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DIAGENETIC DEVELOPMENT OF KAOLINITE 

C. D. CURTIS* and D. A. SPEARS 
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(Received 11 August 1970) 

Abstract-Experimental solubility data for gibbsite and kaolinite are reviewed and applied to the pro· 
blem of gibbsite stability within the natural environment. It is concluded that free alumina compounds 
formed (only) in lateritic soils will tend to silicify spontaneously in all sedimentary environments, This 
metasomatic reaction should be accompanied by massive volume expansion: unusual textures are to 
be anticipated. 

Petrographic and field descriptions of a number of ancient kaolinitic sediments (some with, some 
without free alumina) are reviewed. It is concluded that silicification of hydrated aluminum oxides 
was an important mechanism of kaolinite formation in ancient sediments and that free alumina com­
pounds persist only as a result of the unusual volume expansion associated with kaolinite formation. 

INTRODUCTION 

"FREE" hydrated aluminum oxides (especially 
gibbsite) are common soil constituents in tropical 
moist climates and are found in surface marine 
sediments at low latitudes (Biscaye, 1965), Yet 
they rarely occur in ancient sediments, It is our 
purpose here to review recently published chemical 
information in an attempt to establish some logical 
explanation for the above and to trace the probable 
diagenetic alteration products of these free oxides. 

Garrels was largely responsible for demonstrat­
ing the value of thermodynamic reasoning in this 
type of study. The diagenetic development of 
sulphides, carbonates, and silicates of iron from 
hydrated ferric oxides (Garrels and Christ, 1965; 
Bemer, 1964; Curtis and Spears, 19!i8) has been 
treated in depth. This problem obviously is analo­
gous to that presently under consideration. 

The general form of stability relationships in the 
system SiOz-AI20 3-H2 0 at 25°C and 1 atm, was 
outlined in Garrels and Christ (1965), whilst Hess 
(1966) reviewed naturally occurring assemblages in 
this system extended to include alkali metals. The 
present paper starts with an extension of these 
stability considerations to take account of recently 
published experimental solubility data. 

STABILITY RELATIONSHIPS IN THE SYSTEM 
AI20 3-Si02- H 20 

Understanding of the aqueous solution chemistry 
of aluminum has been improved by the recent 
series of reports by Hem and Roberson (Hem and 
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Roberson, 1967; Hem, 1968; Roberson and 
Hem, 1969) and by Reesman and Keller (1969). 
Complexes with anions other than OH- were also 
considered. 

Figure 1, curve (a) is taken from Roberson and 
Hem (1969) and shows the calculated solubility for 
a sample of microcrystalline gibbsite « 0·1 f.L) in 
the pure hydroxide system. The three dissolved 
species taken into account may well be the only 
important monomeric species, although some 
uncertainty remains in this matter, i.e. 

[Al3+] [AIOW+] [AI(OH)4 -] 
CAI = 'YAP+ + 'YAIOHZ+ + 'YAI(OH)4 

(where C Al = sum of molal concentrations of all 
Al species). Experimental precipitation behavior 
within the range pH 4·5-7·0 is complicated by 
very slow polymerization of simple octahedral 
cations, e.g. AIOH(HzO)sZ+, via a range of poly­
nuclear complexes with hydroxyl bridges. Gibbsite 
is the ultimate polymer. Above pH 7'0, however, 
AI(OH)4 - predominates and reactions are fast. 
Schoen and Roberson (1970) showed that bayerite 
is the solid to form above pH 5·8. 

Some doubt as to the true stability status of the 
AI(OHh polymorphs must remain since certain 
aspects of precipitation behavior are at variance 
with natural distribution (gibbsite is far commoner 
than bayerite). 

The solubility of microcrystalline gibbsite 
corresponds to a AFo, value of -544·6kcal/F.W. 
(Appendix 1). A value of -550,3 kcal/F.W. was 
obtained (solubility experiments) by Reesman and 
Keller (1968) for a naturally occurring gibbsitic 
clay. Single ion solubility equilibria (Appendix 2, 
equations 1-3) adequately serve to document the 
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Fig. 1. The nature of gibbsite solubility in water (25°C, 
1 atm.). 

general trend of solubility behavior for this more 
stable material. The discontinuous curve b (Fig. 1) 
takes account only of the solubility contribution 
of each single ion within its pH range of dominance. 

It would be misleading to suggest that the rela­
tionships depicted in Fig. 1 suffice to explain the 
behaviour of Al in all natural waters. Stable soluble 
complexes of AI with F- and SOl- are known, as 
are AI-Si complexes. The anionic complexes 
obviously become more important with decreasing 
pH. Hem (1968) and Roberson and Hem (1969) 
analyzed the contribution of these complexes to 
total AI-solubility, presenting graphical plots 
for determining the relative contributions of OH-, 
F-, and SOl- complexes. In natural waters, F- is 
most likely to disturb simple OH- equilibria. The 
effect must be considerable in acid waters but 
generally insignificant at pH values in excess of 
7·0. 

Figure 1 suggests that naturally occurring gibb­
sites are stable in the presence of minute total 
dissolved AI concentrations. At C Al ;;. 1O-7m, 
for example, the gibbsitic clay is stable throughout 
the pH range 5,0-8,0. Even microcrystalline 
gibbsite (minimum stability, is stable for C Al > 10-6 

m; 5·4 < pH < 6·7. 
These stability considerations may be extended 

to take account of a number of solid and solution 
species in the system Si02-AI20 3-H20. Free 
energy values for silica containing species are 
listed in Appendix I. Appendix 2 lists relationships 
between the aluminum species so far considered 
together with silicic acid, quartz, "amorphous" 
silica, and kaolinite. 

Figure 2 demonstrates the general outline of 
stability relationships ignoring solid silica species. 
The form is similar to that illustrated by Garrels 
and Christ (1965, Fig. 10·3). The dominant solvated 
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Fig. 2. Kaolinite/gibbsite stability relationships at 25°C, 
1 atm. (solid/solution boundary at log [AI] ,,; -7). 

species are more realistic, as are inferred solubili­
ties. 

An instructive section through the block diagram 
is given in Fig. 3. Account of solid silica species is 
taken here. Solids are deemed stable when the 
coexisting equilibrium activity of AI in a solution 
is less than 10-7• This value is somewhat lower 
than that reported in most natural waters. The 
stability field of gibbsite is, therefore, minimal (un­
less, as is quite possible, natural water analyses 
tend to be on the high side due to suspended 
material). It is immediately apparent, as expected, 
that kaolinite is stable relative to gibbsite at all 
but very low dissolved silica activities. Very low 
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Fig. 3. Kaolinite/gibbsite stability relationships at 25°C, 
1 atm. total pressure (system H20-Si02-AI20 a). Heavy 
shading shows the composition of natural groundwaters. 
Light shading (arrows) is representative of soil/precipi­
tate water interaction. (The contribution of HaSiO. - to 

silica solubility at high pH is not documented.) 
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values will be found in highly leaching environ­
ments such as in the classic lateritic soil situation. 
The interesting question is: in what other geo­
chemical environments is gibbsite stable? 

White, Hem and Waring (1963) compiled 
reliable information on the chemical composition 
of subsurface waters. Table 1 summarizes data on 
water selected from natural environments in which 
the waters were most likely to be atmospheric 
precipitation influenced primarily by reaction with 
the rocks in which they are found. The pH values 
all exceed 7·0 with surprisingly slight variation. 
These "meteoric" groundwaters'are plotted as the 
shaded region on the SiOz vs. pH plot of Fig. 3. 

Quite clearly, once atmospheric precipitation 
has had a little time to react with almost any rock 
type, gibbsite is no longer stable relative to kaolin­
ite. These ground waters are dilute solutions and 
slightly alkaline. Gibbsite should not persist once 
removed from its characteristically humid, tropical, 
and well-drained site of formation. 

Although seawater is very poor in dissolved 
silica due to organic removal, sediment pore 
waters are silica rich. In a study of the mineralogy 
of recent deep-sea sediments in the Atlantic Ocean 
and adjacent areas, Biscaye (1965) recorded the 
presence of gibbsite. In this environment gibbsite 
must be metastable, its persistence indicating 
that the silicification reaction proceeds but slowly 
at low temperatures. Certainly (Biscaye, p. 810), 

some of the coarser grained samples (2-20t..t) are 
richer in gibbsite than are the finer grained samples. 
Kaolinite tends to occur with gibbsite, and a strong 
correlation was found between these two and 
proximity to continental areas undergoing intense 
tropical weathering. The maximum content of 
gibbsite in the sediments was in fact noted adjacent 
to small rivers ("local" source) rather than adjacent 
to the major rivers draining pedogenically diverse 
basins. 

In the geological column where there are analo­
gous sedimentary rocks of tropical derivation, 
kaolinite is abundant. Only in few instances, 
however, are aluminum hydroxides also present. 
It seems that these minerals persist with difficulty 
over geologic time. This observation is in keeping 
with the stability fields and ground water composi­
tions shown in Fig. 3. Prior to further discussion, 
however, the changes accompanying silica metaso­
matism will be considered. 

SILICA METASOMA TISM 

Figure 3 demonstrates that kaolinite is stable 
relative to gibbsite in almost all natural waters. 
The pH of subsurface waters ranges narrowly 
around 7·4 while log siliceous acid activity falls 
around -3,4. The same pH mean is representative 
of marine and estuarine sediment pore waters, but 
siliceous acid activities therein are often higher 
(limit log [H4Si04] = -2'6). Dissolved alumina 

Table 1. Groundwater analyses 
U.S.G.S. Professional Paper 440-F 

"Water oflow mineral content associated with common rock-types" 
These dilute waters were selected from environments in which the waters were most 
likely to be atmospheric precipitation that was then influenced primarily by reactions 

with the rocks in which they are found (including associated soil zones). 

Table No. and group description 

Granite, rhyolite, and similar 
rock types 

2 Gabbro, basalt, and ultramafic 
rock types 

3 Andesite, diorite, and syenite 
4 Sandstone, arkose, and 

graywacke 
5 Siltstone, clay, and shale 
6 Limestone 
7 Dolomite 
8 Miscellaneous sedimentary rocks 

(ironstone, chert, phosphorite, 
lignite, gypsum) 

9 Quartzite and marble 
10 Slate, schist, gneiss, and 

miscellaneous metamorphic rocks 
11 Unconsolidated sand and gravel 

CCM-Vol.19No.4-B 

No. of samples 

15 

16 
4 

17 
18 
14 
6 

5 
7 

15 
20 

pH ppmSiOz 
x S x S 

7·15±O·48 37±19 

7·52±O·79 41 ± 13 
7·55±0·24 20±9 

7·48±0·82 23± 18 
7·27±1·25 28±24 
7·50±O·37 13±6 
7·72±0·33 14±7 

7·20±0·55 18±6 
7·27±0·60 II ±5 

7·09±0·84 23± 19 
7·65±0·69 31 ± 17 
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values are minute under these conditions (equation 
6, appendix 2 gives log [AI(OH)4 -] = -8·60 and 
-9·40, respectively). At the same pH, the equilib­
rium value of log [Al(OH)4 -] coexisting with gibb­
site in pure water is -7 ·66. 

Silicification of gibbsite is a metasomatic reac­
tion and, as such, should be analyzed from the 
viewpoint of "open-system" thermodynamics 
(Korzhinsky, 1959; Thompson, 1959). Such an 
approach permits prediction of the spacial config­
uration of reacting systems. Essential to the 
arguments are assumptions concerning relative 
rates of reaction and diffusive mass transfer. Reac­
tions in solid plus solution systems at high tempera­
tures have been treated in this way (Curtis and 
Brown, 1969). 

Consider (as in Fig. 4) an isolated system con­
taining gibbsite plus water at pH 7·4 and a second, 
infinite system containing kaolinite plus amorphous 
silica. Linking the aqueous phases of the two 
systems establishes concentration gradients down 
which dissolved species must diffuse. The final 
configuration will be total conversion of gibbsite to 
kaolinite as shown. Incomplete reaction configura­
tions may be zoned with sharp solidus composi­
tional discontinuities: such possibilities will be 
discussed elsewhere. 

In general terms, diffusive flux is controlled by 
diffusion coefficient and by concentration gradient. 
Diffusion coefficients for most simple dissolved 
species in aqueous solution are similar. This 
probably leaves concentration gradient as being 
dominant in controlling diffusion rate for any 
species. In Fig. 4 the inward concentration 
gradient for silica is ~ 105 times greater than the 
outward concentration gradient for alumina. 
Reaction, therefore, should proceed overwhelm­
ingly via inward diffusion of silica. It is difficult to 
envisage kinetic or other effects that would totally 
invalidate this picture. 

Metasomatic kaolinization, therefore, is additive 
(to one part in 105 in the simplest approximation). It 
follows that in the reaction (pH independent) 

AI20 a3H20 c. +2H4Si04aq. = H4Si2A1209c. + 5H20 l. 

some 158·23g gibbsite are transformed to 258·17g 
kaolinite. Assuming mean density values listed in 
Deer, Howie, and Zussman (1965), the volume 
expansion is 65·93 cm3 to 97·42 cm3 (some 48 per 
cent of the original). Such a volume increase will 
cause either marked porosity decrease or bed 
expansion wherever gibbsite is an important con­
stituent. Stresses within the bed could be non­
uniform and might be accommodated by either 
flow or fracture of the clay depending on the inter­
action of stress and physical properties of the 
material. 

CHARACTERISTICS OF SOME ANCIENT 
KAOLlNlTIC SEDlMENTS 

Introduction 

Based on the kaolinite/gibbsite stability fields, 
we have concluded that only at very low dissolved 
silica activities is gibbsite stable relative to kaolin­
ite. In modem environments such low activities 
are to be found in highly leached soil environments. 
Once a sediment is deposited in water, or a soil is 
submerged, the movement of pore water is severely 
restricted, and the dissolved silica concentration 
increases to a level at which gibbsite is no longer 
the stable phase. The abundance of gibbsite in 
modem tropical sediments, together with its virtual 
absence from the majority of sedimentary rocks, is 
in itself very good evidence that gibbsite is elimin­
ated during diagenesis. Kaolinite is most likely to 
result from this alteration, and it is the probable 
consequences of this reaction which will be dealt 
with in the following discussion. It must be 
stressed, however, that in many diagenetic environ­
ments, pore waters are concentrated ionic solu­
tions. Kaolinite may not be the only clay to 
develop from gibbsite. 

"High-alumina" sedimentary rocks containing 
free alumina 

One such rock is the Ayrshire Bauxitic Clay 
(Scotland). The aluminum hydroxides present 
have been identified as boehmite and diaspore 
(Lapparent, 1936). This clay was concluded to 
have formed by lateritic weathering of a sequence 
of Namurian lavas resting on a slowly subsiding 
land surface. The deposits are intimately associated 
with the basic lava flows and in many cases appear 
to represent in situ soils. In some instances the clay 
is thought to have been transported over short 
distances and sedimented in lagoons (Wilson, 
1922). Although referred to as bauxitic clay, 57 
analyses (Wilson, 1922, Fig. 7) show that most 
samples contain little free alumina; the analyses 
approximate closely to ideal kaolinite. 

Wilson interpreted petrographic evidence as 
implying formation of kaolinite after the clay was 
deposited and suggested that "this (process) was 
in reality a resilicification of much of the free 
alumina originally present in the rock" (p. 16). A 
volume change associated with this transformation 
was noted in porosity reduction. Lapparent (1936, 
p. 3) also noted that kaolinite was later than the 
boehmite and went so far as to state that "it would 
be erroneous to suppose that the hydroxides of 
aluminum arise from the alteration of kaolinite as 
has sometimes been suggested." 

The textures developed within the Ayrshire 
Bauxitic Clay are very variable. Homogeneous 
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(a) Initial isolated state 

fin ile $y$1em 

l,Iibbsile + water 

bQ (AI(OH1.1 ·-7.66 
IaQ (~SiO"l --3.99 

inf inile surroundillQ' 

~ .. .... - ...... .,..- ... -- ... - '-.... ... - -..II ".I' ... --........ - .. .:::-.. ~.;;-~--~::::;\ :0:: koolinil. +omorphous silico +woter •• -: : 

::.; 101,1 (AI(OH141 • -9.40 :;-::j 
'· r~ - ........ . \ 
:; __ ! - __ 101,1 (H.!Sio..l : -2.60 _ :.. /- ~ £.:' 
,-: ~_-:. ... :~..; ~ ",-' . __ "'4,r ,_- ' ~; .... ,,:~_ .... _ '! ... ,:-.:7 

Linkin; syslem with surroundlO9l esloblishes \jrodienl$ proportional la lhe activity 
differences lal,l [H.aSi04l~-2 .77. 101,1 [Al(OHl4l -7.93 

Reaction will be dominaled by H"SiO" mil,lrolion inlo system: 
<: 

(b) Final equilibrium state 

:--.... . :-... ..:':-...... ::: ..... -~ ... . .:: -_ .. - "; ' ::: .. -.. : .... :--... -~ - .. -: - ; ,:" ... . .,.. ". - ... .! -#'- ._ .... ........... ~ ... --.... - . • - ~ 
: ::_: :. _ _ Iioolinite + wol,r ,- - ~, ~ - '·Iioolinjl •• amorphous silica +;0,'; > .. '; ...... \. 
.~3:::. :-:-. system + surroundin;s • 101,1 (AI(OHl41 - -9.4OJ --;:~)1 • ~ _ ~ _ _ _ _ _. ~ _ _ _ _ 109 (H SiQ 1 • 2 60 thrOUQhoul · ' .' \ 
.. ~ -_ ......... - .,. .. :" ..... : .............. ~ : :..,' ..... --:.. .:-~.:'-;. ..... .!.,:. ~ .==. ..... ...... ::: ""!. -_~: '!. ~;. .: -' . _ .. - ., ......... ·~~-;-.;; ... 7 ,. ... - --,- ,._ ... ~ 
Fig. 4. Metasomatic reaction between gibbsite and amorphous silica saturated water. 

material is found, some (as noted above) showing 
evidence of porosity reduction. At the other ex 
treme heterogeneous oolitic and fragmental 
textures occur. The fragmental form has been 
linked with ash texture (Eyles et al., 1949). It is 
not at all difficult, however, to envisage all these 
textures arising as a consequence of silicification of 
homogeneous starting materials. 

Progressive additive metasomatism of a gibbsitel 
water system would commence with porosity 
reduction. Within a confined system, further reac­
tion would promote either flow or fracture. Con­
tinuing reaction after fracture would generate an 
oolitic texture in precisely the same way that 
weathering of igneous rocks causes spheroidal 
texture on a larger scale. Weathering itself is a 
typically metasomatic reaction involving O2 and 
H20 addition. Centres of "oolites" obviously 
would be the most probable loci for gibbsite 
preservation as a consequence of low porosity 
surroundings. 

In our opinion, the chemical model outlined in 
the present paper increases confidence in the 
textural interpretations due to Wilson and Lap­
parent. Diagenetic silicification of free alumina 
minerals (sometimes in confined environments) 
appears to have been an important mechanism of 
kaolinite formation in the Ayrshire deposits. 

Similar in many respects to the Ayrshire material 
are the high a1umina clays of the Mercer Formation 
(Pennsylvanian) of western Pennsylvania (Foose, 
1944; Williams, 1960, 1968). The latter author 
suggests that the clays developed on topographic 
highs whilst peat and other sediments accumulated 
in the adjacent topographic lows; "extensive 

leaching over a period of time probably altered 
illite to kaolinite and kaolinite to boehmite and 
diaspore". Lateritic soil development is seen as 
being responsible for free oxide formation, but the 
possibility of resilicification was not discussed. 

In the Mercer Formation clays, diaspore occurs 
as nodules (1-5 mm) in a kaolinite matrix. The 
two components vary in most proportions from 
nearly pure diaspore through to flint clay (Foose, 
1944, p. 567). This nodular texture is not unlike the 
so-called oolitic texture of the Ayrshire clay; a 
similar mechanism offormation may be postulated. 

It is significant also that the iron content of the 
Mercer clays varies directly as the alumina 
content. Whilst ferric oxides are common constitu­
ents of sediments at deposition, pore solutions 
after burial usually become strongly reducing, and 
ferric compounds are either transformed or leached. 
Restricted pore-water circulation (low porosity) 
obviously would favour the preservation of ferric 
iron from reduction and free a1umina from silicifica­
tion. Complex color textures due to iron pigmenta­
tion are to be anticipated. 

Two environmental factors emerge from the 
above studies as being essential to the development 
and preservation of "free-alumina" clays. Lateritic 
soils (by analogy with present-day distribution) call 
for moist tropical climates and well-drained sites of 
formation. In order that free oxides should consti­
tute a significant fraction of sediment at deposition, 
zero (i.e. submergence of in situ soil profiles) or 
slight transport should occur. Otherwise, of course, 
dilution by more usual (silica-rich) sediments would 
take place. Sedimentation must be considered on a 
strictly local scale. 
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High-alumina sedimentary rocks without free 
alumina 

A number of relatively pure kaolinitic rocks are 
known with unusual and distinctive textures. 
Since partial silicification of free-alumina minerals 
seems to be well documented and the silicification 
process a spontaneous one, it is only to be expected 
that this process should have gone to completion 
somewhere in the column. 

Sequences already discussed (Ayrshire and 
Mercer) suggest strongly that climatic conditions 
were favourable for laterite development within the 
Carboniferous (Westphalian A and B, respect­
ively). Free alumina minerals were at least possible 
sediment precursors during these times. As already 
outlined, their effect on sediment composition 
would be most marked within depositional basins 
of small extent. 

The compositional variation between diaspore­
rich and flint clays in the Mercer Formation is 
lateral (Foose, 1944, p. 571). Lateral facies rela­
tionships are discussed in detail in Keller's (1968) 
account of flint clays. 

In the Missouri clays, also ofPennsylvanian age, 
the facies sequence is believed to be from marine 
illitic shales, through kaolinite-iIlite clays to 
kaolinitic flint clays and finally to diaspore and 
boehmite-bearing clays. A similar sequence has 
also been described from the Russian "toasted 
clays" (Chuckhrov, 1970). Based on the North 
American occurrences, Keller proposed (1968, p. 
125) that "flint clay is characteristically a facies 
member in a non-marine mud stone sequence that 
includes high-alumina minerals, or potentially so, 
grading through flint clay into plastic clay and 
thence extending into marine shale". 

The present authors envisage these deposits to 
have originated in the following manner: (1) 
Kaolinite and gibbsite formed sub-aerially on a 
positive area adjacent to the basin of deposition. 
(2) This material was supplied to the immediate 
area of the basin either over a long period or 
relatively quickly as in the case of a marine 
transgression. (3) With distance from the local 
source there was progressive mixing with less 
mature sediment. (4) Diagenetic elimination of 
some of the free-alumina minerals in the bauxitic 
clays followed (total elimination in the flint clays). 
Kaolinite content was enhanced. The survival of 
the free-alumina minerals near or at the source of 
the sediment was favoured firstly by the higher 
initial gibbsite content and secondly by the prior 
removal of free silica. In diagenetic environments 
where cation contents are high, gibbsite need not 
alter to kaolinite, but it should be noted that the 
association of the flint clays with the non-marine 
environment is an association with diagenetic 

pore waters of relatively low cation content. In the 
marine environment, pore waters are much con­
centrated, and alteration of gibbsite to loA 
minerals is probable. 

The explanation favoured by Keller (1968) for 
facies relationships involving flint clays was that 
parent iIlitic and/or kaolinitic clay colloids were 
transported into swamps and these underwent 
dialysis, alteration, and eventual crystallization in 
situ. In some cases desilification proceeded further 
to give high-alumina minerals, particularly diaspore 
and boehmite. 

Formation of kaolinite by leaching of illite 
material in swamp environments formerly was 
favoured by European workers concerned with 
the genesis of thin bands of kaolinitic mudstone 
(tonsteins) that occur in coal-bearing strata. These 
bands persist laterally over great distances and are 
of considerable stratigraphic value. Recently, 
however, a volcanic origin has been substantiated 
(Price and Duff, 1969; WiIliamson, 1970; Spears, 
1970). 

A different approach to the mechanism of 
kaolinite formation was adopted by Bouroz (1964). 
The composition of thin dirt-partings in coal 
seams was determined on the basis that this is 
where the alteration of iIlite to kaolinite should be 
most effective, firstly because of the association 
with coal and secondly because of the very fine­
grained nature of the sediment. Excluding the 
partings of volcanic origin, he found one parting 
had a mixed clay content, two contained more than 
80 per cent illite, and eleven contained more than 
90 per cent iIlite. These results certainly do not 
support the hypothesis of kaolinization of illite in 
the swamp environment. 

One final topic relevant to this discussion is 
textural and structural features of the flint clays 
themselves. The hardness and sub-conchoidal 
fracture of flint clays are unusual for argillaceous 
rocks. Electron micrographs show that these dis­
tinctive properties are due to interlocking kaolinite 
grains, producing a texture which has been likened 
to that of an igneous rock (Keller, 1968, p. 115). 
It is difficult to escape the conclusion that some of 
the kaolinite crystallized in situ, as would be the 
case if this kaolinite developed from gibbsite. On 
the other hand, it is more difficult to explain this 
texture if the kaolinite formed by the in situ 
degradation of an illitic clay, for this involves 
loss of elements and, initially at least, an increase in 
pore volume. 

The principal features of flint clays, apart from 
their kaolinite composition, have been enumerated 
by Smith and O'Brien (1965). These are: (1) 
Deposits are of local extent and often of sinuous 
form. (2) They generally have a brecciated or 
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conglomeratic structure and conchoidal or sub­
conchoidal fracture. (3) They are conspicuously 
varicolored. We believe that most if not all of 
these features are consistent with spontaneous 
resilicification of free aluminum (and iron) oxide 
minerals derived from lateritic soil profiles. The 
typically observed form of deposits is to be expec­
ted if material is derived from a local source. The 
structures can be attributed to expansion following 
the addition of silica rather than to contraction. The 
brecciated structure is so characteristic of kaolinite 
deposits in Scotland and the north of England that 
they have been referred to as fragmental clay 
rocks (Richardson and Francis, 1971). The 
North American flint clays appear to be similar in 
many respects. The conchoidal or sub-conchoidal 
fracture has been dealt with above. The varicol­
oured appearance likewise may be attributed to 
limitation of porosity, the usual diagenetic reduc­
tion and redistribution processes being hampered 
in an irregular way. 

CONCLUSIONS 

Recent solubility experiments suggest that 
gibbsite is unstable relative to kaolinite except in 
extremely silica-poor solutions. Sites of lateritic 
weathering would appear to be the only natural 
environments (at the present time) where free 
alumina solids may form and persist as equilib­
rium phases. When eroded and deposited as 
sediment, gibbsite invariably should silicify 
spontaneously to kaolinite in "freshwater", and to 
more complex phyllosilicates in the strong ionic 
solutions of marine environments. Further analysis 
of experimental relationships suggests that the 
silica metasomatism should be accompanied by 
massive volume expansion. 

The petrographic and field evidence from some 
ancient bauxite deposits lends support to these 
predictions. Resilicification should not be confined 
to deposits which still contain free-alumina 
minerals, for there must also be deposits in which 
resilicification is complete. In this paper it has been 
suggested that many flint clays fall into this 
category. This assertion is supported by the geo­
metry of the deposits, the facies relationships with 
other beds, the structures within the deposits, the 
textures as revealed in electron micrographs and 
indirectly by physical properties, and finally, of 
course, by the monomineralic kaolinite composi­
tion. 
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APPENDIX I 
FREE ENERGY DATA USED 

Species ~F; Ref. and comments 

SiO. QUartz -204,71 Weise, S. S., Margrave,J. F., Feder, H. 
M. and Hubbard, W. N. (1962) The heats 
of formation of silica and silica 
tetraftuoride: J. Phys. Chem. 6(i, 381. 

H.Si04aq. silicic acid -312-65 Reesman, A. L. and Keller, W. D. (1967) 
Chemical composition ofillite:J. Sediment. 
Petrol. 37, 592-596. Calculated from Weise 
value. 

AI20 a ' 3 H2O.ibb'ite -544,6 Hem,J. D. and Roberson, C. E. (1967) 
Form and stability of aluminium hydroxide 
complexes in dilute solution: U.S.G.S. 
Water-supply Paper /827-A. 

AI3+ a •. -115,0 Garrels and Christ (1965). 
AI(OH)!!. -164,9 Raupach, M. (1963) Solubility of simple 

aluminium compounds expected in soils-
I. Hydroxides and oxyhydroxides: 
Aust.J. Soil Res. I, 28-35. 

AI(OH)'aq. -311,3 Reesman and Keller (1968) 
(Hem and Roberson = -311,7). 

H 2Ol. -56·69 Garrels and Christ (1965). 
Si02 .iass -202-82 Garrels and Christ (1965) (recalculated 

relative to Weise). 
H.AI2Si20 9 kaollnlte -904·0 Reesman and Keller (1968) 

Average of numerous sample experiments. 

APPENDIX 2 
EQUILIBRIA 

AI20 a3 H20 C. + 6Ht •. = 2AI!!. + 6H20l. 
log [AP+] = 7·27 - 3pH 

AI20 33H20 C• + 4H~q. = 2AI(OH)!!. + 4H20,. 
log [AI(OH)2+] = 2·295 - 2pH 

AI20 33HoOc. + 2H20,. = 2AI(OH)4aQ. + 2H~q. 
log [AI(OH). -1 = -15,058 + pH 

H4 AI.Si.09c. + 6Htq. = 2AI!!. + 2H.SiO.aq. + H.OI. 

log [A13+1 = 2·929 -log [H.SiOJ - 3pH 

(1) 

(2) 

(3) 

(4) 
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H4A12Si209c. + 4Ht, •. + H 20,. = 2Al(OH)~~. + 2H.SiO.aq. 
log [Al(OH)2+] = -2·049 -log [H4Si04]- 2pH 

H,AI.Siz0 9c• + 7H.O,. = 2Al(OH)4aq. + 2H!q. + 2H.SiO.aq. 
log [Al(OH). -] = -19·401 -log [H,SiO.] + pH 

H.Al.Si.O.c. + 5H.O,. = A120 33H20 e. + 2H.SiO •••. 
log [H.SiO.] = -4,344 

H 4A.l.Si.09C . + 3H.O,. = 2Si02c. + 2AI(OH)~aq. + 2H;q. 
log [Al(OH).-) =-15·413+pH 

H4A12Si209c. + 4H~q. = 2Si02c. + 2Al(OH)i~. + 3H20 1• 

log [Al(OH)2+) = 1·939 - 2pH 

H 4AI2Si20.c. + 6H~q. = 2Si02c. + 2AI!~. + 5H20 I . 

log [AI3+] = 6·917 - 3pH 

Si02c. + 2H20,. = H.SiO.aq. 
log [H,SiO.] = -3,988 

Si02 O'ass + 2H.O,. = H.SiO.aq. 
log [H.SiO.] = -2,60 

Resume - Les donnees concernant la solubilite experimentale de la gibbsite et de la kaolinite sont 
passees en revue et appliquees au probleme de la stabilite de la gibbsite dans l'environnement naturel. 
On en conclut que les composes 11 alumine libre formes (seulement) dans les sols lateritiques tendront 
11 se silicifier spontanement dans tous les environnements sedimentaires. Cette reaction metasomatique 
devrait etre accompagnee d'une expansion massive du volume: des textures inhabituelIes sont donc 
1Iattendre. 

Les descriptions petrographiques et de terrain d'un certain nombre de sediments kaolinitiques 
anciens (certains avec, certains sans alumine libre) sont passees en revue. On en conclut que la 
silicification des oxydes d'aluminium hydrates a ete un mecanisme important pour la formation de 
kaolinite dans les sediments anciens, et que les composes 11 alumine libre persistent seulement en tant 
que resultat de l'expansion en volume inhabituelle. associee a la formation de kaolinite. 

Kurzreferat - Es werden experimentelle Loslichkeitsdaten flir Gibbsit und Kaolinit iiberpriift und 
auf das Problem der Stabilitiit von Gibbsit in natiirlicher Umgebung angewendet. Es wird der Schluss 
gezogen, dass (ausschliesslich) in lateritischen Boden gebildete freie Tonerdeverbindungen dazu 
neigen werden in alien Sedimentiirumgebungen spontan zu verkieseln. Eine solche metasomatische 
Reaktion wiirde von massiver Volumenausdehnung begleitet werden. Ungewohnliche Gefiige sind 
zu erwarten. 

Es werden petrographische und Feldbeschreibungen einer Anzahl alter kaolinitischer Sedimente 
(manche mit, manche ohne freie Tonerde) iiberpriift. Es wird der Schluss gezogen, dass Verkieselung 
hydratisierter Aluminiumoxyde ein wichtiger Vorgang bei der Kaolinitbildung in alten Sedimenten 
war und dass freie Tonerdeverbindungen nur als eine Foloe der ungewohnlichen, mit der Kaolinitbil­
dung verbundenen Volumenausdehnung weiter vorhanden sind. 

Pe310Me - PaccMoTpeHbI JiI npJiIMeHeHbl .1lJUI peIlleHJiIH rrp06JIeMbl YCTOH'iJiIBOCTJiI rJiI66cJiITa B npJiI­
PO.1lHOH 06cTaHoBKe 3KCrrepJiIMeHTaJIbHble .1laHHble rro paCTBOpJiIMOCTJiI rJiI66cJiITa JiI KaOJIJiIHJiITa. 
C.1leJIaH BbIBO.1l, 'iTO COe.1lJiIHeHIDI cB060.1lHOrO rJIJiIH03eMa, 06pa30BaHHble (TOJIbKO) B JIaTepJiITOBblX 
nO'iBaX, 6Y.1lYT JiIMeTb TeH.1leHl\JiIIO K cnOHTaHHoil: CJiIJIHcm!lHKal\JiIJiI B JII060H cpe.1le B OCa):lKax. 3Ta 
peaKl\HH 3aMell\eHHH ):IOJIlKHa conpOBOlK.1laTbCH 3Ha'iHTeJIbHbIM YBeJIH'ieHJiIeM 06'beMa; rrpH :)TOM 
MOlKHO OlKH):IaTb rrOHBJIeHHH He06bl'iHblX TeKcTYp· 

IIpOaHaJIH3HpOBaHbI rreTporpacPH'ieCKJiIe ):IaHHble H YCJIOBJiIH 3aJIeraHIDI pH.1la ):IpeBHHx KaOJIJiIHJiI­
TOBblX oca.,wI:OB CO CB060.1lHbIM rJIJiIH03eMOM JiI 6e3 Hero. ABTOPbl npJiIIllJIJiI K 3aKJIlO'IeHJiIIO, 'lTO 
CJiIJIJiICJiIcPHK3l\JiIH rJiI):\paTJiIpOBaHHblX OKJiICJIOB aJIIOMHHIDI HBlIHeTCH BalKHbIM MeXaHJiI3MOM 06pa30-
BaHJiIH KaOJIJiIHJiITa B .1lpeBHJiIX OC3,llKax H '1TO coeAKHeHJiIH CB06o.1lHOrO rJIHH03eMa coxpaHHIOTCR 
TOJIbKO 6JIarO):lapH He06b1'IHOMy YBeJIHT{eHJiIIO o6'beMa npJiI 06pa30BaHHH KaOJIJiIHJiITa. 
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