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GIBBS FREE ENERGY OF WATER AT ELEVATED TEMPERATURES 
AND PRESSURES WITH APPLICATIONS TO. THE 

BRUCITE-PERICLASE EQUILIBRIUMI 

GORDON J. F. ~NALD2 
Cambridge , Massachusetts 

ABSTRACT 

Tables of the Gibbs free rnergy of water for te!l:'lleratures up to BOO· C. and pressures up 10 2,500 bars arr 
presented. These tallies ha~'(' hec!1 prepa~ed by usmg ,Keena.n and Keyes's Ihnl1l.oU),namic data on wa ter at 
low prrs5ures and by graphIcally Integratmg Kennedy 5 specific· volume data to hIgh pressures. The equilibri­
u.m curve for the bru~ it~-~riclase re~ction is calculated QY using these data. anti the results of the calcula· 
tlons are compared wltli direct experimental work on the system MgO-HrO. 

INTRODUCTION 

A great many of tne reactions of inter­
est to igneous, metamorphic, and sedi­
mentary petrologists involve water as 
one of the major components. A knowl­
edge of the thennochemical properties of 
water, coupled with the thermochemical 
properties of the solid phases involved in 
the reaction, allows the calculation of the 
equilibrium pressures and temperatures 
for the reaction . Such calculations pro­
vide an independent check on the equi­
librium relations determined directly in 
hydrothermal experimen ts and allow pre­
dictions of equilibrium relations in sys­
tems not as yet studied experimentally. 
The water that takes part in such reac­
tions in nature and in hydrothermal 
bombs is, in general, not pure H20. The 
water is probably saturated with the 
components of the solid phases with 
which it is in contact and, in nature, may 
form complex solutions with other gases, 
such as CO2• The thermochemical prop­
erties of water in such complex solutions 
will, in general, differ from those of pure 

1 Paper 137 published under the auspices of the 
Committee on Experimental Geology and Geo­
physics and the Division of Geological Sciences at 
Harvard Univer~ity . Manuscript received June 7, 
1954. 

I Department of Geol'Jgy and Geophysics, Massa­
chulletts Institute of Technology. 

water. However, calculations considering 
water as a pure component are in many 
cases useful approximations and serve as 
a starting point for a consideration of 
more complicated equilibria. 

AVAILABLE EXPERIMENTAL DATA 

Keenan and Keyes (1936) present 
tables for the entropy and enthalpy of 
water up to 5,500 lbs/ sq in (about 380 
bars) and 1,600°F. (871°C.). These 
tables summarize the thermochemical 
data on water available up to 1936. Os­
borne, Stimson, and Ginning (1939) re­
port thermochemical values for wath 
along the saturation curve. In a recent 
study Keyes (1949) confirms the thermo­
dynamic consistency of the data on water 
up to 550° C. and the accuracy of the 
Keenan and Keyes tables. 

Kennedy (1950) determined the spe­
cific volume of water in the temperature 
range 200°--600° C. for pressures up to 
2,500 bars. For the temperature range 
600°- 9000 C. measurements were made 
for pressures ranging from 100 to 1,400 
bars. Kennedy extrapolated his results in 
the 6000 - 900° C. temperature range to 
2,500 bars pressure. This extrapolation is 
based on the constancy of (apj aT)y at 
high temperatures and pressures. 
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METHODS OF CALCULA TION 

Since much hydrothennal experimen­
tation has been carried out at pressures 
higher than 5,500 Ibs/ sq in (380 bars) 
and since reactions of geological impor­
tance may take place at considerably 
higher water pressure, it is desirable to 
extend Keenan and Keyes's thermody­
namic data to higher pressures by using 
Kennedy's (1950) measurements of spe­
cific volumes. 

The Keenan and Keyes tables provide 
data for the entropy and enthalpy of 
water at a constant pressure over a range 
of temperatures. This information plus 
Kennedy's specific volume measure­
ments can be combined to give thenno­
chemical data in either of two ways. The 
first method, essentially that used by 

~
eenan and Keyes in constructing their 

t bles, is to use an integrated form of 
axwell's equations to detennine the en­

thalpy and entropy of water at some 
pressure. These equations are 

S=So-jP cay) dP 
P, aT p 

and 

H=Ho+jPCa<VT)) dP, 
p. aT P 

where Sand H are the desired en tropy 
and enthalpy, So and Ho are the entropy 
and enthalpy at the given starting pres­
sure, V is the 'volume, and T is the recip­
rocal temperature. The derivatives (av/ 
8T)p and [a( V T)jaTjp can be evaluated 
from tabulated numerical values of the 

·volumes either by direct numerical or 
graphical differentiation or by differen­
tiation of an equation of state fitted to 
the volume data. Evaluating the deriva­
tives from the table is unsatisfactory, in 
that it depends on the differentiation of 
experimental data. The tabulated vol­
ume data are affected in an unpredictable 

way by rounding errors and random ex­
perimental errors. Differentiation tends 
to exaggerate such errors. These difficul­
ties are not circumvented by first fitting 
an equation of state to the experimental 
data, particularly if the equation is one 
of many constants, since the equation 
will tend to reproduce the irregularities 
of the eXperimental data. 

A second method of extending the 
available thermodynamic data is to cal­
culate the Gibbs free energy directly 
from experimental data. The Gibbs free 
energy, G, of water at a series of tempera­
tures at a constant pressure is deter­
mined from Keenan and Keyes's ~ata by 
the relation G = H - TS. The variation 
of the free energy with pressure is given 
by 

and therefore 

G =Go+ jP VdP I 

p. 

where G is the required free energy at a 
pressure P and Go is the free energy at 
some pressure Po. In practice, Go is cal­
culated from Keenan and Keyes's data. 
In this method the experimental values 
are integrated; rounding and nonsys­
tematic experimental errors tend to be 
reduced, though, of course, systematic 
errors remain. The disadvantage of this 
procedure is that only values of the free 
energy are obtained. To obtain values of 
the enthalpy and entropy, the free ener­
gy must be differentiated with respect to 
temperature. For most geological pur­
poses, however, the free energy is the 
thermochemical quantity of interest. 
Data on the free energy as a function of 
temperature and pressure of water and 
solid phases involved in a reaction deter­
mine the equilibrium pressures and tem­
peratures for the reaction. 
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Holser (1954), in an independent in­
vestigation, has carried out an integra­
tion of Kennedy's data in order to obtain 
values of the fugacity of water at high 
temperatures and pressures. The values 
of fugacity can be used to obtain the 
values of the free energy of water. For 
most geologic purposes, however, it is 
convenient to deal directly with values 
of the free energy. 

Table 1 lists values of the negative 

TABLE 1 

GIBBS ~EE E~EJlGY Qt. WATER IN 

CAL/ MOLE 
===-=...:;=-=-= __ -c-_-=--'=-~== 

T (. c., 100 Bin 100 Ban 

200 ... . . .. 76,977± 50 76,928± 50 
225 .. . 77,618± 50 77,567± 50 
250 .. .. 71!.284± 55 78,231 ± 55 
275 . .... 78,975± 60 78,919± 60 
300 . 79,690± 60 79,631 ± 60 
325 RO.4JO± 6S 80,J69± 65 
350 . 1I1,195± 70 81 , IJJ± 70 
400 8.3,644± 130 82,94O ± 170 
425 84,701 ± 140 83,936 ± 190 
450 85,767±150 84 ,941 ±200 
475 . 86.841 ± 160 85,958±220 
.m . 117 ,n5± Ill{) 86,991 ± 230 
525 .. 89,022± 190 88,037 ± 2.50 
550 . 90,125±200 89,095±270 
575 . 91,233±210 90, 162±2M 
600 92 ,M9± 220 91,239 ±300 
625 . . 93,476±2JO 9l,.320±.310 
650 . 94,612 ± 24{) 93 ,407±330 
675 .... 95,755±250 94,502 ± 3,'iO 
700 . .. 96,907±270 95 , 607± 360 
725 .. . .. 98 . 06J ± 2/lO 96 , 721 ±J80 
750 . .. .... . 99,220±290 97,842±400 
775 ... 100 ,380 ± JOO 98 ,964± 410 
800 .. ..... 101 ,541±3tO 100 , 088 ±430 

Gibbs free energy of 1 mole of water for 
temperatures ranging from 2000 to 8000 
C. and for 100 and 200 bars. The value of 
the heat of formation of liquid water at 
298?16 K. is taken to be -68.312 ± 
0.02 kcal/mole (Wagman el al., 1945). 
Kelley's (1950) recommended value for 
the entropy of water of 16,75 ± 0.03 
cal/deg mole is used. The entropy and 
enthalpy values of Keenan and Keyes 
(1936) and of Osborne, Stimson, and 
Ginning (1939) are used to evaluate the 

change in free energy in going from liquid I 

water at 250 C. and 1 bar pressure to 
water at the temperatures listed in table 
1 and 100 bars pressure. Two sets of 
values for 200 bars pressure have been 
derived; one from Keenan and Keyes's 
data for 200 bars, and another from the 
foregoing data at 100 bars extended to 
200 bars by graphically integrating Ken­
nedy's (1950) volume data. These two 
sets are in agreement and have been 
combined in table 1. 

Table 2 lists values for G(TP ) ­
G(T 200 bars), where G(T P) is the 'ree 
energy of 1 mole of water at the gi ven 
temperature and pressure and G(T 200 
bars) is the free energy at the given tem­
perature and 200 bars pressure. The val­
ues in table 2 correspond to the integra, 
ted term in the expression . I 

G (TP) -G (T 200 bars) + l P 

VdP . I 
100 , 

Values for G(T 200 bars) are listed irl 
table 1. 

The values in table 2 are derived by 
graphical integration of Kennedy's 
(\950) data on the volume- of water at 
('leva ted temperatures and pressures. In 
tables 1 and 2 no values are listed for 
.1750 C. This is due to the large uncer­
tainty in volumes and thermal data in 
the immediate region of the cri tical 
point. 

ACCURACY O'F 'FREE-ENERGY VALULS 

Estimates of the uncertainties in the 
values of the free energy of water at 100 
bars and 200 bars are listed in table 1. 
These estimates are based in part on 
Keyes's (1949) study of the consistency 
of water data, and Wagman et oJ.' • . 
(1945) and Kelley's (1950) studies of 

. liquid water, The estimate of the uncer­
tainty of the values in table 2 is 4 per 
cent of the listed value. Kennedy'. 
(1950) measurements on specific volume 



TABLE 2 

VALUES FOil G(TP) - G(T 200 BAilS) FOil WATEIl IN CAL/MoU: 
--- .. 

, T Co C.) 

(.A ... ) 

200 2H 250 275 300 J25 350 400 U5 450 475 500 525 ----------- - --- - ---------------
300 . . .. 49 51 52 55 58 64 (f) 2SO 336 401 450 488 521 
400 . ... 98 101 104 109 115 125 135 353 S05 622 715 790 857 
500 .. .. ~~ 151 155 162 170 184 198 431 606 751 8Ui 987 1,085 
600 .... 200 206 215 225 247 259 504 689 848 993 1,1.30 1,254 
700 . ... 241 249 256 267 279 299 319 574 762 933 1,093 1,246 1,390 
BOO . •.• 288 298 .306 319 333 355 378 641 8J.4 1,012 1,181 1,345 1,.503 
900 . ... 335 346 356 371 386 411 436 705 903 1,087 1,263 1,435 1, 603 

1,000 .. .. 382 394 405 422 439 466 493 767 969 1,158 1,340 1,518 1,6904 
1,100 .... 428 442 454 473 491 520 549 828 1,033 1,227 1.414 1,598 1,779 
1,200 .... 474 489 S02 523 543 574 604 888 1,096 1,294 1.485 1,674 1,8.W 
1,300 .... 520 536 550 573 594 627 659 948 1,158 1,359 1,553 1,746 1.930 
1,400 .... 566 583 598 622 644 679 713 1,007 1,219 1,423 1,620 1,816 2,010 
1,500 .... 612 630 646 671 (f)4 731 767 1,065 1,279 1,485 1,685 1,884 2,c.l2 
1,600 . .. . 657 676 (f)3 720 744 783 820 1,122 1,338 1,546 1,748 1,956 2 . 151 
1,700 .... 702 722 740 768 794 834 873 1,178 1,396 1,606 1,810 2,015 2,219 

,BOO .•. . 747 768 787 816 84J 885 925 1,233 1,453 1,665 1,811 2 ,079 2,2M 
.,900 . . . . 791 813 833 864 892 935 977 1,288 1,510 1,724 1,932 2,142 2,3~2 
2,000 . .. . 835 858 879 911 941 985 1,028 1,342 1,566 1,782 1,992 2 , 204, 2,417 
2,100 .... 879 90J 925 958 989 1,034 1,079 1,396 1,622 1,839 2,052 2,2651 2,481 
2,200 ... . 923 948 971 t ,005 1,037 1,083 1,129 t ,449 1,677 1,895 2,111 2,325. 2, .'i44 
2,300 .... 967 993 1,017 1,051 I,OB5 1,132 1,179 I,SOI 1,731 1,951 2,1(f) 2,385" 2,606 
2,400 .. . . 1,011 1,037 1,062 1,097 1,132 1,180 1,229 1,552 1,784 2,0071 2 ,226 2,4451 2,067 
1,500 . .. . 1,05-4 I,OBI 1,107 1,143 1,179 1,228 1,279 t ,603 1,837 2,062 2,283 2 , 505/ 2, 728 

-- ---
TABLE 2-C01l1amurl 

- -
, T COc.) '. 

(Bu.) 

575 I 600 I 6B 1 650 I 675 I 700 I 7H I HO j 775 I 800 550 

300 .. .. . 556 -581620 ~ --;;;: 703 - 732 -757'"780-802"'- 824 
400 ..... 920 981 t ,041 1,094 1,144 1,192 1,239 1,283 1,325 1,362 1,398 
500 .. . .. 1,177 1,263 1,345 1,419 1,488 1,553 1,616 1,676 1,733 1,787 1,&36 
600 . . ... 1,370 1,477 1,578 1,670 1, 757 1,838 1,916 1,991 2,064 2,130 2,192 
700 ... .. 1,525 1,649 1,766 1,875 1,978 2,074 2,165 2,251 2,337 2,417 2,491 
BOO . . . • . 1,653 1,792 1,925 2,047 2,164 2,273 2,376 2,474 I 2,571 2,663 2,749 
900 . .. . . 1,765 1,917 2,062 2,196 2,324 2,444 2,559 2,668 I 2,777 2,878 2,973 

1,000 . .. . . 1,86.5 2,026 2,181 2,326 2,465 2,596 2,722 2,841 . 2,958 3 ,070 3,174 
1,100 ..... 1,957 2,126 2,290 2,+« 2,592 2,733 2,868 2,996 I 3,125 3,243 3,356 
1,200. , ... 2,043 2,220 2,391 2,554 2,710 2,859 3,002 3,IJ8 3,274 3,401 3,522 
1,300., . .. 2,125 2,308 2,4.86 2,656 2 ,819 2,976 3,126 3,169 3,412 3,547 3,675 
1,400 .... . 2,203 2,391 2,575 2,751 2,921 3,OB5 3,241 3,391 3,540 3,682 3,817 
1,500 . . . .. 2,279 2,411 2,6ro 2,841 3,017 3,187 3,349 3,S05 3,6ro 3 ,808 3,9.'iO 
1,600 . ... . 2,352 2,548 2, 742 2,928 3 , 109 3,283 3,4SO 3,612 3,773 3,927 4,075 
1,700 . .. .. 2,423 2,622 2,821 3,012 3,197 3,375 3,547 3,714 3,880 4 ,039 4,194 
1,800 .. .. . 2,493 2, (f) .~ 2,897 3 ,093 3,282 3,464 3,640 3,812 3 ,983 4,147 4,307 
1,900 .... , 2,562 2,767 2,971 3,171 3,364 3,5SO 3,730 3,906 4,OBI 4,2SO 4,414 
2,(0) . .. .. 2,629 2,837 3,044 3,247 3,443 3,633 3,817 3,996 4, J75 4,349 4,517 
',100 ..... 2,695 2,905 3,116 3,321 3 , 520 3,713 3,901 4 ,08.3 1 4,266 . ,4« 4,616 
2,lOO .. , .. 2,760 2,972 3,186 3,393 3,595 3,791 3,982 4,168 4,355 4,537 4,712 
2,300 .. . .. 2,824 3,038 3,255 3,464 3,668 3,867 4,061 4,251 4,441 4,626 4,805 
2,400 .. " . 2,887 3,104 3,323 3 ,534 3,740 3,942 4,138 4,331 4,524 4,712 4,894 
a,5OO, .... 2,950 3,169 3,390 3,603 3,811 4,015 4,213 4,409 4,605 4,796 i 4,982 
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of water strictly refer to water saturated 
with iron or iron oxide and other compo­
nents of the bomb wall. These impurities 
in the water probably have a negligible 
effect on the measured specific volumes. 
The integration of the volumes to obtain 
the free-energy values tends to smooth 
ou t random experimen tal errors, though 
systematic errors in the volume determi­
nations remain. A better estimate of the 
accuracy of Kennedy's data awaits fur­
ther studies on water. 

BRUCITE-PERICLASE EQUILIBRIUll 

RELATIONS 

IN1'RODt'CTION . 

A thermochemical study of the reac­
tion 

Mg (OH) I = MgO + H20 

illustrates the use of the data presented 
in tables 1 and 2. Bowen and Tuttle 
·~949) and Roy, Roy, and Osborn 
(1953) determined experimentally equi-

. Dbrium relations at elevated tempera­
tures yd pressures. The calculated equi­
libri~in relation can thus be compared 
witli the experimental determinations. 
Several thermochemical studies have 
been carried out on brucite and peric1ase, 
and reliable thermochemical values are 
available on these two phases. 

; THER140CBEWlCAL DATA 

~ \ .. ,}Ieat-of-solution measurements on per-
.r: \Ie iclase and brucite have been carried out 
, 1/' by Giauque and Archibald (1937), Tay­

t.r'" I lor and Wells (1938), and Torgeson and 
Sahama (1948). Taylor and Wells found 
that the heat of reaction for 

Mg (OH) 2 = MgO + H 20(/) 

at 298? 16 K. varied with the method of 
preparation of periclase and brucite. If 
MgO is prepared by dehydrating brucite 
for 2.5 hours at 4500 C. and the Mg(OHh 
used for the calculation is natural bruc-

u}{. ·~ r;. · .' 
, -

ite, the heat of this reaction is 10.03 ± 
0.07 kcal. Using MgO formed by dehy­
drating brucite at 1,4250 C. for 2 hours 
and Mg(OH)2 prepared by hydrating 
MgO at 1770 C. in saturated steam for 2 
hours, one obtains a heat of reaction of 
8.84 ± 0.05 kcal. The heat of reaction is 
9.79 ± 0.07 kcal for MgO prepared from ' 
brucite at 4500 C., and synthetic brucite. 

Taylor and Wells (1938) attribute the 
variation in heats of reaction to varia­
tions in the grain size of the brucite and 
periclase. Sedimentation experiments 
showed that MgO prepared at 8000 C. 
contained abundant material less than 
1 IJ. in size and considerable material less 
than 0.5 IJ.. MgO prepared at 1 ,31 ~o C. 
had little material finer than 1 IJ.. X -ray 
examination did not reveal any phases 
other than periclase in the dehydrated 
Mg(OH),. Dr. Hatten S. Yoder, Jr., in 
reviewing the manuscript, suggested that 
the variation in the measured heats f re­
action may be due to incomplete conver­
sion of Mg(OH)2 and/or subsequent hy· 
dration of the MgO to Mg(OH)2' !iuch 
incomplete reaction or hydration might 
affect the heat-of·solution measurements 
in an irregular way; however, Taylor and 
Wells report consistent variations in 
heats-of-solution measurements for MgO 
prepared at temperatures ranging from 
4500 to 1,4250 C. 

Parks and Kelley (1926) determined 
the entropy of "coarse" crystalline peri­
clase. They obtained a value of 6.4 cali 
deg mole.' Giauque and Archibald (1937) 
determined the entropy of finely pow­
dered peric1ase and obtained a value of 
6.66 cal/deg mole. Giauque and Archi­
bald detennined the entropy ofrbrucite 
as 15.09 ± 0.05 cal/deg mole. 

Heat-capacity data for periclase aR 

available over the entire temperature 
range of interest (Kelley, 1949). The 

• Originally reported as 6.6 cal/deg mole u4 
later corrected (Kelley, 1950) to 6.4 cal/deg 000 .. 

( , 
. '-.... " 
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heat-capacity equation recommended by 
Kelley (1949) is strictly valid only to 
6000 K. In the present calculation the 
equation has been used up to 900" K. The 
molar volume of periclase used in the 
calculation is 11.23 ± 0.09 cc/ mole, de­
rived from X-ray measurements by Jay 
and Andrews (1946) and densities re­
viewed by Palache, Berman, and Fron­
del (1944). The molar volume of brucite 
u!led ia 24.31 ± 0.1 cc/mole. This value 
i. based on X-ray and directly deter­
mined densities iisted by Palache, Ber­
man, and Frondel {1944}. No corrections 
~ere applied to the volumes of brucite 
and periclase at high temperatures and 
pressures. The error due to neglect of 
volume corrections is small for pressures 
of 2,500 b~s. 

CALCt.1LATED EQUILIBRIUM CU1lVES 

Two equilibrium curves are calculated 
for the reaction 

Mg (OH) 2 = MgO+ H,O . 

One curve is calculated by using the 
value of l1H for the reaction of 10.03 ± 
0.15 kcal/mole and the entropy of fine­
grained periclase, 6.66 ± 0.1 cal/deg 
mole. Thus this equilibrium curve corre­
sponds strictly to equilibrium between 
peric1ase fonned by dehydration of bruc­
ite at 4500 C. for 2.5 hours and natural 
brucite. This equilibrium curve might be 
interpreted as corresponding to equilibri­
um between well-crystallized, coarse­
pained. brucite and poorly crystallized, 
iine-grained periclase. This curve is curve 
A in figure 1. 

A second curve, curve B in figure 1, 
bu been calculated on the basis of data 

. for periclase fonned by dehydration of 
brucite at high temperatures and syn­

, thetic brucite. This cUJVe probably cor­
JapOIlda to equilibrium between fine­

,. paiDed, poorly crystallized brucite and , . 

coarse-grained, well-crystalliz.ed · peri­
clase. 

Curve A lies about «f higher than 
curve B. This is due to the higher free 
energy of periclase fonned at ~S<f C. u 

100 

FlO. I.-Equilibrium curves for reaction 
Mg(OH), - MgO + H,o. Curves A and B are 
calculated from thermochemical data. Curve A 
refers to equilibrium between natural brucite and 
periclase formed by the dehydration of brucite at 
low temperatures. Curve B refers to equi:Jjbrium 
between aynthetic: brucite and peric:lase formed by 
dehydration of brucite at elevated temperatures. 
Curve C was determined experimentally by Roy, 
Roy, and Osborn (195J). Presaure is the tot&.lwater 
pressure acting on the .)'Item. 

compared with that formed at 1,42SO C. 
This higher free energy is probably large­
ly the result of the higher surface area of 
the low-temperature periclase and cor­
respondingly higher surface energy. 

A set of curves between curves A and 
B could be drawn. These would corre­
spond to equilibria between brucites and 
periclases in differing physical states. A£ 
discussed previously, the difference be-
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tween curves A and B may be due in 
part to use of partially hydrated MgO 
in the beat-of-solution measurements. 

Table 3 lists the equilibrium tempera-

TABLE J 
EQUILIBRIUM TEMPEIlA111JlES AND 

hESSURES FOIl THE REACTION 

Mg(OH), - MgO + H.o 
Equllibrlu. 

Walu Pr....... T •• perabl .. 
(Ba .. ) (0 c.) 

Cwne A: 
160 .. ....... . .. 500±40 
370 .. ... . ...... 550 ±45 

1,000 . ........... 600±5O 
2,400 ... .. .... .. , 650 ± 60 

CwwB: 
130 ........... , 450 ±35 
360 .... .. ...... 500±40 
650 . .. . . ....... 525 ±45 

I, 2.tO .... .. . .... . 550 ±50 
2,100 ............ 575±60 

tures and. water pressures for the brucite­
peric1ase equilibria. The uncertainties in 
tM temperatures correspond to the un­
certainties in the thermal data, as dis­
cuued previously. 

Curves A and B could be extended to 
lower temperatures by using Keenan and 
Keyes's (1936) data Cor water pressures 
lower than 100 bars. It is of interest to 
examine the course of curves A and Bat 
very low water pressures. For tempera­
tures on the order of 200°-300° C. and 
water pressures on the order of 1 atm., 
water vapor can be treated ' as an ideal 
guo In this case the vapor pressure of 
water in equilibrium with brucite is 
liven by the expression 

P _ e-" Q/ Jt t' I 

wbere tlG refers to the cbange in free 
energy for the reaction 

Mg (OH) 1- MgO + H 20 

and where the reactants are in their 
Itandard state at the given temperature. 
U sing this expression and the thermo­
chemical data reviewed ewer, the low-

temperature extensions of curves A and 
B have been calculated and are presellted 
in table 4. 

Calculations based on the assumption 
that water acts as an ideal gas even at 
high pressures demonstrate the effect of 
the nonideality of water on the position 
of the equilibrium curve. Thus 520 bars 
of "ideal water" would be in equilibrium 
with brucite at (f;X'f C., while 1,000 bUB 
of real water are in equilibrium with 
brucite, according to the calculations 
leading to curve A. Other calculations 
assuming that water behaves like an 
ideal gas at high pressure would simil&rly 
be in error. 

TABLE " 
EQUILIBltIUW TEMPERA111JlES AND hESSU.ES 

P01 THE REACTION Mg(OH). - MgO + H.o, 
AT Low VAPOll PRESSURES OF WATU 

lqullibriQa Equj1jbriya 
T • ...,..lY .. PrcMUrCl for Pr .... reo 'or 

25 . 
127 . 
190 
212 
327 

(0 C.) C .. rve A CIltV.6 
(II an) (Ban) 

9 XIQ-4 6 X 10-' 
6 .2XIQ-4 2 . 4XI()"1 

. . . . .. , . 2.2XIo-' 6.. 5X 10-
' S.6XIo-' 

1. 7XI0-1 
3 7.3 

COWPUlSON WITH EXl'EIlDaNTAL , 

IlXSULTS 

Bowen and Tuttle (1949) prese 1t a 
hreakdown curve for brucite, the bl uk· 
down taking place at about 8900 C. at 
400 ban water pressure, &1ld exterlding 
Marly vertically to higher water pres-­
SU~. Bowen and Tuttle's curve liea 
aboo t 3()(f higber than curve A and it 
well outside the maximum limits of error 
in the calculated curve. 

Roy, Roy, and Osborn (1953) pre8IeM 
a detailed study of the brucite-periclut 
equilibrium. Tbeir experimentally deter­
mined curve is curve C of figure 1. 1'be1 
used natural brucite, synthetic bruciU; , 
and C.P. MgO heated to l,4<Xf C. fat' j 

I, 
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half an hour, as their starting materials. 
The principal difficulty encountered in 
the experimental study was the rapidity 
with which periclase hydrated to brucite. 
These authors considered that periclase 
was the stable phase whenever 20-30 per 
cent of the final material was periclase. In 
such cases the brucite present in the final 
product was considered to have formed 
by hydration of periclase at lower tem­
peratures. They state that "the results 
using these criteria were reasonably COn­
listent." 

The results obtained, starting with 
natural brucite, can be compared with 
curve A, since the resulting periclase 

· would probably be fine-grained and poor­
ly crystallized. In addition, MgO is rela­
tively insoluble in water at these tem­
peratures and pressures, so that the dis­
solved materials in the water would have 

· a relatively minor effect on the chemical 
~ potential of water. Starting materials 
· other than natural brucite might result 
in equilibrium curves at lower tempera­
tures, particularly if the experiments are 
not of long enough duration to allow re-

I crystallization of the brucite or periclase. 
Apparently no such relations were ob­
served in the experimental study. 

Roy, Roy, and Osborn's curve lies at 
temperatures 500 higher than those of 
curve A, or just at the outer maximum 
limit of error of curve A. The discrep,ancy 
between the two curves might be ex­
plained by errors in the thermochemical 
data. There is the possibility that the 
error lies in fixing the criteria for equi­
librium in the experimental study. That 
this might be so is suggested by the con­
sistency of experimental results, despite 
the different starting materials. 

GEOLOGICAL CONSIDERATIONS OF 11m 

B"UCITJ:-~ICLASJ: EQUILmPJUll 

Neither brucite nor periclase may be 
conaidered common minerals. Brucite is 

found in association with ultramafic 
rocks and in some cases in pseudomorphs 
after periclase. Brucite and peridase are 
found in dolomitic limestones that have 
been subjected to contact ~tamor­

phism. Tilley (1951) describes such peri­
clase marbles from Skye. The pericla.se 
has rims of brucite, and there are bruci~ 
pseUdomorphs after periclase. The peri­
claSe is thought to have resulted from the 
magnesian component of ddlomi~. Sinc~ 
periclase formed originally, rather tht.n 
brucite, this association might be thought 
to give an indication of the water pres­
sure and temperature during the meta­
morphism. Neither the calculated curve­
nor the experimental curve can be userl in 
this regard. The solution in contact with 
the dolomite was probably a complex !Il,. 
lution of water, carbon dioxide, and 
other components. The chemical poten­
tial of water in such a solu tion ""ould be "I 
a sensitive function of tht composition of . J 

the mixture. Different equilihrium curve~ · 
would correspond to difJe~nt com~ 
tions. ./ 

Curves A, B, and C all rt'fer to e;.ui­
librium with the water pn:~ure eq~ to 
the total pressu~ acting on thei 50lid 
phases. If there is a high total ~~ure 
and Jow water pressure, the curveffill be 
shifted to lower temperatures. Thus nat­
ural brucite and periclase prepared at 
4500 C. are in equilibrium at 450" ± 500 
C. when the total pressure acting on the 
solid phases is 2.400 bars and the water 
pressure is 100 b&n. If the water preaaure 
were equal to the total pressure, then 
brucite and periclase would be in equi­
librium at 6SOO ± 6('fC. (curve A). 
Keeping the total pressure constant at 
2,400 bars but lowering the water pres­
sure from 2,400 bars to 100 bars de­
creases the equilibrium temperature from 
650" to 4500 C. The equilibrium curves 
that apply in nature will thus be a sensi-
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tive function of the ratio of water pres­
sure to rock pressure. 

CONCLUSIONS 

The availability of free-energy data on 
water over a wide temperature-pressure 
range should encourage the determina­
tion of the thennochemical properties of 
hydrous minerals. Heat of fonnation, en­
tropy, and high-temperature heat-capac­
ity data on hydrous minerals, together 
with the free-energy data presented here, 
would allow calculation of equilibrium 
curves involving these minerals. Such 
calculations not only would provide an 
independent test of present experimental 
work and a guide to future experimental 

work but would also aUow prediction of 
equilibrium relations in temperatu re­
pressure regions difficultly accessible to 
direct investigation. In addition, hi ,h­
temperature heat-capacity data alone on 
hydrous minerals might allow calculation 
of heat of fonnation and entropy of min­
erals from the experimentally deter­
mined equilibrium curves. 
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