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Abstract-Allophane samples from soils, pumice, and stream beds have been studied by electron optical, 
infrared absorption, X-ray fluorescence, gas chromatography, and .,phosphate adsorption methods. The 
allophane particles were hollow spherules or polyhedra 35 and 50 A in diameter with molar AUSi ratios 
close to 2.0. The thickness of the wall of the spherules was estimated to be 7 A. For the pumice allophanes, 
the wall was largely composed ofimogolite structural units (OHhAI20sSiOH. Defects or pores were present 
in the wall and probably were the sites where phosphate was adsorbed. It is suggested that these allophanes 
with molar AUSi ratios close to 2.0 should be called "proto-imogolite" allophane . 

Two soil allophanes had a similar structure to the allophane from Stratford pumice, but small amounts 
of layer silicates, including halloysite, were also present in the soil samples, as indicated by infrared bands 
at 470, 1030, and 1100 cm- I . The allophane from the stream bed at Silica Springs had an infrared spectrum 
similar to feldspathoids , and it did not have the imogolite structure. 
Key Words--Allophane, Crystal structure, Imogolite, Infrared spectroscopy, Phosphate adsorption, Vol
canic ash. 

INTRODUCTION 

The name allophane has been used to describe a se
ries of naturally occurring hydrous alumino silicate 
clays characterized by short range order and by the 
predominance of Si-O-AI bonds (Wada, 1977). Recent 
high resolution electron micrographs of allophane sam
ples separated from weathered volcanic ash and pumice 
showed that allophane was composed of hollow spher
ically shaped particles with diameters of 35-50 A (Hem
ni and Wada, 1976; Wada and Wada, 1977). 

Imogolite is also present in many volcanic ash soils 
and although it is a paracrystalJine tubular mineral it has 
many properties in common with allophane including 
its infrared spectrum, thermogravimetric curve, X-ray 
powder diffraction lines at 2.25 and 3.3 A, ready ex
change ofOH groups with DzO, and a hollow structure 
(Wada, 1977). The atomic structure ofimogolite (Crad
wick et al., 1972) and gives an ideal composition of 
(OH)3Alz03SiOH. Imogolite is used here as a model in 
the determination of the structure of some New Zea
land allophanes. 

MATERIALS AND METHODS 

The samples were collected from the locations de
scribed in Table 1 and were stored in a moist condition 
in sealed plastic bags. The < 2-f.Lm fraction was extract
ed from the washed pumice samples %1 and %3, and 
sample 1013 by gently crushing, dispersing with an ul
trasonic probe for I min at the pH given in Table 1 to 
obtain an adequate yield, and then centrifuging. The 
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<0.2-JLm fraction was collected from samples 939 and 
987 using the same dispersion treatment followed by 
centrifugation. The samples were saturated with Na 
using 0.1 M NaC!, the salts removed by dialysis against 
distilled water, and the samples stored as dilute sus
pensions. Imogolite (sample Ky G) was separated from 
gel which filled the interstices of the pumice beds at 
Kurayoshi , Japan. It was dispersed at pH 3.5, and the 
<2-JLm fraction was collected by sedimentation and 
then saturated with Na. Synthetic gibbsite was pre
pared by the method described by Parfitt et at. (1977). 

Chemical analysis 

Suspensions containing about 20 mg of sample were 
shaken in the dark with 25 ml of 0.15 M sodium oxalate 
(pH 3.5) at 20°C for 2 hr. The treatment dissolved al
lophane (Fey and Le Roux, 1977; Higashi and Ikeda, 
1974), but left a trace of residue which was probably 
mainly glass. The suspensions (50 mg in 20 m!) were 
also treated with dithionite (0.2 g), sodium citrate (0.6 
g), and sodium bicarbonate (2 mI, 1 M) at 90°C for 15 
min. Al and Fe in the extracts were determined by high 
temperature emission spectroscopy and Si by atomic 
adsorption (AA) using a Techtron AA5 spectrophotom
eter. 

Infrared spectroscopy (IR) 

KBr disks, 13 mm in diameter, were prepared using 
1.0 mg of air-dried sample and 200 mg of KBr. Evac
uation and D20 treatment (four times) was ca~ed out 
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Figure I. Electron micrographs of (a) pumice allophane (961): (b) pumice allophane (963): (e) soil aJlophane and halloysite 
(H) (939): (d) soil allophane and halloysite (987). 
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Table 1. Origin of allophane samples and extraction pH. 

Sample Location Depth Age BP Tephra Extraction 
no. (New Zealand) Grid ref. Parent material (em) (yr) composition pH 

939 Mairoa soil N82497741 Mixed ash 69-94 ~30,OOO Mixed 6 
961 Mt Egmont N119782596 Stratford pumice 140-150 ~6000 Andesitic 10 
963 Mt Egmont N119782596 Stratford pumice 170-180 ~6000 Andesitic 4 
987 Taupo soil N85803739 Taupo Ash 25-30 2000 Rhyolitic 10 

1013 Mt Ruapehu' N112029729 Stream deposit 6 

1 Silica Springs deposit 190 m from source (Wells et al., 1977). 

on samples evaporated onto AgCl sheet. IR spectra 
were recorded between 200 and 4000 cm-1 on a Pye 
Unican SP200 spectrometer. 

Phosphate adsorption 

Phosphate adsorption was determined by equilibrat
ing portions of the suspensions containing 10-25 mg 
sample with the required amount of Ca(H2PO.J2 made 
up to 20 cm3 with CaCl2 solution and water so that the 
solution was 0.01 M with respect to CaCI2. The tubes 
were shaken for 16 hr, centrifuged, and the P in the su
pernatant liquid determined colorimetrically. The final 
pH was close to 5.8 for all samples. 

Other techniques 

X-ray fluorescence (XRF) was used to estimate the 
proportions of Al in tetrahedral and octahedral sites 
(Hemni and Wada, 1976). A PET crystal was used to 
analyze the AIKa line in a Siemens sequential XRF in
strument. Synthetic gibbsite and zeolite 13X (obtained 
from British Drug Houses) were used as standards and 
the radiation was measured at 0.005°28 intervals. A run 
contained two samples and the two standards; each run 
was repeated ten times. 

The procedures for electron microscopy and gas 
chromatography of the trimethylsilyl ethers of silicates 
has been described previously (Henmi and Wada, 1976; 
Gotz and Masson, 1970, 1971). Electron paramagnetic 
resonance (EPR) spectra were run at 298°K on a X-band 
Varian V4502 spectrometer using a frequency of 9.5 
GHz and 30 mg of powdered sample. 

The measurement of OH released from the sample 
by the reaction with NaF (0.85 M, pH 6.8,25 min, 25°C) 
followed the procedure of Perrott et al. (1976). The 
measurement of acidity using Hammett indicators has 
been described by Henmi and Wada (1974). Differential 
thermal analysis (DT A) results were obtained using a 
Du Pont 900 differential thermal analyzer. 

RESULTS 

Electron microscopy and differential 
thermal analysis 

The electron micrographs of samples 961 and 963 
(Figure la, b) show that aggregates of small distorted 

spheres or spherules are present, similar to those de
scribed by Henmi and Wada (1976). Where the small 
spherules are in focus, they appear to be hollow, with 
an external diameter of 35-50 A, which is consistent 
with the descriptions of Japanese allophanes1

• Wall 
thicknesses of the spherules are similar to those of the 
wall of imogolite tubes «10 A). 

Samples 961 and 963 also contain some glass and im
ogolite which were estimated to be <5% of the sample. 
A few short tubes were observed, which were 50-100 
A in length, having the diameter of imogolite tubes. 
Electron diffraction examination of sample 963 re
vealed broad lines at 1.1, 1.4, 2.2, and 3.3 A with the 
intensity increasing from very weak for the 1. I-A line 
to strong for the 3.3-A line. 

Sample 939 (Figure 1c) is similar to samples 961 and 
963 except that some halloysite-like material, similar to 
that described by Saigusa et at. (1978) in their Figure 
6-1, is also observed. Sample 987 (Figure Id) is also 
similar to samples 961 and 963 except for tubes ap
proximately 800 A in length and up to 200 A in diameter 
which are probably one of the other morphological 
forms of halloysite found in volcanic ash soils (Saigusa 
et al., 1978). The Silica Springs sample (1013) also has 
the characteristic ring shaped cross-section morphol
ogy of allophane as has been reported previously by 
Wells et al. (1977). 

The DTA curves for samples 939, 961, 963, and 987 
show strong endotherms near 100°C and exotherms 
near 900°C, characteristic of allophane, and weak in
flections near 400°C, possibly due to imogolite. Sam
ples 939 and 987 had additional very weak endotherms 
near 500°C, assignable to halloysite. 

Infrared spectroscopy 

The IR spectrum of sample 963 (Figure 2a) shows 
most of the usual features for allophane except that the 
band near 975 cm-1 is sharper than has been reported 
previously (Wada, 1977). 

1 In this paper "allophane" refers to these spherules after 
Wada and Wada (1977), "imogolite" refers to the tubular min
eral (Wada, 1977), and "imogolite structures" refers to the 
imogolite structural units (OH),AI20 3SiOH on the atomic 
scale (Cradwick et al., 1972). 

https://doi.org/10.1346/CCMN.1980.0280407 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1980.0280407


288 Parfitt and Hemni Clays and Clay Minerals 

3800 

I 
3530 

3400 3000 

(' 

2600 2200 1800 1600 1400 1200 1000 600 600 400 

Fnoquency (cm-1) 

Figure 2. Infrared spectrum of allophane 963 (a) in air; (b) evacuated 10 min; (c) treated with D20 and evacuated 10 min. 

1200-4000-cm-1 region. When sample %3 was evac
uated (Figure 2b), the 164O-cm-1 water band was largely 
removed, leaving bands near 1600 cm- I and 1460 cm- I

, 

due to organic impurities, and the OH-stretching ad
sorption at 3530 cm- I . Comparison of the spectra (Fig
ure 2a, b) in this region shows that most of the water 
can be removed by evacuation suggesting that it is not 
held strongly by allophane. Treatment with D20 and 
evacuation removed the remaining water band at 1650 
cm- I (Figure 2c). 

The band at 3530 cm- I due to structural OH groups 
was largely removed by DzO treatment, and an OD 
band appeared at 2600 cm- I with shoulders at 2650, 
2700, and 2730 cm- I . Thus, the large majority of struc
tural OH groups were accessible to D20 and exchanged 
rapidly, indicating an open structure for allophane. This 
is consistent with a hollow spherical morphology where 
the thickness of the spherical shell is < 10 A. The pres
ence of OD-stretching vibrations at 2700 and 2730 cm- I 

indicated that two types of OD groups were in a free 
environment, and the other broad bands at 2600 and 
2650 cm- I suggested that the bulk of the OH (OD) 
groups in the structure form hydrogen bonds over a 
wide energy range. 

200-1200-cm -1 region. The spectrum of sample 963 
(Figures 2 and 3b) has many of the features of the im
ogolite spectrum (Figure 3a) , although the bands for 
sample 963 are generally broader. DzO treatment pro
duced a band at 696 cm- I (Figure 2c) assignable to SiOD 
corresponding to a SiOH vibration near 940 cm- I in 
Figure 2b (Cradwick et at., 1972). 

A band at 840 cm- I appeared when adsorbed water 

was removed (Figure 2b) and then shifted to near 620 
cm- I (Figure 2c) upon DzO treatment. It is therefore 
assigned to an AlOH bending vibration (Cradwick et 
at., 1972). The main Si-O-(Al) stretching vibration 
shifts from 975 to 960 cm-I during evacuation and D20 
treatment, consistent with an open structure for allo
phane. The Si-O stretching vibration at 970 cm- I (Fig
ure 2b) is within the range for nesosilicates and soro
silicates (900-970 cm- I

) (Russell et at., 1969). 
The spectra of samples 961 and 939 treated with D20 

are very similar to the spectra for sample %3 (Figure 
2) except that the absorbance of the AlOH band near 
840 cm- I is stronger than that for sample %3 or imo
golite, suggesting that more AIOH groups are present. 

The spectra of samples heated at 150°C in KBr disks 
are shown in Figure 3. The spectra of the allophanes 
had bands at 348 , 428, 500, 570, and 690 cm- I , which 
were very close to the bands observed for imogolite 
(Figure 3a) (Farmer et at. , 1978). The 995-cm-1 band 
due to the tubular morphology of imogoIite (Figure 3a) 
was not observed for the allophane samples. 

The absorbance of the band at 348 cm- I has been 
used to estimate the percentage of imogolite structural 
units in allophanes (Farmer et aI., 1977) (see Table 2). 
From these data 90% of sample 963 is made up of im
ogolite structures. 

The spectrum of the stream sample 1013 (Figure 4a) 
was quite distinct from those of the tephra samples. The 
Si-O band at 1025 cm-1 suggests that the silica is not 
present as a nesosilicate. The shoulder at 880 cm- I was 
observed in the presence of adsorbed water and did not 
shift after DzO treatment. Therefore, it is not consid
ered to be an imogolite-like AlOH vibration. However, 
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Figure 3. Infrared spectrum of samples in KBr disks heated to 150°C (a) imogolite; (b) sample %3; (c) sample %1 ; (d) sample 
939; (e) sample 987. 

the appearance of a weak SiOD band at 700 cm-1 after 
DzO treatment showed that some SiOH groups were 
present. 

When the allophane samples were heated to 200°C, 

Table 2. Components of the allophane and imogolite sam
ples. 

OH 
released 

Imogoiite' AIOH' by NaP IV 

Sample structures ("mole! (mmole (_A_I_ x 100)' 
no. (%) g) OHlg) Total AI 

939 85 320 27 0 
%1 85 320 34 0 
963 90 320 37 0 
987 65 160 27 

1013 0 27 40 
Imogolite 100 80 10 (17)' 0 

I From infrared absorbance at 348 cm- I (Farmer et al., 
1977). 

Z Reactive AIOR groups by phosphate adsorption. 
3 From reaction with 0.85 M NaF, 25 min (Perrott et al., 

1976). 
4 OR released after 50 min. 
• By X-ray fluorescence. 
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Figure 4. Infrared spectrum of samples in KBr disks (a) Sil
ica Springs allophane (sample 1013) 200C; (b) pumice allo
phane (sample 963) heated to 280°C; (c) soil allophane (sample 
939) heated to 280°C. 
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Table 3. Chemical analysis of allophane and imogolite samples.' 

Acid oxa1ate extraction 

Sample AI Si Fe H,O+ SiO,1 
no. (%) (%) (%) ( %) AI,O, AUSi 

939 21.6 9.3 6.6 26 0.85 2.3 
961 23.1 10.5 3.6 23 0.87 2.3 
963 25.6 13.3 4.0 22 1.00 2.0 
987 17.1 8.8 3.4 22 1.01 2.0 

1013 27.3 15.6 0.1 23 1.10 1.8 
Imogolite" 25.0 13.1 1.8 1.01 2.0 
[mogolite4 27.2 14.1 18.2 1.00 2.0 

I On 150°C-dry basis. 
2 Loss between 150°C and 650Q C. 
3 Kurayoshi sample. 
4 Ideal structure. 

their spectra began to lose the imogolite-like features. 
These changes continued until 280°C, at which tem
perature broad features at 600 and 1000 cm~l with 
shoulders near 450 and 880 cm~ l (Figure 4b, c) devel
oped in the spectra. The shift in the Si-O band from 960 
to near 1000 cm~l suggests that the SiO. tetrahedra be
came more polymerized. The spectra have some simi
larities with that of stream sample 1013 (Figure 4a) 
which suggests that tetrahedral Al sites (cf. Table 2) 
may be produced. 

Comparison of weight losses at 150°, 280°, and 650°C 
indicates that the allophanes lost 7CY% of their structural 
OH at 280°C, and that clearly, the structures have be
come more polymerized. This is consistent with the 
shift in the Si-O band and formation of Apv sites. 

When imogolite was heated to 280°C, the intensity of 
the imogolite bands was reduced but imogolite struc
tures were still present. Thus, allophanes are less stable 
to heat treatment than imogolite, suggesting that allo
phanes are more disordered than imogolite. 

Additional features appeared at 470, 1030, and 1100 
cm~J in the spectra of the soil clay 939 (Figure 3d, 4c), 
and of sample 987 (Figure 3e). These features have been 
shown to arise from small amounts of halloysite and 
chlorite (Russell et al., 1980) which generally are pres
ent in New Zealand volcanic ash soils. 

When pyridine was adsorbed on imogolite and on the 
aUophane samples, which had been treated with 0 20 
and evacuated, bands at 1440, 1485, and 1595 cm~l were 
observed, indicating that the pyridine was adsorbed on 
the allophane and imogolite surfaces by hydrogen 
bonding (Parfitt et at., 1976). The pyridine was re
moved by evacuation showing that the hydrogen bond
ing was weak, a result which was also obtained for the 
goethite surface (Parfitt et al., 1976). There was no evi
dence of a band near 1540 cm~ l for samples prepared 
at both pH 3.5 and pH 6 suggesting that Bronsted 
(Allv.OH2+) acid sites either were not present on these 
allophanic samples or that they were not accessible to 

Molar ratios Dithionite-citrate-bicarbonate 
extraction 

H,O+I AI Si Fe Wt.loss 
AUF. AI,O, OR/AI (%) (%) (%) (%) 

7 3.6 3.6 5.0 0.7 5.7 33 
14 3.0 3.0 4.2 1.1 2.3 27 
13 2.6 2.6 4.5 1.1 2.9 30 
10 3.8 3.8 

677 2.5 2.5 
30 0.5 0.5 0.3 

2.0 2.0 

pyridine molecules due to steric factors. A shoulder 
near 1610 cm-1 indicated that Lewis acid sites (Al.H20) 
were present. 

ChemicaL analysis 

The elemental composition of the dissolved allo
phane and imogolite listed in Table 3 is expressed on 
a 150°C oven-dry basis because the IR results showed 
that the structures were stable up to this temperature. 
The water lost by drying between I05"C and 150°C was 
5% of the mass at 150°C. 

From these data sample 963 has the same AlISi ratio 
as an ideal imogolite structure but its OHiAI ratio 
is higher suggesting that the allophane has a number of 
broken bonds where OH groups are exposed. 

Samples 939 and %1 have higher AlISi ratios consis
tent with their stronger AIOH IR adsorption near 840 
cm~l. Smaller amounts of Si and AI were extracted by 
acid oxalate from samples 939 and 987 since they con
tain insoluble clay minerals such as halloysite (see IR 
results). 

All samples contained moderate amounts of Fe ex
cept for the stream sample 1013. Smaller amounts of Fe 
were extracted with dithionite than with acid oxalate. 
Acid oxalate dissolves disordered material such as al
lophane or protoferrihydrite , whereas dithionite com
pletely dissolves iron-rich materials but only partially 
reacts with allophane (Wada, 1977) . Therefore the al
lophane contains some acid oxalate-soluble Fe, which 
is not dissolved in dithionite, and the Fe is probably 
within the allophane structure substituting for AI. 

Phosphate adsorption 

Phosphate adsorption isotherms are shown in Figure 
5. The isotherms were determined in 0.01 M CaCI2 be
cause, in this electroyte, strong adsorption occurs in
dependent of pH. A standard shaking time of 16 hr was 
used; longer equilibration periods probably disrupt the 
structure of AI-containing adsorbents (Parfitt, 1978). 
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Figure 5. Phosphate adsorption isotherms (0.01 M CaClz, 
23°C, pH 5.8, 16 hr). 

Synthetic gibbsite is used here as a model for phos
phate adsorption on surfaces containing AIOH groups. 
This gibbsite carries 60-70 JLmole/g of reactive AIOH 
groups2 which can react with small amounts of phos
phate by a ligand exchange reaction (Parfitt et al., 
1977). The phosphate isotherm (Figure 5) showed that 
30 JLmole Pig adsorbed at low P concentration (1 JLM 
P) and therefore twice this value corresponds to the 
number of reactive AIOH groups. This may be because, 
at this point on the isotherm where strong adsorption 
occurs, one phosphate ion reacts with two AIOH 
groups. 

It is appropriate to use gibbsite as a model for phos
phate adsorption on allophane and imogolite because 
a gibbsite-like sheet is present in imogolite structures. 
The number of reactive AIOH groups in allophane and 

2 Reactive AIOH groups in gibbsite are the AIVI(OH)HzO 
groups on edges where broken bonds occur and where the OH 
is co-ordinated to one Al ion only. 

imogolite has been estimated from 2 x P ads where 
P ads is the phosphate adsorbed at I~w P concentration 
(1 JLM P in Figure 5). These estimates taken from Figure 
5 are given in Table 2. 

An alternative method of estimating reactive AIOH 
is to use a higher P ads value such as the apparent max
imum adsorption value. However, this is difficult to 
estimate on Al surfaces because phosphate continues 
to react up to very high phosphate levels where another 
phase is formed (Parfitt, 1978). 

The presence of Fe in the allophanes may influence 
phosphate adsorption, particularly if Fe is present as 
a separate phase in addition to Fe substituting for Al 
within the allophane structure. More phosphate is ad
sorbed by sample 939 than by sample 963 which may 
be because of the higher Fe content in sample 939. 

The adsorption isotherm for stream sample 1013 is 
different from those of other samples (Figure 5). Lesser 
amounts of phosphate are adsorbed at low solution con
centrations which is probably explained by the few 
AIOH groups (see IR results). 

X-ray fluorescence and gas chromatography 

Allophane samples 939, 961, and 963 gave XRF Al 
Ka lines at angles which were close to those for gibb
site, and it was concluded that most of the Al was in 
octahedral sites. The peak angle for sample 1013 
(147.34°) was intermediate between gibbsite (147.32°) 
and zeolite 13X (147.37°) giving an estimated 40% Al in 
tetrahedral sites (Table 2). 

The gas chromatographs (see Table 4) of the imo
golite and the allophane derivatives, with the exception 
of 1013, were similar to those obtained previously 
(Cradwick et al., 1972). The chromatographic pattern 
for imogolite showed a higher percentage of the Si04 

derivative than did olivine, a nesosilicate. The patterns 
for samples 939 and 963 were similar to olivine, whereas 
sample 1013 had a lower proportion of Si04 derivative 
and correspondingly higher percentages of the poly
merized derivatives. 

The absolute yield of extracted Si was low (~25%), 
but the similarities between the patterns of allophanes 
939,963, imogolite, and olivine may indicate that Si is 
present in these allophanes largely as independent Si04 

tetrahedra. For sample 1013 the indication that the sil-

Table 4. Si species as estimated by gas chromatography of trimethylsilyl ethers. 

Area % in chromatogram Wt. % Si extracted as 

Sample Si04 Si20 1 SiSOlO Si4 0 12 SiD, SiZ0 7 Si3OlO S14 O'2 

939 85 12 2 1 18.0 4.5 0.9 0.5 
963 83 13 3 1 15.9 4.3 1.0 0.6 

1013 68 23 6 3 12.0 6.9 2.3 1.6 
Imogolite 92 7 I 0 29.0 3.7 1.0 0 
Olivine 87 10 3 0 38.2 8.0 2.2 0 
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icate tetrahedra are more polymerized is consistent 
with the IR results. 

Electron paramagnetic resonance (EPR) 

The EPR spectra of the allophane sample 963 are 
very similar to those obtained by Kitagawa (1973), with 
bands near g = 2 and g = 4. The g = 2 band is assigned 
to high spin Fe3+ in an octahedral site and g = 4 to Fea+ 

in a distorted octahedral site (W. C. Tennant, DSIR, 
Lower Hutt, New Zealand, personal communication). 
Sample 939 has a stronger signal at g = 2 due to the 
higher Fe content of this sample. 

It seems likely that the Fe substitutes for Al in the 
allophane structure because no separate Fe phase was 
observed by the other techniques. However, an atomic 
coating of Fe on allophane particles or within aggre
gates would not be detected and this may also be pres
ent. 

Dissolution in NaP and reaction to 
acidity indicators 

Rapid reaction took place when NaF was added to 
the allophane samples, which indicates that there are 
a number of defect sites and broken bonds where F can 
react with Al and break up the structure. In contrast, 
imogolite reacted slowly because it is more ordered 
than allophanes and has less sites where F can attack 
the structure. The amount of OH released (Table 2) 
from the allophanes appears to be related to their Al 
content (Table 3), except for the stream sample 1013 
which contains some Allv. 

Sample 961 had a very low acidity, similar to that re
ported for imogolite. Samples 939 and 963 were very 
slightly more acid than imogolite. The acidity probably 
arises from specific sites where aluminum ions are held 
on the allophane surface. Such sites appear to be re
lated to sites on kaolinite and montmorillonite (Henmi 
and Wada, 1974). 

DISCUSSION 

The electron micrographs showed that the samples 
consisted of many particles similar to the hollow spher
ules or polyhedra observed previously for allophane 
(Henmi and Wada, 1976; Wada and Wada, 1977). A 
small number of short tubes were present, and it is pos
sible that some of the rings seen in the micrographs are 
the ends of tubes. However, the short tubes represent
ed such a small proportion ofthe field that the majority 
of rings are almost certainly the images of hollow spher
ules, referred to here as allophane. 

For sample 963, the IR results are similar to those 
obtained for imogolite (Russell et aI., 1969; Cradwick 
et ai., 1972). The bands assigned to SiOH and AIOH 
for imogolite occurred near 940 and 840 cm-I, respec
tively (Figure 2), and the easy exchange ofthese groups 
with D20 suggests that they are located on surfaces. 

The appearance of several OD stretching vibrations, 
after evacuation, is similar to that found for imogolite, 
and the OD bands at 2700 and 2730 cm-I show that in 
allophane also, some OD(OH) groups are not H-bond
ed. 

The spectra of sample 963 and imogolite (Figure 3) 
are almost identical showing that the imogolite struc
ture is present in this allophane sample. The absor
bance of the band near 348 em-I was 90% of that of pure 
imogolite which suggests a high proportion of imogolite 
units in this allophane. This is supported by the XRF 
and gas chromatography data which show that the Si 
and Al in imogolite and allophane 963 are in similar en
vironments and with chemical analysis which shows 
the AUSi ratio in allophane 963 to be 2.0. 

The Si-O-(AI) stretching mode of the isolated Si04 

tetrahedra in imogolite occurred at 945 cm-I in heated 
KBr disks, while for allophane 963 the band was at a 
somewhat higher frequency, 970 cm-I, although still in 
the range expected for nesosilicates. The 995-cm-1 

band of imogolite was not observed for the allophanes 
since it arises from the tubular morphology of imogo
lite. 

The phosphate adsorption, NaF dissolution, IR spec
tra, and electron micrographs all indicate a lower de
gree of order in the allophanes than in imogolite. The 
imogoiite structure is a single gibbsitic sheet, curled 
into a tube, with an outside diameter of20 A, and with 
OaSiOH groups attached to the inside of the tube 
(Farmer and Fraser, 1979). 

Allophane appears to have curved surfaces, and by 
analogy with imogolite the OaSiOH groups must occur 
on the inside surface of a curled gibbsitic sheet. If the 
allophane particles are perfect spheres made up of im
ogolite units, 125 unit cells of imogolite would give the 
same surface area as a sphere 40 A in diameter. 

The phosphate adsorption results suggest that there 
are 320 JLmole/g of reactive AIOH groups on sample 
963. For a hypothetical perfect sphere, these sites could 
only be present if defects or pores occurred in the wall 
of the sphere, creating gibbsite-like edge sites. 

Evidence for pores in the allophane spherule has re
cently been presented (Paterson, 1977; Wada and 
Wada, 1977), and the results suggest that the pore di
ameters are between 3 and 20 A. 

In Figure 6 two Si atoms and two Al atoms have been 
omitted from six imogolite unit cells (Cradwick et al., 
1972) to give a pore with a diameter of about 4 A which 
could accommodate an orthophosphate ion. By making 
a number of assumptions it is possible to estimate the 
number of pores on each sphere. The assumptions are 
that allophane spheres have a diameter of 40 A, a wall 
thickness of7 A with a density of2.65 g/cma. This gives 
a specific surface of 800 m2/g which contains 2 x 1021 

unit cells/g or 13,000 JLmole AI/g. If 320 JLmole AlOHI 
g react with 160 JLmole Pig and one phosphate adsorbs 
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Figure 6. A model of "proto-imogolite" aUophane showing a 
por~ ~ite and phosphate attached. The pore was created by 
omlttmg 2S1 and 2AI from six imogolite unit cells. 

on each pore, then there are six pores for each allo
phane sphere of 125 unit cells. This estimate is probably 
low because six of these pores would leave 95% of the 
surface with undistorted imogolite structures, and the 
IR results suggest this value is close to 90%. 

The gas chromatography results indicate that soro
silicate (Si20 7) groups are present that may be adsorbed 
at pore sites or defect sites, preventing some phosphate 
ions from being adsorbed. Further evidence for addi
tional defect sites comes from the H201 AI20 3 ratios for 
the allophanes. The ratio of 2.6 for allophane sample 
963 would require more than 20 pores, of the type 
shown in Figure 6, per sphere. This large number of 
pores or defects would give the gibbsitic sheet the flex
ibility to form a distorted sphere. 

The samples examined in this study were collected 
under humid moisture regimes (Cox, 1968) from both 
andesitic and rhyolitic tephras. The allophanes proba
bly precipitated from weathering products of volcanic 
glass in an environment where hydroxyaluminum 
species and nesosilicates are produced. However, the 
imogolite units that formed are distorted and do not 
form tubes. It was noted (Table 3) that the iron content 
of allophanes is higher than that of imogolite and that 
the substitution of iron for aluminum in imogolite struc
tures may induce a distortion which gives rise to the 
spherical morphology of allophane. 

Samples 939 and 961 have higher AI/Si ratios and 
higher H 201 Al20 3 ratios than sample 963 (Table 3), sug
gesting that some Si04 tetrahedra are absent in the im
ogolite units, leaving an occasional gibbsite-like struc
ture in the allophane walls. 

Investigations in this laboratory of 15 allophane sam-

pIes obtained from soils or ash beds in New Zealand 
(e.g., samples 939, 987), always show contamination 
with small amounts of layer silicates (including halloy
site) having distinctive IR bands at 470, 1030, and 1100 
cm-J which persist after heating the samples to 280°C 
(Figures 3 and 4, Farmer et al., 1978). 

Stream sample 1013 has absorption bands, phosphate 
adsorption characteristics, Apv content, and silicate 
structures which are different from the other allo
phanes, and its properties are closer to aluminosilicate 
preparations which resemble feldspathoids (Farmer el 
aI. , 1979) . 

It is concluded, therefore, that the New Zealand al
lophanes which were formed from tephra have imo
golite structures on the atomic scale but they do not 
exhibit the tubular morphology ofimogolite. However, 
they do have distinctive shapes which in electron mi
crographs appear to be hollow spherules or polyhe
dra. These samples have IR spectra similar to syn
thetic "proto-imogolite" gels (Farmer et ai., 1978, 
1979; Farmer and Fraser, 1979). These data support the 
proposal of V. C. Farmer (Macauley Institute for Soil 
Research, Craigiebuckler, Aberdeen, Scotland; per
sonal communication) that they be called "proto-imo
golite" allophane. 
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Pe3IOMe--06pa3QhI aJIJIo<paHa 113 no%, neM3bI, II pyceJI peK 113Y'laJI1ICb MeTOl\aMII 3JIeKTpOHHOH onTIIKH, 
IIH<ppaKpacHoH a,l\COp6QHII, peHTreHoBcKoH <pJIyopecQeHQIIH, ra30BoH xpoMaTorpa<plIlI, II <poc<paTHoH 
al\cop6QIIII. AJIJIo<paHHoBhIe '1aCTIIQhI npel\CTaBIDIJIII co60u nOJIbIe C<pePbI IIJIII MHOrOrpaHHIIKII c I\lIa
MeTpaMII 35 II 50 A II MOJIHpHhIMII OTHOIIIeHIIHMII AIISi, 6JIH3KIIMII K 2,0. ObIJIO YCTaHOBJIeHO, 'ITO 
TOJIIQHHa cTeHoK c<pep neM30BhIX aJIJIo<paHoB paBHa 7,0 A. CTeHKII B OCHOBHOM COCTaBJIeHbl 113 IIMoro
JIIITOBHbIX CTpyKTypHblX 3JIeMeHTOB (OH)aAI203SiOH. B CTeHKax Ha6JIIOI\aJIIICb l\e<peKThl IlJIII nopbl, 
KOTopble BepoHTHo CJIY'lKIIJIII MeCTaMH aAcop6Q1111 <poc<paToB. npel\nOJIaraeTCH, 'ITO 3TII aJIJIo<paHbI 
c MOJIHPHblMII oTHoweHIIHMII AIISi, 6JIII3KIIMII K 2,0, I\OJDKHhl Ha3bIBaTbCH <<UPOTO-IIMOrOJUlTOSble» 
aJlJIo<paHhl. 

,UBa nO'lBeHHhIX aJIJIo<paHa IIMeIOT CXOAHYIO CTpyKTypy c aJIJIo<paHoM H3 CTpaT<p0PI\CKOU neM 3bl , HO 
He60JIbWlle KOJIII'IeCTBa CJIOHHhIX CHJIIIKaTOB, BKJIIO'IaH raJIJlya3HTbI, TaK'lKe npHCYTCTBOBaJIlI S no'l
BeHHblX 06pa3l\aX, 'ITO onpel\eJI~eTC~ IIH<ppaKpaCHblMII nOJIOCaMII npll 470, 1030, II 1100 CM - I. AJIJIo<paH 
113 pycJIa nOTOKa S CIIJIIIKa CnpllHfC HMeJI IIH<ppaKpaCHhIH cneKTp, nOA06HblU cneKTpy <peJIbl\IIlnaToliAoB, 
" He "MeJI IIMOrOJlIITOBOH CTPYKTypbI. [N.R.] 

Resiimee--Allophanproben aus Boden, Bims, und FluBbetten wurden mittels Elektronenoptik, Infra
rotabsorption, Rontgenfluoreszenz, Gaschromatographie, und Phosphatadsorptionsmethoden untersucht. 
Die Allophanteilchen waren hohle Kiigelchen oder Polyeder mit Durchmessern von 35-50 A und einem 
molaren AI/Si-Verhaltnis nahe 2,0. Die Dicke der Kugelwand wurde bei den Allophanen aus Bims auf etwa 
7 A geschatzt, wobei die Wand hauptsachlich aus Einheiten mit Imogolitstruktur(OH)3AI20aSiOH bestand. 
Fehler oder Poren traten in den Wanden aufund waren wahrscheinlich die Stellen, wo Phosphat adsorbiert 
wurde. Es wird vorgeschlagen, diese Allophane mit molaren AIISi-Verhaltnissen nahe 2,0 als "Proto-Im
ogoJit" Allophane zu bezeichnen. 

Zwei Allophane aus Boden hatten eine Struktur ahnlich den Allophanen aus dem Stratford Bims, aber 
geringe Mengen von Schichtsilikaten einschlieBlich Halloysit waren in den Bodenproben enthalten, wie 
die Infrarotbanden bei 470, 1030, und 1100 cm-' zeigen. Der Allophan aus dem FluBbett bei Silica Springs 
hatte ein Infrarotspektrum ahnlich dem von Feldspatvertretern und zeigte keine Imogolitstruktur. [U. W.] 

Resume-Des echantillons d ' allophane de sols, de pierre ponce, et de lits de ruisseaux ont ete etudies par 
des methodes optiques it electrons, d'adsorption infrarouge, de fluorescence aux rayons-X, de chroma
tographie de gaz, et d'adsorption de phosphate. Les particules d'allophane sont des spherules creuses ou 
des polyedres de 35 et 50 A de diametre avec des proportions molaires AIISi pres de 2,0. L'epaisseur de 
la paroi des spherules etait estimee etre 7 A, pour les allophanes de pierre ponce, la paroi etait en grande 
partie formee d'unites structurales d'imogolite (OH)3AI20aSiOH. Des defauts ou des pores etaient presents 
dans la paroi et etaient probablement les sites d'adsorption de phosphate. On a suggere que les allophanes 
avec des proportions molaires AIISi pres de 2,0 soient appellees ailophanes "proto-imogolite." 

Deux allophanes du sol avaient une structure semblable it l'allophane de la pierre ponce de Stratford, 
mais de petites quantites de silicates de couches comprenant de I'halloysite etaient aussi presentes dan les 
echantillons du sol, indiquees par les bandes infrarouges it 470, 1030, et 1100 cm-I . L'allophane du lit de 
ruisseau it Silica Springs avait un spectre infrarouge semblable it celui des feldspathoides , et n'avait pas la 
structure de I' imogolite. [D.l.] 
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