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Abstract. The role of aluminum and silica in the formation of colloids during granodiorite
weathering was studied on the basis of long-term experiments in batch reactors. Rock samples
were dissolved in un-buffered solutions of initial pH � 3.2, 5.4, and 9.9 at ambient conditions

for 500 days. During weathering, extremely high supersaturation with respect to various
secondary solids was attained in the solutions. Consequently, new solids, part of which was
conserved in solutions as colloids, condensed. The mean concentrations of colloidal Si reached

values of 70, 50, and 48 lmol 1)1 in the alkaline, neutral, and acid solutions, respectively. The
mean concentrations of colloidal Al, reached values of 34, 22, and 12 lmol 1)1 in the alkaline,
neutral, and acid solutions, respectively. The concentration of colloids gradually decreased

after 200-400 days of experiment. This phenomenon was interpreted as being due to the
competition between homogeneous nucleation and crystal growth. At the initial stages of the
experiments, the colloidal species (predominantly colloidal Al) comprised a large proportion

of the total amounts of aqueous species. Their share, however, decreased with time. The molar
Al/Si-ratios of colloids were as high as 2–2.5 at the early stages of the experiment. After 250–
300 days of experiments, on the other hand, these ratios decreased to values of about 0.5 in
both the neutral and alkaline solutions and to a value of 0.15 in the acid solution. The

evolution of colloids was consistent with the evolution of secondary solids in the sequence
Al-hydroxides – clay minerals (illite, chlorite), in both the neutral and alkaline solutions. In
acid solutions, the evolution of Al/Si-colloids was influenced by the presence of sulfate ion and

Al-sulfate precipitation. Besides Al and Si, other elements, in particular Ca or Mg as a major
component and Na, K, P, S, and Cl as minor components, readily participated in the
formation of colloids.
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1. Introduction

Colloids are thought to be particles, which tend to remain dispersed in a
medium. The diameter of such particles ranges from 1 to 1000 nm (e.g.,
Yariv and Cross, 1979; Mills et al., 1991). Some authors have shifted the
upper limit of the diameter to as much as 10 lm (Stumm and Morgan, 1981;
Puls and Powell, 1992). Other authors (Von Gunten et al., 1988; Waber
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et al., 1990; Puls et al., 1990, 1991; Vilks et al., 1991) have occasionally used
a different classification of aqueous constituents: soluble matter (molecules
<l nm, colloidal particles <450 nm) and particulate matter (suspended
particles >450 nm).

Natural colloids commonly include both inorganic macromolecules and
organic macromolecules (polymers, fragments of solids, aggregates, and
other objects of the cited dimensions). The role of natural colloids from the
geological point of view is connected with the redistribution of elements in
the earth’s crust (1) and with environmental quality (2):

(1) Inorganic colloids, in addition to true solutions and coarse suspen-
sions, take part in the fluxes of matter from primary rocks to secondary ones.
The colloid particles of hydrated oxides, clay minerals, and others can
aggregate (Overbeek, 1977; Stumm and Morgan, 1981; Hall et al., 1991) and
participate in the formation of sediments and soils (Thornber et al., 1987).

(2) Colloids, due to high sorption ability and mobility in porous media,
may serve as ‘‘pollutant carriers’’ (Degueldre et al., 1989; Means and
Wijayaratne, 1982; Von Gunten et al., 1988; Waber et al., 1990; Mills et al.,
1991; Puls et al., 1990, 1991; Vilks et al., 1991; Puls and Powel, 1992). They
may operate, on the other hand, as ‘‘pollutant scavengers’’ as soon as they
aggregate and settle together with the pollutants (Kühnel, 1987; Mills et al.,
1991, Steinmann et al., 1999).

Little is known about the mechanism of colloid formation during
weathering processes. There are two possible mechanisms:
1. The disintegration of primary grains into particles of colloidal dimensions,
without any significant changes in their composition (except for surface
hydration or hydrolysis). Some authors do not consider this mechanism
very significant because of the increasing surface energy acting against this
process (e.g., Yariv and Cross, 1979). Nevertheless, once formed and set-
tled, aggregates of colloids can be re-dispersed by some processes that
overcome inter-particle attractive forces, e.g., by kinetic energy of media
(Lægdsmand et al., 1999, Missana et al., 2003) or by disintegration/disso-
lution of ‘‘cementitious phase’’ (Grindrod et al., 1999, Swartz et al., 1997).

2. The polymerization of the dissolved components and the condensation of
colloid particles in supersaturated solutions.
Many investigators have shown that Al-hydroxides can be easily poly-

merized at neutral and alkaline pH levels (Bache and Sharp, 1976; Bottero
et al., 1980; Bourrié et al., 1989; Moran and Moore, 1989). These polymers
can grow into particles of colloidal dimensions. Si alone cannot be expected
to form colloids because of the relatively high solubility of amorphous silica
gels. The Si-concentration needed for polymerization exceeds by 4–10 times
the equilibrium concentration of amorphous SiO2, i.e. 10)2.7 mol 1)1

(Rothbaum and Rohde, 1979; Crerar et al., 1981; Hunter, 1983). Such a high
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value is at variance with the common Si-concentrations in aquifers. However,
sufficient Si-concentrations can occur during the evaporation of solutions in
soils. Recently, Dietzel (2000) mentioned that polysilicic acids could be
directly evolved from weathered silicates. These polymers, however, conse-
quently decomposed into monomeric species that were stable under experi-
mental conditions.

In fact, silica together with aluminum is presumed to form amorphous
aluminosilicate (Adu-Wusu and Wilcox, 1991; Holdren and Adams, 1982;
Mackin and Aller, 1984; Wada and Wada, 1981; Yamanaka et al., 1986;
Yokoyama et al., 1987, 1991). This probably occurs during Al-polymeriza-
tion or before, by the formation of a soluble Si/Al-monomer (Browne and
Driscoll, 1992). Similarly, soluble Ga/Si, Fe/Si, and even Cu/Si complexes in
aqueous solutions were recently depicted by Pokrovski et al. (2002, 2003) and
Yates et al. (1998), respectively.

Supersaturation, the essential condition for condensation of colloids, is
often understood as the result of a temperature drop, pressure change,
changes in chemical composition, or evaporation. However, supersatura-
tion could also be a consequence of reaction kinetics, when the dissolution
of primary phases occurs faster than the nucleation and growth of sec-
ondary phases (Lasaga, 1981). Metals such as Al, Fe, or even Ca, can
easily reach high supersaturation with respect to their hydroxides,
hydrated oxides, carbonates, sulfates, or fluorides (Degueldre et al., 1989;
Klepetsanis and Koutsoukos, 1991; Vilks et al., 1991; Faimon and Ond-
ráček, 1993).

The goal of this work was to find out whether Si/Al-colloids can be
formed in a ‘‘closed’’ rock-water system (although open to atmosphere,
without any mass fluxes of Si/Al from the surroundings) at constant condi-
tions. One could expect that such systems will simply evolve toward equi-
librium. However, this evolution (reaction path) could be connected with
attainment of steady states, at which supersaturation with respect to various
secondary phases is achieved. Consequently, processes such as polymeriza-
tion and condensation are expected, during which a part of the new phase can
be ‘‘conserved’’ in solution as colloids.

2. Experimental Methods

2.1. SAMPLES

Granodiorite from the Brno massif (type Brno-Řečkovice, Czech Republic)
was chosen for weathering experiments. The rock sample was broken,
ground, sieved through brass sieves as a water suspension, multiply washed
with distilled water, and dried at 110 �C. Iron impurities (which result from
grinding) were removed by a permanent magnet. The 70–90 lm size fraction
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was used for the experiments. The purity and the size of the grains were
checked by a scanning electron microscope (SEM – CamScan4-DV) coupled
with EDXR spectrometry (LINK AN 10000). The granodiorite composition
is reported in Tables I and II. Based on EDX analysis, it was found that
plagioclase was constituted of albite, Na0.93Ca0.07Al1.07Si2.93O8, and oligo-
clase, Na0.73Ca0.27Al1.27Si2.73O8. The molar ratio of albite/oligoclase, 4.3, was
computed. The majority of biotite identified on modal analyses was almost
completely changed into chlorite of the average composition Ca0:03Mn0:04
Mg2:98Fe1:95Al[AlSi3O10](OH)8. Relatively fresh hornblende was of the
average composition of Na0:44 K0:20 Mg2:74 Ca1:97 Mn0:09 Ti0:16
Al1:19[Al0:45Si7:55O22](OH)2.

2.2. WEATHERING

Three runs, each of two parallel batch experiments, were performed:
Hundred gram samples together with a solution volume of 1500 ml were
placed in a plastic bottle and left to react at ambient conditions as an
open system. Three types of un-buffered solutions were applied: acid
(H2SO4, initial pH ¼ 3.2), neutral (distilled water, initial pH ¼ 5.4) and
alkaline (NaOH, initial pH ¼ 9.9). The reaction mixtures were briefly
shaken every day.

2.3. THE ANALYSES OF SOLUTIONS

The pH of the solutions was measured weekly by a glass electrode SEO 212
(Sultech) combined with a pH-meter OP 2 (Radelkis Budapest). Approxi-
mately once every two months, 15-ml aliquots were pipetted out from the
solutions. The solution was filtered through membrane filters (ME 28/41ST –
1.2 lmnominal pore size) to remove possible disintegrated primary grains and
secondary precipitates, and to define the ‘‘upper limit’’ of the size of the colloid
particles. The aliquots were analyzed for Al and Si by ICP–OES (UNICAM
PU 7000). From some aliquots, polymers and colloids were separated.

2.4. THE SEPERATION AND ANALYSES OF COLLOIDS

Gel filtration chromatography (GFC) on Sephadex (G-50-150, Sigma
Chemical Co, the separation range of 1500–30,000 molecular weight,
standardized on globular proteins) was applied (Determann, 1967; Fai-
mon and Ondráček, 1993; Yau et al., 1979). The GFC differs from the
more commonly used gel permeation chromatography (Tarutani, 1970;
Shimada and Tarutani, 1979; Crerar et al., 1981; Hine and Bursill, 1984)
in the adjustment of a ‘‘separating point’’. This point was chosen to be
the edge of the linear part of the ‘‘separation characteristic’’, which is the
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plot of a detector response vs. elution volume (Determann, 1967). The
solution passing the gel column was separated into two fractions: (1)
monomeric (true solution) and (2) polymeric (colloidal). The experimental
arrangement was similar to that which had been used by Crerar et al.
(1981). The column size was 17 � 220 mm (V�50 ml). A 10-ml sample
was applied for separation; distilled water was used as an eluent. The
elution volume of the colloids was between 20 and 40 ml (for details, see
Faimon and Ondráček, 1993; Faimon, 1995). The column efficiency,
checked by standard solutions, was better than 95%. The ‘‘colloid frac-
tion’’ from the GFC was analyzed by ICP/OES for Al and Si.

Some parts of the colloid fractions were evaporated almost completely
under an infra-radiator. The concentrate was dropped into a sample carrier
(graphite target), dried, vacuum coated with gold and graphite, and studied
by SEM and EDXA methods (electron microprobe, Cameca, SX100),
respectively. After termination of the experiments, solutions were left to
freely evaporate to dryness at ambient conditions. Then, the crust covering a
layer of primary grains was separated and re-dispersed in distilled water in
an ultrasonic bath. Suspensions/dispersions of secondary solids/colloids were

Table II. The mineral composition of granodiorite

Phase Composition

Stoichiometrya Vol.%b Mol.%c

Plagioclase

Albite Na0.93Ca0.07Al1.07Si2.93O8 34.6 19.20

Oligolase Na0.73Ca0.27Al1.27Si2.73O8 4.50

Amphibole (hornblende) Na0.44K0.20Mg2.74Mn0.09Ca1.97-

Ti0.16Al1.19Al0.45Si7.55O22(OH)2

18.4 4.78

Opaques (magnetite) Fe3O4 5.0 7.72

Quartz SiO2 16.3 49.39

K-feldspar KAlSi3O8 12.7 8.02

Chlorite Ca0.03Mn0.04Mg2.98Fe1.95Al2-

Si3O10(OH)8

7.0 2.28

Epidote Ca1.98Na0.01Fe0.94Ti0.01

Al2.06Al0.01Si2.99012(OH)

2.4 1.19

Biotite KMgAlSi3O8(OH)2 2.2 1.01

Titanite, Apatite CaTiSiO5 1.4 1.92

aEDX analyses.
bModal analyses.
cCalculated.
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isolated from the admixed grains of primary phases by decantation. The
solids and colloids were studied by the former methods.

2.5. COMPUTING, MODELING

Geochemical modeling was based on the PHREEQC computer code (Park-
hurst and Appelo, 1999). Saturation indexes (SI ¼ log Q/K, where Q is the
reaction quotient andK is the solubility product) were calculated fromaqueous
concentrations after subtracting colloidal Si and Al. All other computations
and data evaluation were performed using the program MS Excel.

3. Results

3.1. SOLUTIONS

The evolution of pH and aqueous concentrations of Si, Al, K, and Na during
experiments is presented in Figure 1.

3.1.1. pH

Significant changes in pH took place during the initial stages of the experi-
ments (Figure 1, the upper graph). The pHs of acid solutions quickly
increased from the initial value of pH ¼ 3.2 to the limiting value of about
pH � 4.5. Similarly, the pHs of nearly neutral solutions increased from the
initial value of pH ¼ 5.4 to a value of about pH�7.3. The pHs of alkaline
solutions, on the other hand, decreased from the initial value of pH ¼ 9.9 to
the limiting value of about pH � 7.5.

3.1.2. Silica

The concentrations of aqueous silica increased sharply at the initial stages of
the experiments. Thereafter, the concentrations slowly increased, as if
towards a steady state/equilibrium (Figure 1). The highest Si-concentration
was reached in neutral solutions, [Si] � 750 lmol 1)1. In acid and alkaline
solutions, the Si-concentrations reached a value of about 450 lmol 1)1, and
they seemed to be nearer the steady state.

3.1.3. Aluminum

The aqueous concentrations of aluminum in acid solutions quickly reached a
limiting value of about 10 lmol 1)1. In alkaline and neutral solutions, on the
other hand, the Al-concentrations reached extremely high values of up to 160
and 290 lmol 1)1 , respectively (Figure 1).
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3.1.4. Potassium and sodium

Both concentrations of aqueous K and Na quickly approached the limiting
values of about 70–100 lmol 1)1 (Figure 1). The high Na-concentration in

Figure 1. Evolutions of pH and concentrations of aqueous species.
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the alkaline solutions was a result of addition of NaOH to adjust the pH-
value at the start of the experiments. The initial value, 316 lmol 1)1 slightly
decreased to 280–300 lmol 1)1 at the final stages of the experiment.

3.1.5. The supersaturation of solutions

The high supersaturation with respect to various secondary solids was
achieved in all solutions (Figure 2). In particular, the supersaturation with
respect to K-mica, Na-beidellite, kaolinite, and pyrophyllite in the neutral
and alkaline solutions was enormous (SI � 7–16). In acid solutions, on the
other hand, the supersaturation with respect to these phases was significantly
lower (SI � 1–5). The supersaturation was stable or increased with time,
except for a very slight decrease between 400 and 500 days in the neutral and
alkaline solutions, and between 250 and 300 days in the acid solutions. The
undersaturation with respect to primary silicates (K-feldspar and albite) was
kept only in the acid solutions.

3.2. COLLOIDS

The total concentrations of colloidal Si and Al in solutions are presented in
Figure 3. These concentrations increased sharply in the alkaline solutions
and more gradually in the neutral and acid solutions. They reached a max-
imum during the period from the 200th to 400th day, and then decreased to
near zero at about the 500th day of the experiment.

The relatively high data scattering is probably a result of (l) the little bit
‘‘different evolution’’ of parallel experiments (the weathering processes as
dissolution, nucleation, and crystal growth are extremely complex and hardly
reproducible) and (2) errors resulting from the separations and analytical
determinations.

The colloidal Si reached a concentration of 71 and 66 lmol 1)1 (the
maximal mean values were 69 and 50 lmol 1)1) in the alkaline and neu-
tral solutions, respectively. In the acid solution, one value of the Si-con-
centration reached 63 lmol 1)1. The maximal mean value was
48 lmol 1)1.

The highest concentration of colloidal Al, nearly 37 lmol 1)1, was
reached in the alkaline solutions. The mean concentrations of colloidal Al
reached the maximal values of 34, 22, and 12 the lmol 1)1 in the alkaline,
neutral, and acid solutions, respectively.

SEM observation during the course of experiments showed that the col-
loidal matter consisted of a superfine fraction and spherical particles as large
as 1 lm diameter. The composition of the particles was highly variable. For
example, the typical composition of the particles separated from alkaline
solution on the 139th day of the experiment (based on EDX-analyses) is

FORMATION OF COLLOIDAL SILICA AND ALUMINA 313



Figure 2. Evolution of supersaturation with respect to selected phases. Based on
PHREEQC code (Parkhurst and Appelo, 1999).
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shown in Figure 4. In addition to the high contents of silica and alumina, an
extremely high content of calcium is apparent. Elements that have been
minor in granodiorite (P, S, and Cl) are slightly concentrated. Next to this

Figure 3. Evolution of the concentrations of colloidal Si and Al.

FORMATION OF COLLOIDAL SILICA AND ALUMINA 315



composition, the part of colloidal matter consisted of almost pure alumina
(calcium was identified as a very minor element).

The final composition of the colloids re-dispersed from the settlings
obtained after the finish of the experiments is presented in Table III. In the
colloidal mater formed in alkaline and neutral solutions, silica and alumina
were dominant, whereas Mg and Fe contents were somewhat lower. Other

Figure 4. Composition of the colloid particles separated from basic solution on the
139th day of the experiment (based on EDX-analyses).

Table III. Average compositiona of the colloids formed in solutions

Components Solution

[mol %] Acid Neutral Alkaline

1 2 1 2 1 2

Na2O 4.46 2.73 4.11 4.27 3.77 2.84

MgO 26.78 16.83 7.09 6.60 7.59 5.62

A12O3 7.07 9.91 13.70 13.50 14.85 12.79

P2O5 0.06 0.12 0.07 0.11 0.12 0.03

Cl 1.76 1.64 0.43 0.40 0.48 0.08

K2O 2.59 2.03 1.89 2.13 2.97 3.01

CaO 3.99 0.75 4.75 4.90 4.72 2.13

TiO2 1.56 0.24 0.80 1.07 0.99 1.47

MnO 3.75 1.69 0 15 0.24 0.40 0.13

FeO 4.28 5.48 8.71 6.30 8.38 9.17

BaO 0.03 0.01 0.04 0.04 0.04 0.01

SiO2 22.71 37.75 57.88 59.92 55.45 62.66

SO3 20.97 20.82 0.36 0.52 0.23 0.05

aEDX analysis, electron microprobe, spot size 50 lm.
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elements such as Na, K, and Ca were minor. In the colloids formed in acid
solutions, on the other hand, silica, magnesium and sulfur were dominant.
Al-content was somewhat lower. Other elements such as Na, K, Ca, Ti, Mn,
and Fe were minor. In all colloids, slightly enhanced contents of P, Cl and Ba
were recognized.

3.3. SECONDARY PHASES

The secondary phases formed at the early stages of the experiments were
largely enriched in alumina. The composition of the solids isolated from the
neutral solutions on the 24th day of the experiment (based on EDX analysis)
is presented in Figure 5. In addition to the dominant aluminum, silica
occasionally appeared as another component (see the upper graph). Other
elements were minor. In few single phases, the silica contents exceeded that of
alumina (see the lower graph).

The secondary phases gathered after experiments were very fine-grained,
and there was difficulty in determining single phases. Therefore, based on

Figure 5. Composition of the secondary solids isolated from the neutral solutions on
the 24th day of the experiment (based on EDX-analysis).
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microprobe analysis of large spot sizes (EDX-analysis), just average com-
positions were determined (Table IV). Silica and alumina were dominant in
all solids. In addition, the content of Mg, K, and primarily of Fe was high.
Slightly enhanced contents of calcium and sulfur were visible only in the
solids isolated from the acid solutions. The minor/trace elements in grano-
diorite, Ti, P, Cl, Ba, and S, were slightly concentrated in all secondary
phases.

Based on X-ray diffraction, chlorites (clinochlore, chamosite), K-mica and
small contents of other phases (quartz, diaspore and carbonate) were iden-
tified in the secondary phases isolated from the alkaline and neutral solutions
after evaporation. In the secondary solids formed in the acid solutions, on the
other hand, only sulfates were recognized. All phases found are summarized
in Table V.

4. Discussion

4.1. DISSOLUTION

4.1.1. pH

The changes in pH at the initial stages of the experiment (Figure 1) were the
result of a cumulative effect of alkalinity increase during granodiorite dis-

Table IV. Average compositiona of the secondary phases formed in solutions

Components Solution

[mol. %] Acid Neutral Alkaline

1 2 1 2 1 2

Na2O 1.08 1.73 1.00 1.23 1.13 1.00

MgO 3.66 4.06 2.96 8.33 3.13 5.19

A12O3 13.73 11.56 23.32 15.26 12.68 13.11

P2O5 0.11 0.02 0.04 0.04 0.09 0.03

Cl 0.08 0.03 0.03 0.09 0.11 0.02

K2O 5.06 3.80 6.17 3.66 3.54 9.61

CaO 6.04 2.14 1.19 1.71 0.20 1.05

TiO2 1.09 0.99 0.26 0.67 1.67 0.36

MnO 0.14 0.15 0.07 0.40 0.00 0.18

FeO 7.21 7.03 3.06 11.64 19.94 3.74

BaO 0.11 0.03 0.03 0.04 0.04 0.04

SiO2 58.26 67.89 61.81 56.79 57.38 65.61

SO3 3.44 0.55 0.07 0.14 0.11 0.08

aEDX analysis, electron microprobe, spot size 50 lm.
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solution and buffering by atmospheric CO2. The pH changes were verified by
modeling using the PHREEQC code: during a virtual dissolution of 1 � 10)3

mol of the rock composed of 53, 12, 13, 22 mol% of albite, oligoclase,
hornblende, and K-feldspar (i.e., analogical to sample) at pCO2

� 10)3 atm,
the pH of the solution changed from the initial values of 3.2, 5.4, 9.9 to about
4.5, 7.2, 7.8, respectively.

4.1.2. Composition of solutions

In general, kinetics controls to what extent a single phase will contribute to
aqueous species. Next to plagioclase, mainly hornblende, biotite, epidote
and K-feldspar participates in aqueous concentrations (Sverdrup and
Warfvinge, 1995). Chlorite and quartz do not seem to be very significant
due to their lower dissolution rates. The rate constants quantifying the
release of Si from silicates into solution are summarized in Table VI.

4.1.2.1. Al/Si stoichiometry. In the neutral and alkaline solutions, the average
Al/Si-ratios varied between 0.26 and 0.36 (Figure 6). These values are higher
than the average Al/Si-stoichiometry of granodiorite, 0.25, but somewhat
lower than the Al/Si-stoichiometries of albite and oligoclase, 0.37 and 0.47,
respectively. This indicates dissolution of alternative phases in addition to

Table V. Secondary minerals identified by x-ray diffraction

Mineral Formula

Acid solution

Zaherite Al12(SO4)5(OH)26 � 20H2O

Kieserite MgSO4 � H2O

Sodium alum NaAl(SO4)2 � 12H2O

Neutral Solution

Clinochlore (Mg,Fe)6(Si,Al)4O10(OH)8

Chamosite (Fe,Al,Mg,Mn)6(Si,Al)4O10(OH)8

Magnesian Chamosite (Fe2.8Mg1.8Al)(Si2.8Al1.2)O10(OH)8

Muscovite (K,Na)0.75(Al,Mg)2(Si,Al)4O10(OH)2

Quartz SiO2

Alkaline Solution

Clinochlore (Mg,Fe)6(Si,Al)4O108

Diaspore Al2O3 � H2O

Quartz SiO2

Ankerite Ca(Mg0.67Fe0.33)(CO3)2

Muskovite (K,Na)0.75(Al,Mg)2(Si,Al)4O10(OH)2
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plagioclases. The Al/Si-ratios slightly increased with a slope of
2 � 10)4 day)1 in the neutral solutions and decreased with a slope of
)1.3 � 10)4 day)1 in the alkaline solutions. Provided dissolution rate of
single phase is constant, the evolution of the aqueous Al/Si-ratio indicates a
selective precipitation of Al-Si phases of a different stoichiometry when
compared with the primary minerals.

In the acid solutions, the Al/Si-ratio was extremely low and gradually
decreased from 0.09 to 0.02. Because the dissolution rates are similar in
alkaline and acid solutions (as document Si-concentrations, see Figure 1), the
low value of Al/Si-ratio indicates a large precipitation of Al-rich phases. This
is somewhat surprising when compared with alumina behavior in the neutral
and alkaline solutions. However, the high sulfate concentration (due to the
initial addition of sulfuric acid to adjust pH) in the acid solutions could be

Table VI. Experimentally determined rates of silicate dissolution

Silicate pH T �C Si release rate

log [mol m)2 s)1]

Authors

Hornblende 6.8-

7.4

ac )10.96 Kalinowski et al. (2000)

Hornblende nn ac )11.8 Liermann et al. (2000)

Hornblende 4 25 )11.9 Zhang and Bloom (1999)

Epidote 4.05 25 )11.72 Kalinowski et al. (1998)

Epidote 6.5 25 )11.93 Kalinowski et al. (1998)

Biotite 3-8 25 )11.05 Malmström and Banwart (1997)

Biotite 3 25 )11.6 Taylor et al. (2000)

Albite 6 ac )11 Welch and Ullman (1996)

Albite 5 ac )11.1 Holdren and Speyer (1985)

Albite 5.6 25 )12.0 Hamilton et al. (2000)

Albite 5 ac )12.1 Knaus and Wolery (1986)

Oligoclase 5 ac )11.4 Mast and Drever (l987)

Oligoclase 5.4 ac )11.6 Stillings et al. (l996)

Oligoclase 5 ac )12 Oxburg et al. (1994)

K)feldspar 5 ac )11.1 Holdren and Speyer (1985)

Orthoclase 5 ac )12.3 Busemberg and Clemency (1976)

Microcline 5.6 ac )12.8 Schweda (l989)

Chlorite 5.3 25 )11.96 Brandt et al. (2003)

Chlorite 7.7 ac )12.46 Rochelle et al. (l996)

Chlorite 5 ac )12.52 May et al. (1995)

Quartz nn 25 )14.12 Gı́slason et al. (1997)

Quartz nn 25 )14.51 Rimstidt and Barnes (1980)

Note: nn – near neutral, ac – ambient conditions.
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responsible for the precipitation of alumina-sulfates. For example, the
positive values of saturation index (SI � 0.72–1.87) indicate the possibility
of precipitation of alunite, KAl3(SO4)2(OH)6.

Figure 6. Evolution of the basic average stoichiometries in the solutions.
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4.1.2.2. Na/Si-stoichiometry. Plagioclase and hornblende are the potential
sources of aqueous Na (see Table II). In the acid solutions, Na/Si-ratios were
roughly constant (0.19–0.22, 0.20 on average). In the neutral solutions, Na/
Si-ratios slightly decreased (from 0.20 to 0.13) (Figure 6). These values are
significantly lower than the Na/Si-ratios 0.27 and 0.32 in oligoclase and al-
bite, respectively. This suggests that (1) other phases contributed to aqueous
silica and/or (2) some phases enriched in Na precipitated. In the alkaline
solutions, the high initial Na/Si-ratio, 1.16, (the result of sodium hydroxide
addition to adjust pH at the start of the experiment) decreased to 0.50–0.62.
Such behavior is predominantly an effect of the large increase of aqueous
silica contents. However, the slight decrease in the total Na-content with the
slope of )0.017 lmol day)1 (Figure 1) suggests that it can be the result of
Na-rich phase precipitation. The extremely high supersaturation with respect
to Na-beidellite (SI � 9.30–11.50) stresses this assumption. However, neither
smectites nor the significantly enhanced content of sodium in the final sec-
ondary solids was found (see Table IV). Therefore, based on the supersatu-
ration with respect to albite (SI � 1.60–2.61), even the growth of primary
solids (albite) should be considered.

4.1.2.3. K/Si stoichiometry. Despite a small content in granodiorite, biotite
seems to be a potential source of aqueous potassium due to its relatively high
dissolution rate (Table VI). In the acid solutions, the negative value of sat-
uration index and the relatively high value of dissolution rate constant
(Table VI) indicate that an additional source of potassium could be
K-feldspar. In the neutral and alkaline solutions, on the other hand, the
positive value of saturation index with respect to K-feldspar (SI � 4.06–6.03)
permits us to consider a growth of the primary mineral. The K/Si-ratios
decreasing with a slope )1.5 � 10)4, )1.7 � 10)4 and )2.3 � 10)4 day)1

(Figure 6) in the acid, neutral, and alkaline solutions, respectively, and the
high supersaturation with respect to K-mica (SI � 1.40–15.85), signalize that
some K-clay minerals can precipitate (e.g., illite).

4.1.3. Supersaturation

The supersaturation of solutions was understood to be a consequence of the
dynamics between the irreversible dissolution of primary minerals and the
precipitation of secondary solids. All main possible processes in system rock-
solution-secondary solids are depicted in a conceptual model (Figure 7). It
consists of the reservoirs of primary solid A, solution B, secondary solid C,
nuclei, and colloids. The arrows denote the fluxes of a k-component. The
instantaneous aqueous concentration of the k-component is a result of
operating of the overall flux jo(sol)

(k) of the k-component into solution is jo(sol)
(k)

=
P
i
jðkÞi , where i ¼ 1–6. At steady state, the overall flux jo(sol)

(k) is zero,
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P
i
jðkÞi ¼ 0. If the flux jðkÞ1 , is not balanced by flux jðkÞ2 (mineral A is far from

equilibrium), the flux jðkÞ1 ‘‘feeds’’ the solution by the k-component. Then, the
instantaneous k-concentration can exceed the equilibrium k-concentration
with respect to the phase C(k), and the solution is supersaturated.

4.1.4. Individual fluxes

The overall flux of the k-component into solution, jðkÞoðsolÞ, is given by

jðkÞoðsolÞ ¼ dnðkÞ=dt; ð1Þ

where dn(k)/dt, is the total transfer of n-moles of the k-component into
solution in time t.

The data sets on dissolution were regressed by the exponential function

cðkÞ ¼ aðkÞ

bðkÞ
1� e�bðkÞt

� �
þ dðkÞ; ð2Þ

Where c(k), is the concentration of the k-component; a(k), b(k), and d (k) are
‘‘parameters’’ of the function. Equation (2) was found to be a somewhat
modified result of the mathematical solution of the conceptual model
(Figure 7) in which the fluxes jðkÞ1 and jðkÞ3 were solely considered. The steep
increase in concentrations at the initial stages of experiments was attributed
to a rapid dissolution of ‘‘new surfaces’’ (high energy surface sites, highly

Figure 7. Conceptual box model of the rock-water interaction. A, B, and C are the
reservoirs of primary rock, dissolved component, and secondary solids, respectively.

The single arrows denote an i-flux of k-component, jðkÞi . The dashed arrows express
problematic fluxes.
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strained areas on large grains and ultrafine particles as an artifact of sample
preparation, see Wegner and Christie, 1983; Chou and Wollast, 1984;
Brantley et al., 1986; Lasaga and Blum, 1986; Eggleston et al., 1989; Faimon,
1998). These data (between zero time and the 27th day) were inconsistent
with the exponential dependency (Equation 2) and were regressed by linear
function

cðkÞ ¼ pðkÞt þ qðkÞ; ð3Þ

where p(k) and q(k) are parameters of the function.
The overall flux of the k-component into the solution, jðkÞoðsolÞ was calculated

from the derivative of the regression functions

dcðkÞ

dt
¼ 1

V
dnðkÞ

dt
¼ 1

V
jðkÞoðsolÞ; ð4Þ

where V is the Volume of the solution, The derivation of Equations (2) and
(3) gives

dcðkÞ

dt
¼ aðkÞe�bðkÞt ð5Þ

and

dcðkÞ

dt
¼ pðkÞ; ð6Þ

respectively. The overall fluxes as a function of time are presented in
Figure 8. The steep decrease of the flux between the 0th and 27th days is a
consequence of the weakening of the flux from the new surface and the
increase of the fluxes into secondary solids (nuclei/colloids). It seems rea-
sonable to assume that the fluxes jðkÞ2 , jðkÞ3 , jðkÞ4 , jðkÞ5 , and jðkÞ5 are negligible at
the start of dissolution. Thus, the single flux from rocks, jðkÞ1 , was estimated
by the extrapolation of Equation (5) to zero time. This operation allowed
exclusion of the fluxes from new surfaces between the 0th and 27th days. The
fluxes found jðAlÞ

1 and jðSiÞ1 are summarized in Table VII. As can be seen, the
fluxes into acid and alkaline solutions exceeded the fluxes into neutral solu-
tions. This is consistent with the known tendency of silicate to dissolve at
higher rates in acid and alkaline environments (see, e.g., Sverdrup and
Warfvinge, 1988). The jAl

1 =jSi1 ratios are somewhat higher when compared
with the aqueous Al/Si-ratios. This signalizes that the fluxes jðAlÞ

1 are probably

overstated. The non-negligible fluxes jðAlÞ
3 with respect to jðAlÞ

1 (in acid solu-

tions especially due to alunite precipitation) could be the reason. The flux
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recalculated to unit surface area was understood as a rate constant of
releasing of individual components. The rate constant of the release of Si
from granodiorite into neutral solutions, 10)11.03 mol m)2 s)1 is in a lower

Figure 8. The overall Al- and Si-fluxes into the solutions as a function of time.

FORMATION OF COLLOIDAL SILICA AND ALUMINA 325



range of the values for Si-releasing from various silicates found by other
authors based on laboratory experiments (Table VI). Predictably, on the
other hand, the value 10)11.03 mol m)2 s)1 is significantly higher than the
constants found on the basis of field mass balances.

4.2. COLLOID FORMATION

4.2.1. Concentrations

The maximal concentrations of the Al/Si colloids recorded in this work
slightly exceeded those commonly referred for surface and ground waters.
Viers et al. (1997) reported 7–12 and 0.4–l.l lmol 1)1 (fraction 5 kDa–
0.22 lm) of colloidal Si and Al, respectively, in ‘‘clear’’ tropical waters
derived from laterites and granitic parents rocks (sampled from springs and
shallow wells). These authors found somewhat higher concentrations, 4–20
and 6–16 lmol 1)1 of colloidal Si and Al, respectively, in ‘‘color’’ organic-
rich surface waters of the same region. Benedettia et al. (2002) proposed 10.6
and 2.9 lmol 1)1 (fraction 5 kDa–0.22 lm) of colloidal Al in the Rio Negro
and Amazon Rivers, respectively. Dupre et al. (1999) determined
40.2 lmol 1)1 of colloidal Al, but only 1 lmol 1)1 of colloidal Si (fraction
5 kDa–0.20 lm) in the organic-rich river waters draining granitic parental
rocks in tropical forests. Dia et al. (2000) found up to 5 lmol 1)1 (fraction
5 kDa–0.2 lm) of colloidal Al in groundwater of the shallow wells in the
sediments developed on Proterozoic schists. In boreal rivers and their estu-
aries, Pokrovski and Schott (2002) found even lower concentrations: The
waters in contact with granitoids (granites and granodiorites) showed 0.5–3.9
and 0.3–6 lmol 1)1, the waters draining other silicates (gneisses, amphibo-
lites, sandstones, quartzites) exhibited 0.5–1.8 and 0.3–1.5 lmol 1)1 and the
water derived from other rocks (clays and limestones) contained 1.8–4.6 and
0.3–2.5 lmol 1)1 of colloidal Si and Al (all in the fractions 1 kDa–0.8 lm),
respectively. Porcelli et al. (1997), on the other hand, found up to

Table VII. Individual fluxes from granodiorite and the rate constants of single element
releasing

Solution

Acid Neutral Alkaline

jðSiÞ1 [lmol day)1] 1.99 1.81 2.07

jðAlÞ
1 [lmol day)1] 0.91 0.64 0.99

jðAlÞ
1 =jSi1 0.46 0.35 0.48

ksi [mol m)2 s)1] 10)10.99 10)11.03 10)10.97

kAl [mol m)2 s)1] 10)11.33 10)11.48 10)11.29
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28.5 lmol 1)1 of colloidal Si (fraction 3 kDa–0.45 lm) in the boreal rivers
that had drained mica schitsts, quartzites, and amphibolites. Wilkinson et al.
(1997) reported about 11 lmol 1)1 of colloidal Si and 5 lmol 1)1 colloidal
Al (fraction 5 nm–5 lm) in a small eutrophic lake.

In contrast, higher concentrations of up to 64–172 and 19–131 lmol 1)1

of colloidal Si and Al, respectively, were reported by McCarthy and
Shevenell (1998) in the wells in fractured shale and karstic formations.
Extremely high concentrations of up to 1500 lmol 1)1 of colloidal Si and
12,000 lmol 1)1 of colloidal Al (fraction 3 kDa–100 kDa) were found by
Zänker et al. (2002) in the acid Fe-SO4-rich water draining clays impregnated
with sulfide ores.

The proportions of colloidal Al and Si to the total Al and Si contents are
presented in Figure 9. The total aluminum consisted almost completely of
colloidal aluminum in both the alkaline and neutral solutions on the
100th day of the experiment. In the acid solutions, Al-colloids represented up
to 50% of the total Al. In all the solutions, the proportion of colloidal Al
decreased with time. This behavior confirms the tendency of Al that largely
entered into colloidal during the early stages of the experiment. The total Si
included maximally 25% of colloidal Si. This can be due to differences in the
Al/Si-stoichiometries of primary minerals and colloids. If the Al/Si-stoichi-
ometry is 1/3 in primary minerals (e.g. plagioclase and K-feldspar) and 1/1 or
1/2 in colloids (as in kaolinite or smectites, respectively), some silica must
remain ‘‘conserved’’ in solution. The concentration of such silica will finally
be controlled by Si-amorphous gel solubility.

4.2.2. Composition

The activity diagram in Figure 10 shows that the system granodiorite -water
mostly occur in the stability field of kaolinite. At the earliest stages of the
experiment, however, the reaction paths probably crossed the stability field of
gibbsite, at least in the neutral and alkaline solutions. This is consistent with
the presumed Al-phase stability. At the later stages, when the concentration
of silica and cations had increased, reaction paths moved into the pyro-
phyllite field representing smectite/illite in the model. Therefore, there is a
good reason to assume that the colloidal matter evolves in a succession
gibbsite-kaolinite-smectite/illite (or, at least, the precursors of such minerals;
see, Steefel and Van Cappellen, 1990).

The evolution of the Al/Si-stoichiometries of colloids is shown in Figure 11.
In the neutral and acid solutions, a high Al/Si-molar ratio of colloids was
achieved at the early stages of the experiment, which is consistent with the
occurrence of Al-rich solids. In the alkaline solutions, the Al/Si-ratio was al-
most constant, aside from somewhat elevated values at the early stages of the
experiment. At the later stages, the Al/Si-ratio neared the value of 0.5, both in

FORMATION OF COLLOIDAL SILICA AND ALUMINA 327



the alkaline and neutral solutions. This stoichiometry indicates the existence of
smectite/illite. Despite the high Al-fluxes out away from the acid solutions, the
low final Al/Si-ratio of colloids, 0.15, signalized the poor tendency of Al that

Figure 9. Proportion of the colloidalAl and Si to their total contents as a function of time.
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entered the colloids under these conditions. This can be explained by the high
aggregation rate of Al-SO4-phases (the relatively low pH value supports this
idea) and, consequently, by largely independent behavior of aluminum on
silica. In general, the evolvingAl/Si-stoichiometry of colloids canbe considered
as evidence that colloids are formed by condensation processes. If some dis-
integration took place, they are not significant.

The source of the calcium in colloids could be plagioclase and possibly
calcite. Despite the fact that calcite was not identified directly in primary
rock, it could occur in micro-fractures of granitoid rocks (White et al., 1999).
The calcite dissolution rate �10)5 mol m)2 s)1 exceeds by 7 orders of mag-
nitude the dissolution rate of plagioclase feldspar (Plummer et al., 1978).
Gaboriaud et al. (1999) and Phair and VanDeventer (2001) suggested that
calcium could act as a bridge in alumina-silica polymerization, based on the
hypothetical reaction scheme,

�Si�O� þ Ca2þ ! �Si�O�Caþ ð7Þ

Figure 10. Al–Si–H2O activity diagram. The marks G, K, Q, P, and SiO2(am) symbolize
gibbsite, kaolinite, quartz, pyrophyllite, and amorphous silica, respectively. The dashed
arrow demarks a reaction path of rock-water system in the neutral and alkaline solu-

tions. Experimental data were converted to activities on the basis of the PHREEQC
code (Parkhurst and Appelo, 1999).
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and

�Si�O�Caþ þ�O�Al� ! �Si�O�Ca�O�Al�: ð8Þ

Enhanced Ca-contents in colloid particles have been already mentioned by
Degueldre andWernli (1987) and Degueldre et al. (1989). Other elements that
were concentrated in colloids (S, Cl, Ba, P) were probably either (1) sorbed on
a particle surface or (2) incorporated into the structure: for example Gunnars
et al. (2002) reported a high correlation between Fe and P due to the forma-
tion of basic Fe(III)-phosphates. The enhanced contents of the former elements
indicate the high capability of colloids to incorporate other components and
confirm the role of colloids as pollutant ‘‘carriers’’ and ‘‘scavengers’’.

4.2.3. Dynamics

Total mathematic solution of the dynamic model in Figure 7 could not be
accomplished because of missing data on instantaneous contents of all

Figure 11. Evolution of the colloid Al/Si-stoichiometry.
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aqueous components, nuclei, and secondary phases. Nevertheless, overall Al-
and Si-fluxes into colloids could be calculated. The data sets (Figure 3) were
regressed by polynomial functions of 2nd–4th orders. Based on the deriva-
tives of the functions, overall fluxes of the k-component into colloids,
jðkÞoðcollÞ ¼

P
i
jðkÞi (i=9–12, see the model in Figure 7), were found. Evolution of

the overall Si- and Al-fluxes into colloids in time is presented in Figure 12. To
balance the fluxes into and from solutions, the overall fluxes into colloids
were extrapolated to zero time: They were estimated to be 1.08, 0.18, and
0.06 lmol day)1 of silica and 0.90, 0.42, and 0.07 lmol day)1 of aluminum
from the alkaline, neutral and acid solutions, respectively.

The individual fluxes jðkÞ5 into nuclei and consecutively also jðkÞ6 into col-
loids (see model on Figure 7) should dominate over other fluxes from solu-
tion at the early stages of the experiment. Then, the total fluxes out from
solution could be very roughly represented by the overall fluxes into colloids.

Figure 12. Evolution of the overall Si- and Al-fluxes into colloids.
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A comparison of the overall fluxes into solutions with those into colloids,
both at the initial stages of the experiment, is presented in Table VIII and
Figure 13. As can be seen, the proportion of the fluxes into colloids on the
total fluxes increased with time and pH. The Al-fluxes into colloids partici-
pated in the total fluxes to a larger extent than the Si-fluxes. The overall
fluxes into colloids approached the individual fluxes into solutions, jðkÞ1

(especially in the neutral and alkaline solutions, compare with Table VII).
This indicates that the fluxes from new surfaces probably influenced
(increased) the fluxes into colloids during the early stages of the experiments.

In the alkaline solutions, a high correlation (R2 ¼ 0.96) between the fluxes
of colloidal Al and Si was found (Figure 14). This indicates a highly coor-
dinate Al-Si behavior, which is consistent with the stable colloid Al/Si-sto-
chiometry (see Figure 11). The slope of the correlation line, 0.69, is in
relatively good agreement with the former estimated colloid stoichiometry. A
weaker correlation (R2 ¼ 0.67) is visible in the neutral solutions due to the
highest Al-fluxes at the early stages of the experiment (Figure 14). In the acid
solutions, the Si-fluxes are practically independent of Al-fluxes (Figure 14),
probably due to a higher affinity of aluminum to sulfates.

The question remains as to why the colloid concentrations, having reached
a maximum, decreased again. No correlation between the colloid concen-
trations and solution superstauration was found. The R-squared values were
substantially lower than 0.1, except for the correlation between Al-colloids
and the SI with respect to gibbsite in acid solutions (R2 ¼ 0.128) and between
Si-colloids and the SI with respect to kaolinite in neutral solutions
(R2 ¼ 0.113). This fact indicates that the concentration of colloids was
controlled by more factors than by supersaturation only. It is well known
that colloid stability is sensitive to pH-changes. However, pH was very stable
in all solutions after the 27th day due to buffering of rock/CO2 system. Ionic
strength, the additional factor controlling colloid stability, probably did not
increase to such an extent to cause colloid aggregation. Although the ionic

Table VIII. Comparison of the overall fluxes into solutions and into colloids (lmol
day)1)

Solution Overall fluxes into solutions Overall fluxes into colloids

Si-flux at Al-flux at Si-flux at Al-flux at

zero

time

27th

day

zero

time

27th

day

zero

time

27th

day

zero

time

27th

day

Acid 8.2 1.63 0.76 0.21 0.06 0.05 0.07 0.09

Neutral 8.6 1.70 2.22 0.62 0.18 0.13 0.42 0.26

Alkaline 9.2 1.77 3.33 0.75 1.08 0.71 0.90 0.53
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strength was not fixed at the start of the experiment, the concentrations of the
ions controlling ionic strength, Na+ and K+ (and probably Ca2+ and HCO�

3

ions), quickly attained steady state and did not increase. Moreover, Na-ions
in alkaline solutions evidently decreased during the experiment without any
maintainence of prior colloid content. Based on geochemical modeling,
maximal ionic strengths were estimated as 2 � 10)3, 1.5 � 10)3 and
l.8 � l0)3 mol 1)1 in the acid, neutral and alkaline solutions, respectively.
Former arguments support the assumption that supersaturation, pH, and
ionic strength did not control the concentration of colloids at the advanced
stages of the experiment. Nevertheless, one explanation remains: the for-
mation of colloids can be the result of a competition between homogeneous
and heterogeneous phenomena. At the early stages of the experiments, as
soon as certain supersaturation had been reached, the formation of a new
phase was largely initiated by homogeneous nucleation (flux j5, see Figure 7).
The newly formed particles (a) grew into the macroscopic phase, aggregated
and settled (flux j7), or (b) were stabilized by a surface electric charge and,

Figure 13. A comparison of the overall fluxes into solutions and into colloids at the

initial stages of experiment (at zero and 27th day).
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having been protected from colliding, they were accumulated in the solution
as colloids (flux j9). Despite relative ‘‘time stability’’, these colloids slowly
aggregated and settled (flux j11). As the surface area of the newly formed

Figure 14. Correlation between the overall fluxes of colloidal Al and Si.
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aggregates had enlarged, the flux j3 dominated over the flux j5 and crystal
growth dominated over nuclei (colloid) formation.

4.3. SECONDARY SOLIDS

Stoichiometry of the secondary solids isolated from the neutral solutions on
the 24th day of the experiment suggests the formation of Al-hydroxides/
oxides and perhaps some clay minerals, or more likely some amorphous
phases (e.g., allophanes). Unfortunately, it was not possible to isolate ade-
quate amounts of secondary phases, and thus the phases could not be ana-
lyzed by X-ray diffraction. In the secondary phases isolated from neutral and
alkaline solutions after termination of the experiments (and evaporation), the
slightly enhanced contents of K indicate the presence of K-mica, perhaps of
illite. High contents of Mg together with Fe suggest the existence of chlorite.
The low content of Na, on the other hand, questioned the expected occur-
rence of smectites such as Na-beidelite. X-ray diffraction confirmed chlorites
and K-mica. The diaspore and quartz probably came from Al-phases formed
at the early stages of the experiment and from imperfectly eliminated primary
phases, respectively. Other phases, if any, were either amorphous or under
the limit of detection.

In the solids isolated from acid solutions after experiments, only a relatively
low content of sulfur was found, considering that the part aluminum had been
expected to precipitate as sulfate. Despite these small contents, X-ray dif-
fraction confirmed only sulfates, even if a little bit ‘‘exotic’’. Alternative phases
expected on the basis of EDX analysis were probably of low crystallinity.

Enhanced contents of Ti, P, Cl, Ba, and S in all secondary phases perhaps
came from aggregates of colloids, in which these elements were slightly
concentrated.

After subtracting the normative mineral, hypothetical barite, gypsum,
halite, apatite, and albite and real clinochlore, Mg5Al2Si3O10(OH)8, the
remaining contents were normalized to 10 O-atoms and 2 OH-groups to
estimate the clay mineral composition. The stoichiometry determined
roughly relates to illite (Table IX).

5. Conclusions

The long-term experiments confirmed that Si- andAl-colloids could be formed
in rock-water system without any changes of conditions and fluxes from the
surroundings. A high supersaturation with respect to secondary solids was
reached in solutions as a consequence of dissolution and precipitation
dynamics. In these conditions, new phases nucleated and condensed. Part of
these phases remained dispersed in solutions as colloids. If some disintegration
processes had participated, they were not significant. The formation of colloids
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was favored by higher pH values. The mean concentrations of the colloidal Si
and Al exceeded 50 and 20 lmol 1)1, in both the neutral and alkaline solu-
tions, whereas those in the acid solutions reached only 48 and 12 lmol 1)1,
respectively. In the alkaline and neutral solutions, the colloidmatter evolved in
a similar way as secondary solids, in the sequence Al-hydroxide–clay minerals.
In the acid solutions, aluminum and silica behaved broadly independently due
to aluminum sulfate precipitation. The concentration of colloidal aluminum
and silica increased during the first 200–400 days of the experiments, when the
formation of a new phase had been initiated by homogeneous nucleation.
From maximum, the content of colloids decreased to nearly zero, probably as
a result of gradual aggregation and the predominant growth of new secondary
solids on the surface of already formed aggregates.

The colloids formed during these experiments are mainly representative of
colloid populations formed during the weathering of freshly crushed rock.
They can largely be generated as the environmental impacts of various
constructions or waste disposal projects (at a mine or construction sites) that
have an abundance of fractured rocks.
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