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Abstract—A series of hydrothermal experiments were performed to determine the phase relations on the
beidellite-saponite pseudo-binary join. Quenched glasses with stoichiometric dehydrated compositions of
an Na-rich smectite on the join were heated at 250-500°C for durations of 1-151 d at 100 MPa. Time-
temperature diagrams showed that immiscibility occurs between dioctahedral smectite (beidellite) and
trioctahedral smectite (saponite) below 400°C. Thus, smectite with intermediate chemical composition
was considered as metastable in this system. Above 400°C, the assemblage of regularly interstratified
saponite-chlorite, quartz, and feldspar was recognized in the intermediate chemical compositional region
of this join. On the beidellite side of this join, beidellite and mixed-layer phases of smectite and a regular
interstratification of montmorillonite-beidellite, are possible phases that occur at <300°C. They readily
reacted to form a mixture of dioctahedral rectorite plus quartz at 300°C. This assemblage then reacted to
a dioctahedral “mica”, which can expand with glycol and quartz. On the saponite side of this join, a
single phase, saponite, existed at <400°C, and transformed to saponite plus trioctahedral rectorite with
aging and increasing temperature of synthesis. The alteration was affected strongly by the chemical
composition of the binary system.

Key Words-—Beidellite-Saponite Join, Compositional Gap, Hydrothermal Experiment, Mixed-Layer
Phases.

INTRODUCTION material with composition between beidellite and sap-
onite showed two distinct peaks at 1.49 and 1.53 A.
From these results, Decarreau ez al. (1992) suggested
that an immiscibility exists between beidellite and sap-
onite. Another experimental study of the beidellite-
saponite series was performed at 200-250°C for 15—
60 d by Grauby et al. (1993). Their study by X-ray
diffraction (XRD) and analytical transmission electron
microscopy showed that the beidellite-saponite series
involved different structures at a fine scale. Thus the
series was discontinuous and showed a large immis-
cibility gap. Leger et al. (1995) studied the AP+-Fe3*-
Mg?* (octahedral) solid solution in smectites. These
experiments were performed at 200°C for 30 d under
autogeneous water pressure, but the chemical gap was
not observed.

In this paper, smectites in the beidellite-saponite se-
ries were synthesized systematically above 250°C at
100 MPa for 1-151 d. Synthesis products were eX-
amined by the powder XRD method for randomly ori-
ented mineral aggregates and glycolated samples. The
trioctahedral and dioctahedral end-members, the syn-  Greene-Kelly test (Greene-Kelly, 1953; Lim and Jack-
thesis of smectite containing AP* and Mg?* as octa-  son 1986) was also performed. The stability of smec-
hedral cations was performed at 200°C for 30 and 60 e and the transformation of smectite to interstratified
d, and at 250°C for 15 and 30 d under equilibrium  mjinerals are discussed. Based on the experimental re-
water pressure (Decarreau e al., 1992). They used the  gsults, the compositional gap between beidellite and
superposed (060) and (330) X-ray diffraction peaks saponite is confirmed.

[hereafter referred to as (060)] to determine the pres-

ence of dioctahedral or trioctahedral character (Brind- EXPERIMENTAL

ley and Brown, 1980). With longer synthesis time and Starting materials were quenched glasses made from
higher temperature, the product obtained from starting a mixture of Na,COs, AL,O;, MgO, and SiO, with stoi-

Smectites are classified as either dioctahedral or
trioctahedral by the isomorphous substitution of tri-
valent and divalent cations in the octahedral sheets
(Brindley and Brown, 1980). Statistical analysis of
chemical data of natural smectites showed large com-
positional gaps between the two groups (Giiven, 1988;
Weaver and Polland, 1975). Smectites of intermediate
composition are believed to be mixtures of dioctahe-
dral and trioctahedral end-members. Theoretical treat-
ments of unit-cell dimensions of layer silicates also
suggested that a discontinuity between dioctahedral
and trioctahedral clay minerals exists and that minerals
with intermediate chemical composition are metastable
(Radoslovich, 1962, 1963a, 1963b; Radoslovich and
Norrish, 1962; Veitch and Radoslovich, 1963). In
some clays, however, smectite with intermediate
chemical compositions were reported (Curtin and
Smile, 1981; Kodama et al., 1988; Nahon et al., 1982).

To characterize “‘intermediate” smectite between
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Table 1. Criteria for X-ray identification of phases.

d(001) (A) 4(060) (A)
EG! GK' CF

Beidellite 17 17 1.49
Saponite 17 17 1.53
Dioctahedral rectorite (di-

rectorite) 27 28 1.49
Trioctahedral rectorite (tri-

rectorite) 27 28 1.53
Mixed-layer phase of

smectite and the 1:1

regular interstratification

of montmorillonite and

beidellite (S/r.i.M-B) 172 20-27 1.49
Regularly interstratified

saponite-chlorite 30-33 31-35 ND?
Dioctahedral mica-like

phase expanded with

ethylene glycol

[DM(EG)]* 17 9.5 1.49
Randomly interstratified

paragonite-beidellite

(Pa-B) 14 14 1.49
Randomly interstratified

chlorite-smectite 15 15 ND?

'EG: ethyelene-glycolated sample; GK: sample treated by
the Greene-Kelly test; CF: compression-free sample for
avoiding preferred orientation.

2 This value is 4(002).

3 Not determined.

4 Yamada et al. (1991a), Yamada and Nakazawa (1993).

chiometric dehydrated Na-rich smectite compositions
on the beidellite-saponite pseudo-binary join:
Nay (Mge 2, Al 3)(Aly 65i7,4)O5,, Where x = 3, 2.7, 2.2,
1.2, and 0. When x is 3, the chemical composition is
that of ideal Na-rich beidellite. When x is 0, the com-
position is that of Na-rich saponite. The oxide mix-
tures were fused by an infrared focusing-image fur-
nace, and quenched in water. The furnace was de-
scribed originally to synthesize single crystals of rare-
earth garnets by the floating-zone method (Kimura et
al., 1983), and was operated to make starting glasses
without a crucible. The glass was crushed and frac-
tionated at <10 pm by hydraulic elutriation, and used
as starting material.

Hydrothermal experiments were performed using a
rapid-quench type hydrothermal apparatus (Yamada et
al., 1988). One hundred mg of pulverized glass and
100 mg of distilled water were sealed in a gold tube.
The mix of glass and water was heated at 250-500°C
and at 100 MPa. The experiments ranged from 1 to
151 d.

Synthesis products were examined by powder XRD
after quenching. Three samples were prepared follow-
ing the method used by Yamada et al. (1991a): com-
pression-free (CF) samples, ethylene-glycolated (EG)
samples, and samples treated by the Greene-Kelly test
(GK) (Greene-Kelly, 1953; Lim and Jackson, 1986).
The CF sample was obtained by crushing and mount-
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ing the sample on a ‘“‘backgroundless” quartz plate
without compression to reduce the influence of pre-
ferred orientation. The EG sample was prepared as fol-
lows: the product was oriented by sedimentation in
water onto a glass slide, dried at room temperature,
placed in a sealed container with ethylene glycol, and
then heated overnight at 60°C. For the GK test, the
product was dispersed in 1 M LiCl solution. The sam-
ple was isolated from the suspension by centrifugation
and the process repeated four times to fully exchange
Li for Na. The Li-exchanged sample was washed three
times with 90% ethanol to remove excess cations and
chloride. This materiai was oriented on a pure silica
glass slide by sedimentation, heated overnight at
300°C, placed in a sealed container with glycerol and
then heated overnight at 90°C.

RESULTS
Phase identification criteria

The phases encountered in this study were identified
using the same criteria as described previously (Ya-
mada et al., 1991a) and are summarized in Table 1.
The typical XRD patterns of the products are shown
in Figure 1. The (060) reflection of the CF sample
(Figure 1) determined the dioctahedral (e.g., beidellite)
or trioctahedral (e.g., saponite) phase. A d(060) of
1.48-1.50 A indicates a dioctahedral phase, and a
spacing of 1.53-1.55 A indicates a trioctahedral phase
(Brindley and Brown, 1980). The EG sample is used
for the identification of smectite which expands to 17
A. The GK sample was used to confirm smectite with
a tetrahedral negative layer-charge, either beidellite or
saponite. After the GK test, a smectite with tetrahedral
charge has a spacing of 18 A, whereas, a smectite with
octahedral charge, montmorillonite, has a spacing of
9.6 A. Beidellite (17 A for EG, 18 A for GK, and
d(060) = 1.49 ;\, Figure la) and saponite (17 A for
EG, 18 A for GK, and d(060) = 1.53 A, Figure 1b)
were easily identified. The coexistence of beidellite
and saponite was characterized by two (060) peaks
(Figure 1c).

Two types of rectorite occurred, one involving bei-
dellite and paragonite (di-rectorite) and the other sap-
onite and phlogopite (tri-rectorite). Both rectorite sam-
ples have long spacings, 27-28 A for EG and 28-29
A for GK. The d(060) = 1.49 A (Figure 1d) of bei-
dellite-paragonite indicated dioctahedral character,
whereas saponite-phlogopite was trioctahedral with
d(060) = 1.53 A (Figure le).

A new interstratification of smectites was observed.
The phase has a broad peak near 20-27 A for GK, but
a typical dioctahedral character of smectite for CF and
EG (Figure 1f). Thus, the phase consists of a random
interstratification of smectite and a rectorite-like ma-
terial. The rectorite-like material involves the regular
() interstratification (i) of montmorillonite (M) and
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Table 2. Hydrothermal run products. Table 2. Continued.

T (°C) t(d) Product T (°C) t1(d) Product
Nagy (AL(Aly6Si;,)0, (x = 3, beidellite) 450 7 beid, sap, r.Ch-Sm, Qz
250 7 beid, kaol 21 r.Ch-Sm, Qz
19 beid, kaol 66 1.Ch-Sm, Qz
49 beid, kaol 500 1 beid, sap, Qz
129 beid, kaol 11 r.Ch-Sm, Qz
300 7 beid 29 Ch-Sm, Qz
21 be%d Na, (Mg 7Al 5)(Aly68i7)0,; (x = 1.2)
132 EZ:g 250 19 poorly crystall@zed sap
350 7 beid 50 poorly crystallized sap
21 beid 151 sap, be'%d
49 beid 300 7 sap, be%d, Qz
55 beid 21 sap, be{d
105 beid, di-rect 39 sap beid, Qe
400 7 beid > sap, beid, Qz
27 beid 350 7 sap, be}d
S5 di-rect 21 sap, beid _
91 di-rect 51 sap, be¥d, Qz, Crist
112 direct, Qz 105 sap, beid, Qe
450 7 diect, DM(EG) w0 e &
21 di-rect, DM(EG) 55 sap, ’
66 di-rect, DM(EG), Qz
500 7 Pa-B, DM(EG), Crist 450 9% r'Ch‘Sé”ﬁ (SQZ’ feld
1 DM(EG), Crist sap, r.Ch-Sm, Qz
29 DM(EG), Qz 21 sap, r.Ch-Sm, Qz
’ 66 r.Ch-Sm, Qz, feld
Nay s(Mgy ;AL 5)(Alg 6517,4)0,, (x = 2.7) 500 1 sap, Qz, Crist
250 19 S/riM-B 11 sap, r.Ch-Sm, Qz
50 S/riM-B, Qz 29 sap, r.Ch-Sm, Qz
wo b ShMB Nag Mge(AlySi; )0y, (x = 0, saponite)
2t sme o 250 19 sap
50 S/tiM-B, Qz 1‘2‘3 ZZ‘S
105 S/ti.M-B, Qz 300 - sap
350 7 S/riM-B, Qz 21 sap
21 S/tiM-B %9 sap
51 S/tiM-B, Qz 105 sap
105 beid, Az 350 e sap
400 7 beid 21 sap
31 beid, Qz 49 sap
55 beid, Qz 105 sap
91 beid, di-rect, Qz, lizar, feld 400 > sap
450 7 di-rect, DM(EG), Qz 7 sap
21 di-rect, DM(EG), Qz 3] sap
66 di-rect, Qz 01 <ap
500 : beid, Qz 112 sap, tri-rect
11 DM(EG), l@zar, Qz 450 2 sap: tri-rect
2 DM(EG), lizar, Qz 7 sap, tri-rect
Nay (Mg, ;AL g)(AlySi;,,)0 (x = 2.2) 21 sap, tri-rect
250 19 poorly crystallized $/ri.M-B 66 sap, tri-rect
50 poorly crystallized S/r.i.M-B, Qz 500 1 sap
151 poorly crystallized S/t.iM-B, Qz 2 sap, tq—rect
300 7 S/iM-B, Qz 7 sap, tri-rect
21 SiiM-B 29 sap, tri-rect
1(5)2 gﬁix_g: 8; beid = beidellite. sap = saponite. di-rect = dioctahfedral
350 7 beid, sap, S/ri.M-B rectorite. tri-rect = trioctahedral rectorite. S/r.i.M-B = mg(ed-
21 beid, sap, S/tiM-B, Qz layered phase of smectite and the 1:1 regularly interstrat%ﬁed
51 beid, sap, Qz montmorillonite-beidellite. .Ch-Sm = regularly interstratli:'led
105 beid, sap, Qz chlorite-smectite. Ch-Sm = randomly interstratified chlorite-
400 7 beid, sap, S/riM-B, Qz smectite. DM(EG) = dioctahedral mica expanded with etI?-
31 beid, sap, Qz ylene glycol. Pa-B = randomly interstratiﬁc?d parag.onite-b.el—
55 beid, sap, Qz dellite. kaol = kaolinite. Qz = quartz. Crist = cristobalite.
91 .Ch-Sm, Qz feld = feldspar. lizar = lizardite.
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Figure 1. XRD patterns of hydrothermal products from synthetic glass. CF = compression-free sample to reduce preferred
oricntation. EG = ethylene-glycolated sample. GK = sample after the Greene-Kelly test. (a) Beidellite from
Nag (Al(Aly¢Si; )O,, (x = 3) glass at 350°C for 55 d. (b) Saponite from NayMgg(Aly¢Si; )0, (x = 0) glass at 400°C for 31
d. (c) Beidellite and saponite from Na,(Mg;,Al; 5)(Aly¢Si14)O05 (x = 1.2) glass at 350°C for 7 d. (d) di-rectorite and quartz
from Na, Al (AlyS1;4)O0,, (x = 3) glass at 400°C for 112 d. (e) Saponite and tri-rectorite from Nag sMgg(AlyS1;4)0; (x =
0) glass at 500°C for 2 d. (f) S/ri.M-B and quartz from Na,g(Mg,,Al; 5)(AlySi;,)O04, (x = 2.7) glass at 350°C for 7 d. (g)
t.Ch-Sm, quartz and feldspar from Na, ((Mg;;Al, s)(Aly¢Si; )02, (x = 1.2) glass at 450°C for 66 d. The numbers indicate the
observed d-values in A. Qz = quartz. F = feldspar.
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Figure 2. Time-temperature relations of products from
Nay Al (Al Si; )0, (x = 3) glass. O = beidellite + kaolin-
ite. @ = beidellite. @ = beidellite + di-rectorite. [] = di-
rectorite. = di-rectorite + quartz. @ = di-rectorite +
DM(EG). B = di-rectorite + DM(EG) + quartz. A = Pa-B
+ DM(EG) + cristobalite. A = DM(EG) + silica mineral
(quartz or cristobalite).

beidellite (B) in a 1:1 ratio. Yamada et al. (1991a)
referred to the rectorite-like material as “ri.M-B”.
Here, because of the presence of an additional smectite
component, we refer to the phase as “S/r.i.M-B”’ for
convenience,

There are two chlorite-bearing interstratified min-
erals. One is a regular interstratified saponite-chlorite
with spacings of 30-33 A for EG and 31-35 A for
GK (Figure 1g). The other was randomly interstratified
saponite-chlorite (14 A for both EG and GK).

Reaction series in beidellite-saponite pseudo-binary
system

Experimental results are summarized in Table 2 and
plotted in diagrams of temperature vs. time (Figures

— T T T T
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G di-Rectorite + Quartz
2 »
% 400 Beidellite + Quartz
@ L .
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2 300 e o} e @ -
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—_— .l a1 A
1 10 100
Time (days)

Figure 3. Time-temperature relations of products from

Nag ¢(Mgg,AL )(Aly 6Sis4)O0,, (x = 2.7) glass. O = S/ti.M-B.
@= S/tiM-B + quartz. @ = beidellite + quartz. (] = bei-
dellite + di-rectorite + lizardite + feldspar. B = di-rectorite
+ quartz. @ = di-rectorite + DM(EG) + quartz. A =
DM(EG) + quartz + lizardite.
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Figure 4. Time-temperature relations of products from
Na, (Mg, ;AL )(Alg¢Si; )0, (x = 2.2) glass. O = S/riM-B.
@= S/riM-B + quartz. @ = beidellite + saponite + S/ri.M-
B. B = beidellite + saponite + S/riM-B + quartz. (] =
beidellite + saponite + quartz. N = beidellite + saponite +
r.Ch-Sm + quartz. @ = r.Ch-Sm + quartz. A = Ch-Sm +
quartz.

2-6). In most cases, smectite was the initial phase
crystallized from glass, which then reacted to form
other phases. The product mineral assemblage was a
function of synthesis temperature, synthesis time, and
the chemical composition of the starting glass.

For beidellite-like compositions, a poorly crystal-
lized beidellite coexists with kaolinite, and S/r.i.M-B
with quartz were initial phases from the glass of x =
3 and x = 2.7, respectively (Figures 2 and 3). With
increasing temperature and time, a single phase of bei-
dellite was obtained, which then changed to an assem-
blage of di-rectorite plus quartz. Above 450°C,
DM(EG) [dioctahedral mica-like phase (expanded

—— —
500 & Chlorite-Saponite |

) Saponite + Quartz + Quartz
o - =) A + Feldspar]
S
T 400 - —
g
L ] = O m] 4
s
300 o O s O m] —
Beidellite + Saponite + Quartz
- 0 o] = 4
el M B |
1 10 100
Time (days)
Figure 5. Time-temperature relations of products from

Na, (Mg ,Al, )(Aly6Si;)0,, (x = 1.2) glass. O = poorly
crystallized saponite. [] = beidellite + saponite + quartz.
= beidellite + saponite. @ = saponite. ll = rCh-Sm + quartz
+ feldspar. B = saponite + r.Ch-Sm + quartz. A = r.Ch-Sm
+ quartz + feldspar.
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Figure 6. Time-temperature relations of products from
Na, Mg(Aly¢Si; )0y (x = 0) glass. O = saponite. [] = sap-
onite + tri-rectorite.

with ethylene glycol); Yamada et al., 1991a; Yamada
and Nakazawa, 1993] occurred with quartz and/or li-
zardite.

From glass of x = 2.2, S/riM-B and quartz were
identified below 350°C (Figure 4). With increasing
synthesis temperature and time, the assemblage
changed from S/ri.M-B + quartz to saponite + bei-
dellite + quartz, and then to interstratified chlorite-
smectite + quartz. For the assemblage of saponite +
beidellite, the ratio of the integral intensity of the (060)
peaks (1.49-A and 1.53-A peaks) was 2:1. The inte-
grated intensity of the (060) peaks was measured pla-
nimetrically. No attempt was made to either calculate
the absolute value of the structure factor for each
phase or to make comparisons to a standard for quan-
titative analysis. Thus, the two peaks at 1.49 and 1.53
A were used to characterize octahedral components
and the ratio was used to estimate qualitatively the
amount of coexisting saponite and beidellite (see be-
low).

At x = 1.2, the assemblage of beidellite + saponite
+ quartz was observed at lower temperature (Figure
5). The ratios of the (060) reflection of beidellite and
saponite at 300 and 350°C was 5:1 and 8:1, respec-
tively. With increasing synthesis temperature and time,
beidellite was not observed, but saponite of high crys-
tallinity (the full width at half maximum intensity of
the (001) reflection was ~0.5°) was observed coexist-
ing with quartz and regularly interstratified saponite-
chlorite. After long duration, regularly interstratified
saponite-chlorite was obtained with quartz and feld-
spar.

From glass of saponite composition (x = 0), sapo-
nite was obtained in the entire range of the tempera-
ture-time diagram (Figure 6). With increasing temper-
ature and duration, the amount of the regularly inter-
stratified saponite-mica (tri-rectorite), which coexisted
with saponite, increased.
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Figure 7. Schematic phase relation in the beidellite-saponite

pseudo-binary system. S/riM-B = mixed-layer phase of
smectite and the 1:1 regularly interstratified montmorillonite-
beidellite. di-rectorite = dioctahedral rectorite. tri-rectorite =
trioctahedral rectorite. DM(EG) = dioctahedral mica-like
phase expanded with ethylene glycol. Chlorite-smectite = in-
terstratified chlorite and smectite.

DISCUSSION

A summary of the probable phase relations in this
pseudo-binary system is shown schematically in Fig-
ure 7. The diagram is based on the present results and
some speculation. The temperatures of the phase
boundaries given are probably slightly higher than
those found in nature owing to the short duration and
chemical purity of the synthetic system.

Immiscibility between dioctahedral and trioctahedral
smectites

In natural samples of smectite, large compositional
gaps occur in the temary diagram (Al**-Fe3*-Mg?*) of
dioctahedral and trioctahedral smectites (Giiven, 1988;
Weaver and Polland, 1975). For the beidellite-saponite
system (Decarreau et al., 1992; Legar et al., 1995), a
smectite with intermediate dioctahedral-trioctahedral
structure occurred at 200°C for experiments of 30 d.
At higher temperatures and longer time, two phases,
saponite and beidellite, crystallized at 250°C (Decar-
reau et al., 1992). Thus, the smectite with intermediate
chemical compositions between dioctahedral and trioc-
tahedral end-members was assumed to be metastable;
an immiscibility was postulated between dioctahedral
and ftrioctahedral phases. A similar study, but using
chemical microanalysis and careful XRD analyses
showed also a large chemical gap (Grauby et al,
1993).

The present study, using temperature-time relations
supports the earlier work (Decarreau et al, 1992;
Grauby er al., 1993). If the ratio of the intensity of the
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(060) reflection for dioctahedral (beidellite) vs. trioc-
tahedral (saponite) components may be applied quan-
titatively, the estimated range for the compositional
gap for x = 2.2 and 1.2 is ByS,5-B4;S4s, where B and
S are the compositions of ideal beidellite and that of
saponite, respectively (Figure 7). This compositional
gap is comparable to those obtained from d(060)-val-
ues for (Mg-Al)-smectite in Decarreau et al. (1992).

Phase changes in beidellite-saponite pseudo-binary
system

In the intermediate region of this pseudo-binary sys-
tem, the assemblage of beidellite, saponite, and quartz,
and the assemblage of S/r.i.M-B and quartz were con-
sidered as low-temperature phases. The former assem-
blage was observed in nearly the entire range of this
system, but the latter appeared only in a limited com-
‘positional range below 300°C. The regularly interstrat-
ified chlorite-smectite was obtained at high tempera-
ture. Thus the results show that smectite is transformed
to the mixed-layer phase of chlorite-smectite, which is
consistent with occurrences of the trioctahedral chlo-
rite-smectite, tosudite. Tosudite is rare and limited to
hydrothermal alteration of acidic igneous rocks (Reyn-
olds, 1988).

In the Al-rich region of this system, beidellite is
obtained below 300°C, but transforms to di-rectorite at
higher temperatures. The beidellite region in the tem-
perature-time diagram is consistent with that obtained
in previous studies. Beidellite was synthesized below
400°C in 7 d (Yamada et al., 1991a, 1991b), and at
350°C for 20 d (Kloprogge et al., 1990). The hydro-
thermal synthesis of Nag;-beidellite occurred also at
250-450°C (Kloprogge et al., 1993). The reaction se-
quence from beidellite to rectorite is the same as that
observed in previous studies (Carman, 1974; Eberl and
Hower, 1977; Eberl, 1978; Yamada et al., 1991a,
1991b; Kloprogge et al., 1993). Above 450°C, the as-
semblage of DM(EG) + quartz was independent of
time and was considered to be a high-temperature
phase of di-rectorite. DM(EG) expands with EG inter-
calation, but does not expand with water and GK treat-
ment. Therefore, it is not an expandable mica, such as
Na-rich taeniolite, Na-rich tetrasilicic mica, and Na-
rich phlogopite (Kitajima ez al, 1973; Kitajima and
Daimon, 1975; Matsuda and Henmi, 1986; Fujita et
al., 1991). Yamada and Nakazawa (1993) proposed a
mixture of two or more phases for DM(EG). They sug-
gested an assemblage of smectite + interstratified par-
agonite-pyrophyllite or a three-component interstrati-
fication of paragonite-pyrophyllite-smectite. Another
possible candidate for DM(EG) is a high-charge bei-
dellite, which was synthesized by Kloprogge et al.
(1993). A more detailed characterization of DM(EG)
is necessary to understand the unusual expansion be-
havior.
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The trioctahedral smectite, saponite, occurs in a
wide compositional range below 400°C, which is con-
sistent with Eberl et al. (1978) and Whitney (1983).
They showed that trioctahedral smectites are more
thermally stable than dioctahedral smectites at high
temperatures. With increasing temperature and time,
the appearance of tri-rectorite with saponite in the Mg-
rich region is explained by analogy to the reaction se-
quence from dioctahedral smectite to di-rectorite (e.g.,
Eberl, 1978).

ACKNOWLEDGMENTS

The authors thank J. Michalik and H. Hashizume for their
helpful suggestions and corrections. We also thank S. Gug-
genheim, D. Laird, A. Decarreau, and an anonymous reviewer
for their critical review and helpful discussions.

REFERENCES

Brindley, G.W. and Brown, G. (1980) Crystal Structures of
Clay Minerals and Their X-ray Identification. Mineralogi-
cal Society, London, 495 pp.

Carman, J.H. (1974) Synthetic sodium phlogopite and its two
hydrates: Stability, properties, and mineralogical implica-
tions. American Mineralogist, 59, 261-273.

Curtin, D. and Smile, G.W. (1981) Composition and origin
of smectite in soils derived from basalt in Northern Ireland.
Clays and Clay Minerals, 29, 277-284.

Decarreau, A., Grauby, O., and Petit, S. (1992) The actual
distribution of octahedral cations in 2:1 clay minerals: Re-
sults from clay synthesis. Applied Clay Science, T, 147—
167.

Eberl, D. (1978) Reaction series for dioctahedral smectites.
Clays and Clay Minerals, 26, 327-340.

Eberl, D. and Hower, J. (1977) The hydrothermal transfor-
mation of sodium and potassium smectite into mixed-layer
clay. Clays and Clay Minerals, 25, 215-227.

Eberl, D., Whitney, G., and Khoury, H. (1978) Hydrothermal
reactivity of smectite. American Mineralogist, 63, 401—
409.

Fujita, T, Sugimori, K., and Nakazawa, H. (1991) Conversion
of fluor-phlogopite to hydroxy-phlogopite in NaOH and
LiOH hydrothermal solutions. Journal of the Ceramic So-
ciety of Japan, 99, 745-7750. (in Japanese with English ab-
stract).

Grauby, O., Petit, S., Decarreau, A., and Boronnet, A. (1993)
The beidellite-saponite series: An experimental approach.
European Journal of Mineralogy, 5, 623—635.

Greene-Kelly, R. (1953) The identification of montmorillon-
oids in clays. Journal of Soil Science, 4, 233-237.

Giiven, N. (1988) Smectites. In Hydrous Phyllosilicates (Ex-
clusive of Micas), S.W. Bailey, ed., Mineralogical Society
of America, Washington, D.C., 497-559.

Kimura, S., Kitamura, K., and Shindo, 1. (1983) Growth of
rare earth gamet crystals by the floating zone method. Jour-
nal of Crystal Growth, 65, 543-548.

Kitajima, K. and Daimon, N. (1975) Synthesis of Na-fluor-
tetrasilicic mica [NaMg,s(SiO,,)F,] and its swelling char-
acteristics. Nippon Kagaku Kaishi, 991-995. (in Japanese
with English abstract).

Kitajima, K., Sugimori, K., and Daimon, N. (1973) Studies
of the swelling of Na-taeniolite with water. Nippon Kagaku
Kaishi, 1885-1892. (in Japanese with English abstract).

Kloprogge, J.T, Jansen, J.B.H,, and Geus, J.W. (1990) Char-
acterization of synthetic Na-beidellite. Clays and Clay Min-
erals, 38, 409—-414,


https://doi.org/10.1346/CCMN.1999.0470616

810

Kloprogge, J.T., Van der Eerdenm, A.M.J., Jansen, J.B.H.,
Geus, J.W,, and Schuiling, R.D. (1993) Synthesis and para-
genesis of Na-beidellite as a function of temperature, water
pressure, and sodium activity. Clays and Clay Minerals,
41, 423-430.

Kodama, H., De Kimpe, C.R., and Dejou, J. {1988) Ferrian
saponite in a gabbro saprolite at Mount Megantic, Quebec.
Clays and Clay Minerals, 36, 102-110.

Leger, C-L., Decarreau, A., Petit, S., and Cirauby, O. (1995)
Temary octahedral solid-solutions in smectites: An exper-
imental approach. In Abstract, Euroclay ’95, I. Synthesis of
Clay Minerals, A. Elsen, P. Grobet, M. Keung, H. Leeman,
R. Schoonheydt, and H. Toufar, eds., The European Clay
Group Association, Sevilla, Spain, 4-5.

Lim, C.H. and Jackson, M.L. (1986) Expandable phyllosili-
cate reactions with lithium on heating. Clays and Clay Min-
erals, 34, 346-352.

Matsuda, T. and Henmi, K. (1986) Syntheses of trioctahedral
micas in the compositional join phlogopite—sodium phlog-
opite. Journal of the Mineralogical Society of Japan, 17,
187-193. (in Japanese with English abstract).

Nahon, D., Colin, E, and Tardy, Y. (1982) Formation and
distribution of Mg, Fe, Mn-smectites in the first stage of
the lateritic weathering of forsterite and tephroite. Clay
Minerals, 17, 339-348.

Radoslovich, E.W. (1962) The cell dimensions and symmetry
of layer-lattice silicates. II. Regression relations. American
Mineralogist, 47, 617-636.

Radoslovich, E-W. (1963a) The cell dimensions and sym-
metry of layer-lattice silicates. IV. Interatomic forces.
American Mineralogist, 48, 76-99.

Radoslovich, E-W. (1963b) The cell dimensions and sym-
metry of layer-lattice silicates. V. Composition limits.
American Mineralogist, 48, 348-367.

https://doi.org/10.1346/CCMN.1999.0470616 Published online by Cambridge University Press

Yamada er al.

Clays and Clay Minerals

Radoslovich, E.-W. and Norrish, K. (1962) The cell dimen-
sions and symmetry of layer-lattice silicates. I. Some struc-
tural considerations. American Mineralogist, 47, 599-616.

Reynolds, R.C., Jr. (1988) Mixed layer chlorite mineral. In
Hydrous Phyllosilicates (Exclusive of Micas), S.W. Bailey,
ed., Mineralogical Society of America, Washington, D.C.,
601-629.

Veitch, L.G. and Radoslovich, E.-W. (1963) The cell dimen-
sions and symmetry of layer-lattice silicates. III. Octahedral
ordering. American Mineralogist, 48, 62-75.

Weaver, C.E. and Polland, L.D. (1975) The Chemistry of Clay
Minerals. Elsevier, Amsterdam, 213 pp.

Whitney, G. (1983) Hydrothermal reactivity of saponite.
Clays and Clay Minerals, 31, 1-8.

Yamada, H. and Nakazawa, H. (1993) Isothermal treatments
of regularly interstratified montmorillonite-beidellite at hy-
drothermal conditions. Clays and Clay Minerals, 41, 726—
730.

Yamada, H., Fujita, T, and Nakazawa, H. (1988) Design and
calibration of a rapid quench hydrothermal apparatus. Jour-
nal of the Ceramic Society of Japan, 96, 1041-1044.

Yamada, H., Nakazawa, H., Yoshioka, K., and Fujita, T
(1991a) Smectites in the montmorillonite-beidellite series.
Clay Minerals, 26, 359-369.

Yamada, H., Yoshioka, K., and Nakazawa, H. (1991b) Hy-
drothermal synthesis of beidellite from aluminosilicate
glass by varying water/solid ratio. Mineralogical Journal,
15, 300-308.

E-mail of corresponding author: yamada@nirim.go.jp
(Received 15 April 1998; accepted 6 June 1999; Ms. 98-
051)


https://doi.org/10.1346/CCMN.1999.0470616



