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ABSTRACT: The formation of bentonites via alteration of volcanic glassy rocks is associated with

apparently contradictory mineralogical, geological and geochemical characteristics, which remain

poorly understood. This contribution attempts to answer some of the questions based on the work

carried out in our laboratory over the past 15 y. The first question concerns the formation of opal-CT-

free bentonites from acidic precursors. It is suggested that the formation of opal-CT-free bentonites is

closely related to the mechanism of eruption and emplacement of parent volcanic rocks if the

temperature of the parent glass after emplacement is high and/or the establishment of hydraulic

gradients coupled with high permeability after deposition of volcanic glass (i.e. diagenetic alteration)

if the temperature of the parent glass is low. The second question pertains to the behaviour of Fe

during bentonite formation. Based on mineralogical and geological characteristics of different

bentonite deposits, it is suggested that Fe is present mainly as Fe2+ and hence may be mobilized

during alteration. Oxidation of Fe may take place when bentonites are exposed to more oxidizing

conditions close to the surface. Assignment of Fe as Fe2+ increases the layer charge of smectites and

decreases significantly the range of layer charge. Thus the smectites may have considerably different

properties when formed compared with their counterparts on the surface. The third question

considers the possible influence of parent-rock chemistry on the crystal chemistry of smectites. It is

proposed that the parent rock may affect the chemistry of the neoformed smectites to some degree;

therefore the smectite chemistry may provide indications about the geochemical affinities of the

parent rock.

KEYWORDS: bentonite, smectite, volcanic glass alteration, temperature gradient, Fe oxidation state, parent-glass
chemistry.

Bentonites are clays derived from the alteration of

volcanic ash and consist essentially of smectite: the

physical and chemical properties are dictated by

this mineral (Grim & Güven, 1978; Fisher &

Schmincke, 1984). Large bentonite deposits are

found in many countries around the world (Elzea &

Murray, 1994), suggesting that bentonite formation

via alteration of volcanic glass is a rather common

geological process. However, although the role of

water is essential for bentonite formation, alteration

of volcanic glass is not always observed in water-

dominated environments such as seawater (Hein &

Scholl, 1978; Weaver, 1989). Therefore fresh or

slightly altered glass shards are frequently observed

in recent marine sediments.

It has been proposed that leaching of alkalis and

a high Mg-activity are necessary for the formation

of smectite instead of zeolites during alteration of

volcanic glass (Hay, 1977; Senkayi et al., 1984,

among others). This was confirmed by Christidis

(1998) who studied the mobilization of chemical
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elements in different alteration profiles, dominated

either by smectite (bentonites) or by zeolites. More

recently Christidis (2001), using mass-balance

calculations, confirmed that high water:rock ratios

(~13:1) are necessary for the formation of smectites

on a large scale, i.e. for bentonite formation.

Moreover, in open systems with continuous fluid

flow, the water:rock ratios necessary for smectite

formation may be even larger. Such high water:rock

ratios are facilitated by high permeability of the

parent rocks. In contrast, zeolites form under lower

water:rock ratios, dictated by lower permeability.

Notwithstanding the large number of studies on

bentonites and their formation, there are several

matters which remain to be clarified, including:

(1) the possibility of systematic changes in smectite

composition during alteration (Christidis &

Dunham, 1997; Calarge et al., 2003; Caballero et

al., 2005); (2) the long-standing question about the

existence of solid solution among the different

types of smectites, especially those with similar

composition such as Tatatilla-type montmorillonite

and beidellite (Christidis & Dunham, 1993, 1997);

(3) the reason for the formation of smectites instead

of SiO2 polymorphs and alkali-rich zeolites

(mordenite and HEU-type zeolites) from rocks of

unfavourable composition, such as acidic rocks;

(4) the importance of the chemistry of the parent

rocks in controlling the chemistry of neoformed

smectites in bentonites; and (5) the role of Fe in the

formation of smectite during alteration of glass. The

purpose of this contribution is to resolve, at least

partly, points 3�5 above.

THREE UNANSWERED QUEST IONS

ABOUT BENTONITES

Why do high-quality (i.e. opal-CT free)

bentonites form from rocks of unfavourable

compositions?

Grim & Güven (1978) suggested that although

dioctahedral smectites form from the alteration of

nearly all types of volcanic rocks, trachyandesites

are the most suitable precursor materials for high-

quality bentonites. In contrast, acidic rocks are not

suitable precursors, because they have high

SiO2:Al2O3 ratios, which favour alkaline zeolites

such as HEU-type zeolites and mordenite. Also,

bentonites forming from acidic precursors usually

contain abundant SiO2 polymorphs, such as opal-

CT (Christidis & Dunham, 1997; Christidis & Scott,

1997; Cravero et al., 2000). Nevertheless high-

quality opal-CT-free bentonites formed from acidic

precursors are also common (Elzea & Murray,

1990; Christidis, 1998; Berry, 1999; Ddani et al.,

2005). On the other hand, trachyandesitic or even

basaltic�andesitic rocks may also yield bentonites

with abundant opal-CT (Christidis et al., 1999;

Christidis, 2006). In the latter cases, the excess

SiO2 is at least partly biogenic. So, why do high-

quality opal-CT-free bentonites form from acidic

rocks and under what circumstances is excess SiO2

removed (leached) during alteration?

The low alkali-content of bentonites (e.g. Grim &

Güven, 1978; Senkayi et al., 1984; Christidis, 1998,

among many others) indicates that they form in

open hydrological systems in which alkalis are

leached. This is because pore waters with high

(Na++K++Ca2+)/H+ activity ratios favour zeolites

instead of smectites (Hay & Sheppard, 2001). In

contrast, the moderately high MgO contents

(2�4 wt.%) of most bentonites do not necessarily

indicate Mg uptake, at least in bentonites derived

from intermediate rocks. On the other hand,

alteration of most acidic rocks to bentonites is

associated with Mg uptake from the pore fluids,

usually seawater, especially in bentonites with high

smectite contents (cf. Zielinski, 1982; Christidis,

1998; Berry, 1999; Ddani et al., 2005). Hence a

question is raised about the conditions favouring

release of alkalis and Si and simultaneous uptake of

Mg during alteration of acidic volcanic rocks.

The mobility of major elements from various

types of volcanic rocks at various temperatures

(25�300ºC) has been studied thoroughly in

experiments which simulate closed and quasi-open

systems. Experiments in closed systems have been

carried out in basalts (Mottl & Seyfried, 1980;

Seyfried & Mottl, 1982; Crovisier et al., 1983,

1987; Berger et al., 1987; Gislason & Eugster,

1987; Petit et al., 1990, among others), rhyolites

(White & Claasen, 1980; White, 1983; Shiraki et

al., 1987; Shiraki & Iiyama, 1990; Kawano et al.,

1993; Petit et al., 1990; Fiore et al., 2001, among

others) and andesites (Shiraki et al., 1987).

Similarly, experiments simulating open systems

have been carried out on basalts (Berger et al.,

1994; Daux et al., 1997), rhyolites (Fiore et al.,

1999) and andesites (Caballero et al., 1991). An

outline of the experimental conditions used in the

various experiments is shown in Table 1. In

summary, these experiments indicate that alkalis,

Ca and Mg (network modifiers) and Si are mobile
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elements during alteration of glass. The high

mobility of alkalis usually yields a leached layer

at the surface of the glass (Berger et al., 1987,

1994; Petit et al., 1990; Yanagisawa et al., 1997),

although this is not always the case (Fiore et al.,

1999). Fe and Al are essentially immobile, whereas

the release rate of Si depends on the fluid-flow rate

and decreases with increasing flow rate (Daux et

al., 1997) (Fig. 1).

The behaviour of Mg seems to depend more on

the type of aqueous phase used and the experi-

mental setup rather than the type of rock in

experimental alteration of glass. Hence, during

alteration of andesitic, dacitic and rhyolitic glass

with distilled water using a Soxhlet extractor, which

simulates quasi open-system conditions, Mg is

slightly mobilized (Caballero et al., 1991) or

remains essentially immobile (Kawano et al.,

1993; Fiore et al., 1999). Experiments under

continuous flow using Mg-doped distilled water

yielded a significant Mg-uptake (Makri, unpub-

lished data). Similarly, alteration experiments using

seawater resulted in significant Mg uptake regard-

less of rock type (Seyfried & Mottl, 1982; Berger et

al., 1987; Shiraki et al., 1987). In natural systems

the Mg content of opal-CT-free bentonites depends

on the type of precursor rock. Thus, in open

systems dominated by seawater, alteration of acidic

rocks is associated with Mg uptake, whereas

alteration of basic rocks is associated with Mg

release (Christidis, 1998, 2006). Therefore in open

systems with high permeability, dominated by

seawater as the fluid phase, the chemistry of the

parent rock affects the behaviour of Mg during

bentonite formation. Note that the behaviour of Mg

in natural systems seems to be different compared

to its behaviour under experimental conditions.

Leaching of chemical elements during dissolution

of glass is followed by partial precipitation in the

leached layer of silicates (mainly smectite or

zeolites), free oxides and oxyhydroxides, which

also bind Mg taken up from the fluid phase (Berger

et al., 1987, 1994; Petit et al., 1990; Yanagisawa et

al., 1997). The ratio of precipitation rate vs. release

TABLE 1. Summary of experimental conditions used in volcanic glass dissolution experiments.

Parent rock Type of aqueous solution Temperature System Reference

Rhyolite
Rhyolite-andesite
Rhyolite-trachyte
Rhyolite
Rhyolite
Rhyolite
Rhyolite
Andesite
Basalt
Basalt
Basalt
Basalt
Basalt, rhyolite

Basalt

Basalt

(Na,K)Cl aqueous solution
Seawater
De-ionized water
De-ionized water
De-ionized water
MgCl2 aqueous solution
De-ionized water
De-ionized water
Seawater
Seawater
Meteoric water
Seawater
De-ionized water/(Na,K)Cl
aqueous solution
De-ionized water/dilute
HCl solutions
De-ionized water/Si-
enriched water

200�300ºC
300ºC
25ºC
25ºC

150�225ºC
100�200ºC
82N5ºC
82N5ºC
50ºC
60ºC

25�65ºC
200�320ºC
60�200ºC

150, 300ºC

90ºC

closed
closed
closed
closed
closed
closed
open
open
closed
closed
closed
closed
closed

open

open

Shiraki & Iiyama (1990)
Shiraki et al. (1987)
White (1983)
White & Claasen (1980)
Kawano et al. (1993)
Fiore et al. (2001)
Fiore et al. (1999)
Caballero et al. (1991)
Crovisier et al. (1983)
Crovisier et al. (1987)
Gislason & Eugster (1987)
Berger et al. (1987)
Petit et al. (1990)

Berger et al. (1994)

Daux et al. (1997)

FIG. 1. Concentration of Si and Al in output solutions

derived from experiments on alteration of basaltic

glass (modified from Daux et al., 1997).
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rate (RPrec/RRel ratio) for each chemical element

determines those neoformed phases which form

during alteration (Fig. 2). In open oxidized systems,

with the exception of Fe, which is not affected by

flow rate, an increase of flow rate decreases both

the concentration of the accumulated elements in

solution and the RPrec/RRel ratio for most elements

in basaltic and acidic glasses (Daux et al., 1997;

Makri, unpublished data). Therefore, in open

systems, both the accumulation of Si in the fluid

phase and the precipitation rate of free SiO2 seem

to depend on the flow rate of the fluid phase

(Figs 1, 2). This raises another question about the

parameters which control fluid-flow rate during

bentonite formation.

The circulation tendency of the fluids is

proportional to the gradient of the fluid tempera-

ture, the isobaric coefficient of thermal expansion

and the mean density of the fluid (Norton, 1984).

For temperatures of <250ºC, as is the case during

the formation of bentonites, the density and

viscosity of water depend mainly on temperature

(Forster & Smith, 1990). Several bentonites, such as

the Greek deposits, form from alteration of

volcaniclastic rocks, mainly pyroclastic flows,

many of which are hot when emplaced in water.

In the case of pyroclastic flows, the emplacement

temperature may range from 300 to 800ºC (Cas &

Wright, 1988). Such permeable hot rocks sustain

water circulation and thus convective flow. In these

environments it is the altered rock itself and not a

magmatic body at depth, which provides the

necessary energy for circulation of the fluid

phase, thereby sustaining a hydrothermal s.l.

system and causing alteration of the parent glassy

rock. As long as the temperature gradient within the

volcanic body and between the volcanic body and

the bulk fluid can sustain convective flow, the

system is active. The decay of such temperature

gradients will control: (1) the paragenetic sequence

of the neoformed minerals (smectite, opal-CT,

alkali-zeolites and authigenic feldspars); and

(2) the distribution of fundamental properties of

smectites, such as layer charge and charge

heterogeneity within a bentonite deposit.

At the onset of alteration, high-temperature

gradients due to maximum difference between the

volcanic rock and the fluid phase will maximize

fluid flow and facilitate leaching. Low-temperature

SiO2 polymorphs and zeolites are not favoured

because Si and alkalis leached from the volcanic

glass are removed. Hence, formation of high-quality

bentonites from acidic rocks is likely when

temperature gradients are maintained for an

adequate time so as to keep a high (Mg2+)/(H+)

activity ratio and a low H4SiO4 activity. In the case

of pyroclastic flows, such conditions are expected

when the parent rocks are emplaced at a high

temperature in water-saturated environments and

this in turn is related to the mechanism of the

eruption (Sparks et al., 1978; Cas & Wright, 1988).

Alternatively, a high (Mg2+)/(H+) activity ratio and

a low H4SiO4 activity in the fluid phase may be

observed in hydrothermal s.s. systems characterized

by high fluid-flow rate around the main structural

features (fracture zones, faults). The energy which

sustains circulation of aqueous solutions in such

high fluid-flow rate hydrothermal systems is

provided by underlying, hot igneous rocks. The

different mechanisms of formation control the

geometric characteristics of the deposits; when

structural control is absent, alteration of pyroclastic

flows yields stratiform bentonites (Christidis et al.,

1995) whereas, in the case of structural control, the

bentonite bodies are elongated or elliptical and

often display zonation parallel to the axis of the

structural feature (e.g. Ddani et al., 2005; Yildiz &

Kus� cu, 2007).
Pyroclastic flows emplaced at lower temperatures

will not sustain high flow rates for extended times,

thus favouring precipitation of amorphous SiO2,

which converts to opal-CT. Formation of smectite is

incompatible with aqueous solutions that are in

equilibrium with quartz at temperatures <200ºC

(Aagaard & Helgeson, 1983). Similar results are

expected in hydrothermal systems around fractures

with moderate fluid-flow rates. In all these systems

the crystallization rates of smectite vs. amorphous

SiO2 will determine the final mineralogical

FIG. 2. Precipitation rate to release rate ratios of Si, Al,

Mg and Fe as a function of flow rate (log scale)

(modified from Daux et al., 1997).
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composition. Finally, in low-temperature systems

which acquire temperature equilibrium at or shortly

after deposition, fluid flow may be sustained by

hydraulic gradients and will be controlled by

permeability. In such systems, temperature gradi-

ents are not considered important to support fluid

flow. This type of alteration may be characterized

as diagenetic rather than hydrothermal. Such

environments are typical of bentonites formed

from alteration of ash-fall deposits far from the

volcanic centre. The temperature of volcanic ash at

the time of deposition is low and decreases with

increasing distance from the volcanic vent.

Bentonites, which form at the expense of such

ash-fall deposits, often constitute extremely wide-

spread deposits and thus are useful for stratigraphic

correlation purposes. For instance, Ordovician

K-ben ton i t e bed s a r e d i s t r i bu t ed ove r

1.36106 km2 in eastern North America (Huff &

Kolata, 1989), and K-bentonite beds of similar age

extend from the Southern Uplands of Scotland

across the Irish Sea into Ireland (Huff et al., 1991).

Moreover, the Cretaceous Clay Spur Bed extends

from South Dakota to Wyoming and Montana

(Elzea & Murray, 1994). In the latter case,

bentonite was formed during burial via alteration

of volcanic glass by evolved diagenetic pore fluids

(Elzea & Murray, 1994).

What is the role of Fe in the smectite

structure?

Iron is an important element of Al-rich dioctahe-

dral smectites, replacing Al in octahedral sites. It is

well known that in dioctahedral smectites, including

the Fe-rich ones, Fe is present mainly as Fe3+

(Goodman et al., 1988; Murad et al., 1990, among

many others). Nevertheless, there are reports of

smectites with very low Fe3+/Fe2+ ratios, i.e. in

which iron is present mainly as Fe2+ (Foster, 1953;

Elzea & Murray, 1990). Most importantly, when

exposed to air, Fe2+ readily oxidizes to Fe3+ without

special treatments (Foster, 1953; Williams et al.,

1953). The oxidation state of Fe affects the swelling

properties of smectites (Foster, 1953; Knechtel &

Patterson, 1962). Oxidation of Fe2+ in reduced Fe-

rich smectites is rapid and causes structural

reorganization (Manceau et al., 2000; Komadel,

2003).

Smectites in bentonites display considerable

compositional heterogeneity (Christidis &

Dunham, 1993, 1997; Christidis, 2006). The

source of this heterogeneity is located in the

variable substitutions in octahedral positions, the

proportion of tetrahedral charge relative to octahe-

dral charge, the variation of the total layer charge

and the relative abundances of the various

exchangeable cations. The oxidation state of Fe

affects the first three sources of compositional

heterogeneity of smectite. Moreover, it has been

found that the abundance of Fe can vary

considerably within a few millimetres in smectites

and that this variation may be representative of the

whole deposit (Christidis & Dunham, 1993, 1997;

Christidis, 2006). Since the parent volcanic glass is

not expected to be heterogeneous, at least to an

extent which may explain the compositional

heterogeneity of smectites, it follows that Fe is

mobilized during alteration and that Fe release is

accompanied by a concomitant migration of Mg

and Si, so as to keep the appropriate cation ratios.

In other words, the micro-environmental variability

during formation of smectites, due to differential

mobility of major chemical elements, seems to

control their compositional variations.

Iron can be mobilized by two possible mechan-

isms, either by leaching during alteration of the

glass, and/or by migration from an external source

with the pore fluid. In both mechanisms, in

inorganic systems Fe can be mobilized if it is

present as Fe2+, because Fe3+ is mobile only at very

acidic pH and very high Eh (Garrels & Christ,

1965), which are incompatible with smectite

formation. The possibility for migration in the

form of the Fe3+ ligand in organic chelate

complexes is not considered a major mechanism

for mobilization of Fe in bentonites, due to the

limited abundance of organic matter. Nevertheless,

results from hydrothermal experiments of alteration

of various types of volcanic glass show that Fe

resides as Fe3+ mainly in Fe oxides and to a lesser

degree in silicate minerals (mainly saponite), which

form on altered glass surfaces (Berger et al., 1987;

Petit et al., 1990; Daux et al., 1997). In these

experiments, although Eh was not recorded, it

seems that the Eh and pH of the fluid phase

favour hematite. Note that seawater is in equili-

brium with hematite in Eh-pH diagrams (Garrels &

Christ, 1965). However, in marine environments,

diagenetic zonation with respect to Eh is usually

observed beneath the sea floor. Eh decreases with

depth and the depositional environment gradually

changes from aerobic at the sea floor to suboxic and

finally anaerobic at shallow depths close to the sea

Contradictory characteristics of bentonites 519



floor, even within the area affected by storm

reworking (Taylor & Curtis, 1995).

It is interesting that bentonite deposits throughout

the world (Wyoming�Montana, USA; Pembina

Canada; Surrey, England; Hungary and Greece)

contain various accessory Fe2+-rich phases such as

pyrite and/or siderite (Knechtel & Patterson, 1962;

Grim & Güven, 1978; Morgan et al., 1979;

Christidis et al., 1995). Pyrite and siderite are

typical authigenic minerals forming during early

diagenesis in suboxic or anaerobic environments

from pore fluids with high HS� or HCO3
� activity,

respectively (Taylor & Curtis, 1995). According to

the latter authors, in marine sedimentary environ-

ments favouring the formation of Fe-rich carbonates

and sulphides, pH varies much less widely than

anion activities, with the latter controlling the Fe

phases forming. Formation of siderite or/and pyrite

in suboxic or anaerobic environments requires that

Fe is present as Fe2+. Both Fe3+ and Fe2+ may be

present in the composition of the parent volcanic

glass (e.g. Best, 1982) according to the fO2
in the

volcanic vent. However, in the suboxic�anaerobic

environment during bentonite formation, as

suggested by the presence of pyrite and/or siderite,

any Fe3+ released during alteration of glass will be

reduced to Fe2+.

Additional evidence for mobilization of Fe during

alteration of volcanic glass to bentonites can be

observed in the field, an example being the Ankeria

bentonite deposit of Milos Island, Greece (Fig. 3).

In this deposit, a pyroclastic flow of dacitic-

andesitic composition has been converted to a

high quality green-yellow bentonite. The bentonite

is overlain by reddish impure chalky limestone

containing ~90% calcite, ~10% smectite, and minor

hematite known as ‘red marl’ (Fig. 3). This

carbonate horizon is restricted only over the

bentonite and does not occur in other sites in the

island, suggesting that it is associated with the

formation of the bentonite deposit. The formation of

hematite is attributed to the formation of the

underlying bentonite. Since alteration occurred in

a marine environment, the red marl suggests that Fe

was mobilized during alteration of the underlying

parent dacitic�andesitic pyroclastic flow as Fe2+

and precipitated on the sea floor, probably as

Fe(OH)3 via oxidation in sea water. Hence, the

upper boundary of the bentonite, which in fact was

the palaeo-sea-floor, acted as a reduction�oxidation

front. Similarly, the calcite in this impure limestone

resulted from precipitation of Ca, which was

released during alteration of the bentonite and

transported by the same fluid.

The aforementioned discussion suggests that

smectites, which form during alteration of glass,

would contain predominantly Fe2+ in octahedral

sites. This in turn suggests that they may have a

greater layer charge and greater cation exchange

capacity when they form at depth than when they

are exposed to surface conditions, because Fe2+

oxidizes to Fe3+ as has been well documented in the

early work of Foster (1953). Hence, the smectites

present in surface outcrops are expected to be

different minerals and thus have different properties

from those which formed at various depths. Most

importantly, oxidation of Fe2+ to Fe3+ is associated

with reduction of layer charge. Layer charge affects

FIG. 3. Schematic cross section of the Ankeria bentonite quarry, Milos, Greece, showing the distribution of the

various bentonite horizons and the ‘red marl’. See text for discussion.
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important physical properties of smectites such as

cation exchange capacity, ion exchange selectivity,

swelling and rheological properties (Maes &

Cremers, 1977; Laird, 2006; Christidis et al.,

2006). It is well known that oxidation of octahedral

Fe improves the physical properties of bentonites

substantially (Elzea & Murray, 1994). Fe2+ in

smectites can be oxidized readily by contact with

water, by exposure to salt solutions, or upon heating

(Rozenson & Heller-Kallai, 1978).

To date, the mechanism of oxidation of Fe2+ is

not known, although the reverse process, i.e. the

reduction of octahedral Fe3+ in Fe-rich smectites,

has been studied extensively. The most common

agents used for reduction of Fe3+ are dithionite and

bacteria (Stucki & Roth, 1977; Stucki et al., 1987;

Kostka et al., 1996; see also Stucki, 2006, for a

review). Hence the reduction of Fe3+ does not

merely involve electron transfer; it affects the

surface properties of smectites also (Stucki et al.,

2002; Stucki, 2006). Different alternative mechan-

isms have been proposed for reduction of Fe3+ in

Fe-rich smectites, which suggest partial dehydrox-

ylation of the smectite (Stucki & Roth, 1977; Lear

& Stucki, 1985, 1989; Komadel et al., 1990; Drits

& Manceau, 2000; see also Stucki, 2006, for a

thorough review). Partial dehydroxylation has been

proposed to take place either (1) via electron

transfer to Fe3+ and de-protonation of structural

hydroxyls, followed by partial protonation of

oxygens and subsequent formation of hydroxyls

(Lear & Stucki, 1985; Stucki, 2006), or (2) via

electron transfer followed by protonation of

structural hydroxyls, causing migration of Fe

atoms in trans-vacant sites (Drits & Manceau,

2000), i.e. similar to dehydration of nontronite

(Manceau et al., 2000). It is interesting that

dehydroxylation according to the latter mechanism

is not energetically favoured in montmorillonites

and that the excess layer charge formed by

reduction of Fe3+ is balanced by excess exchange-

able cations (Drits & Manceau, 2000). Also, in the

former mechanism, a proportion of the structural

hydroxyls which are destroyed during the de-

protonation stage is replaced by partial protonation

of oxygen atoms (Stucki, 2006). It is not known if

oxidation of Fe2+ in dioctahedral smectites takes

place via any of the aforementioned mechanisms.

None of these mechanisms can be inferred as being

more plausible, because some of the structural

modifications caused during the inverse process (i.e.

reduction of Fe3+) are irreversible (Stucki et al.,

2002). Moreover, except for smectites, other Fe-

phases such as pyrite and/or siderite oxidize to Fe-

oxyhydroxides when exposed to aerobic conditions.

Oxidation of pyrite and/or siderite may provide one

possible mechanism for formation of goethite,

which is usually present in bentonites (Komadel et

al., 2008).

Considering that Fe is present as Fe2+, we used

the data of Schultz (1969) and recalculated the layer

charge of those Al-rich smectites with balanced

chemical formulae. During recalculation it was

considered that the increase in layer charge is

compensated only by sorption of additional

exchangeable cations and is not associated with

significant dehydroxylation, due to the relatively

small amount of Fe (Drits & Manceau, 2000).

Those samples, which contained impurities with a

complex structural formula, such as feldspars and/or

micas (biotite or muscovite), were excluded. The

Fe-rich smectites, both montmorillonites and

beidellites, were also excluded. Forty four different

smectites were eventually used. The results, which

are listed in Table 2, display some interesting

trends. Firstly, after recalculation of structural

formulae, the layer charge of smectites increased

as expected. Secondly, the layer-charge variability

of smectites has decreased significantly. In fact, the

smectites can be separated in two groups, one group

with lower layer charge (~0.50 charge equivalents

per half unit cell � p.h.u.c.), which includes the

Wyoming-type and the Tatatilla-type montmorillo-

nites (Al-rich montmorillonites) and beidelites, and

a second group with greater layer charge

(~0.60 charge equivalents p.h.u.c.), which includes

Chambers-type montmorillonites and Otay-type

montmorillonites (Table 2). Hence, if Fe is present

as Fe2+, the smectites display lower layer-charge

TABLE 2. Layer charge of various types of smectite

after allocation of octahedral Fe as Fe2+. Values in

parentheses indicate number of analyses in each type

of smectite. Data are from Schultz (1969).

Smectite
type

Mean layer charge
(equivalents p.h.u.c.)

Standard
deviation

Wyoming (14)
Tatatilla (5)
Chambers (9)
Otay (11)
Beidellite (5)

0.51
0.51
0.61
0.62
0.53

0.04
0.02
0.06
0.05
0.03
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variability regardless of their crystal-chemical

characteristics. Thirdly, with the exception of the

Fe-poor smectites (Tatatilla-type montmorillonites

and beidellites), the smectites with reduced Fe

display lower tetrahedral charge (and thus a greater

Si content) than their oxidized counterparts (Fig. 4).

This is because the structural formula is calculated

on the basis of 22 fixed anionic charges p.h.u.c.

Hence, the presence of Fe2+ instead of Fe3+ causes

an additional charge deficiency in the octahedral

sheet, which is balanced by the introduction of a

greater number of Al3+ cations in the octahedral

sheet according to Pauling’s rules (Pauling, 1960).

This, in turn, decreases the number of tetrahedral Al

cations because total Al remains essentially

unchanged when Fe is present as Fe2+. In contrast,

the abundance of Mg is hardly affected by

reduction of Fe, because its contribution to the

balance of the anionic charge does not change. Note

that Foster (1953) obtained similar results for two

natural Wyoming smectites with initial Fe2+, which

was oxidized gradually when the smectites were

exposed to air. The Fe-poor smectites display

different behaviour probably due to the small

amount of Fe.

An additional important finding regarding the

role of Fe during the formation of smectites is the

well defined negative relationship between octahe-

dral Al (VIAl) and Fe3+ regardless of the type of the

parent rock (Christidis & Dunham, 1993, 1997;

Christidis, 2006). These data were obtained from a

large number of microanalyses of smectites. In

contrast, analyses of the whole clay fractions have

not revealed an important relationship between VIAl

and Fe3+ (Schultz, 1969; Weaver & Pollard, 1973;

Grim & Güven, 1978; Güven, 1988). Mg2+ and
VIAl also display an inverse relationship, which in

general is weaker than the relationship between
VIAl and Fe3+ (Christidis & Dunham, 1993, 1997;

Christidis, 2006). This is at odds with the definition

of montmorillonite, in which layer charge is

attributed predominantly to substitution of VIAl by

Mg2+ and may be explained by considering that

Fe2+ is present. Mg displays a weak negative

relationship with Fe3+ and with Fe2+ after recalcula-

tion of the structural formulae.

The aforementioned observations suggest that it

may be useful to reconsider the nature of Al-rich

smectites in bentonites formed from volcanic rocks.

A possible different approach should take into

account mainly the small variation of layer charge

in smectites with Fe2+ in octahedral sites, because

smectites when formed seem to have layer charge

varying between 0.50 and 0.60 equivalents p.h.u.c.

Subsequent oxidation of Fe decreases layer charge.

Nevertheless, more data from unexposed smectites

present at depth are necessary to substantiate this

possibility. Finally, one topic which might influence

the physical properties of smectites, and thus

industrial application of bentonites, is the oxidation

mechanism itself. Since oxidation may be caused by

several processes (Rozenson & Heller-Kallai,

1978), an interesting point for further research

should be the investigation of the influence of the

mechanism of oxidation on physical properties such

as swelling or rheology.

Does the chemistry of the parent rocks of

bentonites affect smectite crystal chemistry?

Micro-environmental chemistry is an important

parameter controlling smectite chemistry. In this

sense it may be expected that the chemistry of the

parent volcanic rock may not affect the crystal

chemistry of smectites. However, previous reports

have shown that this may not always be the case

and that the parent rock may influence the type of

smectite formed (cf. Christidis, 2001). Moreover,

research on the relative mobility of chemical

elements during alteration of volcanic glass has

shown that certain elements such as Al and Fe may

not be leached but may be residually enriched in

bentonite (Christidis, 1998). Finally, several bento-

nites, such as those from Wyoming, which have

been derived from acidic precursors, have relatively

FIG. 4. Variation of IVAl of smectites (mean values) by

considering Fe as Fe2+ (reduced form) and as Fe3+

(oxidized form). Data are from Schultz (1969).
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high Fe content compared to the original material,

suggesting that Fe has been transported from an

external source. Hence the answer to the question

about the possible influence of the chemistry of the

precursor volcanic material on the crystal chemical

characteristics of smectites remains unclear.

Previous studies on the nature of parent rocks of

bentonites are based mainly on the geochemical

characteristics (geochemical fingerprinting) of

bentonites. Hence, geochemical fingerprinting has

been used widely in the past either for estimation of

the geochemical affinities of parent volcanic rocks

of bentonites and of the geotectonic environment

into which they erupted (e.g. Merriman & Roberts,

1990; Maccioni et al., 1995; Huff et al., 1997;

Christidis, 1998; Wray, 1999; Pellenard et al.,

2003; Calarge et al., 2006) by means of various

types of discriminating diagrams (e.g. Winchester &

Floyd, 1977; Pearce et al., 1984) and/or for

correlation purposes, usually employing multi-

variate statistical methods (e.g. Huff, 1983; Huff

& Kolata, 1989; Huff et al., 1991, 1993, 1997;

Kolata et al., 1996; Wray, 1999; Christidis, 2001).

These approaches utilize mainly trace chemical

elements which in general are considered immobile,

both during bentonite formation and during subse-

quent burial diagenesis and/or anchimetamorphism.

Although their validity has been questioned in as

much as elements like Y, which are generally

considered as immobile, can be mobilized substan-

tially during bentonite formation (Christidis, 1998),

these approaches are straightforward and therefore

easy to follow. However, with limited exceptions

(Christidis, 2001), the possible influence of

volcaniclastic/volcanic parent rock chemistry on

the crystal chemistry of the smectites formed has

not been taken into consideration in the aforemen-

tioned studies.

Recently, the possibility of such an influence was

examined using the database of Grim & Güven

(1978), and data from Eberl et al. (1986), Čičel et

al. (1992), Christidis & Dunham (1993, 1997),

Ddani et al. (2005) and Christidis (2006). The

selected database included structural formulae

obtained from microanalyses and chemical analyses

of clay fractions from which structural formulae of

dioctahedral smectites were calculated. Structural

formulae of 75 dioctahedral smectites were even-

tually obtained, for which the nature of the

precursor volcanics was more or less known and

which were free of contamination or contained

known amounts of kaolinite or SiO2 polymorphs.

Structural formulae obtained from microanalyses

were essentially free from impurities and were used

as provided in the relative references. This was not

always the case for structural formulae calculated

from chemical analyses of the clay fraction

(database of Grim & Güven, 1978). Those analyses,

which contained impurities with complex structural

formula (plagioclase feldspar, illite and chlorite),

were discarded.

The parent rocks were classified as acidic,

intermediate and basic according to their geochem-

ical affinities described by previous authors (Grim

& Güven, 1978; Eberl et al., 1986; Čičel et al.,

1992; Christidis & Dunham, 1993, 1997; Ddani et

al., 2005; Christidis, 2006). Both regression

analysis and multivariate statistics (canonical

discriminant analysis) were used (Kokidis, 2006).

It was shown that smectites derived from precursors

with different geochemical affinities can be

differentiated by their average Fe and, to a lesser

FIG. 5. Average cation occupancy of Fe3+ and Si in smectites derived from acidic, basic and intermediate rocks

(Kokidis, 2006). See text for discussion.
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degree, by their average Si content (Fig. 5).

Smectites derived from alteration of basic rocks

have on average 0.63 Fe3+ atoms p.h.u.c., whereas

smectites derived from intermediate and acidic

rocks have, on average, 0.21 and 0.12 Fe3+ atoms

p.h.u.c. respectively (Fig. 5). Also, smectites

derived from alteration of acidic rocks have on

average 3.92 Si atoms p.h.u.c., whereas smectites

derived from intermediate and basic rocks have on

average 3.82 and 3.73 Si atoms p.h.u.c., respec-

tively (Fig. 5). Hence, it seems that smectites

derived from basic precursors tend to have a

greater tetrahedral charge. In contrast, smectites

cannot be differentiated on the basis of their Mg,

total Al, VIAl or IVAl contents.

Iron has discriminating power in regression

analysis when plotted against Si, Al and Mg,

since smectites derived from basic rocks have a

greater Fe3+ content (Fig. 6). However, smectites

derived from acidic and intermediate rocks cannot

be differentiated because of their comparable Fe

contents. Moreover, smectites from basic rocks

seem to have lower Al contents than those of

smectites derived from acidic and intermediate

rocks. Finally, smectites cannot be differentiated

with respect to their Mg content (Fig. 6). The same

is true for Si although smectites derived from

different precursors have different average Si

occupancy. These results show that binary

diagrams, which use the main structural cations,

are not useful for discriminating precursor rocks

from the smectite crystal chemistry, due to

significant overlapping of the various structural

cations. In contrast, canonical discriminant analysis

which used all structural cations showed that all

structural cations contribute to the differentiation of

smectites (Fig. 7). The canonical discriminant

functions with greater discriminant power were

the following (Kokidis, 2006):

F1:

5.15Si + 1.86IVAl + 10.39VIAl + 1.626Fe3+ + 0.90Mg

� 38.39

and

F2:

19.18Si + 15.14IVAl � 3.39VIAl � 3Fe3+ � 6.83Mg

� 67.89.

Application of canonical discriminant analysis

assigned a score (value) to each smectite and

allocated correctly, on average, 91% of the

smectites studied (Fig. 7). The main reason for

incorrect allocation of the remaining smectites is

attributed to the uncertainty about the geochemical

affinities of the precursor volcanic rocks.

Nevertheless, these results suggest that the chem-

istry of the parent rock may exert influence on

FIG. 6. Binary plots showing the discrimination of

smectites derived from basic volcanic rocks from those

derived from acidic and intermediate volcanics based

(separated by straight lines) mainly on the Fe3+content.
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smectite crystal chemistry at least to some extent.

The canonical discriminant analysis can be used in

an opposite manner. Hence, using equations F1 and

F2 a score (value) can be obtained for any smectite

derived from volcanic rocks of unknown composi-

tion according to its crystal chemistry. From this

score the nature of the parent rock may be inferred.

However, a larger data set from other smectites

derived from known precursors is needed to further

verify this model and substantiate the validity of

equations F1 and F2. Also, an additional indepen-

dent test of this approach would include the use of

immobile trace elements of the smectitic clay

fractions in the canonical discriminant analysis.

The main problem of this independent testing

approach is that the trace elemental composition

of most of the bentonite samples and the clay

fractions used in this study have not been provided

in the literature, i.e the database used included only

major elements.

The approach used showed that, in general,

dioctahedral Fe-rich smectites (montmorillonites

and beidellites) form from basic precursors,

whereas alteration of acidic volcanics yields Fe-

poor smectites. Nevertheless there are exceptions to

this trend; hence s.s. Wyoming-type smectites may

contain abundant Fe (>0.25 Fe3+ atoms p.h.u.c.)

although they have formed from acidic precursors.

In this case it is considered that Fe has been

transported from an external source during diage-

netic alteration of the precursor volcanic glass.

Also, it is interesting that, in several bentonites

derived from acidic rocks, smectites have high Mg

contents. This is certainly the case for the SAz-1,

Kinney and Otay smectites (Eberl et al., 1986;

Berry, 1999), as well as several smectites in Greek

and US deposits (Zielinski, 1982; Christidis et al.,

1999; Christidis, 2001). In all these cases, pore-

water chemistry affected significantly the chemical

composition of the neoformed smectites.

CONCLUS IONS

The questions about the contradictory character-

istics of bentonites now have answers, i.e.:

(1) The formation of high-quality bentonites from

acidic precursors is related to fluid flow, and this in

turn to the mechanism of eruption. High-quality

bentonites may be derived from acidic volcani-

clastic rocks emplaced at high temperature, which

may sustain fluid flow for a greater amount of time

and facilitate leaching of Si and alkalis. With

decreasing emplacement temperature (and hence

alteration temperature), the possibility for crystal-

lization of SiO2 polymorphs increases.

(2) Several of the mineralogical and geological

characteristics of bentonites can be explained if it is

considered that Fe2+ is present when smectites are

formed. Iron may be easily oxidized at a later stage

when the deposits are brought close to the surface,

probably by contact with surface pore waters. The

role of microbial activity may also be important for

oxidation of Fe2+ but it has not been considered in

the present study. The properties of smectites in

bentonites formed at depth may change when

brought close to, or exposed at the surface.

(3) The nature of the parent rock exerts influence

on the composition of smectites at least to some

degree. In general, basic precursors yield Fe-richer

and Al-poorer smectites (both Fe-montmorillonites

and Fe-beidellites). The influence of parent-rock

chemistry on the crystal chemistry of smectites is

certainly modified by pore-water chemistry.
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