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FORMATION OF VERMICULAR KAOLINITE FROM HALLOYSITE 
AGGREGATES IN THE WEATHERING OF PLAGIOCLASE 
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Abstract-Halloysite and kaolinite coexist in anortbosite weathering profiles in the Sancheong distriet, 
Korea. X-ray diffraction (XRD) analysis on a transect of partially weathered anortbosites reveals an 
increasing amount of kaolinite development with weathering age. Microtextures were examined by scan
ning electron microscopy (SEM) of thin sections and raw sampies in an attempt to resolve the genetic 
relation between halloysite and kaolinite. In the earliest stage of weathering, halloysite ellipsoids and 
short tubes form on the plagioclase surfaces. The successive formation of new grains from the early grains 
results in globular aggregates where halloysite grains are partially interconnected. With the further prog
ress of weathering, the halloysite grains coalesce from the inner part of the aggregate outward, and convert 
into stacked kaolinite plates. Continuous addition of halloysite grains on existing plates and their subse
quent conversion into plates form long vermicular kaolinite. Solid-state transformation is suggested as a 
major conversion mechanism. Concurrently with its successive transformation into kaolinite, halloysite 
also continuously precipitates, giving rise to overgrowths on vermicular kaolinite. Halloysite forms as a 
kinetically favored metastable precursor and is subsequently transformed into thermodynamically stable 
kaolinite. Halloysite and kaolinite coexist temporarily in the weathering profile far from equilibrium. 
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INTRODUCTION 

Halloysite and kaolinite are important weathering 
products of rocks in temperate and tropical environ
ments. Previous electron microscopic studies frequent
ly reported the coexistence of both minerals in weath
ering profiles (Keller 1977; Gilkes et a1. 1980; Keller 
et al. 1980; Banfield 1985; Banfield and Eggleton 
1990). Their coexistence is of interest because they 
have similar chemistry and structure. The chemical 
composition of kaolinite is the same as that of halloy
site except for weakly bound interlayer water (Weaver 
and Pollard 1973; Newman and Brown 1987), while 
the structure of halloysite differs from that of kaolinite 
in layer stacking sequence. Disordered kaolinite is 
hardly distinguishable from dehydrated halloysite 
(Chukhrov and Zvyagin 1966; Brindley 1980; Bailey 
1990). A genetic relation between the 2 minerals in 
the weathering environment is rarely established, de
spite many reports describing their coexistence. Ther
modynarnic studies predict that halloysites would con
vert into kaolinite with aging (Huang 1974; Tsuzuki 
and Kawabe 1983), but while this sequence is cur
rently accepted by most investigators (parham 1969; 
Keller 1977; Nagasawa 1978; Churchman and Gilkes 
1989; Steefel and Van Cappellen 1990), there is little 
direct microtextural evidence to support it. Banfield 
(1985), from SEM observations, suggested that hal
loysite tubes merged into platy kaolinite. Robertson 
and Eggleton (1991) and Singh and Gilkes (1992), in 
their transmission electron microscopic (TEM) studies, 
reported a conversion of kaolinite to halloysite in the 
kaolin pseudomorph after muscovite. More extensive 
microtextural study is required to elucidate the genetic 
relation between halloysite and kaolinite. 

Residual kaolin formed by the weathering of anor
thosite in the Sancheong district, Korea, consists most
ly of halloysite and kaolinite (Jeong 1992; Jeong and 
Kim 1994). The microtextures of partially weathered 
anorthosites underlying kaolin record the sequential 
formation of the 2 minerals very weIl. Sancheong ka
olin deposits are good sites to study the genetic rela
tion between coexisting halloysite and kaolinite in the 
weathering environment. In the present study, micro
textural changes of aseries of partially weathered an
orthosites were exarnined in detail, mainly using SEM 
to trace the genetic relation. 

ANORTHOSITE AND KAOLIN DEPOSITS 

Sancheong anorthosite is a monomineralic igneous 
rock composed mostly of medium- to coarse-grained 
labradorite plagioclase (normally above 95 vol%) with 
minor minerals such as amphiboles, chlorites, biotite, 
epidotes, muscovite, ilmenite and titanite (Jeong 
1992). The Sm-Nd isotopic age of the anorthosite in
trusion is 1,678 ± 90 Ma (Kwon and Jeong 1990). 
Microfractures are weIl developed in the anorthosite 
as a result of a cataclastic deformation during the re
gional metamorphism after the intrusion (Jeong and 
Lee 1987; Jeong and Kim 1993). 

The kaolin deposits have been formed by residual 
weathering of the anorthosite under a humid temperate 
climate with mean annual precipitation of 1354 mm and 
mean air temperature of 12.7 °C (Jeong 1992; Jeong 
and Kim 1993). The kaolin deposits with annual pro
duction of about 0.2 million tons have been an impor
tant source of kaolin raw material for cerarnics in Korea 
(Korea Mining Promotion Corporation 1995). The ka
olins consist mostly of halloysite and kaolinite in vari-
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Table 1. X-ray fiuorescence analysis data of partially weath-
ered anorthosites. 

SampIe 

Wt% Rl R2 R3 

Si02 51.08 49.71 48.35 
AI20 3 29.38 30.42 31.25 
Fe20 3 0.53 0.51 0.48 
MgO 0.31 0.37 0.25 
MnO 0.01 0.01 0.01 
Ti02 0.08 0.09 0.08 
P20S 0.01 0.02 0.02 
CaO 13.54 10.98 8.62 
K20 0.29 0.28 0.41 
Na20 3.44 3.00 2.54 

Total 100.07 99.88 99.67 

ous proportions (Jeong 1992; Jeong and Kim 1994). 
There is a gradual transition from fresh rock to kaolin 
across a thick zone of partially weathered rock. One of 
the remarkable characteristics of the anorthosite weath
ering profiles is good preservation of the original rock 
textures without severe disturbance: laminations, dykes, 
joints and small veins in the anorthosite extend through
out the weathering profiles without any noticeable 
change of orientation or width. Delicate textures of pla
gioclase grains, such as grain shape, cleavages and mi
crofractures, are also weH preserved even on the mi
croscopic sc ale (Jeong and Kim 1993). Although it is 
very difficult to quantify precisely, volume change dur
ing the weathering appears to be small. Most of the 
deposits are found on mountainsides of low slope (less 
than 22°) that allow the development of thick weath
ering profiles ranging from 10 to 30 m in depth. 

SAMPLES AND METHODS 

Partially weathered anorthosite was sampled at the 
base of weathering profiles exposed at the excavation site 
in a kaolin quarry. Three partially weathered rock sam
pIes (Rl, R2, R3) were coHected at successive 20-cm 
intervals from the fresh anorthosite with increasing de
gree of weathering from Rl to R3 and stored in poly
ethylene bottles to preserve field moisture and original 
textures. The mineral composition of sampies was deter
mined with a Rigaku RAD3-C diffractometer equipped 
with Co X-ray tubes operating at 35 kV/20 mA. Bulk 
sampies were lightly crushed in an agate mortar and 
packed in an aluminum holder. All the XRD analyses 
were carried out before drying of the sampies. Since hal
loysite occurs as compact aggregates of fine tubular par
ticles (Jeong and Kim 1993; this study), XRD pattern 
does not show significant orientation effects. A vermic
ular morphology of kaolinite in the sampies also reduces 
the orientation effects compared to platy morphology. 
Tberefore, the intensities of the basal peaks were repro
ducible sufficiently to show the relative variation of ka
olin mineral contents in the sampies. Tbe bulk chemistry 
was determined with a Philips PWl480 X-ray fluores-

cence spectrometer at the Seoul branch of Korea Basic 
Science Institute. For a textura! study, air-dried sampies 
were impregnated with Araldite epoxy resin under vac
uum. Polished thin sections were prepared from the res
in-impregnated sampies and coated with carbon. Weath
ered plagioclase grains were glued on to the aluminum 
stubs with conductive adhesives and coated with gold. 
Tbe microtextures of thin sections and original samples 
were observed using a Hitachi S2500 scanning electron 
microscope. Thin sections were observed up to the max
imum magnification of x 3000, and raw samples up to 
X60,000. Tbe chemistry of minerals was analyzed qual
itatively with a Kevex energy dispersive X-ray spectrom
eter (EDS). A Philips CM20 transmission electron mi
croscope equipped with a Link EDS system was used to 
observe the morphology of kaolin minerals and their ag
gregates. Sampies were lightly dispersed in distilled wa
ter (without any severe treatment like ultrasonic agita
tion), loaded onto a copper grid covered with Formvar 
film and coated with carbon. 

RESULTS 

Bulk Chemistry and Mineral Composition of 
Weathered Anorthosites 

The bulk chemistry of sampie Rl simply reflects the 
chemistry of labradorite (An69%) (Table 1). Tbe be
havior of elements with increasing degree of weath
ering is generally consistent with the element mobility 
given in a geochemical text (Krauskopf and Bird 
1995). CaO, NazO and Si02 systematically decrease 
toward sampie R3, whereas Alz0 3 increases slightly. 
Loss on ignition increases with progress of weather
ing, implying the formation of clays. Assuming that 
least-weathered sampie Rl consists of 100 wt% pla
gioclase, the plagioclase content in sampie R2 is cal
culated as 81 wt% and in R3 as 64 wt% on the basis 
of CaO content. 

XRD patterns of bulk sampies show the presence of 
3 types of clay minerals: 15-A, 1O-A and 7-A phases 
(Figure 1). Tbe 15-A phase was previously identified 
as vermiculite by XRD (Mg saturation, ethylene glycol 
intercalation and heat treatments), SEM and electron 
microprobe analysis (Jeong 1992; Jeong et al. 1995). 
Vermiculite was formed by the early weathering of mi
nor biotite. Tbe second order reflection of mica is not 
observed at 5 A. Tberefore, the 1O-A phase is identified 
with 1O-A halloysite. Jeong and Kim (1992) carried out 
a systematic wet size fractionation study for kaolins 
(highly weathered anorthosite) composed of 1O-A and 
7-A. phases from the same kaolin quarry. Mineralogical 
identification of the 9 size fractions ranging from 0.1 to 
74 11m using XRD, SEM and TEM showed that the 10-
A. phase in the finer fractions is mostly tubular halloy
site, while the 7-A. phase in the coarser fractions is 
mostly vermicular kaolinite. Tbe formarnide intercala
tion test (Churchman et al. 1984) also gave results con-
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R3 
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28 
Figure 1. XRD patterns of sampies RI, R2 and R3. Key: K = kaolinite; H = halloysite; V = vermiculite; and A 
amphibole; nonmarked peak = plagioc\ase. CoKex radiation. Random mount of bulk powder sampies. 

sistent with those of XRD, SEM and TEM (Jeong and 
Kim 1992). Accordingly, the lO-Ä and 7-Ä phases in 
the kaolins and partially weathered anorthosites are 10-
Ä halloysite and kaolinite, respectively. The author's 
unpublished size fractionation data of kaolins from oth
er kaolin quarries also confirmed that halloysite in the 
Sancheong district occurs as a hydrated form in the nat
ural state. In the sampies studied (Figure 1), lO-Ä hal
loysite cOlllent steadily increases from sampie R1 to R3. 
Kaolinite content is small in sampies R1 and R2 but 
increases in sampie R3. Measurement of the Hinckley 
index of kaolinite (Hinckley 1963) is very difficult be
cause of the low kaolinite content of studied sampies. 
The indices measured from other kaolinite-rich kaolins 
in the Sancheong district range from 0.4 to 0.6, imply
ing low to moderate crystallinities (Jeong and Kim 
1989). On the other hand, the crystallinity indices of 
Hughes and Brown (1979) range from 6.5 to 8.8, also 
implying low crystallinities. The basal peak of kaolinite 
is very broad and low, thus very similar to that of de
hydrated halloysite (Figure 1). Jeong (1992) measured 
the relative intensity of diffraction peaks against corun
dum and showed that the relative intensity of the hal-

loysite reflection at 10 Ä is about 3 times that for an 
equivalent amount of kaolinite at 7 A. Therefore, the 
halloysite-to-kaolinite ratio in sampie R3 is estimated 
as about 1: 1. 

Microtextures of Weathered Anorthosite 

SAMPLE R1. In the early stage of anorthosite weather
ing, microfractures in plagioclase are widened and par
tially filled with c1ays (Figures 2a and 2b). EDS anal
ysis suggests that the clays are composed of kaolin 
minerals. Figure 2c shows the early development 
mode of kaolin mineral grains, which vary from tiny 
embryos (0.02 J.l.m) to larger ellipsoids or irregular 
grains (0.3 J.l.m). The irregular grains commonly have 
protuberances or spherical overgrowths. Spheres, ellip
soids and irregular grains constitute globular aggre
gates. A TEM photograph of the same sampie (Figure 
2d) shows ellipsoids with some tubes and spheres, all 
of which are confirmed as kaolin minerals by EDS 
analysis. The ellipsoids possess several curved internal 
walls. Thbular protuberances project from the ellip
soids or spheres. Rarely, long halloysite tubes outgrow 
from an ellipsoid. Based on the chemistry, morphol-

https://doi.org/10.1346/CCMN.1998.0460306 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1998.0460306


Vol. 46, No. 3, 1998 Formation of kaolinite from halJoysite 273 

Figure 2. Electron micrographs of least-weathered anorthosite (sampie RI). a) SEM photograph of thin section; widened 
microfractures in plagioc1ase (P). b) Magnified photograph of the lower right area in (a); c1ays (C) in the microfractures. c) 
SEM photograph of scattered kaolin mineral grains of varying sizes and their aggregates (AG) on plagioc1ase surface; very 
small embryonic grains (arrow I), protuberances (arrow 2), overgrowing spheres (arrow 3) and ellipsoids (arrow 4). d) TEM 
photograph of kaolin minerals; ellipsoids (E), tubes (T) and spheres (S). Note tubular protuberances (arrow I) and outgrowing 
long tubes (arrow 2). e) SEM photograph of globular aggregate of halloysite; stacked surfaces (boundaries are indicated by 
broken lines) and flat-Iying tubes (arrows). f) SEM photograph of halloysite aggregate; long tubes (LT), short tubes (ST) and 
spherical overgrowths on plate (S). 
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Figure 3. SEM photographs of slightly weathered anorthosite 
(sampie R2). a) lbin section: halloysite fillings (arrows) and 
voids (black) in the widened microfractures of plagioclase. b) 
1bin section: wrinkled halloysite mass (arrows) and voids 
(black). c) Raw sampie: coalescence of tubes into a plate. Box 
I, coalescing short tubes in a plane; box 2, coalescing long tubes; 
box 3, a plate with voids (arrows); and box 4, complete plates. 

ogy and internal structure, the ellipsoids are identified 
as halloysite. Thus, the kaolin mineral grains in Figure 
2c are mostly halloysite ellipsoids with common tu
bular or spherical protuberances. Ellipsoids, spheres 
and tubes constitute together large globular aggregates 
(Figure 2e), which might be a more developed form 
of the globular aggregate in Figure 2c. The long axes 
of halloysite ellipsoids or tubes in the aggregate are 
not randomly oriented, but roughly parallel with pla
gioclase surfaces. Several stacked surfaces consisting 
of flat-Iying ellipsoids and tubes are observed in the 
aggregate. Long tubes often rise from the aggregates 
consisting of spheres and short tubes (Figure 2f). 

SAMPLE R2. A SEM photograph of a thin section shows 
the increased voids and extensive kaolin fillings in the 
microfractures (Figure 3a). The plagioclase surfaces 
are still straight and lack deep etch pits, implying weak 
dissolution of plagioclase. The kaolin fillings often oc
cur as compact, homogeneous and wrinkled masses 
spaced from the fracture walls (Figure 3b). Wrinkling 
of compact halloysite aggregates was reported in a 
previous study (Jeong and Kim 1993). A magnified 
SEM photograph of raw sampIes shows the intergrad
ing textures from flat-Iying halloysite mesh to larger 
plate. Short and long halloysite tubes are intercon
nected and matted in aplane with interstitial voids, 
and grade through porous incomplete plates to larger 
solid plates at the center of the aggregate (Figure 3c). 

SAMPLE R3. A SEM photograph of a thin section displays 
thick kaolin fillings in microfractures and deep, serrated 
etch-pits on the plagioclase surfaces, implying intense 
dissolution (Figure 4a). A magnified SEM photograph 
(Figure 4b) shows that the kaolin fillings are no longer 
compact and homogeneous compared to those in Figure 
3b, but tend to form numerous small embryonic verrnic
ular clusters or several well-developed long verrnicular 
clusters up to 0.5 J.Lm wide and 25 J.Lm long. An SEM 
photograph of another area of the thin section shows 
more voids, implying more advanced weathering (Figure 
4c). A magnified photograph (Figure 4d) shows that po
rous kaolin aggregates are separated from the deeply 
etched plagioclase and wrinkled in the same manner as 
that in Figure 3b. They are composed of abundant, well
developed verrnicular clusters. The long axes of the clus
ters are arrayed roughly perpendicular to the fracture di
rection (Figure 4d). 

High-magnification SEM photographs of raw sam
pIes show the detailed surficial features of the verrnic
ular clusters observed in the thin section. The large 
verrnicular clusters have highly rugged surfaces which 
consist of matted tubes, branched tubes and abundant 
irregular plates of varying sizes (Figure 5a). The ir
regular outlines of the plates are due to tubular pro
tuberances, suggesting diverse intergrades between 
tube and plate. Small irregular plates are indistinguish
able from the branched tubes. Figure 5b shows a long 
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Figure 4. SEM photographs of thin sections of rnoderate1y weathered anorthosite (sampie R3). a) Kaolin fillings (arrows) 
in the rnicrofractures of plagioclase and abundant etch pits on the surface of plagioclase. b) Magnified photograph of the box 
in (a); long well-forrned verrnicular clusters (arrow I) arnong ernbryonic verrnicular clusters (arrow 2). c) Kaolin fillings and 
abundant voids in more-weathered area. d) Magnified photograph ofthe box in (c) showing kaolin fillings. Arrow 1, verrnicular 
grains arrayed in parallel with each other and roughly perpendicular to the rnicrofracture direction; arrow 2, wrinlding of 
kaolin aggregates; and arrow 3, etch pits. 

vermicular stack rising from halloysite aggregates. A 
magnified photograph (Figure 5c) shows that small 
embryonic ellipsoids or short tubes grow at the top of 
the stack, while long tubes grow out from the side. 

TEM photographs of raw sampies show irregular 
plates with long tubular protuberances (Figure 6a) and 
vermicular clusters of kaolin minerals (Figures 6b and 
6c). The clusters in Figure 6b appear to be vermicular 
stacks of plates with thick halloysite overgrowths. 
Those in Figure 6c are apparently well-developed long 
vermicular stacks of plates growing out from the ag
gregate of kaolin minerals, probably halloysite tubes. 
The effect is very similar to those shown in Figures 
5b and 5c. 

Respective kaolin minerals are difficult to identify 
because they are similar in chemistry and structure. 

Morphological identification is not sufficient (Chureh
man and Gilkes 1989; Bailey 1990), but under SEM 
and TEM, it is commonly used as the main criterion 
distinguishing kaolinite from halloysite (Robertson 
and Eggleton 1991; Singh and Gilkes 1992). Although 
rare iron-rich halloysites can occur as plates (Kunze 
and Bradley 1964; Noro 1986), halloysite commonly 
shows a curved morphology (spheres, tubes and crin
kled sheets). Previous electron microprobe data for the 
halloysite aggregates (Jeong 1992) show that halloy
site in Sancheong kaolin deposits consists mostly of 
Al and Si with minor Fe (Fe203 mostly below 0.6 
wt%). Therefore, plates or their stacks in the micro
graphs are ascribed to kaolinite. This is supported by 
the fact that the high kaolinite content in sampie R3 
estimated by XRD is consistent with the abundant ver-
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Figure 5. SEM photographs of raw sampies of moderately 
weathered anorthosite (sampie R3). a) The surfaee of a ver
mieular cluster; tubes matted in a plane (box), branehed tubes 
(arrow I) and plates with protuberanees (arrow 2). b) Long 
vermieular kaolin clusters (arrow) rising from halloysite ag
gregate (H). e) Magnified photograph of the box in (b); em
bryonie halioysites (arrow I) growing at the end of the ver
mieular staek and long tubes (arrow 2) protruding from the 
vermieular stack. 

micular stacks of plates observed under SEM. The ver
micular stacks in the SEM and TEM micrographs ob
served in this study are identified as vermicular ka
olinite with abundant halloysite overgrowths. 

DISCUSSION 

Fonnation of Vermicular Kaolinite from Halloysite 
Aggregates 

HALLOYSITE AGGREGATES. Halloysite initially nucleates 
as scattered tiny embryonic grains and gradually 
grows into larger ellipsoids and spheres (Figure 2c). 
Occasionally, the continued growth of ellipsoids and 
spheres proceeds via short tubes to long tubes (Figure 
2f). New small halloysite grains repeatedly project 
from the first grain, forming protuberances around it 
and growing to further ellipsoids and short tubes (Fig
ure 2c). Successive generation of halloysite grains re
sults in globular aggregates (Figures 2c and 2e). The 
growth by repeated projection suggests that halloysite 
grains are at least partially interconnected, thus giving 
considerable internal consistency to the aggregates. 
Halloysite aggregates are not easily dispersed by in
tense ultrasonic agitation, suggesting their consider
able rigidity (Jeong and Kim 1992). The stacked sur
faces in Figure 2e suggest that the globular aggregates 
might result from the accumulation of successively 
fonned networks of fiat-Iying halloysite ellipsoids and 
tubes. The networks are not completely separated but 
partially interconnected. Growing globular aggregates 
(Figure 2e) are merged into extensive planar masses, 
which are wrinkled after detachment from dissolving 
plagioclase (Figure 3b) by the continued growth of 
halloysite tubes in the aggregate, as suggested by 
Jeong and Kim (1993). 

VERMICULAR KAOLINITE. Vermicular kaolinites have 
been frequently reported in literature dealing with 
weathering and sedimentary environments. They may 
be fonned by the weathering of mica (Fitzpatrick 
1984; Banfield and Eggleton 1988; Singh and Gilkes 
1992; Jeong et al. 1995) or of feldspar weathering 
(Keller 1977). Keller (1977) suggested the direct for
mation of vermicular kaolinite from solution during 
feldspar weathering. This study shows that vermicular 
kaolinite could be fonned via halloysite precursors 
rather than through direct fonnation from solution. A 
series of SEM photographs of thin sections of sampie 
Rl (Figure 2b), sampie R2 (Figures 3a and 3b) and 
sampie R3 (Figures 4a, 4b, 4c and 4d) collectively 
suggest that the early-fonned halloysite aggregates in 
sampie Rl are gradually converted into vermicular ka
olinites in sampie R3 with progressive weathering. 
Figure 3c suggests the process whereby halloysite ag
gregates are converted into kaolinite plates. Short or 
long tubes in the outer part of halloysite aggregates 
are interconnected to fonn a network. Interstitial spac
es among the halloysite grains are gradually filled by 
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Figure 6. TEM photographs of vennicu1ar kaolin mineral 
aggregates. a) P1ates (Pt) with outgrowing tubu1ar protuber
ances (arrows). b) Vennicu1ar kaolin mineral aggregates 
(AG). Note the protrusion of vennicu1ar kaolinite from AG 
(arrows). c) A long vennicu1ar kaolinite protrusion (arrows) 
from AG. 

continued growth from the inner part of the aggregate 
to form an incomplete plate with minute remnant 
voids. Finally all the voids disappear to form a larger 
plate at the center of aggregate (Figure 3c). Successive 
coalescence and transformation of adjacent halloysite 
networks into plates within aggregates may result in 
the vermicular stacks of kaolinite plates. Successive 
addition of halloysites on the previously formed plates 
and their subsequent transformation into kaolinite 
plates result in longer vermicular stacks of kaolinite 
(Figures 5b and 5c). Plates with tubular protuberances 
or branched tubes, as shown in Figure 5a, are inter
preted to be intergrades between halloysite tubes and 
kaolinite plates formed during the conversion of hal
loysite to kaolinite. Banfield (1985) suggested that 
platy kaolinite could be formed by the coalescence of 
halloysite tubes. 

A possible mechanism of the conversion is simul
taneous solution and precipitation (Tsuzuki and Ka
wabe 1983; Steefel and Van Cappellen 1990). How
ever, this study failed to find any texture attributable 
to halloysite dissolution. Considering the structural 
and chemical similarity between halloysite and kaolin
ite, a chemical reaction inc1uding complete structural 
decomposition and reconstruction would be difficult to 
envisage in the low-temperature weathering environ
ments. Churchman and Gilkes (1989) suggested that 
halloysite tubes could be altered to kaolinite via de
hydrated halloysite in solid state by prolonged dehy
dration. In their study of kaolin pseudomorphs after 
muscovite, Singh and Gilkes (1992) reported the re
verse phenomenon, where platy kaolinite converts into 
tubular halloysite via solid-state transformation. The 
present study suggests that the major conversion 
mechanism, on the basis of the observed microtex
tures, is a solid-state transformation of interconnected 
halloysite grains into larger kaolinite plates by coales
cence. The low crystallinity and very broad basal peak 
for the kaolinites also supports the view that they are 
derived from halloysite through solid-state transfor
mation. However, this mechanism encounters the dif
ficult problem of how the curved halloysite layers 
would be converted into platy kaolinite layers. It is 
suggested that the curved layers are probably flattened 
by partial ruptures or weak dissolution rather than 
complete recrystallization. The general process of for
mation of vermicular kaolinite from halloysite aggre
gate is schematically described in Figure 7. 

Thermodynarnic and Kinetic Considerations on 
Coexisting Halloysite and Kaolinite 

Conversion of halloysite to kaolinite is consistent 
with thermodynarnic considerations. The Gibbs free 
energy of formation of halloysite is about 4 kcallmol 
higher than that of kaolinite (Robie and Waldbaum 
1968; Robie et al. 1978; Anovitz et al. 1991). There
fore, halloysite is metastable compared to coexisting 
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Figure 7. Schematic diagram showing the formation process of vermicular kaolinite from halloysite aggregate: I, halloysite 
embryo; 2, halloysite ellipsoid; 3, growth of new ellipsoids, spheres and tubes; 4, interconnected halloysite aggregate formed 
by repeated growth; 5, interconnected halloysite grains coalesced into kaolinite plate at the center; 6, irregular kaolinite plate 
with tubular halloysite overgrowths and their subsequent transformation into plates by coalescence; 7-8, long vermicular 
stacks of kaolinite plates; and 9-10, halloysite ellipsoid growing into long tubes. Key: H = halloysite; K = kaolinite. 

kaolinite. In low-temperature geological environments, 
metastable equivalents generally precipitate more rap
idly than stable minerals because nucleation of more 
soluble minerals with high surface free energy is ki
netically easier (Morse and Casey 1988; Stumm 1992). 
However, metastable minerals are ultimately trans
formed to stable minerals with aging. Halloysite pre
cipitates as a metastable precursor to relatively stable 
kaolinite. However, the aggregates consisting of solu
ble, fine halloysite grains are unstable and replaced by 
kaolinite with progressive weathering. Kinetic simu
lation carried out by Steefel and Van Cappellen (1990) 
suggested that halloysite precipitates at an early stage 
and is replaced by kaolinite with aging. The textural 
evidence in this study is consistent with their simula
tion results, but this study suggests that solid-state 
transformation is a more likely conversion mechanism 
than solution-precipitation. Robertson and Eggleton 
(1991) and Singh and Gilkes (1992) described con
version of kaolinite to halloysite, but did not explain 
the origin of hydration in this process. Dehydration of 
halloysite is known to be an irreversible process with
out the aid of intercalation (Churchman 1970). There
fore, it is not expected that kaolinite would be spon
taneously hydrated in the natural state to form halloy
site. Acceptance of the formation of halloysite via hy
dration of kaolinite in the natural environment awaits 
more evidence and explanations. 

Kaolinite formation is not followed by an immediate 
decrease of halloysite content. The XRD data suggest 
that halloysite content steadily increases in spite of the 

formation of kaolinite. Vermicular grains with halloy
site overgrowths (Figures 5a, 5c, 6b and 6c) suggest 
that halloysites precipitate continuously as a metasta
ble precursor on the surface of verrnicular grains, con
currently with their transformation into kaolinite. 
Metastable halloysite and stable kaolinite can tempo
rarily coexist in the relatively recent weathering pro
files of Sancheong kaolin deposits. 

SUMMARY AND CONCLUSION 

Previous literature frequently reports an association 
between halloysite aggregates and verrnicular kaolin
ite, but little attention has been given to their genetic 
relations. SEM observations on aseries of partially 
weathered anorthosites demonstrate the genetic se
quence between coexisting halloysite and verrnicular 
kaolinite in anorthosite weathering profiles. It is shown 
that verrnicular kaolinite could form from halloysite 
during the weathering of feldspar. Early-formed hal
loysite aggregates are converted into long verrnicular 
kaolinites by coalescence with progressive weathering. 
Microtextures suggest that solid-state transformation is 
the major mechanism of halloysite to kaolinite con
version, instead of solution-precipitation. Kaolinite 
formation is accompanied by the continued precipita
tion of halloysite as a metastable precursor. In the 
weathering profiles far from equilibrium, metastable 
halloysite can coexist with kaolinite. 
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