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DIFFERENTIAL WEATHERING OF VOLCANIC ASH
AND PUMICE, RESULTING IN FORMATION

OF HYDRATED HALLOYSITE1

S. AourNB aNn K. WaoA, Faculty of Agricullure,
Kyushu U niaer sity, F ukuoha, J aPan.

Ansrnlcr

The discovery of difierential weathering of volcanic ash and pumice on a slope of Mt.

Aso made it possible to study the quantitative aspects of the temperate, humid weather-

ing of volcanic materials and the resulting formation of clay minerals. Mineral fractiona-

tion was made on relatively fresh and weathered portions. The results indicate that the

relative stability of primary minerals to weathering increases in the following order:

volcanic glass( feldspar Shypersthene-augite(magnetite,
(andesineJabradorite)

and that the dominating weathering sequence is

volcanic glass, feldspar+allophane+hydrated halloysite.

The differential weathering resulted in sporadic formation of hydrated halloysite, whereas

the remaining portion remained at an allophanic stage.

Chemical analysis of the corresponding portions has shown that the process is a desilica-

tion together with remarkable loss of bases. Al and Fe remain essentially static in the

system.
X-ray, differential thermal analyses and electron microscopic observations were

carried out with the respective clay fractions. The allophanes exhibit rather high silica-

alumina ratios, nearly two. on the other hand, the hydrated halloysites reach their de-

hydroxylation peak at lower ternperatures and resist dehydration more strongly than do

typical hydrated halloysites of hydrothermal origin. The amount of "excess hydrogen" is

remarkably high in the allophanes, and may have a bearing on the stability of 1:1 layer

structure.
The pH and concentrations of Si and Al were determined by placing the respective

portions in acid and alkaline solutions. The results indicate that the Iormation of clay

minerals is proceeding in the range of pH 5.3-5.4 under an ample supply of Si in either

allophanic or halloysitic portions. Field observations together with laboratory analyses

suggest that some difierences in leaching and biotic activities act as causes of the dif-

ferential weathering.

INrnopucttoN

As products of volcanism that extended from the Pleistocene to the

present, volcanic ash and pumice deposits cover many hillsides and

plains over some 3,000,000 hectares of Japan, commonly interstratified

with buried soil layers. Extensive studies have been carried out on these

volcanic formations to identify clay minerals and to deduce a weathering

sequence of the minerals under temperate, humid conditions (e.g.,

Kanno, 1959; Sudo, 1959; Tsuchiya and Kurabayashi, 1958; Aomine

I As to the nomenclature of halloysite minerals, the recommendations made by Mac-

Ervan (1947) and Brindley (1961) will be followed in this article'
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WEATHERING OF VOLCANIC ASH

and Jackson ciled in Aomine, 1957). A process of alteration:
volcanic glass, feldspar+allophane+hyd161sd halloysite-metahalloysite

(*sibbsite)

has been generally regarded as a most probable westhering sequence
leading to the formation of hydrated halloysite. A similar conclusion was
also drawn from studies on weathering of volcanic ash in New Zealand
(Fieldes and Swindale, 1954; Fieldes, 1955). An implicit assumption in
these studies is that chemical weathering of volcanic materials increases
with depth, which constitutes a measure of the weathering time since
deposition. This might be correct at a megascopic level, but other factors
often overshadow its efiect as i l lustrated in the profi le described here
(Table 1) .

A discovery of difierential weathering of volcanic ash and pumice,

Clay minerals2
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Depth
(cm.,l

Parent
material

Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Volcanic ash
Pumice
Pumice

Volcanic ash
(f pumice)

Hydrated
halloysite

Water-
soluble SiOz

(mgl100g

oven-ory
matter) 3

Allophane

+
+++

+
+++
+++
+++

+
++
-r-r
-rT

?

?

7

+
+
?

T - f

+
?

Colorr

0- 30
30- 80
80- 90
90-140

140-190
r90-220
22U270
270-440
440-450
450-510
510-570
570 580
580-630
630-680 (VA)
630-680 (VH)
680-695
6es-76s (PA)
69s-76s (PH)
765-795

bk.
br.
y . g r .
dk. br
bk.
dk. br.
bk.
It .  br.
It. br.
I t .  br.
dk. gr. br.
dk. gr. br.
dk. gr. br.
br.
b. y.
y. br.
red, y.
v .
dk.  br .

7

+
-r

+++

T T
-I--r

-T- -r

+++
+++

+++
+++

9 l
28.3

2 5 . 5
3 1 . 5
29.8
28.4
1 ) L

2 5 . 2
1 8 .  1
12.7
12.9
l . J .  o

19.4
r 7 . 5
2 3 . 9
20.9
2 6 . 7

I bk, black; br; brown; y; yellow; dk, dark; lt, light; gr, grayish; red, reddish; y, yel-
lowish.

2 Estimation by difierential thermal analysis (Analyst; T. Higashi).
3 Determination by N. Yoshinaga (Solid water ratio, 1:10).

Tnnrr 1. Pnolrrr DnscnrprroNr



1026 S. AOMIN]' AND K WADA

however, has made possible another approach to the problem, based on

quantitative information on the mineralogy and chemistry of mineral

transformations. Differential weathering is defined as the process by

which different sections of a rock mass weather at dif ierent rates (Leet

and Judson, p. 93, 1960). Unequal rates of weathering are caused by

local variations either in the composition of the rock itself or in the

halloysite as weathering products are interesting, in general, in view of

their probable transition in crystal chemistry as constituting end-

members of low crystall inity in the kaolin group minerals'

OccunnsNcB
'l'he profile studied consists of a series of volcanic ash and pumice

deposits, located at Tochinoki on a western slope of the central cone of

Ui. eso. As shown in Table 1, formation of hydrated halloysite tends to

1 Read at Annual Meeting of the Society of the Science of Soil and Manure, Japan,

April, 1954.
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l-rc. 1. Difierential u'eathering in a volcanic ash layer at Choyo, Aso County, Kuma-

rnoto Prefecture. VA: relatively fresh, allophanic portion; VH: relatively weathered, halloy-

sitic portion; VM: manganese oxide concretions. Width of section is 5 inches.

black to black materials in spherical forms or in streaks is another
megascopic characteristic of the white clay portions.

In this article, for convenience of description, VA and PA will denote

the relatively fresh (allophanic) portions of the volcanic ash and pumice

layers respectively, whereas VH and PH will denote the corresponding
weathered (halloysitic) portions, respectively (Figs. 1 and 2); VM will

denote the brownish black to black (manganese oxide) concretions ap-

peared in VH (Fig. 1).

L.qnonaronv ANALYSES

Mineral tractionalion

Samples taken from VA, VH, PA and PH were air-dried, crushed

lightly with a wooden pestle and passed through a 2-mm sieve. Frac-

tionation was carried out in duplicate with 10 g of each sample, resulting
in size and mineral fractions as summarized in Table 2.Extractable iron

and aluminum oxides, and silica along with organic matter were re-

moved by treatment with sodium dithionite-citrate-bicarbonate and

with sodium carbonate (Jackson, p. 47-95,1956). Size-fractionation was

1027



1028 .' .  AOMI)IE AND K, WADA

Frc. 2. Differential weathering in a pumice layer at Choyo, Aso County, Kumamoto
Prefecture. PA: relatively fresh, allophanic portion; PH: relatively weathered, halloysitic
portion. Width of section is 16 inches.

carried out by sieving (>200p) and by repeated sedimentation of
dispersed materials (<200p,). Specific gravity separations at 2.60 and
2.80 were made with 0.5 g of )20p,Iractions by means of a simple pointed
centrifuge tube using tetrabromoethane-benzene mixtures. Electromag-
netic separation was further carried out with heavy fractions.

M iner alo gicol analy s es

(a) Clay minerals

Minerals falling into ( 20p fractions were identified by means of
*-ray diffraction and differential thermal analyses. The main constit-
uents of these fractions are allophane and hydrated halloysite (Table 2).
Ihere was no detectable 2: 1 minerals that could be identif ied from r-ray
patterns of oriented specimens preheated at 550o C. and boiled in 0.5
N NaOH (Hashimoto and Jackson, 1960). Allophane and volcanic
glass are here defined simply as an ,-ray amorphous material in 12p,
and ) 2p fractions respectively, because difierentiation of allophane from
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Teslr 2. MrNBner, CoNsu'ruuNrs lNo Tnnrn Srzr DrsrnrnunoN

Magnetite
Hvp.-
Aug.t Feld.'?

Glass-
AIlo.3

7 . 3
6 . 4
7 . 1

3 0 . 8
9 . 5

6 t . 1

9 . 5
6 . 3
4 . 0
6 . 1
1 . 2

2 7  . l

7 . 2
1 5  . 0
12.2
13.2
1 8 .  6
66.2

8 . 1
2 . 9
2 . 7
0 . 5
, . J

20.9

12p
2-5
5-20

20-200
> 200
Total

12p
2-5
5-20

20-200
>200
Total

12p
2-5
5-20

20-200
>200
Total

12p
2-5
5-20

20*|00
>200
Total

| ().)
0 .  3 1
1 . 9 6

2 . 2 3
0 . 3 2
2 . 5 5

0 .83
o .24
1 . 0 7

I . J J

0 . 2 1
1 .54

I  . 5 5
2 . 4 5
4.00

2 . 3 0
1 . 1 6
3 . 4 6

VA
0
0 . 3
1 . 1

t4 . l
8 . 0

2 3 . 5

VH
0
0 . 8
o . 7
7 . 4
1 . 4

1 0 . 3

D A

0
0
0
4 . 4

20.3
1 ^  '

PH
0
0
0 . 5

1 0 .  6
9 . 8

20.9

0
0
0
0
0
0

2 2 . 0
7 . 6
8 . 9
5 . 3
0 . 9

44.7

0
0
0
0
0
0

2 7  . 0
9 . 9
7 . 0
4 . 7
0

48 .6

, . J

6 . 7
8 . 2

5 4 . 9
2 t . l
98.26

3 1  . 5
1 4 . 7
1 3 . 6
3 0 . 6
6 . 4

96.86

7 . 2
1 5 . 0
t 2 . 2
2 0 . 0
4 1  . 6
96.06

3 5 .  I
12 .8
9 . 6

19.4
1 6 .  . )

95.46

9 . 6

12.2

I Hypersthene-augite:

VA-VH .  .  .  Hyp . :Aug . : 8 :2 ;  PA -PH . '  Hyp ' :Aug . : $ ;5 .
2 Feldspar : andesinelabradorite.
3 Volcanic glass (acidic)-allophane:

VA-VH.. . Includes t ransparent ,  color less to dark brown speciesl  n:1.57,  ca.
95/s; n:1.515, ca. Sls, and rock fragments.

PA-PH. . . Includes transparent, colorless to dark brown species; n:1.52, and
pumice fragments.

a Hydrated halloysite.
5 Does not include silica, alumina and iron oxide dissolved during segregation treat-

ments.

(% OvnN-Dnv Besrs)
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volcanic glass is not feasible. I 'he amount of hydrated halloysite was
estimated by means ol x-ray dif iraction analysis using quartz as an in-

ternal standard and a Yoake halloysite of hydrothermal origin (Aomine

and Higashi, 1956) as a reference halloysite, in which the diffraction
maxima at 4.44 A of halloysite (02, 11) and 4.21 hof quartz were com-
pared. A small amount of feldspar in some fractions (2-20p) was also
estimated by means ol r-ray analysis; a PH fraction of 20 200pr and s.g.
2.60-2.80 was used after grinding, as a reference material for feldspar.
' lhe remaining portion of each fraction was allocated to allophane or
volcanic glass according to particle size.

Difierential weathering was most conspicuous in the species and con-
tents of clay minerals; no hydrated halloysite was detected in VA and
PA, whereas allophane was a common constituent throughout the
weathered materials (Table 2). X-ray diffraction patterns and difieren-
tial thermal curves of the clay fractions are summarized in Tables 3
and 4, respectively. Detailed examination of these data reveals that the
hydrated halloysites as weathering products are possibly intermediate
between typical allophane and hydrated halloysite; their diffraction in-
tensity ratio of (00D/(02,11) is relatively high, and dehydroxylation as
well as recrystall ization occurs at lower temperatures in comparison with

Tesrr 3. X-Rev ANer,vsrs D,rre ron Cr,av Fn.q.crtcrxs ((2p) rN

WnarnnnBn Vor-caNrc AsH lNo PuurcRs

PAVH

45
18
10

7
4

dA dA

1 0 . 0
4.401
3 .30

2 5 1
I  . 4 8

1 0 . 0
4 .401
3  . 3 3

30
1 7
7

6
4

I116  6s ; / I1 l  ro ly

PH
Hydrotherrnal

hydrated hallol'site
(Yoake)

. 2 3I2 . 5 03

1 Low-angle termination for (02, 11) diffraction.
2 Due to the presence of weathered feldspar.
3 After standing at R.H. 35/6 Ior 2 weeks



WEATHERING OF VOLCANIC ASIT 1031

Tesln 4. DrllrnrNTrlr- Tnnnuer, Pner<s ron Cr,av Fnecrror 
" 

(<2p\ |
rN Wnarnpnso Vor-clrrc Asn lNo Puurcos (o C.) f

Hydrothermal
hydrated
halloysiteReaction VH

150
530
940

VA PA

Dehydration
Dehydroxylation
Rearrangement

15.5

950

155

920

r Aomine and Higashi (1956).
2 Sudo and Takahashi (1956).

hydrothermal hydrated halloysites. Similar relationships between r-ray
and differential thermal analyses data were obtained for halloysitic
clays altered from glassy tufis by Sudo and Takahashi (1956) and inter-
preted in terms of a low degree of crystall inity of these hydrated halloy-
sites. Another indication of their poor crystall inity is that the halloysiti-c
clays in VH and PH tend to resist dehydration more strongly; the 10.1 A
diffraction remains after allowing the samples for two to three weeks at
R.H. 35 per cent, whereas those of hydrothermal origin dehydrate
readily under the same cqprdition. Generally, the stabil ity of water com-
plexes of kaolin minerals from kaolinite to halloysite has been shown to
increase with increasing randomness of stacking of their structural Iayers
(Wada,  1961).

The clay fractions of VH and PH were estimated to contain 70 and77
per cent of hydrated halloysite, respectively. Since its crystall inity has
been indicated to be low, these estimates can be considered probably as
the lowest ones.

The allophane derived from the volcanic ash exhibits finely fibrous
forms (Fig.3), such as those reported in some Ando soils (Aomine and
Yoshinaga, 1955), whereas allophane from pumice is in ordinary rounded
forms. The size of the latter particles does not exceed 70 mpr. in diameter
in a well-dispersed state. On the other hand, spherules of 200 to 250 mrr
in diameter, associated with very thin, curled laths (Fig. 4), predominate
in both the VH and PH clay fractions. The presence of a small amount of
allophane as indicated by means oI n-ray analysis is confirmed by thc
less common appearance of fine granules and fibrous materials. Concen-
tric striations appeared on nearly all the spherules parallel with somewhat
polyhedral outl ines, suggesting that these are largely aggregates of
curled laths of hydrated halloysite. Similar observations were made on
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some hydrated halloysites derived from volcanic materials by Birrel et al.
(1955). Sudo and Takahashi (1956) and Sudo (1959) studied this struc-
ture in detail and treated it as a morphological transition in the process
of crystallization of allophane to hydrated halloysite. Bates (1958)
published a replica of similar spherules but described l"hem as allophane.

(b) Primary minerals

A brief description of minerals in the lighter fractions is given in the
footnote to Table 2. In cases where the separations of glass from feldspar
were achieved with difficulty the percentages of these minerals were
checked by microscopic counting and *-ray diffraction analysis. The
latter method also permitted a check of the presence of hydrated halloy-
site in some lighter fractions (Table 2). Its persistence in "large size
fractions," after dispersion treatments in fractionation, suggests that
hydrated halloysite iorms in silu, remaining as a kind of pseudomorph
after volcanic glass or feldspar rather than forming secondary aggregates.
Actually, microscopic observation of thin sections indicated that original
glass fragments were filled with a number of fine granules. The approxi-
mate index of refraction of these halloysites, after drying at 105o C., is
1.53-1.55.

The weights ol the heavy non-magnetic and magnetic fractions were
taken as the amount of hypersthene plus augite, and of magnetite, re-
spectively.

A similarity in the relative proportions of some primary minerals,
such as magnetite, hypersthene, augite and feldspar may give further
confirmation of the similarity of parent material in either VA and VH
or PA and PH. The mineral compositions as a whole are indicative of an
andesitic origin of these materials.

Chemical analyses

(a) Chemical analysis of bulk samples and clay fractions

Two 0.5 g samples were used for chemical analysis. The weight loss
between 110' C. and 950o C. was taken as HrO (+). In one of two samples
SiOz was determined gravimetrically after fusion with NazCOg; CaO and
n4gO were determined titr imetrically with EDTA. In the other sample,
decomposed with a HF-HrSO4 mixture, AlzOa and Fe2O3, TiOr, MnO,
and PzOs were determined colorimetrically using "Ferron," H2O2,
periodate and vanadomolybdate, respectivelyi KrO and NarO were
determined by means of f lame photometry.

Chemical compositions of the bulk samples are shown in Table 5.
'Ihe results indicate that the process of differential weathering as a
whole is desilication together with the loss of bases, provided Al remained
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Tler-e 5. Cnourcal CoulosrrroN or Wratneneo VorclNrc Ass .q.ro
Puurcrs (7o OwN-Dnv Basrs)

sio,
A1:Or
Fe:Oa
TiOz
MnO
P:Os
CaO
Mgo
KrO
Na:O
H,O (+)

49.99
20.62
8 . 7 5
t . J l

0 . 1 0
0 . 4 1
4.  68
2 8 8
1 . 4 5
2 . 8 0
6 9 9

99 .98

+.t  .  l4

26.O3
1 0 . 9 9
1 . 4 4
0 . 1 1
o . 2 7
2 . 1 3
2 . 6 3
0 .  7 8
1 . 0 8

l r . J . )

99 95

3 5 . 6 1
2 6 . 2 8
9.  88
o . 7 2
6 . 7 9

51 .80
2 2 . 9 1
5 . 8 9
1 .  1 3
0.09
o 2 3
3 . 4 2
0 . 9 8
t . 7 9
2 . 9 0
8 . 7 8

4 5 . 7 0
28.20
6 . 9 3
1 . 4 3
0 .  1 3
0 . 1 7
2 7 0
0 . 8 9
( r .  / J

r . 7 r
10.  35

'fotal 99.92 98.96

constant during weathering. This is a common assumption in determrn-

ing gain or loss of some elements in the weathering of sil icate rocks and is

also valid for the present systems as wil l be shown later.

In addition the results of chemical analysis seem to be in accord with

those from the mineralogical analysis; the higher contents of FezOg and

l{gO in the weathered volcanic ash as compared to those in the pumices

reflect thehigher content of mafic minerals inthe former (Table 2). The

fact that the amount of HzO (*) is generally great even in VA and PA

indicates that internal weathering occurs to a considerable extent in

volcanic glass.
A high NInO content in VnI evidently indicates that manganese oxides

cause the brownish to black color in the concretions found in the halloy-

sit ic portions (Figs. 1 and 2). Since r-ray diffraction analysis of these

concretions failed to detect any crystall ine manganese oxides and re-

vealed merely the pres'ence of hydrated halloysite, they seem to be clay

aggregates cemented together mainly by amorphous manganese oxides-

The chemical compositions of clay fractions (<2p) of the weathered

volcanic ash and pumices are shown in Table 6. The relative proportion

of framework elements, Si and AI, is very close to that for ideal kaolin

minerals and is not much different between the corresponding allophanic

and halloysitic fractions. The high NarO content of these clay fractions

resulted from a treatment in 2/6 NazCQ at a pH of 10.5 in their prepara-

tion for study. The fact that the CEC of allophane is largely affected by

past acid or alkali treatments has been described by Aomine and Jackson
(1959) and interpreted in terms of the development of negative charge



WEATIIERING OF VOLCANIC ASH 1035

through increasing dissociation of H+ from Si-OH groups of allophane
with increasing pH. On the basis of similar reasoning, it is l ikely that the

poorly crystall ized "end-members" of hydrated halloysite exhibit high

CEC in an alkaline solution. Thus the figures may give estimates for CEC

as well as for the amount of dissociable H+ at pH 10.5 in the form of

si-oH.
Relatively high Fe2O3 contents in VH and PH fractions may be subject

to question. Advanced weathering in these portions and the immobility
of Fe as a whole should result in its accumulation in their f iner fractions.

However, Fe in these fractions was no longer dissolved by further defer-

rat ion t reatments (Jackson,  p.47,1956),  ind icat ing that  Fe is  not  in

ordinary "free iron oxides." Whether some octahedral Fe3+ ions are

present in the hydrated halloysites or whether Fe forms principally a

separate phase as the result of segregation during the course of crystall iza-

tion of hydrated halloysite is an interesting problem itself, but it remains

to be solved in further works.

(b) Determination of pH, concentrations of Al and Si in acid

and a lkal ine sal t  so lut ions

The pH and concentrations of Si and Al were determined by placing

VA and VH in acid and slightly alkaline solutions. Each of f i.ve to six

Tesln 6. Cunurc,ll CouposruoN or Cr-av Fnecrrors (<2p) or Woernrnrp
Vor.cnr.trc Asn m+o Puurcos (/p OlcN-Dnv Basts)

VH

SiOz
AlzOr
Feso:
TiOs
MnO
PzOs

CaO
Mgo
KzO
Narot
H,O (+)

Total
Na1 (mel100g)

CEC at pH 7.0'9

3 7 . 5 7
3 3 . 8 0
2 . 2 1
1 . 3 1
tr.
0 .  3 8
o . t 2
o .20
0 . 3 2
7 .O9

16 52

99 55
229

4 2 . r 7
3 3 . 8 9
3 . 8 4
0 . 9 4
tr.
0 . 0 6
0 .  1 0
0 . 1 4
0 . 3 3
3  . 3 6

14.  58

99.4r
108

38.  54
33 .36

1 .30
1 .88
tr.
0 . 5 6
0.09
0 . 1 5
0 .  1 9
7 .46

16 36

99 .89
241

o /

41.23
34.02

A  1 1

1 .02
tr.
0 . 2 5
0 .03
0 .03
0 . 1 8
4 . 7 9

14.  5s

100. 32
154
39

I Na saturated at pH 10.5 in a hot 2TaNa2COs solution.
'Wada .  ( 1959 )
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o Init iol
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5

pH
Frc. 5. Changes in pH values of VA and \lll suspensions in

0.0.5 N NaCl solution after shaking 24 hours.
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SiorAl
( ppml

to

Equilibrium pH
firc. 6. Concentrations of Si and Al in VA and VH suspensions

in 0.05 N NaCl solution after shaking 24 hours.

10 g samples of the air-dried materials was placed in 100 ml of 0.05 NaCl

solutions, the pH values of which were adjusted with HCI and NaOH
in the range of pH 3 to 7.5. After 24 hours shaking on a reciprocating
shaker, the pH values, Si and AI, were determined with supernatants ob-

tained by centrifugation.
The shift of pH values upon suspending VA and VH samples in dilute,

acid and alkaline NaCl solutions is shown in Fig. 5. No change would
be expected at pH 5.3-5.4 in either VA or VH systems. The reaction
involved is neither simple dissolution nor ion exchange on clay surface; in
suspensions more acid than pH 5.3, simultaneous determination of Si
and Al in the supernatant shows that Si and Al dissolve to an appreciable
extent (Fig.6). The upward shift of pH values may occur as the result

to37

o
654
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of dissolution of Al as well as OH release through anion-exchange reac-
tion of allophanic components (Wada and Ataka, 1958). In suspensions
more alkaline than pH 5.4, the downward shift of pH values may be
interpreted as an effect of dominating H+ release through cation-ex-
change reaction. In any event, the dip in the curves suggests that the
formation of clay minerals proceeds in the range of pH 5.3 to 5.4 in both
allophanic or halloysitic portions.

The dissolution of Si and Al suggests that pH 5.3 to 5.4 nearly cor-
responds to the extreme acid pH of the minimum solubil ity range of the
elements in the present weathering systems, in which the behavior of Si
is modified by the presence of AI. In pure water systems, the solubil ity of
Si is almost constant up to pH 8, and then increases abruptly with pH
(Alexander et al. 1954).

In conclusion, it seems important to bear in mind that essentially
there is no significant difference in chemical conditions prevailing in VA
and VH for clay formation.

DrscussroN

Wealhering sequence

Differential weathering that appeared in the mineral composition was
evaluated by assuming that magnetite is most resistant to weathering in
the systems (Fig. 7). On the basis of the rate of loss or gain of each of
the various minerals, one might deduce the following weathering se-
quences of the minerals:

Advanced staee oI  wealher ing- -  -

Volcanic glass (acidic) Hydrated
Feldspar (andesineJabradorite) Allophane halloysite

Hypersthene-augite---?---+

I
J Magnetite

The weathering sequences of the primary minerals involved has been
discussed by various investigators (reviewed in Jackson and Sherman,
1953). Those pertinent to the present system may be cited as follows in
the order of increasing stabil ity to weathering:

l) Basic rolcanic gloss, oiivine, hyperstlrene, biotite, augite, amphibole, anorthite,
epidotite, bytorvnite, and.esine, oligoclase, muscovite, garnet, orthoclase etc. (Marel, cited
in Jackson and Sherman, 1953)

2) Olivine, augil,e, hypersthene-rol,canic glass (bosi.c), zeolite-biotite, muscovite
ulcanic gloss (ocid,ic), felilspar-quartz (Fieldes and Swindale, 1954).

The present results deserve attention with respect to the following
points:

1) Although Fieldes and Swindale (195a) tentatively approximated

u 9 I
' a  

a | i

3 i >
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to Oven-dry bosis
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Frc. 7. Changes in mineralogical composition upon differential weathering.

volcanic glass with feldspar, the relative stability of acidic volcanic glass
to weathering remains undetermined. In view of the present results,
however, it is evident that acidic volcanic glass weathers much faster
than feldspar and even faster than either hypersthene or augite. The
least stabil ity of basic volcanic glass has already been indicated by l,Iarel.



S. AOMINI':, AND K. WADA

% Oven-dry bosis

o r o 2 0 3 0 4 0

% Oven-dry

o l o 2 0

bosis

30 40 5050

S l o z -

ot.o. E
Fe2oc =

-

=

oo

=

F
-

F
-_=

Mgo

tQo

tloeO

VA l-1vs VH I PA fl vs PH I

Frc. 8. Changes in chemical composition upon differential weathering.

This i l lustrates that the amorphous nature of volcanic glass, either basic

or acidic, dominates the situation.
2) Usually hypersthene and augite are supposed to weather much

faster than feldspar. The percentage loss of the respective minerals,

however, indicates that the rate of weathering is higher in feldspar or

not much difierent, even when the feldspar is not extremely calcic.
With regard to the secondary minerals the results support the common

view that hydrated halloysite represents a more advanced stage of

weathering than does allophane under temperate, humid conditions.

Under tropical, humid conditions, however, the allophanic stage has not

been demonstrated in the weathering transition from primary to kaolin

minerals whereas the presence of another allophane was noted as an

intermediate product between halloysite or kaolinite and gibbsite
(Tamura el al., 1953, 1955; Bates, 1960).

The changes in chemical composition during differential weathering

can be evaluated on the basis of the chemical analysis of the materials

as a whole (Table 5), assuming again that magnetite remains essentially

constant in the system. In Fig. 8 it is evident that the process as a whole

is desilication together with the remarkable loss of bases. Al and Fe

remained essentially constant. A close interrelationship between chemical

and mineralogical weatherings can be seen in the following orders of the

percentage loss of the bases and their source minerals:
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VA-VH NazO)CaO)KzO)MgO
(70) (6s) (se) (30)
volcanic ) f eldspar ) hypersthene

glass augite
(7s) (66) (1e)

PA-PH KrO)NazO)CaO)MgO
(70) (s8) (+4) (36)
volcanic ) feldspar: hypersthene

glass augite
(84) (40) (40)

' fhe general trend may be well understood by relating each of the
metall ic cations to its source minerals and also to their stabil it ies to
weathering, as postulated by mineralogical analyses:

Increasing stability to rveathering
K Na ( la -  \ Ie

| ---"'- - : : {------'-.ra----- 
- - - - - - 

/
- .1 ' ' ;1-=
Volcanic felclspar hypersthene

glass augi te

(Dashed l ines indicate minor cunst i tuent  cat ions)

Apparently, there seems no fixation of released cations in the secondary
clay minerals. The rate of loss of K in the VA-VH system is slightly
lower than that of Na and Ca. Slight K fixation together with Mg in
their clay fractions (Table 6) may suggest the presence of some 2:1
layer minerals. However the presence of such minerals was not positively
confirmed by r-ray analysis.

Structural chemistry of allophane and. hydrated, holloysite

Although numerous studies have identif ied allophane and hydrated
halloysite in weathered volcanic materials, their structural chemistry
has not received similar attention. At present the main interest is that
there are rather sharp differences between the two in crystal structure
and morphology but not in chemical composition.

The number of the cations in a structure unit corresponding to a unit
cell of halloysite was calculated from the chemical analyses on the basis
of 18 oxygens, neglecting small amounts of P, Ca, Mg and K. All H
evolved as HrO (f) was assumed to be present in the form of (OH)
and all Na to be equivalent to dissociable H+ from (OH). Allowance
for the presence of allophane in the VH and PH clay fractions was made
according to the r-ray data and by assuming that the chemical composi-
tion of each of the allophanes in VH and PH is the same as that of
allophane in the corresponding VA and PA portions.

1041
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'l',rsl.E 7. Cnloss pun Srnuc'lurB UNrr or' 18 Oxvcrrrs

Allophane Halloysite

VHPAVA PH

Si
AI
Fe
H
H+

J . J Y

3 . 5 9
0 .  1 5
9 . 9 3
1 . 2 3

3 .48
3 5 s
0.09
9 . 8 7

3 . 9 6
3 . 5 9
0 .  30
L 2 2
o .32

3 . 7 7
3 .60
0 .34
8 .34
0 .69

'I 'able 7 gives the number oI the cations resuiting from this calculation.
In comparison with the ideal composition of kaolinite, both Si and
(Alf Fe) contents appear considerably lower in allophane, whereas the
H content is considerably in excess of 8.0, even in hydrated halloysites.

According to the procedure adopted by Bates (1959), structural formu-
las were calculated on the basis of 18 oxygens and by adding "excess"
H to the tetrahedral sheet as (Ha)a+ along with excess O. The resulting
formulas (Table 8) indicate that the transition from allophane to hydrated
halloysite is continuous. The deficiency of Si, both absolute as well as
relative to (AIfFe), and the excess of H together with associated O
may result in an unstable configuration of the tetrahedral sheets, and, in
turn, of the 1: 1 layer structure in allophane. The two factors might be
related to each other. Bates (1959) pointed out that the presence of
"excess" H is important in determining the morphology of 1: l layer
minerals. This is based on the study of analyses of hailoysite and chryso-
ti le that contain significantly more HzO (*) than those of their platy
counterparts. The effect of these elements was interpreted as weakening
interlayer bonds to the extent that misfit of the sheets produced tubes or
curved laths rather than plates. In view of the present resull, the amount

Tnsr,r 8. Srnucrun,qr, Fonuur-es

VA
PA

VH
PH

Allophane

Oo rgSia sgAlo lsFe6 67(Ha)1 610z rz
Oa srSia +sAlo o:Feo o;(Hr)r ozo: zr

Halloysite

Oo zsSi: soAlo 66Fe6 66(Ha)s yeO2 e5
Oo rzSir zzAlo ooFeo tu(Ho)o ruO, r,

Ideal formula

Oo ooSir ooAlo 6nFe6 qn(I{a)n esO2 ee

Or zs(OH)r zeAh reFeo ot(OH)s tu
Or rr(OH)r zsAla szFeo on(OH)r.r,

Ot gu(OH)t snAlg sgFeo ro(OH)r *
Or ss(OH)r e6A! 66Fen to(OH)u os

O, oo(OH)z 6sAla esFe6 oo(OH)u,oo
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of  H,  together  wi th that  of  associated O,  may a lso be an important  fac lor

in determining the stabil ity of a 1: 1 layer structure in the transition

from allophane to hydrated halloysite.
The assignment of "excess" H as (Ha)a+ in the tetrahedral sheet is

merely a tentative one for this can result in some interesting relation-

ships between scattered facts:

1 ) The large increase of CEC of these clays in an alkaline solution (Table 6) was inter-

preted as the dissociation of H in the bonding of si-oH (wada and Ataka, 1958; Aomine

and Jackson, 1959).1 The amount of this H, together with associated O, may have a bearing

on the stability of the tetrahedral sheet. The transition from allophane to hydrated halloy-

site is in the direction of decreasing amount of this dissociable H+.

2) By assuming that the remaining "excess" H replaces Si as (Hr), forming (OH)r

tetrahedra as suggested by McConnell (1950), calculation shows that the sum of the

number of (si*Hr) approaches that of Si in the ideal formula (Fig. 9). This alone proves

r Another explanation for development of cation-exchange site in silica-alumina gel was

proposed by Milliken et al,. (1950). They assumed 4 coordination of Al instead of 6 at

higher pH, and claimed the Al in 4 coordinated state to act as an acid. This possibility is

not taken into consideration at present because o{ the lack of the actual configuration data.
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neither the presence of discrete (oH)a nor 1:1 replacement of sior with (oH)a, but these
relationships can be seen more generally in the chemical transition from kaolinite to
halloysite and possibly to allophane in the present samples (Fig. g). The plots are made
according to the data calculated by Bates (1959), except for the present samples. There
seems a general tendency to increase 1:1 replacement of si with (H), with increasing ran-
domness of crystal structure in kaolin minerals, The stable regions of respective species
could be designated using the number of (Ha) as a parameter.

3) The fact that the stability of the interlayer water of kaolin minerals increases toward
the poorly crystalline end-members (wada, 1961) supports the presence of some H at the
surface of tetrahedral sheet of hydrated halloysite. Since dissociable H+ was already re-
placed with Na+ in the present samples, the extra stability in bonding between interlayer
water and silicate layers might be ascribed at least partly to the presence of H in the form
of (OH)r at the surface of the tetrahedral silica sheet.

The adoption of the interpretations presented here must await further
evidences. rf these views are correct, however, the chemical transition
from allophane to halloysite to kaolinite can be regarded as a continuous
process of dehydroxylation through condensation and replacement with
sioa, which results in higher crystall inity of these minerals. rndeed this
seems the direction of post-depositional weathering of volcanic materials
under temperate, humid conditions. Although the presence of kaolinite
was not known, the appearance of halloysite in dehydrated form was
reported by Tsuchiya and Kurabayashi (1959) in some older volcanic
ash formation in Kanto district.

The mechanism and enaironmental cond.it,ions Jor clay formation
From the foregoing the steps of the mechanism leading to the forma-

tion of hydrated halloysite may be depicted as follows:
1) Partial hydration of volcanic glass or feldspar leading to alteration of O limage to

OH and resulting in release of some Si and metallic cations.
2) Rearrangement oI the remaining Al and Si together with associated O, OH, HrO,

in situ, forming a separate entity or remaining pseudomorphous after the original minerals.
Prevailing chemical conditions adjust the composition of the resulting silica-alumina
system.

3) Formation of a gibbsiteJike structure with some adsorbed Sior tetrahedra.
t[) Replacement of oH groups by o on further addition of sior tetrahedra or on the

condenstation resulting in dehydroxylation.
5) Re-orientation of SiOr tetrahedra

The allophanic clays and volcanic glass in VA and pA-the latter
was hydrated to a considerable extent (Table S)-represent steps 2 to 3,
whereas difierential weathering has brought about formation of hydrated
halloysite, probably through completion of steps 1 to 5.

Differential weathering is caused by local variations in the composition
of parent materials or in the nature and intensity of weathering. Min-
eralogical analyses as well as field observations exclude the possibility
that the former factor contributes to any appreciable extent to the
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present situation. Kuwano and llatsui (1957) and Kanno (1959) sug-

gested that stagnant, underground water plays an important part in the

similar occurrence of hydrated halloysite in some pumice layers, through

resilication and crystalliz,ation of allophane, apparently corresponding to

step 5. Indeed the amount of Si relative to Al is slightly higher in hy-

drated halloysite than in allophane (Table 61 Kuwano and Matsui, 1957),

and the appearance of Mn oxide concretions in halloysitic portions sug-

gests that the water regime might have a bearing on the formation of

hydrated halloysite. However, Si concentrations determined with VA

and VH suspensions indicate that there is an ample supply of Si through-

out the layers (Fig. 6). Furthermore, there seems no definite relationship

between the formation of hydrated halloysite and water-soluble Si

throughout the profi le (Table 1). Determination of suspension pH also

suggests that the prevailing chemical conditions are not essentially dif-

ferent between the corresponding portions. On the other hand, a com-

plete breakdown of the original mineral structure should precede resilica-

tion in the formation of secondary minerals. There are rather remarkable

difierences in the contents of some primary minerals as well as of some

metallic cations between VA and VH or PA and PH. In conclusion, it

seems evident that the resilication is a necessary process leading to the

formation of hydrated halloysite from allophane, but it may not cause

the difierential weathering. Instead, repeated renewal of fresh water, in

place of the stagnation of Si-rich water, is likely the most important

factor in the difierential weathering and promotes the reactions in steps

I and 2 through removal of released bases.
High permeability of most of the volcanic ash and pumice deposits

in the profile and rather plentiful rainfall (annual precipitation 2923

mm vs. annual average temperature 9.1o C., Wadachi, 1958) assure that

these weathering products are nearly water-saturated and that vertical

movement of water occurs with great efficiency. However, there is still

an indication that some difierence in leaching activity might relate to

the difference in the clay formation in these peculiar layers. As already

described in the field occurrence, the formation of hydrated halloysite

took place locally along a vertical channel, or horizontally along a

boundary with an underlying, less permeable layer. In either case the

leaching activity would be significantly higher in these places than in

other parts and continuous for a longer period after deposition.

In connection with this, the presence of brownish black to black man-

ganese oxide concretions is also another indication of the extra leaching

activity; the transportation of Mn, together with Fe and Al in smaller

amounts, occurs for some distance along with formation of hydrated

halloysite.In addition,it has been known that humiccomplexesand micro-
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organlsms are importanl in the transportation of this element, through
chelation and oxidation to higher oxides (Leeper and Swaby, 1940;
Leeper, 1947; Rankama and Sahama, p.647, 1950). Vice aersa, the
observed accumulation of Mn together with Fe and Al in the halloysitic
portions might indicate that some biotic efiects contribute to some exrenI
to the observed difference in weathering. corroborative evidence for this
concept was obtained upon removal of extractable iron oxides with
sodium dithionite-citrate-bicarbonate (Jackson, p. 47, 1956); the color
of the extract due to the presence of some organic matter is much stronger
in the halloysitic portions than in the corresponding allophanic portions,
although the nature and properties of this organic matter are not yet
clear. The rapid segregation of Mn from the reaction system may help
crystall ization of hydrated halloysite from the decomposition products
of primary minerals.

Co\Tcrusror.Ts

The difierential weathering of volcanic ash and pumice has resulted
in local formation of hydrated halloysite, whereas the remaining portion
sti l l  remains at an allophanic stage of weathering. The morphological
and structural characteristics together with the chemical composition
of the respective clay fractions indicate that these species represent inter-
mediates between typical allophane and hydrated halloysite. chemically,
the weathering is a process of desil ication together with a remarkable
Ioss of bases. Aluminum and iron remain essentially static during
weathering. The chemical transition from allophane to hydrated hal-
loysite can be regarded as a continuous process of dehydroxylation
through condensation and replacement with sil ica tetrahedra.

The cause of the differential weathering is sti l l  not evident. The
major chemical conditions, such as pH, Si and Al concentrations of the
systems, may not differ significantly between allophanic and halloysitic
portions. rrowever the mode of the occurrence of the latter clay together
with corroborative analytical evidence suggests that local variations in
leaching activity associated with some biotic efiects-contribute largely
to the differential formation of hydrated halloysite.
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