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AssrRlct

The apparent standard free energy of formation of several CaliJornia serpentines was
calculated from solubility data at 25'C. Based on the end-member formula, SiMS3Or(OH)r,
the average value is -962.9 kcal/mole (range, -960.6 to -965.9 kcal/mole). Stability
diagrams developed from the free energy value indicate that serpentine is unstable in the
range of pH and activities of Mgz+ and Si(OH)r encountered in most soils. The Fe and Al
substituting for Mg in the serpentines is released during weathering and becomes incor-
porated with silica in the clay formed. Stability diagrams for brucite, gibbsite, and amor-
phous Fe(OH)3 indicate that the (Fe, Al)-octahedral sheet is more stable than the brucite
sheet when in contact with serpentinite soil matrix solutions. The greater stability of the
dioctahedral sheet provides a thermodynamic explanation for nucleation of Fe-rich mont-
morillonite rather than saponite in soils forming on serpentine rocks. The octahedral sheet
formed as serpentine weathers is silicated to expansible phyllosilicate layers in the presence
of suficiently high Si(OH)a concentration also maintained by serpentine.

INrnonucrrorrr

Stability diagrams such as those utilized by Garrels and Christ (1965)
can be useful in predicting the secondary minerals that would form in
equilibrium with solutions in contact with weathering primary minerals
in soils. Reliable free energy data are not available for many of the more
complex secondary soil minerals, for example, the layer silicates of the
montmorillonite, vermiculite, and chlorite groups, because of the ubiqui-
tous presence of impurities and uncertainty as to the exact composition
of expansible layer silicate minerals in soils. King et al,. (1967) have re-
ported free energy values for near end-member chrysotile and antigorite
samples. Transformation of serpentine to Fe-rich montmorillonite in
serpentinite-derived soils of California (Wildman et al., 1968a) affords the
opportunity to apply thermodynamic data in predicting why these par-
ticular mineralogical transformations took place in these specifi.c soil en-
vironments.

In trying to determine the thermodynamic reasons for the formation of
montmorillonite rather than saponite in high Mg, serpentinite-derived
soils, we have used the indirect approach of examining the stability of the

s87



588 WILDMAN, WHITTIG, AND JACKSON

weathering serpentine forming the clay. Dissolution data from a previous

experiment (Wildman et o1,., 1968b) have been used to calculate the ap-

parent standard free energy of formation of serpentine in these rocks'

The stability diagrams were developed from the free energy values for

serpentine and from known values for brucite, ferric hydroxide, and gibb-

site (Garrels and Christ, 1965;Kittrick, 1966). Tests were then made of

the hypotheses (a) that the stability diagram of serpentine provides a

thermodynamic explanation for the maintenance of sufficiently high

Si(OH)4 concentration to form the silica sheets of expansible phyllosilicate

clays, and (b) that the stability diagrams for the metal hydroxides that

form octahedral sheets likewise provide the key to nucleation of the re-

spective expansible phyllosilicate clay.

ExpBnrlrBNrAL AND Rnsurrs

Serpentinite rocks used in the dissolution experiments included those

under Henneke, Dubakella, and Fancher soils, and under an unnamed

soil of the New Idria area. Our approach was similar to that of Keller

et al. (1963) and Reesman and Keller (1965), but the treatment of the

samples was somewhat different. A smaller sample size (5 g versus 10 g)

and a larger aqueous solution volume (250 ml versus 100 ml) were used in

this study. The rock was ground by hand in an agate mortar, but only

enough to make a smooth powder. The powder and water were placed in

a polyethylene container and closed to the atmosphere. Gas (I[z in one

series, air in another) was gently bubbled through the liquid for 29 days at

room temperature of 25 * 1oC. Attainment of equilibrium between the

solutes and the serpentine mineral proper was facilitated by avoidance of

continued high energy surface formation, such as would be encountered

by grinding of the rock slurry during the dissolution. The pH values and

the concentrations of Mgt+ and Si(OH)4 were determined for each solu-

tion after 4 hours and after 1, 8, 15, 22, and 29 days. Details of the pro-

cedure are reported in a previous paper (Wildman et ol., 1968b). Chemi-
cal analyses of the rocks, necessary for evaluation of efiects of elemental
composition on free energy of the serpentine, were also reported by

Wildman et al. (1968b, Table 2).
With the Nz treatments of all four rocks, the concentration of Mg2+

rose rapidly at f irst, peaked at the 4-hour or 1-day sampling (Wildman

et al.,1968b, Fig. 1) then declined slowly to a near-constant level at the

29th day. The concentrations of Si(OH)+ from Dubakella and Fancher

rocks declined slightly after 1 day (Wildman et o1.,1968b, Fig. 2), reach-
ing a steady state by 29 days. With Henneke and New Idria rocks, the

concentrations of Si(OH)q continued to rise after 1 day. By 29 days, the

concentration with Hennecke rock leveled off, while that with New Idria
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Taer,r 1. Sor,usrrrrv De:u ron Gnouwo SnxrrNrrxrm Rocrs Alrnn 29 D,q.vs
EqurltenarroN wrrn Wl.rnn UNorn Nrrnoonm on Arn

Parent rock for
[Mg'+]

moles/liter log[Mgr+]
lSi(OH)4] los

moles/liter [Si(OH)4] pH

Henneke soil

Dubakella soil

Fancher soil

Soil from New Idria

Nz
Air

Nz
Air
N,
Air

N,
Air

9.0x 10-5
2.8x10-4
1 .0x 10-4
4 2x10-4
I .4x 10-4
5.7x  10-4
7 0x10-5
1.5x  10-4

- 4 . 0 5  9 . 6 x 1 0 - 4
-3  55  1 .0x10-3
-4.00 | 7xt0-4
- 3 . 3 8  2 . 5 X 1 0 - 4
- 3 . 8 5  1 . 5 X  1 0 - 4
-3.24 2 9xt}-4
-4 .  15  5  .  1x  10-4
- 3 . 8 2  5 . 5 x  1 0 - 4

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

rock was still increasing. The pH values of all solutions leveled off at 29
days. With the air treatments, the concentrations of Mgr+ and Si(OH)4
rvere nearly constant at 29 d.ays. The fact that the experimental values
essentially reached a steady state within 29 days lends confidence that
the results will be useful in predicting what may happen in actual soil
solutions. Data for dissolution of the ground serpentinite rocks is given
in Table 1.

Car,cularroN oF AppARENT STANDARD FREE
Er.rnncy ol FoRMATToN oF SERpENTTNE

The standard free energies of formation used in the various calculations
are listed in Table 2. For these calculations, molalities were assumed equal
to activit ies. Since pH was measured to the nearest 0.1 unit and since
solutions in this experiment were very dilute, error introduced by using
molalities rather than activities would be insignificant. Fe and Al released
by dissolution of the serpentine were not present in detectable quantit ies
and were not considered in the calculations.

The dissolution of end-member serpentine may be represented as a
hydrolysis equation,

Si rMgaOs(OH),  *  5HzO :  2Si(OH)4 *  3Mgt+ + 6OH- (1)

It is more convenient, however, to use this equation in the form

Si :MgeOo(OH)+ *  6H+ :  2Si(OH)4 *  3Mg'+ *  HrO (2)

The apparent equilibrium expression obtained from this equation is

Isi(oH)4],[Ms,+]s
a K :

[u+iu
(3 )
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Ttntn 2. SreNo.a.no Fxrn ENnnorns ol ForuulrroN Usnl rr'r
Carcur.q.rrNo rrm Sr.cerr,rrv Frnr-ns

Substance AG"r Source

si(oH)1
HzO (liquid)

oH-
Mgz+
AI3+
Fe3+
Alot
H+
Mg(OH)z brucite

Fe(OH): amorphous
AI(OH)B gibbsite

Al(OH)3 gibbsite

kcal/mole
- 3 1 2 . 8
- 56.690
-37.595
- 108.99
- 1 1 5 . 0
- 2 . 5 2
-200.7

0
- 199 .27
-  166.0
- 2 7 7  . 3
- 2 7 4 . 2

Reesman and Keller, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Garrels and Christ, 1965
Kittrick, 1966

By taking logs, this expression may be written

togaK:zros [s i (on) , ]  *  3 log [ue '* ]  *  6pH (4)

Solubility and pH data (Table 1) were used in this equation to find values

for log oK (Table 3) for the several serpentines. The apparent equilbriwm

constant oK is related to the apparent standard free energy change of the

reaction aAGox by the exPression

aAGE" : - RT ln aK : - l.364lo9 aK (5)

a\Gonis calculated by subtracting the total standard free energy of

formation of the reactants from that of the products. Thus,

aAGE.:ZAGiproducts - )oArGoreactants (6)

The standard free qnergies of formation of all species in equation (6),

applied to equation (2), are known except that of the serpentine mineral

itself ;and this may be calculated from the value of aA€F'" obtained. The

value for the standard free energy of formation of sil icic acid (-312.8

kcal/mole) was taken from the calculation made by Reesman and Keller

(1e6s).
The values of log aK, aAGon, and aAGor for serpentine (Table 3) are in

good agreement for the air and Nz treatments, and in fairly good agree-

ment among the different rock samples. The agreement is better when

the Fancher rock, which is largely forsterite rather than serpentine, is
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Tlnr,r 3. Cer,cur,amo Fnrr ENrncv Ver.ues lon GnouNo SnnprN:rrurre Rocx

Parent rock for
Gas

Treatment log aK" aLGon aLG"e

Henneke soil

Dubakella soil

Soil from New Idria

Average

kcal/mole kcal/mole
- 4 5 . 6  - 9 6 3 . 7
- 4 6 . 0  - 9 6 3 . 3
-48.7 -960.6
- 4 8 . 5  - 9 6 0 . 8
- 4 6 . 1  - 9 6 3 . 2
- 4 3 . 4  - 9 6 5 . 9

-962.9

Nz
Air
N,
Air

N,
Air

33 .4
J J .  '

J J .  /

3 s . 5
33 .8
3 1  . 8
34.0

Fancher soil as serpentine

as forsterite

Nz
Air
Nz
Air

3 7  . 2
3 6 . 0
2 6 . L
25.2

-50 .8  -9s8 .s
-49.r  -960.2
-35 .6  -495 .2
-34.4 -496.4

'Following Reesman and Keller (1965), the prefix "a" refers to "apparent" values

calculated from concentrations obtained from the undersaturation side.

removed frorn consideration. The average AGor value for serpentine ex-

cluding the Fancher rock, is -962.9 kcal/mole. There was close agree-
ment between values obtained for Henneke and New Idria rocks. The

value for the Dubakella rock was low (-960.6 and -960.8 kcal/mole,

under Nz and air, respectively). Though not substantiated, the lower
value for Dubakella rock may be related to Al substituted in the serpen-

tine. The Fe2O3 contents of the Henneke and New Idria rocks (6.6 and 3.1

percent, respectively) fall above and below that (3.6 percent) of the
Dubakella rock, yet the aAGot values for the Henneke and New Idria

rocks (Table 3) are in close agreement. On the other hand, the AlzOa con-

tent of the Henneke and New Idria rocks is similar (0.4 and 0.7 percent,

respectively) whereas that of the Dubakella rock is considerably higher
(2.4 percent).

The average AGor value of -962.9 kcal/mole is in very good agree-

ment with the value of -963 kcal/mole obtained by Luce (unpublished

report, t966; t969) on a carefully separated sample of New Idria chry-

sotile serpentine. Luce conducted the dissolution with magnetic stirring
at 25"C for a period of 12 months in containers purged with Nz gas. King

et al. (1967) obtained a higher value, - 964.75 kcal/mole for a New fdria

clinochrysoti le, using a calorimetric determination at 298.15'K. Hostet-

ler and Christ (1968) obtained values in good agreement with King et al.,

using identical chrysotile but working at 90oC. The Iatter two results sug-
gest that chrysotile serpentine is somewhat rnore stable than suggested in



592 WILDMAN. WIIITTIG. AND JACKSON

this article. The present authors do not offer their values as standard free
energies of formation for pure serpentine mineral species, but rather for
field run serpentinite rocks, whose weathering has a bearing on the nature
of the soils formed from them.

When the Fancher rock is used to calculate the apparent standard free
energy of formation of forsterite, rather than that of serpentine, according
to the equation

MgzSiO+ + 4H+ :  Si (OH)4 *  2Mg'+ (7)

the value obtained is -495.2 kcal/mole in the Nz treatment and -496.4

kcal/mole in the air treatment. These values compare favorably with the
dissolution value for forsterite oI -496.9 kcal/mole obtained by Rees-
man and Keller (1965), values somewhat higher than -490.6 kcal/mole
obtained calorimetrically by King el aI. (1967).

Tne Srasrr,rry oF SenpBxrrrsn axo BnucrrB

The stabil ity relations of serpentine at 25" C and 1 atmosphere may be
examined graphically by the approach of Garrels and Christ (1965).
Taking the average value of log aK (Table 3), equation (4) can be written
AS

2 tos [s i (oH)- ]  + s  log [ i \4g,+]  *  6pH :34.0 (8)

Setting log [Si(OH)a]: -2.6, which is the saturation solubil ity value of
monomeric sil icic acid at 25oC and 1 atmosphere (Garrels and Christ,
1965), the expression

J log [Mg,+] + opu :  3e.2

is obtained.
With this expression a stabil ity diagram may be constructed for serpen-

tine at the Si(OH)a saturation l imit by substituting values for either the
Iog [Mg'+] or the pH

log [l,tgz+] : g, pH : 6.5

pH : 14, log [NIgr+] : - I4.9

The stabil ity diagram (Figure 1) shows that at the saturation solubil ity
of Si(OH)a (10-r'e moles/l iter) a serpentine mineral is not stable below a
pH of about 7.0 in a 0.1-M Mg2+ solution. As the Mg2+ concentration is
lowered, the pH below which serpentine is unstable rises one pH unit for
each hundred-fold decrease. Thus, in a 1-mM Mg2+ solution, serpentine is
not stable'below pH 8. If now a lower fixed value of Si(OH)a is considered,
for example 10-12 moles/l iter, equation (9) becomes

(e)

at (10)

( 1 1 )
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- 2

- 4

- t4

Frc. 1. Stabiiity of serpentine expressed in terms of pH and activity of Mg2+ at 25"C and

1 atmosphere. Activity of Si(OH)r is 10-2 6 moles/liter.

3 log [Mg'z+] + opn : Ss.o

Substituting values for log [Mgt+] or pH

at log [Ugt+] : 6, pH : 9.7

at pH : 14, log lN{g'+] : - 8.7

The stability field of serpentine (Figure 2) has now been decreased by the

lowering of the Si(OH)4 concentration. These two-dimensional diagrams

can now be used to construct a three-dimensional stability diagram show-

ing the stability of serpentine as a function of all three variables. Figure 2,

with log [Si(OH)4] - -12, is used as the front face of a block; and Figure

1, with los [Si(OH)q]: -2.6, is used as the rear face' The stabil ity bound-

aries are connected across the top and side of the block to give a three-

dimensional stability field (Figure 3).
Although brucite associated with serpentine can form a carbonate-

containing mineral such as coalingite (Mumpton and Thompson, 1966) in

surficial weathering zones, the brucite-serpentine join in the stability

diagram is of interest here. The brucite phase, in the presence of sufficient
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PH

- 2

- 4

- 6

- 8

- t o

-t2

-14

z 4 6 6 t o i z
pH

Frc. 2. Stability of serpentine expressed in terms of pH and activity of Mgz+ at 25.C and
1 atmosphere. Activity of Si(OH)r is 10-12 moles/liter.

concentration of si(oH)a might be silicated to saponite. The equation for
the dissociation of brucite is

t 2t o

r----r
+
ol

o

E
.9
o
J

Mg(OH), * ZH*: Mg'+ -f 2rt,O

f tue'*l
t7
l \ : - -

lH*.1'
log K : log [ugr+] -f 2pH

(1s)

(16)

(r7)

(18)

(1e)

(20)

(2r)

From equation (5) and the standard free energies (Table 2) as applied
to equation (15),

ad -23.r
l o g K :- -1.364 -1.364

log [N{gr+] + 2pH : 16.9

at log [Mgz+] : o, pH : 8.4

at pH :  14, log [Ug,+] :  -  11.1

S O L U T I O N
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l'rc. 3. Stability field of serpentine as defined by its dissociation into Mg2+ and Si(OH).

as a function of pH at 25oC and 1 atmosphere.

Plotted in two dimensions (Figure 4), the stability field of brucite is

shown to be similar to that of serpentine, except that it does not vary

with the concentration of Si(OH)+. To construct a three-dimensional

diagram including both serpentine and brucite, the boundary between

these two minerals must be determined. This is obtained by use of the

equation

SirMg'Os(OH)4 + 5H,O : 3Mg(OH), + 2Si(OH)4 (22)

In this equation' the solid phases and Hzo are taken to have activities of

unity, and the equilibrium expression is

6

s
-\o
-\z
-14

-r6

e:rr /o\(

r ( :  [s i (oH)4] ,
t ogK :z tog [ s i (On ) . ]

Use of the standard free energies (Table 2) and the average free energy

for serpentine (Table 3) in equations (5) and (22), gives

ac; 2.s0
ios ,&- :" -r.s6+ -1.364

-t\
.rt';i^t

(2s)

(24)

e
s O ( U t t o t v

16.86 (2s)
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PH

- 4

S O L U T I O N

P H
Frc. 4. Stability of brucite expressed in terms of pH and

activity of Mg2+ at 25"C and 1 atmosphere.

t o g [ s i ( o H ) o ]  : - s . * (26)

Since the stabil ity of brucite is independent of Si(OH)4 concentrations
below 10-8 a moles/l iter, a three-dimensional diagram may be constructed
with the two-dimensional brucite stability diagram (Figure 4) as the front
face at some Si(OH)4 concentration below 10-8 a. The plane delineating
brucite stabil ity is parallel to the log [Si(OH)4] axis unti l the plane meets
the serpentine boundary, a plane with log [Si(OH)4] f ixed at -8.4. At the
the three corners of this plane, straight l ines are drawn to meet the two-
dimensional serpentine stabil ity diagram (Figure 1) on the rear face of
the block, at the saturation concentration of Si(OH)r (10-' u moles/l iter).
Connecting all the lines gives the completed three-dimensional stability
diagram for brucite and serpentine at 25oC and 1 atmosphere (Figure 5).

It is apparent from this combination diagram that serpentine and
brucite are unstable over a large portion of the pH range in these soils at
which the formation of expansible clay took place. Serpentine is not
stable in acid soils, except in those corresponding to a small corner of
the stability field (Figure 5) which extends to pH 6.5 with Mg and Si
present in very high concentrations. Soils with dissolving serpentine are

- 2

- 6

+
- g N

gr

L-a
- 'o t

J

-12

t 2t o
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pH

I

-s
.\o
-\z
\A

r
N

ctl
=

(9
o
J

-\6

-6

f"")+
Fro. 5. Stability fields of serpentine and brucite expressed in terms of pH and

activities of Mg2+ and Si(OH)r at 25"C and 1 atmosphere'

buffered at a pH greater than 7 by mineral dissolution (equation 2).

As the Mgz+ concentration decreases, an increasingly higher pH (Figure

5, equation 9) is required for serpentine stability in contact with aqueous

solutions. At log [Ms'+] :-t l to -15, depending on the Si concen-

tration (Figure 5), serpentine is not stable at any pH. Also, as the Si

concentration decreases, serpentine becomes unstable at increasingly

higher pH but not as rapidly as with the lowering of Mgz+ concentra-

tion. At log [Si(OH)a] : -8.4, serpentine becomes unstable relative to

brucite.

RBr-arrvB Sreerr,rtrBs or Fe, Al, eNo Mg Hvlnoxrons

It is worthwhile to compare the stabilities of the hydroxides of Fe, AI,

and Mg, the cations of which commonly occupy the octahedral sheet of

expansible phyllosilicate clays. Insight thus may be gained into the

pedogenesis of Fe-rich montmoril lonite (Wildman el al., 1968a) rather

than saponite in serpentinite-derived soils even though most parent

serpentinite rock contains over 40 percent MgO. The stabil ity of the fer-

ric hydroxide component of the octahedrai sheet can be derived as for

that of brucite (Figure 4) by the equation

s o L u t t o N
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Fe(OH)3 + 3H+ : Fe3+ + 3H2O

Ire'+l
K:  - ; - - -_

[H*J'
t ogK : l og [nes+ ]  f 3pH

(27)

(28)

(2e)

at

at

From the free energies (Table 2) substituted in equation (5) for equation
(27) , log K:4.83,  then

log [Fea+]  :  g ,  pH :  1.6

pH : 6, log [Fe+] : - 13.17

Equation (29) is plotted in Figure 6.
Al(OH)a requires two equations to define its stability, one for the acid

pH
6 8 t O t 2

(30)

(31)

. r̂.-1
N

oD

-2 .a
o

-4
l c r
o

-6 Lg

lf,-8 
j-.,

- t o
n

o)
l!

- t 2 v
(9
o
J

-14

pH
FrG. 6. Stabilities of amorphous ferric hydroxide, gibbsite, and brucite expressed in terms of

pH and activities of Fe3+, Al3+, AlOt, and Mg,+ at25"C and 1 atmosphere.

?

, .  soLUTroN:

\  M s Z '

1\  Fe (oH). ,  a t  (oHl"r ,c
' a
\ s

{ilst.

Ar o;
S O L I D :

S O L U T I O N :
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S O L I  D :

F e ( O H ) 3
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dissolution boundary and the other for the alkaline dissolution boundary.
The former is

at

at

Al(OH)s + 3H+ : Al3+ + 3HrO

log K : 5.7 : log [na+] + Spn

log [Rtr+] : o, pH : 1.9

pH : 6, Iog [eta+] : - 12.3

(32)

(33)

(34)

(3s)

(36)

\ J  / . '

(38)

(3e)

The alkaline dissolution boundary is represented by the equation

A I ( O H ) B : A l O r + H + + H r O

log K : - 14.6 : tog [,{lOz-] - pll

at tog [etOr-] - - 2, pH : 12.6

at pIJ: 2, log [AlOr] : - 12.6

Calculations of the AI(OH)a stabilities were made using the AGor value
for gibbsite (-277.3 kcal/mole as AI(OH)3) given by Garrels and Christ
(1965). Use of the value for gibbsite (-274.2 kcal/mole) obtained by
Kittdck (1966) would reduce its stability field somewhat, as indicated by
the dashed line in Figure 6. Use of free energy values for gibbsite rather
than those for amorphous AI(OH)3 is justified by the consideration that
the stability conditions necessary for the formation of an aluminous
octahedral sheet in a montmorillonite would be more like those of gibb-

site than those of amorphous AI(OH)3, even though gibbsite itself would
not be expected to form in a soil actively forming montmorillonite.

The stabilities of amorphous ferric hydroxide, gibbsite, and brucite,
expressed in terms of pH and activities of Fe3+, 61a+, AlOz-r and Mgz+ a1
25oC and 1 atmosphere (Figure 6) indicate that Fe(OH)a and AI(OH)3 in

the octahedral sheet would be stable in the range of pH and in the low
concentrations of Fe3+ and AI3+ normally found in soil matrix solutions.
This indication corresponds to the common observation that these
hydroxides, or their dehydration products, are among the materials in

soils formed under most intense weathering. In contrast, brucite is un-
stable over essentially the whole pH range commonly occurring in soils.
The only matrix solutions in which brucite could possibly exist without
dissolving would have to contain a high Mgz+ concentrationl for example,
25,000 ppm at pH 8.5, 2,500 ppm at pH 9, or 250 ppm at pH 9.5, Even
under these conditions, carbonation to coalingite, pyroaurite or hydro-
magnesite would be likely to occur (Mumpton and Thompson, 1966).

If one assumes that the free energy relations required to construct the
octahedral sheet of a layer silicate in the soil at25"C and 1 atmosphere
are similar to those required for the formation of the above metal
hydroxides, it is apparent that hydroxides of Fe and Al are much more
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Iikely to nucleate the layer silicate than is Mg(OH)r. The stability
diagrams indicate that solid Fe and Al hydroxides are alwavs in contact
with matrix solutions of soils in which mafic minerals are weathering.
While sparingly soluble near a neutral pH, these hydroxides support
small concentrations of Fe(OH)2+. Fe(OH)2+, Fe3+, AI(OH)z+ and Al3+.
Various ferrous ion species may also be present, depending on the Eh.
When Si(OH)a is present in suffi.cient concentration in the matrix solu-
tion, the formation of a layer silicate must provide a lower energy state
f or Fe or Al ions than is provided by their hydroxides ; i.e., the solubility
product of the layer silicate must entail an equilibrium state in which
Fe or Al ions are at a Iower activity than they are when in equilibrium
with their hydroxides. Otherwise there would be no'thermodynamic
driving force to hold Fe or Al ions in the octahedral sheet while Si(OH)e
is being removed from the matrix solution to a silicate layer. Weaver
el. al. (1968) have shown an increase in Si(OH)+ concentration in water
extracts of soils after removal of the most active Fe and AI oxides by
citrate-bicarbonate-dithionite treatment. This indicates an association
of hydrous oxides of Fe and Al with silicon and is in keeping with the
consideration that concentrations of Si(OH)a of soil matrix solutions is a
key factor in formation of montmorillonite in soils (Jackson, 1965).
Garrels and Christ (1965) have shown that gibbsite becomes unstable
with respect to kaolinite as Si(OH)r activity becomes greater than 10-a'7
moles/Iiter. Depending on the magnitude of Si(OH)a activity above this
concentration, a 1: I or 2:1 layer sil icate may be formed. For example,
Huang and Jackson (1965) found that aluminous soil montmoril lonites,
when exposed to water, sustained a characteristic Si(OH)a concentration
of 10 to 100 ppm, depending on the matrix solution pH. In contrast, the
range of Si(OH), concentration sustained by soil kaolinites under the
same conditions was 2 to 15 ppm. These Si(OH)4 solubil ity functions for
montmorillonite and kaolinite define stability fields at log [Si(OH)n] be-
tween -4.7 and -2.6 in the stabii ity diagram for gibbsite-kaolinite
(Garrels and Christ, 1965, Fig. 10.3, page 357; Kittrick, 1969), while
AI(OH)3 is stable at values more negative than -4.7.

In contrast to the stability fields for Fe and Al hydroxides, that for
Mg(OH), is very l imited (Figure 6); solid Mg(OH), would not be ex-
pected to be found in soils, as discussed abor.e. The stability of serpentine
equals that of brucite at [Si(OHa] : 10-8'4 moles/liter, and increases only
slightly over that of brucite as [Si(OH)+] increases to its saturation
solubility. Serpentine would not be expected to form in soils from
weathering of primary minerals such as olivine or enstatite, except pos-

sibly under conditions of unusually high pH and high activities of Mgz+
and Si(OH)a. No free energy data are available for saponite, but data are
available for montmorillonite and hectorite. Weaver, el' al'. (1970), sum-
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ma-rizilg data of various investigators, cite standard free energy of

formation values ranging from -1253.7 to -1275.4 kcal/mole for

montmorillonites and - 1340 kcal/mole for hectorite. It seems reasonable

from the trends toward greater stabil ity with increased Si(OH)+ ac-

tivity indicated by these 2:1 minerals as well as by 1: 1 mineral forma-

tion (gibbsite->kaolinite and brucite---+serpentine), that the 2:1 mineral,

saponite, should be somewhat more stable than serpentine at some in-

creased Si(OH)4 activity. Even with this increased stability, however,

the formation of saponite seems unlikely except in unusual soil environ-

ments.
The buildup of high pH and high concentrations of Mg2+ and Si(OH)r

in poorly drained basins might conceivably allow formation of saponite,

particularly when Al were mobilized by a high pH and Fe by reducing

conditions. But in any well-drained soil, the ionic composition would be

within the stability fields of Fe or Al montmorillonite long before the

composition approached the stability field of saponite. The ionic condi-

tions for saponite formation would occur with dessication and attendant

concentration of Mgz+ and Si(OH)4. Such an occurrence is rare, and these

theoretical considerations are supported by the almost complete lack of

reference in the literature to pedogenic saponite. Saponite in tuffaceous

rock was partially replaced by montmorillonite (dioctahedral smectite)

in the sti l l  calcareous surface of Mount Carmel, Israel (Singer, 1968)'

Several occurrences of saponite in association with weathered serpentinite

are reported in the l iterature (Alietti,1956;Mazzi, 1952; Malquori and

Cecconi, 1956; Minguzzi, 1948). Veniale and van der Marel (1963)

describe an interstratified, saponite-swelling chlorite mineral as a

weathering product of lizardite rock in ltaly. In view of the present

fi.ndings, however, we feel that a new look at these soils should be taken in

order to determine whether the expansible clay component is saponite

and whether lithogenesis or authigenesis is involved. The MgO in the

chemical analyses by Veniale and van der Marel could be largely allo-

cated to the residual serpentine and mafic chlorite left in these soils, with

the result that Fe and AI could be the primaly constituents of the

octahedral layer of a montmorillonitic component. Furthermore, the

interstratified, saponite-swelling chlorite might have been inherited from

the parent'material in which it may have formed by hydrothermal alter-

ation.
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