixing at high temperature. The
temperature of separation of these two regions is
890"C and is independent of pressure. In a similar
sense, Equation (9) requiras a negative excess en-
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FIo. 4. Maximum solubility of CaMgSiO' in Mg,SiOa
as a function of pressure and temperature. Isocompositional
curves (mole percent) calculated from Equation (9).
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percent CaMgSiOa mai' be dissolved in forsterite.
Consequently, olivines from metamorphic rocks, even
those crystallizing in lime-rich rocks, such as occur
during the metamorphism of impure dolomitic lime-
stones, contain only trace amounts of calcium. At
temperatures compatible with magmatic crystalliza-
tion of Mg-rich olivine, it is theoretically possible to
dissolve 5-10 mole percent CaMgSiO+ (1.25-2.5 wt
percent Ca) in forsterite. However, the compositions
of most basic magmas are undersaturated with re-
spect to monticellite, and the Ca content of igneous
olivines is less than this maximum amount. Simkim
and Smith (1970) published 25I paftial analyses of
natural igenous olivines. Their data indicate that Ca
ranges from 0 to 1 wt percent. Without exception,
analyses showing highest Ca content are either iron-
rich olivines (where higlrer Ca contents might be
anticipated because Ca S Fe substitution theoret-
ically should be more extensive than Ca S Mg) or
olivines from melilite-bearing rocks (e.g., olivine-
melilite nephelinite). Olivines from basalts, perido-
tites, and chemically similar rocks generally contain
less than 0.25 wt percent Ca.

The data of Simkin and Smith (1970) are consistent
with phase equilibrium data obtained for the system
CaO-MgO-SiO, (Figure 5). In this system, forsterite
coexisting with two pyroxene phases contains only
2 mole percent CaMgSiOn at 1350'C and I atm, and
less than one mole percent CaMgSiOn at 1200'C
throughout the pressure range l-10 kbar (Warner,
unpublished data). This represents significantly less
solid solution than would be possible if the assemblage
were saturated with CaMgSiOa (compare Fo"i' with
Fo"" in Figure 5). Olivines from iron-poor basic and
ultrabasic rocks should thus be noticeably im-

T =  l 2OOoC
P = 2 K b o r

C a O
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poverished in Ca, and this is borne out by the analyses
given in Simkin and Smith (1970). However, forsterite
coexisting with synthetic diopside and akermanite
crystalline solutions (Foii in Figure 5) accomodates
approximately 5 mole percent CaMgSiOn at 1200oC
and 2 kbar (Warner, unpublished data). Hence,
olivines from melilite-bearing igneous rocks might be
expected to contain upwards of I wt percent Ca.
Two out of four analyses of olivines from olivine-
melilite nephelinites show greater than I wt percent Ca
(Simkin and Smith, p.3ll, 1970).

The eftect of pressure is to decrease the solubility
of CaMgSiO+ in MgzSiOa (Figure 4). At tempera-
tures above 1100'C, this becomes an appreciable
factor, and might explain the inverse correlation of
depth of crystallization with Ca content of olivine
noted by Simkin and Smith (1970). Although ex-
trapolation to P,T conditions beyond the data is ad-
mittedly hazardous, the curves shown in Figure 4
imply that, even for very calcic assemblages, forste-
rite cannot be an eftective reservoir for calcium in
the mantle.

From Equation (9) it may be inferred that meta-
morphic monticellites should be equally restricted in
composition. In rare igteous parageneses, wherein
monticellite characteristically occurs in reaction re-
lation with early-formed Mg-rich olivine (e'9., Bo-
wen, 1922; Ukhanov, 1963), monticellite would be
expected to dissolve 5-10 mole percent MgeSiOr'
The results from this study suggest that the upper
stability limit of monticellite occurs at both higher
temperature and higher pressure than indicated by
Yoder (1968). The reaction Mo"* = Me * Fo,u
originates from an invariant equilibrium involving
Mo"", Fo"", Me, Ak,", and Di* (Yoder, 1968; Warner,

M g r S i 2 0 6
D i s s + F o s s

C a  M g S i  2  O 6 E n 5 t + F 6 t ,

W E  I G H T  %

,  oss  
ro l l

M g ,  S i 0 a

C a M g S r O a
F o i s

Frc. 5. Subsolidus phase relations for a portion of the system CaO-MgO-SiOzat l2AOoC and 2 kbar. Solid circles indicate ap-
proximate compositions of isothermally, isobarically invariant forsterite crystalline solutions coexisting with Ak + Mo""(Fo""),

Ak * Di""(Fo""),  anO Di"* + En"" (po"" ') .

C a ,  l \ 4 g S i ,  O ,

A k + D i s s + F o s s
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l97I). Supplementary data bearing on this equilib-
rium corroborate the P,T coordinates given by Yoder
(1968) for this invariant point (Warner, t97l).It
is therefore probable that the P,7 curve for the
breakdown of monticellite is not significantly dis-
placed fro'm that given by Yoder (1968). The maxi-
mum depth in the earth to which monticellite is sta-
ble may thus be estimated at 35-40 km.

Appendix

Experimentol Apparatus and Procedure

All experiments were performed either in an
internally-heated pressure vessel, modified after
Yoder (1950), and utilizing argon as the pressure
medium, or in a quench furnace at atmospheric
pressure.

Temperature in the quench furnace was measured
with an unsheathed Pt/Pt-lO percent Rh thermo-
couple, with the reference junction maintained at
the ice point. The melting point of diopside
(1391.5'C) was used as a calibration standard, and
reported temperatures are believed accurate to :t5"C.
Samples consisted of unsealed platinum foil enve-
lopes or sealed platinum capsules (cut from 2.0 mm
O.D. tubing), and were suspended from a ceramic
thermocouple support rod by means of thin platinum
wire.

An inconel-sheathed Pt/Pt-lO p€rcent Rh thermo-
couple was used to measure temperature in the
internally-heated pressure vessel. Frequent calibra-
tions were made against the known melting points of
gold and sodium chloride (sodium sulfate was peri-
odically used as a check). Reported temperatures
are believed accurate to :L10'C for experiments at
temperatures less than 1200oC, and to -r15"C for
those in excess of 120O'C (where the thermocouple
decay became a factor in experiments of more than
several hours duration).

Argon pressure was generated via a two-stage
Harwood intensifier. Pressure was measured by
means of a manganin-cell pressure sensor by bal-
ancing the readout on a Carey-Foster bridge. Pre-
cision using this arrangement is estimated at t25O
psi; in general, because of minor pressure leaks, the
standard error for reported pressures is about 3 per-
cent of total run pressure.
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distilled, deionized water and anhydrous starting
material were weighed prior to sealing. These were
loaded in a molybdenum sample holder designed so
that the capsules rested at the same depth as the tip
of the sheathed thermocouple.

Starting materials used in this investigation were
prepared as follows. "Fisher's Certifled" CaCO3 and
"Baker's Analyzed" MgO were fired for 24 hours
at 380' and 130OoC, respectively. High-purity silica
glass (15 ppm phosphate precipitate), provided by
Dr. O. F. Tuttle, was crushed, ground, and then
heated for 2 hours. About ten grams each of the
compositions CaMgSiOr and Mg2SiOe w€re weighed
out from the purified reagents and ground under
acetone in an agate mortar in order to mix homo-
geneously. The compositions were then placed in
clean platinum crucibles and individually fired at
1350'C f.or 24 hours. The process of grinding and
subsequent firing was repeated through several cycles,
but failed to result in complete crystallization. Com-
positions at 5 wt percent intervals along the join
CaMgSiOa-Mg2SiOa were prepared as mechanical
mixtures of the end-members. These were ground
in an agate mortar under acetone until the average
particle size was less than 20 microns (maximum
grain sizes observed were approximately 50 microns
in their greatest dimension).

After each experiment, the samples were examined
with a petrographic microscope, using oil immersion
grain mounts. For precision analysis, X-ray powder
diffraction studies, utilizing a Nonius Guinier-deWolff
focusing cametra, were employed. Spinel (U.S.
Bureau of Mines, Norris, Tennessee: a = 8.0833
A at 25'C) was added to each sample as an internal
standard. Exposures of approximately 2O hours dura-
tion were taken using Kodak single-coated blue-
sensitive film with CuKa radiation. The films were
measured with a spectrum line measuring comparator
(Grant Instrument Co. ) ; reproducibility to :L0.002'
20 was common on sharp peaks. Values reported for
20 are believed accurate to :L0.01".

Unit cell parameters of synthetic olivines were
obtained through use of a least squares cell refinement
computer program, developed by Evans et al (1963),
and modified for use on an rBM 360/67 computer. Unit
weights were assigned to all peaks, and the fixed index
option of the program was used.

Standard techniques of hydrothermal experimenta-
tion, as discussed by Roy and Tuttle (1956), were Acknowledgments
employed. samples consisted of platinum or gol{ The results presented in this paper are based on a ph.D.
capsules, cut from 2.0 mm O.D. tubing, into which dissertati,on by Richard Warner submitted to the Depart-
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