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FORMATION AND GROWTH OF SMECTITES IN BENTONITES: A CASE
STUDY FROM KIMOLOS ISLAND, AEGEAN, GREECE
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Technical University of Crete, Department of Mineral Resources Engineering, 73100 Chania, Greece

Abstract-——The low-temperature alteration of a rhyolitic rock from Kimolos Island, Aegean, Greece,
yielded an alteration profile characterized by gradual transition from fresh glass to bentonite containing
homogeneous Chambers-type montmorillonite and then to a mordenite-bearing bentonite. Both mordenite
and smectite were formed from poorly crystalline precursors, which probably had compositions compa-
rable to that of the crystalline end-product. However, their composition may have been modified to some
degree after reaction with the fluid phase. Particle length and width measurements of smectite crystals
yielded lognormal profiles, which suggest supply-controlled crystal growth in an open system or random
ripening in a closed system. The former mechanism is in accordance with the observed sustained supply
of Mg and Fe by the fluid phase throughout the alteration profile and is believed to be the dominant
formation mechanism of smectites in bentonites in general. In the mordenite-bearing zone, random rip-
ening is expected in domains with low permeability, in which the system was essentially closed, favoring
the formation of mordenite. The level of supersaturation with respect to smectite was probably lower in
the mordenite-bearing zone. Smectite probably affected pore-fluid chemistry either through ion exchange
or via dissolution of initially formed K-bearing smectite. The latter process raised the K*/(Na* + Ca?*)
activity ratio of the pore-fluid favoring K-bearing mordenite.

Key Words—Bentonite, Crystal Growth, Montmorillonite, Mordenite, Open System, Particle-Size Dis-

tribution, Precursor, Random Ripening.

INTRODUCTION

The alteration of volcanic glass to smectite and ze-
olites is a common process, which often yields ben-
tonite or zeolite deposits (lijima, 1980; Senkayi et al.,
1984; Hay and Guldman, 1987; Altaner and Grim,
1990; Christidis et al., 1995). This process may take
place through vapor-phase crystallization, burial dia-
genesis, contact metamorphism, hydrothermal activity,
percolating groundwater, in alkaline lakes or on the sea
floor in marine sediments (Iijima, 1980; Cas and
Wright, 1988). Vapor phase crystallization, often as-
sociated with welding of ignimbrites, is of theoretical
significance and does not produce significant amounts
of zeolites (Cas and Wright, 1988).

The factors controlling the alteration of volcanic
glass are Si activity, pH, alkalinity, the activity of al-
kalis and alkaline earth elements, temperature, pres-
sure and the partial pressure of H,O (Hay, 1977; Iiji-
ma, 1980). Leaching of alkalis and a high Mg activity
promote the formation of smectite (Hay, 1977; Sen-
kayi et al., 1984). When leaching is not effective, ze-
olites crystallize, usually from precursor gels (Mariner
and Surdam, 1970; Steefel and van Cappellen, 1990).
Smectite generally forms in the initial stages of the
alteration, where the (Na* + K*)/H* activity ratio of
the fluid phase is low (Sheppard and Gude, 1973; Hay
and Guldman, 1987). High ratios of (Na* + K*)/H*
activity favor the formation of zeolites instead of
smectite (Hess, 1966). Smectite has been reported to
form from poorly crystalline precursors in various en-
vironments and in the laboratory (Zhou and Fyfe,
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1989; Banfield and Eggleton, 1990; Kawano and Tom-
ita, 1992), although the existence of a precursor phase
is not always necessary (Banfield er al., 1991).

The type and composition of the zeolites formed is
controlled primarily by the chemical composition of
the parent rock (Iijima, 1980). Most alkaline zeolites
like clinoptilolite, mordenite and phillipsite are con-
verted to more stable phases like analcime and/or al-
kaline feldspars at higher temperature, pressure, alka-
linity and salinity, both in nature and in the laboratory
(Boles, 1977; Hay, 1977; Hawkins, 1981; Bowers and
Burns, 1990). In contrast, only limited information
about a systematic relationship between the chemical
composition of the neoformed phases and the chem-
istry of the parent rock has been reported for smec-
tites. In general, Mg-Fe smectites like Wyoming type,
Chambers type and Fe-rich montmorillonite tend to
form from andesitic-dacitic precursors, whereas rhyo-
litic protoliths yield Al-rich smectites like beidellite
and Tatatilla type montmorillonite (Christidis and
Dunham, 1993, 1997). Exceptions to this trend have
been reported however, e.g. formation of Chambers-
type montmorillonite was observed during alteration
of rhyolitic rocks to bentonite (Christidis, 1998a).

Recent simulation of crystal growth in thermody-
namically open and closed systems has shown that it
may be possible to deduce geological history from a
measured crystal-size distribution for minerals (Eberl
et al.,, 1998). This deduction is based on the particle-
thickness distribution of the clay fraction determined
by the Bertaut-Warren-Averbach (BWA) technique. To

204


https://doi.org/10.1346/CCMN.2001.0490303

Vol. 49, No. 3, 2001

ENENENEN

N

Formation and growth of smectites

205

SM277 | SMz7

VY VVVYY
YV VVVVY

VVVVVVYY

\AAAAAAA

VYVVVVVY

6 5 4 3 2 1

RN AN

i,
A
N3t

b3

i

$3

b
(ot relels
HAIEYANEN

]

JNEEEEAEN

~ Prassa profile

Zone 1: Fresh glass + K-feldspar + plagiociase
Zone 2; Glass + ite = K-feldspar + plagiocl
Zone 3: Smectite + opal-CT + K-feldspar * plagioclase

Mslf;:mﬂ Zone 4: Smectite + opal-CT + K-feldspar + plagioclase
RN o = + monazite * pyrite £ gypsum
% oo Zone 5: Smectite + mordenite + opal-CT + K-feldspar
molos, o9 05 + plagioclase + barite + pyrite
"% - “ LN g Zone 6: Smectite + opal-CT £ mordenite + K-feldspar

Figure 1.

(a) Simplified geological map of the Kimolos Island modified after Fyticas and Vougioukalakis (1993). Key to

the numbers: 1—Granite, 2—Kastro ignimbrite, 3—Hydrothermally-altered volcanic rocks, 4—Undifferentiated lavas, 5—
Pyroclastic breccia, 6—Ignimbrite of the Prassa area, 7—Pumice flows, 8—Pyroclastics of the Psathi area, 9—Alluvial scree
and eluvial deposits, P—Prassa deposit. (b) Schematic cross section of the Prassa deposit, Kimolos (after Christidis, 1998a):
The numbers refer to the different alteration zones. Zone 1—glass; zone 2—glass + smectite; zone 3—smectite + opal-CT;
zone 4—smectite; zone 5—smectite + mordenite =+ opal-CT; zone 6—smectite + opal-CT * mordenite. Igneous plagioclase
and K-feldspar are present in all alteration zones. SM259, SM277 and SM278 are the samples whose particle-size distributions

were determined.

date, there have been no studies of growth mecha-
nisms of smectites in bentonites using this technique.

Although smectites and zeolites are usually associ-
ated in nature, no attempt has been made to examine
interdependence of their chemistry and the chemistry
of the associated pore-fluids during formation. Chris-
tidis and Scott (1997) and Christidis (1998a) described
the progressive alteration of an acidic rock from Kim-
olos Island, Greece, to smectite = mordenite by sea-
water, and they calculated water : rock ratios during al-
teration based on mass balance calculations. The pur-
pose of the present work was: (1) to study the for-
mation mechanism of smectite and mordenite; (2) to
gain a greater understanding of the crystallization
mechanism of smectite and the possible influence of
zeolites; and (3) to discuss the possible control that
smectite and zeolites might exert on the pore-fluid
chemistry.

LOCATION AND GEOLOGICAL SETTING

The Island of Kimolos is situated in the southwest-
em part of the Cyclades Islands in the Aegean Sea,
Greece and constitutes part of the South Aegean Vol-
canic Arc (Figure 1), which was created by the sub-
duction of the African Plate under the deformed mar-
gin of the Eurasian Plate (Fyticas et al., 1986). The
geological and volcanological characteristics of Kim-
olos (Figure 1) were described by Fyticas and Vou-
gioukalakis (1993). The study area is the Prassa ben-
tonite deposit, located in the southeastern part of the
Island (Figure 1).

https://doi.org/10.1346/CCMN.2001.0490303 Published online by Cambridge University Press

MATERIALS AND METHODS

Bentonite samples were collected from an alteration
profile described by Christidis and Scott (1997) and
Christidis (1998a), of the Prassa Ignimbrite, consisting
of six different alteration zones (Figure 1). The min-
eralogy was determined by X-ray diffraction (XRD)
using a Philips diffractometer equipped with a
PW1710 control unit, operating at 40 kV and 30 mA,
using Ni-filtered CuKa radiation. The scanning speed
was 1°26/min. After dispersion of the rock in distilled
water using Na polyphosphate deflocculant, the <2 pm
fraction was separated, and dried at atmospheric con-
ditions onto glass slides. The slides were then saturat-
ed with ethylene glycol at 60°C for at least 16 h, to
ensure maximum solvation.

The smectite and mordenite chemistry was deter-
mined by electron microprobe analysis of epoxy im-
pregnated polished blocks, using a JEOL JXA-8600
Superprobe, and a Link Series I energy dispersive
spectrometer (EDS). The conditions used for smectite
analysis were described by Christidis and Dunham
(1993). The same conditions were used for zeolites
except for the use of a defocused beam (20 pm vs.
5 um used for smectites) and a shorter count time (25 s
vs. 100 s used for smectites). The areas for analysis
were selected carefully using back-scattered electron
images to avoid contamination by Ti and Fe oxides
and sulfides and to distinguish smectite from morden-
ite. The analyses of zeolite considered the error factor
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Table 1. Microprobe analyses and structural formulae of smectites from the Prassa deposit, Kimolos.
1 2 3 4 5 6 7 8
zone 5 zone 5 zone 5 zone 4 zone 4 zone 4 zone 3 zone 3
Si0, 50.98 50.86 53.25 53.79 63.55 60.69 60.38 62.16
AlLO;, 18.02 18.31 19.18 19.20 21.85 20.82 21.02 22.42
Fe,O, 1.66 1.68 2.06 1.71 1.27 1.56 1.66 1.82
MgO 4.06 4.21 3.62 4.13 5.07 4.21 4.78 4.84
CaO 0.71 0.85 1.62 1.43 1.25 1.00 1.27 0.85
Na,O 0.57 0.53 0.42 0.57 0.47 0.41 0.45 0.73
KO0 0.75 1.03 0.27 0.00 0.00 0.00 0.00 0.00
Total 76.75 77.47 80.42 80.83 93.46 88.69 89.56 92.82
Structural formulae based on 11 oxygens
Tetrahedral cations
Si 3.91 3.88 3.89 3.0 3.96 3.98 3.94 3.91
APV 0.09 0.12 0.11 0.10 0.04 0.02 0.06 0.09
Octahedral cations
AV 1.53 1.52 1.55 1.54 1.57 1.59 1.55 1.57
Fe3+ 0.10 0.10 0.11 0.09 0.06 0.08 0.08 0.09
Mg 0.42 0.42 0.39 0.42 0.42 0.38 0.42 0.39
Interlayer cations
Ca 0.06 0.07 0.13 0.11 0.08 0.07 0.09 0.06
Na 0.08 0.08 0.06 0.08 0.06 0.05 0.06 0.09
K 0.07 0.10 0.03 0.00 0.00 0.00 0.00 0.00
Mg 0.04 0.04 0.00 0.03 0.05 0.03 0.05 0.06
L. charge 0.36 0.40 0.35 0.37 0.31 0.25 0.33 0.33
I. charge 0.35 0.40 0.35 0.36 0.32 0.25 0.34 0.33

Exchangeable Mg was calculated by assuming the total number of octahedral cations to be 2.05 (average value of Grim
and Giiven, 1978). L. charge = layer charge, I. charge = interlayer charge.

E = 100[(Al + Fe) — (Na + K) — 2(Ca + Mg))/[(Na
+ K) + 2(Ca + Mg)] (Gottardi and Galli, 1985). Anal-
yses with £ = *10% were discarded. Smectite anal-
yses with totals <70% were discarded following the
reasoning of Christidis and Dunham (1993).

Gold-coated broken surfaces of representative sam-
ples were examined with a Hitachi S520 scanning
electron microscope (SEM), equipped with a Link
AN1000 energy dispersive spectrometer (EDS) for
qualitative analyses. The <1 um clay fractions of three
samples (SM278, SM277 and SM259) from the smec-
tite and the smectite + mordenite zone (Figure 1) were
dispersed in distilled water using Na polyphosphate
(1 mg clay/40 mL of water), spread on copper grids,
allowed to dry, coated with carbon, and examined with
a JEOL 100CX transmision electron microscope
(TEM). To avoid disruption of the smectite flakes, ul-
trasonic vibration was not used for sample disaggre-
gation. This sample treatment does not change the
morphology of delicate smectite flakes. For >200
smectite particles from each sample, length and width
measurements (larger and smaller dimension, respec-
tively) were made on a digitizing table, using a com-
puter program written by Dr A. Low (Biology De-
partment, University of Leicester).

RESULTS
Mineralogy and mineral chemistry

Smectite. The main mineral phase present in all alter-
ation zones is dioctahedral smectite, which has been
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characterized as Chambers type and Tatatilla type
montmorillonite (e.g. Giiven, 1988). Mixed-layer il-
lite-smectite was not detected by XRD. Unlike the
smectites from Milos (Christidis and Dunham, 1993,
1997), these smectites have limited compositional var-
iation (Table 1, Figure 2), which may be attributed to
limitations of the analytical method used (Warren and
Ransom, 1992). Accessory authigenic monazite, barite
and gypsum crystals dispersed through the mass of the
altered rock were detected only by SEM.

The smectites display a general negative trend be-
tween Si and total Al, and between Y'Al and Fe?** (Fig-
ure 3). A similar trend is observed between Y'Al and
Mg when the total number of octahedral cations is
taken as 2.05, i.e. the average value for octahedral cat-
ions in smectite formulae after Grim and Giiven
(1978). For comparison, the chemistry of smectites de-
rived from similar rocks at Milos Island is dominated
mainly by a negative trend between Si and Al and to
a lesser degree between Y'Al and Mg (Christidis and
Dunham, 1997). These chemical trends are not obvi-
ous in the smectites examined in this study, because
all of the trends display scattering (Figure 3). In con-
trast, a negative relationship between Fe and YAl is
observed, which is characteristic of smectites derived
from intermediate rocks (Christidis and Dunham,
1993).

In the mordenite-bearing zone (zone 5), the smec-
tites are low in Si and Mg and richer in Fe** relative
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Figure 2. Projection of the smectites from the smectite- and
the mordenite-bearing zones (shaded area) following the di-
agram of Giiven (1988). Bi = beidellite, TA = Tatatilla mont-
morillonite, Ch = Chambers montmorillonite, WY = Wyo-
ming montmorillonite, OT = Otay montmorillonite, Fe-Bi =
Fe-rich beidellite, Fe-M = Fe-rich montmorillonite. The line
at 0.3 Fe3* atoms separates the Fe-rich from the Fe-poor dioc-
tahedral smectites.

to their counterparts from zones 3 and 4 (Figure 3,
Table 1). Moreover, they show a negative trend between
K and the remaining interlayer cations (Figure 4a). Due
to analytical constraints imposed by microprobe anal-
ysis, it is not certain whether K is exchangeable or
fixed. However, it has been shown that the materials
studied have improved swelling properties and devel-
op high viscosity after Na exchange (Christidis,
1998b). This suggests that K is exchangeable. The
lower Si content is related to the presence of abundant
Si-rich mordenite. The greater Fe’* content is attribut-
ed to the presence of smectite, the major Fe-bearing
neoformed phase, which occurs in near equal amounts
as the Fe-free mordenite.

Mordenite. Two varieties of mordenite were recog-
nized on the basis of exchangeable cations: a Na,Ca-
rich (common) variety and a K-bearing mordenite (Ta-
ble 2). The Si/Al ratio of each variety varies from
4.86-5.8. As expected, a negative relationship occurs
between K and the remaining exchangeable cations
(Figure 4b), indicating that, similar to smectites, K is
competing with the other exchangeable cations. The
chemical variation of the exchangeable sites is deter-
mined mainly by the variation between Na and K,
whereas the importance of Mg is minimal (Figures 4b,
5).

Mineral textures

Smectite. As determined by SEM, smectite occurs in
the form of wavy flakes, often forming characteristic
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Figure 3. Compositional characteristics of smectites from

the Prassa deposit, observed from plots between: (a) Si and
total Al; (b) octahedral Al and Mg; and (c) octahedral Al and
Fe’*.

honeycomb textures and pseudomorphic textures over
the parent glass (Figure 6a, c). No systematic relation-
ship between the smectite morphology and the location
of the flakes relative to the glass shards was observed
(Figure 6b). Smectite crystals formed at the expense
of volcanic glass through a precursor phase (Figure 7).
Semi-quantitative EDS analysis showed that this pre-
cursor-intermediate phase has a larger Al content and
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Table 2. Microprobe analyses and structural formulae for
mordenite from the Prassa deposit, Kimolos.
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Figure 4. Relationship between K and the remaining ex-
changeable cations observed (a) in smectites and (b) in mor-
denites from the mordenite-bearing zone of the Prassa depos-
it. Mg (exch) = exchangeable Mg calculated by assuming
that the total number of octahedral cations is 2.05.

smaller Si, Mg and Fe contents compared to the vol-
canic glass, i.e. its composition could approach the
allophane-type phase described by Kawano and Tom-
ita (1992). Due to analytical limitations and the small
particle size of the precursor phase, it cannot be de-
termined whether Fe and Mg are present in the pre-
cursor phase or in the surrounding glass. Formation of
smectite at the expense of igneous feldspars, although
common in Milos (Christidis ef al., 1995), is not often
seen in this alteration profile.

As observed using TEM, smectites occur mainly as
subhedral particles, and to a lesser degree as lath-
shaped and euhedral particles with polygonal outlines
(Giiven and Pease, 1975; Grim and Giiven, 1978). The
euhedral crystals form foliated and compact lamellar
aggregates (Grim and Giiven, 1978) with face-to-face
association. The lath-shaped smectites form mainly by
gentle folding of the edges of thin lamellae, although
crystals with unfolded edges are also common.

1

2

3

4

zone 5 zone 5 zone 5 zone S
Si0, 72.63 73.02 72.89 70.23
ALO, 11.78 11.97 11.74 11.98
Fe,O, n.d. n.d. n.d. n.d.
MgO n.d. n.d. n.d. 0.59
CaO 2.82 2.71 2.63 2.71
Na,O 3.79 3.36 1.54 1.69
K,O n.d. 0.91 3.48 2.38
Total 91.02 91.97 92.28 89.58

Structural formulae based on 48 oxygens
Structural cations
Si 20.18 20.15 20.22 20
Al 3.86 3.89 3.84 4.02
Exchangeable cations

Na 2.04 1.80 0.83 0.93
Ca 0.84 0.8 0.78 0.83
K 0 0.32 1.23 0.86
Mg 0 0 0 0.25
E (%) 3.68 4.64 5.94 1.73
Si/Al 5.23 5.18 5.27 4.98

E (%) = error value after Gottardi and Galli (1985). n.d. =
not detected. See text for analytical details.

occasionally >50 (Figure 8). Three types of mordenite
were recognized: (1) fibers (Figure 8a) <10 pm, which
originate from an amorphous material, possibly an Al-
Si gel; (2) well-formed, long fibers (arrow in Figure 8b),
which often crystallize over the smectite substrate, and
(3) fibers (Figure 8b) perpendicular to pore-spaces and
cavities and linking the flanks of dissolved cavities.
Finally, opal-CT occurs in the form of spherulitic crys-

Ca

Na

KMg

Mordenite. Mordenite, which in general postdates
smectite, has a fibrous habit, and a length:width ratio
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Figure 5. Compositional trends of mordenites with respect
to the relative abundance of their exchangeable cations. The
Mg content is low.
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Figure 6. SEM images of smectite and mordenite from the
Prassa deposit. (a) Smectite crystals with honeycomb texture.
(b) Smectite flakes of a ‘closed’ texture which do not form
the more ‘open’ honeycomb structures. The white phase in
the center is a Si-Al-gel. (¢) Pseudomorphic replacement of
volcanic glass by smectite and mordenite (small fibrous crys-
tals). The original texture has been preserved. Scale bars a =
6 pm, b = 10 pm, ¢ = 150 pm.
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tals, diagenetic by-products, formed by co-precipita-
tion of silica during the formation of smectites. Ax-
iolitic opal-CT, which is common in the bentonites
from Milos, derived from acidic precursors (Christidis
et al., 1995), was not observed in this study.

Particle-size measurements

Length and width measurements of the smectite par-
ticles from the smectite- and the mordenite-bearing
zone were plotted in histograms (Figure 9a, b). The
size-distribution profiles are shifted towards greater
length and width in the mordenite-bearing zone and
the size-distribution profiles of samples SM277 and
SM278 are comparable. The theoretical lognormal
curves calculated from the particle-size distribution
(PSD) data (Koch and Link, 1971) describe the size
distribution profiles, because the x? test indicates that
the significance level of all distributions exceeds 20%.
Therefore, all crystal-size distributions can be char-
acterized as lognormal. The mean length and width of
the smectite particles, along with the parameters o and
% (Eberl et al., 1990), are listed in Table 3. Parameter
o describes the mean of the natural logarithms of the
observations (w) and equals (Eberl ez al., 1990)

a =2 (In ®)f(w) 6))

and B? describes the variance of the natural logarithms
of the observations and equals

B2 = X [In(w) — al2f(w) 2)

In equations (1) and (2), flw) is the frequency of the
observation w. The crystal-size distributions described
by these parameters often have distinctive shapes,
which can provide information about the crystal-
growth history of various types of minerals (Baronnet,
1982; Eberl et al., 1998).

The B? parameter of both length and width is nearly
constant for all samples, whereas parameter « increas-
es in the mordenite-bearing zone. This effect explains
the lognormal steady-state shape profile observed
when the PSDs were plotted in reduced coordinates
(Figure 9c, d), because such PSD profiles are observed
in crystal populations where B* remains constant with
an increase in crystal size (parameter o). Lognormal
profiles (Figure 10) with these characteristics may in-
dicate crystal growth in supply-controlled open sys-
tems or supply-controlled random ripening in closed
systems (Eberl et al., 1998). Unlike Ostwald ripening
(Baronnet, 1982), random ripening is not controlled by
the surface area of the reactive particles but might be
controlled by other factors such as strain or environ-
mental heterogeneity (Eberl et al, 1998). Note that
bentonites form in open systems characterized by high
water : rock ratios and remarkable microenvironmental
heterogeneity (Christidis and Dunham, 1993; Christi-
dis et al,, 1995). Analytical data throughout the alter-
ation profile (Table 4) as well as from similar alter-
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Figure 7. SEM image showing the progressive alteration of volcanic glass (G) to smectite (S) through an intermediate
precursor phase (PS) of probable allophane composition (see text). The arrows indicate smectite flakes growing from the
precursor. The small spherules present are opal-CT. Scale bar = 6 pm.

Figure 8. SEM images showing the different morphological types of mordenite: (a) mordenite fibers (M) forming from an
amorphous, gel-like precursor (G), associated with smectite flakes (S). No direct association is observed between mordenite
and smectite. (b) Well-developed mordenite fibers associated with smectite, joining cavity walls formed from the dissolution
of the volcanic glass, and mordenite fibers (shown by white arrow) draped over smectite flakes. Scale bars = 10 um.
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Figure 9. Particle-size distributions (PSDs) and corresponding reduced profiles for length (a and c¢) and width (b and d), of
smectite particles from the smectite zone (SM278) and the mordenite-bearing zone (SM277 and SM259). The solid lines in
(a) and (b) correspond to calculated lognormal distributions. AI) is the frequency of a given particle dimension, f{I),,, is the
maximum frequency encountered, / and /., denote particle length and mean particle length, respectively and w and w,, denote

particle width and mean particle width, respectively.

ation terrains suggest that this is also the case in this
study (see below). Mass balance calculations for the
smectite- and the mordenite-bearing zone indicated
water:tock ratios of 13.3:1 and 5.5:1, respectively
(Christidis, 1998a).

DISCUSSION

Formation and crystal growth of smectite

The coexistence of alteration zones with mordenite
and smectite was used to examine the possible influ-
ence of zeolites on smectite growth. Smectite forms

first during dissolution of the volcanic glass through
nucleation and crystal growth, leading to pseudomor-
phic textures after volcanic glass (Figure 6c). The al-
lophane-type precursor (Figure 7) either acts as a sub-
strate or dissolves after reaction with the pore-fluid, so
that smectite crystals nucleate rapidly under high local
supersaturation conditions. Figures 9 and 10 suggest
that smectite crystals continue to develop via supply-
controlled growth in an open system or supply-con-
trolled random ripening in a closed system. Lognormal
size-distribution profiles are also exhibited by crystals

Table 3. Average values of length and width and o and B? parameters of the smectite particles from the smectite zone
(SM278) and the mordenite-bearing zone (SM277 and SM259). a and p? are the mean and variance of the natural logarithms

of the observations, respectively.

Smectite particle size a B?

Sample Length (um) Width (um) Length Width Length Width
SM278 0.31 = 0.16 0.17 = 0.08 5.54 4.97 0.26 0.20
SM277 0.32 £ 0.13 0.16 * 0.06 5.51 4.94 0.18 0.17
SM259 0.44 £ 0.17 0.27 £ 0.10 5.95 5.44 0.17 0.17
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Figure 10. Variations in o and P? for PSDs of smectites
from the smectite and the mordenite-bearing zone, plotted on
Figure 12 of Eberl et al. (1998). The arrow indicates the
direction of decrease of the water:rock ratio during alteration.
Solid symbols denote length and open symbols denote width.
Circles = SM278, squares = SM277, diamonds = SM259.

which grow via a surface-controlled growth mecha-
nism (Eberl et al., 1998). However, such systems yield
PSDs with large variance (parameter 32) at large mean
crystal sizes (parameter o), because B2 increases line-
arly with mean size (Figure 10). A surface-controlled
growth mechanism might have been active at an early
stage during which the lognormal profile was estab-
lished, after which the crystals grew larger, preserving
B2 Such examples were presented by Eberl et al
(1998) for garnet and dolomite.

The PSD data in Figure 10 are supported strongly
by geochemical evidence. In Table 3, X-ray fluores-
cence (XRF) analyses from Christidis (1998a) are giv-
en. The observed remarkable increase of the Mg and

Christidis

Clays and Clay Minerals

Fe content relative to the parent rock during alteration,
particularly in the smectite zone, is not residual (Chris-
tidis, 1998a). Therefore the pore-fluids supplied sig-
nificant amounts of Mg and Fe required for smectite
formation, indicating a supply-sustained growth in an
open system. This type of crystal growth is believed
to predominate in smectites and bentonites. However,
the existence of abundant mordenite indicates incom-
plete alkali leaching, suggesting that some domains of
the rock behaved as essentially closed sub-systems,
due to variations in permeability. In such micro-do-
mains, random ripening of smectite might also have
occurred. Thus, the growth of smectite crystals was
affected by the microenvironmental conditions.

The smectite from the mordenite-bearing zone is
larger than its counterparts from the smectite zone
(Figure 9). However, the lower water : rock ratio cal-
culated for this zone (Christidis, 1998a) suggests that
smaller amounts of nutrients (Mg and Fe) were sup-
plied by the fluid phase. Thus, the mordenite-bearing
zone must be considered a separate system. The great-
er crystal size of smectite in this zone is attributed: (1)
to the lower supersaturation with respect to smectite,
due to limited Mg supply and leaching of alkalis (i.e.
conditions which favor mordenite), in domains with
limited fluid flow (essentially closed sub-systems);
and/or (2) to random ripening, involving dissolution of
initially-formed smectite crystals, during the formation
and in the vicinity of mordenite-rich domains. Thus,
the similar size of smectite particles in SM277, col-
lected close to the boundary between zones 4 and 5
(Figure 1), and SM278, is attributed to the low mor-
denite content of SM277.

The smectites studied do not display significant
compositional variation, suggesting that the sustained
supply of Mg and Fe may have homogenized the pore-

Table 4. Chemical analyses of the rocks in the Prassa alteration profile and calculated water : rock (WR) ratios (after Christidis,

1998a).

SM285 SM283 SM282 SM280 SM278 SM277 SM261
Sio, 72.51 71.78 76.23 61.39 60.82 64.47 67.74
ALO, 12.06 13.21 11.66 20.47 20.67 19.06 16.79
TiO, 0.09 0.1 0.11 0.16 0.17 0.15 0.13
Fe,O, 0.56 0.72 1.17 1.91 2.18 1.63 1.19
MnO 0.01 0.02 0 0 0.01 0 0.02
MgO 0.27 1.33 2.79 5.09 5.28 3.41 1.99
CaO 0.51 0.61 0.7 1.1 1.06 1.08 1.14
Na,O 3.51 3 0.39 0.75 0.88 1.17 1.94
K,O0 4.19 2.82 0.12 0.21 0.33 1.69 2.3
P,Os 0 0.02 0.02 0.02 0 0 0
LOI 5.84 5.86 6.1 7.85 6.91 7.43 7.29
SO, 0 0 0.06 0.33 0.81 0 0
Total 99.55 99.47 99.35 99.28 99.12 100.09 100.53
WR ratio 4.5:1 13.3:1 5.5:1

Sample SM285 corresponds to the fresh glass, SM283 to the glass + smectite zone, SM282 to the smectite + opal-CT
zone, SM280 and SM278 to the smectite zone, and SM277 and SM261 to the smectite + mordenite zone. Characterization

of the alteration zones is from Christidis and Scott (1997).
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fluid chemistry, forming smectite with increased Mg
and Fe content compared with the parent rock. This
explains the compositional characteristics observed in
Figure 3. In contrast, the pore-fluid chemistry during
the formation of the bentonites from Milos from sim-
ilar parent rocks was significantly inhomogeneous, and
its chemistry was dominated by small-scale uptake of
Mg by the solid phase and by local migration of Mg,
Fe and Si (Christidis and Dunham, 1997). Thus, unlike
the bentonites from Milos, the chemistry of the pro-
tolith in the present study did not influence the crystal
chemical characteristics of the neoformed smectites.

The use of length and width measuments of smectite
particles instead of thickness measurements was not
arbitrary. The thickness of a smectite layer is constant
(“‘fundamental” particle size of 10 A, Nadeau et al.,
1984) throughout the growth process, unlike interstrat-
ified illite-smectite, the particles of which become pro-
gressively thicker with illitization (Eberl ez al., 1990;
Inoue and Kitagawa, 1994; Christidis, 1995). Smectite
particles tend to form quasicrystals, the thickness of
which depends on the type of the interlayer cation
(Schramm and Kwak, 1982; Sposito, 1994). For
Ca,Mg-rich smectites in this study, quasicrystals con-
tain 3-7 layers (Schramm and Kwak, 1982; Sposito,
1994). Using Pt shadowing, Christidis (1995) found
that the thickness of Ca,Mg-rich smectites from ben-
tonites from Milos is 44 = 11 A. Therefore, unlike
interstratified illite-smectite, the distribution of smec-
tite particle thickness is not considered thermodynam-
ically important and cannot provide a direct measure
of the progress of smectite growth.

Influence of the smectite and mordenite on the pore-
fluid chemistry

K-rich mordenite is an unusual mineral because the
dominant exchangeable cations of this zeolite are Na
and Ca (Gottardi and Galli, 1985). Clinoptilolite is
favored over mordenite at low temperatures and high
K:Na ratios in synthesis experiments (Hawkins, 1981).
The exchangeable-cation chemistry of smectite is
comparable with that of the coexisting K-rich morden-
ite (Figure 4). Smectite may have influenced the pore-
fluid chemistry if the first particles to form contained
interlayer K. If so, the K+/(Na* + Ca?*) activity ratio
of the pore-fluid would have been relatively low, and
the (Na+* + Ca?*)/H* activity ratio high, favoring the
formation of the Na,Ca-rich mordenite (common mor-
denite).

The formation of K-bearing phases was influenced
by the pH of the fluid phase and/or the cooling history
of the parent rock. Alteration in an open system, at
neutral to slightly alkaline pH is expected to increase
the Na*/K* activity ratio in the pore-fluid relative to
the parent rock, because Na is leached preferentially
(White and Claasen, 1980) thereby raising the K*/Na*+
ratio of the leached glass. Also, rapid cooling of the
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parent volcanic glass forms large interstices in the sil-
icate network, thereby facilitating accommodation of
K (Shiraki and Iijama, 1990). The K might participate
in the formation of K-bearing smectite and subse-
quently K-bearing mordenite via dissolution of their
poorly crystalline or amorphous precursors. At a later
stage, reaction with the fluid phase, possibly modified
seawater (Christidis, 1998a), led to replacement of K
by Ca and Na, present in the fluid phase.

Alternatively, dissolution of K-bearing smectite
crystals, and growth of Ca,Na-rich smectite via ran-
dom ripening, in domains where the system was es-
sentially closed, released K to the pore-fluid and re-
moved Ca and Na from the pore-fiuid, thereby raising
the K*/(Na* + Ca?*) activity ratio. Thus, the micro-
environment was favorable for the crystallization of
K-rich mordenite. Note that Matsuda ez al., (1996) ob-
served removal of interlayer K from smectite and con-
comitant formation of K-rich clinoptilolite with in-
creasing depth, during diagenetic alteration of rhyolitic
glass. These mechanisms do not require nucleation of
smectite during zeolite formation, which would be un-
likely due to the unfavorable pore-fluid chemistry.
Moreover they do not require an external K influx for
which there is no geological evidence.

Nevertheless, it is not clear why K-rich mordenite
formed instead of clinoptilolite. Four possibilities are: (1)
K-rich mordenite was favored by epitaxial growth over
a Na- and Ca-rich precursor. Although such a ‘zonal’
relationship was not observed, it is not excluded because
of restrictions of the microprobe analysis. (2) The tem-
perature was suffiently high to favor the formation of
mordenite over that of clinoptilolite. Mordenite, which
may be a high-7 analogue for clinoptilolite, is commonly
found in high-T7 terrains, of either hydrothermal or geo-
thermal origin (Boles, 1977). (3) The Al activity of the
pore-solution was either high or low. At 25°C clinoptil-
olite has a maximum stability field at an intermediate Al
activity, which decreases with either the increasing or
decreasing activities of Al (Bowers and Burns, 1990).
Indeed, the Si:Al ratio of mordenites is high (=5.8:1)
suggesting a small degree of Al activity. (4) The
composition of the Si species in the pore-fluid may
have favored the formation of mordenite. If the ratio
of Si monomers [Si(OH),, SIO(OH)~ or SiO,(OH),2"]
to Si-tetramers [Si,O4(OH),*"] increases, then Si pen-
tamers (close to the five-membered ring structure of
mordenite) might form (tetramer + monomer) (Haw-
kins, 1981). For pH <8.5, the alteration of rhyolitic
glass yields predominantly Si(OH), as a Si monomer,
and a very high Si(OH),:Al(OH),™ ratio (Mariner and
Surdam, 1970). This suggests that the Al activity was
low, i.e. not suitable for the formation of clinoptilolite.

SUMMARY AND CONCLUSIONS

The progressive alteration of a rhyolite glass to a
typical bentonite and a mordenite-bearing bentonite in
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Kimolos Island, Greece, provided valuable informa-
tion about the mechanism of formation and growth of
smectite. The smectites formed are Chambers- and Ta-
tatilla-type montmorillonites, they display rather insig-
nificant compositional variation and seem to have nu-
cleated from a poorly crystalline precursor, which had
an allophane-type composition. Mordenite has also
formed at the expense of an Al-Si rich amorphous ma-
terial.

Length and width measurement of smectites yielded
lognormal profiles, which suggest supply-controlled
crystal growth in open system or random ripening in
closed system. Supply-controlled crystal growth in an
open system is supported by mass balance calculations
in previous studies, which show that large amounts of
Mg and Fe have been transported by the fluid phase
(Christidis, 1998a). Both smectite and mordenite
can affect pore-fluid chemistry by ion exchange re-
actions. Moreover, random ripening of unstable
montmorillonite crystals in semi-closed domains of
the system is expected to release K, favoring the
formation of K-mordenite. Exchange of K between
smectite and zeolites, often present in bentonites, may
be an important factor for retaining K in the system,
which in turn can facilitate illitization, during subse-
quent diagenesis. Such a mechanism might provide a
plausible explanation for K availability, which affects
the smectite-to-illite reaction, in terrains where evi-
dence for a source of K is lacking and zeolites are
present.
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