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MORPHOLOGY AND STRUCTURE OF HALLOYSITE IN
NEW ZEALAND TEPHRAS

Joun H. KIRKMAN
Department of Soil Science, Massey University, Palmerston North, New Zealand

Abstract—As shown by scanning and transmission electron microscopy, halloysite in three rhyolitic teph-
ras occurs as squat and elongate ellipsoids. Both morphologies are presumed to result from a similar lattice
building mechanism. The squat ellipsoids form from allophane; the elongate ellipsoids form from feldspars.
The squat ellipsoids do not possess flattened faces or spaces between books of layers at field moisture
levels. Outgrowths from the squat ellipsoids are possibly due to inclusions of allophane, glass, ferrihydrite,
or feldspar crystallites. Possible spiral growth of halloysite, giving curved surfaces, may be due to a con-

tinnous distribution of crystal dislocations.
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INTRODUCTION

Since the electron optical studies by Bates et al.
(1950), a tubular morphology has been associated with
halloysite. Numerous workers, e.g., Birrell ez al.
(1955), Askenasy et al. (1973), Wada et al. (1977), and
Kirkman (1975, 1977, 1980) showed that particles of
halloysite with a circular outline when viewed by trans-
mission electron microscopy are commonly the domi-
. nant and, in many samples, the only crystalline com-
ponent of the clay fractions of tephras and volcanic
ash-derived soils. Birrell et al. (1955) described such
particles as distorted cylindrical shells or apparently
incomplete toroids, whereas Askenasy et al. (1973) re-
garded them as oblate spheroids or stubby cylinders
with rounded edges containing inclusions of noncrys-
talline material. Wada er al. (1977) suggested that the
particles are composed of concentric and discontinuous
stackings of kandite unit layers and that they do not
contain noncrystalline material. From the morphology
of unusual disks sandwiched between silica flakes and
other electron optical data, Kirkman (1977) concluded
that halloysite particles with circular cross sections
may have formed by a spiral mechanism resulting from
crystal dislocations. He observed that such particles
have many flattened faces.

Building on the report of Kirkman (1977), this paper
attempts to determine the cause of the flattened faces
and investigates further the possibility of the spiral
growth of halloysite. Additional electron optical infor-
mation is presented on the morphology and possible
structure of halloysite, and the theory of continuous
dislocations in crystals (Nabarro, 1967) is offered as a
possible explanation of such spiral growth. Kirkman
(1977) suggested that particles of halloysite with cir-
cular cross section should be regarded as chunky cyl-
inders, rather than spheres, since they have a well-de-
fined axis. However, because such particles are in fact
squat and barrel-shaped and do not possess parallel
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sides, they should be described, sensu strictu, as squat
ellipsoids, and this term is used throughout this report.
Long tubes, if formed by the same mechanism as the
squat ellipsoids, are thus elongate ellipsoids, but to fa-
cilitate recognition and description of such particles,
the terms tube or tubular are used below.

MATERIALS AND METHODS

The rhyolitic tephras containing the clays investigat-
ed include Woodstock 15 and Woodstock 16 (Kirkman,
1980), and a halloysite-rich rhyolitic tephra from the
Hamilton Ash Formation. The <1.0-um fractions were
separated by centrifugation after ultrasonic dispersion
of the tephras suspended in water made alkaline to pH
10.2 with ammonia (Kirkman and Pullar, 1978). After
dilution, one drop of the clay suspension was placed on
a copper grid coated with Formvar and carbon and
dried at 50°C for 10 min prior to examination in the
transmission electron microscope (TEM). Replicas
were prepared from suspensions in distilled water in a
Balzers BA 600 freeze-etch unit (Moore and Muhle-
thaler, 1963). Specimens were fractured at —100°C, and
ice was permitted to sublime from the fracture faces for
2 min to achieve partial exposure of undamaged clay
particles. The resulting surfaces were replicated by de-
position of platinum/carbon shadow and a carbon back-
ing film. After thawing, adherent clay particles were
removed by floating the replicas on a bath consisting of
equal parts of water, 40% HF, and concentrated HCI.

Scanning electron microscopy (SEM) studies were
made on the fracture surfaces of small aggregates
mounted directly on aluminum stubs with conducting
paint and coated with gold. The aggregates had been
stored at field moisture levels in polythene bags and
received no pretreatment.

RESULTS

Freeze-etching was undertaken in an attempt to pre-
serve the natural morphology of the halloysite parti-
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Transmission electron micrograph of replica of

Figure 1.
freeze-etched clay of Woodstock 16 tephra showing out-
growths and absence of flattened faces. Bar = 0.5 pum.

cles. Hopefully the surfaces of the particles were rep-
licated while retaining the support of the internal water,
thus avoiding any modification of shape due to dehy-
dration. Earlier studies of replicas (Kirkman, 1977) re-
vealed many flattened faces on the particles which im-
parted a polygonal appearance. The particles in Figures
1 and 2 do not show this effect, which supports the idea
that the flattened faces were caused by loss of internal
water from the particles.

Figure 1 shows that two or more ellipsoids can grow
together and that outgrowths can occur. A small conical
protuberance together with a scar where an outgrowth
has broken away (either in the field or during laboratory
preparation) can be clearly discerned on one of the par-
ticles. Commonly the outgrowths from ellipsoids are
elongate and well developed (Figure 2a), and scars on
the ellipsoids were observed frequently. Two or more
- outgrowths from one ellipsoid are common (Figure 2b),
and some outgrowths tend to taper (Figure 2c), a ten-
dency also observed for a number of discrete particles
(Figure 2d). The outgrowth shown in Figure 2d contains
lines suggestive of a spirally wound or tightly rolled
sheet. Discrete particles, interpreted as tubes within
tubes, were also observed (Figure 2e). Although out-
growths from ellipsoids are common, small, distorted
masses protruding from otherwise well-developed
elongate particles were also observed (Figure 2f). Some
ellipsoids display numerous protuberances, many of
which appear as cones, bumps, or irregularities in the
surface layer of the ellipsoids (Figure 2g), or as short,
twisted and distorted outgrowths (Figure 2h). Flattened
faces are absent from all of the ellipsoids shown in Fig-
ure 2, and on most the outline of the exterior layers is
clearly evident. :
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The scanning electron micrograph of a fracture sur-
face of Woodstock 15 (Figure 3) indicates that much of
the sample consists of tightly packed ellipsoids of hal-
loysite of varying size. Figure 4a shows halloysite (ar-
rowed) in close proximity to sheets of a primary mineral
in the same sample. Higher magnification (Figure 4b)
reveals that the halloysite forms spherules and that
each spherule is composed largely of a mass of parti-
cles, many of which have a tapered appearance (Figure
4c). The scanning electron micrographs show that the
tapered particles invariably have what appear to be sol-
id, rounded ends indicative of rods, but transmission
electron microscope studies (Figure 5) indicate a tu-
bular morphology. Interpretation of particles showing
solid, rounded ends must be made with caution be-
cause: (1) coating particles with gold to a thickness of
100 A is not easily controlled, and a non-uniform coat-
ing may give the particle a rounded appearance; (2) the
resolution of the SEM is poorer than that of the TEM;
(3) high secondary electron emission from all surfaces
of projecting thin-walled tubes may swamp out contrast
between their various parts, resulting in a featureless,
general luminosity. In addition, the halloysite particles
could be tubes packed with allophane, which is less
electron dense to the TEM than halloysite but of equal
response in the SEM. This possibility appears unlikely,
because treatment with hot, dilute alkali failed to dis-
solve material from the particles (Kirkman, 1977). A
hollow, tubular morphology therefore appears most
probable, not only because of the TEM evidence and
the problems of interpretation of the SEM evidence,
but also because a similar particle observed in another
specimen at higher magnification (Figure 2d) shows
striations around the circumference suggestive of a spi-
rally wound tape or a rolled up sheet. Indeed, TEM in-
vestigation failed to reveal solid rods in any of the sam-
ples investigated; the elongate particles always
appeared tubular,

The growth of tubular halloysite is not confined to
spherules associated with platy primary minerals.
Tubes at the edges of possible feldspathic minerals are
either parallel with (Figure 6a), or extend upwards from
(Figure 6b), the surface of the parent grain. Like the
particles shown in Figure 4c, those in Figure 6b have
solid looking, rounded ends. Similar particles of hal-
loysite (Figure 7a) grow inside small holes (arrowed
Figure 7b) in the planar surfaces of probable feldspar
minerals.

The surface of a platy primary mineral, probably
feldspar (Figure 8a), apart from two relatively clean
areas, is covered with numerous particles of two dif-
ferent, but probably closely related types of halloysite
(Figure 8b). The presence of feldspar and halloysite and
the absence of other crystalline minerals was confirmed
by X-ray powder diffraction. One type of halloysite lies
parallel to the surface, while the other extends upwards
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Figure 2. Transmission electron micrographs of replica of freeze-etched clay of Woodstock 16 tephra showing (a) elongate
tubular outgrowth from a squat ellipsoid, and a scarred ellipsoid; (b) two tubular outgrowths from one ellipsoid; (c) a tapered
tubular outgrowth from an ellipsoid; (d) single tapered tube with surface striations; (¢) tubes within tubes; (f) small distorted
outgrowth from a long tube; (g) numerous outgrowths and distorted outer layers of ellipsoids; (h) twisted tubular outgrowth

from two linked ellipsoids. Bar = 0.5 um.

'

(Figure 8c). The upward extending particles are gen-
erally shorter and thicker than those lying parallel to
the surface. Those parallel to the surface have a
length: width ratio of approximately 9.0, and are com-
monly tapered, and some, although supine, appear to
be extending out from the surface, or are partially bur-
ied in it. The size of both types of particle is variable;
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the upward extending particles are approximately 0.5
wum long and 0.2 um wide, and the largest supine par-
ticles are as much as 1.5 um long and 0.2 um wide.

DISCUSSION

The results of the freeze drying procedure support
the idea that the flattened faces of squat ellipsoids found
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Scanning electron micrograph of squat ellipsoids
of halloysite at a fracture surface of an aggregate of Woodstock
15 tephra. Bar = 1 um.

Figure 3.

earlier by Kirkman (1977) are caused by loss of internal
water. Layer separation, a characteristic of halloysite
disks (Kirkman, 1977), which gives rise to the ‘“‘core
and crust’’ appearance common to squat ellipsoids is
believed to be due to dehydration, although direct evi-
dence for this effect was not obtained in the present
study. Water molecules between crystal layers of the
fully hydrated mineral suppress hydrogen bonding be-
tween layers, but after dehydration such bonding be-
comes more effective. The stress induced by contrac-
tion of the interlayer space resulting from increased
hydrogen bonding after dehydration is possibly re-
lieved by gaps between books of crystal layers, hence
the ‘‘core and crust’’ appearance which is well illus-
trated in Figure 9a of Kirkman (1977). This suggestion
is supported by the observation of Saigusa et al. (1978)
that halloysite particles subjected to glycerol saturation
do not show layer separation, whereas marked sepa-
ration results from dehydration in the absence of glyc-
erol. These observations imply that contrary to the
claim of Askenasy et al. (1973), Wada et al. (1977) were
correct in suggesting that the spaces observed between
books of layers in squat ellipsoids do not contain non-
crystalline material. .

This study, together with that of Kirkman (1977),
shows that halloysite occurs in two different forms,
tubes and squat ellipsoids, and that the ellipsoids dis-
play a variety of outgrowths. The outgrowths probably
result from minor disturbances of the fundamental
growth mechanism. Despite obvious differences in the
appearance of the tubes and ellipsoids, the mechanism
of formation is probably the same, a conclusion sug-
gested by the fact that the literature reveals no signifi-
cant differences resulting from differential thermal
analysis, infrared spectroscopy, X-ray diffraction, and
intercalation studies. Furthermore, it is unlikely that
different crystallization mechanisms produce identical

https://doi.org/10.1346/CCMN.1981.0290101 Published online by Cambridge University Press

Clays and Clay Minerals

unit cells, and it follows that the tubes and ellipsoids
were formed by the same mechanism.

It has been shown that interlayer water preserves the
curvature of crystal layers, but clearly such curvature
is not necessarily caused by the intercalating water.
The fact that curved surfaces, be they curled flakes,
tubes, or ellipsoids, are invariably characteristic of hal-
loysite, indicates that crystal growth was not symmet-
ric. Curvature in halloysite has been ascribed to the
misfit between tetrahedral and octahedral sheets which
are inherently of different dimensions (Bates et al.,
1950), but such a mechanism should produce a circular
section rather than a spiral, yet the present electron
optical evidence and that of Kirkman (1977) suggests
a spiral. Undoubtedly, curvature is ‘‘locked’’ into the
structure of halloysite, because dehydration and the
consequent increase in the effectiveness of hydrogen
bonding between layers do not cause tubes to revert to
flat plates. A system of continuous dislocations may be
inherent in the growth of halloysite crystals; such dis-
locations could cause spiral growth.

Nabarro’s theory of a continuous distribution of dis-
locations (1967) suggests that a single crystal can exist
in several states (Figure 9). Figure 9a shows the un-
stressed state which, if elastically bent (Figure 9b) is
regained when the applied stresses are released. This
situation would result if stress were applied to a ka-
olinite flake. In state (c) the crystal is plastically bent
and contains a random distribution of dislocations all
of the same kind. It retains its form when the applied
stresses are released. State (d) is the polygonized state
which contains the same number of dislocations as state
(c), but now arranged in tilt boundaries separating re-
gions of the crystal which are almost perfect. States (c)
and (d) may apply to hydrated and dehydrated halloy-
site, respectively, the dislocations being inherent in the
crystallization process and not induced by external
stress. According to Nabarro (1967) a continuum of
such dislocations would produce lattice rotations but
not long range lattice strain. Thus, this type of rotation
may contribute to the a- and b-axis disorder character-
istic of halloysites.

If continuous dislocations are the cause of spiral
growth in halloysites, the mechanism of growth may be
either Archimedean or equiangular, or a combination
of features of both. An end-on view of a sheet of paper
of constant thickness rolled into a multi-walled tube is
an example of an Archimedean spiral, whereas an
equiangular spiral develops if the thickness of the paper
instead of remaining constant, increases steadily to give
awedge section. If halloysite tubes form by simple roll-
ing up of kandite layers of constant thickness the result
would be an Archimedean spiral. The electron optical
evidence (Kirkman, 1977) does not support this mech-
anism.

The presence of striations on the walls of tubes (Fig-
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Figure 4. Scanning electron micrograph of fracture surface of aggregate of Woodstock 15 tephra showing (a) spherules of

halloysite among platy primary minerals (arrowed). Bar = 40 pm; (b) spherules at higher magnification. Bar = 10 um; (¢)
tapered particles composing the spherules. Bar = 1 um.
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Figure 5. Transmission electron micrograph of <1.0-um size
clay of Woodstock 15 tephra showing tubes and squat ellip-
soids (round particles) of halloysite. Bar = 0.5 um.

Figure 6. Scanning electron micrograph of fracture surface
of aggregate of Hamilton tephra showing (a) primary mineral
coated with tubular halloysite clustered at the edge. Bar = 10
pm; (b) higher magnification of halloysite clustered at the
edge. Bar = | um.
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Figure 7. Scanning electron micrograph of fracture surface
of aggregate of Hamilton tephra showing tubular halloysite
(Figure 7a) in the hole arrowed on Figure 7b. Bar on Figure
7a = | um; Figure 7b = 40 pm.

ure 2d) suggest a spirally wound tape; the tapered ap-
pearance of the tubes in Figures 2d and 8c implies that
the tape thickens as it lengthens and spirals to form not
a tube, but an elongate ellipsoid, or a long, thin cone.
It follows that the spiral mechanism has features which
are both Archimedean and equiangular. The spiral
mechanism that produces the two types of particle—
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Figure 8. Scanning electron micrograph of fracture surface of aggregate of Hamilton tephra showing (a) trapezoid mineral.
Bar = 40 pum; (b) halloysite particles coating the trapezoid. Bar = 2 um; (c) two different forms of crystal, one of which is
protruding upwards, the other is tapered and supine. Bar = 1 um.
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Figure 9. Four states of a single crystal (a) unstrained; (b)
elastically bent; (c) plastically bent; (d) polygonized. Repro-
duced from F. R. N. Nabarro, Theory of crystal dislocations,
© Oxford University Press, 1967.

squat ellipsoid and long ellipsoid—may be modified by
inclusions such as fragments of glass, allophane, fer-
rihydrite, or feldspar crystallites. Such inclusions might
impair crystal development and cause the protuber-
ances, outgrowths, and twisted and malformed external
layers visible on many particles (Figure 2).

Elongate ellipsoids (tubes) growing from squat ellip-
soids emerge either from deep within a particle, or,
more commonly, result from a modification of the ex-
ternal layer of squat ellipsoids. Both types have been
observed and can be explained by changes in the di-
rection of spiral growth induced by localized inclu-
sions, as can the occasional end-swelling of long ellip-
soids (Figure 2f). Elongate ellipsoids, unlike squat
ellipsoids, generally do not show protuberances, or
grow together in groups of two or more.

It is well documented that the squat ellipsoid form of
halloysite is common in clays formed from volcanic
glass; this form may indeed be the only form which de-
velops from allophane, but such clays commonly con-
tain tubes. Tubes grow from feldspar grains (Visconti
et al., 1956; Bates, 1962; Wolff, 1967; Parham, 1969),
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and it is assumed that the primary minerals supporting
tubes or elongate ellipsoids (Figures 4, 5, 7, 8) are feld-
spars. Feldspars are a common precursor of halloysite
in many tephras (Kirkman, 1980), but it is uncertain
from the literature whether halloysite nucleates from
a gel coating feldspar grains, or whether it grows from
the feldspar surface using the array of weathering lat-
tice ions as a template. Figure 8c suggests that halloy-
site is growing from within the primary grain and not
from a gel coating. Such growth and the crystallization
of halloysite from allophane indicate that the precur-
sors of halloysite include both long-range and short-
range ordered materials.

ACKNOWLEDGMENTS

I am grateful for the expert assistance of Mr. W. S.
Bertaud and Shirley M. O’Kane, Physics and Engi-
neering Laboratory, D.S.1.R., Lower Hutt, who pre-
pared the replicas, and of Mr. A. Craig, Electron Mi-
croscopy Unit, D.S.I.R., Palmerston North, who
assisted with the electron optical studies. Mr. Bertaud
and Mr. Craig reviewed the manuscript.

REFERENCES

Askenasy, P. E., Dixon, J. B., and McKee, T. R. (1973)
Spheroidal halloysite in a Guatemalan soil: Soil Sci. Soc.
Amer. Proc. 37, 799-803.

Bates, T. F. (1962) Halloysite and gibbsite formation in Ha-
waii: in Clays and Clay Minerals, Proc. 9th Nat. Conf.,
West Lafayette, Indiana, 1960, Ada Swineford, ed., Per-
gamon Press, New York, 315-328.

Bates, T. F., Hildebrand, F. A., and Swineford, A. (1950)
Morphology and structure of endellite and halloysite: Amer.
Mineral. 35, 463-484,

Birrell, K. S., Fieldes, M., and Williamson, K. I. (1955) Un-
usual forms of halloysite: Amer. Mineral. 40, 122-124.
Kirkman, J. H. (1975) Clay mineralogy of some tephra beds
of Rotorua area, North Island, New Zealand: Clay Miner.

10, 437-449.

Kirkman, J. H. (1977) Possible structure of halloysite disks
and cylinders observed in some New Zealand rhyolitic teph-
ras: Clay Miner. 12, 199-216.

Kirkman, J. H. (1980) Mineralogy of the Kauroa Ash For-
mation of south-west and west Waikato, North Island, New
Zealand: N.Z. J. Geol. Geophys. 23, 113-120.

Kirkman, J. H. and Pullar, W. A. (1978) Halloysite in late
Pleistocene rhyolitic tephra beds near Opotiki, Coastal Bay
of Plenty, North Island, New Zealand: Aust. J. Soil Res.
16, 1-8.

Moore, H. and Muhlethaler, K. (1963) Fine structure in fro-
zen etched yeast cells. J. Cell Biol. 17, 609-628.

Nabarro, F. R. N. (1967) Theory of crystal dislocations: in
The International Series of Monographs on Physics, N. F.
Mott, E. C. Bullard, and D. H. Wilkinson, eds., Oxford
University Press, Oxford, 39-42.

Parham, W. E. (1969) Halloysite-rich tropical weathering
products of Hong Kong: Proc. Int. Clay Conf., Tokyo, 1969,
Vol. 1, L. Heller, ed., Israel Univ. Press, Jerusalem, 403-
416.

Saigusa, M., Shoji, S., and Kato, T. (1978) Origin and nature
of halloysite in Andosoils from Towada Tephra, Japan:
Geoderma 20, 115-129.

Visconti, Y. S., Nicot, B. N. F., and De Andrade, G. (1956)


https://doi.org/10.1346/CCMN.1981.0290101

Vol. 29, No. 1, 1981 Morphology and structure of halloysite 9

Tubular morphology of some Brazilian kaolins: Amer. Min-  Wolff, R. G. (1967) Weathering of Woodstock granite near
eral. 41, 67-75. Baltimore, Maryland: Amer. J. Sci. 265, 106-117.

Wada, S., Aoki, K., and Wada, K. (1977) The interior struc- , .
ture of spherical halloysite particles: Clay Sci. 5, 113-121. (Received 20 March 1980; accepted 7 July 1980)

Pe3iome—C NOMOIIBIO CKAHAPYIOMET0 H TPAHCMUIIOHHOTO 3JIEKTPOHHOIO MHKpOCKOoNa ObLIO NIOKa3aHo,
YTO FajUIOH3UT B TPeX PEOJIMTOBBIX Tedpax BCTpevaeTCs B BHIC CIUIIOIIECHHBIX H BHITAHYTBIX JJUTHI-
conpo. O6e MOphOJIOrHH NPEMIONONKUTENLHO SABJISIIOTCA pe3yAbTaToM NOJOOGHOTO MEXaHM3Ma MOCTPO-
enus pemeTkd. CIUTIOIEHHblE 3/UIHNCOHAB dopMupyioTcs M3 ajodaHa, BHITAHYTHIE SJUIAICOHIbI—
u3 denpammara. B ycnoBHsX mosieBOro YpoBHsSI BIA)XXHOCTH CIUHOIMICHHBIC 3JUTHOCOUABLI HE HMEIOT HM
MJIOCKHX [TIOBEPXHOCTEH, HH PACCTOSIHUH MEXJAY «KHMramu» cJioeB. OTPOCTKH CIUIIOUICHHBIX 3JLIATICO-
HIOB BbIBaHbI, BO3MOXCHO, HHKJIIO3HAMH alnodana, cTekia, (GeppurHAPUTa, WIH KPUCTAJUIMTOB (ebl-
mmarta. BO3MOXHBIH CIIMpaJibHbIA pOCT TaJUION3HUTa, KOTOPLIH MPHBOANT K HCKPHBJICHUIO IOBEPXHOCTH,
MOJKET GBITh BbI3BaH CIUIOMIHLIM paclpejelieHueM Kpuctaumieckux pucnoxanuii. [E.C.]

Resiimee—Raster- und transmissionselektronenmikroskopische Untersuchungen zeigten, da Halloysit
aus drei rhyolithischen vulkanischen Lockerprodukten als gedrungene oder langliche Ellipsoide auftritt.
Es wird angenommen, daB beide Formen durch einen #hnlichen Gitterbildungsmechanismus entstehen.
Die gedrungenen Ellipsoide bilden sich aus Allophan; die linglichen Ellipsoide entstehen aus Feldspiten.
Die gedrungenen Ellipsoide haben bei Bergfeuchte keine glatten Flichen oder Zwischenriume zwischen
Schichtpaketen. Auswiichse auf den gedrungenen Ellipsoiden sind wahrscheinlich durch Einschliisse von
Allophan, Glas, Ferrihydrit, oder Feldspatkristalliten bedingt. Ein mogliches Spiral—wachstum von Hal-
loysit, das gebogene Oberflachen ergibt, konnte von einer kontinuierlichen Verteilung von Versetzungen
im Kristall herriihren. [U.W.]

Résumé—La microscopie électronique balayante et 4 transmission montre que I’halloysite dans trois
tephres est présente sous la forme d’ellipsoides trappus et élongés. On présume que les deux morphologies
résultent d’'un mécanisme semblable de construction de I'édifice cristallin. Les ellipsoides trappus sont
formés a partir d’allophane, ceux qui sont élongés sont formés a partir de feldspars. Les ellipsoides trappus
n’ont pas de faces aplaties ou d’espaces entre les livres de couches a des niveaux d’humidité naturels. Des
protrusions des ellipsoides trappus sont possiblement dus a des inclusions d’allophane, de verre, de fer-
rihydrite, ou de cristallites de feldspars. La croissance en spirale possible d halloysite, donnant des surfaces
recourbées, peut étre due a une distribution continuelle de dislocations de cristaux. [D.J.]
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