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Arsrnacr

Many dioctahedral micas from glaucophane schists and low-grade greenschists are

high in silica, low in alumina and contain several pervent MgO, FeO and FerOr Such

micas, representing solid soiution betrveen muscovite and celadonite, are appropri-

ately referred to as phengites. Seven new chemical analyses of rvhite micas are presented.

Optical and r-ray data have been determined for these and several other analyzed speci-

mens. 2Mr polymorphs ol phengite examined in this study have relatively short interlayer

spacrngs.
The paragenetic reJationship of several layerJattice silicates in blueschist and green-

schist facies rocks is thought to be controlled by the reaction: 8 phengitefchlorite: 5 mus-

covite*3 biotite*7 quartzl4 HzO. The phengitelchlorite assemblage is favored by high

ratios of fluid pressure (=Pnro) to total pressure, and by low temperatures. At constant

pressure, increased temperature causes diminution of the compositional range of white

mica. The phase relations among layer-lattice silicates written above is a multi-variant

function of rock bulk composition as well as physical conditions attending the recrystalli-

zation The reaction may represent the biotite isograd of some pelitic schists.

IxrnopucrroN AND Acr<Nowr-nocMENTS

In the course of a study concerning coexisting minerals in glaucophane
schists and related rocks, it became apparent that most of the associated
white micas have compositions differing significantly from that of normal
muscovite. These micas generally are pale greenish or pinkish in color
due to the presence of essential iron (and magnesium); they are char-
acteristically Al-poor and Si-rich. Such micas, essentially high-sil ica
sericites, are generaily referred to as phengites by most authors, and wil l

be so designated in this note.
Winchell (1927, 1949) recognized two phengite end members,

picrophengite, KMgo 6A11 bsi3 5A.16 60is(OH)2, and ferrophengite,
KFeo r2+Alr sSie rAlo sOr,,(OH)2. More recently Kanehira and Banno
(1960) have defined these micas in terms of four end members:

muscovite, KAizSisAlOlo(OH)z;

ferrimuscovite, KFeo r3+Alr sSisAlOro(OH):

phengite, K(Mg l'e'z+)6 sAlr 5Si3 sAlo aOro(OH)z; and

f erriphengite, K(Mg, Fe'+) 6 ; F-eo s3+AlSi: ;Alo sOro(OH)2.

Schaller (1950) and Foster (1956) discussed chemical compositions of
members of this group and indicated that variation, although incomplete,
is between a tetrasilicic end member (eg., celadonite, KFe2+Fe3+SinOro(OH)r)
and a trisi l icic end member (eg., muscovite). Ferrous iron and magnesirtm
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constitute a diadochic pair (R2+), I ikewise Fe3+ and Al(Ra+;. The general-
ized substitution relations then, are:

2R3+ + KR2+R3+Si4O10(OHz) ++ KR:3+SisR3+Oro(OH), * R'+ f Si;

in other words, a divalent cation+one sil icon are exchanged for two tri-
valent cations. Foster (1956, p. 61) stated: "It must be emphasized that
in this series, proxying of octahedral trivalent ions by bivalent ions is ion-
for-ion with no tendency toward fi l l ing the third unoccupied octahedral
position." Glauconites may be considered as iron-rich members of the
celadonite-muscovite series, but the presence of excess water, exchang-
able cations, and low alkali contents suggest glauconites are more ap-
propriately referred to as hydromicas (e.g., see Sabatier,1949); however,
the same observations apply equally as well to celadonites themselves
(Hendricks and Ross, 1941; Schii l ler and Wohlmann, 1951). Yoder and
Eugster (1955, p. 257) consider glauconites and celadonites as chemically
distinguishable.

Over the past few years, a number of analyses of micas from glauco-
phane schists and related rocks have been performed. These data indicate
a rather widespread occurrence for phengites in the AIps, California
Coast  Ranges,  and Japan (Bearth,1959,  p.278;van der  Plas,  1959,  p.
475 ;  Sw i t ze r ,  1951 ,  p .  63 ;  E rns t , 1963a ,  p .  15 ;  Iwasak i ,  1960 ,  p .570 ;
Kanehira and Banno, 1960; Miyashfto, 1962). Paragonite is not common,
but has been described from an Alpine glaucophane schist terrain
(Harder, 1956, p. 231). Biotite is absent from rocks of the blueschist
(glaucophane schist) metamorphic facies (e .g., see Turner and Verhoogen,
1960, p. 542);in blueschists of appropriate bulk composition phengite

f chlorite apparently take the place of the typical greenschist assemblage
muscovite{biotite. It should be noted, however, that phengites are not
restricted to blueschist facies rocks, inasmuch as they have been reported
from low-grade greenschists (a.g., Lambert, 1959; Foster et a|.,1960).

The discovery of unusually short c-axis lattice dimensions for phengites
from glaucophane schists and associated rocks led the author into further
investigation of these micas.

The manuscript has been crit ically reviewed and materially improved
by A. L. Albee, California Institute of Technologl A. Miyashiro, Uni-
versity of Tokyo, J. L. Rosenfeld, University of California, Los Angeles,
and H. S. Yoder, Jr., Geophysical Laboratory. Chemically analyzed speci-
mens were made available by P. Bearth, University of Basel, F. R. Boyd,
Geophysical Laboratory, M. Iwasaki, Tokusima University, and J. L.
Rosenfeld. The cost of analytical work was defrayed in part by the Re-
search Committee, University of California, Los Angeles, and in part by
the Geological Institute, University of Tokyo. The author expresses ap-
preciation to the above named individuals and institutions for their help.
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Chemical analyses for rnembers of the celadonite-muscovite series are
presented in Table 1. Wherever possible, stably associated minerals are
listed. Modes are not tabuiated because of the unavailabil ity of several

rock specimens; in any case, the significance of this study depends on the

presence or absence of phases and their compositions, not on mineral
proport ions.  Nos.  4,  6,8,9,10,  12 and 13 are new analyses;  the author
wishes to thank J. L. Rosenfeld for permission to publish analysis No. 10,
F. R. Boyd for permission to pubiish analyses Nos. 12 and 13. It is ap-
parent that sil ica, total iron and magnesia contents decline, alumina in-

creases, proceeding from celadonite-glauconils--+phengite->muscovite.
Structural formulas for such complex hydrous sil icates can be determined
uniquely from the chemical anaiyses only if the densities as well as celi

volumes are known accurately. Lacking high accuracy density informa-
tion, structural formulas can be calculated on the basis of one of several

assumptions, e.g.,

(1) on the basis of 12.00 anions, assuming volatile analysis is correct (Of OHf F: 12.00

per formula); (2) on the assumption that the 12-fo1d (alkali) position is filled

([r + Na * Ba f ca + H,o+],l#+ [o + oH + F]p oo : 13.00performula);

(3) on the anhydrous basis of 11 00 oxygens,r assuming 1.0O(HrO+Fr, or assuming that
the volatile analysis is correct if the anion sumtILO+ is greater than 12.00 (O+OH+F
*HsO+> 12.00 per formula).

There appears to be no satisfactory means of deciding among the various
methods of  ca lculat ion.

Structural formulas corresponding to the chemical analyses of Table

1 are presented in Table 2; cation and anion proportions were calculated
on the basis of 11.00 oxygens, and assuming analyzed volati le contents,
HrO*, represent the true values. Ionic proportions were calculated by

this method because it seems reasonable that atl micas have 12.00 anions
per formula. In all but three analyses, smali amounts of hydronium ion

are computed to be located in the alkali position. In analysis No. 3, and to

a negligible extent in analyses Nos. 6 and 9, there is a deficiency of

volati les; therefore these formulas have been adjusted to contain 12.00

anions by calculating cation proportions on the basis of 12.00 (O+OH

f F). Structural formuias of Table 2 indicate that the investigated micas

are dioctahedral and conform closeiy to the substitution relations pro-

posed by Schaller (1950) and Foster (1956).
!-our phengites from low-grade schists and two pegmatite muscovites

were analyzed for BaO. Baria contents are negligible except {or two of the
phengites (1.89 weight per cent in No. 7, and 1.64 weight per cent in No.

1 i.e., the formula for muscovite may be written KAlrSirA!Ou'HiO
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10). Nevertheless, because of the high atomic weight, the ionic propor-
tions of Ba in these micas is minor as indicated in Table 2.

X-Rav Der,q, eNp DBnrvBo Llrrrcp Penauorons

Unit cell parameters for micas of known composition have been pub-
lished for two muscovites (Yoder and Eugster, 1955; Hurlbut, 1956) iron
muscovite (Foster et al.,1960), glauconite (Gruner, 1935) and celadonite
(Zviagin, 1957). In addition, Radoslovich and Norrish (1962) presented
b-axis dimensions for several chemicaliy ana"lyzed celedonites and musco-
vite; Kanehira and Banno (1960) determined the layer repeat for a sam-

'fenr-n 3. 20 Vlr.uns (CuKo) ron Mrc.rs ExeltNnn rN 'l'rrrs Sruov

o

25 590
27 .940
30 008
3 1  . 3 5 7
35 .001
36.194

1 1 1 . 1hkl t 0 t2

114
114
025
1 1 5
202
008

25.5401
27 .9 r7
29.940
31.312
34.958
36.  184

z5 .).5.)
27 .gt}
29 .968
3t  323
34 947
36,  168

2 5 . 5 7 8
27 .941
29.991
31 330
34 990
36.222

2 6 . 5 7 7
27 .928
2 9 . 9 7 3
3 1 . 3 4 0
35 .014
36 209

2 5 . 5 4 5
27 916
29.915
31 285
34.937
39 .019

25 543
27 .905
29 921
3 1 . 3 0 0
35 019
35 .998

1 Specimen numbers correspond to those of Table 1.

ple of chemically analyzed ferriphengite. All micas are of the 2Mr struc-
tural type (Smith and Yoder, 1956) with the exception of the celadonite
and possibly the glauconite.

Chemically analyzed powdered sampies of phengitic and muscovitic
mica for which lattice parameters were unavailabie were investigated em-
ploying a Norelco r-ray diffractometer and CuKa radiation. 20 values for
six reflections were determined using halite (North American Phil l ips Co.
No.5544,  droo:5.63937 Aat  18"  C.)  as an in ternal  s tandard '  f ive com-
plete oscil lations being performed on each sample. Peak locations were
measured to 0.005o 20 and averaged (see Table 3). Cell parameters were
calculated to four decimal places using a least squares treatment pro-
grammed for an IBM 7090 computer (University of California, Los
Angeles, Computing Facil ity) by W. E. Sharp, Department of Geology,
University of California, Los Angeles. Lattice parameters for a sample of
ferriphengite were computed using the above technique and d-spacings
determined by van der  Plas (1959,  p.476) .  Resul ts  are presented in
Table 4. For comparison with the 2Mr micas, the 1M ceiadonite was
tabulated with double the c-axis repeat. The sample of glauconite is pre-
sented as originally determined (2M1) by Gruner (1935); more recent in-
vestigations have suggested that many glauconites are single layer-lattice
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'l'llr,e 4. L.q.rrrcn Pe.uurtrns ron Curlrtc,tlr-v AN.lt.vzoo MnM,Bnns ol trm

Cnrenor.rrrn-Muscovrtr SrntBs

Specimen
number

(corresponds

to those of
Tablel)

I
2
3
+

6
7
8
o

10
1 1
t 2
13
t4
l . )

9 . 0 0
9 0 7
9 004
9.048
9 064
9.023
9 .060
9 045
9.005
9.026
9 .035
9.006
9.000
8 9 9
8 .995

20. 50
20.03
20.221
19.962
19.99r
19.969
19.952
20.0t2
19.954
19 9+0
19 946
20. 048
20 060
20.01
20.o97

A  i n  o

100. 1
95  .0
95.77
9 J .  / J

9 5 . 7 5
95.72
95.72
95 .69
95.71
95.67
95 68
9 5 . 8 1
95 78
96 .0
95 18

20.18
19.95
2 0 . 1 1 8
19.862
19.882
19.869
19.853r
19.913
1 9 . 8 5 5
19.842
19. 848
19 945
19 .958
19 90
20.015

Cell vol.

in A'

945
948
939. 5
934.7
946.3
932 6
935.7
938 6
928.6
930.7
931 .3
933 9
932
932
934.2

b i n A c i n A
c s i n B i n

5 2 0
5  - 2 +
5 .  1 8 7
5.201
5 249
5 . 2 0 2
5.203
5 210
5.  194
5.197
5 . 1 9 3
5 .200
5.  189
5 . 1 8
5 .  1 8 9

1. Zviagin (1957), c axis of 1M celadonite doubled for comparison with 2-layer

specimens; values for the c axis and B are, of course, not comparable with2Mt

micas.
2. Gruner (1935), as originally indexed (ZMr cell).
3. This study from d-values presented by van der Plas (1959).

4. This study.
5. Foster el. al'. (1960).

6-13. This study.
14. Hurlbut (1956).

15. Yoder and Eugster (1955).
l lwasak i  ( 1960 )  ob ta i nedabasa l spac ing  o I  9 .924A(XZ :19 .8484 ) , i ngoodag ree -

ment with results of the present study.

sii icates (e.g., Burst, 1959, p. 484). Several 3T phengites have been de-

scribed by Heinrich and Levinson (1955), but none were encountered in

this study. It is of interest to note that, among the muscovite poly-

morphs, the twoJayer monoclinic modification is the densest (Yoder and
Eugster ,  1955,  p.  248) .

The unit cell dimensions given in Table 4 as well as values determined
by Radoslovich and Norrish (1962) and Kanehira and Banno (1960) are
shown as a function of composition in Fig. 1. Determinations of cell edges
are est imated as accurate to +0.01 A,  B values to *0.1"  and cel l  vo l -

umes to + 2.0 43. Lattice parameters of members of the celadonite-mus-
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covite series are plotted against the ratio AlYr/(total six-fold coordinated
cations) because: (l) tetrahed,rol aluminum does not appear to exert an
efiect on cell dimensions (Radoslovich and Norrish, 1962, p.603), and
(2) the ionic radius of Alvr,0.51 A, is considerably less than those of
octahedrally coordinated Mg, {errous and ferric iron,0.66 }t,0.7+4, and
0.61 A respectively (Green, 1959). Lattice parameters show considerable
scatter, probably because these micas contain differing amounts of Al and
Fet+, MB and Fe2+, as well as many other minor cations such as Ti, Mn,
Li, Ca and Ba; to consider them as members of a binary solid solution
series is admittedly a rather crude approximation. Nevertheless, it is
clear that the phengites, intermediate members of the celadonite-musco-
vite series, display short interlayer repeats and relatively small cell
volumes; with the possible exception of No. 11, Na contents in these
micas are too low to account for the observed lattice parameters by solid
solution with paragonite (Table 2).

The relatively small c sin B distances for phengites are a function of the

"unusual" compositions of these micas. Radoslovich and Norrish (1962,
p. 610) have shown that cell dimensions in the micas are controlled prin-
cipally by compositional variation of the octahedral layers. Replacement
of Alvr by Mg and Fe results in D-axis extension, which in turn causes re-
duced tetrahedral rotation and subsequent decrease in the tetrahedral-
tetrahedral layer gap (smaller c sin B values). The greater inter-layer
distances observed for the iron rich minerals glauconite and celadonite
probably result from the fact that Fe2+ has a considerably larger ionic
radius than Mg, thus yielding a relatively expanded octahedral layer
compared to phengite and muscovite.

Oprrcar- Dare

Optical data for the seven newly analyzed white micas are presented in
Table 5. AIso tabulated for comparison are optical parameters (quoted
from the literature) for the other samples listed in Tables 1 and 2. From
the data of Table 5, phengites appear to have higher indices of refraction
and slightly lower values of 2V than muscovites.

Pnrnorocrc SrcNrlrcaxcB or PnnNcrrns

Biotite and muscovite are commonly associated in higher-grade green-
schists (corresponding to pelitic schists which recrystallized at grades
higher than the biotite isograd), but such compatibility apparently is
prohibited in rocks which have recrystallized under conditions of the
glaucophane schist (:f lseschist) facies and in the lower-grade portion of
the greenschist facies. Phengite is commonly associated with chlorite or
microcline (but not both), albite, quartz, Iawsonite and glaucophane or
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jadeitic pyroxene in glaucophane schists. Phengite-bearing assemblages
described from the Alps generally contain green biotite and if such as-
semblages are stabie, these rocks may represent either (1) conditions
transitional between higher- and lower-grade portions of the greenschist
facies or (2), KrOf MgOf Feo-rich bulk compositions. The apparent in-
compatibil i ty of muscovite and biotite in glaucophane schist and low-
grade greenschist assemblages probably results, not from the lack of
stability of biotite itself, but from the increased compositional, range of

I'asrB 5. Oprrcll Pnopnnrms ol Crmurcar,lv Altar,yzro N{rutens or rnr Cue-

Specimen
number

(corresponds

to those of
'Iable 

1)

1
z

3
n

5
o
7
8
o

10
1 1
1 2
13
t+

1 .573
1 580
1 . 5 6 4

l . J / 1

1 .563
I . J O J

1  . 5 6 1
1 .559
I .5595

1 .609
1 .619.5
1 .599
1.608
1.607
1.600
1 ..590
1 .594
1 598
|  .597
1.5S30

1 6 3
t . 6 t l
1 6230
1 . 6 0 1

1  . 6 1 0
1 .601
1 594

1 .601
1 .600
1 .5991

0'
20'

32-43"
3 1 "
3.5'
J I

36"
28"
33"
33'

4U42"
22"
) J o

46 5'

0 033
o 022

0 . 0 5
0.038
0.043
0 . 0 3 7

0 039
0 038
0 031
0 038
0 040
0.041
0 0396

ooNrrr:-Muscovrrr SBnrrs

1. Malkova (1956).
2. Gruner (1935).
3. van der Plas (1959).
4. This study.
5. Foster, Bryant and Hathaway (1960).
6. This study.

7. Iwasaki (1960).
8-10. This study.

11 Bearth (1939).
12-13. This study.

14. Hurlbut (1956)

dioctahedral, micas. Lambert (1959, p. 560) recognized that, in Moine
Series rocks of the greenschist facies, white micas change from phengitic
to muscovitic compositions with increasing metamorphic grade.

The reaction involving micas of the blueschist and greenschist facies
must be represented in the seven component system, KzO-AIzOa-FezOr
FeO-MgO-SiOr-H2O. Because ferric iron and aluminum constitute a
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diadochic pair (R3+) for the minerals considered, and Fe2+ and Mg like-
wise are mutualiy substitutional (R2+), the reaction may be written more
simoiv in terms of f ive comoonents:

phengite chlorite

(1) 8KRr ;3+Ro;2+Sis ;Ros3+Or(OHr) + R52+R3+SLR3+OIo(OH)i

muscovite biot i te

: 5KRi3+SLR3+O,o(OH): * 3KR,z+g1,Br+Oro(OH)z + 7SiO, f 4HrO.

Van der PIas (1959, p. 538) has presented an analogous equation for rocks
richer in KzO to account for Alpine metamorphism of preexisting biotite-
bearing granitic rocks to phengite gneisses:

phengi te muscovi te
(2) 6KRr;3+Ro s2+SL sRo 53+Or0(OH)z : 3KRz3+SirRa+Oro(OH)z

+ rn,,*si,ill3l,iorrl, + r?fi,tiff, -F 3Sioz + z+2o.
Phase relations are shown diagrammatically in Fig.2. Enlargement of the
compositional range of white mica is thought to be a relatively low-grade
phenomenon because of (1) the efiect of "contaminants" on coupled re-
actions, and (2) the association of phengite with low-temperature and
commonly high-pressure phases.

Compatibil i ty of microcline and chlorite has not been considered in the
construction of Fig. 2. The reaction chlorite+microcline: biotite*white
micaf quartzlwater conceivably may be realized under some conditions
with the chlorite-microcline join replacing that of white mica-biotite,
presumably at very low temperatures. This would of course indicate a
compositional l imit for muscovite-celadonite solid solutions (the data of
-Iable 2 and Fig. 1 indicate that solid solution extends from MsrooCeou at
least as far as MsraCea6). To the author's knowledge, the stable associa-
tion of microcline and chlorite has been reported only by Zen (1960),r but
perhaps could exist unnoticed elsewhere in fine-grained rocks. If so, the
absence of biotite in blueschist facies assemblages would be due to the

I Zen (1960) has described pelitic schist assemblages containing coexistent chlorite

and K-feldspar from west-central Vermont. Values for muscovite layer repeats from this

area suggest compositions close to the KAIrSiaAlOro(OH)z end member (Zen, 196O'

Table 3). The problem of stability of the pair muscovitetbiotite versus microclinef chlo-

rite is indicated by crossing tie lines in Zen's Fig. 5, in which FeO and MgO are regarded

as a single component. Limited substitution of Fe2+ for Mg occurs in minerals of the

pelitic schists fron west-central Vermont, so Zen (1960, Fig. 6) considers FeO and MgO

as independent components; thus the assemblages biotitefmicrolinefmuscovite,

and chlorite*microclinefmuscovite are stable for rocks of different bulk compositions,

but the compatibility of stilpnomelane*microclinetmuscovite appears to prohibit the

biotite+chlodte association. At best, the question of the compatibility of chlorite*K-feld-

spar must be considered as unresolved. Ultimately it may prove necessary to distinguish

as separate components Fe:Oa and AhOr as well as FeO and MgO.
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even greater compositional restriction of biotite to KrOf MgO*FeO-
rich rocks than discussed above.

The il lustration indicates that, under given physical conditions, the
composition of the phengite depends on whether it is associated with
chlorite or microcline, but apparently the difference is small judging
from the chemical analyses (Tables I and2).In this note, oniy reaction
(1) is considered in detail because white mica coexists with chlorite rather
than with microcline in most glaucophane schists and in many low-grade
greenschists. However, the practical identity of reactions (1) and (2) is
obvious from the chemical data, and is so portrayed in Fig. 2. A somewhat
similar diagram has been presented by Yoder (1957, Fig. 12). All as-
semblages are considered as saturated with respect to SiOz and HzO
(with Psr6 = Pr",,r) so the additional phases quartz and fluid may be
present. The reaction is divariant only considering Re+ and R2+ as single
components. Actually there wil l be an unequal partit ion among ferric
iron and aluminum and among ferrous iron and magnesium, not to men-
tion minor elements which have been ignored, so the reaction wil l take
place over a P-T-composition interval. From the observation that the
Iow-temperature, low-entropy, high fluid pressure assemblage is generally
more hydrous than the high-temperature, high-entropy andf or low fluid
pressure assemblage of equivalent bulk composition, phengitef chlorite
constitute the low-temperature, low-entropy, high fluid pressure com-
patibil i ty. In some rocks of basaltic and pelit ic compositioi.rs, the reac-
tion relating these phases probably represents the biotite isograd of classic
metamorphic terrains. Obviously, a number of chemical variables (e.g.,
Fe'+/Mg ratio of the parent rock) as well as Poro, Pro,o,, and T control
the mineral paragenesis.

>->
3

Frc. 2. Schematic isobaric, isothermal sections of a portion of the system KrO-R2O
(AlzO3f FezO)-RO (MgOf FeO) with excess silicafwater (all assemblages may contain
as additional phases quartz and fluid). The partitioning of ferric iron and aiuminum,
ferrous iron and magnesium among coexisting phases cannot be represented on such
a diagram. Abbreviations are: mi:microclinel ms:muscovite; ph:phengite; bi:biotite;
py:pyrophyllite; ch:chlorite; tc:taic. (a) shows typical greenschist assemblages for
rocks of metamorphic grade equivalent to the biotite isograd in pelitic schists (a g , see
Turner and Verhoogen, 1960, p. 534 fi ) (b) illustrates an expansion of the compositional
field of dioctahedral mica through the following reaction running to the I,eJt: 8 phengite
*chlorite:5 muscovite*3 biotite*7 quattz*  H2O. Chemographic relations depicted
at (b) are thought to replace those of (a) at higher values of P11r6 and/or lower tempera-
tures. Presumably celadonite is stabie only in very iron-rich rocks, i e., where bulk com-
positions have high Fe3++Fe2+/R3+f R2+ ratios (not considered).



(o )
KzO.RaOr
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chlori fe

2 R O

mi+ ms +  b i

m s + p y  + c h m s + b i + c h

m i  + p h + b i

m s + p y  + c h

2 R 2 0 3
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Unit cell volumes of the participating condensed phases are l isted in
Table 6. Thermal expansions and compressibilities of all crystalline
phases are of the same order or magnitude, so dAV"o5a" is assumed to be
negligible for the P-T interval considered (Thompson, 1955). If the sys-
tem is considered open with respect to HzO at f ixed equil ibrium pressure

Tasln 6 UNrr CBlr, Vor-ulrss or Vamous MrNnners

Cell Vol. in
i n A  t

Number of
Formula Units
per Unit Cell

Reference

muscovite

biotite

quartz

liquid water
chlorite

phengite

1 1 3
30

1388

Yoder and Eugster (1955);

Hurlbut (1956)

Yoder and Eugster (1954);

Eugster and Wones 1962)

Frondel (1962)

Winchell and Winchell
(1951); Deer eI ol. (1962)

average of 8 samples, this

study

of water, the curve slope relating the assemblages is given by the expres-
s ion:

/ oP"*'t \ AS
( ;- , : _-- (e.g. Yoder, 1952;Thompson, 1955; Greenwood, 1961).
\  o r  / P H O  A v s u l i d s

Under these conditions the reaction as written proceeds to the right with
a slight decrease in volume (- 1.5 + 1.0 per cent). Therefore increment in
total (l i thostatic) pressure at any arbitrary temperature favors the
muscovite+biotite assemblage over phengite+chlorite. Where fluid
pressure ( = P"ro) approximates total pressure, the system may be con-
sidered as closed, even though fluid may pass through the system with
time, and the relation between the assemblages is given by the famiiiar
equat ion:

dPttut

dT AVsotiaslr tu,d

In this case, the volume of water participating in the reaction must be
taken into account, and the reaction as written proceeds ta the right with
a considerable increase in volume (even at temperatures below the
crit ical point of water, AV is about +4.0+ 1.0 per cent). Therefore, high
fluid pressures favor production of phengitic mica and chlorite at the ex-
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pense of muscovite and biotite; the higher the value of P11,i4, the greater
wii l be the compositional extent of solid solution between muscovite and
celadonite.

The relatively high-pressure, Iow-temperature minerals lawsonite,
jadeitic pyroxene, metamorphic aragonite, glaucophane II, and the
assembiages glaucophane*calcium-aluminum sil icate or calcium car-
bonate, and giaucophane*paragonite indicate that temperature was
low, l ithostatic pressure was high during blueschist facies metamorphism
as discussed by Fyfe et al. (7958), Miyashiro and Banno (1958), Coleman
and Lee (1962) and Ernst (1963 a, b) among others. The presence of
phengite (f chlorite) in rocks of this facies suggests the possibil i ty that
flu'id, presswe was also high during the metamorphism.

The reaction discussed in this paper wil l not, of course, take place over
the same P-T interval as others which involve the relatively dense phases
Iawsonite, jadeitic pyroxene and metamorphic aragonite or the coupled
reactions involving glaucophane and calcium-aluminum sil icate, calcium
carbonate or paragonite. The presence of phengitic micas in low-grade
greenschists as well as in blueschists of similar bulk compositions sug-
gests that this reaction may occur under physical conditions involving
slightly Iower pressures and/or higher temperatures than those attending
production of glaucophane schists. It is pertinent to note that, if f luid
( = P"ro) pressure were significantly less than total pressure in blueschist
facies rocks, muscovitef biotite or microcline*chlorite should coexist
with anhydrous phases such as jadeitic pyroxene and aragonite in rocks
of appropriate bulk composition because the solid-solid phase equil ibrium
relations of these latter minerals do not depend on P11,i1. The lack ol
such associations and the presence of phengite may be taken as qualita-
tive indication of high fluid pressure during recrystallization of many
glaucophane schists.
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