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Abstract-Silcretes developed within the in situ regolith in the Barr Smith Range, Western Australia, 
were investigated using optical and electron-beam techniques. One ofthe cementing agents in these silcretes 
showed gel-like optical properties and had a variable aluminosilicate chemical composition at the scale 
of electron microprobe analysis so that it might be considered as allophane-like material. High resolution 
transmission electron microscopy demonstrated that the material consists of a fine-grained and poody 
ordered kaolinite embedded in a matrix of amorphous silica. 

Key Words-Amorphous silica, Ion beam thinning, Kaolinite, Silcrete, Transmission electron microscopy. 

INTRODUCTION 

Silcretes and siliceous duricrusts are common fea
tures of arid and semi-arid regions of Australia (Lang
ford-Smith, 1978; Milnes, 1986), South Africa (Sum
merfield, 1982), Europe, America and other parts of 
the world (Summerfield, 1983; Kahalf, 1988). Silcrete 
is a lithological term for a brittle, intensely indurated 
rock composed mainly of quartz elasts in a matrix of 
a siliceous cementing agent. Most research on silcretes 
has been directed to their field distribution (Stephens, 
1971), geomorphology (Langford-Smith, 1978; Callen, 
1983), petrology (Butt, 1983, 1985) and geochemical 
characteristics (Milnes and Hutton, 1974, Hutton et 
al., 1978). Some recent studies (Chadwick et al., 1987a, 
1987b; Thiry and Milnes, 1990) have investigated sil
cretes from a field scale down to the resolution of con
ventional scanning electron microscopy (SEM). Milnes 
and Thiry (1992) reviewed current work on silcretes 
and emphasized the need for use of high resolution 
techniques to recognize the mechanisms of formation 
of these materials. Sub-surface silcretes that have de
veloped from dilute groundwaters generally have a dis
tinct mineralogy and morphology and are relatively 
free of fine-grained components. The resolution pro
vided by SEM and associated electron probe micro
analysis (EPMA) is probably sufficient for these sil
cretes. Pedogenic silcretes and duripans have much 
more complex morphological , mineralogical and 
chemical characteristics due to the presence of an in
timate mixture of fine-grained phases that cannot al
ways be positively identified by SEM and EPMA. 
Amorphous silica, opal-CT, cryptocrystalline quartz, 
day minerals, carbonates and assemblages of anatase 
and zircon are common constituents and/ or cementing 
agents of pedogenic silcretes. An initial EPMA study 
also suggested the occurrence of amorphous alumi-

nosilicate as a cementing agent in highly weathered 
lateritic profiles ofWestern Australia (Butt, 1985). This 
suggestion was supported by observation of the active 
precipitation of allophane from groundwaters in a 
broadly similar environment in Western Australia 
(Thornber et al., 1987). These are novel occurrences 
since amorphous aluminosilicates typically occur in 
immature soils developed from volcanic glass (Wada, 
1989), The complexity and fine-grained sizes of the 
cementing phases in these materials warrant the use of 
high resolution techniques to resolve the composition 
and to suggest genetic processes involved in the for
mation of various silcretes. 

Chadwick et al. (l987a) proposed models for the 
deposition ofvarious types ofsilica in soils. According 
to their model, in loamy soils Si(OH). is concentrated 
in solution due to the high activation energy of Si-O 
bond breakage. Silica diffuses into the smaller pores 
from solution and adsorbs onto hydroxyl groups of day 
minerals. The adsorbed silica polymers precipitate on 
drying and shield adsorption sites, thus making ad-
sorption irreversible. The adsorbed silica provides a 
template for further deposition during the next wetting 
and drying event, bridging the smaller crevices and 
pores. According to the model, silica in sandy soils is 
fiocculated from solution and precipitates in the larger 
voids without preferentially filling the smaller pores. 
High resolution transmission electron microscopy 
(HR TEM) can provide direct information to test these 
and other hypotheses that are based on the partiele and 
void size range, chemical composition, and crystallin
ity of the fine-grained components of silcretes. In this 
study, silcretes developed in the in situ saprolite and 
cemented sand horizons ofa lateritic profile in the Barr 
Smith Range, Western Australia, were investigated us
ing analytical transmission electron microscopy (AEM) 
and HRTEM. The major aim of the study was to in-
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vestigate the composition ofthe silcrete with HRTEM' 
but low resolution electron-beam techniques, optical 
microscopy, and X-ray diffraction (XRD) were also 
used to enable correlation with HRTEM data. 

MATERIALS AND METHODS 

Sam pies investigated in this study were taken from 
the Waterfall profile in the breakaway (erosion scarp) 
of the Barr Smith Range in Western Australia. This 
profile is representative of many such breakaways de
veloped on lateritized granitic rocks in western and 
central Australia and has been described in detail in 
previous studies (Butt, 1983, 1985). It is exposed in 
the head of a small gorge cut by a creek flowing west
wards over the escarpment. The profile has a vertical 
face of 7 m (Figure I), with kaolinitic granite saprolite 
exposed at the base, passing gradationally upwards to 
silcrete and sandstone. A near-vertical quartz vein is 
present at the base of the profile and becomes disor
ganized upwards, terminating in a stone line about 2.3 
m from the top. The profile has importance because 
the quartz vein demonstrates that the fabric changes 
below the stone line have taken place in situ, in a re
sidual profile. The granitic fabric is perfectly preserved 
in the saprolite at the base ofthe profile, with weathered 
primary minerals represented by day pseudomorphs 
and voids and unaltered quartz grains present in their 
original arrangement. Higher in the profile, where the 
vein beeomes disorganized, the granitic fabric is grad
ually destroyed and the quartz grains, disaggregated 
into individual crystals, become more dense1y packed 
to develop a grain-supported sandstone fabric (arenose 
horizon). At the base of the sandstone, there is a thin, 
discontinuous layer in which the quartz grains have 
the typical unsupported "terrazzo" (Smale, 1973) or 
floating fabric (Summerfield, 1983) ofsilcrete. The sap
rolite is friable or only weakly cemented; whereas, the 
sandstone and silcrete are, respectively, moderate1yand 
strongly indurated. The silcrete is cemented domi
nantly by cryptocrystalline quartz and anatase, with 
detrital zircon (QAZ cement); and the sandstone by the 
aluminosilieate material under investigation. Sampies 
were taken from the saprolite (#4989), silcrete (#4992) 
and sandstone (#4993, #4995) within the residual pro
file adjacent to the quartz vein . 

A portion of the friable sampies was impregnated 
with epoxy resin, and polished thin seetions mounted 
on glass slides were made for optical microscopy, EPMA 
and SEM. The cemented sam pies were hard enough to 
allow preparation of petrographie thin sections without 
impregnation with resin. Freshly exposed fracture and 
ped surfaces and polished thin seetions ofthe sampies 
were investigated by SEM using a Philips 505 instru
ment fitted with a backscattered electron (BSE) detector 
and energy dispersive X-ray analyzer (EDX). Speci
mens of about 1 cm3 volume were mounted on alu
minium stubs and then coated with carbon and sub-
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Figure I. A sketch of Waterfall profile showing position of 
sampIes and the quartz vein. Sam pIes number 4989, 4992, 
4993, and 4995 were selected for this study because of their 
in situ origin as indicated by the intact quartz vein. 

sequently with a 50 A thick layer of gold in a vacuum 
evaporator. Sampies for AEM were prepared by two 
methods. A dilute suspension ofa crushed sam pie was 
prepared by shaking in distilled water. The < 10 Jlm 

fraction was separated from the bulk suspension and 
drops were placed on holey carbon films with a mi
cropipette. The drops were dried under cover at room 
temperature. Ultrathin seetions of cemented sam pies 
were prepared by ion milling selected regions removed 
from petrographie thin seetions. All sampies for AEM 
were investigated using a Philips EM 430 instrument 
operated at 300 kV. 

XRD patterns of the whole material and the day 
fraction offriable sampies were obtained using Cu-Ka 
radiation with a computer-controlled Philips vertical 
diffractometer and graphite-diffracted beam mono
chromator. The digital XRD patterns were interpreted 
with the aid of XP AS analytical software (Singh and 
Gilkes, 1 992a). 

RESULTS AND DISCUSSION 

Micro/abric and composition 0/ saprolite 

A typical optical micrograph ofthe saprolite (Figure 
2) exhibits the preservation of rock fabric by I) poly
crystalline kaolinite pseudomorphs after feldspar crys-
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Figure 2. Optical micrograph ofsaprolite showing 1) kaolinite pseudomorphs after feldspar, 2) large quartz grains that have 
not separated into subgrains and voids. In 3) an open porous fabric is evident. 

tals, 2) quartz, and 3) abundant large voids. Large quartz 
grains are eommonly formed of polyerystalline aggre
gates. XRD ofthe bulk material and oriented clay sam
pIes showed that quartz and kaolinite are the major 
erystalline eomponents of the saprolite, whieh is eon-

B 

sistent with the mineralogy ofsaprolites on felsie roeks 
in the region. The pseudomorphs of the feldspars are 
eommonly isotropie, either beeause they eonsist ofran
domly oriented arrays ofkaolinite erystals (MeCrea et 
al., 1990) or, more probably, beeause they are partly 

Figure 3. (A) Transmission electron micrograph of a dispersed sampIe of saprolite material. Euhedral to subhedral hexagonal 
kaolinite crystals of about 0.5 to 3 !Lm are the major constituent. (B) Silica grains of about 100 A diameter, which are combined 
into rod-shaped particles, are also present. 
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Figure 4. Optical micrographs of silcrete and sandstone sampies. (A) Refiected light micrograph of sam pie #4992 showing 
1) QAZ cement adjacent to 2) quartz grains. The voids are filled by 3) an isotropie gel-like aluminosilicate material. The 
quartz grains have been disrupted but not compacted to a grain supported fabric. (B) Reflected light micrograph of sampie 
#4995 . The quartz grains I) are separated but are more closely packed, and the intergranular space is filled with 2) a gel-like 
material similar to that in A. (C) A highly magnified view of depositional bands (black arrows) in A. (D) A highly magnified 
view ofQAZ in A. Voids ofirregular shape (arrowed) are present. (E) A transmitted light micrograph ofthe gel-like material 
in sampie #4992. (F) A reflected light magnified view ofthe gel-like material in sampie #4992. 
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Figure 5. Optical (A) and BSE (B) and X-ray (C-F) images of a region of sampie #4992. Quantitative elemental analyses of 
points 1-5 in Figure 5B are given in Table 1. The X-ray maps show that the gel-like material in (A) is composed of Si, Al, 
and Ti with a minor content of Fe. The (B) QAZ and (C) depositional bands mainly consist of Si and Ti. The points 4 and 
5 correspond to quartz and resin, respectively. 

infused by amorphous materiaL This material is inti
mately assoeiated with isotropie aluminosilieate ee
ment in adjaeent veinlets and is assumed to be similar 
in eomposition. The pseudomorphs are very porous 
and preserve only the external morphology of the par
ent feldspar grains. Beeause of the dissimilarity be
tween the struetures of the primary felds par and the 
seeondary kaolinite, topotaetie or epitaetie alteration 
is not possible and the kaolinite erystals simply grow 
(preeipitate) in a random orientation from solution 
(Anand el al., 1985). In contrast pseudomorphs ofmica 

grains are composed ofparallel arrays ofkaolinite plates, 
which may be as large as I 0 ~m, that have formed by 
topotaetic or epitactic replacement ofthe miea (Gilkes 
and Suddhiprakarn, 1979; Banfield and Eggleton, 1988; 
Singh and Gilkes, 1991). 

TEM micrographs of < 10 ~m fraction of saprolite 
material (#4989) are shown in Figure 3. Euhedral to 
subhedral hexagonal kaolinite crystals of about 0.5 to 
3 ~m are the major constituent (Figure 3A). Halloysite, 
which elsewhere is a common lateritic weathering 
product of feldspars and mica (McCrea el al., 1990), 
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Figure 6. XRD pattern of(A) sampie #4992 and (B) #4995. 
In addition to quartz (Q) amorphous material (Am), kaolinite 
(K) and anatase (An) are present in both sampies. Anatase is 
present in comparatively greater amount in sampie #4992. 
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Table 1. Table showing the quantitative analysis of points 
1-5 marked in Figure SB. 

2 4 

Si02 59.98 32.85 50.81 100 0.0 
Al20 3 22.30 3.62 10.11 0.0 0.0 
Fe20 3 0.53 0.61 0.39 0.0 0.0 
Ti02 3.49 47.74 23.99 0.0 0.0 
Total 86.85 85.21 85.63 100 0.0 

is absent in this profile. In addition, a significant amount 
offine-grained amorphous silica is present (Figure 3B). 
The silica grains are anhedral, about 100 A in diameter 
and are combined into rod-shaped particles. This oc
currence ofsilica is consistent with many other studies 
of regolith in arid environments in Australia (e.g., 
Langford-Smith, 1978) and is in contrast to findings 
for more humid (> 800 mm rainfall) regions ofWestern 
Australia where similar granitic saprolites usually con
tain no secondary silica (Anand et al. , 1985; Gilkes 
and Suddhiprakarn, 1979). The presence of secondary 
silica is considered to reflect a change from the leaching 
conditions that prevailed during laterization in the Ter
tiary to present-day semi-arid to arid regimes (Ollier, 
1978; Butt, 1981, 1985). 

#4995 
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#4993 

Mean: 2.1 

Ti02 (%) 

J/4993 

Mean: 0.71 

#4995 
Mean: 0.55 

Figure 7. Histograms showing variations in the elemental composition of the aluminosilicate gel-like material determined 
by EMPA. 
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Figure 8. (A) Scanning electron micrographs of a fracture 
surface of aluminosilicate gel-like material in sample #4993. 
The fracture surface exhibits regions of concoidal fracture, 
and ped surface shows a honeycomb morphology that may 
be indicative ofilluviation. (B) A high magnification view of 
a fracture surface showing fine-grained features. 

Microlabric 01 silcrete 

In the arenose horizons ofthe profile, the distinctive 
kaolinite pseudomorphs of feldspar are absent, due to 
eluviation or dissolution (Figure 4). The quartz grains 
have beeome disrupted and are more closely paeked 
and the intergranular spaees are partly filled by two 
types of eement (Butt, 1985): 

1) Opaque (transmitted light) or pale yellow (reflected 
light) granular-textured QAZ cement; and 

2) Translucent brown (transmitted light) or white (re
flected light) banded, gel-like massive-textured alu
minosilicate eement. 

The QAZ cement is deposited adjacent to and above 
the quartz grains and predates the aluminosilieate that 
infills the voids. It is dominant in the silerete (#4992), 
but its abundance decreases sharply upwards. Only 
small amounts are present in the sandstone (#4995), 
which is eemented mainly by the aluminosilieate. The 
terazzo or floating grain fabrie of the silcrete is asso
ciated with QAZ cement; whereas, the supported grain 

fabrie of the sandstone is associated with gel-like alu
minosilicate cement. 

X-ray maps for Si, Al, Ti, Fe, and a BSE image are 
shown in Figure 5. The brightest points in an element 
map correspond to points of maximum eoncentration 
for that particular element. The quantitative elemental 
composition ofthe indieated points (1-5) in Figure 5B 
are given in Table 1 so that the maps may be inter
preted semiquantitatively by referenee to these quan
titative analyses. The X-ray maps show that the QAZ 
cement is eomposed mostly of Si and Ti and the alu
minosilieate ofSi, Al, Ti, and minor Fe. The deposition 
bands are alternately rieh and poor in Ti. XRD ofthe 
whole material for two sampies (Figure 6) shows that 
quartz, kaolinite, and anatase are the only erystalline 
phases present in significant amounts. A broad band 
centered at 4.1 A, which resembles the diffraetion band 
of opal-CT (J ones and Segnit, 1971), ean also be ree
ognized in XRD patterns for both sam pIes. 

Histograms showing the variation in elemental eom
position, determined by EPMA, of the gel-like alu
minosilieate material are shown in Figure 7. Titanium 
and Fe are present in signifieant amounts in these ma
terials. The Al/Si atomie ratio increases with depth. 
There is considerable variability in the Al/Si atomic 
ratio for the lower horizons, indicating that a mixture 
ofminerals is present, but for sampie #4995 the ratio 
is remarkably uniform. The uniformity in sampie #4995 
indieates that either the material is single phase or is 
a mixture with the eonstituent phases present in con
stant proportions at ascale mueh sm aller than the 
spatial resolution of EPMA (- 5 /olm). Similar unifor
mity has been noted in aluminosilieate cement from 
other localities (Butt, 1983). XRD indieates that the 
aluminosilieate material consists of kaolinite and an 
amorphous material that is probably opal-CT; but this 
does not preclude the existence of an amorphous alu
minosilieate. It is not possible to determine the relative 
quantities ofthe phases by XRD; thus, the Al/Si ratio 
cannot be ealculated and compared with the values 
determined by EPMA. Therefore, these teehniques 
cannot distinguish if kaolinite is in a very fine-grained 
mixt ure with amorphous silica and/or an allophane
like phase. 

The morphology of a ped surfaee eoated with alu
minosilieate material is shown in Figure 8A. The hon
eycomb-like morphology is indicative ofan illuviatedl 
deposited material and the eonchoidal fracture may 
indieate an amorphous material. A high resolution SEM 
image of the eonehoidal fraeture surfaee (Figure 8B) 
shows it to have a fine-grained fabrie eonsisting of -1 
tLm particles. 

High resolution transmission electron microscopy 
01 the aluminosilicate 

The gel-like aluminosilicate material was thinned to 
electron transpareney by ion beam thinning to enable 
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Figure 9. A low magnification TEM micrograph and SAED pattern of aluminosilicate gel-like material. Elongate kaolinite 
crystals (k) and an amorphous granular material (a) are present. 

high resolution AEM studies of the morphology and 
chemical composition ofthe constituent phases. A low 
magnification TEM micrograph and SAED pattern are 
shown in Figure 9. The material exhibits a complex 
fabric containing granular and elongate materials with 
few voids. The SAED pattern consists of reflections for 
kaolinite and a broad diffraction band centered at about 
4.1 A. The elongate regions represent kaolinite crystals 
with their (001) plane approximately parallel to the 
electron beam. These kaolinite crystals are uniformly 
distributed and randomly oriented in the plane of sec
tion, which indicates that they are randomly oriented 
in three dimensions. The kaolinite crystals not having 
their (001) plane parallel to the electron beam are pres
ent, but they are not as evident due to poor diffraction 
contrast and the small thickness of the crystals. The 
broad diffraction band corresponds to the granular 
regions, which contain very small cavities of irregular 
shape. Electron diffraction patt~rns of many areas were 
compared, showing the intensity of the 4.1 A diffrac
tion band increased with the increase in proportion of 

granular material in the selected area. Similarly, con
vergent beam electron diffraction (CBED) patterns of 
approximate 30 nm regions also showed that the 4.1 
A band originates from the granular regions. The mor
phological characteristics of the granular regions are 
clearly shown in very high resolution images (Figure 
10). The diameter ofthe irregular cavities ranges from 
about 5-30 nm. The size of continuous amorphous 
regions ranges from about 10-40 nm. 

Chemical composition of the amorphous material 

Regions that appeared to be amorphous on the basis 
of electron diffraction and morphology were analyzed 
by AEM. The thickness ofthe ion beam thinned section 
varied from 10-60 nm, which is similar to the average 
thickness of amorphous regions and is greater than the 
size of most kaolinite crystals. Therefore, it is highly 
probable that regions that appear to be entirely amor
phous may have some kaolinite within the thickness 
of the section. In order to overcome this difficulty, 
amorphous regions free of kaolinite were located by 
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1000A 

Figure 10. (A) HRTEM micrograph of aluminosilicate gel-like material. Kaolinite (k) and anatase (an) crystals are enclosed 
in a matrix ofamorphous material (a). Cavities ofirregular shape and size (black arrows) are present in the amorphous region. 
(B) A magnified view of the rectangular region marked in A containing a kaolinite crystal. 

translating the sampIe while observing the CBED pat
tern. The kaolinite crystals decomposed in a few sec
onds under the converged beam, and the diffraction 
pattern disappeared. Therefore, only those regions that, 
during the initial few seconds of observation, produced 
CBED patterns free of sharp reftections and had a strong 
diffraction band due to amorphous material were con
sidered to be free of kaolinite. Histograms describing 
the distribution ofvalues ofSi and Al for these regions 
are shown in Figure 11. Si was the major constituent 
(mean Si02 = 9l.5; SD = 5.3), although a relatively 
minor amount of Al was also present (mean Al2 0 J = 

8.5; SD = 5.3), which is most probably due to the 
inclusion of some kaolinite in the analyzed region. 

I nterJace between kaolinite and the amorphous 
material 

The spatial relationship between kaolinite crystals 
and the surrounding amorphous material in the gel
like material is clearly seen in Figure 12. The amor
phous material contains abundant vesicular voids that 
may have formed as an initial gel dehydrated. In many 
regions, the amorphous material was not present in the 
cavities between adjacent kaolinite crystals, and there 
were gaps between the kaolinite surface and the sur
rounding amorphous material (Figures lOA and 12). 
These features may indicate that the amorphous ma
terial invaded pre-existing kaolinite in voids in the 
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Figure 11. Histograms showing amounts of Si and Al in the 
amorphous gel-like material. 

sandstone in the form of particles that were too large 
to penetrate small cavities (Chadwick et al., 1987a). 
Altematively, these gaps may be due to contraction as 
the amorphous material formed by dehydration of an 
initial gel. In other areas ofthe section, the amorphous 
material and kaolinite crystals are in contact at the scale 
of resolution of the technique (- 5 A), which is dem
onstrated by kaolinite lattice fringes in immediate con
taet with the amorphous matrix in Figure lOB. 

Properties o/the kaolinite crystals 

The lattiee fringe images for the basal planes of ka
olinite within the gel-like aluminosilicate material show 
that various degrees of structural disorder are present. 
Figure 13A shows a lattice fringe image of a compar
atively well-ordered kaolinite crystal. Large regions 
showing coherent fringes that are uniform in spacing 
and contrast are present. The coherent regions are con
nected by continuous but slightly curved layers, and 
strain contrast is evident between adjacent coherent 
regions. The width of coherent regions (marked by white 
arrows in Figure 13A) ranges from a few to more than 

Figure 12. A high contrast TEM micrograph showing (a) 
amorphous siliceous material filling the space between (k) 
kaolinite crystals. 

30 layers, and the length of these regions is generally 
several hundred A. units. Extensive layer bending and 
terminations are absent. Although some defects are 
present, the crystals represented by this micrograph 
may be considered well-ordered kaolinites. 

A typicallattice fringe image of a comparatively dis
ordered kaolinite crystal, the most common form of 
kaolin in the gel-like aluminosilicate material, is shown 
in Figure 13B. Edge dislocations defined by layer ter
mination are abundant, and individual layers curve 
and change contrast over short distances due to varying 
orientations of the layers. In consequence, regularly 
ordered, coherently diffracting regions are small and 
isolated. A remarkable observation in this example is 
that all layer terminations are in the same direction 
(Ieft to right in Figure 13B). These layer terminations 
result in extensive c-axis disorder in comparison to co
operative layer termination that would produce only 
localized disorder. Some mostly well-ordered kaolinite 
crystals were found to contain packets of poorly or
dered material (Figure 14A). These packets are prob
ably not due to beam damage as layers of ordered 
kaolinite curve around them. Moreover, their thin len
ticular shape is not consistent with beam damage. An
other notable observation is that some kaolinite crys
tals showed splitting of layers (Figure 14B) to form 
platy voids of about 100 A. width and 7 A height. 
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100A 

Figure 13. Lattice fringe images for the basal planes ofkaolinite crystals contained within the aluminosilicate gel-like material. 
(A) Large regions (> 30 layers) showing coherent 7 A fringes (indicated by white arrows) that are uniform in spacing and 
contrast. (B) Lattice fringe image of a disordered kaolinite crystal showing a high density oflayer terminations (black arrows); 
consequently, regular regions are small and isolated. 

Layer terminations similar to those shown in Figure 
13B have been observed in smectite (Ahn and Peacor, 
1986; Klimentidis and Mackinnon, 1986) and illite 
developed from smectite (Ahn and Peacor, 1986). It is 
possible that these layer terminations are the markers 
of arrested or active reactions in which the terminating 
layers are either growing or more probably shrinking 
(Veblen, 1983). The discontinuity in the structure at 
the point of layer termination may serve as channel 
for transport of ions in solution. This meehanism of 
ion transport has been considered to be aetive in many 
mineral alteration proeesses (Veblen and Buseek, 1980; 

Yau et al. , 1984; Singh and Gilkes, 1991) that involve 
gain or loss of ions at a weathering front progressing 
along a single layer. Thus, these very small and dis
ordered kaolinite erystals may be the residues of the 
mueh larger and more highly ordered kaolinite that 
oeeurs in saprolite. It is impossible to distinguish this 
explanation for layer terminations in kaolinite from 
the possibility that the terminations in kaolinite formed 
during initial erystal growth and became inaetive onee 
embedded in the surrounding layers. This direet ob
servation of defeets is consistent with some ofthe bulk 
properties of kaolinite. For example, Plan90n and 
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Figure 14. (A) Lattice fringe image of a large ordered kaolinite crystal containing a packet of poorly ordered layers. (B) 
Lattice fringe image showing incipient exfoliation indicated by the localized expansion ofinterlayer space to give approximately 
100 A x 7 A voids. 

Tchoubar (1977) pointed out that d(OOI) calculated 
from hkl reflections is always 7.15 Ä for well-ordered 
kaolinite, but the spacing ofthe (001) reflection reaches 
7.2 A or even higher values for disordered kaolinites. 
It appears that the 7.15 Ä spacing originates from the 
coherent regions that have uniform spacing and the 
larger 00 1 spacing is due to the increase in layer spacing 
at terminations and layer splitting defects. These de
fects also indirectly increase the observed 001 spacing 
(by XRD) by decreasing the size of coherently diffract
ing regions, resulting in broad, displaced reflections 
(Trunz, 1976). 

Thickness and width of a large number of kaolinite 
crystals in the gel-like material were measured from 
micrographs and population statistics determined (Fig-

ure 15). The width of kaolinite crystals ranged from 
0.05 to 0.5 ~m with a median value ofO.15 .um, which 
is similar to that of kaolinite in surface soils in the 
region. Singh and Gilkes (1992b) measured crystal 
widths for 8 soil kaolinites from southwestern Austra
lia. The median value ranged from 0.06 to 0.12 .um 
for soil kaolinites in comparison to 0.28 .um for a ref
erence Georgia kaolinite. The microstructural rela
tionships between kaolinite and amorphous material 
described above do not clearly indicate whether or not 
the kaolinite formed from an amorphous aluminosil
icate phase. Crystallization of layer silicates from an 
amorphous phase has been shown to proceed via the 
formation of hollow bubbles that become coated with 
layers of the clay minerals (Parfitt and Henmi, 1980; 
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Figure 15. Histograms showing the dimensions ofkaolinite 
crystals measured from TEM micrographs. 

Eggleton, 1987). No such structures or any other in
termediary morphology or phase (e.g., smectite) sug
gestive of formation of kaolinite by segregation from 
an initial amorphous aluminosilicate were observed. 
The crystal dimensions and disordered nature of this 
kaolinite are similar to these properties for soil kaolin
ites and it appears that in the gel-like material kaolinite 
crystals have become simply embedded in a siliceous 
matrix. 

Mechanisms of silcrete formation 

The Waterfall profile exhibits a progressive upward 
change from dominantly kaolinitic saprolite to the ce
mented quartz-rich arenose horizon near the surface. 
This change occurred in situ, without either erosional 
or depositional events, and was brought about by the 
removal of kaolinite, vertical settling and compaction 
of quartz grains, and introduction of QAZ and alu
minosilicate cements. This evolution involved at least 
three chemical stages. 

Stage 1: Removal (dissolution) ofmuch kaolinite. There 
is no petrographic evidence for eluviation such as cu
tans or an illuviated clay horizon; therefore, it is pre
sumed that the kaolinite was dissolved, and the process 
facilitated by the high porosity of the pseudomorphs 

after feldspars. No hydrous Al oxides (e.g., gibbsite, 
boehmite) are present in any horizon, which indicates 
that the kaolinite dissolved congruently under condi
tions in which these oxides are unstable. Congruent 
dissolution ofkaolinite occurs below pR 5.0, becoming 
significant below pR 4.0 (Norton, 1973). Such low pR 
values are consistent with weathering of poorly buf
fered kaolinitic saprolite under the humid conditions 
prevailing in this region in the past. 

Stage 2: Introduction and precipitation ofQAZ cement. 
The intimate association of quartz and anatase in QAZ 
cement implies that solution, migration and precipi
tation of Si and Ti took place together. Titanium mo
bilization occurs below pR 4.0 (Baes and Mesmer, 
1976). Similar conditions could also release silica by 
dissolution of quartz, kaolinite and zireon, as evident 
from the presenee of skeleton reliets in the eement. 
Some quartz and anatase are assumed to have preeip
itated from solution or a colloidal sol, possibly with 
some expansive growth resulting in the unsupported 
"terrazo" fabrie. This preeipitation must have post
dated and terminated the meehanical aetivity assoei
ated with the eollapse ofthe quartz vein and the settling 
of the quartz grains forming the arenose horizon. It is 
suggested that silcrete formation oeeurred under less 
humid or at least more marked seasonal climate than 
those prevailing during kaolinite dissolution. 

Stage 3: Introduction and precipitation of aluminosil
icate cement. This probably oeeurred during a late stage 
in the evolution ofthe profile, assoeiated with redueed 
leaehing due to aridity. The data presented indicate 
that the aluminosilicate cement consists of very sm all 
kaolinite crystals uniformly distributed in opaline sil
ica. The kaolinite may be neoformed, rather than me
chanically derived from the saprolite. The silica was 
probably initially formed as opal-A which then altered 
to opal-CT on ageing and dehydration. The irregular 
shapes and sizes of the cavities that are a feature of 
this material may be due to shrinking associated with 
partial dehydration and structural ordering ofthe opal-A 
to opal-CT (Senkayi et al., 1985; Jones and Segnit, 
1971). The data do not, however, give unequivocal 
evidence as to the origin of the kaolinite or the nature 
of cement when it was introduced. Possible mecha
nisms include: 

1) Introduction and precipitation of amorphous alu
minosilicate material that then transformed to 
opal-A and kaolinite; 

2) Deposition of opal-A and kaolinite from a silica
rich solution that carried kaolinite in suspension. 
The mechanism of formation of this kaolinite is 
unknown, but precipitation from an aluminosilieate 
precursor is possible. 

3) Introduction of silica into neoformed kaolinite oc
cupying the intergranular voids of the sandstone. 
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Alternatively, these kaolinite crystals may be the 
partly dissolved and structurally disordered resi
dues ofthe much larger and more perfectly ordered 
kaolinite crystals that occur in saprolite. 

SUMMARY 

The gel-like aluminosilicate material is composed of 
very fine-grained kaolinite and amorphous silica which 
are almost homogeneously mixed at a sub-micron scale. 
The gel-like optical properties and almost uniform alu
minosilicate composition determined by EPMA are 
due to the homogeneous mixture offine-grained «0.5 
/Lm) kaolinite with amorphous silica. There is no ev
idence for the presence of allophane or imogolite-like 
compounds. This study has clearly highlighted the es
sentiality of high resolution techniques to resolve the 
composition offine-grained materials in soils and other 
regolith materials. 
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