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Abstract. The reaction Hb + Zo (Ep) + H20 4- CO2~-~P14- 
Chl+ Cc+ Q was studied under hydrothermal conditions 
at Ptotal =2, 4, 6 and 8 kb at Xco 2 =0.1. The continious tran- 
sition from tremolite (actinolite) to Al-rich hornblende was 
fixed along the equilibrium curve of the reaction, providing 
a complete solid solution in the calcic amphibole series. 
A dependence of A1 content in Ca-amphiboles and coex- 
isting plagioclases on PT-conditions of their crystallization, 
determined for a wide range of temperature (450-650 ~ C) 
and pressure (2-8 kb), has been used for construction of 
the experimental geothermobarometer. This may be em- 
ployed to deduce temperature and pressure conditions of 
metamorphism of the albite-epidote-amphibolite and the 
amphibolite facies metabasites, including zoisite (or 
epidote)-bearing assemblages. An application of the H b - P 1  
geothermobarometer is illustrated on the Patom Highland 
amphibolites and also on the well-known mafic schists of 
Vermont. 

ks 

k- . . . .  | 

O;Fd0 
Fig. I a, b. Na20-  CaO-  (Mg, Fe)O- A12Oa-diagram (a) and pro- 
jection of the mineral phases on the CaO-A1203 -(Mg, Fe)O face 
of the tetrahedron (b), showing the considered mineral assemblage 
of the amphibolite facies metabasites 

Introduction 

It is known that amphiboles are a good indicator of temper- 
ature and pressure over wide ranges of metamorphic condi- 
tions. In due time, Perchuk (1970) had suggested to use 
the examined dependence of Ca :Na  ratio of coexisting am- 
phiboles and plagioclase on T as geothermometer. Besides, 
there are evidences about increasing A1 content of Ca-am- 
phiboles with increasing grade of metamorphism (Leake 
1962; Kostyuk 1970; Hietanen 1974; Graham 1974). None 
the less, Raase (1974) had supposed that " the rather com- 
plex dependence of the A1 content upon temperature, pres- 
sure and chemical environments makes it difficult to use 
it as an indicator of metamorphism". In this connection, 
the significance of the experimental study of the variation 
in the A1 content of Ca-amphiboles in dependence on pres- 
sure and temperature becomes apparent. 

In most world-wide occurrences of mafic greenschist the 
assemblage of C a -  Am + Chl + Ep + Ab + Q __ carbonate_+ 
mica ~ is common and persists from greenschist to amphibo- 

1 Abbreviations used in this paper: Am = amphibole, Hb = horn- 
blende, Act=actinolite, Tr=tremolite, Prg=pargasite, Tsch= 
tschermakite, Zo-zoisite, Ep = epidote, P1-plagioclase, Ab = al- 
bite, An = anorthite, Ol = oligoclase, Cc = calcite, Chl = chlorite, 
Q = quartz 

lite facies with a considerable change in phase compositions 
(Shido 1958; Wenk, Keller 1969; Cooper 1972; Laird 1980). 
With increasing grade Chl and Ep decrease in modal abun- 
dance, whilst Am increases, concomitantly Prg and Tsch 
substitution in these grows. The anorthite content of P1 
increases, at first with jump from Ab to O1 (peristerite gap) 
and then continiously to andesine (Liou et al. 1974). Fol- 
lowing Laird (1980), the generalized continious reaction 
which describes the metamorphism of common mafic schist 
in the transitional zone is: X tAm 1 + YtChl 1 + Ep + Z1Ab + 
Q~-XzAm2 4- Y2Chl2 4- Z2Ol 4- H20  (X2 > Xa, Y2 < Ya and 
Z 2 > Z1), where the Prg and Tsch substitutions are greater 
in Am2 than Am~. 

For graphical representation of this assemblage, includ- 
ing also Cc, the triangular prism with the base C a O -  
A120 3- MgO and Na/Ca + Mg + A1 ratio along height was 
choosen (Fig. la).  It is seen, that C a - A r e s  in result of 
the lower Na content are located near the prism base. If  
FeO is absent as a component, the further projection on 
to the prism base allows to derive the following monovar- 
iant reaction: Hb + Zo + CO 2~,~P1 + Chl + Cc + Q (1) at Xco2 
const. As to Hb compositions containing more A1 than 
1,75 per formula unit, the reaction (1) is transformed to 
Hb + H20 -I- CO2~Zo -+- P1 + Chl + Cc + Q (Fig. 1 b). There- 
fore, experimental treatment of this reaction in the simpli- 
fied system may be very helpful to define the quantitative 
dependence of A1 content in Am and P1 on PT-conditions. 
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Experimental Procedure 

All runs were accomplished in hydro thermal  pressure ves- 
sels. The accuracy of  the temperature  measurements  using 
a chromelalumel  thermocouple  was to _+ 5 ~ the pressures 
were measured on Bordon gauge and mainta ined to within 
_+50-100 bar.  The I - I 2 O - C O  2 fluid composi t ion is fixed 
within a sealed Pt capsule by a mixture of  decomposing 
oxalic acid and liquid H20 ,  which were taken in required 
weight propor t ions .  Besides, in a few runs JQo2 was con- 
trolled by measuring the weight loss of  the capsule upon  
punctur ing and then by measuring the weight loss of  the 
capsule upon drying at 110 ~ C. The start ing charges con- 
tained a mixture of  natural  Fe -poor  Zo, Ab,  Chl, Cc and 
Q (Table 1). Because of  the chemical  complexi ty of  natura l  
Am, the Tr ,o0-Prglo o and Trloo-Tsch6o series of  solid solu- 
tions were synthesized from oxide mixes for a week at  
820-840 ~ C and Pn from 5 to 7 kb by using gaseous pressure 
vessels. The phase composi t ions  of  the run products  were 
identified by X-ray diffraction analyses and by optical  
methods too. Samples, containing more than 97% of  modal  
Am, were used only. To control  the chemical composi t ion  
of  synthetic C a -  A m  electron microprobe  analysis was ap- 
plied (Table 2). 

The experimental  study of  the reaction (1) was per- 
formed using the above listed monovar ian t  assemblage, 
whilst a dependence of  C a - A m  and P1 composi t ions  on 
PT-parameters  above the reaction boundary  was t reated 
with the resulting divar iant  assemblage A m  + P1 + Zo + 
C c + Q .  

The react ion direction in runs was detected by compar-  
ing the X-ray peak heights for product  and reactant  phases. 
It must  be mentioned,  that  the use of  a mix of  reactants  
and products  overcame nucleation difficulties and made it 
possible to approach  the equil ibrium curve from both  sides. 

F o r  the determinat ion of  the equil ibrium A1 content  
of  the amphibole  present in react ion (1), several starting 
mixtures were prepared  each containing a synthetic amphi-  
bole of  different composi t ion.  Major  element concentra-  
tions o f  amphiboles  used are listed in Table 2. I f  the A1 
content  of  the start ing amphibole  was higher than that  of  
the equil ibrium amphibole,  the coupled react ion of  decom- 
posi t ion of  start ing Hb:  Hb  ~ + Cc + Q + H 2 0 ~ H b 2  + Zo + 
P1 + CO 2 (2) (so-called react ion o f  "dr i f t ed  equi l ibr ium")  
occurs along with react ion (1). That  is why, an addi t ional  
set of  runs using a "doub l e  capsu le"  method was appl ied 
too:  an unwelded, but  clenched inner Pt capsule (d = 3 ram) 
was charged by the aluminous Hb, whereas the low-temper-  
ature assemblage : Chl + Ab  + Cc + Q was in t roduced into 
an external sealed Pt capsule (d = 5 mm). At  the low-tem- 
perature side of  the reaction (1) Hb  in the inner capsule 
breaks down to the C h l + P I + C c + Q  assemblage, and it 
is not  formed in the external capsule. Under  the PT-condi-  
tions, corresponding to the Hb  stabili ty field, a product ion  
o f  H b  and disappearance o f  Chl in the external ampule 
were observed by both optical  and X-ray methods.  At  the 
same time the Hb  composi t ion  within the inner capsule 
schifts as a result of  the reaction (2), where the H b l  is 
more Al-r ich than Hb2. A n  approach  of  residual A m  com- 
posit ions in both capsules provides us an addi t ional  criteri- 
on of  an a t ta inment  of  equil ibrium (Table 3). 

Residual  Am and P1 were analyzed with a " C a m e b a x "  
electron microprobe.  Standards  for studied phases were nat-  
ural homogeneous  Hb, Zo and Ab. 
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Table 1. Chemical compositions of minerals, used as starting mate- 
rial 

Oxides Albite Zoisite Epidote Mg M g -  Fe 
chlorite chlorite 

SiO 2 68.85 39.39 38.34 32.12 29.32 
TiOz - 0.09 0.65 0.19 1.21 
AI20 3 18.25 32.05 20.95 19.53 17.15 
Fe203 0.05 1.80 13.18 - 6.27 
FeO - 0.21 0.53 0.86 14.15 
MnO - 0.02 0.18 0.12 0.30 
MgO 0.27 0.30 0_47 31.73 20.69 
CaO 0.95 23.57 20.43 0.55 1.46 
K20 0.34 0.02 0.18 - 0.65 
Na20 11.10 0.07 0.35 - 0.17 
H2 O+ 1.96 2.84 14.33 
H20-  0.21 1.37 9.27 

Total 100.02 99.48 99.60 1 0 0 . 4 3  100.26 

Table 2. Chemical compositions of synthetic amphiboles, used as 
starting material 

Index Content of oxides in weight per cent 

SiO2 A120 3 MgO CaO Na20 

A 1 56.37 0.89 23.45 15.05 - 
A 2 56.14 3.00 24.90 13.97 1.6 
A 3 56.50 5.00 24.07 13.00 - 
A4 53.50 10.00 22.20 13.00 
A5 52.80 12.20 20.20 13.00 - 
A~ 52.20 9.50 22.50 12.90 1.9 
A 7 44.00 16.50 20.30 12.40 3.3 

Table 3. Al-content in amphiboles in runs with the monovariant 
assemblage 

No. P T Dura- Index 
run (kb) (~ tion of 

(days) start- 
ing 
Am 

Al-content in newly- 
formed amphiboles 

A120 3 A1 iv A1Y1 
(%) 

672 2 440 14 A 1 3.2 0.25 0.25 
672a 2 440 14 As 4.4 0.54 0.19 
666 2 450 20 A 1 4.4 0.28 0.40 
756 2 450 28 A 1 4.1 0.37 0.26 
752 2 450 10 A v 9.7 0.95 0.63 
676 4 490 22 A 1 5.5 0.54 0.44 
676a 4 490 22 A 7 6.5 0.8 0.2 
628 4 500 11 A T 6.7 0.98 0.13 
631 4 500 16 A 2 5,5 0.39 0.32 
672b 4 500 22 A s 6.3 0.59 0.41 
697 4 500 11 A2 5.8 0.7 0.15 
697a 4 500 11 A 6 8.5 1.06 0.21 
654 4 510 12 Aa 7.8 0.7 0.54 
654a 4 510 12 A 3 8.5 0.78 0.56 
677 4 520 22 A 1 4.9 0.45 0.3 
677a 4 520 22 A 6 8.2 0.71 0.5 
678 6 530 10 A t 8.6 0.9 0.44 
678a 6 530 t0 A 7 13.6 1.48 0,7 
722 6 530 20 A4 11.5 1.1 0,73 
749 8 580 12 A 4 13.0 1.18 0,92 
750 8 590 12 A4 13.6 1.18 1,01 
764 8 580 20 A 2 12.0 0.94 1.00 
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The operating conditions were 15 kv accelerating poten- T~C. 
tial, 0,03 microampere sample current, 20 s count time for 
Na  and 10 s as to Ca, Mg, A1, Si and Fe. The electron a*o~ ~ 

beam was focused to about 2 gm in diameter. Typically, 
from 5 to 10 grains for each phase were analyzed. Correc- naa~ 
tion of  raw data for drift, background, fluorescence and 
atomic number effects were done at the same time by the 0o0. 
computer program of  Bence and Albee. The maximum er- 
rors in the analyses was for N a : O  (4-10%) in results of  s~o. 

evaporation of  sodium, for CaO it is within +_ 5%, the other 
oxides are considered to be +_3% of the amount  present, so0. 
The Am analyses have been recalculated on the basis of  
23 oxygen atoms, s~0- 

520- Experimental Results 

The equilibrium curve of  the reaction (1) imitating the 
boundary between greenschist and albite-epidote-amphib- 
olite facies was delineated on the P -  T diagram at Xco ~ = 
0.1 (Fig. 2). An intricate character of  Am production reac- 
tion must be noted. In run products starting Am grains 
are preserved usually side by side with newly-formed 
A m : T r  have not  been enriched in A1 even in long duration 
runs. Thus, the starting, intermediate and equilibrium com- 
positions may be present in the run products. One set of  
kinetic experiments of  7, 10, 14 and 20 days duration shows 
that with increasing run duration the residual equilibrium 
crystals gradually grow at the expense of  the starting and 
intermediate composition grains. A similar type of  reactions 
including phases of  varying composition was described ear- 
lier by Fonarev and Korolkov (1980)�9 The Am composi- 
tions, being further away from a given initial composition, 
are considered to have approached the equilibrium more 
closely_ As is seen from Fig. 3, Tables 3 and 4, the equilibri- 
um Am compositions have been received not in the least 
all runs. Representation of  the experimental results over 
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Fig.  2. P -  T diagram for the monovariant  reaction: Hb + Zo + 
CO2 + HzO = P L  + Chl  + Cc  + Q in the iron-free system. Runs with 
the monovariant assemblage in the C a O - M g O - A I : O 3 - S i O :  
system are shown by circles 1: Hb grows; 2: equilibrium; 3: Chl + 
Cc+Q grow. Quadrangles  - runs in the system including also 
NazO: 4: Hb grows; 5: equilibrium; 6 the PI + Chi + Cc + Q stabil- 
ity field ; 7 runs with the divariant assemblage Hb + P1 + Zo + Cc + 
Q 
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Fig. 3. Plot of A1 total versus temperature for Am encountered 
in this study at Prl = 2, 4 and 6 kb. A shift of A1 content in Am 
at Pn = 2 kb is shown by sol id lines, at 4 kb - by dashed  lines and 
at 6 kb - by do t -dashed  lines. 1 -3  - Am, synthesized from the 
gel mixture: 1: at 2 kb; 2: at 4 kb; 3: at 6 kb; 4:A1 contents in 
starting Am 

a wide range of  temperatures for each isobare (2, 4 and 
6 kb) in the plot o f  A1 content in Ares versus T allows 
to determine the equilibrium Am compositions for the P ,  

T of  interest (Fig. 3). 
The equilibrium compositions at 2, 4 and 6 kb have 

been used for calculating the dependence of  A1 content on 
T by the least-squares method for each isobare: 

y =  -0 .00017 T2+0.223 T--61.118 
y = - - 0 . 0 0 0 2 2  T2+0.312 T--  91.83 
y = -- 0.00077 T 2 + 0.964 T--  283.97 

(2 kb), 
(4 kb), 
(6 kb). 

These equations may be used for extrapolation of  experi- 
mental data to lower T, that is especially needed forP > 
4 kb. 

The experimental results of  this paper are referred to 
the Fe-free system, however, it would be desirable to evalu- 
ate the effect of  the Fe presence on the recorded phase 
relations. That is why, Fe-bearing Ares were synthesized 
from gel mixtures having composition close to tholeiites: 
the mix N 1 - SIO:-52.5, A1203-16.4, FeO-10�9 CAO-9,2, 
Na20-3.8 weight per cent and mix N 2 - SIO:-48.0, A120 3- 
12.0, FEO-19.4, MgO-7.1, CaO-11.0, Na20-2.0%. M g -  
Ams were used as seeds, fo :  was controlled by the N i - N i O ,  
M r -  Wt and C u -  Cu20  buffer at Xco: = 0.1. The run prod- 
ucts were analysed by both X-ray and routine E P M A  meth- 
ods. Results of  some runs are represented in the Table 5,. 
where total Fe was calculated as FeO, oxidation ratio was 
not determined, and F e : M g  ratio is 1 0 0 F e O / ( M g O +  



Table 4. Am and P1 compositions in runs with the divariant assemblage 
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No. run P(kb) T(~ Duration Index 
(days) of starting 

Am 

A1 content in newly-formed Am 

A120 a (%) A1 l v AlVl 

Mole % 
An in 
P1 

690 2 460 21 A 2 
688 2 470 21 A 2 
738 2 500 20 A~ 
717 2 500 12 A 7 
557 2 520 16 A 5 
714 2 550 26 A 7 
725 2 550 14 A v 
742 2 600 20 A 2 
759 2 600 20 A 7 

626 4 500 28 A7 
641 4 520 18 A 2 
656a 4 530 12 A 2 
629 4 550 12 A 7 
673 4 550 22 A 6 
637 4 550 16 A 2 
638 4 600 16 A 1 
698 4 600 11 A v 
716 6 550 14 A 4 
719 6 550 22 A 7 

723 6 560 14 A 6 

720 6 600 14 A 7 
700 6 650 12 A 6 
701 6 650 12 A 3 

4.8 0.6 0.9 
6,5 0.39 0,62 
5.8 0.57 0,38 10 

10.8 0.87 0.85 22 
8.5 0.80 0.56 
6.3 0.62 0.36 
8.3 0.87 0.26 
9.5 0.94 0.57 43 
9.6 1.14 0.23 43 
7.8 0.80 0.40 9 
8.2 0.92 0.45 
6.5 0.80 0.20 

10.6 1.34 0.28 34 
10.0 1.02 0.56 38 
9.6 1.30 0.52 39 
6.4 0.67 0.34 45 

13.8 1.17 0.89 46 
12.1 1.50 0.80 36 
12.6 1.35 0.63 
14.0 1.48 0.77 
15.0 1.60 0.78 
16.8 1.68 1.03 
11.0 0.70 1.64 53 

Table 5. Compositions of Am and P1, synthesized from gel mixture 

T(~ P(kb) Buffer No of Mole % 
starting An in P1 
mixture 

A1 content in Am Fe/Fe + Mg, 
mole % 

A1203 (%) A1 iv AlVt 

600 2 Ni-NiO 1 45 
600 2 Ni-NiO 2 45 
650 2 Ni-NiO 1 45 
550 4 Ni-NiO 2 39 
600 4 Ni-NiO 1 44 
600 4 Ni-NiO 2 44 
600 4 Ni-NiO 2 41 
630 4 Ni-NiO 1 41 
650 4 Ni-NiO 1 48 
600 5 Ni-NiO 1 45 
550 6 Ni-NiO 1 35 
600 6 Ni-NiO 1 39 
650 6 Ni-NiO 2 46 
550 4 Cu-Cu20 1 36 
550 4 Wt-Mt 1 35 
600 4 Wt-Mt 1 41 

10.1 1.23 0.6 15.0 
9.3 1.21 0.49 73.7 
9.6 1.18 0.59 47.0 
7.1 9.8 0.74 0.93 70.2 

15.1 1.27 1.31 53.6 
10,6-12.4 t .32 0.86 53.0-62.6 
10.8 0.97 0.89 45.0-70.1 
12.3 0.88 1.34 40.0-46.7 
14.7 1.07 1.46 42.7-46.0 
14.6 1.64 0.97 40.5 
12.6 1.10 1,06 46.2 
12.8-16.7 1.37-1.79 1.07-1.22 56.0-64,4 
14.7 1.44 1.09 49.0-55.0 
11.8 0.91 0.9 34.0 
9.2 0.85 0.71 45.8 

14.31 1.50 0.98 51.7 

FeO)tot, v The run products,  synthesized from gel, also con- 
sist of  Hb, P1, Ep, Cc and Q. It must be mentioned that 
a chemical inhomogeneity of  the Fe-bearing Am exists, 
especially in M g : F e  ratio, which is easily revealed by 
E P M A  analyses. The composit ional  variations between dif- 
ferently orientated Am sections and possible reason of  those 
were discussed in the literature before (Grapes 1977). The 
synthesized Am composit ions were plotted also in the dia- 
gram of  Fig. 3, showing a good consistency with the re- 
ported results of  experiments, employing the starting mono-  
variant assemblage. It confirms the reliability of  these ex- 
perimental results obtained independently. 

In addition, parallel sets of  runs with the same Fe-bear- 

ing mineral assemblages have been accomplished too. The 
starting composit ions of  the natural Chl and Ep are listed 
in Table 1. The experimental procedure was the same, fo2 
was defined by the N i - N i O  buffer. The bulk composit ion 
of  the starting mixture was constant SIO2-50.3, AIEO 3- 
16.65, MgO-5.9, FeO-9.0, CAO-17.7 and Na20-2.5 wt.%. 
At  T >  530 ~ C, most  run products show total disappearance 
of  Chl, followed by an intense growth of  Hb. Reversibility 
of  the examined reaction has been demonstrated conclusi- 
vely, for example, at P = 4 kb, Chl was readily decomposed 
at T >  490 ~ C, while at T <  490 ~ C, visible decrease of  Am 
is observed. The equilibrium curve of  the reaction (1) in 
the Fe-bearing system of the reported composit ion is lo- 



144 

Table 6. Chemical compositions of Hb in runs with the divariant assemblage (Fe-bearing system) 

PT- 4 kb, 580 ~ 2 kb, 560 ~ 4 kb, 550 ~ 
conditions 

6 kb, 550 ~ 

1 2 1 2 1 2 1 2 

SiOz 49.0 47.2 50.5 54.3 50.5 51.2 50.8 48.4 
Al20 3 12.4 12.8 8.4 7.3 10.0 6.3 10.9 1t.3 
FeO 9.0-17.1 18.9 18.6 4.75 12.4 10.7 16.1 14.9 
MgO 8.6-14.8 8.8 t0.0 19.5 15.0 18.2 7.4 12.6 
CaO 12.0 12.0 11.4 t 1.8 9.8 9.7 11.3 10.2 
Na20 0.6 0.6 0.3 1.1 1.6 1.6 1.7 1.9 

Total 97.8-99.7 100.3 97.2 98.65 99.3 

Si 6.77-6.85 6.89 7.37 7.50 7.1 
A1 iv 1.23-1.15 1.11 0.63 0.5 0.9 
A1 vl 0.67-0.78 1.05 0.82 0.68 0.76 
F e  z + 1.42-2.3 2.26 2.02 0.55 1.46 
Mg 3.25 2.14 1.88 2.17 4.01 3.15 
Ca t.79-1.81 t.75 1.85 1.51 1.5 
Na 0.26 0.27 0.08 0.29 0.45 

98.7 98.2 99.3 

7.28 7.1 6.9 
0.72 0.9 1.1 
0.44 t.0 0.85 
1.27 1.91 t.72 
3.86 1.57 2.68 
1.5 1.73 1.56 
0.45 0.47 0.61 
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Fig. 4. Plot of An content in P1 (mol %) as a function of tempera- 
ture at P f l  = 2 kb (1), 4 kb (2) and 6 kb (3) 

cared about only 10-15 ~ lower T in comparison with the 
equilibrium curve depicted in Fig. 2. 

As shown in Table 6, the Am equilibrium compositions 
for the Fe-bearing system have A1 contents similar to those 
from run products in the Mg system and with Am synthe- 
sized from gel under the same PT-conditions. It concerns 
to the P1 compositions also and let us consider that it is 
succeeded to identify the equilibrium compositions of  both 
Am and P1. A dependence of  the P1 composition on P - T  
conditions of  its formation is illustrated in Fig. 4. The An 
content is shown to increase with temperature indepen- 
dently of  the pressure change. Thus, the plagioclase An 
content provides a very sensitive indication of  temperature 
for the reported mineral assemblage. 

Conclusions 

As is seen from Fig. 2, the continious transition from Tr 
to Al-rich Hb is examined along the equilibrium curve of  
the reaction (1). It is very important, that continuous in- 

crease in P and T have been accompanied by the gradual 
change of  Am composition, providing a complete solid so- 
lution in the C a - A m  series. An existence of  a miscibility 
gap in the A c t - H b  solid solution is discussed during, at 
least, the last thirty years. Based on observation of  an 
abrupt transition from Act to Hb in some metamorphic 
terrains, Shido and Miyashiro (1959), Klein (1969), Cooper 
(1972) and others had suggested the presence of  a miscibility 
gap between T r - A c t  and Hb. On the contrary, Compton 
(1958), Leake (1962), Grapes (1975) and Graham (1978), 
considering the inconsistency of  a compositional gap be- 
tween coexisting A c t - H b  pairs, had supposed that those 
do not represent equilibrium pairs, and that a composition- 
al readjustment of  the Am to the changing metamorphic 
conditions was not attained due to a sluggish rate of  Am- 
generating reactions. I f  this is so, the varied compositional 
gap ranges within the C a - A m  series are caused by a varia- 
tion of  PT-gradients during either prograde or regrade 
metamorphism. 

The represented experimental results combined with 
new data of  Best (1978) about a continuous transition 
within T r - P r g  and Tr-edenite solid solution series, an ex- 
istence of  gradual and distinct compositional changes be- 
tween Act and Hb, the compositional variability in the C a -  
Am within the same metamorphic terrain rocks rouse doubt  
on the reality of  the miscibility gap. From this it must follow 
that presence of  coexisting C a -  Am in some metamorphic 
rocks is being a display of  multistage metamorphism, and 
the compositional gap between associated Act and Hb is 
larger, the larger a jump of  T and P has to occur between 
various metamorphic stages. So, Hidaka meta-gabbro-am- 
phibolite rocks may be mentioned as an excellent example 
of  occurence of  several metamorphic episodes. Grapes 
(1975) had described there four main stages of  progressive 
metamorphism, characterised by the corresponding changes 
of  the C a -  Am compositions. 

Then, the experimentally confirmed significant variation 
of  A12Oa content in C a -  Am with P and T and the change 
of  the C a / C a + N a  ratio values of  P1 in dependence on T 
may be used as geothermobarometer.  The equilibrium com- 
positions of  both C a - A m  and P1 for concrete PT-parame- 
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Fig. 5. Experimental P1-Hb geothermobarometer. Circles and 
dotted lines represent the zoning of the mafic schists of Vermont 
after Laird (1980): for figures see text. Assemblages of the Patom 
Highland amphibolites are plotted as triangles; shaded line depicts 
the trend of the metamorphic zoning of the Patom Highland am- 
phibolites 

ters are applied to construct the diagram in the following 
coordinates: the An content in P1 versus the A1 content 
in C a - A m  (Fig. 5). Isobares in the diagram are delineated 
according to variation of A1 content in C a -  Am in depen- 
dence on both P and T, while isothermes are plotted after 
An content in P1. Thus, the plotting of coexisting C a - A m  
and P1 compositions determines the PT-conditions of their 
equilibrium. The resolution of this geothermobarometer de- 
pends on the analytical uncertainty in the compositions of 
Am and P1. Using an accuracy 4-1.0 mole % A1 and Ca 
in Am and P1, the standard deviation in the P estimate 
is 4-1 kb and in the T _+ 1 0 - 1 5  ~ including also the experi- 
mental uncertainties. 

The compositions of coexisting Hb and Pl from the Pa- 
tom Highland amphibolites (Petrov, Makrygina 1975) are 
represented in the resulting diagram to demonstrate the ap- 
plication of this geothermobarometer. These rocks were 
choosen because the PT-conditions of their formation have 
been defined by analyses of  gaseous liquid inclusions. 
According to the latter, the temperature range of the retro- 
grade epidote-amphibolite facies at P =  4.5 5 kb is 
430~480 ~ C. Using our diagram the following PT-parame- 
ters have been received for the same assemblages: P = 4.d~ 
6 kb, T =  450-480 ~ C. The prograde amphibolite facies ac- 
cording to previous data (Petrov and Makrygina, 1975) is 
characterised by the T from 540 to 580 ~ C at P =  8 kb, and 
after the diagram (Fig. 5) it is estimated at T =  530-560 ~ 
and P =  6.2-7.8 kb. A comparison of these values depict 
a satisfactory agreement of estimations, received by two 
independent ways. 

Moreover, the diagram has been used for analysis of 
coexisting C a - A m  and Pl in mafic schists from Vermont 
to estimate the variation in physical conditions under which 
they crystallized. In accordance with Laird (1980), there 
are zones of low (I), medium (II) and high (III)-pressure. 
Inside each zone a specific prograde metamorphic zonation 
is observed. Mineral compositional variations in the low- 
pressure facies series form the biotite-albite (I), biotite-oli- 
goclase (2), garnet-oligoclase-andesine (3) and bytownite- 
sillimanite (4) zones. Progressive metamorphic zoning at 
medium pressure is similar to that at low pressure, however, 
the discontinuous change in P1 composition from Ab to 
O1 occurs in the garnet subzone: biotite-albite (5), garnet- 

albite (6), garnet-oligoclase (7) and staurolite-kyanite-oli- 
goclase (8) subzones. In the high-pressure facies series mafic 
schist, biotite-albite (9) and garnet-albite (10) with ompha- 
cite and glaucophane subzones are distinguished. All men- 
tioned zones include the assemblage - C a -  Am + P1 + Ep + 
Chl + Cc + Q, therefore, we have a favourable opportunity 
to apply the experimental P l - H b  geothermobarometer to 
analyze the PT-conditions of progressive polymetamorph- 
ism of the Vermont mafic schists. The compositions of coex- 
isting Am and Pl from all zones were plotted on the consid- 
ered diagram (Fig. 5), and the PT-paths of the described 
zonation are outlined. 

Thus, the present H b - P 1  geothermobarometer allows 
to correlate metamorphic zones in metapelites and adjacent 
metabasites more reliably. However, an application of this 
geothermobarometer is recommended to amphibolites con- 
taining either Zo or Ep. A few tentative experiments em- 
ploying the Zoisite-free starting mixture revealed a decrease 
in A1 content of residual Am, approximately in range 
2-3 wt. %. The reason of this difference is clear:in fact, 
the Zo, or Ep, presence is a control of  a bulk composition, 
as regards to the A1 content, of  initial rocks, for those the 
reported geothermobarometer may be used. Then, the ap- 
plication of the P 1 - H b  geothermobarometer to metaba- 
sites of the Ufaley metamorphic complex (Likhoidov et al. 
1981), represented by the intermittent garnet-bearing and 
garnet-free zoisite amphibolites, had allowed us to receive 
the same PT-values of formation of both rock species. So, 
it seems that Hb + P1 + Zo is the major limiting assemblage. 
It must be mentioned also, that application of the P 1 - H b  
geothermobarometer is limited to calciferous and subcalci- 
ferous Ares, containing more than 1.50 Ca, less than 
1.00 Na, because of an increasing glaucophane-end member 
in Am it is accompanied by an essential decrease in An 
content of PI. 

A clinopyroxene (Cpx) appearance in amphibolites with 
increasing temperature causes a visible change in composi- 
tions coexisting Hb and P1, but it occurs over an upper 
thermal boundary of epidote amphibolite stability field, 
fixed by the reaction Hb + Zo + Cc + Q~-Cpx + Pl + H20 + 
CO> that is experimentally studied now. According to pre- 
liminary experimental data this reaction boundary confines 
the Hb 4-Zo assemblage stability field by temperatures of 
about 600~ at Pfl=2 kb, 622 ~ at Pf l=4  kb and 635~ 
at Pr~ = 6 kb (at Xco 2 = 0.1) in the iron-free system. 

Besides, one must be sure that an examined H b - P 1  
assemblage is syngenetic. Undoubtedly, C a - A m  zonal 
crystals require a particular caution to choose the equilibri- 
um compositions for providing additional evidence in possi- 
ble conditions of metamorphism. Numerous data about 
widespread zoning of Am and P1 in metamorphic rocks 
convince us that trustworthy evidences might be recieved 
by only an electron microprobe analysis. 
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