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제주도 Andisol 토양의 Al-용해도 특성
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본 연구에서는 제주도 토양 중 화산쇄설암과 현무암을 모재로 발달하는 두 Andisol 토양의 Al 용해도 특성을 규명하

고자 하였다. 토양 A층은 높은 유기물함량과 Alpyrophosphate/Aloxalate 비를 나타내는 반면, 토양 Bo층은 낮은 유기물함량과

Alpyrophosphate/Aloxalate 비를 나타낸다. 이는 반응성 Al이 A층에서는 대부분이 유기물과 결합한 형태로 존재하고 있는 반면,

토양 Bo층에서는 무기질의 광물과 결합하고 있음을 지시한다. Acid-oxalate 용해처리, 그리고 150 및 350oC 열처리 전후

의 FT-IR 스펙트럼 비교, 투과전자현미경(TEM)을 이용한 관찰결과, 토양 Bo층에 상당량의 이모골라이트(Imogolite)가 존

재함을 확인하였다. 이들 시료에 대한 Al-용해도 특성규명을 위한 Batch 평형실험결과, 토양 Bo층에서의 Al-용해도는

ITM(Imogolite-type material)과 Al hydroxy-interlayered aluminosilicate에 의한 Simultaneous equilibrium보다는 ITM의

Congruent dissolution model을 따르는 것으로 나타났다. 투석과 Aging과정 후의 용해도 특성 변화는 PI(Proto imogolite)

sol의 생성이 되고, 이들의 이모골라이트로의 상전이가 Al-용해도에 영향을 주었음을 지시한다. 이러한 결과는, 실내실험

결과를 보완해주는 것으로, 제주도 Andisol토양에서의 Al-용해도 특성이 ITM에 의한 Congruent dissolution에 의해 조절

되고 있음을 지시한다.

주요어 : Al-용해도, Andisols, 이모골라이트, 이모골라이트형 물질(Imogolite-type material, ITM)

The solubility of aluminum for two Andisol profiles formed on pyroclastic materials and basaltic rocks from Jeju

Island, Korea was investigated. It is found that high organic carbon content and Alpyrophosphate/Aloxalate ratios in the A hori-

zons, suggesting the substantial amounts of reactive Al are associated with organic matter, whereas the low organic carbon

content and the Alpyrophosphate/Aloxalate ratios in the Bo horizons indicate that a major part of the reactive Al should be

bound inorganically. The differential FT-IR spectra following acid-oxalate dissolution and heating up to 150 and 350oC,

and transmission electron microscope (TEM) observation confirm that imogolite is in the Bo horizon. Our results of equil-

ibration experiments demonstrate that the Al solubility in the Bo horizon for Andisols can be clarified by the congruent

dissolution model for imogolite-type material (ITM), rather than by the simultaneous equilibrium with both ITM and Al

hydroxy-interlayered aluminosilicate. With results from dialysis and aging procedures, it is noted that the formation of a

proto imogolite sol showing its transformation to imogolite, which supports the congruent dissolution of ITM primarily

controlling the Al solubility of Andisols in Jeju Island, Korea.

Key words : aluminum solubility, Andisols, Imogolite, Imogolite-type material (ITM)

1. Introduction

Atmospheric deposition of sulfur and nitrogen

compounds is the major source of proton input to

soils (Matzner, 1992; Paces, 1985; van Breeman et

al., 1984). Most of the acid input is buffered by the

dissolution of reactive Al phases in soils at pH

≤4.5. The released Al in soil solution can be toxic
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to plants especially growing in severely weathered

acidic soils. Despite the importance of aluminum

in acid neutralization, the processes controlling the

retention and release of aluminum are not fully

understood, yet.

Several researchers have proposed different

solid phases for controlling aluminum solubility.

Walker et al. (1990) attributed the controlling of

the Al solubility in organic soil horizons to the

exchange reactions between protons and Al in soil

organic matters. They found that equilibrium was

attained within hours, and increased with decreasing

pH and increasing degree of Al saturation of the

soil organic matters. There areseveral studies

showing similar results with those of Walker et al.

(1990) (e.g. Cronan et al., 1986; Bloom et al.,

1979). With a leaching experiment, Mulder et al.

(1989) suggested that Al solubility in acid mineral

soil horizons could be controlled by complexation

with soil organic matters, which was confirmed by

Mulder and Stein(1994) using the soil solution

data obtained from acid brown forest soils in

the Netherlands. Berggren and Mulder (1995)

demonstrated that different phases could control

the Al solubility depending on the pH range. They

attributed the Al solubility of acid mineral soil

horizons in southern Sweden to complexations

with soil organic matter at pH < 4.1 including a

more soluble Al(OH)3 phase rather than gibbsite at

pH > 4.1. David and Driscoll (1984) found that soil

solutions from two Spodic B horizons were often

close to equilibrium with synthetic gibbsite. In a

laboratory study, Dahlgren et al. (1989) observed

rapid equilibria of Spodosols Bs horizons with

respect to Al(OH)3 both under- and over-saturation

conditions. They attributed control of Al solubility

to the hydroxy-Al interlayer of expandable 2:1

layer silicates for two reasons; 1) no or only trace

quantities of gibbsite could be detected in soil

samples, and 2) Al activities were oversaturated with

respect to gibbsite. Dahlgren and Walker (1993)

also reported similar results. Hydroxy-Al interlayers

are less stable than gibbsite, as has been shown for

smectites (Turner and Brydon, 1965; 1967).

Another phase proposed for the control Al

solubility in acid soils was imogolite, a short-range

ordered aluminosilicate with an Al:Si ratio of 2:1.

A less ordered material, with the same chemical

composition, is often referred to as proto-imogolite

(PI, Farmer et al., 1980), and the sum of imogolite

and PI as an imogolite-type material (ITM; Gustafsson

et al., 1995). Imogolite has been detected in podzols

from a number of countries (Tait et al., 1978; Ross

and Kodama, 1979; Farmer et al., 1980; Childs et

al., 1983; Gustafsson et al., 1995) but not all podzols

contain imogolite (Wang et al., 1986). According

to Farmer (1987), the formation of imogolite and

allophane requires a pH between 4.6 and 4.9. He

suggested that Al solubility in soils containing

imogolite may be controlled by a simultaneous

equilibrium between an Al(OH)3 phase and imogolite.

Dahlgren and Ugolini (1989) found evidence for

this mechanism in soil solutions from Bs and C

horizons in a Tephritic Spodosol. Su et al. (1995)

also suggested this mechanism from data of batch

equilibrium experiments using spodic B horizons.

However, most of previous work has dealt with

Spodosols (Berggren and Mulder, 1995; Gustafsson

et al., 2001) or Podzols (Gustafsson et al., 1998;

Matzner et al., 1998; Zysset et al., 1999; van Hees

et al., 2000; Lofts et al., 2001). Though there has

been only a few literatures concerning the Al

solubility of Andisols (Dahlgren and Saigusa, 1994;

Takahashi et al., 1995; Takahashi and Dahlgren,

1998), they dealt with a specific horizon, not entire

horizons of a Andisol. Andisols constitute less

than 1% of the world’s land area but in the Pacific

Rim area, they are important and productive soils

supporting intensive agriculture. The principal

soil-forming process has been the rapid weathering

(transformation) of volcanic ash, which produces

amorphous or poorly crystallized silicate minerals

such as imogolite and PI, and iron oxy-hydroxides,

such as ferrihydrite.

On Jeju Island 80% of the surface soil is classified

as Andisols(Song and Yoo, 1994). They have a large

amount of organic matter, Al-organic complexes,

gibbsite and short-range ordered aluminosilicates

(Song and Yoo, 1994; Song et al., 1998). In this

study, our aims are to examine the Al-solubility

characteristics in entire horizons of Andisols, and

to investigate whether the prevailing solubility

mechanism could be predicted from the secondary

Al-forms accumulated in Bo horizons of Andisols

in Jeju Island, Korea.
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2. Materials and Methods

2.1. Study Sites

On Jeju Island, Andisols are formed mainly on

pyroclastic materials, such as volcanic ash and

cinders, and on basaltic rocks, which make up

about 80% of the surface area(Song and Yoo,

1994). They have a melanic epipedon, a surface

diagnostic horizon with a high organic matter

content and color darker than 10YR 2/2, and range

in thickness from 0.3 to 0.6 m (Song et al., 1998).

Jeju Island is like a huge cone in shape. The

highest point in the center of the island is 1950

meters above the sea level. Two typical Andisols

profiles were selected from the mid-altitude area

(between 200 and 600 meters above the sea level)

of Jeju Island. One profile is developed on pyroclastic

parent materials (hereafter P site) and another is on

basaltic parent materials (B site). According to the

USDA classification (Soil Survey Staff, 1998), the

soils were classified as Typic Melanudands. The

mean annual temperature is 12ºC at B site and

16ºC at P site(Song and Yoo, 1994). The mean

annual precipitation is 2000 mm at B site and 2500

mm at P site, respectively(Song and Yoo, 1994).

2.2. Soil Characterization

Field-moist soil samples were passed through a

2-mm sieve to remove coarse fragments and to

homogenize the samples. The dry weight for

samples was determined after heating the sample

at 105oC for 24 h. Total organic carbon of the samples

was determined using a ROCK-EVAL carbon

analyzer. pHs were measured potentiometrically in

deionized water (soil:solution ratio = 1:3) using a

Metrohm combined pH glass electrode. Cation

exchange capacity (CEC) for the samples was

determined using 1M NH4OAc extraction method

(Soil Survey Staff, 1998), and the concentration of

exchangeable cation was measured by inductively

coupled plasma atomic emission spectroscopy

(ICP-AES, Jobin Yvon, 138 Ultrace). The clay

fraction (<2 µm) was exhaustively separated by

sedimentation method after removing organic

matter by H2O2. The fine clay fraction (<0.5 µm)

was collected by centrifugation and was freeze-

dried for further mineralogical characterization

using X-ray diffraction(XRD) and a Fourier-

Transform Infrared(FT-IR) spectrometer.

Reactive forms of Al and Si were estimated by

0.1M sodium pyrophosphate (Alp and Sip) and 0.2M

acid ammonium oxalate (Alox and Siox) extraction

(Parfitt and Henmi, 1982). The concentrations of

Al and Si in the extracts were determined by ICP-

AES.

XRD traces for the profile samples were obtained

using a MXP 18A RINT-2500 X-ray diffractometer

(MAC science, Japan) with Co-Ka radiation. We

scanned the <0.5-µm fractions of natural, acid-

oxalate and heat treated (150oC, 350oC) samples

using a FT-IR spectrometer. The FT-IR spectra

were obtained in the transmission mode on pellets

containing 1 mg of freeze-dried clay in 170 mg of

a matrix of KBr. The pellets were dried at 105oC

in an oven for 12 h. The FT-IR spectra were

recorded between 4000 and 400 cm-1 (Perkin

Elmer). In a second run, the pellets were heated at

150 and 350oC for 12 h before measurement. For

TEM, one drop of diluted suspension containing

the dispersible <0.5-µm fraction was dried on a

carbon-coated Cu grid. Analyses performed with a

120 KV EM912W (Carl Zeiss, Germany)

2.3. Batch Experiments and Analyses

The solubility of Al was investigated by batch

equilibration experiments using an end-over-end

shaker at 25 ± 2oC. Any chemical, normally used to

reduce variation in ionic strength, was not contained

in the solution. The experiments were composed

of three parts: (I) batch equilibration experiment

for the Bo horizon of the soil profile formed on the

pyroclastic parent materials (P site) with or -

without dialysis, (II) batch equilibration experiment

for the whole profile samples of both P and B

sites, and (III) re-equilibration experiment for the

solution equilibrated with Bo horizon by aging and

acid-titration after separating from soil solids.

In the experiment (I), five solutions of different

HCl concentration (pH = 3.0 ~ 5.5) were used to

make different pH values. 200 mL of HCl solution

was added to 20 g of soils from Bo horizon at P

and B sites and reacted at 25 ± 2oC for 30 days.

Previous studies have indicated that equilibrium

can be established within 14-30 days (Berggren

and Mulder, 1995; Gustafsson et al., 2001). After

pH value recorded was not changed over ±10-2

centrifugation (9000 g for 30 minutes) was carried

out. The concentrations of total Al, Si, and other
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cations in the supernatant were determined by

ICP-AES. The monomeric Al was quantitatively

determined using the 8-hydroxyquinoline method

(Lalande and Hendershot, 1986) and the monomeric

Si by the molybdenum blue method as described

by Thomsen et al. (1983). A dialysis bag (MWCO

1000 Da) filled with 5 ml of deionized water was

immersed in each duplicate solution. The dialysis

bag was permeable to monomeric Al and Si but not

to proto-imogolite sol or/and Al-organic complexes

(Lumsdon and Farmer, 1995). The concentrations

of monomeric and total Al, Si and other cations of

the solution in the dialysis bag were also

determined by ICP-AES but pH was measured in

the bulk solution to avoid any impact of dialysis

on H+-activity.

In the experiment (II), equilibration batch

experiment was carried out on all profile samples

at both P and B sites. Five or ten solutions of

different HCl concentration (200 mL) were added

to 20 g of soils and reacted at 25 ± 2oC for 60

days. The same dialyzing and analytical methods

as shown in the experiment (I) were employed.

For the dissolution kinetics, pH and concentrations

of monomeric Al and Si were monitored after 1, 5,

16, 30, and 60 days.

In the experiment (III), three representative

solutions equilibrated with the soil from Bo horizon

at P site were selected and separated from soil

solids and aged for 30 days. After aging, the same

dialyzing and analytical methods as in the

experiment (I) were employed. After that, small

amount of 0.1M HCl was added to the solution

and the change of the pH was recorded at intervals

of about 2 days. When the re-equilibration was

achieved, the concentrations of monomeric Al, Si,

and other cations were determined in the solution

inside the dialysis bag. The acid-titration and re-

equilibration were carried out consecutively in

twice.

2.4. Thermodynamic Modeling

To evaluate Al-solubility, free Al3+ concentrations

were calculated from measured monomeric Al

concentrations using the computer program

PHREEQC (Parkhurst and Appelo, 1999). The

measured Al was assumed to include monomeric

Al-hydroxo-complexes and AlH3SiO4
2+ (Pokrovski

et al., 1996). The equilibrium constants of these

species and the solid phases used for equilibrium

calculation are listed in Table 1. The concentration

of Al3+ was converted to activity using the Davies

equation (1962). The activity coefficient of dissolved

monomeric Si was assumed to be 1 since it

occurred as uncharged H4SiO4
0 in the pH-range

investigated. The logarithms of ion-activity products

(log IAPs) for Al(OH)3, imogolite, (HO)3Al2O3SiOH

and proto-imogolite (PI) were calculated according

Table 1. Equilibrium constants at 298 K and 1 atm. used for Al speciation and solubility line calculations

Equilibrium Reactions

Log βn
†,

Log Kas
‡,

Log Kn
§

Source

Al3+ + H2O = AlOH2+ + H+

Al3+ + 2H2O = Al(OH)2
+ + 2H+

Al3+ + 3H2O = Al(OH)3
o + 3H+

Al3+ + 4H2O = Al(OH)4
- + 4H+

2Al3+ + 2H2O = Al2(OH)2
4+ + 2H+

3Al3+ + 4H2O = Al3(OH)4
5+ + 4H+

13Al3+ + 40H2O = AlO4Al12(OH)24(H2O)12
7+ + 32H+

Al3+ + H4SiO4
0 = AlH3SiO4

2+ + H+

Al(OH)3 + 3H+ = Al3+ + 3H2O

0.5(HO)3Al2O3SiOH + 3H+ = Al3+ + 0.5H4SiO4
0

+ 1.5H2O

0.5Al2Si2O5(OH)4 + 3H+ = Al3+ + H4SiO4
0 + 0.5H2O

-5.00

-10.10

-16.80

-22.87

-7.69

-13.88

-98.65

-2.38

8.11¶, 10.8#

6.00††

7.02‡‡

3.72§§, 6.25¶¶

Nordstrom and May (1996)

Nordstrom and May (1996)

Nordstrom and May (1996)

Palmer and Wesolowski (1992)

Plyasunov and Grenthe (1994)

Plyasunov and Grenthe (1994)

Plyasunov and Grenthe (1994)

Pokrovski et al. (1996)

Ball and Nordstrom (1991)

Farmer and Fraser (1982)

Lumsdon and Farmer (1995)

Ball and Nordstrom (1991)

† stability constant for mononuclear Al-species; ‡ stability constant for aluminosilicates
§ stability constant for polynuclear Al-species; ¶ for gibbsite; # for amorphous Al(OH)3
†† for imogolite; ‡‡ for proto-imgolite; §§ for kaolinite; ¶¶ for halloysite
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to Eq. [1] and [2], where pH, p[Al3+] and

p[H4SiO4
0] stand for the negative logarithms of

H+, Al3+ and H4SiO4
0 activities, respectively:

log IAP Al(OH)3 = 3pH – p[Al3+] [1]

log IAP (HO)3Al2O3SiOH = 3pH – 0.5p[H4SiO4
0]

– p[Al3+] [2]

LogK values at 25oC of 7.74 (Palmer and

Wesolowski, 1992) and 8.11 (Ball and Nordstrom

(1991) were reported for crystalline gibbsite and

the larger value of 10.8 (Ball and Nordstrom,

1991; Table 1) for the non-crystalline Al(OH)3.

The equilibrium with Al(OH)3 may be important

in moderately acidic mineral soils, where Al is

likely to precipitate to form secondary minerals

from the weathering of primary minerals.

Previously reported logK values for imogolite

are conflicted(Farmer and Fraser, 1982; Su and

Harsh, 1994). Recently Wada and Kakuto (1999)

reported a value of 6.05. For proto-imogolite

allophane synthesized from oversaturation, however,

the logK varied in the range 6.6 to 7.0, depending

on the aging time (Lumsdon and Farmer, 1995).

Other studies have shown that imogolite has IAP

values in the range 6.5 to 6.7 (Gustafsson et al.,

1998; Simonsson and Berggren, 1998; Zysset et

al., 1999).

In addition to the control of Al solubility by

Al(OH)3 or PI, two special cases were considered

by Zysset et al. (1999): (i) simultaneous equilibrium

with PI and an Al-hydroxide, and, (ii) congruent

dissolution of PI. The dissolution of an Al-

hydroxide can be described by Eq. [3], which in

equilibrium gives log*KA as the stability constant

for p[Al3+] vs. pH.

Al(OH)z
(3-z)+ + zH+ Al3+ + zH2O [3]

p[Al3+] = z·pH - log*KA [4]

The dissolution of an aluminosilicate can generally

be described by Eq. [5], and p[Al3+] vs. pH in

equilibrium by Eq. [6], with log*KI being the

stability constant.

AlxSiy(OH)wO[(3x+4y-w)/2] + 3xH+ xAl3+

+ yH4SiO4
0 + H2O [5]

p[Al3+] = 3pH - ·p[H4SiO4
0] - ·log*KI [6]

If Al is in equilibrium with both phases, the right

hand sides of Eq. [4] and [6] become equal, and,

therefore, p[H4SiO4
0] can be calculated according

to Eq. [7].

p[H4SiO4
0] = (3-z)·pH + ·log*KA - ·log*KI

[7]

For the derivation of the relationship between

p[Al3+] vs. pH, assuming congruent dissolution of

ITM, the stoichiometric stability constants KI

(solubility of ITM), KAS (formation of AlH3SiO4
2+;

Table 1), βn (mononuclear 1:1, 1:2, and 1:4 Al-

hydroxo-complexes; Table 1) and Kn (polynuclear

2:2, 3:4, and 13:32 Al-hydroxo-complexes; Table

1) were used. In Eq. [8] and [9], [] denote the

activities and (Al)total and (Si)total stand for the total

concentrations of dissolved Al and Si, respectively.

KI = [8]

(Si)total = 0.5·(Al)total [9]

The (Al)total was assumed to consist of the species

Al3+, monomeric 1:1, 1:2, 1:4, polymeric 2:2, 3:4,

13:32 Al-hydroxy-complexes and AlH3SiO4
2+, with

(Si)total being the sum of H4SiO4
0 and AlH3SiO4

2+.

Thus, (Al)total and (Si)total can be calculated according

to Eq. [10] and [11].

[10]

[11]

Substituting Eq. [10] and [11] into Eq. [9], a

relation between [H+] and (Al3+) is finally obtained.

  ⇔

  ⇔
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For a certain H+-concentration, the (Al3+) value

can be solved, from which [Al3+], [H4SiO4
0] and

[AlH3SiO4
2+], and the activities of other Al species

can be calculated. This theoretical, congruent-

dissolution calculation for imogolite and PI was

performed in the pH range 3 to 9. For the concen-

tration-activity conversion, the ion activity coefficient

(r) and ionic strength (I) were obtained using

iterative calculating procedures at each pH value.

Zysset et al. (1999) considered only monomeric

Al and AlH3SiO4
2+ species at pH values between

3.5 and 5.0 assuming a constant ionic strength,

which hardly occur in natural systems. We

determined the activity coefficient and ionic strength

for each pH using an iterative calculating procedure.

The plots on the p[Al3+] vs. pH, p[H4SiO4
0] vs. pH

diagrams yielded a curved fitting line (Fig. 1) as

the ionic strength at each pH largely changed from

0.24M (at pH 3.0) to 8.05×10-7M (at pH 5.5) for

the congruent dissolution of imogolite during our

experiments. The slope of the solubility line of

imogolite on pH vs. p[Al3+] diagram increased

from 1.68 (at pH 3.0 to 4.0), 2.15 (at pH 4.0 to 5.0)

to 2.60 (at pH 5.0 to 6.0).

Supplementary calculations were performed for

kaolinite and halloysite (Fig. 1) using the following

equations, where logKk is the stability constant of

kaolinite and halloysite;

Kk = [12]

(Si)total = (Al)total [13]

3. Results

3.1. Soil Characteristics

The particle-size distribution in the different

horizon samples at P site was dominated by the silt

fraction with relative contents between 61 and 81

Al
3+

[ ] H4SiO4

0
[ ]⋅

H
+

[ ]
3

-------------------------------------

Fig. 1. Theoretical solubility lines of imogolite, proto-

imogolite, kaolinite, and halloysite plotted on the pAl vs.

pH(A) and pAl vs. pSi(B) diagrams, assuming congruent

dissolution obeys equation [9] and [13] in text.

Table 2. Chemical parameters of the < 2-mm fraction in each horizon of two soil profiles from Andisols, Jeju Island

Parent

Materials
Horizon

Depth

(cm)

pH

(H2O)

Organic C

(g/kg)

Exchangeable cations (cmol/kg)
CEC

Al Ca Mg K Na

Pyroclastic

rock (P)

A1 0-15 5.16 188.4 0.44 4.19 0.60 0.16 0.30 62.1

A2 15-55 5.42 154.2 0.44 1.60 0.40 0.15 0.23 63.2

Bo1 55-95 5.86 4.1 0.01 0.90 0.46 0.16 0.13 26.4

Bo2 95-115 6.03 3.8 0.12 0.94 0.30 0.15 0.12 28.4

Basaltic

rock (B)

A1 0-15 4.97 115.3 2.66 0.96 0.22 0.17 0.20 40.3

A2 15-35 5.25 99.6 0.15 0.64 0.10 0.11 0.14 38.4

Bo 35-125 5.29 5.2 0.89 0.96 0.30 0.13 0.16 18.0
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wt.% and at B site, between 87 and 89 wt.%. The

contribution of the clay fraction was in the range

8.7 to 3.3 wt.% at P site and 1.9 to 4.6 wt.% at B

site (Song et al., 1998). The pH determined in

H2O increased with increasing depth from 5.16 to

6.03 at P site and from 4.97 to 5.29 at B site (Table

2), respectively. The organic C exhibited a decrease

within the profile by almost two orders of magnitude.

The cation exchange capacity decreased from 62.1

cmol(+)/kg in the A horizon to 28.4 cmol(+)/kg in

the Bo horizon at P site and 40.3 cmol(+)/kg to

18.0 cmol(+)/kg at B site. The selective extractions

showed for pyrophosphate-extractable Al (Alp) a

maximum in the A horizon and for oxalate-

extractable Si (Siox) in the B horizon at both sites

(Table 3). The contents of the short-range-ordered

aluminosilicate, such as ITM, can be quantitatively

estimated by the selective extraction (Parfitt and

Childs, 1988; Dahlgren and Walker, 1993). The

(Alox - Alp)/Siox ratio of 1.4 to 1.8 indicates that

ITM is the most predominant solid phase in the Bo

horizon at P site. In the other horizons at both P

and B sites the (Alox - Alp)/Siox ratio ranges from

2.6 to 3.5.

Song et al.(1998) found that gibbsite was the

only dominant mineral in the Bo horizon and the

sand fraction. A trace amount of hydroxy-interlayered

smectite or vermiculite, chlorite and kaolinite could

be detected by XRD in the Bo horizon after the

acid-oxalate extraction. The FT-IR spectra for

<0.5-µm fraction of the Bo horizon soils at P site

showed no band corresponding to imogolite but

the differential spectra after acid-oxalate extraction

and heating up to 150 and 350oC showing typical

bands of imogolite at 961, 676, 588, 507, and 426

cm-1 (Fig. 2). Direct observation by TEM confirmed

the presence of the thread-like morphology of

imogolite in the samples from the Bo horizon at P

Table 3. Contents and ratios of different Al and Si fractions in two soil profiles

Parent

Materials
Horizon

Alp
† Alox

‡ Siox
§

Alp/Alox
(Alox - Alp)

Siox

Allophane From Siox

g/kg wt.%

Pyroclastic

 rock (P)

A1 35.89 62.60 7.86 0.57 3.5 8.4

A2 42.90 93.90 20.78 0.46 2.6 17.4

Bo1 4.05 85.26 47.75 0.05 1.8 31.1

Bo2 3.78 97.40 70.50 0.04 1.4 39.5

Basaltic

rock (B)

A1 25.63 42.63 5.06 0.60 3.5 4.7

A2 24.55 50.73 8.99 0.48 3.0 7.9

Bo 6.48 29.68 8.43 0.22 2.9 7.7

†Alp, pyrophosphate-extractable Al; ‡Alox, acid-oxalate-extractable Al; §Siox, acid-oxalate-extractable Si

Fig. 2. FT-IR spectra in the range from 1400 to 400cm-1 of

the <0.5 µm clay fractions. (A) untreated, (B) heated to

150oC, (C) acid-oxalate treated, (D) heated to 350oC, (E)

differential spectrum between natural and acid-oxalate

treated, and (F) between heated to 150oC and to 350oC.
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site (Fig. 3).

3.2. Batch Experiment (I) - Dialysis

Results of experiment (I) are shown in Table 4,

and plots of p[Al3+] vs. pH, with the theoretical

solubility line assuming congruent dissolution in

Fig. 4. The results from the dialysis procedure

showed linearity between the congruent dissolution

lines of PI and imogolite with a slope of about 2,

suggesting the Al behavior in the Bo horizon was

controlled by ITM rather than by the Al(OH)3
phase. A distinct discrepancy observed between the

results with or without dialysis might come from

the presence PI sol, some polymeric Al and/or Al-

organic complexes in the solution (Lumsdon and

Farmer, 1995). These phases could affect the

analytical results. The centrifugation (9000 g for

30 minutes) might not be enough to eliminate

these phases from the solution. The conventional

filtration method was not applicable to our

experiment since the equilibrium state could be

broken and the loss of solution could occur during

filtration procedure. We tried to maintain the

equilibrium state until the analysis. The results

surely showed the dialysis procedure was useful to

our batch experiments.

3.3. Batch Experiment (II) - Kinetics and

Equilibration

The results of experiment (II) are shown in

Tables 5A and B and were plotted on diagrams of

p[Al3+] vs. pH, p[H4SiO4
0] vs. pH, and p[Al3+] +

0.5p[H4SiO4
0] vs. pH, with the theoretical solubility

lines assuming congruent dissolution (Fig. 5 and

6). In all the kinetic series, [Al3+], [H+], [H4SiO4
0]

Fig. 3. Transmission Electron Microscopy (TEM) of the

<0.5-µm dispersible clay fraction of the Bo horizon at P

site, showing typical fibrous morphology of imogolite.

Fig. 4. Plots of pAl vs. pH calculated from concentrations

measured by using dialysis(open circle) and by no-dialysis

(solid circle) in the systems equilibrated with the Bo

horizon soil at P site for 30 days.

Table 4. Measured concentrations of total Al, momnmeric Al, and monomeric Si in the solution equilibrated with the Bo

horizon soil for 30 days

Solution

No Dialysis Dialysis

pH Alt
† Alm

‡ Sim
§ pH AlT Alm Sim

(mmole/L) (mmole/L)

1 3.36 25.74 21.70 1.94 3.43 22.45 16.73 1.22

2 3.49 19.10 11.68 1.82 3.54 13.12 9.28 0.80

3 3.74 10.10 3.87 1.51 3.81 3.79 2.54 0.29

4 4.28 6.30 0.97 0.83 4.36 0.31 0.08 0.10

5 5.47 0.25 0.09 0.26 5.80 0.03 0.0001 0.08

†Alt, total Al; ‡Alm, monomeric Al; §Sim, monomeric Si
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increases initially and lasted up to 2~5 days (data

not shown), but after 16 days, the log IAP constant

for all samples with respect to both Al(OH)3 and

imogolite (Fig. 5). After 60 days, the results were

plotted near the congruent dissolution line of PI for

p[Al3+] vs. pH (Figs. 6A and B), especially within

the pH ranges from 4.0 to 5.0, and for [H4SiO4
0]

vs. pH (Figs. 6C and D), especially with pH values

less than 4.0.

The two profiles at P and B site showed different

behavior for Al solubility with a depth. For the Bo

horizon at P site, the results were plotted near the

congruent dissolution line of PI for p[Al3+] vs. pH

(Fig. 6A) and p[Al3+] + 0.5p[H4SiO4
0] vs. pH (Fig.

6E), especially within the pH ranges from 4.0 to

5.0. For the A horizon at P site, both Al and Si

were less soluble, and relatively undersaturated

with respect to PI, but almost saturated with

respect to imogolite at pH > 4.0. In contrast, the A

horizon at B site was likely to be slightly more

soluble than the Bo horizon, and was oversaturated

with respect to PI, especially at pH > 4.0 (Fig. 6B).

The two profiles yielded a linear relationship on

the diagram of p[Al3+] vs. pH at pH > 4.0, where all

equilibrated solutions were oversaturated with respect

to gibbsite and imogolite (congruent dissolution line),

but undersaturated with respect to PI (congruent

dissolution line) and amorphous Al(OH)3. At pH

less than 4.0 (about pH < 3.7 for gibbsite, and pH

< 3.3 for imogolite), all solutions tend to be

undersaturated with respect to all solid phases to

be considered in our experiment. However, the

slopes of the plots were quite different from that of

the gibbsite solubility line. The slope of the plots

was compared with that of other minerals’ solubility

line at divided pH range where the regression

Table 5A. Measured concentrations of monomeric Al and Si, calculated activities of Al3+ and H4SiO4
0, and calculated ion

activity product (IAP) of Al(OH)3 and ITM for the profile samples from pyroclastic parent materials

Parent

Material
Horizon Solution pH

Alm
† Sim

‡ log[Al3+] log[H4SiO4
0] logIAP logIAP

Conc.§ (mmol/L) Activ.¶ (mol/L) (Al(OH)3) (ITM)

Pyroclastic A1 1 3.12 27.606 2.605 -2.667 -2.583 6.694 5.402

Rock (P) 2 3.30 17.186 0.970 -2.752 -3.020 7.148 5.638

3 3.54 5.693 0.266 -2.957 -3.585 7.663 5.871

4 3.87 0.925 0.116 -3.460 -3.942 8.150 6.179

5 4.47 0.020 0.052 -5.045 -4.284 8.365 6.222

A2 1 3.27 22.447 1.969 -2.730 -2.710 7.080 5.725

2 3.45 12.742 1.287 -2.836 -2.901 7.514 6.063

3 3.63 4.412 0.399 -3.032 -3.410 7.858 6.153

4 3.96 0.545 0.075 -3.629 -4.130 8.251 6.186

5 4.63 0.010 0.045 -5.334 -4.347 8.556 6.383

Bo1 1 3.40 23.533 2.179 -2.725 -2.672 7.475 6.139

2 3.45 19.690 1.697 -2.755 -2.783 7.595 6.204

3 3.53 13.804 1.126 -2.808 -2.964 7.782 6.300

4 3.64 7.999 0.664 -2.919 -3.194 8.001 6.404

5 3.85 2.779 0.262 -3.157 -3.595 8.393 6.595

6 4.12 0.736 0.122 -3.577 -3.922 8.783 6.822

7 4.20 0.454 0.098 -3.742 -4.015 8.858 6.851

8 4.40 0.142 0.079 -4.222 -4.106 8.978 6.925

9 4.73 0.030 0.060 -5.034 -4.222 9.156 7.045

10 5.29 n.d.# 0.040 n.d. -4.398 n.d. n.d.

Bo2 1 3.24 20.611 1.836 -2.750 -2.739 6.970 5.601

2 3.40 13.074 0.929 -2.819 -3.041 7.381 5.861

3 3.67 3.662 0.465 -3.071 -3.343 7.939 6.268

4 4.24 0.156 0.179 -4.151 -3.750 8.569 6.694

5 5.40 n.d 0.109 n.d. -3.963 n.d. n.d.

†Alm, monomeric Al; ‡Sim, monomeric Si; 
§Conc., concentration; ¶Activ., activity; #n.d., not determined
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function with r2 ≥ 0.98 could be obtained. The

plots at pH < 4.0 were described by the regression

function of p[Al3+] = 0.97pH – 0.606 (r2 = 0.99)

for the Bo1 horizon from the P site, p[Al3+] =

0.83pH – 0.042 (r2 = 0.98) for the Bo horizon from

the B site (Figs. 6A and B). In contrast, for the

plots at pH > 4.0, the slopes of the regression

function increased up to p[Al3+] = 2.35pH - 6.56

(r2 = 0.99) for the Bo1 horizon from the P site, and

p[Al3+] = 2.24pH – 5.52 (r2 = 0.99) for the Bo

horizon from the B site (Fig. 6A and B). The

values of log IAP for Al(OH)3 varied from 7.48 to

9.16 in the Bo1 horizon at P site, and 7.08 to 8.78

in the Bo horizon at B site (Table 5).

The p[H4SiO4
0] vs. pH diagrams showed that the

solution at pH < 4.0 was oversaturated with respect

to quartz, but undersaturated with respect to

amorphous SiO2. In this pH range, p[H4SiO4
0]

steeply increased up to pH=4.0, with slopes of

2.05 for the Bo1 horizon at P site, and 2.31 for the

Bo horizon at B site (Figs. 6C and D). At pH > 4.0

the distinctly small slopes (0.38 and 1.04 for the

Bo1 horizon at P site and the Bo horizon at B site,

respectively) were observed (Figs. 6C and D).

On diagrams of p[Al3+] + 0.5p[H4SiO4
0] vs. pH,

most of the equilibrated solutions were plotted

between the imogolite and PI solubility lines,

indicating oversaturation with respect to imogolite

but undersaturation with respect to PI. At pH <4.0

plots for the A horizon at P site were undersaturated

with respect to imogolite (Fig. 6E) and at pH >4.0

plots for the A horizon at B site were oversaturated

with respect to PI (Fig. 6F). The plots at pH <4.0

were described by the regression function p[Al3+]

+ 0.5p[H4SiO4
0] = 2.00pH – 2.75 (r2 = 0.99) for the

Bo1 horizon at P site and p[Al3+] + 0.5 p[H4SiO4
0]

= 1.98pH – 2.62 (r2 = 0.99) for the Bo horizon at

B site (Figs. 6E and F). In the plots for pH >4.0,

the slopes of the regression function increased to

p[Al3+] + 0.5 p[H4SiO4
0] = 2.64pH – 5.36 (r2 = 1.0)

for the Bo1 horizon at P site, and to p[Al3+] +

0.5p[H4SiO4
0] = 2.76pH – 5.63 (r2 ≥ 0.99) for the

Bo horizon at B site (Figs. 6E and 6F). The values

of log IAP for ITM varied from 6.14 to 7.05 in the

Bo1 horizon at P site and 5.88 to 6.66 in the Bo

horizon at B site (Table 5).

Table 5B. Measured concentrations of monomeric Al and Si, calculated activities of Al3+ and H4SiO4
0, and calculated ion

activity product (IAP) of Al(OH)3 and ITM for the profile samples from basaltic parent materials

Parent

material
Horizon Solution pH

Alm
† Sim

‡ log[Al3+] log[H4SiO4
0] logIAP logIAP

Conc.§ (mmol/L) Activ.¶ (mol/L) (Al(OH)3) (ITM)

Basaltic A1 1 3.47 25.309 1.559 -2.683 -2.825 7.727 6.315

Rock (B) 2 3.68 15.254 0.860 -2.772 -3.094 8.268 6.721

3 3.99 5.372 0.304 -2.961 -3.551 9.010 7.234

4 4.28 1.464 0.167 -3.286 -3.802 9.554 7.653

5 4.55 0.255 0.092 -3.919 -4.045 9.731 7.709

A2 1 3.52 23.623 2.059 -2.702 -2.707 7.859 6.505

2 3.71 14.654 1.070 -2.786 -3.000 8.344 6.844

3 4.00 5.715 0.318 -2.944 -3.534 9.056 7.289

4 4.32 1.093 0.068 -3.379 -4.189 9.581 7.486

5 4.63 0.128 0.037 -4.219 -4.437 9.671 7.453

Bo 1 3.25 27.591 4.018 -2.675 -2.400 7.075 5.875

2 3.33 22.081 3.243 -2.716 -2.497 7.274 6.026

3 3.41 16.787 2.110 -2.759 -2.687 7.471 6.128

4 3.51 10.203 1.245 -2.857 -2.917 7.674 6.215

5 3.68 5.076 0.464 -2.964 -3.348 8.076 6.402

6 3.85 2.107 0.187 -3.180 -3.740 8.370 6.500

7 3.91 1.743 0.150 -3.233 -3.836 8.497 6.579

8 4.01 1.088 0.113 -3.479 -3.955 8.551 6.573

9 4.11 0.680 0.082 -3.649 -4.093 8.681 6.634

10 4.30 0.228 0.058 -4.118 -4.240 8.782 6.663

†Alm, monomeric Al; ‡Sim, monomeric Si; 
§Conc., concentration; ¶Activ., activity
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Fig. 5. Results of equilibration kinetics plotted on the p[Al3+] vs. pH (A, B), p[H4SiO4
0] vs. pH (C, D), and p[Al3+] +

0.5p[H4SiO4
0] vs. pH (E, F) diagrams. (A), (C), and (E) for the Bo1 horizon from pyroclastic parent materials, (B), (D), and

(E) for the Bo horizon from basaltic parent materials.
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Fig. 6. Results of batch experiment plotted on the p[Al3+] vs. pH (A, B), p[H4SiO4
0] vs. pH (C, D), and p[Al3+] +

0.5p[H4SiO4
0] vs. pH (E, F) diagrams. (A), (C), and (E) for samples from pyroclastic parent materials, (B), (D), and (E) from

basaltic parent materials. Samples were equilibrated for 60 days as described in the section of experiment (II).
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3.4. Batch Experiment (III) - Aging, Acid-

Titration, and Re-equilibration

Three solutions separated from soil solids and

aged for 30 days showed substantial decrease of

pH value, [Al3+], and [H4SiO4
0] (Figs. 7A and 7B).

The aging seemed to lead to the formation of the

solid-phase in the solution, in which it could not

permeate into the dialysis bag. But the direct

identification of the solid phase was difficult as the

amount of the solid phase was infinitesimal. The

acid titration and re-equilibration results were also

plotted on p[Al3+] vs. pH and p[H4SiO4
0] vs. pH

diagrams (Figs. 7A and B). After the re-equilibrium

was achieved in twice, the solubility lines approached

closely to the congruent dissolution line of imogolite.

4. Discussion

Pyrophosphate is known to preferentially extract

Al coordinated with soil organic matter (Parfitt and

Childs, 1988), whereas oxalate additionally dissolves

Al from the amorphous and poorly-crystalline phases,

including ITM, as well as Al from chloritized

vermiculite (Fordham and Norrish, 1983). The A

horizons at both P and B sites have more organic-

C content (≥100 g/kg) and larger Alp/Alox ratio

(0.46~0.60) than the Bo horizon, suggesting

substantial amounts of reactive Al were probably

associated with organic matter. In the B horizon

with less organic-C content (≤5 g/kg) and smaller

Alp/Alox ratio (0.04 ~ 0.05 at P site and 0.22 at B

site) than the A horizon, the major part of the

reactive Al was bound to amorphous or poorly

crystalline inorganic phases. The differential FT-IR

spectra after acid-oxalate extraction and heating to

150 and 350oC (Fig. 2), and the direct observation

of a thread-like morphology by TEM (Fig. 3)

provide additional evidence for the occurrence of

imogolite in the Bo horizon. Therefore, ITM could

be the most likely source of the potentially reactive

Al that controls the Al solubility in the Bo horizon.

With respect to the Al solubility determined in

the batch equilibrium experiments, the characteristics

of solubility for the Bo horizons at P and B sites

are similar but not shown in for the A horizons. At

B site, despite of the relatively less Alox, both Al

and Si of the A horizon were much more soluble

than those of the Bo horizon (Figs. 6B, 6D and 6F),

suggesting that considerable amount of reactive Al

and Si might be associated with amorphous or

poorly crystalline phases such as amorphous Al(OH)3,

poorly crystalline kaolinite, and SiO2, common

constituent in relatively recent volcanic deposits.

Considering p[Al3+] vs. pH, the log IAP value

for Al(OH)3 ranged from 8.40 to 9.16 in the Bo

horizon at P site and 8.50 to 8.78 at B site at pH

>4.0, similar to the values in the spodic B horizon

containing imogolite as reported in the literatures

(Dahlgren et al., 1989; Dahlgren and Walker, 1993;

Gustafsson et al., 1998; Su et al., 199). Figs. 6A

and 6B showed that the slope of the solubility line

agreed with 0.83~0.97 at pH <4.0 and 2.24~2.45

Fig. 7. Results of 30 days-aging, acid-titration and re-

equilibration experiment plotted on the p[Al3+] vs. pH (A),

and p[H4SiO4
0] vs. pH (B) diagrams for the Bo1 horizon

samples at P site.
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at pH >4.0 on the basis of regression result (r2 ≥

0.99). This result was quite different from the

previous results for spodic B horizons (Dahlgren et

al., 1989; Dahlgren and Walker, 1993; Gustafsson

et al., 1998; Su et al., 1995) and the slope was

very close to those of the theoretical congruent

dissolution lines shown in Fig. 1A. Dahlgren and

Walker (1993) and Zysset et al. (1999) attributed

the control of Al solubility with slope less than 3

to hydroxyl-Al interlayers of 2:1 layer silicates,

arguing that if the hydroxyl-Al interlayer exhibits

a positive charge to compensate for the permanent

negative charge of the clay mineral, a slope less

than 3 is obtained. But our soil samples contained

only trace levels of hydroxy-interlayered smectite

(HIS) or hydroxyl-interlayered vermiculte (HIV)

and chlorite (Song et al., 1998). The slope of the

solubility line was much less than 3, strongly

suggesting that Al solubility is not controlled by

either the Al(OH)3 or hydroxy-Al interlayered clay

mineral. Our results plotted between the theoretical

congruent dissolution lines of imogolite and PI, with

similar slope changes, suggest that the solubility

would be controlled by congruent dissolution of

ITM. Zysset et al. (1999) tested special case of

congruent dissolution of ITM. They concluded the

Al solubility in their studied podzol was not

controlled by the congruent dissolution of ITM as

the results showed a linear relationship between

pH and p[Al3+], with slopes of 2.72~2.99 (r2 =

0.99), higher than 2.0. However, if their results are

compared with the revised congruent dissolution

line proposed in our study, there is a good

agreement with the congruent dissolution of ITM

likely controlling the Al solubility.

Plots of p[Al3+] + 0.5p[H4SiO4
0] vs. pH for the

Bo horizons with pH > 4.0 yield slopes of 2.64

~2.76, which are not significantly different from

the theoretical slope of 3.0 for ITM. The log IAP

values for ITM ranged from 6.82 to 7.05 at P site

and 6.58 to 6.66 at B site. These values were close

to the reported stability constants for synthetic

imogolite (6.00 by Farmer and Fraser, 1982; 6.52

by Su and Harsh, 1994), for PI sol (7.02, Lumsdon

and Farmer, 1995) and some Spodosols (6.64 by

Gustafsson et al., 1998; 6.88 by Su et al., 1995).

In the p[H4SiO4
0] vs. pH plots, the Si solubility

seemed to be controlled by ITM at pH < 4.0, and

the uniform increase of p[H4SiO4
0] at pH 4.0 to

5.0 means that excess Si was released from a solid

phase, such as amorphous SiO2, and that the Al

solubility control by ITM was also valid. For the

Bo horizons in this study, the Al solubility control

by ITM was consistent with the results of selective

extractions, differential FT-IR spectroscopy and

TEM observation.

As shown above, the considerations of p[Al3+]

vs. pH and p[Al3+]+0.5p[H4SiO4
0] vs. pH lead to

the interpretation that the Al solubility of the Bo

horizons was probably controlled by the congruent

dissolution of ITM, especially at pH > 4.0. As

another possibility, a simultaneous equilibrium with

ITM (AlxSiy(OH)wO[(3x+4y-w)/2]) and Al-hydroxide,

or hydroxy-Al interlayer (Al(OH)z
(3-z)+) should

also be considered for the Bo horizon. From Eq.

[4] and the slope of p[Al3+] vs. pH, z for the P and

B sites were 2.45 and 2.24 at pH > 4.0, and 0.97

and 0.83 at pH < 4.0, respectively. From Eq. [7]

and the slopes (x/y·(3-z)) of [H4SiO4
0] vs. pH, the

values of x/y were determined to be 0.70 and 1.36

for P and B sites at pH > 4.0, and 1.01 and 1.06 at

pH < 4.0, respectively. If the data are plotted as

p[Al3+] - 3pH vs. p[H4SiO4
0], according to Eq.

[14], a modified form of Eq. [6], the values of x/

y were also 0.66 and 1.36 for P and B sites at pH

> 4.0, and 0.97 and 1.07 at pH < 4.0, respectively.

p[Al3+] - 3pH = - ·p[H4SiO4
0] - ·log*KI [14]

The values of the Al:Si ratio deviate from 2, the

ideal ratio of ITM, suggesting that the control of

Al solubility by simultaneous equilibrium with ITM

was not appropriate for describing the system. At

pH < 4.0 the values of the Al:Si ratio were very

close to 1:1 at both sites, which suggested that an

aluminosilicate with an Al:Si ratio of 1:1, such as

kaolinite might influence the Al solubility within

this pH range.

After the solid-separation and aging of 30 days,

the solubility line yielded the slope similar to that

of the congruent dissolution model line of PI on

p[Al3+] vs. pH diagram. It can be inferred that the

solid phase with similar solubility to PI formed in

the solution. Considering the relatively low organic

content of the Bo horizon soil, it was possible for

hydroxyaluminosilicates (HAS) e.g., PI sol formed

in the equilibrated solution, rather than Al-organic

complexes. The acid titration and re-equilibration

y

x
--

1

x
---
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leaded to substantial decreases in monomeric Al

and convergence of the solubility line toward the

congruent dissolution model line of imogolite.

This convergence suggests the transformation of

PI sol to the more stable imogolite and supports

that the congruent dissolution of ITM is main

control for Al solubility of the Bo horizon soils.

5. Conclusions

This is the first study on the control of Al solubility

for entire horizons of Andisols over ecologically

significant pH ranges. The selective chemical extr-

action and mineralogical characterization suggest that

reactive Al is mainly bound to organic and amorphous

and/or less crystalline inorganic phases in the A

horizon, and to ITM and gibbsite in the Bo horizon.

The presence of ITM as a reactive inorganic Al-

containing phase was identified by acid-oxalate

dissolution, differential FT-IR and TEM observation.

The batch equilibration experiments showed that

the Al solubility in the Bo horizon of Andisols

could be explained by the congruent dissolution

model of ITM, rather than by the simultaneous

equilibrium with ITM and Al hydroxy-interlayered

aluminosilicates, on the basis of the revised congruent

dissolution line of the Al-containing phases. The

less crystalline Al-containing phase might also

influence the Al solubility in the Bo horizon. In

contrast, Al solubility in the A horizon could be

mainly controlled by the Al-organic complexes.

The results of aging procedure strongly suggested

the formation of HAS like PI sol and its trans-

formation to more stable imogolite. Our findings

strongly support that the congruent dissolution of

ITM is most likely controlled the Al solubility in

the Bo horizon of Andisols in Jeju Island, Korea.
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