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Abstract

Twenty-nine biotities corresponding to the formula K(Mg'FerAl,)Alr+"Sis-,O10(OH)r'

where z = 3-x-!, have been crystalliz-d hydrothermally from oxide mixes. Syntheses were

carried out at Prrura = 1000 bars' P11, : lbo bars' and T :700'-7?0'C for the Fe'bearing

b i o t i t e s , a n d a t F ' , o = 1 0 0 0 - 2 0 0 0 - i a r s a n d ? : 8 0 0 . - 8 5 0 o C f o r t h e F e - f r e e b i o t i t e s .
Multiple regression analyses of the unit cell parameters for lM micas and of the optical

indices of the refraction Yield:

4(A) : 5.406(l) - 0.08e(2) ;t  ,- 
0.056(3)z + 0'022(4) # ,esd 

: 0'002

ny : r.686(l) - 0.103(2) ;t  ,  
- o.o2e(3)z + 0'037(4) f?* ,esd 

: 0'001

whe re  o< ; f ;  < t  and  o3210 '75+0 '1

Calculations of the a-tetrahedral rotation angle and the K-O bond length on the basis of an

ideal trioctahedral mica show that for the mosialuminous biotites the a rotations range from

l2o to l4.io ,corresponding to K-O bond lengths of 2.89 to 2.77 A respectively' If the smaller

Na+ or Caz+ ion is substituted for the K* ion, the amount of Al substitution and the amount

of a rotation can be increased substantially. These data suggest that an important structural

factor limiting the trioctahedral Al-substiiution is the decreasing size of the interlayer site

resulting from increased tetrahedral rotation'
Biotites synthesized at T ) 700'c appear tobe lM or 3Tpolytypes' At lower temperatures'

the Mg-uioiites showed increasing amounts of what appears to be a 2Mt polytype in a

|M-zM|mixture; thus, if the2M, polytype has a stability field, it probably lies at relatively

low temPeratures.
Although the substitutions Fe2+ e Mg,* and Mg,+ + !i** = 2Alg+ occur with essential|y

zero volume of mixing, the substitution irt* + 5ir+ = 261s+ has a net positive volume of mix-

ing. This indicates that the solution properties of the Fe-Al biotites are not ideal and sriggests

that there could be octahedral ordering in the Fe-Al-rich biotites'

Introduction sian minerals. For the assemblages of fine-grained

mineral aggregates generally encountered in ex-

The determination and understanding of the solid- perimental run products, optical-and X-ray analysis

solution limits and the physical properties of the iemain the most practical methods for the determina-

trioctahedral biotites coniaining Mg, F", and Al in tion of coexisting phase compositions' Eugster et al

the octahedral sites ur" n"""rriry ii order to carry (1972) recently used the electron microprobe in a

out experimental investigations such as the Fe-Mg-At ituOy of the muscovite-paragonite system, but the

distributions between Uiotites and other ferromagne- procedures are not routine'
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Previous studies on biotite solid solutions involv-
ing Mg, Fe, and Al substitution in the octahedral
sites are available for the Mg-Al biotites (Crowley
and Roy, 19641'Hazen and Wones, 1972: yoder and
Eugster, 1954), the Fe-Al biotites (Rutherfor d, lg73),
and the Fe-Mg biotites (Wones, 1963); however, no
data are yet available on the mixed substitution of Fe,
Mg,  and Al .

Wones (1963) and Rutherford (1973) have shown
that the cell parameters and indices of refraction of
the synthetic iron-bearing biotites vary as a function
of composition and the hydrogen fugacity present
during formation. Because of the large number of
runs necessary to determine the variation of physical
properties in the Mg-Fe-Al biotites for even one
glven pressure of hydrogen, the data were collected
only for biotites synthesized at 100 bars hydrogen
pressure and 1000 bars total pressure. Under these
conditions, the Fe3+ content of the biotites wil l
generally be low, but can reach as much as l0 percent
for the iron-rich biotites (Wones, Burns, and Carroll,
197l; Hazen and Wones, 1972). The need for ad-
ditional data at other hydrogen fugacities is obvious.

Experimental Procedures

All the biotites used in this investigation were syn-
thesized directly from oxide mixes at hydrogen pres-
sures, total pressures, and temperatures indicated in
Table l. The biotite compositions synthesized are
shown in F igure l .

Oxide mixes for the phases were prepared from
reagent-grade materials. KrO and SiO, were added as
K2SLOe or KrSi.O,a glass prepared using the techni-
que of Schairer and Bowen (1955). Additional sil ica
glass (Corning Lump Cullet #7940) was added to the
mixture when the K/Si ratios varied from either I :2
or I :3. Magnesium was added in the form of MgO
fired at 1200'C; iron was added as FerO, fired at
1200'C; aluminum was added as 7-alumina prepared
from AlClr.6HrO by heating to constant weight at
700'C and then fir ing at 900'C for l-2 hours. The
materials were weighed in proportions correspond-
ing to the formula K(Mg"Fe"Al.)Alr+,Sis_.Orr*"r,
where z : 3-x-y.The mixes were then ground by
hand under acetone in an agate mortar for approx-
imately l/2 hour. Those containing iron-bearing ox-
ides were reduced in pure hydrogen at I atmosphere
and 600"C for approximately l/2 hour, at which time
all the iron was present as iron metal.

The iron-free biotites were synthesized hydrother-
mally using sealed platinum capsules in Tuttle cold-
seal bombs at pressures and temperatures in the

p._  p_ t * *  1o4***  Dura-- G . r  _ H
" 2  t l o n

( b a r s  )

Tlst-s l. Run Data

Run /l
. r * *

- 
x+y

196-70
222-69

45-7 3
40-7 3
53-1 3

68-7 3
r42-70
6 7  - 7 3
55-7  3

1 8 9 - 7 0

28-73
29-7  3
LI-7 2

L43-10
4 - 7  2

2 2 4 - 6 9
153-70

L 2 - 7 2
L 3 - 7 2

1 9 3 - 7  0

r52-70
1 4 . 7  2
3 8 . 7 3

6 . 7  2
170-70

15-7  2
16-7  2
t7 -7  2

7  - 1 2

0
0
0
0
0

0
0

, 1 2 5
. 167

, 2 5

, 3 7  5

. 5 0

. 5 0

. 5 0

. 5 0

. 5 0

. 5 0

. 5 0

. 5 0

. 6 2 5

. 6 2 5

1 . 0
1 . 0
o . 7 5
o  . 6 1
r ,  5 0

( ) , 2 5
0 . 0
0 . 0
1 . 0
1 . 0

o . 7  5
0 .  5 0
0  , 2 5
0 . 0
0 . 0

1 . 0
0 .  7 8
o  . 1 5
0 .  5 0
o , 4 4

0 . 2 8

0 . 0
0 . 0
1 . 0

o . 7  5
0 .  5 0
0 . 2 5
0 . 0

1 . 0
2 . O
r , 0
1 . 0
1 , 0

r . 0
1 . 0
1 . 0
1 . 0
1 . 0

1 . 0
r . 0
1 , 0
r . 0
1 . 0

2 . O
1 . 0
r . 0
1 . 0
1 . 0

1 . 0
1 . 0
1 . 0
1 . 0
1 . 0

1 . 0
1 . 0
1 . 0
1 . 0

B  8 5 0  7 d
B 700 22d

100 7  49  9d
r00 753 6d
100 7 49 8d

100 7  47  8d
r00 770 13d
100 747 8d
r00 250 9d
B 850 7d

100 750 7d,
r00  750 7a
100 7  49  6d
100 710 13d
100 7  46  rod

22d
13d

6d
6d

10d

13d
6d
7d.
9d

17d

o o

7 d
7 d
8d

B 700
100 766
100 7 49
100 748
100 775

100 166
100 7  48
100 7 50
100 t5 r
B 850

100 748
9 8  7 5 2
9 8  7 5 2

100 146

* ,  * * '  z  a n d  - -  r e f e r  t o  t h e  b i o t i t e  f o m u l a  K ( M g  F e  A l  ) A l
x + y  " x  y ' ' z ' " ' l + z

S i 3 _ 2 0 1 0 ( O t t ) 2 ,  w h e r e  z  =  3  -  x  -  y

B  -  r u n  b u f f e r e d  b y  S r e l l t t e  b o n b ;  p g 2 ,  I  5  b a r s ;
T ,  t  5 ' C ;  P t o t a l ,  t  5 0  b a r s ,

range 1000-2000 bars and 800'-850"C, respectively.
All runs contained an excess of pure water over the
stoichiometric amount necessary for the biotite. Iron-
bearing biotites were synthesized in Shaw (1963)
hydrogen diffusion bombs using hydrogen-argon
mixtures as the pressure medium. All of these runs
were made at 1000 bars total pressure, 100 bars
hydrogen pressure, and approximately 750'C in
sealed AgroPdro capsules containing the reduced oxide
mix and an excess of water.

Temperatures were measured using calibrated
chromel-alumel thermocouples and are accurate to
+5'C. Pressures were measured with Heise Bourdon
Tube gauges. Total pressures are presumed accurate
to *50 bars and hydrogen pressures accurate to *5
bars. Run times range from 3 to 22 days. At the end
of each run, the capsules were weighed and the con-
tents removed. Only runs that retained water were ac-
ceptable. The products were then examined optically,
and any run that did not contain greater than 95 per-
cent biotite (by visual estimate) or that showed in-
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KMg3AlSi3Oso(OH)2 KFe3AlSi3016[OH )2
OO--rO-O --r-O _-]-a -r-?

I
I
o

o2 l -
o o

I
o 4 F

I

dications of oxidation was not used for the deter-

mination of physical ProPerties'
Powder diffraction methods were used to deter-

mine unit cell parameters for all biotites in the study.
The synthetic material was mixed with a CaF, inter-

nal standard (Baker Lot 91548; a : 5.4628(ilA) and

run at l/4"20 per minute through at least two com-
plete oscillations (4 scans) from 20" to 60'2d using

CuKo radiation on either a Norelco (with

monochromator) or a Picker powder diffractometer
(with a Ni-filter). The patterns wete measured at peak

top, assuming CuKa, radiation, and the average peak

positions were calculated. The peaks were indexed,
assuming a I M polytype (C2/ m). Because the relative

Tsl-zoz, 005, 133, and33t-000. Cell parameters
listed in Table 2 were refined from these data, using
the Lsucn program of Appleman and Evans (1973).

O
l
O

I
o
1
I
o

l
o

I

rorb---lb 06 0.4 0.2 0
KMg2AlsSi20ro(OH )z KFe2Al5Si2Od(OH)z

a o  o a  a o

o . o  1 . 0  5 . 3 1 7 ( 1 )  9 . 2 0 3 ( 2 )
o . o  1 . 0  5 . 3 1 8 ( 2 )  9 . 2 0 6 ( 5 )
0 . 0  0 . 7 5  s . 3 3 7 ( r )  9 . 2 4 3 ( 2 )
0 . 0  0 . 6 7  5 . 3 4 6 ( 2 )  9 , 2 5 3 ( 3 )
0 . 0  o . s o  5 . 3 6 1 ( 2 )  9 . 2 8 0 ( 3 )

0 . 0  0 . 2 5  5 . 3 8 3 ( 1 )  9 . 3 1 2 ( 2 )
0 . 0  0 . 0  5 . 4 0 4 ( r )  9 . 3 5 2 ( 2 )
o . r 2 5  o . o  5 . 3 9 9 ( 1 )  9 . 3 3 9 ( 3 )
o . 1 6 7  1 . 0  5 . 3 1 1 ( 1 )  9 . 1 9 3 ( 3 )
0 . 2 5  1 . 0  5 . 3 0 s ( r )  9 . 1 9 1 ( 1 )

0 . 7 s  5 . 3 3 0 ( 1 )  9 . 2 3 0 ( 3 )
0 . 5 0  s . 3 5 3 ( 1 )  9 , 2 6 7 ( 2 )
0 . 2 5  5 . 3 7 3 ( 1 )  9 . 3 0 r (  1 )
o . o  5 . 3 9 4 ( 1 )  9 . 3 3 6 ( 2 )
0 . 0  5 . 3 8 5 ( 1 )  9 . 3 2 5 ( 3 )

1 . 0  s . 2 9 8 ( 0 )  9 . r 7 0 ( 1 )
0 .  78  s .  318 (1 )  9  .  201 (1 )
o . 7 5  5 . 3 2 0 ( r )  9 . 2 0 7 ( 2 )
o . 5 0  5 . 3 4 1 ( 1 )  9 . 2 4 0 ( 2 )
0 . 4 4  5 . 3 4 s ( 1 )  9 . 2 5 r ( 2 )

1 0 . 3 r 0 ( 2 )  9 9 , 9 2 ( r )  4 9 6 . 9 ( r )  1 . s 3 4 5  1 . s 8 3 1 . 0 0 2  ' 0 1 0
r 0 . 3 0 8 ( 2 )  9 9 . 8 3 ( 2 )  4 9 7 . 2 ( 3 )  r , 5 3 4 9  1 . 5 8 3 1 . 0 0 2  . 0 1 6
r 0 . 3 0 8 ( 2 )  9 9 . 9 3 ( 1 )  s 0 0 . 9 ( 1 )  1 . 5 4 0 6  1 . 6 0 8 1 . 0 0 5  . 0 1 2
l - 0 ,314 (2 )  99 ,99 (2 )  502 .4 (2 )  r . 5429  1 .6181 .005  . 01s
1 0 . 3 1 6 ( 2 )  9 9 , 9 7 ( 2 )  5 0 5 . 4 ( 2 )  r . s 4 t 3  1 . 6 3 5 ! . 0 0 2  . 0 r s

xiry
Flc. l. Mica compositions synthesized from oxide mixes in

the system Phlogopite-Annite-Aluminous-eastonite-Aluminous-

siderophyllite. x, y, and z arc the subscripts in the biotite formula

K(Mg'FerAl")Al,*,Sir-"Oro(OH), where z = 3-x-y'

Teslr 2. Unit Cell and Optical Parameters for Synthetic Biotites

x  ^  C a l c .

Ru /l z r+y .(i) tfil 
"(ii 

s' v(13) djr, 'y sEUI'Io't

L96-70
222 -69

45-7 3
40-7 3
53-7 3

68-7 3
L42-70
67 -7  3
55 -73

189- 70

28 -73  0 .25
2 9 - 7 3  0 . 2 5
LL -72  0 .25

143-70 0.25
4 - 7 2  0 . 3 7 5

224 -69  0 .50
L53-70 0.50
L2 -72  0 .50
1 3 - 7 2  0 . 5 0

19 3- 70 0.50

L52 -70  0 .50  0 .28
L 4 - 7 2  0 . 5 0  0 . 2 5
3 8 - 7 3  0 . 5 0  0 . 0
6 - 7 2  0 . 6 2 5  0 . 0

L70 -70  0 ,625  1 .0

5 . 3 s 8 ( 1 )  9 . 2 7 r ( L )  1 0 . 2 8 0 ( 1 )
5 , 3 5 6 ( 3 )  9 . 2 7 9 ( 2 )  1 0 . 2 8 s ( 2 )
5 . 3 7 4 ( 4 )  9 . 3 1 2 ( 3 )  1 0 . 2 8 5 ( 2 )
5 .372 (2 )  9 .295 (3 )  L0 .277  (2 )
s . 2 9 3 ( 1 )  9 . L 6 4 ( 2 )  1 0 . 3 0 6 ( r )

L o . 3 2 4 ( 2 )  1 o o . o o ( r )  5 0 9 . 6 ( r )
1 0 . 3 3 r ( 2 )  1 0 0 . 1 3 ( r )  s 1 4 . 0 ( r )
ro .329 (2)  roo.  ro (2 )  5 12 .  7 (  1)
1 0 . 3 0 9 ( 2 )  9 9 . 9 r ( 1 )  4 9 5 . 8 ( 1 )
r 0 . 3 o s ( r )  9 9 . 8 8 ( 1 )  4 9 s . 0 ( 1 )

1 0 . 3 0 0 ( 2 )  9 9 . 9 3 ( 2 )  4 9 9 . 1 ( r )
1 0 . 3 0 3 ( 2 )  1 0 0 . 0 2 ( 1 )  5 0 3 . 3 ( 1 )
r o . 3 o 5 ( r )  1 o o , o 4 ( 1 )  s 0 7 . 1 ( r )
1 0 . 3 0 0 ( 2 )  L O O . r 2 ( 2 )  s 1 0 . 7 ( 1 )
L0 .298 (2 )  r oo .10 (2 )  s09 .1 (1 )

r 0 . 3 0 4  ( r )  9 9 . 8 7 ( 1 )  4 9  3 . 1 ( 1 )
r 0 . 2 9 3 ( 1 )  9 9 . 9 4 ( L )  4 9 6 . 1 ( 1 )
r 0 . 2 9 8 ( 2 )  9 9 . e 7 ( 1 )  4 e 6 . 8 ( 1 )
1 0 . 2 9 0 ( 1 )  1 0 0 . 0 0 ( 1 )  5 0 0 , 1 ( 1 )
L o . 2 7 7 ( r )  9 9 . 9 8 ( r )  5 0 0 . 4 ( 1 )

100. 10 (  1)  s02 .  8(1)
1 0 0 . 0 7 ( 1 )  5 0 3 . 3 ( 2 )
1 0 0 . 1 1 ( 3 )  s o 6 . 7 ( 2 )
100 .  12  (2 )  505 .  2  ( r )
9 9 . 8 7 ( 1 )  4 e 2 . s ( r )

1 . 5 5 3 4  1 . 6 6 0 1 . 0 0 2  . 0 1 0
r . 5596  L .687 ! . 002  . 008
1 . 5 5 8 0  1 . 6 8 0 t . 0 0 4  . 0 1 3
r . 5329  1 .5841 .003  , 0L2
1  , 5315  1 .5  85 i  , 002  . 006

1 . 5 3 8 6  1 . 6 0 7 ! . 0 0 4  . 0 r 3
L .5452  1 .632 ! . 002  . 012
r . 5 5 0 8  1 . 6 5 6 i . 0 0 3  . 0 0 6
r . 5569  L .682 ! . 002  , 010
r . 5543  L .673 ! . 002  .OLz

r . 529 r  1 .587 r . 002  . 003
L .5347  1 .606 ! . 002  . 004
1 .5354  1 .608 ! . 002  . 010
L .54L4  1 .6291 .003  . 010
t . 5 4 2 6  1 . 6 3 6 i . 0 0 2  . 0 0 7

L . 5 4 6 3  I . 6 4 7 t . 0 0 2  . 0 0 5
t . 546 r  L .652 t .OO2  .011
1 . 5 5 1 4  1 . 6 7 3 1 . 0 0 3  . 0 I 1
1 ,5505  1 .666 ! . 002  . 013
I . 5278  1 .5881 .002  . 010

1 .  505 i  . 003
1 . 6 2 8 1 . 0 0 3
1 . 6 4 6 i . 0 0 3
1 . 6 5 4 ! . 0 0 3

L ) - I '

16 -72

7 -72

0 . 7 5
0 . 7 5
0 . 7 5
0 . 7 5

0 .  7 5
0 .  5 0
0 , 2 5
0 , 0

1  . 5  330
L . 5 3 7  3
t . 5  4 2 4
1 . 5 4 8 8

. 0 1 3
, 0 1 3
. 0 1 4
.0 r0

5 . 3 1 2 ( r )
s .325(4)
5 .324(4)
5 . 3 6 6 ( r )

9 . 1 e 0 ( 3 )
9 . 2 2 5 ( 3 )
9 . 2 6 L ( 3 )
9 . 2 8 7  ( 2 )

L0 .297  (2 )
1 0 . 2 8 3 ( 2 )
L0 .274 (2 )

99 .95 (2 )
100 .05 (  1)
100 .10 (2 )
1 0 0 . 0 3 ( 1 )

4 9 s . 1 ( r )
497.4(2)
5 0 0 . 4 ( 3 )
5 0 3 . 7 ( 1r 0 , 2 6 5 ( 2

SEITWO: Slandard error of a 20 measurenent of unit weisht
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Tenle 3. Regression Coefficients for Synthetic Biotites, Using the Regression Formula

g(x, y,z):  go + g, -{-  *  grz * c"-+-x t y  x f  y

857

BG,r ,z ) 83
SE/Tota1
Vartation

a
o

b o

d33t 
".1"

A11 Biot l tes
x = 0
v = 0
z = 0
z = . 5

A1l Biotltes
x = 0
v = 0
z = O
z = . 5

A11 Biot i tes
x = 0
v = 0
z = 0
z = . 5

A11 Biot i tes
x = 0
v = 0
z = 0
z = . 5

ALl Biotites
x = 0
v = 0
z = O
z = . 5

AU Blot i tes
x = 0
v = 0
z = 0
z = . 5

Al l  Bioci tes
x = 0
v = 0
z = 0
z = . 5

s . 4 0 6 ( r )
5 .405
5 . 3 1 7
5  . 404
5 . 3 7 7

9 .3s3(2)
9 , 3 5 6
9 .205
9 .  351
9 . 3 1 3

10 .  329  (3 )
L0.332
10. 309
LO.329
LO.278

100. 11
100. 13
9 9 . 8 8
100. r0
100. 13

5 L 4 . 2 ( 2 )
5 L 4 . 2
491 .0
5 1 3 . 9
506.7

1 .550 r (3 )
1 .  5599
L .5346

L .552L

1 .  686  (  1 )
1 .686
1 .  583
L .687
r . 6 7  3

0 .089  (  2  )

0 .  087  7
0 .  07  63

0 .148  (3 )

0 . 1 4 6 1
0 .L425

0 .023 (s )

0 .022
o .022

0 . 2 2 L

0 . 2 2 3
0 . 2 4 2

L 7  . 3 ( 2 )

L7 .O
13 .  5

0 .025s (4)

0  . 0250
o.0223

0 . 1 0 3 ( r )

0.  104
0 . 0 8 6

0 .  056  (3 )
0 .  0531
0 . 0 3 8 3

0 .084  (4 )
0 .0907
o.o662

0 . 0 9 0 ( 6 )
0 .091
0 . 0 0 7

0 . o 7 7
0 ,019

1 4 . 3  ( 3 )
14 .3

0 .0155  (6 )
0 .  0  151
0 .  011  I

0  . 029  (2 )
0 .  031
0. 008

0 , 0 2 2 ( 4 )

0 . 0 1 9 ( 6 )

0 .084 ( r0 )

7 . 3 ( 6 )

0.  0053 (10)

0  . 037  (  3 )

. 998
o o

. 9 9

.9996

.996

.998

. 9 9

.995

.9996

.9996

oa

. 9 6

. 7 9

. 9 3

. o z

o 1

. 9 5

. 9 9 9
q o A

o o 7

.9996

.999

ooo

. 9 9
o o 7

. 9 9 9 8

. 9 9 8

.999
o s

. 9 9 8

.999
.9995

.002

.002

.001

.0009

.o02

.003

.003

.oo2

.002

.001

,006
.005
. 0 0 1
.002
.005

. 0 3

. 0 2

. 0 3

.04

.02

. 3

. 2

. 1
,

.0005

.0005

.0002

.0002
,0005

,001
.002
.00 r
.0006
.0008

.018

.015

.014

.016

co

n-,

x Correlation Coefficient
** Standard Error

Overlapping peaks were only used in the refinements
when the intensities of those peaks, as calculated by
Borg and Smith (1969) for phlogopite and
fluorophlogopite, were different by at least a factor of
two. The peak was then indexed as the most intense
reflection. In order to test this procedure, additional
refinements were performed indexing overlapping
peaks as the two possible reflections and weighting
these reflections according to their calculated inten-
sities (Borg and Smith, 1969). There were no signifi-
cant differences between these refinements and those
presented in Table 2.

The index of refraction r?" was measured at25"C
for each biotite, using sodium light (I : 589nm).
These data are included in Table 2.

Results

Simple linear regressions on the physical properties
were calculated for four subsystems of the general
biotite system, K(Mg,Fer2+Al,)Al1+"Sis-,O10(OH)r.
Comparison of the regression coemcients (Table 3)
for the subsystems x :  0,  y :  0,  z :  O,andz :  0.5
shows that the coemcients in the simple regressions
are dependent on composition. The assumption that
this variation is a linear function of composition
leads to a regression equation of the form

c@, y, z) : so I e,-4- * srz t g"L.
x + y  -  - " x + y

Using this equation, regression coefficients for the



858 D, A. HEWITT AND D, R, WONES

physical properties of all the synthetic biotites are
given in Table 3. Terms were dropped and the regres-
sions recalculated, using only the significant vari-
ables, whenever the t-value of any coefficient (value
of the coefficient divided by the esd of that coefficient)
was less than two.

A complete solid solution between iron and
magnesium exists in all the biotities studied. The sub-
stitution of 2Al ;: (Fd+ or Mg) * Si, however, has
previously been shown by Crowley and Roy (1964)
and Rutherford (1973) to be limited. In this study, the
maximum aluminum substitution occurred in biotites
w h e r e z : 0 . 7 5  +  0 . 1 .

Discussion

Variation in Cell Parameters

Considering the differences in ionic radii for the
ions Mg2+, Fe2+, Al3+, Sio+, it is expected that: (1) the
tetrahedral substitution of Al3+ for Sin+ will increase
the dimensions of the tetrahedral sheet in the micas;
(2) the octahedral substitution of Al3+ for Mg2+ or
Fe'+ will decrease the size of the octahedral sheet; (3)
the octahedral substitution of Fe2+ for Mg2+ will in-
crease the size of the octahedral sheet. The regression
equations in Table 3 show that the substitution of
Fe2+ a Mg2+ accounts for most of the variation in
cell parameters in the synthetic micas. Variations due
to changes in aluminum concentration are only 25 to
50 percent as large.

o.05

-o.o5

-o.os o o.o5
zgS3tcALc - za33IMEAS

Frc. 2. A plot of the 2d difference between 3J1 calculated and
050 calculaLed, and 331 calculated and JJ1 measured for the
biotites synthesized. The dashed lines indicate the estimated
measunns error.

The total amount of variation in the measured
physical properties ranges from 6 percent for z" to 0.3
percent for 0. The variations in a, b, V, di,,, and n,
are very regular and predictable if the equations in
Table 3 are used. The estimated standard errors
(esd's) of the regressions are all within a factor of
three of the estimated standard error of the original
unit cell refinement, and most are within a factor of
two. The variations in c and 0 are not as regular. The
esd's of the regressions for these parameters are also
within a factor of three of the esd's of the cell refine-
ments. but the total variations are much less than I
percent, and 3 sigma represents a significant fraction
(-30 percenQ of the total variation.

The five parameters a, b, V, d7,, , and n, are all ex-
cellent variables to use for the determination of com-
positions of the Fe-Mg-Al biotites. Practical con-
siderations would favor the use of easily measured
quantities rather than those that require a complete
unit cell refinement for their determination. Only the
n., values fit this criterion well. di,, would be a good
measurable quantity, except that the 331 peak is in-
terfered with by several other reflections. In par-
ticular, there is interference from the 060 peak, which
has a calculated intensity approximately t/z of that of
the33l peak (Borg and Smith, 1969). Furthermore,
the relative calculated positions of the 33/, and 060
reflections vary. For most of the biotites in this study,
the d,oo was nearly equal to or slightly smaller than
dt,, . In these micas, the difference between the
calculated dtt and the measured d;.ii was small and
well within the error of measurement (Fig. 2).
However, in four of the five biotites where the
calculated duo wzs greater than the calculated dij, ,the
differences between the calculated di, and the
measured dr, were significantly greater than a
reasonable measuring error. Because of this uncer-
tainty, it is felt that the measured d*t and d,no ate not
reliable variables for the precise determination of
biotite compositions. The calculated d;r, value is a
very reliable composition indicator, but as with a, b,
and V, the unit cell refinement must be carried out for
its determination. Figure 3 shows one determinative
plot for the biotites, using r", and calculated d.r-.r, as the
variables.

Limit of Aluminum Substitution in Biotites

Crowley and Roy (1964) reported the most
aluminous composition possible for the Mg-Al
biotites to be KMg2AlAl2SirO,o(OHD. Apparently,
they were not able to obtain a 100 percent synthesis
of this phase, but they were able to detect a shift in
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the measured d*'.t,, in runs having this init ial bulk o

chemistry compared with less aluminous starting
compositions. Rutherford (1973) reported that he
was never able to achieve greater than 80 percent syn- O.z
thesis of mica in runs having the bulk composition
corresponding to KFe2+rAlAlrsirol0(OH)r. The most
aluminous Fe-biotite that he was able to synthesize 7
was KFer.ruAl0.?sAlr.?bsi2.2uoro(OH)r. Neithei of these 

- o-4

papers explained this l imitation of Al substitution,
except for noting that if the tetrahedral AllSi ratio
exceeds one (aluminous eastonite and aluminous 0.6
siderophyll ite), Al-O-Al bonds must exist in the
tetrahedral layer.

This investigation agrees with the data of Ruther-
ford (1973) on the limit of Al-substitution in the Fe-
Al biotites. However, the same compositional limit,
K(Fe'+,Mg)2.2sAlo ?iAl1.?ESir.2sOro(OH)r, also appears
to hold for the intermediate Fe-Mg-Al biotites. The
magnesian end member appears to have an even
lower solubil ity for aluminum (z : 0.65-0.7) rather
than the higher value (z : l) reported by Crowley
and Roy (1964). Runs whose bulk compositions are
more aluminous than z : 0.75 in both the iron-free
and iron-bearing systems, all produce significantly
less than 100 percent mica. The other phases normal-
ly present in these runs include corundum, olivine,
spinel, and a low index, presumably K-rich, phase.
The cell dimensions of these micas are generally con-
sistent with those of a mica more aluminous than the
z : 0.75 composition. However, because of the
l ike l ihood of  some dioctahedral  subst i tu t ion
(2A13+=3(Fe'*,Mg'*)), it cannot be assumed that a
more aluminous trioctahedral biotite has been
produced.

The argument that the l imit of the aruminum sub-
stitution in biotite is due to the aluminum avoidance
rule is not cogent in l ight of the existence of the struc-
turally similar mica xanthophyll ite (CaMg,Al(Al,
SiO,oXOH),) (Takeuchi and Sadanaga, 1966), which
violates the rule. The existence of the dioctahedral
aluminous micas, muscovite and paragonite, makes
an octahedral aluminum avoidance rule even less ac-
ceptable. A more plausible explanation can be based
on a consideration of a l imiting size for the inter-
layer site.

In the mica structure, the dimensional misfit
between the octahedral layer and the tetrahedral
layers can be compensated for in two ways. There can
be flattening of the octahedra to enlarge the oc-
tahedral sheet, or a rotation of the tetrahedra to
make the tetrahedral sheet smaller. The tetrahedra
can rotate from a perfect hexagonal array (a-rotation

o t lb
0.6 0.4

x
x+y

FIc. 3. Determinative plot for the Fe-Mg-Al biotites using n,
(solid lines) and calculated ds6, (dashed lines) as variables. Thex, y,
and z are the subscripts in the biotite formula K(Mg,FerAl,)Al,*"
Sr"  

"O,(OH), ,  
where z :  3-x- ! .

: 0o) towards a close-packed array (a-rotation =

30') (Donnay, Donnay, and Takeda, 1964). Coinci-
dent with this rotation, the interlayer site changes
from a regular 12-coordinated site (when a : 0o) to a
regular 6-coordinated site when a = 30o. Assuming
that the basal layer of oxygens in the tetrahedral
sheets remains co-planar, Donnay, Donnay, and
Takeda (1964) calculated and plotted the relations
between d-rotation, b, and the mean K-O bond
length. These calculated values of a and K-O bond
lengths for the biotite sub-series r : 0, y : 0, z :0.5,

and z : 0 are given in Table 4. The a-rotation and
K-O bond lengths in the most aluminous biotites
range from l2o and 2.89A for the magnesium-free
system to 14.7" and 2.774 for the iron-free system.
The lower l imits of the observed range of K-O bond
lengths for potassium in 6- to 12-fold coordination
( International Tables ) indicate that K-O bond lengths
less than -2.8L would be relatively unstable.
Although precise comparisons among the synthetic
biotites cannot be expected because of the simplified
model used in the calculation of the bond lengths, the
predicted short K-O bond lengths for the most
aluminous biotites strongly suggest that the size of
the interlayer cation controls the maximum amount
of tetrahedral rotation that can occur in a stable
mica. A l imit on the amount of tetrahedral rotation is
tantamount to a l imit on the amount of aluminum
substitution in the trioctahedral biotites, because ad-
ditional substitution of tetrahedral and octahedral
aluminum enlarges the misfit between the octahedral
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x+y

Trsle 4. Calculated Tetrahedral Rotations, Octahedral Flatten-
ing, and K-O Bond Lengths for Ideal Trioctahedral Biotites

va K-oAA

r .  o  o .o  s .  zos i  t . t ug / .  z . oo  &  9 . . : o  sg . : o  z . gz  A
1 . 0  0 . 2 5  9 . 1 8 9  r . 6 5 9  2 . 0 4  1 1 . 7 o  6 o . t o  2  B s
r , 0  0 . 5 0  g , r t 3  r . 6 6 9  2 . 0 3  t 3 , 7 o  6 0 . 4 o  2 , j g
1 . 0  0 . 6 5  9 . 1 6 3  r . 6 7 5  2 , 0 2  r | J o  6 1 . 3 0  2 . 1 1

0 . 5  o . o  g . 2 j g  r . 6 4 9  z , o g  5 . 9 o  5 8 . 7 o  t . o 2
0 . 5  0 . 2 5  9 . 2 6 0  r . 6 5 9  2 . 0 7  9 . 4 4  5 9 . 4 0  2 . 9 5
0 . 5  0 . 5 0  9 , 2 4 2  r , 6 6 9  2 . 0 6  r 1 . 8 o  5 g . 7 o  2 . 8 8
0 . 5  o . r 5  g  2 2 3  r . 6 1 9  2 , 0 3  1 3 . 8 o  6 L . o o  2 - 8 2

0 . 0  o . o  9 . 3 5 3  r . 6 4 9  2 . 1 L  o o . o o  5 8 . 5 o  3  1 6
0 . 0  0 . 2 5  g  3 3 2  r . 6 5 9  2 . r o  6 . 0 o  5 8 . 8 o  3 . 0 7
o . o  o . 5 o  9 . 3 1 1  r . 6 6 9  2 . 0 8  9 . 5 o  5 9 . 5 o  2 . g 8
o  0  o . i s  9 . 2 9 0  r . 6 7 9  2 . 0 6  1 2 . 0 o  6 0 . z o  2 . 8 9

* Average <T-O> bond length calculated from Hazen and Buanbam (1973)

** Average <M-o> bof,d length esl lnated using o-2 --  L.34, ug+z = .72,

e 1 + 3  = , 5 3 ,  I e * 2  = . 7 8  { S h a n n o n  a n d  P r $ i t r  ( 1 9 7 0 ) ;  H a z e n  a o a l

B u r n h a m  ( 1 9 7 3 )  ]
b

obsn x x  _  C a t c u t a t e d  l r o n  c o s q  =  
4 d . d t
b

o b s
A  , -  u a r c u t a L e o  t r o n  s I n Y  =  

t B A ;

AA - Donnay, Donnay, and Takeda (1964)

and tetrahedral sheets and thereby increases the
amount of necessary tetrahedral rotation.

The brittle micas margarite and xanthophyllite,
which have more aluminum in the tetrahedral sites
and greater d-rotations than the biotites, have the
smaller Caz+ atom in the interlayer site. The observed
tetrahedral rotations in the dioctahedral micas
muscovite (a 12.8') (Radoslovich, 1960) and
paragonite (a : 15.9") (Burnham and Radoslovich,
1964) also indicate that the size of the interlayer cat-
ion in part controls the amount of tetrahedral rota-
tion that occurs in the mica structure.

If the interlayer site controls the maximum value of
a and thus the maximum amount of Al-substitution,
it should be possible to synthesize a more Al-rich
biotite if a smaller interlayer cation is substituted
at the same time. In order to test this hypothesis, a
trioctahedral mica having the composition NaMg,
AlAlrSirO,o(OH), was synthesized from an oxide
mix held at  600"C and 4000 bars water  pressure
for 7 days. The mica is similar to the Na-phlogopite
synthesized by Carman (1974) in that it was rever-
sibly hydrated to 12 and l5A mica phases. Cell
dimensions w€re determined for the l0A phase on the
basis of the lM polytype used for the other biotites
reported. These data are shown in Table 5. Com-
pared with the unit cell dimensions for the most
aluminous K-Mg-Al biotite synthesized, the signifi-
cant reduction in the a and b dimensions at the same
time that the average T-O bond length increases can
only be accounted for by a greater a-rotation in the
Na-mica. The value calculated, again assuming that

the basal oxygens are coplanar, is 18.8o. An ex-
trapolation of Donnay, Donnay, and Takeda's (1964)
calculations yields an Na-O bond length of 2.6A.
This compares well with the Na-O bond length of
2.64A observed in paragonite (Burnham and
Radoslovich, 1964).

Polytypism

The cell dimensions for all biotites synthesized in
this study were refined assuming a lM polytype
(C2/ m). Many of the data were also refined assuming
a 37' polytype, but overall the esd's were slightly
smaller for the lM refinements. Detailed crystal-
structure refinements of several natural and synthetic
biotites have shown the common occurrence of the
lM polytype (Steinfink, 1962; McCauley, Newnham,
and Gibbs, 19731' Hazen and Burnham, 1973; Don-
nay, Morimoto, Takeda, and Donnay ,19641' Teipkin,
Drits, and Alexandrova, 1969; Zvyagin and
Mishchenko, 1962). Although lM and 3I biotites
cannot be reliably differentiated by using powder X-
ray techniques, and the polytypism ofseveral natural
biotites has been shown to be complex (Ross, Takeda
and Wones, 1966; G. V. Gibbs and J. Leiss, personal
communication, 1974), the authors feel justified in
presenting the data in a lM format. In this way, the
results are most consistent with our observations, and
the data are directly comparable with the published
data of previous workers (Wones, 1963; Crowley and
Roy, 1964; Rutherford, 1973). No additional peaks
indicating other possible polytypes showed up in any
of the high-temperature runs (>700:C) of this in-
vestigation.

In the early part of the study, some syntheses were
performed at lower temperatures (500'-600"C).
Although the maxima in the powder-diffraction pat-
terns were not sharp for these micas, 5-8 broad peaks

Teu-E 5. Comparison of the Unit Cell Parameters
for Na-Aluminous Eastonite and the K-Mica

KMgz saAlo "zAlt."rSi, 
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appearing in some of the patterns could not be ac-
counted for in a lM mica model or as any likely ad-
ditional phase. It was discovered that the powder pat-
terns could be greatly improved if after crystallization
at -600'C and l-2 kbar for 7 days the temperature
was raised to -800'C for another 4-7 days. When
this was done, the broad peaks on the 600"C material
became sharp, well-defined reflections having no ap-
parent loss in intensity or shift in position.

Unit cell refinements of these peaks along with
three (00/) peaks are consistent with those of a 2M,
mica. Apparent ly these low-temperature runs
produce either a mixture of 2Mt and lM or 3?n mica
polytypes or some other more complex polytype.
Many experiments were initiated in order to syn-
thesize a pure 2M, biotite. Temperature, pressure,
composition, and run duration were all varied, with
little success. Attempts to change a lM-2Mt mixture
to a pure lM phase were also unsuccessful.

Although a 100 percent synthesis of 2M' mica was
never achieved, the yield did vary for the different
compositions and conditions used. Maximum syn-
thesis is estimated to be in the range of 20-50 percent.
The following factors affected the yield of the 2M'
polytype:

B<

Frc. 5. Plot of unit cell volume versus z (octahedral-Al) at con-

s ran t  x  (=  t g  
) .' x * y  

\  t " t g + P e  /

o 4
z

l. Temperature: the best yield occurred when
temperatures of -600oC were followed by
-800"C; in runs at Z(600'C, the yields were no
greater, and in runs initially at 650oC, the yields
were lower; initial runs at T)700'C yielded no
2M, mica.

2. Composition: the 2M' phase grew best in the
Mg-biotites in which the octahedral Al content
was less than l/6 of the total octahedral oc-
cupancy (z<0.5); the2Mrphase did not develop
well in any of the Fe-rich biotites.

The relative stability of the lM and 2M' polytypes
remains unknown. Solely on the basis of the synthesis
data presented here, we suggest that the 2Mrphase is
more stable at lower temperatures than the lM
phase. This agrees with the conclusions presented by
Yoder and Eugster (1954). However, the very small
free-energy difference anticipated between these two

S.

I

x + y

I

Frc. 4. Plot of unit  cel l  volume ur.rur-f(
at constant aluminum content (z). x -r -y \

polytypes suggests that neither an artempt at a more
accurate determination of the stability nor the ap-

- Me \ plication of this crude relationship to natural systems= 
Ms + Fre / *oulO be successful or of meaningful value.
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Solution Properties

Experimental data reported by Wones, Burns, and
Carroll (1971) and Wones (1972) indicate that the
phlogopite-annite solid solution is essentially ideal.
Because one of the octahedral sites in the mica struc-
ture is smaller than the other two, it might be ex-
pected that, as the size contrast increases between the
octahedral cations, octahedral ordering would occur
in the biotites as it does in the dioctahedral micas
margarite and muscovite and in the trioctahedral
mica xanthophyll ite. One indication of this non-
ideality appears when plots of unit cell volume versus
the octahedral  a luminum content  at  constant

m#fo (pig. 5) are compared with the plots of unit cell

volume versus the #fre ratio at constant values of
octahedral aluminum (Fig. a). The data in Figure 4
show that the volume of mixing is approximately zero
for Fe2+eMg2+ substitution in micas of constant
aluminum concentration and is therefore consistent
with the ideal solution model. Figure 5 shows that the
volume of mixing for the substitution (Fe2+,Mg2+)vI
+ SirvaAlvr + AIN varies from approximately zero
for the Mg-biotites to more and more positive values
as the amount of Fe2+ is increased. Experimental
work on the determination of the activity of the an-
nite component in the Fe-Al biotites is presently in
progress to confirm this nonideal solution behavior.
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