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ABSTRACT

The clay mineralogy of bentonite in Balamban, Cebu Province, Philippines
was studied. Specimens were randomly collected from lenticular seams of bentonite
concordantly intercalated with sequences of calcareous and tuffaceous shale and
sandstone of the Middle Miocene Toledo Formation. Multiple analytical techniques
of the <2pm size fraction reveal that smectite is the dominant clay constitution of
the bentonite. Minor association of mixed-layer kaolinite/smectite, kaolin, and mica
is indicative. Diagenetic facies of calcium-rich bentonite and cristobalite-rich bentonite
are diagnostic features. Non-phyllosilicate components are mainly quartz, feldspar,
cristobalite, calcite, and zeolite. Volcanic glass shards, considered as the precursor
material, occur sporadically in the clay-dominated matrix. Calcareous microfossils or
nanofossils also exist as subordinate impurities.

Rehydration capacity of the calcium-rich bentonite was observed to be generally
greater than the cristobalite-rich bentonite.

Bentonite formation is ascribed to be generated by halmyrolysis of the volcanic
glass fragments contained in the vitric tuff exhalative unit of the Toledo Formation.
The devitrification and transformation of the glass into nearly pure smectitic clay
suite apparently ensued in a marine environment. Diagenetic formation of the
calcium-rich facies appears syngenetic with the accumulation of the volcanic ash in
saline waters while the cristobalite-rich facies appears authigenic, constituting the
silica-rich layers.
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INTRODUCTION

Bentonite is one of the most studied clay material in the frontier of clay science as
gleaned from the voluminous works of various researchers, from past to present time.
Since its first discovery by Knight in 1898 in the Fort Benton unit of Cretaceous formation
in Wyoming, studies of bentonite and the development of the bentonite industry have

played major roles in the growth of clay mineralogy (Grim, 1988). In addition, the unique
physical properties of this clay and its widespread use were powerful incentives for much
clay research (Grim, 1988). The widespread commercial use has caused a worldwide search
for this clay, and today, it is extensively mined in many countries, including the United
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Kingdom, Germany, Italy, Greece, India, Japan and the Soviet Union (Grim and Giiven,
1978).

Despite the wealth of data that are currently available and the fact that several countries
are already in the feasible stage of mining or exploitation of some bentonite deposits, a host
of other bentonite prospects worldwide are certainly left unstudied or still even unexplored.
Literature review strongly indicates that none so far has dealt with topic of bentonite in
Philippines. Within this premise it would appear significantly interesting that some examples
of Philippine bentonite data and information must be looked into.

In Philippines, the bentonite clay prospect in Balamban, Cebu Province was explored
by Momongan (1986) in connection with the Mines and Geosciences Bureau, Region 7
Project on canvassing and ore reserve evaluation of bentonite deposits of Cebu Island. His
work established pioneering information on the general field descriptions and ore reserves
of the bentonite lode. Much of the exploration works were hinged on preliminary geological
data gathering, and particularly focused on delineation of bentonite interbedded with
the non-economic sedimentary beds of the Toledo Formation, and basically only minor
analyses were made. Follow-up survey was also conducted by Aleta and Diegor (1995)
in line with the bentonite reassessment in central Cebu. The survey, however, was more
directed in obtaining updated reserves of the different bentonite prospects in the island
province of Cebu and due to some constraints the task to undertake some mineralogical
tests was inhibited. Ugalde (1999) made brief study and appraisal of Balamban bentonite
in relation to the program on Development of Bentonites for Use in Urban Waste Disposal.
The work of Ugalde (1999) stressed on the review of known bentonite deposits on a
nationwide level, apparently for determination of use potential of the bentonite and its
economic aspects. No emphasis was placed on mineralogical investigations of Balamban
bentonite, due perhaps to the broad coverage that included other bentonite occurrences in
the country and the huge cost that it would incur for such analysis. Sort of literature
rehash and supplemental analytical data output of Balamban bentonite was made by Aleta
et al. (1999). The work was purposely made to give a review and overview of the geology,
mineralogy and genesis of the Balamban bentonite and to include minimal preliminary
results on mineralogical tests. It now explicitly appears that analytical data on mineralogy
still proved to be scanty or inadequate and hence it deems compelling that further study
must be performed.

The major objective of this study is to describe and compare the characteristics of
smectite in calcite-rich facies and smectite in cristobalite-rich facies of the bentonite. It also
hopes to characterize the mineralogical nature of the bentonite based on several laboratory
techniques available in order to substantiate and augment the previous analytical data. The
study included as well the probable mechanism and process of the bentonite formation.

MATERIALS AND METHODS

Specimen
Nine specimens (BAL 1-9) used in this study were collected from several field outcrops

of bentonite lenses or seams conformably interstratified within the Toledo Formation in
Balamban, Cebu Province, Philippines. Geological map and cross-section (Fig. 1) show
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the location and distribution of the sampling sites in relation to lithology in which the
bentonite lenses occur.

Middle Miocene Toledo Formation consists of fossiliferous conglomeratic limestone at
the base and thick, calcareous, tuffaceous and locally bentonitic white shale and sandstone
with occasional beds of sandy to conglomeratic limestone and gray brown shale at the
upper section (BMG, 1981).

Based on the general descriptions of the Toledo Formation, the bentonite lenses along
with intercalated sequences of other calcareous and tuffaceous beds are stratigraphically

positioned approximately at the middle part of entire Formation more or less enclosed
between conglomeratic limestones at the base and at the top. The bentonite have been
delineated to have the typical "pinch and swell" characteristic that oftentimes grade

gradually or abruptly to calcareous or tuffaceous intercalates. The "pinch and swell"
nature of individual bentonite seams conveys significant differences in thickness, width, and
elongation, consequently, its contact with the other sedimentary beds. Lateral and vertical
variations in texture and mineralogy between bentonite and the underlying or overlying
strata are observed to be highly variable.

Methodology

Bentonite samples of <2ƒÊm size fraction were used for the various analytical tech-

niques and treatments. Segregation of the fine clay size fraction follows the generally

prescribed procedures of dispersion, sedimentation and centrifugation. X-ray diffraction

(XRD) analyses of oriented <2ƒÊm size fraction were carried out using a Rigaku Geiger-

flex X-ray diffractometer with a Ni-filtered CuKa radiation and operational setting of

30 kV and 15 mA. Thermal tests were performed with a Rigaku differential thermal-

thermogravimetric analysis (DTA-TGA) apparatus using about few grams of fine air-dried

samples. Thermal graphs were recorded from room temperature to 1100•Ž with a heating

rate of 10•Ž/min. The infrared (IR) spectra were taken with a Nihonbunko infrared

spectrophotometer using KBr pressed discs. Scanning electron microscopy (SEM) studies

of mineral morphology and aggregations used Hitachi S-4000 FESEM. The specimens

were coated with gold-palladium using FINE COAT ION SPUTTER JFC-1100. Energy

dispersive X-ray (EDX) analyses utilized the same Hitachi S-4000 FESEM equipped with

LINKS ISIS EDX operated at an accelerating voltage of 15 kV. ZAF method was used as

quantitative correction, utilizing standard samples albite for Na, MgO for Mg, Al2O3 for

Al, FeS2 for S, wollastonite for Ca, GaP for P, Mn for Mn, and Fe metal for Fe. The

powder specimens for EDX were pressed and sputtered with carbon using JEOL JEC-520

CARBON COATER. Most of the analytical area is less than 2ƒÊm2.

RESULTS

X-ray Powder Diffractometry (XRD)

X-ray diffraction patterns indicate that smectite mineral is the major phyllosilicates in

the bentonite but with minor to trace association of mixed-layer kaolinite/smectite (K/S),

kaolin, and mica. Samples of parallel oriented <2ƒÊm aggregate fraction in untreated state

display 16 A to 16.3 A basal dimension (Fig. 2), which generally expands to 17.6 A to 18 A
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on ethylene glycol (EG) solvation. Typical smectites expand to 17 A upon ethylene

glycolation (Brindley and Brown, 1980). The slight deviation in basal dimensions probably

indicates some interstratification of kaolinite with smectite (Grim, 1953; Reynolds, 1980;

Tomita and Takahashi, 1986; Buhmann and Grubb, 1991; and Aleta et al., 1999). Such

observation is based on XRD patterns of the samples after heating at 500•Ž and showed

no reflections of 5 A and 3.3 A which accordingly eliminates other interstratified com-

binations and confirms the mixed-layer mineral of K/S (Fig. 3). Acid treatment using 6N

hydrochloric (HC1), decomposes or reduces intensity of some of the calcite peaks from the

calcite-rich facies and confirms the non-inclusion of chlorite minerals. Similar acid

treatment of the cristobalite-rich facies favorably enhanced the two cristobalite peak

reflections at 4.09 A and 2.50 A (except in BAL-9). Thermal treatment at 300•Ž for 1 hour

shows no significant change in X-ray patterns for both calcium-rich and cristobalite-rich

samples and consequently basal spacing maintains around 18 A upon EG solvation.

Increased temperature treatment at 500•Ž for 1 hour, causes peak reflection shifts to about

9.82 A indicating expulsion of interlayer water (Fig. 3). Moisture treatment allows partial

intake of H2O molecules as shown by peak reflection shifts at 9.93 A and 17.6 A (Fig. 3).

The rehydration treatment is done by adding a drop of water on the mounted samples and

set to dry at room temperature. Ethylene glycolation promotes almost uniform expansion

of the basal size to about 17.6 A (Fig. 3). It appears noticeable that calcium-rich smectite

upon heating at 500•Ž likely show rehydration even before the addition of water and after

water treatment show complete rehydration. In contrast, complete dehydration at 500•Ž

for cristobalite-rich is illustrated and even after addition of water, small amount of smectite

appears to fully rehydrate. Further temperature increase to 700•Ž apparently dehydrates

and dehydroxylates the clays and the structure eventually contracted to 9.93 A (Fig. 4).

Extremely poor expandability is observed even after saturation with H2O and EG as

shown by peak reflections constantly arrested at 9.93 A (Fig. 4). These phenomena are

observed for both calcite-rich and cristobalite-rich smectites. Highest thermal tests for the

Ca-rich bentonite at 800•Ž for 3 hrs show almost similar diffraction traces as those in the

700•Ž except that intensities are relatively weaker. Non-phyllosilicates components

revealed by X-ray diffractograms show ubiquitous association of quartz and feldspar as

dominant minerals and cristobalite, calcite, and zeolite as accessory minerals.

Differential Thermal Analysis (DTA)

Generally, all the DTA curves from samples BAL-1 to BAL-9 (Fig. 5) demonstrate

dual endothermic reactions of varying intensities before reaching 200•Ž. The first, very

prominent endothermic peak appears between 80•Ž and 105•Ž and the second peak of

lesser intensity falls between 150•Ž and 180•Ž. These reaction peaks correlate to removal

of adsorb and interlayer waters from the clay particles, more suggestively from smectites.

The sharper and more intense endotherms are observed in samples BAL-7 and BAL-9 at

about 100•Ž and 105•Ž respectively.

Another very conspicuous endothermic reaction is manifested by samples BAL-1, BAL-2,

BAL-5 and BAL-6 at temperature range of 790•Ž to 820•Ž. This endotherm may relate to

the disintegration of calcite. Very faint endothermic reaction is also shown by almost all

samples at temperature range of 500•Ž to 545•Ž which might be attributed to dehy-
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FIG. 4. X-ray diffraction patterns of thermally treated samples for 1 hr at 700•Ž (solid lines), and

700•Ž+H2O (dashed lines) of the calcite-rich bentonite. Sm=smectite, Q=quartz,

F=feldspar, and C=calcite.
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FIG. 5. DTA-TGA curves of the calcite-rich bentonite (BAL-1, BAL-2, BAL-5 and BAL-6) and the
cristobalite-rich bentonite (BAL-3, BAL-4, BAL-7 and BAL-9).
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droxylation of interlattice waters from the clay particles.

Exothermic reactions are observed to be generally recorded at around 890•Ž and

beyond. Upon reaching this temperature range and even higher, it is likely that some new

minerals of anhydrous variety formed.

Thermogravimetric (TG) Analysis

TG curves (Fig. 5) of all samples recorded different percentages of weight loss, virtually

portrayed in step-like behavior. Samples BAL-1, BAL-2, BAL-5, and BAL-6 show gradual

weight decrease of less than 10% at temperature slightly below 200•Ž and greater and

more rapid weight loss at temperature between 600•Ž and 800•Ž. The weight loss is

noticed to culminate at about 815•Ž (BAL-5) to 840•Ž (BAL-1).

In contrast, samples BAL-3, BAL-4, BAL-7, and BAL-9 depict rapid and abrupt weight

loss of greater than 10% before attaining 200•Ž. After precipitous weight drop, the TG

curves show very slight and gradual weight decrease from 200•Ž to 600•Ž. The TG curves

seem to stabilize at around 650•Ž, where the final weight loss seem to attain equilibrium.

The greatest weight decrease is recorded in sample BAL-1 with a total loss of about

30%. Typically, the weight decrease indicated in the TG profiles is observed to be in-

cidental with the distinct endothermic reactions recorded in the DTA.

Infrared (IR) Spectroscopy
Close similarity of the infrared absorption spectra of samples BAL-1, BAL-2, BAL-5

and BAL-6 and that of samples BAL-3, BAL-4, BAL-7 and BAL-9, respectively, is
elucidated in Figure 6. Resemblance in breadth, intensity, and the number of spectral
absorptions could be noticed for each group of samples, although very slight variance in
threshold peaks may certainly be recognized. The sharp spectral peaks at 3400cm-1 to
3425cm-1 and 1620cm-1 to 1630cm-1 reveal smectite mineral and these peaks are
exhibited at varying intensity in all samples. These spectra are related to stretching
vibrations of H2O molecules in the interlayers and adsorbed water respectively. The faint
shoulders at 3600cm-1 to 3625cm-1 are due to the OH stretching vibration of smectite
and these shoulders are more likely shown in samples BAL-1, BAL-4, and BAL-7. The
absorption bands near this region are attributed to the OH stretching vibrations of
structural waters of smectite. Other peaks are the AI-O-OH vibrations in 920cm-1 and
700cm-1. The presence of calcite is indicated by very conspicuous reflection bands at
1430cm-1 (Farmer, 1974) and generally depicted in samples BAL-1, BAL-2, BAL-5 and
BAL-6 and feebly in BAL-9. Lesser intensity spectra suggesting calcite can also be noted
by the appearance of narrow and pointed absorption in region 880cm-1 and 720cm-1
and another band at 1790cm-1 (Farmer, 1974). The broad, deep, distinctive absorptions at
1040cm-1 and 1090cm-1 to 1130cm-1 may be assigned to silica polymorphs particularly

quartz and cristobalite with possible overlap of feldspar and smectite. Designation to
specific mineral species of other IR spectra below 1000cm-1 wavenumber poses some
difficulty since within this range, multiple AI-O-OH and Si-O and OH vibrations of
minerals exist as overlaps.
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FIG. 7. Top 4 photos show the scanning electron micrographs (SEM) of the calcite-rich
bentonite.(A)=BAL-1.(B)=BAL-2,(C)=BAL-5, and (D)=BAL-6. Bottom 4 photos show
the scanning electron micrographs (SEM) of the cristobalite-rich bentonite.(E)=BAL-3,

(F)=BAL-4,(G)=BAL-7, and (H)=BAL-9. Arrow markers indicate microfossils in A and C,
volcanic glass relics in B, E and F, and crystal in D.
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Scanning Electron Microscopy (SEM)
Scanning electron micrographs of the gold-palladium sputtered,<2,um fraction

aggregates generally exhibit irregular, curled or crumpled clay flakes surrounding some

glass shards, microfossils or crystals (Fig. 7A, C, D and F) and some instances appearing
as clusters (Fig. 7G and H). The turbostratic stacking of layers is associative to smectite.
The flakes appear relatively thick and show curly and wavy edges. The curviplanar
surfaces of the clay particles seem uniformly rough and appear to be veneered by micro-
scale desiccation cracks. Presence of disseminated fine volcanic glass shard relics, with
andesitic to basaltic composition could be seen in figure 7B, E and F. The glass rims and
conchoidal surfaces bear strong signs of progressive transformation of clays at varied
degree. Incorporation of nanofossils or microfossils (mostly coccolith forams) may be
observed in Figure 7A and C. Some of the fossil tests appear almost wholly preserved but

greater majority is notably broken. Most of the calcareous fossil tests observed typically
show thin encrustification of clay particles. Discrete crystals of other minerals such as
calcite shown in Figure 7D are also observable and appear intimately and mechanically
associated in dominantly clay matrix.

Energy Dispersive X-ray Spectroscopy (EDX)
Analytical results on the EDX for bentonite samples are shown in Table 1. Samples

BAL-1, BAL-2, BAL-5 and BAL-6 show almost invariable graph behavior of compo-
sitional analysis. The samples BAL-3, BAL-4, BAL-7 and BAL-9 are also recognized to

yield the same character. Despite these striking similarities in X-ray spectra, individual
analysis of the samples certainly show quantitative differences in chemical composition.
The SiO2 and CaO contents are noted to be appreciably high in samples BAL-1, BAL-2,
BAL-5, and BAL-6 and these are quite recognizable by strong peaks in the X-ray spectra.
In samples BAL-3, BAL-4, BAL-7, and BAL-9, only the SiO2 content is high and appears

TABLE 1. Approximate chemical compositions of the bentonite samples based on EDX analyses .
Values are normalized to 100% after considering H2O(-) and ignition loss

*=<2 0sigma . ND=not determined.
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so prominent and sharp in the graph, and this may be due to appreciable inclusion of

cristobalite. Both Si02 and Al203 contents are noted to be generally lower in the Ca-rich

facies than in the cristobalite-rich facies. The FeO is omnipresent in all samples. Except for

sample BAL-9 with 10.59% the rest has an average of <5% FeO. Higher amounts o K20

are noticed in BAL-1, BAL-2, BAL-5, and BAL-6 compared to those of BAL-3, BAL-4,

BAL-7 and BAL-9 samples. The K20 ranges about 1.82% to 5.06% for the former 4

samples and about 0.45% to 1.71% for the latter group. The H2O(—) is observed to be

lower in the Ca-rich facies compared to the cristobalite-rich facies, however the ignition

loss, H2O(+) is noted to be lower in the cristobalite-rich facies than in the Ca-rich facies.

Weight loss below 110•Žwas considered as H2O(-) and weight loss above 110•Ž to

1000•Ž was considered ignition loss (Ig. loss). The values of H2O(-) and ignition loss

obtained were used to adjust the compositional values derived from EDX and normalized

to 100%.

DISCUSSION

Various definitions, descriptions and characterizations of bentonite have already been

given by numerous researchers. Borchardt (1977) forwarded that bentonite is a rock term

referring to altered deposit of volcanic ash and the major alteration constituent mineral is

smectite and substantial impurities of quartz and feldspar. Grim and Guven (1978) defined

that bentonite is a clay composed dominantly of a smectite clay mineral and whose

properties are a consequence of this mineral component regardless of its mode of origin.

Hewitt (1917) and Wherry (1917) established that this particular clay was an alteration

product of volcanic ash. However, some bentonites are hydrothermal alteration products of

igneous rocks, rather than altered ash (Grim, 1988). Altaner and Grim (1990) made

characterization of important facies associated with bentonite derived from the diagenesis

of tuffs. Compton (1991) examined the clay mineralogy and composition and related

minerals in bentonite.

This study reveals that the bentonite in Balamban is characterized by calcite-rich

facies and cristobalite-rich facies, with smectite as the predominant clay mineral for both

diagenetic facies. The calcite-rich facies seems to contain mechanical mixtur of fine

disseminated calcite crystals with inclusion of some calcareous foraminiferal tests in the

clay assemblage while the cristobalite-rich facies appears to have chemical intergrowths of

cristobalite with smectite. These findings are based on laboratory experiment and cor-

relation with other existing data which are elaborated and explained in the succeeding

paragraphs. Sample BAL-9 might be a transition between the two facies. Although sample

BAL-9 shows nearly the same characteristics and behaviors as those of the cristobalite-rich

varieties, it is observed to contain minimal amount of cristobalite, and calcite is found to

be slightly to moderately associated.

High intensity peaks at 37.4•‹and 32.1•‹20 corresponding to the spaces with 2.40 A and

2.78•‹A were recognized to have developed for calcite-rich facies samples after temperature

treatment at 700•Ž(Fig. 4). Similar peaks were produced after heating at 800 but the

intensities were comparatively weaker. The generation of these kinds of X-ray patterns

is attributed to the calcination of disseminated calcite, mechanically contained in the
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bentonite clay assemblage. The calcite crystallites along probably with the calcareous fossil

impurities appear to intersperse as mechanical admixtures on the surfaces  and edges of the

smectite particles and these apparently produced dissipated calxes during the calcining

process. The seeming preponderance of calcite crystallites and calcareous fossil impurities

are clearly evident from most of the SEM observations. The X-ray diffractogram traces

changed after  H2O and EG treatments, where conspicuous appearance of new peaks are

observed at around 34.0•‹, 17.9•‹ and 28.6•‹ 20 corresponding to the d-spaces of about

2.63 A, 4.95 A and 3.12 A, respectively (Fig. 4). These X-ray behaviors are a consequence

of rehydration of the CaO, thus imparting a hydrated lime, Ca (OH)2, in the X-ray profile.

This phenomenon was confirmed by the following experiments using natural CaCO3. And

the observations were better depicted and verified by our several test runs conducted on

CaCO3 that transformed to CaO + CO2 after heating, indicating the liberation of CO2 and

leaving the CaO. Water treatment spawned easily the reaction CaO + H2O and produced

hydrated lime which apparently became highly visible in the X-ray diagrams.

Cristobalite-rich facies is also displayed in this study and Nemecz (1981) illuminates the

problem of the smectite-cristobalite association in hydrothermal or hydrodiagenetic

bentonite by citing the works of Ross & Hendricks (1945) and Stubican et al. (1957). Ross

& Hendricks (1945) suggested that the close relationship between the two minerals is

presumably due to silica left over after the reaction producing the clay mineral precip-

itating in the form of cristobalite in the interlaminar space of montmorillonite. Stubican et

al. (1957) showed that the (001) lattice plane spacing of dehydrated montmorillonite is

incompatible with the Ross-Hendricks hypothesis, so that cristobalite cannot be contained

in the laminar space.

Nemecz (1981) noted that the cristobalite participating in this mineral association

exhibits only two lines in the X-ray patterns, situated at 4.094 A and 2.506 A, respectively.

These lines do not agree with the relevant lattice plane spacings of typical fl-cristobalite; all

other strong lines characteristic of cristobalite are also absent. This proves that the silica

variety participating in the association cannot be simply identified with common /3-

cristobalite (Nemecz, 1981).

X-ray diagrams of the thermally-treated samples heated at 700•‹ causes lattice collapse;

certainly at 900•Ž-1000•Ž, and the percentage of cristobalite increases with the tem-

perature and duration of heating tending towards a certain upper bound. Hence, cris-

tobalite is undoubtedly enriched mainly at the expense of the SiO4 tetrahedra of the

decomposing montmorillonite lattice, but it seems that it takes the presence of some

cristobalite to initiate this solid state reaction in montmorillonite, as in the absence of

cristobalite the montmorillonite will collapse without giving rise to any cristobalite at these

rather low temperatures (Nemecz, 1981) . Studies of Tomita and Kawano (1992), Tomita

and Kawano (1993), and Tomita et al. (1997) indicate that enrichment of cristobalite may

be favored not only from SiO4 tetrahedra of the decomposing smectite but also from

amorphous silica contained in the sample. The above observations convey strong similarity

to the behavior of X-ray patterns of the cristobalite-rich facies of Balamban bentonite. In

correlation, only 2 strong reflections (4.09 A and 2.50 A) are observed in the diffractograms

of the cristobalite-rich facies and that migration of peaks, lattice collapse and intensity

enhancement after subjection to series of thermal tests are clearly depicted. Acid tests also
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show good agreement with the above findings of Nemecz (1981) where mechanical

segregation of cristobalite and smectite is impossible, and enhancement of the 2 peak

reflections is evident.

Stubican et al. (1957) advocated that a regular intergrowth of montmorillonite with

cristobalite a few cells thick explains the absence of numerous cristobalite lines and the

impossibility of mechanically segregating the two phases, as well as the easy removal of

cristobalite by appropriate solvents, its enrichment by heating and the remarkable phe-

nomenon that quartz and cristobalite frequently occur together in deposits of this sort.

Considering geological and paleontological records, the process of bentonite formation

ensued in a marine environment. The association of fossiliferous conglomeratic limestone

at the base and another arenitic to conglomeratic limestone and shale at the upper section

of the Toledo Formation points that the accumulation took place in marine waters. The

inclusion of Miocene index foraminifera in the Toledo Formation highly suggests that the

marine deposition took place in the outer neritic zone. The alteration of the ash and the

eventual crystallization of smectite seemed to proceed concomitantly with the accumulation

(Aleta, et al. 1999).

Both bentonite facies were derived from a volcanic precursor that underwent trans-

formation into nearly pure smectite assemblage by halmyrolysis. The alteration of volcanic

glass to smectite and zeolite minerals is by a solution/reprecipitation mechanism (Hay,

1963; Surdam and Hall, 1984). The general diagenetic sequence documented is initial

hydration of the glass, formation of smectite rims, and precipitation of zeolite minerals.

The formation of smectite results in the uptake and release of cations and an increase in

the pH. The increase in pH can then promote the precipitation of zeolite minerals (Hay,

1963; Surdam and Hall, 1984). Wensaas et al. (1989) interpreted the glass to smectite

alteration as:

glass+ H2O•¨smectite + silica + zeolite + metallic ions (Karlsson et al., 1979)

The calcite-rich facies is inferred to have been syngenetically formed by this process but

probably with contemporaneous input of calcareous sediments and microfossils that

intermixed during gradual accumulation of the vitric ashbed. The cristobalite-rich facies

is interpreted to represent silica-rich layers which were produced during the diagenetic

alteration of volcanic ash to smectite. The only outlet for silica released by the glass

alteration is the SiO2-rich smectite, which would imply an authigenic origin for the

smectite (Huggett, 1992). Altaner and Grim (1990) also observed authigenic morphology

for silica-rich layer associated with bentonite.

Volcanic glass appears to alter to smectite more rapidly than smectite alters to illite

because the smectite to illite transformation occurs over a greater depth interval (Compton,

1991). The absence of illite in the bentonite suggests the lack of illitization of smectite that

would reflect deep burial diagenesis. Further, the temperature of formation of the bentonite

facies mirrors a range probably below 60•Ž. The temperature is deduced from Huggett

(1992) and Velde (1986) citing that smectite has been commonly reported to begin to

undergo illitization at burial temperature of between 60•Ž and 90•Ž.
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CONCLUSIONS

The bentonite lenses concordantly interstratified within the Toledo Formation are found
to be generally clay mineral associations of smectite, some interstratified kaolinite/smectite,
kaolin, and mica. Discrete crystalline quartz, feldspar, calcite, zeolite and intergrowth of
cristobalite are notably the accessory minerals of the non-phyllosilicates fraction. Calcium-
rich bentonite appears to be an assemblage of smectite containing mechanical mixture of
disseminated calcite crystals with probable impurities of calcareous microfossil or
nanofossil tests. Cristobalite-rich bentonite facies seems to be an assemblage of smectite
containing chemical intergrowths of cristobalite. Rehydration capacity of the calcium-rich
bentonite seems greater than the cristobalite-rich bentonite.

The bentonite formation, believed to be produced by halmyrolytic diagenesis of the
vitric tuff lenses appears to evolved in marine waters during the Middle Miocene.
Formation and alteration of the calcite-rich facies is inferred to be almost concomitant
with the accumulation of the volcanic ash by a solution/precipitation mechanism. The
cristobalite-rich facies is interpreted to be the silica-rich layers produced during diagenesis
of volcanic ash to smectite that imply authigenic origin.
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