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CHAPTER 1

INTRODUCTION
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Thesis Scope and Objectives

Much geological activity observed on the Earth’s surface has, 

however remote, an ultimate cause inside the Earth, particularly within 

the upper mantle where various kinds of ultramafic rocks are believed to be 

dominant. There is compelling evidence for ultramafic rocks as the 

dominant component of the upper mantle. Major petrological arguments among 

them are:

1) Ultramafic rocks with high pressure mineral assemblage occur as 

nodules in kimberlites and basalts

2) The majority of meteorites (random samples of extraterrestrial 

planet bodies) have similar bulk compositions to those of the 

nodules

3) Ultramafic compositions have the capability of producing the variety 

of basaltic magmas as shown in partial melting experiments of 

ultramafic rocks at high pressures.

Therefore it is not surprising that the ultramafic rocks have attracted 

many researchers. My thesis is a contribution to this research 

topic.

Ultramafic rocks observed at the Earth’s surface dominantly occur 

as intrusives, most of which are often termed alpine type. Mineral 

constituents are rather simple: most of the rocks are primarily 

composed of some minerals among olivine, orthopyroxene, Ca-rich 

clinopyroxene, spinel, garnet, plagioclase and amphibole.

The other major occurrences are as nodules in magmas panging 

from alkali olivine basalt to kimberlite. Nodules in basalts are 

dominantly spinel lherzolite and have world-wide occurrence. Kimberlites, 

almost entirely confined to shields of continents, occur as diatremes and 

dykes. Though they are much less significant in volume than basalts, 

they contain abundant nodules, mainly of garnet lherzolites and 

relatively minor eclogites.
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D i s c r i m i n a t i o n  o f  p l a g i o c l a s e  and a m p h i b o l e  a s  m in o r  c o n s t i t u e n t s  o f  

r a t h e r  s h a l l o w  o r i g i n  l e a v e s  o l i v i n e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e ,  s p i n e l  

an d  g a r n e t  a s  t h e  m i n e r a l s  o f  m a j o r  i m p o r t a n c e .  T h i s  t h e s i s  d e a l s  w i t h  

t h e s e  m i n e r a l s  an d  c o n s e q u e n t l y  s p i n e l  l h e r z o l i t e  and g a r n e t  l h e r z o l i t e  

a s  r o c k s  o f  m a in  i n t e r e s t .

i n  t h e  r e c e n t  h i s t o r y  o f  u l t r a m a f i c  p e t r o l o g y ,  two m a in  s t r e a m s  

c a n  b e  n o t i c e d :  g e o l o g i c a l  -  p e t r o l o g i c a l  an d  e x p e r i m e n t a l  a p p r o a c h e s .

B o th  h a v e  l o n g  h i s t o r i e s  o f  t h e i r  own. H ow ever ,  t h e  f a c t  t h a t  t h e  two 

s t r e a m s  a r e  e a s i l y  r e c o g n i z a b l e  i n d i c a t e s  some gap b e t w e e n  th em .  The 

r e s e a r c h  p r o j e c t  was i n t e n d e d  t o  f i l l  t h i s  gap f r o m  b o t h  s i d e s  by 

c o v e r i n g  b o t h  e x p e r i m e n t a l  s t u d y  o f  p h a s e  e q u i l i b r i a  among t h e  f i v e  

m i n e r a l s  a n d  p e t r o l o g i c a l  s t u d y  o f  n a t u r a l  l h e r z o l i t e s .  The l a t t e r  

c o v e r e d  g a r n e t  l h e r z o l i t e  n o d u l e s  i n  L e s o t h o  k i m b e r l i t e s ,  s p i n e l  

l h e r z o l i t e  n o d u l e s  i n  T a s m a n i a n  b a s a l t s ,  L i z a r d  p e r i d o t i t e s  ( h i g h  

t e m p e r a t u r e  i n t r u s i v e )  a n d  M t . H i g a s i - A k a i s i  p e r i d o t i t e s  ( l o w  

t e m p e r a t u r e  i n t r u s i v e ) .  T h i s  t h e s i s  i s ,  h o w e v e r , m a i n l y  d e v o t e d  t o  t h e  

e x p e r i m e n t a l  s t u d y .  A s p e c t s  o f  t h e  p e t r o l o g i c a l  s t u d i e s  a r e  o n l y  b r i e f l y  

r e f e r r e d  t o  i n  c h a p t e r s  an d  a p p e n d i c e s .  The e m p h a s i s  i n  my e x p e r i m e n t a l  

s t u d i e s  h a s  b e e n  p u t  on p h a s e  e q u i l i b r i a  o f  p y r o x e n e s .  T h i s  i s  b a c a u s e  

of  t h e  w i d e  g e o l o g i c a l  o c c u r r e n c e s ,  d i v e r s i t y  o f  c h e m i c a l  c o m p o s i t i o n  

an d  v a r i e t y  o f  s t r u c t u r a l  t y p e  o f  p y r o x e n e s .  P h a s e  e q u i l i b r i a  o f  

p y r o x e n e s  an d  t h e  o t h e r  m i n e r a l s  w i l l  b e  c l a r i f i e d  i n  t h e  l a b o r a t o r y  

a n d  w i l l  b e  com par ed  t o  t h o s e  i n  n a t u r a l  l h e r z o l i t e s .  The n a t u r a l  

l h e r z o l i t e s  w i l l  b e  b e t t e r  u n d e r s t o o d  i n  t h i s  way -  an d  t h i s  i s  t h e  a im  

o f  t h e  t h e s i s .

T h e s i s  o r g a n i z a t i o n

C h a p t e r s  a n d  a p p e n d i c e s  5 and 6 a r e  w r i t t e n  i n  p a p e r  fo rm  

w i t h  r e f e r e n c e s  g i v e n  a t  t h e  end o f  e a c h  c h a p t e r  o r  a p p e n d i x .  I n  f a c t ,  

a l l  t h o s e  p a r t s  e x c e p t  c h a p t e r s  1 . ( i n t r o d u c t i o n )  an d  7 ( c o n c l u s i o n s )  

h a v e  b e e n  e i t h e r  p u b l i s h e d  a l r e a d y  o r  h a v e  b e e n  s u b m i t t e d  f o r
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publication.

The chapters are put in a logical order, that is, an order of 

compositional approach to natural lherzolites. This order is also 

the order in which the papers have been published. Study was, however, 

not carried out in this order: the experimental study on garnet 

lherzolites (Chapter 6) was completed at the earliest stage of the course, 

and it was the inability to reconcile this study with published data 

and inferences from simple systems which in part led to the restudy of 

the Ca0-Mg0-Si02 system and the approach from simple system to more 

complex systems.

Chapter 2 deals with experimental study of pyroxene 

equilibria in the simplest system of Mg2Si206-CaMgSi206• This study 

was expanded into Chapter 3 taking SiÜ2 as an independent component.

The system with additional FeO is described in Chapter 4. Equilibria of 

olivine, orthopyroxene, clinopyroxene and spinel in the system Ca0-Mg0-Al203 

-SiÜ2 are discussed in Chapter 5. This chapter also deals with a similar 

topic in a natural rock system. Chapter 6 is devoted to equilibria among 

olivine, orthopyroxene, clinopyroxene and garnet in synthetic multicomponent 

systems and in natural rock systems. Comparisons of phase equilibria between 

natural rocks and experimental counterparts are made in Chapters 5 and 6.

Three among Chapters 2-6 were written with Dr. D.H. Green as a 

coauthor. My contribution in these three papers were all the laboratory 

works unless indicated in the text, and initiative in discussions and 

writing. Two papers duplicated in Appendices 5 and 6 have been put 

there because they are not in total harmony with the main theme of 

the thesis, and more importantly, because I am the last author of those 

papers. Major contributions were from the coauthors: M.Obata, S. Banno

and K. Yokoyama. My contributions in them were part of data collection 

and participation in discussions.

Appendices also cover numerous microprobe anslyses of
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coexisting minerals obtained in the laboratory. They are not listed 

in respective chapters because they are unnecessary for the general 

readers. However, they are indispensable for the specialists in 

total understanding of the chapters and in fair judgements of the 

respective conclusions.



CHAPTER 2

PYROXENES IN THE SYSTEM Mg2Si206 - CaMgSi206 
AT HIGH PRESSURE

TAKESHI MORI and DAVID H. GREEN
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ABSTRACT

The enstatite-diopside solvus in the system Mg2Si206-CaMgSi206 

has been experimentally determined within the pressure range 5-40 kbars and 

the temperature range 900-1500°C. Experiments involving reversal of the 

phase boundaries by unmixing from glass starting material and by reaction of 

pure clinoenstatite and diopside showed difficulty in achieving equilibration 

due to persistence of metastable, subcalcic clinopyroxene and to the 

sluggishness of reaction rate. The experimental data showed that the 

temperature dependence of the diopside limb is less than previously accepted. 

At 1500°C and 30 kbars subcalcic diopside found by Davis and Boyd (1966) is 

shown to be metastable with respect to enstatite and more calcic diopside 

of composition Eni*2 . 3Dis 7 • 7 . The solvus widens with increasing pressure 

between 5 and 40 kbars at 1200°C, but at 900°C the pressure effect on the 

solvus is very small. The stability relationships of the four pyroxenes, 

protoenstatite, enstatite, iron-free pigonite and diopside are summarized, 

based on data from the literature and the present study.

INTRODUCTION

Previous studies [1-7] have shown that the solvus between enstatite 

and diopside in the system Mg2Si20 6-CaMgSi206 narrows with increasing 

temperature and suggest that the pressure effect on the solvus is small and 

may be opposite to that of temperature. However, because of the possible 

uncertainty of measurement and some scattering of the experimental data, the 

pressure effect on the solvus remains uncertain. A further problem at high 

pressure and temperature is the strong curvature of the diopside limb above 

1400°C at 30 kbars [4] with diopside becoming subcalcic (En7oDi3o in mole %, 

at 1500°C and 30 kbars). Kushiro [3] suggested that these subcalcic 

clinopyroxenes might be pigeonitic.

In the present investigation we have concentrated our experiments
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on accurate determination of the pressure effect on the solvus from 5 to 40 

kbars at 1200°C and on delineation of the temperature dependence of the solvus 

at 30 kbars. The practicability of the project was also dependent on the 

high accuracy and reproducibility of analysis on small grains, combined with 

excellent optics and contemporaneous analysis for all elements attainable 

with TPD electron probe and energy dispersive analytical system [8].

PREPARATION OF STARTING MATERIALS 

Several kinds of starting materials were prepared.

Ens pDi5 o glass

Three separate glasses of the same composition, EnsoDiso (mole %), 

were prepared from A.R. grade chemicals of Si02, MgO, and CaC0 3 . Weighed 

mixtures of the reagents were melted on an iridium-strip heater and were 

stirred by a platinum rod to homogenize, then quenched by cutting off the 

power and simultaneously cooling by compressed air. The glasses were 

ground to average 25-ym grain size. One piece of glass from each batch was 

polished and examined by microscope, microprobe and, in some cases, X-ray 

powder photography. Two batches among the three contained a trace amount 

(<1%) of quench clinopyroxene and olivine. Compositions of quenched clino- 

pyroxene were similar to those of the host glasses. The third glass was free 

from any crystals. Composition of the three glasses varied from En48.4Disi*6 

to Eni+g. 6Li5 o • 4 with an inhomogeneity of +0.2 to +0.5 mole % end member. 

En8oDi2 Q glass

A glass with the composition of En8oDi20 was made in the same way as 

above. A trace amount of crystals (^1%) was found in the glass, but they 

were not identified because of their scarcity and tiny sizes. Analyzed 

composition of the glass was En8 i . 6Öii 8 • 4 •

Synthetic pyroxenes

In some homogenization runs, synthetic diopside (CaMgSi208) and 

clinoenstatite (Mg2Si208) of Tem-Pres Research Co. were used. Microprobe
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analysis showed the presence of trace amount of CaO (<0.05 wt.%) in the 

clinoenstatite.

SYNTHESIS AND CHEMICAL ANALYSIS OF PYROXENES 

The high-pressure apparatus used was a Boyd and England [9] design 

piston-cylinder device and a pressure correction of -10% of nominal load 

pressure, using piston-in technique, was applied. This method of correction 

is based on calibrations on quartz-coesite at 1100°C [10] and albite=jadeite 

+quartz at 600°C (G. Brey and D.H. Green, unpublished data). Temperature 

measurement was by Pt/PtgoRhio thermocouple with no correction applied for 

pressure effect on thermocouple emf. Samples were encased in sealed Pt 

capsules or in Pt capsules with a crimped end in those cases where the 

catalytic effect of low water-vapour pressures was desired.

Chemical analyses were by means of the TPD-electron probe, with an 

analysis area of about 3 ym diameter as judged by fluorescence on periclase. 

The visible fluorescence of the pyroxenes made positioning for analysis 

easier and more reliable. All relevant elements were measured simultaneously 

and at least ten analyses were made on each pyroxene phase in every run.

Some analyses with structural formulae deviating from stoichiometry were 

discarded. These were less than 10% of all the analyses.

In some of the homogenization experiments the capsule was loaded 

with a layer of clinoenstatite in contact with a layer of diopside. A 

polished thin section across this contact was prepared after the run and the 

contact between the two pyroxene types was examined optically and with the 

electron probe.

EXPERIMENTAL RESULTS

The run procedures, products and pyroxene compositions are 

summarized (Table 1 and brief comments in the Appendix). Pyroxene analyses* 

are shown (Fig. 1) except for the runs 2,3 and 7 which are of shorter
* A list of pyroxene analyses is obtainable by writing to the authors.
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reaction time.

The spread of data in some of the unmixing and homogenization 

experiments is related to mechanisms and sluggishness of chemical reactions. 

As shown in run 2, the EnsoDiso glass crystallized both orthopyroxene and 

clinopyroxene within only 6 minutes at 30 kbars and 1200°C. The glasses 

found in other experiments with longer run duration are, therefore, not 

unreacted starting glasses but melts generated by presence of water and 

equilibrated with pyroxenes. The water-saturated melting point of EnsoDiso 

is about 1050°C at 30 kbars [7], and water added to or allowed to enter the 

capsules naturally causes melting at higher temperature. The run duration 

of 45 minutes at 30 kbars and 1200°C (run 3, Table 1) crystallized 

orthopyroxene and clinopyroxene of compositions lying between the original 

bulk composition and the equilibrium compositions. The 4-hour experiment 

(run 4) gave pyroxenes with a wider composition gap and appears to have 

reached the equilibrium compositions (see later discussion). Comparison of 

runs 7 and 8 shows a similar time dependent relationship for pyroxenes 

crystallizing from glass starting material. Although from these experiments 

we have no information on the initial steps of crystallization from glass, 

since even after 6 minutes we have two pyroxenes present, we have obtained 

further information in Fe-bearing experiments with varying run duration. The 

crystallization sequence in these runs was firstly to single-phase 

clinopyroxene with composition similar to that of the starting glass, then 

nucleation of orthopyroxene and change of clinopyroxene towards the 

equilibrium composition, as in runs 2-4 and 7,8 in Table 1. It is apparent 

that a glass with a composition within the pyroxene solvus crystallizes 

rapidly to form clinopyroxene of compositions similar to the glass 

composition, then or at the same time orthopyroxene nucleates, and the 

composition gap between the two pyroxenes widens until the solvus limit is 

reached.

In contrast to glasses, starting material of synthetic diopside



13

(CaMgSi206) and enstatite or clinoenstatite (Mg2Si20e) react inwards until the 
solvus limits are reached. This is well demonstrated by the experiments in 

which layers of diopside and clinoenstatite were allowed to react across 
their boundary surface. In runs 5, 14 and 16, the CaMgS^Oß content of 

diopside 30 ym from the boundary was 100%, and rapidly decreased to the 
boundary zone (10 ym) in which orthopyroxene occurred. The CaMgSizOß content 
of enstatite decreased away from the boundary zone and approached Mg2Si206 
at the other end. Additional examples of the inward reaction of natural 

pyroxenes towards the solvus are found in Hensen [11].
Thus, a pair of unmixing and homogenization experiments 

establishes or limits the position of a solvus even if chemical hysteresis 

remains and the data in either of the experiments are themselves scattered 

between starting composition and equilibrium composition.
Both unmixing and homogenization experiments were done at 30 kbars 

and 1200°C, 30 kbars and 900°C, 10 kbars and 900°C, and 30 kbars and 1500°C 
(Fig. 1), the last of which is separately discussed in the next section. The 
pair of experiments at 30 kbars and 1200°C yielded an overlap of the data by 
two experiments (Fig. 1). At 30 and 10 kbars at 900°C, the data could limit 
positions of solvus within analytical error except for the clinopyroxene limb 
at 10 kbars and 900°C where either the unmixing or homogenization experiments 

(or both) did not reach solvus and its position was only bracketted between 

Eni2.2Di87.8 and En6.8Dig3.2*
At 40, 10 and 5 kbars at 1200°C, only unmixing experiments were 

made. Inferred solvus positions at these conditions are averages of the data.

STABILITY OF SUBCALCIC CLINOPYROXENE AT 30 KBARS AND 1500°C

There are four runs which are relevant to the problem of stability 

of subcalcic clinopyroxene found by Davis and Boyd [4]: runs 9 and 10 are on 

EnsoDiso, and runs 11 and 12 are on EnsoDi20* fa runs 10 and 12, the charges 

were first kept at 1200°C and 30 kbars for a time considered sufficient (runs
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2-4) to bring all the pyroxene compositions outside the solvus of 1500°C and 

30 kbars, then temperature was increased to 1500°C. Thus, runs 9 and 10, 

and runs 11 and 12 can be regarded as pairs of unmixing and homogenization 

experiments. The results of runs 11 and 12 define the solvus very well.

Run 9, however, resulted in a single-phase clinopyroxene and is inconsistent 

with run 10 where two pyroxenes remained and did not homogenize to a single 

phase. Two analyses of clinopyroxene in run 10 are slightly inconsistent 

with the solvus defined by runs 11 and 12, but only 15°C difference between 

them would explain the inconsistency. This choice of the solvus is in 

agreement with the data of Nehru and Wyllie [7] who carried out synthesis 

experiments using sintered gel of EnsoDiso as starting material (Fig. 2).

Generally, in unmixing runs yielding two pyroxenes, measured 

chemical ranges may be attributed to imcomplete unmixing reactions, but if 

the single-phase pyroxene in run 9 were stable, there would be no reason for 

it to show such a wide chemical range as shown in Fig. 1. In run 11, two 

pyroxenes appeared within 3.2 hours, a slightly longer run duration than run 9, 

but the difference in run time appears unlikely to explain the absence of 

orthopyroxene. It is highly probable that En5oDi50 is within the metastable 

composition range where Ca-Mg internal diffusion fails to occur at this P-T 

condition [12].

Further support for the revised position of solvus at 1300°C and 

30 kbars is found in a partial melting experiment on natural garnet lherzolite 

[13]. In this run, clinopyroxene coexists with orthopyroxene as well as 

olivine, spinel and glass. The composition of the clinopyroxene•(Ca29•3Mg66 *2 

Fe4.5,Al203=5.3%) is near to the revised solvus. Since AI2O3 solid solution 

stabilizes a wider solvus [5], correction for the AI2O3 effect in their result 

will move the composition of the clinopyroxene even closer to the solvus 

defined above. Thus the experiment in the multicomponent system supports the 

stability and wide solvus between two pyroxenes at 30 kbars and 1500°C in the

simple system.
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TEMPERATURE AND PRESSURE EFFECTS ON THE ENSTATITE-DIOPSIDE SOLVUS

The positions of the solvus determined in preceding sections and 
shown in Fig. 1 are plotted on the pressure - composition diagram (Fig. 2) 

and temperature - composition diagram (Fig. 3). Available data from the 

literature are also shown. These data were obtained by three methods: optical 
identification of minerals in experimental charges, X-ray calibration of 

pyroxene composition, and microprobe analysis of pyroxenes. It should be 
noted that all the data plotted in both the figures are the respective 

authors' ultimate selections after statistical treatment or simple curve 
fittings, and are not their raw data which often deviate from the selections.

Accuracy of the first method depends on the quality of identification 
of minerals and the spacing of the composition grid employed, and that of 

X-ray method is +1 to +3 mole % end member [6,14]. The inconsistency seen 

among the data including ours should be viewed in relation to the accuracy of 
the method employed and the type of reaction, i.e. homogenization or unmixing. 

Particularly, it should be noted that determination of pyroxene composition 
from homogenization experiments using the X-ray calibration is very uncertain. 
This is because, in those experiments, chemical hysteresis can hardly be 
avoided, and the X-ray method will bias towards compositions outside the solvus.

The differences between the various data plotted in Fig. 2 are not 

entirely within analytical or method-derived error. We will examine 
particularly the data for the clinopyroxene limb at 1200°C and 30 kbars and 

at 900°C, 30 kbars to 1 atmosphere. Our reversal experiments at 30 kbars 

and 1200°C yielded overlapping compositional ranges with the unmixing 

experiment (run 4) giving strongly clustered data. We consider that the 
spread of the homogenization (run 5) data to lower diopside contents is due 

to greater temperature uncertainty in this run (see Table 1). In Fig. 2 

we have drawn the solvus at 1200° as a function of pressure as defined by 

our own data.
At 900°C and 30 kbars our closely bracketted reversal gives a
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clinopyroxene composition coincident with that predicted by extrapolation of 

Nehru and Wyllie’s [7] data (1500-1000°C) and this composition is less calcic 

than that previously accepted [4]. At 900°C and 10 kbars our data bracket the 

clinopyroxene limb of the solvus within 5 mole % end member. At 900°C and 

2 kbars,earlier data [6] led to selection of a more calcic composition but it 

should be noted that in their unmixing experiments, Warner and Luth [6] did 

not obtain clinopyroxene more calcic than En8Üig2 (Fig. 2). The clinopyroxene 

limb at 900°C has been drawn through the reversal brackets at 30, 10 and 2 

kbars but its extrapolation is then inconsistent with 1-atmosphere data [1,14]. 

Boyd and Schairer’s [1] determination was based on optical identification of 

phases and some of the crucial phase identifications at and below 900°C were 

reported as doubtful (queried)[1, table 5]. Their data thus permit the 

interpretation that the clinopyroxene limb at one atmosphere lies between 

En5 . 3Dig i+. 7 and Eni o • 7Dis9 . 3 . We conclude, in the light of this and earlier 

studies, that there is little or no pressure effect on the diopside limb of 

the pyroxene solvus at 900°C from 0 to 30 kbars.

To summarize (Fig. 2) , at higher temperature (^1200°C) the pyroxene 

solvus widens considerably as pressure increases, and at low temperature 

(•£900°C) there is no perceptible pressure effect on the clinopyroxene limb 

and a slight pressure effect on the orthopyroxene limb. The pressure 

dependence of the orthopyroxene limb is of the same character as inferred in 

the Fe-bearing system [11]. Although pressure effects on emf of the 

thermocouple have not been corrected for and remain uncertain, the correction 

would raise indicated temperature to higher real values and would thus enhance 

the widening of the solvus with increasing pressure.

The temperature dependence of the solvus is shown in Figs. 2 and 3 

which reaffirm the well-established increase of mutual solubility with 

increasing temperature. At 30 kbars, however, the shape of the re-determined 

solvus is very different from that of Davis and Boyd [4] and similar to that 

of Nehru and Wyllie [7]. Our new data show that the clinopyroxene limb
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is less sensitively dependent on temperature between 900 and 1200°C. This 

means that the pyroxene geothermometer is less effective between 900 and 1200°C 

at high pressure than previously accepted.

SOME PROBLEMS IN PETROLOGIC APPLICATIONS TO NATURAL PYROXENES

Applying Figs. 2 and 3, one may in theory estimate both pressure 

and temperature simultaneously from chemistry of coexisting enstatite and 

diopside. However, this is impractical as the isochemical contour lines for 

the two pyroxenes are nearly parallel throughout the P-T field except at 

temperaturesabove 1200°C where the two lines cross with a rather high angle 

between them. Even at high temperature, however, the application of this 

method to natural pyroxenes requires a full understanding of chemical effects 

in the multicomponent system. Consequently, the enstatite - diopside solvus 

can be used as a geothermometer only if the pressure of formation is estimated 

by another method, except in those cases where temperature is so low that the 

clinopyroxene limb is independent of pressure.

Application of the present results will necessitate revision of 

many temperature estimates found in the literature, particularly for 

assemblages of low-temperature peridotites and granulites and for high- 

pressure, high-temperature assemblages such as peridotite nodules in 

kimberlites. For example, estimates of temperature in the range 1200 - 1400°C 

at 30 kbars based on Davis and Boyd [4] would be revised upwards by about 

100°C based on Fig. 3. An estimate of 1000°C at 30 kbars would be little 

changed but estimates of 900°C at 30 kbars would be revised downwards by more 

than 100°C. We emphasize, however, that data on the multi-component pyroxene 

system are required before unambiguous P-T determinations can be obtained 

for natural two-pyroxene assemblages.
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PHASE RELATIONS OF PYROXENES IN THE SYSTEM Mg2Si206-CaMgSi206

Not only are enstatite and diopside stable in the system 

Mg2Si206~CaMgSi206, but at least two more stable phases exist, 

protoenstatite and pigeonite*. Protoenstatite is restricted to a low- 

pressure, high-temperature region [2, 16]. Recent work by Smyth [17] 

reported protoenstatite of the composition Mg2Si2C>6 is stable up to 

melting point at 1 atm. Pigeonite appears over a wide P-T range from 1 atm 

to at least 20 kbars [2, 18, 19].

Three univariant assemblages known to occur are protoenstatite - 

enstatite - diopside at 1 atm and about 1100°C [1], enstatite - pigeonite - 

diopside at 17.5 kbars and 1450°C [18], and protoenstatite - pigeonite - 

diopside at 1 atm and about 1230°C[2]. For conditions for the last 

assemblage, the temperature, 1276°C [20], was preferred. This choice, in 

spite of the presence of A12Ü3 in the system studied by Yang [20] was made 

because the coexistence of protoenstatite, pigeonite and diopside was 

confirmed at that temperature, and the Al203 content of less than 0.5 wt.% 

in the pyroxenes should have little effect on the temperature of the 

equilibrium. An invariant assemblage of all the four pyroxenes almost 

certainly occurs and Warner and Luth [6] estimate this to be at about 

2 kbars and 1320°C.

A geometrical arrangement of four univariant lines around the in­

variant point is obtained following Schreinemakers' method [21]. An 

assumption here is that the CaMgSi206 content of pyroxenes at the invariant 

point increases in the order protoenstatite, enstatite, pigeonite, diopside. 

The shaded area in Fig. 4 limits the conditions for the invariant point.

This area is partly defined by: (1) demands by the arrangement of the

univariant lines, (2) three fixed points noted above, (3) a bracket for 

the univariant line (Pr) at 5 kbars [18] , and (4) stability of enstatite and

* This mineral is called iron-free pigeonite in the literature but the term 

"pigeonite" is used in this paper for convenience.
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[6,18], See text for discussions.
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diopside at 10 and 5 kbars and 1300°C [6].

The nature of the stable assemblage at 2 kbars and 1300°C is 

confusing: it is enstatite and diopside (homogenization experiment) or 

pigeonite-bearing assemblage (unmixing experiment) [6, 18]. This confusion 

might imply that a reaction, pigeonite=enstatite+diopside, characteristic of 

the univariant line (Pr) , occurs near 2 kbars and 1300°C. If so, the invariant 

point will be further restricted to less than 2 kbars.

The deviation of the area thus restricted from Warner and Luth’s 

estimate [6] is small but critical: their value implies that (En) is at a 

higher temperature than 1320°C at 1 atm [6, Fig. 5]. In fact it is not 

[2, 20]. The conditions of the invariant point are hereafter referred to as 

P o and To.

It is now easy to draw the geometry of phase diagram at any T-P 

conditions. Fig. 5A, B shows examples at constant pressure and temperature 

around P q and To. They are only schematic, and partly exaggerated.

Fig. 5B is drawn on an assumption that the slope of (En) is negative. A 

positive slope removes the protoenstatite - diopside solvus from the figure.

The detail of the phase relations around Po, To must be determined by 

experiments, which should be concentrated in the shaded area (Fig. 4).

However, such experiments will be extremely difficult because of the 

difficulties in fine P-T control, sluggish reaction rate and appearance of 

metastable phases.

The univariant line (Pr) will be extrapolated to about 1590°C at 

30 kbars (Fig. 4), which means that pigeonite becomes stable at this 

condition. Thus, as Kushiro [3] suggested, some of the subcalcic clino- 

pyroxenes coexisting with orthopyroxene at high temperatures in the phase 

diagram by Davis and Boyd [4] are possibly pigeonite and the diopside - 

pigeonite solvus should appear at temperatures higher than about 1590°C.

This interpretation is similar to that for pyroxenes in the system 

Fe2Si206-CaFeSi206 at 20 kbars [22].
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APPENDIX. RUN DETAILS

Run 1 (40 kbars,1200°C unmixing from glass). Enstatite and diopside were 

commonly euhedral, up to 70 ym in grain size and in some cases in parallel 
growth or as inclusions one within the other.

Run 2 (30 kbars, 1200°C, unmixing). Within 6 minutes, all the starting 

glass crystallized into pyroxenes. They were identified optically and by 
X-ray as minor enstatite and common diopside, but were too small for 
microprobe analysis.

Run 3 (30 kbars, 1200°C, unmixing). Enstatite and diopside grew up to 20 ym. 

Run 4 (30 kbars, 1200°C, unmixing). Enstatite (up to 50 ym) and diopside 

(up to 20 ym) were subhedral to euhedral. About 20% of glass was present.
Run 5 (30 kbars, 1200°C, homogenization). At the interface between 

diopside and enstatite layers in the capsule, pyroxenes with two different 
textures were found, i.e. orthoenstatite and diopside crystals as large 

as the original synthetic pyroxenes (30 ym), and small pyroxenes (-£8ym) 
interpreted as products of new nucleation of pyroxene. Both types of 
pyroxene were analyzed.

No clinoenstatite remained after the experiment. However, 

at one comer of the capsule originally occupied by diopside, partial 
melting occurred and euhedral enstatite (80 ym) were formed. The glass 

contained 11% Al2 0 3,0 .3% Na20 and 0.5% K2O. This contamination may be due 

to fracturing of the capsule during the run, with exposure to the ceramic 

enclosing the capsule. Contamination by Al2 0 3 ,Na20 or K2O, however, was not 

detected in the diopside even where directly contacting the glass.
Run 6 (10 kbars, 1200°C, unmixing). Enstatite and diopside were -£30 ym in 

grain size and there was a small amount of glass.

Run 7 (5 kbars, 1200°C, 4 hours, unmixing). Enstatite, diopside, glass, and 

probably minor olivine occurred in anhedral texture.

Run 8 (5 kbars, 1200°C, 11 hours, unmixing). Enstatite (<30 ym) and 

diopside (^15 ym) occurred as sebhedral crystals, probably with trace amounts
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of glass. Some diopside crystals are simply twinned. The diopside is more 
calcic than that in run 5 (Table 1) and this run is preferred to run 7.

Run 9 (30 kbars, 1500°C, unmixing). Only clinopyroxene was observed 
optically, as subhedral grains up to 30 ym in grain size.

Run 10 (30 kbars, 1300°C, homogenization). A glass (En5oDiso) was subjected 
to 30 kbars and 1200°C for 2.5 hours and then the temperature was raised to 

1500°C for 2 hours. From runs 2-4 we infer that the charge crystallized to 
two pyroxenes with a wide composition gap at 1200°C and that these pyrox­

enes then approached re-equilibration at 1500°C. Euhedral diopside and 

enstatite (up to 20 ym) and a trace amount of glass were produced.

Run 11 (30 kbars, 1500°C, unmixing). A glass of En8oDi20 yielded euhedral 
enstatite (up to 50 ym) with small anhedral or subhedral diopside.

Run 12 (30 kbars, 1500°C, homogenization). The same techniques as for run 

10 were used for a glass of EnsoDi2o composition. Some enstatite crystals 
were up to 30 ym long and had parallel growth of diopside. Diopside was 

generally much smaller and anhedral.
Run 13 (30 kbars, 900°C, unmixing). Enstatite was frequently acicular 
(up to 70 ym long) while diopside was equant and .$15 ym. An amphilbole 

(Ca3 .2Mg3 .8Si8•0O2 3) occurred and is probably metastable (judged by its 

unusual composition).
Run 14 (30 kbars, 900°C, homogenization). Originally, in order to try both 
homogenization and unmixing experiments at one time, layers of synthetic 

diopside, clinoenstatite and glass (EnsoDiso) were loaded successively into 

the capsule. However, the unmixing experiment in the glass layer proved 

ambiguous and unusable because of mechanical contamination of the synthetic 

pyroxenes into this layer during loading, and eventually only the 
homogenization experiment was usable. To minimise the likelihood of 

amphibole stability in the presence of approximately 3% H2O, about 22% 
silver oxalate was mixed into each layer. However, amphibole of similar 

composition to that in run 13 was formed locally at the boundary between
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synthetic pyroxene layers, and within the glass layer. Trace amounts of 

silica mineral and magnesite were formed as well. Very small pyroxenes 
appeared to have nucleated at the enstatite/diopside boundary but were 
difficult to distinguish from relict grains.

Run 15 (10 kbars, 900°C, unmixing). Enstatite (£10 pm) and diopside 
(£5 ym) were so fine grained that it is not clear whether the wide 

compositional range of diopside (Table 1) is real, and due to incomplete 

equilibration, or results from enstatite contamination in the diopside 
analyses.
Run 16 (10 kbars, 900°C homogenization). The same preparation of the starting 

material, together with water and silver oxalate, was used as in run 14 and 

the unmixing experiment was unsuccessful for the same reason. At the boundary 
between the two synthetic pyroxene layers, the same texture was present as 

in run 14. Two pyroxenes and a trace of silica mineral were present.
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SUBSOLIDUS EQUILIBRIA BETWEEN PYROXENES IN THE Ca0-Mg0-Si02 SYSTEM 
AT HIGH PRESSURES AND TEMPERATURES
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ABSTRACT

The extent of pyroxene solid solutions has been experimentally 

determined in the Ca0-Mg0-Si02 system at 30 kbar and 1500°C. The results 

show the enstatite and diopside mutual solid solutions and also define the 

limited solid solutions towards olivine and quartz. AJLthough the enstatite- 

diopside solvus is wider when olivine rather than quartz is a coexisting 

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 into account.

The study of the enstatite-diopside solvus in the Mg2Si206~CaMgSi206 

system has been extended above 1500°C at 20 and 30 kbar. These pyroxenes show 

almost complete solid solution at solidus temperatures. The iron-free 

pigeonite-diopside solvus which was previously found at 20 kbar and inferred 

to be stable at 30 kbar did not appear at these pressures. The phase 

equilibrium data in this paper are combined with those in the literature to 

make a compilation of the enstatite-diopside solvus over a wide temperature- 

pressure range.

Some difficulties 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 equilibrium 

studies of pyroxenes (Lindsley et al., 1974a; Warner and Luth, 1974; MacGregor, 

1974; Smyth, 1974, Nehru and Wyllie, 1974; Howells and O'Hara, 1975; Mori and 

Green, 1975; and Chen and Presnail, 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
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and applied to temperature estimates 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 taking coexisting phases into account. However, Howells 
and O ’Hara (1975) suggested that pyroxenes have solid solutions towards 
forsterite and quartz and that these solid solutions greatly affect the 
degree of mutual solid solution. Since all minerals are solid solutions 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 
application of the solvus as a geothermometer. In this paper we describe 

experiments made to define these solution limits.
The second problem treated in this paper is a reexamination of 

the stability of iron-free pigeonite* at high pressures. Kushiro (1969) 

presented a phase diagram in the system Mg2Si2 0 6 ~CaMgSi2 Ü6 at 20 kbar. 
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 homogeneous clinopyroxenes well within the pigeonite- 
diopside solvus as determined by Kushiro. We have reexamined this system 
at 20 kbar and obtained results supporting Howells and O'Hara's conclusions.

^Hereafter, this mineral is called pigeonite for convenience. We use this 

term for low-calcium clinopyroxene which is distinguished from diopsode 

(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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The third experimental problem discussed in this paper is the 

enstatite-diopside solvus at temperatures above 1500°C at 20 and 30 kbar.

The data are supplementary to those previously obtained at lower 

temperatures by us (Mori and Green, 1975).

Throughout this paper we use mole percent rather than weight 

percent in describing pyroxene compositions 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 

(CaMgSiaOe), clinoenstatite (Mg2Si2Ü6) forsterite (Mg2Si04), and quartz 

(SiÜ2). 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 

-10 percent of nominal load pressure, using piston-in technique, was applied. 

No pressure correction was made to thermometry by Wg7Re3/W7sRe2 5 

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 listed in Table 1. Chemical 

analyses of the run products are shown in Tables 2 and 3.
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Tabic 2: Electron Probe Analyses of Olivine, Pyroxenes and Quartz in the System Di-Fo-Qz at 30 kb and 150P°C.

Run \'o. 2111 2B2 2B3 2B4

Phase En Fo En Qz Di Qz Di Fo

SiO., 59.55(63) 42.70(20) 60.05(50) 100.37(17) 55.23(63) 98.7(1.8) 54.95(51) 42.32(3G)
MgO 39.98(34) 56.49(13) 39.33(33) 0.41(5) IS.18(31) 0.05(4) 19.35(43) 56.10(17)
CaO - - - - 25.98(32) 0.28(4) 24.82(57) 0.79(9)
Total 99.53(96) 99.19(12) 99.39(70) 100.78(22) 99.4(1.1) 99.1(1.9) 99.12(71) 99.20(46)

Number of ions (olivine: 0=4, pyroxene: 0=6,, quartz: 0=4)

Si 2.000(3) 1.007(4) 2.016(6) 1.994(1) 2.003(2) 1.996(1) 1.994(5) 1.001(3)
Mg 2.001(5) 1.986(7) 1.968(12) 0.012(1) 0.983(10) 0.002(1) 1.047(23) 1.978(5)
Ca - - - - 1.010(9) 0.006(1) 0.965(22) 0.020(3)

Molecular percent (Di: CaMgSi206, Fo: 2Mg2Si04,, Qz: 2Si02)

Di - - - - 100.8(9) 0.6(1) 96.8(2.3) 4.0(5)
Fo 50.0(2) 98.6(7) 48.8(5) 0.3(1) -0.7(5) -0.1(1) 2.1(1.1) 97.S(5)
Qz 50.0(2) 1.4(7) 51.2(5) 99.7(1) -0.1(5) 99.5(1) 1.2(1.3) -1.8(5)

Run No 2F 2G 11*

Phase En Di Fo En Di Qz En Di

Si02 59.10 56.57 42.79(40) 59.04 57.38 100.26(18) 60.27 57.60
MgO 37.96 26.46 56.78(43) 37.56 26.66 0.21(6) 37.31 26.94
CaO 2.68 16.13 0.35(2) 2.84 15.51 0.15(3) 2.86 15.15

To t a 1 99.74 99.15 99.92(81) 99.44 99.54 100.61(25) 100.44 99.69

Number of ions

Si 1.996 1.998 1.003(2) 2.000 2.012 1.995(1) 2.018 2.014
Mg 1.911 1.393 1.985(5) 1.897 1.394 0.006(2) 1.862 1.404
Ca 0. 097 0.610 0.009(1) 0.103 0.583 0.003(1) 0.103 0.568

Molecular percent

Di 9.7 61.1 1.7(1) 10.3 57.9 0.3(1) 10.2 56.4
Fo 45.4 19.6 9S.5(5) 44.8 20.2 0.1(1) 43.6 20.8
Qz 44.9 19.5 -0.2(4) 44.8 21.9 99.6(1) 46. 2 22.9

The numbers in parentheses represent estimated standard errors (1 sigma) and refer to the last decimal place(s). 
See text for explanations of the data without standard error. *: referred from the supplemental analytical 
list to Mori and Green (1975). About 10 analyses were obtained for pyroxenes, and 4 for olivine and quartz in 
each charge.
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THE EXTENTS OF PYROXENE SOLID SOLUTIONS IN THE CaO-MgO-Si02 SYSTEM

Figure 1 is an isothermal, isobaric diagram of the Di (CaMgSi206)

Fo(2Mg2Si04)-Qz(2Si02) system which is itself a portion of the Ca0-Mg0-Si02 

system. Though solid solution fields are much exaggerated and are 

schematic only, two aspects suggested by Howells and O'Hara (1975) are 

illustrated: first, the diopside limb of the enstatite-diopside solvus is 

less calcic when pyroxenes are coexisting with forsterite rather than with 

quartz, and secondly, enstatite-diopside tie lines cross the stoichiometric 

En-Di join from upper left to lower right.

Among the six runs (2B1-2G in Table 1) made at 30 kbar and 

1500°C, two had bulk compositions within the three-phase fields, namely, 

one in the forsterite-enstatite-diopside field and the other in the quartz- 

enstatite-diopside field, and the remaining 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 routine analysis in our laboratory (Reed and Ware, 1973). Thus, 

we could locate phase boundaries more precisely and could also lower the 

background uncertainties in trace element analyses which were caused by 

X-ray pulse pile-up problems (MgO in quartz, cf. Reed and Ware, 1973) and 

improve accuracy for low concentrations (e.g. CaO in olivine and quartz).

The mean compositions and their standard deviations are listed 

in Table 2. The compositions of pyroxenes in runs (2F and 2G) within the 

three-phase fields were not well-clustered: enstatite compositions 

scattered within 3 mole percent Di, and diopside within 6 mole percent. 

Because our starting materials were the pure phases, we have chosen the most- 

reacted compositions, i.e. diopside with the lowest Di content and enstatite 

with the highest Di content. The validity of this procedure was discussed 

by Mori and Green (1975). Table 2 also lists the most-reacted
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C aM gS i20 6

cpx s.s.

-o p x  s.s.o liv ine  s.s. qz s.s.

Fig. 1 Isothermal, isobaric phase relations of pyroxenes, olivine and quartz. 
Schematic only. See text for explanations.
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compositions of pyroxenes in an unmixing run (Run 11 of Mori and Green, 1975, 

the data are from the supplement prepared for the paper). The run charge 

is saturated or nearly saturated with quartz, and these data plot within 

1.5 mole percent from the run 2G of Table 2.

Figure 2 shows the phase relations in a real scale. Note that 

molar units of Fo and Qz presented in Figure 2 are twice the conventional 

formulae, so that En has a formula of Mg2Si20s. As shown in the figure, 

both enstatite and diopside are solid solutions not only between En and Di, 

but also form limited solid solutions towards Fo and Qz. Non-stoichiometry 

of pyroxenes has been experimentally shown or suggested by Kushiro (1972) 

for diopside, by Onuma and Arima (1975) for protoenstatite, and by Boyd and 

England (1960b) for enstatite. It is also described from natural rocks (cf. 

Sobolev et al., 1968).

The solvus is wider when pyroxenes are saturated with forsterite 

rather than with quartz. This feature is opposite to that inferred by 

Howells and O'Hara (1975). The difference of the diopside limb 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 account, errors in the 

temperature estimates of the order of 20°C may result (cf. Nehru and Wyllie, 

1974; and Mori and Green, 1975). Thus, silica activity does not seriously 

affect the pyroxene solvus as a geothermometer.

It should also be noted that the enstatite-diopside tie-lines are 

almost parallel to the En-Di join. The diopside-forsterite tie-line 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.
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CaMgS^O^

30 kb, 1500 °C 

( in mole %  )

olivine s.s.

Fig. 2 Experimentally-deduced phase equilibria of olivine, pyroxenes 
and quartz at 30 kb and 1500°C. The hatched areas represent 
solid solutions. The data (dots) are from Table 2. Note that 
molar units of forsterite and quartz presented here are twice 
the conventional formulae.
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STABILITY OF PIGEONITE-DIOPSIDE SOLVUS AT HIGH PRESSURES IN THE Mg2Si206-
CaMgSi206 SYSTEM

Two runs (Y1 and 2A3) at 20 kbar and 1600°C yielded results 

supporting Howells and O'Hara's (1975) conclusion that there is no stability 

field 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 Y1 

with a bulk composition well within Kushiro's (1969) pigeonite-diopside 

solvus (Ens2Dii8~En5oDiso)and within Howells and O'Hara's (1975) diopside 

field homogenized to clinopyroxene although there is some compositional 

hysteresis. Enstatite was not found in the charge.

The run 2A3 at the same T-P conditions had a less calcic bulk 

composition. Compositions of enstatite and diopside were well clustered 

with a definition of the diopside limb which coincides with that of Howells 

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 311 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 example, the diopside limb of the solvus at 1600°C 

and 20 kbar was estimated to be at EnsoDiso.

Alternatively, the 20 angle of the 311 peak can be more directly 

used in determining the pyroxene compositions (McCallister, 1974). 20 values 

read from Kushiro's Figure 4, combined with McCallister's 20-composition 

equation, which we found very satisfactory, allowed us to estimate the 

diopside limb of the solvus to be on En28Di72, En36Die4, or En3iDi69 at 

1600°C and 20 kbar, and on En32Di68 at 1650°C and 20 kbar. All the data 

locate more calcic pyroxenes than the diopside limb as determined by Kushiro 

at corresponding temperatures. The difference is about 20 mole percent 

CaMgSi206. In addition, according to Kushiro's Figure 3, liquid, instead
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-i-------------H « « < 3 30 kb .1700 °C 2 hrs
« « « ------------- 1-----------------1---------------- 1---------------- 1

3 « < < < <
30 kb .1600 C 4 hrs 
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I + < in -t------ •- 30 kb .1600 °C 10 hrsH------ 1------ 1------ «

H _  \n ■i-------- 1-------- 1-------- *-
20 kb .1600 °C 8 hrs------- 1------ 1------ <

I------ h U.KH3. 20 kb .1600 °C 6 hrs
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M g2Si20 6
MOLE %

CaMg Si20 6

Fig. 3 Microprobe analyses of pyroxenes. All are of homogenization 
experiments. Direction of triangles shows direction of chemical reaction. 
Decimal fractions in the raw data have been rounded to the nearest integer.
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of clinopyroxene, is stable for the last composition at 1650°C and 20 kbar. 
These facts show difficulties in the use of paired X-ray reflection to infer 
the presence or absence of the pigeonite-diopside solvus.

We also cast doubt on the pigeonite-diopside solvus at 17.5 kbar 

as inferred by Kushiro and Yoder (1970, Fig. 19), which we believe, 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 still remains a possibility that a very narrow pigeonite- 
diopside solvus could exist at 20 kbar and a temperature lower than 1600°C. 

This possibility is discussed in the next section.
The present state of knowledge is that the pigeonite-diopside 

solvus is definitely stable only at 1 atmosphere (Yang, 1973; Yang and 
Foster 1972, and Kushiro 1972), and the maximum pressure for the stability 

of the solvus remains unknown.
Iron-bearing pigeonite has been observed at 15 kbar and 980°C

(Lindsley et al. 1974b), coexisting with more calcium-rich pyroxene and

hypersthene. If pigeonite is unstable in the iron-free system at this
pressure, then the pigeonite -diopside -hypersthene three-phase triangles s s s s s
must converge to a diopside^-hypersthenegs tie-line with decreasing FeSiÜ3 

content (associated with increasing temperature) within the magnesian part 

of the pyroxene quadrilateral.

THE ENSTATITE-DIOPSIDE SOLVUS IN THE Mg2Si206-CaMgSi206 SYSTEM 

Four runs (Y2, Y3, 2A3 and 2A4 in Table 1) at temperatures above 

1500°C are relevant to determination of the enstatite-diopside solvus.
These are complementary to our previous results at and below 1500°C (Mori 

and Green, 1975). Again in this study, we experienced sluggishness of
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chemical reaction, even at temperatures as high as 1700°C. In the runs Y2 

(30 kbar and 1700°C) and Y3 (30 kbar and 1600°C), although compositions of 

enstatite were rather well clustered those of diopside showed extensive 

hysteresis in the change in chemistry from the pure diopside (CaMgS^Oß) 

of the starting mixes. The run at 30 kbar and 1600°C was repeated with pro­

longed run duration (10 hours). More closely clustered compositions of 

diopside resulted. The chemical compositions of pyroxenes in those runs 

including enstaitite of Y2(30 kbar and 1700°C) are listed in Table 3, and 

are compared with the data by Howells and O'Hara (1973) in Figure 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 solidus between 20-30 kbar, the enstatite and diopside 

show almost complete solid solution, but melting occurs just below the 

temperatures at which the enstatite and diopside (with their different 

crystal structures) limbs would intersect.

A peculiar feature observed in Figure 4 is that the diopside 

limbs at both 20 and 30 kbar show a slight inflection between 1500 and 

1600°C. Although we prefer to regard the figure as an equilibrium phase 

diagram, there still remains a possibility, as suggested by the presence of 

the inflection, that the pigeonite-diopside solvus exists around the

inflection point at 20 and 30 kbar. In this regard, it is interesting to
/

note that Eggler (1974) suggested a coexistence of two clinopyroxenes at 

20 kbar and around 1540°C based on synthesis data in the system 

Ca0-Mg0-Si02-C02. However, the pigeonite-diopside solvus, should it exist 

at temperatures lower than 1600°C at 20 kbar, must be much narrower than 

indicated by Kushiro (1969).

The data in Figure 4 were used together with those of Mori and 

Green (1975) in construction of the pressure-composition section (Fig. 5) 

which shows enstatite and diopside limbs as a function of temperature and

pressure.



44

solidus

1700

1600

30 kb
opx SSI cpx s.s

20 kb

MOLE % CaMgSi20

Fig. 4 Comparison of enstatite-diopside solvi at 20 and 30 kb. Dots are 
from Table 3. Stars and solidus at 30 kb are from Howells and O'Hara 
(1975). The solvi below 1500 °C are after Mori and Green (1975). Solidi 
are only partly drawn. Solidus at 20 kb is from Kushiro (1969).
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Fig. 5 Compilation of enstatite limbs (the left-side batch of lines) 
and diopside limbs (the right-side batch of lines) based on the data from 
Fig. 4 and Mori and Green (1975) .
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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 kimberlites have been 

extensively studied (e.gr. Boyd, 1973). Physical conditions of equilibration 

for these nodules can be estimated by solving two independent geothermo­
barometers. For this purpose, the MacGregor (1974) and Davis and Boyd’s 

(1966) grids or modifications of them have been commonly used (Boyd, 1973 
and Mercier and Carter, 1975).

In this section, we will also try to estimate pressures and 

temperatures of these nodules using Boyd’s extensive chemical data for the 

minerals of the garnet lherzolite nodules (Boyd, in Nixon, 1973). Although 
the principle of the method is the same, we will employ the enstatite- 
diopside solvus presented in the previous section rather than that of Davis 

and Boyd (1966). Ca/(Mg + Ca) ratio of diopside from the nodules gives 
one temperature-pressure equation. AI2O 3 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 in the pyrolite system). All the chemical systems include at least 
Si0 2 , Ti0 2 , AI2O 3, FeO, MgO, and CaO. Their temperatures and pressures 
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-barometers 

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 estimates.
Figure 6 shows a graphic method of solving the two equations. 

Diopside-component isopleths cross the AI2O3 (enstatite) isopleths giving 

unique solutions of temperature and pressure. Boyd's analytical data (Boyd, 
in Nixon 1973) show that A120 3 content in enstatite is rather constant through 

the nodules (AI2O 3 = 1.1 + 0.3 wt.%), while the Ca/(Mg + Ca) ratio varies
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cpx /

60 kb

Fig. 6 Method of temperature and pressure estimates. Compositions of 
diopside limbs (broken lines, in CaMgS^O^ mole fraction) are from Mori 
and Green (1975) and this paper. A1?0^ contents in enstatite (lines with 
dots, in wt %) are from Akella and Boyd (1972, 1973 and 1974), Hensen 
(1973), Green (1973), Mysen and Boettcher (1975) and our unpublished data. 
The stars represent temperature-pressure estimates for garnet lherzolite 
nodules (1572, 2302A, 1559B, 1859N, 2273, E3, and 1924) from Lesotho 
kimberlites (Nixon, 1973). In plotting the natural diopsides, we have used 
the ratio 2Ca/(Ca+Mg). Construction of this figure involved large 
extrapolation of the data and neglect of some inconsistencies among 
A190„ data. The deduced P,T conditions may be far from the true values 
(see text) .
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extensively from 0.481 to 0.287. This means that the temperature-pressure 
trend is dependent on the A1203 isopleths and is linear within + 3 kbar, 

which roughly corresponds to the variation of +0.3 percent AI2O3. 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 temperature-pressure trend determined by the AI2O3 isopleths.

A few data points from Boyd (in Nixon, 1973) are plotted in 
Figure 6. The highest temperature-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 900°C, 
but the diopside-component 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 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.
It might be considered that the temperature-pressure trend in 

Figure 6 is too steep to represent a palaeogetherm. From present 

knowledge, we do not know whether the nodule trend is an artifact due to lack 

of data for phase equilibria at very high pressures and temperatures. In 
addition, we do not know that the temperature-pressure thus estimated

represents a palaeogeotherm.
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The principal difficulty in temperature estimates on the basis of 

the pyroxene solvus is, as shown in the example above, the fact that we have 

to know pressure 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 method of pressure-temperature estimation 

used by Boyd (1973) . We consider that the estimates of pressure-temperature 

in Figure 6 have very large uncertainties indeed.
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APPENDIX. ACCURACY OF TPD-MICROPROBE ANALYSIS

Standard rocks (JG-1 and JB-1) of Geological Survey 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 routine 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 recalculated to total of 100. This was necessary 

in order to compare the two sets of data since H 20+ and H2O“ etc. evaporate 

during the melting process.

The results are listed 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 limit of MnO by TPD-probe (about 0.08 wt.X).

For those elements with very low concentrations, the conventional 

wavelength-dispersive microprobe 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 heterogeneities of the glasses.
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Table 4: Accuracy of TPD-probe Analysis.

JG-1 JB-1

recommended TPD-probe
value

recommended TPD-probe
value

S l02 72.95 73.06(41) 53.53 53.64(21)
TL02 .26 .26(4) 1.38 1.33(4)
A12°3 14.36 14.42(30) 14.87 14.83(15)
Fe0total 1.99 1.89(4) 8.31 8.53(8)
MnO .06 n. d. .15 .03(7)
MgO .75 .99(4) 7.91 7.93(12)
CaO 2.22 2.21(5) 9.50 9.47(7)
Na2° 3.41 3.25(9) 2.87 2.75 (14)
k2o 4.00 3.93(5) 1.47 1.47(5)

The recommended values for the standard rocks are from Ando et al. 
(1974). Both sets of data are recalculated to total of 100.
The numbers in parentheses represent estimated standard errors 
(1 sigma) of the probe analysis, and refer to the last decimal 
place(s).
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ABSTRACT

S u b s o l i d u s  p h a s e  e q u i l i b r i a  o f  p y r o x e n e s  i n  t h e  C a0 -M g 0 - Fe 0 -S i0 2  

s y s t e m  h a v e  b e e n  e x p e r i m e n t a l l y  d e t e r m i n e d  a t  30 an d  15 k b a r ,  an d  m a i n l y  a t  

1200°C .  W h i l e  p h a s e  r e l a t i o n s  a t  30 k b a r  and 1200°C a r e  c h a r a c t e r i z e d  o n l y  by 

o r t h o p y r o x e n e  an d  c l i n o p y r o x e n e , a t  15 k b a r  and 1200°C p h a s e  r e l a t i o n s  a r e  

c o m p l i c a t e d  by t h e  a p p e a r a n c e  o f  t h e  t w o - c l i n o p y r o x e n e  s o l v u s .  The s t a b i l i t y  

o f  C a - f r e e  c l i n o p y r o x e n e  was d e m o n s t r a t e d  a t  15 k b a r  and 1200°C and h i g h e r  

t e m p e r a t u r e s ,  and a t  30 k b a r  and 1450°C.

The new e x p e r i m e n t a l  d a t a  w e r e  com bined  w i t h  t h e  d a t a  f r om  t h e  

l i t e r a t u r e  t o  y i e l d  a g e n e r a l i z e d  p h a s e  e q u i l i b r i u m  sch eme o f  p y r o x e n e s  i n  

t e r m p e r a t u r e - p r e s s u r e - c o m p o s i t i o n  s p a c e .  Though t h e  m a j o r i t y  o f  n a t u r a l l y  

o c c u r r i n g  p y r o x e n e s  ca n  b e  u n d e r s t o o d  i n  t h e  l i g h t  o f  t h e  s c h e m e ,  t h e r e  a r e  a 

few s a m p l e s  n o t  f u l l y  c o n s i s t e n t  w i t h  i t .  T h e s e  a r e  b r i e f l y  m e n t i o n e d .

INTRODUCTION

D i v e r s i t y  o f  p y r o x e n e s  i n  c r y s t a l  s t r u c t u r e  and c h e m i s t r y  i s  

c l o s e l y  r e l a t e d  t o  t h e i r  w i d e  c h e m i c a l  an d  p h y s i c a l  c i r c u m s t a n c e s  o f  f o r m a t i o n .  

P y r o x e n e s  w i d e l y  o c c u r  i n  u l t r a b a s i c  t o  i n t e r m e d i a t e  r o c k s ,  e x t r u s i v e  and 

i n t r u s i v e  r o c k s ,  i g n e o u s  and m e t a m o r p h i c  r o c k s ,  an d  t e r r e s t r i a l  and 

e x t r a t e r r e s t r i a l  r o c k s .  I n  p a r t i c u l a r ,  t h e y  a r e  s u p p o s e d  t o  b e  common 

m i n e r a l s  i n  t h e  e a r t h ' s  u p p e r  m a n t l e .  T h e r e f o r e ,  i t  i s  r e a s o n a b l e  t h a t  

e x t e n s i v e  i n v e s t i g a t i o n s  h a v e  b e e n  c a r r i e d  o u t  on p y r o x e n e s  b o t h  

p e t r o g r a p h i c a l l y  and e x p e r i m e n t a l l y .  A l t h o u g h  we owe a l a r g e  amount  o f  

k n o w l e d g e  t o  t h e  p r e v i o u s  i n v e s t i g a t o r s ,  p h a s e  r e l a t i o n s  o f  p y r o x e n e s  a r e  n o t  

f u l l y  u n d e r s t o o d .  A m o s t  s e r i o u s  p r o b l e m  i s  t h e  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  

s t a b l e  and m e t a s t a b l e  p y r o x e n e s  a p p e a r i n g  i n  n a t u r e  and l a b o r a t o r y  s t u d i e s .  

C o n s e q u e n t l y ,  o u r  k n o w le d g e  a t  p r e s e n t  i s  c l o u d e d  by  c o n t r a d i c t i o n s  and 

c o n f u s i o n .

One o f  t h e  t o p i c s  o f  c u r r e n t  i n t e r e s t  i s  t h e  o c c u r r e n c e  a t  h i g h  

p r e s s u r e  o f  a  t h r e e - p y r o x e n e  f i e l d  w h e r e  o r t h o p y r o x e n e  and two k i n d s  o f
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clinopyroxene coexist in the Ca0-Mg0-Fe0-Si02 system. Smith's (1972) 
experiments along the join of Fe/(Mg + Fe) = 0.85 in the pyroxene quadrilateral 

Di(CaMgSi20e) - En(Mg2Si2Ü6) - Fs(Fe2Si2C>6) - Hd(CaFeSi20e), at ~15 kbar 
show two types of two-pyroxene field above 880°C, i.e. orthopyroxene/Ca-poor 

clinopyroxene, and Ca-poor clinopyroxene/Ca-rich clinopyroxene, and an 
orthopyroxene/Ca-rich clinopyroxene field below 880°C. Smith inferred the 

three-phase field for this composition at 15 kbar to lie at about 880°C. 

Similarly, Grover efc al, (1972) observed similar topology for phase 

diagrams along the joins of Fe/(Fe + Mg) = 0.6 and 0.75 at 15 kbar. In the 
former system but at 20 kbar, no three-phase field was observed by Turnock 

(1970). More recently Lindsley et al. ( 1974a,b) determined phase relations 
at 15 kbar and 810°C with the result that orthopyroxene/Ca-rich 
clinopyroxene two-phase field prevails over the pyroxene quadrilateral, and 

at 980°C with the result that a two-clinopyroxenes and orthopyroxene three- 
phase field locates near the join of Fe/(Mg + Fe) = 0.6. From the three- 
pyroxene field, stem three two-phase fields, i.e. orthopyroxene/Ca-rich 
clinopyroxene, orthopyroxene/Ca-poor clinopyroxene and Ca-rich/Ca-poor 

clinopyroxenes. Simmons et al. (1974) also found coexisting three-
pyroxenes at 2 kbar and 800°C along the join of Fe/(Mg + Fe) = 0.75.

In natural rock systems, Hensen (1973) reported homogenization 

experiments of pyroxenes in wide range of pressure, temperature and chemistry. 
Owing to the sluggish reaction rate in the homogenization reaction, the data 

are not conclusive, but he interpreted the data assuming the presence of the 

three-pyroxene field.
The importance of knowledge on the three-pyroxene field is in the 

fact that once its location is established, topological features of phase 
boundaries in the pyroxene quadrilateral can be easily understood in 

conjunction with the knowledge of phase relations along the edges and at the 

apexes of the quadrilateral.
The present study is a logical expansion of our earlier works on
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pyroxenes in the Ca0-Mg0-Si02 system (Mori and Green, 1975, 1976) into the 

FeO-bearing system. Our aim is to understand the pyroxene phase relations 

at high pressures. No direct application to petrology is intended in this 

paper, though some unusual natural pyroxenes are mentioned.

EXPERIMENTAL METHODS

Starting Materials

Four types of starting material used in the high pressure 

experiments are 1) glass, 2) single phase clinopyroxene or orthopyroxene, 3) 

a mechanical mixture of orthopyroxene and clinopyroxene, 4) a mechanical 

mixture of two clinopyroxenes with different compositions. The glasses 

were prepared from A.R. grade chemicals of Si02 , MgO, CaCÜ3 , Fe203 and Fe, 

or stoichiometric wustite synthesized at high pressure by A. Major as an 

alternative to Fe2Ü3 and Fe. Since glasses with exact pyroxene 

stoichiometry are difficult to make with confidence, weighing of the chemicals 

was made such that deviation from stoichiometry, if any, was to SiÜ2 excess 

side. These mixtures of chemicals were then melted by either an induction 

heater and sample within a platinum crucible or on an iridium strip heater. 

Both methods were carried out in argon gas flow. Microprobe analyses of the 

glasses thus made, showed deviations of compositions from those intended 

by 1.5 mole percent pyroxene end member (Wo, En or Fs) at worst. No 

chemical contamination was detected. Pyroxene starting materials used as 

either single phase or mixture with another pyroxene were synthesized from 

the glasses at 30 kbar and 1200°C for 1 hour using AgsoPdso capsules. Again 

maximum deviation of pyroxene compositions was up to 1.5 mole percent end 

member. It should be noted that this short run duration on glass starting 

material readily produces metastable clinopyroxenes with compositions well 

within the orthopyroxene-clinopyroxene solvus, thus syntheses of these 

pyroxenes may not have anything to do with pyroxene equilibria at 30 kbar 

and 1200°C. Tem-Pres clinoenstatite was used for Mg2Si206-clinopyroxene
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starting material.
High Pressure Experiments

Experiments were carried out in a piston-cylinder apparatus with 

combination of piston-in technique and a -10% pressure correction. Sample 

assemblies contained a boron nitride or pyrex sleeve, and a mullite or 

alumina thermocouple insulator. Various kinds of capsule material were used: 

iron, platinum, silver-palladium alloy and graphite.

Thermometry was by Pt/PtgoRhio thermocouples for short runs. To 
avoid thermocouple shift, Wg7Re3/W7sRe25 thermocouples were successfully used 

for long runs. Run details are listed in Table 1.

Identification and Analyses of Run Products
Powders of run products either mounted in Canadian balsam or 

dispersed in immersion liquids were examined by microscope. The universal 
stage was needed for identification in critical cases.

Powders of most of the run products were also examined by X-ray 
diffractometer or Guinier Camera. The calculated X-ray powder patterns of 
pyroxenes by Borg and Smith (1969) and the unit cell parameters of Ca-Mg-Fe 
pyroxenes (Turnock et al,1973) were used in identification of the run 

products.
TPD-microprobe analyses were tried on all the minerals of the run 

product. The size of pyroxenes in subsolidus runs varied from 8 to 100 microns 

depending on starting material, temperature, and run duration. Each 

quantitative probe analysis was started only after it was established that 
slight movement of beam around the analysis point did not cause observable 

change in count rates of diagnostic elements. Thus, the possible contamination 

from surrounding minerals was kept down to a minimum. Bulk analyses of the 

run products by a defocussed beam showed chemical deviation from those of 
starting materials by no more than 1.5 mole percent pyroxene end member 
except at the narrow rims to the capsules where FeO content showed more 

deviation, either increased or decreased depending on the capsule material.
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Table 1 
Run details

Run No.
compositions
(Ca-Mg-Fe)

ratio(in wt.%)
Pressure

kbar
Temperature Time Capsule 

hours

2H2 cpx 0-100-0 30 1200 0.07 Pt opx

Z3 2 cpx 0-100-0,45-45-10 (51:49) 30 1200*« 50 c opx,cpx

PI* glass 15-65-20 30 1200 4 Fe opx,cpx

2C1 2 cpx 45-45-10,0-76-24 (49:51) 30 1200** 92 Aq50Pd50 opx,cpx

T4 glass 15-55-30 30 1200 0.08 Fe cpx

T5 glass 15-55-30 30 1200 0. 75 Fe opx,cpx

01 glass 15-55-30 30 1200 4 Fe opx,cpx

P7* glass 5-60-35 30 1200 4 Fe opx,cpx(tr)

2A5* opx+cpx 0-61-39,35-39-26 (49:51) 30 1200** 45 Ag50Pd50 opx,cpx,Qz(tr)

P5 glass 15-50-35 30 1200 4.5 Fe opx,cpx

2B6 opx+cpx 0.61-39,17-46-37 (21:79) 30 1200** 93 C opx,cpx,Qz(tr)

Q1 glass 22-44-34 30 1200 4 Fe cpx

2D2 glass 22-44-34 30 1200** 50.5 Ag50Pd50 opx(tr),cpx,Qz(tr)

Q2 glass 10-50-40 30 1200 4 Fe opx,cpx

2B5 2 cpx 35-39-26,17-46-37 (25:75) 30 1200** 69 Ag50Pd50 opx,cpx,Qz(tr)

P9 glass 5-50-45 30 1200 4 Fe opx,cpx

pii g lass 0-50-50 30 1200 4.5 Fe opx

Q3 glass 5-25-70 30 1200 4 Fe opx,cpx

Z4 opx+cpx 0-26-74,15-22-63 (61:39) 30 1200** 83 Ag50Pd50 opx,cpx

R1 glass 10-50-40 30 1000 24 Fe opx,cpx

2D1 2 cpx 35-39-26,17-46-37 (17:83) 30 1220** 85 Ag50Pd50 opx(tr),cpx,Qz(tr)

R2 glass 0-50-50 30 1400 2.3 Fe opx

201 opx 0-26-74 30 1450 0.75 Fe cpx(Mqo 3 9Fe0.61siO3) .glass,Qz(tr)

P2 glass 15-65-2 0 15 1200 4.8 Fe opx,cpx

Q4 glass 10-60-30 15 1200 4 Fe cpx

2N2 glass 10-60-30 15 1200** 12 Ag50Pd50 cpx,Qz(tr) , (opx+cpx)***

02 glass 15-55=- 30 15 1200 3 Fe cpx

P8 glass 5-60-35 15 1200 6 Fe opx,cpx

Q7 glass 22-48- 30 15 1200 4 Fe 2 cpx

P6 glass 15-50-35 15 1200 5.2 Fe cpx

2E2 glass 15-50-35 15 1200** 70 Ag50Pd50 cpx,Qz(tr)

05 glass 10-50-40 15 1200 4 Fe opx(?),cpx

P10 glass 5-50-45 15 1200 5.5 Fe opx,cpx

P12 glass 0-50-50 15 1200 5.6 Fe opx

Q6 glass 5-25-70 15 1200 4 Fe cpx

204 opx 0-26-74 15 1200 2 Ag50Pd50 cpx,Qz(tr)

R3 glass 10-50-40 15 1000 24 Fe opx,cpx

202 opx 0-26-74 15 1350 2 Fe CpXlMg0.35Fe0.65SiO3l'Qz<tli'glass

*: The runs for which microchemical analyses of FeO and Fe?0^ was done on the bulk run products. In every case, Fe^O^ was
less than 0.01 wt% (Analyst: E. Kiss).

**: The runs for which Wg7Re3/W75Re25 thermocouples were used for thermometry. Pt/Pt90Rh^^ thermocouples were used for
other runs.

Mineral assemblage found at the margins of the charge (see text).
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Spectrophotometric microanalysis of FeO and Fe2 Ü 3 (Kiss, 1974) was 
done by E. Kiss on portions of three run products (Table 1). Fe2 Ü 3 contents 
of <0.01 wt. % were found leading us to believe that iron in all the run 
products is in the ferrous state.

Phases appeared in the run products were pyroxenes with or without 
trace amount of quartz. In two runs (201, 202), glass was found as well. 

Though these runs were at comparatively high temperatures, it was probably 
access of water which caused melting.

EXPERIMENTAL RESULTS

Runs were made mainly at 1200°C and either 30 kbar or 15 kbar.

Table 2 lists compositions of coexisting pryoxenes in some typical runs. A 

listing of the 599 microprobe analyses of pyroxenes on which this paper is 
based are available from the author on request. Some runs were planned to 
understand the processes of chemical reactions which defined the pyroxene 
solvus.
Chemical processes in the reactions

In these and in some of our earlier experiments (Mori and Green,

1975 and 1976) clinoenstatite was used as a mixture with Ca-rich 
clinopyroxene instead of a combination of orthoenstatite and Ca-rich 

clinopyroxene which would be better starting material for reversal 

experiments to define the solvus. However, as the run 2H2 shows, 4 minutes 

are sufficient for total inversion of clinoenstatite to orthoenstatite at 

30 kbar and 1200°C. The run duration needed for the pyroxenes to react and 

define the solvus is so long that the use of the clinoenstatite would not 

have caused any problem of metastability in the run products.
Some information on the process of devitrification of pyroxene- 

composition starting glass is worth noting. A glass composition well within 
the pyroxene solvus was chosen to study its devitrification and crystallization 

of pyroxenes from it. As is shown in Figure 1-A, the glass totally
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Fig. 1 Frequency of measured pyroxene compositions plotted
against Wo mole percent. The compositions of 
starting glasses are indicated by arrows.

A) Ca0.15Mg0.55Fe0.30SlO3' B) Ca0.22Mg0.44Fe0.34Sl°3* 
Both sets of experiments are at 30 kbar and 1200°C.
Abbreviations: opx - orthopyroxene, cpx-
clinopyroxene.
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crystallized within 5 minutes into clinopyroxene with compositional spread 

around that of the glass. With time, orthopyroxene appeared and 

clinopyroxene composition became more calcic and less scattered. In this 

particular case, orthopyroxene appeared within a rather short time, but in 

another case, (Figure 2-B) where the bulk composition was near the 

clinopyroxene limb, orthopyroxene was not found within 4 hours but found in 

the run 2D2 with prolonged duration. More seriously, two glasses with 

compositions supposed to be well within the solvus did not crystallize 

orthopyroxene (Q4, 2N2, 02), which will be discussed later.

Mineral mixes of orthopyroxene and clinopyroxene with compositions 

outside the solvus yielded new compositions approaching the equilibrium 

solvus as if reaction happened by diffusion process (cf. Mori and Green, 1975).

Measured pyroxene compositions are shown in Figure 2 (30 kbar and 

1200°C) and Figure 3 (15 kbar and 1200°C). Note that the frequency is 

simply of probe analyses, and does not represent modal ratio of orthopyroxene 

and clinopyroxene. The figures show that even the runs with long durations 

show chemical hysteresis and that the spread of the data is not a simple 

function of the run duration.

Phase relations at 30 kbar

As is shown in Figure 2, compositions of orthopyroxenes are more 

closely clustered than those of clinopyroxenes. The worst example of 

chemical hysterises in clinopyroxene is seen in the run, P5: some

compositions are still almost the same as the bulk composition of starting 

glass. In spite of that, the best reacted compositions in this unmixing 

experiment are matched well with the best reacted compositions of clinopyroxene 

in the corresponding homogenization experiment, the run 2A5. However, it 

should be noted that the experiments of this pair are not of mutually 

reversal nature in the most strict sense, since the two orthopyroxene- 

clinopyroxene tie lines are not exactly coincidental and were not 

particularly intended to be so. This is also true of the other pairs in
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Figure 2.

Figure 4 depicts the pyroxene solvus at 30 kbar and 1200°C. The 
phase relations are simple: the solvus starts from the En-Di join as 
determined by Mori and Green (1973), goes through the data presented in this 
paper and rapidly narrows until it reaches the join of Fe/(Fe + Mg) = 0.75.

The solvus seems to extend further to the Hd-Fs join. This inference is 
in harmony with the stable FeSiÜ3 orthopyroxene (Akimoto et al., 1965; 

Lindsley, 1965; Smith, 1971) and the probably stable Cao•lsFeo•8sSiO3 

clinopyroxene (Lindsley and Burnham, 1970) at 30 kbar and 1200°C. The narrow 
solvus along the Fs-Hd join is much the same as that found on the same join 

at 20 kbar and around 1000°C (Lindsley and Munoz, 1969). Apart from the 

pyroxene solvus, the quadrilateral is occupied by only orthopyroxene and 
clinopyroxene fields. No protoenstatite, fayalite, quartz, pyroxenoid or 
liquid appears at 30 kbar and 1200°C.

IVe have only one set of data of coexisting orthopyroxene and 

clinopyroxene at 1000°C (run Rl). The data set can be linked to that of 
the En-Di system (Mori and Green, 1975) to partially define the solvus at 

1000°C. In comparison with the solvus at 1200°C, these data depict the 
well known temperature effect.

By contrast to the stability of orthopyroxene all over the join 

along En-Fs at 1200°C, Mgo•39Feo.6iSiÜ3 clinopyroxene seems stable at 

1450°C and coexists with glass and quartz (run 201). Orthopyroxene is, 

however, still stable for the composition of Mgo.5Feo•sSi03 at 1400°C (run R2) 
Phase realtions at 15 kbar

The pyroxene compositions are shown in Figure 3, and the solvi at 
1200°C and 1000°C are in Figure 5. Phase relations at 15 kbar and 

1200°C is more complicated than at 30 kbar and 1200°C by the presence 

of Ca-rich clinopyroxene/Ca-poor clinopyroxene solvus which was shown 

by the bimodal distribution of pyroxene composition in the run Q7 

(Figure 3), though X-ray peaks were not sharp enough to show double peaks.
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Di Hd

30 kbar

1000 °C

1200 °C

Fig. 4 Isothermal, isobaric sections of pyroxene quadri­
lateral (in mole percent) at 30 kbar and 1200°C, 
and 1000°C. Only the three best-reacted compositions 
are plotted though one may be omitted when it is

almost the same to other. The filled symbols are 
for compositions approached the solvus from outside, 
and the open ones from inside. Different symbols 
are to distinguish runs. The data on the En-Di 
join are referred from Mori & Green (1975).
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Di Hd

15 kbar

1200 C

Fig. 5 Isothermal, isobaric sections of the pyroxene

quadrilateral at 15 kbar and 1200°C,and 1000°C.

The meanings of the symbols are the same to those 

in Figure 4, except the open stars (metastable 

clinopyroxenes in runs Q4, 2N2 and 02) and m 

(pyroxenes found at the margins of the charge in 

run 2N2). Only the three best-reacted compositions 

are plotted though one may be omitted when it is

almost the same to other.
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Since the Ca-poor clinopyroxene is chemically very similar to the clinopyroxene 

coexisting with orthopyroxene in the run P8, the position of three-pyroxene 

field was inferred to be near the two tie lines defined by the runs Q7 and F8.

Another difference from the phase relation at 30 kbar and 1200°C 

is the appearance of stable clinopyroxene at a Fe-rich side of the En-Fs join: 

Mgo*26Feo•74Si03 orthopyroxene converted to clinopyroxene (run 204). 

Clinopyroxene is also stable for Cao.osMgo•2sFeo.7oSi03 composition (run Q6) , 

thus the extension of orthopyroxene-clinopyroxene solvus must reach to the 

En-Fs join somewhere between Mg0.2eFe0.74Si03 and Mg0.50Fe0.50SiO3 (run P12) 

instead of reaching to the Fs-Hd join.

The phase diagram at 15 kbar and 1200°C is further complicated by 

appearances of phases other than pyroxenes at the portion near Fs corner (not 

shown in Figure 5). Fayalite plus quartz, instead of ferrosilite is stable for 

FeSi03 composition (Akimoto et al., 1965; Lindsley, 1965; Smith, 1971), and 

pyroxenoid would be stable for Cao.1sFeo.8sSi03 composition (Lindsley and 

Burnham, 1970). Thus, the stable phases would be in the following order from 

Fs corner to outwards: fayalite - quartz, fayalite - quartz - pyroxenoid, 

pyroxenoid, pyroxenoid - clinopyroxene, clinopyroxene. No liquid, 

wollastonite or protopyroxene appears at this P-T condition (Lindsley, 1967; 

Chen and Presnail, 1975).

A serious internal inconsistency was found in this series of 

experiments, i.e., two runs (Q4 and 02) at Ca0.1oMgo.6oFe0•3oSi03 and 

Cao.15Mgo•55Fe0.3oSi03 compositions resulted in single phase clinopyroxene, 

which is out of harmony with the inferred solvus boundaries defined by other 

runs with bulk compositions with both higher and lower Fe/(Fe + Mg). The 

former composition was again tried with a prolonged run duration to 

facilitate nucleation of orthopyroxene (run 2N2). The result was again 

single phase clinopyroxene except at the 100 micron-wide margins of the 

charge to the AgsoPdso capsule where orthopyroxene and clinopyroxene were 

found (Figure 5). The region where orthopyroxene and clinopyroxene occured 

was also the region where Fe loss was detectable. Compositions of the
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clinopyroxenes in the inner parts are almost the same as those found in the 
run Q4 with shorter duration. By contrast, those of the orthopyroxenes and 

clinopyroxenes in the margins are not in serious contradiction with the results 

from neighbouring runs, although the pyroxene analyses show much spread 

partly due to differential iron loss. We believe that Ca-rich clinopyroxene 

and orthopyroxene, instead of single phase Ca-poor clinopyroxene, are stable 
around these two starting compositions. The nucleation of orthopyroxene in the 

margins of the run 2N2 is not well understood, but it is probable that the 
energy barrier for orthopyroxene nucleation was overcome either by 

catalytic role of capsule walls or by the change of the bulk chemistry due 
to the iron loss to the capsule.

At a higher temperature of 1350°C (run 202)» Mg0.3sFeo.6sSi03 
clinopyroxene was found to be coexisting with glass and a trace amount of 

quartz, which further demonstrates the stability of Ca-free clinopyroxene at 
high temperatures.

TOPOLOGY OF PYROXENE EQUILIBRIA IN THE SYSTEM 
Ca0-Mg0-Fe0-Si02

Before going to the detailed discussion on the pyroxene equilibria 

in the temperature-pressure-composition space, we will present two 
generalized pictures of pyroxene phase relations. Figure 6 is a temperature- 
composition diagram at a certain pressure. Figure 7 depicts the phase 
relations in the pressure-composition space at a constant temperature. Though 

both the figures are schematic and directly applicable to only certain ranges 
of pressure and temperature, they reveal essential topology of single-, two- 

and three-pyroxene fields, and serve as aids in understanding the phase 

relations. In the pyroxene quadrilateral, at least four stable pyroxenes are 

known, i.e., orthopyroxene (Pbca), protopyroxene (Pbcn), Ca-rich clinopyroxene 

(C2/c) and Ca-poor clinopyroxene or pigeonite (P2^/c) at room temperature 

but probably C2/c at high temperatures (cf. Brown et al., 1972). Iron-free
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Di Hd

Fig. 6 Schematic phase diagram of pyroxenes in the
temperature-composition space. Only orthopyroxene 
(opx) and Ca-rich and Ca-poor clinopyroxenes (cpx) 
are depicted. See text for explanation.
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Schematic phase diagram of pyroxenes in the pressure 
composition space. Abbreviations are: opx
orthopyroxene, cpx - clinopyroxene, PPX - 
protopyroxene. See text for explanation.
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pigeonite (Yang and Foster, 1972 ; Kushiro, 1972; Yang, 1973) would be merely 
an iron-free variant of the last category. The fifth and sixth phases, P2i/c 

low clinopyroxene (Lindsley, 1965; Grover, 1972) and P2i/calow orthopyroxene 

(Smyth, 1974) are still problematical in view of their stability, and are not 
included in the discussion. Should they be stable, however, the low pyroxenes 

occur at lower temperatures than Pbca orthopyroxene, thus only the low 

temperature regions of orthopyroxene field would be modified.
Among the four pyroxenes, three are depicted in Figure 6: Ca-rich 

and Ca-poor clinopyroxenes and orthopyroxene. There is a field where these 

three pyroxenes coexist at the temperature of Ti. As temperature increases 
Ca-rich clinopyroxene/orthopyroxene solvus narrows and the three phase field 
moves toward the En-Di join. After the appearance of Ca-free clinopyroxene, 

the topology of phase boundaries holds unchanged until T2 is reached where the 

two-clinopyroxene solvus vanishes and the triangle converges into an 
orthopyroxene-clinopyroxene join. With further increase of temperature, 

the orthopyroxene-clinopyroxene solvus continues to narrow.

Figure 7 is more complicated by the presence of protopyroxene at 
low pressures. At pressure of Pi, all the four pyroxenes appear with two 
three-phase fields: protopyroxene/orthopyroxene/Ca-rich clinopyroxene and 

orthopyroxene/Ca-poor clinopyroxene/Ca-rich clinopyroxene. As pressure 

increases, the two three-phase fields move apart. The former converges into 

the En-Di join at P2 and the latter reaches to a critical point at P3.
Above P3, only the orthopyroxene-clinopyroxene solvus stretches from the 
En-Di join to Fs-Hd join. The orthopyroxene/Ca-rich clinopyroxene solvus 

widens with increasing pressure.

At 0 to 2 kbar
The experimental information is much restricted to the joins En-Di 

(Boyd and Schairer, 1964; Kushiro, 1972) and Fs-Hd (Lindsley and Munoz, 1969). 

In the former join, all the four pyroxenes appear at appropriate temperatures, 

but the latter join is characterized by wollastanite, fayalite and quartz
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except at the Hd corner where clinopyroxene is stable at temperatures lower 

than 960°C. Experiments along the En-Fs join are scarce, but it is 

generally inferred that orthopyroxene inverts to Ca-free clinopyroxene at 

higher temperature. This inference is based on the classic work by Bowen and 

Schairer (1935) and high-temperature single crystal X-ray study by Smyth 

(1969), both of whom used natural orthopyroxenes with Wo content up to 3 mole 

percent instead of strictly Ca-free orthopyroxene.

The phase relations within the quadrilateral can be inferred by 

analogy with those in natural rock systems. Especially, Ross and Huebner's 

(1975) experimental study on natural orthopyroxenes containing augite lamellae 

established that there is a field where Ca-rich and Ca-poor clinopyroxenes and 

orthopyroxene coexist, and that this field moves towards the En-Di join as 

temperature increases. This feature is consistent with petrographical 

observation of coexisting three pyroxenes in nature (e.g. Nakamura and Kushiro, 

1970). The field, however, would not stretch to the En-Di join at this 

pressure range, but be intercepted by appearance of protopyroxene (Warner,

1975; Mori and Green, 1975). Ross and Huebner’s (1975) data give a 

temperature of first appearance of Ca-poor clinopyroxene from Ca-rich 

clinopyroxene/orthopyroxene assemblage as a function of the Mg/(Mg 4- Fe) ratio 

of orthopyroxene:

T°C = 440 x[Mg/(Mg + Fe)]°pX + 860

However, since the temperature may be strongly affected by presence or 

absence of certain elements (c.f. Lindsley et al., 1974c), this equation 

could be different from the counterpart in the simple system.

At 15 to 20 kbar

15 kbar is the pressure where the phase relations have been best 

studied in the literature. Figure 8 illustrates a comparison of the present 

data at 1200°C to those at 980°C and 810°C (Lindsley et al., 1974 a and b).

At 980°C, three-phase field occurs and some additional data from slightly 

different temperatures are available to confirm this: Smith (1972) indicated



76

“OX

Q

Fi
g.
 
8 

Co
mp
ar
is
on
 o

f 
th
re
e 

is
ot
he
rm
al
 s

ec
ti
on
s 

at
 1

5 
kb
ar
.

Th
e 

da
ta
 a

t 
81
0°
C 

an
d 

98
0°
C 

ar
e 

fr
om
 L

in
ds
le
y 

et
 a

l,



77

its presence along the join of Fe/(Fe + Mg) = 0.85 at 880°C and 15-16 kbar, 

and similarly, at 1000° and 900°C for the joins of Fe/(Fe + Mg) = 0.6 and 

0.75, respectively (Grover et al., 1972). Thus, these data are consistent 

with the trend observed at low pressures, i.e. three-phase field moves towards 

the En-Di join as temperature increases. The Wo content of Ca-poor 

clinopyroxene at the apex of the three-phase field is much higher than those 

found in low-pressure natural rocks (8 to 10 mole percent). Therefore, as is 

depicted in Figure 7, Wo content is expected to increase with pressure.

The two-clinopyroxene solvus is narrower at 1200°C than at 980°C, 

and is expected to disappear at higher temperature before the solvus reaches 

at the En-Di join. This feature is depicted at T2 in Figure 6.

The lack of the three-pyroxene field at 810°C would be explained 

in two ways: firstly, the three-phase field had already reached the Fs-Hd 

join at 810°C, or secondly, it converged somewhere in the Fe-rich part within 

the quadrilateral before reaching the Fs-Hd join thereby resulting single 

orthopyroxene-clinopyroxene solvus stretching between two joins En-Di and 

Fs-Hd.

At 20 kbar , no two-clinopyroxene solvus was found along the joins 

of Fe/(Fe + Mg) = 1, 0.6 and 0 (Lindsley and Munoz, 1969; Turnock, 1970; 

Howells and O'Hara, 1975; Lindsley and Dixon, 1975; Mori and Green, 1976). 

However, it is not clear whether this is so all over the quadrilateral or 

if the two-clinopyroxene solvus and also three-phase field appear in some 

restricted compositional range. The phase relations at 20 kbar would be 

depicted by sections just above or below P3 in Figure 8, according to which 

of these alternatives is correct.

At 30 kbar

No Ca-poor clinopyroxene (Fe-free pigeonite) was found in the join 

En-Di (Mori and Green, 1976). The isothermal section at 1200°C (Figure 4) 

demonstrates the orthopyroxene-clinopyroxene solvus stretching between the

two joins of En-Di and Fs-Hd. At 915°C along the join of Fe/(Fe + Mg) = 0.85,
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Smith (1972) reported a pair of Ca-rich clinopyroxene and orthopyroxene.
The three-phase field has not been observed at 30 kbar. As is the case at 

15 kbar , high temperature brings in clinopyroxene on the Fe-rich side of 
the En-Fs join (run 20l, Table 1). Figure 7 between P 3 and P4 gives 

pictorial basis for understanding the phase relations at 1200°C and 30 kbar.

Fe-Mg PARTITION BETWEEN PYROXENES 
The chemical compositions of coexisting orthopyroxene and 

clinopyroxene in a wide range of Fe/(Mg + Fe) at 30 kbar and 1200°C yield 

suitable data to examine the Fe-Mg partition between the pyroxenes and test 
if this partition is independent of the bulk chemistry or not. Partition 

coefficient of Fe and Mg between phases or sites A and B is defined as
KA/B = (Fe/Mg)A / (Fe/Mg)ß

^opx/cpx 2 0  kbar and 1200°C is plotted against Fe/(Mg + Fe) of
O D X /CPXorthopyroxene in Figure 9. K K  ̂ appears to decrease as orthopyroxene 

is enriched in Fe, and as Ca in clinopyroxene sympathetically decreases. The 

same tendency was reported from Broken Hill granulite pyroxenes (Binns,
1962), and was also suggested by Lindsley et al. (1974a) on experimental basis 
at 810°C and 15 kbar. Thus, both orthopyroxene and clinopyroxene cannot 

be ideal solution in terms of Fe and Mg. In fact, it is well known that Fe 

preferably enters into M2 site of pyroxenes resulting in deviation from 
ideality.

Alternatively, the ideally double-sited model (Banno and Matsui,

1966; Blander, 1972) assumes ideal Fe-Mg partition between Ml and M2 sites
of pyroxenes. In this model, overall nonideality is caused solely by the

intracrystalline partition of Fe and Mg. According to the model, three
,.opx-M2/opx-Ml ,pairs of coexisting pyroxenes allow to calculate K r and

ĵ cpx M2/cpx Ml ̂ ^  an  Ca is assumed to be at M2. However, the calculation 

requires impractically high accuracy of the chemical data. Instead, these two 

coefficients at 1200°C can be estimated, based on Virgo and Hafner (1969),
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o p x / c p x

Opx-Ml /Cpx-Ml

M  g + Fe

Fig. 9 Distribution of Fe and Mg between orthopyxoene
and clinopyroxene (above) plotted against the 
Fe/(Mg + Fe) ratio of orthopyroxene. The Fe-Mg 
distribution between orthopyroxene-Ml and clino- 
pyroxene-Ml is calculated on the basis of the 
ideally double-sited model of pyroxenes (see text). 
The error bars represent spreads due to the chemical 
differences within the three best-reacted
compositions which are plotted in Figures 4 and 5.
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Smyth (1973) and McCallister et al (1976), to be 2.48 and 4.35 respectively.
opx-Ml/One of the required properties of the model is constant K v

throughout entire range of Fe/Mg at constant pressure and temperature.

Figure 9 also shows the coefficient as a function of overall Fe/(Mg + Fe) 

of orthopyroxene. The coefficient increases as orthopyroxene becomes enriched 

in Fe. Therefore, this model is not strictly satisfactory either.

SOME UNUSUAL NATURAL PYROXENES

Apart from the rapidly crystallized Ca-poor clinopyroxenes in 

basalts, almost every natural pyroxene fits in the generalized scheme of 

pyroxene phase equilibria described in the previous sections. However, 

there are a few exceptions which do not satisfactorily fit in the scheme.

These pyroxenes along with some other unusual natural pyroxenes are 

referred to from the literature.

Cape Vogel protopyroxene

Dallwitz et al (1966) described phenocrysts of Ca-poor 

clinoenstatites coexisting with orthopyroxenes in a magnesian "andesite" 

from Cape Vogel, Papua. As has been discussed by them and by Nakamura (1971), 

there is every evidence that the clinoenstatite was primarily protopyroxene 

which later inverted to clinopyroxene upon cooling. Chemical compositions 

of coexisting protopyroxene and orthopyroxene are reproduced in Figure 10. 

Compositional realtion between the two pyroxenes clearly corresponds to the 

inferred phase relation of pyroxenes at a pressure between Pi and P2 or 

slightly greater than P2 in Figure 7. Dallwitz et al (1966) and Nakamura’s 

(1971) inference that this andesite crystallized the protopyroxene and 

orthopyroxene at a very low pressure and high temperature is consistent to 

the generalized scheme of pyroxene equilibria.

Connecticut clinobronzite

The report of clinobrozite by Philpotts and Gray (1974) is 

noteworthy. The clinobronzite is phenocrysts in the chilled margins of a
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cpx hosts *

Fig. 10 Plots of natural pyroxenes in a portion of the 
pyroxene quadrilateral (in mole percent). The data 
sources are: Cape Vogel - Dallwitz et al. (1966),
Connecticut - Phillpotts & Gray (1974), and 
Makrirrakhi, Greece - Menzies (1973).
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Connecticut diabase dike. While optically they are now orthopyroxene, the 

morphology of the crystals clearly shows monoclinic form, indicating 

that the phenocrysts originally crystallized as clinopyroxene (pigeonite), 

then inverted to orthopyroxene upon cooling. The composition of the 

clinobronzite (Figure 10) is slightly higher in CaO and FeO than that of the 

orthopyroxene III used by Bowen and Schairer (1935) for the experiments to 

define orthopyroxene-clinopyroxene inversion at atmospheric pressure. The 

inversion took place at around 1130°C in Bowen and Schairer's experiments. 
Recent similar experiments by Ross et al (1973) and Ross and Huebner (1975), 

however, show that augite-bearing orthopyroxene with similar composition to 
Bowen and Schairer's (1935) orthopyroxene III reacted to form Ca-poor 
clinopyroxene (pigeonite) and liquid at 1240°C. Because of these conflicting 
experimental results, it is not clear if the Connecticut clinobronzite 
corresponds to the Bowen and Schairer's orthopyroxene-clinopyroxene inversion. 

However, this new occurrence of clinobronzite strongly suggests that 
orthopyroxene/Ca-poor clinopyroxene field reaches around Cao•osMgo•7 sFeo•2 oSi03

composition at low pressures and high temperatures, and that it will extend 

to the En-Fs join, as was found at 15 kbar and 1200°C.
Sub calcic clinopyroxene lamellae from Makrirrakhi, Greece

From the ultramafic and mafic rocks at Makrirrakhi, Greece,

Menzies (1973) reported subcalcic clinopyroxene lamellae (~Wo2e) in calcic 

clinopyroxene (~Wo5o). Their compositions are reproduced in Figure 10.
These lamellae, if equilibrated with the host pyroxenes, directly conflict 

with any experimentally determined two-clinopyroxene solvus. It is not well 

understood how these lamellae were formed from the very calcic host 
clinopyroxenes. One possibility is that the subcalcic clinopyroxenes are not 

equilibrium products exsolved from the calcic clinopyroxenes, and it is 
perhaps possible that they are in fact very thin amphibole lamellae, and not 

clinopyroxenes as reported by Menzies (1973).
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ABSTRACT

Three methods of geothermometry, currently used for spinel 

lherzolites, are refined based on new experiments on subsolidus phase 

equilibria of olivine, pyroxenes and spinel in Ca0-Mg0-Al203-Si02 and 

natural rock systems at 16 kb and 1200°C. Although quasi-thermodynamic 
modelling is employed, the methods are essentially based on the pyroxene 

solvus, alumina contents in clinopyroxene and orthopyroxene. Increasing 

alumina contents in pyroxenes reduce enstatite and diopside components in 

clinopyroxene and orthopyroxene, respectively. Thus, neglect of alumina in 
pyroxenes causes underestimates of temperatures by the solvus method.

The three geothermometers were tested by applying them to 
homogeneous spinel lherzolites which were especially selected for this purpose. 
Coincidence of the three temperatures thus estimated gives confidence in the 
effectiveness of the geothermometers.

They were also applied to spinel lherzolite nodules in basalts and 

intrusive lherzolites described in the literature. It was found that 
equilibration temperature of the nodules varies from 1000°C to 1300°C, i.e., 

temperatures somewhat higher than have been generally thought. In contrast 
to the nodules, the intrusive spinel lherzolites show extensive disequilibrium, 
which is probably due to retrogressive metamorphism suffered by the intrusives.

INTRODUCTION

In the last decade, ultramafic nodules in basalts and intrusive 
periodotites have been subjected to intensive studies by petrologists as 

one of the keys to understanding the earth’s upper mantle. Particularly, the 
relatively constant whole rock chemistry and world-wide distribution of spinel 

lherzolite nodules in basalts in conjunction with the experimentally determined 

stability field for spinel lherzolite mineralogy [1, 2] established the 

concept of an uppermost mantle dominantly composed of spinel lherzolites.

The petrographic and chemical information on spinel lherzolites has been
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summarized [3]. A fundamental unsolved problem relating to spinel lherzolites 
is the estimation of the physical conditions of equilibration for individual 

nodules; this knowledge is fundamental because of its direct relevance to the 

geologic processes in the uppermost mantle, and it is unsolved because of 

the limited data available for phase equilibria between coexisting olivine, 

pyroxenes and spinel in natural rock systems.

Currently, there are two types of approach to temperature and pressure 

estimates for the spinel lherzolites:

1) Boyd-MacGregor grids [4, 5] in which estimates of temperature are based 

on the pyroxene solvus, more specifically, Ca/(Ca+Mg) ratio of 
clinopyroxene. Pressure is estimated by alumina solubility in 
orthopyroxene. The grids do not appear to survive a field test by 

Wilshire and Jackson [6].
2) Thermodynamic models which are constructed on the experimental data in 

simple systems but are intended for use for natural rocks [7, 8, 9].

This approach originated with Wood and Banno [10].
Unfortunately our knowledge of the phase equilibria of olivine, 

pyroxenes and spinel even in simple systems with at most four components 

(Ca0-Mg0-Al203-Si02) is not well established and currently in debate.

The most serious debate concerns alumina solubility in orthopyroxene 
coexisting with olivine and spinel in the Mg0-Al203-SiÜ2 system. According 

to MacGregor [5], the solubility increases with temperature and decreases 
with pressure. However, Presnail [11] suggests the opposite pressure effect.

A third opinion suggests very small pressure effect [8, 12, 13] and is based 
on simple thermodynamic models of olivine, orthopyroxene and spinel. These 

models are inferred from garnet-orthopyroxene equilibria as experimentally 

determined by MacGregor [5] in the Mg0-AJ-203-Si02 system but necessarily 
ignore the orthopyroxene-spinel equilibria data obtained in the same study [5]. 

Fujii and Takahashi [13] also experimented on orthopyroxene-spinel equilibria 

in the same system at 1400°C from 10 to 20 kb, and found no pressure effect on
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AI2O3 solubility in orthopyroxene. Their experiments are, however, overwhelmed 

in quantity by those of MacGregor [5].
The other important phase relationship, i.e. the pyroxene solvus 

in the Ca0-Mg0-Si02 system, was recently redetermined [14, 15, 16] with the 

result that the solvus was shown to be a function of both temperature and 
pressure. Thus, if the solvus at any one pressure is used in geothermometry, 

some error in temperature estimates is expected from neglect of the pressure 

effect.
The thermodynamic approach is convenient in dealing with minerals 

in natural rock systems and ideally is superior to the first approach. A 

problem here is in the thermodynamic models themselves. Present knowledge 
is far from accurate in the assignment of cations to different sites in 
minerals. In addition, we know little of the thermodynamic properties of 

relevant solid solutions. Inevitably, many assumptions, some of which are 
highly unlikely have to be introduced. Overall errors in temperature and 

pressure estimates thereby caused are beyond our assessment.
This paper presents preliminary experimental data on equilibria 

between olivine,orthopyroxene, clinopyroxene and spinel in both simple 
and natural rock systems, proposes three methods of temperature estimates for 

spinel lherzolites, and examines the reliability of these methods by applying 

them to homogeneous natural spinel lherzolites. Temperatures of these rocks 
are estimated based on an assumed pressure of 16 kb, and the errors caused by 

this assumption are evaluated. This particular value of pressure was chosen 

because it is near the middle point of the experimentally determined 

stability field of spinel lherzolite, from about 8 kb to 24 kb at 1000 to 

1300°C [1, 2, 17, 18].
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THERMODYNAMIC MODELS

Three independent chemical reactions are used as the basis of the

geothermometry. They involve two or three minerals among olivine,

orthopyroxene, clinopyroxene and spinel. Because the methods are almost

the same as those in the literature [7, 8, 9, 10], only brief descriptions

are given. The three chemical reactions are as follows:

Mg2Si206 = Mg2Si206 (1)
opx* cpx

CaMgSi206+MgAl204 = CaAl2Si06+Mg2Si04 (2)
cpx sp cpx oliv

Mg2Si206+MgAl204 = MgAl2Si06+Mg2Si04 
opx sp opx oliv

Equilibrium reaction coefficients for these reactions are

(3)

Ki
ACpx^Ig2Si206
A°pxrlg2Si205

(4)

K2
cpx oliv
CaAl2Si06 * Mg2Si04
cpx sp
CaMgSi206 ' ndgAl204

(3)

K3
opx oliv
MgAl2Si06 ' Mg2Si04

A°PX ASp^tg2Si206 ' MgAl204
(6)

In these equations, Â. represents the activity of component j in phase i 

The models assume:

1) ideal solid solutions where cations mix ideally in sites

2) Fe and Mg in pyroxenes and olivine randomly distribute between 

the two cation sites (Ml and M2).

Abbreviations used in this paper are: opx = orthopyroxene, cpx = clinopyroxene, 

oliv = olivine, sp = spinel.
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3) Ca2+ , Na+ , and Mn2+ of pyroxenes are allocated to M2; Fe3+, Ti4+ and 

Cr3+ are assigned to Ml, tetrahedral A13+(X^ ) is identical to 2-Si, 

and the remaining Al3+ is assigned to Ml.

4) Al3+ in tetrahedral and Ml sites are completely coupled to form 

tschermaks' components.

Thus, activities are calculated as follows:

.cpx = M2 Ml cpx
Mg2Si206  ̂Mg * Mg;

A°pxMg2Si206

cpx
LCaAl2Si06

<  ■ 0 ° px

tXCa • M1N< >  XIl)]CPX

ClaSiOe ■ [X£g • MIN(XM> XIl)]°PX

Acpx = rvM2 ^Mlv cpx
CaMgSi206 v Ca ' ^lg'

C s i o ,  - [(XMg)2)0liV

AMgAl204 ^ g ’^Al^ ^

> (7)

where MIN (i,j) represents the smaller value between i and j. Fe3 + of spinel, 

if not analytically determined and if the total cation is more than 3.0 per 4 

oxgens, is estimated assuming stoichiometry of spinel,and the chemical formula 

is readjusted before the claculation of A ^ ^  q *

Substitutions of equations 4, 5 and 6 by 7 give:

Ki <  • c » *

<  • C » " 1

(8)
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[ X ^  . m i n (x^ ,  x ^ ) ] cpx
k2 [(v 2]°liv

(XM2 Ml. cpx 2lsp
Ca ‘ XMg) ‘ LV  * (XA1} J

‘ MIN (XM> XIl)]OPX * t(XM ) 2 ] ° l i V

<  • 0 ° PX ‘ [ XMg*(XA!>2lSP

(9)

(10)

These three coefficients are functions of temperature and pressure, 

and also of chemistry if the assumed simple models of the solid solutions 

are not adequate. They have been experimentally calibrated or can be 

calculated from the data in the literature. It should be noted that these 

calibrations are derived in simple chemical systems

Ki can be calculated as a function of temperature and pressure 

by the experimental data on coexisting orthopyroxene and clinopyroxene in 

the Ca0-Mg0-Si02 system of Mori and Green [15, 16]. The function plotted 

in the In Ki vs. 1/T°K shows strong curvature at 30 kb, contrasting to 

the straight line obtained by Wood and Banno [10] who used Davis and 

Boyd’s [19] data. Almost the same degree of curvature is also found in 

the data of pyroxenes in the same system at 30 kb [20] and 20 kb [21].

Interpolation of Mori and Green's [15] data at 16 kb gives an equation:

1

~ ~  = 0.413 (ln K.)2 - 0.0234 In + 5.61 (11)
T K J_

Ki vs T relation at 16 kb has been presented also in the more complex 

system Ca0 -Mg0 -Al20 3-Si0 2 by Herzberg and Chapman [9]:

^ 7T = - 1.177 In Ki + 4.215 (12)1  J x

but, since Herzberg and Chapman did not directly determine compositions

of orthopyroxenes, the equation 11 is preferred to 12.

K_2 has been calibrated in the system Ca0-Mg0-Al20s-Si02 by

Herzberg and Chapman [9]. Their equation at 16 kb is:

104
T°K -1.083 In K 2 + 4.80 (13)
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Temperature of their experiments ranges from 1100 to 1400°C.
K.3 can be calculated on the basis of experimental data of 

orthopyroxene which is coexisting with olivine and spinel in a wide 

range of temperature and pressure in the Mg0-Al203-Si02 system by MacGregor 

[5]. Assuming both olivine and spinel are pure phases, his results at 16 kb 
give a curve of second degree:

T K 0.357 (In K3) - 0.53 In K3 + 5.2 (14)
MacGregor's data are, however, currently being challenged [8, 12, 13] as 

mentioned in the introduction. An alternative scheme in the same system 
presented by0bata[8, his Fig. 2] gives an equation at 16 kb:

T K -2.061 In K3 + 3.454 (15)
We can also obtain another equation from Obata's Fig.6 which shows alumina 
content of orthopyroxene coexisting with olivine, spinel and clinopyroxene 

in Ca0-Mg0-Al203~Si02 system. Though the equation is very similar to the 
equation 15, the latter is preferred because his Fig. 6 shows spinel 
lherzolite facies boundary to garnet lherzolite facies much lower than 
the one experimentally determined in the same system [2].

EXPERIMENTAL METHODS
A piston-cylinder type high pressure apparatus was used for 

experiments with a pressure correction of -10% of nominal load pressure 

using piston-in technique. Thermometry was by Pt/PtgoRhio thermocouples 

with no correction applied for pressure effect on thermocouple emf. 

Possibly because of thermocouple drift [22] in long duration experiments, 

indicated temperature continuously decreased during the experiments. Thus 

it was necessary to maintain temperature by supplying constant electric 
power to the furnace assembly. The apparent temperature drop was about 

70°C within 13 days for the experiments intended to be at 1200°C, and 35°C 

within 26 days for the one to be at 1000°C. It is believed, however,
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accuracy of real temperature thus maintained was not worse than +40°C.

The furnace assembly included a pyrex glass sleeve and an alumina thermocouple . 

insulator. Run details are listed in Table 1. Starting material for the runs 

in the simple system was a mixture of synthetic forsterite (6.2 wt%), 

clinoenstatite (36.7%), diopside (37.2%) and MgAl2 Ü 4 spinel (19.9%), which 

were crushed down to< 4 microns. The clinoenstatite run at 30 kb and 1200°C 

for 4 minutes totally converted to orthoenstatite. Thus, use of 

clinoenstatite instead of orthoenstatite would have caused no problem of 

metastability in the experiments with much longer durations needed for 

chemical reactions.

For the natural rock system, olivine, orthopyroxene, clinopyroxene, 

and spinel were separated from a spinel lherzolite nodule (No. 2K) from 

Mt. Porndon, Victoria, which was 25 cm in diameter, free from alteration and 

without mineralogical banding. Examination by microscope and X-ray 

diffraction did not show exolution in pyroxenes. Chemical compositions of the 

constituents (Table 2) are remarkably homogeneous. The separated minerals 

were crushed to 4 microns and remixed in almost equal proportions.

Run products were identified by microscope and X-ray diffraction, 

and analyzed by TPD-microprobe. Bulk analyses of the run products 

excluding the rims to capsules with defocussed beam showed no chemical 

contamination or iron loss to the capsules. Chemical compositions of the 

run products are listed in Tables 3 and 4.

EXPERIMENTAL RESULTS

At 16 kb and 1200°C in the simple system (run 2J), compositions of 

olivine and spinel are consistent with stoichiometry of pure end-member 

phases (Table 3). A search for the chemical range of pyroxenes detected a 

few clinopyroxenes almost free from alumina only at the places where no 

spinel was adjacent to the clinopyroxene. Only these analyses were discarded.

In the run 2L in the natural rock system at the same temperature
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Table 2 Microprobe analyses o f  natural  minerals (2K) used in the high pressure experiment (2L)

01iv ine Orthopyroxene Clinopyroxene Spinel

Si02 40.72(15) 55.70(13) 52.87(22) 0.16(33)

A ,2°3 - 3.53(13) 5.14(26) 47.03(38)

Cr2°5 - 0.42(4) 1.26(9) 21.40(20)

FeO* 8.87(10) 5.51(4) 2.32(6) 10.93(17)

MnO - - - 0.13(13)

MgO 50.41(10) 34.15(11) 16.36(12) 19.90(18)

CaO - 0.62(5) 20.58(14) -

Na^O - 0.07(11) 1.47(9) 0.46(8)

Number o f  ions (pyroxenes: 0 = 6 ,  o l i v i n e  and sp i ne l :  0 = 4 )

Si 0.993(3) 1.916(4) 1.910(8) 0.004(9)

A1 - 0.143(6) 0.219(12) 1.496(11)

Cr - 0.011(1) 0.036(3) 0.457(5)

Fe 0.181(3) 0.159(2) 0.070(2) 0.247(5)

Mn - - - 0.003(3)

Mg 1.833(5) 1.752(6) 0.881(7) 0.800(8)

Ca - 0.023(2) 0.796(6) -

Na - 0.005(8) 0.103(7) 0.024(5)

Total 3.007(3) 4.009(6) 4.015(7) 3.031(5)

Ca 1.2(1) 45.6(3)

Mg 90.6(1) 50.4(3)

Fe 8 .2(1) 4.0(2)

Mg/(Mg+Fe) 0.910(1) 0.764(4)

Each column represents an average of  9 analyses (normal ized to a to t a l  o f  100). The

numbers in parentheses are standard dev ia t ion  and r e f e r  to the l a s t  decimal p l a c e ( s ) .

* :  Total Fe as FeO. -:  not detected.  T i 0^ and K.,0 were analysed but  not detected

in any mineral .
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Table 3 Microprobe analyses o f  the run products a t  16 kb and 1200°C 

in the Ca0-Mg0-Al203-S i02 system (run 2J)

01iv in e Orthopyroxene Clinopyroxene Spinel

Si02 42.52(14) 56.06(36) 52.36(27) -

a i 2o3 5.91(65) 6.39(29) 73.37(35)

MgO 57.38(23) 36.97(24) 19.09(18) 28.88(15)

CaO 1.14(9) 22.07(32) -

Total 99.90(36) 100.08(35) 99.91(47) 102.25(24)

Numbers o f  ions

(pyroxenes: 0 = 6 , o l i v i n e  and s p in e l : 0 = 4)

Si 0.997(1) 1.880(13) 1.869(8) -

A1 0.234(25) 0.269(12) 2.002(5)

Mg 2.006(1) 1.848(13) 1.016(10) 0.997(7)

Ca 0.041(3) 0.844(10) -

Total 3.003(1) 4.003(3) 3.998(4) 2.999(3)

Data are an average o f  3, 14, 10 and 3 analyses f o r  o l i v i n e ,  orthopyroxene, 

clinopyroxene and sp in e l ,  respec t ive ly .  The numbers in parentheses 

represent standard devia t ions and re fe r  to the l a s t  decimal p lace(s) .
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Table 4 Microprobe analyses o f  the run products a t  16 Kb and 1200°C in the natural  spinel  

I h e r z o l i t e  system (run 2L)

01iv ine Orthopyroxene Cl inopyroxene Spinel

Si02 40.71(35) 55.52(48) 52.19(47) -

a i 2o3 - 3.58(25) 5.02(2) 47.85(55)

Cr2°3 0.25(8) 0.61(6) 1.45(6) 20.86(22)

FeO* 9.04(21) 5.54(9) 2.56(13) 10.49(15)

MgO 50.14(33) 33.74(47) 16.25(31) 19.93(25)

CaO - 0.68(3) 19.93(28) 0.09(2)

Na20 - - 1.32(14) 0.36(9)

Total 100.14(88) 99.67(73) 98.7(1.0) 99.58(94)

Number o f  ions (pyroxenes : 0 = 6 , o l i v i n e and s p i n e l : 0 = 4 )

Si 0.993(1) 1.917(4) 1.910(6) -

A1 - 0.146(11) 0.216(4) 1.521(5)

Cr 0.005(2) 0.017(2) 0.042(3) 0.445(4)

Fe 0.184(3) 0.160(2) 0.079(4) 0.237(4)

Mg 1.823(6) 1.737(12) 0.886(12) 0.802(5)

Ca - 0.025(2) 0.781(7) 0.003(1)

Na - - 0.094(10) 0.019(4)

Total 3.005(1) 4.002(4) 4.008(10) 3.027(2)

Ca 1.3(1) 44.7(5)

Mg 90.4(1) 50.8(4)

Fe 8.4(1) 4.5(2)

Mg/(Mg+Fe) 0.908(2) 0.772(3)

Data are an average o f  3, 4, 4 and 5 analyses f o r  o l i v i n e ,  orthopyroxene, c l inopyroxene

and sp i n e l ,  res pec t i ve ly .  Standard dev iat ions are in  parentheses and r e f e r  to the l a s t

decimal p lace(s ) .  T i0 2 , MnO and K20 were analyzed but not detected in any mineral .

* :  Total  Fe as FeO. Microchemical ana lys is  o f  the bulk run product  shows 0.31 wt % Fe203

(Analyst :  E. K iss) .
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and pressure, faster reaction might be expected. Conservatively, run duration 

was also prolonged by 40%. The compositions of the minerals after the run 

(Table 4) are very similar to those in the starting material (Table 2). 

Retrospectively, it was unfortunate that the spinel lherzolite nodule 

(No 2K) used as a starting material was in equilibrium at a temperature not 

far from 1200°C. This inference derives from substitution of the mineral 

compositions in equations 11-15, yielding temperature estimates of 990, 1160, 

1280, 1020 and 1040°C respectively. The reality of chemical reaction can be 

seen in slight but definite changes in Cr of olivine, orthopyroxene and spinel, 

Al of spinel, Fe and Ca/(Ca+Mg+Fe) of clinopyroxene. These changes are beyond 

the compositional variations in the reactants and products and lead to the 

conclusion that the products have closely approached equilibrium under the 

experimental conditions. Comparison of Tables 3 and 4 (run products of 2J 

and 2L) shows a noteworthy difference of alumina content in orthopyroxenes in 

the simple and natural rock systems at the same temperature and pressure.

The AI2O3 content dropped from 5.9 wt% in the simple system to 3.6% in the 
natural rock system apparently in accordance with a similar change of 

alumina in coexisting spinels. This sympathetic change in A1203 has been 

observed also in spinel lherzolite nodules [23, 24].

The run 2M in the simple system at 1000°C and 16 kb could not reach 

even local equilibrium, showing a sharp contrast to the run 2J at a 

temperature higher by only 200°C. Alumina content in pyroxenes contacting to 

spinel varied widely, some being below detection limits. Again olivine and 

spinel were of pure end member compositions. Knowing that equilibrium was 

not achieved at this temperature even within 26 days, the planned further 

experiments at this, and lower temperatures, were discontinued.

GEOTHERMOMETRY

As has been shown, we know from the literature fundamental
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relationship between temperature, and ln Ki, ln K2 and ln K3 at 16 kb in three 

or four-component system. If the solid solution models were correct, the 

equations 11, 13 and 14 or 15 could be used to calculate accurate In Ki, 

ln K2 and ln K3, and consequently accurate temperatures of natural spinel 

lherzolites. However although these models are necessary at the present 

state of knowledge, it is known that they are approximations only to the 

real solid solution models. Thus, application of those equations inevitably 

causes systematic errors in ln K terms and eventually in temperatures.

The systematic errors can be seen in Fig. 1 and are discussed below:

In Ki : In Ki decreases as chemical system becomes more complex. Even 

addition of only AI2O3 to the CaO-MgO-SiC>2 system causes significant 

change in In Ki. This change in terms of pyroxene compositions is 

better illustrated in Fig. 2.

ln K2 : ln K2 in this paper in the Ca0-Mg0-Al203-Si0 2 system agrees well

with Herzberg and Chapman's value [9] in the same system. Although the

determined CaO contents of pyroxene differ in the two studies, the X ^
Mlterms in equation 9 cancel in the chosen system and as long as X ^  is 

the same in the two studies, the value of ln K2 is the same. ln K2 in 

the natural rock system is higher than in the simple system, 

ln K 3 : Two reference curves in the Mg0-Al203~Si02 system by MacGregor 

[5] and Obata [8 ] are almost the same at 16 kb and below 1200°C.

Presence of CaO results in lower ln K 3 which, in turn, is the same as 

the value in the natural rock system within the estimated errors.

The errors in temperatures caused by difference of chemical 

system in conjunction with the inadequacy of the solid solution models are 

quite large: the reference curves for Ki, K2 and K 3 would give Ti* of the

run 2L about 150°C lower than real, T2 higher by 70°C, and T3 lower by 170°C. 

The desirable method for accurate temperature estimates is, of course, to 

construct satisfactory models of olivine, pyroxenes and spinel, but being 

far from such knowledge, we have to choose another approach. In this
* Ti, T2 and T3 denote temperatures obtained by respective Ki, K2 and K3.
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1500 1300 1100 900 °C

CMA S

Fig. 1 K-j, and geothermometers (16, 17 and 18). The others are 

reference curves in simple systems. The numbers re fe r  to the 

equations in the tex t. Experimental data at 1200°C and 16 kb 

in simple and natural rock systems are also shown. C.M.A. and 

S represent CaO, MgO, A l ^  and SiO^, respective ly.
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1 300 °C

garnet

26 k b 
38 kb

CaSiO MgSiO

MOLE %

Fig. 2 Contrasted alumina e f fe c t  on the pyroxene solvus in (A) spinel 

and (B) garnet Ih e rzo l i te  facies. Note the difference in the 

d ire c t ion  of the clinopyroxene phase boundary facing to 

orthopyroxene between the two facies. Data sources are Akella 

[25] fo r  the coexisting garnet and pyroxenes, MacGregor [5 ] fo r  

Ca-free pyroxenes, Mori and Green [15] and A l-free  pyroxenes (by 

in te rp o la t io n ) ,  and th is  paper fo r  coexisting spinel and pyroxenes.
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alternative approach, the errors in temperature estimates can be minimized 

if empirical reference curves, drawn parallel to those of equations 11, 13 

and 14, are made to pass through the experimental data point for the natural 

rock system (Table 4, Fig. 1). By using the new curves as geothermometers, 

more reliable temperatures can be obtained for natural spinel lherzolite 

insofar as their mineral chemistries are similar to the example chosen for 

experiments. It should be noted that in these ’emperical’ ln K vs ^  curves 

the ln K terms do not have the theoretical meaning of the original 

expressions. The new equations proposed as practical geothermometers are:

104 9
^ ~ ö v = 0.41 (In Ki)2 + 0.37 In Ki + 5.7 (16)II K

104 = -1.08 In K2 + 5.12

1 0 4 2
±r-öv = 0.357 (In K 3) - 0.177 In K3 + 5.04 1 3 k

(17)

(18)

MacGregor’s scheme [5] was tentatively employed for the equation 18 in 

preference to Obata's [8] which would have given an alternative equation:

-2.06 In K 3 + 2.69 (19)T3°K
It should be noted that these equations are based on empirical curve fitting 

using arbitrarily chosen form of function, and consequently that extrapolations 

to temperatures outside 900°C to 1400°C are unwarranted. Besides, the 

equation 16 should not be used for the rocks in garnet lherzolite facies 

where phase relations of alumina in pyroxenes are different (Fig. 2).
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EVALUATION OF THE GEOTHERMOMETERS

Two lines of argument are introduced in this section in order to 

test and evaluate the equations 16, 17 and 18 as geothermometers. The first 

approach uses samples of natural spinel lherzolites which are considered to 

be frozen-in, equilibrated mineral assemblages. The three equations, if 

effective as geothermometers, should give the same temperatures within the 

error estimates for each rock. The second line of argument evaluates the 

errors in temperature estimates caused by various factors.

An unsuccessful literature search was made for spinel lherzolites 

for which chemical compositions of olivine, orthopyroxene, clinopyroxene and 

spinel had been obtained, homogeneity of minerals was tested for and 

established and in which there were no textural features suggesting 

disequilibrium. Because of this lack of success, a large collection of thin 

sections of spinel lherzolites from Eastern Australia were examined and two 

rocks selected:LJ7 occurring in olivine melilitite at Laughing Jack Marsh 

[26, 27], and SC4 occurring in olivine nephelinite at Scottsdale, Tasmania. 

Both rocks show exsolution of pyroxenes and trace spinel in some pyroxene 

grains. Distribution of exsolved lamellae in a single grain is also 

localized. The compositions of constituent minerals are listed in Table 5. 

Chemical homogeneity, apart from the exsolved phases, is comparable to or 

slightly worse than that in the rock 2K used as a starting material in the 

run 2L (Table 2).

Another set of data was supplied by J. Keller. The spinel 

lherzolite, L3, is a nodule in olivine nephelinite at Kaiserstuhl, Germany. 

Though the rock shows low temperature alteration on grain boundaries the 

relicit minerals are quite homogeneous except for tiny secondary spinels 

around the primary discrete spinels.

Temperatures, Ti, T2 and T3, for these rocks were estimated by the 

equations, 16, 17 and 18 and for the nodule 2K as well. As is shown in 

Figure 3, the estimated three temperatures in each rock fall in a range of
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T a b l e  5 M i c r o p r o b e  a n a l y s e s  o f  m i n e r a l s  i n  s p i n e l  l h e r z o l i t e  n o d u l e s  f r o m  Tasman ia

LJ7 , L a u g h in g J a c k ,  Tasm an ia SC*4, Sc o t  s d a 1e ,, Tasman ia

01 i v i ne Opx Cpx S p i n e l 0 1 i v i n e Opx Cpx S p i n e l

S i 0 2 4 0 .9 2 5*4.83 5 2 . 1 8 - *41.15 55-7*4 5 2 . 7 8 -

T i 0 2
- - 0- 23 0 . 1 2 - - 0.1*4 -

A l 2 °3
- *4.13 5 . 2 6 5 5 . 8 5 - 3 - 5 6 4 . 9 6 58 .5 0

C r 2°3
- 0 . 2 6 0 . 7 7 11 .52 - 0.2*4 0 . 6 5 1 0 . 1 3

F e O * 10 .13 6 .*45 2 . 8 0 1 1 .8*4 10 .56 6 . 6 2 2 . 4 9 11.41

MgO 4 8 . 8 4 3 2 . 7 8 15 -55 20 .51 *48.67 33 -28 1 5 . 4 2 2 0 . 4 8

CaO - 0 . 5 8 20 .51 - - 0 . 3 8 2 1 . 5 7 -

Na^O - - 1 . 16 0 . 2 0 - - 0 . 9 9 0 . 3 4

T o t a l 9 9 - 8 9 9 9 - 0 3 9 8 . * 4 6 100.0*4 1 0 0 . 3 8 9 9 - 8 2 9 9 . 0 0 10 0 .86

Number o f  c a t i o n s  ( o l i v i n e  and s p i n e l  : 0=*4, py r o x e n e s : 0=6)

Si 1 . 003 1 .911 1 .915 - l .006 1 .926 1 .926 -

Ti - - 0 . 0 0 6 0 . 0 0 2 - - 0 . 0 0 4 -

A 1 - 0 . 1 7 0 0 . 2 2 8 1 .718 - 0 . 1*45 0 . 2 1 4 1 .770

Cr - 0 . 0 0 7 0 . 0 2 2 0 . 2 3 8 - 0 . 0 0 7 0 . 0 1 9 0 . 2 0 6

Fe 0 . 2 0 8 0 . 1 8 8 0 . 0 8 6 0 . 2 5 8 0 . 2 1 6 0 .191 0 . 0 7 6 0 . 2 4 5

Mg 1 .7 85 1 .7 03 0 .851 0 . 7 9 8 1 .773 1 .7 15 0 . 8 3 9 0 . 7 8 4

Ca - 0 . 0 2 2 0 . 8 0 6 - - 0.01*4 0 . 8 4 3 -

Na - - 0 . 0 8 2 0 . 0 1 0 - - 0 . 0 7 0 0 . 0 1 7

T o t a l 2 . 9 9 6 *4.001 3 - 9 9 6 3 . 02*4 2 . 9 9 5 3 . 9 9 8 3 .991 3 . 0 22

Ca 1 .2 *4 6 . 3 0 . 7 4 8 . 0

Mg 8 9 - 0 *4 8 . 8 8 9 . 3 4 7 . 7

Fe 9 . 8 *4-9 10 .0 4 . 3

Mg/ (Mg+Fe)  0 . 8 9 6 0 . 7 5 5 0 .89 1 0 . 7 6 2

T o t a l  Fe as FeO. MnO and l<20 w e r e  n o t  d e t e c t e d  i n  any m i n e r a l .
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T a s m a n i a S C 4

1 1 1 1

2~3

L J 7 2-1 -3

V i c t o r i a 2 K 1— 32

K a is e r s t u h l L3 321

_ j__________i__________i__________1______________

1000  1100 1200 1300 °C

Fig. 3 Assessment of the geothermometers by using homogeneous spinel

Ih e rzo l i te s .  The numbers 1, 2, 3 re fe r  to independent temperature 

estimates based on K-j, K^, respective ly.



108

70°C for two rocks and 40°C for the others. Error of + 35°C is well within 

the estimated errors associated with the methods as will be discussed in the 

following paragraphs. Thus, we conclude that these three methods of 

temperature estimates can give consistent results for the rocks in which 

chemical equilibrium is considered to be frozen, at least in a temperature 

range between 1100 and 1300°C.

There are several major sources of error in temperature estimates.

As was mentioned earlier, however, the application of inadequate solid 

solution models should not cause serious errors as long as the samples are 

spinel lherzolites chemically similar to the run products, 2L. In fact, 

the similarity in chemistry among natural spinel lherzolites has often been 

noted in the literature. If a problem exists, it should be most apparent in 

the equilibria involving spinel which varies in Cr203 content from ~50% to 

~0% although the common range is 10-25 wt %. Because the spinel in the run, 

2L, has 20 wt % Cr2 0 3, the error in temperature should be minimal for rocks 

containing similar spinels. Among the examined samples shown in Fig. 3,

2K has -20% Cr20a and L3, SC4 and LJ7 have 10-14% Cr203. If the deviation 

of Cr203 content from 20 wt % is a serious problem, systematic errors will 

be caused, by their nature, in T2 and T3, and not in Ti for which spinel has 

no relevance. Thus, the data in Fig. 3 argue that this particular variable 

is not a source of error although application to spinels with >30% Cr203 

(chromites) would not be justified.

The assumption of 16 kb pressure inevitably causes an error in 

temperature estimates. Because of their mineral assemblage of spinel 

lherzolite, the possible maximum deviation of pressure from 16 kb is 8 kb 

[1, 2, 17, 18]. The temperature error due to neglect of 8 kb difference 

can be estimated from the original experimental or calculated data [5, 9, 15] 

from which the reference equations, 11, 13 and 14, were derived: Ti, T2 and 

T3 of rocks equilibrated at 24 kb will be underestimated by 60°C, 50°C and 

150°C, respectively, near an apparent temperature of 1200°C. However, if
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Obata’s [8 ] scheme is used, T3 is underestimated by 25°C.

Accuracy of chemical analyses of minerals is crucial for reliable 

temperature estimation. This is particularly true for calculation of T2

and T 3 since calculations of AcaAl2Si06and ^gAl 2Si06 are CritlCally 
dependent on SiC>2 analyses. All the data used in Fig. 3 are obtained by 

TPD-microprobe which has good accuracy in SiÜ2 determination [16, 28].

However, there are some pyroxene analyses in the literature in which A1 

is insufficient to fill the tetrahedral site unoccupied by Si. Consequently, 

activity of Tschermak’s molecule in the pyroxene becomes 0, resulting in a 

temperature estimate of 0°K. However, as is described in the next 

section, such extreme cases can be avoided by selecting only the pyroxene 

analyses with good chemical formulae. It can be seen that inaccurate SiC>2 

determination can result in remarkably underestimated temperature by the

nature of the scheme of activity calculations. Also, Ti is sensitive to
cpxchemical analyses as calculation of A ^  si2o involves subtraction of Ca,

Na and Mn from unity. Slight errors in analyses of these elements cause 

large error in Ti, particularly if Ti is lower than 900°C [15].

The overall error in temperature estimates is difficult to evaluate. 

If the minerals are proved to be very homogeneous, analyses are accurate 

enough, and if the three temperatures are within + 50°C, then this range 

of temperature must be highly meaningful. If the minerals are heterogeneous, 

temperatures of local equilibrium may possibly be obtained.

Temperatures estimated by the methods developed herein deviate 

from those estimated by other methods. Three of these methods are 

directly based on experiments at high pressures and temperatures: the 

pyroxene solvus method [4, 5], Wood-Banno geothermometer [10], and Al-Cr 

partition between orthopyroxene and clinopyroxene [29].

The first method employs the pyroxene solvus as determined by 

Davis and Boyd [19] at 30 kb, and compares Ca/(Ca+Mg) ratio of 

clinopyroxene of sample to those experimentally obtained. Estimated
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temperatures for the rocks in Fig. 3 are systematically lower than the 

estimates in Fig. 3 by about 200°C. Substitute of the Davis and Boyd's 

solvus by recent refinements [15, 20, 21] does not improve the situation.

The prime reason for this discrepancy is, as was briefly pointed out earlier, 

that the pyroxene solvus is highly dependent on AI2O3 content in clinopyroxene 
(Fig. 2) at constant pressure and temperature within spinel lherzolite facies. 

Neglect of AI2O3 in clinopyroxene results in an underestimation of 

temperature.

The Al-Cr partition method [29] gives temperature estimates for the 

rocks in Fig. 3 which vary by up to 100°C from estimates using the Davis and 

Boyd solvus. This deviation is better than the reported deviation between 

the two methods of up to 350°C [30]. Successful use of the Al-Cr method is 

dependent on accurate determination of the low Cr2Ü3 content in 
orthopyroxene. Another source of error is the arbitrary assumption that half 

of all A1 in pyroxenes is in HI site. It is considered that experimental 

calibration of this method should be improved.

The Wood and Banno geothermometer [10] gives temperatures higher 

than the solvus temperatures [4, 5] by 100°C and lower than those in Fig. 3 

by 100°C. This method should be revised and incorporate the recently refined 

pyroxene solvus and the strong alumina effect on the solvus. In fact the 

equation 16 is one of the possible revised versions of this method.

APPLICATION TO NATURAL SPINEL LHERZ0LITES 

The geothermometers have been applied to natural spinel 

lherzolites reported in the literature (Fig. 4) for which analyses of olivine, 

orthopyroxene, clinopyroxene and spinel are available. To exclude inferior 

analyses, only those samples with pyroxene analyses between 3.975 and 4.025 

cations per 6 oxygens were included.
As is seen in Fig. 4, the three temperatures estimated for each 

rock show good coincidence in some rocks, but deviate widely in others.



I l l

---------------------------------- 1—

N o du les
i i i l I i i

in Basalts

Itinome-gata 6982314 3 ---------------2 —  1
7 3 —  21
6982408 3-2 — 1

Victoria 2688 1 3 —,2
2604 2'3

San Quintin 2-16 3 2-1
2-36 3- 21
2-45 3 ------l r 2
2-70 1 —  3
2-82 $ - 1 3

Siberia 6 /4 0 2 3 -1

Chihuahua 1 31-2

Iki Is. 2 2-13

Cal ifornia 2 1 3 —2

Dreiser Weiher 4 2 i
3 1

Intrusive Lherzo l i tes

Pyrenees 10458 3 ------------1 ------------- 2

Mt. Albert 850 1 -------------- 2 ----------- 3
944 1 —  2 -------------------3
1086 1—  2 ------------------3

Lizard 90681 2 ------ 1-3

Oregon Vondergreen Hill* 1 23
Snow Camp 1 3Signal Butte* 1 3— 2
Carpenterville* 1-2 —  3

Burro Mt. l-B U -66 2 - 3 ------1
10-BU-66 2 -------3 — 1

Tari 72052503 CO1 
- 

CN

800 1000 1200 1400 °C

Fig. 4 Temperature estimates o f spinel lh e rz o l i te s  reported in the

l i te ra tu re  [2, 31-43]. The numbers 1, 2, 3 re fe r to independent 

temperature estimates based on K-j, K^, Kg respective ly. The 

s ta r attached to the Oregon samples means tha t compositions 

used fo r  pyroxenes were o f augen.
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If chemical equilibrium, at a particular P,T condition has been frozen-in 

within these rocks, the three estimated temperatures should be the same for 

each rock within the error estimates of the geothermometers. Since it is 

considered that the internal consistency of the geothermometers is 

demonstrated on the selected samples of the previous section, problem to be 

considered now is that of possible lack of equilibrium between minerals of 

the spinel lherzolites. Though no definite criterion exists to judge 

equilibrium, chemical homogeneity is a necessary condition for it. However, 

in the literature, it is common to find only one set of chemical analyses 

without any description of the homogeneities. Experience shows that spinel 

lherzolites with homogeneity similar to that of the sample 2K (Table 2) are 

uncommon.

Thus, without the detailed knowledge relating to chemistry and 

texture, it is quite difficult to understand if the estimated temperatures 

are meaningful. It is tentatively suggested that if three temperatures 

converge within +50°C then this approximates to an equilibrium condition 
of the sample just prior to inclusion in the host magma. All the spinel 

lherzolite nodules in Fig. 3 and several nodules shown in Fig. 4 belong 

to this category.

All the intrusive spinel lherzolites have widely divergent 

temperatures in contrast to the nodules. This is probably a reflection 

of the less equilibrated nature of the intrusives. In fact, the intrusives 

generally show more chemical heterogeneity than the nodules, e.g. the former 

may show alumina gradient of even 6 wt % within a single orthopyroxene.

This contrast in heterogeneity may be attributed to the likelihood of 

retrogressive metamorphism for the intrusives, while the recent 

measurements of viscosity of basaltic magmas at high pressures [44] would 

suggest that the nodules have been brought up by magmas from their source 

regions within a day, and are much less likely to have suffered partial
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r e e q u i l i b r a t i o n  i n  t h e i r  movement  t o  t h e  s u r f a c e .

The l a r g e  d i v e r g e n c y  f o r  t h e  M t . A l b e r t  r o c k s  i n d i c a t e s  

d i s e q u i l i b r i u m  ( two r o c k s  w e r e  o m i t t e d  f r o m  F i g .  4 b e c a u s e  o f  u n r e a l i s t i c  

T 3 t e m p e r a t u r e s  > 1 4 5 0 ° C ) . The o r d e r  o f  t h e  t h r e e  t e m p e r a t u r e s  i n  t h e  mass  

i s  c o n s i s t e n t l y  T 1 - T 2 - T 3 . T h i s  c o u l d  be  due t o  d i f f e r e n t i a l  d e g r e e  o f  

r e e q u i l i b r a t i o n  f o r  t h e  r e a c t i o n  e q u a t i o n s  1 , 2  an d  3 , an d  may c o r r e l a t e  

w i t h  a  p a r t i c u l a r  t e m p e r a t u r e - p r e s s u r e  h i s t o r y  f o r  t h e  M t . A l b e r t  

l h e r z o l i t e s .  S y s t e m a t i c  b u t  d i f f e r e n t  t e m p e r a t u r e  t r e n d  i s  f o u n d  a l s o  i n  

s u c h  l o c a l i t i e s  a s  I t i n o m e - g a t a  an d  B u r r o  Mt .  How ever ,  t h e r e  i s  no  o v e r a l l  

t e n d e n c y  i n  t h e  o r d e r  o f  t h e  t h r e e  t e m p e r a t u r e s  i n  t h e  i n t r u s i v e  

p e r i d o t i t e s  a s  a  w h o l e .  Ti and T 2 t e m p e r a t u r e s  o f  t h e  n o d u l e s  a r e  s i m i l a r  

t o  t h o s e  c o r r e s p o n d i n g  e s t i m a t e s  by H e r z b e r g  and Chapman [ 9 ] .  San Q u i n t i n  

n o d u l e s  r a n g e  f r o m  1000 t o  1300°C,  and V i c t o r i a n  n o d u l e s  f r om  1050 t o  1200 °C .  

T h e s e  v a l u e s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  p r e v i o u s  e s t i m a t e s  by F r e y  

an d  G re en  [3 6]  an d  Basu [ 3 7 ] .  T h e s e  a u t h o r s  r e g a r d e d  t h e i r  e s t i m a t e d  low 

t e m p e r a t u r e s  a s  c o n s i s t e n t  w i t h  and  s u p p o r t i v e  o f  t h e  g e o c h e m i c a l  and 

i s o t o p i c  e v i d e n c e  f o r  a c c i d e n t a l ,  x e n o l i t h i c  o r i g i n  o f  t h e s e  n o d u l e s  i n  

r e a l t i o n  t o  t h e i r  h o s t  magmas.  The t e m p e r a t u r e  e s t i m a t e s  i n  t h i s  p a p e r  

a r e  s i m i l a r  t o  o r  l o w e r  t h a n  e s t i m a t e d  l i q u i d u s  t e m p e r a t u r e s  o f  w a t e r  o r  

w a t e r  + CO2 b e a r i n g  u n d e r s a t u r a t e d  b a s a n i t e s ,  m e l i l i t i t e s  e t c .  [ 2 7 ,  4 5 ] ,  

an d  may s u g g e s t  a  c l o s e r  p h y s i c a l  p r o x i m i t y  o f  t h e  d e p t h  o f  magma 

s e g r e g a t i o n  an d  d e p t h  o f  i n c o r p o r a t i o n  o f  l h e r z o l i t e  i n c l u s i n o s  t h a n  

e n v i s a g e d  i n  t h e s e  e a r l i e r  p a p e r s .

T e m p e r a t u r e s  o f  t h e  s p i n e l  l h e r z o l i t e  n o d u l e s  shown i n  F i g .  3 

and 4 r a n g e  f r o m  1000 t o  1300°C.  T h e s e  t e m p e r a t u r e s  a t  a s sum ed  p r e s s u r e  

b e t w e e n  8  a n d  24 k b a r  a r e  h i g h e r  t h a n  commonly u s e d  m o d e l  o c e a n i c  g e o t h e r m s  

a n d  a r e  d e f i n i t e l y  t o o  h i g h  f o r  e s t i m a t e s  o f  t h e  c o n t i n e n t a l  g e o t h e r m  [ 4 6 ] .  

When, i n  f u t u r e ,  a  r e l i a b l e  g e o b a r o m e t e r  b ec o m e s  a v a i l a b l e ,  i t  may, i n  

c o n j u n c t i o n  t o  t h e  g e o t h e r m o m e t e r s ,  g i v e  a  t e m p e r a t u r e  -  p r e s s u r e  t r e n d .  I t  

may, h o w e v e r ,  o n l y  r e f l e c t  c o n d i t i o n s  i n  a  t h e r m a l l y  d i s t u r b e d  r e g i o n  r e l a t e d
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to magma generation and have little or nothing to do with typical, steady 

state geotherms.

CONCLUDING REMARKS

So far in this paper, spinel lherzolite nodules have been 

discussed only from a view point of their temperature condition of 

equilibration. Other important features of the nodules are their mineral 

chemistries and textures. It is well recognized that ultramafic nodules 

in general can be divided by mineral chemistry, especially of clinopyroxene, 

into two categories: Cr-diopside and Ti-augite suites [47]. The former 

is further divided by their texture into protogranular, porphyroclastic 

and equigranular textures [48], while cumulate texture is common to the latter. 

Majority of spinel lherzolite nodules belong to the Cr-diopside suite, and 

the Ti-augite suite is comprised of wehrlites and pyroxenites. The Cr- 

diopside suite is commonly regarded as accidental xenoliths to the host 

magmas and as rocks composing the uppermost mantle. However, careful 

observation of textures have led Mercier and Nicholas [48] among others to 

suggest that these nodules have varied and complex histories of formation 

and tectonic and thermal events prior to their incorporation to 

basaltic magmas.

Mercier and Nicholas’ preliminary experimental data suggest a 

temperature at an earlier stage of 1400°C at 18 kb for a texturally 

reconstructed Al, Cr-rich composition of orthopyroxene. Similar 

complexities and high temperature for a reconstructed clinopyroxene were also 

suggested for the chromium-spinel peridotite xenoliths at western Grand 

Canyon [49].

Among the nodules for which temperatures of the last 

equilibration were best estimated (Fig. 3), SC4 and LJ7 can be classified 

in protogranular type [48]. Probe analyses with an enlarged beam covering 

both host pyroxene and lamellae in it suggest Ki temperature of 1260 and 

1370°C, respectively, which are higher than their respective temperatures for
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the last equilibration by nearly 200°C. Thus, we can conclude, in 

accordance with Mercier and Nicholas [48] and Best [49], that these nodules 

conceal their earlier histories in the textures. Common close association 

of spinel and clinopyroxene with orthopyroxene, in conjunction with more 

explicit texture of spinel and clinopyroxene which are in part lamellae in 

orthopyroxene and in part forming discrete grains outside the orthopyroxene, 

would suggest that the primary assemblage of many spinel lherzolites 

was olivine and orthopyroxene which were possibly formed at very high 

temperatures (say > 1400°C) by major igneous activities in the uppermost 

mantle. According to this inference, it is extensive superposition by later 

exolution, recrystallization and deformation processes which created the 

present spinel lherzolites.
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ABSTRACT

High p r e s s u r e  e x p e r i m e n t s  have  been  c a r r i e d  ou t  on two 

s y n t h e t i c  u l t r a m a f i c  c o m p o s i t i o n s  and a l s o  on n a t u r a l  m i n e r a l  mixes a t  

30-40 k b a r  and 950-1500°C.  O l i v i n e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e  and g a r n e t  

c o e x i s t  i n  t h e  m a j o r i t y  o f  r u n s .  E q u i l i b r i a  among t h e  f o u r  m i n e r a l s  a r e  

examined i n  d e t a i l .  Because  o f  t h e  c l o s e  s i m i l a r i t y  i n  c h e m i c a l  s y s t e m s ,  

t h e  e x p e r i m e n t a l  r e s u l t s  can  be  d i r e c t l y  a p p l i e d  t o  n a t u r a l  g a r n e t  

l h e r z o l i t e s .  The n a t u r a l  g a r n e t  l h e r z o l i t e s  show w i d e r  v a r i e t y  i n  m i n e r a l  

c h e m i s t r y  t h a n  t h e  r u n  p r o d u c t s ,  i n d i c a t i n g  v e r y  wide r a n g e s  o f  p r e s s u r e  

- t e m p e r a t u r e  f o r  t h e i r  e q u i l i b r a t i o n .  However ,  m i n e r a l  c o m p o s i t i o n s  found 

i n  some r u n s  c l o s e l y  r e p r o d u c e  t h e  c o m p o s i t i o n s  o f  c o e x i s t i n g  p h a s e s  i n  some 

n a t u r a l  g a r n e t  l h e r z o l i t e s  f rom L e s o th o  and Montana k i m b e r l i t e s  and from 

Alpe Arami l h e r z o l i t e .  Thus,  t h e  p h a s e  e q u i l i b r i a  o b s e rv e d  i n  n a t u r a l  

l h e r z o l i t e s  can  be  s u c c e s s f u l l y  d u p l i c a t e d  i n  l a b o r a t o r y  a t  a p p r o p r i a t e  

P-T c o n d i t i o n s .

INTRODUCTION

The f i r s t  f u l l  a n a l y s e s  o f  c o e x i s t i n g  o l i v i n e ,  o r t h o p y r o x e n e ,  

c l i n o p y r o x e n e  and g a r n e t  e x p e r i m e n t a l l y  p roduce d  i n  a n a t u r a l  l h e r z o l i t e  

s y s t e m  unde r  known p r e s s u r e  and t e m p e r a t u r e  were  p u b l i s h e d  i n  1972 

( K u s h i r o  e t  a l . ,  1972) .  P r e v io u s  s t u d i e s  o f  c o m p o s i t i o n a l  v a r i a t i o n s  among 

t h e s e  p h a s e s  were  s t u d i e s  i n  s i m p l e  s y s te m s  su c h  a s  Si02~Mg0-Ca0, Si02~Al203 

-MgO-CaO ( e . g . ,  Davi s  and Boyd, 1966; Boyd, 1970) or  had y i e l d e d  p a r t i a l  

a n a l y s e s  o f  m i n e r a l s  i n  m ult icom ponen t  s y s t e m s  ( e . g . ,  AI2 O3 c o n t e n t  i n  

o r t h o p y r o x e n e ,  Green and Ringwood, 1 9 7 0 ) .  The knowledge  of  t h e  s im p l e  

sys tem s  has  now s u b s t a n t i a l l y  i n c r e a s e d  w h i l e  a c c u m u l a t i o n  o f  d a t a  f o r  

n a t u r a l  r o c k  and s y n t h e t i c  m u l t icom ponen t  s y s te m s  has  be e n  r a t h e r  s low i n  

s p i t e  o f  t h e  h i g h  demands fo r  such  d a t a .  S tudy  o f  n a t u r a l  u l t r a m a f i c  r o c k s ,  

e s p e c i a l l y  o f  g a r n e t  l h e r z o l i t e  which  i s  b e l i e v e d  to  be a major  r o c k  ty p e  i n  

t h e  m a n t l e ,  d e s i r a b l y  r e q u i r e s  e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  r e l a t i o n s
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among orthopyroxene, clinopyroxene and garnet, and preferably olivine 
as well in natural rock systems and/or in synthetic systems containing at 
least Si0 2 , AI2O3, FeO, MgO and CaO. Such data available at present are from 
Kushiro et al. (1972), Akella and Boyd (1972, 1973) and Akella (1976). The 

first authors present a set of chemical compositions of the four phases 
at 30 kbar and 1450°C, and the second and third authors present 11 sets but 

without olivine in a P-T range of 25-45 kbar and 1050-1300°C.
Experiments in the simple systems may not be directly comparable 

to natural rocks but reveal essential features of phase relations among the 

relevant minerals. They are much easier to perform compared to those in 

the multicomponent systems. By contrast, experiments in complex systems 

are directly comparable to the natural counterparts, but are technically 

difficult to carry out. Therefore, these two lines of experiments are 
complementary and could be best understood together.

This paper is an extension of the previous experimental study 

in Ca-Mg-Fe pyroxenes (Mori, in preparation), and presents chemical 
compositions of coexisting olivine, orthopyroxene, clinopyroxene and garnet 
both in natural rock and synthetic multicomponent systems. Most 
experiments used the composition of pyrolite III minus 404 olivine with 
variable water content. Phase boundaries, but not mineral chemistry, for 
this series of experiments, were reported by Green (1973). For the 

purpose of this paper, appropriate run products were selected among the 
earlier experiments and their minerals were analysed by TPD-microprobe. 

Additional high pressure experiments and probe analyses of their run 

products were carried out on another synthetic composition and also on 

natural mineral mixes.
The data obtained are compared with those in the literature, 

and chemical relations among phases are examined in detail. Some of the 
experimental runs closely duplicate the phase relations observed in some 
natural garnet lherzolites occurring both as inclusions in kimberlites and
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as intrusives. Mineral chemistries of the majority of garnet lherzolites 

are, however, not matched with those in any run, indicating they were in 

equilibrium outside the experimental ranges of 30-40 kbar and 950-1500°C.

EXPERIMENTAL METHODS AND RESULTS 

Starting materials used in the high pressure experiments are 

A) sintered oxides of pyrolite III minus 40% olivine composition, B) a 

synthetic glass rich in pyroxene components, or its sintered equivalent 

(at 950°C for 24 hours in an evacuated silica tube), C) a mechanical mixture 

of olivine, orthopyroxene, clinopyroxene and garnet separated from 

Norwegian garnet lherzolites (ANU No. 2506, 2501) in an equal weight 

proportion and D) a mechanical mixture of the orthopyroxene and 

clinopyroxene in an equal weight proportion. Chemical compositions of 

these materials are listed in Table 1.

Temperature measurement in all the experiments was by Pt/Pt^Rh^Q 

thermocouples without correction of pressure effect on the thermocouple emf.

The other details of the methods of high pressure experiments, 

identification of the run products, and TPD-probe analysis are the same as 

those described by Green (1973).

Run details are summarized in Table 2. Chemical compositions 

of olivine, orthopyroxene, clinopyroxene, garnet and ilmenite are listed 

in Tables 3-7. Because of space limitations only part of the data is 

listed. Full data are obtainable from the authors on request.

COMPARISON OF THE DATA WITH THOSE IN THE LITERATURE 

Our data in this paper are most easily compared with those in 

the literature by plotting them in the ACF-diagram. It should be noted, 

however, that although olivine-orthopyroxene-clinopyroxene-garnet is an 

invariant assemblage in the Si02-Al203-Mg0-Ca0 system at fixed temperature 

and pressure, this does not hold true in more complex systems including
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Table 7. Ilmenite analyses with chemical formulae (cations per 
12 oxygens).

Run No. DD2 DDl X8 Xll T12 FF6
kbar 40 40 30 30 30 30
°C 1200 1100 1100 1000 1100 1000

Si02 0.20 1.60 1.20 0.32 1.51 0.47

Ti02 57.96 54.90 54.61 55.40 55.15 55. 55

A12°3 0.53 0.56 0.74 0.29 0.74 0.26

FeO 26.27 26.93 27. 88 28. 59 27.78 28.21

MnO 0.16 0.16 0.22 0.23 0.26 0.25

MgO 13.46 12.84 12.73 12.01 13.60 12.32

CaO 0.24 0.35 0.27 0.32 0.27 0. 32

Cr2°3 1.77 1. 52 1.66 1.54 2.99 2. 53

NiO 0.21 0.26 n. a. 0.43 0. 48 0.41

Total 100.80 99.12 99. 31 99.13 102.78 100.32

Si 0.018 0.147 0.110 0.030 0.134 0.043

Ti 3.927 3.783 3.774 3. 875 3.680 3.833

A1 0.056 0.060 0.080 0.032 0.077 0.028

Fe 1.979 2.064 2.143 2.224 2.062 2.165

Mn 0.012 0.012 0.017 0.018 0.020 0.019

Mg 1.808 1.754 1.744 1.666 1.799 1. 685

Ca 0.023 0.034 0.027 0.032 0.026 0.031

Cr 0.126 0.110 0.121 0.113 0.210 0.184

Ni 0.015 0.019 — 0.032 0.034 0.030

Total 7.964 7.983 8.016 8.022 8.042 8.018
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Ti02, FeO, Na20, Cr203, etc. Among these elements, the most influential 
is FeO, and it is therefore preferable to compare the data within a range 
of limited Mg/(Mg + Fe) ratio of, for example, orthopyroxene. The range 
chosen is from 0.8 to 0.95 which encompasses the majority of orthopyroxenes 

in natural ultramafic rocks. Our data are compared with such data 

available from the literature in four small T-P ranges (Fig. 1). 
Orthopyroxenes show compositional convergence in any T-P field, indicating 

relatively quick approach to the equilibrium of this mineral, and also 

higher reliability of probe analysis due to its relatively larger grain 

sizes obtainable in the high pressure experiments. Clinopyroxenes at 30-31 

kbar and 1100°C also show good convergence and this may be related to the 
small range of Mg/(Mg + Fe) (0.88-0.93) for these data. By contrast, 

clinopyroxenes in the other three T-P ranges show wide divergence. It 

should be noted that A-component of Hensen's (1973) clinopyroxenes might 
be overestimated due to the lack of Na20 analyses. Among the three ranges, 
the divergence of clinopyroxene compositions at 27-30 kbar and 1410-1450°C 
is most discouraging. The difference between two data by Hensen (1973) and 
ours may be partly due to the difference in the Mg/(Mg + Fe) ratio of 
clinopyroxene which are 0.85 and 0.91 respectively. Akella's (1976) data 
in a FeO-free system indicate by interpolation, a clinopyroxene 

composition of a h C^qf^  at kbar and 1450°C. Thus, these three data are 
reasonably consistent and suggest that the equilibrium clinopyroxene 

composition in the Kushiro et al.'s (1972) experiment should be higher 

in A and F components than that reported. If so, the reported.datum may 
only represent a transitional composition during partial reaction from the 

starting composition of
Garnets also show compositional spread in all the P-T ranges, 

possibly because garnet is most sluggish in reaction to a new 
equilibrium composition. Our datum at 30 kbar and 1450°C and all the data 
of Akella and Boyd (1973) and Akella (1976) plotted in Figure 1 show garnet
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PIG. 1

27-30 kbar 
1410 - 1450°C

40 -44  kbar 
1300 °C

3 0 -3 1 kbar 
1100 °C

38-40.5 kbar

50 *— c -------- 20 10 F

ACF-plots (in mole percent) to compare our analyses 
of garnet, orthopyroxene and clinopyroxene with 
experimental data from the literature. Data■sources: 
square - Akella and Boyd (1973) and Akella (1976), 
filled triangle - Hensen (1973), open triangle - 
Kushiro et al. (1972) and circle - this paper.
A = (Al,Cr)203-Na20, C = CaSiO^, F = (Mg,Fe,Mn)SiO^. 
All the analyses are by microprobe, thus Fe is 
treated as entirely in the ferrous state.
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compositions which deviate considerably from the stoichiometric join 
(A = 25). Unless garnet has solid solution towards pyroxenes in those 
T-P ranges, they possibly imply either inferior analyses or presence of 
Fe2 0 3 (all the iron was assumed to be in the ferrous state in constructing 
Figure 1).

Olivine can be compared only at 30 kbar and 1450°C between 

Kushiro et al.'s (1972) and our data. Fe-Mg partition coefficient between 
olivine and orthopyroxene is the same between these two sets of data. 

Consistency is observed in this regard, but our datum shows CaO content 

of 0.75 wt.% compared with Kushiro et al.'s 0.10. High CaO and also high 

Na2 0 may be due to possible contamination of clinopyroxene in our probe 

analysis.
In summary, consistency within the published data and between 

our new data and the published data is not very good except for orthopyroxene 
analyses. However, because of the effects of such elements as TiÜ2 , FeO, 
Na2Ü, Cr2Ü 3 , etc., the consistency is not so bad as Figure 1 may suggest.
The following sections should be read with cautionary allowance for the 

inconsistency among all the data discussed above.

OLIVINE, ORTHOPYROXENE, CLINOPYROXENE, GARNET EQUILIBRIA 

Pyroxene solvus
Chemical compositions of coexisting orthopyroxene and 

clinopyroxene at known temperatures and pressures have been eagerly sought 

after. Our data are comprehensive in the P-T ranges of 950-1500°C and 

30-40 kbar. Figure 2 shows compositions of the alumina-saturated 
pyroxenes plotted in a temperature vs. wollastonite content diagram. The 

spread of data, especially of clinopyroxene, is due to experimental errors, 

to the pressure range (30-40 kbar) of the data and to the arbitrary 

projection of compositions in the multi-component systems to the plane.

The shaded boundaries of the solvus are directly comparable with pyroxene
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100*Ca
Ca+Mg+Fe

FIG. 2 Orthopyroxene-clinopyroxene solvus from data of
tables 4 and 5 projected to the wollastonite (mole 
percent) - temperature plane at 30-40 kbar. Triangle- 
40 kbar, circle - 30 kbar.



136

compositions for natural garnet-orthopyroxene-clinopyroxene rocks with the 
Mg/(Mg + Fe) ratio of orthopyroxene between about 0.87 and 0.96.

The data are consistent with those of Akella (1976) at 1100-1300°C 
and 31-44 kbar in a natural rock system with the similar Mg/(Mg + Fe) ratio.

The pressure effect on the solvus (Howells and O’Hara, 1975; Mori 
and Green, 1975) is not seen in the figure probably because the uncertainty 

of the data is large enough to conceal the effect. If the analogy to the 
Al, Fe-free system is valid, this effect would be only 0.8 mole percent 

wollastonite from 30 to 40 kbar at 1200°C but would be 5 percent at 1500°C 

(Mori and Green, 1976).
Another method of expressing the pyroxene solvus in a more 

sophisticated way has been developed by Wood and Banno (1973). Activity 
ratio of Mg2 Si2 0 6 in clinopyroxene and orthopyroxene (K) is plotted against 

temperature. This has been done for the new data (Fig. 3) but with one 
difference from Wood and Banno’s (1973) method of activity calculation. For 

this paper, Fe and Mg are assigned to Ml and M2 sites in accordance with the 
experiemntal determination of Fe-Mg intracrystalline partitions in 
pyroxenes (Virgo and Hafner, 1969; Smyth, 1973; McCallister et al. , 1976) 

rather than by assuming equal Fe/Mg ratio in the two sites. Their data 

above 500°C give, by linear regression:

In K°px-M2/opx-Ml= 3080/ToK - 1.181 
in KcP*-M2/cpx-Ml= 2410/T°K - 0.139

where = (Fe/Mg)V(Fe/Mg)l and i and j are sites in these cases, but

later may also represent whole minerals.
The recent determinations of pyroxene solvus in the Mg2Si206~ 

CaMgSi2C>6 system (Nehru and Wyllie, 1974; Mori and Green, 1975; Lindsley 
and Dixon, 1975) show that the in K vs. 1/T°K relation is not approximated 

by a straight line. The spread of the data in Figure 3, however, does not 

allow us to judge if or not the relation is linear in the complex systems.
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Though the linear relationship is less likely, it would give an equation 

by regression analysis:

ln K = -6860/T°K + 3.03

The error associated with the temperature is about 100°C within the P-T 

ranges of 950-1500°C and 30-40 kbar. The equation should not be used 

outside these ranges. In addition, the oversimplified nature of the 

solid solution models employed is illustrated since %n K also strongly 

depends on the Mg/(Mg + Fe) ratio of pyroxenes. This is apparent when our 

data are compared with those of Akella and Boyd (1973) which show higher 

K in more Fe-rich systems.

Figure 3 also shows the relationships obtained by Wood and Banno 

(1973) and Banno (1974). Our data are on the slightly higher temperature 

side of Banno*s equation. Wood and Banno's equation considerably deviates 

from either of the others. This is because it was obtained mainly on the basis 

of Davis and Boyd’s (1966) experiments of pyroxenes in the Mg2Si206~CaMgSi206 

at 30 kbar, which has been later revised (e.g., Mori and Green, 1975). Thus, 

Wood and Banno geothermometer yields considerable overestimation in 

temperature for the rocks equilibrated below 1000°C and underestimation of 

temperature for rocks equilibrated above 1300°C.

Alumina contents in pyroxenes

Compositions of orthopyroxene and clinopyroxene coexisting with 

garnet are plotted in the ACF-diagram (Fig. 4). Both pyroxenes define 

compositional trends at 30 and 40 kbar. It is well known that the 

pyroxene solvus narrows and both pyroxenes become enriched in A-component 

with increasing temperature (e.g., O'Hara, 1967; Akella, 1976). Our data in 

the multicomponent systems generally follow these sequences but with some 

local reversals.

AI2O3 content and A-component (i.e. AI2O3 + Cr2Ü3 - Na20) should 

now be clearly distinguished, particularly for clinopyroxene. In fact, AI2O3
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content of clinopyroxene would show less correlation with temperature and 

pressure than A-component. For example, AI2O 3 content changes irregularly 

from 1300 to 1100°C at 40 kbar (3.9 - 3.6 - 4.5 - 4.5 wt. percent, showing 

rather higher AI2O 3 content at lower temperature), while A-component 

monotonously decreases from 1.7 to 0.2 percent. More examples are seen at 

1200°C and 1000°C at 30 kbar where the 3 sets of clinopyroxene composition 

(Table 5), show spreads in AI2O 3 content but rather convergent values of 

A-component. These effects are, of course, mainly due to the different 

content of Na2Ü in clinopyroxenes.

By contrast, the distinction between A-component and AI2O 3 

content is less important for orthopyroxene since Na2Ü and Cr2Ü 3 contents 

are much less than in coexisting clinopyroxene. Therefore, AI2O 3 content 

in orthopyroxene should be a better indicator of physical conditions of 

equilibration than that in clinopyroxene. Figure 5 shows the T-P effects 

on AI2O 3 content of orthopyroxene coexisting with clinopyroxene and garnet. 

Scattered nature of AI2O3 in orthopyroxene is a general problem in 

experiments and is further documented by Howells (1975).

Garnet compositions

All the garnets in our runs are coexisting with at least 

orthopyroxene and clinopyroxene. Compositions of garnet (Table 6) show 

A-component (AI2O3 + Cr2Ü3 - Na2Ü) of 24.5 +0.7 percent which is 

consistent with stoichiometry of garnet (A = 25 percent) within the error, 

This suggests that Fe2Ü3 content in the garnet is insignificant.

Grossular contents are shown in Figure 6 . In spite of the spread 

of data, it is apparent that compositions in all the four runs at 40 kbar 

are poorer in grossular content than in any composition at 30 kbar. That 

is, when garnet is coexisting with orthopyroxene and clinopyroxene, 

grossular content decreases with increasing pressure. The same tendency 

has been already shown experimentally and theoretically in the system 

MgSi0 3-CaSi0 3~Al203 by Kushiro et al. (1967). The pressure effect on
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grossular content probably explains the distinction between the lower 

grossular content of garnets of sheared lherzolites in kimberlites and the 

higher grossular content of garnets of the granular lherzolites (data from 

Boyd, in Nixon, 1973). Temperature effect, which is the opposite to the 

pressure effect in Kushiro et al.'s experiments, cannot be assessed from 
the data in Figure 6.

The contents of Ti02 and Cr203 in minerals of the garnet 

lherzolite assemblage decrease in the order garnet- clinopyroxene- 

orthopyroxene. Both Ti02 and Cr2Ü3 in olivine are at the limit of detection 

for our analytical methods. Ti concentration ratio on the 6 oxygen basis is 
roughly 0.7 for clinopyroxene/gamet and 0.2 for orthopyroxene/garnet. 

Corresponding Cr ratios are roughly 0.5 and 0.2, respectively. These 
ratios do not show any systematic change with temperature or pressure. 
Ilmenite compositions

Ilmenite, when present in our runs, always coexists with 

at least olivine, orthopyroxene, clinopyroxene and garnet. Because of the 

tiny grain size of this mineral, probe analysis is not as good as those 
of the silicate minerals. The composition does not widely vary within the 

experimental T-P conditions. The Mg/(Mg + Fe) ratio slightly increases 
above solidus temperature within a single series of runs at 40 kbar, 
and at 30 kbar with different H20 content. MgO content is characteristically 
high (12-14 wt. percent). Al203 and Cr2Ü3 contents are respectively within 

ranges of 0.3-0.8 and 1.5-3.0 wt. percent. All these features are remarkably 
similar to those of the ilmenites associated with some garnet lherzolite 

nodules in southern African and Siberian kimberlites (Boyd, in Nixon, 1973; 

Green and Sobolev, 1975).

Fe-Mg partition between olivine, orthopyroxene, clinopyroxene and garnet

Among the four silicate phases of olivine, orthopyroxene, 

clinopyroxene and garnet, there are six different mineral pairs. However, 

only three pairs among them are independent. We have chosen garnet/
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clinopyroxene, orthopyroxene/clinopyroxene and garnet/olivine as such pairs 

(Fig. 7). All the iron was assumed to be in the ferrous state. The 

chemical formulae of the minerals (Tables 3-6), calculated on this 

assumption, do not show much deviation from the ideal stoichiometry of 

these minerals.

Again the data spread does not allow discrimination of the 40 kbar 

data from 30 kbar, and linear regression analysis was carried out including 

all the data at 40 and 30 kbar. The equations obtained are valid at this 

pressure range:

in Kgar//cpX = 2800/T°K -1.19 

In K0px/cpx = 1500/T°K - 1.07 

in Kgar/°llv = 900/ToK + 0.09

The similar equations for the other pairs can be calculated from the 

equations above:

in Kgar/°pX = 1300/T°K - 0.12 

in Kollv/cPx= 1900/T°K - 1.28 

in Kollv/°Px= 400/T°K - 0-21

This paper is, to our knowledge, the first to present simultaneous 

temperature calibrations of these six Fe-Mg distribution coefficients 

from a single series of experiments. The six equations show that 

temperature sensitivity varies from pair to pair. Geothermometry is best 

in garnet/clinopyroxene pair, and becomes less sensitive in the order 

olivine/clinopyroxene, orthopyroxene/clinopyroxene, garnet/orthopyroxene, 

garnet/olivine, olivine/orthopyroxene. The last pair would be practically 

meaningless as a geothermometer. This conclusion is the same as that of 

Matsui and Nishizawa (1974) who studied Fe-Mg partition between this pair 

of minerals in a Ca-free system.

The individual Kgar^CpX values for bulk composition Mg/(Mg + Fe)

= 0.85 of Raheim and Green (1974) fall within the spread of our data but 

those for Mg/(Mg + Fe) = 0.93 fall at lower £8ar/cPx values. Our linear
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regression curve differs from that of Raheim and Green for their data in 

bulk compositions 0.06 < Mg/(Mg + Fe) < 0.85 and from that for Mg/(Mg + Fe)

= 0.93. These differences may possibly result from the different chemical 

compositions of minerals (e.g., AI2O 3 and Na20 in clinopyroxene) reflecting 

the difference in bulk chemistry.

DUPLICATION OF PHASE EQUILIBRIA OBSERVED IN NATURAL GARNET 
LHERZOLITES

Chemical compositions of minerals presented in this paper can be 

directly compared with those in natural garnet lherzolites. Our 

experimental compositions were not however designed to investigate 

differences in such minor elements as Na2 0 , TiÜ2 , Cr203 in pyroxenes nor 

NiO in olivine between natural rocks and the experimental charges. At this 

stage of investigation, we are concerned with the major solid solution 

components of the four phases and we therefore use ACF-diagram as well 

as Fe-Mg partition coefficients for comparison of the data. If Fe2Ü3 

analyses are available for the natural minerals, they are included in 

A-component. Otherwise, all Fe is assumed to be in the ferrous state.

It should be noted that the Mg/(Mg + Fe) ratio in experimental run 

products is comparable to or only slightly lower than in the natural 

rocks. Therefore, the direct comparison in the ACF-diagram should be valid. 

Nodules in Lesotho and Montana kimberlites

All the chemical analyses of minerals from nodules in Lesotho 

kimberlites used in this subsection are by F.R. Boyd and the data are 

published in various chapters in Nixon (1973) . The detailed chemical 

aspects of minerals have been discussed by Boyd (e.g., 1973),and our 

unpublished probe analyses of minerals from garnet lherzolites in Lesotho 

kimberlites have confirmed his observations.

We have compared charactersitics of our experimental assemblages 

at known P and T with the individual nodules analyzed by Boyd. Among
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Boyd's samples, PRN2273 and PHN1591 are very closely matched by the run 
products DDl (40 kbar and 1100°C) and DD2 (40 kbar and 1200°C), respectively 

(Table 8). A, C, F components of the natural pyroxenes and garnet 

are very similar to those of the experiemntal counterparts. In addition, 

Fe-Mg partition coefficients are almost the same in the two sets of data.
To our knowledge, no experimental phase relations have ever achieved this 

degree of resemblance with those in natural garnet lherzolites.

Boyd (1973) classified garnet lherzolite nodules into granular 

and sheared types on the basis of texture, and he has clearly 
established that the sheared type nodules show equilibration at higher 
temperature and pressure than those of the granular type. Both PHN2273 

and PHN1591 are relatively low temperature rocks from within the group 
of sheared lherzolite nodules. It was previously shown that use of the 
Ca/(Ca + Mg) ratio of clinopyroxene and AI2O3 content of orthopyroxene 
to estimate T-P conditions of PHN2273 gave an estimate of about 1430°C 
and 62 kbar (Mori and Green, 1976).

A shortcoming of this method of T-P estimates is the lack of 
a firm basis for the direct comparison of the Ca/(Mg + Ca) ratio between 

natural complex clinopyroxene and the clinopyroxene limb of the 

pyroxene solvus in the system Mg2Si206-CaMgSi2C>6. Therefore we considered 

that very large uncertainties might be associated with our earlier 
estimates. This pessimism is strikingly confirmed by the data obtained 

for the complex system. The present estimate of about 40 kbar and 1100°C 

for PHN2273 was obtained by directly comparing compositions of olivine, 

orthopyroxene, clinopyroxene and garnet, and consequently the estimate 

should be quite accurate.
The highest T-P nodule among Boyd's samples is PHN1597. The 

relationship between temperature and activity ratio of Mg2Si2Ü6 (Fig. 3) 
gives an apparent temperature of about 1450°C for this rock at an assumed 

pressure between 30 and 40 kbar. Similarly the realtionship between
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^-g'r/cpx and temperature indicates a temperature of ~1400°C for an assumed 

pressure between 30 and 40 kbar. Thus, the run A7 (30 kbar and 1450°C) 

was chosen to compare with PHN1597 (Table 8). A-component of 

orthopyroxene and clinopyroxene and C-component of garnet are 

distinctively lower in PHN1597 than in A7, suggesting the pressure of this 

rock would be much higher than 30 kbar. If the pressure effect in AI2O3 

solubility in the complex pyroxene is similar in magnitude to that in the 

Al203-MgSi03 system (MacGregor, 1974) then the estimated pressure for 

PHN1597 would be higher than for A7 by about 30 kbar. This high pressure, 

in turn, causes a shift of the temperature-activity ratio equation
QQ V / P T) Y

(Fig. 3) and of K5 F vs. T relationship, resulting in temperature 

estimates much higher than 1450°C.

The lowest T-P nodule: PHN1595 is compared with the lowest T-P 

run: T9 (30 kbar and 950°C) in Table 8. The difference of C-component in 

both orthopyroxene and clinopyroxene is small, but indicates temperature 

of this nodule substantially lower than 950°C since the limbs of pyroxene 

solvus at the low temperature region are very steep (Mori and Green, 1975). 

The systematic difference in Fe-Mg partition coefficients also supports 

the temperature substantially lower than 950°C.

Garnet lherzolite nodules in a Montana kimberlite also define 

a P-T trend of equilibration (Hearn and Boyd, 1975). Again, a sheared 

type nodule: H69-15F is, as is shown in Table 8, closely matched by the 

run DD2 (40 kbar and 1200°C). However, the highest T-P nodule: H67-28K-3 

and the lowest T-P nodule: H68-16B are not matched by any experimental 

run product.

In summary, among the garnet lherzolite nodules with wide 

P-T ranges, some have very similar phase relations with those produced 

in our experiments, but many of them show equilibration conditions outside 

the experimental P-T ranges of 30-40 kbar and 950-1500°C. The inferred 

range of T,P conditions extends to both higher pressure and temperature and



l o w e r  p r e s s u r e  an d  t e m p e r a t u r e  t h a n  t h e  e x p e r i m e n t a l  r a n g e .

I n t r u s i v e  g a r n e t  l h e r z o l i t e s

E q u i l i b r i u m  t e m p e r a t u r e s  o f  i n t r u s i v e  g a r n e t  l h e r z o l i t e s  a r e  

g e n e r a l l y  so low t h a t  i t  i s  d i f f i c u l t  t o  f i n d  c l o s e  s i m i l a r i t i e s  o f  

m i n e r a l  c h e m i s t r y  b e t w e e n  n a t u r a l  r o c k s  and e x p e r i m e n t a l  p r o d u c t s .

The m o s t  c o m p a r a b l e  e x a m p l e s  a r e  t h e  A l p e  Arami  g a r n e t  l h e r z o l i t e  (A3, 

O ' H a r a  an d  Mercy ,  1963)  a n d  FF6 (3 0  k b a r  a n d  1 0 0 0 ° C ) . The s l i g h t  

d i f f e r e n c e  i n  A -  an d  C- co m p o n e n t s  i n  p y r o x e n e s  and a l s o  i n  Fe-Mg 

p a r t i t i o n  c o e f f i c i e n t s  ( T a b l e  8) s u g g e s t  t h a t  t h e  r e a l  t e m p e r a t u r e  and

p r e s s u r e  f o r  t h e  A l p e  Arami  r o c k  w e r e  s l i g h t l y  l o w e r  t h a n  1000°C 

and 30 k b a r .  T h i s  p a r t i c u l a r  r o c k  shows t h e  h i g h e s t  p r e s s u r e  and

t e m p e r a t u r e  among t h e  i n t r u s i v e  g a r n e t  l h e r z o l i t e s  we hav e  e x a m in e d  so  f a r .

The l o w e s t  T-P r o c k  i s  p r o b a b l y  G103 f rom M t . H i g a s i - A k a i s i  

(M ori  an d  B anno ,  1 9 7 3 ) .  T h i s  i s  a n  o r t h o p y r o x e n e ,  g a r n e t  b e a r i n g  

w e h r l i t e  o c c u r r i n g  a s  l e n s e s  w i t h i n  a  d u n i t e - w e h r l i t e  m a s s .  T a b l e  8 

a l s o  co m p ar e s  G103 w i t h  t h e  l o w e s t  T-P r u n  T9 (3 0  k b a r  an d  9 5 0 ° C ) . The 

low t e m p e r a t u r e  n a t u r e  o f  G103 i s  c l e a r l y  s e e n  i n  i t s  v e r y  low C -  

co m ponen t  i n  o r t h o p y r o x e n e ,  h i g h  C - co m p o n en t  i n  c l i n o p y r o x e n e  an d  h i g h  

Fe-Mg p a r t i t i o n  c o e f f i c i e n t s .

G a r n e t  l h e r z o l i t e s  f r om  Norway ( O ' H a r a  and M er cy ,  1 9 6 3 ;

C a r s w e l l ,  1968) an d  Bohem ian  M a s s i f  ( F i a l a ,  1966)  seem t o  f a l l  b e t w e e n  

t h e s e  two e x t r e m i t i e s  f o u n d  a t  A l p e  Arami  and Mt.  H i g a s i - A k a i s i .
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CONCLUDING REMARKS

I t  i s  a  common a s s u m p t i o n  t h a t  d e e p - s e a t e d  r o c k s  a t t a i n  

e q u i l i b r i u m  i n  m i n e r a l  a s s e m b l a g e s  a t  h i g h  t e m p e r a t u r e ,  h i g h  p r e s s u r e  

c o n d i t i o n s  an d  t h a t  t h i s  e q u i l i b r i u m  c a n  i n  some c a s e s  be  p r e s e r v e d  and 

b r o u g h t  t o  t h e  s u r f a c e .

On t h e  o t h e r  h a n d ,  e x p e r i m e n t a l  p e t r o l o g i s t s  l e a n  t o  t h e  

a s s u m p t i o n  t h a t  e q u i l i b r i u m  i n  p o l y m i n e r a l i c  a s s e m b l a g e s  c a n  be  e a s i l y
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a c h i e v e d  i n  t h e  l a b o r a t o r y  a t  h i g h  p r e s s u r e s  a n d  t e m p e r a t u r e s .  B o th  t h e s e  

a s s u m p t i o n s  m u s t  be  t r e a t e d  w i t h  c a u t i o n  b u t  i t  i s  n e v e r t h e l e s s  

e n c o u r a g i n g  t h a t  i n  o u r  e x p e r i m e n t s  on c o m p lex  p e r i d o t i t e  c o m p o s i t i o n s  we 

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

c o e x i s t i n g  p h a s e s ,  o l i v i n e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e  a n d  g a r n e t ,  o f  

some n a t u r a l  l h e r z o l i t e s .

The p r a c t i c a l  r e s u l t s  o f  o u r  s t u d y  a r e  F i g u r e s  1 -7  t h e m s e l v e s ,  

p r o v i d i n g  e m p i r i c a l  c a l i b r a t i o n s  a p p l i c a b l e  t o  g a r n e t  l h e r z o l i t e  m i n e r a l o g y  

w i t h i n  a  l i m i t e d ,  T, P r a n g e .  The a p p l i c a t i o n  o f  t h e s e  c a l i b r a t i o n  

r e a l t i o n s h i p s  t o  n a t u r a l  g a r n e t  l h e r z o l i t e  i n c l u s i o n s  i n  k i m b e r l i t e s  shows 

t h a t  some s h e a r e d  l h e r z o l i t e s  c r y s t a l l i z e d  a t  1 1 0 0 -1 2 0 0 ° C  an d  ~40 k b a r  b u t  

o t h e r s  ( s h e a r e d  v a r i e t i e s )  c r y s t a l l i z e d  a t  much h i g h e r  t e m p e r a t u r e s  and 

h i g h e r  p r e s s u r e s  w h i l e  g r a n u l a r  l h e r z o l i t e s  c r y s t a l l i z e d  a t  lo w er  

t e m p e r a t u r e s  and p r e s s u r e s  t h a n  o u r  e x p e r i m e n t a l  r a n g e .  We p a r t i c u l a r l y  

d ra w  a t t e n t i o n  t o  t h e  l a r g e  d i f f e r e n c e s  b e t w e e n  e s t i m a t e s  o f  T,  P c o n d i t i o n s  

b a s e d  on co m p le x  s y s t e m s  a n d  on s i m p l i s t i c  d e d u c t i o n s  f r o m  t h e  MgO-CaO- 

SiC>2- A l 2 C)3 s y s t e m .  Much o f  o u r  d a t a  was o b t a i n e d  on e x p e r i m e n t s  d e s i g n e d  

p r i m a r i l y  t o  d e t e r m i n e  t h e  s o l i d u s  an d  m a j o r  a s p e c t s  o f  p h a s e  r e l a t i o n s h i p s  

f o r  t h e  p y r o l i t e  c o m p o s i t i o n .  The e x t e n t  t o  w h i c h  s y s t e m a t i c  r e l a t i o n s h i p s  

am o n g s t  m i n e r a l s  c a n  be  o b s e r v e d  i n  t h e s e  e x p e r i m e n t s  e n c o u r a g e s  us  t o  

t h e  v i e w  t h a t  f u r t h e r  e x p e r i m e n t s  i n  w h i c h  t h e r e  i s  more r i g o r o u s  

e v a l u a t i o n  o f  F e - l o s s ,  u s e  o f  l o n g e r  r u n  t i m e s ,  r e v e r s a l  o f  e q u i l i b r i a ,  

e t c .  w i l l  g r e a t l y  r e d u c e  t h e  s c a t t e r  i n  F i g u r e s  1 -7  an d  p r o v i d e  h i g h  

q u a l i t y  c a l i b r a t i o n  d a t a  f o r  n a t u r a l  g a r n e t  l h e r z o l i t e s .  T h es e  

e x p e r i m e n t s  s h o u l d  p r o c e e d  i n  p a r a l l e l  w i t h  s t u d i e s  i n  w h i c h  t h e  d a t a  

o f  t h e  s i m p l e  Ca0 -Mg0 - A l 20 3 - S i 02 s y s t e m  a r e  e x t e n d e d  i n t o  i n c r e a s i n g l y  more

co m p lex  c o m p o s i t i o n s .
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It has been commonly accepted that the orthopyroxene-clinopyroxene 

solvus in the system Ca0-Mg0-Si02 is almost independent of pressure, and 

consequently that the pyroxene solvus is a good geothermometer. However, 

new experiments on pyroxene equilibria in the same system revealed the 

non-negligible effect of pressure on the solvus. Thus, estimates of 

temperature based on pyroxene compositions must be based on a pressure 

estimate as well. Compositions of pyroxenes in this system can slightly 

deviate from the ideal stoichiometry, i.e., orthopyroxene and clinopyroxene 

have limited solid solutions towards olivine and quartz in addition to the 

mutual solid solutions between the En-Di end members. Therefore the mutual 

solubility can be influenced by coexisting phases other than pyroxenes.

The experimental study, however, showed that the influence is practically 

negligible.

The pressure effect on the orthopyroxene - clinopyroxene solvus was 

also found in the system Ca0-Mg0-Fe0-Si02. However, pressure plays a more 

important role in other aspects of pyroxene equilibria in this system. Low 

pressure is a favourable condition for protopyroxene and Ca-rich 

clinopyroxene / Ca-poor clinopyroxene (pigeonite) solvus. Temperature has 

also very large effects. The three phase field of orthopyroxene/Ca-rich 

clinopyroxene/Ca-poor clinopyroxene at 15 kbar moves towards the En-Di join 

with increasing temperature. The three phase field was not found at 30 kbar. 

Ca-free clinopyroxene was found to be stable at relatively high temperatures 

at 15-30 kbar for Fe-rich compositions. The synthesis of the topology of 

pyroxene equilibria is consistent with any one of the recent experimental 

studies in the literature, and is also almost perfectly consistent with 

assemblages and chemistry of natural pyroxenes, in relation to geologically- 

based inferences on their conditions of crystallization.

Coexisting olivine, orthopyroxene, clinopyroxene and spinel at 

1200°C and 16 kbar in the system CaO - MgO - AI2O3 - SiC>2 yield basic 

knowledge in understanding of natural spinel lherzolites. Olivine and spinel
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a r e  o f  s t o i c h i o m e t r i c  p u r e  end member c o m p o s i t i o n s .  The p y r o x e n e s  a r e  a s  

a lum inous  a s  t h o s e  i n  t h e  n a t u r a l  s p i n e l  l h e r z o l i t e s .  The C a / (C a  + Mg) 

r a t i o  o f  a lum inous  c l i n o p y r o x e n e  c o e x i s t i n g  w i t h  o r t h o p y r o x e n e ,  o l i v i n g  and 

s p i n e l  i s  much h i g h e r  t h a n  t h e  r a t i o  of  c l i n o p y r o x e n e  c o e x i s t i n g  w i t h  

o r t h o p y r o x e n e  i n  A l 2 0 3 - f r e e  sys tem .

The e x p e r i m e n t s  i n  m u l t i c o m p o n en t  s y s te m s  y i e l d  c h e m ica l  

c o m p o s i t i o n s  o f  c o e x i s t i n g  o l i v i n e ,  o r t h o p y r o x e n e ,  c l i n o p y r o x e n e  and g a r n e t  

or  s p i n e l .  These  d a t a  a r e  d i r e c t l y  c om pa rab le  w i t h  t h o s e  i n  n a t u r a l  

l h e r z o l i t e s .  V a r io u s  k i n d s  o f  ge o the rm om ete r  were  c a l i b r a t e d  from t h e  d a t a .  

Geo therm ometer s  b a s e d  on e q u i l i b r i u m  c o n s t a n t s  be tw een  o r t h o p y r o x e n e  and 

c l i n o p y r o x e n e ;  o r t h o p y r o x e n e ,  o l i v i n e  and s p i n e l ;  and o l i v i n e ,  c l i n o p y r o x e n e  

and  s p i n e l  a r e  f a i r l y  a c c u r a t e  i n  t e m p e r a t u r e  e s t i m a t e s  f o r  s p i n e l  

l h e r z o l i t e s .  S i x  Fe-Mg p a r t i t i o n  c o e f f i c i e n t s  among o l i v i n e ,  o r t h o p y r o x e n e ,  

c l i n o p y r o x e n e  and g a r n e t  have been  c a l i b r a t e d  a g a i n s t  t e m p e r a t u r e  a t  30-40 

k b a r ,  G a r n e t - c l i n o p y r o x e n e  p a i r  was found  t o  be t h e  most  s e n s i t i v e  to  

t e m p e r a t u r e .

The e x p e r i m e n t a l  r e s u l t s  f o r  p h a s e  e q u i l i b r i a  l e a d  us t o  b e t t e r  

u n d e r s t a n d i n g  o f  n a t u r a l  u l t r a m a f i c  r o c k s .  For  e xa m p le ,  t h e  new e s t i m a t e s  

o f  e q u i l i b r i u m  t e m p e r a t u r e  f o r  s p i n e l  l h e r z o l i t e s  a r e  h i g h e r  t h a n  have  been  

g e n e r a l l y  t h o u g h t .  The t e m p e r a t u r e s  a r e  a s  h i g h  a s  t h o s e  o f  b a s a l t i c  

l i q u i d i  and t h i s  must  be c o n s i d e r e d  a l o n g s i d e  g e o c h e m ic a l  a rg u m e n ts  on 

x e n o l i t h i c  v s .  c o g n a te  o r i g i n  i n  r e l a t i o n  to  b a s a l t i c  h o s t  magma. Some 

g a r n e t  l h e r z o l i t e s  i n  Leso tho  and Montana k i m b e r l i t e s  were s u c c e s s f u l l y  

d u p l i c a t e d  i n  t h e  l a b o r a t o r y .  As a c o n s e q u e n c e ,  T-P c o n d i t i o n s  . f o r  t h e s e  

r o c k s  co u ld  be most  a c c u r a t e l y  e s t i m a t e d .  I n  a d d i t i o n ,  t h e  s u c c e s s  

i n d i c a t e s  t h a t  t h e  d e e p - s e a t e d  n a t u r a l  r o c k s  r e t a i n  t h e i r  p r im a r y  e q u i l i b r i a  

among th e  m i n e r a l s ,  and t h a t  s i m i l a r  e q u i l i b r i a  can  be a t t a i n e d  a l s o  i n  t h e  

l a b o r a t o r y  under  a w i d e r  P,T r a n g e  t h a n  t h a t  i n v e s t i g a t e d  up t o  t h i s  t i m e .

T h i s  t h e s i s  i s  my p r e s e n t a t i o n  o f  e x p e r i m e n t s  s t a r t i n g  from th e  

p y r o x e n e s  i n  t h e  s im p le  sy s tem  and r e a c h i n g  t o  n a t u r a l  u l t r a m a f i c  r o c k s  a t

t h e  e n d .
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APPENDIX 1

A List of Whole Pyroxene Analyses Used in Chapter 2

Correlation table between run numbers
Chapter 2 This list

1 E5
2 T2
3 T3
4 E4
5 G
6 E3
7 El
8 FI
9 F2
10 E6
11 HI
12 H2
13 114
14 J
15 H3
16 I

Due to the rounding-off conventions adopted, 
the 'total' column may differ by 0.01 from 
the sum of SiO^, MgO and CaO.
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APPENDIX 2

A List of Whole Pyroxene Analyses Used in Chapter 4

Due to the rounding-off conventions adopted, 
the 'total' column may differ by 0.01 from 
the sum of SiO^, FeO, MgO and CaO.

Total Fe as FeO
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APPENDIX 3

A List of Representative Analyses for Olivine, Orthopyroxene, 

Clinopyroxene and Garnet Used in Chapter 6

1. Total Fe as FeO

2. When 0.0 wt% is reported for 

NiO, it was not detected or 

not analyzed.
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The petrological study of garnet lherzolite and related 

nodules in Lesotho kimberlites has been referred to in Chapter 6 . This 

appendix presents microprobe analyses of minerals in the nodules and some 

brief discussion on the chemistry of garnet.

All the samples were collected and donated by A.J.R. White.

Samples K1 to K20 are ultramafic nodules with rock types including garnet 

lherzolite, garnet harzburgite, harzburgite and dunite. Representative 

microprobe analyses of minerals are listed in Table 1. Garnets in K4,

K10, and K14 have been completely broken down to lower-pressure assemblage. 

Otherwise, all the minerals were analyzed. Thus, Table 1 also shows mineral 

assemblage of the nodules.

As has been mentioned in Chapter 6 , garnet in the granular 

lherzolites is more calcic than in the sheared lherzolites. The difference 

in terms of grossular content has been attributed to the comparatively 

high pressures in the latter. Fig. 1 shows the difference in 

chemistry as analyzed by Boyd (in Nixon, 1973). It has been reconfirmed 

by my probe analyses (Fig. 2).

Another aspect consistently observed in both the figures is that 

the garnet compositions from the sheared type lherzolites are plotted 

off the ideal stoichiometry join of garnet towards the pyroxene side, 

while those from the granular lherzolites are almost on the join.

One interpretation is that compositions lie off the join because of the 

possible presence of ferric iron which should have been incorporated 

with AI2O3 in constructing both the figures. An alternative 

interpretation is that the I0W-AI2O 3 compositions are due to real 

solubility of pyroxene components in garnet solid solution. Two 

experimental studies relevant to this topic are available in the 

literature. Firstly, Ringwood (1967) found a sudden increase of 

MgSiÜ3 solubility in garnet at around 100 kbar. He interprets the 

results as a formation of a garnet with a composition of Mg3 . sAlSi3. 5 . 0i 2 •
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Table 1

Microprobe analyses of minerals of peridotitic inclusions from 

kimberlite pipes in Lesotho. Analyses presented are of all of the 

coarse-grained ’primary’ constituents of the peridotite inclusions and 

do not include components of kelyphitic alterations of garnets. Although 

it is coarse-grained, the petrographic identification of phlogopite as 

primary or secondary is not obvious.

Correlation between sample numbers in this table and those

of La Trobe University, and localities are as follows:

Thesis La Trobe Locality Thesis La Trobe Locality

K1 2044 Liqhobong Kll 2081 Mothae

K2 2053 Thaba Putsoa K12 2082 Mothae

K3 2067 Letseng-la-terae K13 2023 Kao

K4 2068 Letseng-la-terae K14 2030 Kao

K5 2072 Mothae K15 2037 Liqhobong

K6 2040 Liqhobong K16 2056 Thaba Putsoa

K7 2050 Thaba Putsoa K17 2069 Mothae

K8 2057 Thaba Putsoa K18 2075 Mothae

K9 2058 Thaba Putsoa K19 2086 Mothae

K10 2074 Mothae K20 2093 Mothae
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A

ga rne t s.s

Fig. 1 ACF-plot of garnets in Lesotho lherzolites. All the data 
are of Boyd ( in Nixon, 1973). Circle : garnet in granular type 
lherzolite. Triangle : garnet in sheared type lherzolite.
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A

\

Fig. 2 ACF-plot of garnet, orthopyroxene and clinopyroxene. Data 
are from Table 1. The two garnet compositions off the garnet solid 
solution join and rich in F-component are of sheared type lherzolites.
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The second experimental study is on the join FeSi03~Fe3Al2Si3O12 

(Akimoto and Akaogi, 1975, Akaogi, personal communication, 1975). They 

found steady increase of FeSi03 solubility in garnet with increasing pressure 

above 60 kbar. These two lines of observation are somewhat inconsistent, 

but at least show that high pressure is necessary for the solubility of 

pyroxene components in garnet. Therefore, the systematic deviation of 

the garnet composition from the stoichiometry join may possibly attributed 

to the higher pressure for the sheared lherzolites and relatively lower 

pressure for the granular ones.

It should be noted, however, that the experiments may not be 

directly comparable to the Lesotho garnet lherzolites since it is Ca-free 

clinopyroxene which coexists with garnet in the experiments instead of 

orthopyroxene as is the case in the lherzolites. The inference of higher 

solubility of pyroxene components in garnet at relatively high pressures 

would probably be still valid because of little difference in thermodynamic 

properties between orthopyroxene and Ca-free clinopyroxene. In addition, 

the occurrence of orthopyroxene in the sheared garnet lherzolites implies 

that the Ca-free clinopyroxene consistently found in laboratories at 

around 60 kbar and above are formed under relatively high stress (Coe and 

Kirby, 1975) which is inevitably associated with the high pressure 

devices to produce such high pressures. Stable phase under hydrostatic 

condition may be orthopyroxene instead of Ca-free clinopyroxene.
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The iron-magnesium partit ioning between naturally occuring 
coexisting olivine and Ca-rich clinopyroxene : 

an application of the simple mixture model 
to olivine solid solution

by Ma s a a k i  OBATA,
Dept. Earth and Planetary Sciences, M. I. T. Cambridge, Mass. 02139 U. S. A.

Shohei BANNO,
Dept. Earth Sciences, Kanazawa University, Kanazawa 920 Japan.

and T a k e s h i  MORI,
Research School of Earth SciencesJhe Australian National University, Canberra, A. C. T. Australia 2600.

Abstract. — The partitioning of Fe and Mg between olivine and Ca-rich clinopyroxene 
was treated applying simple mixture and ideal solution models to olivine and clinopyro­
xene, respectively. The relation between partition coefficient, K  and apparent partition 
coefficient, K' is written :

H ’oi
ln h  =  ln K' +  -jjTp (1 — 2 A)

where IF01 is a thermodynamic parameter which depends on temperature and pressure, 
and A' is Fc/(Fe -|- Mg) ratio of olivine. Using published experimental data on IF01 at 
different physical conditions, the temperature dependence of IF*’1 was examined. 
Although the physical meaning of temperature dependence of IF01 term is not well 
understood, the apparent partition coefficient between olivine and clinopyroxene is 
sensitive to temperature through a big temperature dependence of IF01, and hence this 
partitioning is an useful geothermometer especially at low temperature.

Paytage de Fe-Mg entve olivine et clinopyroxene calcique coexistants dans la nature : une 
application du modele de simple mdlange ä la solution solide de Volivine.

Resume. — Le partage de Fc et Mg entre olivine et clinopyroxene calcique a ete inter­
prets en appliquant des modeles de simple melange pour l’olivine et de solution ideale 
pour le clinopyroxene. La relation entre le coefficient de partage, K  et le coefficient de par­
tage apparent, K' s’ecrit :

W° 1ln K — ln K' +  —  (1— 2 A')

ou IF01 est un paraetre thermodynamique dependant de la temperature et de la pression, 
et AT est le rapport Fe/(Fe +  Mg) dans l’olivine. E11 utilisant les donnees experimen­
tales publiees sur lFo1 avec la temperature a ete examinee. Bien que la signification phy­
sique du terme IF01 ne soit pas bien comprise, le coefficient de partage apparent entre 
olivine et clinopyroxene est sensible ä la temperature ä cause d’une grande dependance 
de W°l de la temperature, et done, ce coefficient de partage est un geothermometre utile, 
spScialement ä basse temperature.

I n t r o d u c t i o n .

Fe-Mg partitioning between coexisting olivine 
and Ca-rich clinopyroxene (herein called simply 
clinopyroxene) has received little attention, al­
though this parameter has been proposed as an 
empirical geothermometer (James, 1971 ; Mori and 
Banno, 1973).

If the thermodynamics of the Fe-Mg partitioning 
between olivine and orthopyroxene, and between

clino- and orthopyroxenes could be understood, the 
partitioning between olivine and clinopyroxene 
would be uniquely determined. However, in spite 
of extensive studies on the thermodynamics of oli­
vine and pyroxenes, we are still far from quanti­
tative understanding of those properties. In this 
context, the partitioning of Fe and Mg between 
olivine and clinopyroxene may be used to examine 
the internal consistency of the available thermo­
dynamic data. In the following, brief review of the
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available thermodynamic data of olivine and pyro­
xenes relevant to the present problem will be 
followed by an attempt to explain the Fe-Mg par­
titioning between naturally occuring coexisting 
olivine and clinopyroxene.

Thermodynamic considerations.

Partition coefficient.

The Fe-Mg partition between olivine and clino­
pyroxene is expressed :

MgSi1/2 02 +  CaFeSi.,06 =  FeSi1/2 02 
Fo Hd Fa

+  CaMgSi206 [i] 
Di

Thermodynamic partition coefficient for
this exchange reaction is defined :

JSol—cpx ---
F e —M g

[2]

where a and y denote activity and activity coeffi­
cient, K'r^Zm°*x called apparent partition coefficient 
in this paper, is defined in terms of the overall 
atomic fraction of minerals, Ar :

=  ( ■V' \r.
\  cpx

[3]

The super- and subscripts to K  and K' may be 
dropped wherever no confusion occurs. The par­
tition coefficient K  is related to AG, the free energy 
change of the reaction [1], as follows :

In K =  — A G/RT [4]

Available thermodynamic properties of ~ the 
relevant solid solutions are insufficient to apply 
sophisticated expressions of the non-ideal terms 
that appear in eq. [2], and hence, we use a crude 
approach of expressing the solid solutions in terms 
of the simple mixture in the sense of Guggenheim
(1967). The eq. [2] may be rewritten as follows :

ln K  =  In K '+  (1 -  2 X°\)

W  cpx

" 1 i r { l ~ 2 X * ' x) [5]

where IF may be a function of temperature. Appli­
cation of the Fe-Mg partitioning to geology as a 
geothermometer requires the expression of ln K' 
(the parameter obtained by chemical analysis of 
minerals) to be a function of temperature, pressure 
and overall compositions of minerals, and hence 
we need the expressions of ln K, IF01, and JFcpx.

Available thermodynamic data of olivine and 
pyroxenes : The experimental data relevant to the 
thermodynamics of Fe-Mg olivine has been publish­
ed by Nafziger and Muan^iqby), Larimer (1968), 
Medaris (1968), Kitayama and Katsura (1968), 
Matsui and Nishizawa (1972) and Nafziger (1973). 
Non-ideality of olivine at high temperatures has 
been suggested by these authors except Medaris. 
Most of the available experimental data are based 
on the Fe-Mg partitioning between olivine and or­
thopyroxene, and hence the estimation of the non­
ideality of olivine is based on that of orthopyroxene.

Nafziger and Muan (1967) considered that ortho­
pyroxene is nearly ideal, or slightly positively 
deviated from Raoult’s law. Kitayama and Katsura
(1968) and Williams (1971), however, considered 
that orthopyroxene is distinctively positively non­
ideal, and more positive than olivine. As will be 
shown later, the data on coexisting olivine and or­
thopyroxene preclude the possibility that ortho­
pyroxene is more positively non-ideal than olivine. 
Virgo and Hafner (1969) showed that, except for 
Fe-rich portion of the series, the site preference of 
Fe and Mg over the Mi and M2 structural sites of 
orthopyroxene can be explained by the intracrys­
talline partitioning of ideally double sited minerals. 
Saxena and Ghose (1971) obtained the similar 
temperature dependence of the site preference to 
that obtained by Virgo and Hafner below 8oo° C. 
They derived activity-composition relations in 
orthopyroxene from what they believe partial acti­
vities of Fe and Mg at the two sites, which were 
approximated to be simple mixtures, and showed 
that orthopyroxene is nearly ideal at 900° C al­
though it is still a little asymmetric. This suggest 
that positive excess mixing free energy for each 
site and negative excess mixing free energy due to 
site preference are of same order and cancel with 
one another near 900° C. Navrotsky (1971) cal­
culated the excess mixing free energy due to cation 
ordering for ideally-double sited orthopyroxene. 
Matsui and Nishizawa (1972) favor the model of 
orthopyroxene being less non-ideal than expected 
from the ideally double sited model. Recently, Naf­
ziger (1973) considered that olivine is more posi­
tively non-ideal than orthopyroxene and that 
orthopyroxene is nearly ideal.

The Fe-Mg partitioning between clino- and or­
thopyroxenes from granulite facies terrains has 
been demonstrated by Binns (1962) and Davidson
(1969), and this has been interpreted in terms of 
the partitioning between ideal clinopyroxene and 
ideally-double sited orthopyroxene by Banno and 
Matsui (1966).

Thermodynamic properties of clinopyroxene are 
not well known. The Fe-Mg partitioning between 
garnet and clinopyroxene has been considered to 
be nearly ideal by many authors (Saxena, 1968 ; 
Banno, 1970 ; Mysen and Heier, 1972). In the crys­
tal structure of clinopyroxene, M2 site is mostly 
occupied by calcium ion. Therefore, the non-idea­
lity due to Fe-Mg site preference is not expected
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T a b l e  I.

ln K oi-opx and \VoX values ca lcu lated  on tw o alternative m od els of orthopyroxene.

No correction for pressure is made except at  i ooo° C.

T  
(° C)

111 /yo1“°PX W ol/ R T  IF01 
(kcal)

In A'01" opx l y o i / K T ]V o\
(kcal)

REFERENCES

8OO O . 40 0.66 1.4 0.46 0.38 0.82 Medaris (1969)
QOO O.32 0.21 0.49 o -37 --- 0.01 — 0.02 —

1 OOO (*) O.32 0.24 0.6 Matsui and Nishizawa (1972)
I IOO O . 28 0. i g 0.52 o -35 o -55 0.14 Larimer (1969)
I 200 0.25 0.17 0.50 0.27 0.01 0.03 —
I 200 (**) 0.13 0.27 0.19 0.05 Nafziger and Muan (1967)
1 3OO O.27 0.18 o -57 0.29 0.02 0.06 Larimer (1969)

(*) Quoted from Matsui and Nishizawa (1972), corrected for pressure. 
(**) Calculated using the data determined by X-ray only.

to be as large as that of orthopyroxene. It is also 
possible that positive mixing enthalpy for clino- 
pyroxene is comparable to that for orthopyroxene 
and that in the Fe-Mg partitioning for this pairs, 
the positive non-ideal terms of both pyroxenes 
cancel each other leaving the residual non-ideal 
term to the site preference in orthopyroxene. Con­
sidering the above arguments, the thermodynamic 
properties of orthopyroxene probably lie between 
those of the ideal and ideally double-sited models.

Estimates of W°l from experimental data : The W°l 
value of olivine may be calculated from available 
experimental data on the Fe-Mg partitioning bet­
ween olivine and orthopyroxene using the following 
equation :

W°l
In =  In K'°\z7 tx +  R f  (1 — 2 X&)

For an ideal orthopyroxne model, the last term of 
equation [6] is zero. For the ideally double-sited 
model, this term may be calculated using the fol­
lowing activity-composition relationship :

a2. p2 /  P2A-„.-L + p. / x>p.-X f.-£ .
2 y 4 [7]

where

P
i + K i  
i — K i [8]

Ki  is called the internal partition coefficient, which 
is defined by denoting the atomic fractions of Fe 
and Mg in M l  and M2 sites by X Flf etc. :

K i  = [9]

and X Fo in the equation is the average atomic frac­
tion of Fe :

AT A 'ko +  x i [10]

The temperature dependence of the internal par­
tition coefficient, K i  was obtained from the data 
of Virgo and Hafner (1969), excluding the 500° C 
data :

In K i  =  1.35 x io3/2’ +  0.345 [n]

The IF01 values were calculated by least square 
method using equation [6] based on the two li­
m iting models for orthopyroxene (Table I). The 
standard deviations of ln K  and IF01 do not differ 
much between two alternative models of ortho­
pyroxene, suggesting that these experimental data 
are not sufficient enough to determine the non-ideal 
parameters of olivine and orthopyroxene simul­
taneously. In Table I, the data by Medaris (1969) 
at 8oo° C are also included. Although Medaris con­
sidered his 8oo° C data indicated disequilibrium, 
there is no sound reason to think so if we abandon 
his assumpton that olivine is ideal and orthopy­
roxene is ideally double sited. In Table I, it is seen 
that the W°l values estimated on ideally double 
sited model of orthopyroxene are about 0.4 to 
0.6 kcal smaller than those on ideal model of 
orthopyroxene.

In contrast to high temperature Fe-Mg partition­
ing experiments, Schuhen et al. (1970) examined 
the Fe-Mg partitioning between olivine and chlo­
ride solution, which indicates a distinct nonideal 
behavior of olivine solid solution at low tempera­
ture and a probable unmixing of olivine below 
450° C. Saxena (1972) calculated IF01 values from 
these data assuming that both olivine and chloride 
solutions are simple mixtures. The IF01 value thus 
obtained has strong temperature dependence and 
olivine is almost ideal as low as 650° C. This un-
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likely result may be clue to the application of the 
simple mixture model to an electrolyte aqueous 
solution. The W°l value near 450° C, however, does 
not depend much upon the model used for chloride 
solution as long as the simple mixture model for 
olivine is accepted since W°l is equal to 2RT  at c riti­
cal temperature.

Summarizing these data (Fig. 1), a strong tem­
perature dependence of IT01 has to be accepted, 
i. e., the If701 value decreases rapidly w ith increasing 
temperature, but above 1 ooo° C, IF01 is almost 
constant and olivine is nearly ideal. The tempera-

degree of cation ordering increases with increas­
ing temperature. At this stage, the mechanism of 
Fe-Mg ordering in olivine is not clear yet, but its 
contribution to non-ideality cannot be expected 
to be as large as that in orthopyroxene.

Apparently, the symmetric simple mixture 
model is too crude, and the excess exchange entro­
py term for like and unlike pairs of substituting 
cations may have to be taken into account to dis­
cuss the physical meaning of the apparent tempe­
rature dependence of IF01 term obtained here.

Kcal O

3 -

W 0'

2 -

O  chloride solution

•  ideal
Jopx

o ideally d.sited

G e o l o g ic  A p p l ic a t i o n s .

Natural olivine-clinopyroxenc pairs : Among the 
available data of natural olivine-clinopyroxene 
pairs, those from Norwegian garnet lherzolites and 
associated rocks (O’Hara and Mercy, 1963 ; Cars­
well, 1968) cover a wide compositional range and 
show a systematic variation of A ' 'o1- cp x with the 
chemistry of the rocks (Fig. 2). I t  is assumed here 
that nearly all iron in clinopyroxene is divalent, 
based on the Mössbauer spectroscopy of a diopside 
from the Mt. Higasi-Akaisi peridotite, Japan, by 
Matsui (oral communication), who consider that 
less than 10 % of the total iron is trivalent. The 
compositional gap of the coexisting pyroxenes and 
the Fe-Mg partitioning between garnet and clino- 
pyroxene of the Norwegian garnet-clinopyroxene 
pairs from peridotite association are fairly cons­
tant and suggests that these rocks were equilibrat-

F ig . i .  —  The re lation between IT 01, calculated on the assump­
tions given in  the tex t, and temperature.

ture dependence of the W term with negative 
slope has been observed in a few solid solutions 
such as NaCl-KCl and alkali feldspar (Thompson 
and Waldbaum, 1969 a, 1969 b), for which more 
elaborate theoretical treatments have been ap­
plied by introducing asymmetric excess free energy. 
I t  is generally expected that non-ideality of solid 
solution decreases with increasing temperature, 
but temperature dependence of d 1Vp)T  cannot be 
easily explained. I f  the physical meaning of the W 
term can be interpreted by analogy to the strictry 
regular solution, this term corresponds to the free 
energy difference between like and unlike pairs of 
substituting cations, but this analogy cannot ex­
plain the strong temperature dependence of dW / 
0 T  unless some kind of second order transition is 
involved. Fe-Mg cation ordering between M i and 
M2 sites in olivine were examined by several au­
thors using X-ray diffraction method (Birle et al., 
1968 ; Finger, 1970 ; Finger and Virgo, 1971), elec­
tronic absorption spectroscopy (Bush et al., 1970, 
Virgo and Hafner, 1972). Virgo and Hafner report­
ed cation disordering in olivine after heating or­
dered natural olivine at 1 1550 C. However, Smyth 
and Hanzen (1973) demonstrated by high tempera­
ture X-ray crystal structure refinements that the

Mt H A Japan 

Norway 
Hawcn 
Burro Ml 
Emigrant Gap

Fe
Fe + Mg

Olivine Fe + Mg

F i g . 2. —  The p a rtitio n in g  of Fe and Mg between c linopyro­
xene and olivine. The temperatures for natura l assemblages 
were based in the same assumptions as M ori and Banno (1973).

ed under narrow range of physical contitions, say 
650 ~  700° C (O’Hara and Mercy, 1963 ; O’Hara, 
1967 ; Mori and Banno, 1973). The values of In 
K oi-cpx and WolIRT  were calculated from the data 
on the olivine-clinopyroxene and [olivine-ortho- 
pyroxene pairs of the Norwegian rocks using equa-
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tion [5] (Table II). For the olivine-clinopyroxene 
pairs, it is assumed that clinopyroxene is ideal 
based on the discussion given earlier. The value of 
WoX/RT calculated from different pairs do not agree 
well. Although we do not understand the tempera­
ture dependence of IF01, \VoXIRT-i  jT diagram is mo­
dified from the WoX-T diagram in Fig. 1, assuming 
the smooth change of the IF01 value with tempera­
ture (Fig. 3). The WolIRT value obtained from the 
olivine-clinopyroxene pairs gives temperature 550- 
650° C, and that from olivine-orthopyroxene gives 
700-900° C. Estimated temperatures from compo­
sitional gaps between clino- and orthopyroxenes 
and from the Fe-Mg partitioning do not necessa­
rily have to be identical since there is no reason 
to believe that the diffusion rate of calcium ion is 
similer to those of iron or magnesium ion in sili­
cate minerals and that these two different geo­
thermometers indicate the same temperature. The 
diffusion rate of the same cation may even vary 
in different minerals. The Fe-Mg intracrystaline 
exchange reaction in olivine is considerably more 
sluggish than in orthopyroxene (Virgo and Hafner, 
1969, 1972). This is likely because oxygens are 
more closely packed in the olivine structure than 
in the pyroxene structure. Therefore, if a rock 
which consists of, say, olivine, clinopyroxene and 
orthopyroxene cools down slowly, olivine will first 
become a closed system with respect to Fe and Mg. 
Even if these three phases are in equilibirum at 
this moment, the partitioning of Fc and Mg bet­
ween clino- and orthopyroxenes will keep changing 
for a while during further cooling until one of the 
two pyroxenes becomes closed system, and hence 
olivine and clino- or orthopyroxene are not really 
in equilibrium any more. On the other hand, if a 
rock quenched before olivine becomes a closed sys­
tem, the calculated partitioning pattern will be 
consistent between these three phases and the same 
temperature should be obtained from different 
mineral pairs.

At present, there are too few' data available on 
diffusion rates of cations in silicate minerals to 
discuss the significance of this process. The geother­
mometer of the Fe-Mg partitioning may have to 
be carefully applied to natural rocks considering 
the effects by other coexisting major ferro-magne­

sian minerals which have large diffusivity of iron 
and magnesium cations.

Another series of natural olivine-clinopyroxene 
pairs are available from peridotites and associated 
garnet clinopyroxenites from Mt. Higasi-Akaisi 
mass, Sikoku, Japan (Mori and Banno, 1973). The 
physical conditions of the equilibrium of garnet­
bearing rocks of this mass are also very limited and

W°'/RT

O chloride solution

•  ideol

o ideolly d.sited

0 6 l/T I03

T r c i

F ig . v  — Comparison of II 01 of Norwegian and Japanese pairs 
with those calculated from experimental data. i/T  scale for 
temperature.

their temperature is about i5ol)C lower than those 
of Norwegian garnet lhcrzolites, and lienee about 
550° C. The partitioning of the Japanese pairs is 
also shown in Fig. 2. Among the seven data points, 
two are associated wfith garnets, and one marked « * » 
contains heterogeneous clinopyroxene with Fe/ 
(Fe +  Mg) ratios ranging from 0.062 to 0.086 and 
varyng K'0l~cpx, 3.4 to 5.0. For the Japanese pairs 
excluding « * », we obtained ln K =  2.2 and IF01/ 
RT = 1.9 again assuming ideal clinopyroxene. 
With this value of WolIRT, olivine should be near 
the critical temperature of unmixing on the crude 
model we have adopted. The scatter of plots in 
Fig. 2 does not allow us to speculate if olivine is

T a b l e  II.

In A'0l_cpx, In A’oi-op x  and W oX- R T  from natural pairs.

A REA P A IR In  A 'o i - c p x In A’o1“ ° p x I F 01 /R T D ATA

N orway ol-cpx (ideal) 
ol-opx (ideal) 
ol-opx (i. d. sited)

i .22 0 • 5 3 * 
0 . 6 0  
0 . 7 1

i .0 8  
0 . 6 7  
0 . 4 2

O ’H a r a
a n d  M a r c y  (1963I 

a n d  C a r s w e l l  (1968)

J apan ol-cpx (ideal) 2 . 2 1 - 5 * i . 9 6 Mori and Banno (1973)

Bull. Soc. fr. Mineral. Cristallogr., 1974. 8
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really near the critical temperature or not. The 
scatter may partly be due to the fact that not all 
the olivine-clinopyroxene pairs of this mass are 
exactly isophysical. Although the majority of the 
rock types from this mass represent rather limited 
physical conditions of equilibrium, Yokoyama and 
Mori (to appear) described a spinel-garnet clino- 
pyroxenite, in which equilibration of more than 
one temperature is recorded. However, the com­
positional dependence of the apparent partition 
coefficient as seen in Fig. 2 is too systematic to be 
fortuitous.

Geothermometer : The Fe-Mg partitioning bet­
ween olivine and clinopyroxene depends on tempe­
rature and composition of minerals through the 
temperature dependence of In A o1_ cpx and IF 01 
terms that appear in eq. [5]. The temperature depen­
dences of these two terms are not yet clearly sepa­
rated, but the overall temperature dependence of 
the partitioning is clear in Fig. 2. Hence we may 
use this partitioning as an empirical geothermo­
meter. The merit of this geothermometer is that 
this is more sensitive to temperature through the 
large temperature dependence of IF01 than that of 
clino- and orthopyroxene partitioning, and this 
can be more appropriately used at low tempera­
tures as exemplified by the Norwegian and Japa­
nese peridotites. In Fig. 2, the partition data of a 
few more occurrences are plotted and compared 
with the Norwegian and Japanese pairs. Probable 
temperatures are read from the WolIRT diagram 
(Fig- 3)-

The Burro Mt. peridotite described by Toney ct 
al. (1971) plots at about 6oo°C, which contradicts 
the interpretation by the original authors. The

Fe-Mg partition coefficient between coexisting pyro­
xenes, K'opx-cpx, jn this mass is about 1.45. On the 
basis that the Norwegian and Japanese peridotites 
have A"°px~cpx values of 1.35 and 1.87, respectively 
on a total Fe basis (Mori and Banno, 1973), it 
appears that the Burro Mt. peridotite was meta­
morphosed at about 6oo° C. Although the classic 
paper by Kretz (1961) and Bartholome (1962) each 
gave a value of 1.4 as an average of A ' ° px- cpx for 
igneous rocks, Nakamura and Kushiro (1970) gave 
1.1 for the pyroxene pairs from a tholeiitic andesite. 
At least empirically, we may use the apparent par­
tition coefficient on the total Fe basis. Therefore, 
the consistent variation of A ' o1- cpx and A ''°px- cpx 
among Norwegian, Burro Mt. and Japanese peri­
dotite appear to suggest that the temperature of 
equilibration decreases in this order and that the 
Burro Mt. peridotite suffered medium temperature 
metamorphism on its way from the oceanic litho­
sphere to the Franciscan terrain, if the idea of Loney 
ct al. (1971) is defended. Though there is scatter in 
the olivine-clinopyroxene pairs from the Emigrant 
Gap mass on Fig. 2, they appear to be in harmony 
with the statement by James (1971) that this peri­
dotite suffered metamorphism at fairly high tem­
peratures. The data from the peridotite nodules in 
Hawaiian basalts (White, 1966) are also plotted, 
and a trial curve with ln K  =  1.13 and \VolIRT =  
0.08 is drawn.

By applying the Fe-Mg partitioning between 
olivine and clinopyroxene, the average apparant 
partition coefficient is not appropriate because of 
strong compositional dependence. For effective use 
of this geothermometer, we need pairs covering a 
reasonable compositional range.
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In tr o d u c tio n

Garnet-clinopyroxene rocks enclosed in the 
M t. Higashi-Akaishi peridolitc mass located 
in the eastern area of the Ehime Prefecture 
have been studied by I Iorikosiji  (1937), 
Y osiiino  (1961, 1964), Hanno  (1970), E rnst 
et al. (1970), M ori  (1972) and M ori  and 
Banno  (1973). O n the basis of the low A120 3 
content in clinopyroxene and Fc-M g parti­
tion relationship between garnet and clino­
pyroxene, Banno  (1970), E rnst  et al. (1970) 
and M ori and Banno  (1973) Have considered 
that the garnet-clinopyroxenite were equili­
brated at relatively low tem perature cor­
responding to the epidote am phibolite facies. 
M ori and Banno  (1973) considered that 
latest equilibration of the garnet-clinopyro- 
xenite took place at 500— 600°G and 7— 13 
Kb.

Recently, a block of spinel-garnet-pyroxene 
rock was found by I w a t a  (1970) in the area 
of the Iratsu epidote am phibolite mass which 
is in contact with the M t. Higashi-Akaishi 
peridotite mass. Subsequently, we confirmed 
the outcrops of this rock-type in a peridotite 
mass located in the Iratsu epidote am phibo­
lite mass. Texture of this spinel-garnet- 
pyroxene rock shows at least two stages of 
equilibration. An earlier stage is characteriz­
ed by a spinel-aluminous pyroxenc-plagioclase 
assemblage. Reactions am ong the minerals

* D epartm ent of E arth  Sciences, K anazaw a 
University, K anazaw a.
Present address: Geological Institute, Facul­
ty of Science, University of Tokyo, Tokyo.

** Research School of E arth  Sciences, T he 
A ustralian N ational University, Australia.

of the earlier stage formed garnet and Al-poor 
pyroxenes which are minerals of a later stage.

In this paper, we will describe the texture 
and chemical relations am ong the minerals 
in the spincl-garnet-pyroxcne rock to estimate 
a therm al history of this rock.

G e o lo g ic a l O u tlin e

Geology of the Iratsu area has been studi­
ed by H i d e  et al. (1956), Y oshino  (1961, 
1964) and Ban no  (1964). T he Iratsu  epidote 
am phibolite mass represents the highest me- 
tam orphic grade in the Sanbagaw a m etam or- 
phic belt in Shikoku (Ba n n o , 1964). The 
Iratsu epidote am phibolite mass measures 
6 km X 3 km and contacts w ith the M t. 
H igashi-Akaishi peridotite mass to the west, 
and pelitic and green schists to the others. 
T he mass consists mainly of albite-epidote am ­
phibolite, hornblende eclogite and quartz 
cclogitc and is associated with peridotite. Al- 
bite-epidotc am phibolite has conspicuous al­
ternation of am phibole-rich part and clino- 
zoisite-rich part, which varies 1 m m  to 2 m 
in thickness.

We have found a few types of spinel-bearing

Iratsu a rea

Fig. 1. Location of the Iratsu area.
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Fig. 2. Flie texture of the spincl-garnet-pyroxene rock (sample, No. Ol 7050802).

rocks in this area. Most of (lie spinel-bearing 
rocks were found as blocks on river beds in a 
western tributary of the Nikubuchi valley 
which is located within the Iratsu mass, bu t 
the spinel-bearing rocks also occur as layers in 
a peridotite mass a t an eastern tributary of 
the Nikubuchi valley. The peridotite mass 
measures approxim ately 200 m x 500 m and 
mainly consists of dunite and wehrlitc. T he 
layers of spinel-bearing rock in the peridotite 
mass are 10 to 200 cm thick.

P etro g r a p h y

Spinel-bearing rocks usually consists of the 
alternation of mafic layers of spinel, garnet, 
pyroxenes and hornblende, and felsic layers of 
zoisite, kyanitc and quartz. T he modes of 
garnet and hornblende of mafic layer are 
variable within 1 20 volume percent and
1— 30 volume percent, respectively. T he 
samples collected from the peridotite are 
usually rich in hornblende, while those from 
the river beds as blocks are poor in it. In 
some specimens, the mafic layers consist 
mostly of spinel and pyroxenes, and garnet 
is present only at the boundary between mafic 
and felsic layers, and is rare in the mafic

layers.
O ur petrographic and chemical studies 

have been carried out m ainly on a garnet- 
rich type (sample No. O I 7050802), which 
shows noticeable reaction texture between 
spinel and pyroxenes to form garnet as shown 
in Plates I - I  and 2.

D istribution of constituent minerals in the 
spinel-bearing rock(sample No. O I 7050802) 
is shown in Fig. 2. T he constituent minerals 
of the spinel-bearing rock are spinel, garnet, 
clinopyroxene, orthopyroxene, pargasite, zoi­
site, kyanitc, quartz, corundum , chlorite and 
m agnetite. flic  mafic layers are divided 
into three parts: garnet-rich, spinel-rich and
orthopyroxene-rich parts, boundaries of which 
are transitional. T he felsic layer consists of 
fine-grained zoisite w ith small am ount of kya­
nitc and quartz, and contacts with the garnet- 
rich parts where garnet is dom inant and ac­
com panied by subordinate clinopyroxene, par­
gasite and fine-grained breakdown products 
of spinel, 'f lic  spinel-rich part stretches pa­
rallel to the felsic layer. The orthopyroxene- 
rich part contains some clinopyroxene, spinel, 
garnet and pargasite. In every part, reaction 
texture is present.
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All (he garnet grains in the spinel-bearing 
rock are reaction products. In the spinel- 
rich parts, garnet is a reaction product among 
spinel and pyroxenes as shown in Plates 1-1 
and 2. Spinel is surrounded by garnet, until 
it is wholly consumed to form large garnet 
grains. In one large spinel grain, garnet 
coexisting with hornblende and chlorite is 
included. It is probably derived from ori­
ginal pyroxene inclusions. In the ortho- 
pyroxene-rich part, garnet occurs at the grain 
boundaries between pyroxenes as shown in 
Plate 1-3, and the size of garnet increases to­
ward the tripple junctions among reactant 
minerals. Hornblende usually occurs in the 
interstices of spinel and pyroxenes and is 
subhedral, implying it also postdated the 
others.

Spinel grain in the spinel-rich parts is green 
coloured, embayed in form, and when large, 
it contains a lot of subhedral magnetite in­
clusions^).5 microns in diameter). They are 
evenly distributed only at the cores of spinel 
grains, causing an apparent zonation in co­
lour, j. e. deep green at the core to light green 
at the rim. Sometimes, tiny grains of m ag­
netite are formed along fracture planes of 
spinel. When the spinel grain is small, no 
magnetite is found in it.

In the garnet-rich parts, there is a lot of 
aggregates of very fine-grained corundum and 
chlorites. Shapes of these aggregates are 
exactly the same as those of spinel in the 
spinel parts. Rims of spinel grains show a 
breakdown to corundum and chlorite in the 
transitional zone between the spinel-rich and 
garnet-rich parts. They implies that corun­
dum-chlorite aggregates were originally spinel. 
Corundum  grains arc 5 to 25 microns in 
diameter and contact with each other by sharp 
boundaries. Chlorite scatters interstitially 
among corundum grains. The corundum- 
chlorite aggregates are usually surrounded by 
garnets and rarely contact with amphiboles. 
Even if the aggregates locate within only 0.3 
m m  to the felsic layer where quartz is present, 
no reaction to form kyanite is visible.

In the orthopyroxene-rich parts, tiny grains 
of clinopyroxene and hornblende arc found

at the boundaries between garnet and ortho- 
pyroxene and between orthopyroxenes, sug­
gesting that they were expelled from ortho- 
pyroxenes, presumably at the time of the 
garnet formation.

T he felsic layer, now consisting of zoisite, 
kyanite and quartz, was originally a plagio- 
clase layer. This is affirmed by its bulk 
chemical composition as will be discussed 
later.

Based on the petrography described above, 
we consider that the original rock was a coarse­
grained spinel-orthopyroxcnc-clinopyroxene- 
plagioclase rock. The mafic layer of a 
spinel-bearing rock in sample KY No. 5, 
as shown in Plate 1-4, preserves the original 
mineral assemblage and texture almost com­
pletely, although the felsic layer has already 
broken down into zoisite, kyanite and quartz.

A n a ly s e s  o f  M in e r a ls

Chemical analyses of the minerals in the 
spinel-bearing rock were done using a Hitachi 
X M A  5 electron microprobc analyser, with 3 
channel detecting system and 38° take olT 
angle. Accelerating voltage and specimen 
current were 15.0 kV and 0.03 gA, respec­
tively. Synthetic periclase, corundum, quartz, 
diopside, wollastonite, rutile and rhodonite 
and natural albitc, chromite and hematite 
were used as standards as well as kaersutitc 
tha t was used as a working standard. The 
observed X-ray intensity ratios were corrected 
by the alpha factor by A lbee  and R ay 
(1970). T he  results of the chemical analyses 
arc shown in Table  1 with their atomic ratios.

Pyroxenes'. Both ortho- and clinopyroxenes 
show compositional zonations, especially where 
garnet is formed around them (Fig. 3). A120 3
content of pyroxenes decreases toward their 
rims at the contact of garnet. For oxtho- 
pyroxencs, A120 3 content decrease’s from 6.7 
weight percent at the core to about 1 weight 
percent at the rim. For clinopyroxenes, Al2( ) 3 
content decreases from 7.3 to about 2 weight 
percent. The composition at the core varies 
slightly from grain to grain. The Fe/M g 
ratio decreases toward rims. The tiny clino­
pyroxene crystals occuring at the boundaries



231

T a b le  1. C hem ica l com positions o f the m ine ra ls  in  the sp ine l-garnet-pyroxene rock 
(sample, No. O I 7050802).

1 2 3 4 5 6 7 8 9 10 11
O p x C px C px G arnet G arnet G arne t Spinel Spinel M b Zo isite Felsic

S i0 2 52.0 50 .3 53.2 41.1 39.4 4 0 .3 0 .0 0 0 .03 42.7 38.5 44 .3
T i 0 2 0.05 6 .12 0. 14 0.07 0 .05 0 .0 3 0.03 0 .0 6 0. 14 0.04 n. d
A 1 *0 , 6.66 7.26 1.25 22.7 22.4 22.7 61.1 66 .0 16.4 31 .6 34.8
Fc20 3 5 .7 2 ** 1 .28** 1 .7 5 **
FeO 12.9* 3 .8 6 * 2 .01* 14.1* 17.9* 19 .6* 15.6 13.5 4 .9 3 * n. d
M n O 0.09 0 .08 0.04 0.31 0.27 0 .3 0 0.01 0 .0 0 0 .00 0 .0 0 n. d
M g O 28.1 14.2 17.0 15.8 8 .55 14.6 18.3 19.1 16.9 0. 15 1.2
C aO 0.80 23.1 25.3 5.93 11.7 2 .16 0 .00 0 .0 0 13. 1 24.0 19.1
N a 20 0 .02 0 .85 0.29 0 .00 0.06 0 .0 3 0 .03 0 .0 3 2.80 0 .0 0 n. d
k 2o 0 .00 0 .00 0.00 0.00 0 .00 0 .0 0 0 .00 0 .00 0.24 0 .0 0 n. d

T o ta l 100.62 99.77 99.23 100.01 100.33 99 .72 100.79 100.00 97.21 96.04 99 .4

Si 0.921 1.845 1.958 3.000 2.976 2.996 0.000 0.001 6.116 3.000 2.115
A l j 0 .139 0.314 0.054 1.951 1.990 1 .986 1 .886 1.975 2.757 2.900 1.901
Fe 0.114 0.025 0.114
T i 0.000 0.006 0.004 0.004 0.004 0.002 0.001 0.000 0.015 0.002
M g 2 0.741 0.774 0.929 1.717 0.962 1.620 0.715 0.723 3.596 0.017 0.083
Fe 0.190 0.117 0.062 0.861 1.132 1.214 0.343 0.287 0.590
M n 0.000 0.003 0.001 0.019 0.018 0.018 0.000 0.000 0.000 0.000
Ca 0.015 0.907 0.995 0.464 0.944 0.172 0.001 0.000 2.006 2.000 0.950
Na 0.000 0.060 0.021 0.000 0.008 0.004 0.000 0.002 0.777 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.0(H) 0.000 0.044 0.000
O 3.000 6.000 6.000 12.000 12.000 12.000 4.000 4.000 23.000 12.500 8.000

1 : Core o f  the large orthopyroxene g ra in , 2 : Core o f  the large c linopyroxene g ra in , 3 : M in u te  c lin o -
pyroxene gra in  between garnet and c linopyroxene, 4 : G a rne t in  the m afic layer, 5 : G arne t in  the v ic in ity  
o f  the felsic layer, 6 : G arne t in  the large spinel g ra in , 7 : Core o f  the large spinel g ra in , 8 : R im  o f the 
large spinel g ra in , 9 :  Pargasite, 10 : Zo is ite, 11 ; Felsic laye r (p a r t ia l ana lysis).

* Fe as to ta l FeO.
* *  C a lucu la ted  from  the s truc tu ra l fo rm u la  (sp inel : A l - f  Fe* =  2, Zo is ite  : Fe as to ta l Fe20 3) .
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Fig. 3. Scanning profiles by Fe K a ,  Ca K «  and A l K «  emissions o f  the 
garnet and surround ing  m inera ls  in  the m afic layer.

(a) garnet a t the g ra in -b oun da ry  between spine l and c lin o p y ro ­
xene. (b ) garnet between tw o orthopyroxencs. C aO , FeO and 
A120 3 contents on the o rd ina te  are approx im a te  va lue , because cor­
rection fac to r is d iffe ren t fo r each m in e ra l.
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between orlhopyroxcnc and garnet contain 
Tar less AI20 3(1.3 weight percent) than the 
cores of coarse-grained pyroxenes.

Spinel: M agnetite inclusions arc contained
in spinel grains, but, as they arc 0.5 microns 
in diam eter, its contribution to Fe analysis 
is negligibly small. M gO and A120 3 con­
tents increase toward rims and total iron de­
creases. FcjjO j, content presented in Fable 1 
was estimated from structural formula. C r2C)3 
content of spinel was below the detection 
limit.

Camel: Chemical composition of garnet
varies rem arkably depending on the textural 
situation. In  most parts, garnet is homogene­
ous and pyropc-rich (Mg : Fe : Ca =  58 : 26 : 
16), but, in the vicinity (2— 3 mm wide) of 
the fclsic layer, garnet is grossular-rich (M g : 
Fe : Ca =  32 : 37 : 31). In addition, the gar­
net enclosed in the large spinel grain is very 
poor in the grossular com ponent (M g : Fe : 
C a = 5 4  : 40 : 6).

Hornblende: H ornblende is homogeneous,
and as shown in column 9 of T able 1, it is 
pargasite.

Fclsic layer: A bulk chemical composition
of the fclsic layer was measured using broad 
electron beam  (100 microns in diam eter). 
T he bulk chemical composition is similar to 
anorlhitc as shown in column 11 of T able 1, 
suggesting that this layer was originally pla- 
gioclase.

In  addition, pyroxenes in the spinel-bearing 
rock that preserves the original textures 
(Plate 1-4) arc also aluminous, as do the 
pyroxene cores of the sample described 
above in detail, but they are not zoned.

D is c u s s io n

Chemical reactions among minerals in the spinel- 
bearing rock

Among the chemical reactions staled above, 
an im portant feature is the form ation of Mg- 
rich garnet (pyrope 58 mole percent) in the 
mafic layer except in the vicinity (2—3 mm 
wide) of the fclsic layers. It is clear that 
garnet was formed from spinel, orthopyro­
xene and clinopyroxene in the mafic layer. If 
the compositions of spinel and pyroxenes exist-

Tablc  2. Comparison between observed and cal­
culated garnet compositions.

1 V 2 2'

SiC )2 41.1 42.1 39.4 41.7
Ai2o 3 22.7 23.9 22.4 23.6
FcO 14. 1 9. 1 17.9 6.9
M gO 15.8 18.4 8.6 15.0
CaO 5.9 6.5 1.7 13.0

1 : Garnet in the mafic laycr(Tablc 1, column 
4), 1' : Garnet calculated on the basis of equa­
tion (1), 2 : Garnet in the vicinity of the fclsic 
layer (Table 1, column 5), 2' : Garnet calcu­
lated on the basis of equation (4).

cd before the form ation of the garnet arc pre­
served in the core of each m ineral, the fol­
lowing reaction would be an interpretation: 

spinel
(Mg, Fc)A120 4

orthopyroxene
+ 2.6 (Mg, Fe) i . R6Al0.86Si!. 80O6

clinopyroxene anorthitc
+ 0 .2Ca (Mg, Fe) 0.84Six ,0 6 + GaAl2Si20 8 

garnet
= 2 .4Ca0 5(Mg, Fe)2.5Al2Si30 12...........(1)

'Flic com bination of spinel, orthopyroxene, 
clinopyroxene and anorlh itc  in the ratios in 
equation (1) gives a chemical composition 
of garnet as shown in Fable 2. 'Flic observed 
composition of the garnet and tha t being cal­
culated on the basis of cquation(l) coincide 
w ith each other except that Fe/M g ratio. 
T he observed composition is higher in Fe/M g 
ratio than the calculated one. T he reason 
for the difference between the observed and 
calculated Fe/M g ratios may be due to the 
selective m igration of FcO from spinel and 
to the Fc-M g partition am ong garnet and relic 
clinopyroxcncs.

A nother in terpretation  for the form ation of 
the garnet is considered by introduction of 
silica in the reaction:

spinel
0.9 (Mg, Fe) A120 4

orthopyroxene
+ 0 .6 (Mg, Fe)i.RgAlo.osfi'i.ssDe

clinopyroxene
+ 0 .5Ga(Mg, Fe)0.8iAl().3«Sii.8iC)6

qua r t /  garnet
-1- 0 .9SiOa — Ca0 5 (Mg, Fc)2.5Al,Si:10 12--- (2) 

This reaction requires excess silica which
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has not been found in the spinel-bearing rocks. 
However, the following reaction expclls the 
excess silica in equation (2):

spinel orthopyroxcnc
(M g, Fc) A I ,0 4+  (Mg, F c)S iO ,

clinopyroxeric jadcitr
+  2Ca (M g, Fc) Si2Oc +N aA lSiaO G 

pargasite
=  N aC a, (Mg, Fc) 4Al3S i ,0 2a (Ol 1) a
quartz

+  SiOa ........................................................ (3)

This reaction requires a jadeitc molecule.
"I he jadeitc content of the aluminous clino- 
pyroxene is about 6 mole percent, and the 
content is too low to explain the jadeitc 
content in equation (3), but it is possible 
that jadeitc molecule was supplied from the 
felsic layers which was plagioclasc. Usually, 
plagioclasc in a spinel-bearing peridotites con­
tains at least 10 mole percent of albite 
( M ackenzie , 1 9 G 0 ;  L ensch , 1 9 7 1 ) ,  and hence 
the felsic layer could be the source of jadeitc 
component of equation (3).

T he same reaction occurs in the vicinity 
(2—3 mm wide) of the felsic layers. The gar­
net composition in its vicinity is grossular- 
rich and different from the garnet formed 
by the equation (1) or (2), so the garnet in 
the vicinity of the felsic layer was formed by 
the following reaction, incorporating an anor- 
thilc component:

spinel
(M g, Fc) A1.20 4

orthopyroxcnc
+  1.3 (M g, Fc) i ..s6A 10 .28-Si 1 -86ü 6 

dinopyroxenc
+  1 • 2C a(M g, F c)0.MAl0.3aSi1.MO e

anorthitc
+  CaAlaSiaO ,

garnet
=  2 . 2Ca (Mg, Fc) 2Al2Si30 12 ................ (4)

Garnet inclusion in large spinel grain 
is interpreted by a reaction between pre­
existing orthopyroxcnc inclusions and sur­
rounding spinel. In  this case, the difficulty 
of attaining a chemical balance is most re­
markable. l'lic problem can not be settled 
clearly as shown in the case of aluminous py­
roxene with spinel lamellae in peridotite 
nodules.

'l'lic breakdown reaction of plagioclasc into 
zoisite, kyanitc and quartz is represented by 
a well-known reaction:

anorthitc zoisite
4CaAl2Sia0 8 + 11,0 =  2Ca2Al3Si30 12 (Ol 1)

kyanitc quartz
+ AlaS i05 +  S i02 ...................................(5)

The right sides of these equations represent 
the mineral assemblages formed by reactions 
among the pre-existing minerals. All the 
assemblages on the right sides o f ' th e  equations 
are stable at lower temperatures or higher 
pressures than those on the left sides of the 
equations, and are consistent with the textural 
interpretation. Actually, the formation of 
garnet and pargasite requires mctamorphic 
transfer of materials between mafic and felsic 
layers.

T h e r m a l H is to r y  o f  th e  R ock

As mentioned in the previous section, gar­
net, pargasite, zoisite, kyanitc, quartz and tiny 
Al-poor dinopyroxenc crystal postdated spinel, 
aluminous pyroxenes and plagioclasc, so para- 
genesis in the spinel-bearing rock recalls the 
equilibrium of at least two stages: spinel
pyroxenile and garnet pyroxenite stages. T he 
mineral assemblage in the rock taken together 
is far from chemical equilibrium, so that the 
estimation of the physical conditions of its 
formation has to be based on some assump­
tions. T he physical conditions, especially 
temperature, are roughly estimated by means 
of the C aO  and A l,O a contents of clinopyro- 
xene coexisting with orthopyroxcnc and an 
aluminous phase. In an A -C -F  diagramming. 
4), Al20 3-rich pyroxenes of the spinel pyroxe- 
nitc stage and garnet and tiny Al20 3-poor 
dinopyroxenc of the garnet pyroxenite stage 
are plotted.

The tiny dinopyroxenc crystal, presumably 
produced at the time of the formation of the 
garnet, can give us some informations. Flic 
dinopyroxenc is poorer in A12Q 3 and richer 
in GaO than the pre-existing aluminous clino- 
pyroxcnc. Flic Al-poor cl i nopyroxenes 
occurs around garnet as shown in Fig. 3. 
'Fhe tiny dinopyroxenc crystal is nearly sa­
turated with orthopyroxcnc component, as
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Fig. 4. A -C  1 diagram  showing compositions ol 
coexisting m inerals: garnet, clinopyroxcne 
and orthopyroxene.

Solid triangle: pyroxenes of the spinel 
pyroxenite stage. Solid circle: garnet and 
clinopyroxcne of the garnet pyroxenite 
stage. O pen circle: garnet and pyroxenes 
of the garnet websterite in the M t. 
Higashi-Akaishi peridotite mass. The 
arrow  shows the possible direction of 
alum inous clinopyroxcne projected to 
diopside-enstatite solvus. Tem perature is 
for the diopside-enstatite compositional 
gap (Boyd and Sc h a ir e r , 1964).

suggested by the existence of a large am ount 
of aluminous orlhopyroxcnc in its vicinity. 
G arnet coexists with orlhopyroxcnc, too.

T h e  composition of this tiny clinopyroxcne 
crystal is shown in an A -C -F  diagram, Fig. 4, 
along with the composition of coexisting m in­
erals of the garnet websterite from the Mt. 
Higashi-Akaishi peridotite mass. T he clino- 
pyroxenes have similar compositions suggesting 
that they were equilibrated under more or 
less same P, T  conditions. M ori and Banno  
(1973) have estimated these conditions as 
5 0 0 —600 °G and 7-—13 K b for the garnet 
websterite.

T he  temperature for the coexisting alumin­
ous ortho- and clinopyroxcnes is estimated 
after correcting for multi-component com­
positional effects. Flic effect of A120 3 on 
the pyroxene miscibility gap was investigated 
experimentally by B oyd  (1970). T he solid 
solution boundary  of clinopyroxcne coexisting 
with orthopyroxene is nearly parallel to the 
AF line in the A C -1’ diagram. The role of 
Fe can not be large, as the pyroxene in ques­
tion is M g-rich(M g/M g I Fe= 0 .88 ),  because,

on a Mg-rich side, the Quairlading pyroxene 
trend (D a v id so n , 1969) is nearly parallel 
to the diopsidc-hcdcnbcrgite line. If  we as­
sume that pressure does not affect the ortho- 
and clinopyroxcnes equilibrium very much, 
then the equilibration temperature is obtained 
using the phase diagram of the MgSiC)3-  
CaM gSi2O f> system of Boyd  and S ch airer  
(1964). T he  temperature for the equilibrium 
between the cores of aluminous pyroxenes 
is about 100CTC after correcting for A120 3. 
Another way of estimating the physical con­
dition of equilibration for these coexisting py­
roxenes was done by using Mg-Fe(total Fe 
as FcO) partitioning between two pyroxenes 
(cf. M ori and Ba n n o , 1973). T he coef­
ficient around 1.7 for this pair implies a 
temperature of 600— 700°G. The partition 
coefficient of garnet websterite from the Mt. 
Higashi-Akaishi peridotite mass is 2.0, indi­
cating a lower temperature. T he  temper­
ature estimated from the two-pyroxene com­
positional gap is different from that estimated 
by the Mg-Fc partition. This discrepancy 
may be a ttributed to the difficulty of applying 
experimental data  in the system M gSiQ 3-  
CaM gSi2O e to temperature below 1000°G, 
and N a2C) and FcO in clinopyroxcne should 
also affect the miscibility gap. In any case, 
the temperature at equilibrium of the spinel 
pyroxenite stage was distinctly higher than 
that of the garnet pyroxenite stage. 'The 
pressure of the spinel pyroxenite stage(spinel- 
aluminous pyroxcncs-plagioclase assemblage) 
is estimated to lie 5—8 K b (at 650 CC) ac­
cording to G r een  (1966).

T he breakdown of anorthite is an univariant 
reaction, and wras investigated by B o ettch er  
(1970). 'Fhe univariant reaction line runs 
through 700°C, 10.5 K b and 500°C, 4.5 Kb, 
which is near the conditions of formation of 
the tiny clinopyroxcne crystals at 500— 600CG 
and 7— 13 Kb.

S u m m ary

'Flic following conclusions are drawn on 
the basis of the chemical and petrographic data 
discussed above.

'Flic spinel-bearing rock has the equilibrium
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of a t least two stages: spinel pyroxenite
stage(earlier stage) and garnet pyroxenite stage 
(later stage). T he minerals of the garnet 
pyroxenite stage were garnet, Al-poor pyro­
xenes, pargasite, zoisilc, kyanite and quartz. 
These minerals are formed at the sarnie (P, T) 
conditions as the garnet webstcrile from the 
M t. Higashi-Akaishi peridotite mass, i.c. 
500— 600°C and 7— 13 Kb. T he m inerals of 
the spinel pyroxenite stage were spinel, a lu­
minous pyroxenes and plagioclase. Its for­
m ative tem perature was higher than that of 
the garnet pyroxenite stage, and probably at 
below 1000°G.

Such a transition of the physical condition 
of garnet-bearing rock has been described by 
m any authors, for example, Green (1966), 
Lovering and  W hite (1969), M athe (1969), 
M iller (1970) and Lasnier (1971). M ori 
and Banno (1973) briefly refered to the ori­
ginal rock of garnet clinopyroxenite (cclogite) 
from the M t. Iligashi-Akaishi peridotite mass 
in this area.

We concluded that the (P,T) conditions of 
the garnet pyroxenite stage were the same as 
tha t of the garnet websterite and clinopyroxc- 
nitc. This conclusion will greatly contribute 
to deciphering the origin of the garnet clino­
pyroxenite in this area.
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Explanation of Plate
Plates 1 1 and 2. Reaction texture of garnet in the spinel-rich part.  Garnet is present only

at the grain-boundaries among spinel and pyroxenes. (Vibrational direction of the analyser was 
set faintly oblique to the polarizer to emphasize the contrast.) S: spinel, G: garnet, O: ortho­
pyroxene, C: elinopyroxene.

Plate 1-3. Garnet in the orthopyroxcnc-rich part. Black minerals arc garnet, (crossed nicols).
Plate 1-4. Mafic layer of the sample KY No. 2. Garnet is not present in this mafic layer, 

(plane light)
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APPENDIX 7

Correlation Table for Run Numbers

Run numbers used in this thesis are 

either probe-mount numbers or consecutive 

numbers within a chapter. High-pressure 

laboratory at A.N.U. has,however, a sequential 

numbering system of piston-cylinder experiments. 

The following table collates the reported 

numbers with the A.N.U. numbers.
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T a b l e  1. CORRELATION TABLE FOR RUN NUMBERS

THESIS ANU THESIS ANU THESIS ANU THESIS ANU

1 4722 Y2 5679 R2 5213 DD1 3989

2 5503 Y 3 5680 201 6368 DD7 3982

3 5506 2 A4 5745 P2 5190 X6 3818

4 4718 Q4 5251 X7 3805

5 4823 2H2 6111 2N2 6361 X8 3905

6 4726 23 5689 02 5174 X9 3843

7 4719 P I 5182 P8 5198 X l l 3890

8 4780 2C1 5790 Q7 5262 FF8 4088

9 4782 T4 5522 P6 5195 T10 3833

10 4736 T5 5510 2E2 5840 T i l 3804

11 4831 01 5171 Q5 5256 T12 3 831

12 4829 P7 5199 P10 5203 FF7 4076

13 4832 2A5 5752 P12 5188 FF6 4100

14 4957 P5 5194 Q6 5261 T6 3673

15 4827 2B6 5781 204 6378 T7 3679

16 4956 Q1 5254 R3 5267 T8 3659

2D2 5818 202 6369 T9 3665

2B1 5771 Q2 5257 A2 4539

2B2 5772 2B5 5766 2J 6223 A7 4531

2B3 5777 P9 5204 2L 6246 A4 4560

2B4 5778 P l l 5192 2M 6268 A5 4545

2F 5863 Q3 5260 C2 4577

2G 5890 24 5702 DD4 3993 C4 4584

Y1 5671 R l 5268 DD3 3999

2A3 5743 2D1 5810 DD2 3990


