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A STRUCTURAL SCHEME OF SOIL ALLOPHANE
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ABSTRACT

Chemical, infrared spectroscopy and morphological data for well-characterized soil
allophane suggest two end-members with chemical composition 2Si0,-AlO;-3H,0 and
Si0;- AlyO;- 2H;0, and a structural scheme common to the two end-members and inter-
mediate compositions.

The proposed structure for allophane with the Si/Al ratio 1/1 is composed of a silica
tetrahedral chain and an alumina octahedral chain sharing a corner of the respective
tetrahedron and octahedron. Addition of another alumina octahedral chain to the silica
tetrahedral chain results in formation of allophane with the Si/Al ratio 1/2. Noncrystalline
and poorly crystalline X-ray patterns of allophane with the Si/Al ratio 1/1 and 1/2 are
interpreted in terms of the differences in the ease with which the respective unit chains are
aligned. This structural scheme accounts for most observed bonding and morphological
features as well as surface characteristics of soil allophane. A genetic transformation from
allophane with the Si/Al ratio 1/1 to “imogolite”” or hydrated halloysite can well be under-
stood on the basis of the development or the rearrangement of the chain structure units.

INTRODUCTION

The amorphous or nearly amorphous aluminum silicate allophane, as a
principal clay constituent in volcanic ash soils, is of great importance in
determining the physical and chemical properties of these soils. During
the past fifteen years, a considerable volume of information has been ob-
tained on soil allophane by various methods. Soil allophane is now known
to possess a range of chemical composition and different degrees of order
(Kuwano and Matsui, 1957; Aomine, 1958; Kanno e al, 1960; Ossaka,
1960; Yoshinaga and Aomine, 1962b; Aomine and Miyauchi, 1965;
Yoshinaga, 1966; Miyauchi and Aomine, 1966; Wada, 1966). A compo-
nent named “imogolite’”? which shows several broad X-ray reflections
(Table 1), gives an endotherm at 410 to 430°C and appears as thread-like
particles of diameter 100 to 200 A in electron micrographs (Yoshinaga
and Aomine, 19625). However, no attempt has been made previously to
evaluate these data in relation to any structural organization that might
be present in allophane and “imogolite.”

The first part of this article summarizes chemical, infrared spectros-
copy and morphological data obtained for well-characterized specimens
of allophane and “imogolite.” Evaluation of these data led to a postulate
of two end-members and to a structural scheme common to these end-
members and the intermediate compositions. In the second part, their

! Although the use of the name “imogolite’”” as a distinct mineral species has not been
approved (Fleischer, 1963), it is used in this article for convenience to denote a component
in soil allophane showing the characteristics described here.
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SOIL ALLOPHANE 691

validity and implications as working hypotheses in the study of soil
allophane are discussed.

Allophane other than that formed in weathered volcanic ash and
pumice beds is not included in this study. Presence of some regularity in
chemical composition (Ossaka, 1960; Marshall, 1964) and structural or-
ganization (Collins quoted by Grim, 1961) has also been noted for the
former allophane. However, a similar analysis of this material will be less
successful, partly because of an extreme diversity in genesis (from hy-
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Air-dried, Na-saturated, <0.2 u fraction of Uemura soil in random orientation (Yoshi-
naga and Aomine, 1962b).

! Angular width at half-maximum intensity.

% Reflections common to “imogolite” and allophane.

drothermal alteration to simple precipitation) and hence in nature and
properties, and partly because of a lack of extensive or reliable data.

SUMMARY OF ANALYTICAL AND MORPHOLOGICAL DATA

Chemical amnalysis. The analyses evaluated were those from studies of
amorphous or nearly amorphous fine clay fractions (<0.2y) derived from
recent volcanic deposits by weathering (Yoshinaga and Aomine, 1962a,b;
Aomine and Miyauchi, 1965; Yoshinaga, 1966; Miyauchi and Aomine,
1966). For these specimens, X-ray and other data were also reported and
in most cases, amorphous oxides were largely removed by NasS:04-
NaHCO;-Na citrate and 2 percent Nay,CO; treatments (Jackson, 1956).

For evaluation, the numbers of Si, Al (+Fe) and H (in H.O+) per 18
oxygens were first calculated and plotted (Figs. 1 and 2). These were
compared with those for kaolinite and halloysite (Bates, 1959; Aomine
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Fia. 1. Relationships between the number of Al (4Fe) and Si per 18 oxygens for soil allo-
phane and kaolin minerals. Legends; @: “imogolite™; (»: “imogolite” plus allophane
(extractable oxides are not removed); O: allophane; [ll: hydrated halloysite; []: kaolinite;
A\ :ideal allophane with the formula shown in Fig. 5.
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F16. 2. Relationships between the number of H (in H;O (4-)) and Si per 18 oxygens for soil
allophane and kaolin minerals. Legends as in Fig. 1.
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and Wada, 1962), with a structural unit containing 18 oxygens. The
amount of Fe in soil allophane is rather insignificant, except for specimens
analyzed without removal of extractable oxides.

From Figures 1 and 2, it is evident that soil allophane as a whole has its
own composition region, just as halloysite and kaolinite. The speci-
mens containing ‘“‘imogolite” can be differentiated from the others on
the basis of their chemical composition. The fact that the Si/Al ratio
for soil allophane is in the range from 1/1 to 1/2 strongly suggests some
regularity in bonding between Si and Al through oxygen, in the structural
organization of soil allophane. Apparent exceptions are the specimens
from which extractable oxides were not removed, although the ratio
Si/Al, not Si/(Al+Fe), for these specimens are also in the above range.
Note that the observed regularity is essentially not dependent on
the fractionations and pretreatments, though these have undoubtedly
helped to narrow the range. Birrell and Fieldes (1952) reported the Si/Al
ratio 1/0.83 to 1/1.98 for allophane in New Zealand soils, with minor
amounts of impurities, and Ossaka (1960) quoted the value 1/0.68 to
1/2.22 for twenty specimens of soil allophane.

Now, we can reasonably assume that the two end-members with the
Si/Al ratio 1/1 and 1/2 associated with a definite number of hydrogen
and oxygen are present in soil allophane. The former may correspond to
Brown’s allophane (1955) and the latter to an ideal “imogolite.”

Infrared spectroscopy. A striking feature of the chemical composition of
soil allophane is its high content of hydrogen as illustrated in Figure 2.
Knowledge of its forms (adsorbed water vs. structural OH groups), lo-
cations (surface vs. internal) and bondings (Al-OH vs. Si-OH) is of pri-
mary importance in setting up of any structural scheme for allophane and
“imogolite.”

In this respect, infrared spectroscopy combined with deuteration gave
useful information (Wada, 1966). After deuteration with D;0O, a nearly
complete removal of adsorbed D.O was effected at the relatively low tem-
peratures of 75 to 100°C. All the OH groups in allophane and “imogolite”
were replaced by OD, whereas very minor and partial replacements re-
sulted for montmorillonite and hydrated halloysite, respectively. In
addition, the presence of an OH-bending band in allophane and “imo-
golite,” with a maximum at 830 to 850 cm™, was shown by its frequency
shift upon deuteration to 700 cm™. Ordinarily, this absorption maximum
could not be specified even as a shoulder on the intense but broad absorp-
tion band in the 1200 to 800 cm™ region. The corresponding Al-OH ab-
sorption band appears at 940 to 910 cm™ for the layer silicates.

These observations on the state of hydrogen in soil allophane lead to
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the following two conclusions: first, from the structural point of view, a
sharp line exists between the structural OD groups and the adsorbed
D,0, and hence the structural OH groups and the adsorbed H,O. This
implies that the amount of HoO (+4) gives a measure of the hydrogen
largely in the structural OH groups. Second, all the structural OH groups
locate at the surface, and their arrangement differs in principle from those
known so far for the layer crystalline silicates.
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F16. 3. Infrared spectra of hydrated halloysite (H.H.), allophane (PA, 108), allophane
plus “imogolite™ (1041, 905) and “imogolite’” (KG) recorded by the use of D0 as a mulling
medium (Wada, 1966). Ordinate: transmittance; abscissa: wave number (cm™2) X 10~2,

Aside from the OH-related absorptions, the principal differences be-
tween allophane and “imogolite,” as well as between them and the layer
silicates, were found in the Si-O stretching absorption band (Wada,
1966). Allophane with the Si/Al ratio 1/1 to 1/1.3 shows broad absorp-
tion maxima at 1010 and 945 cm™, whereas the specimens with the lower
Si/Al ratio containing predominantly “imogolite” show rather well-de-
fined absorption maxima at 990, 955 and 925 cm™ (Fig. 3). Most alu-
minum silicates with 1:1, 2:1 and 2:2 layer structure show their main
Si-O absorption maxima at frequencies higher than 1000 cm™.

This difference alone does not disprove the development of the layer
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structure in allophane and “imogolite,” since the increasing Al for Si sub-
stitution in the layer silicates results in the displacements of the Si-O
band toward lower frequencies. However, the displacement to the fre-
quencies as low as 940 to 925 cm™ requires a high Al for Si substitution in
the tetrahedral sheet at the rate of about 1 to 1 (Stubican and Roy, 1960;
Farmer and Russell, 1964). Of course, we can not expect this situation for
soil allophane. Rather, the low Si-O stretching frequencies should simply
be interpreted in terms of the increasing replacement of Si-O-Si linkages
with Si-O-Al linkages, as pointed out by Mitchell et al (1964). This may
be possible only in the structural schemes different from those known for
the crystalline layer silicates.

Electron microscopy. A diverse morphology has been reported for allo-
phane and related mineraloids. This diversity is undoubtedly due to
differences in the exact nature of the specimens examined, but partly due
to those in dispersion, pretreatments and mounting in preparation. Re-
cent studies on well-characterized and well-dispersed specimens (Yoshin-
aga and Aomine, 1962¢,b; Aomine and Miyauchi, 1965; Miyauchi and
Aomine, 1966) show that a fairly good correlation exists between mor-
phology, chemical composition and development of structural order.

The result may be summarized as follows: ‘‘imogolite’” develops
smooth, curved and often branched threads with diameter about 50 to
200 A (Fig. 4, above). These threads may extend to as long as several
microns. With the increasing Si/Al ratio, the tendency to appear as the
thread is gradually lost, but not completely, and minute particles with
diameter 50 to 500 A in aggregated masses (Fig. 4, below) or thin films ap-
pear dominantly. The thread-like feature is observed even for allophane
with the Si/Al ratio 1/1 (Aomine and Wada, 1962), though an apparent
constitution of these threads differs from that known for “imogolite.”
From the structural point of view, the fibrous morphology of “imogolite”
is of particular importance. It strongly suggests one-dimensional regu-
larity in the structural organization developed in this species.

STRUCTURE OF SOIL ALLOPHANE

Presence of prototypic layer structures with a low degree of order in
soil allophane has long been considered by many investigators, but by im-
plication rather than definite evidence. Here, a structural scheme com-
mon to allophane with the Si/Al ratio 1/2 to 1/1 based on a chain struc-
ture has been developed on the basis of simplicity and consistency with
theforegoing data. The basic structure unit is a chain illustrated in Figure
5 that is compounded with a silica tetrahedral chain and an alumina
octahedral chain. In allophane with the Si/Al ratio 1/2, R is substituted
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F16. 4. Electron micrographs of “imogolite’” and allophane: above: “imogolite’” formed
as gel films in the weathered Kanuma pumice bed (Miyauchi and Aomine, 1966); below:
“imogolite” plus allophane appeared in a glassy volcanic ash soil (Lab. No. 242) (Aomine
and Miyauchi, 1965). Line indicates 1 u.



SOIL ALLOPHANE 697

by another alumina octahedral chain (chain unit A), whereas in allophane
with the Si/Al ratio 1/1, R is substituted by hydrogen (chain unit B).

Elemental composition. The elemental composition of the units A and B
(Fig. 5) can be expressed in the chemical formulae SiO;- Al,O;-2H,0O and
2810, - AlyO3-3H:0, respectively. The latter can be comparable with that

T OH QOH
R~0-Si-0-Al-H0
O OH OH
R-0-Si-0-Al~H,0
O OH OH
R-0-Si—0-Al-H0
O OH OH
R—0-Si-0-Al~H,0
O OH OH
OH OH
N, 7/
H0-Al- = R =~ -H
OH OH
Formula Analysis Formula  Analysis
A A B
Si 4 35 38 4 4.0
At 8 7.0 7.1 4 4.1
H 16210 195 |12 1.6
0O 28280 28.0 20 20.0

Fic. 5. Structural formula for allophane with the Si/Alratio 1/2 (formula A and A") and
1/1 (formula B). Analyses: (A) Yoshinaga and Aomine (1962b); Miyauchi and Aomine
(1966), and (B) Yoshinaga (1966).

of Brown’s allophane 2Si0;- Al,O;- #H,O (1955). The agreement between
the formula compositions and those actually found for the corresponding
end-members is rather satisfactory. Some discrepancy between the
formula A and its nearest natural specimens may partly be ascribed to the
replacements of Al and Si by H in the development of the structural or-
ganization. This results in the formation of vacant octahedra and tetra-
hedra as one of likely occurring defects. Formula A’ is thus calculated as-
suming the replacements of (1 Al4+1/2 Si) by 5 H per formula composi-
tion A. On the other hand, the H content estimated from the HyO (4)
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measurement likely involves the H in the form of adsorbed H,O. This
may also contribute to the above discrepancy though less in the magni-
tude.

The latter situation exists equally or to some greater extent to the end-
member corresponding to the formula B (Wada, 1966). Thus, the appas-
ent agreement between the formula composition and the analysis (Fig. 5)
suggests an occurrence of the compensating replacement of H that prob-
ably occurs at R by Si and/or Al It, in turn, may result in some two or
three dimensional organization of the short chain units depicted sche-
matically in Figure 9.

Fia. 6. Structural models of allophane with the Si/Al ratio 1/2 and 1/1. Si and Al are not
shown, white balls show OH, gray oxygen, and black HO.

Plots of the formula compositions on Figures 1 and 2 indicate that the
proposed chain units and its mixing development can explain the varia-
tion of the chemical composition found for the natural specimens. Ex-
ceptions are those not removed extractable oxides, mainly iron oxides. If
the proposed structural scheme is correct, it means that most extractable
Fe is not involved in the structural organization of “imogolite” and allo-
phane.

Structural features. An exact orientation of the alumina octahedral chain
relative to the silica tetrahedral chain in the structure units is not known,
and Fig. 6 shows only one of possible orientations. Thus, the approximate
size of the cross section viewed along the chain axis for the structure units
A and B can vary 11.8X8.9 to 14.6X6.3 A and 9.7X5.6 to 10.0X5.5 A,
respectively.

In the case of “imogolite”, several reflections characteristic to this
species appear on the X-ray diffraction pattern (Table 1). Its simplicity
and diffuseness make detailed interpretation difficult. The diffraction
pattern, however, suggests a possible presence of the two-dimensional reg-
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ularity that may result from the grouping of the chain unit A with ran-
dom orientation along the chain axis ¢. An ideal average unit cell with the
cell dimensions ¢=7.4 and 5=17.0 A may be related to the structure unit
A as illustrated in Figure 7. The cell dimensions may vary according to
the variations in the orientation of the tetrahedral and octahedral chains.
This type of disorder associated with the defects suggested from the
deviations from an ideality in chemical composition may account for a

least partly the broadness of the diffraction patterns, and the lack of the
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F16. 7. The ideal average unit cell for “imogolite” seen in projection along the chain axis.

(hk) reflections. Other reflections common to allophane with the higher
Si/Al ratio suggest presence of less ordered regions in the specimens of
“imogolite’ examined. An analogous situation, that is, the presence of
crystalline and non-crystalline regions, has been reported in many or-
ganic chain-polymers.

No change in the spacing has been reported for ‘“imogolite” either in
the presence of water or ethylene glycol (Yoshinaga and Aomine, 19625;
Miyauchi and Aomine, 1966). This observation accords well with the
very loose packing of the unit chains which can accommodate polar mole-
cules in their interstitial portions (Fig. 7), although the mechanism for
the maintenance of the chain separation can not be accounted for at pres-
ent. A structural disposition shown in Figure 7 can accommodate 20
water molecules including those in the octahedral coordination, or 4
molecules of ethylene glycol per structure unit A. No pertinent data on
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the well-defined specimens has been available at hand, but qualitatively
this picture accounts for the high retention of polar solvent molecules
known for soil allophane (Table 2).

Heating of “imogolite” from 100 to 300°C results in development of a
fairly sharp and intense 18 A reflection from the broad 13 to 18 A reflec-
tion band (Yoshinaga and Aomine, 1962b; Miyauchi and Aomine, 1966).
Tt attains to a maximum at about 50 percent of dehydroxylation, and
concurrently, no significant change occurs for the reflections at 7.6 to 7.8
and 5.5 to 5.6 A. Simple dehydroxylation and reorganization of the struc-

TABLE 2. ADSORPTION OF POLAR SOLVENTS ON SOIL ALLOPHANE

Retention Solvent molecules
Equilibrium measured calculated per Refer-
Solvent e
conditions (oven-dty ———— ence
basis) Unit A Unit B
Water R.H. 969, 49.59, 22 15 [€))]
R.H. 509, 25.9 10 8
Water R.H. 50%, 18.3-26.2 8-11.5 5.5-8 2,3
Ethylene glycol Vacuum over CaCl; 13.3-25.5 1.7-3.0 1.2-2.1 4, 5)
Glycerol 110°C 14.6 1.3 0.9 (6)

Reference (1) Aomine and Otsuka (Unpublished); (2) Yoshinaga and Aomine (1962q,
b); (3) Yoshinaga (1966); (4) Aomine and Yoshinaga (1955); (5) Egawa et al, (1952); (6)
Kinter and Diamond (1958)

ture unit A can not produce such a long-range regularity, and this diffi-
culty remains to be solved in future studies.

Besides this, much work remains to be done for “imogolite” in the de-
termination of its structural identity. Among them, syntheses of an ideal
“imogolite” will be required at first. If its crystallization occurs according
to the present structural scheme, analyses of fiber diffraction as well as
electron diffraction patterns will play a big part. In addition, a careful
examination of the transitional stage upon dehydration and dehydroxyla-
tion will be required, and density data will help an interpretation of the
obtained result.

The presence of the structural organization shown in Figure S in allo-
phane with the Si/Al ratio 1/1, can of course not be proved directly from
its X-ray pattern (Table 1). However, this may be inferred indirectly
from its structural transformation to hydrated halloysite that could oc-
cur in an orderly manner shown in Figure 8. The reaction involves a uni-
fication of the adjacent chain units resulting in liberation of water from
the OH groups bonded to Si. Then, the shaded OH groups are lost and the
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F16. 8. Orientation relationships in the transformation of allophane with the Si/Al ratio
1/1 to hydrated halloysite. Above: Changes occurring in the Si-O,0H sheet. Below: Atom
stacking diagrams along the b-axis of allophane and the ¢-axis of hydrated halloysite.

remainings change to oxygen (Fig. 8, above). A concurrent movement of
the Si atoms as indicated by arrows forms a hexagonal net work of the
silica tetrahedra and subsequent rearrangement of the Al-octahedra
results in the formation of the kaolin structure (Fig. 8, below).

It is well-known that the hydrated halloysite derived from allophane
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gives a rather sharp and strong (001) reflection despite of its very thin
sheet appearance (Sudo and Takahashi, 1956; Aomine and Wada, 1962).
It suggests that this form of hydrated halloysite already shows a high
regularity in the layer stacking along its ¢-axis. The extreme weakness of
(hk) reflections for the oriented specimen (Wada, Unpublished) indicates
that the ¢-axis is perpendicular to the plane of the developing sheet as
seen in the well-developed tubular halloysites (Honjo e al, 1954). By
inference, the structure unit B can probably form a particular sheet
structure in this case, wherein its ¢- and c-axes are in the plane of the
developing sheet (Figs. 8 and 9) and the hydrogen bond through water
molecules plays an important role.

Bonding. Turning to the bonding features, the proposed structure satis-
fies those postulated by infrared spectroscopy. Evidently all the struc-
tural OH groups are exposed at surface, and their arrangements have a
feature common to the two end-members and the intermediates, but
quite different from those found in the layer silicates (Figs. 5 and 6). The
high proportion of the Si-O-Al linkage relative to the Si-O-Si linkage,
particularly in allophane with the Si/Al ratio 1/2, would result in the ob-
served shift of the Si-O stretching absorption toward the lower frequen-
cies (Fig. 3).

The presence of Al in 4-fold coordination in soil allophane has been in-
ferred from its mode of origin from feldspars and glasses and from the
development of its negative charge with the increasing pH (Fieldes and
Schofield, 1960; Timura, 1961). Actually, the coordination data for Alin
soil allophane are very scarce. Egawa (1964) concluded from his X-ray
fluorescence spectroscopy on a Kanuma allophane (<2u) with the Si/Al
ratio 1/0.85 that Al is present in both the two coordination states 4 and 6,
and that its proportion is nearly 1 to 1. He did not specify for his speci-
men, however, the state of hydration and presence or absence of primary
minerals such as glass and feldspar. The corresponding data on a syn-
thesized silicoalumina gel with the Si/Al ratio, 1/1.72, were obtained by
Léonard et al (1964). In this particular gel, the percent of Al in 4-fold
coordination was 564 6 and 954 10 at 100°C and 350°C, respectively. In
these analyses, however, the resolution in spectroscopy does not permit
differentiation of Al in 5-fold coordination from that in the mixed 4- and
6-fold coordinations. A development of surface acidity (pK=3.3) due
possibly to a change of Al coordination was also reported upon heating
various allophanic specimens from 100 to 420°C (Yamamoto, 1960). The
present structural scheme predicts the transformation of Al coordination
from 6 to 5 upon dehydration and further to 4 upon dehydroxylation
(Fig. 5).
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Morphology. Morphological relationships between “imogolite,” allophane
with the Si/Al ratio 1/1, and hydrated halloysite are schematically shown
in Figure 7. The thread-like feature of “imogolite’” appeared on the elec-
tron micrographs (Fig. 4; above) can well be expected from the organiza-
tion of the structure unit A, where a silica tetrahedral chain is bonded to
two alumina octahedral chains (Fig. 5) and chances to develop two or
three dimensional structures are very few. The observed diameter of the
thread 50 to 200 A suggests alignment of about 5 to 20 chain units along
the diameter.

. %

&
‘?Ql

o} 1000 A
Imogolite Allophane Hydrated halloysite
Si/At 171

F16. 9. A schematic representation of the morphological transition between “imogolite,”
allophane with the Si/Al ratio 1/1 and hydrated halloysite.

On the other hand, developments of three dimensional arrays readily
occur for the structure unit B (Fig. 9). Replacement of H at R by Si or Al
(Fig. 5) and subsequent chain development to other directions have al-
ready been suggested for allophane with a relatively high Si/Al ratio on
the basis of its cation composition. This picture accords well with the fre-
quent appearance of minute particles with irregular outlines on the elec-
tron micrographs (Fig. 4; below) and the lack of crystalline diffraction
effects. The two dimensional array of the structure unit B along its ¢-
and g-axes (Tig. 8) less likely occurs, but its occurrence has been inferred
from the structural transformation to hydrated halloysite. This arrange-
ment results in the formation of very thin sheets and films.

Ton-exchange and adsorption. Dependence of the cation- and anion-ex-
change capacities of soil allophane on the solution pH has been inter-
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F1c. 10. Relationships between the number of dissociable H* at pH 10.5 and Si per
18 oxygens for soil allophane and hydrated halloysite. Legends as in Fig. 1.

preted in terms of the development of negative and positive charges re-
sulting from the dissociation and uptake of H* through the edge OH
groups bonded to Si and Al (Wada and Ataka, 1958; Aomine and Jack-
son, 1959; Fieldes and Schofield, 1960; Iimura, 1961; Birrell, 1961a). The
published data suggest the following state of ionization:

pH State of tonization
<3 =Si-OH =Al=(OH,*%),
7 =Si-OH ‘=Al=(OH9),
=Si-0- =Al=(OHi.5)
10 [=si-on SAl=(OHus).
1=8i-0-
>12-13 =Si-0- I S Al=(OH5),
| =ALO-

The number of dissociable hydrogen upon treatment with 2 percent
Na;CO; (Jackson, 1956) per structure unit containing 18 oxygens is cal-
culated from the Na content of the specimens thus treated (Wada and
Aomine, 1962; Yoshinaga and Aomine, 1962a,b; Yoshinaga, 1966; Mi-
yauchi and Aomine, 1966) and plotted against the number of Si in the
same unit (Fig. 10). Its decrease with the Si/Al ratio is somewhat parallel
with the decreasing number of the Si-OI groups calculated for the A’, B
and intermediate compositions (Fig. 5). The measured cation-exchange
capacity values about 80 to 250 me per 100 g of clay correspond to about
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20 to 30 percent of ionization of all the Si-OH groups at pH 10.5 in the
respective specimens. The latter ionization figures may be compared with
the pK1=9.7 known for silicic acid (Iler, 1955).

The available data are not sufficient to fix the anion-exchange sites in
the present structural scheme. It is unlikely, however, that the anion-ex-
change capacity of soil allophane exceeds 100 me per 100 g of clay unless
its structure is disrupted. This suggests that the ionizable Al-OH groups
may locate only at the ends of each chain units as well as at the vacant
octahedral sites.

A very rapid and remarkable fixation of anions, particularly phosphate
and fluoride, has been noted for soil allophane (Wada, 1959; Egawa et al,
1960; Birrell, 19615). The reaction proceeds to a complete breakdown of
allophane structure and to the formation of the new insoluble phases that
contain Al as a main constituent. The high Al specific surface area of the
present structural scheme is quite consistent with these observations.

Finally, physical adsorption of salt molecules in allophane (Birrell and
Gradwell, 1956; Wada and Ataka, 1958) can be visualized as penetration
of salt molecules into the interstitial portions of the structural units
(Figs. 7 and 9) where an additional stability due to san der Waal’s inter-
action may be conferred to the salt molecules. A similar situation can
also exist to sorption of humic materials (Wada and Inoue, 1967).

GENETIC IMPLICATIONS

Linear polymers can be formed in polymerization of both silicic acid
(Iler, 1955) and aluminohydronium ion (Jackson, 1960) under suitable
environmental conditions. Formation of allophane with the Si/Al ratio
1/1 or higher probably occurs under these conditions from viscous liquids
or jellies containing Si and Al released from primary minerals. Then, it is
less difficult to assume a crystallization of “imogolite” or hydrated hal-
loysite from this allophane on the basis of a continuous transition in their
structure and morphology. The former process has been illustrated in the
weathering of the glassy volcanic ash (Aomine and Miyauchi, 1965), and
the latter, in the weathering of the glassy tuff (Sudo and Takahashi,
1956) as well as of the volcanic ash and pumice (Aomine and Wada,
1962). Also, “imogolite” can form directly from coprecipitation of Si and
Al, and its typical occurrence as a gel can be seen in weathered pumice
beds (Miyauchi and Aomine, 1966; see also, Kuwano and Matsui, 1957;
Kanno et al, 1960).

The direction of weathering to form “imogolite” or hydrated halloy-
site may primarily be determined by relative proportion of Si and Al
available in the system. However, the continuous structural relation-
ships suggest that major environmental conditions are not much differ-
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ent for their formation. Actually, all the reaction can proceed at pH 5 to
6 under well-drained conditions. The type of parent ash and pumice is
not critical except that the glassy material often favors formation of
“imogolite” (Yoshinaga and Aomine, 1962b; Miyauchi and Aomine,
1966). In addition, a local segregation of manganese and iron oxides as
concretions is known to occur concurrently with the formation of hy-
drated halloysite (Aomine and Wada, 1962).

On the other hand, an accumulation of gibbsite in weathered volcanic
ash likely occurs under distinctly acid conditions, namely pH 4 to 5, and
in the presence of layer crystalline silicates, preferably with 2:1 type
structure (Kanno, 1961; Wada and Aomine, 1966). These may reflect a
lack of continuous structural relationships between gibbsite and allo-
phane including “imogolite.”

Different mechanisms for formation of hydrated halloysite from allo-
phane have been suggested by several investigators (Tamura and Jack-
son, 1953; Fieldes, 1955; Aomine and Wada, 1962). These are different in
detail, but commonly assume the formation of a gibbsite-like sheet
structure in silica-alumina gel at first and subsequent addition and orien-
tation of silica tetrahedra. Also, the development of order in “imogolite”
has been interpreted in terms of that of a prototypic 2:1 layer structure
(Kanno et al, 1960). However, there is really no definite evidence that
either the gibbsite-like sheet or the prototypic 2:1 layer structure occurs
in soil allophane.
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