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Abstract. The assemblages rutile-hematite, hematite, hematite-magnetite, hematite-ilmenite- 
magnetite, and ilmenite-magnetite occur in sillimanite- and kyanite-grade quartzites exposed in 
western New Hampshire. Different assemblages are found in interlayered sedimentary beds of 
single outcrops. Magnetites are nearly pure FeaO a and contain trace amounts of A1, Si, Ti, V, Cr, 
Mn, and Ni. Magnetites in contact with hematites contain up to 0.4 weight % MnO, but magnetites 
in contact with ilmenites containing up to 2.3 weight % MnO have no detectable M_n. Ilmenite 
is enriched in Mn relative to coexisting hematite, and hematite is so enriched with respect to 
magnetite. Systematic partitioning of elements between oxide minerals and absence of 
crossing tie lines suggest that the minerals attained chemical equilibrium during regional 
metamorphism. None of the assemblages are divariant because of the presence of components 
in addition to FeO, Fe2Oa, and Ti02; therefore, none of them constitute oxygen buffers. 
Nevertheless, gradients in ~o~ between adjacent sedimentary beds can be measured using 
variations of oxide mineral composition in trivariant and quadrivariant phase assemblages. 
Oxygen behaved as an "initial value" component or "inert" component during regional 
metamorphism. It is likely that the #o~ gradients are due to differences in bulk composition 
of sedimentary beds at the time of deposition. 

Introduction 

The status of the volatile component oxygen as an " iner t "  (Korzhinskii, 1959), 
"buffered" (Eugster, 1959), or "initial value" (Zen, 1963) component of meta- 
morphic rocks is an accepted principle of metamorphic petrology. That oxygen 
behaves in this way was first suggested by the petrographic observation of inter- 
calated two-phase assemblages of hematite and magnetite and one-phase assem- 
blages of hematite or magnetite (James and Howland, 1955; Thompson, 1957; 
Eugster, 1959). The two-phase assemblage hematite-magnetite defines the chemi- 
cal potential of oxygen at fixed T and P by the condition of heterogeneous 
equilibrium: 

~0~ ~--- 6~Fe~03, hematite - -  4/~FeaOi, magnetite" (1)  

The two-phase assemblage is invariant at constant P and T provided the mineral 
compositions lie wholly on the join F%Os-F%04. If  there were an "external 
reservoir" with which the buffer assemblages were in equilibrium with respect to 
/~o~, then the reservoir would necessarily have the same value of/~o~ as the buffer 
assemblages. Such a coincidence is mflikely, and Zen (1963) concluded that  the 
observed assemblages could not have been in equilibrium with an external reser- 

13 Contr. ~Itneral. and Petrol., u 42 



182 D. Rumble, HI 

voir. There are two essential steps in the logical structure of this argument: 
(1) The mineral assemblages must have been in chemical equilibrium during 
metamorphism. Such criteria as absence of crossing tie hnes (Greenwood, 1967) 
and systematic partitioning of elements between minerals (Kretz, 1959) may be 
used to test for the attainment of equilibrium. (2) The status of a given assemblage 
as an oxygen buffer or nonbuffer must be established by evaluating its variance. 
In  the absence of divariant buffer assemblages, the conditions of equilibrium 
with respect to /~o, may be evaluated by measuring mineral compositions of 
trivariant assemblages that  are isothermal, isobaric functions of go, (Butler, 1969). 
Most workers have chosen to bypass these two logical steps. Accepting petro- 
graphic observation of presumed oxide buffer assemblages at face value, they 
have focused their efforts on variation in silicate mineralogy and composition as 
a function of observed oxide paragencses (see Chinner, 1960; Mueller, 1960; 
Klein, 1966). 

The purpose of this paper is to present a systematic body of data on the chemical 
compositions of coexisting oxide minerals and to test the data to determine 
whether the hypothesis of attainment of chemical equilibrium is justified. The 
variance of oxide mineral assemblages will be evaluated in order to determine 
whether divariant oxygen buffers are present. In  the absence of oxygen buffers, 
variations in oxide mineral composition in trivariant assemblages will be used to 
measure gradients in #o, between adjacent rock layers. 

Area and Rocks Studied 
The quartzites and quartz mica schists of this study belong to the Clough Forma- 
tion of late Early Silurian age (Billings, 1937 ; Boucot and Thompson, 1963) and 
are exposed in western lqew Hampshire (Fig. 1). The formation consists of 
conglomerates, quartzites, current-bedded quartzites, quartz-mica schists, and 
mica schists that  rest unconformably upon amphibolites, mica schists, and 
granites of Ordovician age (Thompson et al., 1968; lqaylor, 1969). The Clough 
Formation is overlain by calcareous rocks of the Upper Silurian Fitch Formation 
and pelitic rocks of the Lower Devonian Litt leton Formation. The Ordovician, 
Silurian, and Devonian rocks were regionally metamorphosed, recumbently folded, 
and refolded into anticlinoria and synclinoria during post-Lower Devonian, 
pre-Triassic time (Thompson et al., 1968). 

Method of Study 
Electron microprobe 1 measurements of chemical composition were made using the data- 
reduction scheme and matrix corrections of Boyd (1969, pp. 63-69). The calculated precision 
of the analyses of elements present in concentrations greater than 1.0 weight % is 1.0% of 
the amount present; the accuracy of the analyses is estimated to be 3.0~163 of the amount 
present. The calculated detectability limit of elements present in amounts less than 0.10 
weight % is 100-200 ppm. 

Hematite and ilmenite grains commonly contain lamellae of each other too small to be 
resolved for individual analysis by the microprobe. To determine the bulk compositions of 
single mineral grains showing such lamellae, a beam diameter of 20-30 ~m and counting 

1 MAC electron microprobe purchased with the assistance of the National Science ~oundation 
under grant GP 4384. 
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Fig. 1. Geological map of western New Hampshire after Billings (1956) and Rumble (1971 c) 
showing aluminium silicate occurrences and sample localities 

times of 50 sec were used and twenty measurements were made per grain. These conditions 
of analysis considerably reduce calculated standard deviations compared with measurements 
made with smaller beam diameters or shorter counting times, or with fewer measurements 
per grain. The calculated precision of the analyses for major elements is 3.0% of the amoun~ 
present. Major element concentrations determined for adjacent grains in the same thin section 
agree within 3.0-6.0% of the amount present. 

In  order to estimate the amount of ferric iron in the Fe-Ti oxides, microprobe analyses 
were recalculated in the following way: The number of cations was normalized to its ideal 
value of 3 for magnetites and 2 for rhombohedral minerals. For the latter, M_u is assigned to 
MnTiO~, A1 to FeAIO a, Si to FeSiOa, the remaining Ti to FeTi03, and the remahling Fe to 
Fe20 a. For magnetites, M~ is assigned to MnFez04, Si to Fe2Si04, Ti to FeuTiOa, and the 
remaining Fe to Fe304. The Fe ~+: Ye s+ ratio is obtained by adding the numbers of these cations 
in each component. Cation-deficient magnetites correspond to those whose oxides total less 
than 100%. Within the limits of uncertainty of microprobe analysis, none of the magnetites 
are detectably cation deficient. 

Fe .Ti  Oxide Mineral  Assemblages 

Oxide minera l  assemblages ~ound in  the rocks of the Clough Fo rma t ion  are given 
in  Table  1. No graphite  and  only  one grain of pyrrhot i te  have been found. Two- 
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phase mineral grains of ilmeno-hematite 2 and hemo-ilmenite probably resulted 
from cooling and exsolution of one-phase grains of titanhematite and ferrianil- 
menite, respectively. According to this interpretation, the bulk compositions of 
ilmeno-hematite and hemo-ilmenite grains in contact with each other represent 
the binodal composition of titanhematite and ferrianilmenite on the ilmenite- 
hematite solvus under the conditions of reerystallization. Titanhematite lamellae 
in hemo-ilmenite are narrower and less abundant than ferrianilmenite lamellae in 
ilmeno-hematite, suggesting that  the solvus may be asymmetric toward FeTiO a- 
rich compositions. Rutile forms thin selvages between grains of ilmeno-hematite 
and magnetite. The intergrowth may be the result of the reaction 

Ilmenite (lamellae) ~- hematite (host) = futile q- magnetite 

proceeding as grains of ilmeno-hematite in contact with magnetite are cooled 
(cf. Mielke and Schreyer, 1972; Southwick, 1968). Magnetite porphyroblasts are 
euhedral and may reach a size of 5 mm on a side. The subhedral hematite and 
flmenite grains have the form of flat plates; their rectangular cross-sections 
measure up to 40 • 90 [zm. The hematite and ilmenite plates show a strong 
preferred orientation parallel to the sehistosity defined by the mica grains of the 
quartz-mica schists. No traces of relict detrital mineral grains are present. 

Magnetite may be partially or wholly altered to hematite, forming martite 
pseudomorphs. Ferrianilmenite may be partially or wholly altered to aggregates 
of rutile and hematite, a texture characteristic of beach-sand alteration (Bailey 
et al., 1956). This alteration is probably a form of weathering, since it is most 
intense along joints in deeply weathered out-crops. Furthermore, the intensity of 
the alteration varies greatly within a single polished thin section; the most 
altered oxide minerals are found along grain boundaries of silicates or enclosed in 
cracked silicates. 

Silicate mineral assemblages are also listed in Table 1. The minerals rich in 
ferrous iron, staurolite, chloritoid, biotite, and almandine occur with ilmenite or 
ilmenite-magnetite, not with ruffle-hematite or hematite-magnetite assemblages. 
The minerals poor in ferrous iron, kyanite, chlorite, and spessartine are commonly 
associated with rutile-hematite or hematite-magnetite assemblages (cf. Chinner, 
1960; Mueller, 1960). 

Chemical Compositions of Minerals 
The Fe-Ti oxide minerals analyzed in this study lie almost wholly within the 
system Fe-Ti-Mn-O (Table 2). They are not measurably in_homogeneous within 
a single sedimentary bed. Magnetites are nearly pure F%Oa. Ilmenite and he- 
matite are approximately ternary solutions on the join FeTiOa-F%Oa-MnTiOa. 
Fig. 2 shows compositions of coexisting oxide minerals projected onto an isother- 
mal, isobaric ~Uo~ vs. Fe/(Fe ~-Ti) phase diagram. No two-phase assemblages of 
titanhematite-magnetite or ferrianilmenite-magnetite plot within the three-phase 
field defined by compositions of coexisting hemo-ilmenite, ilmeno-hematite, and 
magnetite. This observation suggests that  the compositions 70F%Oa-30FeTiOa 

2 The terminology of Buddington et al. (1963) and Anderson (1968) has been adopted to 
describe the intergrow~hs of Fe-Ti oxide minerals. 
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Table 2. Electron microprobe analyses of Fe-Ti oxide minerals 

A. Lake Constance locality 

D. Rumble, I I I  

SiOs 
riOs 
Fe~Os 
M208 
V~O8 
3r20s 
FeO a 

VfnO 
~gO 
NiO 
2aO 
~ZnO 
total  

68-20 68-20A 

Hematite Magnetite Hematite Ilmenite Magnetite 

0.42 0.09 
10.94 0.04 
77.94 67.43 

0.10 0.06 
n.a. b 0.09 

0.05 0.00 
8.77 30.39 
0.77 0.32 
0.02 0.00 
0.01 0.04 
0.00 0.00 
0.03 0.04 

99.05 98.50 

0.32 0.28 0.09 
14.21 46.10 0.03 
71.21 10.14 68.56 

0.48 0.34 0.14 
n.a. n.a. 0.15 

0.05 0.01 0.06 
12.83 39.41 31.26 
0.32 2.25 0.00 
0.02 0.05 0.01 
0.00 0.01 0.06 
0.01 0.00 0.01 
0.00 0.03 0.00 

99.45 98.62 100.37 

B. Jacobs Brook locality 

66-15A 66-24C 66-25B 

Hemati te  Ilmenite Ilmenite Magnetite Ilmenite Magnetite 

SiO~ 
Tie2 
l%~Oa a 
Al~03 

r~Os 
F e e  a 
YmO 
MgO 
NiO 
CaO 
ZnO 
Total 

0.21 0.20 
15.22 47.23 
68.52 6.26 
0.18 0.09 

n.a.  n.a. 
0.09 0.03 

13.71 40.92 
0.31 1.76 

n.a. n.a. 
0.00 0.00 

n.a. n.a. 

n.a. n.a.  
98.24 96.49 

0.30 0.17 
49.19 0.08 

4.33 67.87 
0.11 0.25 

n.a. 0.18 
0.00 0.03 

42.43 31.33 
2.14 0.00 
0.00 0.00 
0.01 0.06 
0.01 0.00 
0.00 0.00 

98.52 99.97 

0.16 0.13 
48.84 0.17 

2.74 67.51 
0.17 0.39 

n.a. n.a. 
0.00 0.05 

45.68 31.28 
0.43 0.00 

n.a. n.a.  
0.00 0.00 

n.a. n.a. 
0.00 0.00 

98.02 99.53 

C. Smarts Mountain locality 

66-76A 66-76AI 66-76C 

Hematite Rutile Hemati te  Magnetite Hemati te  Rutile 

Si02 
TiO 2 
FesOa a 
AltOs 
~O3 
Cr~O3 
FeO a 
MnO 
MgO 
NiO 
CaO 
ZnO 
Total 

0.67 0.92 
13.30 95.41 
71.56 

0.24 0.18 
n.a.  n.a. 

0.15 0.07 
12.65 1.52 c 
0.09 0.00 
0.00 n.a. 
0.00 0.00 

n.a. b n.a.  
n.a.  n.a.  
98.66 98.12 

0.13 0.60 
0.04 0.05 

99.48 67.20 
0.08 0.00 

n.a. n.a.  
0.07 0.06 
0.18 31.68 
0.00 0.00 

n.a. n.a. 
0.00 0.12 

n.a. n.a.  
n.a. n.a.  
99.98 99.71 

0.68 0.66 
11.06 96.52 
76.70 

0.16 0.00 
n . a .  n . a .  

0.I0 0.03 
10.11 1.23 c 
0.60 0.00 

n.a. n.a. 
0.04 0.00 

n.a. n.a. 
n.a. n.a. 
99.46 98.45 

a Recalculated electron microprobe analysis, see text.  
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70-176 I 70-177 

Hemati te  Magnetite Hemati te  Magnetite 

0.06 0.09 
11.39 0.03 
77.14 67.75 
0.12 0.10 
n.a.  0.16 
O.O1 0.02 
9.96 30.59 
0.36 0.39 
0.01 0.00 
0.00 0.06 
0.01 0.01 
0.00 0.00 

99.06 99.20 

0.09 0.09 
3.89 0.01 

91.09 68.45 
0.41 0.06 
n.a. 0.13 
0.03 0.04 
3.69 31.06 
0.02 0.14 
0.00 0.01 
0.00 0.00 
0.01 0.01 
0.00 0.00 

99.23 100.00 

66-25C 66-57A 

Hemati te  Magnetite Ilmenite Magnetite 

0.61 0.24 
16.09 0.08 
67.93 68.17 

0.12 0.10 
I I . a .  n . a .  

0.09 0.00 
14.18 31.36 

0.84 O.04 
n.a.  n.a. 

0.00 0.09 
n.a. n.a. 
n.a. n.a. 
99.86 100.08 

0.14 0.11 
47.95 0.08 

6.41 66.82 
0.13 0.39 

n.a. 0.16 
0.01 0.07 

42.12 30.82 
1.14 0.00 
O.O2 0.01 
0.03 0.03 
0.00 0.01 
0.03 0.00 

97.95 98.49 

66-128A 

Ilmenite Magnetite 

0.68 0.13 
48.55 0.12 

6.46 68.08 
0.00 0.16 

n.a. n.a.  
0.23 0.00 

37.05 31.12 
7.37 0.09 

n . a .  n . a .  

0.00 0.04 
n.a. n.a. 
n.a. n.a. 
100.34 99.74 

68-278A 67-53 

Hemati te  l lmenite Magnetite ] 

0.42 0.28 0.17 
i3.73 46.36 0.04 
70.61 10.69 68.29 

0.42 0.13 0.12 
n.a. n.a. n.a.  

0.08 0.04 0.03 
12.51 39.99 31.19 
0.33 2.01 0.00 

n.a.  n.a.  n .a .  
0.00 0.00 0.12 

n.a. n.a. n.a. 
n . a .  n . a .  n . & .  

98.10 99.50 99.96 

Hemati te  Ilmenite Magnetite 

0.27 0.12 0.13 
14.98 46.26 0.04 
68.46 10.31 67.30 

0.08 0.09 0.19 
n.a. n.a. 0.38 

0.14 0.03 0.23 
13.55 40.28 31.06 
0.24 1.42 0.00 
0.00 0.02 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 

97.72 98.56 99.34 

b n.a. ,  not analyzed. Total Fe as FeO. 
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and 10F%Os-90FeTiO~ have real significance as the binodal compositions of the 
hematite-ilmenite solvus (eft Kretschmar and iKcNutt, 1971, p. 954). The absence 
of primary rutile-magnetitc assemblages is emphasized in Fig. 2; such assemblages 
stand in reaction relationship to binodal hematite-ilmenite assemblages. 

The partitioning of 1Kn between ilmcnite, hematite, and magnetite is shown in 
Figs. 3 and 4. The ratios Mn/(Fe total) are plotted in order to prevent the scheme 
of recalculation of microprobe analyses from introducing additional uncertainty. 
Magnetites in contact with hematite (Fig. 3) may contain up to 0.4 weight % 
MnO. Magnetites in contact with ilmenitcs contain no detectable Mn, except 
where the whole rock is unusually rich in Mn (66-128). Mn is enriched in ilmenitc 
with respect to coexisting hematite (Fig. 4). 

Traces of Ni are present in magnetites but not in hematite or ilmenite. Other 
elements such as A1, Si, and Cr are present in such low concentrations thatany 
systematic partitioning would be masked by analytical uncertainties. 

Attainment ol Chemical Equilibrium 
Systematic partitioning of elements between oxide minerals, absence of crossing 
tie lines, and homogeneity of analyzed minerals in a given assemblage suggest 
that the minerals attained chemical equilibrium. As Zen (1963) has pointed out, 
these criteria are necessary but not sufficient conditions for the attainment of 
chemical equilibrium. 

The binodal compositions 70Fe203-30FeTiO 3 and 10F%O3-90FeTi03 measured 
in this study do not agree with the ilmenite-hematite solvus determined by 
Carmichael (1961). His binodal compositions (recalculated to 1 kbar) are 
82 F%0~- 18 FeTi03 and 25 Fe208- 75 TiO 8 at 600 ~ C, 85 F%0~- 15 FeTiO 8 and 21 F%08- 
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79FeTiO 3 at  500~ and 88F%O3-12FeTiO 3 and 19F%Oa-81FeTiO 8 at  40O~ 
(Rumble, 1971b, Fig. 30). Carmichaei's results may be in error, however, for 
Lindsley (1973, p. 858, Table 1) has succeeded in dissolving 30 mole-% FeTiO 3 
in t i tanhematite at 600~ and 2 kbar without exsolution, an amount that  is in 
agreement with the measurements of this study. 

Calculations show that  in the range 400-600~ and 1-5 kbar rutile-magnetite 
assemblages should be stable with respect to assemblages of hematite-ilmenite 
(Rumble, 1971a, Fig. 43). These phase compatibilities have not been observed 
in this study. The uncertainty in the calculations, however, is equal to the number 
of kiloealories by which hematite-ilmenite is metastable with respect to rutile- 
magnetite. 

The magnetite-ilmenite tie lines reported here do not correspond to those shown 
in Fig. 5 of Buddington and Lindsley (1964) but  do fall within the range of 
uncertainty for the NNO and QFM buffers at 550 ~ and 600~ as represented in 
their Figs. 2 and 3. 

Conditions of Metamorphism 

I t  is difficult to estimate exactly the temperature and #o~ of metamorphism 
because of the great uncertainty in the experimentally measured location of 
magnetite compositions in equilibrium with ilmenite on the NNO and QFM 
buffers at 550 ~ and 600~ (Buddington and Lindsley, 1964, Fig. 2). I t  is impossible 
to estimate the total pressure of metamorphism from oxide mineral compositions 
because they are insensitive to changes in pressure (Rumble, 1971a, Tables 6 
and 7). Despite uncertainty concerning P and T conditions, the conditions of 
equilibrium with respect to /toz may be evaluated for adjacent oxide mineral 
assemblages provided they are located close enough together to have been meta- 
morphosed under identical P and T. 

Fig. 2 is an at tempted portrayal of the approximate magnitudes of gradients 
in/to~ (or/o2) that  existed between adjacent assemblages during metamorphism. 
In the Smarts Mountain locality, a difference of approximately 10 -4 arm /o~ 
existed within a single thin section (66-77 AI, 66-76 A). Outcrop 66-25 in the 
Jacobs Brook locality contains two assemblages that  differ by 10 -1"5 arm in inferred 
/o, and are separated by 10 m. Outcrop 68-20 from the Lake Constance locality 
contains assemblages (68-20, 68-20A) that  span a difference in/o~ of 10 -1 arm 
over a distance of 10 m. Not only do gradients in/~o~ exist between adjacent as- 
semblages but  reversals of gradients exist within a single outcrop or outcrop area. 
Assemblages 66-76A1, 66-76A, and 66-76C illustrate reversals of gradients for 
an outcrop 5 m in diameter. ReversMs of gradients in/to~ within the same outcrop 
area are illustrated by 66-24 and 66-25, separated by 20 m. 

In  Fig. 2 the presence of Mn in the oxide minerals is neglected. I t  might be 
argued that  appropriate substitution of Mn in oxide minerals would make it 
unnecessary to postulate/to~ gradients despite differences in their Fe/(Fe + T i )  
ratio (cf. for Mg substitution, Speidel, 1970). If  the P and T of metamorphism 
and the equations of state of phases in the system Fe-Ti-Mn-O were known, 
values of/Zo~ could be calculated using Eq. 1 for each of the hematite (or ilmenite)- 
magnetite assemblages listed in Table 2. Since these data are unknown, a more 
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general line of reasoning must be used. An expression for 

[O/UO,/(O X F e ,  O,, ilmenite or hematite) ] 

as an isothermal, isobaric function of composition for hematite (or ilmenite)- 
magnetite assemblages must be found. Let  phase A be ilmcnite; phase B, mag- 
netite. Let component 1 be FcTi08; component 2, F%03; component 3, MnTiOa; 
component 4, Fe3Oa; component 5, MnF%04; and component 6, F%TiO 4. X4B is 
the mole fraction of Fe304 in magnetite. I t  is assumed that  the phases are 
stoichiometric and show no cation deficiency. 

For a two-phase assemblage we have two Gibbs-Duhem equations, 

0 = - S B d T - -  VBdP +XsB(d/U 5 --d/u,) -}-XeB(d/U 6 --d/u,) -t-d/u, (2) 

0 = S A d T - -  V x d P  -~-X3A(d[.b a -- d/u1) -~- X2A (d/u 2 -- d/u1) + d # l  (3) 

and two conditions of exchange equilibrium, 

0 = (d/u0 - - d # 4 )  + (d/u~ - -  d/~l) (4) 

0 = ( d / ~  - -  d/u1) - -  (d/u 5 - -  d/u4). (5) 

Differentiating Eq. 1 and substituting d/u s = (d/u~- d/u1) § d/4, 

0 = 4 d/u 4 --  6 (d/u 2 --  d/u1) -- 6 d/4 -]- 1 d/uo. (6) 

Now we write the total differentials of (d/u 3 - -d /h  ) and (d/u s - - d ~ )  as functions 
of P, T, X2A, and XsA (cf. Prigogine and Delay, 1954, p. 279, eq. 18.44). 

d (/Us --/fi) = (0 (/ua --I-h)/OT)r, x,~ x,~ d T  + (0 (/U3 --/U~)/OP)T, X,.~ X,~ d R  

+ (o (m-~)/oxsA)~-,. ~, x,~ axsA + (a (m-/ul)/axsA)~, ~. x,~ axsA 

Substituting : 

(O (/Us - - t h ) /aT )  = --  (SsA --  S,A) 

(0 (~Us - - th) /OP) = (VaA --  Via) 

(a (~us - /uO/aisA) = (a (a GA/aXsA) aX~A) = (a saA/OXsA OXs~) 
(a ( /us-~) /a isA)  = (a (aGA/aX~2/aXsA) = (aSG~/aXL) 

and similarly for d (/us --/~) we obtain: 

0 = -- (SsA --S~A) d T  + (V~A --  Vim) d P  --  (d/us - -d th)  + Gssa dX2A (7) 

-~  633  A dXsA 

0 = --  (SsA --  S~A) d T +  ( ~ A  --  V~A) d P  --  (d/u s -- d/u1) ~- Gss A dXsA (8) 

2f_ GssA dXsA 

where Gss A = (aSGA/aX~A), GssA ~-- (a~'GA/OX~A OXsA) 

S1A ~ partial molar entropy of FeTiOs in ilmenite, and 

Vim ~ partial molar volume of FeTiO s in ilmenite. 
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At constant P, T, and X3A, the seven equations may be divided through by dX2A 
and solved for (O#o,/aX~A)p ' % x0~ using Cramer's rule. 

(O[~OI /O.~2 .A)p ,T ,X ,A  ~ (6--6X2A --4XsB ) G22 A -~-G23A(4XsB --6X3A ) (9) 

For stable ternary solutions, G22 A >0 and G23 a <~ (G22A GaaA) ~- (Prigogine and 
Delay, 1954, p. 253, eq. 16.79). The coefficient of G~A is positive and ranges in 
value from 5.3 to 5.6 for ilmenite-magnetite assemblages and from 0.0 to 3.0 for 
hematite-magnetite assemblages. The coefficient of G~3 A is negative (except for 
70-177) and ranges in value from --0.05 to --0.3 (excluding 66-128) for ilmenite- 
magnetite assemblages and from --0.1 to -~ 0.1 for hematite-magnetite assembla- 
ges. These observations suggest but do not prove that  the right-hand side of Eq. 9 
is positive. If it is positive, then for assemblages with comparable Mn contents 
an increase in X2A measures an increase in #o,. I t  is likely, therefore, that  the 
presence of Mn in the minerals does not eliminate the necessity of postulating 
/~o, gradients between adjacent mineral assemblages. 

Owing to the existence of the hematite-ilmenite solvus, /~o, is not a single- 
valued function of X2A (cf. Rumble, 1971 a, Fig. 37). In order to properly evaluate 
/~o, gradients, only assemblages located on the same side of the solvus should be 
compared. 

That  oxygen behaved as an " i ne r t "  or "initial value" component during 
regional metamorphism has been confirmed for the rocks of this study. As Mueller 
(1967) has pointed out, such behavior is a consequence of the low concentrations 
of molecular oxygen, which prevent the rocks from attaining equilibrium with 
respect to diffusion of oxygen. Equilibrium with respect to #02 may also be 
achieved by disassociation of It20 and diffusion of H~ (Eugster, 1959). There 
was not a sufficient amount of fluid phase available in the rocks of this study to 
attain equilibrium by this mechanism (cf. Sobolev, 1972, p. 140). Caution is 
indicated in inferring the existence of oxygen buffer assemblages on the basis of 
petrography alone. The three-phase assemblage hematite-ilmenite-magnetite, 
divariant in the three-component system Fe-Ti-O, is in fact at least trivariant 
because of the presence of additional components. 

I t  is likely that  the/~o~ (]o,) gradients of the Clough Formation originated from 
differences in rock bulk composition at the time of sedimentation. The oxidized 
nature of the mineral assemblages from the conglomeratic, current-bedded Clough 
Formation correlated with its deposition in a transgressive, beach-sand environ- 
ment. Gradients in/~o, also exist between the Clough Formation, considered as a 
whole, and the mica schists that  overlie it. The mica schists contain the reduced 
assemblage rutile-ilmenite, with or without graphite and pyrrhotite;  their parent 
sediments were probably shales and sandstones deposited under marine conditions 
that  were more reducing than those of the beach-sand environment. 
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