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AesrRecr

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

HrO (fnro), and fugacity of oxygen (f6 r) . 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 furo, fs, and temperature. The compositions

lie in the ternary system KFes2+AlSLOro (OH)r, annite-KMg32+AlSraOro (OII)2, phlogo-

pite-KFe3r+AlSigOu (H-J, "oxybiotite."
Application of regular solution theory to KFerAlSiaOro(OH)s in ternary solid solution

yields the following relationship:

log fsrg :
3428 - 4212 (1 - x'),

* log xr I l/2logfo,+ 8.23 - log aKArsi"or - log ap",e

where x1 is the mol fraction of KFeaAlSisOro(OH)z in biotite, ar<,rrsi.o, is the activity of

KAISLOs in the various mineral phases, and aFg,e, is the activity of FesOr in the various

mineral phases. Neither molecular (a: x) or cationic (a: t') ideal solution theory describes

the activities of KFedlSLOro(OH)e in "ternary" biotite solid solutions. The position of the

fe.-Tcurvesfor biotite-muscovite-magnetite-corundum/alumino-silicate-quartzassemblages
were determined by the intersections of the stability curves of biotite and muscovite.

Schematic fer-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 fs, is decreas-

ing with temperature, the Mg/Fe ratios oI 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 f6, (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 H2O.
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 ((500o C.) imply either disequilibrium or low HrO pressures. Assem-

blages in the gneisses of the northwest Adirondacks imply HzO fugacities of 0.1-10 bars and

COr fugacities of 400-10,000 bars during recrystallization of the interbedded gneisses and

marbles.
Intersections of biotite fsrs-T curves with the "granite minimum melting curve" sug-

gest that most biotite-bearing rhyolite and quartz latite magmas were at temperatures
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greater than 750o C. and at HzO pressures of less than 1000 bars just before extrusion.

Biotite phenocrysts permit an estimate of minimum H2O pressure in "granitic" melts;
magnetite or orthopyroxene phenocrysts permit an estimate of maximum If3O pressures.

INrnonucrroN

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), Bartholom6 (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 equil ibrium as a function of T, P(=Par*Prro), fo' and phase
composition at temperatures between 400" and 900o C. On biotite
compositions, at f6, values between the FeaOr-FerOa and Fer-'O-FerO+
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 H2O, Oz, and Hz in geologic
processes.

ExpBnrurNIAL TECrrNreuES

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 t/p 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 l ists 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. PdaoAgro 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 phlogopitefsanidine

{magnetite as starting materials. The phlogopite, sanidine and magne-

Teela 1. Oxvcar.r Fucecrtms ol Oxvcru BumBns (Eucsrrn aNo Wonrs, 1962)

-  A  _  C ( P _ 1 )
L o g f s r : - i + B +  

T
Bufier

IrezOa-FerOr
FesOa-Fer-*O

Nio-Ni
SiO:-FezSiO -Fe;Oa

I

24912
32730
24709
27300

1 l  A 1

1 3 . t 2
8 .94

10 .30

0 .019
0 .083
0 046
0.092

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

The exact location of the equil ibrium is dependent upon attaining
equil ibrium 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 reversibil i ty was established for f ive 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 equil ibrium
within 48-100 hours, whereas the reversing equil ibrium requires at least
250 hours.

A sequence of experiments tabulated in Table 3c at 750o C. and 800o C.,
2070 bars, demonstrates that the approach to equil ibrium proceeded at
highly variable rates. At 750o C., a 24-hour reducing experiment pro-
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duced a biotite with Fe/Fe{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 equil ibrium 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 l itt le
credence. They were oniy used in close conjunction with experiments us-
ing biotites or phlogopite-sanidine-magnetite as starting materials.

ColrposrrroN ol PHAsES

As methods of extrapolation and interpolation of the biotite phase
equil ibria 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) r-ray spacing using the data of Wones
(1963b). Optical measurements proved the most useful, as the r-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
co inc iden t  w i t h  t he  (31  1 )  o f  magne t i t e .

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 KMg3AlSi3Oro(OH)z-KFeaAISiBOr6(OH), but rather they
are members of  the rec iprocal  system (Ricc i ,  1951,  p.371-389)
KMgaAlSirOl0(OH) r-3 KFe2+Fe23+AlSiaOrz-KFes2+AiSi3O10(OH) r-3KMg .

Fezs+AISieOrz. If the theoretical (and physically impossible) composition,
KFes3+AlSieOrr(H-t), is used as a component, then the biotite composi-
tions can be plotted in the additive ternary system shown in Fig. 1.'Ihe
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-
rnined. However, as Wones (1963b) demonstrated, the c axis of the unit
cell contracts with increasing "oxybiotite" content. This has not been
lvell calibrated, but the available data in the above stud-v indicate that c
con t rac t s  abou r  0 .002  A  fo r  each  pe r  cen t  "oxvb io t i t e . : ' F i gu r *  I  p l o t s
the estimated position of the biotite solid solutions for each of the buffer

r231
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systems investigated. It should be emphasized that these curves repre-
sent l i tt le more than an "educated guess."

Another possible substitution is that of "ferriannite," KFstz*ps3+
Si3Or6(OH)2 (Wones, 1963a). The formation of this component requires
the formation of an aluminous phase and a change in the ph1,-sical proper-
ties of the biotites. No aluminous phases such as muscovite or corundum
were observed by optical or n-ray techniques. The compositions of
natural biotites coexisting with feldspars, pyroxenes, olivines, and

Kreisltsiro,. {x-,)

K Mg'zF€;3Al si 3 orz

xrdo2ars i.o,otoH l"
Annile Phlogop i te

Ifrc. 1. The ternary system KIrel+AlSLOro(OH)z-KMg:'?+AISLOTo(OH)rKFer3+
Alsisorr(H1). Dashed lines indicated compositions of "buffered" biotites, the shaded area
represents compositions physicallyimpossible to obtain. Dotted iine 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 summarv, the Fe/Fef N{g ratio of the biotites has been determined
with confidence, but the Hz content is onlv estimated.

Feld.spar. The expected variation in the feldspar compositions are either
the Fe3+3A13+ substitution resuiting in KFeSirOs or solid solution of
either FeaO+ or FezOa in KAlSiaOs. l leasurements of the indices of re-
fraction of feldspars (Table 2) are all within 0.002 of the ideal value for

7 of 1.522 (Tuttle, 1952) and indicate less than I mol 16 KFeSigOs
(7:1.608) (Wones and Appleman, 1961) and less than 0.4 rr.olToFezOz
(G,:1.800) (Deer et al., 1962). The KAiSiaOs polymorph is apparently
high sanidine (Donnay and Donnay,1952).
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Magnet' ite. For the compositions studied, the possible types of substitu-
tions causing deviations from the composition FeaOn are hercynite,
FeAIzOa, n-iaghemite, Fe2O3, and magnesioferrite, MgFe2O+. The first
two, FeAl2Oa and Fe2O3, 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 svnthetic magnetites synthesized by the reduc-

Trsr-n 2.Imonx ol RnrnrcrroN *J"JT:lrr#D dsr or MncNnrrrrns Corxrsrno

T, '  C .  P ,  bars Bufier
Starting
Materiall

Time,
hrs.

"v, KAlSiaOa drr' Feror

450 2070
480 2070
550 1035
600 1035
620 2070
700 2070
800 2070
850 1035
700 1035
700 1035
750 2070
800 2070
800 2070
800 2070
850 1035
725 2070
750 1035
750 1035
750 1035
775 2010
800 2070
800 2070
850 1035
900 1035
850 1035

FerOq-FerOr

FerOr FezOa

Fesol-FerOs

FeaOa-FezOs

FegOr-FerCa

FesOa-FerOa

Fqoa-Fe2O3

FeaOq-FerOr

Ni-Nio

Ni,Nio

Ni-Nio
Ni-Nio
Ni-Nio
Ni-Nio
Ni-Nio
FeSiOcSiOrFeaOr
FezSiOrSiOrFesor
FerSiO+SiOz-FeaOr
FerSiol'SiOrFeaOr
Fersio4-SiorFqO{
FerSiO+SiOrIerOr
TerSiOrSiOr-FesOr
FerSi0-Siou-FeaOn
FezSiol'SiO*Ferol
FeuxO-FerOr

annite

ph+sa+mt
biotite
biotite
biotite
Ox mix
biotite
biotite
Fe mix
biotite
biotite
Fe mix
biotite
ph+sa+mt
Fe mix
phfsa fmt
Fe mix
biotite
biotite
phfsafmt
biotite
phfsafmt
Fe mix
biotite
biotite

< 1 . 5 2 3  n d .
< 1 . 5 2 2 3  1  6 1 5 9
< l  524 n .d .

< r . 5 2 4  1 . 6 1 6 1
n d .  1  6159

< 1 . 5 2 3  1  6 1 6 0
<1 523 n.d.
< 1 . 5 2 3  n . d .
< 1 . 5 2 5  n . d .

n . d .  1 . 6 1 5 8
< 1 . 5 2 3  n  d .

<1 .523 n .d .
<1 .524 n .d .

< 1 . 5 2 3  1 . 6 1 5 8
< t  5 2 3  1  6 1 5 9
< 1 . 5 2 3  1  . 6 1 s 9
< 1  5 2 3  1 . 6 1 5 9
<1 523 n  d .
< 1  . 5 2 3  1  . 6 1 5 6

n.d  1  6160
<1 523 n.d.
< t . 5 2 3  1  6 1 5 9
< 1  5 2 3  1 . 6 1 5 9
< 1 . 5 2 3  n . d
<  1 . 5 2 3  1 . 6 1 6 2

450
250

43
42
42
65
42
28
94

105
209
121

700
92

168
105
142
1 7 7
2 3 2
250
250
105

6
96

t Abbreviations: ph, phlogopite; sa, sanidine; mt, magnetite; Fe mix, KzC.6SiOz*FeiMgO*AlzOr;Oxmix
KrO 6SiOr*FeCrOr 2HzOfMgOfAl0s.

t ion of hematite or by oxidation and decomposition of FeCzOr'2H2O.
The results are l isted 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 FeAlzO+ in solid
solution. The Fe:Oa substitution only reaches measurable proportions at
temperatures in excess of 900o C. The unit cell data indicate less than 1.8
mol per cent Fe2O3 (Donnay and Nowacki, 1954).
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The MgFezO4 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 MgFezO4 content of the magnetites. First, all experiments in which
Fe/Fe*Mg:0.94 yield large quantit ies of biotite. If the assemblage
were only sanidine and magnetite, the maximum content of MgFe2Or
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 stabil it.v, no spinel phases were observed, indicating that lIgFe2Oa
is unstable in the presence of KAlSieOi and HzO. 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 Fe3O+. These several l ines of evidence indi-
cate that the spinei phase is essentiaily pure Fe3Oa.

Gos. This phase is assumed to consist of the components Hr and HzO.
Eugster and Wones (1962, p. 92-93) have considered the problems of
estimating both the Hr and H2O contents, the fugacities of those com-
ponents, and the amount of dissolved material in the gaseous phase.
Eugster and Wones presented methods for computinS fsro 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 HzO calculated by Holser (1954).

Shaw (1963a) has shown that Hz-HzO mixtures are nonideal, but at
the Hr/HzO ratios encountered in this stud,v, only the Fe1-"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 iower temperatures, it is desirable to estimate the uncer-
tainties in fsr. These are about 5/6 ol the actual value, and are largely
due to uncertainties in the data for the oxl,gen buffers, especially
FezSiOr-Fe3Or-SiOr.

Shaw's (1963a) results for the several oxygen buffers indicate that the
Fe2SiO4-Fe3Oa-SiO: data may be questionable ernd certainly need to be
determined more rigorously. New data for FerOa-FerOa have been pub-
Iished by Blumenthal and Whitmore (1961) using emf measurements of a
magnetite-hematite cell. Their results yield oxvgen 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 FerOr, and hence, Norton's re-
sults are used.

In summary, the composition of sanidine is assumed to be KA1Si3Os,
that of magnetite, FeBO4, and the gas phase of variable ratios of Hz and
HrO. 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 KAISi:rOs must be less than 0.4 mol
per cent.

Biotite compositions are expressed in trvo ways. The first is as
KFea*Mga(r-,)AlSLOr0+y(OH)r-u where y (and therefore Fe2+/Fe3+) is
undefined and x is the ratio Fe/FefMg. The second method is
KFe3*r2+Fe3*r3+Mgr*r2+AlSieOrzH(2-3x3) where x1 is the concentration of
KFerz+415ir6to(OH)r, annitel x2, KMg3A1Si3O10(OH)2, phlogopite; and
xB, KFe33+AlSisOr2(H-1), "oxvbiotite." Throughout the remainder of this
paper these definit ions of x, x1, X2, &rd x:r wil l be retained.

Exponr l rpNIAL 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:
( F e ,  M g )  o f  1 : 1 : 3 : 3 .

The value of the experiments varies as a function of starfing material,
length of t ime of the experiment, and precision of the compositional de-
terminations. The location of the determined equil ibrium 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 equil ibria, al-
though few in number, do provide sufficient constraints on the un-
reversed approaches to equil ibrium to permit judicious use of the latter
data. Hence the boundary curves given in Figs. 2 and 3 represent a com-
bination of reversed equil ibria, nonreversed experiments approaching
equil ibrium, and interpretation.

A plot of these data in an f6r-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 f6r. The contour labelled 100 bounds
the field of stabil ity of annite from Eugster and Wones (1962) and the
contour O represents the upper stabil ity l imit of phlogopite and was
calculated from the data of Yoder and Eugster (1954). Luth (1964) pre-
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Teer,a 3. Exprnrurxrs Dnranurnrnc CouposnroN (l-e/.F'e*Mg) or Btotrtrs
Conxrsrrnc wrnt Sl.ltrlrNn aNn M.tcNntrtn

Final Biotite Composition
, Time Startins Material

r t ' L  )  I l D a r s ,  -  i
(hrs.) (Fe/Fe*Mg)

-  Remarks

v dooo Fe/Fe*Me

875 1035

850 103.5

800 1035
800 1035
800 1035
800 1035
800 1035

775 1035

750 1035
750 1035
750 1035

700 1035
700 1035
700 1035

a) Experiments buftered by the assemblage FesOr FerOa
8  b i o ( 0 . 3 5 2 )  1  5 9 1  1 . 6 4 6  1  5 3 9 6  0 . 3 2 t . 0 6

28 b io (0 .352)  1 . .587 |  634 1  5396 0  301 04

6 6  b i o ( 0 . 1 6 9 )  1 . 5 7 1  r . 6 0 2  1 . 5 3 7 9  o . r 1 t . o 2
45 b io (0  352)  1 .587 r .634 1  5391 0  30 t  05
42 b io (0 .550)  1  582 1  628 1 .5392 0  301.05
48 bio(0.765) 1 .582 1 628 n d. 0 30t 05
50 b io (0 .765)  1 .582 1 .628 1  5418 0 .301 05

61 b io (0 .352)  n .d .  1 .629 n  d  0 .35+ 05

7 0  b i o ( 0 . 3 5 2 )  1 . 5 8 6  1  6 2 7  1 . 5 3 9 7  0 . 3 5 1 . 0 2
38 b io (0  550)  n  d .  1 .628 1 .5397 0 .361 .05
4 2  b i o ( 0 . 7 6 5 )  n . d .  1 . 6 2 2  1 . 5 3 9 7  0  3 4 t . 0 5

64 b io (0  169)  1  566 1 .600 1 .5380 O.17!  02
44 bio(0.550) n.d. 1 630 n d. 0 38t .04

25O phfsa fmt (O 765)  n  d .  1  631 n .d  0 .381.02

bio(0. sso)

bio(0 ss0)

bio(0 76s)

bio(0.76s)

44  b io (0 .76s)

63  b io (o .169)
13e bio(0 352)
94 bio(0..550)

42 b io (0 .76s)

140 b io (0 .5s0)
43 bio(0.76,{)

64  b io (0 .sso)
83 b io (0 .76s)

42  b io (0 .76s)

6 .s  b io (0 .3s2)

oo reactlol

no reaction

no reactior

no reaction

teversed

reaction

0 . 3 9 1 . 0 2

0 39t 05 agg. index
oI refrac-
tion

0.35t 07 agg. index
of refrac-
tion

0 .41 i05  agg.  index
oI refrac-

tioB

n.d.

1 . 6 6 7

1 . 5 6 1  1  6 0 0
l  582 1 .621
1 . 5 9 1  1  6 4 5

1  . 6 5 4

1.586 |  646
1 .66s

1 576 1 641
1.621 1  673

1 . 6 2 5  L . 6 7 9

n  q .  l . o J J

n d

0 . 6 6 1 . 0 3

1 . 5 3 8 4  0 . 1 7 + . 0 2
1 . 5 4 1 1  0  3 5 t  0 2
r . 5 4 2 6  0 . 5 5 1  0 2

0 . 5 6 i : . 0 4

|  5 4 3 2  0 . 5 5 1 . 0 2
0 651 04

1 . 5 4 5 5  0 . 5 s 1 . 0 2
1  . 5 4 8 6  0 . 7 7  X  . 0 2

1 . 5 4 8 4  0 . 7 7 X . 0 2

1 . 5 3 8 8  0 . 2 7 + . 0 5

n d .

n d .

n.d.

n.d.

6g

94

675

650

600 1035
600 1035
600 1035

600 1035

1035

1035

1035

1035

1  . 6 3 1

(1 612)

(1  607)

( 1 . 6 1 4 )

620 1035

550 1035
550 1035

500 1035
500 1035

485 1035

900 2070

no reaction

no reaction

some hema-

trte

no reactton

only hema-

tite

no reaction

no reaction

uo reaction
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T nw.n 3-(continued.)

LL. )  I

Final Biotite Composition

T(o C.) p (b"rr) Ti.. 
Starting Material

'  (h rs . )  rFe lFe*Mg) Remarks

t  dooo Fe/Fe*Mg

800 2070
800 2070
800 2070
800 2070
800 2070

750 2070
750 2070

725 2070

?00 2070
700 2070
700 2070
700 2070
700 20?0
700 2070

680 2070
680 2070

650 2070

bio(0. 16e)
b io (0 .3s2)
bio (0. ss0)
b io (0 .5s0)
b io (0 .76s)

b io (0 .550)
b io (0 .  76s)

bio(0. ss0)

bio(o 169)
b io  (0 .3s2)
bio (0.5s0)
bio(0. ss0)
Ox mix(0. 765)
bio(o 76s)

Ox mix (0 .765)
bio(0. 765)

bio(0. sso)

b io (0 .76s)

bio(0. 76s)

bio(0 169)
b io (0 .352)
bio (0.550)

b io (0 .765)

bio(o 76s)

b io (0 .765)

bio(0 765)

bio(0.880)

625 2070

600 2070
600 2070
600 2070

7 l
7 3
28
43
42

5 1
42

o /

r22
68

t22
40
65

64
42

94

1 1 3

94

1 1 5

94

n . d .  1  6 1 3  1 . 5 3 7 3
1 . 5 8 1  1 . 6 3 1  1 . 5 3 9 1
1 584 1 .630 1  5390
1.580 1  630 t .5397
1.587 1  632 n .d .

1 . 6 3 2
1.635 |  54 t7

1 . 6 2 6

1  5 7 1  1  6 0 5  1 . 5 3 7 5
1 . 5 8 1  1 . 6 2 8  1 . 5 3 9 9

t . 6 3 4
1.629
1 . 6 2 7
1 . 6 3 7

1  . 6 3 3
'1..640

1 .596 1  .651 1  .5430

1.639

i  .640

1 . 5 6 9  1 . 5 9 1  1 . 5 3 7 4
1 . 5 7 6  1  6 2 3  ! . 5 3 9 7
1 591 1 .645 r .5426

O.17 X .O2 no reaction
u.J ) f  .u l  no  oxrqes
0 . 3 5 1 . 0 4
0 . 3 5 t . 0 . 1
0 . 3 7 + . 0 . 1

0  3 7 1  . 0 4
0 . 4 1 1 . 0 3

0.331.03  On lyhema-
tite

O 17 ! .02 no reaction
0.351.02  no  reac t ion
0  3 9 1  . 0 3
0 . 3 6 t . 0 3
0 . 3 5  t  . 0 3
0 43 t  03

0 . 4 0 t . 0 4
0.441 .0 .1

0 .551.02  somehema-
tite pres-
ent

0 . 4 5 1 . 0 4

0 . 4 6 1 . 0 4

O,17+ ,02  no  reac t ion
0 351.02  no  reac t ion
0.55:t 02 somehema-

tite and
magne-
tite pres-
ent

0  52 t  02

0 66 t  .03

0.72+.03  on ly  hema-
tite

u . l l t  u 2  n o r e a c u o n

0.80t 05 (Ass index
of refrac-
tion

0 40:t 0,1 reversed
reaction

0.351 .02 no reaction
0 46t 04
0 . 4 3 +  0 5

600 1 649

r . 6 6 7

1 . 6 7 4

1 .680

(1  .6s7)

o.)

850

850
850
850

1035 816

1035 138
1035 94
1035 92

b) Experiments buffered by the assemblage Ni-NiO

ph+sa+mt(0.765)

bio(0.352) 1 s82
bio(0. 76s)
Fe mix(0.880)

1 . 6 7 2

| 622
t . 6 3 7
l . o J l
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Trpl-e 3-(continued)

Final Biotite Composition

Tf c.) P tu"*t Titl 
Starting Material

rhrs.)  { }e/Fe*Mg)
Remarks

'y dooo FelFe*Mg

800
800
800

1035
1035
1035

21O Fe mix (0 .550)  r  589 1 .629
165 b io (0  550)  1  589 1 .636
1,23 Fe mix(0. 765) 1 .593 1 636

1 5466 0 441 03
1 . 5 4 3 6  0  4 7 t  0 5
1 5494 0 49+ 05

0 . 5 4 1  0 3

1 5487 0 551 .02 no reaction
1  5 4 9 3  0 . 6 9 i . 0 2

0 . 6 3 1 . 0 3
0 68t 02

1 5387 0  17 t .02  no  reac t ion
1 5440 0 351.02 no reaction
1 5479 0 55+ 02 no reaction
1 5468 0 561 .04 reversed

reactron
1 . 5 4 7 1  0  5 4 1 . 0 4
1 . 5 4 6 9  0  5 5 t  . 0 3
1 5496 0 .561 .06

0  5 3 1  . 0 3

0  7 0 + . 0 3
0.601.03  reversed

reaction
0  6 7 t  0 3
0 . 6 6 +  0 3

103.s7.50 116 bio(o 880)

32o bio(o s50)
94 bio(o 76s)

los  b io (0 .880)
116 Fe mix(0 880)

132 bio(o 880)

164 Fe mix(0.880)

336 ph*sa*mt (0 .765)

89 b io (0 .765)

92 b io (0 .76s)
r32 bio(o 880)
14o bio(0.939)

I  .643

| 647
| . 6 2 2
l 654
1 .660

1 596 1 ,642
1 . 5 9 7  1  6 4 2
1 . 5 9 8  1 . 6 4 6

1 642

1 663
I  .650

1 660
r . 6 5 8

1 683

r . 6 7 6

1 . 6 1 3

7 6 t '3

1 . 6 2 3  1  6 6 8
1 . 6 2 2  1  6 8 1
1.628 1  690

700 1035
700 1035
700 1035
700 1035

800 2010
800 2070
800 2070
800 2070

800 2070
800 2070
800 2070
800 2010

750 2070
750 2070

750 2070
750 2070

700 2070
700 2010
700 2010
700 2070
700 20io

700 20io

700 20io

650 2070

650 20io

600 2070
600 2070
600 20io

900 1035

8s0 1035
850 1035
850 1035
850 1035

1 1 8  b i o ( 0 . 1 6 9 )  1 . 5 6 4  1 . 5 9 7
l2 I  b io (0  352)  1  575 1 .61 ,2
168 b io (0 .5s0)  1  599 1 .643
700 ph*sa*mt (O.765)  1  .595 1  651

140 b io (0 .76s)
178 bio(0 880)
1  18  b io (o .880)
160 bio(0.939)

2O9 bio(0 i6s)
597 ph*sa*mt (0 .765)

20e bio(o 880)
2O9 bio(0.939)

139 b io (0 .169)  1  s64 1 .597
139 b io (0  352)  1 .575 I  616
rig bio(0 550) I 595 1 654
160 bio(0 76.5) 1 620 r.613

1110 ph*sa*mt (0  765)  I .642

0 17 ! 02 no reaction
0 35t ,02 no reaction
0-551 02 no reaction
0.77+ -02  no  reac t ion
0.53 teversed

reaction
0 88t 04 magnetite

present
0  8 2 1  . 0 3

O 17L 02 complete
reversal

1 .5511 O 71X 02 no  reac t ion

1 5519 O i7! 02 no reaction
1.5534 0 .881 02  no  reac t ion
I  5544 0 ,q4+ 02  no  reac l ion

t.544.5 0 35+ 02 no reaction
0 . 5 4 1 . 0 4
o 49X 02
0 . 4 2 + . 0 4

0 . 4 J j . 0 2  r e v e r s e d
reaction

1 5385
1  . 5 4 1 0
1  . 5 4 7 5
1  5 5 1 8

c) Experiments bufiered by the assemblage I'eSiOr-FeaOr-SiOz

6 bio(0. s50) 1  591 1  646 1  5450 0 .50+ 05

91 b io (0  352)  1  581 1 .622
\29 bio(0.5.50) 1 595 1 641
105 Fe mix(0 5.50) 1 592 1.636
105 Fe mix (0 .765)  1  587 1  629

25O ph*sa*mt (0 .76 .5)  1 .586 1632
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Trnlr 3 (continueiJ)

t239

Final Biotite Composition
Tr.c ) P rburrr Tit" 

sti l t ing Malerial
' - - ---- 

lhrs.) (Fe/Fe I Mg)
Remarirs

Y dooo Fe/Fe*Ms

800
800
800
800

to35 94
1035 49
1035 89
1035 123

bio(0. ss0)
bio(o 76s)
Fe mix(0.880)
Fe mix(0 880)

phfsa*mt (0 .765)

ph+sa+mt(0 765)

bio(0 ssO)
bio(0. 765)
bio(o 880)

ph*sa*mt(0 765)

ph*sa*mt (0 .765)

bio(o 3s2)

b io (0 .  3s2)

bio(0 3s2)
bio(0. ss0)
ph+sa+mt

bio(0. 76s)
bio(0 76s)
bio(0.880)

b io (0 .76s)
ph*sa*mt(0 765)

1 . 6 4 4
1 . 6 4 +

1 .602 I  .650
1 .596 1  .637

0.551 .02 no reaction
0 54 t  .04
0 . 6 1 1 . 0 3
0 . 5 2 t  0 4

0.461.04  reversed
reaction

0.52 : t .04  reversed
reaction

0.551 -02 no reaction
0  6 7 t  0 4
0.75 t .05  (agg index

ref)

0 . 7 1  t  0 4

o . 7 7 X  0 2

0 . 2 5 1  0 4

0 . 3 5  1  . 0 2

0 . 3 5 t  0 2
0 . 5 5 + . 0 2
o  7 0 t . o 2

0.49+ 02

0 70+ .02
0 . 6 9 f . 0 4
0 . 6 7 1 . 0 4

0 . 7 7 !  0 2
0 541 04

reversed

reaction

complete

reaction

no oxides

present

no reaction

no reaction

no reaction

reversed

reactron

reversed

reaction

1035

1035

1035
1035
1035

700 1035

700 1035

229

229

91
86

r76

250

229

7 7 5

750

750
750

1322070850

1 1 8

89
122
432

250

142
65
48

1  . 5 7 0

1 .580

1  . 5 7 8
1 600
r 607

1 591

1 . 6 0 7
1 . 6 0 3
1 .605

bio(0 ss0) 1 ..597
ph*sa*mt(0 765)

ph*sa*mt(0 765)

ph*sa*mt(0 ?65)

b io (0 .76s)
ph*sa*mt(0. 765)

ph*sa*mt (0 .765)

bio(o 880)

bio(0. 76s)

1 . 6 3 5

1.612

| .644
1 660

(1 644)

I 665

1 .672

1 . 6 1 2

1.620 1 .5142

r . 6 1 7  1 . 5 4 3 2
1 . 6 4 8  n . d .
1 . 6 6 4

| .639

1.664
1 . 6 6 6
1 660

1 . 6 7 2
1 .645

1 643

1 . 6 4 7

1 650

1 672
l 654

1 . 6 5 5

1 673

1 . 6 7 2

825 2070

800 2070
800 2070
800 2070

800 2070

800 2070
800 2070
800 2070

775 2070
775 2070

750 2070
750 2070

750 2070

750 2070

750 2070
750 2070

750 2070

750 2070

740 2070

96

89
231

195

122

7 l
48

24

48

no reaction
reversed

reaction

1.5489 0  55 t .02  no  reac t ion
0.631 04 reversed

reactron
0.501 04 reversec

reaction
0.591.04  reversed

reactron
O.77!  02  no  reac t ion
0 62t 04 reversed

reactlon
0.63:t 04 reversed

reaction
0 . i 8 1  0 2

O.77 + .O2 no reaction
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'l tnrx. 3-(continued)

Final Biotite Composition
T('C ) P (bars)

Starting Material
(Fe/FeiNIe)

Time
(hrs ) FelFe*Mg

72s 2070

725 2070

715 2070

168 ph*sa*mt (0 .765)

167 b io (0 .76s)

92 bio(0 880)

92 bio(O 352)
1s0 bio(o ss0)
4 .50  b io (0 .76s)
250 ph*sa*mt (0 .765)

113 bio(o 880)
140 bio(o 939)

177 bio(0.ss0)
94 bio(0.76s)
96 bio(0 765)

1 655

1 . 6 7 7

L 6 2 3  l  6 8 4

1 . 5 7 5  1  6 1 6
1.597 1  644
1.612 1  670

|  -  o ) . )

1 620 | 682
1.629 1 690

0 6J1.04  reversed
reactiol

I  5500 0  77  ! .02  no  reac t ion

1 5546 0 88t 02 no reaction

1 5435 0 .35 t  02  no  reac t ion
1.5478 0 .55+ 02  no  reac t ion
I  5 5 1 4  0 . 7 7  ! . 0 2  n o  r e a c t i o n

0.63 : ,04  reversed
reaction

I  5544 0 .88 t  .02  no  reac t ion
1.550 0 .s41 02  no  reac t ion

700 2070
700 2070
700 2070
?00 2070

700 2070
700 2070

850 1035
850 1035
850 1035

d) Erperiments bufiered by the assemblage Fer-*O FeaOr

1.597 1  6+6 1 .5475 0  55 t  02  no  reac t ion
1  6 1 5  1  6 6 6  1  5 5 1 6  0 . 7 2 ! . 0 4
1 . 6 1 5  r . 6 6 6  1  5 5 0 7  0 . 7 2 !  0 4

sents a revision of these data. The phlogopite contour curves sharply at
low f6, values, because the gas phase becomes increasingly enriched in
hydrogen and the fugacity (and activity) of HzO decreases rapidly.
Hydrogen acts as an inert gas with respect to the phlogopite decom-
position, but because fsr6 decreases with decreasing f6r, the decomposi-
tion temperature must be lowered. This points up the important fact that
equil ibria of hydrous sil icates free of iron are also subject to the com-
position of the gas phase and therefore to changes in fe, if an appreciable
amount of h1'drogen is present.

The high temperature relationships are further complicated by the
fact that sil icate melts form at those conditions (Luth, 1964). The sani-
dine*magnetite+biotite assemblages wil l react, with increasing tem-
peratures to form leucite*olivinefmagnetite*biotite assemblages,
kalsil i te*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 l imitations,
contours are complete within the magnetite field only for iron-rich
biot i tes (Fe/Fe*MgX100>70),  but  they do extend to magnesium-r ich
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-
Iow that contour, but not above it, where the biotite is replaced by the
assemblage m agnesian biotite-sanidine-m agnetite.
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Butf l r :  F.30. -  F.2Oi

B i o t i l e  "  
S s n i d i n 6

L24r

o  q n o

F ,oo

7 0 0

.o 9O0

E eoo

700

o

600

tooo

9 0 0

8 0 0

7 0 0

6 0 0

500  
|

o ^ ^  |

o 0 0 2  0 4  0 6  0 8  t o
F e '

' F e + M q

l.rc. 2. Position of biotite-sanidine-magnetite-gas equilibria at 1035 bars total pressure
as a function of temperature and Fe/FefMg at oxygen fugacities of the given bufier
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*MgX 100) of 70. This biotite (and all
biotites for which Fe/Fef MgX 100 < 70) is stable at any value of fe, and
T on or below the 70 contour. If an increase in fo" (or decrease in'f) above
(below) this contour occurs, the originally homogeneous biotite must
react under Oz to form magnetite, sanidine, and H2O and a biotite whose
composition is given by the contour appropriate to the new f6,-T condi-
tions. The amount of magnetite and sanidine formed during oxidation can
be calculated from the init ial and final composition of the biotite. Thus,
the decomposition of biotite to biotite-sernidine-magnetite at 2070 bars is
defined between 400o and 900" C. b;- I'ig. 4. A similar figure can be con-

E u f l c r :  F € ^ S i o a  - F . 5 0 .  -  S i 0 2

.  B i o t i l e  +  S o n i d i n e

-  -  + I ' l o g n e l l l e + G o s

< ( a
t j - v <

E i o l i l e  +  G o s  
-  

f '  r
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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
KAISiaO8-MgO-Fe-O-H and is represented b1' a curved surface in the
fe.-fgro-T space. A more complete f6,-T diagram will be discussed later
(Fig. 13). The most important feature of Fig.4 is the steep intersections

Buft .r :  F.2Sioa - Fr3Oa -Si02

B i o i i l e  +  S o n i d i n e
\  + M o g n e l i t e + G d s

-  
- - Y -= - --x_-

b l o l l l e + b o s  )  r

rooo

) o  o z  o l " ,  0 6  o s  l o

'  Fe +Mq

Fro' 3' Positio" t 
"::lt"*-'#*:[T:"-#."*x'J;'r?,;ir" 

2070 bars totar pres-

of the biotite curves with the "buffer" curves. Presumably the stabil ity
curves of most of the anhydrous ferromagnesian sii icates wil l be parallel
to the "buffer" curves, so that the resulting assemblages of biotites and
olher ferromagnesian minerals for a given bulk composition are highly
dependent on f6r, fsr6 and temperature.

In effect, the biotites represent a two-volati le equil ibrium, the two
volati les being oxygen and water. Consequently the effect of temperature
changes on biotite compositions is very dependent on the activit ies of the

g soo

E  O U V

F
7 0 0

o  9 O O

9  8 0 0

'  7 0 0

B u f l . r : N i - N i O

B i o i i l e  '  S o n i d i n e
+Mognet i te  +  Gos

- 
t{-

Bio l i le  +  Gos f - - - {

Buffar:  F.roa - Fr203
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two volat i le consti tuents. However, the activi t ies of oxygen and water

are related to that of h1'd16g.tr by the dissociat ion of water, and useful

resuits are obtained in considering the hydrogen-biot i te equi l ibr ium.

- t o

- 2 0

5 0 0 700 9 0 0

Temperoture,  oC

Frc. 4. A projection from the Fe/Fef Mg axis of the biotite equilibria onto the f6r-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/FelMgX 100 values

for the biotites and are taken from Fig. 3. Heavy curve labeled O represents maximum

phiogopite stability, area bounded by curve labeled 100 is the annite stability field. Light

r,r'eight lines and dotted lines represent "bufier" curves (see Table 1). See also Figs. 13

and 14.

BrorrrB Sor-ro SoruuoNS; Acrrvrry CoEFFTcTENTS

The reaction between annite and sanidine and masneti te can be

writ ten as fol lows:

KFe:AlSirOro(OH)r=KAISLO3 f !-e3Oa { H: (I)

annite sanidine magnetite gas

Eugster 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

o

=
C)
o
ctr
J

IL

C
(D
olr

x
o
erl
o
J

3 0 0

S o n i d i n e  +  H e m o l l l e  +  G o s

/ /  
B io t i t e  +  Gos

Ko ls i l i t e  +  Leuc i l o+

O l i v i ne  +  Gos

where T is in oK.

o?4 1
Iog f f i "  :  -  , l r t  *  11.05 (+0.111 (1)
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% Anni le, K Fe';Alsi3oro(oH)z

I

A'1

h\

o

b

\
v̂ \

Feroa -Fe2O5

\ c )

o.4  06
F e ,'Fe  +Mq

o 8 t o

1245

too804020

o

E
F

I  o o o
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Frc.5. Comparison of annite concentration (mol per cent)-temperature data and

Fe/IrefMg-temperature data for biotites coexisting with sanidine, magnetite, and gas
(Hr-|HrO) at a total pressure of 2070 bars. Solid lines indicate Fe,zFefMg data; dashed
lines, annite concentration data. Solid lines are from Fig. 3, dashed curves are based on the

data of 
'Iable 4. Circles indicate points bufiered by l'e3OsFe2Or; triangles, Ni-NiO; squares,

FezSiOrFerO+-SiOz.

As all of the phases present are pure end members (assurring for the
present that "oxyannite" is of low concentration), equation (1) is equaily
well an expression for an equil ibrium constant, K^..i1", where

&xAlsiros'atrF."ror.fEr 9341
log Ko"i1u : at 

"*"**,"..* 
: - -T + 11.05 (t0'11) (1')

We may now use equation (1') to define the standard state for
KFesAlSiaOro(OH)r 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 Fe3O4, 44.53;
KAlSi3O8, 108.98; and KFerAlSiaOro(OH)2, t54.32. This results in a
volume change of about 1 cc/mole for the solids, which corresponds to
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-25 calories/1000 bars. Wones (1963b) has demonstrated the partial
molar volume of KFeaAISirOro(OH)z in biotite solid solutions to be a
constant, so that all PAV".l ia terms may be neglected.

As can be seen from the data in Table 4 the KFe3AlSirOro(OH)z con-
centration of the biotites coexisting with sanidine and magnetite are not
directlv equivalent to the Fe/Fe+Mg (or x) ratios because of the pres-
ence of "oxybiotite" (x3). This difference is shown very clearly in Fig. 5
where KFeeAlSirOro(OH)z concentration (x1)-temperature plots are com-
pared with the Fe/Fe-FMg-temperature plots for 2070 bars. When no
"oxybiotite" is present, x:xr. The deviations are not serious for Ni-NiO
and FezSiOr-Fe:rO+-SiOz buffered arssemblages, but thev are quite Iarge
for the FeaO+-FeuOs dater. For this reason, the KFerAlSi;Oro(OH)z con-
centration rather than Fe/Fef Mg wil l 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 fe, and that this effect is more
pronounced at lower temperatures.

The activity of KFe3AiSirOro(OH)2, oKFesArsiaoro(ony, in a solid solution
of biotite coexisting with sanidine, magnetite and gas, may be readily
obtained through expression (1'):

t
I H "

a X F e 3 A I S i 3 o l o ( o H )  r :  *
r H 2

where fs, is the fugacity of hydrogen in the particular biotite assemblage
and fog, is the fugacity of H2 in the analogous assemblage containing
pure annite at the same temperature. Values of log axr".lrsi31110(oH)2 are
given in Table 4.

Plots of log a11p"ra1siror.(oH)2 versus log r and log 11 are given in Fig. 6
and 7. If the biotites are ideal molecular solutions of KFeeAISiaOl0(OH)r,
KMgrAlSirOto(OH)r, and KFe33+AlSi3O10(H-1), then the activit ies would
be characterized by a:x or a:xr. However, an ideal cationic substitu-
tion (Bradley,7962), in the three octahedral sites would correspond to
a:x3 or a:Xr3. As can be seen from Figs. 6 and 7 neither solution is ade-
quate. Figure 7 aiso demonstrates that the variable x1 gives a consistency
to all data, whereas in Fig. 6 the variable x Ieads 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 unti l further work is done, another model is proposed for extrapola-
tion. Consequently xr is the appropriate variable, as it is the concentra-
tion of KFeaAlSirOro(OH)r, the component whose standard state is de-
f i n e d  b 1 ' e q u a t i o n  ( 1 ' ) .

(2)
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Frc. 6. Logarithm of the activity of KFe:AlSirOro(OH), plotted as a function of the

logarithm of Fe/Fe*Mg of biotites (X) coexisting rvith sanidine and magnetite. Squares

represent experiments buffered by Fe3OsFe2O3; triangles, Ni NiO; circles, I'ezSiOr-FeaOr-

SiOzi crosses, Fer *O-Fe:Or Solid symbols represent reversed equilibria. The lower line
(a:x) represents molecular ideal solution theory; the upper line (a:x3), ideai cationic

substitution theory.

The activity coemcient for KFeeAlSi3Ol6(OH)2, 7r, is derived from the
f ollowing relationship :

a :  T1x r :  P ;  l og " r :  l og f s ,  -  l og fon ,  -  l ogx l  ( 3 )
r H o

If cationic substitutions are used:

3 log 7r : log fx, - log f"n, - 3 log xy

As the number of substitutions is not merely the octahedral cation sub-
stitutions, but also involve the O3OH anionic substitution, a molecular
model has been used to describe the activit l '  of KFeaAlSiaOro(OH)z 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 "ox1'biotite" content has
prevented final resolution of the problem until better data on the con-
centration of that component are obtained. From regular solution
theory
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- o o.25 0.5 0.75 l.o

Frc. 7. Logarithm of the activity of KFe3AlSi3Olr(OH), plotted as a function of the
logarithm of the mol fraction of KFe:AlSisOro(OH):(xr). Symbols are identical to
Figure 6.

where W is the heat of mixing per mole. Figure 8 is a plot of log 71 versus
(l-x)2/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 Fe3Oa-FerOa buffered data and the remainder of the
data may be due to any one or all of the following:
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Frc. 8. Logarithm of the activity coefficient of KFerAlSiaOro(OH)z(a/xr) plotted as
a function of (1-xr)'/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 FerOrFqO3 equiiibria given by

Norton (1955) are incorrect; (3) the heat of mixing of the oxybiotite-annite substitutions is

a function of compositionl 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 (a) could be responsible for

the observed discrepancies in Fig. 8.

Until more precise work is done on the composition, regularr solution
theory provides a satisfactory empirical model for the energy of mixing
of KFeaAlSirOto(OH), "moiecules" in a biotite solid solution series where
the KFedISLOto(OH), concentration is greater than 25 mole percent
(Fig.8; Table 4). The activit l. of KFedlSi3Or0(OH), in a solid solution
series is given by combining equations (3) and (4):

log a6p",1;s1,6,0(0H), : log *' -n""1- "t)l 1+o.zo; (5)

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

log f11, : -
9341 + 4212 (1 - x,)'

* Ios xr + 11 05 (+0.20) (6)

Adding an approximation for the equii ibrium constant for H2O, the fol-
lowing expression is obtained:

3428 - 4212 (1 - x)z -f los xr I  I /2logfs,+ 8.23 (+0.20) (6')log fTrr6 :

For an assemblage containing impure K-feldspar and impure magnetite
the expression expands to:

1249

3428 - 42! (i:'!* 
los xr I t/2tog fo.

+ 8.23 -  logaxersi ,o,  -  logap",6,  ( tO.ZO; ( .6")

The agreement between regular solution theorv 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
KFeaAISirOro(OH)r. Biotite is stable on the right hand side of the curves
and biotite-sanidine-magnetite-h)'drogen on the lef t hand side. In-
dividual points give the mol fraction of KFerAlSieOro(OH)2, taken from
Table 4. The agreement with the curves calculated from regular solution
theory seems very satisfactorl..

A more direct comparison with respect to Fe/FeiMg ratios is given

in Fig. 10 which is a comparison between the experimental curves'

Iog f11,6 :
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regular solution theory curves, and molecular ideal curves at a total
pressure oI 2070 bars. The molecular proportions (moI 0/6 KFeaAlSieOro
(OH)r) were adjusted to Fe/Fe+Mg by means of Fie. 1. The data for

Or -l
o
J

'" t 'o'

l'rc. 9. Logarithm of hydrogen fugacity plotted as a function of inverse temperature
(oK) 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 u'ere determined at 1035 and 2O7O bars rvith a Fe3Oa-Fe2O3 buffer
rvhile the middle groups refer to FezSiOa-FerOr-SiOz and Ni-NiO data. (mol per cent
KFerAlSiaOro(OH)). Heavy lines are equilibrium positions calculated by regular solution
theory for specified values of mol per cent KFe:AlSLOro(OH)r.

the FesOr-Fe2O3 assemblages show the deviation between predicted values
and actual measured values. It 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.
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Frc. 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 oI 2070 bars. Solid lines are from Fig. 3;

circles from Table 4.

ExrnapolatroN To OrnBn Assn'Nrsracr's CoNTATNTNG BrorrrE

Biotite-muscolite-magnetite-corund,um or (AlzSi.Or-quartz)-gas. Chinner's
(1960) discussion of the gneisses and schists at GIen 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
followine:

KFe:AISLO'o(OH), + Alros I LO": KAleAlSLOro(OH), f Fe:On (II)

annite corundum muscovite magnetite
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or by adding qrartz:

KFerAlSi:Oro(OH): f ALSiO; + +Or: KAl,AlSi3Or0(OH), f Fe3Oa f SiO: (III)

annite sillimanite muscovite magnetite quartz

the position of reaction (II) plotted as a function of f6, 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 KAlrAlSiBOl1
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Frc. 11. Biotitefcorundum-:magnetitefmuscovite and biotite+Al:SiOasmagnetite
fmuscovitefquartz 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 ryith that of
Segnit and Kennedy (1962) for muscovitefquartz Solid lines indicate boundaries between
iron oxide and fayalite assemblages. The three dashed curves are calculated from equations
(a), (8) and (9).

(OH), (muscovite)SKAISi3O8 (sanidine)*AIzOr (corundum){H2O
(gas) obtained by Velde (1961). The temperature value obtained for a
given fs,6 by Velde was substituted with the value for fsr6 in equation
(6') in order to obtain the f6, value at which annite (biotite), muscovite,
sanidine, corundum and magnetite coexist at the given temperature
(see ell ipses 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+quartzSK-feldsparfcorundum*HzO with equation
(6'). The essential features of these reactions are that they are inde-
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Tempctotuao +

Fro. 12. Schematic for-T relationships for the bulk compositions biotitef3 quattz at

some arbitrary value of total pressure (Pnrf Pnro). Curves labeled "annite," BI, and BII

represent biotites of arbitrary KFerAlsisoro(oH)2 content coexisting with sanidine,

magnetite/hematite, and quartz. curve labeled o is the boundary marked by the reaction

phlogopitef3 quartz=sanidinefenstatite. Dash-dot curves represent the assemblages

fayalite-quartz-magnetite (Fa-Qz-Mt), olivine-pyroxene-magnetite, (Ol-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 qtattz. See dis-

cussion under " Biotite-quartz- gas."

pendent of the activity of H2O, are parallel to the other sil icate f6,-T

curves, and indicate that, in an aluminous environment' pure annite is

stable with qtrartz and magnetite only over extremely limited f6r-T re-

gions.
Approximate equations have been derived graphicalll' for reactions

(II) :

1
:

o

and ( I I I ) :

rog 16, : - t'ffi + r7.z r: lsYa

rogrs":  - f f f i  +rc.s+lsok

The effect of pressure is small as the AV"oua" is about 5 cc/mol for reac-

t ion ( I I )  and 3 cc/mol  for  react ion ( I I I ) .

The effect of diluting the KFeeAlSirOro(OH)r component in biotite

solid solutions is to displace the curves to higher values of fe" at constant

temperature. The approximate curve representing the assemblage

biotite (50 mole /6 KFe3AlSLOlg(OH)r)-muscovite-magnetite-Al2sio5-
quartz is plotted. as the dotted line in Fig. 11. The maximum thermal

(8)

(e)
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stabil ity of both biotite and muscovite is a function of fg,6, and Fig. 11
was constructed with the assumption that fs,6 wirs 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

600 700 aoo 900 tooo t too

Temperofure, oC

Irrc. 13. Stability of biotites as a function of fs, and temperature compared to the
approximate stability of olivines (and pyroxenes) at a total pressure (Hrf HrO) of 2070
bars. The fields are labeled as follows: a) biotite-sanidine-hematite-(gas); b) biotite-
sanidine-magnetite; c) biotite-leucite-olivine-magnetite (c': hematite) ; d) biotite-kalsilite-
leucite-olivine; e) biotiteJeucite-olivine-iron; f) biotite (annite); g) kalsiliteJeucite-olivine.
Solid and dashed lines show the stability of a given biotite (Fe/FetMgX 100); dotted lines,
olivines. Biotite equilibria for a number of biotite bulk compositions have been projected
along the Fe/Fef Mg axis upon the f6r-T plane. Lables of fields are not unique and high
temperature areas are labeled for magnesium-rich bulk compositions onll'. [1yorl'. labeled I
and II show oxidizing and reducing trends in crystalizing magmas.

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

Til ley (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 crystali iza-
tion of those rocks.

The curves representing these assemblages indicate that biotites with
intermediate Fe/Fef Mg ratios wil l be stable in a smaller range of f6,

o  -  l O
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and temperature values if they coexist with k1'anite, sil l imanite, an-
dalusite, or corundum tharn if they exrst in a non-aluminous environ-
ment. The f6,-T curve above which biotites with more than 50/6 annite
cannot coexist with aluminous sil icates Iies somewhat above the curve
for the Ni-NiO buffer. Figure 4 shows the contrasting curve for biotite
(50/p annite) -sanidine-m agnetite assembl ages.

Biotite-quartz-gos. The most common biotite-bearing mineral assemblages
are those containing qttartz. 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 stabil ity at f6, values above those of the
FezSiOa-Fe:rO+-SiOz buffer because the addition of quartz does not lead
to the formation of new phases. The high-oxygen fugacity assemblages
are hematite*sanidinef qtt artz and magnetite*sanidine* quartz. How-
ever, at fe, values below those of the FezSiOa-FerO+-SiOz buffer, the sta-
bil i ty f ield of annitef quartz is drastically reduced, because of the reac-
tion of qttartz rvith magnetite to form fayalite. The annite*sanidine
f magnetite]_ quartz boundary terminates at the intersection'with that
buffer curve, represented by point D in Fig. 12 (f.or the rragnitudes of
fo, and T of point D for a given P*u" see Eugster and Wones, 1962).

Below point D the annitef quartz field is bounded b1'the curve repre-
senting the reaction

KFerAlSirOro(OH)z -t 3/2 SiO, = KAISLO z I 3/2 FerSiOr * H:O (IV)
annite q.uartz sanidine favalite

which originates at point D.
For bulk compositions of increasing magnesium content, fayalite is

replaced at f irst by an iron-rich olivine and later by a pyroxene (see, for
instance, Bowen and Schairer, 1935). Hence for biotites with intermediate
Mg/Mgf Fe ratios, the biotitef qtartz field must be bounded by a
reaction of the type

K(Fe, Ms):AlSi3Oro(OH), + 3SiO, = KAISLOs * 3(Fe, Mg)SiO: * HzO (V)
biotite BII- qrartz sanidine pyroxene

The field boundary represented by this reaction must intersect the
biotite*quartzfsanidine{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 fer-T curve representing the coexistence of the intermediate py-
roxene of reaction V rvith magnetite and qvartz (curve P II in Fig. 12).
Any p1'roxene richer in FeSiOa would be oxidized along this curve ac-
cording to the reaction

3FeSiOr I1/2Oz=Fe"On f 3SiOu
ferrosilite magnetite quartz

I Z.).)

(VI)
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No data are available on the oxidation of intermediate pyroxenes, but it
is reasonable to assume, that the for-T curves for pvroxene-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 wil l l ie essentially parallel to
the oxygen buffer curves. They will also have the property that for iron-
rich pvroxenes a large change in Fe/Fef Mg wil l cause a smali change in
f6r, while for magnesium rich pyroxenes just the opposite is true.

Point D II of Fig. 12 represents the assemblage biotite{ quartz

*sanidine*pyroxenef magnetite. It is an isobaric invariant point and
lies on the biotite+ quartz 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 II is not known and will
have to be established experimentally. The location of the biotite

*quartz*sanidinef magnetite boundary' is not known (reaction V),
but it must originate in point D II and move subparallel to boundary IV
towards lower values of f6, and T. Point D II, therefore, is the highest
temperature, for a given Pgu"2 &t 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*sanidinefmagnetite
*quartzlgas. The following field boundaries, for a fixed bulk composi-
tion, biotite B If quartz, intersect in point D I; biotite*quartzf sani-
dinefmagnetite (B I), biotite*quartz{sanidine*olivinefpyroxene
(VII) and olivinef pyroxenef magnetite{quartz (Ol-Px-}It), whereby
curve Ol-Px-Mt must l ie between the f6r-T curve for the FezSiOa-FeaOn-
SiOz buffer and curve P II; but the difference in fe, 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 phlogopitef quartzf enstatite*sanidine{ gas. This contour
behaves similarly to the phlogopitef forsterite*leucite*kalsil i tef gas

curve of Fig. 4, but l ies at lower temperature for a given gas pressure.

With increasing Mg content, the biotite+ quartz contours of Fig.
12 (biotite+ quartz* hematitef sanidine, biotite{ quartzf magnetite

fsanidine, and biotite*quartzf pyroxene+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 f6, values.

Figure 12 has been drawn with the assumption that, at that particular
gas pressure, enstatite+sanidinef 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 phlogopitefquartzfenstatite+melt*gas is stable. Hence,
of the biotite contours drawn for Pg.":2000 bars in Fig.4, only those
ivhich l ie at temperatures lower and at fo2 values higher than the corre-
sponding pvroxene-magnetite-quartz boundary (P II) remain unaf-
fected b1' the addition of quartz. A similar argurxent holds for the reac-
tion sanidinefquartzfgas-melt at temperatures above 765" C.
(Shaw, 1963c) .

Appr,rcerroN To NATURAL BrorrrBs

Determinat'ion of annite concentration In the foregoing discussion of biotite
reactions, emphasis has been on the end member annite, KFeaAISiaOro
(OH)r. fn all assemblages concerning potassium-rich feldspar andf or
muscovite and magnetite a crit ical variable is the KFesAlSLOl0(OH),
concentration. In most natural biotites, and especially those occurring
in igneous rocks, the determination of the concentration of this com-
ponent is a probiem of some interest

In exarriining analyses of natural biotites, one is immediately struck
brr the diversities in composition. There are three groups of cationic sub-
stitutions possible in biotites: "interlayer" substitutions (K+iNa+
-Ca2+-H3O+), octahedral layer substitutions (Fe2+3Mgz1iMn2+
3Fe3+3Ai3+=Ti4+=I [vacancy]), and tetrahedral layer substitu-
tions (Si+a3Al3+rFe3+).In addition there are the anionic substitutions
(OH-=F-=CI-=O'-). The problem remains of determining the con-
centration of KFesAlSiBOl0(OH), within a given biotite. For the ideal
end member, the only inter-layer cation is K, the only octahedral cation
is Fe2+, Al occupies I of the tetrahedral sites, and the anions are 2(OH)
groups in addition to 10 oxygens. Decrease of any of the ideal quantit ies
will decrease the concentration of KFesAlSirOto(OH)z 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,+i2Al3+* n
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 stabil ity of muscovite (Eugster and Yoder, 1956) and the known
Iimitation of soiid 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, Fe2+, [AlSi3], and OH within their respective sites, and the
assignment of the smallest of those concentrations to KFeTAISLOT6(OH)r.
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A cursory examination of most biotite analyses indicates that Fe2+ 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 Fe2+ in the
octahedral layer and the substitution of that value for "x1" 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 KFeaAlSi3Ol0(OH)2. The most easily'
measured properties are the unit cell dimensions, r-rav reflection inten-
sit ies, the indices of refraction, density, zrnd more recentlv, magnetic
^ . .  ^  ̂ ^ - + i  L i t  I  + .  -
S U b L C p r r u u r r ) .

The optical measurements are l imited in that the birefringence of bio-
tites changes verv l itt le, and in a majority- of cases, 2V is so small as to
provide very l itt le 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
uni t  ce l ls  have a B of  99 '55 '+20'  (1M) or  95o00'  (2M) and a 1/3:b.
Hence b and c provide two measurements.

The remaining properties (r-ray reflection intensities, density and
magnetic susceptibil i ty) may provide sulficient accurate data if done
under optimum conditions with a great deal of care.

Ifence 6 parameters are available to estimate some dozen common
substitutions. Although there are some limiting effects, a chemical
analysis sti l l  seems to be the most satisfactory technique and, with the
present dav advances in fluorescence spectrometry, wil l probably prove
the simplest.

Recognit'ion of usefwl 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 fsre or fn, 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.

Ifowever, the presence of the equil ibrium assemblage sanidine-mag-
netite-biotite immediately permits the determination of the univariant
fsr-T (or the divariant fe,-fsr6-T) conditions of the formation of the
mineral assemblage which contains biotite of a specific composition. The
analogous assemblage muscovite-corundum (aluminosil icerte-quartz)-
magnetite permits the determination of f6r-T conditions. Hence the
crit ical determination of the presence of sanidine or muscovite, mag-
netite, qrartz, and the aluminosil icates is most important in making full
use of the biotite eauil ibrium data.
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Perhaps one of the most useful applications of the biotite data is in
establishing maximum (or minimum) H2O activit ies in processes involv-
ing igneous (and some metamorphic) rocks. Here the divariant equi-
librium involving fqr-fHr6-T (equation 6') for the biotite-sanidine-mag-
netite assemblage is the one of interest. The presence of i lmenite with
the magnetite permits an estimate of fe,-T conditions and the substitu-
tion of these in equations (6') or (6") then permits l imits to be placed on
fs,6 (Lindsley, 1963).

In metamorphic assemblages the biotite*muscovite*magnetitef alu-
minosilicate -l qrartz assemblage permits f6r-T estimates independently
of fsr6, (reactions II and III) and consequently does not permit the
estimate of HzO activit ies. IIowever, if combined with chlorite:

KFe3AlSlOro(OH)z * FeaAlzSi:Oro(OH)s | 4/3 Oz

= 3SiO, + KAITAISLOIo(OH), * 8/3 FesOr + 4HrO,

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

The crit ical 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 mav 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.

Br,ctttn, Rplcrrolr Senros

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 activit ies
of components such as 02, I{2O, F, SiOz. The types of reactions which
can occur are highly varied but may be generalized to the form:

biot i te*(Or+(SiO,)
- K-feldspar (or feldspathoid) * Fe-Mg silicates (or oxides) fHzO.

The particular phases ma-v be qnartz, tridymite, sanidine, leucite, kalsil-
ite, olivine, pyroxene, amphibole, magnetite, hematite, and/or a melt
containing any or all of the crit ical components KzO, AlrOs, SiO2, MgO,
Fe, Oz, Hz and F.
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The negative free energy of mixing for KMgrAISisOro(OH)r and
KFerAlSirOro(OH), 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
AFM diagrams for metamorphic assemblages, and by Larsen and Draisin
(1948) for the igneous rocks of the southern California batholith. In
other words, t ie l ines, biotite-ferromagnesian phase(s), are more con-
centrated near the middle of the phlogopite-annite series than thev are
near either of the two end members.

Heinrich (1916) and Nockolds (1947), in their anaiyses of biotite com-
positions in various rock types, showed some general trends which may
be summarized by stating that the biotites from the more sil iceous ig-
neous rocks tend to be more iron-rich than biotites from the less sil iceous
rocks. There are two reasonable interpretations of these trends, one that
the bulk compositions of these lock types are related and the biotites
merel1' reflect that effect, or that the less sil iceous rocks represent higher
temperatures of crystall ization and hence only Mg-rich biotites are
stable at those magrnatic 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. I leretofore, temperature and the nature of
the coexisting phases were considered the most important variables.
Figure 13 is an attempt to demonstlate, as shown by Muan and Osborn
(1956), that f6, is as important as temperature, if the oxides are included
as nafic phases. This figure also serves to summarize the biotite data. It
is drawn for a constant (Hr+HrO) pressure of 2010 bars and is a. projec-
tion along the composition axis onto the fer-T plane.

Figure 13 shows the projection of f ive 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. The,v are drawn solid
where the-v* were located experimentaliy and are dashed where their
position has been inferred. The contour Iabelled 0 represents the assem-
blage phlogopite+forsterite*leucite*kalsil i te*gas. For annite bulk
composition Eugster and Wones (1962) have shown that the sanidine
{magnetite field cannot be in direct contact with the fayaiite{leucite
*kalsil i te f ield, but must be separated from it by a narrow field repre-
senting the coexistence of fayalitefleucitefmagnetite. The biotite
fsanidinefmagnetite field of Fig. 13 (field b), therefore, must also be
separated from the biotite+olivinetleucite*kalsil i te f ield (d) by a



BIOTITD STABILITY 1261

narrow fer-T area representing biotite+olivine*Ieucite*magnetite
(field c, Fig. 13).

Since field c must exist for all biotite bulk compositions, the boundaries
between fields b and c as well as c and d cannot cross the phlogopite con-
tour, but must approach it gradually at some high fs, at which neither
the biotite nor the olivine will contain much iron. Thus a narrow strip of

l oo  80  60  40  20  0

FelFe*Mg xloo

Irrc. 14. 'I-X projection of K(Fe,Mg)3AlSLO10(OH)r-l-H:tHzO bulk composition,

buffered by Fe2SiOa-Fe3Oa-SiO2, at a constant total pressure oI 2O70 bars. Only the boun-

dary between fields (b) and (f) is experimentally determined.

the biotite-olivine-leucite-kalsilite field extends to high ft1, values, but
only for very magnesian bulk compositions. Where field c comes in con-
tact with the fs,-T curve of the FeaOa-Fe2O3 buffer, magnetite is repiaced
by hematite and the equivalent f ield c' (biotite+olivine*leucite*hema-
tite) extends into the hematite field.

It should be noted that a discontinuit,v must exist in the biotite con-
tours where they cross boundaries between fi.elds b, c (or c') and d.

With the exception of fieid g, Fig. 13 onl-v shows equilibria involving
biotites. To clarify the high temperature relationships, Figure 14 has
been constructed from Figure 13. It represents a T-X section along the
f6,-T curve of the FezSiOa-FesOr-SiOz buffer (curve labelled 100 in Fig.
13). The biotite-sanidine-magnetite-gas boundary has been determined
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experinientaliy up to a temperature of 900" C. (see Fig. a). Above that
temperature phase relations have been inferred from Fig.13. In par-
ticular, the two isobaric invariant equil ibria, biotitef sanidinef leucite
* olivine* magnetitef gas and biotitef leucite+ kalsil i tef olivine
{magnetite*gas, are shown which define the l imits for f ield c. Fe/Fe
{Mg ratios shown in Fig. 14 are those of coexisting biotites, olivines,
and mzr.gnetites. At the highest temperatures and magnesium rich com-
positions a simple transition loop exists, enclosing the field of biotite+ol-
ivinef leucite*kalsil i te*gas. At fe,-T values within the field of stabil it-v
of wiistite, this transition loop would be continuous from the magnesium-
free to the iron-free system.

In Fig. 13, equil ibria existing at very low values of fs, have been par-
tially omitted. Specifically, no field is shown for biotite*sanidine*iron.
This assemblage would occupy a narrow strip within field e. In this f6r-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 fsre at
verv low values of f6, for a P*u" of 2000 bars, all biotite contours must be
crowded into the field representing biotite*sanidinef iron (within field
e), as they pass towards lower temperatures and f6, values.

As mentioned above, Fig. 13 has also been constructed to elucidate re-
lationships between several ferromagnesian phases. Therefore, the
oxidation curves for fa.valite 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, -19 and -1, respectiveiy. The
100 curve is, of course, the fo"-T curve of the FerSiOr-FeeOa-SiOr buffer.
The curves -10 and -1 were calculated assuming ideal cationic solid
solutions in the oiivines, an assumption justif ied by the theoretical analy-
sis of Bradley (1962). The Faro and Fa1 contours indicate the fayalite
contents of olivines from olivine-pyroxene-magnetite assemblages and
represent the highest FezSiOE content possible for the given f6"-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 accurateiy the effects of both fe, and T on the magnesium-iron
distribution between biotite and olivine. At constant temperature, for
example, an increase in oxygen pressure wil l not onl1. result in a de-
crease in the iron content of both the stable biotite and the stabie olivine.
Pyroxenes should behave very simllarly to olivines, since pyroxene con-
tours (Fig. 12) also represent simple redox reactions. Consequently, if
the fsr-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 Hz*HzO pressure basically have little effect on the spatial
relations of the equilibria shown in Fig. 13. Increasing pressure merely
shif ts 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*sanidine*magnetite{melt. These four phases act as fo,
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 fo, on the
course of crystallization of magmas and on the end products. In a similar
way we may consider two contrasting trends of crystall ization (Fig. 13).

Trend I represents a magma, which, during crystallization and cool-
ing, becomes saturated in HrO, reacts with that component, and loses
hydrogen to the environment. fn such a situation fo2 remains constant
or increases slightly with l itt le 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 crystall ization in the plutons of the Sierra Nevada batholith (Bateman
et al.. 1963\.

Trend II, represents a magma which, because of the low H2O 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 (19a8) 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 f6r-T path
of the crystallizing magma, and this, in turn, might give some indication
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of HrO saturation of undersaturation. The problem of Hr solubil ity and

diffusion in sil icate melts also must be considered.

Brorrrns AS INDTcAToRS oF INTENSTvE VARIABLES

The biotite stabil it.v has been shown to be bounded bv a trivariant

equil ibrium such that in the assemblage biotite-K-feldspar-magnetite
three of the four variables, mol fraction of KFe3AlSi;Orn(OH):, oxygen

fugacity, H2O fugacity, and temperature, must be defined before the

fourth can be determined. Additional complications involve the mol frac-

tions of KAlSiaO8 and FerO+ 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 arrrsiro, and a3'"6rn is best solved by

using the data or Orvil le (1963) for KAlSiaOs activit ies, and those of

Lindslev (1963) and Turnock and Eugster (1962) for the FeaO+ activit ies.

Once that assemblage has been established, however' it is relatively

straightforward to determine fsr6, given fe, and T. The remaining
problems thus consist of getting estimates of two intensive variabies.

Lindsley's (1963) data on the system Fe-Ti-O provide means of estimating
fe,-T conditions from the composition of the coexisting iron and ti-

tanium oxides.
Biotite analvses may also provide rough estimates of f6r-T conditions

at constant fsr6. From Fig. 1it can be seen that Fe3+/Fe2++Fe3+ is

about 0.25 for FerO+-FezOe buffer conditions; 0.10 for Ni-NiO; 0.05for

Fe:SiOr-FeaOa-SiO2; and (0.02 for Fer-*O-FerOr.
For temperature estimates there are such possibil i t ies as the feldspar

solvus (Yoder,  et  a | , . ,1957;  Wyart  and Sabat ier ,1962;  and Orv i l le ,  1963),

the calcite-dolomite solvus (Goldsmith, 1959) muscovite-paragonite

solvus (Eugster, 1956), and isotope fractionation (Epstein, 1959).

The fugacitl- of HrO is probably one of the more interesting variables

to attempt to define, as fsre influences melting points (Tuttle and Bowen,
1958), viscosities (Shaw, 1963b; Friedman et al., 1963; Burnham, 1964)

eruptive phenomena (Boyd, 1961; McBirney, 1963) and metamorphic
grade (Fyfe,  et  o1.1958).  I f  f6 ,  and T can be est imated,  the b iot i tes

should serve as indicators of fsr6. Even in the absence of K-feldspar and

magnetite the mol fraction of KFeeAlSiBOl0(OH), in biotite permits

minimum estimates of fsr6 to be made.
Of the many biotite-K-feldspar-magnetite assemblages described in

the l iterature, the two selected here demonstrate different applications
of the biotite data. The study of Larsen et al. (1937) on phenocrysts in

volcanic rocks demonstrates the usefulness of the stabil ity data with

even a l imited amount of information on the composition of the biotite.

The combined data of Engel and Engel (1960) and Buddington (1963)



BIOTITE STABILITY r265

provide an example where a more rigorous application can be made be-
cause of an abundance of mineraloeical information.

Volcanic Rocks. The data of Larsen et al. (1937) on the biotites found in
the quartz-latites of the San Juan Mountains, Colorado, lvhen com-
bined with the Tuttle and Bowen (1958) minimum melting curve, permit
averyrough estimate of the fsre-T conditions of the magma chamber at
the time of eruption. The biotites in question have been badly oxidized

TEMPERATURE, 'C

Frc. 15. Plot of fHrs 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
KFesAlSi3Oro(OH)2 coexisting with magnetite and hematite. Curve 2 represents the stabil-
ity of a biotite of 0.25 mol fraction KFerAlSirOro(OH), coexisting with quartz, magnetite,
and fayalite.

during the eruptive history so that it is difficult to obtain an estimate of f6r.
In the example of the Piedra Rhyolite, the mol fraction of KFeaAlSiaOro
(OH)z end member is about 0.28+0.03. Assuming that FerOa-FezOa and
FezSiOa-SiOz-FeaO+ are the l imiting fs,-T boundaries, the stabil ity curves
for a biotite of this composition may be caiculated from equation (6')
and are shown intersecting Tuttle and Bowen's (1958) minimum melting
curve at either 730o C., 600 bars fs,6 or 875o C., 125 bars fHrc, 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 KFeaAlSieOro(OH)z was as-
sumed to be 0.15 in the first case and 0.25 in the second. These values re-

o
-



t266 D. R. WONES AND H. P, EUGSTER

fer to Fig. 1 which shows estimates of KFeaAlSigOro(OH)z concentrations
in biotites buffered b_v FezSiOa-FeaOa-SiOr and FeaOa-FezOa. The major
assumption in this treatment is that components other than n[g2+
have the same efiect on the stability of the annite end member.
Minor assumptions are that the activities of KAlSiaOs and Fe3Oa 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 H2O 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 H2O 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, permit fairly good
estimates of fs,e during regional metamorphism of the gneisses of the
Northwest Adirondacks. In this case the f6, estimates are much better, as
both Lindsley's (1963) data on the system Fe-Ti-O and the Fe3+ content
of the biotite permit estimates to be made of f6r-T conditions.

Engel and Engel (1958, 1960) have estimated the temperatures of two
assemblages in gneissic rocks to be 500o and 600", respectivell ' . For the
500'C. assemblage (Emeryvil le), the Fe2+ content of the biotite octa-
hedral layer is about .38, the Fe3+ content is about 0.04. The feldspar is
about Orsr and the ulv<ispinel content of the magnetite may be estimated
at 0.04. For the 600' C. (Colton) assemblage, the biotite has an Fe2+ con-
tent of 0.30, and psa+, 0.03. The feldspar is Orzs and the ulvcispinel con-
tent of the magnetite is about 0.08.

For the 500o assemblage the biotite data imply an f6, of 10-23 to 10-25.
The ulvcispinel content of the magnetite implies a similar vaiue. The co-
existence of quartz and magnetite place a minimum limit of f6, at 10-25.
The data for the 600o assemblage imply values of 10-18 to 10-1e, however
10-21 is the minimal limit.

The remaining assumptions are concerned with the deviation of the
activit ies of KAlSisOa and FeaOa. Although Lindsley's (1963) data demon-
strate the nonideal behaviors of FeaO+-FezTiOa solid solutions, for these
calculations the assumption of ideality was used, ap"r6n:xp"rso. Orvil le's
(1963) data for alkali feldspars coexisting with aqueous chloride solutions
have been used to estimate the activities of KAlSisOs in alkali feldspar.
For the 500o assemblage, a value of 0.81 was assigned to aKalsi*e,, and for
600o ,0 .79 .

Applying these values to equation (6") one obtains the expression log
fs,6 : log fo,++ 1 1.09 at 500o C. and log fs,e : log f6,+9 10.13 at 600' C. If
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fo, at 500o C. was 10-2a bars then fgre must be about 0.1 bar;.at 600'C.
fsr6 must vary between 1-10 bars.

The gneisses in the Adirondacks are interlayered with graphitic marbles
and amphibolites. T'he amphibolites have clinopyroxene-pvroxene-horn-
blende assemblages (Engel and Engel, 1962). Exftapolating the data of
Boyd (1959) on the tremolite3diopsidef enstatite+quartziIHzO reac-
tion to 500o and 600o C., the equil ibrium HzO pressures are about 0.1 and
1 bar .

The graphite-COz reaction has been recently studied by French (1964)
using the data of Wagman et al. (1945) . For graphite one may obtain, at
500o C., the expression log fs6,:1og161126.64 and at 600" C., Iog f66,
:log f6r{23.60. The values of log fge, obtained for the Adirondack
assemblages are 2.60 at 500o 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 COz from 435 to
10,000 bars. The high ratios of COz to HzO 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 equil ibrium with the magnetites, then the
Hzo 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 Ioad pressure need
revision.

Detection of Grad'ients. The fact that the composition of biotite coexisting
with sanidine and magnetite is dependent or frr,o, f6, 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 t. spe-
cific rock types. He assumed that rocks of such close proximitl, would be
isothermal, so that variations in f6, or fs,6 w€r€ responsible for the devi-
ations in the composition of the biotites. ff 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 fs, observed in manl' Iocalities
(Chinner, 1960; Eugster, 1959). Pitcher and Sinha (1957) have observed
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mineraiogic changes easily explained by gradients in the f6, of contact

aureoles around granite intrusives.
The changes in the compositions of biotites in wall rock alteration

processes (Anderson et at., 1955) very clearly show gradients in the ac-

tivities of oxvgen and sulfur which also match the activity gradients pro-

posed for H+ and K+ in such phenomena. The stabil ity of biotite in such

phenomena is also a function oI other variables such as the hydrogen ion

and potassium ion concentrations.

Brorrres rN 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 tine of crystall ization of the biotite' As this study has shown, the

biotite-K-feldspar-magnetite assemblage represents a trivariant equi-

l ibrium in which changes in P, T,fsr6, or fo,wil l necessitate a change in

the composition of biotite through recrystall ization in order to reestab-

lish equii ibrium.
The classic study of Tilton et at. (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.), recrystalTization of the biotites during metamorphism

seens entirel1,' reasonable. Jaeger el al. (196t) have also demonstrated

variations in biotite ages in which the biotites are partially recrystall ized.

Recentl.v, however, Tilton and Hart (1963) have shown that diffusion of

argon and strontium out of biotite crystals during metamorphism will

reduce biotite ages without recrystall ization.
It is readily apparent that biotite ages are particularly subject to

metarnorphic changes. Careful petrographic studies to ascertain either

the homogeneitv 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 erssemblages (marble, quartz-plagioclase-biotite

gneisses) should. have less tendency to recrystailize, and might be ex-

pected to y-ield older ages.
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