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Abstract

Hycirothermal fluorine buffer techniques are used to measure the equilibrium constant for

the exchange reaction: OH-muscovite * HF 3 F-muscovite + HrO. At a total pressure of

two kbar, log ,K : 2lOO/T - 0.1 I (T in kelvins). These data, when combined with similar data

for biotite, fermit evaluation of F= OH equil ibrium between coexisting biotite and musco-

vite. The partit ioning, which is independent of temperature and fluid composition, may be

portrayed graphically, and provides a simpie test of F* OH exchange equil ibria in natural

mica pairs.

Introduction

Fluorine is less abundant in dioctahedral micas
than in biotite; nonetheless, its presence can be used
to reconstruct fluid compositions (in terms of the
ratio fu,ol nr) if temperatures of muscovite equilibra-
tion with fluid are known. Experimental calibrations
for muscovite have been completed using techniques
identical with those previously described for biotite
(Munoz and Ludington, 1974).

ExPerimental Procedure !

Each experiment consists of equilibrating synthetic
muscovite with a fluid in contact with a fluorine
buffer assemblage (Munoz and Eugster, 1969). The

anorthite-fl uorite-sill imanite-quartz-gas assemblage
(AFSQ), which fixes the ratio fr,o/fw at constant
temperature and pressure according to the equilib-
rium

CaAl,Si,O, + 2HF=CaFz + AlrSiOs + SiO, + HzO,

Ko,rr". = f""o/frlr,

was used for all muscovite experiments, because it
generates hydrogen fluoride fugacities sufficiently
high to produce easily measurable fluorine levels in

muscovite. At the end of each experiment, the musco-
vite is separated from the buffer, checked by both X-
ray diffraction and optical examination for purity,

and is analyzed for fluorine by means of an indirect

spectrophotometric method (Shapiro, 1967)' These

analyses are converted to F/OH ratios, assuming F *

OH 2 .0  fo r  muscov i te  o f  s to ich iomet ry
KAlasiroro(F, OH)r. An equilibrium constant is cal-

culated for each experiment: OH-muscovite t HF=

F-muscovite + HrO

log K : log(fu,o/fat)rruicr * log (ar/aotr)muacovite'

The fugacity ratio is obtained from thermodynamic

data for the AFSQ buffer phases (Munoz and Lud-

ington, 1974), revised using more recent values for

anorthite (Thompson, 1974). Mole fractions are used

as an approximation to activities for the fluorine and

hydroxyl sites in muscovite.
Reversibility of F = OH exchange was demon-

strated in two experiments (Runs MSE-5 and MSE-8

in Table l), in which the starting material was a

fluorine-bearing muscovite obtained by reacting

OH-muscovite with AFSQ at a higher temperature'
Both experiments showed a reduction of fluorine

when equilibrated with AFSQ at a lower temperature
(F ig .  l ) .

ExPerimental results

Table I and Figures I and 2 show that muscovite
contains less fluorine than biotite equilibrated with

AFSQ at similar temperatures. Reevaluation of ther-

modynamic data for buffer phases (Ludington and

Munoz. 1975) has led to the conclusion that
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no experimentally significant difference exists in the
s lopes  o f  t he  p rev ious l y  de te rm ined  ann i t e
( K F e , A l S i r O , r H , ) ,  s i d e r o p h y l l i t e  ( K F e 2 , A l ,
Si ,  uO,2H2),  and phlogopi te (KM&AlSi .O,rHr)  equi -
l ibrium constants, when the data are plotted in terms
of log K us. l/T (Fig. 2). Similarly, the data for
muscovite closely approximate a straight-l ine of this
same slope. Although these lines are probably not
perfectly straight, no curvature is indicated by the
data. Any curvature that exists (reflecting changing
reaction enthalpies with temperature) is masked by
the stated uncertainties (ca. X 0.2 log units) asso_
ciated with each line. Considering both the reciprocal
temperature scale and proximity of data points, ex_
trapolation somewhat above the temperature range
of the experiments is probably justif ied, but extrapo_
lation to lower temperatures is less certain.

Because the slopes of all four mica exchange reac_
trons are so s imi lar ,  the impl icat ion is  that  the en_
thalpy for all four reactions is nearly identical. Ap_
parently the differences in mica structure and
octahedral cation occupancies have litt le effect on
reaction enthalpy of the F = OH exchange. The
differences in the intercepts on the log K axis between
the various biotites and muscovite therefore must
indicate that the entropies of the exchange reaction
differ substantially between phlogopite and musco-
vite. Thus, there is a possibil i ty of F, OH ordering
differences between the different micas. Such a possi-
bif ity is mentioned by Hazen and Burnham (1973) as
a possible explanation for the elongation of the ther-
mal ell ipsoids for the OH site parallel to c* in the
phlogopite and annite structures. Indeed. the elon_

SYNTHETIC MUSCOVITE
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Fig.  l .  F luor ine contents of  synthet ic  muscovi te (mus),  s ide-
rophyl l i te (s id) ,  anni te (ann),  and phlogopi te (phg) in equi l ibr ium
with AFSQ at  two kbars.  Data for  anni te,  s iderophyl l i te,  and
phlogopi te are calculated f rom exchange equat ions in Ludington
and Munoz (1975);  exper imental  data is  shown only for  muscovi te.
Arrowheads show direct ion f rom which equi l ibr ium was ap-

1."";,:f"O 
The solid arrowheads highlight the two reversal experi-

gation is noticeably greater for annite than for
phlogopite, suggesting that annite is more ordered.
Further evidence for this possibil i ty is given by Gug-
genheim and Bailey (1975), who postulate a low-

.a2o

Table l .  Exper imental  data for  F=OH muscovi te exchanse

I
0!
Li

Run Number
Tempera ture  Run T ime

( " c .  )  ( d a y s ) Conpos i t ion
F ina l  Conpos i t ion

(wt .  Z  F)  F /F+OH 1og K

MSE- 7
MSE-8
MS E-10
MSE-12

MSE_6
MSE-5
MSE-3
MSE-  1

4 6 2
4 6 2
5 0 0
5 9 0

6 r 2
612
6_40
6 9 0

OH-ns
2 . 0 %  F
OH-ms
OH-ms

0H-ns
2 . 9 2  F
0H-ms
OH-ns

o.5"1
r .  5 z
r . o z
I  . g i i

r . 8 , 2
2 . 7 2
2 . 0 " t
2 . 9 2

0 .  0 5
0 .  1 6
0 .  1 1
0 .  1 9

0 .  1 9
o  . 2 2
o . 2 L
0 .  3 1

2 . 4 9
3 . 0 3
2 . 5 9
2 . 3 2

2 . 2 2
2 1 1

2 . 1 3
2  . 1 2

5 9
5 9
6 I
6 8

5 9
5 9
5 1
36

AI1  exper iments  were  conducted  a t  a  to ta l  f lu id  p ressure  o f  two k i lobars ;  oxygen fugac i ty  was inposed by  thes te11 l te  p ressure  vesse l .  TemPera ture  uncer ta in ty  i s  *  50 .  oH-muscov i te  (oH-mus)  was syn thes ized in  250 ng .  lo tsf rom a  s to lch ionet r i c  mix tu re  o f  kao l in i te  and t<o i l ,  a t  two k i lobars  and 500oc.  The s ta r t ing  na ter ia l  was  the  1Mpolynorph o f  muscov i te ;  a l l  exchange runs  a t  59ooc .  and above y ie lded en t l re ly  the  2M1 po l l io rph ;  fower  tenpera tureruns  resu l ted  in  n ix tu res  o f  po lynorphs .  Ana ly t i ca l  uncer ta in t ies  in  f luor ine  ana lys6s  are  a lways  less  than +  102( r e l a t i v e ) '  L e a s t  s q u a r e s  f i t t i n g  o f  l o g  K  v s .  r e c i p r o c a l  t e m p e r a t u r e  y i e l d s  t h e  f o l l o w i n g  
" q . . t l o r , - -l o g  K  =  2 L 0 0 / T  -  0 , I I  ( T  i n  k e l v i n s ) .
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Fig. 2. Equil ibr ium constants for mica F = OH exchange'

Mineral abbreviations are as in Fig. I Filled circles represent

experiments in which OH-muscovite was the start ing material '

Open circles represent the two reversal experiments. Log K :

2100/T - 0.1 t.  f  measured in kelvins.

symmetry (Cm/c) space group for margarite, which

leads to splitting of the OH site into two.
The data presented here cannot be rigorously ap-

plied to natural muscovites containing significant
amounts of octahedral cations other than aluminum.
For example, it is likely that both lithium and magne-
sium, two of the most common minor cations in
dioctahedral micas. should increase fluorine parti-
tioning into muscovite. A rough correlation exists
between the fluorine and lithium contents of natural
dioctahedral micas (Foster, 1960; Munoz, 1968). In
the case of magnesium, it seems reasonable that the
same marked preference for fluorine shown by mag-
nesian biotite should also apply to dioctahedral
micas.

APPIication

A practical result of the similarity in slopes of
all the mica exchange reactions is that the fluorine

AND LUDINGTON: SYNTHETIC MUSCOVITE

contents of coexisting muscovite and biotite may not

be used as a geothermometer. Indeed, simultaneous
solution of the log K equations for the pairs musco-
vite=phlogopite, muscovite-annite, and- muscovite-

siderbphyllite yield numbers for biotite-muscovite
exchange that are independent of both temperature

and fluid composition' For the reaction:

OH-biotite * F-muscovite = F-biotite
* OH-muscovite,

log 1(bto-m"" :  lol(ar/aor)oto * log (aou/ar)-"".

Combining the data for muscovite presented in this
paper (Table 1, Fig. 2) with the revised data for the

biotites reported in Ludington and Munoz (1975)

allows solution of the above equation for all the

biotite end-members studied, yielding:

log 6nn"--" .  :  1.633, log 6"""--""  :  0.526,

and log /(Eid-mu' :  0.180.

These numbers were used to construct Figure 3,
which shows the variability in log K for bio-

tite-muscovite exchange as a function of octahedral
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Fig. 3. Muscovite-biotite "equilibrometer," showing the effects

of differential postcrystallization loss of fluorine from muscovite

(mus) or biotite (bio). The equitibrium constant (K) refers to the

distribution of F and OH between mus and bio' Filled circle

represents a biotite of composition phgroannro(FruOHs) coexisting

with a muscovite of composition (FzoOHro)' Open circles represent

10, 25, and 50 percent fluorine loss from biotite (log K decreases)

or muscovite (log K increases). Dashed lines represent the 0'2 log

units uncertainty in K discussed in the text.
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Table 2. Site occupancies and F;:OH exchange equil ibr ium constants for biot i te * muscovite assemblages reported by Mii l ler (1966)

- -b io F occupancy v r r  u L g u P a r r L J

b io  nusSample  No. 1 o g  K

2
4
5

I 7

46
5 3
5 9

0 .  3 0
0 .  2 0
0 . 0 8
0 . 2 2

0 .  0 4
0  . 2 3
0 . 3 4

0 . 1 2 0
0 . 1 6 4
0 .  3 8 7
0 .  386

0 . 6 8 8
0 .  1 6 8
0 . 1 5 7

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

0 .  4 0 8
0 . 0 5 2
0 .  060

r ,  4 2 4
1 .  3 1 8
1 .  0 5 5
r .  525

0 . 5 7 3
1 .  4 0 5
1 .  3 6 5

1 .  9 4 8
L , 9  4 2
r  . 6 2 4
1 . 8 7 1

r , 5 9 2
1 .  9 4 8
L . 9 4 0

0 . 4 9 9
0  . 620
0 .  2 0 0
0 .  s 6 5

0 . 6 7 r
0 .  6 5 1
0 . 5 7 0

Struc tura l  fo rmulas  were  ca lcu la ted  on  the  bas is  o f  7  (b lo )  and 6  (mus)  te t rahedra l  +  oc tahedra l  ca t ions ,

composition in biotite. Inherent in such a construc-
tion and in subsequent applications is the assumption
that all activity coefficients for both octahedral and
(F,OH) sites in muscovite and biotite are unity, and
that the effect of minor substitutions in both musco-
vite and biotite can be ignored. If equil ibrium con-
stants are calculated for natural coexisting musco-
vite-biotite pairs, then all such pairs whose
compositions reflect F = OH exchange equil ibrium
should plot within the shaded area on Figure 3.
Conversely, gross departures from the shaded area
are a persuasive argument against intercrystall ine
equil ibrium. Thus, we refer to the graph in Figure 3
as an "equi l ibrometer . "

In order to plot coexisting micas on the equil i-
brometer, it is necessary to know both F and OH
occupancies for muscovite and biotite and the com-
position of the octahedral layer of the biotite. Unfor-
tunately, there is no unique method of proceeding
from chemical analyses to ion occupancies; the
method that we believe is most satisfactory is based
on the assumption of full octahedral occupancy in
biotite and muscovite (Ludington and Munoz,1975).

In testing natural assemblages by this method, it is
imperative to transfer analytical uncertainties
through to the calculation of log K. Typically, an
uncertainty of +10 percent (relative) in fluorine and
hydroxyl occupancies translates to approximately 0.2
log units of uncertainty in log K. However, when the
absolute amount of f luorine in the mica approaches
small values (less than 0.5 weight percent), the rela-
tive error wil l commonly be significantly larger.

Postcrystall ization leaching of f luorine from micas
has been suggested to be a common phenomenon
(Carmichael et al. 1974). Figure 3 shows the effect of
preferential f luorine losi by biotite or muscovite; loss

from biotite will lower log K, whereas loss from mus-
covite will have the opposite effect.

Example

Complete published analyses of coexisting biotites
and muscovites are rare. As an example of the use of
the equilibrometer, we have chosen a set of analyses
given by Miiller (1966) for micas from a series of
biotite-muscovite granites. The equilibrium con-
stants and the data from which they were calculated
are given in Table 2, and illustrated in Figure 4.
When one considers analytical uncertainties, the

or.
1

Xpnc
Fig. 4. Muscovite-biotite pairs from European granites (Miil-

ler ,  1966) p lot ted on the equi l ibrometer.  Error  bars represent *  l0
percent uncertainty in fluorine and hydroxyl site occupancies.

V
Io

o
J

46

++\



308 MUNOZ AND LUDINGTON

micas appear to be in equil ibrium with respect to F=
OH exchange. The result is not unexpected, if the
dynamics of a cooling intrusion are considered. Frac-
tionation of f luorine into the micas is so strong that
an overwhelming proportion of the fluorine in the
system is in the hydrous phases, even during ex-
solution of an aqueous fluid. Without alater influx of
unrelated fluids, no conceivable way exists to trans-
port enough fluorine to generate recognizable dis-
equi l ibr ium.
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