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Abstract—The occurrence of kerolite in association with various secondary Ca-Mg carbonate mineral
deposits (speleothems) was identified in basaltic sea caves on the island of Kauai, Hawaii. Kerolite is the
dominant clay mineral in the deposits. X-ray diffraction (XRD) peaks of the kerolite are characteristically
broadened indicating its extremely poor crystallinity. Few changes were observed in the XRD patterns of
this kerolite when it was subjected to various humidity, temperature and ethylene-glycol treatments. The
crystals appear as flaky masses with irregular or jagged edges in scanning (SEM) and transmission electron
microscopy (TEM). Electron probe and energy dispersive X-ray (EDX) microanalysis show that the clay
material is dominated by Mg-Si-O, with minor amounts of Al and Ca in some samples. The chemical
composition, thermal analysis and TEM observations suggest that smaller amounts of an amorphous
serpentine-like phase are mixed with the kerolite. Kerolite is often the only mineral associated with poorly
mineralized, actively-growing microbial mats in these caves and it is common in completely lithified
microbial mats. The latter commonly have microstromatolitic structures with kerolite as a dominant phase.
These features suggest that kerolite formation is at least in part a result of microbial activity. The abundant
extracellular polymers of the mat-forming bacteria bind and concentrate ions (Mg2+, silica) from solution
and serve as nucleation sites for kerolite precipitation. Conditions within the mats also probably lead to
formation of Mg-Si-gels, amorphous Mg-silicate precursors and ultimately kerolite. Evaporation of the
cave solutions may also contribute to kerolite formation.
Key Words—Bacteria, Basalt, Caves, Clay, Hawaii, Kauai, Kerolite, Magnesium, Microbial Mats,
Speleothems .

INTRODUCTION
This paper describes kerolite and associated clay

minerals from Kauai sea caves, using powder XRD,
electron microscopy, electron probe microanalysis and
thermal analysis. To the best of our knowledge, this is
the first description of kerolite in Hawaii, as well as in
basaltic caves. This is also believed to be the first known
association of kerolite with bacteria and microbial mats.

Authigenesis of clay minerals in caves is a wide-
spread process, though it has received relatively little
attention compared to carbonate minerals (Hill and
Forti, 1997). Finlayson and Webb (1988) described
poorly-ordered sepiolite and halloysite interbedded with
calcite in secondary mineral deposits (speleothems)
from granitic caves of the Peninsular Ranges and
Sierra Nevada batholiths, California. White (1976)
mentioned the presence of authigenic ‘endellite’ (1 nm
halloysite) in soils from Carlsbad Caverns and sepiolite
on the ends of speleothems in the Zbrazor Caves in the
former Czechoslovakia. Polyak and Güven (2000)
described Mg-clays (including a minor amount of a
poorly crystalline, Mg-rich kerolite-like mineral) occur-
ring in carbonate- and smectite-rich speleothems from
dolomite-hosted caves in the Guadalupe Mountains,
New Mexico. Carbonates and clays have also been
found together in various basaltic caves, but little

mineralogical work has been performed on these
occurrences (e.g. Waters et al., 1990; Kashima, 1993;
Sarkar et al., 1998).

Kerolite (Mg3Si4O10(OH)2·nH2O) is a relatively
uncommon, hydrated and highly disordered variety of
talc (Maksimović, 1966; Brindley et al., 1977; Brindley
and Brown, 1980). Its basal XRD reflections are
typically broadened compared to those of talc, indicating
a small crystal size and extreme disorder (Brindley et al.,
1977). Kerolite shows only an occasional poor response
to ethylene glycol treatment, and only then after several
days of exposure (Brindley et al., 1977). These
characteristics allow it to be differentiated from
stevensite, a Mg-rich smectite, and from talc, which is
well-ordered. However, because of its d001 diffraction
centered around 1.0 nm, kerolite may be misidentified as
illite in sedimentary samples containing a mixture of
clays and other minerals (Stoessell and Hay, 1978).
Kerolite may also be mistaken for stevensite, saponite or
sepiolite based on chemical composition alone.

Secondary mineral deposits in basaltic sea caves on
the island of Kauai, Hawaii, were first described in detail
by Léveillé et al. (2000a). The deposits are extremely
variable in macroscopic character, ranging from exten-
sive mm-thin, powdery coatings to hard crusts several
cm thick, which commonly occur in circular patches of a
few tens of cm in diameter. Complex assemblages of
aragonite, calcite, monohydrocalcite, dolomite, magne-
site, hydromagnesite and a 1.0 nm Mg-clay, identified as
kerolite, were recognized by XRD and electron probe
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microanalysis. Minor amounts of gypsum occur almost
exclusively in magnesite-rich, thin coatings.

The association of these cave deposits with actively-
forming microbial mats was demonstrated by Léveillé et
al. (2000b). Scanning and transmission electron micro-
scopy revealed that the mats are dominated by bacteria
and cyanobacteria, and contain abundant extracellular
polymeric substances (EPS) forming a dense, hydrated
mucus. The mats vary in their degree of mineralization;
some show no mineralization, whereas others are
extensively mineralized. Microstromatolitic structures,
consisting of alternating Mg-clay- and aragonite/calcite-
rich layers, are common in the thicker mineral deposits
and suggest that they are the lithified remains of
microbial mats (Léveillé et al., 2000b). In addition to
being found in these structures, kerolite also typically
appears in poorly mineralized microbial mats and as
powdery masses. No clay was found in the thin, powdery
coatings dominated by magnesite or in carbonate-filled
vesicles near the basalt surface (Léveillé et al., 2000a).

Isotopic and geochemical evidence indicate that the
secondary minerals have crystallized from Ca-Mg-Si-
HCO3-dominated fresh water (pH ~8) seeping from the
basaltic host rock, and this mineralization process is
ongoing at some locations (Léveillé, 2000). The cave
and surface waters were found to be, for the most part,
close to saturation with respect to kerolite (Léveillé,
2000). Modeling of the changes in concentration of the
cave-water solutes as a result of evaporation showed that
kerolite could become supersaturated upon equilibration
of the water with the cave atmosphere (PCO2

= 10¡3.5), or
upon minor evaporative concentration of solutes and a
corresponding small increase in pH (Léveillé, 2000).

MATERIALS AND METHODS

Seven speleothem samples collected from two of the
large ‘wet’ and ‘dry’ caves on the north coast of Kauai,
Hawaii (see Léveillé et al., 2000a, b) were crushed to
< ~2 mm grain-size and placed in a sodium acetate
buffered acetic acid solution (pH ~5.0¡5.2) for several
days at ~35¡658C to selectively dissolve the carbonates
(Ostrom, 1961). After washing in distilled water by
centrifugation, drying in an oven at 658C and grinding to
< ~0.6 mm, the samples were dispersed using an
ultrasonic agitator. The <2 mm fraction was then
separated by settling in 30 cm high glass columns.
Bleach (6%) was added to the separated material as a
flocculant and to oxidize organic matter. The separated
material was then washed in distilled water several times
by centrifugation.

Randomly-oriented specimens of the separated
<2 mm material were prepared for XRD analysis using
glass mounts. Ca and K saturations of other portions of
the <2 mm fraction were prepared using 2 M CaCl2 and
2 M KCl, respectively. Following thorough washing and
freeze drying, ceramic disk mounts of the Ca- and K-

saturated material (~20 mg each) were prepared to
obtain preferred-oriented samples for XRD analysis. In
preparation of these mounts, some samples did not
completely disperse after ultrasonication (even after
2¡3 min) and after drying, many mounts showed
desiccation cracks. After trial and error, and following
the suggestions of Hay et al. (1995), the following steps
were found to be the most effective for sample
preparation. Samples were first gently ground and placed
in water overnight. Then, the samples were wet-ground
in a ball-mill for ~1 min. Finally, the samples were
dispersed by ultrasonication before preparing the disk
mounts.

Powder XRD analysis was performed using a Rigaku
diffractometer, equipped with a rotating anode (CoKa
source; 160 mA and 45 kV) and a graphite monochro-
mator. Scans of randomly-oriented samples were per-
formed at a rate of 1082y/min and a step size of 0.0282y,
while those for oriented samples were performed at a
rate of 282y/min with the same step size. The K-
saturated, oriented specimens were analyzed at 54%
relative humidity (RH) and at 0% RH. They were also
analyzed after heating to 300 and 5508C. The Ca-
saturated, oriented specimens were first analyzed at 54%
RH. They were then exposed to an ethylene glycol
atmosphere for extended periods (>4 weeks) and then
analyzed again.

Polished thin-sections cut from resin-impregnated
speleothem samples, or rocks with speleothem coatings,
were examined petrographically. Four of these sections
were then carbon-coated and examined again using a
JEOL JXA 8600 electron probe. Typically, 9 or 10 spot
analyses were performed in clay-rich areas on a given
thin-section to determine clay composition. Quantitative
compositional data were obtained using wavelength
dispersive X-ray spectroscopy and appropriate standards.

Three sub-samples of the <2 mm material were
examined by transmission electron microscopy (TEM),
using a Philips CM10 TEM at an accelerating voltage of
80 kV. Samples were dispersed in micropore-filtered
distilled water by ultrasonication for 1¡2 min and
pipetted onto carbon-coated nickel grids with Formvar
coatings. Two of these samples were also analyzed by
energy dispersive X-ray spectroscopy (EDS) at an
accelerating voltage of 100 kV using a Philips
EM400T TEM equipped with a Link LZ-5 EDS system.
Samples of microbial mats were also examined as
described in Léveillé et al. (2000b) using a JEOL
JEM-2000 FX TEM equipped with a PGT Prism EDS
system.

Freshly exposed surfaces of two bulk kerolite-rich
samples were analyzed by scanning electron microscopy
(SEM), using a Hitachi S-4500 Field Emission SEM
equipped with an EDAX X-ray analysis system. The
SEM was operated at an accelerating voltage of 15 kV
with a working distance of 15 mm as a suitable
compromise between minimizing charging and sample
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damage, and obtaining sufficient counts during EDS
analysis.

Differential thermal analysis (DTA) and thermogra-
vimetric (TG) measurements were performed using a
Linseis L81 Thermobalance. Approximately 15¡20 mg
of the <2 mm clay fraction was heated from ~20 to
1058C at 18C/min and from ~105 to 10008C at 108C/min,
along with alumina as a standard. In some cases, the
sample was analyzed by XRD after heating to 10008C to
determine if temperature-induced mineralogical trans-
formations had occurred.

RESULTS

X-ray diffraction

All samples examined by XRD showed similar
patterns with poor peak sharpness and a broad, asym-
metric peak at ~1.0 nm (Figure 1), which corresponds to
the d001 peak of kerolite (Brindley et al., 1977). There
were minor differences between the samples but all
seven showed broad diffractions at ~0.45, 0.32, 0.25 and
0.152 nm, the latter representing the d060 spacing,
indicating a trioctahedral structure. The peaks at ~0.45
and ~0.25 nm are distinctively asymmetric and steeper
towards lower angles of 2y. Such asymmetry was
reported previously for kerolite (cf. Brindley et al.,
1977; Pozo and Casas, 1999).

Samples prepared to enhance the orientation of 00l
reflections (preferred orientation) did not have XRD
patterns (Figures 2,3) that were significantly different
from those of the randomly-oriented specimens. The K-
saturated and Ca-saturated samples were nearly identical
for similar treatments. All of the broad peaks remained
in the K-saturated samples after treatment at 5508C,
although a slight sharpening of the d001 reflection was
observed after heating to 3008C and 5508C (Figure 2). A
bulk sample heated to 5008C during DTA/TG analysis
showed no obvious differences in its XRD pattern from

the unheated bulk sample, except for a slightly more
defined d001 reflection at ~1.0 nm. Variations in XRD
patterns as a consequence of treatments at different
relative humidities were negligible (e.g. K-saturated at
54% RH vs. K-saturated at 0% RH; Figure 2). Ethylene
glycol treatment for more than 4 weeks led to only minor
changes in the intensity of the 1.0 and 0.45 nm
reflections relative to the same Ca-saturated sample
analyzed at 54% RH (Figure 3). The main change
resulting from glycolation was a slightly improved
resolution of the 1.0 nm reflection towards lower angles,
and decreased resolution of the 0.45 nm reflection
towards higher angles. Reflections associated with
smectite or smectite interlayers were not observed in
any ethylene glycol-treated sample. The d001 diffraction
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Figure 1. XRD pattern of a randomly-oriented, bulk (untreated)
speleothem sample consisting mainly of poorly-ordered kero-
lite. Major d-spacings are labeled.

Figure 2. Representative XRD patterns of oriented mounts of a
K-saturated, <2 mm kerolite sample at different relat ive
humidities (RH) and temperatures.
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Figure 3. Representative XRD patterns of oriented mounts of a
Ca-saturated, <2 mm kerolite sample. The upper trace represents
a sample solvated in an ethylene glycol-saturated atmosphere
for >4 weeks.
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of smectites such as stevensite (or kerolite-stevensite)
tend to collapse to ~1.0 nm upon heating to temperatures
>375¡4008C (Hay et al., 1995; Elton et al., 1997); such
behavior was not observed in the Kauai material.
Similarly, no diffractions were evident at 0.7 or 1.2 nm
for any of the samples, indicating that neither crystalline
serpentine nor sepiolite are abundant in these samples.
No other silicates were identified by XRD.

Petrography and electron microscopy
The kerolite appears as dark-brown, reddish-brown or

dark-gray masses under the petrographic microscope. Its
extremely fine grain-size precluded any detailed obser-
vations of its crystallinity using this method.

In SEM, the kerolite generally has an irregular
appearance and a flaky, wavy texture; it typically occurs
as irregular stacked plates (Figure 4a,b). Qualitative
analysis by EDS confirmed that the kerolite is composed
almost entirely of Mg, Si and O (Figure 4c). Small
amounts of Ca, C and Al were detected within the
masses of kerolite in some samples. Desiccation or
shrinkage cracks <10 mm in width are common in many
samples. Stoessell (1988) described similar-looking,
though extremely fine-grained, massive kerolite as
crinkly and flaky or smectitic looking in SEM. The
Kauai samples are also similar in appearance to the
mixed-layer kerolite-stevensite examined by Hay et al.
(1995; their Figure 6) and described as a boxwork of
wavy sheets.

Although clumping and aggregation were often
problems in the samples analyzed by TEM, individual
particles were common enough to allow inspection of
particle shape and size. The kerolite crystals are
typically sub-rounded in outline with irregular, jagged
or fluffy edges, which often curl upon themselves
(Figure 5a,b). Aggregates of many plates are common,
and can be ~3¡4 mm in diameter. Individual crystals are
typically ~1 mm in diameter. Qualitative EDS analysis
showed that Mg, Si and O are the only major
constituents (Figure 5c). Minor amounts of Al were
detected in some samples. In both the <2 mm isolates and
the bulk material, non-distinct, material amorphous to
X-rays is also commonly observed. The Kauai kerolite is
similar in appearance to that studied by Maksimović
(1966), who described it as ...irregular fluffy masses
with ill-defined edges.... In some cases, it resembles the
packed hollow sphere texture found in the Tagus Basin
pink clays composed of poorly crystalline stevensite,
saponite and talc (Santiago Buey et al., 2000).

Small amounts of a euhedral, platy mineral with a
hexagonal shape, ~1¡2 mm in size were also observed
by TEM (Figure 5b). Analysis by EDS revealed it to be
composed predominantly of Al, Si and O (Figure 5d).
This phase is probably kaolinite. Smaller pseudo-
hexagonal plates and pseudo-rectangular tablets
(<500 nm) are also present in trace quantit ies
(Figure 6a). Both show well-developed crystal bound-
aries and they occur individually and in stacks. These
may also be kaolinite. However, no other evidence for
kaolinite was found in the bulk XRD analyses or in
electron probe microanalyses (EPM), except for the
small amount of Al detected in some of the kerolite-rich
masses. Traces of extremely small (<250 nm in length)
needle-like crystals are also present in these samples
(Figure 6b). No useful compositional information was
obtained for the crystals illustrated in Figure 6.

O
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(Au) Ca
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Energy (keV)
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b
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Figure 4. SEM images of irregularly-shaped, stacked flakes (a)
and wavy, irregular masses (b) of kerolite-rich material from
Kauai cave deposits. (c) EDS spectrum from kerolite-rich
material seen in part a, showing the dominance of Mg, Si and O.
Ca and C are probably from Ca carbonate. Au is from the gold
coating.
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Poorly mineralized microbial mat material analyzed
by TEM-EDS consistently showed abundant Mg and Si
concentrated within dense EPS surrounding bacterial
cells (Figure 7). This is consistent with the previous
findings of Léveillé et al. (2000b).

Chemical composition

Major oxide compositions of the Kauai kerolite, as
determined by EPM, are summarized in Table 1. No
cations other than Mg and Si are present in significant
amounts. In two separate spot analyses, the Al2O3

content was found to be ~2%, though it is typically
<<1%. All other oxide contents are <1%. In all four
samples, the structural formula calculations show that
there is a deficiency of SiO2 (<4 tetrahedral cations) and
an excess of MgO (>3 octahedral cations), assuming a
unit-cell with O10(OH)2 and a charge balance of 22 for
kerolite. The SiO2/MgO molar ratios for the kerolite
range between 1.06 and 1.27 (Table 1); they are all
below the expected theoretical value of 1.33 for ‘ideal’
kerolite.

The two samples from the Wet Cave (WC-05 and
WC-09) are similar in chemical composition to pre-
viously reported results for kerolite or kerolite-steven-
site, whereas those of the two Dry Cave samples (DC-06
and DC-07) trend towards the composition of kerolite-
rich deweylite (Figure 8; see below). These differences

may be related to the compositions of the cave waters;
the Dry Cave waters have a Si/Mg ratio of ~1.3, whereas
that in the Wet Cave waters is ~2.5 (Léveillé, 2000).
However, EPM does not permit accurate monomineralic
analyses to be obtained from the fine-grained clay
component. Hence, the results reported in Table 1 may
include quantities of phases like serpentine, which can
be physically mixed or mineralogically interstratified
with the massive kerolite. Any significant serpentine
impurity in a kerolite-rich sample would result in
octahedral cation (Mg) contents in excess of 3 and
tetrahedral cation (Si) contents of <4 for the kerolite.

Thermal behavior

The results of the thermal analysis are presented in
Figure 9. Typically, DTA traces for the kerolite-rich
samples show two moderately sharp endothermic peaks;
one at ~1008C, and another at ~8108C. A broad
exothermic peak at 300¡3508C and a very sharp
exothermic peak at ~820¡8258C are also present. The
two endothermic peaks are slightly less well defined in
samples judged to be less crystalline based on their XRD
patterns. The TGA curves indicate that ~5¡6.5% of the
weight is lost rapidly up to ~110¡1208C, followed by a
gradual weight loss of 5¡9% to ~7808C, with a final
rapid loss of ~2¡2.5% between 780 and 8208C (total
weight loss = ~13¡18%). Samples heated to 10008C and

a b
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O
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Figure 5. (a) TEM image of irregularly-shaped kerolite grains, with ragged edges. These crystals have the sharpest XRD peaks of all
the kerolite examined in this study. (b) TEM photomicrograph of kerolite (left) and an Al-rich, hexagonal mineral (right) believed to
be kaolinite. (c) EDS spectrum of kerolite showing Mg, Si and O as the only constituents. (d) EDS spectrum of putative kaolinite,
showing Al, Si and O. Ni is from the Ni grids.
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above were subsequently analyzed by XRD; they showed
no kerolite diffraction peaks, but instead displayed
reflections that correspond to forsterite and enstatite.

The DTA/TG results are generally consistent with
previous findings for kerolite and similar material. The
two endothermic peaks at ~1008C and ~8108C are
characteristic of kerolite and they probably correspond
to the loss of adsorbed water and dehydroxylation
(col lapse) of the structure, respect ively (e.g.
Maksimović, 1966; Brindley et al., 1977). An exother-
mic peak at ~8308C immediately following an endother-
mic peak (such as that seen in Figure 9) is generally
diagnostic of the breakdown (dehydroxylation) and re-
crystallization of serpentine to forsterite, or sepiolite to
enstatite (Mackenzie, 1970; Morandi and Poppi, 1974).
The broad exothermic peak at ~300¡3508C (Figure 9)
may also be at t r ibuted in part to serpent ine
(Maksimović, 1966; Mackenzie, 1970; Morandi and
Poppi, 1974) or to the oxidation of organic matter
(Mackenzie, 1970). Although bleach was added to the
material during the clay separation process, some
organic matter may not have been completely oxidized.
However, the DTA/TG patterns for the Kauai samples
closely resemble those of Morandi and Poppi (1974) for
chrysotile-rich deweylites.

DISCUSSION

Nature of the Kauai kerolite and associated clay
minerals

Our XRD findings are consistent with kerolite being
the dominant phase in the <2 mm material and the
dominant clay mineral in the cave deposits. The broad-
ening of kerolite’s basal reflections is generally ascribed
to poor ordering (disordered layer stacking) and (or)
small crystallite size (Brindley et al., 1977; Brindley and
Brown, 1980). However, the reflections for the Kauai
kerolite are even broader than reported in most previous
analyses. Because the Kauai kerolite crystals appear to
be relatively large (i.e. ~1 mm), as revealed by TEM, the
broadening of its basal reflections is probably a result of
its extreme disorder. The difficulties encountered during
the preparation of ceramic disk mounts of preferred-
oriented material were probably a consequence of this
extreme disorder. Hay et al. (1986) also noted that
kerolite was more difficult to disperse in water than Mg-
smectite from the same localities. Similarly, Martin de
Vidales et al. (1991) found it physically impossible to
obtain completely oriented samples of kerolite-rich
material on glass slides after drying, despite using a
dispersant and varying the proportions of solid to liquid

0.5 mm

0.25 mm

a

b

Figure 6. (a) TEM image of uncommon, pseudo-hexagonal, fine-
grained crystals, possibly of kaolinite. (b) TEM image of
extremely fine, needle-like crystals, possibly of serpentine,
found in trace amounts. No compositional information was
obtained for these minerals.

eps

C

O
Mg

Si

U

(Ni)

Energy (keV)
2.0 4.0 6.0 8.0

0.5 mm

Figure 7. TEM image of a microbial mat material from the Kauai
caves. Three bacterial cells (arrows) are completely surrounded
by a dense matrix of fibrillar extracellular polymeric substances
(eps). The eps contains abundant Mg, Si, O and C as revealed by
EDS analysis. U is from uranyl acetate stain added to increase
contrast. Ni is from the Ni grid.
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in suspension, or the time of ultrasonic treatment. The
extreme disorder of the Kauai kerolite may be a
consequence of bacterially-mediated crystallization
(see below) as bacterial neoformation of clay-like
minerals typically produces poorly-ordered crystals or
amorphous phases (Tazaki, 1997; Konhauser and
Urrutia, 1999).

Together, the bulk chemical compositions and the
DTA/TG results may suggest that a serpentine-like phase
coexists with the kerolite. This phase is probably
amorphous or extremely disordered and extremely fine-
grained as no diagnostic 0.7 nm peak was apparent in the
XRD patterns. The fine (<250 nm) needle-like crystals
observed in TEM, but not identified, may be serpentine.
Kerolite has previously been found mixed with poorly-
crystalline serpentine, both in natural settings and in
experimental reaction products (e.g. Brindley et al.,
1977; Sakamoto et al., 1981; G‡́slason et al., 1993). The
term ‘deweylite’ has been used to describe intimate
mixtures of an extremely fine-grained, highly-disor-
dered, talc-like mineral (i.e. kerolite-like) and a dis-
ordered serpentine mineral, typically chrysotile, in
varying proportions (Bish and Brindley, 1978).
Deweylites typically have chemical compositions inter-
mediate to 1:1 and 2:1 type Mg-clays (Figure 8) and

have distinct XRD patterns with major peaks at both 1.0
and 0.7 nm, corresponding to kerolite and serpentine,
respectively (Speakman and Majumdar, 1971; Bish and
Brindley, 1978; Brindley and Brown, 1980). However,
serpentine may not be recognized by XRD in kerolite-
rich materials, even when it makes up as much as 20% of
the sample (Brindley and Brown, 1980). In the case of
the Kauai samples, simple mixing calculations based on
the MgO% composition of ideal serpentine and the
average of published kerolite compositions indicate that
~12¡26% of serpentine-like material could be present
with the kerolite. However, because of the lack of
0.7 nm reflections for the present samples, the presence
of crystalline serpentine cannot be confirmed and the
material should therefore not be referred to as deweylite.

It is also possible that the Kauai kerolite, which
appears to be more highly disordered than previously-
reported occurrences, behaves somewhat like serpentine
when heated, and re-crystallizes to form forsterite and
enstatite. This could explain the large exothermic DTA
peak at ~8308C, which appears to be rather large for the
putative amount of serpentine present in these samples.
In general, trioctahedral minerals re-crystallize immedi-
ately after dehydroxylation (Mackenzie, 1970). This is
even more likely for poorly-ordered minerals with
simple chemical compositions, such as the Kauai
kerolite. No previous DTA studies of kerolite have
reported such a heat-induced structural transformation.
However, Sakamoto et al. (1981) did report an
exothermic peak at ~8208C for poorly-crystallized
material (i.e. stevensite, ‘hydrated talc’ or talc, and
minor serpentine) formed from MgO-SiO2 gels at high
temperatures.

The apparent presence of an amorphous serpentine-
like phase could also be an artifact of this kerolite
having a chemical composition that varies widely from
‘ideal kerolite’, possibly because of its extreme disorder.
Natural kerolite is known to deviate from its ideal
chemical composition (see Figure 8). Bacterially-
mediated neoformation of clay-like minerals, in parti-
cular, typically leads to phases which can differ
significantly from their ideal compositions (Tazaki,
1997; Konhauser and Urrutia, 1999). In addition, the
higher SiO2/MgO ratio of the Wet Cave clay compared
to that of the Dry Cave clay may be related to the
chemical composition of the cave waters. This difference
in initial solution composition may also have contributed
to the extreme disorder of the kerolite, especially in the
Dry Cave. Caillère et al. (1963) showed that a higher
initial SiO2/MgO in gels (e.g. 1.10 vs. 1.03) could
produce more crystalline reaction products.

The inherent difficulty in recognizing and identifying
kerolite in mixed mineral samples (e.g. soils, sediments,
speleothems), its poor crystallinity and its abundance in
the present deposits hint that it may have been
overlooked in previous studies, both in Hawaii and
elsewhere.

Table 1. Chemical analyses1 and structural formulae2 of
Kauai kerolite.

WC-05 WC-09 DC-06 DC-07

SiO2 54.41 57.09 53.27 54.24
Al2O3 0.37 0.26 0.13 0.19
FeO 0.10 0.03 0.02 0.04
MnO 0.01 <0.01 0.03 0.01
MgO 28.79 31.89 33.62 32.08
CaO 0.25 0.36 0.13 0.22
Na2O 0.31 0.29 0.52 0.38
K2O 0.09 0.17 0.15 0.14
H2Otot

3 14 n.a. 18 n.a.

Total 98.33 n.a. 105.87 n.a.

Si 3.909 3.853 3.716 3.791
Al 0.031 0.021 0.011 0.016
STetr. 3.94 3.87 3.73 3.81

Fe 0.006 0.002 0.001 0.002
Mn 0.001 0.001 0.002 0.001
Mg 3.083 3.208 3.497 3.343
SOct. 3.09 3.21 3.50 3.35

Si/Mg 1.27 1.20 1.06 1.13

Ca 0.019 0.026 0.010 0.016
Na 0.043 0.038 0.070 0.052
K 0.008 0.015 0.013 0.012

1 Chemical analyses are averages of 9¡10 EPM spot analyses
per sample.
2 Structural formulae based on O10(OH)2 and a charge
balance of 22.
3 Water data from thermogravimetric analysis (see text for
details).
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Formation of kerolite and related minerals
Based on thermodynamic stabilities, authigenic Mg

silicates are predicted to form under certain low-
temperature conditions, but they are relatively uncom-
mon in near-surface environments (Stoessell, 1988).
Talc and serpentine are the stable Mg silicates at 258C
and 1 bar in most natural waters, but they rarely form at
low temperatures because of kinetic constraints (Jones,
1986; Stoessell, 1988). The presence of Al in an
aqueous, Si-containing system will favor the formation
of dioctahedral 1:1 clays (e.g. kaolinite), which are
common authigenic products of silicate weathering

(Caillère et al., 1963; Stoessell, 1988). For the normal
range of SiO2 concentrations in natural waters at normal
surface conditions (e.g. ~5¡25 ppm; Langmuir, 1997) or
in waters supersaturated with respect to quartz, kerolite
is metastable with respect to sepiolite. However, the

Figure 8. Plot of MgO vs. SiO2 for four kerolite samples from the Kauai caves (open symbols in box) and published compositions of
kerolite and associated Mg silicates from previous studies (solid squares). Oxide wt.% values of the Kauai cave kerolite are averages
of several electron probe spot microanalyses (Table 1). The deweylite data are taken from Bish and Brindley (1978) and represent
different ratios of kerolite to serpentine. The kerolite data are taken from Brindley et al. (1977), Stoessell (1988) and Elton et al.
(1997). The data for mixed-layer kerolite-stevensite are taken from Elton et al. (1997) and Pozo and Casas (1999).
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Vol. 50, No. 4, 2002 Kerolite in carbonate-rich deposits from basaltic caves. 521

https://doi.org/10.1346/000986002320514235 Published online by Cambridge University Press

https://doi.org/10.1346/000986002320514235


difference in their solubilities (Figure 10) is so small
that reaction kinetics are probably more important in
determining which phase is formed (Stoessell, 1988).

Kerolite is typically interpreted as being a low-
temperature weathering product of mafic and ultramafic
rocks, and it commonly forms in lacustrine or playa
sediments. It can form as an alteration product after
sepiolite, Mg-smectite, or more rarely pectolite, or as a
direct precipitate (e.g. Brindley et al., 1977; Hay et al.,
1995; Elton et al., 1997; Pozo and Casas, 1999). Field
evidence and kerolite’s colloform texture also suggest
that it can form from a colloidal suspension or Si-Mg-gel
phase (Brindley et al., 1977; Pozo and Casas, 1999).

Experimental evidence suggests that the minimum pH
for Mg silicate formation is ~7.80 at ~208C; sepiolite
precipitates at pH ~7.8 to 8.5, trioctahedral Mg-smectite
at slightly higher pH, and talc with smectite at pH >9
(Siffert and Wey, 1962). Based on equilibrium-dissolu-
tion experiments, a similar pH dependence for kerolite
and sepiolite was reported by Stoessell and Hay (1978).
Kerolite-like material is believed to have formed directly
from groundwaters of pH ~7.9¡8.3 at Amboseli
(Stoessell and Hay, 1978). Caillère et al. (1963)
synthesized a poorly-ordered talc-like material from
Mg-Si-gels at a pH of 8.0 to 8.9.

Sakamoto et al. (1981) produced a ‘hydrated talc’
(i.e. low-crystallinity, hydrated Mg-clay, d001 >0.95 nm)
with small amounts of serpentine in hydrothermal
silicate alteration experiments where MgCl2 was added
to solutions to form a MgO-SiO2 gel. They concluded
that Mg ions and Si-O tetrahedra from the silicates form
an amorphous MgO-SiO2 gel, after which the minerals
crystallize from the gel with increasing temperature or
time. Studies at lower temperatures have also shown the
formation of kerolite and kerolite-like minerals from
Mg-Si-gels (cf. Speakman and Majumdar, 1971;
Decarreau et al., 1989).

Origin of the Kauai kerolite and associated minerals

In the Kauai caves, a highly hydrated Mg-Si gel
develops on the interior surfaces. This development is
probably facilitated by mat-forming bacteria and their
abundant extracellular polymers, which decrease diffusion
within the mats and concentrate ions from solution (e.g.
Sánchez-Navas et al., 1998), thus promoting the devel-
opment of a gel, from which poorly-ordered kerolite is
precipitated with time and upon dehydration. The
desiccation cracks observed in the kerolite are consistent
with this origin. Precipitation of euhedral carbonate
crystals within the massive kerolite was also cited as
evidence for kerolite formation by dehydration of a gel
(Léveillé et al., 2000a). The importance of the microbial
mats to kerolite formation is indicated by the general lack
of kerolite within basalt vesicles near the rock surface or
in thin magnesite-rich evaporative coatings, compared to
its abundance in the poorly mineralized microbial mats
and lithified microbial deposits (Léveillé et al., 2000a,b).

The abundant EPS may also serve as direct nucleation
sites for direct kerolite crystallization by binding and
concentrating ions (e.g. Mg2+, silica). The presence of a
precursor or other substrate can help to overcome kinetic
dehydration or nucleation barriers to kerolite formation
(Jones, 1986; Hay et al., 1995). Direct nucleation of clay
minerals on EPS was observed by Barker and Banfield
(1998). Binding of Si4+ is probably not important
because in these cave waters (pH &8; Léveillé, 2000),
most Si is in the form H4SiO4 (Langmuir, 1997).
Bacteria have also been implicated in silicate mineral
formation by binding anions (e.g. H3SiO4

¡) to posi-
tively-charged sites on the cell surface and presumably
EPS as well, and by ion-bridging (Urrutia and
Beveridge, 1994; Konhauser and Urrutia, 1999).
Although there is no direct evidence for such behavior
in the present samples, Si is commonly concentrated
with Mg in the EPS, as revealed by TEM-EDS analysis
(Figure 7).

Other microbial processes within the mats may also
lead to changes in solution properties and composition
within micro-environments (Léveillé, 2000; Léveillé et
al., 2000b). Thus, the composition of the precipitating
solution may be more favorable for kerolite formation
within parts of the mats than outside of them. For
instance, an increase in pH caused by photosynthetic
cyanobacteria will tend to favor kerolite formation at the
Mg and Si concentrations found in the Kauai caves
(Figure 10).

The lack of sepiolite or stevensite in the present
deposits suggests that solution chemistry varies and (or)
the kinetics for metastable kerolite formation may be
more favorable, as the cave waters appear to be close to
saturation with respect to all these Mg silicates
(Léveillé, 2000). Sepiolite is known to have formed in
granitic caves by evaporative concentration of waters
after calcite precipitation, but this was in very low-Mg
waters (<2 ppm) with relatively high Si concentrations
(Finlayson and Webb, 1988). In the Kauai caves, and
especially within microbial mats, the aSiO2/aMg2+ is
probably sufficiently low, and the pH sufficiently high to
prevent sepiolite formation, and instead, to favor kerolite
(Figure 10). The initial presence of Ca2+ in solution (and
within the microbial mats) may also have favored
kerolite formation, as suggested by the experimental
results of Sakamoto et al. (1981). Minor evaporative
concentration of the cave solutions could also be
sufficient to lead the reaction path rapidly through the
sepiolite stability field into the kerolite stability field as
Mg concentrations increase (Léveillé, 2000; Figure 10).
However, evaporation is probably not the major
mechanism for kerolite formation in the caves, as it
has formed throughout the paragenetic sequence, except
as part of the late-stage evaporative coatings rich in
magnesite and gypsum (Léveillé et al., 2000a).

Initial formation of an amorphous 1:1 serpentine-like
precursor phase would slightly reduce the Mg/Si ratio
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enabling the 2:1 kerolite to subsequently precipitate
without significant evaporation (cf. Sakamoto et al.,
1981). Santiago Buey et al. (2000) reached a similar
conclusion for poorly-crystalline Mg silicates. They
suggested that the precursor-clay material acts as
incipient nucleation sites for fine-grained Mg-clay, in
that case stevensite. Thus, the putative serpentine in the
present deposits may simply be an early-stage amor-
phous precursor, which is later transformed into a
slightly more ordered kerolite.

Serpentine may also originate as a direct alteration
product of the basalt, possibly within the soil weathering
profile, and be transported subsequently to the cave
below. However, the serpentine present in soils and in
partially weathered basalt on Kauai is relatively well
crystallized and easily recognized by XRD (Patterson,
1971). The small amount of kaolinite in the cave
deposits may also have been transported from the soils,
as it too is a common Kauai soil constituent (Patterson,
1971).

Bacteria and Mg-clay formation

Despite the increasing awareness of the role of
bacteria and microbial mats in neoformation of clay
minerals, nearly all such work has focused on Fe-Al
clays (Tazaki, 1997; Konhauser and Urrutia, 1999). The
role of bacteria in Mg-clay formation has received very
little study, probably because evaporation of solutions or
alteration of mineral precursors are typically cited as the
modes of formation for such minerals. Renaut and Jones
(1997) have described thin (<20 mm) reticulate gelati-
nous coatings with a high Si and Mg content covering
surfaces of aragonite and calcite crystals in hot spring
travertines. These authors suggested that some of the
coatings originated as bacterial extracellular polymeric
substances, while others are siliceous gels precipitated
directly from solution. However, no crystalline Mg
silicates were identified by Renaut and Jones (1997).
The Kauai cave deposits may provide the first evidence
for a bacterial influence on neoformation of Mg-clay
minerals.

CONCLUSIONS

An abundant 1.0 nm, non-expanding, 2:1 Mg-clay
mineral present within carbonate-rich speleothems and
microbial mats in basaltic sea caves on Kauai, Hawaii,
was identified as kerolite. X-ray diffraction analyses and
electron microscope observations indicate that this
kerolite is extremely poorly ordered; it is also the
dominant clay mineral in these deposits. Chemical and
thermal analyses suggest that the kerolite may be mixed
with smaller amounts of another poorly-ordered, Mg-
rich silicate, most likely an amorphous kerolite precursor
or a serpentine-like phase, although the latter’s presence
is inferred, not proven. Structural formula calculations
for the kerolite result in an excess of Mg and a

deficiency of Si, probably because of the presence of
serpentine and (or) the extreme disorder of the kerolite.
Kerolite formation in the Kauai caves is partly mediated
by the presence of microbial mats and microbial
processes within the mats; minor evaporation may also
contribute to its formation. This microbial mediation
may explain the poor ordering of the kerolite crystals.
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