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CELADONITE: SYNTHESIS' THERMAL STABILITY

AND OCCURRENCEI
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Arsrnlct

celadonite, a blue-green clay mineral with the structure of dioctahedral micas, is wide-

spread in formations of altered volcanic rocks of intermediate to basaltic composition. It

oicurs throughout the zeolite and prehnite,pumpellyite facies but does not occur in the

greenschist facies.
six end members can be used to express the chemical compositions of celadonites; of

these KMgFes+Si+Oro(OH)z is the most important. Glauconite apparently difiers from

celadonite in the amount of Al substituted in the tetrahedral positions. AII celadonites

temperatures. Attempts to synthesize the other celadonite end members have been largely

unsuccessful, except for the Fe2+Fe3+-celadonite.

celadonite in metamorphosed volcanic rocks seems to disappear long before its upper

stability limit is reached. Of several explanations considered, reactions with hydrous aiu-

minum silicates (usually clays, such as montmorillonite) probably account for the lack of

celadonite in greenschist facies rocks. An extended Fp'2o-FCo2 diagram, to indicate a

possible series of reactions through the zeolite facies, seems to suggest that special bulk

compositions are necessary for celadonite to be preserved at higher grades of metamorphism.

INrnooucrroN

Celadonite is a blue-green, earthy to micaceous mineral. It is a com-

mon constituent of altered basic and intermediate volcanic sediments

and lavas. It has a mica lattice and ideally is dioctahedral and tetra-

sil icic, with compositions near K(Mg,Fe'+) (AI,Fe3+)Si4O10(OH)z' AII

celadonites investigated so far are of the 1M type (Yoder and Eugster,

less).
The name "celadonite," derived from the French word, celailon, mean-

ing sea green, was proposed by Glocker (1847) for a soft pale green min-

eral that was found to be a hydrous potassium, magnesium, iron silicate.

In a paper describing the occurrences of celadonite in Scotland, Heddle

(1879) suggested that similar material was earlier described by Delisle

(1783), who named it terral)erd,' i  arLd also by Hofmann (1788)' who used

the name Griinerde.
The similar chemical nature of celadonites and giauconites was recog-

1 Work supported by a grant from the National Science Foundation.
2 Present address: University of California at Santa Barbara, Santa Barbara, California.
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nized early. During a study of the occurrences and chemical and r-rav
characteristics of glauconites and celadonites, Hendricks and Ross (194t.
p. 708) came to the following conclusion:
"As the'll'ell established term 'glauconite' is used for a mineral of characteristic sedimentary
origin whereas the term 'celadonite' is used for a mineral of quite a different occurrence
and paragenesis, it seems best to retain both names."

Recent studies by Coombs (1954), Fiske (1960), and Wise (1961) show
that celadonite is an important mineral in altered volcanic clastic rocks.
It was found to be present in many assemblages of the zeolite facies, but
does not seem to extend to assemblages of the greenschist facies.
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Narunar, Cnr,qooNrms

Chemical composition. From the chemical compositions of celadonites
and glauconites a layered structure was proposed by early workers, but
Gruner (1935) was the first to show that these minerals have the mica
structure. Gruner indexed the reflections of a glauconite r-ray powder
pattern and compared it to that of biotite. The similarity to mica pat-
terns was later verified by Maegdefrau and Hoffman (1937) and by
Hendricks and Ross (1941). Yoder and Eugster (1955) pointed out that a
natural celadonite from Reno, Nevada is of the 1M type, and recent work
on the chemistry of micas by Foster (1960) has shown that some natural
celadonites Iie very close to the ideal tetrasilicic end members.

Figure 1 shows the relationship in crystal chemistry between ideal
celadonite and muscovite. The primary difierence between the two, as
pointed out by Foster (1960), is the origin of the negative layer charge. In
celadonite two of the three octahedral positions are filled with one di-
valent and one trivalent atom. This gives rise to a minus one charge
for the octahedral layer, and this charge is neutralized by the interlayer
cations. The tetrahedral layers are electrically neutral, since all four posi-
tions are occupied by silicon atoms. In the muscovites, which are ideally
trisilicic, one of the four silicon atoms is replaced by aluminum; the tetra-
hedral layers have a minus one charge, which is neutralized by the inter-
Iayer cations. Octahedral sites in muscovites are filled with two trivalent
atoms, which satisfy the anionic valences, and no charge arises from the
octahedral laver.
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Compared with glauconite, few occurrences and analyses of ceiadonites
have been reported. Because celadonite in altered tuffs is finely dis-
seminated, amygdule fillings of lavas are the only occurrence in which
enough material may be found for chemical analysis. The most recent
celadonite analyses have been published by Schilller and Wohlmann
(1951), Bayramgil et al. (1952), Malkova (1956), Lazarenko (1956),
Gogishvil i (1959), and Kardymowicz (1960). These analyses together
with the ten analyses given by Hendricks and Ross (1941) are assembled

CE L  ADON ITE

rn le r loyer  /  )  |  K  + l
co l ton  , ._  

-  
/
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MUSCOVITE

(  )  r K  + l

Frc. 1. Schematic representation of the crystal chemistry of celadonite and muscovite,

to illustrate the origin of the layer charge.

in Table 1. A new analysis (number 15, Table 1) was made by O. von

Knorring, Leeds University, on material from amygdule fillings in the
basal part of a basalt flow1 from southern Washington.

As mentioned by Hendricks and Ross (1941), several of the l iterature
analyses are not reliable because of impurities. The analyses in Table 1

1 This basalt is interbedded with lower Tertiary volcanic clastic rocks and crops out

on Stevenson Ridge near the head waters of Budweiser Creek (sec. 3, T. 3 N., R' 7 E'),

Wind River quadrangle, Washington (Wise, 1961). The host rock contains 6016 plagioclase

phenocrysts and laths, 79/s a:ugite, 616 magnetite, and' t5l6 glass and secondary minerals'

The celadonite occurs as a cavity filling but also replaces plagioclase phenocrysts (Fig. 6).

The refractive indices are: t:1.626, a:1.610, 'y-a:0 016. The density ranges between

2.95 to 3.05.
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Tesln 1. Cnnurcer, Ax,q.r,vsrs ol Cor,e-oowrrr:s wrrrr rrrE Avett-lsI,r Oprrc.q.t-
Pnopnntrss AND X-RAv Dlre (d1oor; ,c,No droeot)

SiOr  55 .61
TiOr
AlzOr 0. 79
FezOs 17 19
FeO 4 02
M g O  7 . 2 6
MnO 0 09
C a O  0 . 2 1
NazO 0 19
KrO 10 03
LirO
H.O+l- - ' -  \  4  R R
Hz't-)

C O r

PrOi

5 4  3 0  5 4 . 7 3

5 0 8  7 5 6
t4  77  13 .44
4 8 2  5 3 0
6 0 5  5 7 6
0 . 0 9
0 8 0  0 0 0
3  . 8 2
4 8 5  7 4 0

5 6 4  6 4 0

52.69 55 30

5 7 9  1 0 9 0
9 . 7 5  6 . 9 5
5 3 7  3 5 4
8 5 4  6 5 6
0 3 1
1  1 6  0 . 4 7
0 3 9  0 0 0
6  2 1  9 . 3 8

1 0 . 4 8  6 . 5 1

5 0  7 0  5 7 . 7 2  5 6 . 4 1

4 . 7 2  0 . 3 3  2 . 1 , 4
15 34  17  05  14  07
2 0 0  3 7 3  5 1 0
9 . 3 2  3 . 8 4  5  9 1
t r  0 0 8  O 2 3
1  3 2  0 . 6 0  0 . 6 0
o 2 9  0 4 2
4 . 4 +  5 . 5 5  8 . 8 3

1 2 . 5 2  1 0 . 7 8  6 . 8 0

53 23

2 . 1 3
20 46
4 . 1 +
5 6 7

7  . 9 5

6 1 8

5 0 6

4 2

3 3
o 4

3 . 1
0 4
8 7

8 3

Tota l  1O0.27 99 .76  9q .1 too 22 100 59 100 69 99.61 100 65 100 10 100.09

Classif.
of Anal.

^v
1  6 1 0
1  . 6 4 1

1 .606
| 634

1 6 0

d oor)

dlooo;

1 8L7I Jl 4L2t 1

SiOr 56 47
TiOr 0 13
Alzor  9 .09
Fe:Oa 12 36
FeO 2 19
MgO 5 98
M n O  0 . 1 2
C a O  1 . 1 3
NazO 0 86
KrO 6 49
LirO
HzO+l
H , o i  

5 r r

COz
PrOs

5 2 . 5 8  5 4 . 3 8
0 . 1 5  0  t 4
6 . 7 7  . 5  4 1

20 01  14  22
3 3 3  3 5 6
6  2 2  6 . 4 0
t r  0 . 2 5
0 9 1  0 4 2
0 0 5  0 0 5
3 3 3  9 2 3

0 1 5

f+. so
O  / J  ) "  . .

[ r .  r o

nd

56.02  49 .85
0 4 3
1 7 . 8 3  4 . 8 3
1 1 4  2 0 3 9
2 . 7 9  2  4 9
5 2 1  t 2 4
0  0 3  4 . 4 0
0 6 8  i 4 5

3 3 4
9 . 1 7  5  8 0

5 0 3  3 6 0
1 5 1  3 2 3

o . t 2

49 05 49 78
0 2 t  0 3 6

1 8 . 1 7  1 6  4 2
6  4 2  9 . 7 4
2  5 6  3 . 7 7

3 . 1 0  4  7 l
1  03  0 .7 .5
0  2 3  0 . 1 5
6 6 2  7 1 2

4 . 5 6  3  0 8
8 9 1  3 6 0

0 2 8

48.  68

19.44
8 .  1 6
5 9 8

4 3 5

7 3 8

3 . 0 0

2  . 5 7

52 53
0 2 5
4 9 7

18 62
4 . 5 8
5  J J

0 0 1
0 . 5 8
0 . 0 0
7  . 9 3

fr r r ' l
I  r  r q i

To ta l  100 14  99 .56  100.64  100 16  100.17 99.96 100 62 99 86 100 36

Classif
of

Anal -

a

1 607
1 640

l  6 1 0
r . 6 3 3  1  5 7 9
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1 620-
1  .624

d,oo4 3  32
dloeoy 1 50

3 . s 2  3 3 4  3 3 1 8
1  5 0 7  1 . 5 1 7  1 . 5 0 9

3 . 3 1 2 3 3 6
1 5 0

Source for analyses:

No
1
2
3
4
J

6
7
8
9

1 0
1 1
t 2

I4
l 5

16
t 7
1 8
1 9

Reference
Wells, 1937 (p. 102)
L e v i , 1 9 1 4
Wells, 1937 (p 102)
Lacro ix ,1916
Koenig, 1916
Heddle, 1879
Maegdefrau and lIofmann, 1937
Scheril lo, 1938
Heddle, 1879
Ileddle, 1879
Bayramgil, el, al., !952
Schii l ler and Wohlmann, 1951
Malkova, 1956
Laarenko, 1956
this paper (analyst: O. von Knorring)
Kardymowica, 1960
Kvalvaser,1953
Smolikowski, 1936
Gogishvil i, 1959

Occurrence
from vesicular basalt

from cavities in basalt

amygdules in basalt
Iavas in Vesuvius
amygdular basalt, pseudomorphs after olivine
cavities in basalt
druses in basalt

veins and vugs in metamorphic rocks
basalt cavities
amygdule fillings in basalt
in tufite
veins in oxykeratophyre

have been classified, according to standards much like those of Hey
(1932). From the analyses of Table 1 structural formulas were calculated
by the method of Hendricks and Ross (1941). Values are given in Table 2.
Foster (1956, 1960) has used the same method extensively for a variety
of micas. In most celadonite analyses only total water is given. Therefore
all calcuiations are based on an assumed content of 12 oxygefi arrd 2

hydrogen atoms per unit cell, that is, a total ol 22 cationic charges. As
pointed out by Eugster and Wones (1962) and by Foster et al. (1963), this
procedure is inaccurate with respect to octahedral occupancy for iron-

rich micas which contain less than two hydrogen atoms per unit cell.

Errors in individuai atomic percentages quoted in the structurai formulas

on Table 2 may be as high as |\ok, since a hydrogen free mica would have
a total of 24 cationic charges. Values of Table 2 nevertheless are useful for
purposes of comparison. Analysis No. 1 represents the only truly tetra-

sii icic celadonite. The average vaiue for Si in the 17 analyses is 3.83. Ex-
cept for Nos. 17 to 19 variations are between 3.73 land 4.00. Octahedral
occupanclr is close Io 2 lor all ceiadonites, with an average value of 2.05.
Interlayer cations number often substantially less than 1.0 and average
at 0.81 with a low value of 0.38 (No. 1a) . This of course is typical also for
glauconites and hydrous micas. Tyler and Bailey (1961) have noticed
what appears to be a systematic relationship between octahedral and
interlaver occupancv for glauconites.
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"Analyses in the literature indicate a well defined trend towards increase in octahedral
cations with decrease in interlayer cations. . . . There is some evidence that for a given
interlayer cation content non-marine celadonites tend to have higher octahedral cation
totals than do marine glauconites. For the few analyses available of celadonites, however,
the scatter of values is too large to enable a definite trend to be plotted."

Tl.vtn 2. Srnucrunal Fonuur-as or CELADoNrrEs, AssuMrNG Oro(OH):

s i  4.00
A l  0 0 7
Fe3+ 0 93
Fe2+ O 24
M g  0 7 8
Ca 0 .02
N a  0 . 0 3
K  0 9 2
H  1 9 i
^  ' IY

A lv r  o .oz
>Oct 2 02
)a lk  0 .97
Ch.T
Ch.Oc -0 96
Ch alk. *0 99
>ch +0.03

3 9 0  3 8 1
0 . 1 8  0  3 7
1  .  1 3  0 . 8 0
o  2 5  0 . 2 r
o  6 2  0 . 7 2

0 2 5
0 . 0 6

0 . 7 4  0  8 4
3  0 2  4 . 1 7
0 . 1 0  0  l 9
0  0 8  0 . 1 8
2 . O 8  |  9 l
o . 7 +  1  1 5

-0  10  -0 .  19
-0  63  -1 .20

+0 74  +1 40

+0 01  +0 01

3 .  8 6  3 . 8 7
o  4 2  0 . 6 3
0  7 9  0 . 7 1
o . 2 9  0  3 1
0 . 6 4  0 . 6 1
0 . 0 6
0 5 3
o 4 4  0 6 7
2 . 6 7  3 . O 2
0 . 1 4  0 .  1 3
0  2 8  0 . 5 0
2 . 0 0  2 . 1 3
1 . 0 3  0 . 6 7

- 0 . 1 4  - 0  1 3
-0  93  -0  53

+ 1 . 0 9  + 0 . 6 7
+0 02 +0 01

3 88  3  88  3  79  4 .27  4 .09
0 . 5 0  0  9 0  0  4 2  0 . 0 3  0 . 1 8
0 . 5 4  0  3 7  0  8 6  0  9 5  0 . 7 7
0  3 3  0 . 2 1  0  1 2  0 . 2 3  0 . 3 1
0 . 9 4  0  6 8  1 . 0 4  0 . 4 2  0 . 6 4
0  0 9  0 . 0 4  0 . 1 1  0 . 0 5  0 . 0 5
0 . 0 6  0 . 0 4  0 . 0 6
0  5 8  0 . 8 4  0  4 2  0 . 5 2  0  8 2
5 . 1 5  3 . 0 4  6  2 4  5  3 2  3 . 2 9
o . 1 2  0 1 2  0 2 1
0 . 3 8  0 . 7 8  0 . 2 1
2 . ' 1 , 9  2 0 4  2 2 3
o . 7 3  0 . 8 8  0 . 5 7

-0 . r2  -o . r2  -o  2 l
- 0 . 7 0  - 0 . 7 7  - 0  4 7

+0 82 +O 92 +0 68
0  + 0 0 3  0

I J 16 1 7t 4t 3t 2l 1

s i  3 . 8 8
A l  O 7 4
Fer+  0 .64
F e 2 '  0 . 1 3
M g  0 6 1
C a  0 0 8
N a  0 .  1 1
K  0 5 7
H  2 . 4 4 +
Alrv o n
Alvr 0.62
>Oct  2 .00
)alk O 76
ch.T  -0  12
Ch Oct .  -0 .  74
Ch alk {0 84
>ch. -o 02

3 . 5 6  3 . 7 8  3 . 7 s
o . 4 2  0  5 7

1 1 1  1 0 1  1 0 7
o  5 2  0  2 8  0 . 2 0
0 . 6 8  0 . 5 7  0 . 6 6
0  3 6  0 . 0 4  0  0 7

0 0 1
o  7 2  0  7 3  0 . 3 0
1 s 3  2 O 7 +  3 1 9

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

-o  22  -O.27
-o  67  -O 17

+0.83  +0 45
- 0 . 0 6  + 0  0 1

3 9 0  3 8 8  3 6 7
0 . 4 6  1  4 5  0 . 4 2
0 . 7 7  0  0 1  1 .  1 3
o . 2 t  o 0 2  0 1 5
0 . 6 8 1  0 . 5 4  0  4 8
0 0 3  0 0 5  0 1 1
0 . 0 1  0  4 8
0 . 8 4  0 . 8 1  0  5 4
2  3 0 +  2  3 2  1 . 7 7
0 . 1 0  0 . 1 2  0 . 3 3
0 . 3 6  1 . 3 3  0 . 0 9
2  0 2  1  9 0  1 . 8 5
0 8 8  0 8 6  1 1 3

-0  10  -o . tz  -0  33
- 0 . 8 3  - 0 . 8 6  - 1  0 8

+0 91 +0 91  +r .24
-o.02 -0 07 -o.17

3 . 6 1  3 . 5 1
1 . 5 8  r . 3 6
0 3 6  0 5 1
0 1 6  0 . 2 2
0  3 4  0 . 5 0
0  0 8  0 . 0 5
0 . 0 3  0  0 2
0  5 3  0 . 7 0
2 . 2 4  1  9 8
0 . 3 9  0 . 4 9
L r 9  0 . 8 7
2 . 0 5  2 . 1 0
0 6 4  0 7 7

- 0 . 3 9  - 0 . 4 9
-0  35  -O 42

+0 72 +0 82
-0 02 -0 09

1 Includes LiuO.

These conclusions are not well borne out by the data of Table2. Figure 2.
a plot of octahedral vs. interlayer occupancy, indicates a trend for the
celadonites very near that for the glauconites of Hendricks and Ross
(1941), Owens and Minard (1960), and Burst (1958).

The data of Table 2 are plotted in Figs. 3 and 4 along with similar data
from published glauconite analyses, calculated in the same wav as the
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E interloyer cotions

Frc. 2. Plot of the total number of cations in octahedral positions vs. the total number

of interlayer cations. celadonite points are represented by open circles (data from Table

2); glauconites, by closed circles (data from l{endricks and Ross (1941), Burst (1958),

and Owens and Minard (1960)).

re€rr6dl+ar)

Frc. 3. Plot of the composition of the octahedral layer of celadonites and glauconites,

using Mg/MgfFe2+ and p"e+/pga+fAl ratios. Celadonite points are open circles, and

glauconites are closed circles. Sources of data are the same as for Fig. 2.

ro37
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celadonites (see, for instance, Owens and Minard, 1960). The composi-
tion of the octahedral layer is shown in Fig. 3. This plot shows that among
the four idealized tetrasilicic end members of celadonite the first is the
most important:

KMgFe3+SrrOro(OH):

KFe2+Fe3+Si4Oro(OH),

KMgAlSirOro(OH)z

Ktr'e'?+AlSirOro(OH)z

End member (3) has been called leucophyll ite, and analysis No. 16 comes
closest to this end member.

In a plot of the compositions of dioctahedral layered sil icates, Yoder
and Eugster (1955, p. 257) indicate that the amount of trivalent atoms in
tetrahedral coordination is a characteristic difference between celadonites
and glauconites. Figure 4 is a similar triangular plot to show the vari-
ations in the number of sil icon atoms in tetrahedral coordination.
Celadonites have 4.0 to 3.70 Si in tetrahedral positions, whereas most of
the glauconites fall between 3.80 and 3.40. In order to account for this
substitution of AI (or Fe3+) for Si in the tetrahedral positions, the com-
positions of most celadonites and all glauconites must be represented by

(1 )

(2)

(3)

(4)

o o

o

ilumbr
o t  S i !

- 5 @

- ! 2 0

-tto

_560

+lo

_a oo

o
lstrosilicic
*o1o"t" oo ao

oclohedrol R'3 o"1o6"6ro1 p+2-

Frc.4. Triangular plot with total tetrahedral l{3+ cations, total octahedral R3+ cations,
and total octahedral R2+ cations at the apices. Celadonite points are open circles; glauco-
nites, closed circles. Substitution of the type MgSi AlAl takes place parallel to the line
joining tetrasilicic celadonite and muscovite. Data sources are the same as for Fig. 2.
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WA\ELEI{GTH N MICRON

Frc. 5 Infra-red absorption spectra for a muscovite (from a pegmatite, San Diego
County, Cal.), glauconite (from Santa Monica Bay, provided by W. L. Pratt), celadonite
and a synthetic celadonite (exp. 80) In acldition to the Si-O absorption bands between 8 p
and 11 p, the O-H band is at 2.81 p The absorption at2 90 p is probably absorbed water in
lhe specimen and KBr disk.

an additional group of end members, those of the series muscovite-
ferrimuscovite:

KAIiAISi:Oro(OH)z (5) and

KFez3+AlSi:Oro(OH)z (6) (see Fig. 17)

Although there were separate fie1ds for celadonite and glauconite (Fig.
4) with some overlap, chemical analyses are necessary in order to dis-
tinguish them on this basis. For example, two of the "secondary glauco-
nites" from an iron-formation in Minnesota (Tyler and Bailey, 1961)
plot within the celadonite field and the third is near the glauconite field,
but not out of that for celadonite. These three micas, then, probably
should be considered celadonites.

Infrared absorpti,on spectra. Tuddenham and Lyon (1959), Lyon and
Tuddenham (1960), Lyon (1963) and Liese (1963) have shown that the
amount of tetrahedral aluminum in phyllosilicates can be qualitatively
determined from infrared absorption analysis. The spectra of diocta-
hedral micas with iess than 0.20 tetrahedral aluminum (Fig. 1) are clearly
different from those micas with more tetrahedral aluminum. Lyon and
Tuddenham (1960) and Lyon (1963) i l lustrate these differences but did
not apply them to the problem of glauconite and celadonite terminology.

Between the wavelengths of 8 p and12 p giauconite and celadonite have
different absorption spectra (Fig. 5), showing that they may have some
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compositional and/or structural differences. Celadonite has absorption
peaks at 9.00 p and 10.24 p,, whereas glauconite has either one peak near
9.80 pr (Lyon,1963), two peaks at 9.30 p and 10.05 p (Fig. 5) or two at
9.4 p, and 10.2 p (Owens and Minard 1960). The single peak at 9.80 p of
glauconites is in the same position as that in the spectra of muscovites.
Absorption peaks in dioctahedral layered silicates between 9 p. and ll p,

are attributed to Si-O bond stretching (Lyon, 1963, p. 29, and Farmer,
1958, p. 834). Muscovite with greater than 0.30 tetrahedral aluminum
has one peak at 9.80 p. However, two peaks occur in this region when the
amount of tetrahedral aluminum approaches zero, such as for chlorites,
lepidoiites, and dioctahedral micas studies by Lyon and Tuddenham.

The spectra of celadonites (Iess than 0.30 tetrahedral aluminum) are
consistent with those of the other layered sil icates with low tetrahedral
aluminum. The glauconite spectra, which appear to be often the same as
those of muscovite, show that the amount of tetrahedral aluminum is
nearer that of muscovite and is distinctly different from that of celadon-
ite. Both celadonite and muscovite can be identified in artificially pre-
pared mixtures. It should be possible to recognize natural mixtures of
celadonite and illite using this technique, although not possible for
glauconite and illite.

Just as the two fields for glauconite and celadonite overlap in Fig. 4, the
absorption spectra for these samples probably wouid show an overlap.
However, it seems unwise to alter the usage of the terms celadonite and
glauconite from the traditional, where the names refer to occurrence
rather than strictly composition. The infrared absorption spectra provide
a means for the distinction without chemical analysis.

The glauconite problem. Radoslovich (1963b, p. 357), in considering the
stable structures of the muscovites, i l l i tes and celadonites, was con-
cerned mainly with the efiects of substitution of aluminum into the octa-
hedral layer. He assumed the existence of a structural discontinuity
between muscovite and celadonite and indicated the limits of the two
structure types. He says that there is a "lower l imit for Alvr required for
the stable muscovite structure" and concludes that glauconites cannot
have the muscovite structure and, therefore, must be represented by
mixed structures. Data presented earlier suggests that the latter part of
this statement may not be true.

The chemical data in Fig. 3 indicate that the chemical composition, as
expressed by Fe3+/Al and Mg/Fe'+ ratios, of the octahedral layers of
celadonites and glauconites is in general the same. The analysis of a mix-
ture of celadonite and illite should have a lower Fe3+/A1 ratio than cela-
donites alone. The chemical differences between celadonites and glauco-
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nite arise from the substitution of aluminum into the tetrahedral layer,
which must be accompanied by the substitution of a trivalent cation for a
divalent one in the octahedral layer, which will not be reflected in the
p.r+/Al ratio. These substitutions are of the type MgSi-2A1, or more spe-
cifically expressed by

(Mg, Fe2+)vrsrv - (Fe3+, Al;vt OUt.

Infrared absorption spectra indicate that all the purified glauconites,
analyzed so far using this method, probably are not mixtures of the two
minerals. Therefore, the writers prefer the view that glauconites have the
same structure as celadonite, but contain more tetrahedral aluminum and
more octahedral R3+ cations.

X-ray ond optical properlies. X-ray powder patterns of natural celadonites
are similar to those of the natural 1M muscovites i l lustrated by Yoder

and Eugster (1955). An indexed powder pattern of the celadonite No. 15
is shown in Fig. 5. Powder data and cell dimensions are given in Tables 3

and 4, respectively. X-ray powder data given by Schiiller and Wohlmann
(1951) and Bayramgil, et oI. (1952) a-re similar with small variations. The
peak with a spacing of about 3.32 A is the third order basal peak,003
(or 006 for 2M polymorphs). The two peaks with spacing of 3.64 A and
3.09 A, can only be indexed on a 1M cell and are ll2 and ll2, respec-

tively.l These peaks are present in all published r-ray powder patterns of

celadonite and in those of other celadonites studieC by the writers. There-
fore, all of these natural celadonites are the 1M polymorph. Peaks char-

acter is t ic  for  2M polymorphs (114 and 114 wi th spacings of  3.50 A and
3.12 h) have never been observed.

Published *-ray powder data for celadonites is far too meager to allow
any variations in dloeo; or dlooa; to be used for composition determinations.
Data available is given in Tables 1 and 3. Variations in dloool have been
related to the Mg:Fe2+ ratios in biotites (Wones, 1958), but a similar re-
Iationship for natural celadonites is not apparent from Table 1. The

amount of tetrahedral aluminum mav also be important, since muscovite
has a droaor o i  1 .500 A.

Refractive indices of natural celadonites range between 1.64 and 1.58'
Hutton and Seelye (1941) were able to show that the refractive indices of
glauconites increase with increasing Fe3+ content. A similar relationship
appears to be true here, especially for celadonites, 1, 3, 15, 16 and 19 in

1 It should be noted here that the B angle defined by the ll2 and ll2 reflections for

celadonites departs from that {or lM muscovite (Table 4) toward the B angle characteristic

of trioctahedral micas, possibly accounted for by an extra thick octahedral layer (Rado-

slovich, 1963a, p 94).
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Tner.n 3. X-Rav Poman Dlra lor CBreooxrrn lRoM TrrE WrNo Rrwn Annl, Wasn
CuKo RanrarroN, Nr Frr,rr'n

d"rtc.hkl

001
020
111
02t
r12
022
003
t12
113
023
130
131
132
040
041
133-
202
005
151
060

9.94
4 . 5 3
4 . 3 6
4  - t 2 3
3 .638
3.3+9
3.3r4
3 . 0 8 1
2.901
2 . 6 7 5
2.605
2.581
2.404
2.265
2.208
2.1s0J)
2 . rzs |
1 .988
1 .665
1 510

9 . 9 7
4 .  5 3
4 . 3 5
4 . 1 4
3 .635
3 .351
3 . 3 1 8 1
3 .087
2 . 9 0  B
2 . 6 7 8
2.604
2 . 5 8 0
2.402
2.264
2.209

2.148

2.092
1 . 6 5  B
1 .509

65

42
37
80
60
70
80
10

70
100
75
18
25

31

l 0
r.)
60

1 The exact location of these two oeaks is difficult to obtain.
B broad peak.
Observed data from diffractometer traces with silicon (o:5.4306 Al as an internal

standard.

Teelp 4 Crr,r, DrlrnxsroNs ol NATURAT CELADoNTTE
(Wn'-n Rrvrn Annl, Wasn )

a :  5 . 2 3  ( 1 . 0 2 )  A
b :  9 .06  (+  . 01 )  A
c : 1 0 . 1 3  ( + . 0 2 )  A
B :100 '55 ' (+10 ' )

CeIl dimensions of lM Muscovite (Yoder and Eugster, 1955)
a :  5 .208
b : 8 . 9 9 5
c :  t0  .275
0:101.  35 '
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Frc. 7. Photomicrograph of celadonite amygdule fillings in a basalt from Washington.
Plane polar ized l ight .90X. Length of  bar is  01mm.

Frc 8. Photomicrograph of zeolitized tuff of John Day formation of Oregon. Light areas
are clinoptilolite; most of the darl<er area is a fine intergrowth of montmorillonite and
celadonite with clinoptilolite. Plane polarized light. 130X. Length of bar is 0.1 mm.

Frc. 9 Photomicrograph of balded celadonite growing with heulandite in a pore space of
a volcanic sandstone. The dark area on the right side and upper left corner are zeolitized



CELADONITE 1015

Table 1. However, the data are so few and other possible variabies so

numerous that definite composition determinations using refractive in-

dices are not yet possible.

Occurrences oJ celad.onite. The blue-green color of certain altered tuffa-

ceous rocks has long been attributed to the presence of celadonite, al-

though positive identification was lacking until r-ray difiraction methods

were employed. Prior to about 1950 celadonite occurrences recorded in

the literature were chiefly those of cavity fillings in basalts and andesites.

The following is a summary of known celadonite occurrences and of min-

eral assemblages of which celadonite is a member.

a. Occurrences in amygdules and fractures of altered lavas

Most of the analyzed celadonites given in Table 1 come from amygdule

or fracture fillings in basalt or andesites, which are largely Mesozoic to

middle Tertiary in age. These basic lavas are moderately to highly

altered, i.e. atleast devitrification of the glass has taken place' Celadonite

fills vesicles, usually in the lower parts of the flows. In the more highly

altered basalts and especially in the vesicular portions of the flows,

celadonite also replaces plagioclase and pyroxene grains (Fig' 7). Ross

and Hendricks (1941, p. 635) report the replacement of olivine and

hypersthene phenocrysts as well as groundmass material.

The minerals most commonly associated with celadonite in these

occurrences are montmorillonite and chalcedony or quattz. Montmoril-

lonite is usually easy to distinguish from celadonite in thin section be-

cause of the yellow-brown pleochroic colors in contrast to the yellowish-

green to blue-green of celadonite. Small amounts of included chalcedony

and quartz cannot be seen in thin sections, because the intergrowths are

very fine grained. The small silica content must be identified by x-ray

methods. Larger quantities of quartz or chalcedony cause the amygdule

or fracture fillings to have a hardness greatly exceeding that of the pure,

earthy celadonite (H:1 to 2).

b. Altered volcanic clastic rocks

Volcanic clastic rocks upon diagenetic alteration or low grade meta-

morphism (zeolite facies) often develop celadonite bearing assemblages.

lava sand grains. Celadonite blades show the differences in absorption. Plane polarized light.

365X. Length of bar is 0.1 mm.

Frc. 10. Photomicrograph of prehnite-chlorite-celadonite amygdule fillings in a meta-

volcanic rock from the Sparta Quad., Oregon. Ch-chlorite, Ce-celadonite and P-

prehnite. Plane polarized light. 130X. Length of bar is 0'1 mm.
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Celadonite in altered volcanic clastic rocks has been found in New Zea-
land (Coombs,  1954;  Coombs et  a l . ,1959),  Japan (Sudo,  1951,  1953),  and
has been long recognized in the Pacific northwest of the United States and
recent lv  repor ted by Fiske (1960);Wise (1961);and Hay (1961,  1963).
It is interesting to note that in most of these occurrences the celadonite is
associated with zeolite or another calcium-aluminum silicate, such as
prehnite. For convenience the following descriptions are divided into four
groups, which are roughly comparable to the stages of the zeolite facies of
Coombs et al,. (1959) and the prehnite-pumpellyite facies (Coombs, 1961).

(i). Ctinoptilolite-bearing assemblages

Excelient exampies of celadonite bearing assemblages of this associ-
ation occur in the John Day formation of central Oregon. Volcanic glass
and, to a far lesser extent, pyroxenes have been altered to assemblages
containing clinoptilolite, celadonite, and montmoriilonite (Hay, 196I;
Fisher, 1963). From specimens made available to the writers by R. V.
Fisher, the following assemblages were observed:

celadonite-montmorillonite-quartz-clinoptilolite
ceiadonite-quartz-clinoptilolite
celadonite-montmorillonite-clinoptilolite
celadonite-clinoptilolite (and heulandite)

The celadonite in the tuffs of the John Day formation has replaced
pumice fragments and some of the larger glass shards. The complete
crystallization or replacement of a glass shard by zeolite occasionally pro-
duces celadonite (Fig. 8). Hay (1963) regards many of these larger areas
as fiIlings of cavities which were formed by complete solution of the orig-
inal shard. The fillings of bubbles in pumice fragments exhibit similar
structures.

Ceiadonite replacing the fine glass fragments and pumice is very fi.ne
grained but easily identified by the color coupled with the high bire-
fringence. In the cavity filiings the plates of celadonite are large enough
to exhibit the characteristic pleochroism.

(ii). Heulandite-bearing assemblages.

Celadonite, occurring in rocks of a slightly higher grade of metamor-
phism has been reported in the following assemblages:

analcite-celadonite-quartz
heulandite-celadoZ2;:ifr((sphene)

From the Wind River area, Washington, the foilowing assemblages were
observed by Wise (1961):
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celadonite-heulandite-quartz-montmorillonite
celadonite-heulandite-quartz
celadonite-heulandite-chlorite
celadonite-heulandite-quartz-montmorillonite-calcite
heulandite-quartz celadonite-chlorite : montmorillonite (mixed layer)

celadonite-heulandite-analcite-quartz chlorite

These assemblages are most easily recognized and identified where the
minerals have replaced the glassy portions of the volcanic clastic rocks.
Intergrain spaces in all of the epiclastic rocks are filled with a zeolite and
one or more of the above Iayered sil icates (Fig.9). Quartz is very fine
grained in these rocks and can only be identified through r-ray methods.

(i i i). Laumontite-bearing assemblages.

Coombs et al. (1959, p. 60) report the following assemblages:

celadonitelaumontite-albite quartz-sphene

celadonite-laumontite albite-adularia-quartz

Also in associated rocks:
albite-quartz-chlorite-sphene
albite-chlorite-calcite-sphene

It is interesting to note that the laumontite rocks from the Wind River

area, Washington, contained only chlorite as the layered sil icate mineral.
Dickinson (1962) reports that celadonite has apparently altered to chlo-

rite in the Triassic laumontite rocks from the lzee area, Oregon. Ross
(1958) reports celadonite with chlorite, saponite, and laumontite replac-

ing welded tufis in deep wells in Georgia but does not indicate possible

equilibrium assemblages.

(v). Prehnite-bearing assemblages

Coombs, et al. (1959) and Coombs (1960) do not indicate that ceiado-
nite occurs in any of the prehnite-pumpellyite metagraywackes or meta-

volcanics of New Zealand. However, samples of metavolcanics (spilitic?)

from the Sparta quadrangle, eastern Oregon (courtesy of H. Prostka)

have the assemblages-celadonite-chlorite-prehnite (see Fig. 10) and

celadonite-prehnite-pumpetlyite (Prostka, personal communication).

Also some volcanic ciastic rocks from Mt. Rainier National Park
(courtesy R. S. Fiske) have the assemblage-celadonite-prehnite. In

both of these examples the celadonite can be recognized in the thin sec-

tion by its birefringence and blue-green color; seldom is it coarse grained

enough to see the pleochroism.

c. Glauconite

The mineral heterogeneity of glauconite pellets has been carefully de-

scribed by Burst (1958) and others. The origin of the glauconite in these
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pellets is not clear, and glauconite is regarded by many as a replacement
mineral. It is difficult to determine whether the glauconite in these pellets
is in equilibrium with the associated montmorillonite, chlorite, or quartz.
Since both celadonite and glauconite and illite have nearly the same basal
spacings, the common methods of identif ication (see Burst, 1958, p. 484)
make it nearly impossible to distinguish glauconite and illite in the same
sample. If both phases are present, the (060) peak for each should be
present. Infrared spectra of glauconites and illites are nearly identical
(Fig. 5) and are, therefore, of no use.

ExpnnrlrBxrar RBsur,rs

Experimentol techniques. Experiments, making use of the usual hydro-
thermal techniques, were undertaken to synthesize the celadonite end
members and to determine the stability relations of celadonite. Since the
bulk composition contains iron, the fugacity of oxygen (for) plays an im-
portant role in addition to Ps,6 and temperature in controlling the stabil-
ity and composition of celadonite and the high temperature phases.
Therefore, the oxygen buffer techniques of Eugster (1957) were used. For
a detailed discussion of these see Eugster and Wones (1962).

The fugacity of oxygen was controlled by the following bufiers:

hematite_| magnetic
nickel*nickel oxide

(HM)
(NNO)

quartzf fayalitef magnetite (QFM)
ironf magnetite (IM)

The for-T curves for these buffers, corrected for the effect of 2,000 bars,
were calculated from data given by Eugster and Wones (1962) and are
plotted in Fig. 12. Recent direct calibrations of the NNO and QFM
bufiers at 700" C. (Shaw, 1963) show surprisingly good agreement with
the calculated values. Equipment for pressure and temperature control
and measurement was essentially that described by Eugster and Wones
(1962). Silver capsules were used inside the platinum tubes to prevent
loss of iron into the platinum.

Many of the starting materials used were glasses or synthetic minerals,
grown from glasses. These glasses were prepared by heating mixtures of
KHCOe and quartz with MgO, FezOa, or T-AlzOg, depending on the com-
position desired. The heating was carried through the same series of steps
outlined by Schairer and Bowen (1955) for the preparation of potassium-
silica glasses. For some of the experiments a reduced glass was used; this
glass was prepared by placing a glass, made in the above manner, in a
stream of hydrogen for two or three hours at 700o C. Mixes used in some
of the experiments were prepared from K2O-SiO, glasses (Schairer and
Bowen, 1955), mixed with MgO and ̂ r-AlzOs. MgO was made by heating
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MgCO: at 900o C. for an hour, and the T-AlzOe, by heating AICIB'6H2O
at 700o and 900o C. for a few hours. No mixes were used for criticai runs

establishing phase boundaries.

Description of synthetic phases. The MgFes+-celadonite grows readily
from a glass of the appropriate composition between 300o and 430o C.

with all oxygen buffers used. For examples of specific synthesis conditions

see Table 5. Individual grains are too small to be recognized under the

microscope. Consequently only a mean refractive index can be measured.
The color of synthetic celadonite is variable within the range blue-green

Tesln 5. Pnopnnurs or SvNrrlrttc MsFe3+-CrlepoNrrBs

E p .
No.

Bufier
log f6, Temp. Pressure
bars 'C bars

N- o'H." o'fru

37
I L

81
59

80
60
83
.)r
61
62
56
4 l

HM
NNO
NNO
NNO
NNO

QFM
QFM
QFM
IM
IM
IM
IM

- 2 0 . 5
- 2 6 . 5

- 2 7  0
- 2 7  . 7
- 2 8 . 5
-29 0
- 3 1 . 0
- 3 5 . 8
- 3 6  3
- 3 7  . 2
- 3 7  . 5

2 ,000
1,000
1,000
2,000
2,000
2,000
1,000
2,000
2,000
2,000
2,000
2,000

1 . 6 2 1
1.620
1.620
1 . 6 2 0

1 . 6 2 1
1 . 6 2 0

1 . 6 1 8

1 . 6 1 8

430
418
414
4t+
398
4t2
418
398
381
377
360
355

r .512 3.320
r .5 r+  3 .335
1 . 5 1 4  3 . 3 5 1
1  5 1 5  3 . 3 4
1 . 5 1 6  3 . 3 5 2
1  5 1 3  3 . 3 4
t . 5 1 4
1 . 5 1 5  3 . 3 5 ( ? )
1 . 5 2 t  3 . 3 6 8
1 . . ) r /
r . 5 2 r  3 . 3 7
1  5 1 9  3 . 3 7 2

to apple-green. The variation seems to depend more on the duration of the
run than on the fugacity of oxygen or temperature.

Celadonites synthesized with the (HM) and (NNO) buffers (Tabie 8)

contain less than 3 per cent additional phases. The only phase to be de-

tected by optical or r-ray methods is quartz, and the amount of quattz

increases as the fucagity of oxygen decreases. Figure 6 shows the x-ray
patterns of two synthetic celadonites, one of which also shows a qtattz
peak. This latter celadonite (exp. 61) contains less than 10 per cent
qrartz.

The properties of the synthetic MgFes+-celadonite are strongiy con-

trolled by the fugacity of oxygen. The b and c cell dimensions show a

steady increase with increasing fs, (or decreasing for). These changes
measured by dlooor and dlooe; are tabulated in Table 5 and illustrated in
Fig. 11 aand b. The (060) peaks are usuallybroad andweak and meas-

urements are probably accurate only to +0.03 '2d (+0.001 A).  Most
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patterns were measured using an external standard. However, when
sufficient material was available oscillation patterns with a silicon in-
ternal standard were used.

The Iowest  d<ooo, ,  1.512 A,  and the lowest  droorr ,3.320 A,  *ere obta ined
from the celadonite grown at the highest fr1, (HM buffer, exp. 37). The

-4 -25 -!o -15 -€

roe ba h da

(c)

Frc. 11. Properties of synthetic celadonites (Table 5).
a. Plot showing variations of dloooy with fer.
b. Plot showing the variation of d1oo4 with fsr.
c. Plot showing the variation of refractive index with fs'

E 3so
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highest drooor, 1.521 A, and highest di663y, 3.372 A, were measured on the

celadonite, grown from the high temperature phases with an IM buffer for

two weeks at 360o C. (exp.56)" With increasing dloooy there is a corre-

sponding increase of dlooal with increasing fs, (or decreasing fo2' see

Table 5 and Figs.  11a and 11b).
The mean refractive index (measured by oil immersion methods in

white light with oils calibrated in Na light) of the synthetic ceiadonites

varies only slightly with increasing f6r, but the change is constant and

measurable (Tabie 5, Fig. 11c).
Similar changes in optical properties and cell dimensions of hydrous

iron sil icates have been noted by Ernst (1960) (magnesioriebeckite),

Ernst (1962) (riebeckite), and by Eugster and Wones (1962) (annite).

Ernst interprets the change to arise from the reduction of the ferric iron of

the magnesioriebeckite, as the f n, increases. Eugster and Wones say that

with increasing fe, the ferrous iron in annite is oxidized, coupled with a

removal of hydrogen (solid solution with "oxyannites").
The observed changes in the N-, d(ooa), and dloooy of the synthetic

celadonites might be accounted for in one or more of the f ollowings ways:

1. With high frr, some of the ferric iron is reduced and hydrogen is added Such a

celadonite might have the formula:

KMgFe*+2Fer *+3SirOro-*(OH)z+*

This is similar to a process proposed by Zussman (1955) for actinolites'

2 Reduction of ferric iron could also be accomplished by solid solution (or mixed

layering) r'ith the Fe2+Fe3+-celadonite or even ferriannite, KFeB2+Fe3+SLOro(OH)2. In

either case there rn'ould have to exist phases containing excess potash, magnesia, and silica.

No such phases have been observed with the exception of quartz.

3 At high fs, som€ of the hydrogen may be lost leading to "oxyceladonite " Coupled

lvith such a reaction, there must be an excess of ferric iron in the octahedral positions.

According to the formula:

KM gFe11*3+SiaOro+* (OH) r-*

Again, phases should have formed to accommodate the excess potash, magnesia ancl silica.

Of these three possibilities the first seems the most likely' judging from

the lack of other phases accompanying the celadonite. The reduction in

amount of ferric iron is consistent with the decrease in N*. The increase

of ferrous iron in the octahedral positions may produce the high values

for dioeoy (the ionic radius of Fe2f is 0.7+ f\ as comparedwith 0'64 Afor

Fe3+). Interlayering or solid solution with ferriannite or Fe2+Fe3+-

celadonite would also produce an increase in dloooy.

The synthetic celadonites from very short runs are of the disordered,

1Md, type (Yoder and Eugster, 1955), since only basal peaks appear.

Ceiadonites grown at the highest temperatures show only 1M peaks.

Only a small number of the expected (hkl) reflections are Present (Fig. 6,
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Table 6), and the patterns are too poor to calculate accurate cell dimen-
sions.

Ferribiotite, KMgs-*Fe*2+Fe3+Si3O16(OH), with 1)x)0, is present
in all of the high temperature synthetic assemblages. In the high f6, re-
gions the ferribiotite is nearly pure ferriphlogopite, KMgsFes+SisOro
(OH)r. But at low f6, values ferrisanidine melted incongruently to ferri-
annite and liquid:

4KFe3+SLOs +l KFerz+p":+5ftOr0(OH), f liquid.

Since ferriphlogopite and ferrisanidine are present in the celadonite bulk

Telr,n 6. X-nav Pomnn Dere ron Syxrrrnrrc MgFe3+-Cnr,aloNrrn (rnr Tnecns ron
For,lowrNc Two Cnr,ltol+rrrs Ann Snowr rN Fro. 5)

Silicon was used as the internal standard (d : 5 .4306 A).

Syn. Celadonite (#61)

log f62:  -35.8 atm.
Temp. :331" 6.

Syn. Celadonite (#80)

log lo,:27.7 ^1''\.
Temp. :393" g.

hkl I

70
30
20

100
I J

40

30

d Ad A

001
020

003
13r ?

r32?
040
060

ro.2
4 . 5 3
4 . 2 7
3 .368
2.ff i8

2 . 4 9

1 . 5 2 1

22
J J

100
55
13
20
o

27

10.  50
4.  53

3.352
2 . 5 9 5
2 . 4 6
2 . 4 2
2 . 2 6
1 . 5 1 6

composition in a proportion of 1:2, the ferribiotite must be a member of
the ferriphlogopite-ferriannite solid solutions with a 2:l ratio (hence, x in
the ferribiotite formula given above is nearly equal to 1).

At low temperatures, i.e. below 450o C., the ferribiotite is exceedingly
fine-grained, and individual crystals cannot be detected. However, above
500' C. the grains grow to near 10 microns in diameter. All ferribiotites
are brown and pleochroic. Pure ferriphlogopite has the following optical
properties:

q : 1.600 + .001 (measured in white light with

A = t : 1.642 + .0U oils calibrated in Na light)

t  -  q :  O .O42

2V* : 0 or verY small

pleochroic scheme X : reddish-brown

Y :  Z:  color less

X > Y : Z
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TA.sln 7. X-Rev Pomen Dere r.or Svnrnelc FrnnpnlocOpItr, cOMr.e.nrO TO TIIAT

lon svNrrnrrc Frnnre5Nrrr (wo1qns 1963), eNo Synrnnrrc Pnlocopttn (Yoonn nNO

Eucsrnt, 1954)

None of these lists of d-spacings represent all of the reflections'

ferriannite ferriphlogopite phlogopite

1053

001
002
020
110
1 1 1
r12
o22
003
t12
113
023

130 207
200 131

004

r32 201
220
041
222

133 202
005 113
204 133
205 r34
r35 204

060

10.  18
5 .08

4 . 6 6

3 . 7 3 6
3 . 4 5 6
3.394

2 . 9 5

2 . 6 7 3
t  q/ .q

10.  14
5 . 0 9
4 . 6 3
4 . 5 9
3 . 9 6
3.695
3.430
3. t42
3.r82
2.950
2 . 7 4 3
2.667
2 633
2 .550
2 . 5 3 0
2.454
2.285
2 . 2 3 4
2.2 t9
2 .194
2.041
2.006
| . 7 6 5
1 . 6 9 2
I . O J /

1 . 5 4 7

72
27
22
'rrl

10
38

100
68

'rr|

32
98
25
18
43
10

7
32
38
22
10
J J

10
62

1 0 . 1 6
5 . 0 8
4 . 6 0
4 . 5 5
L 1 '

3 .672
3.409
3 .387
3 163
2 .9M
2 .728
2 . & 6
2 .169
2.541

2.435
2 . 2 7 2
2 . 2 M
2.204
2 .179
2.032
2.OO2
1 . 7 5 7
1.684
1.645
1 .534

2.212
2.031

Ferriphlogopite data were measured from a diffractometer pattern with silicon
b:5.43O6 A) a. a.r internal standard.

The *-ray powder pattern for ferriphiogopite is given in Table 7, together

with those for synthetic ferriannite and synthetic phlogopite. The unit

cell dimensions of the ferriphlogopite, calculated from the powder data

of Table 7, are'.
a : 5.34 A( + .01)
b : e.28 ,8,(+ .00s)
c : 10.35 i(t .or)

6 :  99o55 ' (+  10 ' )

Steinfink (1962) gave the following cell data for a naturaliy occurring

ferriphlogopite :

o : 5 . 3 6 A ;  b : g . 2 g A ;  c : 1 0 . 4 1  L ;  g : 1 0 0 ' 0 0 '
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The cell dimensions of the other synthetic biotite end members:

phlogopite (Yoder and Eugster, 1954):

o : 5.314 A; b : 9.204 A; c : 10.314 A; ts : 99. 54,

annite (Eugster and Wones, 1962):

o : 5.39 A; b : 9334 A;

ferriannite (Wones, 1963):

a : 5.430 A; b : 9.404 A:

c : 1 0 . 2 9 0 A ;  0 : 1 0 0 ' 0 0 '

r : 1 0 . 3 4 1  A ;  0 : 1 0 0 ' 0 4 '

Ferribiotite containing some ferrous iron has a powder pattern similar
to that of pure ferriphlogopite. However, the dlooo; reflection has shifted
toward the 1.567 A value of ferriannite. This peak is diff icult to measure
because of the interference from coexisting quartz. However, a similar
shift was observed when pure ferriphiogopite was equil ibrated at an t6"
of 10 2s'5 atm at 490'for one week. This shift probably was due to the re-
duction of ferric iron in a process similar to that for celadonite discussed
earlier. Therefore, dlooo; cannot be used to determine the Mg:Fe2+ ratio of
ferribiotite.

Ferrisanidine in all of the runs was intimately mixed with ferribiotite
arrd quartz, so that its optical properties could not be determined with
any precision. The 7-index is near 1.600, which is in accord with the data
of Wones and Appleman (1961), who give the following values.

a :  1 . 5 8 4

B:  1 . s95
'Y : 7.605

Ferrisanidine was identif ied on the r-ray powder patterns of the runs by
the presence of the following peaks:

(130)  3.81 A
Qzol QorS 3.rs A
(040) (002) 3.27 A
(13r)  3.02 A

(Indices are from Wones and Appleman, 1961.)

In view of a recent paper by Wones and Appleman (1963) it is somewhat
disturbing to note that the iron feldspar encountered in this study is
ferrisanidine rather than ferrimicrocline. The four peaks, given above,
were found oL lc-ray patterns from ali runs yielding the high temperature
assemblages. We can only suggest that the runs were of such a short dura-
tion and low temperature that the iron microcline did not have time to
grow.

In runs above the stability limit of celadonite on the (eFM) and (IM)
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buffers, a glass was found (Fig. 12). The glass is colorless and has a re-

fractive index between 1.510 and 1.514. (The intimate intergrowth of the

glass with ferribiotite flakes makes a more accurate determination im-

possible.) The glass was found to be present in runs at temperatures as

iow as 405" C. and 2,000 bars Ps,6. Roedder (1952) found a glass on the

Storl inE Moler iols

circles - synlhelic celodoniig

trronoles- syn Fe-phlogopilc, quorlz,

ond Fe-sonidinc

Producls

E celodoni le

I  F p h + F S o + O

I l  r e t + o + u1.,
T.mgarolu.r in 'C

Frc. 12. f6r-T diagram at 2,000 bars total pressure for the bulk composition

KsO . 2MgO .FerOr. SSiOz with excess water. See Table 8 for the abbreviations used.

K2O'4SiOr-FeO join, with about 10/6 FeO and I/6 FezOa to have a re-

fractive index of 1.52. This glass crystalltzes at 1 atm at a temperature

which may be as low as 700o C.

Thermal stabitity of the MgFes+-celadonite. The stability of the MgFe3+-

celadonite was investigated at a constant total pressure (P1o1u1:PHrq

*P",) of 2,000 bars with temperature and oxygen fugacity as variables'

For f n. values of the oxygen buffers used see Eugster and Wones (1962).
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Only a few experiments were performed at 1,000 bars, and most of these
on the (NNO) bufier. Experimental data are listed in Table 8 and plotted
on Fig.  12.

The three starting materials for these experiments are synthetic
celadonite (Cel), and the synthetic high-temperature assemblages quartz
ferriphlogopitetferrisanidine (QPS) and ferrisanidinef quartz*liquid

Tasr-n 8. RuN D,lu loR THE ExpnuueNrs wtrn OxvcnN Burron CoNrnor. oN
Cnr.eloxrrn, KMgFe3+SirOro(OH) r

(selected runs only)

Abbreviations used: Cel -celadonite

FPh - ierriphlogopite
FBt ferribiotite
FSa -ferrisanidine

QPS-quartzf f erriphogopite f f errisanidine
SQL-f errisanidine f quartz f liquid
L -liquid

a -quarlz

brackets around phases which are thought to be metastable

E p. Starting Temp. Time Condensed
No. Material CC) (hrs.) Phases

P""o-: 2 ,000 bars

Hematite-magnetite bufier

72 QPS 424 165 Cel*[FPh-|FSa*Q]
37 Cel 430+6 240 CeI
75 Cel 439 27o [Cel]f FPhf FSaf Q
68 Cel 453 190 FPhf FsatQtlCell
54 Cel 475 290 FPh*FSa*Q
34 Cel 570 l2O FPhtFSa*Q

Nickel nickel oxide buffer

80 Cel 398 960 Cel
s0 QPS 405 240 Celf [FPhf FSaf Q]
59 Cel 414 335 Cel
67 QPS 416 335 FPhf FSaIQ
32 Cel 417 160 Cel
42 QPS 424 s32 FPhf FSaf Q
53 CeI 426 335 FPh*(FSa)*Qf [Cel]
39 Cel 442 155 FPh*FSatQf [Cel]
26 Cel 465 165 FPhf FSaf Q

t06 SQL 498 90 FPhf FSaf Q
24 Cel 511 265 FPhf FSaf Q
31 Cel 749 l2O FPh+L
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Temp.
('c)

E"p'
No.

Starting
Material

Time
(hrs.)

Condensed
Phases

Quartz-fayalite-magnetite bufier

. ) l

60
63
66
49
36
55
97
J . )

A 1

.)o

62
o l

(A
65
33
40
98

QPS
Cel

QPS
Cel

QPS
Cel
Ce1

QPS
Cel

Cei

QPS
QPS
Cel
CeI

QPS
Cel
Cel
Cel

398
412
412
418
420
423
440
550
599

240
500
335
16s
335
240
290
120
t20

Iron-magnetite bufier

355 330
360 33s
377 165
381 455
39t 165
392 192
402 180
450 168
495 165

Cei*IFBtf Q]
Cel
Celf IFBt*Q]
FBt*Q*L?*[Cel]
FBt*QfL*[FSa]
FBt*Q*Lf [Ce]]
FBttQ*L*[Cel]
FBt+Q+L
FBr+Q+L

CelfQ
Celf [FBtf Q]
Celf [FBt*Q]
Celf Q
CeIf Q
Celt lFPh*FSa*Ql
FBt+Q+L
FBt+Q+L
FBr+Q+L

82
81
a 1

9 l

96
83

P""p-: 1 ,000 bars
Nickel-nickel oxide bufier

QPS 391 360
Cel 414 360
Cel 42O 165
Cel 425 820

Quartz-f ayalite-magnetite buffer

QPS 386 700
Cel 418 360

FPh*FSa-FQ* (Cel?)
FPh?*Cel
Cel
FPh*FSaiQ-|lcell

Cel*IFBt*FSa-FQ]
FBt?*Q*[Cel?]

(SQL). All three were grown from a glass of the composition KsO' 2MgO
.FezOs.SSiOz, which was prepared in the manner discussed earlier.

The celadonite bulk composition yields three different assemblages:

(a) celadonite (low temperature, high and low f6r),
(b) ferriphlogopite*ferrisanidinefquartz (high temperature and high fer), and

(c) ferribiotitef quartzf giass (high temperature and low f6r).

They are related by the following three reactions:

(1) MgFe3+-celadonitedFe3+-phlogopitef Fe3+-sanidinef quartz lv apor

(2) MgFes+-celadonitePFe3+-biotitef quartzf liquidf vapor
(3) Fe3+-biotite*l'e3+-sanidinef quartzpFe3+-biotitelquartzf Iiquidf vapor
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Equilibrium temperatures for reaction (1) were determined using the
(HM) and (NNO) buffers, and reaction, (2), using the (QFM) and (IM)
buffers. On the (HM) buffer the equil ibrium temperature l ies between
421' C. (exp. 72, Table 8) and 439' C. (exp. 75), while on the (NNO)
buffer the equil ibrium temperature is above 405' (exp. 50) and possibly
above 417o C.  (exp.  32) .

The equil ibrium temperature of reaction (2) on the (QFM) bufier is
between 418" (exp.66) and 412' (exp.63). On the (IM) buffer it is be-
tween 402" C. (exp. 33) and 392o (exp. 65). In order to make extrapola-
tions possible the temperature l imits quoted above have been plotted on
a 1/T versus log P plot (Fig. 13). Phase boundaries represented by the
reactions (1), (2) and (3) must merge in an isobaric invariant point. This

Talln 9. PorNrs Locarnn tv Exrnapor,ATroN or RuN Dera oN Frc. 10
Pot:2,000 bars

Reaction Bufier
Equilibrium
Temp., "C

1og fu, atm.

(1 )
(1 )
(2)
(2)

HM
NNO
QFM
IM

Invariant point

43r"  +7"
420" + 10"
41+" + 4"
398'+ 5'
416'+ 5 '

- 2 1 . 0 + 0 . 5
-  2 6 . 8  +  0 . 6
- 2 9 . 7  + O . 3
- 3 4 . 8 + 0 . 6
- 2 8 . 8 + 0 . 5

geometric requirement narrows the possible temperature ranges con-
siderably. Extrapolated values with probable l imits of error have been
summarized in Table 9.

Reaction (2) was reversed by growing celadonite from a ferriphlogopite
*ferrisanidinef quartz assemblage rather than from ferribiotite{ q:uartz
*glass. This is permissible because ferrisanidine melts quickly and
probably before celadonite has a chance to grow (Tables 11, 8). The
phase boundary representing reaction (3) must l ie between the f6,-T
curves for the QFM and NNO buffers. This can be deduced from the fact
that celadonite deconrposes to ferriphlogopitefferrisanidine* qtartz at
the f6, of the NNO buffer (exp. 24,26,39) and to ferribiotitelquartz
*g1ass at the f6, of the QFM bufier (exp.35,97). To verify this conclu-
sion, ferribiotite{quartz{l iquid was grown from synthetic ceiadonite on
the IM buffer at 500' C. (same conditions as exp. 98) and then the un-
opened platinum tube was transferred to an NNO buffer and held at
500o C., {or four days (exp. 106). The products were indeed ferriphlogo-
pite f f errisanidine _| quartz.

Mention should be made of the problem concerning the change of
composition of the ferribiotite as the value of f6" is decreased. On the
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t 2  t 3  1 4

*r .*

Frc. 13. logfsr-l/To plot, indicating temperature intervals between the lowest tem-

perature at which celadonite was broken down and the highest temperature at which the

reaction was reversed. The temperatures shown are the graphical interpolations.

(HM) and probably on the (NNO) buffers the composition is near
ferriphlogopite. On the (QFM) bufier nearly * of the octahedral sites
are filled with ferrous iron. Since the ferribiotites probably form a con-

tinuous solid solution series, the composition of the ferribiotites must be
identical on each side of the phase boundary representing reaction (3).

The use of the term "ferriphlogopite" in the high-f6, field and of "ferri-
biotite" in the low-fo, field is not to imply a discontinuity in composition
along phase boundary (3) .

E

d

FPh+ FSo +  Q+V
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Four experiments were run at 1,000 bars total pressure, using the
(NNO) buffer. Reaction rates were found to be exceedingly slow. How-
ever, probable reaction reversals give an equilibrium temperature of 403o
+8o C.  for  react ion (1) .

From the 2,000 bar section and the 1,000 bar point it is possible to con-
struct a P,uou"-T diagram (Fig. 1a). By plotting log P,uno" us. 1/T (Fig.
15), it is possible to arrive at an approximate value for the enthalpy
change for reaction (1). AH was found to be 51 Kcal/mole, a value
similar to those of other decomposition reactions involving micas (Yoder
and Eugster, 1954, 1955).

The reactions controlling the stability of celadonite can be schemat-
ically represented on a triangular diagram with (Mg, Fe)O, FezOa, and
SiOz at the apices. All phases are projected from the HrO and K:O
corners. In Fig. 16a reaction (1) is represented by a triangle, FBt*FSa
*Qz, with the celadonite bulk composition lying within this triangle.
However, when f6, is lowered (in reactions 2 and 3) the bulk composition
changes along the l ine shown in Fig. 16b, since the Fezoa content is
being reduced. Ferrisanidine is no longer stable, and the bulk composition
of the celadonite system must l ie within the triangle, FBt+Qz+L. Re-
action (3) is characterized by the melting of ferrisanidine to ferribiotite
fliquidfoxygen. Again, the bulk composition shifts to the triangle,
FBt*Qz*L.

Synthesis oJ other celad,onite end. members. The four end members of tetra-
silicic celadonites were previously discussed. It was also pointed out that
the compositions of most natural celadonites can only be expressed when
muscovite and ferrimuscovite are used as additional end members.
Figure 17 is a prism which represents most of the celadonite end members.
On the base are the tetrasilicic end members, and on the upper edge the
series muscovite-ferrimuscovite. The compositions of various celadonites,
whose synthesis was attempted, are given by circles. Synthetic celadon-
ites were obtained only along the join Fe2+Fe3+-celadonite-MgFe3+-
celadonite.

Results of experiments are given in Table 10.
The Fe2+Fe3+-celadonite was grown from a reduced glass of the com-

posi t ion,  KzO'4Fe'SSiOz,  at  306o (exp.78) .  The g lass at  h igher  temper-
atures produced ferriannite and quartz according to the reaction:

(K:O'4Fe'8SiOr1 | 2iOz * HrO .r KFea2+Fes+SisOr0(OH), + sSiO, + (+KrO).

A condensed phase containing the excess potash was not found. The
(060) reflection of the Fe2+Fes+-celadonite has a d-spacing of 1.530 A, as
compared to 1.5I2 A for the MgFe3+-celadonite. This change is similar and
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CELADONITE

FPh+  FSo  +  Q+V

o

o:

Prooor-T Diogm of ltP comtnsrtt@
tG2o zttso Fc2$ SSiQ
tilh accss aold, dcfinad AY
NitNiO baficr.

TEMPERATURE EC)

Frc. 14. P,"oo,-T diagram of the composition KzO'2MgO.FesO:'8SiO with excess

water and defined by the Ni+NiO bufier- Symbols used are the same as those in Fig. 12.

IOOO/T6

FIo. 15. log P",o".-11T6 plot of the relations given in Fig. 14.

o
o
C

o
o
0

c
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Ftc. 16. Schematic representation of the three reactions governing the celadonite stabil-
ity. The phases are represented on the triangular diagrams-SiOz-RO-ROr;, in which
RO represents MgO and FeO, and ROr4 is FezOa. Phase compositions are projected from the
KzO and HzO apices. Reaction 1 (Ce1=FSa*FBtfQtz) is represented by Fig. 16a. Here
RO is MgO only. Reaction 2 (Cel=FBt*Qtzf liquid) is represented by Fig. 16b. Here the
bulk composition shifts with a loss of oxygen to a point within the triangle FBt-QtzJiquid.
RO is MgO plus some FeO. Reaction 3 (FSa=FBt*liquid) is represented by the two dia-
grams. Again in this reaction the bulk composition changes to a point within the triangle
FBt-QtzJiquid with the loss of oxygen.
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on the same order of magnitude as those of the biotite series. (See, for

example, the (060) values for ferriphlogopite and ferriannite, Table 7.)

The mean refractive index for Fe2+Fe3+-celadonite is 1.615.

Three celadonites along the join MgFe3+-celadonite-Fe2+Fe3+-celadon-
ite (compositions 10, 11, and 12 in Fig. 17) were grown from mixtures of

reduced glasses. These celadonites (exps. 87, 88, and 89) all have dtooot

KMgAlSioQe(OH)2 KFe'2Alsi4o0PH)z

KMgFe.3si4oro (OH)2 K Fe'zFe'3si4 qo (oH)2

Frc. 17. Compositional prisrn representing the compositions of most celadonites The

base of the prism represents the tetrasilicic celadonite end members, while the apices

represent the muscovite-ferrimuscovite series. Solid circles give the compositions of the

celadonites that have been synthesized; the open circles, no mineral with the celadonite

structure has been made.

and N- values (1.514 A and 1.620, respectively) similar to those of

MgFes+-celadonite grown near the same fs, (exp. 51).
A mix of the composition KMgAISLOTo (no. 2, Fig. 17) was prepared

from a K2O'8SiO, glass, MgO, and l-AlzOa. Runs with this mix in-

variably produced phlogopite, sanidine and quartz, even when seeded

with celadonite.
A mix of the compositions KFe2+AlSirOro (no. 3, Fig. 17) was prepared

from a K2O'8SiO, glass, ferrous oxalate, and ry-AIrOs. A celadonite of this

composition was never obtained, and run products always contained

siderite.

x re-.3 atsi.o,o tOH).
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Talr,r 10 RuN Dara FRoM THE ExpnnrusNrs om CnraloNtrn ENo Mnunnns
(CoutosrrroNs Ann fr,lusrnamo rN Frc. 17)

Abbreviations: Cel celadonite
FPh ferri-phlogopite
FSa ferri-sanidine

a qlrartz

Sa sanidine
PhI phlogopite
Musc muscovite
Mug magnetite
FAn ferri-annite
(Spl) tube containing the charge was found split;

the phases remaining are given.
( ) questionable identification

Temp. P,"po. Time
('c) (bais) G.l 

Bufier condensed Phases

(1) KzO.2MgO. FezOa. SSiOz (glass)
296 2,000 160 Cet
339 2,000 145 Cel
355 2,000 2,!0o cel
402 2,000 162 CeI
444 2,Offi 501 Cel
494 2,000 160 Fphf FSa*e
595 2,000 r43 FPhf FSaf e

(2) KzO. 2MgO.AlzOs'8SiO: (mix)
306 2,000 136 e*Sa*(pht?)
355 2,000 2,100 Sa*Phl*Q
400 2,000 164 Q*Sa*(phl?)
450 2,000 160 (spl) - Qf Saf phl
500 2,000 1,800 PhlfSa*e
600 2,000 1,800 Phl*Sa*Q
650 2,000 1,800 Phlf Saf Q

(3) K:O. 2FeO.AlzOa.8SiO: (mix)
306 2,000 136 sideritef Saf Q
400 2,000 164 Sa*Musc*Mag
450 2,000 160 ef annite

(4) KzO.2FeO.Feros. 8SiO, (mix)
306 2,000 136 Fanfsiderite*e
400 2,000 164 Magf Qf (FAn?)
450 2,000 160 (spt) -Mag
500 2,000 162 (spl) -Magf FAn

(4) KzO.3Fe'8SiO2 (reduced glass)
306 2,000 190 Celf Q
343 2,000 290 NNO CeI or FAn (no 060 peak

on lr-ray pattern)
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Temp.

fc)
p

(bars)
Time
(hrs.) Buffer Condensed Phases

376
391

2,000
2,000

2,000 165

(5)  2K:O.4MgO.FezOa.AlzO: '  16SiOz (glass)
2,000 312

270
16.5

Q-|FAn
Q*FAn

291
401
557

306
376
391

2,000 145

Q*San*Cel
Qf Sanf Cel

Q-|FPh*San

(7) 2KzO.2MgO.2FezO:.AlzOs'  14SiOz (glass)
2,000 1S0
2,000 270
2,000 165

Q*Sa-|Cel
Sa*hematite

Q*Sa*(Cel?)

A glass with the composition of the point midway on the join between
the KMgFe3+SiaOro and KMgAlSi,rOro end members (point 5, Fig. 17)
yielded the following products : MgFe3+-celadonite, phlogopite, sanidine,
and qvartz.It was concluded from these experiments that large amounts
of aluminum were not stable in the octahedral positions of the synthetic
celadonites. The significant amounts in the natural celadonites and
glauconites may arise from solid solutions or mixed layering with mont-
moril lonites and il l i tes (Hower, 1961).

Attempts were made to s1-nlhsrire celadonites (or glauconites) with
compositions between the MgFes+-celadonite and the muscovite-ferrimus-
covite series (points 7 and9, Fig. 17), but the results are largely inconclu-
slve.

The stability oJ Jerrisanid,ine. Ferrisanidine is an important phase in the
high temperature assemblages of MgFe3+-celadonite buik composition. A
few preliminary experiments were run to outline the general stability
field of this phase at 2,000 bars total pressure (Table 11).

The high temperature-low f6, phases below the HM buffer are ferri-
annite (KFe32+Fe3+SiaOro(OH)z (B) and one or two liquids, that is, ferri-
sanidine melts incongruently according to the reaction

4KFe3+SisOs = KFeB2+Fe3+SLOI0(OH), f liquid (KzO.xSiOz.yF'eO.zFezOr) 
(41

FS  B  
' ' '

On the IM buffer (point I) the temperature for this reaction l ies at 437
+17" C. (exp. 76 and 95, Table 11). On the NNO buffer ferrisanidine
melted at 637" C. (exp. 103) and ferrisanidine grew from ferriannite
*glass at 597" C. (exp. 102). Point H was, therefore, placed at 616"
+20" C. On the QFM buffer ferrisanidine was grown from ferriannite
-f glass at 452" C. (exp. l l2);it melted to ferriannite*liquid at 735' C.
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(exp. 100) and remained unchanged in a short run at 593' C. (exp. 104).
A few experiments performed at the HM bufier apparently did not yield

equil ibrium assemblages (Wones, 1963).

Tasln 11. Tlem or Expnprunxtel Rnsur-rs or RuNs wtrn Butr< Couposrrrolv

KzO'Fe:Or'6SiC2 er 2,000 Bens Tora.r, Pnnssunr

Abbreviationsused: Fsa -ferrisanidine

FAn -ferriannite ( )-phase unstable

FMi -ferrimicrocline

r-glass -reduced glass

FAn*G ferriannite plus glass

Mt? -questionable magnetite phase

0 -qu.aftz

L -Liquid (numbers indicate more than

one liquid)

E*p'
No.

Starting
Material

Temp.

"c.
Time
hrs.

Condensed phases

110
tt4
1 1 5

FA"+C
FAnf G
FAn*G

FAnf G
FAnf G
FAn*G
FSa
FAnf G
FSa

FAn*G
r-glass
FSa
FSa

r-glass
FAn*G
FSa
r-glass
r-glass

r-glass
FSa

Hematite-magnetite buffer

655
703
763

FSa
(FAn+L)
(FAn+L)

FSa
FSa
FAniL
FAn+L
FAn+L
FAnfLrfLs

FSa*(FAn*L)
FAn*L
FSa
FAn+L

FAntFMi*Mt? Q
FAn*L
FAn*L
FAn+Q+L
FAn*L

FAn*L
FAn*Lr*Lz

70
60
60

1 1 1
102
108
103
101
99

Nickel-Nickel oxide buffer
463
5 9 /

620
o J /

678
/ . tJ

90
70
90
95
70
/.)

Quartz-f ayhlite-magnetite buffer

t 1 2
77

104
100

76
1 1 3
95
93
94

452
578
593
,/ JJ

Magnetite-iron buffer
420
453
455
471

Wusite-iron buffer
647
/ J O

90
260
v5
70

28s
90

170
310
310

86
105

165
95
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a Fe-Son id ine  +V

o fs-El iqf i fs + l_+V
o Fe-Biof i le + l_, +l_a+!

Rorot = Pn2o * Pne = 2OOO bors

: Fe-Sonidine+v €-  
stoble

l l l l l l  re-etor ire-v
stoble =  h , 2

Temperoture,  o  C.
Ftc. 18. f6r-T section at 2,000 bars total pressure for the buik composition

IhO.FezOr.6SiO2. Abbreviations are listed in Table 11.

These very preliminary and incomplete data on the stability of ferrisani-
dine at 2,000 bars have been combined in Fig. 18 with the data of Wones
(1963) on the stability of ferriannite. Ferrisanidine is stable to the left of
curve IHCB. It melts to ferriannite*liquid along the l ine IHC. The com-
position of the liquid formed changes as a function of temperature and
fo, as indicated by the refractive index of the glass formed. At low tem-
peratures a colorless glass with n:1.52 was obtained. At higher tem-
peratures the glass is pale blue or gray with n:1.55. At the highest tem-
peratures on the WI bufier (exp. 105) two liquids probably formed, be-
cause glasses with two refractive indices: n:1.540 and n:1.545 (one is

t067

=
C)
o
c'l
f,u_
c
o
c')
x

Q .

ctl
o
J
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gray and the other is green, respectively) were observed. The intersection

of the line HC with the QFM buffer curve is not well known, but must lie

above 452o C. Along the l ine CB ferrisanidine melts to magnetitetl iquid'

Wones (1963) found point B to be at 715' C. Point C, which is at the in-

tersection of curves IH and FED must be close to 700o C. and for:10-tt

atm. Above point B ferrisanidine melts to hematite+iiquid. It is inter-

,A

Ae
/\

Frc. 19. Oxygen pressure-temperature diagram, iliustrating reactions in

the region around points A, B, and C of Fig' 18.

esting to note that for celadonite bulk composition (KzO'2MgO'FerOs
.SSiOt the curve representing the meiting of ferrisanidine (Fig. 11 and

reaction 3,p. 1057) l ies above the QFM buffer curveat temperatures as low

as 416o C., that is ferrisanidine at a fixed Pe, melts at a lower temperature

for celadonite bulk composition than lrom its own bulk composition.

This of course is as it should be.
Figure 18 also shows the stability field for ferriannite, as determined bv

Wones (1963). Ferriannite is stable below curve AC and to the left of

curves CDEF and FG.
Phase relations in the vicinity of points A, B, and C have been analyzed

completely in Fig. 19, for a constant PHro of 2,000 bars, with HzO pres-
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ent in excess. The compositions of all six phases encountered: Fe-biotite
(B), Fe-sanidine (FS), magnetite (M), hematite (H), melt (L) and vapor
(V) can be represented by the four components KzO.6SiO2,2FeO, H2O
and Oz. They are shown in Fig. 19 on the base of the tetrahedron, pro-
jected from the HzO apex. A, B and C are (isobaric) invariant points
with five univariant curves radiating from each point.Three of the curves,
one from each invariant point, involve condensed phases only.l Two
curves each for points A and B are identical with the HM buffer curve.
The remaining two curves from Point A represent the decomposition of
Fe-biotite and the remaining two curves from point B represent the
incongruent melting of Fe-sanidine. The remaining four curves from
point C represent respectively the melting of Fe-sanidine to Fe-biotite
f l iquid, the melting of Fe-sanidine to magnetite+liquid, the melting of
Fe-biotite to magnetitefl iquid and the decomposition of Fe-biotite to
Fe-sanidinefmagnetite. AII possible phase assemblages within a given
fq,-T field for bulk compositions within the MBLV area are shown graph-
ically in Fig. 19. The composition of V as shown in Fig. 19 is nearly pure
oxygen, though the actual vapor involved will be a mixture of HzO*H,
*02, as defined by the specific fe, involved. The composition of L is not
strictly constant, but its general location is defined by the relative loca-
tion of the reaction curves shown in Fig. 18. Positions of metastable ex-
tensions can be derived from the number of assemblages which must be
stable in each f6r-T area. Several joins shown in Fig. 19 are not stable in
the presence of an oxygen-bearing vapor and therefore are not en-
countered in hydrothermal experiments.

Gnorocrc ApplrcarroNs

At a vapor pressure of 2,000 bars the MgFe3+-celadonite is stable to
temperatures slightly higher than 400o C. (Table 9). Variations in fs,
have little effect on this temperature. As mentioned earlier celadonite is a
mineral of the zeolitic facies and has not been reported for mineral
assemblages of the greenschist facies. It is obvious, therefore, that natural
celadonite disappears during progressive metamorphism long before
its upper stabiiity limit has been reached. This is also indicated by the
breakdown products of pure celadonite: ferriphlogopite and ferrisanidine,
neither of which is an important mineral.

The ideai composition of minerals commonly associated with cela-

I The existence of a fourth curve between condensed phases alone must be postulated
at Te)T)Tc for the reaction biotite3magnetite+liquid. This reaction is necessary to
properly separate bivariant regions between points B and c. The composition of the liquid
of course is somewhat difierent from the point L assumed in Fig. 18. This curve is not
stable in the presence of an oxygen bearing vapor.
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donites can be plotted in a triangular diagram with (AlzOg*FezOs),

(MgO*FeO) and KzO as apices. SiOz and HrO are assumed to be present

in excess, CaO is at first considered to be absent and will be added later.

Figure 20 shows part of this triangle. Only minerals commonly associated

with celadonite are plotted. The sequence of reactions which will be en-

countered during progressive metamorphism is difficult to predict be-

cause of the lack of relevant data on natural minerals and mineral

assemblages and on synthetic systems. It is, nevertheless, useful to dis-

(Mg,Fe)O
Koolrnrte
Pyrophyl l i le

Ky  onr le

Fe)20J

A
Chlorr le

ch

Frc. 20. The triangular plot of KzO-(Al,Fe)zOr, (Mg,Fe)O, and (Al,Fe)zO:, showing the

minerals that can be expressed with these components, assuming excess SiOr and HzO.

cuss a probable path, though this path may later have to be modified in

the tight of new data. Figure 21 shows such a path which is based on sev-

eral assumptions, some of which are discussed below.
The following reactions have been assumed to take place with increas-

ing temperature at a constant water pressure:

I. Celadonitef hydrous aluminous silicate3muscovitef chlorite

II. Celadonite*muscovitef potash feldspar

V. Celadonite*chlorite=biotiter
\lL Celadonite3biotitef potash feldspar

VII. Chlorite*potash feldspar3biotite*muscovite

VIII. Chlorite*muscovite3biotite*aluminous silicate

of these reactions only reaction VI has been investigated experimentally
(this paper); the others were inferred from natural assemblages.

1 Reactions III and IV appear inFig.22. They do not involve celadonite.
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The existence of reaction I, which most likely is the reaction by which

the bulk of celadonite disappears during progressive metamorphism, de-
pends upon the relationship between celadonite, glauconite and musco-

vite. The extent of solid solution (by ionic substitution or by mixed layer-

ing) along the celadonite-muscovite joint is not known. As mentioned

previously the number of silicon atoms per 12 (O, OH, F) varies in

celadonites between 4.0 and 3.70 and in glauconites between 3.8 and 3.4,

while some illites (Deer et al., 192, p. 218-220) contain as much as 3.5

F o
@ :
I t Y

I t

V[

TEMPERATUR

Fro. 21. Prro-T diagram to illustrate the participation of celadonite in certain proposed

metamorphic reactions. See text for discussion. The symbols are those used in Fig' 20.

Si. In the case of the illites, in particular, high Si values may be caused

either by admixed silica (too fi.ne-grained to appear oL n-ray powder pat-

terns) or by mixed-layering with montmorillonite.
The extent of solid solution between glauconites and muscovites is

uncertain, although a fair number of good glauconite analyses are avail-

able (see Owens and Minard, 1960). Burst (1958) demonstrated that
many glauconite pellets are actually mixtures of glauconite with illite,
montmorillonite, chlorite and other minerals. Separation of phases is
often impossible and many reported chemical analyses may have been per-

formed on mixtures,
The existence of muscovites with high silica contents seems to be well

established. Examples have been reported for instance by Schaller (1950)

and by Lambert (1959). Discounting old analyses and analyses performed
on impure material (analyses of mariposite, alurgite and leucophyllite,
see Schaller, 1950), such muscovites seem to be able to contain as much

u VI
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as 3.45 sil icon atoms per 12 (O, OH, F). They appear to l ie close to the
muscovite (KAlrAiSiBOro(OH)z)-leucophyll ite (KAlMgSiaOro(OH)r)
join and are commonly called phengites. All reliable phengite analyses lie
closer to muscovite than to leucophyllite. Attempts at synthesis of the
end member leucophyllite over a range of temperatures have yielded
phlogopite as the only micaceous phase. It is important to note that most
well documented high-silica muscovites and phengites come from meta-
morphic or hydrothermal environments. Furthermore, Lambert (1959)
found a tendency for the silica content to decrease with increasing grade
of metamorphism.

In summary, it is possible to fi.nd analyses to cover the whole range of
Si:Al ratios between muscovite and celadonile. However, if purely sedi-
mentary environments (most glauconites) are excluded, there appears to
be a break between about 3.45 and 3.70 sil icon atoms per half unit cell.
This break has been assumed to exist in Fig. 21 for celadonite assem-
blages of the lowest metamorphic grade.

Celadonites commonly are associated with clay minerals such as
montmorillonite. Therefore the join celadonite-hydrous aluminous sili-
cate (A) has been assumed to be stable rather than the join muscovite-
chlorite at the beginning of incipient metamorphism.l If this assumption
is correct, the following three-phase assemblages should exist:

Celadonite*chlorite*aluminous silicate
Celadonitef muscovitef aluminous silicate

The first assemblage has been observed, but no celadonite-muscovite
assemblages have so far been reported except for possible glauconite,
illite, and montmorillonite assemblages in glauconite pellets. There seems
to be no obvious reason why this pair should not coexist. However, very
careful work would be required to detect the presence of both micas in
fine-grained mixtures. It is also possible that the compositional require-
ments are not commnly met for this pair to form.

The first reaction assumed to take place on rising temperatures (or
decreasing Psr6) is that between celadonite and the aluminous sil icate,
with an excess of SiOz and HzO present:

(I) celadonite * aluminous silicatepmuscovite * chlorite
I As was pointed out by Thompson (1957), MgO and FeO can, in most instances, not be

treated as one component. If they are, as in Fig.2l, joins may cross, even for fixed values
of Psr6 and T. The coexistence of celadonite and montmorillonite, for instances, does not
preclude the coexistence of muscovite with a chlorite, whose Mgo/Feo ratio is significantly
different from that of celadonite. For the same reason, univarient reactions shown in Fig. 21
are in reality families of reactions, occupying Psr6-T regions. These objections, however,
do not invalidate the usefulness of Figs. 2l and22, which must be regarded as very crude
first attempts at illustrating an exceedingly complex group of problems.
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This reaction has not yet been observed in the field or in the laboratory'

If it does take place as indicated, it could be a most significant step during

incipient metamorphism, since it could represent the first appearance

of metamorphic muscovite. If illite was present in the original sediment,

the reaction must be detected by the disappearance of celadonite or

kaolinite rather than by the appearance of muscovite.
Reaction I marks the disappearance of celadonites from all those

celadonite assemblages, whose bulk composition lies on the AlrOr-rich

side of the muscovite-chiorite join.

The next reaction assumed to take place is:

(II) celadonite*muscovite=chlorite*potash feldspar which creates

the following assemblages:

celadonite+chloritefpotash feldspar

chlorite*muscovitefpotash feldspar

chlorite*muscovite* aluminous silicate

The first assemblage has been observed in some celadonite-bearing

rocks, although the potash feldspar is usually present only in the norm,

since the accompanying zeolite contains some potassium. The other two

assemblages of course are typical for low-grade slates and schists. The

reaction observed by Dickinson (1962) is perhaps of this type.

The next step couid be the appearance of biotite at the expense of

celadonite and chlorite:

(V) celadonite * chlorite3biotite

The chlorite participating in this reaction is less aluminous than the
chlorites which coexist with celadonite*potash feldspar and with mus-

covite.
So fa,r each successive reaction has decreased the range of bulk com-

positions for which celadonite is a stable phase. 'fhe next reaction repre-

sents the upper stabil ity l imit of pure celadonite and it is the reaction in-

vestigated in this paper:

(VI) celadonite3biotite*potash feldspar

Above this reaction celadonite should not be present in mineral assem-

blages for any bulk composition.
Two additional reactions have been indicated in Fig. 21:

(VII) chloritelpotash feldspar-muscovite*biotite
(VIII) chlorite * muscovite3biotite * aluminous silicate

The retrograde equivalent of reaction VII has been described by Chayes
(1955) and reaction VIII could be the equivalent of the kyanite or garnet

isograd, depending upon the bulk composition.
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A shortcoming of Fig. 21, as pointed out by D.S. Coombs (pers. com-
munication) is the omission of two minerals--saponite and stilpnomelane.
Coombs (pers. comm.) says that "sti lpnomelane appears freely long be-
fore biotite in New Zealand and elsewhere." Coombs also believes that
"reactions including loss of sti lpnomelane are important in the produc-
tion of biotite at the onset of the biotite zone." Recent studies involving
sti lpnomelane and sti lpnomelane-bearing assemblages have been made
by Blake (1958) andZen (1960). Blake (1958) found sti lpnomelane in iron
formations commonly associated with minnesotaite. Zen (1960) pointed
out that the sti lpnomelane-microcline-chlorite assemblage rules out "the
chlorite Fe-biotite pair, which in fact is not found in the area although
biotite does occur." Zen (1960, Fig. 5, p. 158) also stressed the fact that
in an AKF diagram (equivalent to Figs. 2I,22) apparent crossing the tie-
Iines is possible for Psre-T areas between reaction curves, because of the
lumping of FeO and MgO as one component.

No information is available on celadonite-stilpnomelane assemblages.
It is conceivable that celadonite could participate in a reaction of the
type:

celadonite * chlorite*stilpnomelane

Saponite, only provisionally reported (Ross, 1958; Wise, 1961) may
be replaced by chlorite very early. Far more data are needed in order to
evaluate the role of saponitic clays. However, unti l more information be-
comes available, Fig. 21 sti l is useful in its present incomplete form.

Most celadonite assemblages are found in an environment rich in CaO
as well as alumina. Heulandite is the most common calcic mineral asso-
ciated with celadonite (Coombs et aI., 1958; Wise, 1961) calcite* celadon-
ite is quite common (Wise, 1961) and laumontitetceladonite (Coombs
et al.,1959) as well as clinopti lolite* celadonite (Coombs, 1958; Hay,1962,
1963; Fisher, 1963) have also been reported. The most extensive summary
of zeolite reactions inferred from natural assemblages and from laboratory
studies is that of Coombs et al. (1959). Zen (1961) has pointed out the rela-
tionship between zeolite and carbonate assemblages. He concludes that:

". . . it appears that at constant temperature and pressure, it is possible to obtain, for a
system isochemical with respect to the inert components, both mineral assemblages char-

acteristic of the zeolite facies and of the greenschist facies, depending on the relative values

of psr6 and rcor. At high values of psr6 and low values of p6e, the zeolite facies prevails;

however, many sediments and sedimentary rocks evidently did not crystalize under these

conditions. Relative values of pc62 are commonly high enough so that the alternative assem-

blages, calcite-kaolinite-quartz or calcite-pyropyllite-quartz, obtain "

To include celadonite-bearing assemblages, Zert's treatment must be
extended by adding both (Mg, Fe)O and KzO. This amounts to adding
CaO and COr to Fig. 21. A schematic analysis of the most probable se-
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quence of mineral reactions and mineral assemblages is shown in Fig'

22, whichis a IrH2o-/rco, plot drawn at constant temperature and constant

total pressure, assuming that Sioz and Hro are present in excess. All re-

actions which are dehydration-h-vdration reactions only l ie on l ines paral-

lel to the /-rco, axis. Reactions involving transfer of both COz and HrO

proceed along lines inclined to both axes. The slopes can be calculated

from the mole fractions of the participating gases (see, for instance, Zen,

1961), but only if the solids involved have a fixed and known composition.

In the case at hand it is possible to show relative slopes only.

It should be pointed out that the sequence of reactions from the top to

the bottom oI Fig. 22 is also the sequence to be expected with rising

temperature, and temperature differences are probably involved in most

cases when such a sequence is observed in nature.

The basic mineral configuration of Fig. 22 is a simplified version of

Fig. 21 with celadonite, muscovite, biotite, chlorite, potash feldspar and

hydrous aluminous silicate (A) all lying in the same plane and with calcite

forming the apex of a four-sided pyramid. Solids are treated as if they had

a fixed composition and are arranged in such a manner as to permlt proper

crossing of joins. The problem of the stabil ity of aluminous sil icates

(kaolinite, montmoril lonite, pyrophyll ite, etc.) is not considered and A

simply stands for any hydrous aluminous sil icate. Heulandite, laumontite

and prehnite l ie in the front face of the pyramid on the A-Cc join. It must

be remembered that the pyramid is drawn perspectively in Fig' 2l and

that joins which appear to cross on paper do not cross in space'

The basic framework for Fig. 22 is given by reactions I, II, V, VI,

which follow each other at successively lower values of pnro' Two addi-

tional dehydration reactions must now be considered:

III heulanditeilaumontite f quartz and

IV laumontite-prehnite* quartzl

'Ihese two reactions have been placed below the celadonite-muscovite re-

action (II) and above the reaction forming biotite (V), because neither

celadonite-muscovite nor celadonite-biotite assemblages have so far been

reported, while celadonite-heulandite, celadonite-laumontite and celadon-

ite-prehnite assemblages are common. Under different conditions (for

instance high load pressure) prehnite might be replaced by lawsonite or

zoisite, neither of which has so far been found in association with cela-

r Reaction IV is oversimplified in that laumontite can coexist with prehnite over a range

ofpHr6 values and is not directly replaced by it, since its CaO/AhOs ratio differs from that

of prehnite. Coombs (1961) has discussed several laumontite-prehnite assemblages and has

concluded that ,,the {ull sequence of reactions by which first laumontite, then prehnite and

r:umpellyite are eliminated is not yet clear."
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Ftc.22. F12o-lrco2plot drawn at constant temperature and constant total pressure and
assuming that SiOs and HzO are present in excess. The possible assemblages for each

r:rnro-pco, field are given below:

t11 t21 13l
Cel-eh-A-H Cel-M-KF-Cc Cel-M-KF-Cc
Cel-M-A-H Cel-Ch-H-Cc Cel-M-A-Cc
Cei-M-KF-H Cel-M-H-Cc Cel-Ch-A-Cc
Cel KF-H-Cc Cel-Ch-A-H
Cel-Ch-H-Cc Cel-M-A-H

t077

t4l
CeI-KF-H-Cc
Cel-Ch-H-Cc
Cel-M-KF-H
Ch-M-A.H
CeI-Ch-M-H

t8l

123) l24l
B-KF-P-Cc Ch-B-KF-Cc
Ch-B-P-Cc Ch-KF-P-Cc
Ch-B-KF-P Ch-M-KF-P
Ch-M-KF-P
Ch-M-A-P

tsl t6l
Cel-M-KF-Cc Cel-M-KF-Cc
CeI-M-H-Cc Cel-Ch M-Cc
Cel-Ch-H-Cc Ch-M-H-Cc
Cel-Ch-M-H Ch-M-A-H
Ch-M.A.H

tel I10l

t7l
Cel-M-KF-Cc
Cel-Ch-M-Cc
Ch-M-A-Cc

Cel-KF-I{-Cc Cel-Ch-KF Cc Cel-Ch-KF-Cc
Cel-Ch-H-Cc Ch-KF-H-Cc Ch-M-KF-Cc
Cel-Ch-KF-H Ch-M-KF-H Ch-M-H-Cc
Ch-M-KF-I{ Ch-M-A-H Ch-M-A-H
Ch-M-A-H

l1  1 l
Cel-KF-L-Cc
Cel-Ch-L-Cc
Cel-Ch-KF-L
Ch-M-KF-L
Ch-M-A-L

t1 sl
Cel-KF-P-Cc
Cel-Ch-P-Cc
Cel-Ch-KF-P
Ch-M-KF P

Ch-M-A-P

l18l t lel
Cel-KF-P-Cc Cel-Ch-B-Cc
Cel-B-P-Cc Cel-Ch-P-Cc
Ch-B-P-Cc Cel-KF-P-Cc
Cel-B-Ch-P CeI-Ch-KF-P
Cel-Ch-KF-P Ch-M-KF-P
Ch-M-KF-P Ch,M-A-P
Ch-M-A-P

112l [13] [14]
Cel-Ch-KF-Cc Cel-Ch-KF-Cc Cel-Ch-KF-Cc
Ch-KF-L-Cc Ch-M-KF-Cc Ch-M-KF-Cc
Ch-N{-KF-L Ch-M-L-Cc Ch-M-A-Cc
Ch-M-A-L Ch-M-A.L

t16l l17l
Cel-Ch-KF-Cc Cei-Ch-KF-Cc
Ch-KF-P-Cc Ch-M-KF-Cc
Ch-M-KF-P Ch-M-P-Cc
Ch-M-A-P Ch-M-A-P

l20l 121l lr'r1
L - - )

Cel-Ch-B-Cc Cel-Ch-B Cc Cel-B-Ch-Cc
CeI-Ch-KF-Cc Cel-Ch-KF-Cc Cel-Ch-KF-Cc
Ch-KF-P'Cc Ch-M-KF-Cc Ch-M-KF-Cc
Ch-M-KF-P Ch-M-P-Cc Ch-M-A-Cc
Ch-M_A-P Ch-M-A-P

12sl 126l
Ch-B-KF-Cc Ch-B-KF-Cc
Ch-M-KF-Cc Ch-M-KF-Cc
Ch-M-P-Cc Ch-M-A-Cc
Ch-M-A-P
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donite. Reaction V is necessary because of the experimentaliy demon-
strated existence of reaction VI.

Zen (1961) has investigated the effect of changes in /rco, and has postu-
Iated the reactions

(A) heuiandite3aluminous silicate-l-calcite and
(B) laumontite3aluminous silicatef calcite

If prehnite is present, a third reaction is necessary
(C) prehnite-aluminous silicatef calcite

Zen (1961) has also pointed out that the slope of reaction (B) must be
steeper than that of reaction (A). Similarly, the slope of reaction (C) must
be steeper than that of reaction (B).

Reactions III, (A), (B) and reactions IV, (B), (C) intersect each in an
isobaric-isothermal invariant point; that is, stable branches of reactions
III and IV do not extend to the right of the "zeolite fence" A-B-C. Re-
actions involving celadonite (I, II, V and VI) are not affected by reac-
tions (A), (B) and (C) and their stable branches therefore extend across
the "zeoiite fence." AII zeolite assemblages l ie to the left (low pcor) of the
"zeolite fence" and all A*Cc assemblages lie to the right of it (high

Pcor).
From the relative positions of reactions, I, II, III, IV, V, VI, A, B and

C it is possible to derive a complete isothermal-isobaric Lt4zo-ttco2diagram.
A number of additional reactions become necessary for topological
reasons:

(D) heulandite-fpotash feldspar-muscovite*calcite
(E) laumontitef potash feldspar*muscovite*calcite
(F) prehnitef potash feldspar3muscovitef calcite
(G) celadonitef heulandite3chlorite*muscovite*calcite
(H) celadonitef heulandite3chlorite{potash feldsparf calcite
(I) celadonite-| Iaumontite3chloritef potash feldsparf calcite
(J) celadonitef prehniteSchloritef potash feldsparf calcite
(K) biotitef prehniteiceladonitef chloritef calcite
(L) biotite*prehnite3chloritef potash feldsparf calcite

The locations of these additional reactions are completely defined within
the psre-,1.r66, diagram by the correlative requirements that a particular
phase boundary must represent a single reaction only and that mineral
assenrblage in adjacent p1zo-Fcoz fields differ by a single reaction only.

Figure 22 shows the complete graphical analysis and gives all possible
mineral assemblages for each of the 26 difierent pH2o-lr"co2 fields. Many
possible assemblages have not been found because of the wide range of
bulk compositions required.

There are no discrepancies between observed assemblages, experi-
mental data and Fig. 22. This is not to imply that this figure represents
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the only possible solution, but does indicate that an arrangement similar is

the probable solution. As mentioned earlier, adjustments in Fig' 21

will most certainly become necessary as more information becomes known

about celadonite-bearing assemblages both from natural and synthetic

studies.
It is also very important to realize that, because of the type of projec-

tion used, some of the reactions shown may take place not along a sharp

curve but over a band of finite width. This is, as mentioned before, be-

cause participating phases do not necessarily have the same MgO/FeO

or FezO3/AlzOa ratios. There wil l be a band in the psr6-1.rco, plot for in-

stance where celadonite*biotite*chlorite*muscovite may coexist in

equilibrium over a range of /-rnro and pco2 values with a difierent MgO/

FeO and ['s2Q3/Al2Oa ratio for each of the participating phases and so on'

Several other omissions in Fig. 22 deal with the Ch-A-Cc front face of

the pyramid, particularly with respect to pumpellyite, which has been

found to coexist with celadonite (Prostka, 1963). However, an extension

to include such assemblages is not considered to be useful at this time be-

cause of the lack of relevant information.

Suuu-qnv

Chemical data on celadonite are meager and hard to obtain. Since

celadonite is generally associated with some other phyllosilicate, separa-

tion is often impossible. Only when celadonite occurs by itself in amygdule

fillings can sufficiently pure material be obtained for chemical analysis.

Chemical evidence accumulated thus far indicates that the occupancy of

the tetrahedral layer in celadonite varies between Sir and Sis roAlo.so Per
12 oxygens. Glauconites are distinguished from celadonites principally by

their higher content of tetrahedral aluminum. In the octahedral layer

the MgFe3+-end member predominates, although some ferrous iron

proxies for magnesium and a considerable amount of aluminum can re-

place the ferric iron. Octahedral occupancy is always close to two'

Infrared absorption spectra of celadonites differ significantly from

those of glauconites, which show patterns more closely related to those of

muscovites. X-ray dataindicate that ali natural and synthetic celadonites

investigated so far belong to the 1M type.
Thus far celadonite has been reported mostly from altered or weakly

metamorphosed volcanic rocks where it is closely associated with the

zeolites-clinoptilolite, heulandite, and laumontite-and prehnite. It is

also commonly accompanied by clay minerals, such as montmorillonite.

The association with zeolites indicates that conditions required for the

formation of zeolites (high psr6Jow Fcor environments) also fpvor the

formation of celadonites.
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The upper stabil ity l imit of the MgFe'+-celadonite at a water pressure
of 2,000 bars l ies between about 400o and 440o C. depending upon the
magnitude of for. This celadonite is stable under very reducing conditions
(magnetite{iron buffer). With increasing oxygen fugacity its D and c cell
dimensions decrease, its mean refractive index increases, and its stabil ity
field expands. High temperature breakdown products incrude iron-
biotite and iron sanidine. Preliminary data on the stabil ity of iron-sani-
dine as a function of f6, and T agree well with and extend published data
on ferrisanidine and ferriannite.

Data on the upper stabil ity l imit of celadonite are not very useful in in-
terpreting natural celadonite occurrences, since the temperatures far ex-
ceed estimates of the zeolite and prehnite-pumpellyite facies. Also, the
reactions studied in the synthetic system do not correspond to any reac-
tions inferred from narural assemblages. Nalural ceradonites must dis-
appear during progressive metamorphism long before celadonite itself
becomes unstable. This is accomplished most probably by interaction of
celadonite with an aluminous sil icate, such as montmoril lonite. rt is pos-
sible to postulate a series of steps and to construct a preliminar) /rnro_
/-rco, grid, based on reactions inferred from natural assemblages and bn
the reaction studied in the synthetic system. Such a grid can be a valu-
able aid in studying assemblages from the lower grades of metamorphism,
involving celadonite and zeolites or their compositionar equivalents.
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