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A B S T R A C T  

The principal end ineinbers of the micas believed to be common in sediments have been 
synthesized and some of their stability relations determined. The polymorphs of musco- 
vite and paragonite, the principal dioctahedral end members, obtained were 12r 1 M 
and 2MI, and those of phlogopito and annito, the principal trioctahedral end members, 
1Md and llV[ or 3T. The range of stability of each of the polymorphs could not be fixed 
accurately because of the siow rate of transformation ; however, the transformations 
1Md-~ IM-~ 2N[ I were effeeted for muscovite and paragonite and IM--~ livid or 3T 
and 2M I --> li3/i or 3T for phlogopite. The growlh characteristics of these micas in the 
laboratory are believed to be analogous to the formation of micas in sediments. 

Knowledge of the synthetic micas contributes greatly to an understanding of the 
natural materials called illite, hydromica, and high-silica serieite. The dioetahedral 
members of these materials and related minerals may be delineated accurately in the 
system museovite--Al-eeladonite--pyrophyllite and their iron analogues. The triocta- 
hedraI members of some of the same materials may be outlined in the system phlogopite-- 
eastonite--tale and their iron anMogues. The postulated substitution schemes in these 
systems are mainly MgSi ~ AIVIAIIV, KA1 ~- Si, and HsO ~ K. In materiMs inter- 
mediate between these systems, such as most biotites and vermiculites, the substitution 
of 31Vfg _~ 2AlVI is of major importance. The mixed-layer structures involving micas 
are elucidated. 

I N T R O D U C T I O N  

The micas are among the  most  common rock-forming minerals.  They show 
great  composit ional  var ia t ion  and can form under  a wide range of  physical  
and ehemieal  conditions. D/[embers of  the  mica group are found in all rock 
types - - sed imen ta ry ,  metamorphic ,  and igneous. Because of  their  wide range 
of s tabi l i ty  and variat ions in properties,  the  miens are potent ia l ly  useful 
indicators of the envi ronmenta l  conditions a t  the t ime of  their  format ion 
or reerystall ization.  The synthesis of  micas in the  labora tory  under  controlled 
conditions analogous to those in na ture  was under taken  so tha t  a correlat ion 
of  the  propert ies  of the  micas wi th  envi ronmenta l  conditions could be made. 
The results of the  exper imenta l  studies on the  micas bear on many  petro- 
logical problems, and in par t icular  on the problems of the  clay minerals.  

The exper imenta l  approach to  these problems has several advantages  not  
realized in the s tudy of  na tura l ly  occurring clays. The principal  advantages  
are t h a t  the  bulk composit ion is known, quan t i t a t ive  informat ion  on the 
s tabi l i ty  of  the phases can be ascertained, growth characterist ics can be 
observed a t  various stages, and the physical  propert ies of  the  final products  
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in some cases m'e more  amenable  to  s tudy  t h a n  those of t he  mater ia l s  ob- 
tMned in nature .  Because the  bu lk  composi t ion is known,  the  syn the t ic  
p roduc ts  m a y  be ident if ied b y  m a n y  techniques not  appl icab le  to  na tu r a l  
products  of complex or uMmown composit ion.  The iso la t ion  and ident i -  
f ication of  single phases,  of ten the  pr inc ipa l  p roblem of the  c lay mineralogis t ,  
is t he reby  grea t ly  s implif ied b y  the  exper imenta l  approach.  

I t  is t he  purpose of  th is  synthesis  of recent  s tudies  on micas to  outl ine the  
exper imenta l  me thod  used a t  the  Geophysical  Labora to ry ,  indica te  how some 
of the  results  bear  on c lay minera l  problems,  and  de l inea te  several  i m p o r t a n t  
areas for fu ture  work. The d a t a  on which most  of  the  conclusions are based 
m a y  be found in Yoder  and  Eugs te r  (1954, ]955) and  Smi th  and  Yoder  
(1956). Br ief  synopses of  add i t iona l  work on the  micas b y  the  same invest i -  
ga tors  m a y  be found  in t he  Annua l  l~eports of  the  Di rec tor  of the  Geo- 
phys ica l  Labo ra to ry  (Morey, 1953, pp.  64-69 ; Abelson,  1954, pp.  111-I14 ; 
1955, pp.  124-129 ; 1956, pp.  158-16I ; 1957, in press). I t  is an t i c ipa t ed  t h a t  
deta i led  repor ts  will be for thcoming on the  " S t ab i l i t y  and  occurrence of  
paragoni te  " (Eugster  and  Y o d e l  abstr .  1954), " 1Viuscovite-paragonite join 
and  its use as a geologic t he rmomete r  " (Eugster,  abstr .  1956) and  " Stab i l i t y  
of  i ron-rich biot i tes  and  the  petrological  significance of  r edox  react ions  " 
(Eugster,  abstr .  1.956a, 1957, a n d  in Abelson, 1957). The comments  a a d  
cri t icisms of Drs I t .  P.  Eugster ,  D. 1~[. Foster ,  and  pa r t i cu l a r ly  D. B. S tewar t  
were of  considerable help in the  p repa ra t ion  of t he  present  synthesis .  

M I G A  E N D  M E M B E R S  

The first s tep in the  expe r imen ta l  s tudy  of the  micas,  or any  minera l  group, 
is to  de te rmine  the  pr inc ipa l  end members .  The source of  this  in format ion  is, 
of course, the  publ i shed  analyses  of  t i le  na tu r a l l y  occurr ing micas f rom all  
environments ,  and  knowledge of  the  s t ructure  based on s ingle-crysta l  or 
powder  diffract ion techniques.  Some of the  composi t ions  of  mica invest i-  
ga ted  a r e t i s t e d  wi th  o t h e r  simple end members  of  the  p r inc ipa l  d ioctahedra l ,  
t r ioctahedral ,  and  in t e rmed ia te  micas in Table 1. N a t u r a l  micas close to  the  
composi t ion of anni te ,  eastonite ,  i ron-eastoni te ,  and  Al-ce ladoni te  have  no t  
been found in na tu re  ; y e t  these composi t ions as components  have  been found 
to comprise a large p a r t  of  some na tu ra l  micas and,  therefore,  serve as 
reasonable  end members .  S iderophyl l i te  has been considered as analogous in 
composi t ion to  eas toni te  (see Winchell ,  1925, p. 323) ; however,  those micas 
descr ibed as s iderophyl l i te  appear  to  be more closely re la ted  in  composi t ion 
to  lepidomelane.  The in te rmedia te  end members  1 of  t he  mica  group were 
chosen f rom analyzed  na tu r a l  specimens as l imi t ing  composi t ions  : t h e y  are 

1 The intermediate micas are those e n d  m e m b e r s  which have more than two-thh'ds 
and less than all the octahedral positions filled. I t  is not intended that the term " inter- 
mediate " be used to describe the n a t u r a l  micas having both dloctahedral and trioeta- 
hedral eha.racter in that practieMly ali micas would fall into this group and the com- 
positions of the end members are arbitrary. Ig has yet to be demonstrated ~hat the 
intermediate end members are true eompounds and not just maximum members of a 
discontinuous solid solution series. 
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the  resul t  of a t  least  two types  of solid solut ion (MgSi -+  AlWAl~V; 
2A1 w -+ 3Mg) whose l imi ts  have  no t  been accura te ly  de termined.  

TABLE I .--~RINCIPAL ]~igD I~V~2[~IBEI~S OF TIIE MICA ~-I~OUP 

Dioctahedral 
�9 Viuscovite K AI~ A1Si~ O10(OI~i) 2 
Paragonite Na A12 A1Si~ O10(OH)2 
Margarite Ca A12 A12Si. z O10(OH)2 
Celadonite K MgFe +a Si~ 010(OH ).~ 
Al-celadonito K MgA1 Si 4 O10(OH) 2 

Trioctahedral 
Phlogopite K Mg 3 A1Sia O10(OH) 2 
Annito K Fea AISi  a Olo(OI-I) ~ 
Clintonito Ca Mg 3 A12Si 2 Olo(OH)~ 
Polyli~hionite I( Li2A1 Si~ OloF2 
Easgoni~e K 2 MgaA1 AlaSi 5 O2o(OIt)~ 
Iron-oastonite I~22 Fe~AI AI~Si 5 O2o(OH)4 

Intermediate 
Siderophyllito K Fe+2t.6~Al All.asSi~.67 O~0(OH)~ 
Lepidomelane K Fe+~.~Fo +a All.aaSi~.~ O~(OtI)~ 

I n  general ,  the  na tu ra l  muscovi tes ,  mos t  common of the  dominan t ly  
d ioe tahcdra l  micas,  lie close to  the  join muscovi te - l%-muscovi te -A1-  
ee ladoni te -ee ladoni te  shown in Fig.  1. Beginning wi th  KA12(A1Sia)O10(OH)2 
the  pr inc ipa l  subs t i tu t ion  schemes on this  join are MgSi ~-AlVIA1 Iv and  
F o + a ~  A1 +~. The first scheme leads to high-si l ica sericite (see Sehaller,  
1950), which is bel ieved to  be t he  mos t  i m p o r t a n t  mica in sediments  and  low- 
grade  me tamorph ic  rocks. The  high-si l ica sericites appear  to merge into  t h e  
glaueortitcs wi th  increasing subs t i tu t ion  of lV[gSi ~,~ AlVlA1 Iv. I n  the  glaueon- 
ires the  subs t i tu t ion  of  Fe  +s ~ A1 +~ and F e  +~' ~ Mg+2 become impor t an t ,  
in general ,  i ron increasing f rom the  muscovi tes  to  the  celadonites.  The l a t t e r  
subs t i tu t ions  are of  p a r a m o u n t  impor tance  in  m a n y  sed imen ta ry  and  meta-  
morphic  problems ; however,  for t he  present  synthesis  1rig and  F e  +~ will  be 
considered toge ther  and  occasional ly  i t  will  be convenient  to  combine F e  +3 
and  AI+ 8. The glauconites  consist  in  bulk  composi t ion of a pp rox ima te ly  two- 
thirds  of  t he  eeladonite  components  and  one- th i rd  of the  muscovi te  compo- 
nents  (see Hendr ieks  and  Ross, 1941, p. 708). As will  be seen below, the  value  
one- th i rd  of ten appears  in t he  composi t ion of  o ther  micas and  clays re la ted  
to the  micas.  I t  is the  opinion of  the  wri ter  t h a t  the  glaueoni tes  m a y  have  
some t r ioc tahedra l  cha rac t e r ;  however,  t he  subs t i tu t ion  of 3Mg ,~ 2A1 w,  
for example ,  appears  to  be ve ry  l imited.  I t  is possible t h a t  a d ioc tahedra l  
g laueoni te  m a y  break  down to a t r ioe tahedra l  lepidomelane  and  o ther  pro-  
ducts  th rough  i ron reduct ion  according to a recent  suggestion of  J .  F.  Burs t  
(personal communicat ion,  1957). 

Other  subs t i tu t ions  m a y  lead  to  a high-sil ica series such as found along 
the  museovi te -ce ladon i te  join. One possible subs t i tu t ion  is Si ~ KA1 t rend ing  
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towards montmorillonite. I n  addition, the limited subst i tut ion of LiBSi 
AlVIA1 Iv has been shown to lead to  a high-silica mica, the li thian muscovite 

of  Levinson (1953). Of particular significance in this subst i tut ion is the  fact  
tha t  slightly more than  two-thirds of  the octahedral  sites may  be filled. That  
is to say, the muscovites as a group need not be exactly dioctahedral and may 
have some trioctahedral character. I f  the substi tut ion o f  Li2Si ~,~ AtriA1 IV is 
carried on, two phases develop, a lithian muscovite and a polylithionite. 
Finally, when carried to  completion, the product  is polylithionite, the chief 
lepidolite and a common member  of  the tr ioctahedral micas. I t  is to be noted 

Celodonite K Mg Fe Si4~Ojo (OH) 2 
Al-Geledonite K Mg AI Si 40io (OH) 2 

EO 2-~ 

/ 09, ~ 

Muscovite K AI 2 (Si 3 AI) Olo (OH) 2 TETRAHEDRAL R +5 Pyrophyllite AI 2 Si 4 010 (OH) 2 
Fe-Mussovife K Fe 2 (Si 3 A1) Olo (OH) 2 Fe-Pyrophytlffe Fe 2 Si 40lo (OH)~, 

i~'IC UBE 1 . - -Plo t  of teerahedral ~+s and  octahedI,al g+s  in a t o m  proport ions  of diocta- 
hodral micas and rela~ed minerals  (Yoder and Eugs?ser, 1955, p. 257), 

tha t  the lepidolites are primarily fluoromicas (Stevens, 1938). Polylithionite 
has been synthesized in the laboratory,  but  its hydroxyl  analogue has not.  
At  one t ime the series muscovite-polyli thionite was considered as a continu- 
ous solid solution series ; however, the  x-ray evidence presented by Levinson 
(1953} indicates tha t  a two-phase region exists. To t h e ' b e s t  knowledge of  
the writer there is no t~nown continuous solid solution series between a diocta- 
hedral and a trioctahedral mica. 

Another  impor tant  substi tut ion in muscovite is N a + l ~  - K +1 leading to 
paragonite, a mica t h a t  appears to be common as means of recognition are 
improved. This substi tut ion is not  continuous and a two-phase region of  
muscovite and paragonite solid solutions exists. Other minor substitutions 
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may occur in the muscovite group, such as : CaA1 -> KSi, trending towards 
margarite ; I-IaO-> K (which has yet to be established), trending toward 
the hydrous micas; and Fe+a--~ Fe+2H +1, trending toward the oxymieas 
of low OH content. 

The biotites, the chief trioetahedral micas, lie in a general way on and 
between the joins phlogopiteqepidomelane and phlogopite-iron-eastonite, 
including their respective analogues as shown in Fig. 2. Here the substitution 
schemes are dominantly AlVIAlIV ~ - 1ggSi and 2A1u ~-3Mg, as well as 
Fe +~ @ Mg and Fe+a ,~_ A1. In  the natural biotites, the iron content usually 
increases from phlogopite to lepidomelane and to iron-eastonite. Critical 
information about the conditions of formation of biotite may be obtained, 
therefore, from the relative A1 w and A1TM content as well as the relative Mg 
and Fe +2 content. Gower (1957) has demonstrated a useful x-ray technique 
for estimating the iror~-maguesium ratio in biotite ; however, a rapid method 
for determining the aluminum content and distribution has not as yet been 
developed. 

Lithium enters the trioctahedral structure as in polylithionite, 
KLi~A1Sir ; zinnwaldite, K(LiFe+~A1)(A1Sia)010F2 ; or taeniolite, 
K(1V[g~Li)Si4010F2. In  these micas fluorine principally occupies the OH 
positions where F ~ OH. The substitution of HaO ~ X and !rig @ 2K (see 
Barshad, 1948) have been proposed for the biotites,~ and these in part are 
thought to bring about changes in composition toward the vermiculites, 
which are currently classed with the montmorillonite group. Other minor 
substitution schemes in the trioctahedral micas may take place involving 
such atoms as V, Cr and Mn. 

I t  is clear according to the studies of Foster (1957) that the biotites which 
are dominantly trioctahedral have some dioctahedral character, i t  is to be 
noted that  there are no natural dominantly trioetahedra] micas which result 
solely from the substitution 2A1 vI ~ 3Mg. In  other words, no natural miens 
lie wholly on the join phlogopite-muscovite. The mica mahadevite, which 
was believed to lie on this join, has since been shown to lie near the join 
phlogopite-eastonite (u and Eugster in Morey, 1953, p. 67). 

POLYMORPHISM 

The main features of the fundamental mica structure are well known (see, 
for example, Bragg, 1937, pp. 205 ft.), and several polymorphs have been 
described (Hendricks and Jefferson, 1939; Axelrod and Grimaldi, 1949; 
Amelinekx and I)ekeyser, 1953). Polymorphism occurs because the atomic 
arrangement of the fundamental sub-cell has monocIinie symmetry whereas 
the surface of the sub-ceil has hexagonal or pseudohexagonal symmetry. 
Rotation of the sub-cell by 60 ~ does not affect the packing of the 
surfaces but does affect the position of the sub-cell. The various shifts of 
position resulting from rotation of the sub-cell can be represented by a vector, 
and the different simple ways of stacking the sub-cell can be enumerated 
(Smith and goder, 1956). On the condition that only one angle of rotation 
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FIGURE 2.-Plot of tetrahedral R+3 and octahedral R+3 in atom proportions of dominantly trioctahedral micas and related 
minerals. Compiled mainly from Foster (1957) and Ross and Hendricks (1945). 
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occurs in a given polymorph, six simple regular polymorphs may be con- 
strutted as shown in Fig. 3. The symbols adopted give first the number of 
layers in the repeat unit and second the symmetry : where M is monoclinic ; 
O, orthorhombic ; T, trigonal; and H, hexagonal. Of these 1M, 2M1, 2M 2 

too ~ I M 
o r c io ~ 

/ 

o z o  

Ccm21 

~ 2 M~ 

C2/c  ~ . .  ,- 

o #98~ ,-~ KJ 
9.2~:~0~ c ,v, 2 

C 2/c " ~  

or 

5T  6H 
r 6o~ 

P3,12 . /  . /  P6,2= " 
P3' l f )  / ~  a ~ P 65 2 2 " ~ . ~ _ _ _ _ j ~ >  

FIC~u~E 3.--The six simple regular polymorphs of mica deduced by assuming only one 
angle of rotation occurs in the stacking of sub-cells. The arrows are the interlayer 
staeldng vectors : solid vectors show the layer stacking in one unit cell, and the 
dashed vectors show the layer stacking in the next unit cell. The base of the unit 
cell is shown by thin lines, and the space group and lattice parameters are listed 
by the left side of each diagram (Smith and Yoder, 1956, p. 213). 

and 3T have been found in nature. The 20 and the 6H polymorphs have not 
been observed in either natural or synthetic products. More complex stacking 
of the micas is, of course, possible and those observed include 8Tc (trielinic), 
12M and 18M. In  addition to these regularly stacked micas, there exist in 
nature, particularly in the clays, randomly stacked micas in which the 
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stacking angles occur in random sequence. These have been designated by 
the symbol 1Md. 2 

Of these general structures the biotites prefer 1 NI, but  they are also found 
with 1Md, 2M1, 3T, and the more complex structures. The muscovites are 
most often found as the 2M~ polymorph, less commonly as 1Md and 1M 
and rarely 3T. Lepidolite is usually 2M~ and sometimes is 1M and 3T 
(Levinson, 1953). Glauconite is only known to the writer as 1 Md and 1 M. 
The crystal chemical reasons for these preferences are not well understood 
because of the lack of precise structure determinations. The departure from 
hexagonal character of the (A], Si) sheets which arises from the difference in 
A1-O and Si-O bond lengths is greatly enhanced in the dioctahedral micas 
(the celadonites excluded) because of vacant sites in the octahedral layers. 
As W. F. Bradley (personal communication, 1957) has pointed out, the 
deviations from the ideal structure are expected to be even more pronounced 
in micas such as margarite, CaAlz(A12Si2)Oi0(OH)~ , where the tetrahedral 
layer has equal portions of A1 and Si and the octahedral layer has the maxi- 
mum vacant sites. The resulting distortions are believed to have a great 
influence on the stacking sequence. 

I t  appears, therefore, tha t  the composition of a mica plays a dominant role 
in determining the polymorphic structure. As will be seen below, temperature 
and to a lesser extent pressure also influence the structure. 

S Y N T H E S I S  OF D I O C T A H E D I ~ A L  M I C A S  
Muscovite 

With the knowledge gained from the composition of the natural micas 
and the study of their structures, it was possible to select the common end 
members for synthesis. Since many  of the micas could, be developed from 
the principal dioctahedral mica muscovite or the principal trioctahedral 
mica ph]ogopite, these compositions were the first to be studied in detail. 
The techniques for achieving synthesis have been described in detail by 
Yoder and Eugster (1954, 1955). In  brief, various synthetic and natural 
materials of the requisite composition are held in a pressure vessel and sub- 
jected to a fixed pressure and temperature for various periods of time. The 
products are identified by means of the petrographic and electron micro- 
scopes and x-ray or electron diffraction techniques. 

The region of pressure and temperature in which muscovite was found to 
be stable is given in Fig. 4. The curve represents the maximum stability for 
pure muscovite, which breaks down to sanidine q -co rundum- t -gas .  In  
general, the curves tbr reactions of muscovite with other phases will lie at 
different temperatures and pressures, but will be of similar shape. For ex- 
ample, the reaction curve for muscovite q- quartz ~ sillimanite q- ortho- 

The smM1 le t t e r  " d " was  o r ig ina l ly  t a k e n  from the  word  disordered.  The wr i te r  
prefers to  describe the  s t a c k i n g  of layers as  regula, r or r a n d o m  and  the  d i s t r i bu t ion  of 
ions over  l a t t i ce  si tes in  the  sub-cel l  as ordered or disordered.  No change  in  the symbo l  
is suggested.  

4 
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clase + gas is believed to tie somewhat  below tha t  of pure muscovite .  In  
another  example,  the  react ion curve  of  muscovi te  + elinochlore ~ phlogo- 
pate + cordierite + gas was found to lie a t  much lower pressures and 
temperatures .  Note  tha t  the  react ion curve is dashed in the  low-presstu'e 
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FIGURE 4. Univariant equilibrium curves for the reactions : 
Paragonite ~ albite + eorundmn + 1120 

(Eugster and Yoder, 1954) 
?r @ sanidine + eormldum + I:f20 

(Yoder and Eugster, 1955) 
4 annite + O~ ~- sanidine + 2 magnetite + 3 fayalito + S leueite + 41120 

(]~ugster, 1956a ; and in Abelson, 1957) 
2 phlogopite ~- leucite + 3 forsterite + erthorhombie kalsilite + 21120 

(u and Eugster, 1954) 
These curves represent the upper stability limit of the pure micas indicated. 

The dashed portions of tile curves are obtained by calculation. A pressure of 5000 
bars obtains at a depth of approximately 20 kan (= 12.4 miles). 

region and turns  to lower temperatures .  The  react ion rates are exceptional ly 
slow at  l o w  pressures and the  curve is obta ined by cMeulation (see Yoder  
and Eugster ,  1955, pp. 259-262) using the da ta  obta ined a t  higher pressures. 
By  this  means  i t  was found t h a t  muscovi te  would decompose at  395~ at  
1 a tm water  pressure and at  2,q0~ under  0.015 a rm of water  vapor  
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FIGUR~ 5.--I)hotomicrogcaph of a representative sample of" synthetic muscovite 
(Yoder and Eugster, 1955, fig. 7). 

(To face p. 50) 

https://doi.org/10.1346/CCMN.1957.0060105 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1957.0060105


FIGURE 6.-Electron micrograph of synthetic 1M muscovite taken by 
Max Swerdlow, National Bureau of Standards (Yoder and Eugster, 
1955, fig. 8a). 

• 
• 

" , 
, 

, 

FIGURE 7.-Transmission selected·area diffraction pattern 
of synthetic 1 M muscovite taken by Max Swerdlow, 
National Bureau of Standards (Yoder and Eugster, 1955, 
fig. 8d). 
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pressure, the water vapor pressure at  25~ in an atmosphere 50 percent 
saturated with water. I n  differential thermal analysis the endothermic peak 
marking the decomposition of muscovite under the vapor pressure of water 
in the atmosphere is approximately 750-900~ depending on grain size 
and other factors (Grim and Bradley in Brindley, 1951, p. 147). The dis- 
erepanoy emphasizes the point that  differential thermal analysis is primarily 
a rate process involving non-equilibrium conditions, and the results from 
such studies cannot be used in the construction of equilibrium diagrams. 

A photomicrograph of a representative sample of synthetic muscovite 
obtained from the hydrothermal t reatment  of various mixtures is seen in 
Fig. 5. The optical s tudy of such materi~l is not too informative ; however, 
under the electron microscope the details of the crystals can be seen (Fig. 6). 
The largest crystals are about 1 • 2/~ and about 190A thick. The electron 
diffraction pattern of this particular group of crystals gives spacings in 
accord with those of a natural 1M muscovite. The transmission, sdected- 
area, diffraction pat tern of an isolated aggregate clearly demonstrates the 
hexagonal character of the product (Fig. 7). 

The growth of these crystals may be followed readily by  means of x-ray 
powder diffraction patterns. At the bottom of Fig. 8 is given the pattern of 
the type of material formed in short runs or in runs at  very low temperatures. 
With increasing length of run or at higher temperatures growth proceeds in 
the manner indicated by  the selected patterns arranged consecutively from 
bot tom to top. The growth sequence 1Md--> 1M~21V[ i is believed to 
obtain in the progressive metamorphism of materials of the requisite composi- 
tion in a sediment, initiating perhaps as early as the stage in which diagenesis 
begins. I t  is for this reason that  the writer believes the 2M~ polymorph in 
recent sediments is of detrital origin. I t  was not possible to fix the stability 
ranges of the polymorphs because of the sluggish nature of the transforma- 
tion. The first transformation, 1 Md --> 1M, is probably, but  not necessarily, 
dependent on factors affecting reaction rate. The second transformation, 
1M--> 2M 1, may be expressed by a univgriant curve of equilibrium (i.e. an 
isograd). The structures of these materials were deduced by  comparison with 
micas whose structure had been previously determined by single-crystal 
methods or by indexing powder patterns. In  Fig. 9 it is seen by  comparison 
tha t  the 1M and 2M i muscovites have been produced. The synthesis of the 
3T polymorph was suspected, in one run but could not be substantiated. 

Paragonite 
Closely related to muscovite is the mica paragonite, the sodium analogue. 

I ts  stability curve is given in Fig. 4. Note its close relationship to the break- 
down curve of muscovite. I t  seems to be impossible to distinguish these two 
miehs optically (Seballer and Stevens, 1941, p. 595). When both micas are 
present in 9, reek, the coarser grained mica is usually muscovite (see for 
example, l~osenfeld, 1956). They are, on the other hand, readily identified 
by x-ray powder diffraction patterns (Fig. 10). The 0010 spacing at about 
46 degrees 20 (CuK~.), for example, is quite different in tile two micas and the 
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spacing may be used as a measure of the sodium or potassium content of a 
muscovite or paragonite, respectively. The limits of solid solution have been 
determined in part in the laboratory and the preliminary results are pre- 
sented in Fig. l I .  The sodium content of muscovite in equilibrium with 
another sodium-bearing mineral such as albite has been used as a gee- 
thermometer by Grootemaat and Holland (1955, p. 1569). The investigation 

IO 20 50 40 50 60 70 
Degrees 2e Cu K~ 

FIGurE 8.--l~hotograph of x-ray powder diffraction patterns of synthetic micas (Yoder 
and Eugster, 1955, fig. 10). The 1Md pattern is obtained at low temperatures and 
at high temperatm'es in short runs. With increasing length of run at high tempera- 
tures the growth usually proceeds in the manner indicated by the patterns arranged 
from bot tom to top. This sequence of growth is believed to obtain in the meta- 
morphlsm of materials of the requisite composition in sediments. 

of other mica joins, such as muscovite-polylithionite, may also produce 
equally useful geothermometers. The polymorphs of paragonite which have 
been syathesized include 1Md, 1M and 2M 1. The 2M1 polymorph is found 
in nature, and it has been established as a common rock-forming mineral. 
The occurrence of a 3T polymorph of paragonite was reported by Dietrich 
(1.956) ; however, a comparison of his published spacings with those obtained 
from the synthetic products suggests that his sample has a 1 M structure. 
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M I C A S  A N D  C L A Y S  I ~ E L A T E D  TO M U S C O V I T E  

The 1 M and the 1 Md muscovite shown in Fig. 8 are of particular interest 
to the clay mineralogist. These structures had not been previously recognized 
among 11atura] muscovites. A thorough study of natural  materials indicated 
that  the 1 Md and 1M muscovites were of common occurrence. They are 
found among materials catted illite, serieite, sarospatakite, potash bentonites, 

I0 20 30 40 50 60 70 
Degree~ 20 Cu K oc 

F I G ~  9.--Photograph of x-ray po~vder diffraction patterns of synthetic ~nd natural 
muscovites (Yodor and Eugster, 1955, fig. 9). Note the region 22-32 ~ 20 for corn: 
parative purposes. 

secondary mica, pinite, mariposite, gtauconite, gieseekite, hydromica, 
celadonite and " glimmerartiger Ton." 

In  Fig. 1 is plotted the composition of dioctahedral minerals related to the 
muscovites. Grim (1953) and his colleagues clearly defined illite as a genera] 
term and not as a specific mineral name. l~ecent studies of illite indicate that  
such material usually consists of mixed layers of 1 Md or 1 M muscovite and 
montmorillonite and m a y  contain 2M1 or 3T muscovite as an additional 
phase. The bulk compositions, for example, of these mineral assemblages 
suggest the presence of montmorillonite, which may account for the low 
potash and high water content of many  illites. The existence of these hu l lo  
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compositions should not, however, be cited as evidence of a solid solution 
series between muscovite and montmori]lonite ; the limits of substitution of 
Si ~ KA1 have yet to be demonstrated. I t  is suggested that  illite should be 
used only as a field term as Grim et al. intended, and, after identification 
of the various phases is made in the laboratory, ~he polymorph of the mica 
should be specified and the nature of the mixed-layer mineral and the other 
phases present should be indicated. 

10 20 30 40 50 60 70 

F]rc, u~t:  1 0 . - - P h o t o g r a p h  of x - r a y  powder  d i f f rac t ion  p a t t e r n s  of n a t u r a l  2 M~ muscovi te ,  
a m i x t u r e  of 2M 1 muscov i t e  a nd  2M 1 pa ragon i t e  f rom the  Gasset ts ,  Vermont ,  
schis t ,  and  a n a t u r a l  2M 1 pa ragon i t e  (unpubl i shed  da ta ;  see E u g s t e r  and  Yoder ,  
1954). 

The glaueonites are of special inSerest in that  they lie approximately  
one-third of the way from the celadonites, having a 1 ~L structure, to the 
muscovites, which may also have a l M strueture. The glauconites known to 
the writer have a IMd or a 1M strueture on the basis of x-ray powder 
diffraction patterns, and are dominantly dioetahedrM. The question arises 
whether glaueorfite is a true compound or a mixed-layer structure. Since 
neither muscovite nor eeladonite expands with gIycol~tion, it would not be 
possible to distinguish a random raixed-layer mineral assemblage from a 
true compound on the basis of x-ray powder diffraction patterns. A single- 
crystal study of glaueonite would, of course, resolve this problem and 
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at tempts are now being made to obtain a suitable single crystal for study. 
I t  is interesting to note tha t  other members of the dominantly dioctahedral 
micas and clays and some dominantly trioetaheda'al micas and clays occur 
at  about one-thh'd positions on the principal joins, e.g. montmorillonite, 
nontronite, saponite, siderophyllite and lepidomelane. The reason for this is 
not clear ; however, a detailed study of the bond lengths may indicate that  
these compositions may be accommodated in a unique structural arreongement. 

L _  Fss + C 

715 _ _  I I 

700 

7 
Mass+ Fss * C ~ 

/ \ Pgss + ~ "C 
GO0- \ 

\ 

t.d 500. \ 
Mass + \ Pgss 

~4oo \ 

\ 
T soo \ 

200- 

MUSCOVITE 2'0 40 60 80 P~,RAGONITE 
MOL PER CENT 

FIGURE 1 l.--Proliminary phase diagram for the subsolidus regiml of the join 
muscovite-paragonite (Eugs%er, in Abelson, 1955, p. 125). 

At tent ion is again directed to the high-silica sericites (Fig. I), which lie 
on the same join as the glauconites. They are presumably far more abundant 
than presently recognized. One recent study by Lambert  (unpublished thesis ; 
personal communication from C. E. Tilley, 1957) points up the necessity of 
having some Mg or Fe +2 in addition to high silica in the muscovites of the 
lowest grade metamorphic rocks and presumably in the muscovites in sedi- 
ments as well. According to Lamber t  (Fig. 12) the muscovites change in 
composition from a high-silica sericite to a mica richer in the muscovite 
component with increasing grade of metamorphism. The formation of biotite, 
represented here by eastonite, during metamorphism from the reaction of a 
high-silica sericite and an Mmninous chlorite yields in addition a muscovite 
containing less of the eeladonite component. The pMrs of reactants and 
products are connected schematically by tie lines to illustrate the nature of 
the reaction. The synthesis of the micas along the join museovite-celadonite 
would make a very rewarding study. 
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SYNTHESIS OF TI~IOCTAHEDRAL MICAS 

The exper imenta l  results  on two t r ioe tahedra l  micas will now be presented.  
The m a x i m u m  s tab i l i ty  curve of  phlogopite ,  as well as t h a t  of  i ts  i ron ana-  
logue, anni te ,  is given in Fig. 4 wi th  t he  others  previously  described.  The syn- 
the t ic  crystals  of  phlogopi te  and  ann i t e  are much more amenable  to opt ica l  
s~udy t han  those of synthe t ic  muscovi te  or pa ragon i t e  (Fig. 13). The g rowth  

AI203 + Fe203 - (K20 + Na20) 

/ 
/ ',, \ 

f ~. F" . . . . .  ~ ~Clirlochlore 

J _ _ _ _  . . . . . . . . . .  xo . . . .  ~ v Celadonlfe Phlogopite 
K20+Na20 MOL PER CENT FeO+MgO+TiO 2 

FIG~-~E 12.--Plot  of anMyzed muscovites (on and near  the join muscovite-celadonite and 
their analogues) and hiotites (on and near the join eastonite-phlogopite and their 
analogues). The heavy line~ illustrate schematically the pairs of reactants and 
products in the reaction high-silica sericite @ chlorite ,~ muscovite @ biotite. The 
arrows indicate the direction of change of composition with increasing grade of 
metamorphism.  After Lamber t  (unpublished data,  1957). 

sequence is 1Md ~ 1M or 3T judging from the  x - r a y  powder  diffract ion 
d iagrams given in Fig.  16. Tile reason for the  unce r t a in ty  in the  final product ,  
ind ica ted  as 1 ~  or 3T, is appa ren t  f rom Fig.  15. I n  x - ray  powder  diffract ion 
pa t t e rns  the  1M and  3T po lymorphs  can no t  be dis t inguished.  The 2M 1 
po lymorph  has no t  been synthesized,  and  the  na tu ra l  2M 1 mate r i a l  slowly 
t ransforms to a 1 M or 3T a t  h igh tempera tures .  The s tab i l i ty  range of  the  
po lymorphs  could not  be ascer ta ined  because of the  sluggish na tu re  of  the  
t ransi t ion.  
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FIouaE 13.--Photomicrograph of synthetic phlogopite (Yoder and Eugster, 1954, fig. 3). 

(To face p. 56) 
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C L A Y S  A N D  M I C A S  I ~ E L A T E D  TO 
TI~IO C T A I t E D I ~ A L  M I C A S  

A trioctahedral clay mica has been identified by Walker (1950). I t  appears 
to be a mixed-layer mineral consisting of a 1 Md mica structure and a mont- 
morillonite, judging from the published x-ray powder pattern, the listed 
spacings, and the partial chemical analysis. Such trioetahedral clay micas 
should be more common, particularly among the clays in limestones and 
dolomites, which often yield phlogopite on metamorphism. The 1 Md or 1 M 

SYNTHETIG PHLOGOPITES 

D 

C 

B 

10 20 30 40 50 60 70 
Degrees 28 Cu K r 

FmU~E i4.--Bho~ograph of x- ray  powder diffraction pasterns showing growth charac- 
teristics of synthetic phlogopi~e from low temperatures (A) to high temperatures (D) 
(Yoder and Eugsgor, 1954, p. 174). 

trioctahedral mica may be difficult to recognize in mixtures or mixed-layer 
aggregates including vermiculite, montmorillonite and chlorite. In  Fig. 2 it 
is to be noted that  the vermiculites have the same distribution of octahedral 
and tetrahedral i~ +'~ atoms as the biotites. I t  has long been thought that the 
biotites are the source material for the vermiculites, and Barshad (1948) 
describes vermiculite as a biotite in which ~ has been replaced with HaO 
and Mg. The relationship of the biotites to other dominantly trioctahedral 
minerals may also be delineated in Fig. 2. 

Some experiments have been made on the join phlogopite-muscovite. 
Because of the common occurrence of a biotite and a muscovite, it was pro- 
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dieted that  there was only limited solid solution between the two phases. 
The preliminary experiments yielded some rather surprising results. ]~ased 
solely on shifts of the 060 (60-62 degrees 20 CuK~) spacing in x-ray powder 
diffraction patterns, there was an apparent increase in solid solution with a 
decrease in temperature! Although the products were poorly crystallized, it 
is believed that  the apparent solid solution is the result of mixed layering of 
a 1Md phlogopite and a 1Md muscovite. I t  suggests that some of the poorly 
organized materials such as illite may consist of random mixed layers of 

I0 20 50 40 50 60 "tO 
Degrees 20 (Cu Kcc) 

F m u l ~  15.--1Photograph of x-ray powder diffraction patterns of synthetic, natural 
IM, natural 3T, and natural 2~J[ 1 phlogopites (Yoder and Eugster, 1954, p. 169). 

biotite and muscovite. Careful measurement of the 060 spacing in x-ray 
powder diffraction patterns of natural materials may yield information 
on this problem. 

Only a brief resume of some of the experimental work on the micas has 
been given. I t  is clear that  further experimental studies on the principal 
micas joins will be most rewarding, and it is hoped that some of the clay 
mineralogists will have an opportunity to pursue their mica problems in the 
laboratory. 
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