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Abstract. The Fe- -Mg--Ca-d is t r ibu t ion  was investigated in syn- 
thesis experiments and with the mineral assemblage orthopyrox- 
ene § 4-quartz. The phase compositions were iden- 
tified by X-ray diffraction and, where possible, by electron micro- 
probe. The attainment of  equilibrium in the run products was 
signalled by the compositions from control runs (different solu- 
tions) becoming closely similar, by recycling runs, by the attain- 
ment of equilibrium from different directions (depending on the 
composition of  starting phases), and by special kinetic experi- 
ments. 

The study produced the following results: (1) the Ca content 
of the clinopyroxenes decreases with increasing Fe (mol%) from 
48.4 at X~@x= 5 to 39.8 at X~c;x=45 (800 ~ C); from 47.6 at XcFpx = 

Fe - -  (750 ~ C); increasing temperature expands 10 to 41.7 at Xcpx-45 
the stability field of the less calcie clinopyroxenes. (2) The Ca 
content of  orthopyroxenes increases slightly with Fe content 
from 1.8 at X~,x= 20.5 to 3.2 at Xgpx=75; the temperature effect 
on the Ca content under the T, P conditions of the experiment 
was not large. (3) Fe and Mg distribution between the coexisting 
ortho- and clinopyroxenes is largely temperature-dependent, par- 
ticularly in the compositional range X~o~,x= 15-75 mol% ; as T 
increases, Fe redistributes from the rhombic to monoclinic min- 
eral. 

Preliminary estimates of  rock formation temperatures using 
the obtained data show that most of the known two-pyroxene 
geothermometers overstate the actual values by 50-150 ~ C. 

Introduction 

Orthopyroxenes of  the enstatite-ferrosilite and clinopyroxenes 
of  the diopside-hedenbergite solid solution series are common 
rock-forming minerals which have long attracted scientists as 
potential indicators of physico-chemical rock forming condi- 
tions. Kretz (1963) was the first to infer that temperature affects 
the Fe -Mg-pa r t i t i on ing  between these minerals. Most experi- 
mental studies are concerned with enstatite and diopside, Fe-free 
members of the isomorphous series, while iron-magnesian miner- 
als were only touched upon in the high-temperature, high-pres- 
sure region of 810-1,200 ~ C, 15-30 kb (15.102-30 �9 102 MPa) 
(Lindscley D.H. et al. 1974a, b; Mori 1978; Smith 1972). 

Using the experimental evidence available plus mineral ther- 
modynamic characteristics and data on intracrystalline distribu- 
tion of cations, some authors attempted a two-pyroxene geother- 
mometer  on theoretical grounds (Saxena 1976; Wells 1977; 
Wood and Banno 1973). 

Many of  the data now available on the compositions of  
coexisting ortho- and clinopyroxenes require rigorous physico- 
chemical verification. This can only be done on the basis of 

experimental evidence which as yet is insufficient, especially for 
relatively low-temperature and pressure formation conditions of 
metamorphic rocks. 

The present work discusses the results from a study on the 
F e - - M g -  and Ca-partitioning between coexisting ortho- and cli- 
nopyroxenes at 750 and 800 ~ C, 294 MPa. 

Experimental Procedure and Technique 

Hydrothermal experiments were conducted in a cold-seal high- 
pressure apparatus with external heating, which is a modification 
of the Luth and Tuttle design (1963). The design of  the electric 
resistance furnace permitted practically gradient-free (_+3 ~ C) 
zones of 40-50 mm to develop along the pressure vessel axis. 
The pressm-es were measured with a Bourdon gauge and main- 
tained to within +_ 10 MPa;  the temperature measurements with 
a chromel-alumel thermocouple positioned at analyzed charge 
level were accurate to + 5 ~ C. In the experiments on component 
distribution among coexisting pyroxenes the oxygen fugacity was 
controlled with the Q F M  buffer. The buffer mix in a separate 
open container was loaded into the pressure vessel; the starting 
material was pressurized in a gold capsule. Gold capsules were 
used to prevent losses of  iron due to the dissolution in the 
capsule material. It has been shown (Fonarev et al. 1979; Fon- 
arev and Korolkov 1980; Popp and Frantz 1977) that Ha - 
diffusion through the thin Au-wall is fast enough to reach equi- 
librium between the buffer and the sample in the course of 
the run. In the NNO-buffered control runs with Fe-rich composi- 
tions, the starting pyroxenes decomposed partially to form mag- 
netite. However, no magnetite was detected in the products from 
the QFM-buffered runs, only to confirm the view that gold 
capsules are freely permeable to H2. Experiments were done 
with both presynthesized pyroxenes and amorphous mixtures. 
The amorphous mixtures were: A.R. grade chemicals of  iron 
and magnesium oxalates, calcium oxide, and silicon oxide precipi- 
tated from ethylorthosilicate. The same reagents were used in 
the synthesis of  starting pyroxenes. Moisture contents were deter- 
mined for all reagents and accounted for in calculating the bulk 
compositions of  starting mixtures. 

Starting Opx 1 with the X~px=0-60 2 and XCo~,x=0 were syn- 
thesized at P=98 MPa, T=800  ~ C, while those with XoF~,x=70 

1 Here and elsewhere in the text : Opx orthopyroxene ; Cpx - clinopy- 
roxene; Q - quartz; O1 - olivine; Amf amphibole; En - enstatite; 
Fs ferrosiIite; Di diopside; Hd hedenbergite 

2 For orthopyroxene (xF;x, X~• and clinopyroxene (X~,, Xc~), 
XF~ _ FeO 

FeO+MgO+CaO 100(moi%), 

XCa _ CaO 
FeO + MgO + CaO" 100 (mol%) 

O010-7999/82/0079/0311 / $01.60 
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Fig. 1. Dependence of the (150) reflection on the Fe- and Ca-contents 
of clinopyroxenes: 1 10=isolines are for synthetic clinopyroxenes in 
which J~C@x (mol%) are 50; 49; 48 ; 47.5 ; 47 ; 46; 45 ; 44; 43 ; 41.11 = data 
of Tnrnock etal. (1973)for Cpx with J~c@x=50mol%; 12=curves 
for determining Fe-content of the Cpx coexisting with Opx at T= 750 
and 800 ~ C, P=294 MPa (see text); 13=Fe-free Cpx synthesized in 
association with Opx and O1 

and 80 and XCopx=0 at 490 MPa, T=800 ~ C. Starting clinopy- 
roxenes in which X~x=0-50, ~ x =  50 were synthesized at P =  
98 MPa, T=650 ~ C. The oxygen fugacity was controlled with 
the QFM buffer in the synthesis of starting orthopyroxenes, 
and with the MW buffer in the synthesis of starting clinopyrox- 
enes. The duration of synthesis of starting pyroxenes was 7-14 
days. X-ray and optical examination of the run products revealed 
no contaminating phases in the synthesized material. The charges 
were prepared separately for each run by carefully mixing and 
grinding the pre-weighed minerals under alcohol in an agate 
mortar. The weight of the charge in terms of pyroxene, was 
36 60 mg, the liquid phase accounting for 30-50 nag. To prevent 
amphiboles from crystallizing, some of the syntheses were done 
without introducing water. To keep the partial pressure of water 
low, some 20 to 200 mg crystalline oxalic acid (H2C20,) were 
added to the starting charges. All the Fe-Mg--Ca-part i t ioning 
runs employed excess (10 to 20 rag) silica which was added either 
as synthetic quartz or as amorphous silicon oxide (where the 
synthesis method was used). This proved effective in preventing 
foreign minerals, say olivine, formation and also in enhancing 
equilibration rates. 

Because of the fine grain-size of the pyroxenes, the phases 
could rarely be analysed with the electron microprobe. As an 
alternative, the compositional changes have been monitored by 
X-ray diffraction methods. X-ray patterns were obtained on a 
DRON-1 diffractometer with Co-radiation (CoKe= 1,79021 A). 
The pyroxene compositions were determined by measuring the 
diffraction peaks from a TUR M62 diffractometer, Co-radiation. 
The peak profiles were recorded by scanning across the peak 
at 0.01 ~ (0 scale) intervals, the pulse-collection time at every 

point was equal to 20-30 s. Synthetic quartz was used as internal 
standard. The angular positions of the reflections were calculated 
from the centre of gravity of the peaks and 2/3 from the base. 
The Cpx compositions were determined from the (150) reflection. 
A plot of X~c~,x versus d(lso) for different Ca-contents in this 
mineral is presented in Fig. 1. The isolines were drawn for spe- 
cially synthesized pyroxenes of known compositions with no 
contaminating phases, at T= 750 and 800 ~ C, P =  294 MPa, and 
the oxygen fugacity controlled by the QFM buffer. The duration 
of the synthesis was 7-10 days. According to Fig. 1, a decrease 
in the XC~x is accompanied by a respective decrease in the d(150). 
Our results agree well with Turnocks et al. (1973) results for 
X~c~,x=20-40, but are at variance with their data for more magne- 
sian and Fe-rich compositions. The orthopyroxene compositions 
were determined from the d-spacing for the (421) and (250) 
reflections (Fig. 2). The composition d-spacings relationships 
for a calcium-free mineral, were established earlier (Fonarev 
et al. 1980), therefore we have synthesized orthopyroxenes with 
X~opx=2 and 3 tool%, and Fe-content of 40-70 tool%, to deter- 
mine the effect Ca may have on these reflections. Neither X-ray 
nor optical examinations of the run products detected any con- 
taminating phases at all. These relations point to an increase 
in the interplanar spacing of the Opx with decreasing Ca content 
- this tendency being stronger for (421) than for (250). These 
two reflections were used to identify the orthopyroxenes in which 
the Fe-content was less than 60 tool%. In the Fe-richer regions, 
the (421) reflection was used except in a few cases because the 
20 of the (150) and (250) reflections for clinopyroxene and ortho- 
pyroxene, respectively, drew too close together in the X-ray pat- 
terns. To avoid the overlapping of reflections in identifying the 
clinopyroxene compositions from (150), the amount of clinopy- 
roxene in the starting charges for the Fe-rich compositions was 
twice that of orthopyroxene with the result that the orthopyrox- 
ene (250) reflection virtually disappeared from the X-ray patterns 
of the run products. Special experiments have been carried out 
to check whether the component partitioning between M1 and 
M2 sites would affect the reflection positions. The starting mate- 
rials were the pyroxenes synthesized at T=750 ~ C (two clinopy- 
roxene samples) and T= 800 ~ C (one sample of clinopyroxene 
and two samples of orthopyroxene) whose relationships are plot- 
ted in Figs. 1 and 2. The samples were recycled during 5-7 
days at 800~ and 750 ~ C, respectively, P - 2 9 4  MPa, QFM 
buffer. The positions of (150) for Cpx, (421) and (250) for Opx 
were essentially the same as for the starting samples, the differ- 
ence being within the accuracy of the X-ray analysis (0= _+ 0.01 o). 
The ferric iron content caused no problem in the mineral compo- 
sition determinations, owing to very similar T, P and oxygen 
fugacity conditions in the two sets of experiments - to establish 
the equilibrium relations and to synthesize compositions for con- 
structing the correlation lines. Also, M6ssbauer analyses of some 
of the samples with XFe=5-70 showed no detectable amounts 
of Fe 3 + 

Experimental Results 

Two independent sets of experiments were devised to study the 
component distribution between the coexisting pyroxenes at T= 
750, 800 ~ C, and P =  294 MPa. The first group aimed at evaluat- 
ing the Ca-saturation in Opx and Cpx, in relation to variations 
in their Fe contents. These data were then used in the second 
set of experiments to establish the distribution of all three compo- 
nents between the coexisting minerals over a wide range of com- 
positions. This experimental scheme had to be adopted because 
of the electron microprobe's limitations. However, these X-ray 
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Fig. 2a, b. Dependence of a the (421) - and b the (250) - reflections on the Fe- and Ca-contents of  orthopyroxenes:  1, 2 are for specimens 
with X~o~x 2 and  3 mol% respectively; 3 = d a t a  o f  Fonarev et al. (1980) for Ca-free Opx;  4 = c u r v e s  for determining the Fe-content in Opx 
coexisting with Cpx at T =  750-800 ~ C, P =  294 MPa (see text); 5=mic roprobe  analyses; 6=Fe- f ree  orthopyroxenes synthesized in association 
with Cpx and O1 
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Fig. 3a-e.  The Ca-saturat ion in dependence 
on the Fe-content at P =  294 MPa:  a, b in 
clinopyroxenes (assemblage with 
orthopyroxene) at 750 ~ C (a), 800 ~ C (b); 
c = i n  orthopyroxenes (assemblage with 
clinopyroxene) - at 750 ~ and 800 ~ C. 
Runs,  performed by the synthesis method:  
l = O p x ;  2 = C p x + O p x .  Runs  with the 
mineral assemblage Cpx + Opx (numbers 
indicate the original ratio v~ Ve XCpx/X~p x with 
XC~,x/X~opx of 50/0 in all cases) : 3 = Cpx ; 4 = 
Cpx + Opx. Runs  with synthetic 
clinopyroxene: 5 = C p x + O p x .  Microprobe 
analyses of  orthopyroxenes : 6 = 800 ~ C ; 7 =  
750 ~ C; 8=Ext rapo la t ions  of Lindsley and  
Dixon (I976), Nehru (1976), Warner  and  
Luth  (1974); 9 = O p x - C p x  solvus (our 
data) 
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Table 1. Compositions of coexisting ortho- and clinopyroxenes as determined in the present study 

T Run Fluid phase Bulk compositions 
(~ duration tool% 

(days) 

Starting materials Run Run products Notes 
No. 

Opx Cpx 

FeSiO3 MgSiO3 CaSiO3 X ve X ca X ve X c~ 

1 2 3 4 5 6 7 8 9 10 i1 12 13 

110 800 6 H20 13 62 25 amorphous mixture 20.5 1.8 9.3 47.5 tr. Amf. 
97 800 8 1 N HC1 17 58 25 Cpx*5+Opx*o+Q 21.6 1.8 9.0 47.6 

212 800 7 H20 15 60 25 Cpx3o +Opxo +Q 24.2 2.0 10.4 47.3 
195 800 6 H20 23 52 25 Cpx3s+Opxao+Q 27.6 2.1 12.1 46.7 
211 800 7 H20 23 52 25 Cpx25 +Opx2o +Q 29.0 2.1 13.5 46.3 
89 800 11 1 N HC1 30 45 25 Cpx3o+Opx3o+Q 36.5 2.5 17.6 45.4 

337 800 7 2 N HC1 31 44 25 Cpx4o+Opxzo+Q 36.5 2.5 17.0 45.6 
+ Cpx~ 5 + Opxso 

800 11 1 N NH,,OH 30 45 25 Cpxao+Opx3o+Q 41.2 2.6 19.6 45.l 
800 7 0.25 N HC1 35 40 25 Cpx3o +Opx4o +Q 43.0 2.7 20.6 44.9 
800 4 0.25 N HC1 35 40 25 Cpx3o+Opx4o+Q 44.6** 2.62** 24.3 44.3 
800 7 0.25 N HC1 35 40 25 Run 101 43.4** 2.65** 21.3 44.8 
800 8 1 N HC1 38 43 19 Cpxas+Opx,o+Q 44.3** 2.74** 20.6 44.9 
800 7 H20 35 40 25 amorphous mixture 46.0 2.7 22.0 44.7 
800 4 0.25 N HC1 40 35 25 Cpx4o +Opx4o+ Q 49.3 2.8 24.1 44.4 
800 4 H20 40 35 25 Cpx4o +Opx4o +Q 50,2 2.8 24.8 44.3 
800 6 0.25 N HC1 45 30 25 Cpx4o+Opxso+Q 55,25** 2.9** 30.6 43.3 
800 2 0.25 N HC1 45 30 25 Cpx4o+Opxso+Q 56.8 3.0 27.3 43.8 

90 
193 
101 
101 b 
98 

184 
107 
108 
154 
154b 

154c 800 10 0.25NHC1 45 30 25 
177 800 17 H20 48 27 25 
354 800 9 1NHC1 49 20 31 

364 800 9 H20 48 23 29 

280 800 9 H20 53 14 33 
280b 800 i0 H20 53 14 33 
155 800 14 H20 60 15 25 

155b 800 8 H20 60 15 25 

Cpx~o +Opxso +Q 56.8 3.0 30.4 43.3 
Cpx35 q-Opx6o +Q 62.0 3.1 34.3 42.7 
Cpxso + Opx4o 63.5 3.1 35.8 42.3 
+Cpx3s+Opx8o+Q 
Cpx35+O16o 65.0 3.1 37.6 41.9 
+O17o+Q 
Cpxso +Opx6o + Q 72.0 3.2 44.4 39.9 
Run 280 70.5 3.2 43.0 40.4 
Cpxso+OpxTo +Q 68.0 3.2 45.4 39.8 

Run 155 72.9 3.2 44.4 39.9 

tr. st. Opx3o 

st. Cpx, to  

and Opxso 

tr. st. Cpx35 

O191 

O188 and 
st. Opx7o 
O19o and 
tr. st. Opx7o 

368 750 8 24 49 27 

237a 750 9 HzO 25 50 25 
292 750 8 H20 32 35 33 
349 750 8 H20 35 40 25 

293 750 7 0.25NHC1 35 40 25 
293a 750 9 H20 35 40 25 
327 750 10 solution*** 35 40 25 
279a 750 3 HzO 37 38 25 

279b 750 8 H20 37 38 25 
279c 750 12 H20 37 38 25 
351 750 9 1NHC1 39 30 31 

322 750 10 solution*** 43 27 30 

322a 750 10 H20 43 27 30 
228a 750 7 H20 50 25 25 

370 750 8 1 N HC1 44 25 31 

310 750 10 H20 47 21 32 
311 750 10 H20 50 20 30 
295 750 10 H20 48 21 31 
295a 750 7 HzO 48 21 31 

Cpx4o +Opxlo 35.8 2.4 16.7 46.2 
+Cpxlo +Opx4o 
+Q +H:2C204 
Cpx3o +Opx2o + Q 36.5 2.5 16.2 46.3 Amf 
Cpx3o+Opx3o +Q 44.5 2.7 19.6 45.7 
Run 327+ Cpx3o 47.0 2.8 20.2 45.6 
+ Opx40 + Q 
q-H2C204 
Cpx3o +Opx4o + Q 48.8 2.8 22.3 45.3 
Run 293 48.8 2.8 21.3 45.4 
Cpx3o +Opx4o +Q 50.1 2.8 22.3 45.3 
Cpxao +Opx~o +Q 52.6 2.9 24.4 45.1 

Cpx35 +Opx4o +Q 50.2 2.8 22.1 45.3 
Cpx35 +Opx4o +Q 51.0 2.9 23.4 45.2 
Cpxr +Opx3o 52.5 2.9 24.4 45.0 
+ Cpxzo + OpxTo + Q 
Cpx45 +Opx,~o + Q 58.5 3.0 24.0 45.1 

and and 
29.0 44.4 
26.8 44.7 
31.0 44.2 

Run 322 59.0 3.0 
Cpxso +Opxso +Q 62.5** 3.01"* 
+tt2C204 
Cpx4o + Opx6o + Q 62.2 3.1 
+ Opx6o + Cpx3 o 
Cpx4s +Opxso +Q 66.0 3.1 
Cpx5o +Opxso +Q 67.0 3.1 
Cpx4o + Opx6o + Q not determined 
Run 295 68.5 3.2 

29.5 44.3 

34.1 43.7 
35.9 43.4 
40.0 42.7 
37.0 43.3 

st. Cpx3s 
and Opx40 
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Table 1 (continued) 

Run T Run Fluid phase Bulk compositions Run products 
No. (~ duration mol% 

(days) Opx Cpx 

FeSiO3 MgSiOa CaSiO3 xFe xCa )fiFe xCa 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Starting materials Notes 

315 750 6 H20 51 18 31 Cpx45 +Opx6o +Q 69.2 3.2 37.4 43.2 
350 750 6 1 N HC1 51 18 31 Cpxso+Opxs0 +Q 69.5 3.2 37.3 43.2 

+ Opxso + Cpx3o 
326 750 10 HzO 54 15 31 Cpxso +Opx6o +Q 72.8 3.2 41.3 42.5 

and and 
64.0 3.1 

326a 750 5 HzO 54 15 31 Run 326 72.5 3.2 41.3 42.5 
329 750 8 2 N NH4OH 54 15 31 Cpxso+Opx6o +Q 73.7 3.2 43.2 42.1 

+H2C204 
371 750 9 H20 57 12 31 Cpxs0+OpxTo+Q 75.1 3.2 45.2 41.7 O19o 

* The numbers correspond to XcV~x and xF~x ; in all starting pyroxenes XC;x = 0 and XcCx~= 50 
** Orthopyroxene compositions determined by the electron microprobe 

*** Fe, Mg and Ca dissolved in HC1 

Notes: 1. Bulk compositions contain additional 15-50 wt.% SiO2 
2. Run products from all runs contain quartz 
3. Fe content in olivine determined by X-ray difraction (Fonarev et al. 1979) 
4. tr. st. - trace starting 

relationships (Figs. 1 and 2) only can be used where the Ca- 
content of the coexisting minerals is known. 

The Ca-saturation in clinopyroxenes associated with orthopy- 
roxenes was mainly determined by the synthesis method;  the 
results were verified in a number of runs by the mineral assem- 
blage method (Fig. 3a, b). In the first method, the boundaries 
of one-phase (Cpx) 3 and two-phase (Cpx+Opx)  fields of  the 
synthesis area were defined by varying the bulk compositions 
of the starting mix with respect to the Ca and Fe contents. 

The appearance of Opx was checked by optical and X-ray 
methods. A rather strong peak (420) proved effective in identify- 
ing as low as 1.5-2 wt.% orthopyroxene in the charge, which 
makes the )~cc~,x determination accurate to 0.6-1 mol%.  In the 
mineral assemblage method the boundary between the single- 
and two-phase fields was defined either by the complete disap- 
pearance of  the known Opx from the starting mixture Cpx + Opx, 
or by the appearance of Opx upon decomposition of  the crystal- 
line Cpx. While most runs were performed with pure H20,  those 
in which the bulk Fe content (mol%) was 5.1 (800 ~ C), 10.2 
and 10.4 (750 ~ C), used crystalline oxalic acid (H2CzO~). Run 
duration, normally, was 7 or occasionally 10 (for crystalline 
phases) days at 800 ~ C and 10 days at 750 ~ C. 

As is shown in Fig. 3, the experimental results at each temper- 
ature are fairly consistent, and what is more, runs with crystalline 
phases lend full support to the results from the synthesis experi- 
ments. So it is evident that the Ca-content of the mineral de- 
creases with increasing Fe, to confirm earlier findings (Lindsley 
et al. 1974a, b; Mori  1978). 

Increasing temperatures expand the stability fields of  less 
calcic clinopyroxenes associated with orthopyroxenes - this effect 
is much stronger with Fe-rich members of the solid solution 
series, and only negligible in magnesian-bearing solutions. The 

3 Runs were performed with excess (1 3 mg) silica. Therefore, here 
we have, strictly speaking, a two-phase (Cpx+Q) and a three-phase 
(Cpx+Opx+Q) region 

Ca-saturation in orthopyroxene associated with clinopyroxene 
were determined by the electron microprobe ( "Camebax")  in 
the run products from four runs (101 b, 98, 228 a, 154 4 ; Table 1). 
The orthopyroxene prismatic grains in the products from these 
runs are up to 30 gm across. At least five orthopyroxene grains 
were analyzed from each run using an accelerating potential 
of  15 kV and a sample current of 4 .10-7-10  . 10 .7 A. Natural 
pyroxenes of the known composition and oxides of the analyzed 
elements were used as standards. The results were refined on 
a computer;  the program contained corrections for the atomic 
number, absorption and fluorescence of the elements. The maxi- 
mum error of  the analysis was within + 1.5 2% relative. 

The results showed a very good agreement (Fig. 3c). Further- 
more, no temperature-dependent differences in the Ca-content 
of the orthopyroxenes have been detected within the analytical 
accuracy and this agrees with earlier studies (Lindsley and Dixon 
1976 ; Lindsley et al. 1974 a, b ; Mori  1978 ; Mori  and Green 1976 ; 
Nehru 1976; Werner and Luth 1974), which showed that temper- 
ature variations by 50 ~ resulted in 0.5 mol% changes in the 
Ca content in Opx. We found (Fig. 3) that the Ca-content in 
orthopyroxenes increases slightly with increasing Fe in the miner- 
al. Extrapolations into the Fe-free area for P =  294 MPa agreed 
with the results obtained by several authors (Lindsley and Dixon 
1976; Mori  and Green 1976; Warner and Luth 1974). F rom 
the data available on the Ca-saturation in clino- and orthopyrox- 
enes, X-ray relationships can be established to determine the 
equilibrium Fe/Fe + M g +  Ca ratio in coexisting pyroxenes. The 
respective working lines are given in Figs. 1 and 2. They were 
constructed by projecting the Ca-saturation values on the isolines 
for Ca-contents in the minerals within the d(h k 1) versus X Fe 
coordinates for 750 and 800 ~ C, respectively. The orthopyroxene 
compositions were used as given by the microprobe analysis 
for runs 101b, 98, 228a, 154. Note that these curves are only 
to be used for determining the equilibrium pyroxene composi- 

4 Analysis by Prof. C.E. Nehru, New-York University, USA 
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tions and only at T =  750, 800 ~ C, P =  294 MPa, i.e. for the com- 
position of  clinopyroxene in association with orthopyroxene 
(Fig. 1) and vice versa (Fig. 2). 

The relations (determinative curves) shown in Figs. 1 and 
2 can be expressed through the following equations for T =  
800 ~ C : 

Run go. i5~ 8 45# ~5# e 

)s ,Cpx 

0 m O - -  

) I I I I 

Run No. Z T.0 a 
+ 

~ 0  

I f I I I 

2798 279c 

0 C ) - -  

'~ t- "-  8 
I 30 

r i i I I ~ t I I I 

0 2 # 6 8 f0 f2 
�9 I �9 Z ; 0 J ;  ~ # Time (days)  

Fig. 4a, b. Results of the kinetic experiments to determine equilibria 
in the assemblage Opx+Cpx+Q,  a T=800 ~ C and b 750 ~ C. Starting 
minerals : 1 = Opx ; 2 = Cpx. Newly-formed minerals : 3 = Opx ; 4 = Cpx 

Xc~x= -171719.885+192383.3212d(lso)-53864.6409d~1so) (1) 

X~px= 28107.1544- 22561.2599d(421) +4499.1187d~421) (2) 

F e  _ _  X~px- - 22534.9533 + 23770.8414d(2so)- 6212.3454d{2so) (3) 

and for T =  750 ~ C : 

X~pxve = - 181331.26+203329.128d(xso)-56981.263d~15o) (4) 

Inasmuch as the Ca-contents in Opx for 750 and 800~ 
are the same, we used (2) and (3) to find X~x at 750 ~ C. The 
second set of  experiments which aimed at determining the com- 
positions of  coexisting ortho- and clinopyroxenes was performed 
with a mineral assemblage (the mineral assemblage method), 
and a few synthesis experiments (Table 1). The accuracy of  the 
results was the primary concern. Replicate X-ray measurements 
gave the maximum error of not  greater than _+0.01 ~ (0 scale). 
The compositions of the coexisting minerals were determined 
only from the run products for which the profiles of the pyroxene 
diffraction peaks afforded measurements within the accuracy 
of  the X-ray analysis. Analysis of  the possible experimental 
(Figs. 1-3) and X-raying errors gave the average accuracy of 
the phase composition determinations +0.5, _+ 1 mol% for the 
Ca-content and _+ 1.5-2, _+ 1 1.5 mol% for the Fe-content in 
the ortho- and clinopyroxene, respectively. Independent mea- 
surements of the orthopyroxene compositions in the run products 
from the two reflections were largely consistent within the stated 
limits. 

To determine the optimal equilibration time, two series of 
kinetic experiments were done at 800 and 750 ~ C, with 0.25 N 
HC1 and bidistilled H20  solutions, respectively. The results 

x;: 100 

80  

70 

60 

SO 

00 

JO 

20 

\ 

\ �9 , 
[] z 

| J 

7 
8 

\ 

op~ 

100 

90 

80 

70 

60 

50 

~0 

50 

20 

I 

l 

io 20 30 ~0 

i i i i i i 

0 lO 20 30 40 50 60 50 

Fig. 5a, b. Experimental data on the compositions of coexisting ortho- and clinopyroxenes at P=294 MPa a at T~750 ~ C and b at 800 ~ C: 
1 = Fe content in the starting pyroxenes; 2= runs with mineral assemblage; 3= runs by the synthesis method. The fluid composition: 4 = H20; 
5-HC1 solution; 6= NHr 7=Fe, Mg and Ca dissolved in HC1; 8= HzC20r 2 HzO 



J ~ i  O 

50 

4O 

Jo 

2o 

0 I 
0 28 

E,, 

2O 

I 

4O 

40 
Hd 

60 80 fO0 
, , \ so  

3"O 

20 

[ I 0 

60 80 /00 

Fs 

D/  
o 

~n 

d 
20 g,o Oo 

/-/d 
go tO0 

30 

20 

0 
0 20 4,0 60 80 too 

~17 ,/,'o2 Fs 
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the compositions of coexisting pyroxenes at P=294 MPa a at T= 
750 ~ C and b at 800 ~ C: l=Opx; 2=Cpx 

(Table 1, Fig. 4) from the two series were practically identical 
and agreed well with earlier studies of the reactions that involved 
minerals of varying compositions (Fonarev et al. 1978, 1979). 
The minerals decomposed at the earliest reaction stages, with 
the newly-formed phases undergoing rapid crystallisation. It is 
characteristic that while even in long runs the new minerals 
retained their composition the starting phases usually disap- 
peared completely within the first 2-3 days of the run. All these 
data clearly indicate that the newly-formed ortho- and clinopy- 
roxenes are of equilibrium compositions and that, in the general 
case, it wilt take minerals four days to reach equilibrium. Table 1, 
Figs. 5 and 6 present the experimental results on the component 
partitioning between the coexisting ortho- and clinopyroxenes. 
For each run, the Ca content of the minerals can be determined 
from the diagrams in Fig. 3. To provide a check on the data 
and to confirm the attainment of equilibrium, various means 
were used: recycling certain runs, varying run duration, liquid 
phase composition and proportions by weight of the starting 
phases. Some of the experiments were performed in two stages: 
the quenched specimen was carefully ground, X-rayed and the 
run was resumed under the same T - P  conditions (Runs 293, 
293 a, 326, 326a). In other runs, the synthesis method (110, 184) 
was used. According to Table 1 and Fig. 5, the results for each 
isotherm (750 and 800 ~ C) are grouped cIosely despite the very 
different experimental conditions, so that the points fitted 
smoothly onto the isotherms. Although occasionally this ten- 
dency was affected by certain kinetic factors, recycling the runs 
helped in attaining equilibrium (runs 10l b, 155b, 322a, 295a). 
In none of the cases did electron microprobe analyses of the 
pyroxenes (Table 1) reveal grains of different composition, or 
zoning within a single grain. For example, in each of the 5 
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groins analysed from run 228 a, the composition was determined 
three times (in the centre and margins). Normally, estimates 
varied by as much as 0.2 tool% for Fe-content and 0.1 tool% 
for Ca, with only one exception of 0.7 and 0.3 tool%, respective- 
ly. In other runs, the greatest measured differences for individual 
grains were not higher than 1-1.3 tool% for Fe and 
0.~0.4 mol% for Ca. Both shape and intensity of ortho- and 
clinopyroxene diffraction peaks confirm that the run products 
do not contain minerals which vary by more than 1-1.5 tool% 
in composition excepting the presence of the remains of the 
starting pyroxenes. 

It must be noted, however, that the above results were ob- 
tained for charges in which clinopyroxenes were more Fe-rich, 
and orthopyroxenes more Mg-rich than equilibrium composi- 
tions would normally be (Fig. 5). All our attempts with phase 
compositions taken in inverse proportions produced no notice- 
able results the run products revealed starting minerals alone, 
irrespective of run duration. It was only when experimental 
charges contained two clinopyroxenes and two orthopyroxenes 
of different composition that the reaction continued to the end 
and equilibrium was achieved (runs 337, 354, 368, 351, 370, 
350). This must be connected with certain kinetic peculiarities 
of the reactions involved but further experiment will be required 
to clear up the matter. Runs with compositions richest in Mg 
(110, 237a) and Fe (155b, 280, 371), produced amphiboles (of 
the tremolite-actinolite series) and olivines, respectively. The re- 
sults from these runs point out the fields with divariant assem- 
blages O p x + C p x + A m f + Q  and O p x + C p x + O l + Q  though 
their exact boundaries still have to be defined. 

Discussion and Conclusion 

As a result of this study, the F e - M g -  and Ca-partitioning be- 
tween coexisting pyroxenes was established experimentally. The 
ratios of all isomorphous components in the minerals were found 
to have changed considerably over the 750-800~ C range. As 
the temperature increases, iron redistributes from the rhombic 
into the monoclinic mineral; decreasing the Ca-content in the 
clinopyroxene. The temperature dependence of the redistribution 
is very distinct for the compositional range 15-75 mol% (for 
Opx), declining somewhat toward Mg- and Fe-richer regions. 
The present paper is too short to make a detailed comparison 
between our results and the mineral-formation temperatures 
from the known two-pyroxene geothermometers. We would need 
to evaluate the effects the pressure and various additional compo- 
nents present in natural pyroxenes will have on the two-pyroxene 
equilibrium. However, a preliminary comparison can already 
be done at this stage. Figure 7 presents the compositions of 
the coexisting minerals for which the temperatures of formation 
were determined using Wood and Banno (Bohlen and Essene 
1979; Jayawardena and Carswell 1976), and Saxena (1976) geo- 
thermometers. For charnockites and pyroxene-granulites from 
Sri-Lanka, Jayawardena and Carswell (1976) found 858+_11~ 
from Wood and Banno-geothermometer, and 700 + 50 ~ C from 
a garnet-clinopyroxene equilibrium which agrees with our find- 
ings of about 700 ~ C. 

The mineral formation temperatures for pyroxene-bearing 
metamorphic rocks from the Adirondacks as estimated with a 
two-pyroxene geothermometer were 711-850 ~ C (Bohlen and Es- 
sene 1979), with an average of 790 ~ C (from 23 analyses). Here 
again, our data (Fig. 7) point to lower temperatures, apparently 
not higher than 650-700 ~ C. 

Saxena (1976) in using his two-pyroxene geothermometer 
placed the formation temperatures for some charnockites in the 
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Fig. 7. Compositions of coexisting pyroxenes in several granulites and 
charnockites. 1 = Jayawardena and Carswell (1976) : T= 858 • 11 ~ C ; 
2=Bohlen and Essene (1979): T=711-850 ~ C; 3=Saxena (1976): T= 
700-725 ~ C; 4=Saxena (1976): T=760 870 ~ C; 5= the  present data 
for T=750 and 800 ~ C 

700-870 ~ C range. However,  there appears to be a reverse tem- 
perature dependence of the componen t  redistr ibution when these 
data  are compared  with our  findings the mineral  composi t ions 
with crystallisation temperatures  of  700-725~ C (Saxena) plot 
close to our  800 ~ C-isotherm, while, as we have found, specimens 
with format ion  temperatures  760-870~ cannot  exist above 
750 ~ C. Appl icat ion of  Wells'  (1977) and Perchuk's  (1970) geo- 
thermometers  also indicated crystallisation temperatures tha t  
were too high as compared  with the above experimental  data. 
It is noteworthy that  a l though the above comparison does not  
aim at evaluating precise temperatures,  it nonetheless clearly 
shows the necessity for  refining the two-pyroxene geothermome- 
ters now available, expecially in the region of  moderate  and 
lower temperatures.  It is believed that  the experimental  results 
f rom this study combined with published data  (for a higher- 
temperature  region) could form, given the appropr ia te  thermo-  
dynamic treatment,  the basis for construct ing a geothermometer  
which would assess reliably the actual mineral-forming processes. 
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