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PART I

CALCULATION OF TEMPERATURE -

OXYGEN FUGACITY TABLES FOR HZ - CO2

GAS MIXTURES AT ONE ATMOSPHERE TOTAL PRESSURE



INTRODUCTION

The ability to control oxidation conditions accurately when inves-
tigating phase equilibria in systems containing elements of variable
oxidation state (e.g. the transition metals) is crucial to many disci-
plines. For example, the sensitivity of both liquidus temperatures and
crystallization sequences in the system FeO—Fe203-SiO2 to changes in
oxygen fugacity (Osborn and Muan, 1963) is of great importance to both
igneous petrology and the refractories industry. For such studies at
one atmosphere pressure, a gas mixing furnace is one of the most ver-
satile methods for controlling oxidation state by means of buffering the
oxygen fugacity over a wide, continuous range of T—f02 conditions.

Although there are many gas combinations suitable for buffering
oxygen fugacity (Nafziger et al., 1971), HZ—CO2 mixtures in the C-H-0

system are among the most useful because of the wide range of f0
2
values available over experimentally reasonable temperatures. In order

to buffer a three component - one phase gas mixture it is necessary to

fix four variables. This can be accomplished for H2—002 mixtures by

fixing temperature, pressure and the initial HZ/CO ratio, noticing that

2
the latter ratio completely determines the gas composition and hence
fixes the two independent compositional variables.

Tables yielding the volume percent CO2 necessary to achieve desired
oxygen fugacities at selected temperatures in HZ—CO2 gas mixtures have
recently been published by Deines, Nafziger, Ulmer and Woermann (1974).

Unfortunately, most of the values reported at the more reducing conditioms



are incorrect because the authors did not consider methane as an integral
species in all equilibrium mixtures. Instead, they tried to approximate
its effect post facto by stating that the presence of methane would

affect the equilibrium oxygen fugacity only if

2
f f
£ S CO2 H20
CH
4 f 2 K
02 6
where K6 is the equilibrium constant for the reaction CH4 + 202 = CO2
+ 2H20, and fCOZ’ fH20 and f02 are the equilibrium fugacities calculated

when methane is disregarded (Dienes et al., 1974, p. 20). The fugacity
of methane used in this comparison was estimated from the equilibrium

constant relations for the reactions CO + 3H2 = CH4 + H20 and 2CO + 2H2

= CH +C02, again using the equilibrium fugacities for CO, H,, HZO and

4 2

CO2 calculated when methane was disregarded. There are two reasons why

such a comparison is mnot rigorously correct:

2
£ .
CHA C02 02 K6) affects the oxygen fugacity,

then so should one less than it, since in either case all

(1) Ifaf. >f_ £ 2/(
H,0

fugacities involved will change as reactions bring the gas sys-

tem to equilibrium with methane.

. . _ 2 2

(2) Even if the estimated fCH = fCO fH 0/(fO
4 2 2 2

at equilibrium), the methane can form only at the expense of the

K6) (as it should

other gas species, thereby changing their partial pressures,
and hence fugacities, from the values used in the calculations.
Because of their testing procedure, volume percentages of CO2 in the

starting mixture given by Dienes et al. (1974) are in error at the more



reducing conditions; the error reaches as high as 10% C02, absolute
(41.5% €0, versus 31.747% €0, true;'Rm = 1.410 versus 2.151 at 630°C,
log £, = -=23.5).

02 _
Because of the usefulness of H2—C02 gas mixing techniques, the con-
venience of having tabulated starting mixtures and the necessity of

having uniformly correct values, the recalculation of HZ-CO2 tables was

initiated.



DEVELOPMENT

The initial H2-C02 mixture, upon equilibration at P = 1 atm and

some temperature T, will contain the gaseous species H H20, COZ’ co,

2!
02 and CH4. (See Table I for explanation of symbols used in this devel-
opment). The exact process by which the initial H2 and CO2 react and

dissociate to form the final gaseous assemblage is of no interest, since
at equilibrium the partial pressures of the various species are fixed
regardless of the reaction path. However, it is advantageous to choose
an arbitrary reaction path from the point of view of mathematical con-

venience. Hence, all CO and 0, are considered to have formed by the

2

dissociation reaction

(1) CO2 = CO + 1/2 02.

H20 is considered to have originated partly from the reaction

2) H20 =H, + 1/2 02

2

and partly from the reaction
(3) co + 3H2 = CH4 + HZO’

while all methane is considered to have originated through reaction (3).

Letting the starting mixture contain n, moles of CO, and n, moles

1 2
of H2, n2/nl can be defined as Rm, the initial mixing ratio. We can
also let 'a' be the mole fraction of CO, which dissociates by reaction

2
(1), let 'b' be the mole fraction of H2 which reacts to form H20 by

reaction (2), and let 'c' be the mole fraction of H, which reacts to

form CH, by reaction (3). Then at equilibrium the gases will be present

4

in the following amounts (in moles):



TABLE I

Explanation of Symbols

R gas constant, 1.987261':10-3 Kcal deg-1 mole-1

T temperature

P pressure, total

Pi partial pressure of i

fi fugacity of i

Ki equilibrium constant for the i'th reaction

AGoreac,i ffee energy of reaction at T, 1 atm, for the
i'th reaction

AG°f free energy of formation at T, 1 atm pressure

Rm mixing ratio, HZ/COZ initial



nCO2 = nl(l-a) nH2 = n2(l—b—c)

Ny . ma - 1/3 n,c n02 = 1/2 n,a - 1/2 n2b
= b+ =

nHzo n2( 1/3 ¢) nCH4 1/3 n,c

The total number of moles of gas present at equilibrium equals n, (1 +

a/2) + n, (1 - b/2 - 2¢/3), and at P = 1 atm, partial pressures of the

gases at equilibrium are:

(4) PCO2 = 2(1-a)/ (2+at+R_[2-b-4c/3])

(5) P, = (2a-2R c/3)/(2+a+R_[2-b-4c/3])
(6) PH2 = 2Rm(1—b-c)/(2+a+Rm[2—b-4c/3])
(7 PHZO = 2R (b+c/3)/(2+a+R_[2-b-4e/3])
(8) P02 = (a-bR )/ (2+atR_[2-b-4c/3])

(9) PCH4= 2R c/3(2+a+R_[2-b-4c/3])

This set of equations reduces to equations 19 through 23 of Dienes et al.
(1974, p. 18) when 'c' is zero, i.e. when methane is not taken to be an
active participant in the equilibrium process.

The six independent equations (4) through (9) contain nine variables:

P b, ¢, and le. Three more independent

SP’ 9P ’ ’a,
co,” "CO” "H,” "H,0° "CH,

equations can be obtained from the equilibrium constant relations for

P P

reactions (1), (2), and (3),
fco fO1/2
(10) K1 = 2

f
CO2

1 . . . . .
P is not considered as a variable in this treatment, but is held

%,

constant along with T and P when solving for the initial HZ/CO2 ratio.



fH fO1/2
(11) KZ = 2 2
f
H,0
£ f
12) &, = CH, H,0
3
£ f
CcO H2

Values for the equilibrium constants can be determined from free energy
of formation data using the equation

(13) Ki = exp[—AG"r /RT]

eac,1i
(see Denbigh, 1971, p. 140 ff.).

By assuming ideal gas behavior (i.e. at the high temperatures
involved for experiments at 1 atm pressure, Pi = fi), equations (4)
through (12) become a single set of simultaneous equations that can be
solved at any P02 and T for the appropriate H2 - CO2 starting mixture.
However, since the equations are non-linear and fairly complex, they are
not to be solved by simple algebraic manipulations. The method finally
arrived at for their solution involves a combination of algebraic manipu-

lation and successive approximations.

In the solution to the equations PCo was eliminated from the set of
2

equations, and the eight remaining equations were rearranged so that each
of the variables occurred once, by itself, to the left of the equality
(Table II). Next, each variable was expressed in terms of 'c', either
explicitly or implicitly. The variable 'b', as shown in equation (15),
is already an explicit function of 'c'. The variable Rm in equation

(16) can be converted into an explicit function of 'c' by substituting

equations (14) and (15), yielding:



TABLE II

Rearranged Simultaneous Equations plus Derivational Source

(14)

(15)

(16)

an

(18)

(19)

(20)

(21)

Equations

Source Equations

1/2
_ K1 +(cRmf0 /3
a-= 2
1/2
K, + £
1 02
f01’2 - c(foll2 + K /3)
b = 2 2
fol/2 + K3
2
a(l-f_) - 2f
R = 0, 0,
m
b(1 - f0 ) + (2 - 4c/3)f0
2
_ 2R (b + ¢/3)
P = m
HZO
2+ a+ Rm (2 -b - 4¢/3)
P = 2(a - R ¢/3)
co o
2+ a+ R (2 -b - 4c/3)
_2R (1 - b - ¢)
PH = m

(6 + 3a + Rm[6 - 3b])PCH

2 24+ a+ Rm (2 -b - 4e/3)

4

R 2+ 4 PCH4)

4), (5, (10)

6), (1, (11)

€))

)]

(5)

(6)

(12)

(9
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Cc - 2f0
(22) R = 2
(A+2f0)-c(D+B+4f /3)
2 02
where
1/2
£r/21g ) (£8/% + kDA )
A= "2 2 B = 2 2
1/2 1/2
£ + K f + K
02 3 02 3
K, (-5, ) /2 aeg, /3
Cc = 2 D= "2 2
Kl + fé/z Kl + fé/z
2 2
Equation (14) is an implicit function of only 'c' since Rm is a function

of 'c' alone. Therefore, with 'a', 'b', and Rm expressed as functions
of 'c' only, examination of Table IL shows that all eight of the varia-

bles must, either explicitly or implicitly, also be functions of 'c'.
In equation (21) it can be shown that 'c' is an implicit functiom of
itself (i.e. ¢ = Z(c)). This equality will not be true in general, but
only for certain values of 'c', one of which will yield the correct

H2 - 002 mixing ratio for the selected T—f02 pairz.

It is useful to define the function F(¢) as

(23) F(c) = Z2(c) - ¢

That more than one value of 'c' may satisfy equation (21) results
because the set of simultaneous equations is not first order in 'c'.



11

The problem of solving for the gas starting mixture reduces to that of
obtaining the physically sensible root of F(c). This is done by suc-
cessive iterations using the Newton Raphson formula (Weeg and Reed,
1966),

(24) cH1 - ©

where F'(cn) is approximated by the formula,

F(c) - Flc__,)

F'(c ) wv
n
n n-1

| R |

When sufficient convergence is achieved, the value of 'c' is used to

evaluate Rm in equation (22). The volume percentage of CO2 in the

starting mixture may then be obtained using the formula

sco. - —100%
(25) ACO2 d+ Rm)

A sufficient test for physical sensibility of the solution is that none of
the corresponding gas partial pressures be negative or greater than 1 atm.
At very low oxygen fugacities the possibility of graphite precipita-
tion exists, which can be represented by the reaction
(26) 002 =C + 02

At one atmosphere the limiting PO below which graphite precipitates at
2
some temperature can be found using the equilibrium constant relation

for reaction (26),

f0 P
- —-— ° = =
K26 exp [-AG reac,26/RT] - 2 . 2
co, "co,
= - o
or 27 Py = PCO2 . exp[-AG reac,26/RT].

limiting



METHOD

The equations derived in the previous section were programmed in
FORTRAN and solved using an IBM-370 computer (see Appendix for
source listing).The equilibrium constants for reactions (1), (2), (3)
and (26) were obtained, as indicated by equation (13), from the free
energy changes, AGoreac’ for the reactions. The free energy of reaction
data were derived from the JANAF (1971) tables for temperétures from 700
K to 2300 K and were then fitted to polynomials in T by Dienes et al
(1974) . Their 4th order polynomials were checked against the original
JANAF data and were all satisfactory except for Acoreac,3 where a new
5th order polynomial gave a statistically better fit to the data. The
four polynomials in T used in the present program are given in Table III,
accuracy being limited to three decimal places by the original data.

The choice of starting values for computer iteration using equation
0, values (e.g. log
02 > -22.0), using an initial ¢ = 0.0 works well, convergence being

achieved within 20 cycles. 1In order to get convergence at low oxygen

(24) presents a minor difficulty. For most higher f

f

fugacities F(c) was computed for successively higher values of 'c'

starting at zero until the first crossover (i.e. F(c) changes sign)
occurred. The value of 'c' preceding the crossover was then used as the
starting value for further iterations.

As implied by equation (24), the results of each cycle through the

set of simultaneous equations was used to compute the starting value for

12
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TABLE III

AG°reac Polynomials

(temperature in celsius degrees)

*Ag® = 62.11033 - 2.144446 x 10° 2T + 4.720325 x 10 'T2
reac, 1l
—4.557429 x 10 % 73 - 7.343018 x 1071 7%
x o -2 -6 2
AG = 55.02525 - 1.121221 x 10°° T - 2.080041 x 10 ° T
reac, 2
+ 7.648489 x 10 10 73 _ 1.123283 x 10713 ¢4
. -2 -6 2
AG = -35.67445 + 5.344917 x 10 ° T + 9.900155 x 10 ° T
reac,3
—6.474264 x 100 T2 + 2.077475 x 10 Y2 1% - 2.697849 x
10716 75
x o -4 -7 2
AG = 94.25770 + 7.321946 x 10 ' T - 3.416474 x 10 ' T
reac, 26
+ 4.785862 x 10 11 3

*From Dienes et al. (1974)
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the next cycle. If the results for 'a', 'b', 'c' and Rm of any cycle

all differed from the previous cycle by less than 0.01%, then conver-
gence was considered to have been achieved, and the Rm value was converted
to volume percent CO2 in the HZ—CO2 starting mixture using equation (25).

If the test for graphite precipitation proved positive, stars (***#*%)

were printed in the final tables instead of the calculated percentage

C02.



RESULTS

Computer results show that for high fo values F(c) < 10_6 when ¢ =
2
0, and therefore methane can be disregarded as a significant gas species

in the equilibrium mixture. This is illustrated in Fig. 1 by the F(c)
0. = -18.0 at T = 650°C, which is a straight line whose
2

only root is approximately at ¢ = 0.0. However, as oxygen fugacity is

curve for log f

reduced, F(c) no longer remains linear and develops multiple roots, as
shown in Figure 1 by the F(c) curve for log fo2 = -24.,1 at 650°C. This
curve has roots at c¢ = 0.122 and 0.903, but the latter value yields
negative equilibrium partial pressures for CHA’ CO and CO2 and is
therefore unacceptable. Because of the original definition of 'c', only
roots of F(c) between 0.0 and 1.0 are physically meaningful and are
therefore the only ones that need be considered.;

The final results of the computer computations are presented as the
volume percentage CO2 in an initial HZ—CO2 gas mixture for each T—f02
pair (see Table IV). Only values of volume percent co, between 99.99 and
00.01 are listed, higher or lower values being replaced by blanks. As
pointed out by Dienes et al (1974), calculations based on JANAF data

tend to yield slightly more reduced f02 values for a given HZ_ CO2 gas
mixture than do other data bases such as Wagman et al. (1945), Coughlin
(1954), Wicks and Block (1968) and Elliot and Gleiser (1960). Huebner
(1975) also observed that at high temperatures foz's calculated from
JANAF data appear to be about 0.06 log atm units lower than values from

electrochemical oxygen cells.

15



16

FIGURE 1
F(c) versus c¢ at log (foz) = -18.00 and -24.10, T = 650°C.
The log (foz) =-18.00 curve is illustrative of oxidizing condi-~
tions where methane is present below the 100 ppm level. The log
(foz) = =24.10 curve, illustrating more reducing conditions where

methane becomes significant, shows two roots to the basic equation

Z(c)-c = 0, but only the root at 0.122 has physical significance.



F(c)

4.0

2.0

Log (fo,)= -24.10

T=650°C

LT



18

TABLE IV

Initial volume ZCO2 yielding selected temperature - oxygen

fugacity pairs.



TEMP

8ao0

890

900

9i0

%20

930

%0

950

960

970

980

990
1a00
1210
1020
1030
1040
1050
10560
1070
1080
1090
1100
1110
1120
1t30
L1140
1150
11&0
1L70
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
L1280
1290
1300
1310
1320
L1330
1340
1350
1360
1370
1280
13%0
1500

[

~%.0

99.99
99.99
99.98
99.98
89.97
.96
99.95
99.94%
99.93
99.92
$9.90
99.88
93.84
99.84
99.82
99.79
.76
99.72
99.468
9%.64
99.59
93.53

-&.2

99.99
99.99
99,99
99,98
99.98
99,97
99.97
99.96
99.95
99,94
$9.93
99.91
99,90
99,38
99.88
99.84
9%.82
99.79
99.76
99.72
99,68
99, 6%
99,59
99.53
49,47
99.40

~hek

99.99
99.99
99.99
99.99
99.98
99.99
99,97
99.96
99.94
99.95
99.%%
99.93
99,91
93.90
99.88
99.86
99,84
99,52
99.79
99.76
99.72
99.68
99.64
99,59
99.53
99.47
99.40
99,32
99,24

LOGE OXYGEN FUGACITY |

4. 6

99.9%
99.9%
99.99
99.98
99.98
99.93
99.97
99.97
99.96
99.95
. T4
99.93
§9.92
9%.90
97.69
59.87
99,85
99.82
99.80
99.77
99,13
99.6%
99,65
99.460
99.54
99.48
99.41
99.323
99. 24
59.14
99.04

-4. 8

99,99
99.99
99.99
99,99
59,99
99.98
99.938
99.97
99.97
99.94
99, 95
99.94%
99.93
99,92
99.91
99,89
99,88
99.36
99.813
99,81
9%.78
99.T4
99.70
99. 566
99,61
99.5%
99, 49
99.42
99.34
99.25
993,156
99. 05
98,92
98, 79

-5.0

9.99
99,99
99,99
99.99
99.99
99,98
99.58
99.97
99.97
99.96
99.96
99.95%
99,94
99.%3
99,92
99,90
99.a8
99.d6
99,84
99.82
93.79
99. 15
99,72
99.467
99,63
99.57
99.51
99.44%
99,36
99.27
99,17
99.06
98.94
$8.80
98,65
98.48

=-5.2

99.99
99.99
99.99
99.99
99.99
99.98
99.98
99.98
99.97
99.97
99.96
I9.95
9. 9%
99.93
99,92
99.91
9%.89
99%.87
95.85
9%9.81
99.80
99.17
9%.73
9. 69
99.864
99.59
99.53
9. 45
99.38
99.29
99.20
99.09
98.96
95.82
98.67
98.50
98.31
94.10

5.4

99.99
9.99
99,99
99.99
9%.99
99.98
99.98
99.98
9%.97
99.94
9%.96
99.95
99.9%
99.93
99.92
99.90
99.88
99,86
99.84
99.81
99.78
9. 15
9%.71
99. 66
99.61
99.55
99.48
9%.41
99.32
99.22
99.11L
98.99
98.85
98.T70
98.53
98433
98.12
97.89
9T.63

=5.6

99.99
9%.99
99.99
99.99
99.99
99.98
99,98
99.97
99.97
9%.96
99.%56
99.95
99.94%
99.92
99.91
99,89
99.889
99.85
99,83
99. B0
99.77
99.73
99. 68
9963
99.57
99.51
99.43
99.35
99,25
9915
39.02
908.89
98.73
98456
98.37
9B.1%
97.92
97.65
?7.36
97.04

-5.8

99,99
99.99
99 .99
99.99
99.99
99.98
99.98
99.98
99.97
99.97
99,96
99.95
99.94
99.93
99.92
99.90
99.89
99.87
99.84
99.82
9.78
9%.75
99.70
99 .45
99.40
99.54
99 .46
99.38
99.29
99.18
9,06
98,33
98.70
98.61
841
98.20
97.96
97.70
9740
97.048
. T2
956.32

-6.0

99.9%9
99.99
99,99
99,99
9%.99
9%9.98
99.98
99.98
99.97
9%.97
99,98
99.95
99.9%
99,93
99.9]
9%.90
99,88
99. 86
99.83
99,80
99.T7
99.73
9%.68
99.613
9%.57
99.50
99.42
99,33
99.22
99.11
58.97
98,813
98.66
9B.4T
98.25
98.02
97.75
97.46
97.13
S6.77
96.37
$5.93
5. 44

-6.2

99.9%
99.99
99.9%
99.%9
99.99
9%9.98
99.98
99,98
9,97
99.98
99.95
93,35
99,94
99.92
99.91
99.59
99.87
99.485
99.82
99. 19
9%.75
99.71
99.64
99,60
99, 53
99.46
99.37
99.27
99.16
99.03
98.88
98.71
98, %3
98.32
98.08
97.082
97.52
27.20
96,83
96.43
95.98
95.50
V4.96
94.37

—B.4

99.99
99.99
99.99
99.99
9%. 99
99,98
99.98
99.97
99.97
99.986
99.95
99. %%
$9.91
99.92
99.%0
99,89
99.88
99.84
99.81
99.77
99.73
39.45%
99.63
99.57
99.50
9. %1
99.32
99.21
99,08
98,94
98.78
98.60
94.39
98. 16
97.90
9T.61
97.28
%6.92
96.51
96,07
95.57
95.03
Q4.4%
3.79
93.09

LOGI(

6.6

929.99
99,99
99.99
99.99
99.99
99.98
99.98
99.97
99.97
99.96
99.95
99.9%
99.93
99.92
99,90
99.88
99.86
99.83
99.80
99.76
99.72
99.66
93.61
99.54
99.46
99.37
99.26
99.14
99.01
58,8%
.67
98.47
98,24
97.99
.70
97.38
97.02
Sha.61
96.17
95.67
95,13
94,53
93.87
93.16
92.38
91. 5%

OXYGEN FUGACITY )

-5, 8

99.99
99.99
99,99
99.99
95,99
99.98
99.%8
99,97
92.97
99. 96
99.95
99,94
99.93
29.91
99.89
99.87
99.85
9%. B2
99.78
9. 74
99.70
99 E4
99.58
99.50
99.42
99. 32
99.20
99.07
98.92
9B.75
98.%56
98434
<3.29
91.81
97.49
97.13
96.72
96.29
95. 8Q
95.25
94.65
93,99
93.27
92.49
9l.63
90,12
89.73

=T.0

39.99
99.99
9. 99
99.99
99,99
59.98
9%.%8
99.97
99,97
99.96
99.935
99,24
99,92
99.91
99.089
99,87
99.84
99.81
99.77
99.73
94,48
99.62
99.55
99.47
99.38
99.27
99,14
99.00
98.84
98,65
38.4%4%
58.20
9T7.92
9T.61
9T.24
946,07
Q6.43
95.94
95.40
$4,80
F4e 14
93,42
92.62
.16
90.83
89,83
BB, 15
ar.sl

~Tu2

99.99
59.99
99.99
99.99
99.99
99.98
99.96
99.97
99.97
99,96
99.95
99.94
99.92
99.91
99.89
99.86
9%.83
99.80
99.76
99.71
F.56
99.63
99.52
99.43
99.33
$9.22
92.08
98.93
98.75
98.54
98,31
98.0%
91.75
Ta41
9T.02
94.59
96.11
95.57
94.98
94.32
93.60
92.80
91.9%
91.00
49,98
88.89
8r.72
84.48
as.ir

—Te4

99.99
99.99
$9.99
99.99
99.99
99.438
59.98
99.97
9%9.96
9% .94
99.95
99.93
99,92
99.90
99.88
9%. 80
59,83
99.79
99,75
§2.T0
TP, L%
9%.57
99,49
59,40
99,29
99,14
39.02
98.485%
968,65
98,43
96.18
97.89
§T.56
T.19
Q6. 7T
96 .30
95.77
95.18
F4.53
$3.81
93.02
82,15
91.21
90.18
89.08
87.90
86 .64
85,30
83.89
82.42

=T.6

99,99
F9.99
99.99
99,99
I9.99
99.98
99,98
99.97
99.96
99.96
99,94
99.93
99,92
99.%0
99.98
¥9.385%
59,82
9%.78
99.74
99,64
99,62
99,55
%450
99,38
99.2%
99.11
98.9%
8. 17
9B. 58
8.32
98.0%
9T.72
97,37
Vb
96.50
95.99
95.41
9477
94,00
93427
92,450
91 .46
.43
8%.12
B8.13
86.95
85.49
B4 .36
82.56
8099
9.8

99.99
99.99
99.99
99.99
99,99
99.98
99.98
99.97
99.956
99.95
99.94
99.93
99.91
99.90
99.87
99.84
99.81
9977
99.72
99.07
99.460
99,52
99.%3
99.32
99.20
99.09%
98.88
98.568
GR. 45
9B8.19
97.89
97.5%
97.156
.72
96.22
95 .66
95.03
94,13
93.55
92.T0
91.Ts6
90.73
89.62
88.42
87,13
85.75
84.30
82.77
Bl.1T
79.51
TT.79
76.03

TEMP (

.1

avo

900

?10

920

930

940

950

960

arg

9890

990
LC00
1010
1020
1030
LG40
1050
1960
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
11ro
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
13200
1310
1320
1330
1349
1350
1360
1370
1380
1392
1800
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TEMP € LOGL OXYGEN FUGALCITY ) LOGE OXYGEN FUGACITY TEMP C

=420 4,2 —hab -4,6 -4,B 5.0 -522 -Bak =56 58 -5.0 -b6.2 -b6.4% -6ub 6.8 -T7.0 -1.2 -T.& -T.6 =-1.8

1410 F9.4T 9932 99,04 98,92 98,64 98,29 9T.B7 97.34 96.69 95.89 94.92 93.74 92.32 F0.64 88.67 06.39 83.80 BQ.09 TT.69 T4.23 1410
1429 93,43 99,24 99,03 98,78 9B.4T 90,09 9T.6l 97.02 964,30 95.42 4.34 93.05 91.50 B9.68 87.55 B5,.11 BZ,36 79.30 T5.9F 12.40 1420
130 99433 99.1% 9B.7) 98,63 98.29 97,86 9T.33 96,68 95.87 94.90 93.72 92.30 20.62 86.64 £6.26 BI.TT £0.Bs 77.66 T4.21 70.56 1430
1440 9924 99.0% 98478 98,47 9B.0% 9Tabl 9702 96430 95.41 9434 93,04 91247 B89.67 BTa55 8511 82436 19,34 75,99 T2.4% 08.71 1440
1450 99.15 98,92 98.6% 98.29 FT.856 9T.3)3 96.68 93.88 94,91 93,73 92,31 90,83 88,66 86,39 B3,.B80 BO.99 TT.72 T4.29 T0.65 66.85 1450
1480 .05 F8. 79 98.48 98,10 97.862 97,03 96.31 95.43 94,36 F3.07 9153 BF.T1 87.60 8517 852.43 T9.40 T6.09 T2.56 68.85 65.00 L4660
1470 F8.93 98.65 98.31 97,88 97,35 96,70 95491 94.94 93.TT 92.36 90.69 88.73 BH.4T 83.90 Bl.02 TZ.8B5 Ta.%4 70,82 61.05 63.17 1470
1440 9daBl 98,50 98,12 97.64 F7.06 96,34 95.4T 94.41 93.13 9Ll.60 89,80 8T.T0 BG.29 H2.57 719,55 76.27 72,75 69.07 65.25 61.35 1480
14490 F8.68 98,33 FT.91 97,38 96,74 95.95 94.99 93.683 92.44% 90.7% 04,85 86,61 B4,05 BL. 19 TB.05 T4.66 TL.OT 67T.32 63.4T 59.56 1490
1529 98.3%3 9815 97.68 97.10 96.39 95,53 9448 93.22 91,71 R9.92 87.85 BS.46 B2.77 T9.78 746.52 73.03 69.37 £5.58 61,70 57,79 1500
1510 98437 9T7.95 97.41 96,80 96,02 95.07 93.%3 92,56 90.92 89.0L 86.79 84.27 Bl.43 78.32 T4.96 71.39 6T.67 63.85 59.96 56.04 1510
1524 96.1% 97.73 .16 96.46 95.61 G6.58 93,33 91.85 CD.09 BEB.04 85.68 £3.32 B0.06 T6+83 73.38 69.74 65.98 62.13 58.24 S4.33 1520
1530 98.00 97,49 54,86 96.10 95.17 94.05 92.70 91,09 89.21 BT.02 84,53 Bl.73 78.565 75.32 T1.78 68.09 64.29 60,43 56,5 52.584 L530
1560 V7.7 97+23 Fus54 95.71 24.70 93.48 G2.02 90.29 B88.28 85.96 83.33 80.40 77.21 73.79 70.1B 56.45 62.63 58,76 54.88 50,98 1560
1553 IT1.56 96.95 96.20 F5.29 94,19 92.87 91.29 89.44 BT.30 84,84 82.08 T9.04 T5.75 72.24 68,58 64.81 60.98 S57.11 53.24 49.3é6 1550
1560 T3 96,64 95,83 94.84 93.6% 92.22 90.53 BB.S55 B6.2T 83.89 80,80 77.65 74.26 T0.69 66.98 63.19 59.35 55.49 51.62 47,76 1560
1570 9704 36,31 95.43 94.35 93.06 91.52 B89.71 87.61 B5.20 B2.49 79.49 74.23 T2.76 69.13 65.39 61,59 S§7,75 53,89 50.04 46.18 1570
15890 96,15 95.95 94.99 93.83 92.44 90.79 B8.B6 B6.62 84.09 BI.25 78.14 74,80 T1.26 67.58 63.82 60.00 56417 52.32 4B.48 44.64 L1580
1590 96.44 95.58 94,53 93,28 91.78 P0.01 87.94 B5.60 B2,%4 79.98 To.7T 73.34 69.75 66.06 62.26 58.4% 54.61 50.78 46.95 «3,12 1590
1500 96.10 95.1T7 94,06 92.69 91.08 89.20 87.01 B4.53 81,75 78,69 75,38 71,89 68.24 6450 60.71 56.50 53.08 49.27 45.45 4l.63 1600
161Q 95.74 94,73 93.51 92.06 90.34% 88,34 B6.03 83.42 80.53 77.37 73.98 T0.42 66.74 62.99 59,19 55,39 51,58 47.77 43.97 40.16 Lél10
1620 95,36 F4.26 92.95 91239 BR.54 BT 44 B5.01 82.28 T9.28 76.02 72.57 6B.96 65,25 61.48 57,59 53.90 50.10 46.31 42.51 318,72 l&20
1630 94,94 93.76 92.36 F0.65 88,74 86.50 83.95 Bl.ll TB.00 74.67 71.15 67.50 6377 $0.00 56.22 52.43 48.85 44.87 4L.08 37,31 1630
1640 94,50 93,23 91.73 B9.95 B7.89 85.52 B2.88 T79.91 T&.TL 73.230 69.73 66.05 62.31 53.5% 54.77 50.99 4#7.22 43,45 39,67 35.92 1640
14850 94.03 92,67 91.06 B89.17 B6.99 B&.S1 Bl.T& TB.69 75.40 71.92 $8.31 64.61 60.86 S7.10 53,34 49,53 45.81 42.05 35.29 34.55 1650
1560 93,53 92.06 93.36 BE.16 B6.0& 83,47 80458 T7.4% T4.08 70.55 65.90 63.18 53,44 55,68 S$1.93 48.18 44.43 40,68 36.93 33,21 1660
1510 93.00 9L.45 89,63 87,51 85.10 82.39 T9.4L T6, LT 12,15 69,17 65.50 61.78 58.03 54.29 50.55 46,81 #3.07 39,32 35,59 31.90 1670
1560 92,44 90,79 88.86 B6.63 84.10 BLa29 TB.2l 74,90 Tl.4l 6T.80 b%.1] 60.39 56485 52.92 49.19 45,46 41,72 3T7.99 34.24 30.62 1680
tagn 91.85 90.09 80.05 B85.71 83.08 B0.16 74.99 73.6L 70.08 66.5% 62474 59,01 55429 5157 47.B5 44.13 40.40 36.68 312.99 29,34 1690
1to0 91.23 89.37 87.2] 84476 BZ2.02 79.0l 75.76 T2.32 68.7& 65,08 61.38 57466 53.95 50.2% 46253 42,82 39.10 35.40 31.73 2B.14 1700
1710 90.58 88.6] 85,34 83.79 B0.9% TT.84 76.52 TL.02 67.42 63.T4 60.046 S56.33 52,83 48.93 45,23 41.53 37,82 34.13 30.49 26.94 1710
1720 B9,8% 87.82 B85.4% 82.78 79.84 T6.65 73,27 69,73 66.10 62.42 58.72 55.02 S51.33 &7.55 3,95 40.25 356.54 32.89 29.28 25,718 1720
1730 89,18 H6.99 84.51 81.75 T8,72 75.45 T2.00 68.4% 64,79 61,11 57.42 53.73 50.06 46.38 %2.69 39,00 25.32 31.67 28.10 24.65 L7130
1740 B8.43 Boal4 83.56 80.69 T7.58 74.25 T0.T6 67,16 63.50 59.82 S5he1h 52.47 40.50 45,13 41,45 3777 34,10 30.47 26.9% 23,55 1740
1750 87.55 85,26 82,58 79.62 T6.42 73.04 69+51 65.89 62.22 53.55 54.88 51.22 47.56 43.89 40,22 36,55 32.90 29.30 25.82 22.49 17150
1taQ 66.65 B4.35 BL.57 78.53 75,26 TL.B2 68.26 64.63 60.96 57,30 53.84 49.99 44.34 42.68 39.0L 35,35 31,72 28.16 24,72 21.46 1760
irro 86,02 B83.42 80.5% T7.42 74,09 70.61 B67.02 63,38 5972 55.06 52,42 48,78 45,13 41,48 37.82 34,17 30.56 2Te04 23.65 20.46 1770
1740 E5416 82,46 T9.50 T6,30 72,92 69.39 65,79 62,14 58.49 54.85 51.21 47.58 43.95 40430 356.65 33.01 29.43 25.95 22,82 19.50 1780
179D 85,27 81,48 T8.44 75,17 T1.74 6H.19 64.57 60.93 57.28 53,65 50.03 4#6.41 42.77 39.13 35,49 31,87 28.32 24,89 21.62 L8.57 1790
1800 43,37 80.49 TT.36 T4.0% T0.56 656,99 63.36 59.T73 56,09 52.47 48.856 4%5.25 41,62 37.98 34,35 30,75 27.24 23.85 20.85 17.68 1800
1810 B2, 64 T9.4T 76.28 72.90 69,39 65,80 62.17 5B.54 54.92 51.32 47,71 44,10 40,48 36.8% 33,23 29.85 26.18 22.84% 19.7T] 1&6.83 1810
1929 Bl.49 T8.45 75.19 T1.76 68,22 64.62 651,00 STu38 53,77 50,17 46,58 42497 39.35 35.73 32.12 28.58 25.14 21.87 18,81 16.00 1820
1830 80.52 77,40 T5.09 70.62 67.06 63.46 59.84 56,23 52.63 49.05 45.46 41.585 38.26 34.62 31.04 ZT 52 24012 20,92 1T7.94 15.22 1830
1840 79.54 76.35 12,99 69.49 65.91 62.30 58.69 55.10 $1.51 4T7.94 44.35 40.75 37.16 33.56 29.97 26,49 23,15 20,01 17.10 e 48 1840
1850 78.5% 75,30 TL1.B8 68.36 64,77 61417 57.57 53.98 50.41 46.94% 43.26 39.66 36.06 32.4T 28.93 25,49 22.20 19.12 16.29 13.74 1850
1860 IT.54 74,23 7078 61,24 63,65 60.05 56,48 52,89 49.32 45.76 42.18 3B.59 14.99 31.41 27.90 24.50 21,23 18,27 L5.52 13.05 1860
1870 76,952 73,17 69.68 A5.12 82,53 58,94 55,36 51.80 48.25 44,69 4loal2 37.53 233,74 30.38 26,90 23.55 20.38 LT.44 14,77 12.39 La70
1880 75.50 72.10 68.59 65.02 61,43 57.85 54,29 50,74 47.19 43.64 40.06 36.48 32.90 29.36 25,91 22.61 19.5]1 16.45 14.06 L1.77 1880
1890 T4.47 71.03 67.50 63.93 60.35% 55.78 53,23 49.69 4615 42.60 39.02 35.44 31.88 28.386 24.96 21.71 18.567 15.89 13.38 11.17 1830
1920 T3.44 B9.97 66443 62,85 59,28 55.72 52,18 &R,65 75,12 41.57T 36.00 34.42 30.87 27.38 24,02 20.83 17,86 15,15 12,73 10.60 1900
19}0 T2.41 68,91 85.36 61,79 58,22 54,68 S5[.15 47.63 4410 40.55 36,98 33,41 29.88 26.43 22410 19.97 17.08 L14.45 12.11 10.08 1910
1220 71.38 67,86 64.30 60.T4 57,18 53.65 50,04 45.62 43.09 39.54 35,98 32.42 28.91 25,49 22.22 19,15 16.32 13,77 11.51 9.55 1920

1930 TUL35 66,82 63,26 59,70 56.16 52.64 49.13 #5.62 42.09 28,54 34.98 3L.44 27,95 24.57 21.35 18.35 15.50 L3.13 10.95 9.06 1930
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TEMP €

1940
1950
1960
1970
1980
1990
2000

120
730
740
750
160
770
780
790
800
8l0
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1330
1040
1050
1260
1070
1080
1090
1100

-4.0

69.32
68.30
67.29
66.29
65.30
64.32
63.34

-8.0

99.99
99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.94
99.93
99.91
99.89
99.87
99.84
99.80
99.76
99.71
99.65
99.58
99.50
99.40

~4e2

65.78
64.76
63.75
62,75
61.76
60. 78
59.82

~-8.2

99.99
99.99
99.99
99.99
99,99
99.98
99.98
99.97
99,96
99.95
99.9¢
99.93
99.91
99.89
99.87
99. 83
99.80
99.75
99.70
99. 64
99,56
99.48
99.37
99.25

-h.4

62.23
61.21
60.20
59.21
58.23
57.27
56.32

99.99
99.99
99.99
$9.99
99.99
99.98
99.98
99.97
99.96
99.95
99.94
99.93
99.91
99.89
89,86
99.83
99.79
99.75
99.69
99.62
99.55
99.45
99.34
99,21
99.06

LOG
—4.6

58.68
57.67
56.68
55.70
54.73
53.78
52.85

-8.6

99.99
99.99
99.99
99.99
99.98
99.98
$9.97
99.96
99.95
99.94
99.93
99.91
99.89
99.86
99.83
99.79
99.74
99.68
99.61
99.53
99.43
99.31
99.17
99.01
98.82

OXYGEN FUGACITY )

-4.8

55.15
54.16
53.18
52,21
51.26
50.32
49.39

99.99
99.99
$9.99
99,99
99.98
99.98
$9.97
99.98
99.95
99.94
99.93
99.91
99.88
99.86
99.82
99,78
99.73
99.67
99.60
99.51
99.41
99.28
99.14
98.506
98.76
98.52

-5.0

51.64
50.66
49.69
48.73
47.78
46,85
45.93

-9.0

99.99
99.99
99.99
99.99
99.98
99.98
99,97
99.96
99.95
99.94
99.93
99.91
99.88
99.86
99.82
99.78
99,73
99.66
99.59
99.49
99.39
c7el

99.10
98.92
SG.T0
98.44
98.14

-5.2

48.14
47.17
46,20
45.25
44.30
43.37
42.45

-9.2

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.94
99.93
99.91
99.88
99,85
99.82
99.77
99.72
99.65
99.58
99.48
99.37
99,23
99.06
98.87
98.64
$5.37
98.05
97.68

-5.4

44.64
43.66
42.70
41.74
40.80
39.86
38.94

-9.4

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.94
99.93
99.91
99.88
99.85
99,82
99.77
99.72
99.65
99.57
99.47
99.35
99.20
99.03
98.83
98.58
98.30
97.96
97.56
97.10

-5.6

4l.11
40.13
39.17
38.22
371.27
36.34
35.42

~9.6

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.97
99.96
99.94%
99.93
99,91
99.88
99.85
99.81
99.77
99.71
99.64
99.56
99.45
99.33
99.18
99.00
98.78
98.53
98.23
97.87
9T.45
96.96
96439

-5.8

37.56
36.59
35.63
34.68
33.74
32.81
31.90

-9.8

99.99
99.99
99.99
99.98
99.98
99.97
99.97
99.96
99.94
99.93
99.91
99.88
99.85
99.81
89.77
99.71
99.64%
99.55
99.44
99.31
99.16
98.97
98.74
96.48
98.16
97.78
S7.34
96.82
96.22
95.52

-6.0

34.01
33.04
32.09
31.15
30.22
29.31
28.42

-10.0

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.93
99.91
99.88
99.85
99.81
99.77
99.71
99.63
99.54
99.43
99.30
99.14
98.94
98.71
G8.43
98.09
97.70
97.23
96.68
96.05
95.31
94%.46

-6.2

30.48
29.53
28.60
27.68
26.178
25.90
25.04

-10.2

99.99
99.99
99.99
99.99
99.9¢
99.98
99.97
99.96
99.95
99.93
99.91
99.89
99.86
99.82
99.77
99.71
99.63
99.54
99.43
99.29
99.12
98.92
98.67
98.38
98.03
97.62
97.13
96.55
£5.88
95.10
94.20
93.17

~6.4

27.01
26.10
25.20
24.32
23.46
22.62
21.81

-10.4

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.93
99,91
99.89
99.86
99.82
99.77
99.71
99.63
99.54
99.42
99.28
99.11
98.90
98.64
98.34
97.97
97.54
97.03
96.42
95.7T1
$4.89
93.96
92.85
91.62

LOG(
~6.6

23 .67
22.80
21.95
21.12
20.32
19.5¢4
18.78

~-10.,6

99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.94
99.92
99.89
99.86
99.82
99.77
99.71
99.63
99.54
99.42
99.27
99.09
98.88
98.62
98.30
97.92
97.47
96.93
96.30
95.55
94.69
93.69
92.54
9l.24
89.77

OXYGEN FUGACITY )

-6.8

20.51
19.70
18.91
18.14
17.40
16.68
15.99

-10.8

99.99
99.99
99.99
99.98
99.98
99.97
99.96
99,95
99.94
99.92
99.89
99.86
99.82
99.77
99.71
99.63
99.54
99.42
99.217
99.09
98.86
98.59
98.27
97.87
97.40
96.84
9.18
95.40
94.49
93.44
92.24
90.87
89.32
87.60

-7.0

17.57
16.33
16.11
15.41
14.74
14.10
13.48

-11.0

99.99
99.99
99.99
99.99
99.98
99.97
99.97
99.95
99.94
99.92
99.90
99.87
99.83
99.78
99.72
99. 64
99.54
99.42
99.27
99.08
98.85
98.58
98.24
97.83
97.34
96.76
9%.07
95.25
94.30
93.20
91.94
90.50
88.88
87.07
85.08

-7.2

14.90
14.23
13.58
12.96
12.37
11.81
11.26

-11.2

99.99
99.99
99.99
99.99
99.98
99.98
99.97
99.96
S9.94
99.92
99.90
99.87
99.83
99.78
99.72
99.64
99.54
99.42
99.27
99.08
98.85
98.56
98.22
97.80
97.29
Q6 .69
95.97
95.12
94.13
92.98
91.65
90.14
88.44
86,55
84,46
82.19

~T.4

12,51
11.91
11.35
10.81
10.29

9.80

9.33

-ll.4

99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.93
99.90
99,88
99.84
99.79
99.73
99.65
99.55
99.43
99.27
99.08
98.84
98.55
98.20
97.77
97.25
96.62
95.88
95.00
93.96
92.76
91.38
89.80
88.02
86,04
83.86
Bl.49
78.9%

~T.6

10. 4t
9.89
9.40
B.9%
8.50
8.07
7.68

~11l.6

99.99
99.99
99.99
99.98
99.98
99.97
99.96
99.95
99.93
99.91
99.88
99.84
99.80
99.73
99.66
99.56
99.43
99.28
99.09
98.85
98.55
98.19
97.75
971.21
96.57
95.80
94 .88
93.81
92.56
9l.12
89.47
B7.62
85.5%
83.27
80.80
78.14
75.33

-T.8

8.59
8.15
T4
T.34
6.97
6461
6.27

~11.8

99.99
99.99
99.99
99.99
99.98
99.97
99.96
99.95
99.94
99.91
99.89
99.85
99.80
99.74
99.67
99.57
99.44
99.29
99.09
98.85
98.55
98.18
97.73
97.18
96.52
95.73
94.78
93.67
RW2.37
90.88
89.16
87.23
85.07
82.70
80.12
17.37
T4.45
T1.41

TEMP C

1940
1950
1960
1970
1980
1990
2000

720
730
740
750
760
170
780
790
’00
810
820
830
840
850
860
810
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1030
1090
1100

£T
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TEWw

110
1120
1110
1140
11%2
1160
1170
(Y1)
1190
1200
1210
1220
1232
1240
1250
1262
1270
1280
1290
1300
ta1a
K320
1330
1340
1350
L1360
1370
1380
1390
1430
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1559
1560
1570
1580
1590
1620
el @
1620
is30

-8.0

99.29
99.15
6. 99
98.B81
94.80
6,35
9d. 0T
7. T4
Qr1.37
9%.95
9%6.4T
95.92
95.31
V4. 63
93,87
93.03
92.10
9l.08
89.9T
89.78
8T.aT
846 .08
B4.61
83.06
8l.43
T9.73
11.98
TealT
T4.33
T12.45
70.56
68.65
66.T4
G4 .84
62.95
41.08
59,22
57.41
55.41
53,85
52.11
52.41
48,714
47.09
“5.48
#3.89
42.33
40.80
39.30
37.682
15.38
34.95
33.58

99.10
98,93
98, T4
98.51
98,24
97. 94
97.59
97. L8
96,73
96.20
95.62
%95
4.21
93,139
92.47
.46
9,36
89.1&
BT.ar
85,48
B84.99
83,42
A1.717
80,04
T8.2%
Thekl
T4.52
12.59
T0.64
6B.69
86,72
6haTd
62.82
60. 89
56«99
57.114
55.26
53 .44
51.60
49.90
48.18
46.49
4%.83
&3,20
4l.60
40.03
38.49
36.98
35.50
34.0%
32.63
31.2&
29.6%

98.88
98. 66
948,42
96,13
27,890
7. 43
96.99
Qb. 49
95,93
95,29
4.58
93.77
92,848
9L .89
90,81
89.62
88,32
B6. 94
85.45
g83.86
82.19
B0. 44
18.862
16.73
14.80
rZ.83
T0.83
6B.81
66,90
64.78
6217
69.79
50,83
56.489
5% .99
53.t1
51.2T7
.47
4T.70
45.%4
44,25
%2.58
40.923
39232
3T.T4
316,20
34.68
33,20
31.76
30.34
28.97
2T.63
26.33

LUGH
-8.6

98,5%9
94,33
98,02
97.67
9r1.26
96.79
96.26
95.65
94 .96
H4.19
93.32
97.36
.29
90.12
88.84
BT.46
85,97
84.38
az.69
B0.92
T9.07
Tr.15
75.18
13.1&
Ti.11
£9.04
66.97
64.89
62.83
A0.T78
58.76
96T
54.80
52.87
5C.97
49.11
4T.28
45,49
%3. 14
42.02
40,33
38.68
31.06
15,48
33.93
32.62
30.94
29.50
28411
26.75
25.43
2418
22,93

OXYGEN FUGACLTY )

98.2%
97,91
97.53
97.09
96. 59
96.01
95.136
95462
93.78
22.85
91.81
067
49.61
B8.0%
86.56
as.97
83.28
BL.49
13,62
17.67
T5. 66
73,60
T1.5a
69,328
67.26
65.11L
62.98
40.87
58.78
56.72
S%.70
52. 70
50.75
48,82
hGe95
45.11
43.30
41.53
39.80
38.10
36.64
14.82
33.2%
3l.69
30,19
28.73
27.31
25.93
28.60
23.32
22.08
20.89
19.75

-9.0

97. 719
97,39
96,92
94.38
95.16
95,06
.26
93,37
92.36
9l.25%
30.02
ga.a?
87.21
85.63
83.9%
82.15
BQ. 26
718,29
Ta.24
Ta.le
TL.99
69,82
6T.62
65,43
63,24
61.06
58.91
50.78
54a 69
52,64
50.52
48, 6%
46.70
&4.B80
42.94
4l.l2
39.34
37,40
35.90
34.23
32.561
3t.04
29.5%0
28.02
26.57
Z25.18
23.84
22.5%
21.30
20.11
18.96
17.87
16.83

-9.2

9T.2%
96.75
95.17
35.51
94,7S
93.90
92.9%
91.86
90.67
8%.35
87.92
86.36
84,638
82,488
80.99
79.00
T6.93
T4.79
T2.60
70.37
68,12
65. 86
63,560
8l.36
59.k4
56 ,9%
54,719
52.66
50.58
4B, 5%
46,54
“4.58
hZ2.66
%0.79
38.96
ar.17?
35,42
33.72
1z2.06
3D.45
28.88
27,27
25.91
2hed9
23,112
21.83
20.58
19.38
1B.2%
1T7.15
16,21
15.13
14.20

-3.4

96.57
95.95
$5.25
e bk
3.53
92,50
91.35
90,08
88.67
a7.14
85.48
83.70
81.80
79,80
17.71
T5.54
73.31L
TL.04
6B, T3
66.41
64.09
&1.78
59,48
57.22
S54.99
52.80
50. 6%
§8.53
4bo4T
4ha 45
42,67
%0.54
38.65
346,81
35.02
33.27
3l.58
29.93
28.33
26.19
2530
23.8T7
22,50
21.18
19.92
18.72
L7.57
16.%8
15.45%
L4448
13,56
12,69
11.87

-9.6

95.T4
94 .99
94.13
93.15%
92.05
S0, 83
B9 . &7
87.98
B6.35
B4.59
82.710
B0.TQ
TB.560
To. 41
Téals
Ti.82
£Fa &7
67.09
6%, 70
52,31
59.95%
57.61
55.30
53.04
S0.81
4“8.63
w6450
445l
42437
40,38
AB .44
36.5%
34,70
32.91
3,17
29.48
27.85
26.28
24.77
23.32
21.92
20.59
19.32
18.11
L&.97
i5.88
14.85
13.88
12,97
12.11
i1.31
10.55%
9.84

-9.8

94.T2
93.81
92.17
.60
50.30
88,85
B7.27
85.54
83.68
8l.69
719.59
17T.38
75.09
72.73
10.32
67.89
b5a%3
62.98
60. 5%
S8a12
55.T%
$3.39
51.09
4B.84
46. 63
4448
42.37
40431
38,31
34.36
34.46
12.62
0. 84
29.11
2T .45
25.84
24.30
22.83
21,82
20,07
18.79
17.57
16,42
15.33
14.31
13.34
L2.4%
11.59
10. 7%
10.05
9.35
8.T0
8.10

-10.90

P49
92.3%
.15
89. 76
EB.23
B&.55
B4.72
82.76
80,66
78,456
To.15
13.76
TL.31
68,82
66,30
63.78
bl.26
58.77
5&6.30
53.488
51.49
49.16
44.88
W5
42.47
40,35
3a.28
Is.21
14,32
12.4%2
30.59
23.82
27.12
2%.48
23,91
2Z2.41
20.%97
19.461
18.32
17.09
15.9%6
14.85
13.82
12.86
11.9&
11.11
10.33
9.59
8.91
8.27
T.68
T.13
6.62

=-10.2

92.00
90.69
89.22
81.60
B85.82
83,89
81. 82
T9.63
17.32
74,91
12,42
49.88
67.31
G4k, T1
62.12
59,55
57.00
54,49
52.0Z
49.61
4T7.2%
46,93
42,68
40,48
38.235
36,27
34.26
32,31
30.4)
28461
26,87
25.19
23.5%
22.06
20.50
19.22
17.91
14.67
15.51
JEY Y
13.3%
12.43
11.53
10.69
9.91
2.19
B.51
T.89
T.31
6. 7T
&.27
5.81
5.39

-10.%

90.23
83.58
B856.97
B5.09
Bl.06
80.89
78.59
16.17
73.66
71.08
68,45
65.60
63.13
60.47
57. 3%
55.24
52.69
50.18
wT.73
45. 34
43.00
&0,73
36.52
36.38
34.30
32.29
30.35
28,49
26269
24.98
23,3
Z2l1.78
20.29
18.89
LT.56
16.31
15.1%
14.03
13.00
12.04%
Ll.15
10.31
9.54%
.82
A.16
Te54
6.97
Gahd
5.96
5.51
5.10
%, T2
4. 37

Lact
-10.4

88.14
86,33
B4.36
82.23
79.95
Tt.54
15.02
T2abl
69,74
&7.02
b4.29
&1.55
59,83
Se.l%
53.50
50.90
48.36
45.87
43 .45
4l.10
38.81
36.59
34,45
32.37
30.37
28.45
26.61
24 .84
23.16
21.57
20,03
18.62
LT.28
146,41
14.82
13.71
12.567
11.71
10.81
9.98
9.21
B8.50
T.B4&
T.23
6,467
6.l5
5.68
5.24
h.Bbk
&7
4.12
3.81
3.52

OXYGEN FUGACITY )

-10.8

B5.70
83,63
8l .40
79.01
7650
T3.67
Ti.17
48.40
65,60
62.79
59.98
57.20
54448
SL.76
“.12
46.55
4%.03
41.%9
39.22
36.92
34.70
32.565
3049
2B8.51
25,61
24.80
23,07
21443
19. 89
18.43
17.05
15.77
14,56
13,44
12.39
11.42
18.52
.69
8.92
.21
Te58
e 36
5.40
5.89
543
5.00
4.60
ha24
3.91
3.60
3.33
3.07
2.83

-Ll.0

82.91
80.57
Té.n8
15.44
72.713
69,32
67.07
64+ 19
6l.30
S5B.42
55.58
5279
50.05
§7.37
44.T6
42.22
39.7s
37.37
35.07
32.85
30.71
28566
26.70
24.83
23.06
2l-38
[9.719
18.130
l6.90
15.58
16.36
13.22
12.16
11.19
10.28
.44
B.67T
T97
T=31
8.72
617
5.66
5.20
4.78
4.319
4.0k
.12
3.2
3.15
2.90
2.67T
2.47
2.27

-1l.2

T79.75
T7.15
Th.%1
Th.60
6B. 70
65.75
62.78
59.62
56,88
5£3.98
51.13
48.35
45.6%
43.00
£0.43
A7.96
35.56
33.26
31.04
268492
26.89
24%.96
23,13
Z1e%0
i9.77
10.24
16.80
15.46
14.22
13,08
Li.98
10.99
10.08
Fe24
Betsl
T.7%
7.10
5.51
5,96
5.486
5.01
%.59
4,21
3.86
3.55%
1,256
2.99
2.75
2.53
2.33
2.1%
1.98
1.82

~11l.%&

Thel%
73.40
T0.48
6T.%48
4,05
61.39
58.36
55.35
52.40
%3 .50
46,58
43.93
41.26
38.48
36.19
33.79
3l.49
29.29
2T.19
25.19
23.30
21.51
19.83
1B.25
16,78
L5.40
14,13
12.95
11.86
10.85
9.92
9.07
8.29
T.58
6.93
6.33
579
529
4uB%
&.52
4.05
3.71
3,39
3.l
2.85
2.62
2.40
2.21
2.03
1.86
1.72
1.58
lo4hb

~11.6

72,40
89,37
64.28
63415
50,02
56.91
53.84
50.83
47.89
45,03
%2.25
39.586
35.96
36,46
32.07
29.78
2T.59
25.52
23.56
2L.71
19.97
l8.3%
16.82
15.41
14.10
12,89
11.78
10.75
9a.81
8.95
B8.16
Tateh
6.78
6.18
S04
5.14
%469
4%.20
3.91
3.57
.26
2.98
2.73
2.50
2.29
2.10
1.92
1.77
1.62
La4%9
1.37
l.26
1.16

~-1L1.8

s8.28
65,09
&1.B8
58.67
55 .49
52.36
49.29
46.31
43,40
£0.860
37.89
35.28
32.78
30.39
28.12
25.96
23.92
22.00
20.20
18.51
lb.94
15.48
14,14
12.89
11.75
10.70
9.74
8.86
8.06
T-33
6.87
6.06
5a51
5.02
§.57
4.16
3.79
3.45
.15
Z.87
2.62
2.39
2.19
2,00
1.83
L.b8
1.5
Lokl
1.30
1.19
1.10
l.ol
0.93

TEMF C

1110
1120
1130
1140
1150
1140
1170
1180
1199
L2C0
1210
1220
L230
L1240
1250
12460
1270
1280
1290
1300
L1310
1320
1330
1340
1350
13450
1370
1380
L390
1400
L410
L4290
1430
L440
L1450
1460
1470
1480
L1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1820
1430

gt
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TENP C

1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

600
610
620
630
640
650
660
670
680

32.20
30.87
29.56
28.29
27.05
25.85
24.68
23.54
22,44
21.38
20.36
19.37
18.42
17.50
16.63
15.79
14.98
14.21
13.48
12.78
12.12
1l.48
10.88
10.31
9.76
9.25
8.76
8.29
T.86
Te44
7.05
6.68
6.33
5.99
5.68
5.38
5.10

-8.2

28.57
27.28
26.03
24.82
23.64
22.50
21.40
20.34
19,32
18.3¢
17.40
16.50
15.64
14.82
14.03
13.29
12.57
11.90
11.25
10.64
10.06
9.51
9.00
8.50
8,04
T.60
7.19
6.80
6.43
6.08
5.75
S.44
S.14
4.87
4.61
4.36
4.13

~8.4

25.06
23.84
22.66
21.52
20.42
19.37
18.36
17.39
16.46
15.57
14.73
13.92
13.15
12.43
11.73
11.08
10.46
9.87
9.32
8.79
8.30
7.83
T.39
6.97
6.58
6.21
5.86
554
$5.23
4.94
4.66
4.6l
4,17
3.94
3.72
3.52
3.33

=120 ~12.2 -12.4

LOGt OXYGEN FUGACITY )

-8.6

21.75
20,61
19.51
18.46
17.46
16.49
15.58
14.71
13.88
13.09
12.34
11.63
10.96
10.33
9.73
9.17
8.63
8.13
T.66
T.21
6.79
6.40
6.03
5.68
5.36
5.05
476
4.49
4.23
3.99
3.77
3.56
3.36
3.17
3.00
2.83
2.68

-12.6

-8.8

18.66
17.62
16.62
15.67
14.76
13.91
13,09
12.32
11.59
10.90
10.25
.64
9.07
Be52
8.01
T.53
7.08
6.66
6.26
5.88
5.53
5.21
4.90
4.61
.34
4.09
3.85
3.63
3,42
3,22
3,04
2.86
2.70
2.55
2.41
2.28
2.15

-9.0

15.84
14.90
14.01
13.17
12.37
11.62
10.91
10.24
9.61
9.01
8.46
7.93
Teb4
6.98
6.55
6.15
5.77
542
5.09
4.78
4.49
4e22
3.96
3.72
3.50
3.30
3.10
2.92
2.75
2.59
2.44
2.30
2,17
2.0%
1.93
1.82
1.72

-9.2

13.32
12.49
11.71
10.97
10.28
9.63
9.01
B.44
T.90
T.40
6.93
6.49
6.08
5.69
5.33
5.00
4.68
4.39
4.12
3.86
3.62
3.40
3.19
3.00
2.82
2.65
2.49
2.34
2.21
2.08
1.96
1.84
1.74
L. 64
1l.54
le.46
1.38

=9.4

11.10
10.38
9.70
9.07
8.47
T.92
T.40
6.91
6.46
6. 04
5.65
5.28
4.94%
4.62
4.32
4.04
3.78
3.54
3.32
3.11
2.92
2.T4
2.57
2.41
2.26
2.13
2.00
1.88
1.77
1.66
1.56
l.47
1.39
1.31
1.23
l.16
1.10

-12.8 -13.0 -13.2 -13.4

99.99

LOG{ OXYGEN FUGACITY )

=96 -9.8 -10.0 -10.2 -10.4 10,6 -10.8 -11.0 -11.2 -11.4

9.18 7.5¢ 6.15 5.00
8e56 7.01 5.71 4.63
T.98 6.53 5.31 4.30
Teb4 6.0 4,93 3,99
6.94 5.65 4.58 3,70
6447 5.26 4.26 3.44
6.04 4.90 3.96 3.20
5.63 4,57 3.69 2.97
525 4,26 3.43 2.7¢6
4.90 3.97 3.20 2.57
4.58 3.70 2.98 2.39
4.27 3.45 2.77 2.23
3,99 3.22 2.59 2.07
3.73 3.00 2.41 1.93
3.49 2.80 2.25 1.80
3.26 2.62 2.10 1l.68
3.05 2.45 1.986 1.57
2,85 2.29 1.B3 l.47
2.67T 2,14 l.71 1.37
2.50 2.00 1.60 1.28
2.34 1.88 1.50 1.20
2,20 1.76 l.41 1.12
2,06 1.65 1.32 1,05
1.93 1.55 1.23 0.98
1.81 1.45 1l.16 0.92
1.70 1.36 1.09 0.87
1.60 1.28 1.02 0.8}
1.50 1.20 0.96 0.76
1.41 1l.13 0.90 0.72
1.33 1.06 0.85 0.67
1.25 1.00 0.80 0.63
1.18 0.9¢ 0.75 0.60
l1.11 0.88 02.79 0.56
1.04 0.83 0.66 0.53
0.98 0.79 0.63 0,50
0,93 0.7¢ 0.59 0.47
0.88 0.70 0.56 0,44

—13.6 ~13.8 —-14.0 -14.2

99.99 99.99
99.99 99,99 99.99
99.99 99.99 99.99 99.99

4.04
3.74
3.47
3. 22
2.98
2.17
2.57
2.38
2.22
2.06
1.92
1.78
L.66
1.55
1.44
L.34
1.25
1.17
1.09
1.02
0.96
0.90
0.84
0.79
0.T4
0.69
0.65
0.61
0,57
0.54
0,50
0.47
0.45
0.42
0.40
0.37
0.35

-l4.4

99.99
99.99
99.99
99.98

3.26
3.01
2.79
2.58
2.39
2,22
2.06
l1.91
1.77
1.65
1.53
1.43
1.33
l.24
1.15
1.07
1.00
0.93
0.87
0.82
0.76
0.71
0.67
0.63
0.59
0.55
0.52
0.48
0.45
0.43
0.40
0.38
Oe36
0.33
0.32
0.30
0.28

~14.6

99.99
99.99
99.98
99.98

2.62
2.42
2.2%
2,07
1.92
1.78
1.65
l.53
1.42
1.32
1.22
lele
1.06
0.99
0.92
0.86
0.890
0.74
0.70
0.65
0.61
0.57
0.53
0.50
J.47
0. 4%
0.4l
0.39
0.36
0.34%
0.32
0.30
%.28
0.27
0.25
0.24
0.22

-14.8

99.99
99.99
99.99
99.98
99.917

2.10
1.96
1.79
1.66
1.53
l.42
1.32
1.22
1.13
.05
0.98
0.91
0.84
0.79
0.73
0.68
0.64
0.59
0.55
0.52
0.48
0.45
0.42
0.40
0.37
0.35
0.33
0.31
0.29
0.27
0.25
0.24
0.22
0,21
0.20
0.19
0.18

-15.0

99.99
99.99
99,98
99.98
99.96

1.68
1.55
1.43
1.33
1.23
1.13
1.05
0.97
0.90
0.84
0.78
0.72
0.67
0.63
0.58
0.54
0.51
0.47
0.44
0,41
0.38
0.36
0.34
0.32
0.30
0.28
0.26
0.24
0.23
0.21
0.20
0.19
0.1l8
0.17
O.l6
0.15
O.l4

-15.2

99.99
99.99
99.99
99.98
99.97
99.96

1.34
1.24
l.14
1.06
0.98
0.90
0.84
0.78
0.72
0.67
0.62
0.58
0.54
0.50
0.46
0.43
0.40
0. 38
0.35
0.33
0.31
0.29
0.27
0.25
0.23
0,22
0.21
0.19
0.18
0.17
0.16
0.15
O.lé
0.13
C.13
0.12
0.1l

-15.4

99.99
99.99
99.99
99.98
99.97
99.96
99.9

~11.6

1.07
0.99
0.91
0.84
0.78
0.72
0.67
0.62
0.57
0.53
0.49
0.46
0.43
0.40
0.37
0.34
0.32
0.30
0.28
0.26
0.24
0.23
0.21
0.20
0.19
0.17
0.16
0.15
0.14
Q.14
0.13
0.12
0.11
0.11
0.10
0.09
0.09

~15.6

99.99
99.99
99.99
99,98
99.97
99.95
99.93

-11.8

0.85
0.79
0.73
0.67
0.62
0.57
0.53
0.49
Qebb
0.42
0.39
0.37
0.34
0.32
0.29
0.27
0.25
0.24
0.22
0.21
0.19
0.18
0.17
0.16
0.15
O.l4
0.13
0.12
O.11
O.11
0.10
0.10
0.09
0.08
0.08
0.07
0.07

-15.8

99.99
99.99
99.99
99.98
99.97
99.96
99.94
99.91

TEMP €

1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1690
1900
L1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

600
610
620
630
‘640
650
&60
670
680

Le
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TEMP

490
7312
T1Q
T20
Tig
T40
52
Tadg
rro
Tda
730
800
8L0
820
830
840
B5¢
B60O
aro
880
ik ]
900
910
92q
230
950
9530
90
970
930
90
1000
loig
1320
1030
10&a
1050
1060
1070
1Je0
1090
1190
1110
iLzo
1130
1140
1150
L1is0
1170
t180
L1190
1200
1210

C

-l2.0

99.59
99.99
99,99
99.98
9%.98
99,97
99.95
99, 94
99.92
99.89
99,85
99.81
99.15
99.68
99,53
99.46
99.30
99,11
98.86
98.56
98,19
97.13
9T.17

. %0.49

95.67
4. TO
23.55
92.21
90.65
8a.a7
88,886
Ba,62
82.15
T9.47
.61
13.59
T0.44%
67.21
63.53
60,63
57.34
54.09
53.90
4fr.78
44.75
4l.A1
38.98
36.26
33.64

-l2.2

39,99
99.99
99,99
99,98
99.98
99,37
99.96
59.9%
99,92
%9.90
9%. 86
99, 82
99.7¢
99,69
59.5%
99,47
99,32
99,12
96.88
98,57
98.20
97.73
97.16
96,47
95.63
94,63
93.4%
92. 06
90,45
B88.61
B&.52
H%.19
8l.63
78,85
75.88
12,15
69.50
68.17
&2.79
59,40
56,03
52.72
49,46
46,30
42,23
40.26
3T.40
34,67
32.06
29,57

~l2.4

99.99
99,99
99.99
99.99
99, 98
99.97
99.96
99.9%
99.93
99,90
99.87
99.81
99. 77
99.70
959,41
99,49
9%.33
99.14%
968.90
98.59
98,21
97+ T4
9T.16
Ghedd
95.61
94.58
93,356
L9
90.2T
88.2¢6
Bb.20
A3. T9
Bl.l3
T8.25
T5.17
T1.94
68,58
65.1%
4l.&8
58.20
54.76
5ta37
48.00
44485
hlaTe
38.7%
35.87
33,13
30.52
28.05
25.TL

LOGH

-12.0

99.99
99.99
99.99
97.98
99,97
99.%6
.95
99.93
99.91
99.98
99.84
99.78
99,71
99.62
99.51
99.36
99.16
98.92
98.62
9B.24
9t.T6
97.18
96.406
95. 59
94,55
93,30
91.83
90.12
88.15
85.91
83.41
80.66
T7.68
T4.50
Tl.16
&T.70
b4.18
40.60
57.03
53.51
50.06
4be69
%3.43
40.28
31.27
34,38
3l.o%
29,03
26.58
24.26
22,12

OXYGEN FUGACITY )

~12.8

99.99
93.99
99.9%
99.98
99.98
99.97
99.96
99.9%
99.%2
99.89
99.85
99.30
99.73
99, b4
99.53
99.38
99.19
98.95
38.45
98.27
971.79
9T.20
95.48
95.60
94.53
93.26
91.75
89,99
BT1.96
45,66
83.08
ap.23
IT.15
73.87
T0.42
66,85
63.21
59.5%
55.90
52.30
40.78
45,36
42.05
ig.ar
35.63
32.9%
30.20
2T.81
25,18
22.91
20.80
16.084

-13.0

99.99
99.99
99.99
99.99
99.98
99.97
99,96
99.94
99,92
99.89
99.86
99,81
99.74
99.856
99.55
99.40
99.22
98.98
98.68
98.30
97.83
97.24
96.51
95.62
94 .54
93.24
91.70
89.89
87,41

85.43

B2.TT7
T9.84
To.b6
T3.27
9. T1
6603
62.29
58.54
54 .80
51.13
47.5%
44.06
40.71
ir.50
34,45
31.55
28.81
26,24
23.84
Zl.61
19.54
iT.64
15.89

-13.2

99,99
99.99
99.99
9%.98
99.97
99.96
99.99%
99.93
99,90
99.87
99,82
99.76
99.68
99.57
99,43
99.25
99.02
98.72
98,35
97.838
97.29
96.55
F5.66
94.56
93.24
Fl.67
89.83
a7.69
85.25
82.51
T3.49
76.21
12.71
69.04
65.26
6l.42
57.56
53.74
49,99
46,34
42,81
19.42
36.148
33.11L
30,21
27.48
24.94
22.57
20.37
18,35
16.50
14,81
L3.26

=13.4%

99.99
99.99
99.98
99.98
99.9T7
99.95
99,93
99.91
93,88
99.683
99,77
99.70
99.59
99 .48
99,28
99.08
98.77
98.40
97.93
97.34
Fh.61
95.7T1
9% .60
93.27
91.67
82.79
87.60
85.10
82.29
79.17
75.80
12.20
EB.42
64,53
60,58
56.63
52.72
48.89
45,18
4l.60
38,147
34,91
3i.823
28.93
25.21
23.69
21.36
19.21
17.24
L15.44
t3.nl
12,34
11.01

-13.6

99.99
99.99
99.98
99.97
29.96
99.9%
99,92
99.89
99.8%
99.79
99.72
99.62
99 .49
99.32
99.10
98.82
F0.45
97.99
9T .41
Q6.68
95.78
bt
93.32
9L.TO
89.79
87.56
85.00
az.1L
TB.91
TS5.44
TL.T3
67.85
63.85
59.80
5%5.75
51,75
%7.8%
4406
4043
36.97
3d.s9
30.5%
2T.79
25.00
22.51
20.21
is.11
16,19
14.45
12.88
1l.47
10.20
9.06

=-13.8

9%.99
99.98
99.97
99.96
99.%5
99.93
9%.90
99,88
9. 81
99.T4
99.64%
99.52
99.36
99.14
B.87
98.51
98,08
T ete?
Gb. Tt
35.88
F4.T5
93.40
FleT6
89.82
87.55
B84.93
81.98
Te.10
75.13
Tl.32
67.23
63.22
59.06
54.91
50.82
46,84
42.99
39.31
35.82
32.51
29.42
26,53
23.88
21.39
19.13
17.08
15.21
13,53
12.01
10.456
F.45
8.37
T.41

=~14.0

99.98
9%.98
99.97
99,95
99.93
99.91
95.87
99.82
99,76
99.67
99.55
9%.39
99.19
98 .92
98.58
B.l%b
9757
96 . 84
95.96
94.86
93.50
91.85
89.89
at.%58
B4.92
81.90
TB.54%
T4.87
70.96
66.86
62.64
58.37
54,12
49.94
45 .88
41.97
38.25
36, TL
3L.40
28.30
25.42
22.77
20.34
18.12
6.1
14.30
12.67
11.21
9.91
8.76
TaTh
5.83
6,03

-14.2

99.98
99.97
99.96
99.9%
99.92
99.88
99. 84
99.78
99.69
99.58
99.43
99.24
98.93
98.65
98,22
97.67
96,96
96.08
94,98
93.62
91.97
89.99
3t.65
8495
al.86
T8.43
T4.68
70.66
646.45
62.12
57.7%
53.39
49,12
44.98
41,01
3t.23
33.567
30.32
2T7.23
24,37
21,74
19.34
17,17
15,20
13.44
11.87
10.47
9,23
8.13
7.16
&.30
5.55
4,89

~l4ad

99.97
99.96
99.%5
99.92
99.89
99.8%
99. 719
99.72
99.61
4T
99.29
99.04
98. T2
98.31
97.77
97.08
W2l
95.12
93.17
92.12
90.13
BT.T7
85.02
81.B%
78,38
T4.54
T0. 62
66.10
&l. 68
5T.17
52.72
§8.25
4%.13
40.09
36,27
32.67
29.32
26,22
23.37
20.T7
18+%1
16,27
[4.26
12.65
11.13
9.78
8.59
T.55
6,62
5.82
5.11
4.4%
3.9%

LOGH
~L4u

99.97
99.95
99.93
99.91
99.87
99.81
99.T%
I9.64%
99.51
9934
95.10
96.80
98.40
97 .58
9r.21
96,35
95.28
93,94
92.30
90.30
87.93
85.15
B8L.97
T8, 3%
Th. a7
70.25
65,82
61.26
54 .68
52.10
41.64%
43,34
39.24
35,36
3L.74
28,37
25.27
22.4%
19.88
17.53
15.44
13.58
11.92
10.453
915
8.01
T.01
6.1%
5.37
4.71
4,12
3.62
3.17

OKYGEN FUGACITY )

-l4.8

99.96
99.94
99.92
99.88
99,83
92« 1T
29,647
99.55
99,39
99%.17
98.87
98449
97.99
97,34
96451
95,45
9%s13
92.50
§0.51
B8.13
85,33
82,10
T8.47
The bt
70.15
65.61
&0, 94
54.22
51.55
%6.99
4261
38. 44
34.51
30.86
2T.48
24,30
2Ll.56
19.01
16.T1
Lé.67
12.85
11.24%
9.82
8,57
Te kB
6.53
3. T0
4.97
&34
3.80
3.32
Z.91
2455

-15.0

99,95
99.93
99. 89
99.45
99,79
992.70
99.59
99. 4%
99,23
98.95
28,59
98.11
9T. 48
96,67
95. 6%
She 35
92.73
90,76
88.37
85.56
B2.30
T8. 460
T4e52
TO. 11
65.47
&60.68
55.85
51.06
4hakl
41l.94
3r.T0
33.T2
30.04
2604
23,54
20, T4
18.21
15.95
Li.94
12.17
10.61
.24
Ba 04
6.99
4. 08
5.29
4.61
€. 01
3.50
3.058
2+67
2.33
2.04

-15,2

%9.93
9%.91
99.87
99.81
99,73
99,463
99.49
99.29
99.03
99.68
$8.23
9T.63
956.85
95.85
94.58
%2.99
91.03
BB.&65
85.84
B2.55
T8.81
T4.65
T0.16
65,40
6050
55,55
50.65
45.89
41.33
3T.02
32.99
29.27
25. 88
22.T6
£9.97
17,47
15.24
13,28
11.5%
10,92
B« TO
Te55
6.54
5.68
4.92
4. 27
3.7
3.23
2.81
2,45
2=14
1.87
La63

-15.4

59,92
94,88
99.83
29. 76
.67
59,53
99.35
9%.11
98.78
98,35
9t.78
97.03
S6.08
94.83
93.27
.34
a8.98
B&,.16
B2.86
19.048
Taa86
T0.28
6542
60.40
55.32
S0.31
4544
40.79
34.40
32,32
28.52
25.14
22.04
19.26
L6.78
L4.59
12,66
10, %6
.49
B.21
T.09
6413
5. 30
4.59
3497
3.44
2.98
2.59
2.25
1.96
1.71
1.49
1.30

-15.8

99.90
99.85
I9.79
59,70
99.58
99.41
99.19
98.88
8. 4T
97.93
97.21
96.28
9%5.09
53,57
9l.s8
89.35
B6. 56
B3.23
T9a02
T5.15%
TO.48
65.52
60,38
55.18
50064
45,06
40.31
35.85
31.712
27.92
2447
21 .37
18.60
l6.14
13.93
12.08
10,43
9.00
T.75
6 .68
5.76
4,56
%.23
3.70
3.9
2.76
2.39
2.08
1.80
L.57
l.36
1.19
1404

-15.8

99.87
99.81
9973
99.62
99 .4T
99.28
98.98
93.59
98.08
.40
651
5.34
93.89
92 .04
89.7%
86.96
Bi.66
79.83
T851
.77
65.70
&0, 45
55«12
49.856
4476
39.91
35.37
3l.17
2T7.33
23.87
20.T6
L17.99
1556
13.42
L1.56
V.94
8.54
Tedb
6430
5.42
4. 05
4.00
3.45
2.97
2456
2,21
1.92
1.66
Le b4
1.25
1.09
0. 95
0.83

TEMP C

690
700
Ti0
720
T30
T40
750
760
770
T80
790
800
B8l0
820
430
E40
850
860
aTa
E8Q
890
[00
910
920
930
940
950
960
970
980
990
1000
lolo
1020
ho3o
1040
1050
10460
1070
1030
1090
l11c0
L1110
1120
1130
t140
1150
1160
1170
1180
1190
1200
1210

6T
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TEMP

1220
1230
L240
12%2
1260
1210
1280
1290
1339
310
1320
1330
1340
13%0
1380
1370
1380
1390
1400
1410
1%20
1430
1440
14%0
1460
1470
1440
1490
1300
1510
1520
1530
1540
1550
1560
1570
1580
1590
1500
1610
162¢C
1630
1440
1650
1660
LsT0
1630
1690
1100
L7LO
LT20
1730
1740

c
~12.0

31,13
28.77
26.52
24439
22.39
2052
LB.77
1T.14
15,63
16.24
12.95
Lle78
10.T0
9.71
8,82
B8.90
7.26
6,58
5.97
S5.42
%.92
4.41
.06
3.69
3,35
3.05
2.78
2,53
2.30
2,10
L.92
L.75
1.60
La%?
La 3%
L.23
1.13
1.03
0.95
0,87
0.80
0.T4
O.68
0.63
0.58
054
0+49
0. 48
[*IY ¥4
0.39
0.35
0.34%
0.3

-12.2

2T.21
24.99
22.90
20. 94
19.11
LT7.42
15.85
14a41
13,08
1i.86
10.75
9.73
B.B]1
T-948
T.22
6.53
5.91
B35
4. 34
.39
3.97
3.60
327
2.97
2,69
2.45
2.2
2.03
1,85
1,68
1.53
lLa%0
1.28
Lel7
1.07
0.98
0.90
0. 82
0.7
a.70
D.64
0.59
U.5%
0.50
008
De 43
0.39
0.36
G.38
0.31
0.29
0.27
025

~12.4

23.52
2l .47
19.56
i7.79
16,15
l4. 45
13.27
L2.00
10.85
9«80
8.65
Te99
Te2l
6.51
5.08
5.31
479
%.33
3.91
3. 54
3.20
2.90
2463
2,38
2elb
1.96
l.78
l.62
1a%8
1.3%
la23
lal2
l1.02
0.9
0.85
0.78
0.72
0.66
0.60
G455
0.51
[ R
D%
0.40
Q.37
0.34
N.31
0.29
0.27
0.2%
Q.23
0.21
0.20

LOGH
~12.6

20.12
1B.26
16.55%
t4.97
13.53
12.21
LL.01
9.92
8,94
8.05
T1.25
by 52
5.87
5,29
4476
%.29
3.87
3.49
3.1%
2.84%
2.5T7
2,33
2.11
1.91
1.73
1.5T
lat2
1.30
1-18
1.07
G.98
c.39
Q.81
D.T%
J58
0.62
0,57
0.52
0.48
B.4%
C.4&1
0,37
Q.24
0.32
0.29
0.27
0.25
G.23
0.21
C.20
c.18
0.17
D.1ls

DXYGEN FUGACITY )

~12.8

17.04
15.38
13.87
12.49
11.23
10.10
.07
8.15
T.32
6.57
5.9%90
5430
4.76
&,28
3.85
3.46
.11
Z2.81
2-53
2.28
2.06
.88
1.68
1.53
l«38
.25
l-14
1.03
D.94%
Q.86
0.78
0,71
0.65
0,59
0.54
Q.50
De b5

C.42 .

0.38
0.35
0.32
0.30
0.27
0.25
0.23
0.21
0.2¢
.18
0.17
0,18
0.15
0,43
f.12

~13.0 -13,2 —-13,6 =13,6 —13,8 =14.0 ~14,2

14.29
12.94
11.53
10.33
9. 26
8.30
T.43
6.565
5«96
5.36
4.78
.28
3.84
3.45
3. 10
2.78
2.%9
2.25
2.03
L. 83
l.6%
le%9
L.35
la22
l.lo
1. 00
0.91
0.82
0.75
Q.68
0.62
0,57
0.52
O.%T
Outd
0.39
0.36
0.33
G.30
0.28
0.26
0a24
0.22
Q.20
D.18
Q.17
0.l6
0, 1%
0.13
Q.12
Q.12
0.11
0. 10

11.89
10.64%
9.51
8.49
T.59
5,77
6405
5.40
%.83
4.32
3.88
3,45
3.09
2,77
2.49
2.23
2,00
L. 80
L.&62
L.46
1.32
L.i9
L.07
G.97
0.88
0,80
C.72
0.66
0.60
Q.54
0.49
L P -]
0a41
G.38
0.34%
Q.31
0.29
0=28
0. 24
Q.22
0. 20
C.1%
D0.17
D.l6
Q.15
Ould
Cel3
Oel2
0.11
0-10
0.09
0.08
0.08

.82
8,15
TeTS
b.9%
618
5.50
4.90
437
3.90
3.48
.11
2.78
248
2.22
1.99
1.79
L.80
l.44
1.30
1.17
1.05
0.95
0.86
0.77
Q.70
0,63
Q.58
0.52
Ca?
0.43
Q.39
0.36
Q.33
0.30
0.27
0.25
0.23
0.21
0. 19
0.18
0.18
0415
O.14
.13
O.t2
0«11
0.10
0.0%
G.08
0. 08
0.07
0.07
0.06

B.G5
7.15
6435
5.64
S.01
.45
3.9%
3.52
I.l4
2.80
249
2423
1.99
lL.78
1.59
1.43
La28
1.15
1.03
0.93
0.84
0.76
0.08
O.62
LT ]
0.51
Da4a
0.42
0.38
Cu3%
0.31
0.29
0.26
0.24%
0.22
0.20
0.18
017
0.15
O.1l4%
0.13
O.12
0.11
0.10
0.09
0.09
0.08
0.07
0.407
0.056
0.06
0.05
Q.05

6.57
5.81
5.15
4.56
4.05
3.59
.19
2.93
2.52
2.2%
2.00
1.78
1.59
1.642
1.27
1.k4
1.02
0492
c.82
O.T4
0.67
Q.60
C.54
0.%9
Qo4
0.40
D.36
0.33
G.30
0.27
0.25
0.23
0.21
0.19
C.17
O.1%
O. 14
0.13
0.k2
0.11
0.10
0.09
0.09
0.08
0.07
.37
0,086
0.06
0.05
0.05
0.05
0.04
0.04

5.33
4.71
4.1
3.468
3.26
2.89
Z2.56
2,21
2.02
L.79
L.60
1.42
1.27
1.13
1.01
0.91
0.81
0.73
0.66
3.5%9
Q.53
0. %8
Uabk3
0.39
0.3%
Q.32
0.29
.26
0.2%
0,22
0.20
O.18
Q.14
0.15
Qal4
0.13
0.8l
Q.11
0.10
0.09
0.08
0.07
0.07
0.06
0.06
0.0%
a.05
Q.05
0.04
D.04
0.0%
0.03
0.02

4. 31
3.80
3.35%
2,96
2.62
2.32
2405
1.32
r.61
le43
1.28
1.14
1.01
0.90
0.81
0.72
0.65
0.58
0.52
Qu4?
0.4&2
0.38
0.34
0.31
0.28
0u25
D.23
0.21
0.19
Oul?
0.l
Ja1%
0.13
0.12
0.l1
0,10
0.09
0.08
0. 08
0.07
0.06
0.06
Q.05
0. 05
0.05
0.0%
0,04
0.0%
0.03
0.03
0.03
003
Q.02

1061

~l4.% -14. 6
34T 2.79
3.05 2,45
2.69 2.16
2.37 1.90
2.10 l.&8
L.B5 1.48
lobé  la3l
1.45 1,18
1.29 1.03
l.l4 0.91
1.02 0.8t
0.91 J.72
0.8l 0.64
D.T2 0.57
J.b4  J.51
0.58 Q.48
0.52 0.%1
O.46 0,37
0.42 0.33
0.37 0.30
D.34 U0.27
0.30 D.24
0.27 .22
0.25 0.20
0.22 .18
0.20 0.le
0.18 015
0.17 2.13
0.15 0.12
Q1% Q.11
0.12 0.10
Q.11 0.09
J-l0 Q.08
Q.09 0.08
0.09 0.0F
J.08 0.6
0.07 Q.06
0.07 0.05
0.06 0.05
0.06 0.04
0.0% 0.04
0.05 0.04
Q.04 0,03
004 0.03
0.06 0.03
0.0 0.03
0.03 0,02
0.03 0.02
3.23 0.02
0.02 0,02
0.02 0.02
0.02 0.02
0.02 0.02

OXYGEN FUGACITY )

~14.8 -15.0 ~-15,2

2.23
.94
1.73
1.52
l.34
1.18
1.05
0.93
0.82
0. 73
0.65
D.58
0.51
0.46
Da.%l
0.37
0.33
G.29
0.26
0.24
D.21
0.19
F.17
Q.16
Dal%
0.11
0.12
.11
0.10
0.39
0.08
0.07
2.27
0.06
0.05
.09
0.05
G.04
Q. 0%
D.04
Q.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
2.02
0.02
Q.01
0.01
0.01

1.79
L.57
1.38
L.21
l.o07
0,94
0,83
0. 74
d.6%
0.58
Q.51
C.bb
0.4l
0.36
0.32
0.29
.26
0.23
0.21
d.19
Q.17
0.15
Qelb
0.12
Q.11
0.10
0.09
C.08
0.08
Q.07
0.06
0. 06
0.as
0.05
C.0%
0. 2%
0.04
0.a3
0.03
0.03
0.03
0.02
0.02
0,02
0.02
0.02
0.02
0.01
0.01
2.01
0.01
0.0l
c.01

[R5
1,25
L-10
0.97
0.85
0.75
O.68
0. 59
0.52
f¢ Y3
D.41
0.308
0.32
0.29
0.20
.23
0.21
d.19
0.17
2.1%
0.13
0.12
0.l
0.10
d.09
0.08
0.07
0.07
0.06
0.05
0,05
0.05
0.4
0.04
0.03
G.03
0.02
0.03
0. G2
0.02
.02
0.02
0.02
0.02
0.01
0.0l
0.01
0.01
0.01
0.01
0.01
0.01
0.01

=15.4 -15.6

Lol
1.00
Q.48
QeI
0.648
0.40
0.53
047
O.41
0.37
0.33
0.29
0.26
0.23
0.21
D.18
Oulb
0.15%
0.13
0.12
0.11
0.10
0.09
0.908
Qa27
0.06
Q.06
¢.05
Q.05
Q.06
0,06
0.0%
0.0%
0.03
0.03
0.03
0.02
0.02
©.07
0.02
0,02
Q.01
0.01
Q.04
9.01
0.01
2.01
0.01
0.01
0.01
0.0l
D.01
0.01

0.91
C.80
0,70
0.61
0.5%
D.48
0.42
0.3T7
D.33
Q.29
0.26
D.23
g.z20
0.18
.16
0.15
0.13
De12
0.11
d.09
0.08
0.08
0.07
0.06
J.06
0.05
Q.05
0.04
0.04
0.33
Q.03
.03
J.23
0.02
0.02
0,02
0.02
J.02
0.02
0.01
7.1
0.01
0.01
0.0l
0.01
0.01
0.01
0.01
2.321
G.0l
0.01
0.0l

-15.9

0.12
0.563
Q.56
D49
0,43
0.38
0.33
0.30
0.26
0.23
0.21
.18
g.16
0.1%
0,13
0.12
0.10
0.09
0.08
0.07
0.07
0.086
0.05
0.0%
D.0%
0.0%
0.04
0.03
0.03
0.03
0.02
0.02
0.32
0.02
Q.02
0.02
0.01
0.31
0.01
0.01
.01
0.01
0.01
0.0t
0.01
0.0L
2.01
0.0l
Q.01

YEmP

1220
1230
1240
12%q
1240
1270
1280
1290
1390
1310
1320
1330
1340
L350
13460
L3710
1380
1390
1400
1810
1&20
1430
1680
14%0
1460
L&T0
1480
1490
1500
1510
1520
1530
1549
1550
1560
1STC
1580
1590
1600
1610
1520
1630
1640
1650
1460
let0
1600
1690
LT00
1710
1720
1730
1740

C

1€
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TEMP

1750
1760
1170
1780
17190
1800
1310
1820
1830
1840
1850
1860
1870
1880
1890
1920
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

530
510
520
530
540
550
560
513
580
590
630
610
620
630
640
650
660
670
680
690

C

-12.0 -12.2
0.29 0.23
V.27 0.21
0.25 0.20
0.23 0.19
0.22 0.17
0.20 0.1
0.19 0.15
0.18 0.l¢
d.16 0,13
0.i% 0.12
0.14 0.1l
0.13 0.1l
0.13 0.10
0.2 0.09
0.i1 0.09
J.10 0.08
0.10 0,08
0.09 0.07
0.09 0.07
0.08 0.06
0.08 0.06
0.07 0.06
0.07 0.05
0.06 0.05
0.06 0.05
0.06 0.04
-16.0 -16.2
99.99

99.99 99.99
99.99 99,99
99.98 99.98
99.98 99,97
99.96 99,96
99.95 99.93
99.92 99.90
99.89 99.86
99.84 99.79

~12.4

0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10
0.10
0.09
0.08
0.08
0.07
0.07
0.07
0.06
0.06
0.05
0.05
3.05
0.05
0.04
0.04
0.04
0.04

~16.4

99.99
99.99
99.98
99.98
99.96
99.94
99.92
99.88
99.82
99.74

LOG( OXYGEN FUGACLITY )

-12.6

0.15
0.14
0.13
0.12
.11
0.10
0,09
0.99
0.08
0.08
0.07
0.07
0.06
0.06
0.06
0.05
0.05
0.05
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03

-16.6

99.99
99.99
99.99
99.98
99.97
99.95
99.93
99.90
99.85
9. 77
99.67

-12.8 -13.0 ~13.2 -13.4

0.12
0-11
0.10
0.09
0.09
0.08
0.08
0.07
0,07
0.06
0.06
0.05
0.05
0.05
0.04
0.0%
0.0
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02

-16.8

99.99
99.99
99.98
99.97
99.96
99.94
99.91
99.87
99.81
99.72
99.59

0.09
0.09
0.08
Q.07
0.07
0.06
0.06
0.06
0.05
0.05
0.05
0.04
0.04
0.04
0.04
Q.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0. 02
0.02
0.02

-17.0

99,99
99.99
99.99
99.98
99.97
99.95
99.93
99.89
99.83
99.76
99. 64
99,48

0.07
0.07
0.06
0.06
0.05
0.05
0.05
0.04
0.04
0.04
0,04
0.03
0.03
0.03
0.03
0.03
0,02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01

-17.2

99.99
99.99
99.98
99.97
99.96
99.94
99.91
99.86
99.79
99.69
99.55
9%.35

0.06
0.05
0,05
0.05
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01

~17.4

99.99
99.99
99.99
99.98
99.97
99.95
99.92
99.88
99.82
99. T4
99.61
99.43
99.18

LOGH

—13.6 -13.8 14,0 -14.2 -14.4 -14.6

0.05
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0,02
0.02
0.02
0.02
0.01
0.01
Q.01
Q.01
0.01
0.01
0.01
0.01
0.01

~17.6

99.99
99.99
99.98
99.97
99.96
99.94
99.90
99.85
99.78
99.67
99.51
99.29
98.97

0.04
0.03
0.0
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.C2
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

-17.8

99.99
99.99
99.99
99.98
99.97
99.95
99.92
99.88
99.81
99.72
99.58
99.38
99.10
98.70

0.03
Q.03
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.0l
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

-18.0

99.99
99.99
99.98
99.97
99.96
99.93
99.90
99.84
99.76
99.65
99.47
99.23
98.87
98.37

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.0l
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.0l
0.01

-18.2

99.99
99.99
99.99
99.98
99.97
99.95
99.92
99.687
99.80
99.70
99.55
99.34
99.03
98,58
97.95

0.02
0.02
0.92
0.01
0,01
0.01
0,01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

-18.4

99.99
99.99
99.98
99.97
99. 96
99.93
99.89
99,84
99.75
99.62
99.44
°9.17
98.77
98.21
97.42

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
Q.01

-18.6

99.99
99.99
99.98
99.97
99.95
99.91
99.87
99.79
99.69
99.53
99.29
98.95
98.46
97.76
96.77

OXYGEN FUGACITY )

-14.8 -15.0 -15.2 -15.4 -15.6 —-15.8

0.01
0.01
0.01
0.01
0.01
0. 01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

-18.8

99.99
99.99
99.98
99.97
99.96
99.93
99.89
99.83
99.74
99.61
99.40
99.11
98.68
98.06
97.18
95.94

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

-19.0

99.99
99.99
99.98
99.97
99.95
99.91

99.86
99.79
99.67
99.50
99.25
98.88
98.34
97.56
96.46
94.91

0.01
0.01
0.01
0.01
0.01
0.01

-19.2

99.99
99.99
99.98
99.97
99.96
99.93
99.89
99.83
99.73
99.59
99.37
99.06
58,59
97.91
96.93
95.55
93.63

0.0l
0.01
0.01

-19.4

99.99
99.99
99.98
99.97
99.95
99.91
99.86
99.78
99.66
99.48
99.21
98.81
98.22
97.37
96.14
94.42
92,04

~19.6

99.99
99.99
99.98
99.97
99.96
99.93
99.89
99.83
99.73
99.58
99.35
99.01
98.50
QT.76
96.69
95.16
93.02
90.08

~19.8

99.99
99.99
99.98
99.97
99.95
99.91
99.86
99.78
99.66
99.47
99.18
98.75
98.11
97.18
95.84
93.93
9.27
87.67

YEMP C

1750
1760
L7170
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690

te
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TemPr C

700
7110
720
730
740
750
160
770
7180
790
800
810
820
830
840
850
860
870
880
890
900
910
. 920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220

-16.0

99.76
99.66
99.53
99.33
99.07
98.71
98.23
97.59
96.75
95.65
94.23
92.42
90.18
87.43
-2 9% 3
80.30
75.95
Tl.14
65.98
60.61
55.16
49.76
44.54
39.59
34,95
30.69
25.81
23,31
20.20
17.44
15.02
12,91
iL.07
.49
8.13
6.96
5.96
5.10
4.37
3.75
3,22
2.77
2.38
2.05
1.77
1.53
1.32
1.15
1.00
0.87
0.76
0.66
0.58

-16.2

99.70
99.58
99.40
99.16
98.83
98,38
97.78
96.98
95.93
94.57
92.83
90.64
87.94
84.68
80.85
T6.47
71.60
66,35
60.86
55.28
49.75
44.41
39.34
34.61
30.27
26.34
22.82
19.69
16.93
14,53
12.44
10.63
9.08
1.75
6.61
5.64
4.82
4.12
3.52
3.01
2.58
2,22
1.91
l.66
lo 4l
1.22
1.06
0.92
0.79
0.69
0.60
0.52
0.46

~16.4

99.63
99.47
99.25
98.95
98.53
97.97
97.22
96.23
94.93
93.25
91.13
88.48
85.27
8l.46
77.06
72.15
66.82
61,22
55.50
49.84
44,36
39.17
34.34
29.93
25.94
22.38
19.23
16.48
14.08
12.01
10.23
8.70
T.40
6429
5.35
456
3.88
3.31
2.83
2.41
2.07
L.77
1.52
1.31
1.13
0.97
C.84
%.73
0.63
0.55
0.48
0.42
0.36

LOGH
-16.6

99.53
99.33
99.05
98.67
98.16
97.46
96.52
95.29
93.68
91.63
89.06
85.90
82.13
17.74
12.79
67.38
6l.67
55.83
50.02
44440
39.08
34.15
29.64
25.60
22.00
18.83
16.07
13.68
11.62
9.86
8.36
7.08
6.00
5.09
4.32
3.67
3.12
2.65
2.26
1.93
1.65
l.42
1.21
1.04
0.90
0.78
0.67
0.58
0.50
0.44
0.38
0.33
0.29

OXYGEN FUGACITY )

-16.8

99.41
99.16
98,81
98.313
97.69
96. 81
95.65
94,13
92.16
89.67
86.58
82,886
18.49
73.51
68.05
62.24
56.26
50.31
44,54
39.08
34,03
29.43
25.32
21.67
18,48
15.70
13,32
11.27
9.53
8.05
6.80
5.T4
4.85
4.10
3. 47
2.94
250
2.12
1.81
1.54
1.32
1.13
0.97
0.83
0.72
0.62
0.53
0.46
0.40
0.35
0.30
0.26
0.23

-17.0

99.26
98.94
98.51
97.91
97.10
96.01
94.57
92.70
S0.30
87.30
83.64
79.31
T4.33
68.81
62.91
56.80
50.70
44,77
39.17
34,00
29.30
25.10
21,40
18.18
15.39
12.99
10.96
9.23
7.76
6.53
5.50
4.63
3.91
3.30
2.79
236
2.00
1.70
1.44
1.23
1.05
0.90
0.77
0.66
0.57
0.49
0.42
0.37
0.32
0.28
0.24
0.21
0.18

-17.2

$9.07
98.67
98.12
97.38
96.36
95.01
93.24
90.95
88.05
84.48
80.20
75.24
69.68
63.69
57.46
51.21
45.12
39.36
34.05
29.24
24.95
21.19
17.92
15.11
12.71
10.68
8.96
7.51
6.30
5.28
4.44
3.73
3.14
2.64
2.23
1.89
1.60
1.36
1.15
0.98
0.84
0.72
0.61
0.53
0.45
0.39
0.34
0.29
0.25
0.22
0.19
0.17
0.15

~1T.4

98.82
98.33
97.64
96.7T1
95.45
93.78
91.60
88.82
85.35
8l.15
76.22
70.65
64.59
58.24
51.83
45.58
39.65
34.19
29.25
24,87
21.04
17.72
14.88
12.47
10.43
8.72
T7.29
6.09
5.09
4,26
3.57
2.99
2.51
2.11
1.78
1.51
1.27
1.08
0.92
0.78
0.67
0,57
0.49
0.42
0.36
0.31
0.27
0.23
0.20
0.17
0.15
0.13
0.12

-17.6

98.52
97.90
97.04
95.88
94.32
92.26
89.61
86.26
82.16
77.29
Tl.73
65.61
59.15
52.58
46.15
40.05
34,42
29435
24.86
20.94
17.57
14.70
12.27
10,22
8.51
T.08
5.90
4.91
4.10
3.42
2.86
2.39
2,01
1.69
l.42
l.20
1.01
0.86
0.73
0.62
0.53
0.45
0.39
0.33
0.29
0.25
0.21
0.18
0.16
O.l4
0.12
0.11
0.09

~17.8

9B.14
97.36
9%.29
94.85
92.92
90.40
87.19
83.21
78.43
72.89
66.74
60.18
53.46
46.85
40.56
34.76
29.53
24.92
20.91
17.48
14.56
12.10
10.04
8.33
6.91
5.73
4.76
3.95
3.29
2.74
2.29
1.91
1.60
1.35
1.13
0.96
0.81
0.68
0.58
0.49
0.42
0.36
0.31
0.26
0.23
0.20
0.17
0.15
0.13
0.11
0.10
0.08
0.07

-18.0

97.67
96.69
95.36
93.57
91.20
88.14
84.30
79.63
74.15
67.98
61.33
54.47
47.68
4l1.19
35.20
29.81
25.06
20.94
17.43
14.46
11.97
9.90
8.18
6.75
5.58
4.62
3.82
3.17
2.63
2.19
1.83
153
1.28
1.07
0.90
0.76
Q.64
0.54
0.456
0.39
0.33
0.29
0.24
0.21
0.18
0.16
0.13
0.12
0.10
0.09
0.08
0.07
0.06

-18.2

97.07
95.85
94.20
91.99
89.10
85.42
80.88
75. 49
69.34
62.63
55.63
48.65
41.95
35.76
30.18
25.28
21.04
17.446
le. 41
11.88
9.78
8.05
6.62
5.45
4.49
3.71
3.06
2.54
2.10
1.75
l.46
1.22
1.02
0. 85
0.72
0.60
0.51
0.43
0.37
0.31
0.27
0.23
0.19
0.17
0.14
0.12
0.11
0.09
0.08
0.07
0.06
0.05
0.05

-18.4

96.32
94.81
92.76
90.05
86.56
82.18
76.91
70.80
64.05
56.93
49,76
42.85
36.43
30.65
25,58
2121
17.51
14.41
11.83
9.70
7.95
6.51
5.34
4.39
3.61
2.97
2.4%
2.03
1.68
1.39
1.16
0.97
0.81
0.68
0.57
0.48
0.41
0.34
0.29
0.25
0.21
0.18
0.15
0.13
O.11
0.10
0.08
0.07
0.06
0.05
0.05
0.04
0.04

LOGH
-18.6

95.39
93.51
90.99
87.70
83,51
78.38
72.36
65.59
58.37
51.03
43.89
37.24
3l.24
25.97
2L1.45
17.63
14.45
11.81
9.64
7.87
6.43
5.25
4.29
3.52
2.89
2437
1.95
1.61
1.34
1.11
0.92
0.77
0.64
0.54
0.45
0.38
0.32
0.27
0.23
0.20
0.17
0.14
0.12
0.10
0.09
0.08
0,07
0.06
0.05
0.04
0.04
0.03
0.03

OXYGEN FUGACITY )

-18.8

94.23
91.91
88.83
84.86
79.91
T74.00
67.27
59.97
52.45
45.09
38.18
3le94
26,46
21. 77
17.82
l4.54
k1.83
9.62
7.82
6.36
5.17
4021
3.4%
2.81
2.30
1.89
l.56
1.28
1.06
0.88
0.73
0.61
0.51
0.43
0.36
0.30
J.25
0.22
0.18
O.l6
0.13
0.l1
0.10
0.08
0.07
0.06
0,05
0.95
0.04
0.03
0.03
0.03
0. 02

~19.0

92.719
89.94
86.20
8l.47
15.72
69.05
6l.71
S4.04
46.45
39.28
32.17
27.06
22,17
18.07
l4.68
11.90
9.63
T.79
6.31
5.11
4.15
3.37
2.75
2424
1.84
1.51
1.24
1.02
0.84
0. 70
0.58
0.48
0.40
0.34
0.28
0.2%
9,20
0.17
0.14
0.12
0.10
0.09
0.08
0.07
0.06
0.05
0,04
0.04
0.03
0.03
0.02
0.02
0.92

-19.2

91.01
87.53
83.04
17.49
70.94
63.59
55.80
47.98
«0.53
33.74
27.7117
22.67
18.40
14,87
12.00
9.67
T.79
6.28
5.07
4.10
3.32
2.69
2.19
1.78
1.46
1.20
0.98
0.81
0.67
0.55
0.46
0.38
0.32
0,27
0.22
0.19
Q.16
0.13
0.11
0.10
0.08
0.07
0.06
0.05
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.02
0.01

-19.4

88.83
84.61
79.30
72.91
65.60
57.72
49.69
41.96
34,36
28.60
23.26
18.79
15.13
12.15
9,74
T.82
6,27
5.4
4.06
3.27
2.64
2.14
1.74
le42
l1.16
0.95
0.78
0.64
0.53
0.44
0.36
0.30
0.25
0.21
0.18
0.15
0.13
0.11
0.09
0.08
0.07
0.26
0. 05
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.0l

-19.6

86.16
81.13
74.95
6T.74
59.81
51 .59
43.57
36.15
29.58
23.96
19.27
15.44
12.34
9,85
T.86
6.28
5.03
4.03
3.2¢
2.60
2.10
1.70
1.38
lel2
0,92
0.7%
0.62
0.51
0.42
0.35
0.29
0.24
0.20
0.17
0.14
0.12
0.10
0.08
0.07
0.06
0.05
0.04
0.06¢
0.03
J.J3
0.02
0.02
0.02
0.02
J.01
0.01
0.01
Q.01

-19.8

82.96
77.04
69,98
62.05
53.68
45.38
37.62
30.70
24,77
19.84
15.82
12.58
9.99
7.94
6.31
5.03
4.01
3.21
2.57
2.07
1.67
1.35
1.09
0.89
0.72
0.59
0.49
0.40
0.33
0.27
0.23
0.19
2.16
0.13
0.11
0.09
0.08
0.07
0.06
0.05
0.%4
2.03
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01

TEMP

700
710
720
730
740
750
760
710
780
790
800
810
820
830
840
850
860
870
880
890
920
910
920
930
940
950
960
9710
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1160
1150
1160
1170
1180
1190
1200
1210
1220

4

GE
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TENMP

1250
1240
1252
1260
1270
1280
1290
1300
13190
L32a
1330
1340
L350
l3sa
1379
1380
1390
1400
1410
1420
1430
1440
1450
1450
1470
1480
1496
1330
15Le
1520
15390
1540
1550
13560
1570
1582
1590
Ls00
Lal?2
1620
1630
1640
1859
Lo ]
L&T0
L&640

C

LOGH

OXYGEN FUGACITY )

=168.0 =16.2 =1b.% ~16.6 =16.8 =17.0 =1T.2 =1T.% =17T.4

0.50
Deidh
0.39
0.36
v.30
027
Jo24
0.21
Q.18
Q.16
015
Q.13
G.l2
.10
0.09
0.08
0.07
0.07
¢.06
J.05
0.05
0.04
P 0%
0.04
0.03
0.03
0.03
0.02
0.02
0.02
Q.02
0.02
Q.02
a.01
0.01
2.01
0.01
0.01
0.01
0.01
.01
0.0t
0.01
J.01
G.01

0.40
Q.35
0.31
g.27
Q.24
0.21
0,19
0.7
0.15
0.13
Q.12
0.10
0.09
0.08
0.07
0,07
0.06
0.08
.05
Q.04
Q.04
0.03
Q.03
0.03
0.03
0.02
C.02
0.02
0.02
.02
0.01
G.0L
0. 01
0.0l
Q.01
c.al
c.0l
c.at
0,01
0.01
a.0l1
Q.01
0.31

Q.22
0.28
0.2%
Q.22
Q.19
0.17
3.15
0.13
0.12
g.10
0.09
0.08
0.07
0.07
9.08
Q.05
0.05
0.04
0.0%
3.03
0.03
0.03
2.22
0.02
Q.02
2.02
.02
J.02
0.01
a.01
0.1
0.01
3.21
0,01
0.01
0.01
0.01
0.41
0.01
0.01

0.25
0.22
0.20
0.l7
0.145
0.13
d.12
0.10
D.09
0.08
D.07
1.0§
0.06
0.05
0.0%
D0.04
0.048
0.03
0.03
2.03
Q.02
0.02
J.02
D.02
0.02
0.Ql
0.01
Q.31
0.01L
0.01
.01
0.01
0.0l
0.01
0.01
J.71
0.01

0.20
d.18
0.16
Ouldb
0.12
0.ll
0.09
0.08
G.07
g.07
Qe
Q.05
.05
0.04%
D.04
0.023
0.03
J.01
0-02
D.02
0.02
0.02
0.02
0,01
Q.01
0,01
0.01
Q.01
0.01
001
0.01
7-01
0.01
001
0.0L

0.l8
Ol
0.12
Q.11
0.10
o.08
0.07
0.07
0D.06
0.05
Q.05
0.04
0.04
0.03
0.03
0.03
Q.32
0,02
Q.02
Q.32
0.02
0.01
Q.01
0.0l
0.01
0,01
0.01
0.01
0.01
0.01
0.01
0.01

Q.13
C.11
0.10
0.09
0.08
0.07
0.06
0.05
D.09
0.04%
0.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0,01
0.01
0.01
0.01

0.10
0.09
0.08
Q.07
0.06
0.05
0.05
0.04
C.04
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
G.01
0.01
0.Q1
0.01
0.01
.01
0.1
0.1

0.08
0.07
D.06
0.03
0.05
0.0%
0.0%
0.03
0.33
Q.03
0.02
Q.02
a,02
0.02
0.01
0.01
0,01
0.01
d.0t
0.01
0.401
0.01
0.01
0.01
0.01

LOGL

OXYGEN

FUGACITY )

=178 =18,0 =18.2 ~18.4% ~18.6 ~18.8 ~19.0 -19.2

G.08
D.08
6.05
Qul%
O.0%
0.03
0.03
0.03
D.02
0.02
0.02
0.02
0.0l
0.01
Q.01
0.01
n.31
0.01
g.01
001
0.01
0.01

0,05
0.04%
Q.04
Q.03
0.03
0.03
Q.02
0.02
0.02
0,02
0.01
0.01
0.0t
0.01
0. 1
0.01
0.01
0.01
0.0l
0.01

0. 0%
0.04
0.03
G.03
0+ 02
0.92
Q.02
0.02
0.01
0. 01
0,01
Q. 0L
0,01
0.01L
Q.01
0.01
0.01
0.01

0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.0l
0.01
0.01
0.01
Q.01
0,01

0.03
g.02
Q.02
0.02
C.02
0.01
0.01
0.01
Q.01
Q.01
Q.01
0.01
0.01
0.01

0.02
0,02
0.02
d.0l
0.01
0.01
Q.01
0.01
g.0L
0.01
Q.01
0.01

0.02
a.4al1
0.01
d.01
0.0L
Q.4a1
0.0l
0.01
Q.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01
3.01
0.01

=19.4 -19.6 -19.8

0.01
0,0t
0.01
0.01
0.01
d.01

0.0L
0.01
001
0.0t

0.0L
0.0L

TEWP C

1230
1240
k250
L260
1270
1280
L1290
1300
1310
1320
1330
1340
13350
1360
1370
1380
1390
L400G
1410
1429
1430
1440
1450
L4560
L4T0
1480
1490
1500
L1510
1320
1530
1540
1550
1540
1570
1580
15%0
1600
1610
1520
14630
1640
1650
1660
1470
1680

43
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TEMr C

$00
510
520
£30
540
550
540
5710
580
590
600
610
620
630
640
650
860
67D
&B0O
690
700
710
120
T30
740
750
160
T70
780
790
200
aLo
820
830
840
&50
860
aro
830
890
900
%10
920
930
K40
950
960
970
80
990
1000
10L0
1020

-23.0

9.99
99.99
99.98
99,96
99.93
99.89
99.83
99.73
99.57
99.33
8.97
58.43
97.62
96.43
TheT7

-20.2

99. 99
99.99
99.%98
39.97
99.95
99.92
99,86
99.78
993. 65
99. %6
99.14
98.70
98.02
9T« 0L
95.54
Bhabhh

92.39 '80.49

49,12
84.75
19ele
TZa.31
oo bd
55.96
47.40
19.28
31.98
25.71
20.50
16,26
12,87
10.17
B.0%
6.36
5.04
4.01
3.19
2435
2.04
L.6é
1.32
1.06
0.8&
0. 70
0.57
0.47
0.38
G.31
G.26
Q.21
0.18
0.15
0.12

8H.49
al.24
14.68
66.96
58.43
49,63
41.15
33.~s
26.80
21.27
16.79
13.21
10.39
8.17
b.%3
5.07
4.01
3. 18
2.53
2.01
1.61
1.29
1.0%
0. 84
O.68
0. 55
O %5
0.37
0.0
0.25
0.20
0.17
O.14
0.12
2,10

—-20.%

99,99
99.99
99.98
99.96
99.94
99.99
99.83
99.13
99,58
99.32
98.9%
98.36
97.50
96.23

LGl
-20.&

99.99
99. 99
99.98
99.917
99.95
99,92
$9.87
99.719
99.58
99.4%
99,14
928.66
97.93
96.85
95.26

94,39 92,95

9l.78
Ba, 15
83.29
71.0%
69.58
61.07
%2.09
%3.25
35.13
28405
22.1&
1L7.39
13.51
10.64
8,32
6.52
Sel2
4.03
3.10
2.51
1.99
1.59
1.27
1.02
0.82
0.66
0.53
Q.43
0.35
0.2%9
0.24
0.1l%9
[+ 1 ¢
0.13
0.11
0.09
.08

89.72
85.28
T9.48
12,27
63.87
S4.Th
45 .60
ir.02
29.49
23.18
18.09
14.07
10.94
8.51
6.63
5.17
4,03
3.18
2.50
1.98
L.57
1.25
0.99
0.80
0.6%
0.52
0,42
0.34
0.28
0.22
0.18
O.15
0.12
0.10
0.09
0.07
0.06

QXYGEN FUGACITY )

~-20.8

99.99
99.99
99,98
99.96
99. 94
99.90
99.83
99. 713
99,57
99.31
98.9¢
98.31
97. 39
96,03
24.04
91,17
87.18
3l.82
T4.99
66,79
5T.64
48,19
37.18
31.12
24436
18.90
14.61
tl.28
8. 72
6. 75
5.24
%.08
3. 19
2.50
L.96
1.55
1,23
0.97
0,78
D.62
0.50
O.%0
0.32
0.25
0,21
0.17
0,14
D.12
D.10
0. 08
0.07
0,06
0.05

=-21.0

99.99
99.98
99.27
99.95
99.92
99,87
99.79
9. 66
99.45
99.13
98.463
97.87
946,71
95%.00
92,51
88.95
84.08
T17.69
69,30
&Q0.71
51.05
41.57
32.99
25,70
19.82
15,22
11.67
8.97
6,90
5.33
4,13
3.21
2.50
1.96
La5%
1.21
Q.96
0.74
0.61
Q.48
0.139
0.31
Q.25
0.20
0. L7
0.14
0.11
0.09
0.08
0. 06
0,05
0.04
Q, 04

-Zl.2

99.99
99.98
99.97
99.94
99.90
99.84
99,74
99,57
99.31
98.%0
98.27
9T.31
95.86
931.71
90.40
B6.23
40,35
T2 .66
53.95
54.15
427
35.11
2Ta24
20.88
15.91
12.12
Tl
T.07
343
4.18
3.23
250
1a9%
lo52
l.20
[ -1
0.74%
0.59
Qb7
0.38
0.30
0.24
0.20
0.186
0.13
Guli
0.09
0.07
0.06
0. 05
T O4
0.03
0.03

=2Ll.%

99.99
99,98
99.9&
99.93
99.88
99.480
99.567
9946
99.13
IB.H1
9T.82
96.60
9%4.78
92.09
68.23
82.90
75.90
67.30
57.5%0
47.26
3T.52
29.01
22.08
16:.70
12.62
9.35
Ta2b
5.54
ba2%
3.28
2.51
1.95
1.51
1.18
0.93
0.73
0.58
D46
0.36
0.29
0.23
Q.19
0.15
0.12
Q.10
0.08
0,07
0.05
0.04%
0.04
0.03
0.03
0.02

=2l.6

99.948
99.97
99.95
99.91
99.85
99.75
99.58
99.32
98,90
9825
97.25
95.71
93 .42
90.04&
85.31
78.89
70.71
51 .05
50.57
40.25
3b.06
23.47
1T.60
13.18
9.90
Tate?
5.66
4.3
3.29
2.53
1.95
1.51
1.17
0.91
0.T1
0.56
0.4%
035
0.28
0.22
0.18
O.l4%
0.12
0.09
0.08
Q.08
0.05
0.04
0.03
0.03
Q.02
0.02
0.02

~21.8

99.98
99.946
$9.93
99,89
99.481
99.68
99.47
3.14%
94,61
7.7
Y, 57
94.59
.71
87.5%
Al.75
T4.12
64.75
54.17
43.34%
33.37
25,07
18.563
13.82
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Uncertainties in the calculated values cannot be evaluated directly
because uncertainties for thermodynamic quantities are not presented in
the JANAF (1971) tables. However, 20 errors are quoted by Robie and

Waldbaum (1968) for AG°_ at 298 K as + 30, 40, 20 and 90 cal for CO,

f

COZ’ H20, and CH4

uncertainty (20) in AG°reac for reactions (1), (2) and (3), uncertainties

respectively. Taking 100 calories as an average

in f0 were calculated indirectly by examining the error in ZCOZ.
2

Evaluation of all permutations of an 100 calorie error among reactions

(1), (2), and (3) shows that final f, will be in error by less than 0.1

0,

log atm unit if H2—CO2 mixing is restricted from 99.5 to 0.50 volume
percent COZ'
Figure 2 summarizes the differences between the approximate values

for volume percent C0, obtained using the equations of Dienes et al.

2
(1974) and the values obtained by the present study. The contour lines

represent vol. 7 CO2 (present study) ~ vol. 7 CO2 (Dienes et al., 1974);
the stipled area represents conditions yielding graphité precipitation,.
Two observations quickly appear: first, both methods of calculation
yeild identical results over the majority of the range considered;
second, at the lower temperatures and oxygen fugacities where methane is
most stable, the discrepancy between the two methods becomes significant.

For example, at log f0 = -23.0, T = 650°C, the approximate equations
2

yeild 36.40 vol % CO, while the correct formulation yields 29.45 vol %

2

COZ' The difference between the values is significantly greater than

the error introduced (20 = 2.3 vol. % COZ) by the uncertainties in the
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FIGURE 2
Initial volume %CO2 (present study) - initial volume ZCO2
Dienes et al., 1974). Discrepancies become significant (>1%)
only at reducing conditions. Much of the area contoured at ~10

or less was stated by Dienes et al., (1974) to be outside the

range of their equations' accuracy.
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thermodynamic data.
In addition to methane several other C-0-H gases, which are stable
under reducing conditions, were investigated as possibly being present
in significant quantities at equilibrium. Specifically, formaldehyde
(CHZO), ethylene (C2H4), ethylene oxide (CZH4O) and ethane (CZH6) were
considered. However, calculations using available thermochemical data,
mainly JANAF (1971), show all these gases to be present at levels less
than 0.1 ppm for equilibrium over broad ranges of temperatures and
oxygen fugacities. This may be compared with methane, which barely
begins to affect the calculations at the 100 ppm level. Thus there
appears to be justification in considering the system to be limited to
0, CO, CO

the species HZ’ H 02 and CH

2 2? 4"
It should be pointed out that the practical use of these tables may

be limited by experimental considerations. Huebner (1975) has reported

difficulty in attaining equilibrium in HZ—CO2 gas mixtures at temperatures

below 1000°C and has also commented on the effects of flow rate and hot

spot versus sample position on f0 values achieved at equilibrium.
2

Furthermore, error in oxygen fugacity can be introduced because of

errors in the mixing of the gases. The effect on the equilibrium oxygen

fugacity of a 1% error (absolute ) in the volume of CO2 can be determined
from Figure 3. The contours indicate the amount of error in f02 (in

log atm units) and bound a broad, central region over which the effect

of the mixing error will be small (< 0.1 log atm units). Restriction of

experiments to conditions represented by this central region will mini-

mize uncertainties in f0 .
2
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FIGURE 3

Contoured error in log (f0 ) assuming a 1% error (absolute) in
: 2
the volume of CO2 mixed with HZ' Error introduced due to uncer-

tainties in the thermodynamic data base have not been included.
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INTRODUCTION

Although coexisting zoisite and clinozoisite have been known for
many years (Rodgers, 1924; Orlov, 1925), little attention has been
given to the assemblége. Only a handful of workers (Myer, 1966; Acker-
mand and Raase, 1973; Raith, 1976) have even studied the association in
detail. In addition, the relationship of such coexisting pairs to the
polymorphism between zoisite and clinozoisite has not been clearly
determined. Attempts by Strens (1965) and Holdaway (1972) to system-
atize such phase relationships using P - T - X schematics present con-
tradictions to available field data. To date the literature contains
no reversed, experimental studies of either the zoisite-clinozoisite
transition or coexisting zoisite-clinozoisite pairs.

A detailed investigation of this transition will contribute to
our understanding of phase relations of the epidote group. This major
group of rock-forming silicates has received surprisingly little atten-
tion from petrologists and mineralogists. In addition it will help
delineate the petrogenesis of rocks containing zoisite-clinozoisite
pairs. Holdaway (1972) suggested that coexisting zoisite and clinozo-
isite might prove to be a useful geothermometer, an idea that is sub-
stantiated by this investigation. The present study represents an
effort to summarize available field observations and to outline equili-
brium phase relations for the zoisite-clinozoisite transition.

Zoisite and clinozoisite can be described approximately by the

VII or VIII Vi

Vi
formula Ca2 A13_x Mx [31207][8104]0(0H), where M is usually
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Fe3+ and less commonly Mn3+. The iron-bearing menbers of the epidote
group are the only ones to be considered in this study. Substitution
of Fe3+ ranges from x = 0.0 to 0.6 for zoisite and x = 0.0 to 0.33 for
clinozoisite (for x > 0.33 the monoclinic phase is an epidote3). These
minerals are characteristic of low- to medium—grade metamorphic rocks
(greenschist to amphibolite facies) and are most commonly found in calc-~
silicates but also occur in some mica schists and metabasites (Winkler,
1976; Deer et al., 1962). The optical similarities of the two min-
erals, especially at low iron concentrations, make their distinction
difficult, hence the terms are often used interchangeably by petro-
graphers (e.g. Winkler, 1976, p. 70 ff.). TField observations suggest
that low-Fe clinozoisite tends to be found in lower grade rocks (green-
schist and albite-epidote amphibolite facies) while low-Fe zoisite is
more common in higher grades (albite-epidote amphibolite and amphibolite
facies) (Harpum, 1954; Strens, 1963; Ackermand and Raase, 1973). How-
ever, it is clear that high iron contents usuallf favor a true epidote
over either zoisite or clinozoisite.

Structurally, both zolsite and clinozoisite are based on infinite

chains of edge-sharing octahedra (Dollase, 1968). These chains, which

3 The distinction between clinozoisite and epidote is arbitrarily

placed at the change in optic sign from B+ to B . HOrmann and Raith
(1971) showed that this change occurs at approximately 5.6 weight
percent Fe203, or at 117 of the hypothetical pistacite molecule

(CazFe Si_0..(OH)); Ps 11 = Ca,Al $i,0,,(0H). The monoclinic

3513095 281y 67720.33513012
solid solution extends to approximately Ps 46 (Strens, 1963).
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parallel the Y crystallographic axis, are linked by [8104]4- and
[81207]6- groups into sheets paralleling (100). These sheets are join~
ed together by seven- or eight-coordinated calcium and [81207]6- tetra=-
hedral groups. The structures are distinguished by the type of edge~-
sharing octahedral chains. Clinozoisite has 2 distinct chains, one
without branching octahedra and one with branching octahedra on either
side (cf. the topologically identical chain in olivine). Zoisite has
only one type of octahedral chain which has branching octahedra on one
side only. Studies of both zoisite (Ghose and Tsang, 1971) and clino-
zoisite (Dollase, 1973) have shown that all Fe3+ substitutes into

the octahedral M3 (or Al3) site, which is the octahedron branching from
the edge~sharing octahedral chain. This is not true of high-iron epi-
dotes where Fe3+ occupies both the Ml and M3 sites (Dollase, 1973).
Dollase (1968) has also noted that the limited compositional range of
zoisite as compared to the clinozoisite—epidote series is probably re-
lated to the structural distortions introduced into a zoisite-type

3+

-]
structure by substituting larger Fe3+ ions (r = 0.645 A) for Al (r =

[-]
0.530 A) in the M3 octahedral site.



FIELD EVIDENCE RELATED TO THE ZOISITE-CLINOZOISITE TRANSITION

A first step in understanding the zoisite-clinozoisite transition 1is
the determination of the limits of Fe3+ solubility in the two phases.
Compositional ranges for both the orthorhombic (zoisite) and monoclinic
(clinozoisite-epidote) members of the epidote group have been studied
by Eitel (1919) and Kepezhinskas and Khlestov (1967) (see figures 4a and
4b respectively). On the basis of 53 zoisite and 120 clinozoisite-
epidote analyses, Eitel found (1) that iron content is important but not
decisive in determining whether the phase will be orthorhombic or mono-
clinic and (2) that the marked region of compositional overlap strongly
suggested a polymorphic relation between zoisite and clinozoisite. The
results of Kepezhinskas and Khlestov (1967) are based on compositions of
470 zoisites, epidotes and allanites (orthites). Their results, although
based on an independent data set, are strikingly similar to Eitel's. Both
studies show zoisite compositions almost reaching Ps 20,
ca2A12.4FeO.6513012(0H)' This is considerably higher than generally
realized (Deer et al., (1962) quote Ps 10 as a practical limit). Again, the
same conclusion as to the existence of a zoisite-clinozoisite (or zoisite-
epidote) polymorphic relationship is reached.

The existence of a polymorphic relation between zoisite and either

clinozoisite or epidote senso stricto should be evidenced by naturally

occurring pairs. Such assemblages have been reported, with varying
degrees of reliability, by Weinschenk (1903), Rodgers (1924), Orlov (1925),

Foye (1926), Harpum (1954), Hall (1959), Hansen (ms), Banno (1964),

54
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FIGURE 4
Frequency of occurrence versus composition for orthorhombic
(zoisite) and monoclinic (clinozoisite-epidote) epidote group
minerals. (a) From Eitel (1919). (b) Modified after Kepezhinskas

and Khlestov (1967).
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Strens (1965), Myer (1966), Ackermand and Raase (1973), Hietanen (1974)
and Raith (1976). Diverse opinions have been expressed concerning the
significance of these assemblages. Harpum (1954), arguing from field
observations in Tanganyika, feels that the various members of the epidote
group lack overlapping stability fields and therefore such pairs are
nonequilibrium assemblages. Myer (1966), Ackermand and Raase (1973)
and Raith (1976) describe coexisting zoisite-clinozoisite (or epidote)
assemblages that they assert are definitely in equilibrium. Strens
(1965) states that zoisite can coexist with epidote but not with clino-
zoisite, and he cites evidence of apparently nonequilibrium zoisite over-
growths on clinozoisite.

Examination of the possible phase relations for the transition and
a comparison with the naturally occurring zoisite-clinozoisite pairs
 are useful for resolving the various proposed relations. Based on Eitel's
(1919) data, Ehlers (1953) hypothesized that the zoisite-clinozoisite
relationship has the form of a transition loop, typical for recomstruc-
tive transformations in minerals exhibiting solid solution. This is
illustrated in figure 5b where zoisite is arbitrarily shown as the high
temperature phase. Figure 5a shows the same transition drawn to repre~
sent a simple polymorphic transformation between monoclinic and orthorhom-
bic phases. It is clear that the presence or absence of a regular
compositional gap between coexisting zoisite-clinozoisite pairs can
differentiate between these two possibilities. Although only four well-
documented studies of stably coexisting zoisite-clinozoisite (or epi-

dote) assemblages could be found (Table V), they are in agreement with
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FIGURE 5
Two possible forms of the zoisite-clinozoisite transition. (a)
Simple polymorphic transformation. (b) Solid solution transition
loop. Zoisite has arbitrarily been drawn as the high temperature

phase.
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TABLE V

WELL DOCUMENTED EXAMPLES OF COEXISTING ZOISITE AND CLINOZQISITE (OR EPIDOTE)

Author

Strens (1965)

Myer (1966)

Ackermand and

Raase (1973)

Raith (1976)

Description

Epidote-zoisite-almandine-chlorite rock {(quartz
free) from Mendocino County, California, Well

crystallized epidote occurs between blades of

zoisite. Thin section examination revealed ne

sipgns of disequilibrium,

Layered calc-silicates from Trollheimen, Norway
show apparently stable epidote-ferrian zoisite
assemblage. Metameorphism to lower amphibolite

facies.

Clinozoisite- and zoisite-bearing biotite
schists (lower amphibolite facies) from the
Tauern Window, Austria. Zoisite and clino-
zoisite grains are in contact; textures
suggest equilibrium growth of both. Maximum
T estimated at from 550°C to 600°C.

Progressively metamorphosed basic volcanics
from Tauern Window, Austria contain zoisite-
epldote assemblages in greenschists (upper
greenschist facies), garnet amphibolites and
eclogites. No mention is made of grain
contact. P, T estimates are 5kb minimum at
420° to S560°C.

Microprobe analysis yielded
zolsite of Ps 2.6 and epidote
of Ps 16.8. Grains are said
to be homogeneous.

Optical and x-ray examination

indicate an epidote of Ps 12.

Zoisite is referred to only as
being ferrian (i.e. o -zoisite
of old notation}.

Microprobe analyses at boun-
daries of touching grains give:

Zoisite Clinozoisite
Ps 4.1 Ps 10.4
Ps 3.2 Ps 8.6

Optical examination indicates
epidotes have fairly constant
composition (Ps 8) while zoi-
sites change from Ps 1 to Ps 6
with increasing metamorphic
grade.

09
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the existence of a compositional gap between the phases, with the mono-
clinic phase always having the higher iron content. Field evidence

also indicates that the zoisite in such pairs increases in iron content
with increasing metamorphic grade (Raith, 1976). The change in the
clinozoisite (or epidote) compoéition with metamorphic grade is not well
understood at this time. Raith (1976) describes a constant iron content
while Ackermand and Raase (1973) describe pairs where iron content
increases with rising iron content in the zoisite. Strens' (1965) pair
seems anomalous. Myer (1966), besides noting coexisting zoisite-epidote
in the Trollheimen, Norway calc-silicates, points out that other rocks
in the area demonstrate the role of bulk composition in controlling
whether zoisite (low-iron bulk composition), epidote (high-iron bulk
compositions) or a zoisite-epidote pair will crystallize.

The sum of the evidence from natural occurrences leads to the
following conclusions:

1. Coexisting zoisite-clinozoisite (or zoisite-epidote) pairs display
a compositional gap consistent with the observation that transformations
in minerals exhibiting solid solution are of the transition loop type
(Ehlers, 1953).

2. At pressure, temperature and oxygen fugacity conditions consis-
tent with stable zoisite-clinozoisite pairs, increasing iron (Fe3+) in
the bulk composition produces the sequence zoisite - zoisite + clinozo-
igite (or epidote) -+ clinozoisite (or epidote) (Myer, 1966).

3. Naturally occurring clinozoisites appear to extend to the iron-

free end-member Ca2A13Si3012(0H)(Eite1, 1919; Kepezhinskas and Khlestov,
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1967). Hence the zoisite-clinozoisite transition loop must begin at the
iron-free composition and extend to the more iron-rich compositions.

The seeming contradiction of this with Raith's (1976) observation of a
nearly constant clinozoisite composition of Ps 8 in coexisting pairs

can not be resolved on the basis of presently available data.

4. Increasing metamorphic grade causes an iron increase in the
zoisites of the coexisting pairs (Raith, 1976). With the added restric-
tion that zoisite is the iron-poor phase in any pair, this leads to the
conclusion that zoisite is the high-temperature phase (pressure should
not be particularly important since molar volumes for zoisite and
clinozoisite are very similar. See Holdaway, p. 331f). Since many of
the coexisting pairs reported occur in lower amphibolite grade rocks, the
clinozoisite to zoisite transformation for the iron-free composition
must therefore occur at still lower grade.

5. A phase diagram consistent with these basic observations would
be topologically similar to figure 5b.

An approximate model for the clinozoisite-zoisite inversion as
supplied by figure 5b can be used to explain apparently nonequilibrium
occurrences of clinozoisite overgrown by zoisite. Rodgers (1924), Orlov
(1925) and Strens (1965) all note such occurrences, Strens observing that
the zoisite was epitactically related to the clinozoisite core (Y and Z
coincident based on optical examination). Using figure 5b as a guide,
such overgrowths can be viewed as indicative of a complete transition
from clinozoisite stability to zoisite stability. The clinozoisite,

having failed to completely react away, is now rimmed by the stable
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product, zoisite. Such a situation might be due to either prograde
metamorphism or a change in bulk composition during growth (to less
iron-rich composition), or both. Hence such an occurrence can be
viewed as further evidence for a clinozoisite~zoisite polymorphic
relation of the transition loop type, contrary to statements by

Strens (1965).



Previous Experimental Work

Few experimental investigations are available on the monoclinic
to orthohombic transformation in the epidote group minerals. Ehlers'
(1953) work has already been mentioned, and his suggestion of the
solid-solution transition loop provides a reasonable fit to the field
evidence. Strens (1965) proposed a T-X diagram based on a combination
of experimental observations and naturally occurring two-phase assem-
blages. In his phase diagram Strens proposes a solvus in the mono-
clinic epidote field, a feature recently substantiated by field work
(Raith, 1976). However, at the low iron compositions Strens allows
neither for the existence of stable iron—-free clinozoisite nor for a
transition loop between zoisite and clinozoisite.

Pistorius, Kennedy and Sourirajan (1962) studied the relations
between anorthite, zoisite and lawsonite at high temperatures and pres-
sures using a "simple squeezer" device. Their synthesis diagram, con-
structed using the zeolite scolecite (CaAIZSi3010°3H20) as the starting
material, shows zoisite to be the high-temperature and high-pressure
phase in the clinozoisite to zoisite transition. However, their transi-
tion was at 750°C and 21 kbar, moving to higher pressures as the tem-
perature dropped. This would indicate that zoisite could not exist
stably in the crust, contradicting field evidence. The authors made no
attempt to demonstrate reversibility for their proposed univarient
reaction, and attempts to duplicate the results using different starting
materials were unsuccessful (Boettcher, 1970).

Holdaway (1972) attempted to determine the P-T configuration of the
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clinozoisite to zoisite transformation for iron-free compositions by
comparing experimental zoisite stability limits (Newton, 1965, 1966)
with thermodynamically derived limits for clinozoisite. After having
determined experimental equilibria involving epidote (Ps 33) and clino-
zoisite (Ps 10), Holdaway used a one site-two site mixing model to
derive molar entropies at 627°C as a function of composition for epi-
dotes and clinozoisites. The extrapolated molar entropy for clinozoi-
site (Ps 0) was 183.3 + 4.0 cal. K-l. This was lower than the molar
entropy for zoisite (Ps 0) of 189.0 + 2.0 cal. K—l, which Holdaway cal-
culated from equilibria experimentally determined by Boettcher (1970)
and Newton (1965, 1966), and is therefore supportive of zoisite being
the high temperature phase. Holdaway finally concluded that:

1. The zoisite~clinozoisite (Ps 0) equilibrium has very little
pressure dependence, the calculated slope being +1300 bars K—l.

2. At elevated pressures (> 3 kbar) the clinozoisite-zoisite
(Ps 0) inversion becomes a stable reaction and occurs at 635 + 75°C,

3. The addition of ferric iron produces a divariant equilibrium
which raises the transition temperature (i.e. restricts the stability
field of zoisite).
A temperature of 560°C or greater seems excessively high for the lower
stability of zoisite, a fact which Holdaway himself recognized. Both
Holdaway (1972) and Ackermand and Raase (1973) point out that field
evidence strongly suggests stable zoisite at temperatures below 550°C.
It appears therefore that the uncertainties in the available thermo-
dynamic data prevent anything more accurate than a rough approximation

to the position of the clinozoisite to zoisite transformation.



Experimental Methods

All experiments were performed using standard cold~-seal hydrothermal
techniques with a series of horizontally mounted René 41 bombs. Experi-
mental pressures ranging from 5 to 6.5 kbar were measured with a factory-
calibrated Heise Bourden tube gauge and are believed to be accurate to
within 50 bars. Pressure variations during any run were less than 50
bars unless otherwise noted.

Temperatures were measured with external chromel-alumel thermocouples
calibrated against the melting points of NaCl, CsCl and LiCl. Filler
rods were used both in the calibration and in the experimental runs.
Temperature variations over the course of any run were less than + 3°C
and the overall uncertainty in the run temperatures is + 6°C.

. Platinum capsules were used for all runs except 105-77 and 106-77
where gold capsules were used. Pt capsules were chosen because they were

not brittle and would allow H, diffusion for "bomb wall" buffering.Oxygen

2
fugacities are presumed to have been buffered by the Ni and Ni0 of the
René 41 bomb wall for runs in Pt capsules. Oxygen fugacities for runs in
Au capsules are unknown.

Qualitative examination of run products (phase identification and
abundance estimation) was performed using optical and powder x-ray tech-

niques. Lattice constant refinements were performed using BaF, ( a =

2
6.1978(20) X) or NBS-SI (a = 5.43088 K) as internal standards. Data for
such refinements were collected on a Picker horizontal powder diffracto-

meter with graphite monochrometer using 4 scans (2 oscillations) at 1/4°

per minute over the range 26 = 10° to 60°. At lower 26's line position
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was taken as midpoint at 2/3 height (CuKa); when a, = a, splitting

became noticeable, line position at peak top (CuKa, or a, as appro-

1 2
priate) was employed. Between 15 and 21 lines were used for each zo-
isite or clinozoisite lattice constant refinement. Calculations were
carried out using the LCLSQ 4 program of Burnham (1962) as modified by
Finger, using space group Pnma for zoisite and P21/m for clinozoisite.

Microprobe analyses of synthetic zoisites and clinozoisites were
performed on an ARL SEMO. Synthetic anorthite glass was used as the
standard for Ca, Al and Si, and the Marjalahti olivine with 8.97 weight
percent iron was used as the standard for Fe. Matrix corrections were
performed using the ZAF correction procedure of Springer (1976). For
the epidote minerals all iron was presumed to be ferric.

A 1limited number of the larger single crystals (> 100 ym in length)
were separated out for x-ray determination of their symmetry. Zero -
level Weissenberg photographs were found to be the most useful; expo-
sure times were shortened by oscillating over a 20° range. The phases
can be most easily distinguished if X* oscillates between 21° and 41°
from parallelism with the x-ray beam.

Starting materials for synthesis runs consisted of stoichiometric
mixtures of synthetic anorthite, silica glass and certified reagent

CaCO, and Fe,O Anorthite was crystallized from gel at 700°C and 3 kbar

3 273"
for 3 to 5 days and examined by powder x-ray diffractometry to insure
crystallinity. After drying at 120°C for at least 3 hours, the react-

ants were weighed, mixed and vigorously hand ground under acetone. This

is referred to as an anorthite mix.
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Starting compositions were prepared in 5 mole percent intervals of
the epidote molecule, CazAleeSi3012(OH), from Ep O to Ep 55 (Ps 0 to
approximately Ps 18.3). Each synthesis run contained 25 to 30 mg of an
anorthite mix plus enough distilled water to keep the mole fraction of
CO2 in the final run fluid below 0.05. Synthesis runs are numbered
11-76 through 72-77, 80-77, 81-77, 105-77 and 106-77.

Reversibility runs were performed using the products from individual
synthesis runs. These starting materials contained at least 90% epidote
(zoisite and/or clinozoisite) and usually as much as 95%. The composi-

tional homogeneity of the starting material was estimated by optical

and electron probe examination.



Results

The results of both synthesis and reversal runs are shown in Table
VI. Except for runs at pressures below 5.5 kbar the synthesis yield of
zoisite and/or clinozoisite using an anorthite starting mixture was
excellent, almost always exceeding 90% and quite often 95%. It was also
observed that as the pressure and/or temperature of synthesis were in-
creased, the resulting crystals increased in size. At the optimum condi-
tions of 650°C and 6500 bars the average zoisite crystal was 40 um long
and the average clinozoisite was ~10 um long. However, in any run there
were always a few larger (>100 um) crystals, especially in synthesis runs
crystallizing zoisites. Zoisite crystals from run 11-76 were from 500
pym to 1500 pm in length. Both zoisites and clinozoisites tended to grow
as bladed crystals elongated along Y and flattened on the (100) plane.

Along with the epidote minerals synthesized in these runs, other
phases were present at low levels (usually <2%). These included unreacted
silica glass, calcite, garnet, anorthite, quartz, magnetite and rarely
hematite. Of these only garnet and magnetite were ubiquitous. Magnetite
tended to crystallize as tiny (<2 um) needles adhering to the surface of
other grains, but magnetite grains were also observed. Their presence-'j‘
could ofteﬁ only be detected by the effect of a strong magnet on epidoté‘
or garnet grains. Garnet was present in almost every synthesis rumn in
amounts often exceeding 2%. The optical properties (1.734 < n < 1.740)
and unit cell parameters (11.8512 < a 5_11.8562, see Table VII) of the
synthetic garnets are extremely close to those of pure grossular (n =

1.734 and a = 11.8514; Winchell, 1958).
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TABLE

VI

SUMMARY CF EXPFFIMENTAL RUNS

RUN
NUMEBF

11-76
12-76
18-76
20-ThH
21-Ta
22-Te
23-76
2W-76
25=To
26-76
27-76
28-T6
29-7¢
30-76
31-76
32-76
33-76
3u-76
35-76
36-76
37-78
38-76
39-76
42-717
43-77

———— et e it i

n

An
Cc
Cl

o

STAFTING BULK TENMP, PFESSDKRT PUN TIME RUN PRODUCTS
MATERTAL CONPOSITION ("C) (bars) (days) 26 clz Gt AD cc 0z Gl Mt H
Anotthk, rix Ep 5 651 fee note 14 o ¥m Vo e
Arocth., rmix Fp 5 650 hu90 N 0 m m vn
Anortk. rix Ep 20 650 6430 31 a L] t t
Ancrcth. rix Ep 25 649 6500 15 o ] ] t
Anorthk. mix Ep 25 650 5810 15 nj » ] + n
Arorth. toix Ep 29 Eu9 6500 1% my o m t t
arcrtk, rix Ep 25 €49 5810 15 m =9 " ] v
Ancorth., mix Ep 30 £51 6510 33 o] n m 4 ve
Arocth. rix Ep 35 651 6510 312 mJj ni n ve
Ancrth. pix Ep 40 f51 6505 21 o v L 4 t
Ancrthk, rix Ep 45 £51 6505 21 t o ve t t
Anorthk., rix Ep 40 552 6500 21 o Vo L 2 t
Ancrth, nmix Ep 45 552 6504 21 o v vm t
Ancrth. nmix Fp S0 650 6510 20 mj o} L] t t
Ancrth. mix Ep 55 650 6510 20 <] L] vo t
AroTt*h, rix Fp 25 549 S5B00O 21 o L] ] t
Arorthk, nmix Ep 40 549 5800 21 o n \ 1 t
Anorthk, oix Ep 25 552 6500 17 o L7 ] t
Ancrth. rix Fp & 552 6500 17 o va ¥n t
Anorthk. pmix Ep 40 650 6500 14 ] va a A4 R
Aporth. mix Ep 25 650 6500 14 oj " " t o+
Anorth, rix Fp 45 651 6510 8 nj [ B ] ] ve
Anorth, mix Ep 50 651 6510 8 nj | .} t +
Anorth. mix Bp O 502 6500 24 o a
Ancrcth, mix Ep 5 502 6500 24 [ ] [ §] v w0
Bxplanaticn of Symbols Notes
Ancrthite ’ 61 Glass Mt NMagnetite Fun 11-76: total pressure loss
calcite Gt Garnet Qz Quartz Run 25-76: xtls. typically Clz rimmed
Z Clinozoisite B Hematite Zo Zolsite by zolsite
Bun 30-76: Clz and 7o are distinct
greater than 90X va less than 2% Run 37-76: Clz,An and Cc are actually
greater than 33% t ttace in approx. egual amaunts

3

less tharp 33%

0oL



TABLE VI COSNTINOED

aoN STAPTING BULK TEMP. FRESSURE BROUN TINE RON PRODUCTS

T4

NUMBER  MATFRIAL COMPOSITION (®C) (bars) (days) Zo Clz Gt An Cc 0z Gl mt H
44-77 Anorth., mix Ep 10 500 6500 29 e} nj a ve ™ va
45=-77 Anerth, mix Ep 15 500 6500 29 ¥a o v vo L2 a
46-77 Aporth. wix Ep 25 550 6500 23 o v L4 ] t
47=-77 Ancrth. mix Ep 20 550 £500 23 nj e L 4 n i t
48-77 Ancrth. wmix Ep 15 sS4y see pote 16 aj 2] m t t
49-77 Ancrth. mix Ep 10 S49 se2 note 16 (3] [ ] v t t 4
50-77 Ancrth. mix Ep 40 601 6500 16 o 4] L1 v t
51-77 Arorcth. eix Ep 35 601 6500 16 o *n t t va
52-77 Anorth, mix Ep 30 €00 6500 16 ] ¥m t t
53-77 Anorth. @ix Ep 25 600 6500 16 o ¥a t ™ re
57-77 Anercth, pix Ep 20 600 6500 32 nj )| o t 1§ t
58-77 Ancrth. rix Ep 15 600 6500 32 o Vo ¥m t t t
59-77 Anorth. eix Ep 10 650 58C0 32 o n : va t
60-77 Ancrth, mix Ep 15 650 5800 32 -] A t t A t
61-77 Anorth. mix Ep 20 650 5800 32 [} ] ]
62-77 Ancrthk., pix Ep 30 650 5800 32 ni a n n a
63-77 Ancrth. eix Ep 5 651 5005 32 2] (B =
64~-77 Ancrcth. mix Fp 10 651 5005 32 n} (] ve
65«77 Anorth. mix Ep 15 6u8 5000 32 n} nj o L3 ]
£6=-77 Anorth. mix Ep 20 6uB 5000 32 nj [ 5] ve
67-77 Anorth, mix Ep 25 650 5000 32 n4 nj L4 ]
68-77 Anocth. mix Ep 30 650 %000 32 | ] nj va
71-7? Anorth. nix Ep 0O 404 6495 15 o B
72-77 Anorth., mix Ep 0 475 6500 15 o L] L4
73=-77 42=-77 (Ep 0O} 404 6495 15 0 va ¥o o
Notes

Rae 47-77: Clz by far predominates

Runs 48-,49-77: pressure started at 6500h, ended at 56Q0b

Run 66-77: An and Gt in approx. equal amounts

Ran 73-77: a corposition in braces indicates original bulk composition of starting materialj

true composition may be iron-poor.



TABLE VI CONTINUED

RUN STARTING BOLK TEMP. PRESSURE PROUN TINE RON PRODOCTS
NOMBEF MATERIAL COMPOSITION (*C) (bars) {days) Zo Clz2 Gt An cc 0z Gl "t B
74-77 u2-77 (Ep 0 u57 6500 15 a va vm vn
75-77 2¢-76 {(Ep 25) 580 6500 15 o [ L] t
76-77 22-7% (Ep 25) 560 6500 1% o » t
#0-77 Arorth. pix Fp 10 551 6503 15 n uj vo ] e
81-77 aArnorth. rix Fp 15 551 6503 15 [ o 1 ¥n v
B4-77 35-76 {Ep 5} 451 see note 13 0 va ¥o
BS5-77 45-77 (Ep 15) 603 6500 14 = mj va ve "t
86-77 51=-T77 {Ep 35} 721 sae pote T4 "y [ h] vo L1
871-77 %2-717 {Bp 3O} 681 6500 14 a mi [ Vi vE m
89-77 25-76 {Ep 35) 603 6500 15 Ly n ] t t
90-77 24-T76 {Ep 30) 603 6500 15 o [ ] t t
91-77 23-76¢ {Ep 25) 602 5800 15 a i » e e
92-77 6$2-77 {Ep 30) 602 5800 15 ni a » t
93-77 T75-77 (Ep 25) 417 €500 14 o " t n t
94~77 57-77 (Ep 20) 417 6500 14 »j 2 W " t
95-77 SC=77 {Ep 40} 407 6510 14 o t ra t t
96-77 49-77 {Ep 10) 407 6510 14 o [ ] L4 ] m t t
99-77 S57-77 (Ep 20) 654 6500 14 o ] ] ve
100-77 27-76 (Ep 45) 654 6500 14 aj ] (] ™ t re
101-77  26-76 (BEp 4Q) 705 see note 14 ¢ [] L] L4 R
102-77 31-76 (Bp 55) 705 sce e 14 » ] =i ™ va
103-77 28-76 (Ep 40) 602 6500 14 o n va wn
104-77 3C-76 (Ep 50) 602 6500 14 a3 n} " 11 m
105-77 Arctth. mix Ep 35 653 6500 8 va o n ve
106-77 Ancrth. wmix Ep 35 653 6500 8 ./ ] o ™ L 7]
Notes

Run B84-77: pressure started at 650Cb,ended at S5550b

Run 86-77: pressure started at €500b, end=d at 5050h

Run 94-77: Zo and Clz in approx. equal amounts

Rgns 101-, 102-77:
Ron 104-77:
Runs 105-, 106-77:

pressure started at 6500b, ended at 6350b
%0, Clz and Gt are actually in approx. equal amounts
seed xtls from run 11-76 added

[42



TABLE VII

REPINED LATTICE CONSTANTS

RON BULK HO.
PHASE NUMBER COMPOSITION REFPL. a b c ﬁ Yol
Clirozoiste 313-76 Ep 40 19 8.875(H)! 5.599(1)  10.156(3)  115.49¢(1)  455.6(2)
34-76 Ep 25 18 B8.864(3) 5.583(2)  10.138(3)  115.49(1)  452.9¢5)
36-76 Ep 40 21 8.872(2) 5.597(2)  10.143(4)  115.45(2)  456.9(3)
38-76 Ep 45 21 B.B74(2)  5.596(1)  10.152(3)  115.48(1)  455.1(2)
39-76 Ep 50 21 8.863(3) 5.603(2) 10.131(8)  115.41¢2)  6&54.5(5)
106-77 Ep 35 16 8.870(3)  5.600(2)  10.13u(8)  115.45(3)  455.0(u)
Zoisite 99-77 (Ep 20) 18 16.195(2) 5.548(1)  10.033(2) _ 901.5(2)
101-77 (Ep 40) 15 16.194(2)  5.551¢1)  10.037(2) - 902.3(3)
Garnet 19-76 Ep 50 t 11,8510
86-77 (Ep 35) 9  11.852(2)
99-77 (Ep 20) 1 taeR
101-77 (Ep 40) S 11.856(2)
102-77 (Ep 55) 9 11.855(2)

llunbers in parenthases are e.s.d.'s ocutput by cell edge refinement prograa

annly the intense (420) reflection vas clearly distinguished from the Zo/Clz peaks

1 74



74

Optical examination of the synthesized epidote minerals plus the
presence of iron oxides in the synthesis products raised questions con-
cerning the compositions of the phases. Microprobe examination of many
of the larger (~75 um long) zoilsites and clinozoisites was carried out
for the direct determination of phase composition. The microprobe'data,
summarized in figure 6, reveal a marked iron deficiency and compositional
inhomogeneity in these larger crystals. Because of the possibility that
these larger crystals were not representative samples of the total runm,
average compositions for entire runs were estimated from refined lattice
constants using data obtained through powder x-ray diffractometry. The
high~-iron runs 33-76, 34-76, 36-76, 38-76, and 39-76 were used because an
iron deficiency would be most easily detected in them. Results are shown
in Table VII. The final unit cell volumes, when compared against deter-
minative curves of volume versus composition (figure 7), show that for
all of these runs the crystals are, on the average, iron deficient.

Such an iron deficiency implies the loss of iron to other phases, to
the Pt capsule or to the formation of iron oxides. Data pertinent to the
composition of the garnets have already been presented and indicate that
this phase has little if any iron. Also, the runs contain only very minor
to trace amounts of iron oxides as magnetite or rarely hematite. These
phases do not appear to be abundant enough to account for all the observed
iron loss. Microprobe examination of several Pt run capsules showed that
these had absorbed iron. Table VIII summarizes data showing that the
immediate inner layer of an average capsule contains about 3.6 weight

percent iron. Even a thin layer (v10 um) of such an iron concentration



75

FIGURE 6
Microprobe composition versus bulk starting composition for
selected larger zoisite or clinozoisite crystals. Crystals were
taken from runs 11-76, 12-76, 18-76, 24-76, 25-76, 26-76, 27-176,
30-76 and 48-77. Symbols designate zoisite (X), clinozoisite (.)

or uncertain epidote phase (+).
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FIGURE 7

Unit cell volume (clinozoisite phase) versus starting composi-

tion for a number of synthesis runs. Bars represent the estimated

standard deviation. The lines are the determinative curves of

Myer (1965) and Kepezhinskas (1969). Synthetic clinozoisites

appear to be iron-deficient.
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TABLE ¥VIII

IRON ABSORPTION BY PLATINIGE CAPSULES AT

INNER SOURFACE

RUK BULK EfGHT LR ATOMIC
NUMBER COMPOSITION L Fe FRACTION Fe
61-77 Ep 20 4.17 0.132
61-77 Ep 20 8.54 0.143
62-717 Ep 30 5.83 0.178
66-77 Ep 20 3.43 0.110
66~77 Ep 20 3.86 0.123
66-77 Ep 20 2.51 0.083
67-17 Ep 25 5.09 0.158
67-77 Ep 25 3.60 0.115
68-77 Ep 30 4.64 0. 145
68-77 Ep 30 4.36 0.137
Onused Capsule8 0,56 0.019

A S P NS S S M D A A S Sy S A e M R e S M A M M S s S A W e A A e

As determingd by microprobe analysis using metallic iron as the
Pa standard, '

ACapsules were merely hammered flat in crder to preserve the sur-

face layer., Local surface irregularities will fintroduce mod-
erate eIrcrs into the matrix corrections procedure.

? Ynused capsvles are pure platinium. Hence the indicated iron
content reflects compositlional uncertainty due to the lack
¢f a polished surface,

6L
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in the capsule wall would be adequate to account for the discrepancy.
Similar phenomena are reported by Liou (1973) confirming present
observations and pointing out the danger of using Pt capusles with iron-
bearing run materials, even at low temperatures or moderate to high
oxygen fugacities. It would therefore appear wise to use very small,
crimped silver liners inside the Pt capsules (as in Eugster and Wones,
1962) in future experiments to prevent iron loss from the starting
materials. Note that the clinozoisites of run 106-77 apparently have an
iron deficiency (figure 7) even though the run used an Au éapsule. Using
& truly inert sample capsule will not guarantee on-composition crystalli-
zation.

The presence of hematite plus magnetite in a number of the synthesis
runs was alarming because it indicated that oxygen fugacity in the runs
was higher than the hypothesized Ni-Ni0O oxygen buffer of the bomb wall.
This high oxygen fugacity may be related to the absorption of iron by the
Pt capsules. The iron-platinum alloy might have a lower permeability to
H2 diffusion that would prevent an effective buffering of the capsule
fluid by the René 41 bomb.

Reversibility runs that used the zoisite and/or clinozoisite syn-
thesized from anorthite mix starting materials were made in order to
delineate the T-X regions of zoisite and clinozoisite stability at 6500
bars. The results of the reversibility runs are listed in Table VI.
Several important observations can be made:

1. Clinozoisite neither nucleated in any run starting with just a

zoisite phase nor increased in abundance in a run starting with mixed

zoisite and clinozoisite crystals.
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2. Zoisite markedly increased in abundance over the amount present
in a zoisite-clinozoisite starting mixture over the temperature range
407°C (run 96-77) to 681°C (run 89-77) at 6500 bars. In one run (101-
77) zoisite nucleated from an originally pure clinozoisite starting
mixture. Because of the observations and the knowledge that the crystals
were generally much less iron-rich than the original bulk composition,
the reversibility runs give no information about either the width or
the position of the zoisite to clinozoisite transition loop.

One conclusion can be reached from the reversibility experiments:
the clinozoisite to zoisite transition for the pure end-member composition
must occur below 407°C at 6500 bars pressure. Evidence for this low
temperature comes from run 96-77 in which an original zoisite-clino-
zoisite mixture shows a distinct growth of the zoisite phase at 407°C.
Any increase in zoisite in such a mixture, no matter what the composition,
implies that the temperature of the run is above the lower temperature
limit for the proposed zoisite-clinozoisite tramnsition loop (temperature
Tl’ figure 8).

After studying a number of unusual crystals synthesized in rum 25-76,
an entirely new approach was devised to determine the positioning and
width of the clinozoisite to zoisite transition loop. One such crystal,
25-76-1, is shown in figure 9. It illustrates the relationship typically
exhibited by the crystals of clinozoisite (anomalous blue interference
color) completely rimmed by zoisite (anomalous yellow-gray interference
color). Further examination of this crystal and otﬁers using single
crystal x-ray diffraction techniques revealed that the zoisite is epi-

tactically related to the clinozoisite. Figure 10 shows a zero-level
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FIGURE 8
T - X schematic for proposed zoisite-clinozoisite transition
loop. Tl marks the lower temperature limit of zoisite stability,
and of the transition loop itself, at 6500 bars. Zoisite can

increase in zoisite-clinozoisite mixtures only at run tempera-

tures above Tl.
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Figure 9

Crystal 25-76~1. The crystal is 260 um long and 35 um
wide (20 um thickness is into photograph). (a) View down X*
in cross-polarized light. Clinozoisite is the anomalous blue
core; zoisite is the anomalous yellow-gray rim. Actual colors
are slightly deeper. (b) View in plane-polarized light from

opposite side of crystal.
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Weissenberg photograph (limited oscillation) essentially identical to
the one taken for cyrstal 25~76-1. Both core (clinozoisite) and rim
(zoisite) must have Y in common since the (hOL) reflections for both
phases are simultaneously aligned. Also it can be seen that the (001)*
reciprocal planes for the zoisite and clinozoisite are parallel; hence
they have a common Z axis. Systematic absences for both the zoisite and
the clinozoisite are consistent with their accepted space group symmetries
of Pnma and P21/m respectively. In addition, lattice constants measured
from such zero-level photographs agree well with published values of
Dollase (1968). The extreme diffuseness of the reflections is apparently
due to the combined contributions of unusual crystal shape (25-76-2 is
370 x 40 x 14 um), structural imperfections, and slight misalignment.
These synthetic crystals are identical to natural overgrowths
described by Strens (1965, p. 472). 1In both cases the two phases have
their Y and Z crystallographic axes in common. Such crystals, it will be
argued, are indicative of stability for the overgrowth phase. The zoisite
which rims the clinozoisite core has a lower free energy than a clinozoi-
site of identical composition. If this were not true, clinozoisite would
certainly have continued to grow, thereby eliminating the added free-
energy of the clinozoisite-zoisite interface. Because of this relation-
ship, electron microprobe examination of crystals showing zoisite-on-
clinozoisite epitactic overgrowths (or vice versa) should provide data
useful for bracketing the position of the transition loop at constant
temperature and pressure. \

Four such crystals were selected for electron microprobe study based
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FIGURE 10
Portion of (hO%) Weissenberg photograph of crystal 25-76-2.
This crystal is similar to 25-76-1, figure 9. The overlays
identify the reflections belonging to zoisite and two clino-
zoigite twins (twin law is (100) mirror; reflections are indexed
for only one twin). The zoisite overgrowth of the crystal is
epitactically related to the clinozoisite core (both have Y and

Z in common).
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on the preceding observations. All four were grown at 650°C and 6500
bars pressure. Crystals 25-76-1 and 25-76-~2 were chosen as representa-
tive of zoisite rimming clinozoisite, and 105-77-1 and 106-77-1 were
chosen for clinozoisite rimming zoisite. These latter two crystals were
specially grown using iron-free zoisites from run 11-76 as seeds in an
anorthite mix of composition Ep 35 (Ps 11.7). Crystal 105-77-1 (figure
11) is typical of most crystals with overgrowths prepared in runs 105-77
and 106-77. As seen in the photograph, the clinozoisite overgrowths
(again having an anomalous blue interference color) tended to be restric-
ted to the (010) faces of the seed crystals. This is in contrast to
crystals from run 25-76 where the zoisite tended to completely encase the
clinozoisite core. Once again the epitactic relationship between zoisite
and clinozoisite was established using zero-level Weissenberg photographs.
(figure 12).

These single crystals were mounted in epoxy with X* vertical (as
photographed) and were carefully polished until they were approximately
halved. They were then examined with an electron microprobe, and the
resulting x-ray intensities were converted to oxide weight percentages.
Figures 13 and 14 show the positions of microprobe analysis on each cry-
stal. The number beside each point gives the composition in terms of mole
percent pistacite, All four crystals show a definite compositional gap
between zoisite and clinozoisite, the gap belng extreme for crystals
105- and 106~77-1. The originally iron-free zoisite of 105-77-1 grew
more iron rich (Ps 3.2) while being epitactically overgrown by clinozoi-

site. The composition of the clinozoisite rim near the contact with the
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FIGURE 11
Crystal 105-77-1. The crystal is 220 uym long and 100 um
{20 uym thickness is into photograph). (a) View down X* in
polarized light. Clinozoisite is the anomalous blue rim to
right; zoisite is the white to gray portion. Bright colors
lower left of crystal are due to glue. (b) View in plane-

polarized light.

wide

cross-

the
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FIGURE 12

Portion of (hOf%) Weissenberg photograph of crystal 105-77-1
(see figure 11)., The overlays identify the reflections belonging
to zoisite and two clinozoiste twins (twin law is (100) mirror;
reflections are indexed for only one twin). Clinozoisite is
epitactically related to zoisite seed crystal (Y and Z in common).

The extra reflections are due to CuKB and WLa radiations. (hOL)

Weissenberg for 106-77-1 is essentially identical.
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FIGURE 13
Locations of electron microprobe analyses on crystals 25-76-1
and 25-76-2. Numbers next to locating points give composition in
mole percent pistacite. (a) Crystal 25-76-1, 260 um long by 35
um wide. (b) Crystal 25-76-2, 370 um long by 40 um wide. Both

crystals were mounted for probing with X* vertical (as shown).
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FIGURE 14
Locations of electron microprobe analyses on crystals
106-77-1 and 105-77-1. Numbers next to locating points give
composition in mole percent pistacite. (a) Crystal 106-77-1,
260 uym long by 155 um wide. (b) Crystal 105-77-1, 220 um long
by 110 ym wide. Both crystals were mounted for probing with X*

vertical (as shown).
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zoisite core for this crystal varies from Ps 22.1 to Ps 12.6 (figure 1l4b).
As the clinozoisite rim continued to grow it became less iron-rich.
Based on these observations the fbllowing conclusions can be reached:

(1) microprobe analyses on crystals from run 25-76 indicate that
zoigite has a lower free energy than clinozoisite for compositions
< Pg 5.6 at 650°C and 6500 bars.

(2) Similar analyses on crystals 105-77-1 and 106-77-1 indicate
that at compositions > Ps 12.6 clinozoisite has a lower free energy than

zoisite, again at 650°C and 6500 bars.



DISCUSSION

A clearer understanding of the experimental results can be obtained
by consideration of free energy versus composition plots. Such a plot,
which is consistent with all observations made thus far, is shown in
figure 15a (see Gordon, 1968 for an introduction to G-X plots). For
iron-poor compositions zoisite has the lower free energy and hence is
the stable phase, while at iron-rich compositions clinozoisite has the
lower free energy and is therefore stable. The line segment NM, which is
tangent to the two free energy curves, defines the region of coexisting
zoisite and clinozoisite. The minimum free energy assemblage for bulk
compositions between x. and x, consists of a mixture of zoisite crystals

1 3

of composition x, and clinozoisite cfystals of composition x The cross-

1 3
over in free energy occurs at a composition of X,e

Under ideal equilibrium conditions figure 15a could be used to make
important statements about possible zoisite and clinozoisite compositions.
For instance, under equilibrium conditions at 650°C and 6500 bars no
zoisite can have a composition more iron-rich than X1 and no clinozoisife
can have a composition less iron-rich than Xqe However, caution must be
employed before applying such equilibrium constraints to crystals syn-
thesized from relatively high free energy starting materials in relatively
short time spans. Consider the epitactically overgrown crystals previous-
ly described. It should not be assumed that the outermost layer of the

zoisite/clinozoisite core is in thermodynamic equilibrium with the imme-~

diately adjacent layer of the clinozoisite/zoisite overgrowth. To do so

99
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FIGURE 15

Free energy - composition (G-X) schemafics for zoisite and
clinozoisite solid solutions. (a) Possible G-X relations for
zoisite and clinozoisite at 650°C and 6500 bars. Coexisting
zolsite and clinozoisite have compositions xl and x3 respectively,
as determined by the line segment NM tangent to both curves. At
some composition X, the phases have identical free energies. (b)
Compositional changes for crystal 105-77-1 as seen in terms of free

energy. The arrows represent the changing composition for both

phases.
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would be to accept at least four different "equilibrium'" compositional
gaps between zoisite and clinozoisite, since microprobe data shows that
each crystal has different compositions at the contact points of the two
phases. Instead, a correct statement is that the composition of the
overgrowth phase places a bracket on X, the crossover point composition.
In other words, data collected in this study for crystals synthesized
at 650°C and 6500 bars show that Ps 5.6% x,% Ps 12,6. It must not be
asgsumed that the overgrowth, whether zoisite or clinozoiste, will ini-
tially have a composition corresponding to either x, or Xqe

In the midst of these negative warnings one positive observation
can be made based on crystal 105-77-1. For this crystal it was noted
that the initially iron-free zoisite seed became more iron-rich, while
the initially very iron-rich clinozoisite overgrowth was zoned outward to
lower iron compositions. When such compositional trends are placed on a
G-X plot (figure 15b), they illustrate the precise situation to be
expected if the two phases were moving toward an equilibrium condition.
Hence it is felt that the zoisite and clinozoisite compositions of Ps 3.2
and Ps 12.6 respectively obtained from crystal 105-77-1 should be viewed
as bracketing the transition loop proper and not just the free energy
crossover point.

Figure 16 summarizes the experimental constraints that have been
deduced for the zoisite-clinozoisite transition loop at 6500 bars. The
exact width and positioning of the equilibrium transition loop are

unknown. The dashed (hypothetical) transition loop shown is consistent

with the experimental results and with what data are available on naturally
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FIGURE 16
Possible transition loop for the zoisite - clinozoisite trans-
formation. Compositional brackets at 650°C are derived from
electron microprobe analyses of crystal 105-77-1. Naturally
coexisting pairs were used as guides in estimating the loop's width.
The insert shows how this simple transition loop might be modified
to accommodate tentative suggestions of zoisite unmixing based on

field observations of Ackermand and Raase (1973) and Raith (1976).
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occurring zoisite-clinozoisite pairs. The temperature at which the
loop closes for Ps 0 is unknown but is constrained to be below 407°C.
This temperature is in agreement with field evidence for low tempera-
ture (< 560°C) zoisite stability (Holdaway, 1972; Ackermand and Raase,
1973). The loop as drawn should prove to be a valuable starting point
for future experimental studies. The inset on figure 16 represents

the as yet very tentative suggestion from the field evidence of
Ackermand and Raase (1973) and Raith (1976) of a low temperature solvus
in the zoisite field.

Experimental work to date has been largely restricted to pressures
of 6500 bars. Extrapolation to other pressures should have little effect
on the shape and position of the transition loop. As pointed out by
Holdaway (1972), the tiny difference in molar volume between iron-free
zoisite and clinozoisite means that their univarient equilibrium should
have little pressure dependence. He calculated a dP/dT of +1300 bar

¢l

for the reaction Clz#Zo at 900K using the molar volume data of Pis-
torius (1961) and molar entropy data derived from experimentally brack-
eted equilibria. A graphical compilation of more recent volume data for
zoisite and clinozoisite (figure 17) shows that zoisite is the denser
phase and that dP/dT should actually be negative for Clz Zo. These data
indicate a AV of approximately -0.6cc. Holdaway calculated molar entropies
of 183 calorie K-l and 189 calorie K-1 for clinozoisite and zoisite res-

" pectively at 900K. No new entropy data for iron-free clinozoisite could be

found in the literature, but two new values for zoisite at 900K have been

published (188 calorie K-l (Perkins et al., 1977); and 191 calorie K_l
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FIGURE 17
Graphical summary of zoisite and clinozoisite molar volumes.
Data were taken from the following sources: open symbols,
Dollase (1968); solid symbols, Myer (1966); half-open symbols,
HYrmann and Raith (1971). The lines are extensions of published

determinative curves.
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(Kiselva, 1974)). Using the lower value, AS = 5 calorie K_l, the cal-
culated slope becomes -349 bar K-1 at 900K. Although lower than
Holdaway's, this value still indicates an essentially pressure insensi-
tive equilibrium for the Fe-free end-members. Figure 17 shows AV
remaining essentially constant for increasingly iron-rich compositions,
indicating that the positioning of the whole transition loop also

changes very slowly with pressure. This observation, besides justifying
the extrapolation of present data to lower pressures, suggests that future
experimental work should take advantage of the increased reactivity

accompanying higher pressures.



CONCLUSIONS

Obviously a substantial amount of work remains to be done before
the details of the clinozoisite to zoisite transition loop are fully
known. A logical first step is the reversible determination of the iron-
free equilibrium zoisite & clinozoisite. The major obstacle which has
prevented experimental study of this reaction has been the inability to
obtain iron-free clinozoisite starting material. A fruitful approach to
this problem might be to use low-iron clinozoisites (either natural or
synthetic) as nuclei for growing synthetic, iron-free clinozoisite.

Such a nucleation process, repetitively performed at low temperatures
(~400°C) and high pressures (> 5kbar), could conceivably yield sub-
stantial amounts of relatively pure clinozoisite.

The major task awaiting future investigators is the determination
of the width and positioning of the transition loop for iron-bearing
compositions. But the difficulties of synthesizing homogenous, on-com—-
position starting batches of either zoisite or clinozoisite will probably
prohibit the use of traditional experimental methods. Methods that con-
centrate on single crystals, such as the one used in this study, offer
a promise of success not only for epidotes, but also for any phase
presenting compositional control difficulties. Such techniques focus
attention on compositional changes in the outermost layers of crystals
carefully selected and characterized before experimentation begins.

Such compositional changes reflect the tendencies of these crystals to

come to equilibrium with their surroundings, i.e. the rest of the starting
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material. The equilibration may take the form of recrystallization

or overgrowths. This approach should be contrasted with the standard
technique for locating solvi or transition loops, which is the promo-
tion and examination of unmixing in initially homogenous crystals.

This latter method is clearly impractical for phases which fail to show
homogenization on a geological time scale (e.g. garnet and epidote).

The general use of epitactic overgrowths for the determination of
solvi or transition loops, as an extension of the approach employed in
this study, appears to have only limited usefulness. It is certainly a
valid technique for bracketing the free energy crossover of the coexist-
ing phases. But locating the beginning of the transition loop may prove
difficult if the "overgrowth" phase has difficulty nucleating, allowing
the "core" phase to reach compositions within the loop. Needless to say,
subsolidus transitions between phases lacking possible epitactic rela-
tionships could not be investigated with this method.

A more fruitful approach for bracketing a subsolidus solvus or
transition loop would be to supply seed crystals for both phases in the
gsame run, thereby eliminating nucleation problems. Seed crystals of
selected compositions could then be allowed to equilibrate at conditions
of interest, the overgrowths bracketing compositions of coexistence from
either the outside or the inside of the loop or solvus. The major draw-
back to this approach may prove to be the general difficulty in achieving
the necessary overgrowths in reasonable times. Overgrowths can be more
speedily developed by adding stoichiometric mixtures of "high free

energy" oxide materials. The danger in this approach lies in obtaining
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overgrowths which extend compositionally into the solvus or transi-
tion loop because of a local equilibrium condition in which the seed
crystal of one phase was effectively 1solated in the oxides from the
other phase's seed crystal nuclei. Future experimental studies with
epidote group minerals, or any other minerals for which the method
seems fruitful, will be faced with working out the best balance between
these different approaches. Self-consistency in the results will prove

to be a key guide in judging reliability.
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APPENDIX

SOURCE LISTING OF THE PROGRAM USED
TO GENERATE THE

INITIAL VOLUME Z CO2 TABLES
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I L R R L g E e g T LT LT T Ty

OO OO OO0 0000000

GAS TABLE PROGRAM

THIS PRGGRAM CALCULATES TABLES LISTING THE INITIAL PERCENTAGE
C2 IN AN H2D — CN2 GAS MIXTURE YIELDING THE SPECIFIED TEM-
PERATURE — OGXYGEN FUGACITY PAIR

THE FIRST 20 INPUT CARDS CONTRGL OUTPUT FGRMAT. AFTER
THE MARKER CARD (t1*) COME THE CONTROL CARDS WITH FORMAT {2F5.0,
FLO.3). THE FIRST TWD NMUMBERS ARE THE STARTING AND STCPPING
TEMPERATURES (DEGREES CELSIUSY, AND THE THIRD NUMBER IS THE
STARTING LOG(OXYGEN FUGACITY). THE PROGRAM AUTOMATICALLY TAB-
ULATES VALUES AT 10 DEGREE CELSIUS AND 0.2 LOG ATM UNIT INTER-
VALS. ONE SUCH CARD COVERS A 2.0 LCG ATM UNIT RANGE IN OXYGEN
FUGACITY. THE PROGRAM WILL TERMINATE AFTER PROCESSING THE LAST
CONTROL CARD.

gk kR bk kkrk kb ko bk kb kk ke ko kb ke kk fokk k¥ gk

Cl2),L0212410),DG14)FMT{B8) FRMT{20,8) KK{&4),,LGF{10),P(2:5)
ReTT/1.9BT726E~3,273.18/
LL=1,20

READ{S5,8) (FRMT(LL+J),Jd=1,8)
FORMAT({ BA4S)

COGNTINUE

CONTINUE

READI[5,+999) LX¥YZ

FORMATI(I)

LTT



e RaNel

JK=60
10 CONTINUE
READ{5,20,END=400) T¥1,T2,LGF{1)
20 FORMATI(2F5.0,F10.3)
IF {T1.LT7.0.000) GC ¥0O 99
IF (JK+15.LE.60) GO TO 25
WRITEI6,22)
22 FORMAT(YL"/ /774X TEMP C* 422X 'LCGL OXYGEN FUGACLITY )Y ,23X,'TEMP
1 C*/}
JK=0
25 DO 28 J=2,10
28 LGF{J)=LGF{J~1)~0.200
IF (JK.GT.0) HWRITE(6429)
29 FORMATI(/7/7)
WRITE(6,430} (LGF(J),J=1,10)
30 FORMAT({14X,10(F5.1+1X)/)
JK=JK+7
T=T1

ENTER CALCULATIONAL LOGOP

75 CONTINUE
IF(T2.LT.T} &G TO 10

77 DG(1)=62.11033-2.144446E-2%T+4 . T20320E-T*T**2-4.55T429E-12%T*%3-7.
1343D018€-15%T*%4
DG{2)=94.25T7T0+7.321G46E~4*T-3  4164T4E-T*T*22+4 ,T85862E-11%T%%x3
DG{3)1=55402525- 112122 1E-2%T-2.080041E-6*T*¥2+7.648489E-10%T#%3-1,
1123283E—-13*%T**4
DGE4)=—35.6T445+5.3449 1 TE-2¥T+9.900155E—6*T*¥¥2 -0, 4T4264E—F%T¥%3+2,
10TT4TS5E-12%T*%4~2, 6978490~ 16%T#45
DG 80 Jd=1,4

80 KK{JI=EXP{-DG{J)I/{R*{T+TT) )]

BTT



aEnly!

S7

DO 250 J=1,10
Pl=10.0000** | GF(J])
P2=SQRT(P1)

ITERATIVE LOOP FOLLOMWS

1=0

C12)=0.000

DO 150 K=1,70
PU244)={P2-CIU2)%(P2+KK({3)/3.00))/7{P2+KK{3}))
CC=KK(1)*(1.00-P1)/(KK{1)}+P2)
AA=P2%(1.00-P1)/(P24KK(3)}])
BB=(P2+KK{3)/3.00)%(1.00-PL)/(P2+KK(3)})
DD=P2%(1.00-P1)/(3.00%(KK{(1)+P2))
P{2:3)={CC-2.00%PL}/(AA+2,00%P 1~C(2) *(DD+BB+1.33333%P1))
IF (K.EQ.1} BO=100.0/{1.00+P(2,31}))
PUZ242)1=({KK(1)+C{2)%P(2,3)1%P2/3.00}/(KK(1)+P2)
CX=2.004P(2,2)+4P{2,3)%(2.00-P(244)1-1.33333%C(2)})
PH20=P(243)%2,00%{P(2,4)+C(2}/3.00)/CX
PCO2=2.00%{1.00~-P(2,2))/CX
PCO=2.00%(P(2,2)-P{2,3)%C(2)/3.00)})/CX
PH2=2.00%P(2,3)%(1.00-P(2,4)-C{2))/CX
PCH4=(KK({4) *PCO*PH2%%3 ) /PH20

P{2y1)=PCH4*{6. 043, 0%P{2,42)4P(23)%{6,0-3.0%P[2,4)))}/{P{2,3)%(2.0+
14.00%PCH%}}

P{2+51=P(2,1)-C(2)

IF {ABS{P{2,5)).LT.0.00001) GO TG 170

IF {I1.EQ«.1) GO TOQ 97

IF {P{2,5).GE.0.000) GO TO 130

I=1

CONTINUE

FP=(P(2,5)-P(1,5))/(C{2)-C{1))

61T
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ctr)=Cc2)
C(2¥=C(1)-PL245)/FP
DO 100 L=1,5
CC=ABSIP(1,L)-P{2,L})
O0=0.0001*ABS(Pl1yL))
IF {CC.GT.OD) &GO TO 130
100 CONTINUE
GO TO 170
13G DO 140 L=145
140 P{1l,L)=P{2,0)
IF (I.EQ.0) C(l)=C{2})
IF {1.EQ.0) C(2)=C(2)+0.007
150 CONTINUE

NO CONVERGENCE, SET €02 TO -99.99

C02(1,4)=1.0000
CO212441=—99,99
GO TO 249

PARAMETERS CONVERGE, RECURD THEM

170 CC2(1,41=0.00
IF (P1l.LT.1.01%PCO2*KK{2))} GC TO 180
C02(24J)=100.0G/7(1.00+P(2,3))
GU YO 249
180 CG2(2,4)=1000.00
249 CONTINUE
250 CCNTINUE
II=IFIX(T)
IF (JK.LT.60} GG TC 270
WRITE(G6422)

0e1



270

273
275
271

278
279
280
283
285

287

288
289

290
291

WRITE{6,30) (LGF(J},J=1,10]1

JK=T7

CONTINUE

IF (CD2(241).6E.99.995) GO TG 280
IF (CD2124,10).6GE.0.005) GC TO 290
DO 273 J=1,10

IF (C02¢2,J).47.0.0050} GO TQ 275
CONTINUE

DO 277 LL=1,8

FMT(LL)=FRMT{J,LL)

J=J-1

IF (JolEsOLANDLLXYZ.EQa1} GG TO 360
IF (J) 278,278,279

WRITE(6,FMT) I1,11

GO TOo 350

WRITE(G4FMT) [ 1+4(CC212,K) ¢K=14d),11
GG TO 350

DO 283 J=1l,10

IF (CC2(24J).LT.99,995) GO TC 285
CONTINUE

J=11

L1=J+9

DO 287 LL=1,8

FMTILL)=FRMTILL,LL)

IF (J.GT.10.ANDLLXYZ.EQ.L) GC TO 360
IF {J-100 289,289,288

WRITE(G,FMT) II,I11

GO TO 350

WRITE(S6sFMT) TI4(C02(24K)eK=J,+10),11
GO TO 350

WRITEL6,291) I11,1C02(24+J4)45d=1,101,I11
FORMAT(S5X e 14+5Xy 10(F54241X345X,14)

¥A



350 JKk=JK+l
3€0 T=T+10.0
GO TO 75
400 WRITE(6422)
sTopP
END

*kxikk  INPUT DATA
(5X 14 4,70X, 14}
[5Xel495XsF5.2,80X%X14)
{5X314s5XKy2(FS.241X)453%X14)
I5X 21445 X33{F52:1X)4TXs14)
(9X3T4¢5X44{F5.241X) +41X,14)
{SXy14+5XeS(F5a241X),35%,14)
{SXy14aeBX 6{F5.241X)+29%X514%2
(SXelheSX3TIFS.241X) 323X ,14)
{SX g 14¢5Xs8{F5.291X)4517Xs14)
{OX31495X39{F5.241X)11X414%)
(5Xelae1iX,9{F5.241X)¢5X41%)
{SX+1491TXsBIFSe251X)e5X14)
{S5Xs14923XsTIFS5.241X)+5X514)
(EX e T4 29K 6(F5.2,41X)45X,14)
{EX2T4s35Xs51(F5.2¢1X0145X%X,;14)
(5XsIG4e4lX 4 lF5,.2,1XK)e5X,14)
(5K g Ja44TX33{F5.21%X)459%,14)
(SX 14 453X:2{F5.2+1%)s5X,14})
(EX3s14+459XsFRaZ46Xy14)
(SXy14:T70X,14)
1
880. 2000. -4.00

880. 2000, -6.00
720. 2000, -8.00

R dedeok
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720.
600.
600,
500.
500.
500.
500.
5C0.

2000.
2000.
2000.
1680.
1680.
1240,
1240.

950.

-10.00
-12.00
~14.00
-16.00
-18.00
-20.00
-22.00
-24.00
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CALCULATION OF TEMPERATURE -
OXYGEN FUGACITY TABLES FOR H, - CO2
GAS MIXTURES AT ONE ATMOSPHERE TOTAL PRESSURE
and
AN INVESTIGATION OF THE ZOISITE -
CLINOZOISITE TRANSITION
by
‘Arthur R. Prunier, Jr.

(ABSTRACT)

Part I: Calculation of Temperature -~ Oxygen Fugacity Tables for
H2 - 002 Gas Mixtures at One Atmosphere Total Pressure.

The initial CO, volumes yielding selected oxygen fugacities

2
at specified temperatures have been computed for H2 - CO2 gas mix-
tures at one atmosphere total pressure. The calculations are based

on the thermochemical data of the JANAF (1971) Tables for the

species COZ-HZ-HZO-CO-OZ—CHA

Raphson method of successive approximation. The new tables replace

and are carried out using the Newton-

older ones (Dienes, Nafziger, Ulmer and Wbermann, 1974) in which

the effects of CH, on the system were treated only in an approxi-

4

mate manner.

Part IT: An Investigation of the Zoisite - Clinozoisite Transition
Avallable data on natural coexisting zoisite - clinozoisite

(Ca Fex[81207][8104]0(0H) with x < 0.33) assemblages imply that

2Aly_y
the two phases are related by a solid solution transition loop, with



zoisite being the low-iron, high-temperature, high-pressure phase.
Reversibility experiments at 6500 bars constrain the iron-free
equilibrium clinozoisite zoisite to lie below 407°C. Electron
microprobe and single crystal x-ray diffraction studies of epitac=-
tically related zoisite-clinozoisite crystals grown from seeded
mixtures of anorthite, calcite, hematite and silica glass at 6500
bars and 650°C are shown to bracket the transition loop between
$i.0.,(OH)) and Pistacite 12.6

2.907%0.10513%12

(C82A12.62Fe0.38813012(on))' Experimental techniques used in this

investigation, which focus on detalied analysis of single crystals,

Pistacite 3.2 (CazAl

offer promise as a means for determining equilibrium phase relations

of epidotes and other frequently zoned mineral groups.
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