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Abstract-Primary aluminosilicates are transformed at low temperature into a sequence of metastable 
and thermodynamically stable secondary minerals by an irreversible process. The aqueous concen­
trations in the associated solution may continuously change during the process or they may be main­
tained constant through hydrodynamic or chemical steady-state mechanisms or through chemical equi­
librium with a' reversible metastable solid. 

Disequilibrium indices calculated for 152 natural waters and experimental solutions show that the 
solutions are unsaturated with amorphous aluminum hydroxide, microcrystalline gibbsite, amorphous 
silica and amorphous aluminosilicate, and they are supersaturated with gibbsite and kaolinite. The 
disequilibrium index for halloysite varies widely from unsaturation to supersaturation. 

Only the index for the reversible metastable cryptocrystalline aluminosilicate whose composition 
is pH dependent is very close to zero indicating saturation. The index varies in a narrow range. 
This, supported by electron micrographs and the results of X-ray fluorescence spectroscopy presented 
by other authors, suggests that this metastable solid, and not the secondary aluminosilicate minerals, 
controls the concentrations of alumina and silica in natural waters. 

INTRODUCTION 

IT HAS BEEN PROPOSED that the concentrations of dis­
solved alumina and silica in natural waters are con­
Irolled by partial cquilibria between solution and clay 
minerals and/or gibbsite (e.g. HELGESON, 1968; HEL­
C!SoN et 01., 1969; FRITZ and TARDY, 1974, 1976; 
FRITZ, 1975; MICHARD and FOUILLAC, 1974; FOUIL­
lAc et 01., 1977) or by equilibrium between solution 
tnd halloysite and/or microcrystalline gibbsite (HEM 

.~tt al~ 1973). However, when the compositions of cold 
Ilatural waters are compared with their calculated 
equilibrium compositions with respect to the 

minerals, significant departures from the equilibria 
are apparent (PACES, 1970, 1972, 1973). Another poss­
ible controlling mechanism may be the adsorption of 
dissolved silica and aluminum on silica or silicate sur­

faces (BECKWITH and REEVE, 1963; McKEAGUE and 

.ClINE, 1963; STOBER, 1967; ILER, 1973). However, the 
~dsorption of aluminum is probably not very effective 
!ll Controlling the aqueous concentration because of 
,the high affinity of hydroxyl ions towards AP + ion 

tnd. a rapid polymerization to form hydroxocom­
p.lexes (SMITH and HEM, 1972). While both the equ ilib-
hUlll . h lds ",:u respect to well defined minerals and 

,Orplion operate in AI 20 3-Si02-H 2 0 system 
,bnder favorable conditions, it is proposed here, that 

, '~ersible equilibrium between solution and a meta­
Ita Ie cryptocrystalline aluminosilicate of varied com­
~it~on explains best the observed concentration of 
tuUllllna and silica in natural waters at low tempera­
d r:s (0-25

cq. This reversible mechanism operates 

a~lng t~e irreversible dissolution of primary minerals 
'. the lfrevcrsible formation of thermodynamically 

stable secondary minerals. The secondary minerals 
may h?-ve reached different stages of crystallinity 
(PETROVIC 1976, Fig. I) and morphology (HENMI and 

WADA, 1976). The experimental studies of the effect 
of adsorbed aluminum on the solubility of amorphous 

silica in water (ILER, 1973) supports the hypothesis 
that silica and aluminum in solution combine to form 
a metastable aluminosilicate that is less soluble than 
either oxide alone. This solid behaves reversibly. Part 
of the aluminum and silicon are removed from solu­
tion irreversibility, because they are fixed in newly 
formed minerals. 

THEORY 

An example of a typical irreversible process at low 
temperatures, such as rock wcathering, is illustrated 

in Fig. 1. During this process a primary mineral 
whose mass in moles is Mp dissolves and M, moles 
of a reversible metastable mineraloid, M i, moles of 
an irreversible metastable secondary mineral and M, 
moles of a ,thermodynamically stable secondary 
mineral are produced. The portions of the chemical 

components remaining in the water are mj, m j ... mn• 

The total irreversible process consists of a sequence 
of reactions whose rate c:onstants are k1 ••• k6 • In 
general, the molarities in solution change during 
the irreversible process in which dMp/dt < 0 and 

dMJdt > O. However, concentrations of some com­
ponents can be maintained constant due to a hydro­
dynamic steady state, chemical steady state and 
chemical thermodynamic equilibrium. 

Let us consider a general sequence of reactions in· 
Fig. 1. The rates of the reactions are controlled by 
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Fig. I. Irreversible transformation of. a primary mineral into secondary minerals and the position 
of a reversible metastable solid in a natural water system. M P' M <' M,<, M, are the extensive masses 
of the primary mineral and the reversible, irreversible metastable and thermodynamically stable second­
ary phases respectively. mi, mp m. are molarities of participating chemical components in aqueous 

solution. 

the concentrations in solution. Their kinetic orders 
with respect to a dissolved species i are al, i' .. a4 , I. 

The general rate law of reaction r with respect to 
the aqueous species i is 

Rr,i = (dd':
i
), = k, n myi 

j= I,i 

(1) 

where j = 1, 2 ... i ... n includes all the aqueous 
species participating in the reaction r. 

The hydrodynamic steady state is defined by the 
condition 

am. 
-' = 0 = RI " + R4 ,· - R2 " - R 3 ; - Vvm;. (2) at ",. 

The hydrodynamic dispersion and diffusion are 
neglected in eq. (2). v is the mean linear velocity of 
water in the x. J' and z directions and V is space­
gradient operator 

a 0 0 
-+-+-. ox oy GZ 

The chemical steady state is maintained under the 
following conditions 

v=O (3) 

dm· 
-' = 0 = RI . - R2 . (4) 
dt .',' 

and 

R4 .; > R3 .; (5) 
or 

R4 ,; < R3.; and Rs.; > R 3.; - R4 .; 
., 

(6) 

so that 
M, = O. (7) 

The equilibrium concentration of a component i 
in solution is maintained under the following condi­
tions 

R I ,; «: R4 •i and R 1 •i «:'R 3 ,; (8) 

dm· 
-' = 0 = R4 . - R3 .' 
dt .' ." 

for a reversible process 

R 3•i 

R4 •i 

(9) 

(10) 

and after substituting eq. (1) into eq. (10) 
• k n m(~J-2')i = ~ = K 

j= I.; J . k3 • (II) 

here (0: 3 - 0:4)j is the stoichiometric coefficient of the 
component j in the reaction between the solution and 
the reversible metastable solid; K is the equilibriUID 

molarity product identical to the equilibrium constaIt 
for ideal behavior. 

The equilibrium control by the reversible mea­
stable phase during an irreversible process permiu 
changes in the molar quantities of the solid phastS 
as follows: 

dM p --
- "I.iRI,; (12) 

dt 

dM, 
-- = VI .R I . - "2 .R2 . - Vs .Rs . (P'I dt .1 ,I ,I ,I ,I ,I -T, 

dMi, 
-- = 1'2 ·R 2 . + "s .R s . - "6 .R 6 • (I.q dl ,I ,I ,I ,I .1.1 

dM. 
-- = "6 .R6 · (15) dt ,',' 

where 1'r,; are the stoichiometric coefficients of a ro<3l­

ponent i in the rth reaction. 
The natural system can reach a steady state in 

which the irreversible process continues while h.."<h 
the aqueous concentrations and the molar quanli'cies 
of the metastable phases are maintained constanL 

In a closed system this steady-state conditi0D is 
expressed by means of eq. (13) and (14) 

1'2.; Rl,i + \'5.; R 5 .; - \'6.i R6 •i = 0 

from which 

or 
\'1,; RI.i - \'6'; R6 • .i = 0 

dM, 

dt 

dM p 
- -- = 1'6 .R 6 · = "I .R I '. 

dt "" ",' 

,11) 

(19) 

The steady state in an open system is expre:s.~':: by 
means of eq. (2) 

RI,i + R4 .; - R 2 ,i - R 3 • 1 - v't'mi = 0 (20) 

After su~~ 
~ 

dl 
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dJ, 

C 

This f( 
leads to 
8 therme 

arily cor: 
ponent i 
riuID. n 
dynamic 
(eq. 4) ;: 
rnetasta 
of the ~ 

with a J 

lion an 
rninera 
of the ~ 

the eq' 
quentl:' 
tion of' 
can b 
secom 
and 1 
FRITZ 

solids 
ible c 
prim' 
depe 
depe 
rate 

tion 

Tab' 

tla' 

c 



C',"Lt,d,alion conllol of alumina and silica in nalural walers 1489 

in combination with eqs. (16) and (\7) 

RI .• (I - VI.i) - R2 •i + V6 •i R6•i 

+ R 4 •i - R 3 •i - Vvmi = 0. (21) 

Since RJ . i = R 4 ,i for the reversible process and 
Rl.I = R I,i> providing that the steady-state composi­
lion has been reached, eq. (21) has the form 

(22) 

Afier substitution of eqs, (12) and (15) into eq. (22) 

dM. dMp ( 
-- = Vvm· - -- = Vvm· + VI /RI . 23) dt • dt ., " 

and 

dM p dM. 
-- = Vvmi - -- = Vvm j - V6 jR6 j. (24) 

dt dt ' , 

This formal treatment of .the irreversible process 
leads to several conclusions. First, the formation of 

~.;~., I thermodynamically stable phase does not necess-
arily control the concentration of a dissolved com­

~~ ponent in natura] water through a chemjcal equiljb­
~, rium. The controlling mechanisms may be the hydro­
% dynamic steady state (eq. 2), the chemical steady-state 

(eq. 4) and a chemical equilibrium with a reversible 
melastable solid (eqs. 8, 9, 10, 11). Second, the control 
of Ihe solution composition by a reversible reaction 
with a metastable phase does not preclude the forma­
lion and existence of irreversible metastable or stable 
mineral phases in the system. Third, the formation 
orthe secondary solids can proceed independently of 
the equilibrium composition of the solution. Conse­
quently, it cannot be assumed a priori that the evolu­
tion of the chemical composition of a natural solution 
tan be calculated from the data on primary and 
secondary solids using the stoichiometry of reactions 
lnd their equilibrium constants (HELGESON 1968; 
FRrrz, 1975) unless it is proved that all the secondary 
solids behave reversibly and the rates of the irrevers­
ible dissolution are proportional to the masses of the 
primary solids. The evolution of the system is time 
dependent and the composition of the solution 
depends on the percolation velocity of water and the 
rate constants of the irreversible reactions as well as 
o,n the equilibrium constants of the reversible reac­
tlOns, 

The reliable data required to make the model 
represented by Fig. 1 quantitative are scarce. This 
paper is a partial contribution to the quantitative 
problem and deals with the reversible metastable 
solid which apparently controls the concentrations of 
aluminum and silica in natural waters during their 
irreversible evolution. 

NATURE OF THE METASTABLE 

ALUMINOSILICA TE 

Early experiments by MA TYSON (1928) and further 
elaborat ion by PARKS (1967) showed that the X-ray 
amorphous aluminosilicates which precipitate from 
aqueous solutions containing aluminum and silica 
have a· neutral surface at given pH of the solution. 
This pH is called the point of zero charge (PZC). 
The PZC of pure hydrous alumina is at pH 9.2 and 
the PZC of pure silica is at pH 1.8 (PARKS, 1967). 
The compositions of the aluminosilicate which preci­
pitated at various pH in the Mattson's experiments 
varied roughly linearly between pure silica at pH 1.8 
and pure hydrous alumina at pH 9.2. This led PACES 
(1973) to an assumption, that the reaction which con­
trols the concentration of silica and alumina in cold 
waters is 

[AI(OHhJ(l-x)[Si0 2 Jx 

+ (3 - 3x)H+ ~ (1 - x)AI3+ + xH 4 Si04 
k, 

(25) 

The straight line in a plot x vs pH between the end 
points (x, pH) = (0,9.2) and (1, 1.8) correlates reason­
ably well with Mattson's experimental points (PARKS, 
1967, Fig. 10), hence 

x = 1.24 - 0.135 pH, (26) 

The activity quotient of the reaction (25) is 

(27) 

assuming that a reversible equilibrium is maintained 
between the solution and the aluminosilicate, 

Qa., = Kaa " where Kaas is the equilibrium constant of 
reaction (25). 

rtble I. Regression lines and correlation coefficients between pH of Solulions and logarithms of the activity quolient 
of reaction (25): log Q" = a + b pH 

-----------------------------------------------------------------------------------------
n r a b log 0as 

pH=l. 8 pH:9, 2 

'-----------------------------------------------------------------------------------
~Ynthet1.c solutions l 2 
:~ural waters from gran itic

3
rocks 

atUra1 waters from granites4 
01 Ural waters from gnsisses 
11 Utions of feldspars 
I s~p::'es 
rnear plot between the solubility products 

dInorphous alwnina and silica 

56 0.997 
37 0.957 
23 0.946 
23 0.936 
13 0.880 

152 0.984 

-6.251 1. 671 -3.24 9.13 
-3.268 1.203 -1.10 7.80 
-9.117 2.058 -5.41 9.82 
-4.070 1. 343 -1. 65 8.29 

-10.400 2.473 -5.95 12.35 
-5.891 1.588 -3.03 8.72 
-5.7 1. 68 -2.7 9.7 

~--------------~-----------------------------------------------------------------------
~nt et al., 1973; 2FETIl et af., 1964; 3FoUIllAC et af., t976; 'PAl:ES et aI., in prep.; 5BuSE:-;BERG and ClHIESCY, 

, BUSE:".:BERG, wrinen cornmunicalion. 
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EQUILIBRIUM CONSTANT OF THE 
DISSOLUTION OF THE METASTABLE 

ALUMINOSILICATE 

If the amorphous aluminosilicate were an ideal 
solid solution of amorphous silica and alumina, the 

equilibrium constant would be a combination of 
solubility products of silica (K, = aH,SiO. = /0-2.7, 

KRAUSKOPF. 1956) and alumina (K, = aAP' a~, 
109.7• SILLEN. 1964) with the solubility product of the 
aluminosilicate [eq. (27)]. At equilibrium 

= K:K~I-x) = /09.7-12.4x. (28) 

Substituting eq. (26) into eq. (28) 

(29) 

Six sets of experimental laboratory and field data on 
total aqueous aluminum, silica, pH, ionic strength 
and temperature were selected to calculate the values 
of Qa, given by eq. (27). They include 36 acid and 
20 basic synthetic solutions of silica and aluminum 
aged from a few months to longer than four years 
(HEM eT aI., 1973, Tables 3, 4), 37 filtered natural 
waters from granitic rocks in the Sierra Nevada, USA 
(FElli et al., 1964, Table 1), 23 filtered natural waters 
from the granitic rocks in the Truyera River Basin, 
France (FOUILLAC et aI., 1976), 23 filtered natural 
waters from gneisses in the Trnavka River Basin, 
Czechoslovakia (PACES eT al~ in prep.) and 13 final 
solutions resulting from the dissolution of 9 feldspars 
in various initial solutions (BusniBERG and CLE­
MENCY, 1976; BUSENBERG, 1976, written communica­
tion). The data are tabulated and entered into the 
files of NAPS*. All the samples were filtered through 
0.1 pm membrane (FETH et al. (1964) used a 0.45 Jlill 
filter] prior to aluminum analysis and the pH of the 
natural waters was measured in the field. The activity 
of silica was assumed to be equal to its molarity. The 
activity of Al 3 + was calculated using the equations 
in the Appendix. The calculated activities of AI3+ are 
included in the NAPS Document. 

The base 10 logarithms of the activity quotients, 
log Qa" calculated for all the data are plotted against 
the pH of the solutions in Fig. 2. The regression lines 
and correlation' coefficients for the individual data 
sets and for all data are given in Table 1. The values 
of log Q., for the PZC of the end members i.e. for 
pH 1.8 and 9.2 are included in Table 1. These values 

should correspond to the activity products of silica 
and alumina respectively under the conditions of the 
individual sets of data. 

The log Q,,-pH lines for the sets of experimental 
and field data dcviate from the. line connecting the 

• See l'A PS document No. 03295 for pages of supple­
mentary malcrial. Order from ASIS;NAPS c/o Microfiche 
Publications, P.O. Box 3513, Grand Central Station New 
York, l'Y 10017, remitting 53.00 for microfiche or 55.00 
for phot,'c0pies. Cheques to be made pa)3ble to "~licro­
fjche Put>J;:,ltions". 
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Fig. 2. The linear correlation between pH and logarithm' 
of activity product a~i~:)·a~,s;ojall.;3X) in experimental 
solutions and natural water samples. I, Aged synthetic solu. 
tions of alumina and silica (HEM eT 01., 1973); 2, subsurfact 
water from granitic rocks in Sierra Nevada, U.S.A. (FEn! 
et 01., 1964); 3, surface and subsurface water from gneissa 
in the Bohemian Massif, Czechoslovak ia (PACES et 01, ill 
prep.); 4, subsurface and surface waters from granitic rods 
of the Margaride Massif, France (FOUILLAC el 01, 19761; 
5, final solutions resulting from the experimental dissohr 
tion of feldspars (BUSEKBERG and CLEMENCY, 1976; BUSES­
BERG, written communication); 6, regression line for all the 
data points; 7, linear plot between the solubility produCb 
of amorphous alumina and silica at the pH values of their 
points of zero charge: 8, linear plot bet ween the solubility 
products of microcristalline gibbsite and amorphous silica 
at the pH values of their points of zero charge (PZC c:I 

microcristalline gibbsite is at pH 11, SMITH, 1969). 

solubility product of amorphous silica (10-2.7) and 
alumina (109 •

7
). This deviation may be explained by 

a hypothesis that the aluminum atoms after random 
precipitation assume coordinated positions durin& 
aging while silicon atoms maintain their random dir 
tribution (PACES, 1973). Therefore, the solubility cI. 
the alumina end member in the aluminosilicate C3l! 

vary while the solubility of the silica end membct 
should remain similar to those of amorphous siliC1 
The present results indicate that the solubility 
product of alumina decreases from theoretical JO"­
down to 109 . 13 in aged synthetic solutions, 108

.
29 aD! 

107
. 80 in natural waters but increases in the solutiotlS 

resu Iting from the feldspars. The decrease may t<' 
caused by the incomplete octahedral and/or tet~ 
hedral arrangements of aluminum observed \lid 
X-ray fluorescence spectroscopy by HE:-;~!1 and WAD-l 

(J 976) in n3tural aJJophane and by HE~1 et al. (19 0 ' 
in electron micrographs of aged laboratory preciri­
tates. 

The solubility product of the silica end mcmh::" 
incrc3scs in two data sets from the theoretical \"3 'L1! 

10- 2
.

7 up to 10- 1 ) and decreases in three data s::':' 

-8 

2 3 
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i.en in Fig. ~ 
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c:ase may lx 
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I • 

• 0 

/ 0 , . 
The experimental and field data on total dissolved 

aluminum were recalculated in the form of the total 
active aluminum and are plotted in Fig. 3. The 
major feature of the model is the minimum solubility 
which shifts slightly with the increasing concen­
trations of silica from pH 6.35 at 10 mg.I- 1 Si02 to 
pH 6.1 at 100 mg.I- 1 Si02 • The experimental and 
field data are in majority higher than predicted by 
the model. This is caused by the independ~nt assump­
tion on the compqsition of the reversible aluminosili­
cate expressed by eq. (26). If the PZC of the alumina 
in the solid solution is higher than 9.2 the solubility 
curves will shift to lower total active aluminum. The 
higher PZC (~ II pH) was measured on microcrystal­
line gibbsite (Smith, 1969). 

i 

.~. -2 . 
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'"'" .,e . 

-4 

i 
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-6 

2 3 4 5 6 
m pH 

, 0 

7 8 9 10 

DEPARTURES FROM EQUILIBRIA WITH 
VARIOUS AI, Si MINERALS 

AND SOLIDS 

Fig. 3. The equilibrium sum of the activit~es of aIUl:nin~~ 
)!!arithm aqueous species with respect to th~ reversible aiumlllosl.h­
rimental • ute whose composition is determllled by eq. (26) and Its 
~tic solu-l ~Iubility product by eq. (30). The symbols are th~ same 
Ibsurfact r 'u given in Fig. 2. ~ .Represe?ts mean pH an? standard 
;\.. (FITH t deviation for samples wIth alumlI:um conc:nt.ratlOns below 
gneisses ~ lll~lytical sensiti~ity. The theoretIcal eqUllibnum cur~;s for 

et aL in f Ilhca concentratIOns of 10, 50, 100 and 1000 mg.l are 
tic rockl t calculated using eqs. (31) and (32). 

If the suggested reversible aluminosilicate controls 
the concentrations of aluminum and silica in natural 
waters then the waters should be in chemical equilib­
rium with the solid. However, they may depart from 
equilibrium with other solids or minerals. This can 
be tested by comparing the disequilibrium indices 

I 
Qp 

I = og-

r~ .1976): i down to 10- 5 . 95 . The increase in the product is diffi­
dissol~ t cult to explain but is probably caused by the scatter 

. BUSE~- • I' Th d 
' lIthe or the data which affect the regressIOn Illes. e e-
)f a < • - f 
product: , ,crease may be due to bot? t~e nonld~al behavlO:. 0 

; of t?CI. t the solid and to substitutIOn of Iron for sll~ca 
;olub.II!t~ McKns et ai., 1974)_ In spite of all these uncertalll-
JUS sIlK- , - d- t th t th 

C f ties, the experimental and field data 111 lca e a e 
(PZ 0 . • t I 
969). COncentration of silica and aiumlllum Ill. ~a ~ra 

'tI-aters may be controlled by a chemical equlllbnum 
2.7) an~ 'lrith a nonideal solid solution called here reversible 
lined b~ t1uminosilicate. Its mean solubility product given by 

randoa: f the regression line for all the samples is 
; durinr ' . K = 10- 5.89 + 1.59 pH. (30) 

i~~ di: "This solubility p;~Sduct; however, should be expected 
bllity \0 change during aging and by the content of 
cate car Impurities. 

me~~t/ A .solubility diagram of the revers.ible aluminosili­
us slh. tlte III terms of the total active aiumlllum (aAI(TolaI) = 

;olubil~~ , 'w· + aAI(OH)[ + QAI{OH).) vs pH is presented in Fig. 
cal 10. Hor 10,50,100 and l000mgr 1 of dissolved Si02 • 

)8.2
9

•
a
ll- The SOlubility curves were cal,culated employing eqs. 

;olu
tJO

; ~ % 27) and (30) for the equilibrium condition 

p Kp 

for the solubility products of various solid phases p. 

An aqueous solution is supersaturated with p if 
I > 0 it is unsaturated if I < 0 and it is in chemical p , p 

equilibrium if Ip = O. 
The solids which may control the aluminum and 

silica concentrations in natural waters, the ex­
pressions for their activity quotients and their equilib­
rium constants are given in table 2. 

The arithmetic means of the disequilibrium indices 
for all the data sets are summarized in Table 3. The 
variation of the indices is expressed by their standard 
deviations in Table 4. 

By studying Tables 3 and 4 it is obvious that all 
or the majority of the solutions are unsaturated with 
amorphous AI(OHh, microcrystalline gibbsite, amor­
phous Si0 2 and amorphous aluminosilicate 

[AI(OHh](l_x) [Si0 2](x)' The solutions are ~uper­
saturated with gibbsite and kaolinite so that theIr pre­
cipitation is probable and will be irreversible. Some 
solutions are supersaturated and others are saturated 
or unsaturated with halloysite which was identified 
by HEM et al. (1973) in the secondary product during maYtr1'~;/~ K, ... This yields 

or te 'J',. 
'ed wilt ','T," .. : 5891 1.24 

2.308 - ~ - 0.41 pH - PtI - 0.138 log QH.S;O. 
Id w,.r>: 
71. (/91: 

preciJf 

log aAI" = 0.24 
0.135 - II 

l'he' . " . . - p 
total actlve alummum )S calcUlated USIng the con------------------------' 

" in the Appendix the aging o'f their synthetic solutions. The diseq~ili-

( 

10-9.76 10- 22
.
07

) brium indices for the postulated reversible alumlno-
QAI" 1 + --2- + ---4- ,- . (32) silicate, I,., are close to zero in majority of data sets. aH+ QH-

(31) 
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Table 2. Activity quotients. Qr. and equilibrium constants. K r • for 25'C for minerals 
the concentrations of AI and Si in natural waters 

Solid Symbol 
for 
p 

Activity quotient 

Op 
Equilibrium 
constant 
Kp /250 C/ 

Source 

Amorphous A1/0H/3 all Sill en, 1964 

Microcrystalline gibbsite mg 

Gibbsite g ditto Smi th, 1971 

Amorphous silica s 
aH4Si04 

Krauskopf,1956 

2 2 
a A1 3+ aH4Si04 

Halloysite 

Kaolinite 

Amorphous lideall alurnosi1icate 

Ai/oH/ 3 Il-x/ Si02 Ix/ 

x 

Reversible /nonideal/ alumosilicate 

A1/0H/ 3 II-xl Si02 Ixl 

h 

k 

aas 

ras 

x 

a~+ 
ditto 

1. 24-0. 135pH 

ditto 

Hem et a1., 1973 

~~~~e and Waldba .... 

10-5.7+1. 68pH Paces, 1973 

10-5.89+1.59pH this paper 

Table 3. Mean values of the disequilibrium_indices ~ith respect to the solids in Table 2 

Data set number laa I mg Ih Ik laas Ir .. Ig Is 
of 
samples :~~~ 

alumina 

micro­
crystal­
line 
gibbsite 

gib- arnor­
bsite phous 

silica 

hal- kaolin- amor- rever-
loysi te i te phous sibl. 

a1 umino- alUJ:J.» 
silicate sll1U'..r 

Acid synthetic SOlutions}l 
Basic synthetic solutions 2 
~aters f~om Sierra Nevada 3 
Waters from Truyere River Basin 4 
Waters from Trnavka RivSr Basin 
Solutions of feldspars 

36 
20 
37 
23 
23 
13 

-0.98 
-0.51 
-0.91 
-0.92 
-0.58 
-0.58 

-0.62 
-0.17 
-0.57 
-0.58 
-0.24 
-0.24 

0.50 
0.97 
0.57 
0.56 
0.90 
0.90 

-0.42 
-0.89 
-0.76 
-1.21 
-0.77 
-0.67 

-0.06 
0.04 

-0.61 
-1. 52 
0.01 
0.23 

4.48 
4.58 
3.93 
3.02 
4.55 
4.77 

-0.59 
-0.61 
-0.95 
-1.04 
-0.68 
-0.63 

0.01 
0.32 

-0.10 
-0.27 
0.1) . 
0.0) 

'HEM et 01..1973; 2FETH et 0/ .• 1973; 3FoUILLAC et 0/., 1976; 4PACES et al.. in prep.; 5BuSENBERG and CLEMENCY. In 

The near zero values of I,., are not an independent 
proof of the existence of the solid because they are 
predetermined by the fact that the equilibrium solu­
bility product is pH dependent and was fitted to the 
selected data. On the other hand. the smallest scatter 
of I,", together with its near-zero values is a more 
significant support for the reversible control. A direct 
indication that an amorphous solid precipitates very 
fast in such systems are the high resolution micro­
graphs presented by JONES and VEHARA (1973). The 
micrographs show that such a solid exhibits a coat-of­
paint effect on the crystalline aluminosilicate surfaces. 
BUSEl'-'BERG (written communication, 1977) found ex­
perimental evidence that the re\'ersible aluminosili-

cate controls aluminum and silica at higher 
trations of silica while halloysite and microcryst 
gibbsite control aluminum concentration at 10" 
moderate concentration of silica. 

CONCLVSION 

This paper does not offer a definitive proof &4 
the aluminosilicate of variable composition does 0$ 

. Nevertheless, the hypothetical solid which intc:P 
with water according to reaction (27), whose comp:F 
tion is pH dependent according to eq. (26) and \\ 
activity product is given by eq. (30) has the best 
dictive power for the behavior of silica and 
in natural waters within the framework of the 

Table 4. Standard deviations of the disequilibrium indices from the mean values 
in Table 3 

Data set Iaa,Irng,Ig I lh,lk 
I I 

s aas ras 

Acid synthetic solutions 0.50 0.32 0.98 0.13 0.13 
Basic synthetic solutions 0.43 0.33 1.10 0.37 0.37 
\':aters from Sierra Nevada 0.62 0.16 1.19 0.49 0.43 
h'aters from Treyere River Basin 0.31 0.12 0.60 0.19 0.20 
v:atErs from Trnavka River Bosin 0.64 0.10 1. 38 0.45 0.44 
Solutions of !elcspars 0.39 0.49 1. 18 0.31 0.32 
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APPENDIX 

THE EQUATIONS for the solubility calculation: 

aAI'" = 10,.00 
aAIOH1~ a~. 

aAt)'" 9 6 
---'-"---2- = 10 .7 

aAI(OH); aH" 

a AI ," = 1022.07 

QA/fOH); a~ ... 

2( .JI logy = -k --
z ~ 1 + .JI 

HEM et al. (1973) 

HEM et 01. (1973) 

HEM et al. (1973) 

0.3 I) 
where ai is activity of species i, mAI(To!.!) is total molarity 
of aluminum in solution, Yz is the activity coefficient, Z 

is the absolute value of the ionic charge, I is ionic strength, 
A = 0.4883 + 7.38 x 1O- 4 t + 2.723 x 10- 6 t 2 where t is 
temperature in 'c. 


