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Hydrothermal reactivity of smectite
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Department of Geology, Uniuersity of Illinois
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Abstract

Hydrothermal experiments were conducted to explore the effects of changing chemistry,
temperature, and pressure on the reaction of smectite, run I : I with pure water, to mixed-layer
clay. At high temperatures trioctahedral smectites are more stable than dioctahedral smec-
tites' For dioctahedral smectites, hydrothermal stabil ity is enhanced by saturation with
interlayer cations of greater hydration energy than potassium, and by increased water pres-
sute.

Introduction

Many of the unusual physical and chemical prop-
erties of the smectite group of clay minerals are re-
lated to the expandable interlayer region. These prop-
erties, which include swell ing, cation exchange
capacity, catalytic activity, and thixotropy, are some-
times diminished or lost during hydrothermal treat-
ment as the smectite reacts to form mixed-layer clay.
It is of interest, therefore, from both a geologic and
an industrial point of view, to determine the condi-
tions under which smectites are least l ikely to react.
Our experiments explore the effects of chemical com-
position, temperature, and pressure on the hydro-
thermal alteration of smectite to mixed-layer clay.

Experimental techniques

A direct comparison between the reactivity of dioc-
tahedral and trioctahedral smectites was made by
saturating each type of clay with various interlayer
cations and then subjecting them to identical hydro-
thermal conditions. Trioctahedral starting materials
included a natural saponite from Karolihof, Switzer-
land (<2 micron size fraction) saturated with K, Na,
Ca, or Mg; u natural saponite from the Amargosa
Valley, Nevada ((2 micron fraction); and gels of
potassium and magnesium saponi te composi t ion,
Mg.Sir..rAlo3aOr0(OH)rxilrr, where X+ is the ex-
changeable cation. Dioctahedral starting materials
were the Wyoming bentonite ((2 micron fraction,
Mol l  e l  a l . ,  1975) saturated wi th K,  Na,  Ca,  or  Mg,
and a gel  of  potassium montmor i l lon i te composi t ion,
Alrsia 6?4.10 $Oro(OH)rKo.re. Gels were prepared by
the method of  Hami l ton and Henderson (1968).
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Hydrothermal runs were prepared by introducing
30 mg of clay or gel and 30 pl of pure water into gold
tubes (20 mm long, 2.5 mm I.D.) which were then
welded shut. These charges were heated in large hot-
seal autoclave reaction vessels or in small cold-seal
reaction vessels. The former generated maximum
pressures of approximately 0.3 kbar, and the latter
were maintained at 0.5 or 2 kbar by equil ibration
with a large reservoir (see Eberl and Hower, 1976).
All vessels were heated in resistance furnaces, and
temperatures were controlled by on-off regulators
attached to thermocouples located in wells near or in
the base of the vessels.

Run products were oriented on glass slides, glyco-
lated, and X-rayed with a Norelco diffractometer,
using Ni-fi l tered CuKa radiation. The expandabil ity
of mixed-layer i l l i te/smectite was determined by
comparison with the calculated patterns of Reynolds
and Hower (1970).

Experimental results

The difference in reactivity between dioctahedral
and trioctahedral smectite is clearly shown in Tables
I  and 2 and in F igures 1,2,  and 3.  At  400'C and
autoclave pressure, the K-montmoril lonite gel (run I )
and the natural montmoril lonites saturated with K,
Na, Ca, and Mg (runs 2-5) reacted extensively to
lbrm regularly interstratif ied mixed-layer clay. The
sraponites run under equivalent conditions did not
react (runs l0-18). The effect of interlayer chemistry
on the reaction of dioctahedral clays is also shown in
Table l. Montmoril lonite with interlayer potassium
(run 6) reacted at a lower temDerature than did mont-
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Table I  Montmor i l loni te autoclave runs

Run
n o .

Start ing
mater i .a l

Ternp.
(  oc )

Time
(days )

Run
produc ts

I

A

7-9

K,  -Na- ,  Ca-  and

Mg-rnon tnorl 11onl te:tx*

K-mon tnrori 1 loni tex x x

Na- ,  Ca- ,  and
Mg-montrnori l lonite*' ltr

300 ro 485 **

400

300

300

J q i l l i te ,  cr is tobal i te
^ - , * ^ ^ h . ' 1  1  i  1 6
P J  

L V V L L J  L L ' L V

mica/smect i te '
qvartz,  kaol in i te '
t  fe ldspar

i l 1 i t e / snec t i t e ,  qua r t z ,
kaol in i te

montmor i l loni te,  quartz '

30

30

* *
***

Composi t ion equivalent

Large temperature range

Less than 2 micron s ize

to  (A1r .u rMBo. t : )S iaoro(oH)z*0 . : l '

due to fai lure of temperature regulator.

fraction of Wyoming bentonite, plus a small amount of qua'rgz.

moril lonite saturated with the other cations (runs 7-
9). Interlayer chemistry did not affect the reaction of
saponite at temperatures below 415'C (Table 2, runs
I l-18), but at 500'C the gel of Mg-saponite did react
to form a regularly interstratif ied talclsaponite (Fig.
4 and Table 2, run l9). The reflections labeled 4.59
and 4.57 in Figure 4 are most l ikely 020 reflections:
the basal reflections l ie beneath these peaks.

The effect of Dressure on the reaction of mont-

moril lonite is shown in Table 3. Increasing water
pressure inhibited reaction for all interlayer cations
tested, but had the least effect with interlayer potas-

s ium ( runs  30 -31 ) .

Discussion

Reactiuity of dioctahedral and trioctahedral smectites

The results of the present study, namely that dioc-
tahedral smectites (beidell ite and montmoril lonite)

Table 2.  Saponi te autoclave runs

Run no, Star t ing nater ia l Tenp.  (oC) Tine (days) Run products

10

11-14

15

16-r8

19

K-ge1*

K-,  Na-,  Ca-
and M8-saPonlterk*Jr

+
K-saponite

++
Mg-ge l '  

'

Mg-ge1

300 to 485**

400

400

250,  330 ,  415

500

J +

7

7

9

saponite

saponi te

saponi te

saponi te

ta lc/saponlEe

*  Compos l t i on  equ i va len t  . o  43 (S i3 .OZO1O. :g )O tO(OH)ZKO. : : .

**  See second footnote,  Table 1.

t t**  lssg than 2 nicron Karol lhof  saponi te.

t  Less than 2 micron Anargosa saponi te.

t t  Conposi t ion equlvalent  .o Mg3(Si3.67A1O.lS)ofO(OH)ZM8O.l-OS.
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MONTMOR I LLON ITE : UNTREATED

Fig l .  X-ray di f f ractograms of  (2 micron natural  ( top) and hydrothermal ly- t reated K-saturated Wyoming bentoni te (bot tom)

Numbered peaks on the lower d i f f ractogram refer  to layer spacings for  the i l l i te /smect i te.  Samples t reated wi th ethylene glycol .
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readily react to form mixed-layer clays whereas tri-
octahedral smectites (saponite and hectorite) resist
alteration, corroborate the results ofprevious studies.
Eberl and Hower (1976, 1977) found that K- and Na-
saturated and supersaturated beidell ites and mont-
moril lonites reacted readily to form mixed-layer clays
at 2 kbar, and that, in some instances, the reaction
commenced at temperatures as low as l50oC, with
the degree of reaction increasing with increasing tem-
perature and/or t ime. By contrast, Koizumi and Roy
(1959) identif ied trioctahedral smectites which were
stable up to 850'C at  I  kbar ,  I iyama and Roy (1963)
found that saponite of the proper composition would
remain unreactive up to at least 850oC at I kbar, and
Sand (1955) and Ames and Sand (1957) determined
that hectorite could exist up to 750'C at I kbar
pressure. In addition, Carmen (1974) synthesized an

expandable phase which persisted to temperatures of
1000'C at 5 kbar pressure. Clearly, smectites are not
necessarily low-temperature minerals. Dioctahedral
varieties may react to form mixed-layer clays at rela-
tively low temperatures, but trioctahedral smectites
may persist to high temperatures. Whether or not
trioctahedral smectites are stable in a thermodynamic
sense at these temperatures is not known.

A comparison between the reactivity of dioctahe-
dral and trioctahedral smectites occurring in nature is
diff icult. The dioctahedral smectites are by far the
most common of the natural smectites, and studies of
their reactions include the investigations of Burst
(1959,  1969),  Perry and Hower (1970),  Weaver and
Beck (1971),  and Hower et  a l .  (1976),  a l l  o f  whom

studied the mixed-layer products of burial diagenesis.
They found that montmoril lonite reacts to form

K- MoNrMoRr LLoN I rE : iilE;uK
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SAPONITE: UNTREATED

x - saeorurre ,,4ff!ic*

"2e
Fig.  2.  X-ray di f f ractograms of  (2 micron natural  ( top) and hydrothermal ly- t reated K-saturated Karol ihof  saponi le (bot tom)

Samples saturated wi th ethylene glycol .

1 6 6

I

mixed-layer i l l i te/smectite at depth. Reaction begins
in the Gulf Coast geosyncline at temperatures as low
as 50oC (Perry and Hower, 1970). Natural examples
of trioctahedral mixed-layer clays with saponite as a
layer constituent have been reported, for example, by
Ear ley et  a l .  (1956),  Ear ley and Mi lne (1956),  and
Wiewiora and Szpi la  (1975).  The react ions which
formed these clays are not known in detail, and there
is l i tt le data to indicate that they developed from
saponite starting material.

The greater stabil ity of trioctahedral smectites can
be related to mechanisms for the formation of mixed-
layer clay. A smectite layer in a clay crystall i te wil l
convert to a mica-like layer when electrostatic attrac-
tion between the negatively charged 2: I layers and
the positive interlayer cation becomes greater than

the attraction between the cation and its shell of
hydrating water molecules. The net negative charge
on the 2:1 layers may be increased by:  (1)  the sub-
stitution of Al3+ for Sin+ in the tetrahedral layer, (2)
the substitution of Mg2+ and/or Fe2+ for A13+ in the
octahedral layer, and (3) by the reduction of Fe3+
(Perry and Hower, 1970). Other mechanisms can also
be visualized, such as the substitution of Li+ for
Mg2+ or B'+ for Sin+. An increase in the negative
layer charge by these mechanisms must be electrically
balanced by an increase in the concentration of inter-
layer cations. The hydrothermal studies of Eberl and
Hower (1976) show that the first mechanism proceeds
spontaneously for a dioctahedral smectite in the ab-
sence of an external source of aluminum. Aluminum
and interlayer cations for the reaction are presumably
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K-SAPON ITE GLASS:
3OO to 485"C

34 DAYS

STOBALITE 191

K - MONTMOR ILLON ITE GLASS'
3OO to 485oC

34 DAYS

Fig 3.  X-ray di f f ractograms of  run products for  gels of  K-saponi te and K-montmor i l loni te composi t ions t reated under ident ical
hydrothermal  condi t ions.  "1"  refers to i l l i te  peaks.  Samples t reated wi th ethylene glycol .
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supplied by a dissolution of some of the smectite. The
first mechanism also operates in the Gulf Coast
geosyncline, where aluminum and potassium are sup-
plied by the dissolution of potassium feldspar
(Hower et al., 1976\.

Theoretically, trioctahedral smectites of ideal com-
position should not be able to react via the above
mechanisms. In an ideal saponite, the only aluminum
present is a small amount (ideally about 0.33 equiva-
lents per half unit cell) which accounts for the layer
charge originally found in the saponite. Even if all of
this aluminum was concentrated in some crystall i tes
to build an i l l i te layer charge, the number of such
collapsed layers would be so few as to be unobser-

vable. Clearly, if this mechanism is to work on sapo-
nites, the aluminum must be derived from some
source other than the saponite itself. In fact, Koizumi
and Roy (1959) demonstrated that  a luminum in ex-
cess of that required for the saponite composition wil l
cause synthetic saponites to react at temperatures as
low as 260"C, and unpublished experiments by the
present authors demonstrate that natural saponites
may also be induced to react by the addition of
a lum inum.

The substitution of Mg'z+ for Al'+ in the octahedral
sheet is not possible in the trioctahedral smectites,
since the octahedral sheet already has a full com-
plement of divalent or monovalent cations. Ames and
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(oo5)2Loro2)D.5

4.59

too4ta../(ooztsr

473

Fig.4.  An ordered mixed- layer ta lc lsaponi te produced in run l9 (Table 2) .  Air -dr ied ( top) and ethylene glycol  t reated (bot tom).

Sand (1958) and Sand and Ames (1957) have a lso
suggested that smectite stabil ity is enhanced when all
cation sites are thus occupied.

Finally, the mechanisms involving the reduction of
ferric iron and the substitutions of Li+ and B3+ can be
disregarded, since the starting materials were not run
in a reducing environment and probably do not con-
tain sufficient amounts of Li+ and 83+ to signiflcantly
affect layer charge. It is clear that trioctahedral smec-
tites do not react as readily as the dioctahedral smec-
tites because they do not possess the charge building
options inherent in a clay system rich in aluminum.

Mixed-layer clays may also be formed by reactions
which reduce layer charge rather than increase it.
Reduced layer charge leads to a structure in which
hydrated interlayer cations are not required for
charge balance, thereby giving rise, for example, to a
pyrophyll ite- or talc-l ike layer. Mixed-layer clays
have been formed experimentally by this mechanism.
A Ca-saturated montmoril lonite heated with excess
Al3+ (as a chloride) in a CaCl, solution (0.5N) was
transformed into an ordered mixed-layer pyrophyl-

l i telsmectite at 330'C (Eberl, in preparation), and a
magnesium saponite gel formed an ordered talc/
saponite at 500"C (Fig. a, and Table 2, ru'n l9). As
was ment ioned previously ,  I iyama and Roy (1963)
found that there is an ideal composition which opti-
mizes saponite stabil ity. An AllMg ratio in excess of
this ideal composition leads to the formation of
mica-saponite by the charge building mechanism,
and a lower ratio gives rise to talc/saponite by charge
reduction.

The influence of interlayer chemislry

These experiments show that interlayer chemistry
strongly affects the temperature of reaction for mont-
moril lonite (Table l). The effect of interlayer alkali
and alkaline-earth cations on the reaction was stud-
ied in more detail by Eberl (1978). It was found that
montmoril lonites saturated with cations of low hy-
dration energy (K+, Rb+, Cs+) would react at 300"C
and autoclave pressures in 30 days, whereas those
saturated with cations of higher hydration energy
would not. At 400'C and autoclave pressures, mont-

"2e
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Table 3. Pressure effect on the reaction of Wvomine montmori l lonite

407

Run no . Starting
Mterlal

Tine
(days)

Presgure
(kbar)

Run productsTenp.
(  "c )

20-2L

22

t 1

24

25

26

27-28

29

30

31

400

405

405

507

500

507

400

495

400

400

A**

u . )

z

A

Na-mont

Na-mont

Na-Eont

Na-mont

L1-mont

Li-mont

Ca-mont

Ca-mont

K-mont

K-mont

7 and 30

17

L7

2 L

7

2 I

/ and JU

19

8

8

rec to r l te ,  kao l ln i te ,  qur tz

snec l i te ,  rec to r i te ,  kao l in i te '
albite, quartz

snec t l te ,  quar tz

montmorll lonite, quartz

cosud l te  (ch lo r l te /snec t l te ) ,

kao l in l te ,  quar tz

smectL te ,  quar tz

Ca- rec tor i te ,  kao l ln l te '
quar tz ,  amect i te

snec t i te ,  quar tz

1 l l l te /snec t i te  (352) ' r * * ,

kaolinite, quartz

I l1 i te /snec t l te  (502)* * * ,

pyrophyll lte' quartz

*  See th i rd  foo tno te ,  Tab le  1 .
** AuEoclave pressure, See text.

* * *  Percent  smect l te  layers .

moril lonite reacted no matter what the interlayer cat-
ion. Blatter (1914) also noted the inhibit ing effect of
Na+,  Ca2+,  and Mg'z+ on the react ion.  He found that
the transformation of montmoril lonite into a less
expanded phase was greatly retarded at 200'C in
solut ions having low K+/Mg2+,  K+ /Caz+,  or  K+ /
Na+ ratios, and that the divalent cations were more
effective than Na+ in blocking reaction.

The blocking effect of cations of high hydration
energy may either be a kinetic effect or reflect equil ib-
rium. In either case, the lack of reaction is probably
related to the amount of negative charge on the 2: I
layers required to dehydrate the interlayer cation.
Sodium, for example, wil l be more strongly hydrated
than potassium in the interlayer region of a mont-
moril lonite, and wil l therefore require a greater layer
charge to form a mica-like layer. The 2:1 lattice wil l
require a charge of -0.8 equivalents per O,'(OH), to
dehydrate potassium and a charge greater than - 1.2
to dehydrate sodium (Garrels and Tardy, in prepara-
tion). These layer charges are reflected in the compo-
sitions of the minerals i l l i te, which has a layer charge
of -0.8 equivalents per O1(OH), (Hower and Mow-
att, 1966), and rectorite, which most l ikely has a
charge on the paragonite-l ike layers greater than

- 1.0 (Eberl and Hower, 1977). The higher the layer
charge required for dehydration, the more Al3+ must
substitute for Sio+ in the tetrahedral layer, a sub-
stitution which is probably the rate-l imiting step for
the reaction (Eberl and Hower, 1976). From an equi-
l ibrium viewpoint, the greater the layer charge re-
quirement, the more positive the free energy of reac-
tion at 25oC. For example, the free energy change for
the conversion of an ideal beidell ite layer into an
ideal i l l i te or paragonite layer can be calculated using
the thermochemical approximations of Tardy and
Garrels (1974), taking into account a correction for
interlayer cation hydration (Garrels and Tardy, in
preparation). For the reaction:

2.42 Ko $Al2(Sir..rAlo.33)O,o(OH),

Ko 8Alr(Si3 roAlo .)O,o(OH)2

+ 1.42 HrO =

+ 1.42 AI ,Si ,O5(OH)4 + 2.84 SiO'  ( l )

AGo at 25'C is -l 2.8 kcal/mole. whereas for the
reaction:
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3.03 Nao.rrAl2(Sis u?Alo.ss)O1o(OH), + 2.03HrO :

NaAl,(SirAl)O,o(OH),

+ 2.03 AI ,Si ,O5(OH)4 + 4.06 SiO'  Q)

AGo is + l l.4 kcallmole. Since AGo for reaction (2) at
25'C is four times more positive than that for reac-
tion (l), i t seems likely, assuming roughly similar
values for AS0 with increasing temperature, that AG0
for reaction (l) wil l become negative at a lower tem-
perature than wil l that for reaction (2), an inference
that is consistent with the exDerimental results.

The pressure efect

The effect of pressure on the transformation of
smectite (Table 3) could be a function of either phase
equil ibrium or kinetic effects. From an equil ibrium
viewpoint the change in free energy with pressure is
(6AG/6P)r  :  LV.  A posi t ive AZ would lead to an
increase in the free energy of reaction with increasing
pressure for a given temperature. Such a AZ is ex-
pected if interlayer HrO is significantly denser than
pore HrO at the experimental temperatures. Carmen
(1974) has offered evidence for the denser nature of
interlayer water at elevated temperatures and pres-
sures in dehydration experiments run on a Na-ver-
miculite-l ike phase. Calculations show that increas-
ing the pressure from I bar to 2 kbar at 500"C would
raise AG for the conversion of beidell ite to rectorite
by about 2.2kcal/mole, assuming a constant specific
volume for interlayer water of l5 cm3,/mole (after
Carmen,  1974),  and a value of  26.1 cm' , /mole for
pore water under the experimental conditions (Burn-
ham et al., 1969). Presumably the pressure effect
would not be as great for clays reacting in brine.

A smaller pressure effect on the reaction is ex-
pected with interlayer potassium than with cations of
greater  hydrat ion energy.  s ince potassium cannot  im-
part as strong a structure to water, a prediction born
out  by the exper iments (Table 3,  runs 30-31) .  I f  the
pressure effect is an equil ibrium effect related to the
difference in density between interlayer and pore
HrO, then there must exist a crossover temperature at
which pressure has no effect on the reaction, since
interlayer water in montmoril lonite is less dense than
pore water at room temperature (Bradley, 1959). Be-
low the crossover temperature, high pressure would
lead to a more negative AG.

Conclusions

It is clear that smectite is not necessarily a low-
temperature mineral. Trioctahedral smectite is stable

at high temperatures, whereas dioctahedral smectite
wil l react. The hydrothermal stabil ity of dioctahedral
smectite can be increased both by saturation with
interlayer cations of hydration energy greater than
potassium, and by increased water pressure. It is not
clear whether smectite stabil ity at elevated temper-
atures is an equil ibrium or a kinetic phenomenon.

The results of this study are directly applicable
only to smectites run in hydrothermal systems in a
I : I ratio with pure water. Changing the solution com-
position may change the patterns of reaction. For
example, adding the sodium ion would change the
reaction previously written for the formation of a
paragonite layer to:

1.29 Naos.Al2(SiB.6?Alos ' )O'o(OH)2 + 0.57 Na+ :

NaAl , (Si 'A l )O1o(OH),  + 1.73 SiO2("q)  + 0.57 H+.

When the reaction is written in this manner, it can be

seen that smectite stabil ity depends on the activity of

Sio2(uq), Na+, and H+ in solution, a result clearly
demonstrated, for example, in the theoretical activity
diagrams of Helgeson et al. (1969), as well as on the
parameters of smectite chemistry, temperature, and
pressure examined here.
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