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Morphology and composition of allophane
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Faculty of Agriculture, Kyushu Uniuersity, Fukuoka, Japan

Abstract

Sixteen clay samples separated from different weathered volcanic ashes and pumices were
studied by electron microscopy, chemical analysis, infrared spectroscopy, and X-ray fluores-
cence spectroscopy. In electron micrographs, allophane appeared as fine, ring-shaped particles
with diameters 35-50 A which, in three dimensions, may be hol low spherules or polyhedrons.
These particles formed aggregates of various shapes and sizes, either by themselves or with
other constituents. The chemical analysis of the fine clays ((0.2 pm) showed that allophane
has a SiOz/ALOs ratio (mole) ranging at least from I to 2, while coexisting imogolite has a
SiOr/AlzOs rat io close to 1.0. Al lophane-l ike consti tuents dissolved by dithionite-citrate and
NarCOs treatments were not morphologically differentiated from the remaining allophane.
Electron micrographs of the coarse clays (0.2-2 prm) showed that allophane forms within
weathered glass shards. Of allophane samples, those separated from the pumice grains gave
each a relatively narrow Si-O absorption maximum with a frequency that showed a good
linear correlation with the SiO'/ALO, ratios. X-ray fluorescence spectroscopy indicated that
aluminum in al lophane is in both 4- and 6-fold coordinations, while nearly al l  aluminum in
volcanic glass and imogolite is in 4- and 6-fold coordinations, respectively. The content of
aluminum in 4-fold coordination in allophane increased with its SiOr/AlrOB ratio and
amounted to 50 percent of the total aluminum.

Implications of these observations to the structure and the charge characteristics of allo-
phane are briefly discussed.

Introduction

Grim (1968) stated in his book: "As would be
expected, allophane with little or no structural organ-
ization is found in particles without any definite and
regular shape. Electron micrographs generally show
fluffy aggregates with a rounded nodular appear-
ance." A number of investigators obtained electron
micrographs of allophane derived from weathered
volcanic ash and pumice, and suggested that allo-
phane consists of aggregates of very fine particles
(e.g. Birrell and Fieldes, 1952; Aomine and Yosh-
inaga, 1955; Egawa and Watanabe, 1964; Bates,
l97l). Birrell and Fieldes (1952) recognized particles
of 50 A diameter or less in an electron micrograph of
an allophane sample, separated from a volcanic ash
soil in New Zealand. Sudo (quoted by Bates, l97l)
found rounded grains or particles (0.1-0.3 pm) usu-
ally composed of fine allophane particles (about 0.05
prm diameter) in the Kanto volcanic ash soils.

Wada and Yoshinaga (1969) and Wada et al. (1972)

I Present address: Faculty of Agriculture, Ehime University,
Matsuyama, Japan.

noted the presence of ring-shaped particles in high-
resolution electron micrographs of samples contain-
ing aflophane. Kitagawa (1971) observed similar ob-
jects in the clays separated from five samples of
weathered pumices and suggested that allophane con-
sists of a hollow "unit particle" with a diameter of 55
A. These observations suggest that further studies
should consider the possibil i ty that allophane is a
clay mineral with a unique morphology, and hence,
with a unique structure.

The purpose of the present study was to obtain
information about morphology and composition of
structure units which may be present in allophane, as
compared with those of the structure unit of imogo-
lite. Clays separated from weathered volcanic ashes
and pumices of different lithologic compositions,
ages and origins were subjected to electron micros-
copy, chemical analysis, infrared spectroscopy and
X-ray fluorescence spectroscopy.

Materials and methods

Brief descriptions of samples from which clays
were separated are given in Table l. Among the sam-
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ples, those with the suffix P and G were respectively
pumice grains and gel films, separated from the same
pumice beds. All the samples were treated with HrO,
to remove organic matter and dispersed at pH 4
(HCl) or pH l0 (NaOH) by sonic wave treatment (20
kHz). Clays (<2 pm) were first collected by sedimen-
tation, followed by flocculation with NaCl. Aliquots
of these clay suspensions were washed with water
until the clays dispersed again, and the fine ((0.2 pm)
and coarse (0.2-2 pm) clays were collected by centri-
fugation. The clay suspensions were used for the
analysis either as such or after freeze-drying.

Electron microscopy

A rsM l00s electron microscope with decontamina-
tion devices was used at 100 kV. In order to obtain a
general view, a drop of the clay suspension was dried
on a collodion film reinforced with carbon and ob-
served at an electron optical magnification of 10,000.
Electron diffraction patterns were also obtained using
this specimen. For high-resolution electron micros-
copy, a drop of the clay suspension was dried on a

microgrid prepared by Fukami and Adachi's method
(1965) and observed at an electron optical magnifica-
tion of 50,000 or 100,000. Exposure for photograph-
ing was made at the lowest current and within the
shortest time possible.

Chemical analysis

The clay suspension containing 20 to 30 mg of the
fine clay was taken in a polyethylene centrifuge tube
for determination of the molar SiOr/AlrOs ratio. So-
dium chloride was then added, and the clay and
supernatant were separated by centrifugation. The
clay was treated with 50 ml of 0.15 M sodium oxa-
late-oxalic acid mixture (pH 3.5) at 90'C for 2 hours.
This treatment resulted in a complete dissolution of
all the examined clays. The Si and Al in the resulting
solution were determined using an ,{,{-610 atomic
absorption spectrophotometer in nitrous oxide-
acetylene flame. The recovery of Si and Al in the pres-
ence of oxalate, of Al in the presence of Si and uice
uersa was tested in a preliminary determination.

TABLE l. Descriptions of samples

Abbrev la t lon ;  and/or  S102/A12O3 ra t io  Loca l i t y ;  and hor izon  or  layer
laboratory nrnber of f ine clay

Mater ia l * ;  and
approximate age (y)

Reference**

Ohakune; W-f33.2

905

1041

A . P . ;  w - 1 6 4 . 2

K1-P
Kl-G

Ku-P
Ku-G

Tlrau;  W-130.2

Taupo; W-132,3

Ka-P

Ut.  Schank;

PA
PA-P

0 .  8 3

n  o l

1 . 0 3

L . L 2

1 .  19
0 .  9 6

r , 2 2
L . O 2

L . 2 6

I . 2 9

1 .  3 0

A (And);  5000 1

A (And);  4000-5000 2 ,  3 ,  4

A  (And ) ;  <5000  2 ,  3 ,  5

A n d i e s  P r a l r l e ,  O r e g o n ,  U . S . A . ;  C 2  A  ( D a c ) ;  5 5 0 0  6

Kitakani, Iwate, Japan; m 7

R OKurayosh i ,  To t to r i ,  Japan;  lV  P ;  32000

Rangitaua, New Zealand; B

Uemura, Kumamoto, Japan; BC

Choyo, Kummoto, Japan; BC

Tirau, New Zealandl B

lJharepaina, New Zealand; B

Hangandal, Tochigi, Japan; rJII

Mt .  Schank,  South  Aus t ra l ia ;  B

Choyo, Kummoto, Japan; XVI

Choyo, Kummoto, Japan; XW

Crescent  Lake S i te ,  o regon,
U . S . A . ;  C 2

P (Dac)

A (Rhy-And);  <13000-14000 1

P  (Rhy ) ;  1700  I

P (And)

A (Bas ) ;  <5000 -6000  5 ,  1 l

P  (And ) ;  >9000  12

A  (And ) ;  >9000  4 ,  12

P  (Dac ) ;  5600  6

$ r -139 .3  1 .31

VA

Wzamai W-159, 3

L . 5 4
r . 7  5

L . 9  I

*  A ;  weathered vo lcan lc  ash ,  G;  ge l  f i l ns ,  P1 weathered pumice ,  (And) ;  andes i t i c ,  (Bas) ;  basa l t i c ,  (Dac) ;  dac i t i c '
(Rhy) ;  rhyo l i t i c .

* *  1 ;  G lbbs  (1968) ,  2 ;  Aon ine  and Yosh inaga ( f955) ,  3 ;  Yosh inaga and Aomine (L962a,  b ) ,  4 ;  Wada and Tokash ik i  (1972) '

5 ;  Wada and Green land (1970) ,  6 ;  Dudas ( f973) ,  7 ;  t lada  and Matsubara  (1968) ,  8 ;  Yosh inaga and Yamaguch i  ( f970) ,

9 ;  Tazak l  (1971) ,  10 ;  Aon ine  and Mizo ta  (1973) ,  11 ;  Hambl in  and Green land (1912) ,  12 ;  Aomine and Wada (1962) .
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Infrared spectroscopy

A disc was prepared by mixing 2 mg of the freeze-
dried fine clay with 600 mg of KBr and by pressing
this mixture at 500 kg/cm" for 15 min. The infrared
spectrum was obtained from the KBr disc using an
IR-S spectrophotometer with double NaCl prisms.

X -ray fluorescence spect roscopy

A flat layer of the freeze-dried clay (100-200 mg)
was placed on the plate of a sample holder and cov-
ered with a Mylar f i lm fixed to the plate with a metal
ring. The position of AlKa in 20 units was deter-
mined using a Geigerflex KG-3 X-ray fluorescence
spectrometer. The sample was placed in an evacuated
chamber and irradiated with X-rays from a tungsten
tube target operated at 50 kV and 45 mA. An sonr
crystal was used as an analyzing crystal. The same
determination was carried out with kaolinite, gibb-
site, orthoclase, anorthite and their mixtures as refer-
ence materials.

Results and discussion

Electron microscopy

Figure I shows the electron micrographs of the
four fine clays obtained at a low magnification. These
micrographs show the range in morphological varia-
tion of the clay samples, which are composed of f ine,
rounded particles and threads. The relative content of
the rounded particles and threads markedly varies
from one sample to another with the proportion of
the rounded particles decreasing in the following or-
der: Mazama, PA-P > PA, VA, Ka-P, Ki-P >
Taupo,  A.  P. ,  Ohakune )  T i rau )  Mt .  Schank,  l04 l
> 905 > Ki-G, Ku-G.

Figure 2a is a high resolution electron micrograph
of the 905 fine clay which is a mixture of the threads
and the rounded particles in nearly equal amounts
(Fig. lb). These two micrographs show that the
threads are composed of bundles of parallel f iber
pairs with a separation of about 20 A. This feature
was observed with imogolite and interpreted as an

FIc. I . Low-magnification electron micrographs of fi ne clays differing in the relative conten ts of imogolite and allophane Scale marker:
I  pm. a.  Ki-G. b.  905.  c.  VA. d.  Mazama
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Frc.  2.  High-magni f icat ion electron micrographs of  imogot i te andlor  a l lophane in f ine c lays.  Scale marker:  500 A.  a.905.  b.  Ka-P.

c .  VA .  d .  Mazama .

indication that it consists of bundles oftubes, each 20
A in diameter (Wada et al., 1970). Of the examined
fine clays, the Ku-G, Ki-G and 905 clays gave a
ser ies of  wel l -def ined d i f f ract ion r ings at  1.4,2.1,2.3,
3 .3 ,3 .1  , 4 .1 ,  and  5 .7  A ,  wh i ch  p rov ided  ev idence  fo r
imogolite in them. The small amounts of imogolite in

the 1041 and Mt. Schank clays were also indicated by
electron diffraction. On the other hand, the tube was
found in all the clays and was very useful for detec-
tion of imogolite even when present in very small
amounts as shown in Figures 2b and 2d. Actually, the
presence of imogolite has not been reported for some
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of these clays. No fibrous particle other than imogo-
lite was found at the higher magnifications. All the
threads found at the low magnification were therefore
identif ied as imogolite.

The fine clays in which the rounded particles pre-
dominated gave broad diffraction rings at 1.45,2.25,
and 3.35 A, which are typical of allophane. These
diffraction rings were broad as compared with those
from imogolite, but not as broad as those from car-
bon evaporated on the collodion fi lm, implying that
the coherent scattering unit is larger in allophane
than in the evaporated carbon. Figures 2a-2d show
the finer structure of the allophane particles; there are
many ring-shaped particles with diameters of 35-50
A. ttrey are often deformed and aggregated, and in
three dimensions may be hollow spherules or poly-
hedrons. Close inspection shows even finer structure
within the wall of the ring-shaped particles. However,
the electron optical magnification of 100,000 or
50,000 does not ensure that this imaged structure
exceeds noise in the electron beam,/recording system,
and therefore, it can not be considered the true struc-
ture (Alderson, 1974). Similar ring-shaped particles
were observed in all the clays examined, irrespective
of the l ithologic composition, ages, and origins of
volcanic ashes and pumices from which they were
separated. It would be reasonable to consider that
these fine particles represent structure units of allo-
phane.

The question of whether the fine allophane par-
ticles are rings or spherules has not been resolved.
Application of replica and shadowing techniques has
not been rewarded, partly because of insufficient res-
olution of either replica or shadowed micrographs,
and partly because of failure in obtaining good dis-
persion of the particles. The obtainable higher resolu-
tion of replica micrographg ranges from 20 to 50 A
(Goodhew, 1972), which is about the same in size or
larger than the relief of interest. Final conclusion
must, therefore, await further improvement of the
techniques for specimen preparation and indepen-
dent checks by other techniques. However, the absence
of the isolated, imaged particles which may represent
a side view of the ring-shaped particles suggests the
possibil i ty that they are hollow spherules or poly-
hedrons.

Such fine "spherules" and tubes described above
and the overlapping of them may explain most, but
not all, of the images appearing in Figures 2a-2d.The
slight differences in their appearance and size from
one micrograph to another is largely due to the differ-
ences in focus setting, resolution, and exposure to

the electron beam. The micrographs provide evidence
that the specimen damage and contamination due to
the electron beam is minimum at least for imogolite,
but this does not prove the same for allophane. The
question of whether allophane is composed of only
the fine "spherules" has therefore not been resolved.
On the other hand, no sample contained gel material,
as observed by Jones and Uehara (1973) in soils
derived from volcanic ash in Hawaii. This material
appeared to be "amorphous" even in high resolution
electron micrographs.

Kitagawa (1971) obtained electron micrographs of
allophane similar to those shown in Figures 2b,2c,
and 2d. An agreement between the diameter of the
spherules measured by electron microscopy and that
calculated from the measured surface area (600 m2 / g)
and specific gravity (l.9) was considered as a support
for the 55 A "unit particle" in allophane. No contri-
bution of the internal surface of the hollow sphere to
the measured surface area was allowed for. The mea-
sured surface areas ofallophane have also been known
to vary considerably according to the methods of
measurement and sample preparation (e.9. Aomine
and Otsuka,  1968;  Egashira and Aomine,  1974).

No significant amounts of opaline sil ica with char-
acteristic disc and ell ipsoid shapes (Shoji and Masui,
1969) and unweathered volcanic glass shards were
found in the fine clays. Very rarely, halloysite spher-
ules with diameters 400-1600 A were found in the
VA, 1041, and PA fine clays. As shown in Figure 3,
these spherules were characterized by a concentric
structure with a circumferential latt ice image of 7 A
spacing. The coexistence of imogolite, allophane, and
halloysite may illustrate a heterogeneous weathering

Ftc. 3. High-magnification electron
allophane, and imogolite in the l04l
1000 A.

micrographs of halloysite,
fine clay. Scale marker:
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Ftc. 4. Electron micrograph of weathered volcanic glass in the
PA coarse clay a. Low magnification. Scale marker: I pm. b. High
magnification. Scale marker: 500 A.

environment, even in one deposit of volcanic ash or
pumlce.

Volcanic glass shards, diatoms, opaline sil ica, and
unidentified mineral fragments were found in the
coarse clays. As shown in Figure 4a, some of the glass
shards are thick, but some are thin enough to be
translucent to the electron beam. The latter show a
fine granular structure; and the imogolite threads are
found outside, but not inside, these weathered glass
shards, unless they are broken down into fragments.
Viewed at higher magnifications, this fine granular
structure is seen to be composed of dense packing of
"spherules," similar to the allophane "spherules" ob-
served in the fine clays (Fig. 4b). These observations
suggest that allophane forms first by hydrolysis of
volcanic glass, followed by in situ precipitation from
the resulting hydrolysate. Imogolite may be formed
either by alteration of allophane or by precipitation
from the hydrolysate outside the glass shard. A sim-
ilar but megascopic differential formatidn of allo-

phane and imogolite inside and outside the pumice
grains was seen in the large differences in their con-
tents between the Ki-P and Ki-G clays or the Ku-P
and Ku-G clays.

Chemical analysis

As shown in Table l, the SiOz/AlrO' ratios of the
fine clays range from 0.83 to 1.97.ln Figure 5, the
SiOr/Alros ratios are plotted against the relative con-
tent of allophane, estimated from the electron micro-
graphs of the specimens deposited on the carbon-
coated collodion fi lm. Two inferences may be drawn
from this plot: the first, the higher the imogolite
content, the lower the SiOr/AlzOs ratio of the fine
clay; the second, imogolite has a SiOr/AlrO, ratio
close to 1.0, while allophane has a SiOr/AlrO3 ratio
ranging at least from I to 2. Within the l imit of
resolution attained in the electron microscopy, there
was no apparent morphological difference between
the allophane "spherules" in the samples with differ-
ent SiOr/AlrOs ratios, as i l lustrated in Figures
2a-2d.

Wada and Yoshinaga (1969) showed that the
SiOr/AlrOs ratios of the fine clays ((0.2 pm) in
which allophane predominated were in a range from
1.3 to 2.0, while those of the fine clays in which
imogolite predominated were in a fairly narrow range
from 1.05 to 1.15. Chemical analysis data for clays
fractionated at 2 p.m were also provided; Iimura
(1969) gave SiOz/Al,O' ratios 0.89-1.43 for f ive allo-
phanic clays. Kitagawa (1974) gave SiO,/Al,O' ratios
1.40 and 1.46 for two allophanic clays in which he did

S i 0 Z / A l Z 0 3  r a t i o
I

0-  
0  0 . 2  0 . 4  0 . 6  0 . 8  I . 0

A l  I  o p h a n e / A l  I  o p h a n e + I m o g o l  i  t e

Ftc. 5. The relationship between the SiOz/ALOr ratio and the
relative contents of allophane and imogolite of fine clays.

2 . 0
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not recognize imogolite and other impurit ies by elec-
tron microscopy. The higher SiOr/AlrOs ratios for
imogolite, 1.5 (Russell et al., 1969) and L29-1.32
(Tazaki,l97l), and the lower SiOr/AlrOB ratios close
to 1.0 for allophane (e.g. Russell et al., 1969; Lai and
Swindale, 1969) were also reported.

It was shown that dithionite-citrate (Mehra and
Jackson, 1960) and NarCOs (Wada and Greenland,
1970) treatments resulted in dissolution of allophane-
like constituents from clays in which allophane
and/or imogolite predominated. These constituents
were characterized by relatively low SiOr/AlrO, ra-
tios, mostly 0.4-1.4 (Tokashiki and Wada, 1972) and
by a similarity of infrared spectra to allophane (Wada
and Greenland, 1970). However, the question of
whether these allophane-like constituents are present
as discrete particles or surface phases was not re-
solved. The VA and Ki-G fine clays before and after
the dithionite-citrate and Na2COa treatments were
therefore observed by electron microscopy. By these
treatments, the spherules decreased considerably as
compared with the tubes, but no particular mor-
phological change was found in the remaining sphe-
rules and tubes. This observation suggests that both
allophane and allophane-like constituents are com-
posed of morphologically similar particles.

Infrared spectroscopy

The infrared spectra in the Si-O stretching region
of some fine clays differing in the allophane content
are shown in Figure 6. Figure 7a shows the frequen-
cies of the main absorption maximum in this region
plotted against the SiOr/AlzO, ratio for all the fine
clays. Only the Ku-G, Ki-G, and 905 clays show a
flat absorption maximum extending from 945 to 990
cm-', which has been considered to be typical of
imogolite (Russell et al., 1969 Wada et al., 1972).
This feature has been attributed to the presence of
isolated orthosil icate groups with their sil icon to
apical oxygen bonds perpendicular to the fiber axis
(Cradwick et al., 1972).

Of the samples in which allophane predominated,
those separated from the pumice grains, marked with
small circles in Figure 7a, give a relatively narrow
maximum, and the frequency of the absorption max-
imum shows a good linear correlation with the
SiOr/AlrOs ratio. A similar composition-spectrum
relationship was noted by Kanno et al. (1968), Lai
and Swindale (1969) and Tokashiki (19'14). The pres-
ent observation may have importance in suggesting:
first, the broad Si-O absorption maximum signifies a
multiplicity in the chemical composition of the allo-

l ' l azama

V A

T  i r a u

K i  -  P

I  0 4 1

9 0 5

K i  - G

t 4  1 2  1 0  8 _  6

F r e q u e n c y  ( x l 0 0  c m - ' )

FIc. 6. lnfrared spectra of fine clays differing in the relative
contents of al lophane and imogoli te.

phane "spherules" in one sample; and second, the
latter mult ipl ici ty is associated with that of micro-
environment of their formation. The interior of pum-

ice grains or glass shards would provicie a relat ively
uniform environment for the formation of the al lo-
phane "spherules."

Figure 7b shows that the ratio of the absorbance at
1100 cm-' to that at 940 cm-' increases with the
increasing SiOr/Alro3 ratio of the fine clays, irrespec-
tive of the predominance of allophane or imogolite.
This absorbance ratio may be used for estimating the
gross SiOr/AlrO, ratio of such clays.

X -ray fiuorescence spect roscopy

Figure 8 shows 2d positions of AlKc from clay
samples which are different in particle size, previous
treatments, and allophane and imogolite contents.
The 20 values for the untreated fine clays range from
those for kaolinite and gibbsite to those for anorthite
and orthoclase, and increase with increasing allo-
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{ -  
F r e q u e n c y  ( c m - l  )

1 -  
A b s o r b a n c e  r a t i o ;  I  l 0 0 c m - I / 9 4 0 c m - l

o

1 . 0  1 . 5
S i 0 2 / A 1 2 0 3  r a t i o

( a )

phane content in the sequence Ki-G, Ku-G < 905,
l04l < Ki-P, Ku-P < PA, VA. The Ki-G and Ku-G
clays subjected to the dithionite-citrate and NarCO3
treatments, nearly pure imogolite samples, gave low
2d values comparable to those of kaolinite and gibbs-
ite. These observations indicate that nearly all alumi-
num in imogolite is in 6-fold coordination, while
aluminum in allophane is probably in both 6- and
4-fold coordinations.

Since there was a linear relationship between the 2d
positions of AlKa and the AI(IV) content of kaolin-
ite, anorthite, and their mixtures, the A(IV) content
of the samples could be estimated from Figure 8.
There is a trend for allophane in that the higher the
SiOr/AlrOs ratio the greater the AI(IV) content. The
AI(IV) content is as high as 50 percent of the total
aluminum in allophane with a SiOr/AlrOa ratio close
to 2. The dithionite-citrate and NarCOs treatments
result in a slight decrease in the20 values for the clays
containing allophane, imogolite, and allophane-like
constituents. This may suggest that allophane-like
cons t i tuents ,  even those w i th  re la t i ve ly  low
SiOr/Alros ratios, contain small but significant
amounts of aluminum in 4-fold coordination. Sample
905 is an exception, the reason being not accounted
for.

The 20 values of AlKa for the coarse clays are
higher than those for the fine clays from the same
samples (Fig. 8). Electron microscopy indicated that

o
OO

o

t.tt'
oo

0 . 5  1  . 0  1  . 5  2 . 0
S i 0 2 / A l r 0 ,  r a t i o

( b )

the coarse clays contain substantial amounts of vol-
canic glass, both weathered and unweathered (Fig.
4). Nearly all aluminum in unweathered volcanic
glass may be in 4-fold coordination, as shown by the
high 20 value for the fine sand separated from sample
905, which primarily consists of unweathered vol-
canic glass.

Several investigators studied Al coordination
status in allophanic clays, though they did not give
data on the contents of imogolite , volcanic glass, and
other impurities in their samples. Egawa (1964) and
Udagawa et al. (1969) separated allophanic clays
from the Kanuma pumice bed. Their samples differed
in SiOz/AlzOs ratios, 2.37 and 1.67, but were alike in
the coordination status, about 50-60 percent of
aluminum being estimated to be in 4-fold coordina-
tion at room temperature and at ca 200oC. Okada et
al. (1975) analyzed an allophanic clay from the same
pumice bed and obtained the SiOr/AlrOs ratio of 1.38
and the Al coordination number of 6.00. They also
found the Al coordination number being 5.4 and 5.5
for two allophanic clays with the SiOz/ALOg ratios of
1.60 and 1.64, respectively. In this determination,
soda glass was used as a reference material in which
all aluminum is in 4-fold coordination.

Conclusions and implications

High-resolution electron microscopy showed that
allophane in the samples studied consists of morpho-

i l |
l r  I

, i l i l
iil
l l  I

t l
I

o

o

Ftc. 7. (a) The relationship between the frequency of the Si-O absorption maximum and the
SiOr/Al,Os ratio of fine clays. Broken lines; Ki-G, Ku-G and 905. Encircled; Ki-P, Ku-P, Ka-P and
PA-P. (b) The relationship between the ratio ofabsorbance at ll00 cm-r to that at 940 cm-r and the
SiO,/AlrOs ratio of fine clays.
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logically similar particles. This suggests that certain
allophanes must have definite structural arrange-
men ts  and  the re fo re  can  no t  be  cons ide red
"amorphous." According to the l iterature, the size
and shape of allophane particles are indefinite and
variable. It is now apparent that this is true for aggre-
gates which allophane particles form with themselves
and with other soil constituents, but not for allo-
phane particles themselves. These particles appear as
rings in the electron micrograph, and three-
dimensionally may be hollow spherules or poly-
hedrons, with outside diameter of 35-50 A and
wall thickness of l0 A or less. Allophane and allo-
phane-like constituents are differentiated by their dis-
solution characteristics, but not by their morphology.
They vary in chemical composition; their SiOr/AlrO,
ratio ranges at least from 0.4 to 2.0. X-ray fluores-
cence spectroscopy indicated that nearly all alumi-
num in volcanic glass and imogolite is in 4- and 6-fold
coordinations respectively, while aluminum in allo-
phane is both in 4- and 6-fold coordinations. High-
resolution electron micrographs indicated formation
of the allophane "spherules" in weathered glass
shards. Allophane probably inherits aluminum in 4-
fold coordination from volcanic slass.

K u - P  <  0 . 2
( 1  . 2 2 )

P A  < 2

<  0 . 2
(  I  . 5 4  )
0 . 2 - 2

v A  < 2

<  0 . 2
( 1 . 7 7 )

0 . 2 - 2

905  20 -200

1 4 2 . 6 5  . 7 0  . 7 5 0
A l  K o  ( 2 0 )

K a o l i n i t e
G i b b s i t e

The resolution of the electron micrographs does
not permit one to obtain direct information about the
internal structure of the allophane spherules. The
instability of the material to the electron beam ham-
pers observation at higher electron optical magnifica-
tions. The chemical analyses also do not give the
content of hydroxyl groups, which have a vital im-
portance in elucidating the atomic arrangement in
allophane. Nevertheless, the data obtained have some
implications on the structure and charge character-
istics of allophane.

That allophane has a sheet structure related to
kaolinite has been proposed on several grounds by
Udagawa et al. (1969), Brindley and Fancher (1969)
and Okada et al. (1975). Although these investigators
did not discuss the structural and morphological rela-
tionships, it does not seem difficult to reconcile their
proposal with the observed morphology of allo-
phane. The assumption that allophane is built from
three sheets like kaolinite, i.e. oxygen, oxygen-
hydroxyl, and hydroxyl sheets, is at least consistent
with the estimated wall thickness of the "spherules."
The curvature may arise from the internal strains due
to either geometrical misfits between the respective
sheets or some unbalanced growth of them. There

0 r t h o c l a s e
A n o r t h  i  t e

FIc. 8. The 2d position of AlKa and the relative content of AI(IV) for samples differing in particle size
and mineral composition. All (2 pm but no other samples were subjected to dithionite-citrate and
NarCOr treatments. Horizontal bars and rectangles show the range of the 29 positions of AlKa for the
samples and the reference minerals, respectively.
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should be some differences between kaolinite and
allophane in the packing of oxygen atoms and
hydroxyl groups on these sheets. This is illustrated by
the difference in the ease and completeness with
which deuterium exchange takes place with the hy-
droxyl groups in these minerals, even after the inter-
layer space of kaolinite has been opened up by some
intercalation treatments (Ledoux and White, 1964;
Wada, 1966:, 1967; Russell et al., 1969). The wall of
the allophane spherules may have many openings
which admit free entry of water molecules.

Table 2 shows the result of allocation of the analy-
ses to the Si and AI(IV) atoms in the tetrahedral
spaces between the oxygen and oxygen-hydroxyl
sheets and to the AI(VI) atoms in the octahedral
spaces between the oxygen-hydroxyl sheets described
above. In this allocation, either the sum of the Si and
AI(IV) atoms or that of the A(VI) atoms is arbi-
trari ly f ixed at 4.0. The result shows that a high
proportion of the AI(IV) atoms in the tetrahedral
spaces would be a key structural feature of allophane,
irrespective of its SiOr/AlrO, ratio and the presence
or absence of vacant sites. Of the investigators men-
tioned above, Okada et al. (1975) made a similar
allocation of aluminum to the tetrahedral and oc-
tahedral spaces in propounding their structure mod-
els, but did not consider balancing the excess negative
charge which would arise from the presence of the
AI(IV) atom in the oxygen tetrahedron. In layer sil i-
cates such as montmoril lonite and vermiculite, this
excess of negative charge is balanced by retention of
exchangeable cations. The development of this sur-
face charge is independent of the pH of an ambient
solution. On the other hand, the development of
negative surface charge on allophane is known to be

Tlst-r 2. The number of Si and Al atoms allocated to the kaolin
layer structure and the calculated value of the potential CEC of

imogolite and allophane

Sanple Tetrahedral
space6

s i  A 1

very pH-dependent (Wada and Ataka, 1958; Iimura'
1966; Harada and Wada, 1973). The available data
indicate that the cation-exchange capacity (CEC)
value of allophane would not exceed 50 me per 100 g
clay when the sample is subjected to such washing
with water or an aqueous salt solution at about pH 5
or less, as has been used for the preparation of the
fine clay in the present study. As shown in Table 2,
this value is far smaller than the potential CEC values
of the fine clays calculated from their AI(IV) content
(Table 2).

Cloos el al. (1969) found that the CEC values of
synthetic silico-aluminas at pH 7 were lower than the
potential CEC values computed from their A(IV)
content. They interpreted this discrepancy as an in-
dication that the negative charge of the central core
of the silicoaluminas might partly be balanced by a
complex form of hydroxy-aluminum cations. The
central core was considered to be made from a tet-
rahedral network in which silicon was partly sub-
stituted by aluminum producing the net negative
charge. As shown in Table 2, however, the relative
contents of Si, AI(IV) and AI(VI) in allophane sug-
gest that the formation of polymeric hydroxy-alumi-
num cations may be limited by the AI(VI) content,
particularly in allophane with a lower Al content.
The negative charge due to the AI(IV) atoms in allo-
phane is therefore considered to be internally bal-
anced, most simply by the adsorption of protons
within the structure. In the three sheet structure des-
cribed above, the apical oxygen of a tetrahedron con-
taining an AI(IV) atom may be substituted by a hy-
droxyl group, or may coordinate to an AI(VI) atom
in the nearest octahedral space. The proton may be
adsorbed by such apical hydroxyl group or oxygen.
The easy access of these groups to protons in an
aqueous solution has been substantiated by t\e ease
and completeness with which deuterium exchange
takes place with all the hydroxyl groups present in
allophane (Wada, 1966; Russell et a|.,1969). Disso-
ciation of a proton from such sites would be re-
strained by interaction with the negative charge, but
would increase with increasing pH.
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