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Abstract. The bioti te zone assemblage: calcite-quartz-plagioclase (An25 )-phengite-paragonite, 
chlorite-graphite, is clewIoped at t.he contact between a carbonate and a pelite from British 
Columbia. Thermochemical data for the equilibrium paragonite+calcite+2 quartz=albite+ 
anorthite+C02+HzO yields: 

log fH,O+log Ico,=5.76+0.117 X 10-3 (P-1) 

for a temperature of 7000K and a plagioclase composition of An25 • By combining this equation 
with equations describing equilibria between graphite and gas species in the system CoR-a, 
the following partial pressures: PH,o=2572b, Pco,=3162b, PH, =2.5 b, PCII.=52.5h. 
Pco=ll.Ob are obtaineu for /0,=10-26 • If total pressure equals fluid pressure, then the total 
pressure during metamorphism was approximately 6 kb. The total fluid pressure calculated 
is extremely sensitive to the value of 10, chosen. 

Among the micas, paragonite is not uncommon in metamorphosed pelitic rocks; 
however, it has rarely been reported as a member of a carbonate-bearing assem­
blage. In this note we report the occurrence of a calcite-quartz-plagioelase-phengitc. 
paragonite-chlorite-graphite assemblage in the biotite zone rocks of the Horsethicf 
Creek Formation, Esplanade Range, Selkirk Mountains, British Columbia (51°35'N, 
117°35'W). Pelitic rocks of this Proterozoic unit locally contain chloritoid and 
paragonite whereas biotite is generally more abundant in the meta sandstones. 
Thin interbeds of metacarbonate, up to 10 feet thick, contain calcite-mica-quartz 
(± dolomite) assemblages. At contacts between pelitic and carbonate beds mo[(' 
diverse assemblages are developed, including the assemblage calcite-quartz­
plagioclase-phengite -paragoni te-chlori te-gra phite. 

In recent years hydroxl-bearing silicate and silicate-carbonate assemblages have 
been studied to obtain estimates of fluid pressures during metamorphism (e.g. 
Wones and Eugster, 1965 ; Greenwood, 1967). In this note thermochemical and 
experimental data are nsed in an attempt to assess the significance of the asselll' 
blage calcite-quartz-plagioclase-paragonite-graphite as a fluid pressure indicator 
during metamorphism. 

Partial analyses with the electron microprobe indicate about 3.3 mole pcrcent 
MgC03 soHd solution in calcite from this assemblage. This value, in light of recent 
exp~rimental data (Goldsmith and Newton, 19G!) a.nd an estimated load pressure 
of 3-6 kiIobars indicates tt minimum temperature of approximately 700 0 K 
(427°C). This temperature i<; consistent with results obtained from the partition 
of Mg between calcite and dolomitc in adjacent rocks. 
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Plagioclase is present as untwinnecl grains generally less than 100 f.L across and 
partial microprobc analyses gi,,-e a composition rangc of AJ.124-Anao (average va.lue 
Ilear An 25 ). Phengite and paragonite ha,'e been identified by both X-ray diffraction 
l11cthods and by partial electron microprobe analyscs. Graphite is present through­
out. low-grade met.amorphic rocks of the Esplanade Rangc and, where abundant, 
it has been idcntified by X .ray diffraction pattet'l1s and reflectetllight studies of 
in>,oluble residues. 

:\ suming that the assemblage caleite.quartz.plagioclase-paragonite-graphite 
<'ctuiJibrated at a temperature of ncar 7000K (427°C) and that fluid pressure was 
equal to total pressure, then thermochemical and experiment.al da.ta can be used 
to estimate the partial pressures of the species of the fluid phase in equilibrium 
with the mineral assemblage. 

Combining thermochemical data (Robie and Waldbaum, 1968) for the reaction: 

Alz03+CaCOa+2Si02 =CaAlzSi20s+C02 

corundum calcite quartz anorthite 

with experimental data (EYans, 1965; Chatterjee, 1968) for the reaction: 

NaAI3Si301o(OH)2= KaAISi30s+Alz03+ H20 

paragonite albite corundum 

gi\'es for the combined equilibrium: 

paragonite calcite quartz albite anorthite 

the following equation, if the solid phases are present as the pure end-members : 

- 8821 . 0.0819 
log Iu,o + log leo. = - T- +17.63+ - T- (P - l) (1) 

l' is temperature in degrees Kelvin, P is the pressUl'e on the solids in bars, IH,O 
and leo. are the fugacities of H 20 and CO2 in thc fluid phase, and the logarithms 
arc to the base 10. 

This equation is for the pure end members as products and rcactants, neglectiug 
the effect of solid solutions. If mole fractions of NaAISi3 0 S and CaAlzSizOs (a\'erage 
\,alueAn2S ) are substituted for activities of the plagioclase components, Eq. (1) 
at a temperature of 700° K becomes: 

log IIl.o + log Ico.=5.76+0.117 .10-3 (P -1) . . (2) 

Equations describing the equilibria between graphite and the most abundant gas 
~p('cies in the system C-ll·O (Frcnch, 1966) foL' a temperature of 700° K are: 

log IH.o -log IH, -log 16,= 15.58= log K 1 , 

log hH. -log lir.= 0.94= log 1(2' 

log leo, --log 10.=29.50=log Ka , 

log leo-log Ib,=12.95= log K4 

(data from Robic and Walclbaum, 1968). 
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Assuming that. total pressure is equal to fluid pressure, then the total presSur 
is also the sum of thc partial pressures of the gas species, i . e. : 

P=PH •OT P co, +PClI , + P IJo+ P li • + po. 

= jB.O + leo. + ICll, + lu. + 10. 
YH.O Yco. ~'CH, I'll. Yo. 

(i l 

where Yi is thc appropriate fugacity coefficient for species i at 7000K and a t.ob\ 
pressure P. For the purposes of this note fugacity coefficients of all species exc('pt 
H 20 are taken as lmity whereas the fugacity coefficient.s of H 20 are interpolated 
from values tabulated by Burnham, Holloway and Davis (1969). By making th ~ 

appropriate substitutions the following two equations can be obtained frOIll 
Eqs. (2-7). 

log IH.o= -23.74+0.117 X 10-3 (P-l) - log 10., (8) 

" C op 
lu.o+B/A 111.0+ --=r =0 

where 
(!l) 

Knowledge of 10. allows Eqs. (8) and (9) to be solved graphically for the two 
remaining variables by plotting IH.o yersus P. 

Coexisting magnetite-graphite and ilmenite-graphite in adjacent pelitic rock. 
are compatible with an oxygen fugacity in the range 10-35 to 10-26 . In the absence 
of definitive oxide assemblages from the pelitic-carbonate assemblage we baw 
used this lati.er value in the calculat.ions (Table and Fig. 1). 

The total fluid pressure (sum of the partial pressures) obtained with this 
procedure is extremely sensitive to the valuc of 10. chosen. This is iIlustrated ill 
Fig. 1 where calcuJated total pressure (= fluid pressure) is plotted against 10.' A~ 

shown, a variation in 10. of 10°·2 from the chosen value of 10- 26 results in a variation 
of calculated total fluid pressure of approximately 1,000 bars. If, for example'. th l' 
value selccted for 10. were 10-25•5 instead of 10-26 the calculated fluid pressurr 
would be greater than 10,000 bars instead of 6,000 bars. A value of more than 
10,000 bars is much greater than the load pressure of 3-6 kb consistent with the 
occurrence of kyanite and almandine in higher grade rocks. 

Table. Pugucitie8, 1Xlrlial pre88UreS alld tolnl Iluid 1lre88Ure 0/ gas species in equilibrium lL'ith 
Ihe calcit~-quart::-plagioclase -]XLra{Jonite-graphite assemblage al 7000K anello. = lO-ZG 

Species Fugacity Fugacity ParLial 
cocfIicien t pressure 

H 2O 925 0.336 2,752 
CO: 3,162 1 3,162 
Hz 2.5 1 2.5 
CH~ 52.5 I 52.5 
CO 11.0 1 11.0 

P=5,!l80 bars 
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Fig. 1. Plot of calculated total pressure (= fluid pressure) versus oxygen fugacity at 700° K. 
Dots represent graphiel\l solutions of Eqs. (8) and (9); sce text. The minimum is not precisely 
determined 

From the above calculations, the estimated H: 0 ratio in the fluid phase is 
0.6: 1. Thus the presence of graphite need not indicate a high H: 0 ratio in the 
fluid (Miyashiro, 1964), if CO2 pressure is high. Conversely, a low H: 0 ratio in a 
fluid which has equilibrated with graphite need not indicate a high fa •. 

Even if the above calculations arc only approximate, the usefulness of calcite· 
qual'tz.plagioclase.paragonite·graphite assemblages in the estimation of fluid 
prcssures is readily apparent. This assemblage and the analogous l(·rich assem· 
bIage, muscovite·calcite-quartz.anorthite.orthoclase (Hewitt and Orville, 1966), 
merit further experimental investigation. 

Ac!cnou·ledgement.s. Ghent and Nicholls acknowledge fillaneial support from NRC operating 
grants A-4379 and A-7372, respectively. 

Tho writers acknowledge the constl'UctiYe criticism of Drs. H. J. Greenwood, B. \\'. 
Evans and F. J. Turner. Any errors in fact or interpretation are ours. 

Heferences 

Burnham, C. " -., Holloway, J. R., Davis, ~. F.: Thel'l1Iodynamie properties of water at 
I,OOO?C and 10,000 bars. Geol. ~oe. Am., Spec. Papers 13:!, 1-96 (1969). 

C'hattNjre, N. D.: Synthcse und obere Stabilitiit des Paragonits. D~IG Tagg., 1\.6ln, Ref., 13 
([9138). 

Evans, B. W.: Application of a reaction rate method to the breakdown equilibria of muscovite 
plus quartz. Am. J. Sci. :!ti~, (Hi-G67 (lOG5). 

French. B. ':\L: Some geologic implirations of equilibrium between graphite and a C·H.O gas 
at high temperatures and pressures. Re\·. Geophys. 4, 223-253 (1966). 

Goldsmith, J. R., Newton, R. C.: P·T·X relations in the system CaCO, ·i\TgOO3 at high 
temperatures and pressures, Am. J. Sci. (Schairer vol.) 2lij'·A. 160-190 (1969). 

Y' 



• 

-----------------

--..... --.. =---

116 E. D . Ghent cI flf.: The Calcite-Quarz-Plagioclase-Pu,ragonite-Gmphite r\ sse l11l ) l a .~,. 

Greenwood, H. J . : .Jlineral equilibria in the system lIIgO-Si02-U20-C02• In: Research(·~ HI 

Geochemistry, yo!. 2, p. 54:l- G67 (P_ H. Abelson, cd.). New York: John 'Yiley and Son 
1967_ 

Hewitt, D. A., On-ille. P. )1.: Upper sta.bility of muscovite, ~'l,lcite and quartz and 'the a" ,). 
cia ted cat ion exchange react-ions producing feldspar segregation. Geo!. Soc. Am . Pnll' .. 
1966. Ann. )Ieeting San Francisco 93 (lUG6). 

Miyashiro, A.: Oxidation and reduction in the earth's crust with special reference to the rul" 
of graphi te. Geochim. Cosmochim. Acta :!8, 717-729 (1964). 

Robie, R . A., \\'a ld baulIl. D. R.: Thermodynamic properties of minerals and related ~1iI. . 
stances a t 298.1 5' K (25' C) and one atmospher~ (1.013 bars ) pressure and at high"1 
temperatures. U.S. Geol. Surv. Bull. 1259 (1 968) .. 

Wones, D. R., Eugster, H. P.: Stability of biotite : Experiment, theory and application . .. \ 111. 

Mineralogist ':;0. 1228-12;:,) (UI65). 

Dr. E . D. Ghent 
Department of Geology 
The University of Calgary 
Calgary, Alberta, Canada 

-- ~ --...,.--_ ....... ---..... -


	(Ghafelehbashi, M.) (Ghent, E.D.)-7466_OCR
	(Ghafelehbashi, M.) (Ghent, E.D.)-7467_OCR
	(Ghafelehbashi, M.) (Ghent, E.D.)-7468_OCR
	(Ghafelehbashi, M.) (Ghent, E.D.)-7469_OCR
	(Ghafelehbashi, M.) (Ghent, E.D.)-7470_OCR

