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Clay mineral formation and transformation in rocks and soils

By D. D. EBerL
U.S. Geological Survey, Federal Center, Mail Stop 420, Denver, Colorado 80225, U.S.A.

Three mechanisms for clay mineral formation (inheritance, neoformation, and trans-
formation) operating in three geological environments (weathering, sedimentary, and
diagenetic-hydrothermal) yield nine possibilities for the origin of clay minerals in
nature. Several of these possibilities are discussed in terms of the rock cycle. The
mineralogy of clays neoformed in the weathering environment is a function of solution
chemistry, with the most dilute solutions favouring formation of the least soluble clays.
After erosion and transportation, these clays may be deposited on the ocean floor in a
lateral sequence that depends on floccule size. Clays undergo little reaction in the
ocean, except for ion exchange and the neoformation of smectite; therefore, most clays
found on the ocean floor are inherited from adjacent continents. Upon burial and
heating, however, dioctahedral smectite reacts in the diagenetic environment to yield
mixed-layer illite-smectite, and finally illite. With uplift and weathering, the cycle
begins again.

INTRODUCTION

Three questions may arise when clay is observed in nature. What is the clay ? How did it form?
Under what conditions did it form? The answers to these questions are the substance of the
science of clay mineral petrology.

An answer to the first question requires an analysis of the clay’s chemical composition and
crystal structure, topics discussed by Brown (this symposium) and in books by Grim (1968) and
Brindley & Brown (1980).

The second question concerns mechanisms of clay formation. This paper will consider three
mechanisms, generally based on ideas of Esquevin (1958) and Millot (1970). These mechanisms
are: (i) inheritance, (ii) neoformation and (iii) transformation. Origin by inheritance simply
means that a clay mineral found in a natural deposit originated from reactions that occurred
in another area during a previous stage in the rock cycle, and that the clay is stable enough to
remain inert in its present environment. Its stability may result either from slow reaction rates
or from being in chemical equilibrium. Origin by neoformation means that the clay has pre-
cipitated from solution or has formed from reaction of amorphous material. Origin by trans-
formation requires that the clay has kept some of its inherited structure intact while undergoing
chemical reaction. This reaction may take two forms: (i) ion exchange, in which loosely bound
ions are exchanged with those of the environment; and (ii) layer transformation, in which
the arrangements of tightly bound octahedral, tetrahedral, or fixed interlayer cations are
modified. Layer transformation will be emphasized in this discussion because the results ofthis
type of reaction are better preserved in the geological record. From a geological perspective,
it is important to determine which mechanism gave rise to clays in a natural deposit. Clays
that have inherited their crystal structures are indicators of provenance, and provide infor-
mation about environmental conditions in the sediment source area. Neoformed clays have
precipitated in response to iz situ conditions, past or present. Transformed clays carry both
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types of information, having inherited characteristics from the source area and having reac-
ted in response to in situ changes in environment.

The third question of interest to the clay petrologist concerns the clay’s environment of
formation. This environment can be described in terms of temperature, pressure, chemical
composition and reaction time. In order to generalize this discussion, however, these variables
are condensed into three geological situations, the conditions within each of which vary over a
limited range. The situations, again based on the ideas of Esquevin (1958) and Millot (1970),
are: (i) the weathering environment, (ii) the sedimentary environment, and (iii) the diagenetic~
hydrothermal environment. The weathering environment is the upper zone of the Earth’s crust
that is at or near the atmospheric interface, where temperature and pressure vary over the
relatively narrow range of Earth surface conditions. Reaction times are therefore relatively
short, usually of the order of thousands of years, because the upper layers of a soil undergo
continuous erosion, and solution composition is variable, depending mainly on original rock
type, rainfall, evaporation and drainage. The sedimentary environment most often is found
near or below sea level or lake level, in depressed areas of the crust, and refers to the zone near
the sediment-water interface. In the most common sedimentary environment for clays, the
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Ficurk 1. Nine possibilities for the formation of clay minerals in Nature
(after Esquevin 1958 and Millot 1970).

ocean floor, temperatures are generally lower and restricted to a narrower range than those
found in the weathering environment, pressures may range to more than 1 kilobar?} in the
deepest parts of the ocean, and the composition is that of sea water or related pore water.
Reaction time, generally measured in millions of years, depends on rates of sedimentation and
subsidence, and on rates of sea floor subduction, processes that move clays into higher tempera-
ture environments. The diagenetic-hydrothermal environment includes all zones that have
been in contact with hot water. Clays in this situation may experience a wide range of en-
vironmental conditions.

The three mechanisms for mineral formation operating in three geological environments
yield nine possibilities for the evolution of clay minerals (figure 1). Although exceptions are
numerous, a pattern exists relating mechanism to environment. Generally, inheritance domi-
nates in the sedimentary environment where reaction rates are slow, whereas layer transfor-
mation, a mechanism that can require large inputs of energy, becomes prevalent in the higher
temperature diagenetic-hydrothermal environment. Between these extremes is the weathering
environment in which examples of all three mechanisms are common.

Several of the nine possibilities given in figure 1 will be discussed in terms of a simplified rock

1 1 bar =10% Pa.
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CLAY FORMATION 243

cycle (figure 2). Clays neoformed from crystalline rock in the weathering environment will be
traced as they are transported into the sedimentary environment, buried and heated in the
diagenetic-hydrothermal environment, and eventually recrystallized during metamorphism.
With uplift and weathering, the cycle begins again.
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or igneous and heating
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Ficure 2. A simplified version of the rock cycle.

NEOFORMATION IN THE WEATHERING ENVIRONMENT

Let the cycle as depicted in figure 2 begin with a crystalline rock. The type of clay mineral
neoformed from this rock in the weathering environment may change as a function of climate,
drainage, original rock type, vegetation and weathering time. Bates (1962) studied weathering
in the Hawaiian Islands, an area in which rock type (basalt) is constant, and clay neoformation
could be observed mainly as a function of rainfall and drainage. Bates found that smectite forms
on the dry, leeward sides of the islands, where rainfall is 0-50 cm a~!, whereas gibbsite forms
on the windward sides and in the mountains, where rainfall can be more than 1000 cm a=t.
Halloysite predominates in zones with intermediate rainfall. Bates’s study illustrates the simple
principle that clay minerals composed of the more soluble elements (for example, smectite) are
formed in environments where these ions can accumulate (for example, in a dry climate or in
a poorly drained soil), whereas clays composed of the least soluble elements (for example,
gibbsite) form under severe leaching conditions (for example, on a hilltop in the wet tropics)
where only sparingly soluble elements such as aluminium and ferric iron can remain. Kaolinite
minerals form in intermediate zones where silicon, as well as aluminium, can be retained.

In a complementary study, Clemency (1975) examined a deeply weathered outcrop near
Sio Paulo, Brazil, a situation in which climate, vegetation, and time were constant, and
mineralogy could be studied as a function of original rock type. The outcrop consisted of
reddish kaolinite, formed by weathering of a precursor schist or gneiss, and two greenish dykes,
composed of ferric iron-rich smectite, formed by weathering of amphibolite. Once again, clay
mineralogy could be attributed to differences in leaching intensity because the smectite-rich
dyke rock was much less permeable than the kaolinite-rich host rock, thereby enabling soluble
ions to accumulate in the dyke.

These patterns of neoformation also were found by Barshad (1966) in a study of weathering
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in the foothills of the Sierra Nevada mountains in California. The weathering products of acid
and basic igneous rocks were studied as a function of rainfall (figure 3). The same pattern
emerged: smectite forms in the dry climate, gibbsite in the wet, and kaolinite in the inter-
medite. Patterns for other clays shown in figure 3 may arise from inheritance or transformation
mechanisms as well as from neoformation.
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Figure 3. The effect of precipitation on the frequency distribution of the clay minerals in the surface layer of
residual soils from acid (a) and basic (4) igneous rocks in California (from Barshad 19€6). 1 inch =
2.54 x 10~ m,

The above examples illustrate the importance of soil-solution chemistry in determining the
mineralogy of a neoformed clay, and that the variables of climate, drainage, rock type, and
vegetation are important insofar as they affect solution chemistry. A clay mineral may be neo-
formed when its solubility in a soil solution has been exceeded, given favourable reaction rates.
This principle can be represented quantitatively in stability diagrams (for example, figure 4);
these diagrams are constructed from thermochemical data as outlined by Garrels & Christ (196 5)
and Drever (1982). If a soil-solution composition lies within one of the mineral stability fields, as
shown in figure 4, then that mineral should be neoformed at equilibrium. Geological evidence
qualitatively supports these thermodynamic predictions. Moving from the smectite field
in figure 4 to the lower left, and keeping pH constant, one passes through stability fields
for smectite, kaolinite, and gibbsite as solution composition becomes more dilute, thereby
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duplicating mineralogical patterns found with increasing rainfall in Hawaii and in the Sierra
Nevada foothills, and with increasing permeability in the outcrop near Sio Paulo.

These patterns for clay mineral neoformation have been used in relation to geology, for
example, to study variations in palaeoclimate. Thompson et al. (1982) traced four major
changes in precipitation in the northern Rocky Mountains during the Tertiary era by studying
fauna, sedimentary structures, sediment accumulation, and clay mineralogy in continental
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FiGURE 4. An example of a stability diagram for the system Na,0-K,0-A1,0,-SiO,~H,O drawn for
lg ([K+]/[H*]) = 4. The bracketed species are activities (from Drever 1982).
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Ficure 5. Erosion and deposition patterns through time in basins in Montana and Idaho.
The vertical axis is in arbitrary units (after Thompson et al. 1982).

clastics found in intermontane basins. They found that wet climates, which were synchronous
with times of sediment removal from the basins, are characterized by red, kaolinite-rich
palaeosols that underlay unconformities (figure 5). These saprolitic rocks are similar to many
modern soils formed in the wet tropics. Dry periods, which corresponded to times of sediment
accumulation in the basins, are characterized by sediment types (for example, evaporites) and
by fossils (for example, camels) formed in arid to semiarid climates, and by a clay mineralogy
that is exclusively smectite.

Exceptions to the trends depicted in figures 3 and 4 are found in rocks and soils that contain
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significant amounts of organic matter and living organisms. Here chelating agents such as
organic acids may render aluminium and iron more mobile than the more soluble elements
(Huang & Keller 1970), and crystallization processes may be extremely slow. Weathering under
these conditions may yield non-crystalline or poorly ordered materials and organomineral
complexes (Wilson & Jones 1983).

Neoformation has been highlighted in this discussion of the weathering environment, but
inheritance and transformation also are important mechanisms functioning in a soil. Inheritance
dominates where weathering is mainly mechanical, such as under climatic conditions found in
polar regions. Layer transformation, such as leaching of interlayer potassium from illite to form
soil vermiculite (Weaver 1958), or precipitation of aluminium hydroxide interlayers in smectite
to form soil chlorite (Rich 1968), is important in zones of intermediate weathering intensity,
whereas neoformation prevails under more severe chemical weathering conditions. Thus,
mechanisms of clay formation in the weathering environment are related approximately to
latitude, with inheritance abundant near the poles, and neoformation dominant in the wet
tropics. Of course there are many exceptions to these trends. For example, Reynolds (1971)
described neoformation of gibbsite above the snowline in the northern Cascade Mountains of
Washington State. The rocks in this area are exposed to high insolation and melt-water runoff
during spring and summer and therefore undergo intense leaching during part of the year.
Weathering of other rocks in this region leads to a neoformation of smectite and to a trans-
formation of phlogopite into vermiculite, thereby demonstrating the importance of local
chemical environment to clay mineral formation.

INHERITANCE IN THE SEDIMENTARY ENVIRONMENT

In the second stage of the cycle (figure 2), clays are eroded and transported to the ocean floor.
Transportation into regions adjacent to continents is mainly by water, and sedimentation
rates may be large. Clays are transported into regions far from continental shelves and slopes
mainly by wind, and sedimentation rates may be very small. Minimal changes in composition
are undergone by clays during transportation and deposition, and are primarily confined
to ion-exchange reactions. On entering the ocean, the dominant exchangeable ions on clays
from the Amazon River system, for example, change from Ca%** (809,) to Na* and Mgt
(about 389, each), with a significant increase in K+ (99,) (Sayles & Margelsdorf" 1979).
This K+ may be fixed in soil vermiculite and thereby transform it back into illiite (Weaver
1959).

By far the most important origin for clays on the ocean floor is inheritance from adjacent
continents. Pelagic clays generally correspond both in mineralogy and in relative abundance
to clays being supplied by rivers that are eroding adjacent terrestrial zones (Weaver 1959;
Biscaye 1965; Griffin et al. 1968; Lisitzin 1972). The latitudinal distribution found for clays in
the weathering environment leads to a bipolar distribution for marine clays. Chlorite and
illite, minerals generally inherited in soils forming on diagenetic or low-grade metamorphic
rocks, are common in marine sediments that adjoin land areas with cold climates, where
mechanical weathering dominates, whereas kaolinite and gibbsite, clays neoformed in soil
undergoing intense chemical leaching, are common in marine sediments bordering equatorial,
humid zones (for example, figure 6). Potassium-argon age dates of oceanic illite confirm
that it has been derived by inheritance from the continents rather than by neoformation or
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transformation reactions occurring on the ocean floor, and that it has not undergone
extensive alteration (Hurley et al. 1963 ; Lisitzin 1972). :

The distribution of smectite on the ocean floor is not as regular as that found for the other
minerals, and may result from neoformation of smectite in the marine environment and in
diverse continental environments. Griffin ef al. (1968), for example, found that there is more
smectite in the southern oceans because of greater volcanic activity, and Hein et al. (1979)
suggest that smectite forms at a uniform rate over much of the north Pacific deep sea floor.

Ficure 6. Kaolinite-chlorite ratio for the under 2 pm size fraction of deep sea sediments
(from Biscaye 1965).

Glauconite also is neoformed (and transformed) in the ocean on continental shelves (Odin &
Matter 1981). Neoformation of oceanic smectite indicates that smectite could be thermo-
dynamically stable in seawater, although metastability resulting from slow reaction is also a
strong possibility (Eberl & Hower 1976). The apparent stability of most clays in the ocean,
however, results from slow reaction rates. It is unlikely that clay minerals formed in diverse
terrestrial environments would be in equilibrium with the same seawater solution.

When a mixture of waterborne clay minerals enters the ocean, differential settling is expected,
thereby giving rise to a systematic distribution of inherited clay minerals with distance from shore.
The experiments of Whitehouse et al. (1960) give the following general sequence for settling
rate under quiet conditions at 26 °C in seawater with approximately normal composition:

illite (15.8 m d-!) > chlorite > kaolinite (11.8 m d~?)
> montmorillonite (1.3 m d-1).

Settling rates for clays in saline water were found to depend on floccule size rather than on
grain size. Relative settling rates were not greatly changed by changes in temperature, organic
matter, or salinity, with the exception that decreasing salinity caused the settling rate for
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chlorite to fall slightly below that for kaolinite. The experimental pattern has been observed in
nature, for example, in recent sediments of the Niger delta (Porrenga 1966). Smectite in these
sediments increases, relative to kaolinite, with water depth and distance from shore. This
simple pattern for lateral clay mineral distribution may be altered by having several source
rivers for a basin, and by complicating wind, density, and, or, sea current patterns. Conversely,
these currents can Be traced by studying the distribution of inherited clays (for example,
Sawhney & Frink 1978).
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Ficure 7. Generalized lateral variations in clay mineral assemblages with direction of transport
(from Parham 1966).

Parham (1966), and many workers before him, studied lateral variations of clay minerals in
sediments of various ages and lithologies and found a systematic pattern with distance from
shore (figure 7). These trends do not agree with those of Whitehouse ¢f al. (1960), and may
reflect the effect of burial diagenesis, in the case of illite, and neoformation, in the case of
chlorite, attapulgite, and sepiolite, on trends that originated from differential settling. Excep-
tions to the trends shown in figure 7 are legion, but studies of such trends have proven to be
useful: maps of the relative amounts of kaolinite, illite, and chlorite have been used to define
the margins and centres of ancient sedimentary basins in the search for oil.

TRANSFORMATION AND NEOFORMATION IN THE DIAGENETIC—
HYDROTHERMAL ENVIRONMENT

Clays deposited in a sedimentary environment such as a subsiding basin, are buried, heated,
and eventually enter the diagenetic environment (figure 2). An important reaction occurring
in shales formed from muds that originally contained smectite is the gradual conversion of
smectite into mixed-layer illite-smectite (I-S) with increasing burial depth and increasing
temperature (figure 8a). Perry & Hower (1970) found that this reaction begins at about
60 °C in U.S. Gulf Coast sediments. Initially, the distribution of illite and smectite layers
in I-S is random, but it becomes ordered when about 659%, of the layers are illite. Neo-
formation of chlorite accompanies this reaction (figure 854) as does dissolution of detrital
potassium feldspar (figure 8¢). Generally, the overall reaction is (Hower ¢f al. 1976):

K-feldspar + smectite — I-S 4 chlorite + quartz,
[ 28]
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although the stoichiometry of this reaction is as yet unclear (Boles & Franks 1979). The extent
of this reaction in shales is most likely a function of time, temperature and porewater compo-
sition (Hower 1981).

The reaction of smectite to I-S is considered to proceed by transformation, although this
mechanism has not been proven. Chemical data from U.S. Gulf Coast burial sequences indi-
cate that AI3* substitutes for Si** in the clays’ tetrahedral sheets, thereby increasing the nega-
tive charge on smectite interlayers (Weaver & Beck 1971; Hower et al. 1976). When a critical
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Ficurk 8. Depth-dependent changes in composition of illite~smectite (a), percentage chlorite (b), and percentage
K-feldspar (¢) from the Matagorda well (data from Hower et al. 1976; figure from Hower 1981).

layer charge is reached, interlayer potassium dehydrates, thereby transforming expanded
smectite interlayers into nonexpanding illite interlayers. The layer charge required for inter-
layer potassium dehydration is about —0.75 equivalents per half unit cell (Eberl 1980). Inter-
layer cations with hydration energies greater than that of potassium require greater layer
charges for dehydration. Potassium is greatly preferred over these other cations in interlayers
that have reached a charge of —0.75, because dehydrated potassium has a much smaller ionic
radius than hydrated cations and, therefore, according to Coulomb’s law, is adsorbed with
greater energy. Thus, burial diagenesis tends to concentrate potassium in illite because K+ is
the first ion of abundance to dehydrate in response to increasing layer charge.

This transformation of smectite into illite may affect the generation of oil in sedimentary
basins. The tops of most o0il bearing horizons in the U.S. Gulf Coast Tertiary occur in the depth
interval where the reaction takes place (figure 9). Although this correlation may be fortuitous,
there are several reasons why this reaction could help produce oil: fine-grained smectite layers
initially may protect organic matter from oxidation and then catalyse its transformation into
petroleum (Johns 1979); water released by the fixation of interlayer potassium may aid in
flushing hydrocarbons out of source rocks and into reservoirs (Weaver 1960; Perry & Hower
1972); and pore space resulting from the collapse of smectite layers could provide pathways
through source rocks for petroleum migration.

Trends in the reaction found with increasing temperature for clays in shales (figure 8) are
not necessarily applicable to rocks with different chemical compositions. For example, hydro-
thermal alteration of basalts at ocean ridges produces saponites, interstratified chlorite-
smectites, and chlorite with increasing temperature (Kristmannsdottir 1979), and figure 10
shows a comparison between temperature-dependent mineral assemblages found in shales,
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sandstones, and volcanic rocks (Hoffman & Hower 1979). In addition, laboratory studies of
hydrothermal systems of more diverse compositions have shown that the conversion of smectite
into I-S by fixation of interlayer potassium is but one example of a more general type of
reaction, in which smectite may be converted into a variety of mixed-layer clays by reaction
with interlayer cations other than potassium (Eberl 1978). For example, montmorillonites that
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Ficure 9. Relation between the beginning and end of the reaction of smectite to illite—smectite and the number
of producing oil fields ‘tops’ in the U.S. Gulf Coast Tertiary (after Weaver 1979). The zero line refers to
the depth at which the 1.7 nm X-ray peak can no longer be observed. This depth usually corresponds to the
first appearance of ordered I-S.

contain potassium yield the following series on hydrothermal treatment with increasing re-
action time and temperature: K-montmorillonite - I-S (random)— I-S (ordered) - illite;
whereas montmorillonites with lithium as the interlayer cation yield: Li-montmorillonite —
Li-tosudite — cookeite (?). These differences in reaction products probably reflect differences
in an interplay between growth of layer charge and interlayer cation hydration energies. Other
interlayer cations give other reaction series; therefore, the origin of several geologically diverse
clay minerals can be traced to hydrothermal reaction of precursor montmorillonites having
different interlayer compositions.

Hydrothermal experiments also have shown that trioctahedral smectites react very differently
than do dioctahedral smectites commonly found in burial diagenetic sequences. Trioctahedral
smectites such as saponite and stevensite can be much less reactive than their dioctahedral
counterparts. They can remain highly expanded even after hydrothermal treatment at 400 °C
for 200 d, although eventually they may react to form mixed-layer talc-smectites or chlorite~
smectites (Whitney 1983). Evidently, these trioctahedral systems contain insufficient aluminium
to build the layer charge needed to form a mixed-layer mica-smectite structure (Eberl et al.
1978). Thus, aluminium, one of the least reactive elements in the weathering environment,
plays a central role in reactions that occur in the diagenetic-hydrothermal environment.
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Synthesis experiments also show that clays in hydrothermal systems frequently react accord-
ing to Ostwald’s step rule. This rule states that the first phase to form in a system held at con-
stant temperature, pressure and composition may not be the thermodynamically stable phase;
and that the initial phase may disappear with time yielding new phases as equilibrium is
gradually approached in a series of steps. I-S formed in U.S. Gulf Coast sediments (figure 8a)
may be a natural example of this rule, as indicated by hydrothermal experiments on similar
systems (Eberl & Hower 1976). A clear example of Ostwald’s rule in a synthetic system was
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demonstrated by Whitney (1979) and Whitney & Eberl (1982). Starting with a gel of compo-
sition similar to that of talc, the first phase to form at all temperatures in these experiments was
talc. At 450 °C and below, however, the talc structure became more disordered with increasing
reaction time, eventually yielding kerolite. Kerolite then dissolved, forming trioctahedral
smectite (stevensite), and then this smectite reacted to form corrensite (figure 11). At 500 °C
and above, only talc was synthesized throughout the time of the experiments. These experi-
ments show that metastable clays may persist for many months even in relatively high tempera-
ture hydrothermal systems. The experiments suggest that may clays in nature also could be
metastable, forming in response to Ostwald’s step rule rather than in response to equilibrium
conditions. It remains to be demonstrated whether or not reaction pathways followed in an
Ostwald sequence can be described by irreversible thermodynamics (Helgeson 1968; Helgeson
et al. 1969), by nucleation kinetics (Fyfe et al. 1958), or by some other model.
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Ficure 12, Relation between depth below coal, percentage illite layers in illite—smectite and type of interlayering
for the under 2 pm size fraction of an Illinois underclay (after Rimmer & Eberl 1982).

TRANSFORMATION IN THE WEATHERING ENVIRONMENT

Clays transformed or neoformed in the diagenetic-hydrothermal environment may be buried
deeper, or subjected to igneous intrusion, and eventually may recrystallize to coarser grained
micas and chlorites as they enter the metamorphic environment at the greenschist facies
(figures 2 and 10). Rather than trace this cycle any further, let shales containing illite be ex-
posed to the weathering environment once again by uplift and erosion.

An interesting weathering pattern develops for such shales that have undergone acid leaching.
The profile in figure 12 shows a gradual increase in percentage illite in I-S with depth in an
Illinois underclay. (An underclay is a non-bedded, light coloured argillaceous rock that is
commonly found beneath beds of coal.) Over a depth of 140 cm, the Illinois clays appear to
duplicate trends observed for I-S over depth intervals of thousands of metres in burial
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diagenetic sequences (figure 8a). The clays in the underclay, however, have responded to a
chemical rather than to a temperature gradient, and the reaction is different. Illite layers were
transformed to smectite by a reaction in response to removal of interlayer potassium by
acid leaching. Transformation was greatest at the top of the profile where leaching was most
intense (Rimmer & Eberl 1982). The leaching sequence is: illite > I-S (ordered) - I-S
(random) with increasing intensity. This series encompasses the plastic underclays. With more
intense leaching, these transformed minerals will disappear, giving rise to neoformed kaolinite
and aluminium hydroxide-bearing underclays (Huddle & Patterson 1961). Thus, all three
mechanisms for clay formation may operate simultaneously, a situation commonly found in
nature. In fact, all three mechanisms may operate to yield a single species of mixed-layer clay.
Data from Jones & Weir (1983) suggest that clay minerals from alkaline, saline Lake Abert
may originate from an interlayering of inherited montmorillonite, neoformed kerolite and
stevensite, and transformed or neoformed illite and chlorite. An intimate mixture of these layers
may diffract X-rays as a single mixed-layer clay mineral through the process of interparticle
diffraction (Nadeau et al. 1984).

CONCLUSION

Clay minerals are nearly ubiquitous in the Earth’s upper crust, and they offer a unique record
of Earth processes and Earth history. Thus, clay mineral petrology forms an important branch
of the science of geology. Clay minerals may be very responsive to environmental changes; yet
they are not so responsive that all previous history is lost. For example, clays may react almost
instantaneously to environmental changes through ion exchange and neoformation reactions;
they may respond more slowly by layer transformation and by neoformation in an Ostwald
step series; or they may remain unreactive. Different clays in a given deposit may react in a
different manner and at different rates, thereby offering the potential for a unique solution to
the problem of determining environmental conditions, past and present.

In order to read this complex record, it first is necessary to identify the clays precisely and then
to determine their mechanisms of formation. Evidence for the occurrence of a transformation
reaction would be the discovery of serial relationships in which one clay is seen to alter gradually
into another clay over a temperature, pressure, compositional or time gradient (for example,
figures 84 and 12). The sudden disappearance of one clay and the appearance of another, with
no transitional phases, suggests neoformation (for example, figure 84), or a change in source
area. Radiometric age dates and textural information obtained from scanning electron
microscopy are useful in distinguishing neoformation from inheritance (for example, Hower
et al. 1963; Wilson & Pittman 1977).

The formation of clay minerals has been presented as a cyclic process (figure 2), but clay
minerals in shales have changed through geological time. Young shales and recent sediments are
relatively enriched in kaolinite and smectite-rich mixed-layer clay, whereas older, pre-Mesozoic
shales are depleted in these phases and are enriched in chlorite and illite (Weaver 1967; Hower
et al. 1976). It has been suggested that these differences in mineralogy are due to differences in
chemical composition between recent and ancient weathering environments (Weaver 1967),
or to a greater degree of diagenesis for older rocks (Grim 1968; Weaver & Beck 1971; Hower
et al. 1976). The latter explanation is favoured by remarkable parallels found between trends
in mineralogy and composition of shales with increasing geological age, and of shales subjected
to increasing diagenetic grade (Garrels & Mackenzie 1975; Hower et al. 1976).
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Finally, it is emphasized that clay mineral petrology is a young science that is still inexact and
incomplete. For example, mixed-layer clays are among the most abundant of the clay minerals,
but only recently has it been possible to characterize them with confidence (Reynolds & Hower
1970; Reynolds 1980; Srodon 1980). Mixed-layer clays may prove to be sensitive indicators of
Earth history once their mechanisms and environments of formation are understood.

The author thanks C. Clemency, C. Farmer, D. Horton, W. Keller, B. Kimball, P. Nadeau,
J- Russell, L. Schultz, J. Srodon, C. Weaver, A. Weir, and G. Whitney for their reviews of this
manuscript. This paper is dedicated to the memory of G. W. Brindley and John Hower.
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Discussion

V. C. FARMER. (Macaulay Institute for Soil Research, Craigiebuckler, Aberdeen AB9 2QJ, U.K.). It

seems unlikely that the diagenetic alteration of montmorillonite to illite is a transformation

which preserves the layer structure of the parent montmorillonite, because (see Tchoubar, this

meeting) (i) successive layers in montmorillonite are randomly oriented and randomly dis-

placed relative to each other, whereas in illite the hexagonal holes in the tetrahedral layer are

directly superimposed in successive layers; (ii) The structures of the octahedral sheets differ, as
[35]




256 D.D. EBERL

in illite only ¢is sites are occupied, whereas in montmorillonite, a ¢is and #rans site are occupied
by octahedral cations.

Thus the formation of illite from smectite involves major restructuring, and is best considered
a neoformation, consistent with the larger and more regular crystals of illite and interstratified
illite~smectites, compared with montmorillonite. The widespread occurrence of regularly inter-
stratified illite—smectites can be understood if the restructuring largely involves adjacent
smectite sheets. In the process, tetrahedral aluminium will be concentrated in the inner tetra-
hedral sheets, adjacent to potassium ions, and the outer tetrahedral sheet will be depleted in
aluminium, compared with the original smectite. Thus a third mica layer is unlikely to build
onto the initial two, so interstratification results.

D. D. EBerr. Whether illite forms from smectite during burial diagenesis by neoformation or
by transformation is an open question. There is, however, no problem in making holes in
adjacent 2:1 layers line up. K-smectite can be converted readily into an illite-like structure
in the laboratory by dry heating or by wetting and drying. Also, the collapse of an expanded
Na-vermiculite structure to an illite-like structure can be made to occur spontaneously in
suspension by adding potassium. Rearrangements in the octahedral sheet also could occur
during transformation. In fact, magnesium needed to form chlorite (figure 85) may come from
smectite’s octahedral sheet.

Regularly shaped illite crystals have been observed in sandstones, thereby suggesting neo-
formation. But transmission electron microscopy studies of shales that initially contain detrital
smectite suggest that both neoformation and transformation take place.

I agree with Dr Farmer’s view of the illite crystals as having asymmetrical layer charges, but
illite packets must be thicker than two 2:1 layers, otherwise there could never be a 209, ex-
pandable clay (see figure 8a). Only 509, expandable K-rectorite and clays of higher expand-
abilities could exist. When a two-layer thick illite crystal is converted into a three-layer thick
illite, does the two-layer crystal completely dissolve and reprecipitate as a thicker crystal, or
does it grow by increasing layer charge on its edges? This question could be resolved by careful
K-Ar studies of an appropriate illite-smectite sequence. In the dissolution-reprecipitation
mechanism, all radiogenic argon should be lost as a gas at each increase in illite content.

R. M. BARRER, F.R.S. (Chemistry Department, Imperial College, London SW'7, U.K.). You mentioned
the hydrothermal régime for clay mineral synthesis as beginning above about 60 °C. This low
temperature is not strictly in the hydrothermal region which one usually associates with
temperatures above 100 °C. Can you comment further on the temperature ranges over which
smectites and kandites have been synthesized or have formed in Nature? Are there approximate
upper limits?

D. D. EBerr. The conversion of montmorillonite into illite is detectable in U.S. Gulf Coast
sediments when the burial temperature has reached approximately 60 °C. This temperature is
in the realm of ‘diagenesis’. Some authors distinguish between ‘early’ and ‘late’ diagenesis.
Early diagenesis refers to changes that occur in the first few hundred metres of sediment where
elevated temperatures are not encountered. In the present paper, these reactions are considered
to occur in the sedimentary environment. Late stage diagenesis is synonymous with burial
metamorphism. Precise temperature boundaries between ‘early diagenesis’, ‘late diagenesis’,
‘hydrothermal’, and ‘metamorphic’ are arbitrary.
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Smectite has been synthesized at temperatures ranging from below 25 °C to 850 °C. In fact,
an expanding phase has been synthesized at 1000 °C at 5 kilobar pressure. High pressures favour
the development of expandable phases in systems of appropriate chemistries, thereby sug-
gesting (from the Le Chatelier principle) that interlayer water is denser than pore water in
hydrothermal systems. Smectite synthesis at low temperatures is favoured by the presence of
magnesium. It is difficult to synthesize aluminium-rich smectites such as beidellite from gel at
temperatures less than 200 °C.

Kaolinite, like beidellite, is difficult to synthesize at low temperatures. We were able to obtain
a good yield of kaolinite starting with gel at 150 °C after 80 d, but were unsuccessful at 100 °C.
The problem appears to be kinetic. Using organic catalysts, however, kaolinite has been synthe-
sized at 25° C. The upper stability limit of kaolinite is about 405 °C where it reacts to form
pyrophyllite. It can react to form pyrophyllite at a lower temperature if the Si/Al atomic ratio
of the system is greater than one.
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