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ABSTRACT
Stability of micas on the siderophyllite-polylithionite join was studied at 2 kbar in
atmosphere controlled by the calcite-fluorite-graphite buffer with.f(Hz) of the nickel-nickel
oxide buffer imposed externally. These micas have an extensive stability field below 550oC.
Siderophyllite reacts to kalsilitefhercynitefcation-deficient
siderophyllite at -570'C,
polylithionite, to sanidine*iithium
metasilicate at -550'C. Mica sid 5 splr s is stable above
800'C and so are cation-deficient iron-rich micas.
Buffered micas are octahedrally disordered (indicated by cell data), while natural micas
are ordered. This is because/(HF) of the bufier is lower than in nature. The shape of the
stability field of bufiered micas is similar to that of natural micas because the most frequent
natural compositions are close to most stabie synthetic compositions.
Cation deficiency was found in iron-rich synthetic micas. In order to become deficient,
the mica extracts silica from the system. This process depends on fugacities of volatiles and
affects negligibly cell dimensions of the rnica. Cation deficiency is expected to augment and
expand to lithium-rich compositions in presence of qttartz and if /(HF) is higher. Fluorine
Iowers the stability of annite, favoring siderophyllite, which agrees with observations from
nature.

INrnooucrroN
The precedingpapers on lithium-iron micas (Rieder et o1,.,1970, l97l;
Rieder, 1968a,1970) dealt with chemical composition,physical properties, and crystallography of natural lithium-iron micas from greisensand
hydrothermal veins in the KruSn6hory Mts. (Czechoslovakia)and Erzgebirge (German Democratic Republic). The conclusionsof this study are
that (i) the chemical variation of natural lithium-iron micas and crystalIography fit best the join siderophyllite-polylithionite; (ii) along this
series,there is an approximately 1: 1 relation between atomic quantities
of lithium and fluorine; (iii) the octahedral sheet of natural lithium-iron
micas contains close to two trivalent cations2and an irregular number of
Li and Fe2+ (plus some Mg and Mnz+) accompanied by vacancies; (iu)
polytypism shows no relation to chemical composition along the series
except for the 120o motif in stacking; (o) natural micas have relatively
small basal spacings and appear to be octahedrally ordered. Synthetic
micas ought to reflect all these features. As the first step, idealized comI Present address: Osbv geologickfch vdd University Karlovy (Institute of Geological
Sciences, Charles University), Albertov 6,Praha 2, Czechoslovakia.
2 Elements in micas are referred to as anions and cations for brevitv: their bondins mav
not be purelv ionic.
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positions along the join K2Fea2+Al2Al4Si4O20(OH,
F)a (siderophl'llite)(polylithionite)
K2Li4AlzSi8Ozo(F,
OH)n
were synthesized and their stabilities studied at 2 kbar in a controlled C-F-H-O atmosphere.Synthesis
experiments were performed also on related and cation-deficient compositions. Cell parameters and refractive indices of synthetic micas were
compared to those of natural micas.
Fr-uonrNn rN MrcAS
The variation of fluorine content in natural lithium-iron micas (little or
no fluorine in siderophyllite, close to F+ in polylithionite), demands that
it be one of the variables in their synthetic counterparts. Besides,it had
been known that fluorine affects seriously the stability of micas; at one
atmosphere, fluoro-phlogopite breaks down at 13450C(van Valkenburg
and Pike, 1952), hydroxy-phlogopite, at 770'C (Yoder and Eugster,
1954). Munoz (1966) easily synthesized fluoro-polylithionite, but failed
to synthesize hydroxy-polylithionite. Siderophyllite that could not be
synthesizedin its hydroxy-form (Rutherford, 1968)could be grown easily
in 100percentyields from a mix with F: OH: 1 : 1 (this paper). The same
pattern holds for lithium-iron micasl with ample fluorine in charge, any
composition along the siderophyllite-polylithionite join could be synthesized; with decreasingfluorine, the synthesis was increasingly difficult or
impossible.
To study stabilities of micas at different fluorine concentrations involves a tedious procedure of analyzing mica and vapor (Noda and
Yamanishi, 1964; Noda and Ushio, 1964).Besides,the stability of ironcontaining micas is a function of oxygen fugacity. It is thus desirable to
control both fluorine ani oxygen. Munoz (1966) devised a schemeof imposing independent hyJrogen and oxygen fugacities on the charge in
an F-H-O atmosphere, which has not been tested yet. Control of oxygen
and fluorine in the atmosphere by a solid fluorine and a solid hydrogen
buffer proved feasibleand yielded data usedin Rieder (1968a,b). Munoz
(1969) rediscoveredthis technique, and Munoz and Eugster' (1969) gave
a detailed account of fluorine buffers and presentedthe calculated fugacities for individual buffers.
In this study, the assemblagenickel-nickel oxide (NNO) was used as
hydrogen buffer, the assemblagecalcite-fluorite-graphite(CFG) as
fluorine buffer. Inasmuch as contamination of the charge with Ca from
the fluorine buffer could not be precluded, the stabilities determined
should not be interpreted in terms of /(H) and/(HF) alone, but rather as
i.e.w. ealciterfluorite, and graphite, with/(H)
stabilitiesof assemblages
imposed externally.
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Expnntltrrtral
Experimen ts were done in standard cold-seal bombs (Tuttle, 1949), p(tota\) was measured with a Heise bourdon gauge. The temperature was controlled by Honeynveil Pyr-OVane controllers equipped with mercury relays and measured with chromel-alumel thermocouples on a Leeds and Northrup potentiometer standardized with a 0'C bath. This system
was periodically calibrated against melting poin ts of NaCI and Zn. The temperature in the
charge lies within*5o C from the temperature measured in awell in the bomb. The reactions studied proved slow enough so that no special quenching technique was needed.
The charge was placed in a crimped Ag tube (0.071"O D ) that together with 20 to 25
mg distilled water and CFG bufier occupied the inside of a sealed Ag-Pd tube (0.118"
O.D.). The NNO buffer, 25 to 30 mg distilled water, and the sealed Ag-Pd tube were placed
inside a sealed Ag tube (0.173"O.D.) (Fig. 1). Synthesis runs were performed in sealed
Ag-Pd or Ag tubes that contained reduced oxide mix and water. In some s)'nthesis runs,
high hydrogen pressure was needed; such runs were performed in sealed Ag-Pd tubes with
benzoic acid as the source of hydrogen.
The micas were synthesized from oxide mires. Mixes containing iron were reduced in a
stream of hydrogen (-a20"C, 1$ hours). The reduction was performed on a stoichiometric
mixture of silica, alumina, and Fe2O3,with u'hich were later combined the other chemicals

s e ol e d A g

s e o l e dA g - P d
c r i m p e dA g

Frc 1 A cutaway slietch of arrangement of capsules used in
experiments with solid fluorine bufier,
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For mixes and bufiers the following chemicals were used: KrSiI'6 (K & K Laboratories);
KHCO: (Fisher Certified Reagent, lot ff79L147); Fe2Or (Fisher Certified Reagent, lot
rt781323,fued,in oxygen at -700'C for two hours); 7-AbO: (prepared by firing AICIa'6HzO
('Baker Analyzed' Reagent, lot fr26373)in air at -1000'C for 30 minutes); SiOe (prepared
by firing of silicic acid ('Baker Analyzed' Reagent, lot #26001) in air at -130O'C for 10
hours); LLCOa (,Baker Anaiyzed' Reagent, Iot fi24361); Ni (Fisher Laboratory chemical,
Iot f783281); NiO (Fisher Certified Reagent, Iot rt792341); FeaO+ (Fisher Laboratorv
Chemical, Ior #710453); CaCO: (Fisher Certified Reagent, loI fi791410); C (specpure
graphite rod by Union Carbide); CaF: (optically clear natural fluorite); C6H4COOH
(Fisher Certified Reagent, Iot 1743732). Care was taken that alumina contain no corundum
and that silica be in a-cristobalite form.
Products of experiments were identified by X-ray powder and standard optical techniques. Unit-cell dimensions were calculated from diffractometel patterns (scan t'min-l)
recordedwithsiliconinternalstandard(itsotakenas5.43062 Aat21"C); thelattice-constant refinement program was used (Burnham, 1962). Theoretical spacings were calculated
from cell data using the program of Jeitschko and Parthdl. single-crystal cell data were
determined with a precession camera calibrated with analytical-grade NaCl and natural
were corrected for shrinkage or expansion' Requar? from Lake Toxaway, N.Y.;films
fractive indices were measured by immersion technique at 22"C in sodium light on an
Abb6 refractometer.
Dnscnrpuou

oF SYNTHETTc PHASES

Annite was synthesizedfrom OH and F2(OH)2mixes. Both products are
similar in appearance.Pleochroism is B, ry ) a. The color is dark greenish
gray along p, 7 (somewhat brighter in fluorine-bearing annite) and yel
low to light brown along o. Refractive indicesg,'v oI the OH-annite lie
between 1.692 and 1.703,which agreeswith data of Wones (1963).Only
index of refraction ,? could be measured for the fluorine-buffered annite,
and it is 1.654 (10). Annite equilibrated with the CFG/NNO buffer has
simrlar colors to OH-annite. X-ray patterns of all annites are analogous
to that given by Eugster and Wones (1962). CeII data of annites are discussedbelow (Table 1).
join. None of these micas could
Micas ott,the sid,erophyllite-potyti,thionite
The starting micas were grown
good
yields
from.
mixes.
OH
grown
in
be
from Fz(OH)z mixes except for polylithionite, which had to be grown
from an Fa mix. Fluorine content in the mix affects both color and grain
size of the resulting mica: OH-zinnwaldite (poor yields) is very f-ne
grained (-0.002 mm) and its color is bluish green; Fr(OH)2-zinnwaldite
mix yields 100 percent mica of green to light olive (B, 7) and light yellow
(a) color whosegrain sizeis considerablybigger; mica grown from the Fl
mix forms six-sided plates up to -0.2 mm in size and its color is light
1 A Fortran IV program for the intensity calculation of powder patterns, University of
Pennsylvania, Philadelphia, Pa.. 1966.
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Starting
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OH
OH
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1. UNrr-Car,r- DrlmNsroNs oF ANNTTEBulrrnBn
CFG/NNO Burr,rn m 2 kbar eNr Z:560oC

Buffering
T,"C
by CFG,/
(measured) NNO time,
hours

(647i-6s0)
s6s-575
ss6,564

x
a' h

b,L

wrrrr rlrE

d(ool),A

8,"

0
(4)
s 3e4(2) e.348(3) 10.147(4) 100.03
s7s
s . 3 9 1( 3 ) 9 . 3 M ( 4 ) 1 0 . 1 4(35 ) 100.0s
(4)
621+ 5.392(3) 9.346(4) r0 r47(4) 100.04
(4)

F:(oH)s
('557)
F,(OE), 572+-5762
F,(OH), 56oi-563t
F,(OH), s69+-575?
Fr(OH), 552568t

0
306
360
604i
869

s . 3 8 e( 3 )
s . 3 9 4( 1 )
s . 3 8 4( 3 )
s . 3 9 2( 1 )
s . 3 9 1( 2 )

9 . 3 4 4( s )
9 . 3 4 r( 2 )
9 . 3 3 2( 4 )
9.338(2)
9 . 3 3 3( 3 )

F,(OH),b
Fr(OH),b
Fu(OH)zb
Fr(OH)rb

o
60
r33i
2oo

s . 3 8 8( 3 )
s.386(3)
5.383(2)
s.382(2)

(5) 10011(3)
e . 3 2 s( 3 ) 10.091
(4)
L328 (s) ro.rM(4) 100.04
(4) 10002(3)
e.336(3) 10.138
(4) 100.03
(3)
9.330(3) 10.137

(555+-564+)
561-562+
559 561
567i-569+

1 0 . 0 7(14 ) 1 0 0 . 1(44 )
r0 r47(3) 100.06(2)
(4) 100.03
(4)
10.13s
1 0 . 1 3(73 ) 1 0 0 . 0(62 )
(3)
10 136(4) 100.07

a The starting annite is described in terms of the
starting mix.
b rhis annite had been allow'ed to pre-equilibrate
with the NNo buffer for at least 200
hours at 2 kbar and -560oC.

olive brown (0, f) to grayish yellow (a). At approximately constant
fluorine content, the color of micas varies regularly with composition:
si.duophyllite
along B, 7: dark olive gray to dark greenish gray
along a: light olive brown to yellow

zinnualilite
grayish green to light olive
light yellow to yellow

polyli,thionite
colorless
colorless

All colored micas in the series exhibit pleochroism 0, ^y) o. Refractive
indices pfl of micas equilibrated with the buffer change as follows:
sid6pl6
t.653-62

sidzplr
1.641-53

sidoph
1.625-36

sidspL

sid+pla

r.619-25

| .60249

siftpl5
1.582-90

Iron-rich micas tend to form automorphic crystals and so do micas in
buffered runs equilibrated at high temperatures. This is due partly to
high temperature alone, partly to the increase of /(HF) imposed by the
bufier at high temperature (Munoz arld,Eugster, 1969). Micas whose
composition changedduring the run are finer grained and rarely form sixsided plates. cell dimensionsof micas on the siderophyllite-polylithionite
join are discussedbelow (Table 3).
Sanid.ine.In most assemblagessanidine forms irregular grains -0.01 mm
in size. rn runs of fluoro-polylithionite eomposition sanidine grew as

SYNT II ETI C LIT H I UM -I RON M I CAS
'I'nsrn

2 Snr-pcrno ExpemnnNrs ON THE I{neCrrON Anltrrr=SawrlrNafMlClrnrrrl
*Vepon Ar 2 kbar Aruospsenr CoNtnor.r.nl BY CFG/NNO Burlnn
TOC

Reactantsn

OH-ann
Fz(OH)z-ann
F:(OH)rann
san+mt+ann
san*mt
san+mt

(measured)

56+-572

s77+-s7e+
s72+
s76i
57l-577lt

558+-s66
ss1+-s67

Time,
hours

1200

63e+
306
909*
1lra3
rrlL4
11ra3
tLt L4

Products
ann+san+mt
san+mt
ann
san-|mt
san+mt+ann
san+mt+ann

'Prefixes OH - and F:(OH)r refer to composition of the mix from which the mica was
grown.
ann: annite; mt: magnetite; san : sanidine

euhedral crystals up to 1 mm in size that were bounded by forms {010f
{001}, and {110} and elongatedo. Precessionwork done on one crystal
confirmed its monoclinic symmetry (diffraction symbol C* /*) and yielded
a : 8.620(6) A,, : 13.025(6), c : 7.I90 (5), A : 116o15'. Thesecell data fall
in the range for low sanidine as given by Wright & Stewart (1968).
Gloss.Glassappearedabove 740oCin unbuffered runs of fluoro-zinnwaldite composition, above 810oCin runs of fluoro-polylithionite composition.
In buffered runs, glass appears above -750oC. The latter glassis colorless and probably quite low in iron. Neither chemical composition nor
refractive index were determined. This glass coexistswith mica.
Kolsitite. Kalsilite is one of the breakdown products of iron-rich micas
on the siderophyllite-polylithionite join and coexists with mica and
hercynite-magnetite solid solution. It could be observed as fragments or
rare lath-shaped cross sections (both length-fast and length-slow). Refinement of powder data (Iour diffractions) gave a:5.161(7)A and c
:8.73(4), which overlap with values given by Smith and Tuttle (1957).
Because the charge in buffered runs is invariably
Hercynite-magneti.te.
contaminated with graphite, members of hercynite-magnetite series
could be identified from X-ray patterns only. Composition of solid solutions was determined from cell edge according to Turnock and Eugster
(1962). CeIl data for hercynites and magnetites appear in Table 4 and
Figure 5.
Lithium metasilicate.Li2SiOs ought to accompany sanidine formed by
breakdown of polylithionite: K2Li4AlrSi8OzoFa*2HsO---)2KAlSLO8+
2LizSiOB+ HF. Diffractions of lithium metasilicate (Austin, 1947 and'
calculated from data of Donnay & Donnay, 1953), however, were not
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4 Cnr,r, Encn lon MrMeers ol HrncvNrm,-Mecrnrr:rn
Senrcs ConxrsrrNG wrrg
Mrcas oN rrm Srnonoprrvllrrn-Por.vr-rrmoNnn
Jorw .q,r 2 kbar.
AruospnBre CoNrnor,r-nn lv CFG/NNO Bulrun

Run No."

G9
7-r0
7 rr
7-r3

o, A

8 . s 6 1( 7 )
8.230(8)
8.214(6)
8.2s0(16)
&
8.3s1(6)

Run No.

7-r4
8-10
8-11
8-13
8-1s
8-16

a,A

8 . 1 9 9( 3 )
8.2r4(4)
8 . 1 e 8( 3 )
8 . 1 8 6( 2 )
8 . 1 7 5( 6 )
8.226(3)

'The first digit in the run number is the coefficient x in sid*pl3-* and represents the
composition of the starting mica. See also Table 3.

observed on X-ray patterns of the breakdown assemblageeven if it was
depleted in sanidine by hand-picking. A phase similar to lithium metasilicate could be observedoptically in products of runs at -7500C. Munoz
(1966) also observed an inconsistent behavior of this phase and postulated that it is a stable phaseat low/(HF). In the presentexperiments,I
assumelithium metasilicate to be a stable phase.
a-eucryptite. In unbuffered runs with OH-zinnwaldite (?:-750oC)
a-eucryptite crystals coexistedwith leucite and magnetite. Measurements
toTt},
on a two-circle goniometer identif.ed forms ml 10101, oltt2o\,
"{

s { o t t z }, i { t z s s l , p l + t s z l( ? ) ,a n dc I o o o t ]T. h ec : o ( m o r p h ) : 0 . 6 7i s0 5
close to single-crystalX-ray c:a:0.6683. Precessionphotographsshow
extinctions of R*, morphology correspondsto point group 3 (Laue class
3); these identify the space group as R3. The cell dimensions are d
: 13.520(4)A, c : 9.035(a) (o(rh) : 8.367,a : 107"48'), refractive indices
u : 1 . 5 7 7 ( I ) , e: 1 . 5 8 9 ( 1 ) , D ( m e a s ): 2 . 6 7 g m c - 3i s b i g g e r t h a n D ( c a l c )
:2.63,perhaps due to magnetiteinclusions.Afterdeductingfrom the bulk
for
composition of the charge KAISiTOofor leucite and Fe2+Fer.s53+Al6.16Oa
to
the
of
eucryptite
should
be
close
composition
a magnetite solid solution,
in
is
a
phase
a-eucryptite
not
stable
asLio.rzAls.soSit.nOzr(Z:3.045).
semblagesequilibrated with the CFG/NNO buffer at 2kbar.
Li.thium fluorid,e. In a few unbuffered runs at 2 kbar and 810oC,lithium
fluoride was associated with glass. It was identified by X-ray powder
pattern. Lithium fluoride is not a stable phasein assemblagesequilibrated
with CFG/NNO buffer at 2 kbar.
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ExpBnrlrBNrs oN ANNrrn
Experiments were performed at 2 kbar to test the effect of fluorine
control on annite. Annite was synthesized from OH and F2(OH)2 mixes
and exposedto an HF-controlled atmospherefor different periods of time
at about 560oC. The responseof annite to buffering was assessedfrom
d(001), which is considerablydifferent for both starting materials.
The d(001) of F2(OH)2-annite1,which is lower than that of OH-annite,
increasesin about 60 hours of buffering to a value close to d(001) of
OH-annite and does not change further with time. The same holds for
d(001) of Fz(OH)z-annite pre-equilibrated with the NNO buffer. These
experiments demonstrate that the bufier can deplete the charge in fluorine at a high rate. Experiments designedto show that the buffer can supply fluorine failed because d(001) of fluorine-free annite overlaps with
that of Fz(OH)z-annitebuffered with respect to fluorine (Fig. 2). It is,
however, likely that an equilibrium composition was approachedin these
experimentsand that it is closeto OH-annite, as indicated also by optical
similarity between OH and buffered annite. It is interesting that phlogopite extracts fluorine from the gas phase (Munoz and Eugster, 1969).
Data on annite indicate that it differs from phlogopite in this respect.
The reaction of buffered (OH,F)-annite to sanidine*magnetite
fvapor was reversedat -570oC and 2 kbar (Table 2). In absenceof
fluorine and with NNO buffer, the analogousreaction of OH-annite takes
place at -6300 and 2070 bars (Eugster and Wones, 1962). The value of
/(H) for the former reaction at T:570oC can be interpolatedin Munoz
and Eugster's (1969) table as 4.460bar. From the regressionrelation of
logK(OH-annite) on I/T, fo (FIr) at T :570oC can be calculatedas 0.966
X.240 bar (Wonesand Eugster, 1965).The activity of OH-annite in the
(OH,F)-annite at 570oC is then a:f(Hr)/f'(Hz):4.92
(+1.22). Tb,e
fact that the activity is larger than unity is probably due to the metastability of standard state; OH-annite is not stable at the given/(HF) and
1. This activity may reflect also the unknown proportion of oxy-annite
in the synthetic annite to which refer the data of Wones and Eugster

(1e6s).,
I The compositions are given in terms of starting mix.
2 Dr. D. R. Wones of M.I.T. (priv. comm.) suggested two alternate explanations: (i) In
view of the long run times (Table 2), nickel in the NNO bufier may alloy with silver from
the capsules and change thc buffer assemblage to (Ni, Ag)-NiO. (ii) There may be disequiIibrium between the hydrogen bufier and the charge. According to either alternative, the
i" the charge would be lower than calculated for the NNO buffer, lowering thus the
"f(I{r)
apparent reaction temperature. Should the activity be less than or equal to onei a tempef-
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Frc. 2. d(001) of synthetic annite allowed to equilibrate with the CFG/NNO bufier for
difierent periods of time. Solid circles:experiments with Fz(OH)rannite as starting material; open circles:experiments with OH-annite as starting material.

Synthetic annite has not beenanalyzed.A linear interpolation between
d(001) of OH-annite and of F-annite (Shell and lvey, 1969) shows that
the Fr(OH)z mix yields annite with F/(F*OH) between0.34 and 0.46.1
ExpBnrrrBNrs oN STDERoPHYLT,TTEPor-vrrrnroNrrB Mrces
The siderophyllite-polylithionite micas required at least 600 hours to
equilibrate with the fluorine bufler. They were not analyzed, and thus
ature shift of at least 60"C has to be invoked. I have not examined the metal in the NNO
bufier after experiments and have no indication of equilibrium between the hydrogen
bufier and the charge other than a fairiy convincing reversal of the reaction. The problem
remains open and more work on it is needed,
I Shell and Ivey's F-annite was grown at I bar and 800'C and has parameters o:5.310

:9.982,A: l00.r2'(€':95.00").
A, b:9.260,d(001)
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there is no direct evidenceon their contents of F, OH, O, or H3O. It appears safe not to consider calcium as a component in compositions of
mica and most of its reaction products; this may be wrong in melting reactions, as calcium may be appreciably soluble in the melt.
Sid,erophylli,te.
In experiments on siderophyllite composition, siderophylIite (including its cation-deficient variety), kalsilite, hercynite, and vapor
are the phasesobserved.These can be expressedby seven components,
KAlSiO4,SiOz,AI2Oa,p.,11
z,O2,F
2 (Fig. 3). At high temperatures,hercynite
has the compositionFe2+(psr.r3+{lr.r)On,
which can be used as a component; the system can be treated in terms of six components.
Up to -5600, fluorine-containing siderophytlitel is the only solid phase
stable i.e.w. the CFG/NNO buffer (Fig. a). Above 560oC,siderophyltite
is accompanied by hercynite and kalsilite, whose proportion relative to
siderophyllite increaseswith temperature (Fig. 5f). Having no analytical
data on the siderophyllite coexisting with kalsilite and hercynite, I propose the following model for this reaction:
8KrFe?+Al,,Al+siaouo(oH,
F)+ -F (0.0, 4.61)o,
--->
4.7 3KtunF.SlrAlr.ruAlr.srSir
08or0(oH,F)+ * gKAlSioa
i

1 0 . 6 7 F e ' + ( r ' , e ' o l r u , . u )i O +
6 . 5 5 ( H r ,F r ) f

(1.94,0.0)Or.'

This equation is tentative for several reasons: (i) It would have to be
rewritten for different temperatures to account for the temperature-dependent proportions of hercynite, kalsilite, and mica. (ii) Composition of
the spinel is hczr,mtzronly at about 7900C (Fig. 5e), which is not true at
other temperatures; then the compositions of reacting phases define a
solid or a tilted plane in the tetrahedron of Figure 3. (iii) Total trivalent
iron in the charge should increasewith/(O, imposed by the NNO buffer,
and thus some iron in siderophyllite may be trivalent. (iv) Interlayer
vacancies may be filled with hydronium, and the charge balanced (as in
case of Fe3+) by more octahedral vacancies or by oxygen replacing

(oH,F).
The equation shows the feasibility of appearanceof kalsilite and spinel
compensatedby absorption of silica by the mica. Even though there may
be some silica in the vapor phase, the cation-deficient siderophyllite is
Iikely the most efficient silica-extractor. This is indirectly supported by
the fact that no additional silicate phaseswere observedin the charoe or
I All reactions take place in the presence of gas.
2 Hydrogen and oxygen would react to \,\rater; the equation was written
so as to apply
to both hydroxy- and fluoro-siderophyllite.
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mt,hm.w,l

vapor.
Frc. 3. Compositions of phases in the system, KAlSiO4-SiOr-AhOrFe-(F-H-O)
alm:almandine;
Point A represents composition Kr.sgFea382+AI2.r6Al2.e2sis
osO20(OH,F)n.
en
and:andalusite; ann:annite; cham:chamosite; co:corundum; cr:cronstedtitel
:enstatite; fa:fayalite;
Fe-cI:iron-chloritoid; Fe-cor:iron-cordierite; gr:greenalite;
hc: hercynite; hm: hematite; i: iron: ks: kalsilite; ky: pvanite; ic: Ieucite; ms: muscoq:quartzl
mu:mullite;
vite; mt:magnetite;
san:sanidine; sid:siderophyllite; si1
: sillimanite ; st : staurolite ; top : topaz ; w : wiistite.

the fluorine buffer of sidgplsand sidzplr runs (except for 8-16; seebelow)
and that most natural lithium-iron micas, the iron-rich onesin particular,
are cation-deficient(Rieder, et aL, 1970).According to Figure 3, composition A (the product mica in the above equation) can react to sanidine
*hczomtzrl. If richer in silica than A, the mica can react with kalsilite to
sanidine*hczsmtzs.In the X-ray pattern of products of run 8-16 (804809oC), three weak difiractions correspond to three strongest sanidine
Iines. Combined with the decline of kalsilite and increaseof spinel in 8-16
(Fig. 5f), it indicates that this mica, indeed, reachedan advanced stagge
of
and
The
spinel.
cation deficiency and reacted with kalsilite to sanidine
above evidence,although indirect, supports thus correctnessof the model
reaction.
It is interesting that the mica's tendency to create vacanciesand thus
I Qomposition
A qanreactalsoto muscovite*ironoridc,
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Frc. 4. I-X plot for the siderophyllite-polylithionite
are in equilibrium with calcite-fluorite-graphite, /(H) of the NNO buffer is imposed externally. x is the coefficient in sidrpls-, and represents the first digit in the run number; the
second digit is written next to every experimental point. Inferred boundaries and boundaries not based on reversals are dashed. Assuming that a set of analyses of natural micas
(Rieder el al'., 1970) is a random sample, the estimated probability density function for
their composition,/(A'), is plotted against the ratio A' (bottom of figure). hc:hercynite;
san:saniks:kalsilite; l:liquid; lim:lithium
metasilicate; mi:mica; mt:magnetitel
dine.
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to absorb silica is so strong that the mica coexistswith the silica-undersaturated kalsilite. Silica activity in both phasesbeing identical, such a
mica is equally incompatible with quartz as kalsilite itself . Most natural
assemblagesof lithium-iron micas contain qttaltzl it is not surprising that
these micas are considerably cation-deficient (Rieder, et al., t970)r. The
equation on p. 269 links cation-deficiency of siderophyllite to fugacities
of volatiles: In absenceof fluorine, high/(Hr) and/(O) prevent growth
of cation-deficient micas. Inversely, in the presenceof fluorine, high/(O)
is essentialfor their growth. Along with other factors that complicate the
reaction, this may well account for the irregularity of the number of vacanciesin natural micas. It has not been possible to compare vacancies
in micas from assemblageswith and without quartz (too few without
quartz), and it is too early to compare them in natural and synthetic
micas.
Vacancies in siderophyllite conceivably affect the cell dimensions.
From a good agreement between o and b for cation-deficient natural and
stoichiometric synthetic micas (seenext chapter) one can expect small, if
any, changes of siderophyllite's a and b. This is what is observed (Fig.
5a,b): d(001) could change considerably with vacanciesif ordering of the
structure took place at the same time. The decreaseof d(001) with vacanciesis, however,decidedlysmaller than expected(Fig. 5c). The/(HF)
used is perhaps too low to promote ordering of the octahedral cations (see
below). The lack of sensitivity of cell dimensions to vacancies has two
consequences:(i) From inspection of ceII parameters of a mica one will
likely fail to recognizeits cation-deficiency. (ii) If ceII dimensions of deficient lithian siderophyllite behave like those of siderophyllite, the
position of such a mica on the siderophyllite-polylithionite join can be
estimated from its cell data without much bias.
Polyli.thionite.Polylithionite, sanidine, lithium metasilicate, liquid, and
vapor were observedin experiments on polylithionite composition. These
can be describedby four components,KAISLOs, Li2SiO3,HrO, and HF.
Theoretically, compositions of mica and liquid span across the tetrahedron of Figure 6a, and the compositions of phases can be projected onto
the triangle, sanidine - Iithium metasilicate - vapor (Fig.6b). The system
1 Following the procedure used in that paper, the ratio of octahedrally created octahedral vacancies to those created tetrahedrally in mica A is calculated as 2.0, which is
identical with the values obtained for natural lithium-iron micas. The hypothetical fully
occupied formula calculated from the cation-deficient formula A difiers, however, from the
formula of fuliy occupied siderophyllite. This may be due to simplifying assumptions on
which the calculation of vacancies rests or it may indicate that the vacancy-forming process
in natural micas differs from that in the experimental svstem chosen.

SYNTHETIC LITHIUM

271

IRON MICAS

80
70
60
50
I 340
I280
70
60
50
40

e

o,A

20
to
8 200
90
80

r_-r_-::=
iD

504

IJ

-- - -r--- - -- r- _ _ __r__ _ _
l_ ____ __I_

- - - - - -r- - - --l---a- - - -a-

o

-r-

- -- -- --l-

I

550

600

650

700

750

502
501
tolto
ro roo
ro 090
roo80
9 290
9 2AO
I 270
5 370
5 360
5 350

., t5

doo,,A

b,A
o,A

AOO

Frc. 5. Change of cell dimensions of siderophyllite (a through d) and of members of the
hercynite-magnetite series (e) with temperature. Total pressure is 2 kbar, phases are in
equilibrium with the CFG/NNO buffer. Solid rectangles:bulk composition sid3pl6; blackand-white rectangles:bulk composition sidzpll; open rectangles:bulk composition sid6pli.
Sides of rectangles represent uncertainties in the respective parameters. In runs rvith
sidspl6 composition, the proportion of hercynite and kalsilite increases relative to mica with
temperature (f): I":peak heigbt of 113-of mica; 1':peak height of 110 of kalsilite (ks)
or oI 224 of hercynite (hc).

degenerates to a three-component one, whose invariant point can be
ar'alyzed.If polylithionite reactions are treated in a four-component system, the invariant assemblagesmust contain six phases each. Five have
been observed at constant pressure; there may be a sixth phase in the
system,stable perhapsat another p. This phasemight be another liquid
as postulatedbv Munoz (1966) and supported by Kogarko's (1967) observation that the presenceof fluorine in erperimental systems increases
chancesof liquid immiscibilitv.
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Above -550"C, polylithionite reacts to sanidine*lithium metasilicate.
Melt plus sanidine are stable above -750oC. There is no proof that polylithionite is stable below 550oC.i.e.w. CFG/NNO buffer at 2 kbar: Its
reaction to sanidineflithium metasilicate is very sluggish and was not
reversed. Sanidine is not stable in fluoro-polylithionite system at 2 kbar
(Munoz, 1966) and thus cannot persist metastably from fluorine-rich
starting compositions;it is a stable phase under the presently used
conditions.
Problems of polylithionite reactions are better understood, but not
solved, by analyzing them in anl(HF)-?
plane (Fig. 6c through l).
With increasing temperature at Iow /(HF), plf v should react to san
and later to san{lf v if the chemographyis any of d,e,f in
*lim*v
Figure 6. This chemography cannot, however, explain the reaction pl
*v---+l*v reported by Munoz (1966) at apparently high/(HF)1 such a
caseis compatible with any of g,h,i in Figure 6. Both observationsare
explicable if the chemical compositions of polylithionite and liquid
change from d,e,f, to g,h,i as /(HF) increases.Experiments on bulk
compositionsother than plf v are neededto single out the chemographies
involved.
Cell dimensions of polylithionite that persists metastably at high
temperaturesare very closeto those of the octahedrallyorderedstarting
fluoro-polylithionite (cf . runs 0-9 and 0-8 with 0-6 in Table 3). The slight
increaseof d(001) may indicate entrance of some (OH) into the structure
preceding the mica's decomposition. This difference in layer thickness is
much too small to rank such a mica with other synthetic octahedrally
disordered micas (more discussionbelow). Hence this mica is likely not
equilibrated with the buffer and thus metastable. The same may be true
of polylithionite "stable" in 100 percent yields at low temperatures, but
exceedinglylong run times may be needed to prove this.
Solid.solution sid,erophyll,ite-polylithionite.
Compositions and reactions of
micas in the middle of the siderophyllite-polylithionite join have to be

<K
Fro. 6. Analysis of phase relations in an isobaric section through the phase diagram of
the system, KAlSisOs (san)-LizSiOr(lim)-H:O,2HF(r'). The tetrahedron (a) is projected
onto the san-lim-v plane (b) and the isobaric invariant points analyzed in an./€f-)-Z
plane (c). Nine cases are distinguished according to the compositional relation between
polylithionite (pl) and liquid 11).Phase assemblagesfor the bulk composition polylithionite
(marked with a solid circle) are labeled and the corresponding divariant fields
fvapor
separated by heavy lines.
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treated in an eight-componentsystem, KAlSiO4-SiOz-AlzOs-Fe-LirsioaHr-Oz-Fz.
Under the conditions used, lithium-iron micas have an extensive stabiiity field, particularly below 550oC.Compositionsbetween sid6pl2and
sidsph are stable to temperaturesabove 800'C (Fig.4). Micas rich in
lithium react to mica*sanidine*lithium metasilicateand coexist with
melt at high temperatures.Iron-rich micas react to a cation-deficient
micatkalsilite*hercynitetmagnetite.
The cation-deficient mica is
stable to above 800oC,and its deficiencychangeswith temperature.
At all temperatures studied, siderophyllite is the most cation-deficient
composition as indicated by the intensity of kalsilite and hercynite diffractions. The deficiency decreaseswith increasing lithium and is zero
at the disappearanceof kalsilite and spinel. The curve separating cationdefi.cientmicas (f kalsilite{spinel) from non-deficient ones in Figure 4
does not expressthe composition of cation-deficientmicas, but representsnon-deficientmicasrichest in iron that can exist at a given temperature. This boundary can be positionedby reactionfrom above,but not
from below, unless the reaction goes to completion. Becausethe micas
equilibrated with the fluorine buffer were fine-grained,only broad ranges
of refractive indices could be measured; a possible relation between
cation-deficiency and optical properties could not be determined.
Position of the reaction curve micaf vapor--+mica*sanidine-|lithium
metasilicate*vapor was determinedfrom above and below: In the first
case,micaf vapor were heated to a temperatureat which this mica was
expected not to be stable. The product was a mica richer in iron plus
sanidine, lithium metasilicate,and vapor. To approach the boundarlfrom below, an Fe-mica*polylithionite glass were combined to ,vield
bulk compositionricher in lithium than the mica expectedlystable at the
given temperature, and allowed to react. Becauseof difficuities in preparation of sandineflithium metasilicate, glass of fluoro-polylithionite
compositionwas used as the polylithionite "component." Its content of
fluorine, however, causeddificulties: HF from the glass was apparently
trapped by the mica before it could have been consumedby the buffer.
This mica, like fluoro-polylithionite, is reluctant to lose fluorine within
the run time and retains also a high content of lithium; it is metastable.
The tendency of these micas to extract fluorine from the gas is analogous
to that of phlogopite(Munoz and Eugster,1969).
The reactionmi*v--+mi*lf
v was not reversed.No experimentswere
performed to determine the position of curves correspondingto reactions
mif I*v;.l*v
andsan*l*vSl*v.
Figure 5e showsthat the spinelscoexistingwith mica are progressively
richer in trivalent iron as the bulk composition of the charge gets richer
in lithium and as the temperature increases.Spinels close to the solvus
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may not be one-phaseas indicated in Figure 4 and Table 4; small quantities of the secondspinel can escapeattention. The course of boundaries
separating the two-phase spinel field in Figure 4 may thus be somewhat
incorrect. fn terms of phase rule, the 7-X section of Figure 4 is not quite
satisfactory.
CBrl DruBrvsroNSol SvNrnBrrc Lrruruu-Inow Mrcas aut
TuBrn Rn'rerroN To THosE oF NATURALMrcas
Unit-cell dimensions of synthetic micas were calculated from powder
data for all buffered and several unbuffered micas (Table 3). Calibration
regressioncurves of cell parameters on composition were calculated using
data for buffered micas that gave 100 percent yields. Single-crystal cell
dimensionsof natural micas (Rieder et a1.,1971)were approximated by
regressioncurves (parameters on composition ratio A') and plotted on the
samegrid as the data for synthetic micas.
The agreementbetweenboth is excellentfor o and good for 6 (Fig. 7).
There is a large difference in d(001) (Fig. 8) and, consequently, 7 (not
shown)1.The differencein d(001) is almost 0.1 A. Becauseof its agreement for both synthetic and natural micas, parameter @was used to
determine composition of reacting micas (endpoints of arrows in Figure
4).'
Synthetic micas high in fluorine (not buffered) give d(001) close to
those of natural micas; synthetic micas buffered with respect to fluorine,
which are apparently low in fluorine, have large d(001) due to Iack of
octahedral ordering (Rieder, 1968a). In order to check the possibility of
transforming the ordered form into disordered, a finely ground natural
mica was allowed to equilibrate with the CFG/NNO buffer, but showed
only an insignificant increase of d(001), the same being true of synthetic
fluoro-polylithionite (see above). These observations strongly indicate
that fluorine is involved in octahedral order-disorder phenomena and
that, once bound in the ordered structure, is very reluctant to be released.
Natural (ordered) micas exhibit an approximately l: 1 relation belween
lithium and fluorine. The proper fluorine content is apparently essential
for ordering of its structure. If it is proportional to/(HF) in the gas phase,
1 Bear in mind that the ratio A' of natural micas is not identical with Li/(Lif
Fe) for
some lithium-rich compositions; the difference is biggest for KzLisAl2Fe,+AISizOzo(F,OH)e,
whose A':2/3
and Li/(LifFe):3/a.
This, however, is definitely not the cause of the
discrepancies between data for synthetic and natural micas inasmuch as there are no data
on synthetic micas whose Li/(Lif
Fe) is close to 3/4.
2 Estimation of composition from o using the dashed regression curve in Figure 7 is
statisticallybiasedasaregressionof Li/(LifFe)
ono (andnolof aonLi/(Li*Fe))
should
be used. The error introduced is, however, negiigibly small.
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then at low/(HF), iron-rich micas ought to grow in the ordered form
rather than micas richer in lithium, That this may be so is indicated by a
decline of d(001) of 100percent-yield buffered micas as their composition
approachessiderophyllite (Fig. 8).
Goorocrcar, ApprrcarroN
There are two aspectsof experiments on micas with controlled fluorine:
First, the data prove again that the stability of micas is a function of
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Frc. 7. Cell dimensions a and.b of synthetic siderophyllite-polyiitlionite
micas bufiered
with CFG/NNO at 2 kbar (100/6 yields only). The broken lines (a:.0OO242x2t.0164x
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fluorine content and thus of the/(HF) in gas. Second,data on annite and
micas on the siderophyllite-polylithionite join provide insight into the
behavior of their natural analogs.
The range of /(HF) in environments of natural lithium-iron micas
cannot be estimated quantitatively from the present experiments because natural micas differ substantially from the synthetic ones. Cell

278

MILAN RIED]JR

parameters of synthetic siderophyllite-polylithionite micas indicate
their octahedral disorder and low fluorine content. Inasmuch as natural
micas are high in fluorine and thus octahedrally ordered, it can be merely
concluded that /(HF) in experiments was lower than in natural assemblages.It is probablethat natural micas grew with an orderedstructure'
Had they not, their octahedralcations would likely ignore the site-size
restrictionsof the ordered structure. A solid-stateordering would then
produce unmixed phases(with lithium, iron, aluminr-rm),which have not
beenobserved.
It is impossibleto calculate/(HF) in greisensas these rocks contain
no mineral assemblagethat could buffer the rock with respect to fluorine.
Stemprok (1965) compiled the important minerals in 285 tin-tungstenmolybdenum deposits (listed is just presence,not coexistence)and found
that mica, fluorite, tourmaline, Lopaz, and apatite are the only widespread fluorine-bearing minerals, of which only fluorite has a stoichiometric content of fluorine. Other minerals neededfor buffer assemblages
Iike anorthite, sillimanite, wollastonite, or graphite are unknown from
greisens.The presenceof minerals with variable fluorine contents means
that fluorine in greisens is internally defined, whether imposed by a
"pulse" of hydrothermal fluids (Stemprok, 1965) or a "reservoir."
Despite the differencesbetween experimentsand reality it is interesting
to observethat the most frequent compositions of natural micas coincide
with synthetic compositionsof highest thermal stability (Fig. 4). This
suggeststhat the geometry of the stabilit)'field of the assemblagemica
lquartz at high /(HF) is similar to that observed for synthetic lowfluorine micas.
AIso, the experimental /(HF) ofiers a differentiation between the occurrence of annite on one hand and siderophyllite on the other. The decreaseof stability of fluorine-bufiered annite relative to that of fluorinefree annite explains why annite is not found in fluorine-rich environments. The impossibility of growing fluorine-free siderophyllite when
compared to its relatively high stability in an F-controlled atmosphere
shows that siderophyllite is the iron mica to occur in media high in
fluorine (seealso Marakushev and Perchuk, I97O).
Experiments prove that the mica's tendency to contain cation vacanciesis strong and related to the silica available and the regime of volatiles.
If the mica transforms into a cation-deficient one that coexists with
kalsilite, it is logical to expect micas with more vacanciesin environments
that contain ample silica. It is likely that a wider compositionrange of
deficient micas will be stable in equilibrium with quartz and in micas
grown at high/(HF). Zinnwaldite has been reported to replace qtartz
in greisens(Stemprok, 1960); this relationshipis what one would expect
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if this mica formed more vacanciesin responseto an increaseof /(HF)
andfor T.
Products of experimentsdone are still remote from the corresponding
natural assemblages.
Of the phasesencounteredin experiments(hercynite, kalsilite, Iithium metasilicate,magnetite,mica, sanidine)only mica
and sanidine are known to occur commonly in greisens (Stemprok,
1965). a-eucryptite, LiF, and leucite, which were grown in unbuffered
runs, are unknown or uncommon in greisens.The presenceof quartz in
natural assemblagesdemands that it be present in experiments. This
should, in my opinion, be precededby finding a means of detecting cation
deficiency of the resulting mica. Experimental work must be expanded
to include high /(HF): The assemblageanorthite-fluorite-quartz-topaz,
which is closeto mineral assemblagesof the greisens,is a potential fluorine
buffer and probably imposesa more realistic/(HF) /f (HrO).
AcxNo'wr,oocnnrtrs
I am very indebted to Dr. H. P. Eugster for guidance and advice. Discussions held with
him were of great heip in developing a solid fluorine bufier. He and Dr. G. W. Fisher read
the thesis on rn'hich this paper is based and made many helpful suggestions. Dr. D. R
Wones critically revier,l'ed the manuscript, and his comments resulted in numerous improvements. The research was aided by NSF Grant GP-5064, H. P. Eugster principal investigator, by the Johns Hopkins University, and by the Ostledni (rstav geologickf in
I'raha. All support is gratefully acknowledged.
RrrrnBxces
Ausrrlt, A. E. (1917) X-ray diffraction data for compounds in systems LizO-SiOr and
BaO-SiOr. J Awer. Ceram Soc. 30, 218-220.
BunNn.r.n, C. W. (1962) Lattice constant refinement CornegieInst. Wash. Yeor Book 61,

t32-r35.
DcrNnav, G., eNn J. D. H. DoNsev (1953) Crystal geometry of some alkalisilicates. Amer.
Mi,neral.38,163-17l
Eucsren, H. P., lNn D. R WoNss (1962) Stabilit)' relations of the ferruginous biotite,
annite "I. Peh'ol,ogy3,82-125.
K o c a m o , L . N . ( 1 9 6 7 )O b l a s t r a s s l o e n i y a v r a s p l a v a k h s i s t e m y S i , A l , N a l l O , l ' . D o k L
Ahod.. Nouh SSSR 176,918-920.
Merarusrrnv, A. A , exo L. L. Pnrcsur (1970) On the influence of the acidity and temperature of postmagmatic solutions on the ccmpositions of micas and chlorite. In Z.
Pouba and N. Stemprok (eds.) Problems oJ Hyd,rothermalOre Deposition, Inlernat.
U n i o n G e o I S c i . A . N o . 2 : S c h w e i z e r b a r tS
, tuttgart, p 274 278.
MuNoz, J. L. (1966) Synthesisand Stabi,lity oJ Lepidolites.Ph D. Thesis, The Johns Hopkins University, Baltimore, Md.
(1969) Control of fugacities in fluorine-bearing hydrothermal systems. Cornegie
Inst. Wosh. Vear Book 67, 170-1i5.
ANDH. P. Eucsrnr. (1969) Experimental control of fluorine reactions in hydrothermal svstems. Amer. Minerol. 54r 943-959.
Nooa, T., .'t.rqnM. Usmo (1964) Hydrothermal synthesis of fluorine-hydroxyl-phlogopite;
part two Relationship between the fluorine content, lattice constants, and the condi-

280

MILAN

RIEDER

tions of synthesis of fluorine-hydroxyl-phlogopite. J. Chem. Soc. Iapan, Ind.. Chem.
Sec 67,292-297 ['I'ransl.: Geochem.Intern. t,96-104 (1964)].
AND N. YaunNrsnr (1964) Hldrothermal synthesis of fluorine-hydroxyl-phlogopite;
part one. The conditions of synthesis of fluorine-hydroxyl-phlogopite and the minerals
formed. I Chetn. Soc.Japan, Ind. Chem..Sec 67,289-292 fTransl.: GeochemIntern.
l,90 95 (i964)1.
Rrronn, M. (1968a) Zinnv'aldite: Octahedral ordering in lithium-iron micas. Science 16O,
1338-1340.
(1968b) A Struly oJ Natural and Synthetic Lithium-iron Micas Ph.D. Thesis, The
Johns Hopkins University, Baltimore, Md.
-(1970) Lithium-iron micas from the Kru5n6 hory Mts (Erzgebirge): '-fwins,
epitactic overgrowths, and polytypes. Z. Kristallogr.132,761 184.
M. Hurl, D. KudBnov.(, L. Mruaiix, J. Orntlrepe, AND P. PovoNDnl (1970)
Chemical composition and physicai properties of lithium-iron micas from the Krubn6
hory Mts (Erzgebirge). Part A: Chenrical composition. Contrib. Mineral. Petrol,ogy
27. l3l-158.
A Pfcuov.(, M. Fassov(, E. Faorur<ov.4,.rNo P. ennNV (1971; Chemical composition and physical properties of lithium-iron micas from the Kru5n6 hory Mts
(Erzgebirge). Part B: Cetlparameters and optical data. Mi,neral,.Mog , (in press.)
Rurrrrnrono,
M. J (1968) An Exper'i.mental Study oJ Biotite Phase Equilibria. Ph.D.
Thesis, The Johns Hopkins University, Baltimore, Md.
Snnr.r.,H R,aNoK H. Ivrv(1969)Fluorinemicas.BuJl,.LI.S.Bur.Mines647,l,29l.
Surru, J. V., ,r.NoO. F. Tu:rrr.r (1957) The nepheline-kalsilitesystem: I. X-ray data for the
crystallinephases. Amer. f . Sci. 255, 282-305.
,
Srrurnox, M. (1960) On the genesis of the ore deposit of Cinovec (Zitnwald). Intern.
GeoI Congr. ,21s/ Sess.,16, 43-.53.
(1965) Genelic features of the deposits of tin, tungsten and rnolybdenum formation.
In: M. Stemprok (ed..) Synposium. Proble.ms oJ Postmogmatic Ore Deposition, Czechoslovak Academy of Sciences,Praha,2, 472 481
TunNocr, A. C., eNo H. P. Eucsrne (1962) Fe-Al oxides: Phase relationships below
1 , 0 0 0 " C .J . P e t r o l o g y3 , 5 3 3 - 5 6 5 .
Turrlr, O. F. (1949) 'fwo pressure vesselsfor silicate-water studies. Bul,l,.GeoI Soc.Aruer.
60. t721,1729.
VeN Vrr.rrNnuRc, A , AND R G. Prrr (19.52)Synthesis of mica. "/. Res. lIl.S.1 Not. Bur.
Strand. 48,360-369.
Woxrs, D. R. (1963) Physical properties of synthetic biotites on the toin phlogopiteanniLe. Amer. M i,neral,.48, 1300-732I.
ANDH. P. Eucsrnn (1965) Stabilityof biotite: Experiment, theory, and application.
Amer. M ineyal,. 50, 1228-1272.
Wnrcnr, T. L , eNo D. B. Smwarr (1968) X-ray and optical study of alkali feldspar: I.
Determination of composition a'rd structural state from refined unit-cell parameters
and,2V. Amer. M i,neroI. 53, 38-87.
Yoont, H. S , axo H P. Eucsrnn (1954) Phlogopite synthesisand stability range. Geochi,m.
Cosmoch'im.
Acta 6. 157-185.
Manuscript receited, July 7, 1970; accepted.
Jor publication, October 16, 1970

