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Hydrothermal syntheses have been made with starting materials of composi
tions Di7oldao, Di6oJd4o and DiooJd50 at temperatures between 450°C and 
650°C and at pressures between 1000 and 5000 atm. The phases that appear 
in the system are clinopyroxenes, plagioclase and a sodium-rich silicate phase. 
There is a continuous increase of the jadeite content in the clinopyroxenes 
when the temperature is lowered and the pressure increased. The slope of 
the curves combining runs with the same jadeite content is roughly 20 ± 6 
bar/°C. The critical atomic position in the omphacite structure is regarded 
to be Al in six-coordination. At the intermediate stages in the P-T diagram 
where the Tschermak's silicate is going in as a component in the omphacite, 
sodium and silica are released, allowing the formation of a sodium-rich phase 
and plagioclase and preventing crystallisation of nepheline. 

A. Wikstrom, Department of Geology, University of Uppsala, Uppsala, 
Sweden 
Present address: Geological Survey of Sweden, 104 05 Stockholm, Sweden 

Introduction 
(Abbreviations used in the text and the tables are explained at the end of the paper.) 

Studies of mineral reactions in the jadeite-diopside and other related systems 

have appeared in several papers in recent years, mainly due to the increasing 

interest in eclogites and eclogite mineralogy. A summary of the simple min
eral equilibria previously investigated and related to the eclogite formation, 

is given by Ringwood & Green (1966). 
The theoretical basis for the principle that an addition of the diopside 

molecule in the reactions 2 Jd = Ab + Neph and Ab = Jd + Qz should 

increase the stability field of the clinopyroxene mix-crystal has been demon
strated by Ramberg (1952). Among those who have studied these two reac
tions experimentally or by thermodynamic calculations, Bell & Davis (1965), 

Kushiro (1965) and Essene & Fyfe (1967) should be mentioned. Some parts 

of their results are reproduced in Fig. l. Bell & Davis (1965) calculated 

thermodynamically the effect of diopside addition to the hypothetical reac

tion Ab + Neph + 8Di = 10 Omph (DiaoJd20) and found that the solid 

solution diopside has a very small effect on the stability of jadeite. They also 

found a rather large immiscibility gap in this system with experiments at 

high pressures and temperatures; a result, however, which was later criticized 

by Essene & Fyfe (1967) for not being in accordance with available field 

data. Kushiro (1965) found experimentally that an addition of the diopside 
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Fig. l. Equilibrium curves determined experimentally or by thermodynamic calculation 
of some jadeite-diopside mix-crystals. The results of the present investigation are shown 
by dotted lines. Reactions studied: 
Essene & Fyfe 1967: Di+ Ab-+ Omph + Qz. 
Kushiro 1965: Di+ Ab-+ Omph + Qz. 
Bel! & Davis 1965: 8 Di+ Ab + Neph-+ Omph (Disoid2o). 
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component to the reaction Ab = Jd + Qz pulled the reaction towards the 
right. He found it probable that sodic plagioclase instead of pure albite was 
crystallizing in the experiments. This is the 'plagioclase effect' of Bowen 
(1945) which also other workers (e.g. Schairer & Yoder (1960) and Edgar 
(1964)) have found in systems containing the diopside and albite molecules. 
From this Kushiro concluded that the composition of the omphacite co
existing with sodic plagioclase might not be on the diopside-jadeite join. The 
dPfdT slopes of these investigated transformations (except for the curve cal
culated from Essene and Fyfe's work) are all around 20 barf°C. This value 
is also near the mean gradients of the experimentally determined values of 
the boundaries between the stability fields of gabbro, gamet granulite and 
eclogite (Ringwood & Green 1966). 

The hydrothermal experiments described here have been carried out with 
starting materials of compositions DhoJd3o, Di6oJd40 and DiwJ"doo, at tempera
tures ranging from 450°C-650°C and at water pressures of 1000-5000 atm. 
The aim of this experimental work was to study the phase products from 
starting materials on the jadeite-diopside join at moderate temperatures and 
pressures and to compare these products with the naturally occurring phases 
formed by unmixing of omphacite. The latter are described in an accom
panying paper (Wikstrom 1970) where an account is given of electron micro
probe investigations of pyroxene-plagioclase symplectites from some Nor
wegian eclogites. The investigation indicated that with an increasing degree 
of alteration, a gradual change in composition of the pyroxene and plagio
clase phases occurs. They are apparently enriched in the diopside and anor
thite molecules respectively and there seems to be a simultaneous loss of 
sodium to the surrounding phases. 

Experimental methods 
Starting materials. Starting materials of three different compositions, Di50Jd5o, 
Di6oJ�o and DhoJdao, were prepared by melting carefully homogenized mix
tures of the pure oxides of Ca, Mg, Al and Si in an electric are. N a2Si0a 
was then added to the glasses and the mixtures (in appropriate proportions) 
were ground repeatedly in alcohol until homogeneity was reached. This pro
cedure was adopted to avoid evaporation of sodium at the high temperature 
of the electric are. The use of sodium metasilicate as starting material has 
some consequences for the formation of the excess sodium phase which ap
pears in the experiments (see p. 11). Sodium metasilicate is present in most 
of the runs although it is fairly soluble. It is uncertain whether it represents 
a residue of the starting material or a stable phase in the actual system. It 
should be mentioned that in earlier experiments with homogeneous glasses 
low in sodium as starting materials, the main sodium excess phase was us
singite Na2A1Sia08(0H), which is one of the most sodium-rich silicates that 
exists in nature. 
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Apparatus. Most of the runs were made in a hydrothermal apparatus where 

pressure is regulated from outside with a pump. The autoclave was placed 

horizontally and extemally heated. The connection between the autoclave 

and the tube system for pressure contra! was not cooled in order to minimize 

the temperature gradient in the autoclave. This gradient from the inner hatter 

part of the autoclave to the outer part was found to be negligible at 450°C 

and around l5°C at 650°C. The accuracy of the pressure measurements was 
estimated to be hetter than ± 50 atm. The runs at 1000 were achieved with 

Explanation of the symbols used in Figs. 2 to 4: 
The three numbers within in squares show the measured contents of diopside, jadeite, 
and Tschermak's molecule, respectively. Symbols within the squares show the phases 
present in the runs: 

CJ = clinopyroxene, plagioclase, sodium-rich silicate phase 

D = clinopyroxene, sodium-rich silicate phase 

D = clinopyroxene, plagioclase 

D = clinopyroxene 

PH o 1 
Starting comp.: 16 (Di 50 Jd50l 

atm 

294 
219 247 227 lao-17-31 318 

4000 174-26-ol 178-2o-21 178-21- 11 182-15-31 

263 211 
174,2.1-21 løo-19-1 l 302 314 

3000 løs-14-1 l løs-n-41 
298 

løl-12-51 
310 

2000 lø7-9-41 

223 306 

1000 8 B 
450 500 550 600 650 T °C 

Fig. 2. Experimental results with starting composition DiooJd50• 
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so-called Morey bombs, where the pressure is regulated with water charge 
and temperature, implying a greater uncertainty in the pressure measurement 
than with the previously described technique. In Figs. 2 to 4 the estimated 
errors in the P-T measurements for all of the runs are represented by rect
angular fields. The samples were sealed in thin-walled tubes of silver, the 
charge of water being 20 wt %. The experiments generally lasted one week. 

Identification of products. The grain size of the phases in the runs were 
generally so small that their identification could only be achieved by X-ray 
methods. For this purpose a Philips diffractometer unit (PW1010 + 
PW1051) was used. 

The compositions of the pyroxenes were determined by measuring the 
separation of the 221-002 and 002-131 reflections, every separation being 
measured eight times at a scanning speed of � 0 fmin. 

A diagram was empirically constructed for this purpose (Fig. 5). The rela
tionship for the jadeite-diopside substitution is in agreement with that cal
culated from Coleman's work (1962) (Table 1). The curves for the Tscher
mak's molecule-diopside substitution have been tentatively drawn. Jadeite-
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184-13· 31 
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B 
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Fig. 3. Experimental results with starting composition Di6oJd4o. 
For explanation of symbols, see page 4. 
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Table l. Clinopyroxene unit-cell dimensions 

Calculated1 
Reference a b c (J L128 

131--002 002-221 

Diopside, (Coleman 1962) 9.746 8.924 5.247 105°55' 0.60 0.13 
Diopside 10% Jd 

(Coleman 1962) 9.736 8.917 5.255 105°59' 0.53 0.21 
Diopside 10% Tsch 

(Coleman 1962) 9.736 8.835 5.265 105°57' 0.48 0.25 
Diopside, (Sakata 1957) 9.743 8.923 5.251 105° 56' 0.57 0.16 
Diopside 10 % Tsch 

(Sakata 1957) 9.727 8.893 5.259 106°02' 0.46 0.27 
Diopside 20 % Tsch 

(Sakata 1957) 9.712 8.867 5.266 106°09' 0.37 0.37 
Jadeite, 

(Prewitt, Bumham 1966) 9.418 8.562 5.219 107°35' -0.02 1.17 

1 CuKa 

diopside substitution curves deviate only to a small extent from the straight 
lines between the calculated values for the jadeite and diopside end-members 
and are situated a little below these lines. 

PH20 Starting comp.: 18 (Di70 JdlO) 
atm 

108 
5000 E4-26·01 

296 
221 249 229 [1g-1s-sJ 320 

pz-27-1] 177-23·01 179-19-11 (az-1'>-4 J 

213 
p6-22-2J 304 316 
176-22·21 1•1-14-sl ias-11-31 

269 300 
le2-1HI 

292 312 
184·15·11 løe-9-3 l 

225 308 

8 8 
450 5 00 550 600 650 T °C 

Fig. 4. Experimental results with starting composition Di7oJd3o. 
For explanation of symbols, see page 4. 
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Table 2. Experimental data 

Temp. Pressure Start. Ll2 ga Comp. 
No. Phases of pyr. ·c atm. mtrl. 13T-o02 221--002 

Di- Id- Tsch. 

263 450 3200 16 Px, PI, Na 42 35 74-24-2 
219 450 4000 16 Px, Pl, Na 43 34.5 74-26-0 
220 450 4000 17 Px, Na 41 37 71-29-0 
221 450 4000 18 Px, Na 41 36.5 72-27-1 
322 500 2200 16(306) Px, Pl, (Na) 47 28.5 82-16-2 
323 500 2200 17(307) Px, Pl, Uss 47 _l 

324 500 2200 18(308) Px, Pl, Uss 48 27 84-13-3 
268 500 3000 17 Px, Pl, Na 43 33.5 76-22-2 
269 500 3000 18 Px, Pl, Na 42.5 34 76-22-2 
211 500 3200 16 Px, Pl, Na 46 30 80-19-1 
213 500 3200 18 Px, Na 43 3 3.5 76-22-2 
247 500 4000 16 Px, Pl, Na 44 32 78-20-2 
248 500 4000 17 Px, Pl, Na 42 34.5 75-23-2 
249 500 4000 18 Px, Pl, (Na) 45 32 77-23-0 
107 500 5000 172 Px, (Pl) 41.5 35.5 74-24-2 
108 500 5000 182 Px, (Pl) 43 35 74-26-0 
223 550 1000 16 Px, Pl, (Na) 46.5 27.5 84-11-5 
224 550 1000 17 Px, Pl, (Na) 47.5 27.5 84-13-3 
225 550 1000 18 Px, Pl, (Uss) 47.5 27 85-11-4 
227 550 4000 16 Px, Pl, Na 45.5 31 78-21-1 
228 550 4000 17 Px, Pl, Na 44 32 78-19-3 
229 550 4000 18 Px, Pl, Na 45 31 79-19-2 
291 600 2000 17 Px, Pl 47.5 27.5 84-13-3 
292 600 2000 18 Px, Pl, (Uss) 48.5 27 84-15-1 
298 600 2500 16 Px, Pl, Na 44.5 29.51 83-12-5 
299 600 2500 17 Px, Pl, (Na) 45.5 29.5 82-15-3 
300 600 2500 18 Px, Pl, (Na) 47.5 28 82-16-2 
302 600 3000 16 Px, Pl, (Na) 49 261 85-14-1 
303 600 3000 17 Px, Pl, Uss 46 29 82-15-3 
304 600 3000 18 Px, Pl, Uss 44 30.5 81-14-5 
294 600 4200 16 Px, Pl, Na 44 31.5 80-17-3 
295 600 4200 17 Px, Pl, Na 43.5 32 79-18-3 
296 600 4200 18 Px, Uss 43 32 79-16-5 
306 650 1000 16 Px, Pl, (Na) 47.5 25.5 88- 6--6 
307 650 l()()() 17 Px, Pl, Uss 49.5 23.51 90- 5-5 
308 650 1000 18 Px, Pl, Uss 50 23.5 89- 7-5 
310 650 2000 16 Px, Pl, (Na) 49 25 87- 9-4 
311 650 2000 17 Px, Pl, (Na) 47.5 27.5 84-13-3 
312 650 2000 18 Px, Pl, Uss 49.5 24.5 88- 9-3 
314 650 3000 16 Px, Pl, Na 47.5 26.5 85-11-4 
316 650 3000 18 Px, Pl, (Na) 49.5 25 86-11-3 
318 650 4000 16 Px, Pl, (Na) 46 29.5 82-15-3 
319 650 4000 17 Px, Pl, (Na) 45.5 29.5 82-15-3 
320 650 4000 18 Px, (Na) 45 29.5 82-14-4 

1 Interference of a plagioclase peak. 
2 Starting material low in sodium. 
3 CuKa. 

The interference of other pyroxene peaks with the 002 reflection have 
been neglected since they do not seem to disturb the measurements. In the 
more plagioclase-rich samples, a plagioclase peak interferes with the 221 

pyroxene peak, particularily in the case of the Di{;oJd50 mixtures at high tem-
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70 80 90 

A2e 

100% 
Di 

Fig. 5. Diagram constructed for LI 2 e 221-Q02 and LI 2 e 13--oo2 plotted against com
position in the diopside rich portions of the systems diopside-jadeite and diopside
Tschermak's molecule. See text p. 5. 

peratures. Where difficulties have arisen in the measurements for this rea
son, they have been noted in Table 2. 

The accuracy of the measurements of the separation in 2 e is hetter than 
± 0.01° in most of the cases where the material is well crystallized. This 
would mean that the composition determinations for the diopside, jadeite, 
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Fig. 6. Idealized phase relationships in the system jadeite-diopside-anorthite. (The ap
pearance of nepheline is tentatively marked in the left part of the jadeite-diopside 
diagram). 

and Tschermak's molecule, are hetter than ± 2 %, ± 4 % and ± 2%, respec
tively. It must be stressed, however, that these values are approximate since 
the diagram is restricted to three end-members in the pyroxene. 

The composition of the plagioclases were difficult to determine. The 131 

and 13T peaks, proposed by Smith (1956) to be the best anes for composi
tion determinations of soda-rich plagioclases, were masked by pyroxene 
peaks and could not be used. An attempt was made to use the F and G re-
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flections of Goodyear & Duffin (1954). These reflections are rather insensi

tive to changes in albite-rich plagioclases (up to 20% An) and hence only 

more basic plagioclases could be detected. In the determined samples they 

are not perfectly sharp and their use for composition determinations are not 

satisfactory. 

Experimental results 

The dPfdT gradients for samples with the same jadeite content are around 

20 barf°C with an estimated uncertainty of ± 6 barf°C. The local variations 

in the determined compositions of the pyroxenes, formed under the same 
P-T conditions but with different starting materials, are generally within these 

limits of error. In a P-T diagram the mean values of these determinations 

will show a more regular composition variation in the pyroxene than is 
visible in Figs. 2 to 4. The general pattern of the results given in these 

figures is quite clear, however, and in agreement with what could be predicted 

thermodynamically - i.e. the jadeite content in the clinopyroxene signific

antly decreases with increasing temperature and decreasing pressure at the 

same time as the amount of Tschermak's molecule slowly increases. An ex
periment was made where samples Nos. 306 to 308, originally synthesized 

at 650°Cfl000 atm which gave a jadeite content of around 6%, were held 

at 500°Cf2200 atm for one week. The new pyroxenes contained about 14% 

jadeite. This suggests that most of the runs reflect near equilibrium condi

tions. It could be mentioned that some experiments were made at 350°C 

and 400°C. At these temperatures the reaction rate was very low. The mini
mum temperature required to bring the reactions to completion apparently 
lies around 450°C. 

It is remarkable that so few hydrated phases appear in the experiments. 
This may be dependent upon the use of glasses which show predisposition for 
higher temperature structures (e.g. anhydrous compounds in the stability 
range of hydrates), as was pointed out by Roy (1956). However, recent field

data on omphacite in Califomian metamorphic rocks (Essene & Fyfe 1967) 

show omphacite as a late vein mineral and also as drusy cavity fillings which 

suggest that omphacite is stable together with a water-vapour phase. It is 

thus an open question whether or not the phases in the experiments represent 

stable assemblages. No reliable one-phase boundary towards a homogeneous 

clinopyroxene could be determined in the experiments. The 20 % curve in 

Fig. l has been drawn at a content of 20 % jadeite in the pyroxene with all 

different starting compositions. The exact position of the curve cannot be 

determined since the pyroxenes are not situated on the jadeite-diopside join. 

The 30 % J d curve in Fig. l is extrapolated from the experimental data. 

The curves for increasing jadeite content should progressively mave to the 

right and finally coincide with the curve of Robertson et al. (1957) for pure 

jadeite. This would imply that addition of the diopside molecule has, in the 
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beginning, a very small effect on the equilibrium Ab + Neph = 2Jd. It might 

be expected that the extrapolated curves from Kushiro's work should lie to 

the right of the curves with the same jadeite content from the present in

vestigation (Fig. l), since they represent a quartz-saturated milieu. How

ever, the curves are not directly comparable, since a sodium excess phase 

was not reported in Kushiro's work. Apart from the uncertainties discussed 
previously in the position of the curves from the present investigation, it is 

also probable that Kushiro's data are relatively uncertain. He has used the 

d-spacing of only ane peak (311) in the composition determinations of the 

omphacite. It is rather likely, however, that the compositions of the ompha

cites are not the diopside-jadeite join, as Kushiro also pointed out, and the 

use of only ane peak will then be subject to uncertainty. The 20 % Jd curve 
from the present investigation can hardly be situated further to the left in 

Fig. l, but the gradient may possibly be somewhat steeper. 

Same type reactions in the system with Dit;o1c4o as the starting material 

could be written as follows (the sodium-rich phase being arbitrarily written 

as Na�i03): 

100 (Nao.40Cao.60) (Mgo.60Alo.4o) Si206 = (l) 
95.5 (Nao.366Cao.6'29) (Mgo.62sAlo.388) Si t.9s906 + 3 NaA1Si30s + Na�i03 

pyr ab 

l 00 (N ao.4oCao.6o) (Mgu.60Alo.4o) Si206 = 

86.5 (Nao.3otCao.682) (Mgo.347) Sit.97706 + 
pyr (2) 

+ 9 (Nao.889Cao.m) Al1.11 tSi2.8s90s + 3 NaSi03 
p lag 

100 (Nao.4oCao.60) (Mgo.60Alo.4o) Si206 = 

64 (Nao.01sCao.860) (Mgo.939Alo.172) Si t.95306 + 
pyr (3) 

+ 24 (Nao.19Cao.21) Al1.21Si2.790s + 8 Na2So03 
p lag 

The reactions l, 2 and 3 are written to show the changes in composition of 
the phases towards lower pressures and higher temperatures. The observed 
changes in composition in the experiments clearly follow the trend given in 
the reaction formulas. 

The experiments show striking similarities to the unmixing process in 

natural omphacite (Wikstrom 1970). They show that a sodium-rich silicate 

will form in this system and that the amount of it will increase towards higher 

temperatures and lower pressures at the same time as the concentration of 

sodium in the clinopyroxene and plagioclase will decrease. This is especially 

demonstrated by the earlier experiments with homogenous glasses low in 

sodium as starting materials where ussingite was produced in most of the 

runs. It has to be remembered, however, that the observed changes in com

position are taking place with a fixed starting composition along the jadeite-
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diopside join and it is not possible in general to use, for instance, the jadeite 
content in the omphacite as a sensitive geobarometer. This can be illustrated 

in principle in Fig. 6 where the discussion can be restricted to the treatment 
of a mix-crystal of jadeite and diopside and an ideal plagioclase mix-crystal. 

At a constant temperature, say 600°C, and a pressure around 5 kb, the 

maximum solubility of jadeite in the clinopyroxene will be around 20 %, at 

the same time as there is a complete miscibility in the plagioclase. Depending 

upon the bulk composition of the system one could here expect a number of 

tie-lines combining clinopyroxenes and plagioclases of different compositions 

although they were formed under the same P-T conditions. With increasing 

pressure the solubility of jadeite in the clinopyroxene mix-crystal increases. 

At around 8 kb the anorthite molecule starts to break down into kyanite, 

zoisite, and quartz (Newton 1966), and at around 12 kb there should be a 

complete miscibility in the clinopyroxenes. Upon further increase in pressure 

the albite component in the plagioclase becomes unstable. This part of the 

diagram, however, awaits further clarification. During the whole process at 
each specific pressure one could expect a number of tie-lines combining the 

pyroxene and plagioclase which would have variable composition depending 

upon the bulk composition of the system. 

Discussion 

From Figs. 2, 3 and 4 one can see that there is a continuous variation in the 

jadeite content of the clinopyroxene up to the hypothetical one-phase bound

ary. This continuous variation can be discussed, in relation to the omphacite 
structure where most of the aluminum is in six-coordination making a rela
tively close-packed structure. When the structure becomes unstable, the 
crystal responds to the increasing temperature with a gradual increase in 
cell volume, achieved by allowing some of the aluminum into four-coordina
tion and expelling some to other phases according to the reactions l, 2 and 
3. The following simplified reaction may illustrate what happens if some 

aluminum goes into four-coordination in the pyroxene lattice. 

2 NaA1Si206 + CaMgSi206- CaAl2Si06 + MgSi03 + Na20 + 4Si02 (4) 

A primary effect of the change in coordination of aluminum is that sodium 

and silica are released allowing the formation of a sodium-rich silicate and 

also the reaction of silica with the pyroxene to give plagioclase according to 

reactions (5) and (6). 

L1V=l7.2 cc (5) 

L1 V= 15.1 CC (6) 

The approximate determinations of the anorthite con tent in the plagioclases 

showed that the first formed plagioclases at lower T fhigher P were richer 
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in the albite molecule than those formed at higher Tflower P. Reaction (6) 

would then be situated on the higher Tjlower P side of reaction (5). The 

continuously increasing amount of Tschermak's molecule in the pyroxene 

towards higher temperatures would thus reflect the more rapid decrease in 
the jadeite con�ent which releases aluminium for the formation of both 

anorthite and Tschermak's molecule, with a preference for the former. Fig. l 

shows a compilation of the previous experimentally and theoretically deter

mined stabilities of jadeite-diopside mix-crystals for related reactions as well 
as the approximate positions of the curves derived from the present investi

gation. In the theoretical calculations on which some of the curves are based, 

reactions have been used where the omphacite is considered to split up into 

pure end-members such as diopside, albite, and nepheline. Some of the 

reactions producing omphacite or impure jadeite in nature which accord 

most closely with the idealized reactions include: 

augite + Na + Al (from saussurite)-+ omphacite (Bearth 1965) 

albite (+Fe+ Mg+ Ca)-+impure jadeite (10-30% Ac and Di)+ quartz(?) 

(McKee 1962) 

Going in the other direction the reactions can be illustrated by the py

roxene-plagioclase symplectite formation in eclogites: 

omphacite -+ secondary pyroxene + plagioclase ( amphibole) 

(e.g. Eskola 1921) 

These naturally-occurring reactions deviate in several respects from the 

theoretically treated ones. A striking difference is that nepheline has never 

been recorded in reactions producing omphacite or impure jadeite even in 

silica-poor rocks (Coleman 1961). This is also the case in the experiments. 

The thermodynamical treatment of these natura! reactions as well as those 

in the experiments is very difficult due to the varying amounts of the different 

components in the mix-crystals. The types of experiments made by Ring
wood & Green (1966) using basalts of different compositions as starting mate

rials for the synthesis of eclogites is up to now far the best method for making 
an estimate of the stability of omphacite within a particular rock type. 
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ABBREVIA TI ONS USED IN THE TEXT AND THE TABLES 

ab 
neph 

jd 
uss 
qz 

om ph 
px = 

plag, pl = 
Tsch 

albite 
nepheline 
jadeite 
ussingite 
quartz 
omphacite 
clinopyroxene 
plagioclase 
Tschermak's molecule 

Na = sodium metasilicate 
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