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ABSTRACT

Biotites on the join phlogopite-annite react to form a number of assemblages and the
reactions are governed by the independent intensive parameters, temperature, fugacity of
H,0 (fn,0), and fugacity of oxygen (fo,). The most common of these assemblages in natural
occurrences are biotite-sanidine-hematite; biotite-sanidine-magnetite; and biotite-leucite-
olivine-magnetite. The compositions of biotites coexisting with sanidine and magnetite
were determined for a variety of conditions of fm,0, fo, and temperature. The compositions
lie in the ternary system KFeg?*AlSi;O; (OH)s, annite-KMg;2+AlSi;010 (OH),, phlogo-
pite-KFe;**AlSisO1s (Hy), “oxybiotite.”

Application of regular solution theory to KFe;AlSisO10(OH); in ternary solid solution
yields the following relationship:
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where x; is the mol fraction of KFe;AlSiy010(OH); in biotite, axaisi,o, is the activity of
KAISi;Os in the various mineral phases, and are, is the activity of Fe;O, in the various
mineral phases. Neither molecular (a=x) or cationic (a=x% ideal solution theory describes
the activities of KFe;AlSi;010(OH); in “ternary” biotite solid solutions. The position of the
fo,-T curvesfor biotite-muscovite-magnetite-corundum/alumino-silicate-quartzassemblages
were determined by the intersections of the stability curves of biotite and muscovite.
Schematic fo,-T curves are given for biotite-sanidine-pyroxene-magnetite-quartz assem-
blages.

Biotite crystallizing from a magma may follow either a more iron-rich trend or a more
magnesium-rich trend, depending upon the fo, conditions during cooling. If fo, is decreas-
ing with temperature, the Mg/Fe ratios of the anhydrous phases and the amount of magne-
tite either decrease or change very little. The magnesium-rich trend in the biotite composi-
tions is represented by constant or increasing fo, (through loss of hydrogen) and leads to an
increase in the amount of magnetite present and in the Mg-Fe ratios of the associated ferro-
magnesian phases. The two trends may represent, respectively, undersaturation or satura-
tion of the melt in regard to H,O.

Extrapolation to natural biotites assumes that Ti, Al, and F substitutions are similar to
Mg, Fe®s, and O substitutions. Biotite-K-feldspar-magnetite assemblages in low-grade
metamorphic rocks (<500° C.) imply either disequilibrium or low HyO pressures. Assem-
blages in the gneisses of the northwest Adirondacks imply H.O fugacities of 0.1-10 bars and
CO; fugacities of 400-10,000 bars during recrystallization of the interbedded gneisses and
marbles.

Intersections of biotite fu,o-T curves with the “granite minimum melting curve’ sug-
gest that most biotite-bearing rhyolite and quartz latite magmas were at temperatures

1 Publication authorized by the Director, U. S. Geological Survey.
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greater than 750° C. and at H,O pressures of less than 1000 bars just before extrusion.
Biotite phenocrysts permit an estimate of minimum H,O pressure in “granitic’’ melts;
magnetite or orthopyroxene phenocrysts permit an estimate of maximum H;O pressures.

INTRODUCTION

As biotites are very common constituents of igneous and meta-
morphic rocks, knowledge of biotite stabilities and phase equilibria
should aid in the determination of certain boundary conditions (tem-
perature, water pressure, oxygen pressure and compositional variations)
for magmatic and metamorphic processes.

Previous investigators have determined the stability of the end
members, phlogopite (Yoder and Eugster, 1954) and annite (Eugster and
Wones, 1962), and this study attempts to examine the solid solution of
those end members. The iron-magnesium ratio of biotites in igneous
(Heinrich, 1946; Nockolds, 1947) and metamorphic (Thompson, 1957)
rocks has been correlated with various rock types and grades of meta-
morphism, and this study establishes limitations of the intensive vari-
ables at which a particular biotite may be stable.

Cation substitution of Fe and Mg in silicate lattices has been discussed
by Ramberg (1952), Mueller (1960), Bradley (1962), Bartholomé (1962),
Ghose (1962) and Kretz (1964). Experimental studies have been limited
to olivine and pyroxene equilibria, chiefly at liquidus temperatures and
one atm. pressure (Bowen and Schairer, 1935; Muan and Osborne, 1955)
whereas this study presents data on Mg-Fe substitutions in a hydrous
silicate at elevated pressures. It may, therefore, serve as a model for
other Mg-Fe solid solutions of hydrous silicates.

The present study is an attempt to define the biotite-sanidine-magne-
tite-gas equilibrium as a function of T, P(=Pgn,+Puy), fo,, and phase
composition at temperatures between 400° and 900° C. On biotite
compositions, at fo, values between the Fe;Ou-Fe,O5 and Fey yO-Fe;04
buffers, no other assemblages were encountered at the above conditions.

This manuscript presents the experiments, their interpretation, and
methods of extrapolation in the first part. In the second part applica-
tions to some natural assemblages are discussed. The biotite assemblages
will provide, if properly studied, definite limits on the possible tempera-
tures and fugacity of components such as HyO, Os, and H; in geologic
processes.

ExpPERIMENTAL TECHNIQUES

The techniques used have been discussed by Eugster and Wones
(1962) and Wones (1963b). Cold-seal hydrothermal apparatus supplied
temperature and pressure. Pressure measurements were good to 1% and
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the temperature control and measurement was within 5° C. of the stated
temperature. Individual experiments were quenched by slow cooling (20
minutes) of a sealed pressure vessel. As reaction rates are very slow, this
technique created no problems related to ‘““‘quench phases.”

Oxygen fugacities were controlled by the buffer technique of Eugster
(1957). Table 1 lists the values of oxygen fugacity for the several buffers.
Muan’s (1963) results on the system Pd-Ag-Fe demonstrate the useful-
ness of Pd-Ag alloys in hydrothermal experiments with iron-bearing
systems. Pd3Agye alloys were used only in the most recent experiments.

Phase equilibria were determined by examination of quenched prod-
ucts obtained from experiments using biotite or phlogopite-{-sanidine
+ magnetite as starting materials. The phlogopite, sanidine and magne-

TaBLE 1. OxvGEN FucacITiES OF OXYGEN BUFFERS (EUGSTER AND WONES, 1962)

A CP — 1)
Logfoy = — T+ B +———
Buffer
A | B C
Fe,05-FesOy 24912 ‘ 14.41 0.019
Fey0p-Fey 0 | 32730 13.12 0.083
NiO-Ni 24709 8.94 0.046
Si0y FesSiO -Fe:Os 27300 10.30 0.092

tite were synthesized as pure phases and then mixed mechanically to
avoid any ambiguity in results. The critical determination in all experi-
ments is the composition of the biotite coexisting with sanidine, magne-
tite and gas.

The exact location of the equilibrium is dependent upon attaining
equilibrium by oxidizing a ferroan biotite to a magnesian biotite-sani-
dine-magnetite assemblage, and by reducing a phlogopite-sanidine-
magnetite assemblage to a ferroan biotite-sanidine-magnetite assem-
blage. Complete reversibility was established for five points in addition
to the data for the annite end member. The remainder of the data were
obtained by oxidizing a biotite. Such experiments should yield a maxi-
mum iron content. All indications are that they approach equilibrium
within 48—-100 hours, whereas the reversing equilibrium requires at least
250 hours.

A sequence of experiments tabulated in Table 3c at 750° C. and 800° C.,
2070 bars, demonstrates that the approach to equilibrium proceeded at
highly variable rates. At 750° C., a 24-hour reducing experiment pro-
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duced a biotite with Fe/Fe4+Mg=0.63 whereas a 195-hour reducing
experiment produced a biotite with a value of Fe/Fe+Mg of 0.56. The
value produced by oxidation of a ferroan biotite is 0.78 and is probably
nearer the true equilibrium value. Where a large spread between oxida-
tion and reduction experiments exists, the oxidation value is used.

Experiments using oxide mixes as starting materials were given little
credence. They were only used in close conjunction with experiments us-
ing biotites or phlogopite-sanidine-magnetite as starting materials.

COMPOSITION OF PHASES

As methods of extrapolation and interpolation of the biotite phase
equilibria depend heavily on assumptions concerning the purity of sani-
dine and magnetite, and on the composition of the gas phase, as well as
the biotite composition, discussion of the compositional variations of all
the phases is warranted.

Biotites. Biotite compositions were determined by measuring indices of
refraction and the (060,331) x-ray spacing using the data of Wones
(1963b). Optical measurements proved the most useful, as the x-ray re-
flections are weak and broadened by reflections from the inclusions of
original biotite flakes within the newly crystallized sanidine. The
method of Gower (1957) was not used as the (004) biotite reflection is
coincident with the (311) of magnetite.

A complicating factor in this study has been the formation of “oxybio-
tite” in the biotite solid solutions. Consequently, the biotites are not a
simple binary KMg;AlSi;01(OH),-KFe;AlSis010(OH), but rather they
are members of the reciprocal system (Ricci, 1951, p. 371--389)
KMg;AlSi;0:(OH)s-3K Fet Fey? T AlSi;010- K Feg2t AlSis010(OH) - 3K Mg -
Fey*+tAlSizOy,. If the theoretical (and physically impossible) composition,
KFes?+AlSi;O(H 1), is used as a component, then the biotite composi-
tions can be plotted in the additive ternary system shown in Fig. 1. The
shaded area represents those compositions that are physically impossible.
The advantage of this type of plot is that the annite concentrations are
assigned with simplicity, whereas in the reciprocal system they may be
ambiguous in certain cases.

The concentrations of “oxybiotite” have not been rigorously deter-
mined. However, as Wones (1963b) demonstrated, the ¢ axis of the unit
cell contracts with increasing ‘“‘oxybiotite” content. This has not been
well calibrated, but the available data in the above study indicate that ¢
contracts about 0.002 A for each per cent “‘oxybiotite.” Figure 1 plots
the estimated position of the biotite solid solutions for each of the buffer
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systems investigated. Tt should be emphasized that these curves repre-
sent little more than an “educated guess.”

Another possible substitution is that of “ferriannite,” KFe? Fed+
Si30:10(0H)s (Wones, 1963a). The formation of this component requires
the formation of an aluminous phase and a change in the physical proper-
ties of the biotites. No aluminous phases such as muscovite or corundum
were observed by optical or x-ray techniques. The compositions of
natural biotites coexisting with feldspars, pyroxenes, olivines, and

KFe'y AlSi5 0,5 (H-))

KFe'2Fe?AISi 0,

"Oxyannite”

A\ KMg*?Fe’’AlSi O,

- tree,

LB Si0 Sig Fagt O

+2 7 +2
KFe'; AiSi 0,,(OH), KMg'7AISi 0, (OH),

Annite Phlogopite

I16. 1. The ternary system KlIe2AlSi;O10(OH).-KMg;2+tAlSi;010(0OH)-KFegt
AlSiz0y2(H-y). Dashed lines indicated compositions of “buffered” biotites, the shaded area
represents compositions physically impossible to obtain. Dotted line is that of appropriate
composition of biotites that would provide a constant value for the heat of mixing.

magnetites (Heinrich, 1946; Nockolds, 1947) indicate that such a substi-
tution is not to be expected.

In summary, the Fe/Fe+ Mg ratio of the biotites has been determined
with confidence, but the H, content is only estimated.

Feldspar. The expected variation in the feldspar compositions are either
the Fe**—=Al** substitution resulting in KFeSi;Os or solid solution of
either FesOy or Fey03 in KAIS1;Og. Measurements of the indices of re-
fraction of feldspars (Table 2) are all within 0.002 of the ideal value for
v of 1.522 (Tuttle, 1952) and indicate less than 1 mol 9, KFeSiyOs
(y=1.608) {Wones and Appleman, 1961) and less than 0.4 mol 9, Fe;0;
(w=1.800) (Deer et al., 1962). The KAISi;Os polymorph is apparently
high sanidine (Donnay and Donnay, 1952).
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Magnetile. For the compositions studied, the possible types of substitu-
tions causing deviations from the composition Fe;O, are hercynite,
FeAl,04, maghemite, Fe,O;, and magnesioferrite, MgFe,Os. The first
two, FeAl;O, and Fe,0s, may be checked by unit cell measurements. The
(333,511) reflection was measured for several magnetites at a variety of
conditions, as well as for synthetic magnetites synthesized by the reduc-

TABLE 2. INDEX OF REFRACTION OF FELDSPARS AND dgz3 OF MAGNETITIES COEXISTING
witH Brotites ™

Startin, Time, .

T,°C. P, bars Buffer e ag]] ey, KAISiOs dss, FeaOs
450 2070 Fe;0s-Fea0s annite 450 <1.523 nd.
480 2070 Fes04-Fez04 ph+sa+mt 250 <1.5223 1.6159
550 1035 FesOs-FeaOs biotite 43 <1.524 n.d.
600 1035 Fei0s-Fe:03 biotite 42 <1.524 1.6161
620 2070 FesOs-FexOs biotite 42 nd. 1.6159
700 2070 Fes0s-Fea03 Ox mix 65 <1.523 1.6160
800 2070 Fes0s-FedOs biotite 42 <1.523 n.d.
850 1035 Fei04-FexO3 biotite 28 <1.523 n.d.
700 1035 Ni-NiO Fe mix 94 <1.525 n.d.
700 1035 Ni-NiO biotite 105 n.d. 1.6158
750 2070 Ni-NiO biotite 209 <1.523 nd.
800 2070 Ni-NiO Fe mix 121 <1.523 n.d.
800 2070 Ni-NiO biotite 141 <1.524 nd.
800 2070 Ni-NiO ph+sa+mt 700 <1.523 1.6158
850 1035 Ni-NiO Fe mix 92 <1.523 1.6159
725 2070 Fe25104-Si0s-Fey0q ph+sa+mt 168 <1.523 1.6159
750 1035 FerSi04-Si0e-Fes0s4 Fe mix 105 <1.523 1.6159
750 1035 FesSi04-Si0s-FesOs biotite 142 <1.523 nd.
750 1035 FesSi04-S10:-Fez04 biotite 177 <1.523 1.6156
775 2070 FesSi0:-Si02-FesO4 ph+4sa+mt 232 n.d. 1.6160
800 2070 FeaSi04-Si02-FezO4 biotite 250 <1.523 n.d.
800 2070 FezS10:-5102-FesOs ph+sa+mt 250 <1.523 1.6159
850 1035 FesSi04-5i0s-FexOq Fe mix 105 <1.523 1.6159
900 1035 FesSi0s-Si0s-FeyOs biotite 6 <1.523 n.d.
8s0 1035 Fer_xO-Fes04 biotite 96 <1.523 1.6162

1 Abbreviations: ph, phlogopite; sa, sanidine; mt, magnetite; Fe mix, K20 - 65i02+Fe+MgO 4 AlOs; Ox mix
K20 -6Si02+FeC204-2H204+MgO +ALOs.

tion of hematite or by oxidation and decomposition of FeC.Oy-2H,O.
The results are listed in Table 2. The value of 8.396+.001 A for the unit
cell edge of magnetite is larger than the value of 8.391 given by Turnock
and Eugster (1962) or the value of 8.394 given by Robie and Bethke
(1963). The important point is that none of the measurements deviate
from the of value 8.396 by more than 0.0018. According to Turnock and
Eugster this would indicate less than 0.5 mol per cent FeAl,Oy in solid
solution. The Fey0; substitution only reaches measurable proportions at
temperatures in excess of 900° C. The unit cell data indicate less than 1.8
mol per cent Fe;O; (Donnay and Nowacki, 1954).
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The MgFe,O4 content is a matter of great importance and cannot be
resolved accurately by data on the unit cell (Deer et al., 1962) although a
limit of 10 mol per cent can be made. Three checks have been made on
the MgL'e,O, content of the magnetites. First, all experiments in which
Fe/Fe+Mg=0.94 yield large quantities of biotite. If the assemblage
were only sanidine and magnetite, the maximum content of MgFe,O,
would be 18 mol per cent. In the second place, visual estimates of the
biotite-magnetite ratio in such experiments indicate that the spinel is
close to pure magnetite. Finally, in experiments within the hematite
field of stability, no spinel phases were observed, indicating that MgFe,Oy
is unstable in the presence of KAlSi;Og and H,O. However, in experi-
ments buffered by magnetite-hematite assemblages, both iron oxides
occurred in assemblages of biotite composition, indicating that the
spinel phase would be pure Fe;O,. These several lines of evidence indi-
cate that the spinel phase is essentially pure Fe;O,.

Gas. This phase is assumed to consist of the components H, and H,0.
Eugster and Wones (1962, p. 92-93) have considered the problems of
estimating both the H,; and H,O contents, the fugacities of those com-
ponents, and the amount of dissolved material in the gaseous phase.
Eugster and Wones presented methods for computing fu,0 and fu, at
specified temperatures and pressures. Shaw and Wones (1964) have
given new estimates of the fugacity coefficients of hydrogen, and these
values have been used in this paper together with the fugacity coeffi-
cients for H,O calculated by Holser (1954).

Shaw (1963a) has shown that H,-H,O mixtures are nonideal, but at
the Ho/H,0 ratios encountered in this study, only the Fe;_,O buffered
experiments have significant deviations from the ideal mixing assumed
by Eugster and Wones (1962). As the hydrogen fugacity data are used
extensively in determining activity coefficients and extrapolating the
biotite data to lower temperatures, it is desirable to estimate the uncer-
tainties in fg,. These are about 59 of the actual value, and are largely
due to uncertainties in the data for the oxvgen buffers, especially
F625i04-Fe3O4—Si02.

Shaw’s (1963a) results for the several oxygen buffers indicate that the
Fe,510,-Fes0,-Si0, data may be questionable and certainly need to be
determined more rigorously. New data for Fe;O,-Fe;O; have been pub-
lished by Blumenthal and Whitmore (1961) using emf measurements of a
magnetite-hematite cell. Their results vield oxygen fugacities 2 to 3
orders of magnitude greater than those given by Norton (1955). The
magnetite prepared by Blumenthal and Whitmore, however, is probably
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nonstoichiometric material enriched in Fe;O;, and hence, Norton’s re-
sults are used.

In summary, the composition of sanidine is assumed to be KAISi;Os,
that of magnetite, Fe;O4, and the gas phase of variable ratios of Hy and
I,0. There is no evidence for significant exchange of Fe and Al between
sanidine and magnetite at the conditions of these experiments, and the
amount of iron oxides dissolved in KAlSi;Os must be less than 0.4 mol
per cent.

Biotite compositions are expressed in two ways. The first is as
KFesMgs(1-x)AlSiz0104y(OH)s_y, where v (and therefore Fet/Fe’t) is
undefined and x is the ratio Fe/Fe4+Mg. The second method is
KFesx 2 Fesy T Mgy 2HAIS;0,H(2-3%3) where x; is the concentration of
KFeTAlSi;01(0OH),, annite; x,, KMg;A1Si;0:9(0OH),, phlogopite; and
x3, KFe;**AlSi;01,(H_4), “oxybiotite.” Throughout the remainder of this
paper these definitions of x, x1, x2, and x3 will be retained.

EXPERIMENTAL RESULTS

The results of individual experiments are listed in Table 3 and the data
for 1035 and 2070 bars total pressure are plotted in Figs. 2 and 3. The
plots represent pseudobinary T-X projections for experiments buffered
by several different assemblages and correspond to the lower portion of
Fig. 14. It must be remembered that the oxygen and hydrogen contents
change in these diagrams, but the elements remain in the ratio K:Al:Si:
(Fe, Mg) of 1:1:3:3.

The value of the experiments varies as a function of starting material,
length of time of the experiment, and precision of the compositional de-
terminations. The location of the determined equilibrium points is tabu-
lated in Table 4 with the hydrogen fugacity of the experiment and the
estimated “oxybiotite’”” contents.

An important feature of the data is that the reversed equilibria, al-
though few in number, do provide sufhcient constraints on the un-
reversed approaches to equilibrium to permit judicious use of the latter
data. Hence the boundary curves given in Figs. 2 and 3 represent a com-
bination of reversed equilibria, nonreversed experiments approaching
equilibrium, and interpretation.

A plot of these data in an fo,-T projection is given in Fig. 4. Contours
represent the compositions of biotites which coexist with sanidine and
magnetite for a given value of T and fo,. The contour labelled 100 bounds
the field of stability of annite from Eugster and Wones (1962) and the
contour O represents the upper stability limit of phlogopite and was
calculated from the data of Yoder and Eugster (1954). Luth (1964) pre-



1236

D. R. WONES AND H. P. EUGSTER

Tapie 3. ExrERIMENTS DETERMINING CoMmposITION (Fe/Fe4-Mg) oF B1oTIiTES

COEXISTING WITH SANIDINE AND MAGNETITE

T C.) P (bars)

875
850
800
800
800
800
800
775
750
750
750
700
700
700
675

650

630

a5

620
600
600
600
600
550
550
500
500

485

900

Time Starting Material

Final Biotite Composition

Remarks

(hrs.) (Fe/Fe+Mg)
cx ¥ doso Fe/Fe{+Mg
a) Experiments buffered by the assemblage FesOs—Fe:03

1035 8 bio(0.352) 1.591 1.646 1.5396 0.32+ .06

1035 28 bio(0.352) 1.587 1.634 1.5396 0.30+ .04

1035 66 bio(0. 169) 1.571 1.602 1.5379 0.17+ .02 no reaction

1035 45 bio(0.352) 1.587 1.634 1.5391 0.30+ .05

1035 42 bio(0.550) 1.582 1.628 1.5392 0.30+4 .05

1035 48 bio(0.765) 1.582 1.628 nd. 0.30+ .05

1035 50 bio(0.765) 1.582 1.628 1.5418 0.30+ .05

1035 61 bio(0.352) n.d. 1.629 n.d. 0.35+ .05 no reaction

1035 70 bio(0.352) 1.586 1.627 1.5397 0.35+ .02 no reaction

1035 38 bio(0.550) n.d. 1.628 1.5397 0.36+ .05

1035 42 bio(0.765) n.d. 1.622 1.5397 0.34+ .05

1035 64 bio(0.169) 1.566 1.600 1.5380 0.17+ .02 no reaction

1035 44 bio(0.550) n.d. 1.630 n.d. 0.38+ .04

1035 250 ph-+sa+mt(0.765) n.d. 1.631 n.d. 0.38%.02 reversed
reaction

1035 69 bio (0.550) n.d. 1.631 n.d. 0.394 .02

1035 94 bic(0.550) n.d. (1.612) n.d. 0.39+ .05 agg. index
of refrac-
tion

1035 94 bio(0.765) n.d. (1.607) i 0.35+ .07 agg. index
of refrac-
tion

1035 in bio(0.765) n.d. (1.614) n.d. 0.414+05 agg. index

of refrac-

tion

1035 44 hio(0.765) 1.667 0.66+ .03

1035 63 bio(0.169) 1.561 1.600 1.5384 0.17+ .02 no reaction

1035 139 bio(0.352) 1,582 1.621 1.5411 0.35+ .02 no reaction

1035 94 bio(0.550) 1.591 1.645 1.5426 0.55+.02 some hema-
tite

1035 42 bio(0.765) 1.654 0.56+ .04

1035 140 bio(0.550) 1.586 1.646 1.5432 0.55+ .02 no reaction

1035 43 bio(0.765) 1.665 0.65+ .04 only hema-
tite

1035 64 bio(0.550) 1.576 1.641 1.5455 0.55+ .02 no reaction

1035 83 bio(0.765) 1.621 1.673 1.5486 0.774+ .02 no reaction

1035 42 bio(0.765) 1.625 1.679 1.5484 0.77+ .02 no reaction

2070 6.5 bio(0.352) nd. 1.633 1.5388 0.27+.05
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TABLE 3—(continued)

Final Biotite Composition

T C) P (bars) Time Starting Material

Remarks
hrs. Fe/Fe+M,
(hrs.) (Fe/Fe+Mg) @ ¥ doso Fe/Fe+-Mg

800 2070 71 bio(0.169) n.d. 1.613 1.5373 0.17£.02 no reaction

800 2070 73 bio(0.352) 1.581 1.634 1.5391 0.35+ .02 no oxides

800 2070 28 bio(0.550) 1.584 1.630 1.5390 0.35+ .04

800 2070 43 bio(0.550) 1.580 1.630 1.5397 0.35+ .04

800 2070 42 bio(0.765) 1.587 1.632 n.d. 0.37+ .04

750 2070 51 bio(0.550) 1.632 0.37+ .04

750 2070 42 bio(0.765) 1.635  1.5417  0.41+.03

725 2070 67 bio(0. 550) 1.626 0.33+.03 Only hema-
tite

700 2070 47 bio(0.169) 1.571 1.605 1.5375 0.17+ .02 no reaction

700 2070 122 bio(0.352) 1.581 1.628 1.5399 0.35+.02 no reaction

700 2070 68 bio(0.550) 1.634 0.39+.03

700 2070 122 bio(0.550) 1.629 0.36+ .03

700 2070 40 Ox mix(0.765) 1.627 0.354.03

700 2070 65 bio(0.765) 1.637 0.43+ .03

680 2070 64 Ox mix(0.765) 1.633 0.40+ .04

680 2070 42 bio(0.765) 1.640 0.444 .04

650 2070 94 bio(0.550) 1.596 1.651 1.5430 0.55+ .02 some hema-
tite pres.
ent

650 2070 113 bio(0.765) 1.639 0.45+ .04

625 2070 94 bio(0.765) 1.640 0.46+ .04

600 2070 115 bio(0,169) 1.569 1.591 1.5374 0.174+ .02 no reaction

600 2070 73 bio(0.352) 1.576 1.623 1.5397 0.35+.02 no reaction

600 2070 94 bio(0.550) 1.591 1.645 1.5426 0.55+ .02 some hema-
tite and
magne-
tite pres-
ent

600 2070 &9 bio(0.765) 1.649 0.52+ .02

570 2070 65 bio(0.765) 1.667 0.66+ .03

550 20670 45 bio(0.765) 1.674 0.72+ .03 only hema-
tite

520 2070 72 bio(0.765) 1.680 0.77+ .02 no reaction

300 2070 159 bio(0.880) (1.657) 0.80+ .05 (Agg. index
of refrac-
tion

b) Experiments buffered by the assemblage Ni—NiO

850 1035 816 ph+sa+mt(0.765) 1.672 0.40+ .04 reversed
reaction

850 1035 138 bio(0.352) 1.582 1,622 0.35+ .02 no reaction

850 1035 94 bio(0.765) 1.637 0.46+ .04

0.43+ .05

850 1035 92 Fe mix(0.880) 1.631
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T(°C.) P (bars)

800
800
800

700
700
700
700

800
800
800
800

800
800
800
800

750
750

750
750

700
700
700
700
700

700

700

650

650

600

600
600

900

850
850
850
850

B0
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TABLE 3—(continued)

1035

1035
1035
1035
1035

2070
2070
2070
2070

2070
2070
2070
2070

2070
2070

2070
2070

2070
2070
2070
2070
2070

2070

2070

2070

2070

2070

2070
2070

1035

1035
1035
1035
1035

Time
(hrs.)

210

165
123

116

320

94
105
116

118
121
168
700

140
178
118
160

209
597

209
209

139
139
179
160
1110

132

164

336

89

92

132
140

94
129
105
105

250

Starting Material ———

(Fe/Fe+Mg) pr
Fe mix(0.550) 1.589
bio(0.550) 1.589
Fe mix(0.765) 1.593
bio(0.880)
bio(0.550)
bio{(0.765)
bio(0.880)

Fe mix(0.880)

bio(0.169) 1.564
bio(0.352) 15575
bio(0.550) 1.599
ph+sa+mt(0.765) 1.395
bio{0.765) 1.596
bio(0.880) 1.597

bio(0.880) 1.598
bio(0.939)
bio(0,765)
ph+4-sa+mt(0.765)
bio(0.880)
bio(0.939)
bio(0.169) 1.564
bio(0.352) 1.575
bio(0.550) 1.595
bio(0.765) 1.620
ph+sa+mt{0.765)
bio(0.880)

Fe mix(0.880)
ph+sa4mt(0.765)
bio(0.765)
bio(0.765) 1.623
bio(0.880) 1.622
bio(0.939) 1.628

¢) Experiments buffered by the

bio(0.550) 1.591
bio(0.352) 1.581
bio(0.550) 1.595
Fe mix(0.550) 1.592
Fe mix(0.765) 1.587

ph+4sa4+mt{0.765) 1.586

Final Biotite Composition

-

.629
.636
636

U

647
.622
.654
660

SN

s
.612
.643
.651

_ o = e

.642
.642
.646
.642

[ENER Y

-

.663
.650

—-

ot

.660
.658

.597
.616
654
673
.642

[EFER I N

1.683

1.676

1.673

1.673

1.668

.681
1.690

SN

doso

.5466
.5436
.5494

=

5487
5493

-

5387
5440
5479
.5468

-

-

5471
5469
.5496

—_ =

5385
.5410
.5475
.5518

[ERNI

1.5511

o

5519
.5534
.3549

-

Fe/Fe+Mg

A4t
AT+
49+ .

OOO|

0.54+

55+ .
69+ .
63+ .
.68+

(=R ]

174 .
35+ .
W35k
56t .

(===

54+
35+,
.56+ .
533+ .

[=] S o oo
-
[=]
+

(=1
(=
<
+

oo
L= =
(= |
+

1k
35+
55+ .
77+.
53

(=T = i =]

0.77+% .
0.88+ .
94+ .

=3

assemblage Fe2Si0s—Fe30s—Si02

1.646

1.5450

1.5445

0.50+ .

[RRyr

(=]
'
Y
H-

03
05
05

03
02

02
03

.02

04
03
06
03

02
02
02

05

.02
.04
.02
.04

+.02

Remarks

no reaction

no reaction
no reaction
no reaction
reversed
reaction

reversed
reaction

no reaction
no reaction
no reaction
no reaction
reversed
reaction
magnetite
present

complete
reversal
no reaction

no reaction

no reaction
no reaction

no reaction

reversed
reaction
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TABLE 3—(continued)
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T(°C.) P (bars)

Time Starting Material Final Biotite Composition

(hrs.) (Fe/Fe+Mg)

o« v doso Fe/Fe+Mg
800 1035 94 bio(0.550) 1.644 0.55+ .02
800 1035 49 bio(0.765) 1.644 0.54+ .04
800 1035 89 Fe mix(0.880) 1.602 1.650 0.611+ .03
800 1035 123 Fe mix(0.880) 1.596 1.637 0.52+ .04
775 1035 229 ph+sa+mt(0.765) 1.635 0.46% .04
750 1035 229 ph+sa+mt(0.765) 1.642 0.52+ .04
750 1035 91 bio(0.550) 1.644 0.554 .02
750 1035 86 bio(0.765) 1.660 0.67+ .04
750 1035 176 bio(0.880) {1.644) 0.75+ .05
700 1035 250 ph+-sa4mt(0.765) 1.665 0.71+ .04
700 1035 229 ph+sa+mt(0.765) 1.672 0.77+ .02
850 2070 132 bio(0.352) 1.570 1.612 0.25+ .04
825 2070 118 bio(0.352) 1.580 1.620 1.5442 0.354.02
800 2070 89 bio(0.352) 1.578 1.617 1.5432 0.35+ .02
800 2070 122 bio(0.550) 1.600 1.648 n.d. 0.55+ .02
800 2070 432 ph+tsa+mt 1.607 1.664 0.70+ .02
800 2070 250 ph+sa+mt 1.591 1.639 0.49+ .02
800 2070 142 bio(0.765) 1.607 1.664 0.70+ .02
800 2070 65 bio(0.765) 1.603 1.666 0.69+ .04
800 2070 48 bio(0.880) 1.605 1.660 0.67+ .04
775 2070 96 bio(0.765) 1.672 0.77+ .02
775 2070 24 ph+4sa+mt(0.765) 1.645 0.54+ .04
750 2070 89 bio(0.550) 1.597 1.643 1.5489 06554 .QZ
750 2070 231 ph+sa+mt(0.765) 1.655 0.63+ .04
750 2070 195 ph-+sa+mt(0.765) 1.647 0.56+ .04
750 2070 122 ph+4sa+mt(0.765) 1.650 0.59+ .04
750 2070 71 bio(0.765) 1.672 0.77+ .02
750 2070 48 ph+sa+mt(0.765) 1.654 0.624 .04
750 2070 24 ph-+sa—+mt(0.765) 1.655 0.63+ .04
750 2070 48 bio(0.880) 1.673 0.784 .02
740 2070 74 bie(0.765) 1.672 0.774 .02

Remarks

no reaction

reversed
reaction

reversed
reaction
no reaction

(agg. index
ref)

reversed
reaction

complete
reaction

no oxides
present

no reaction

no reaction
no reaction
reversed
reaction
reversed
reaction

no reaction
reversed
reaction

no reaction
reversed
reaction
reversed
reaction
reversed
reaction
no reaction
reversed
reaction
reversed
reaction

no reaction
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TABLE 3— (continued)

. -__2 A Final Biotite Composition
ime  Starting Material rotiter=ompo

T(°C.) P (bars) i

Remarks
hrs. >
(hrs)  (Fe/Fe+Mg) ” 5 dur  Fe/FetMg
725 2070 168 ph+sa-+mt(0.765) 1.653 0.63+ .04 reversed
reaction
728 2070 167 bio(0.765) 1.677 1.5509 0.77+£ .02 no reaction
715 2070 92 bio(0.880) 1.623 1.684 1.5546 0.88+ .02 no reaction
700 2070 92 bio(0.352) 1.575 1.616 1.5435 0.35+ .02 no reaction
700 2070 150 bio{0.550) 1.597 1.644 1.5478 0.55+ .02 no reaction
700 2070 450 bio(0.765) 1.612 1.670 1.5514 0.77+ .02 no reaction
700 2070 250 ph+sa4+mt(0.765) 1.655 0.63+ .04 reversed
reaction
700 2070 113 bio(0.880) 1.620 1.682 1,5544 0.88+ .02 no reaction
700 2070 140 bio(0.939) 1.629 1.690 1.550 0.94+ .02 no reaction

d) Experiments buffered by the assemblage Fei_xO—Fe;04

850 1035 177 bio(0.550) 1.597 1.646 1.5475 0.55+ .02 no reaction
850 1035 94 bio(0.765) 1.615 1.666 1.5516 0.72+ .04
850 1035 96 bio(0.765) 1.615 1.666 1.5507 0.72+ .04

sents a revision of these data. The phlogopite contour curves sharply at
low fo, values, because the gas phase becomes increasingly enriched in
hydrogen and the fugacity (and activity) of H,O decreases rapidly.
Hydrogen acts as an inert gas with respect to the phlogopite decom-
position, but because fu,0 decreases with decreasing fo,, the decomposi-
tion temperature must be lowered. This points up the important fact that
equilibria of hydrous silicates free of iron are also subject to the com-
position of the gas phase and therefore to changes in fo,, if an appreciable
amount of hydrogen is present.

The high temperature relationships are further complicated by the
fact that silicate melts form at those conditions (Luth, 1964). The sani-
dine+magnetite-+biotite assemblages will react, with increasing tem-
peratures to form leucite+olivine+magnetite--biotite assemblages,
kalsilite+leucite+olivine assemblages, or olivine+melt assemblages.

The contours of biotite compositions have been interpolated from Fig.
3 and Table 3. Only those portions of the contours which are well
established by the experimental data are shown. The shapes of complete
contours are suggested in Fig. 13. Because of the temperature limitations,
contours are complete within the magnetite field only for iron-rich
biotites (Fe/Fe4+MgX 100> 70), but they do extend to magnesium-rich
biotites in the upper portion of the magnetite field. A particular contour
indicates that a biotite of that Fe/Fe+ Mg ratio is stable anywhere be-
low that contour, but not above it, where the biotite is replaced by the
assemblage magnesian biotite-sanidine-magnetite.
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T16. 2. Position of biotite-sanidine-magnetite-gas equilibria at 1035 bars total pressure
as a function of temperature and I'e/Fe+4-Mg at oxygen fugacities of the given buffer
assemblages. Open blocks represent biotite-sanidine-magnetite assemblages; shaded blocks,
biotite assemblages; partially shaded blocks, biotite-sanidine-hematite assemblages.
Brackets and triangles indicate composition of biotites coexisting with sanidine and
magnetite. Shaded triangles represent high reliability, open triangles fair reliability, open
brackets low reliability.

Consider a biotite with (Fe/Fe-+MgX100) of 70. This biotite (and all
biotites for which Fe/Fe+4+MgX100<70) is stable at any value of {5, and
T on or below the 70 contour. If an increase in o, (or decrease in T) above
(below) this contour occurs, the originally homogeneous biotite must
react under O, to form magnetite, sanidine, and H.O and a biotite whose
composition is given by the contour appropriate to the new {o,-T condi-
tions. The amount of magnetite and sanidine formed during oxidation can
be calculated from the initial and final composition of the biotite. Thus,
the decomposition of biotite to biotite-sanidine-magnetite at 2070 bars is
defined between 400° and 900° C. by Fig. 4. A similar figure can be con-
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structed for 1035 bars from Fig. 2. For a given biotite composition, the
assemblage biotite-sanidine-magnetite-gas is divariant in the system
KAISi;05-MgO-Fe-O-H and is represented by a curved surface in the
fo,fi,0-T space. A more complete fo,-T diagram will be discussed later
(Fig. 13). The most important feature of ¥ig. 4 is the steep intersections
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~
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£
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F16. 3. Position of biotite-sanidine-magnetite-gas equilibria at 2070 bars total pres-
sure. Symbols are the same as in Fig. 2.

of the biotite curves with the “buffer” curves. Presumably the stability
curves of most of the anhydrous ferromagnesian silicates will be parallel
to the “buffer” curves, so that the resulting assemblages of biotites and
other ferromagnesian minerals for a given bulk composition are highly
dependent on fo,, fu,0 and temperature.

In effect, the biotites represent a two-volatile equilibrium, the two
volatiles being oxygen and water. Consequently the effect of temperature
changes on biotite compositions is very dependent on the activities of the
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two volatile constituents. However, the activities of oxygen and water
are related to that of hydrogen by the dissociation of water, and useful
results are obtained in considering the hydrogen-biotite equilibrium.

o T I T | 1 l
> Sanidine + Hematite + Gas 22~ Sanidine +
S Magnetite + Gas /.-
o =10
=) O ;
(I —0.
c B il
[
o
>
o
C 20} , -
o i¢]
N Kalsilite + Leucite+
- Y 7 Biotite + Gas
'/ Olivine + Gas .
-30 1 I | L |
300 500 700 900 1100

Temperature, °C

F16. 4. A projection from the Fe/Fe+Mg axis of the biotite equilibria onto the fo,-T
plane at 2070 bars total pressure. The positions of biotite-sanidine-magnetite equilibria as
determined in this study are shown by heavy contours of constant Fe/Fe4-MgX 100 values
for the biotites and are taken from Fig. 3. Heavy curve labeled O represents maximum
phlogopite stability, area bounded by curve labeled 100 is the annite stability field. Light
weight lines and dotted lines represent “buffer” curves (see Table 1). See also Figs. 13
and 14.

B1oTITE SoLID SOLUTIONS; ACTIVITY COEFFICIENTS
The reaction between annite and sanidine and magnetite can be
written as follows:
KFe;AlSi;010(0H), = KAIS;;Os + Fe;O4 + Ho (I)
annite sanidine magnetite gas
Fugster and Wones (1962) derived an expression relating hydrogen

fugacity to temperature for that reaction. Using the hydrogen fugacity
coefficients of Shaw and Wones (1964), that expression becomes

. 9341

where T is in °K.
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% Annite, KFE2AISi;0,(OH),
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Fic. 5. Comparison of annite concentration (mol per cent)-temperature data and
Fe/Fe+Mg-temperature data for biotites coexisting with sanidine, magnetite, and gas
(H,+H,0) at a total pressure of 2070 bars. Solid lines indicate Fe/Fe+Mg data; dashed
lines, annite concentration data. Solid lines are from Fig. 3, dashed curves are based on the
data of Table 4. Circles indicate points buffered by Fe;O,-I'e;Os; triangles, Ni-NiOj; squares,
FezsiOrFeaOySiOg.

As all of the phases present are pure end members (assuming for the
present that “oxyannite’ is of low concentration), equation (1) is equally
well an expression for an equilibrium constant, Kannite, where

AKA18i;05" AFe,0, 18, 9341

log Kannite = log ——————— = — ——
AKFe,Al81,0 4(0H), T

4 11.05 (+0.11) )

We may now use equation (1’) to define the standard state for
KTFe;AlSiz010(0OH), keeping in mind the problem of variations in the
quantity of “oxyannite’ in the solid solution.

The effects of total pressure are very small. From the compilation of
Robie and Bethke (1963), the molar volumes (cc/mol) are Fe;O4, 44.53;
KAISi;Og, 108.98; and KFe;AlSi;0:(0H),, 154.32. This results in a
volume change of about 1 cc/mole for the solids, which corresponds to
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~235 calories/1000 bars. Wones (1963b) has demonstrated the partial
molar volume of KFe;AlSizOy(OH), in biotite solid solutions to be a
constant, so that all PAV,,;4 terms may be neglected.

As can be seen from the data in Table 4 the KFe3;AlSi;010(OH); con-
centration of the biotites coexisting with sanidine and magnetite are not
directly equivalent to the Fe/Fe-4 Mg (or x) ratios because of the pres-
ence of “oxybiotite” (x3). This difference is shown very clearly in Fig. 5
where KI'e;AlSi;O19(OH): concentration (xi)-temperature plots are com-
pared with the Fe/Fe+ Mg-temperature plots for 2070 bars. When no
“oxybiotite” is present, x=x;. The deviations are not serious for Ni-NiO
and Fe,Si04-Fe;04-S10, buffered assemblages, but they are quite large
for the Fe;04-Fe,0; data. For this reason, the KFesAlSi;O50(OH), con-
centration rather than Fe/Fe+ Mg will be used henceforth in the deriva-
tion of activity coefficients. Figure 5 again points up the fact that, at a
given temperature, biotites from biotite-sanidine-magnetite assemblages
are much more iron-rich at low values of fo, and that this effect is more
pronounced at lower temperatures.

The activity of KFe;AlSiz3010(OH)s, axre,a18150,,0m), 10 a solid solution
of biotite coexisting with sanidine, magnetite and gas, may be readily
obtained through expression (1'):

fm,
°r

2

AKFe,A181,0,,(0H), = (2)
where fu, is the fugacity of hydrogen in the particular biotite assemblage
and f°g, is the fugacity of H; in the analogous assemblage containing
pure annite at the same temperature. Values of log axre,a18i,0,,0m, are
given in Table 4.

Plots of log axpe,a18i,0 00m, versus log x and log %, are given in Fig. 6
and 7. If the biotites are ideal molecular solutions of KFe;AlSizO14(OH),,
KMggAlslgolo(OH)z, and KF633+Alsi3010(H_1), then the activities would
be characterized by a=x or a=x;. However, an ideal cationic substitu-
tion (Bradley, 1962), in the three octahedral sites would correspond to
a=x%or a=x;’. As can be seen from Figs. 6 and 7 neither solution is ade-
quate. Figure 7 also demonstrates that the variable x; gives a consistency
to all data, whereas in Fig. 6 the variable x leads to a discontinuity be-
tween data collected with the different buffers. This consistency suggests
a model of random mixing of 3 moles of (Fe, Mg) over two distinct sites,
but until further work is done, another model is proposed for extrapola-
tion. Consequently x; is the appropriate variable, as it is the concentra-
tion of KFe;AlSi;019(OH),, the component whose standard state is de-
fined by equation (17).
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F1G. 6. Logarithm of the activity of KFe;AlSi;050(OH). plotted as a function of the
logarithm of Fe/Fe+Mg of biotites (X) coexisting with sanidine and magnetite. Squares
represent experiments buffered by Fe;04-Feq0s3; triangles, Ni-NiO; circles, Fe,SiOs-Fe;Os-
Si0s; crosses, Fer x0-Fe 04 Solid symbols represent reversed equilibria. The lower line
(a=x) represents molecular ideal solution theory; the upper line (a=x?%), ideal cationic
substitution theory.

The activity coefficient for KFe;AlSi;010(OH),, v1, is derived from the
following relationship:

%0 logyi = log far, — log %, — log x1 @)

£y,

If cationic substitutions are used:
3 log v = log fu, — log f°u, — 3 log xu (3"

As the number of substitutions is not merely the octahedral cation sub-
stitutions, but also involve the O0OH anionic substitution, a molecular
model has been used to describe the activity of KFe;AlSizO:10(OH), in the
solid solutions considered here.

The theory of regular solutions (Guggenheim, 1952) was applied to the
data with some success, but the problem of the “oxybiotite’ content has
prevented final resolution of the problem until better data on the con-
centration of that component are obtained. From regular solution
theory

log vi = ————— @)
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F16. 7. Logarithm of the activity of KFe;AlSi;01,(OH), plotted as a function of the
logarithm of the mol fraction of KFe3;AlSi;010(OH)2(x1). Symbols are identical to

Figure 6.

where W is the heat of mixing per mole. Figure 8 is a plot of log v1 versus
(1—x1)?/T. The slope is about —4212, and from this a heat of mixing of
—870 cal/mole has been derived. The lack of agreement between the
high temperature Fe;O4-FesO; buffered data and the remainder of the
data may be due to any one or all of the following:
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(1=-x,F 4
== x10

Fi16. 8. Logarithm of the activity coefficient of KFe;AlSiz010(OH)2(a/x1) plotted as
a function of (1—x;)2/T. Symbols are identical to Fig. 6.)
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(1) because of their short duration, the high temperature experiments do not represent
equilibrium; (2) the fundamental values for the fo, of the Fe;0,-FexO; equilibria given by
Norton (1955) are incorrect; (3) the heat of mixing of the oxybiotite-annite substitutions is
a function of composition; or (4) the estimates of the “oxybiotite’ compositions are in-
correct, due either to inefficient calibration of the physical properties or to changes during
the quench procedures. If (4) were the main problem, the appropriate composition of the
biotites in the ternary system which would provide a constant value for the heat of mixing
are plotted as a dotted line in Fig. 1. In our opinion both (3) and (4) could be responsible for
the observed discrepancies in Fig. 8.

Until more precise work is done on the composition, regular solution
theory provides a satisfactory empirical model for the energy of mixing
of KFe;AlSi;010(0OH), “molecules” in a biotite solid solution series where
the KFe;AlSi;010(OH). concentration is greater than 25 mole percent
(Fig. 8; Table 4). The activity of KFe;AlSi;050(OH): in a solid solution
series is given by combining equations (3) and (4):

4212 (1
log axre,a18i,0,,0m), = log X1 — ——(—T——l (4+0.20) (5

For biotites coexisting with sanidine and magnetite, an expression for the
hydrogen fugacity may be obtained by combining equation (1) and (5):

0341 + 4212 (1 — x,)?

lOg fH2 = — T

+ log x; + 11.05 (£0.20) (6)

Adding an approximation for the equilibrium constant for H,O, the fol-

lowing expression is obtained:

3428 — 4212 (1 — xy)?
T

log fr,0 = + log x¢ 4+ 1/2 log fo, 4+ 8.23 (£0.20) (6")
For an assemblage containing impure K-feldspar and impure magnetite
the expression expands to:

3428 — 4212 (1 — x1)?
log fr,0 = 3428 —4NIU =3 s+ 1/2 Tog fo,

-l— 8.23 = log a‘KAISiaos — log a.Fe.J()4 (iOZO) (6”)

The agreement between regular solution theory and the actual run
data is shown in Fig. 9, a plot of hydrogen fugacity versus the inverse
temperature (° K). The actual run data (Table 4) are given as well as
the curves calculated from equation (6) for the several mol fractions of
K Fe;AlSi;010(OH).. Biotite is stable on the right hand side of the curves
and biotite-sanidine-magnetite-hydrogen on the left hand side. In-
dividual points give the mol fraction of KFe;AlSi;01,(OH),, taken from
Table 4. The agreement with the curves calculated from regular solution
theory seems very satisfactory.

A more direct comparison with respect to Fe/Fe+ Mg ratios is given
in Fig. 10 which is a comparison between the experimental curves,
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regular solution theory curves, and molecular ideal curves at a total
pressure of 2070 bars. The molecular proportions (mol 9%, KFe;AlSi;0y0
(OH);) were adjusted to Fe/Fe+Mg by means of Fig. 1. The data for

900 800 700 600 500 40 b 03
| T i T [ T T T l

Log Hydrogen Fugacity

I/T x 103

¥rc. 9. Logarithm of hydrogen fugacity plotted as a function of inverse temperature
(°K) and composition of biotite for biotite-sanidine-magnetite-gas assemblages. Open
circles give the position of experimental points with determined biotite compositions. The
lower group of points were determined at 1035 and 2070 bars with a Fe;Os-FeyO; buffer
while the middle groups refer to Fe,SiOs-Fe;04-Si0, and Ni-NiQ data. (mol per cent
KFe;AlSi;0,0(0H),). Heavy lines are equilibrium positions calculated by regular solution
theory for specified values of mol per cent KFe;AlSizOr0(OH)s.

the Fe;04-Fe,Oy assemblages show the deviation between predicted values
and actual measured values. Tt is obvious that there is a close corre-
spondence between measured values and regular solution values, except
for biotites on the hematite-magnetite buffer above 600° C. It is equally
obvious that an ideal solution model is far from satisfactory in describing
biotite solid solutions.



1100

1000 |

900

800

Temp., °C

700
600
1100
1000
900

800

Temp., °C

Temp., °C
=
o
o

BIOTITE STABILITY 1251

| = e S TR T U S R LR |

Buffer:Fe,5i0,~ Fe50,-Si0, -

A 4
 Buffer:Ni

T T T T T 1 LI

i ]
-NiO I

P I N T = s

0.4 0.6 08 1.0
Fe /re+Mg

Fic. 10. Biotite composition-temperature plots comparing experimental results
(circles and heavy lines), regular solution theory (dashed lines), and molecular ideal solu-
tion theory (dotted lines) for a total pressure of 2070 bars. Solid lines are from Fig. 3;

circles from Table 4.

ExXTRAPOLATION TO OTHER ASSEMBLAGES CONTAINING BIOTITE

Biotite-muscovite-magnetite-corundum or (Al,SiOsquariz)-gas. Chinner’s
(1960) discussion of the gneisses and schists at Glen Clova, Scotland,
pointed out that the interrelation of biotite-muscovite pairs need not
be restricted to the considerations of chlorite and garnet reactions.
The relation pertaining to oxygen fugacity as the intensive variable is the

following:

KFe;AlSiz000(0H), + ALO; + 20.= KALAISi;050(0H)2 + FesO4 ey

annite

corundum muscovite magnetite
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or by adding quartz:
KFeaAlSiaolo(OH)2 + A125105 + %02 = KAlgAlslaolo(OH)z + FeSO4 + SIOQ (III)
annite sillimanite muscovite magnetite quartz
the position of reaction (II) plotted as a function of fo, and T is given in

Fig. 11. The position of the calculated points is obtained from the inter-
section of equation (6") with the new data for the reaction KALAISi;Oy

-0 T T T T

LOG OXYGEN FUGACITY

A
7 at ~=- ANNITELO +Al,Si0s +
MUSCOVITE + QUARTZ +
MAGNETITE
—— ANNITE + CORUNDUM +
MUSCOVITE + MAGNE TITE
-40 : . : '
300 400 500 600 700

TEMPERATURE, °C

I'16. 11. Biotite+corundums—magnetite+muscovite and biotite+ ALSiO;=magnetite
+muscovite+quartz oxidation reactions plotted as functions of fo, and temperature.
Ellipses indicate intersections of the annite data of Eugster and Wones (1962) with that of
Velde (1964) for muscovite. Triangles indicate intersection of annite data with that of
Segnit and Kennedy (1962) for muscovite-+quartz. Solid lines indicate boundaries between

iron oxide and fayalite assemblages. The three dashed curves are calculated from equations
4), (8) and (9).

(OH)» (muscovite)==KAISi;05 (sanidine)4ALO; (corundum)-+H,0O
(gas) obtained by Velde (1964). The temperature value obtained for a
given fm,0 by Velde was substituted with the value for fu,o in equation
(6) in order to obtain the fo, value at which annite (biotite), muscovite,
sanidine, corundum and magnetite coexist at the given temperature
(see ellipses in Figure 11).

Reaction (III) is also plotted in Fig. 11. The values of those plotted
points were obtained by using the data of Segnit and Kennedy (1962) for
the muscovite+quartz—=K-feldspar+corundum+H,0 with equation
(6'). The essential features of these reactions are that they are inde-



BIOTITE STABILITY 1253

Sanidine « /
Hamatite +
Quariz+

Senidine + ' 5
Magratile + Quarts ‘// ’?J\Iﬂ

> Gas P u"x‘-
5 =
] .
S
I Sonidine +
S Enstotite +
I Gae
>
k)
o

Temperature —»

F1c. 12. Schematic fo,-T relationships for the bulk compositions biotite+3 quartz at
some arbitrary value of total pressure (Pg,+Pu,0). Curves labeled “annite,” BI, and BII
represent biotites of arbitrary KFe;AlSi;0;0(OH), content coexisting with sanidine,
magnetite/hematite, and quartz. Curve labeled O is the boundary marked by the reaction
phlogopite43 quartz=—sanidine+-enstatite. Dash-dot curves represent the assemblages
fayalite-quartz-magnetite (Fa-Qz-Mt), olivine-pyroxene-magnetite, (O1-Px-Mt), and
pyroxene-magnetite-quartz (PII). The dashed curve through points D, DI, and DII repre-
sents the maximum thermal stability of a given biotite in the presence of quartz. See dis-
cussion under “Biotite-quariz-gas.”

pendent of the activity of H,0, are parallel to the other silicate fo,-T
curves, and indicate that, in an aluminous environment, pure annite is
stable with quartz and magnetite only over extremely limited fo,-T re-
gions.

Approximate equations have been derived graphically for reactions
(I0):

33000
log fo, = — TCK) +17.2 £ 13% (8)
and (III):
27000
log fo, = — TEK) +10.9 + 159, 9)

The effect of pressure is small as the AV 145 is about 5 cc/mol for reac-
tion (II) and 3 cc/mol for reaction (IIT).

The effect of diluting the KFe;AlSi;O1(OH): component in biotite
solid solutions is to displace the curves to higher values of fo, at constant
temperature. The approximate curve representing the assemblage
biotite (50 mole 9, KFe;AlSizO10(0OH)s)-muscovite-magnetite-Al,SiOs-
quartz is plotted as the dotted line in Fig. 11. The maximum thermal
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stability of both biotite and muscovite is a function of fu,0, and Fig. 11
was constructed with the assumption that fu,0 was high enough for the
micas to be stable.

Chinner (1960) has shown how the increased “oxygen content” in a
biotite-quartz-muscovite-kyanite-magnetite-(hematite) gneiss corre-
sponds to increases in fo,. In Fig. 11, for a given isotherm, the biotite

Ol_ T T T
Pyowr = 2070 bars

I
(o]

Log Oxygen Fugacity

{
n
o

400 500 600 700 800 200 1000 1100

Temperature,°C

Fic. 13. Stability of biotites as a function of fo, and temperature compared to the
approximate stability of olivines (and pyroxenes) at a total pressure (Hy+H,0) of 2070
bars. The fields are labeled as follows: a) biotite-sanidine-hematite-(gas); b) biotite-
sanidine-magnetite; c) biotite-leucite-olivine-magnetite (¢’ =hematite); d) biotite-kalsilite-
leucite-olivine; e) biotite-leucite-olivine-iron; f) biotite (annite); g) kalsilite-leucite-olivine.
Solid and dashed lines show the stability of a given biotite (Fe/Fe+MgX 100); dotted lines,
olivines. Biotite equilibria for a number of biotite bulk compositions have been projected
along the Fe/Fe+Mg axis upon the fo,-T plane. Lables of fields are not unique and high
temperature areas are labeled for magnesium-rich bulk compositions only. Arrows labeled I
and IT show oxidizing and reducing trends in crystalizing magmas.

composition will become more magnesium rich with increasing fugacity
of oxygen, a relation recognized qualitatively by Chinner.

Tilley (1957), in a discussion of the alkalic rocks of the Haliburton-
Bancroft area in Ontario, Canada, gives an analysis of a very iron-rich
biotite. As this biotite coexists with corundum, the annite-corundum
curve of Fig. 11 helps to define the intensive variables during crystalliza-
tion of those rocks.

The curves representing these assemblages indicate that biotites with
intermediate Fe/Fe-+Mg ratios will be stable in a smaller range of fo,



BIOTITE STABILITY 1255

and temperature values if they coexist with kyanite, sillimanite, an-
dalusite, or corundum than if they exist in a non-aluminous environ-
ment. The fo,-T curve above which biotites with more than 509, annite
cannot coexist with aluminous silicates lies somewhat above the curve
for the Ni-NiO buffer. Figure 4 shows the contrasting curve for biotite
(509% annite)-sanidine-magnetite assemblages.

Biotite-quartz-gas. The most common biotite-bearing mineral assemblages
are those containing quartz. The stability of annite-quartz was deter-
mined by Eugster and Wones (1962) and we were able to show that it
does not differ from the annite stability at fo, values above those of the
Fe;Si04-Fes04-SiO, buffer because the addition of quartz does not lead
to the formation of new phases. The high-oxygen fugacity assemblages
are hematite+sanidine4-quartz and magnetite+sanidine+ quartz. How-
ever, at fo, values below those of the Fe,SiOs-Fe;0,-SiO, buffer, the sta-
bility field of annite4quartz is drastically reduced, because of the reac-
tion of quartz with magnetite to form fayalite. The annite+sanidine
+magnetite4-quartz boundary terminates at the intersection with that
buffer curve, represented by point D in Fig. 12 (for the magnitudes of
fo, and T of point D for a given Py, see Eugster and Wones, 1962).
Below point D the annite4 quartz field is bounded by the curve repre-
senting the reaction
KFe;AlSi;010(0H): + 3/2 Si0; = KAISi;O5 + 3/2 Fe:Si0; + H,0 )
annite quartz sanidine fayalite

which originates at point D.

For bulk compositions of increasing magnesium content, fayalite is
replaced at first by an iron-rich olivine and later by a pyroxene (see, for
instance, Bowen and Schairer, 1935). Hence for biotites with intermediate
Mg/Mg+Fe ratios, the biotite+quartz field must be bounded by a
reaction of the type

K (Fe, Mg);AlSis010(0H); 4 3810, = KAISi,Os + 3(Fe, Mg)SiO; + .0 (V)
biotite BIT quartz  sanidine pyroxene

The field boundary represented by this reaction must intersect the
biotite+quartz+sanidine+magnetite boundary for the same biotite
composition (B II) at a point D II (see Fig. 12). D II is also a point on
the fo,-T curve representing the coexistence of the intermediate py-
roxene of reaction V with magnetite and quartz (curve P II in Fig. 12).
Any pyroxene richer in FeSiO; would be oxidized along this curve ac-
cording to the reaction

3FeSi0; + 1/2 0, = Fey0, + 3510, (V1)
ferrosilite magnetite quartz
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No data are available on the oxidation of intermediate pyroxenes, but it
is reasonable to assume, that the fo,-T curves for pyroxene-magnetite (or
hematite)-quartz assemblages behave similar to those for the oxidation
of intermediate olivines, which will be discussed later and are shown in
Fig. 13. If they do behave in that way, they will lie essentially parallel to
the oxygen buffer curves. They will also have the property that for iron-
rich pyroxenes a large change in Fe/Fe+ Mg will cause a small change in
fo,, while for magnesium rich pyroxenes just the opposite is true.

Point D II of Fig. 12 represents the assemblage biotite4-quartz
-+sanidine+pyroxene+magnetite. It is an isobaric invariant point and
lies on the biotite4quartz contour B II, which is identical with the
biotite contour of Fig. 4 for the same biotite composition. The composi-
tion of the pyroxene of point D II and curve P IT is not known and will
have to be established experimentally. The location of the biotite
+quartz+sanidine+magnetite boundary is not known (reaction V),
but it must originate in point D IT and move subparallel to boundary IV
towards lower values of fo, and T. Point D II, therefore, is the highest
temperature, for a given Pg,,, at which a biotite of composition B II can
coexist with quartz.

Somewhere between points D and D II of Fig. 12, olivines must
be replaced by pyroxenes. Point D I has been drawn to represent
the assemblage biotite+olivine+pyroxene-+sanidine4-magnetite
+quartz+gas. The following field boundaries, for a fixed bulk composi-
tion, biotite B T4quartz, intersect in point D I; biotite+-quartz+sani-
dine+magnetite (B I), biotite+quartz+sanidine-olivine+pyroxene
(VII) and olivine+pyroxene-+magnetite+quartz (Ol-Px-Mt), whereby
curve Ol-Px-Mt must lie between the fo,-T curve for the Fe;Si0s-Fe;Os-
SiOs buffer and curve P II; but the difference in fo, between these two
curves is probably exceedingly small (see discussion of Fig. 13).

Figure 12 also contains a contour labelled 0 which represents the
assemblage phlogopite-+quartz+enstatite4-sanidine+gas. This contour
behaves similarly to the phlogopite+forsterite4leucite+kalsilite+gas
curve of Fig. 4, but lies at lower temperature for a given gas pressure.
With increasing Mg content, the biotite4-quartz contours of Fig.
12 (biotite+quartz+-hematite+sanidine, biotite4-quartz+magnetite
+sanidine, and biotite+quartz+ pyroxene4-sanidine) must move to-
wards higher temperatures without crossing each other and they will
eventually, in the absence of iron, merge with the phlogopite-+quartz
contour (0). Therefore, the path described by all points D II must curve
upwards and asymptotically approach the 0 contour at high o, values.

Figure 12 has been drawn with the assumption that, at that particular
gas pressure, enstatite+sanidine-+gas is the stable high-temperature
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assemblage. Recent data by Wones (unpublished) indicate that at a
temperature of about 840° C. and a gas pressure of 2000 bars the as-
semblage phlogopite+quartz+enstatite+melt+gas is stable. Hence,
of the biotite contours drawn for Pgs=2000 bars in Fig. 4, only those
which lie at temperatures lower and at fo, values higher than the corre-
sponding pyroxene-magnetite-quartz boundary (P II) remain unaf-
fected by the addition of quartz. A similar argument holds for the reac-
tion sanidine+quartz4-gas—melt at temperatures above 765° C.
(Shaw, 1963c).

APPLICATION TO NATURAL BIOTITES

Determination of annite concentration. In the foregoing discussion of biotite
reactions, emphasis has been on the end member annite, KFe;AlSi;Oy
(OII),. In all assemblages concerning potassium-rich feldspar and/or
muscovite and magnetite a critical variable is the KFe;AlSi;O10(OH),
concentration. In most natural biotites, and especially those occurring
in igneous rocks, the determination of the concentration of this com-
ponent is a problem of some interest.

In examining analyses of natural biotites, one is immediately struck
by the diversities in composition. There are three groups of cationic sub-
stitutions possible in biotites: ‘“‘interlayer’” substitutions (K+t=Nat
—=Ca?*=H;07%), octahedral layer substitutions (Fe!t=MgH=Mn?+
=FeX=ADI+=Ti* =[] [vacancy]), and tetrahedral layer substitu-
tions (Sit*=Al*+=Fe?*). In addition there are the anionic substitutions
(OH =F =ClI'=0?%"). The problem remains of determining the con-
centration of KFe;AlSi;0,0(OH), within a given biotite. For the ideal
end member, the only inter-layer cation is K, the only octahedral cation
is Fe**, Al occupies § of the tetrahedral sites, and the anions are 2(OH)
groups in addition to 10 oxygens. Decrease of any of the ideal quantities
will decrease the concentration of KFe;AlSizO1,(OH); and affect the
activity of that component.

A great deal of work will be required to establish the effect of other sub-
stitutions, but probably the (Na, Ca)=K and the 3Fe*t=2AI*+[]
substitutions are the only ones which will tend to decrease the stability
of annite. This deduction is based on the effect of paragonite component
on the stability of muscovite (Eugster and Yoder, 1956) and the known
limitation of solid solution between trioctahedral and dioctahedral micas
(Foster, 1960).

Until more complete data on the effect of these substitutions are avail-
able, simplicity requires the determination of the maximum concentra-
tion of K, Fe**, [AlSi;], and OH within their respective sites, and the
assignment of the smallest of those concentrations to KFe;AlSi;O15(OH)s.
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A cursory examination of most biotite analyses indicates that Fe** in the
octahedral site is the most common limitation.

As the present study has been concerned with that substitution, it
would seem that the determination of the mol fraction of Fe?t in the
octahedral layer and the substitution of that value for “x,”” in equations
(5, 6) above is the most direct means of applying the results of this
study to natural biotite assemblages.

A final remark may be in order concerning the use of physical properties
to estimate the mol fraction of KFe;AlSi;O10(OH).. The most easily
measured properties are the unit cell dimensions, x-ray reflection inten-
sities, the indices of refraction, density, and more recently, magnetic
susceptibility.

The optical measurements are limited in that the birefringence of bio-
tites changes very little, and in a majority of cases, 2V is so small as to
provide very little information. This reduces the optical data to effec-
tively one measurement and one or two estimates.

As pointed out by Smith and Yoder (1956), the majority of biotite
unit cells have a 8 of 99°55’ 420’ (1M) or 95°00’ (2M) and a +/3=b.
Hence b and ¢ provide two measurements.

The remaining properties (x-ray reflection intensities, density and
magnetic susceptibility) may provide sufficient accurate data if done
under optimum conditions with a great deal of care.

Hence 6 parameters are available to estimate some dozen common
substitutions. Although there are some limiting effects, a chemical
analysis still seems to be the most satisfactory technique and, with the
present day advances in fluorescence spectrometry, will probably prove
the simplest.

Recognition of useful mineral assemblages. The composition of a biotite
within a given rock merely permits an estimation of either the maximum
fo, or temperature or the minimum fg,o or fu, at which the biotite
formed. This does not provide much more than an estimate of one or
two variables, if the third is known or estimated.

However, the presence of the equilibrium assemblage sanidine-mag-
netite-biotite immediately permits the determination of the univariant
fu,-T (or the divariant fo,-fir,0-T) conditions of the formation of the
mineral assemblage which contains biotite of a specific composition. The
analogous assemblage muscovite-corundum (aluminosilicate-quartz)-
magnetite permits the determination of fo,-T conditions. Hence the
critical determination of the presence of sanidine or muscovite, mag-
netite, quartz, and the aluminosilicates is most important in making full
use of the biotite equilibrium data.
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Perhaps one of the most useful applications of the biotite data is in
establishing maximum (or minimum) H,0O activities in processes involv-
ing igneous (and some metamorphic) rocks. Here the divariant equi-
librium involving fo,-fu,0-T (equation 6’) for the biotite-sanidine-mag-
netite assemblage is the one of interest. The presence of ilmenite with
the magnetite permits an estimate of fo,-T conditions and the substitu-
tion of these in equations (6”) or (6’’) then permits limits to be placed on
fu,o (Lindsley, 1963).

In metamorphic assemblages the biotite+muscovite4-magnetite4alu-
minosilicate+quartz assemblage permits fo,-T estimates independently
of fu,0, (reactions II and III) and consequently does not permit the
estimate of HyO activities. However, if combined with chlorite:

KF63AlSiaOIO(OH)2 + FC5Alzsi3010(OH)g + 4—/3 02
= 3510; + KAILAISi;0:0(0H)z + 8/3 Fes04 + 4H-0,

such an estimate would be possible (see Turnock, 1960). This equilibrium
will be dependent on the composition of the chlorite as well as the
biotite.

The critical relationship, in all the above assemblages, is the co-
existence of biotite, magnetite, and sanidine or muscovite. However, in
many alteration sequences, the iron-rich minerals are sulfides rather
than oxides, and consequently, the biotite mineral assemblages can pro-
vide useful constraints on intensive variables during the alteration.

In all these applications the maximum amount of information may be
obtained only if the entire assemblage is considered, not merely the pres-
ence, absence, or composition of a single mineral. It is particularly valu-
able to determine the nature and composition of the opaque minerals
(“ores”) which are present. Also of great importance is the problem of
contemporaneity of the several minerals.

B1oTITE REACTION SERIES

The reaction principle of Bowen (1922, 1928) applies to the biotites.
The relations of biotite to a magmatic or metamorphic system will be
quite sensitive to variations in temperature, pressure, or the activities
of components such as 0., H;O, F, SiO,. The types of reactions which
can occur are highly varied but may be generalized to the form:
biotite + (0) 4 (SiO»)

— K-feldspar (or feldspathoid) + Fe-Mg silicates (or oxides) +H,O.

The particular phases may be quartz, tridymite, sanidine, leucite, kalsil-
ite, olivine, pyroxene, amphibole, magnetite, hematite, and/or a melt
containing any or all of the critical components K,0O, Al,Os, Si0,, MgO,
Fe, O, H; and F.
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The negative free energy of mixing for KMg;AlSi;O1(OH)s and
KFe;AlSi5010(0OH); indicates that biotites of intermediate compositions
will coexist with more magnesian olivine, pyroxene or melt for mag-
nesian bulk compositions and with more ferroan minerals for ferroan
bulk compositions. Such relations are implied by Thompson (1957) in
ATM diagrams for metamorphic assemblages, and by Larsen and Draisin
(1948) for the igneous rocks of the southern California batholith. In
other words, tie lines, biotite-ferromagnesian phase(s), are more con-
centrated near the middle of the phlogopite-annite series than they are
near either of the two end members.

Heinrich (1946) and Nockolds (1947), in their analyses of biotite com-
positions in various rock types, showed some general trends which may
be summarized by stating that the biotites from the more siliceous ig-
neous rocks tend to be more iron-rich than biotites from the less siliceous
rocks. There are two reasonable interpretations of these trends, one that
the bulk compositions of these rock types are related and the biotites
merely reflect that effect, or that the less siliceous rocks represent higher
temperatures of crystallization and hence only Mg-rich biotites are
stable at those magmatic conditions. The two interpretations are cer-
tainly not mutually exclusive.

The biotite data can be used to estimate the relative importance of
intensive variables in establishing the distribution of iron and magnesium
between various mafic phases. Heretofore, temperature and the nature of
the coexisting phases were considered the most important variables.
Figure 13 is an attempt to demonstrate, as shown by Muan and Osborn
(1956), that fo, is as important as temperature, if the oxides are included
as mafic phases. This figure also serves to summarize the biotite data. It
is drawn for a constant (Hy+H.0) pressure of 2070 bars and is a projec-
tion along the composition axis onto the fo,-T plane.

Figure 13 shows the projection of five sections made at constant bulk
composition, represented by a specific biotite composition. These sec-
tions appear as the contours labelled 100, 70, 40, 30, and 0 and are the
biotite-sanidine-magnetite contours of Fig. 4. They are drawn solid
where they were located experimentally and are dashed where their
position has been inferred. The contour labelled 0 represents the assem-
blage phlogopite4forsterite+leucite+kalsilite+gas. For annite bulk
composition Eugster and Wones (1962) have shown that the sanidine
-+magnetite field cannot be in direct contact with the fayalite4-leucite
+kalsilite field, but must be separated from it by a narrow field repre-
senting the coexistence of fayalite4leucite+magnetite. The biotite
~+sanidine4-magnetite field of Fig. 13 (field b), therefore, must also be
separated from the biotite+olivine+leucite+kalsilite field (d) by a
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narrow fo,T area representing biotite+olivine+leucite+magnetite
(field ¢, Fig. 13).

Since field ¢ must exist for all biotite bulk compositions, the boundaries
between fields b and ¢ as well as ¢ and d cannot cross the phlogopite con-
tour, but must approach it gradually at some high fo,, at which neither
the biotite nor the olivine will contain much iron. Thus a narrow strip of
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Fic. 14. T-X projection of K(Fe,Mg);AlSi;010(0H)+Ho+H.0O bulk composition,
buffered by Fe,SiO,-Fey04-Si0,, at a constant total pressure of 2070 bars. Only the boun-
dary between fields (b) and (f) is experimentally determined.

the biotite-olivine-leucite-kalsilite field extends to high fo, values, but
only for very magnesian bulk compositions. Where field ¢ comes in con-
tact with the fo,-T curve of the Fe;04-Fe;O; buffer, magnetite is replaced
by hematite and the equivalent field ¢’ (biotite+olivine{leucite+hema-
tite) extends into the hematite field.

It should be noted that a discontinuity must exist in the biotite con-
tours where they cross boundaries between fields b, ¢ (or ¢’) and d.

With the exception of field g, Fig. 13 only shows equilibria involving
biotites. To clarify the high temperature relationships, Figure 14 has
been constructed from Figure 13. Tt represents a T-X section along the
fo,-T curve of the Fe,SiOs-Fe;04-SiO, buffer (curve labelled 100 in Fig.
13). The biotite-sanidine-magnetite-gas boundary has been determined
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experimentally up to a temperature of 900° C. (see Fig. 4). Above that
temperature phase relations have been inferred from Fig. 13. In par-
ticular, the two isobaric invariant equilibria, biotite+sanidine--leucite
+olivine+magnetite4gas  and  biotite+leucite+kalsilite+olivine
+magnetite+gas, are shown which define the limits for field ¢. Fe/Fe
+ Mg ratios shown in Fig. 14 are those of coexisting biotites, olivines,
and magnetites. At the highest temperatures and magnesium rich com-
positions a simple transition loop exists, enclosing the field of biotite-ol-
ivine-+leucite4kalsilite+gas. At fo,-T values within the field of stability
of wiistite, this transition loop would be continuous from the magnesium-
free to the iron-free system.

In Fig. 13, equilibria existing at very low values of fo, have been par-
tially omitted. Specifically, no field is shown for biotite4sanidine4-iron.
This assemblage would occupy a narrow strip within field e. In this fo,-T
area a figure analogous to Figure 14 could be constructed, but with iron
taking the place of magnetite. Because of the rapid decrease of fn,0 at
very low values of fo, for a P,.s of 2000 bars, all biotite contours must be
crowded into the field representing biotite+sanidine+iron (within field
¢), as they pass towards lower temperatures and fo, values.

As mentioned above, Fig. 13 has also been constructed to elucidate re-
lationships between several ferromagnesian phases. Therefore, the
oxidation curves for fayalite 100, fayalite 10 forsterite 90, and fayalite 1
forsterite 99 have been projected onto the biotite-sanidine-magnetite field
(in Fig. 13 these curves are labelled 100, ~10 and ~1, respectively. The
100 curve is, of course, the fo,-T curve of the Fe;SiOs-Fes04-Si0, buffer.
The curves ~10 and ~1 were calculated assuming ideal cationic solid
solutions in the olivines, an assumption justified by the theoretical analy-
sis of Bradley (1962). The Faiy and Fa; contours indicate the fayalite
contents of olivines from olivine-pyroxene-magnetite assemblages and
represent the highest Fe,SiO; content possible for the given fo,-T values.
The olivine and biotite contours intersect at steep angles, because the
olivine contours represent redox reactions while the biotite contours
represent hydrogenation-dehydrogenation reactions.

If we consider biotite-olivine bulk compositions, that is, the assem-
blages biotite-olivine-sanidine-magnetite-(quartz)-(pyroxene), we can
predict accurately the effects of both fo, and T on the magnesium-iron
distribution between biotite and olivine. At constant temperature, for
example, an increase in oxygen pressure will not only result in a de-
crease in the iron content of both the stable biotite and the stable olivine.
Pyroxenes should behave very sinularly to olivines, since pyroxene con-
tours (Fig. 12) also represent simple redox reactions. Consequently, if
the fo,-T conditions are appropriate, the iron-magnesium distribution of
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biotite-olivine or biotite-pyroxene pairs may favor either iron-rich biotite
coexisting with magnesian olivine and pyroxene (Pecora, 1941; Ram-
berg, 1952) or magnesium-rich biotite coexisting with iron-rich py-
roxene (Larsen and Draisin, 1948).

Changes in Hy+H,O pressure basically have little effect on the spatial
relations of the equilibria shown in Fig. 13. Increasing pressure merely
shifts the biotite contours towards higher temperatures, while the olivine
contours remain practically unaffected.

Figure 13 represents, of course, unusual bulk compositions. Amphiboles
and pyroxenes are much more commonly associated with biotites than
are olivines. But for such assemblages no data are available and no valid
extrapolations are possible at this time.

We may now attempt to discuss biotites in equilibrium with a melt.
The biotite contours of Fig. 13 can probably be safely extended to in-
clude biotite+sanidine4magnetite+melt. These four phases act as f,,
buffers and changes in the Mg/Fe ratio of the melt would simply be
reflected in the amounts of biotite and magnetite coexisting with the
melt. Osborn (1962) has emphasized the importance of f,, on the
course of crystallization of magmas and on the end products. In a similar
way we may consider two contrasting trends of crystallization (Fig. 13).

Trend I represents a magma, which, during crystallization and cool-
ing, becomes saturated in H,O, reacts with that component, and loses
hydrogen to the environment. In such a situation fo, remains constant
or increases slightly with little change or a decrease in the Fe/Fe+ Mg
ratio of the biotites crystallizing from the melt. The final crystallization
products will be magnesium-rich biotite and considerable quantities of
magnetite. Grout (1923) described such phenomena in the granite of
St. Louis County, Minnesota. Potapiev (1964) has described such phe-
nomena in the Kolyvanian massif, and one of us (D.R.W.) on field trips
with P. C. Bateman has observed such sequences in the late stages
of crystallization in the plutons of the Sierra Nevada batholith (Bateman
et al., 1963).

Trend II, represents a magma which, because of the low H,O content,
is “buffered” by the anhydrous mineral assemblages. The final result
would be the crystallization of iron-rich biotite and other ferromag-
nesian silicates and very little magnetite. Larsen and Draisin (1948) in-
dicate that this may be the case for portions of the southern California
batholith, and the data of Heinrich (1946) and Nockolds (1947) imply
this situation may be the more general case.

It would seem that the relations of the several ferromagnesian min-
erals in a crystallization sequence might indicate a probable fo,-T path
of the crystallizing magma, and this, in turn, might give some indication
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of H,0 saturation of undersaturation. The problem of H, solubility and
diffusion in silicate melts also must be considered.

BIOTITES AS INDICATORS OF INTENSIVE VARIABLES

The biotite stability has been shown to be bounded by a trivariant
equilibrium such that in the assemblage biotite-K-feldspar-magnetite
three of the four variables, mol fraction of KFe;AlSi;010(OH),, oxygen
fugacity, H,O fugacity, and temperature, must be defined before the
fourth can be determined. Additional complications involve the mol frac-
tions of KAlSi;Os and Fe;0; in the feldspar and spinel phases, as well as
the structural state of the feldspar. For such cases expression (6’") must
be used. The problem of estimates of agaisi,os and areo,, is best solved by
using the data or Orville (1963) for KAISi;Os activities, and those of
Lindsley (1963) and Turnock and Eugster (1962) for the Te;O, activities.

Once that assemblage has been established, however, it is relatively
straightforward to determine fm,0, given fo,, and T. The remaining
problems thus consist of getting estimates of two intensive variables.
Lindsley’s (1963) data on the system Fe-Ti-O provide means of estimating
fo,-T conditions from the composition of the coexisting iron and ti-
tanium oxides.

Biotite analyses may also provide rough estimates of fo,-T conditions
at constant fg,o. From Fig. 1 it can be seen that Fe®t/Fe*t4Fe*t is
about 0.25 for Fe;0s-FesO; buffer conditions; 0.10 for Ni-NiO; 0.05 for
FeZSiO4—Fe3O4—Si02; and <002 fOl‘ Fel_xO-Fe304.

For temperature estimates there are such possibilities as the feldspar
solvus (Yoder, ef al., 1957; Wyart and Sabatier, 1962; and Orville, 1963),
the calcite-dolomite solvus (Goldsmith, 1939) muscovite-paragonite
solvus (Eugster, 1956), and isotope fractionation (Epstein, 1959).

The fugacity of HyO is probably one of the more interesting variables
to attempt to define, as fi,0 influences melting points (Tuttle and Bowen,
1958), viscosities (Shaw, 1963b; Friedman ef al., 1963; Burnham, 1964)
eruptive phenomena (Boyd, 1961; McBirney, 1963) and metamorphic
grade (Fyfe, e al. 1958). If fo, and T can be estimated, the biotites
should serve as indicators of fx,0. Even in the absence of K-feldspar and
magnetite the mol fraction of KFe;AlSi;O10(OH), in biotite permits
minimum estimates of fg,0 to be made.

Of the many biotite-K-feldspar-magnetite assemblages described in
the literature, the two selected here demonstrate different applications
of the biotite data. The study of Larsen ef al. (1937) on phenocrysts in
volcanic rocks demonstrates the usefulness of the stability data with
even a limited amount of information on the composition of the biotite.
The combined data of Engel and Engel (1960) and Buddington (1963)
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provide an example where a more rigorous application can be made be-
cause of an abundance of mineralogical information.

Volcanic Rocks. The data of Larsen ef al. (1937) on the biotites found in
the quartz-latites of the San Juan Mountains, Colorado, when com-
bined with the Tuttle and Bowen (1958) minimum melting curve, permit
avery rough estimate of the fu,0-T conditions of the magma chamber at
the time of eruption. The biotites in question have been badly oxidized
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F16. 15. Plot of fm,o versus T for G, “granite minimum melting” as determined by
Tuttle and Bowen (1958). Curve 1 represents the stability a biotite of 0.15 mol fraction
KFe;AlSizO,0(OH): coexisting with magnetite and hematite. Curve 2 represents the stabil-
ity of a biotite of 0.25 mol fraction KFe;AlSi;0:0(0H). coexisting with quartz, magnetite,
and fayalite.

during the eruptive history so that it is difficult to obtain an estimate of fo,.
In the example of the Piedra Rhyolite, the mol fraction of KFe3AlSisO10
(OH); end member is about 0.28+0.03. Assuming that Fe;O,-Fe,03 and
Fe;Si04-5i10,-Fes0, are the limiting fo,-T boundaries, the stability curves
for a biotite of this composition may be calculated from equation (6)
and are shown intersecting Tuttle and Bowen’s (1958) minimum melting
curve at either 730° C., 600 bars fg,0 or 875° C., 125 bars fi,0 in Fig.15.
Tuttle and Bowen’s data were recast in fugacities rather than pressures.
The need for most precise information is obvious, and careful examina-
tion of the oxide minerals could permit a better estimate.

In the above example the mol fraction of KFe;AlS1;0:0(OH), was as-
sumed to be 0.15 in the first case and 0.25 in the second. These values re-
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fer to Fig. 1 which shows estimates of KFe3AlSi;010(OH), concentrations
in biotites buffered by FesSi0s-Fe;04-Si0; and FesO4-Fe;0;5. The major
assumption in this treatment is that components other than Mgt
have the same effect on the stability of the annite end member.
Minor assumptions are that the activities of KAlSisOg and FesO;4 are 1,
and that the melting curve of the Piedra Rhyolite is comparable to the
“granite minimum” melting curve.

The presence of a biotite phenocryst of known composition permits a
minimum H,O fugacity to be estimated for a given temperature, whereas
the presence of magnetite or pyroxene (Carmichael, 1960) to the exclusion
of biotite permits a maximum estimate for the H,O fugacity.

Metamorphic Rocks. The complete data of Engel and Engel (1958, 1960)
on biotite-sanidine-magnetite assemblages, when combined with the ap-
proximate magnetite compositions given by them, permitfairly good
estimates of fi,o during regional metamorphism of the gneisses of the
Northwest Adirondacks. In this case the fo, estimates are much better, as
both Lindsley’s (1963) data on the system Fe-Ti-O and the Fe® content
of the biotite permit estimates to be made of fo,-T conditions.

Engel and Engel (1958, 1960) have estimated the temperatures of two
assemblages in gneissic rocks to be 500° and 600°, respectively. For the
500° C. assemblage (Emeryville), the Fe?t content of the biotite octa-
hedral layer is about .38, the Fe?t+ content is about 0.04. The feldspar is
about Ors and the ulvéspinel content of the magnetite may be estimated
at 0.04. For the 600° C. (Colton) assemblage, the biotite has an Fe** con-
tent of 0.30, and Fe?t, 0.03. The feldspar is Orzy and the ulvospinel con-
tent of the magnetite is about 0.08.

For the 500° assemblage the biotite data imply an fo, of 10728 to 10~%,
The ulvéspinel content of the magnetite implies a similar value. The co-
existence of quartz and magnetite place a minimum limit of fo, at 107,
The data for the 600° assemblage imply values of 1078 to 10~'°, however
1072 is the minimal limit.

The remaining assumptions are concerned with the deviation of the
activities of KAlSi;Og and Fe;O,. Although Lindsley’s (1963) data demon-
strate the nonideal behaviors of Fe;0,-Fe,TiOy solid solutions, for these
calculations the assumption of ideality was used, aFe,0,= XFe0,. Orville’s
(1963) data for alkali feldspars coexisting with aqueous chloride solutions
have been used to estimate the activities of KAlSi;Og in alkali feldspar.
For the 500° assemblage, a value of 0.81 was assigned to axaisizoq and for
600°, 0.79.

Applying these values to equation (6’’) one obtains the expression log
fr,0=1log fo,}+11.09 at 500° C. and log fu,0=1og fo,F+10.13 at 600° C. If
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fo, at 500° C. was 10~ bars then fg,0 must be about 0.1 bar; at 600° C.
fr,0 must vary between 1-10 bars.

The gneisses in the Adirondacks are interlayered with graphitic marbles
and amphibolites. The amphibolites have clinopyroxene-pyroxene-horn-
blende assemblages (Engel and Engel, 1962). Extrapolating the data of
Boyd (1959) on the tremolite=diopside+enstatite+quartz—+H,O reac-
tion to 500° and 600° C., the equilibrium H,O pressures are about 0.1 and
1 bar.

The graphite-CO; reaction has been recently studied by French (1964)
using the data of Wagman ez al. (1945). For graphite one may obtain, at
500° C., the expression log fco,=log fo,+26.64 and at 600° C., log fco,
=log f0,123.60. The values of log fco, obtained for the Adirondack
assemblages are 2.60 at 500° C. and 4.00 at 600° C. This disparity may be
explained in terms of disequilibrium, a lack of graphite in the 600° C.
assemblage, or the actual gradient in the fugacity of CO, from 435 to
10,000 bars. The high ratios of CO; to H,O are consistent with the min-
eral assemblages of the marbles and the interbedded gneisses, so that the
gradient may well exist and be due to dehydration and decarbonation re-
actions leading to the high temperature assemblage.

If the biotites are not in equilibrium with the magnetites, then the
H,O fugacities are minimal values. However, the decrease in the quantity
of biotite, the variations in magnetite composition, and the presence of
graphite in the marbles all combine to give a uniform model.

A further implication of the data is that the existence of biotite-K-
feldspar-magnetite assemblages in rocks of low metamorphic grade
(<500° C.) implies very low values for water pressure, and perhaps many
models in which water pressure is considered equal to load pressure need
revision.

Detection of Gradients. The fact that the composition of biotite coexisting
with sanidine and magnetite is dependent on fg,0, fo, and T implies that
gradients in any of these three intensive variables should be reflected in
changes in the composition of biotite. Peikert (1963) applied this argu-
ment with some success to rocks of the Canadian Shield in northeastern
Alberta. He found that biotite compositions were closely related to spe-
cific rock types. He assumed that rocks of such close proximity would be
isothermal, so that variations in fq, or fi,0 were responsible for the devi-
ations in the composition of the biotites. If the gneisses are formed by
the alteration of metasedimentary rocks, the model of cation exchange
from an ubiquitous vapor phase in such a system is difficult to reconcile
with the persistence of steep gradients in fo, observed in many localities
(Chinner, 1960; Eugster, 1959). Pitcher and Sinha (1957) have observed
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mineralogic changes easily explained by gradients in the fo, of contact
aureoles around granite intrusives.

The changes in the compositions of biotites in wall rock alteration
processes (Anderson et al., 1955) very clearly show gradients in the ac-
tivities of oxygen and sulfur which also match the activity gradients pro-
posed for H* and K+ in such phenomena. The stability of biotite in such
phenomena is also a function of other variables such as the hydrogen ion
and potassium ion concentrations.

B1oTiTES IN GEOCHRONOLOGY

The high K and Rb contents of biotites have made them valuable for
studies in geochronology, using the K-Ar and Rb-Sr methods for dating
the time of crystallization of the biotite. As this study has shown, the
biotite-K-feldspar-magnetite assemblage represents a trivariant equi-
librium in which changes in P, T, fu,0, or fo, will necessitate a change in
the composition of biotite through recrystallization in order to reestab-
lish equilibrium.

The classic study of Tilton et al. (1958) on the Baltimore Gneiss dem-
onstrated that the ages of the biotites are Paleozoic, but the ages of the
zircons and feldspars are Precambrian. As all the biotites examined are in
K-feldspar and magnetite bearing assemblages (C. A. Hopson, 1964, and
pers. comm.), recrystallization of the biotites during metamorphism
seems entirely reasonable. Jaeger ef al. (1961) have also demonstrated
variations in biotite ages in which the biotites are partially recrystallized.
Recently, however, Tilton and Hart (1963) have shown that diffusion of
argon and strontium out of biotite crystals during metamorphism will
reduce biotite ages without recrystallization.

It is readily apparent that biotite ages are particularly subject to
metamorphic changes. Careful petrographic studies to ascertain either
the homogeneity of the biotites being analysed or the existence of the tri-
variant assemblages discussed certainly should add a great deal to the
interpretation of biotite ages. Biotites occurring in K-feldspar, muscovite,
or magnetite free assemblages (marble, quartz-plagioclase-biotite
gneisses) should have less tendency to recrystallize, and might be ex-
pected to vield older ages.
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