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PHYSICAL PROPERTIES OF SYNTHETIC BIOTITES
oN THE JOrN PHLOGOPTTE-ANNTTEI

Davrr R. WoNas, U. S. Geological, Suraey, Washington 25, D. C.

ABSTRACT

Indices of refraction, a, 1, n (average of an aggregation) ; d66n; and unit-cell parameters
have been measured for synthetic biotites on the join phlogopite-annite, which have been

synthesized and annealed at a variety of pressures, temperatures, and oxygen fugacities.

Regression coefficients relating physical properties to Fe/(FefMg) have been computed
for biotites annealed at oxygen fugacities defined by the assemblages Fe1-"O-Fe3O+,

FerSiO4-SiO2-FerOr, Ni-NiO, and Fe:Oq-FezOs. Systematic variations in the physical

properties are observed with changes in both Fe/(!'efMg) and oxygen (hydrogen)

fugacities. These variations are attributed to the presence of "oxyannite"
KFe2+Fe2+3AlSisOrz molecule in the biotite solid solutions.

INrnorucrror.r

The relationship existing between the chemical composition and the
physical properties of biotites has been the subject of several investiga-
tions, the most recent compilations being prepared by Deer et al. (1962)
and Radoslovich (1962). In a study concerning the phase equil ibria of
synthetic biotites intermediate to phlogopite [KMg3AISirOto(OH)z] and
annite IKFeeAlSiaOro(OH)r] it was found necessary to determine
Fe/(Fef Mg) ratios of f ine-grained biotites (1 50 microns) coexisting
with sanidine and magnetite by means of optical and r-ray measure-
ments. This paper summarizes the results of measurements in graphic
and analytic expressions relating indices of'refraction, d666, and unit-cell
parameters with the Fe/(Fe*Mg) ratio of biotites synthesized and "an-
nealed" under given conditions of pressure, temperature, and oxygen
(hydrogen) fugacity.

The term "annealed" describes the process of subjecting a synthetic
biotite to a given temperature, total pressure and oxygen fugacity for a
given length of t ime. This process differs from synthesis in which the
biotite is crystall ized from a mixture of other phases.

SvNruBsrs: CoNrnor- oF VARTABLES

The biotites prepared for this study were synthesized by the tech-
niques described by Eugster and Wones (1962) in their study of annite.
KrO and SiO: were weighed as potassium sil icate glass of the composi
tion KzO.6SiO2, prepared and crystall ized using the technique of
Schairer and Bowen (1955) and under Schairer's direction. Iron was
weighed as Fe2O3 (J. T. Baker Lot No. 4137) or as FeC2O4'2H2O
(Fisher Lot No. 541312). The oxalate was analyzed by E. G. Zies and

I Publication authorized by the Director, U. S. Geological Survev.
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f ound  to  con ta in ,  by  we igh t ,  Fe ,30 .54  pe r  cen t ;  Mg ,0 .21 ;  Mn ,0 .07 ;
Na ,0 .13 ;  Ca ,0 .04 ;  and  CrOa ,49 .04 .  MgO was  we ighed  as  pe r i c l ase
(J. T. Baker Lot No. 82735). AlzO:r was prepared as T-alumina by heat-
ing AlCl3.6H2O at 700o C. for one hour (see for example, Stirland, et al,.
1958). The 7-alumina was examined by rc-ray dif iraction techniques and
also found to be optically homogeneous.

The mixtures of reagents were weighed out in a ratio corresponding to
KzO'AlzOr '6SiO2'6(FeO*MgO).  These mixtures were then ground in
an agate mortar under acetone for one hour. For producing bulk quanti-
t ies of biotites, oxalate mix was placed in an unsealed silver capsule which
in turn was placed in a sealed platinum tube containing water and oxalate
mix. The oxygen fugacity (or perhaps more important, hydrogen fugac-
ity) was controlled by diffusion of hydrogen through the platinum tube
(Eugster and Wones, 1962). When gold tubes were used in conjunction
with oxalate mixes, the slower rate of hydrogen diffusion maintained
highly reducing conditions and graphite crystals were observed in the
products of the experiments. Preliminary synthesis was carried out at
500' C. 2070 bars (30,000 psi) for a period of 48 hours. The resultant
biotites were dried at l20o C. for about 10 minutes and then "annealed"
under buffered conditions in order to determine the physical properties as
a function of the Fe/(FefMg) ratio and the oxygen (or hydrogen)
fugacities of the experiment. The biotites synthesized without buffers
(at the oxygen fugacity controlled by the pressure vessel) have low
indices of refraction, and yield r-ray diffraction patterns with diffuse
reflections, as compared to the "annealed" biotites. This phenomenon is
similar to that observed by Yoder and Eugster (1954, 1955) for poorly
crystall ized micas in their studies of synthetic muscovite and phlogopite.

The buffers used are l isted in Table 1 which is from the compilation
of Eugster and Wones (1962). As the oxygen fugacities are calculated
from gas equil ibria measurements or thermodynamic data, they are
referred to as fugacities rather than pressures.

An experimental diff iculty was to keep the iron content of the charge
constant, as iron alloys with platinum under the more reducing condi-
tions of the experiments buffered by Fer-*O-FeaOr assemblages. Silver foil
capsirles were used in the center of the charge (Eugster and Wones, 1962)
so that only in the portions of the charge adjacent to the platinum tube
did leaching occur. The material within the silver capsule was used for
the measurements. Results of these experiments were identical to those
obtained from experiments in which the silver-palladium tubes, as sug-
gested by Muan (1962),  were used.

The values of  Fe/(Fef  Mg)[0.169,  0.352,  0.550,  0.765,  0.880,  0.939]
correspond to values of weight per cent annite [20, 40,60, 80, 90, 95].
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TarlB 1. Oxvcnr Fucacrrrrs ol OxvcnN Bumnns (Eucsrun ,tNo WoNrs, 1962)
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24912
32730
27215
24709
27300

As the data are more usef ul in terms of atomic ratios, they have been
recast in that form.

Oprrcer PnopBntrrs

Indices of refraction were measured by oil immersion techniques using
white l ight and oils calibrated at the time of measurement with a sodium
vapor l ight source on an Abb6 refractometer. The measurements were
usual ly  made to +0.002 to *0.003,  and veryrare ly  to +0.001.  Disper-
sion did not interfere with these determinations.

The index of refraction, 7, is readily measured, and in all of these syn-
thetic biotites B=y, so that a pseudo-uniaxial indicatrix is observed.
Because the biotites are very fine grained ( < 50 p) and oil wet, they float
in the immersion oil with the [001] cleavage parallel to the vertical.
Hence, the measurement of a is greatly facil i tated. Finally, for these bio-
tites, an index of refraction ?, could be obtained for aggregates at low
magniflcation. This value is surprisingly close to the index calculated
from either the formula

t : " 12 '  o ,  i : 1 , / ^ l l

(Larsen and Berman,  1934).
The data are presented in graphic form in Figs. 1, 2 and 3, and the

regression coefficients, I isted in TabIe 2, are of the form y: A* Bx where
y is the particular physical parameter, x the Fe/(Fe*Mg) ratio of the
biotite and A and B the regression coefficients. The individual sample
data are presented in the appendix. The appendix includes data for
phlogopite as well.

Regression coefficients were calculated for i inear, quadratic and cubic
expressions. The quadratic equations provided a slightly better f it than
the l inear. The cubic equations gave very poor results.

B

14.4r
13 -12
6 . 5 7
8 . 9 4

1 0 . 3 0

0 .019
0 023
0 055
0.046
0.o92
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Frc. 1. Values of the indices of refraction and doeo r-ray reflection for biotites on the
join phlogopite-annite. Light lines indicate regression equations of the form y:A*Bx,

where x is the ratio Fe/Fef Mg and y is the property in question; heavy lines indicate the
experimental values and limits of error: a) biotites annealed at oxygen fugacities defined

by wustite-magnetite assemblages; b) biotites annealed at oxygen fugacities defined by
fayalite-quartz-magnetite assemblages.
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Frc. 2. Values of the indices oI relraction and doeo rc-ray reflection {or biotites on the
join phlogopite-annite. Soiid lines indicate regression equations of the form y:AfBx

where x is the ratio Fe/Fe*Mg and y is the property in question; heavy lines indicate the

experimental values and limits of error: a) biotites annealed at oxygen fugacities defined

by nickel-nickel oxide assemblages; b) biotites annealed at oxygen fugacities defined b1'

masnetite-hematite assemblages.
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+  Mg
Frc. 3. Plot of regression equations for biotites on the join phlogopite-annite comparing

results from difiering conditions of annealing. Oxygen fugacities defined by the following
assemblages: 1) Fer-*O-FerOa; 2) FerSiOrSiOz-Fe3Oa; 3) Ni-NiO; 4) FeaOrFe:Oa; 5) Pre-
diction by Radoslovich (1962).

The regression coefficients for the optical properties are essentially
equivalent for biotites annealed at oxygen fugacities defined by
Fer-*O-FesOr, FerSiOn-SiOz-FeaOr, and Ni-NiO buffers. However, the
coefficient B, for biotites annealed at oxygen fugacities equivalent to
FeaOr-FezOa assembiages is considerably larger than for the biotites
annealed at more reducing conditions. The maximum birefringence
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Q-o) is greater for the iron-rich biotites, than for the magnesium rich
ones, and an expression for (7-a) can be readily obtained by substract-
ing the expression for a from that for 7.

X-n.qv PowoBn Derl

All r-ray difiraction patterns were obtained by powder techniques,
using glass slide mounts with Norelco difiractometers. Films were used
to observe weak reflections, but all data used in computing unit-cell
parameters were obtained by measurement on a diffractometer with a
sil icon (a:5.4307 A) internal standard. Measurements consisted of at
least two oscil lations between the 20 values of the standard and unknown
peaks. The uncertainties listed for dooo values in the appendix are the
standard deviations determined from four or more measurements.

Malcolm Ross (pers. comm.) has pointed out to the author that the
d666 ma/ well be a doublet involving the (331) reflection as well as (060).
This fact will tend to decrease the reliability of the (060) as a measure of
D, but the shift with composition has relatively l i tt le scatter as is seen by
the errors quoted in Table 2. Hence the dooo has value as a measure of
annite content in this solid solution series. The accuracy is also depend-
ent on the true value of the cell parameters of the internal standard
and the instrumental errors. The temperatures of the laboratories where
the data were collected were in the range oI 23"-28o C. Both FeKa and
CuKa radiations were used in these measurements.

The unit-cell parameters were determined by a least-squares refine-
ment of the r-ray powder data. The computations were carried out on
the Burroughs 220 computer programmed by D. S. Handwerker, H. T.
Evans, Jr. and D. E. Appleman of the U. S. Geological Survey. The
basic problem in determining unit-cell parameters l ies in establishing
accurate values for a sufficient number of independent reflections. The
majority of peaks in biotite powder patterns represent the superposition
of several reflections. For this study the (003), (113), (004), (132), (005)
and (060)/331) reflections were measured for a majority, and with some
samples the (110), (200)/(Ti1), 6fi)/(202), (006), (l3s) and (204)
reflections were also measured. The d-spacings selected for determina-
tion of the unit-cell parameters of biotites are given in Table 3. The
occurrence of  doublets:  (200) / (1J1) ;  63J) / (2o2) ;  (060) / (331) ;  a lso in-
creases the uncertainties. Table 4 l ists the unit-cell parameters for 14
synthetic biotites.

The (060)/(331) reflection demonstrated the greatest shift with chang-
ing Fe/(Fe{Mg), and the position of this reflection was measured for
most of the biotites. The regression coefficients for d666 are given in Table
2, and the relationship of d666 to Fe/(Fe{Mg) is plotted in Figs. 1,2



TAere 2. RecxrssroN CorrrrcrnNrs IoR THE INucrs or RnnnecrtoNt d 1 tx
(Accnncnrr) dooo X-Rel Rnrr.rcuoN (A) lxo Uxrr-Cnr-r Pan,q'urrnns

a, b, c axo B (A) lon Brorrrrs oN rnn JorN Pnr-ocoprrn*AxNrrnl

Bufier

F-er 'O-FerOr

Fer *O-FeaOq

l"er *O-I"erOr

Irer *O-l'eaoc

Fer-*O-l-erOr

Fer-*O-FerO+

Fe2SiOr-SiO2-FeaO4

Feu SiOrSiOrFerOa

Fe2SiO4 SiOrFeeOq

Ni-Nio

Ni-Nio

Ni-Nio

Std. Error

0 .0031
0.0029

0.0054

0.0053

0.0002

0.0002
0.006

0.004
0.003

0.003
0 .010

0 .010
0.  160

0 . 1 3 1

0.0036

0.0027

0.0019

0 0020

0.0005

0.0003

0.0046

0 .0042
0 .0037

0.0030
0.0037

0.0030

1.5492
1 .5497

1 .5800

1 .5808

1 .5348

1 .5348
5 .320

5 .328
9.209

9.209
10 309

ro.312
99.897

100.073

1 .5514

1 5+97

1 .5808

1 .5809

1 .5348

1 .5348

0 0829
0 .0795

0 . 1 1 9 6

0.  1076

0.0234

0.0236
o.o742

0.025
0.  139

0 .142
- 0.006

-0 029
0 143

-0.069

0.0814

0 . 1 0 0 1

0 t174

0.1132

0.0037

0.0142

0.048

+0.023

+0 .011

- 0 . 0 1 9 8

0.0050

0 0222

0.0281

0.0845

0.0672
0 . 1 1 7 0

0. 100s
0. 1053

0.0803

0.0186

0 .0187

0 0253

l Regression equations are of the form y:A+Bx*Cx2, where x:Fe/(Fe*Mg) and y

is the particular property.
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T rtt-n 2- - (c ontinued. )

Std. Error

Ni-Nio

FeaOr-FezOr

FeaOr-Fe:Oa

FesOr-FezOs

FeaOrFezOa

FerOr-FezOs

FesOr-FezO:

FeaOr-FerO:

FerOr-FezOa

1 .5813
1. s689

1 .5678

o.1123
0.1097

0. t2 l l

0.0176

0.0190
0.045

0.029
0.098

0 . 1 1 0
-0 .040

-  0 .039
0.045

-o.0247

0.  0197

-  0 .01  15

-  0.001 7

0 .017

-0.0r2

0 .0878

0.0007

0.0004

0 0052

0.0047
0 0039

0.0031
0.0022

0.001 7

&-ray

1.5348

1 .5348
5 .325

5 .327
9.210

9.209
10.307

10. 307
99.97'

0.0004

0.0005
0.006

0.006
0.004

0.004
0.005

0.006
0 .153

0.692

and 3. Except for biotites annealed at oxygen fugacities defined by the
fayalite-quartz-magnetite assemblage, a linear expression fits the data
just as well as a quadratic expression. There is a systematic increase in
doeo with increase of Fe/(FefMg) for a given,,bufier series,,, and a
systematic decrease in d66s at constant Fe/(Fe*Mg) as oxygen fugacity
increases.

Two relationships characterize the unit-cell parameters. For a given
bufier series the-o and 6 axes increase with increasing Fe content, and
a, b and c all decrease with increasing oxygen fugacities at a constans
value of Fe/(Fe*Mg). The optical data show an increase in the indicet
of refraction with the increase in oxygen fugacity as well as the in-
crease in Fe content. These results are fully reversible, biotites origi-
nally annealed at either reduced (Fe1_*O-FesOa; Ni-NiO) or oxidized
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(FeaOa-FerO3) conditions chan'ge their properties apropos to the new
conditions at which they are annealed a second or third time.

No attempt was made to investigate Gower's (lgs7) method of deter-
mining Fe contents by measuring the ratio of the intensities of the (004)
and (005) reflections. rn general, the intensity of (005) for iron-rich
micas was so weak that the peak could not be observed in many cases.
As the (004) coincides with the (113) reflection of magnetite, the method
would not be useful for determining the composition of biotites inti-
mately mixed with magnetite. As this was the case in the phase equi-
l ibria studies, Gower's method was not investigated for the synthetic
biotites.

Pnoppnrrns or Pur,ocoprre
The values of a, 7 and d660 were determined for two phlogopites syn-

thesized during this study and for eight synthetic phrogopites supplied
by H. S. Yoder, Jr., and H. P. Eugster. In addition, the unit cell was
redetermined by a least-squares analysis of the r-ray powder diffraction
data. The results are slightly different from those reported by yoder
and Eugster (1954). The individual data are l isted in the Appendix and
the average values are compared with the values of yoder and Eugster:

Wones Vod.er anil Eugster
a 1.550+0.002 1.548+0.003
r 1.581 +0.001 1.588+0.003
o  5 .326+0 .01  A  5 .314+0 .01  A
A  9 .210+0 .01  A  s .204+0 .02  A
c 10.3t r  +0.01 A 10.314+0.005 A
B 100'10'+8' 99o54'+5'
h (average) 1.571 1.5i5
Z (Gladstone and Dale) I .575 | .576

The phlogopite cell as determined in this study does not meet the
exact requirements for transformation to a hexagonal cell (Srnith
and Yoder, 1956, p. 231). The ratio b/ais L729 rather than 1/3, and
cos-r ay1f3cr,r:99o54'rather than the value of 100o10, found in this
study.

Tnn OxynrorrtB Pnoer,Bx{
The observed variations in the indices of refraction and the rc-ray pow-

der data are readily explained by the dehydrogenation of the bioiites to
form "oxybiotites." Barnes (1930) conclusively proved this to be the
case for the "basaltic hornblendes," or "oxyhornblendes., ' An excellent
review of this concept is given by Deer et al. (1963). This concept was
first demonstrated experimentally for biotites by Rinne (lg2s) and by
Larsen et al., (1937) for the biotite phenocrysts in the san Juan region,
colorado. Eugster and wones (1962), in a study of annite, demonstrated
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'l'esr,n 4 UNrr-Crr,l Peneurr;rnrs or Surcrno Brorrrss

131 1

l-e(Fef Mg) V( A)

0.000
Phlogopite

5.326+.006 9.210+.009 10 311+ 009 100'10 ' ,+8 '  497 77

Biotites annealecl at oxygen fugacities defined by Fe:Oa-FezOr
0.169 5 .339+.003 9  228+.00 t  10  295+ 003 99 '15 '+5 '  499.9
0 .352 5 .333+ 003 9 .241+ 00r  10 .288+ 004 99"59 '+5 '  499.4
0.550 5.347+.01 9 266+ 003 10 293+ 007 99"54'+10' 502.4
0  765 5 .377+.002 9 .291+.O01 10.275+.006 100 '8 '  +14 '  504.2
1 . 0 0 0  5 . 3 6 9 + . 0 0 5  9 . 3 0 4 + . 0 0 1  1 0 . 2 6 4 +  0 0 1  1 0 0 0 0 ' + 1 0 '  5 0 4 . 7

Biotites annealed at oxygen fugacities defined by F-er-*O-FerOr
0  169 5  339+ .006 9 .230+ .001 10 .311 +  .002 99 '50 '+4 '  500.6
0 .250 5  333+ O02 9 .242+ OOI  10 .312+.001 99 '56 '+  1 '  .500 6
0.352 5.349+.005 9.260+ 002 10 293+ 006 99"38',+6',  502.6
0 .450 .5  343+.007 9 .276+.00r  10  312+ 003 99 '57 '+4 '  503.4
0 .550 .5 .358+.003 9 .285+.003 10  297+ O02 100 '0 ' ,  +1 ' ,  504.5
0 . 7 6 5  5 . 3 7 3 + . 0 1  9 . 3 1 2 + . 0 0 3  1 0 2 9 7 + 0 0 9  1 0 0 ' 3 ' + 6 '  5 0 7 . 3
0 .880 5 .389+ .003 9 .335+ .002 10 .322+ .O01 99"58 '+4 '  511 4
1 .000 5 .401+ 01  9 .347+ 005 10  297+ 0 l  100 '10 ' ,+12 ' ,  511.7

a relationship between the physical properties of annite and the condi-
tions of "annealing," and suggested the variations were due to the reac-
t ion:

KFe3+2AlS[016(OH), ct KIie+2I]'e2+3AlSLO,, * H,

annite "ox1'annite "

Several i ines of evidence indicate that this is the case.
First of alL, the variations are correlated with buffers, rather than

with temperature and oxygeh fugacities. As Eugster and Wones (1962)
demonstrated, the hydrogen fugacities associated with each bufier are
more or less independent of temperature and are constant for a constant
total pressure.

Secondly, biotites synthesized from oxalate rrrix in bufered, runs are at
hydrogen fugacities, but not oxygen fugacities, equivalent to the hydro-
gen fugacities of biotites annealed in buffered runs. For example, a bio-
t i te  wi th Fe/(Fe{Mg) of  0.169 held at  700o C. ,2000 bars,  wi th an
FeaOr-FerOa buf fer ,  had a value of  7:1.608+.003 in an H2f  H2O
atmosphere,  and a value of  1.609+.003 in an Hz*HzO+CO+CO,
atmosphere. Another biotite with Fe/(Fe*Mg) of 0.550 held at 800" C.,
2000 bars, buffered by Fe2SiOa-SiO2-Fe3Oa, had values of 1.645+.003
and 1.644*.003 for the respective types of gas phases.
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The changes in properties are completely reversible; biotites anneaied
at conditions of high or low hydrogen fugacities readily change their
properties when annealed again at difierent hydrogen fugacities.

Finally, all runs used in this tabulation contain 99f per cent biotite
(by volume). If the cationic content varied from that prepared in the
starting material, such phases as iron oxides, iron sil icates, or feldspars
should appear. The only additional phase encountered was sanidine, and
it was readily attributed to loss of iron to the platinum container (Eug-
ster and Wones, 1962), and such material was not used in this compila-
tion.

The "ferrimuscovite," KFe23+AlSi30tu(OH)2, molecule might be
formed from a reaction such as the following:

' KFea2+AlSieOro(OH): + 2/3Or: KFe23+AlSi$O o(OH), + l/3FqO*

This is considered very unlikely as no synthesis or annealing experiments
were carried out in which iron oxides were observed without equivalent
amounts of sanidine also being present.

Another possible reaction would be the following:

2KFea,+AlSisOro(OH), * 1o, : 2l'ez2+Fe3+AlSi:o,o(OH)r * Kzo

In order to test this hypothesis annite was annealed at 2000 bars total
pressure, 375' C. in a 2 molar KCI solution for one week, buffered by an
FesOr-FezOs assemblage. The mean index of refraction a is 1.680, and
the  un i t - ce l l  pa rame te rs  a re  o :5 .351+0 .01  A ,  b :9 .297  +  0 .005  A ,
c:10.26610.02 A, 0:99"45'i| 20'. These values, sufficiently close to
those listed in Table 3 for an annite annealed in disti l led water, indicate
that the above reaction is improbable for these experimental conditions.

Estimating the mol fractions of phlogopite, annite and "oxyannite"
presents another problem. Three methods have been used to estimate
"oxyannite" contents: 1) partial chemical analyses, 2) comparison of the
6 unit-cell edge with the regression coemcients of Radoslovich (1962)
and 3) application of the rule of Gladstone and Dale to the synthetic
biotites.

As reported by Eugster and Wones (1962), Dr. Graham Chinner per-
formed a partial microanalysis of a 60 mg synthetic annite sample con-
taining about 1 volume per cent sanidine. Chinner reported 36.4 weight
per cent FeO and 4.7 per cent Fe2O3. Converting to atomic ratios, 10.4
per cent of total iron is ferric. This corresponds to 15.6 mol per cent
t toxyanni te. t t

Radslovich (1962) has determined regression coefficients for the D axis
of micas as a function of cations present in the structure. Using Chinner's
partial analysis, and assuming no vacancies in the octahedral layer,
Radoslovich's regression technique predicts a 6 axis of 9.336 A fo. o*yu.l-
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nite,9.372 A for annite, g.2I0 A for phlogopite, and gJ67 L for the
annite analyzed by Chinner. The phlogopite value is in exact agree-
ment with the values determined in this study in (Table 4), but the
other values seem to be quite far from the value of 9.334 A determined
for the annite analyzed by Chinner, and even farther from the values
determined for more oxidized annites. The suggestion is that Radoslo-
vich's values for the iron coefficients are not as good as those for the other
constituents. Radoslovich does quote an error of *0.03 in his analysis,
which just covers the deviations between these data and his regression
predictions. The possibil i ty of octahedral "vacancies" ("ferrimuscovite"
solid solutions) would resolve some of this problem, but for reasons
stated earlier, it seems unlikeiy that this is the case.

An attempt at a quantitative determination of the oxybiotite con-
tents by means of the rule of Gladstone and Dale was made. Defining
the mean index of refraction n, the mol per cent m, the refractivity k,
molecular weight w, of the components phlogopite, annite, and oxyan-
nite by the respective subscripts l, 2, 3, the following expression for the
mol per cent of oxyannite in the iron end member (Fe/Fef Mg:1.00)
can be obtained:

- 3 -
(+ ; -1 )VA- r02 .4e2

13.297

when V is the volume of the unit cell, and A is Avogadro's number
(6.0247X10'3). The values obtained using this relation are l isted in
Table 5 for three synthetic annites and the regression equations of Table
2. The uncertainties (+0.013) are derived by standard propagation of
error technique assuming uncertainties of 0.003 in n, and 1 A, in V.
The regression data indicate an orderly progression from reduced condi-
tions to oxidized conditions, but the data on individual samples are more

Tanm 5. Coup.a.nrsoN ol Estruatrs or Mor,ln CoNcrNrnerrox or "OxyeNxrtn"
tN Syrqtnrrrc ANNrros gy MnaNs ol tgr Rur,r or Glaosrour a.Nl

Conditions of Synthesis Buffer
Mol /6

"oxvannite"

kegression, Table 2
Regression, Table 2
800" C., 72 hrs.
4 0 0 " C , 1 6 3 h r s .
600" C.,2l2hrs.

Fer-*O-FeaOn
FesOr-FeuOs
Fer *O-Fe:O+
FeaOr-FezOg

Ni-Nio

| .6687
r . 6 7 5 2
1 .681
I .688
1 .681

511 .7
505 .5
5rl 7
504. 7
509 .8

2 4
1 8  . 6
1 5  . 9
1 5 7

1 5 . 5
Analysis, Chinner, of above sample
(Ni-Nio) 

I

Dar,n (Lensnn eNn BrnuaN, 1934)
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scattered. However, all indicate oxyannite contents of about 15-19 mol
per cent, which corfespond to p.r+/Fe+2f Fe+3 ratios of about 0.04-
0.05, and are in excellent agreement with the analysis by Dr. Chinner.

Unfortunately, when the rule of Gladstone and Dale is appiied to the
phlogopite end member, a mean index of refraction of 1.575 is derived as

opposed to the value of 1.571 derived from the measurements. However,

when applied to the annite analyzed by Chinner, the agreement was

almost exact. The problem lies in the "n- 1)V" term of the above expres-
sion, where the increase of f l is matched by a decrease in V.

The determination of the concentration of "oxyannite" molecule in
synthetic biotites, and the correlation of that concentration with varia-
tions in temperature, pressure and gas composition wil l require careful
synthesis and analytical work before it is completely resolved.

Appr,rc.q.rroN ro N,q.run-q.r, BrorrrBs

These data do not apply directly to natural biotites except as defining
properties of the end members. However, it does indicate that the
Fe3+/(Fe'++Fe3+) ratio may serve as an indicator of variations in the
oxygen fugacity of the environment in which a biotite crystall izes.

Chinner's (1960) work on the pelit ic gneisses of Glen Clova provides an
exceilent example of how the Fe3+/(F6t+f Fe3+) content of biotite in-

creases as the oxygen content (or perhaps fugacity) increases. Chinner
was able to demonstrate such a change in the coexisting iron oxides
(ilmenite, magnetite and hematite) as well, so that the biotite data as
such is redundant. However, in assemblages lacking iron oxides the bio-
tites could be used to define variations in the fugacities of oxygen or
hydrogen.

The data of Larsen et al. (1937) on the biotite phenocrysts of the vol-
canic rocks of the San Juan Mountains, Colorado, ciearly demonstrate
the formation of oxybiotite through rapid "dehydrogenation" of lava
upon extrusion.

Hellner and Euler (1957) treated biotites from the Albtal granite
(Black Forest) hydrothermally and found that hematite flakes formed,
and the indices of refraction increased. It seems apparent that they
formed oxybiotite in their experiments. As such effects are due primarily

to variations of oxygen fugacities, the value of knowing oxybiotite con-
tents is more important as a hydrogen barometer rather than as the

thermometer suggested by Hellner and Euler.
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