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DEHYDRATION AND REHYDRATION 
OF SAPONITE AND VERMICULITE 
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Abstract-The rehydration properties and behavior of interlayer cations of Ca-, Mg-, Na-, and 
K -saturated homoionic saponite and vermiculite heated at various temperatures were examined and their 
rehydration mechanisms elucidated. The most notable features of saponite were (I) except for the Mg
saturated specimen, all saponite sampies rehydrated until the crystal structure was destroyed by heating; 
(2) the rehydration rate in air after heating decreased in the order: K+ > Na+ > Ca2+ > Mg2+; (3) the 
interlayer cations apparently migrated into hexagonal holes of the SiO. network on thermal dehydration; 
and (4) the b-parameter expanded on thermal dehydration. The rehydration properties and behavior of 
interlayer cations of vermiculite were: (1) except for the K-saturated specimen, all vermiculite sampies 
rehydrated until the crystal structure was destroyed by heating; (2) the rehydration rate in air after heating 
decreased in the order: Mg2+ > Ca2+ > Na+ > K+; (3) the interlayer cations apparently did not migrate 
into the hexagonal holes, but remained at the center of the interiayer space, even after thermal dehydration; 
and (4) except for the K-saturated specimen, the b-parameters of the sampies contracted on thermal 
dehydration. The different rehydration properties of saponite and vermiculite were apparently due to the 
behavior of the interlayer cations during thermal dehydration. For rehydratiön to occur, the interiayer 
cations of saponite had to migrate out of the hexagonal holes. Consequently, saponite saturated with a 
large cation rehydrated rapidly, whereas saponite saturated with a small cation rehydrated slowly. On the 
other hand, the interlayer cations ofvermiculite remained in the interlayer space; therefore, the rehydration 
properties of vermiculite were strongiy affected by the hydration energies of the interiayer cations. Fur
thermore, electron diffraction patterns suggested that the saponite and vermiculite consisted of random 
stacking and ordered stacking of adjacent 2: Ilayers, respectively. The nature ofthe stacking ofthe minerals 
seemed to be the most important factor controlling the behavior of interlayer cations in the thermal 
dehydration process. 

Key Words -Cation migration, Dehydration, Hydration energy, Interlayer cations, Rehydration, Saponite, 
Vermiculite. 
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INTRODUCTION 

The rehydration properties of expandable phyllosili
cates are considered to be strongly affected by their 
crystal chemistry, but few detailed investigations have 
been made. MacEwan and Wilson (1980) reported that, 
with the exception K- and NH4-saturated materials, 
saponite and vermiculite exhibited similar rehydration 
properties. They also stated that Li-, Na-, and K-sat
urated saponite heated at 700°C rehydrated readily in 
moist air, whereas saponite saturated with divalent cat
ions failed to rehydrate after heating >450°C. These 
authors, however, did not mention a detailed rehydra
tion mechanism for these minerals. Li-saturated mont
morillonite collapses irreversibly if it is heated > 200°C 
(Mering, 1946), because of the migration of Li+ ions 
into the 2: llayer (Hofmann and Klemen, 1950; Greene
Kelly, 1955; Glaeser and Mering, 1967; Calvet and 
Prost, 1971). Kawano and Tomita (l989a, 1989b, 
1990a, 1990b) reported the rehydration properties of 
rectorite, beidellite, and montmorillonite heated at 
various temperatures. They pointed that: (1) rectorite 
and beidellite retained rehydration properties at higher 
temperatures compared with montmorillonite saturat
ed with the same kind of interlayer cations; (2) 
K-saturated specimens rehydrated rapidly, but Mg-sat
urated specimens rehydrated slowly. These observa
tions can be explained by: (1) differences in the elec
trostatic forces needed to extract the interlayer cations 
from the hexagonal holes ofthe Si04 network; and (2) 
on the basis of sizes of the interlayer cations. The at
tractive force between the octahedral sheet and inter
layer cations within the hexagonal holes of montmo
rillonite is strong, but in rectorite and beidellite it is 
relatively weak. This difference is because the negative 
layer charge of montmorillonite originates mainly in 
the octahedral sheet, whereas the negative layer charges 
ofthe expandable layer ofrectorite and beidellite orig
inate mainly in the tetrahedral sheet. Therefore, rec
torite and beidellite rehydrate after having been de
hydrated at higher temperatures than montmorillonite. 
Small cations migrate easily into the hexagonal holes 
of the silicate sheet and become fixed, whereas large 
cations do not readily migrate into these holes. The 
rehydration of specimens saturated with small cations 
(e.g., Mg2+) is therefore difficult compared with those 
saturated with large cations (e.g., K+). If its interlayer 
cations migrate into hexagonal holes on thermal de
hydration, saponite should readily rehydrate, because 
the protons ofhydroxyl ions oftrioctahedral phyllosili
cates are directed toward the interlayer cations (Giese, 
1975). Furthermore, K-saturated saponite should more 
readily rehydrate than Mg-saturated specimen, as men
tioned above. On the other hand, K-saturated vermic
ulite dehydrates irreversibly without heating (Harward 
et al., 1969); therefore, the rehydration mechanisms of 
saponite and vermiculite must be quite different. 

The present paper reports the rehydration properties 
of saponite and vermiculite with reference to rehydra
tion ability and rehydration rate. Rehydration ability 
refers to the retention of rehydration properties after 
heating at various temperatures, and rehydration rate 
refers to the rapidity of rehydration. The behavior of 
interlayer cations on thermal dehydration are also re
ported, and the rehydration mechanisms of the min
erals are discussed. 

MATERIALS AND EXPERIMENTAL METHODS 

Materials 

Saponite from Ballarat, California, and vermiculite 
from LIano County, Texas, obtained from the Source 
Clay Repository of The Clay Minerals Society, were 
used in this study. Chemical analyses ofthe specimens 
were reported by Post (1984) and Foster (1963), re
spectively. The structural formula ofthe saponite is as 
follows: 

(Cao.19Nao.16~.d(A1o.1SFe3+ O.06Mg2.61)-
(Si3. 77Alo23)O 1 0(0 Hb 

and that for the vermiculite is; 

(M~.48~.OI)(Mg2.83Fe3+ o.olA1o.1s)(Si2.86All.14)Olo(OH)2' 

The iron in both materials is expressed as femc ion. 

Sampie preparation 

The <2-~m fraction ofsaponite and the < lO-~m of 
vermiculite were collected by normal sedimentation 
methods and were saturated with Ca2+, Mg2+, Na+, and 
K+ by treatment with 1 N chloride solutions. The ex
cess salt was then removed by washing with 80% eth
anol unti1 the sampie was Cl- free. The homoionic 
specimens were then dried in air. 

Rehydration ability 

The powdered homoionic specimens were heated at 
temperatures between 100° to 900°C at intervals of 
100°C for 1 hr and coo1ed in a desiccator ofO% relative 
humidity (RH) for 1 hr. The RH in the desiccator was 
controlled with di-phosphorus pentanoxide. About 20 
mg of the heated sam pIe was oriented on glass slides 
using three or four drops of deionized water and then 
dried in air at 50% RH for 1 day. The d(OOI) values 
were measured by X-ray powder diffraction (XRD) 
using a Rigaku diffractometer, Ni-filtered CuKa radia
tion, and a scanning speed of 0.5°28/min. Specimens 
were maintained at 50% RH during analysis. 

Rehydration rates in air 

Homoionic specimens oriented on quartz glass slides 
were heated at 700°C for 1 hr and then cooled in a 
desiccator (0% RH) for 1 hr. XRD patterns were ob
tained from 14° to 2°28 at a scanning speed of 2°28/ 
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Figure 1. Variation ofd(OOI) values obtained at 50% RH 
for rehydrated homoionic (saturated with Ca, Mg, Na, or K) 
saponite sampies after heating at various temperatures for 1 
hr. 

min during exposure to air at 50% RH for various 
periods oftime (0, 60 min, and I day). 

Position 01 interlayer cation 

The positions of interlayer cations for dehydrated 
saponite and vermiculite were investigated by means 
of one-dimensional Fourier analysis. The XRD data 
for heated specimens oriented on quartz glass slides 
were obtained at a scanning speed of 0.5°28/min from 
90° to 2°28 at 0% RH. The Fourier synthesis was made 
using observed structure factors obtained from inte
grated intensities; their signs were derived from cal
culated structure factors. The atomic coordinates of 
initial Z-parameters for the trioctahedral silicate layer 
were taken from Reynolds (1980), and Z-parameters 
of interlayer cations and silicate layer along the c-axis 
were refined by the least squares method. 

Changes 01 d(060) after heating 

The d(060) values of homoionic specimens before 
and after heating at 400°C were measured by XRD. 
The XRD data were obtained at a scanning speed of 
0.5°28/min under 50% RH for the unheated specimens 
and 0% RH for the heated specimens. For saponite 
sampies, thermal analysis was carried out with a Ri
gaku micro differential thermal-thermal gravimetrie 
analysis (DT A-TGA) apparatus using about 2S mg of 
sampie in the range from room temperature to 11 OOOC 
and using a heating rate of 10°C/min. 

RESULTS 

Rehydration abilities 

Figure 1 shows variations of d(OO 1) values of heated 
homoionic saponite sampies after water saturation. The 
Ca-, Na-, and K-saturated specimens retained the same 
values of d(OO 1) as those ofthe original hydrated forms 
until thermal decomposition took place. Tbe Mg-sat
urated specimen, however, did not rehydrate after 
heating at 700°C, even after water saturation. 
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Figure 2. Variations of d(OOl) values obtained at 50% RH 
for rehydrated homoionic (saturated with Ca, Mg, Na, or K) 
vermiculite sampIes after heating at various temperatures for 
1 hr. Symbols as in Figure 1. 

Figure 2 shows variations of d(OO 1) values ofheated 
homoionic vermiculite sampies after water saturation. 
The Ca-, Mg-, and Na-saturated specimens readily re
hydrated until the crystal structure was destroyed by 
heating. The basal spacing of the K-saturated vermic
ulite contracted to about 11.0 Ä without heating and 
decreased gradually to 10.3 Ä at 900°C. These results 
suggest that the saponite and vermiculite readily re
hydrated, although the detailed rehydration behaviors 
were slightly different. 

Rehydration rates in air 

Figure 3 shows XRD patterns ofhomoionic saponite 
sampies heated at 700°C followed by exposure to air 
at 50% RH for various periods of time. The Mg-sat-
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Figure 3. Changes in first-order reftections of homoionic 
(saturated with ca, Mg, Na, or K) saponite sampies on ex
posure to air at 50% RH for various periods of time after 
heating at 70O"C for Ihr. 0% = at 0% RH; 0 min, 60 min, 
and 1 day signify exposure time to air at 50% RH. 
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Figure 4. Changes in first-order refiections of homoionic 
(saturated with Ca, Mg, Na, or K) vermiculite sampies on 
exposure to air at 50% RH for various periods of time after 
heating at 7000C for Ihr. 0% = at 0% RH; 0 min, 60 min, 
and I day signify exposure time to air at 50% RH. 

urated specimen remained dehydrated after exposure 
to air even for as long as 1 day. The Ca-saturated 
specimen showed a small peak of the two-layer hy
drated form (15.5 Ä), suggesting that the Ca-saturated 
specimen rehydrated to a greater extent than did the 
Mg-saturated specimen. The Na-saturated specimen 
partially rehydrated to a mixture of one-layer hydrated 
(12.8 Ä) and dehydrated (9.8 Ä) layers on exposure to 
air for a few minutes (0 min in Figure 3). The K-sat
urated specimen almost completely rehydrated, and 
the peak of the dehydrated form was absent from the 
XRO pattern at 0 min. This observation also suggests 
that the K-saturated specimen rehydrated more rapidly 
than the Na-saturated specimen. Consequently, the re
hydration rates of these homoionic saponite sampies 
(K+ > Na+ > Ca2+ > Mg2+) were roughly compatible 
with the ionic radü (K+ > Na+ > Ca2+ > Mg2+; Whit
taker and Muntus, 1970) of saturating cations, rather 
than with their hydration energies. 

Figure 4 shows XRO patterns of homoionic ver
miculite sam pies heated at 700"C foUowed by exposure 
to air at 50% RH for various periods of time. These 
XRO patterns indicate that the first-order reflection of 
the Ca-saturated specimen shifted rapidly to 14.8 Ä 
and was enhanced duriI).g exposure to air, suggesting 
that rehydration continued for at least 1 day. The Mg
saturated specimen rehydrated rapidly and completely 
within a few minutes. The Na-saturated specimen 
showed a segregated structure consisting of one-layer 
hydrated (11.9 Ä) and dehydrated (10.0 Ä) layers. A 
small peak ofthe dehydrated layer was noted even after 
exposure in air for 1 day. On the other hand, the 
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Figure 5. Electron density distribution and difference syn
thesis curves ofNa-saturated saponite heated at (a) 4000C and 
(b) 70O"C, and (c) Ca-saturated and (d) Mg-saturated saponite 
heated at 80O"C. EO = electron density distribution; OSI = 

difference synthesis calculated by using Z-parameters ob
tained by refinement; OS2 = difference synthesis calculated 
by assuming that interlayer cations are located at the center 
of interlayer space. 

K-saturated vermiculite remained dehydrated. The re
hydration rates of the homoionic vermiculite sampies 
(Mg2+ > Ca2+ > Na+ > K+) were very much different 
from those of the saponite sampIes and were compat
ible with hydration energies of the saturating cations 
(Mg2+ > Ca2+ > Na+ > K+; Rosseinsky, 1965), instead 
of their ionic radii. 

Position 0/ interlayer cation after dehydration 

The positions of interlayer cations for Na-saturated 
saponites heated at 400° and 700°C and Ca- and Mg
saturated saponites heated at 800°C were examined by 
means of one-dimensional Fourier analysis. The basal 
spacings and structure factors of the saponite sampIes 
are listed in Table 1. The electron density distribution 
(EO) and difference synthesis (DS) curves of the spec
imens are shown in Figures 5a-5d. The OS curves (OS2 
in Figures 5a and 5b) of the Na-saturated specimens 
heated at 400° and 700°C, which were calculated as
suming that the interiayer Na+ ions were fixed at the 
center of the interiayer space (Z = 0.000 Ä), showed a 
negative peak in the interiayer region, suggesting that 
the interlayer Na+ ions moved from the interlayer space 
to some other position. After refinement of the Z-pa
rameters ofthe interiayer Na+ ions and other elements 
in the silicate layer, the positions ofinteriayer Na+ ions 
were determined around the basal oxygen plane as 
shown in Figures 5a and 5b. The OS curves (OSI in 
Figures 5a and 5b) calculated by using the refined struc-
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Table I. Basal spacings and strueture faetors of Na-, Ca-, 
and Mg-saturated saponite heated at various temperatures. 

Na-saponite 400"C Na-saponite 700"C 

001 diA) IFol Fe d iA) IFol Fe 

I 9.86 77.6 -69.5 9.91 78.3 -70.6 
2 4.906 53.4 -41.3 4.920 53.9 -40.8 
3 3.263 150.5 - 150.8 3.269 150.3 -149.1 
4 2.465 14.1 17.5 2.470 14.2 19.9 
5 1.959 82.1 88.0 1.961 76.0 85.0 
6 1.624 42.4 44.1 1.627 34.8 38.6 
7 1.401 69.7 -76.5 1.399 68.8 -73.1 
8 1.228 23.9 30.6 1.222 28.5 36.8 

Ca-saponite 800"C Mg-saponite 800"C 

001 diA) IFol Fe diA) IFol Fe 

1 9.62 70.7 -70.1 9.53 70.3 -69.4 
2 4.783 44.0 -38.1 4.740 43.5 -38.1 
3 3.178 146.3 -145.7 3.153 144.0 -144.7 
4 2.383 23.3 22.3 2.356 26.9 22.2 
5 1.908 69.5 69.8 1.896 69.2 67.3 
6 1.589 41.3 38.0 1.575 53.2 47.3 
7 1.363 61.9 -69.0 1.353 64.7 -76.2 
8 1.194 44.5 46.2 1.185 39.2 39.8 

I Fo I = observed structure faetors; Fe = ealeulated strueture 
faetors. 

ture suggested that the Na+ ions were apparently 10-
cated at this position. These results imply that the in
terlayer Na+ ions migrated into the hexagonal holes of 
the Si04 network on thermal dehydration. For the Ca
and Mg-saturated specimens, similar results were ob
tained, as shown in Figures 5c and 5d. The positions 
of interlayer Ca2+ and Mg2+ ions, which were deter
mined by least squares refinement, also indicate that 
these cations migrated into the hexagonal holes on ther
mal dehydration. 

Figure 6 shows ED and DS curves of the Ca-, Na-, 
and K-saturated vermiculite sampies heated at 8000C. 
The basal spacings and structure factors are listed in 
Table 2. The ED curves for these specimens show sharp 
peaks around the interlayer region, which were due to 
electron densities of the interlayer cations. After re
finement of the atomic coordinates along the c-axis, 
the DS curves showed no significant residual electron 
densities. Consequently, these interlayer cations must 
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Figure 6. Eleetron density distribution and difference syn
thesis eurves of(a) Ca-, (b) Na-, and (e) K-saturated vermic
ulite heated at 800"C. ED = e1ectron density distribution; DS 
= difference synthesis calculated by using Z-parameters ob
tained by refinement. 

have been located at the center ofthe interlayer space 
instead of within the hexagonal holes of the silicate 
network, even after thermal dehydration. 

Changes 0/ d(060) after heating 

Figure 7 shows XRD patterns in the region of the 
(060) reflections of the homoionic saponite and ver
miculite sampies before and after heating at 400°C. The 
d(060) values of the unheated saponite sampies were 
about 1.529-1.530 Ä. The values increased slightly 

Table 2. Basal spacings and structure factors of Ca-, Na-, and K-saturated vermiculite heated at 800"C. 

Ca Na K 

001 diA) IFol Fe d(Ä) IFol Fe diA) IFo l Fe 

1 9.63 54.4 -59.2 9.94 59.0 -54.7 10.35 49.6 -43.6 
2 4.783 22.6 17.9 4.914 24.2 4.2 5.053 23.8 6.9 
3 3.178 158.6 -159.3 3.267 132.0 -142.9 3.387 112.2 - 124.3 
4 2.106 35.4 35.9 2.478 21.1 19.8 2.536 47.7 45.5 
5 1.910 63.0 61.0 1.959 84.8 80.7 2.024 105.5 102.5 
6 1.590 33.9 35.1 1.631 36.6 36.9 1.684 59.1 56.8 
7 1.363 41.0 -38.0 1.399 56.3 -48.4 1.443 52.1 -49.1 
8 1.188 44.2 42.5 1.222 40.6 43.1 1.267 56.9 57.8 

I Fo I = observed structure factors; Fe = calculated structure factors. 
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Figure 7. X-ray powder diffraction patterns ofhomoionic (saturated with Ca, Mg, Na, or K) (a) saponite and (b) vermiculite 
sampies in the region of the (060) rellections (U) before and (H) after heating at 400"C. 

after the sampie was heated at 4000(; for 1 hr, indicating 
that the b-parameter ofthe saponite sampies expanded 
on thermal dehydration. The expansion of the b-pa
rameter of other phyllosilicates by thermal treatment 
has also been reported (pyrophyllite, Brindley and 
Wardle, 1970; muscovite, Eberhart, 1963; Vedder and 
Wilkins, 1969; Udagawa et al., 1974). Udagawa et al. 
(1974) concluded from a three-dimensional structural 
analysis of dehydroxylated muscovite that the expan
sion of the b-parameter was caused by atomic rear
rangement of octahedral sheets. The DT A and TGA 
curves of the present saponite sampies indicated that 
dehydroxylation took place at about 800°-840°C ac
companying a rapid endothermic reaction and weight 
loss (Figure 8). Therefore, the expansion of the b-pa
rameters ofthe saponite sampies heated at 400°C could 
have been due to migration of interlayer cations from 
the interlayer space to hexagonal holes of the silicate 
network. The migrated cations probably caused ad
justment of the deformed configuration of the tetra
hedra. On the other hand, the d(060) values of ver
rniculite sampies, except for the K-saturated specimen, 
decreased slightly on heating at 400°C for 1 hr, indi
cating that the b-parameters of vermiculite sampies, 
except for the K-saturated specimen, contracted on 
thermal dehydration. Leonard and Weed (1967) re
ported a similar behavior of the d(060) value of ver-

miculite saturated with several different cations and 
heated to 350°C. The behavior ofthe d(060) value of 
vermiculite during thermal dehydration was therefore 
completely different from that of the saponite men
tioned above, suggesting that the interlayer cations of 
vermiculite did not migrate into the hexagonal holes 
of the silicate network. 

DISCUSSION 

Rehydration mechanism 0/ saponite 

The saponite sampies rehydrated readily and rap
idly, as mentioned above. The rehydration behavior 
of saponite is somewbat different from that ofbeidellite 
(Kawano and Tomita, 1990a) and is significantly dif
ferent from tbat of montmorillonite (Kawano and 
Tomita, 1989b). Tbe rehydration phenomenon can be 
interpreted as a restoration of the hydrated forms of 
interlayer cations in the interlayer space. The behavior 
of interlayer cations by thermal dehydration is there
fore very important in understanding the rehydration 
mechanism of expandable phyllosilicates, including 
saponite and vermiculite. Interlayer cation migration 
into the hexagonal boles of silicate network on heating 
has been recognized in montmorillonite (Tettenhorst, 
1962; McBride et al., 1975; Luca and Cardile, 1989; 
Kawano and Tomita, 1989b), beidellite (Kawano and 
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Tomita, I 990a), and expandable layer ofrectorite (Ka
wano and Tomita, 1989a, I 990b). 

The present study has shown that saponite shows 
the same kind of interlayer cation migration. For re
hydration to occur, the migrated cations must be ex
tracted from the hexagonal holes. The forces affecting 
the extraction of the migrated interlayer cations are: 
(I) extractive force attributable to hydration of inter
layer cations; (2) attractive electrostatic force of the 
octahedral sheet attributable to the negative charge of 
the octabedral sheet; and (3) repulsive electrostatic force 
of protons of the octahedral sheet hydroxyl ions against 
the migrated cations. The total extractive force is a 
composite of these electrostatic forces. The following 
factors also influence the strength of the forces: (l) 
hydration energy ofthe interlayer cations; (2) migrated 
position ofthe interlayer cations; (3) the negative charge 
density of octahedral sheet; and (4) the orientation of 
hydroxyl ions. The hydration energy of interlayer cat
ions decreases in the order: Mg2+ > Ca2+ > Na+ > K+ 
(Rosseinsky, 1965). Tbe strength ofthe extractive force 
attributed to the hydration energy seems to depend on 
the migrated position of the interlayer cations. 

The attractive force caused by the negative charge 
ofthe octahedral sheet is also affected by the migrated 
position ofthe interlayer cations. Ifthe cations migrate 
to a shallow extent into the hexagonal holes, they are 
readily extracted in moist air by the force of their hy
dration energy. The shorter distance from the migrated 
cations to water molecules increases the extractive force 
attributable to hydration energy, whereas the longer 
distance from the migrated cations to the octahedral 
sheet makes the attractive force to that sheet weaker. 
If the interlayer cations migrate deep into the holes, 
the extractive force due to hydration energy of the mi~ 
grated cations is weaker, and the attractive force to the 
octahedral negative charge is relatively stronger. A large 
octahedral negative-charge density increases the at
tractive force between the migrated interlayer cations 
and the octahedral sheet. With reference to the ori
entation of hydroxyl ions, the protons of the hydroxyl 
ions of trioctahedral smectite, e.g. , saponite, are di
rected toward the migrated interlayer cations, and the 
distance from the protons to the migrated cations is at 
aminimum; therefore, the repulsive force of saponite 
is relatively stronger. The hydroxyl ions of dioctahedral 
smectite orient slightly toward the empty octahedral 
site, and the repulsive force of montmorillonite and 
beidellite is relative1y weaker. The influence of hy
droxyl ions on the fixation of interlayer cations in the 
silicate network has been reported for micas (Bassett, 
1960; Newman, 1969; Hoda and Hood, 1972). The 
negative charge distribution of the present saponite is 
- 0.13/0 1O(OH)2 in the octahedral sheet and -0.23/ 
OIO(OH)2 in the tetrahedral sheets. The negative charge 
of the octahedral sheet increased the attractive force 
between migrated interlayer cations and the octahedral 
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Figure 8. (a) Differential thermal analysis and (b) thermo
gravimetrie analysis eurves ofhomoionie (saturated with Ca, 
Mg, Na, or K) saponite sampies. 

sheet of the saponite compared with that of the bei
dellite; however, protons directed toward the migrated 
interlayer cations apparently repelled the interlayer cat
ions toward the interlayer space. Consequently, sapon
ite had strong rehydration ability. 

Rehydration mechanism 01 vermiculite 

The rehydration properties and behaviors of inter
layer cations of vermiculite are completely different 
from those of saponite, as described above. Figure 9 
shows electron micrographs and electron diffraction 
patterns of unheated Mg-saturated saponite and ver
miculite. The electron micrograph of saponite clearly 
show particles having euhedral lath-like habits. The 
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a 

0.5 ,u m 

c 

0.5f1m 

Figure 9. Transmission electron micrographs and electron diffraction patterns of (a, b) Mg-saturated saponite and (c, d) 
vermiculite. 

reflections ofthe specimen were distributed uniformly 
in circles, suggesting a turbostratic stacking of adjacent 
2: 1 layers or simply a large number of randomly ori
ented thin particles. 

On the other hand, the electron diffraction pattern 

of vermiculite shows spot reflections having approxi
mately hexagonal symmetry, implying that the ver
miculite consists of ordered stacking of adjacent 2: 1 
layers. The differences in the rehydration properties of 
saponite and vermiculite are probably due to the nature 
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Figure 10. Schematic diagram showing the nature of stack
ing of adjacent silicate layers of dehydrated (a) saponite and 
(b) vermiculite, and the positions of interlayer cations (0). 
Shadow parts represent silicate layers. 

of stacking of adjacent 2: 1 layers of the minerals. The 
turbostratic stacking of saponite probably enhanced 
migration of interlayer cations into the hexagonal holes, 
as shown schematically in Figure lOa, whereas the or
dered stacking ofvermiculite inhibited such cation mi
gration (Figure lOb). Therefore, the interlayer cations 
of vermiculite remained at the center of the adjacent 
2: I layers facing each other even after thermal dehy
dration and rehydrated easily in moist air or on water 
saturation. 

The dehydration ofK-saturated vermiculite in moist 
air without heating was apparently related to the size 
of the hexagonal holes in the basal oxygen plane and 
of the interlayer cations. If the interlayer cations were 
about the same size as the hexagonal holes, the cations 
were elose packed with the basal oxygens of adjacent 
2: 1 layers, similar to the interlayer configuration of 
mica. For smaller cations (e.g., Mg2+), however, this 
packing was incomplete, and the cations did not con
tact the sUITounding oxygens. Therefore, the adsorp
tion of water molecules; which are mainly affected by 
hydration energies ofthe interlayer cations, was rapid. 

Mamy and Gaultier (1976) reported the modifica-

tion of turbostratic stacking to an ordered stacking by 
subjecting K-saturated montmorillonite to 100 cyeles 
of alternate wetting and drying at 80°e. They showed 
areduction of cation-exchange capacity and a con
traction of the basal spacing to about 10 A, indicating 
that smectites having ordered stacking exhibited ver
miculite-like hydration properties (Barshad, 1948, 
1950). Thus, the collapse of the interlayer space on 
K-saturation appears to be restricted to the expandable 
phyllosilicates consisting of ordered stacking of adja
cent 2: 1 layers, rather than those having greater neg
ative charge density of the 2: 1 layers. Consequently, 
the most important factor controlling the rehydration 
properties of saponite or vermiculite appears to be the 
nature of stacking of adjacent 2: 1 layers. 
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