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Abstract—Widespread alteration in the Upper Cretaceous pyroclastic units of the Tirebolu (Giresun) area,
NE Turkey, has resulted in significant occurrences of bentonite with economic potential. No detailed
geological, mineralogical, or geochemical characterization of these occurrences has been carried out to
date. The aim of this study was to describe the geological background, the mineralogical, chemical, and
stable-isotope characteristics of the bentonite, and major aspects of their formation, e.g. type and source of
low-temperature alteration, mass balance, chemical evolution of the smectites, and geochemistry of major
and trace elements. The bentonite contains abundant smectite with occasional kaolinite and mordenite,
volcanogenic feldspar, quartz, biotite, hornblende, glass shards, and pumice fragments, along with the
diagenetic minerals, opal-CT, and, in some locations, calcite. X-ray diffraction patterns of the clay
fractions exhibit characteristics of pure montmorillonite and beidellite-type smectite.
Micromorphologically, the smectite exhibits a honeycomb texture, the kaolinite occurs in both vermiform
and irregular platy forms, and the mordenite occurs in fibrous form. All of these minerals are edged with
devitrified volcanic glass and resorbed feldspar. Chemically, the smectites are Ca-smectite. Geochemical
data indicate that alteration of the pyroclastic units took place under suboxic and anoxic environmental
conditions during bentonite formation. Field observations and mineralogical, geochemical, oxygen, and
hydrogen isotopic data indicate that the alteration of feldspar and volcanic glass in the pyroclastics by
mixed meteoric and sea water in a shallow marine environment under alkaline and acidic conditions,
respectively, controlled by environmental Al, Ca, and Na concentrations, resulted in the formation of
authigenic smectite, mordenite, and kaolinite. A large Ca content in the smectite originated from
surrounding units, which resulted in high alkalinity; Mg originated from seawater.

Key Words—Bentonite, Diagenetic Alteration, Eastern Black Sea, Geochemistry, Mineralogy,
Pyroclastics, Smectite, Stable Isotopes, Tirebolu, Turkey.

INTRODUCTION

Widespread bentonite deposits throughout the world
occur either by hydrothermal or diagenetic alteration of
pyroclastics of intermediate to acidic character (e.g.
Christidis et al., 1995; Christidis and Dunham, 1997,
Christidis and Scott, 1997; Christidis, 1998; Yal¢in and
Giimiiser, 2000; Ddani et al., 2005; Caballero et al., 2005;
Abdioglu and Arslan, 2005; Christidis and Huff, 2009).

Bentonite is used in many important industrial
applications including pelletizing of iron-ore, foundry
mouldings, and oil-well drilling fluids (Harvey and
Lagaly, 2006; Murray, 2007). White bentonites, which
are rarer, have greater market value than other types.
The main producing areas of white bentonites are in the
USA and in Mediterranean countries such as Greece,
Italy, Spain, and Turkey (Christidis and Scott, 1997;
Caballero et al., 2005). Despite the increasing industrial
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and geological importance of these bentonites (e.g. Grim
and Giiven, 1978; Murray, 1991, 1999, 2007; Giiven,
2009), only limited detailed studies have been published
about the geological features and significance of the clay
occurrences in the Eastern Black Sea region, north-
eastern Turkey (Yalgin and Giimiiger, 2000; Abdioglu,
2002; Uz et al., 2003; Abdioglu and Arslan, 2005;
Arslan et al., 2006).

Although the alteration in the Eastern Black Sea
region (NE Turkey) is related to a massive sulfide
deposit in the Upper Cretaceous volcanic units, the lack
of hydrothermal features such as mineralogical and
geochemical zonation, Fe oxides and/or hydroxides and
sulfur phases controlled by faults (Inoue, 1995; Meunier,
1995; 2005; Kadir and Akbulut, 2009; Kadir and Kart,
2009) in the Tirebolu area suggests that the origin of the
bentonite in this area is still open to debate. The
alteration profiles in the Tirebolu area (NE Turkey)
where Upper Cretaceous intermediate to acidic pyro-
clastics converted to bentonite in a marine environment
were examined in the present study, which also
combined mineralogical and geochemical analyses in
order to investigate the composition and oxygen-hydro-
gen isotopic characteristics of the bentonites in the area.
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This study aimed to: (1) define the mineralogy of the
bentonites in detail, especially changes in clay miner-
alogy and associated non-clay minerals; (2) characterize
the distribution of major and trace elements in the
smectite-rich bentonites and surrounding rocks; and
(3) assess the source of the bentonites and their
formation conditions.

METHODS

In order to identify the distribution of bentonite in the
Tirebolu area, 105 samples of fresh and altered rocks of
the Tirebolu formation were collected (Figure 1). The
samples were analyzed for their mineralogical charac-
teristics by polarized-light microscopy (Leitz Laborlux
11 Pol), X-ray powder diffractometry (XRD) (Rigaku-
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DMAXIIC and Rigaku-Geigerflex models), scanning
electron microscopy (SEM-EDX, JEOL JSM 84A-EDX),
and differential thermal analysis-thermal gravimetry
(DTA-TG, Rigaku TAS 100 E and NETZSCH 404
models). The XRD analyses were performed using CuKa
radiation and a scanning speed of 1°26/min. Random
samples of powdered whole-rock samples were used to
determine bulk mineralogy. A clay concentrate was
obtained by dispersion of the bulk samples in water
followed by sedimentation to obtain the 2 pm fraction
which was then redispersed overnight in distilled water
and separated by centrifugation. The precipitated parti-
cles were redispersed in deionized water using ultrasonic
vibration for ~15 min. Oriented specimens of the <2 um
fraction were then prepared from each sample. Each of
the oriented samples prepared in this fashion was
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Figure 1. Location and simplified geological map of the study area in the vicinity of Harsit valley, Tirebolu (Giresun), NE Turkey.
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subjected to one of the following treatments: drying only
or air drying followed by ethylene glycol solvation at
60°C for 2 h, and thermal treatment at 350°C and 550°C
for 2 h. In addition, samples of the 2 um fraction were
also Mg-saturated, Mg-saturated + ethylene glycol
solvated, K-saturated, K-saturated + thermally treated
at 350°C or 490°C, or Li-saturated. Semi-quantitative
relative abundances of rock-forming minerals were
obtained according to Brindley (1980), and the relative
abundances of clay-mineral fractions were determined
using their basal reflections and the intensity factors of
Moore and Reynolds (1989). Representative clay-abun-
dant bulk samples were prepared for SEM-EDX analysis
by adhering the fresh, broken surface of each whole-rock
sample onto an aluminum sample holder using double-
sided tape, and then coating the sample with a thin film
(350 A) of gold using a Giko ion coater. The DTA-TG
curves were obtained using 10 mg of powdered clay
sample in a Pt sample holder at an average heating rate
of 10°C/min with an alumina reference.

Chemical analyses of 18 whole-rock and six 2 um
fractions were carried out using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) for
major and trace elements at Acme Analytical
Laboratories, Ltd. (Vancouver, British Columbia,
Canada). The detection limits for analyses were between
0.01 and 0.1 wt.% for major elements, and between 0.1
and 5 ppm for trace elements.

The enrichment and depletion of elements were
estimated using the procedure of MacLean and
Kranidiotis (1987). In those calculations, Zr was
assumed to be the most immobile element based upon
calculated correlation coefficients with other elements.
All samples were grouped on the basis of degree of
alteration (average result from each group), and the
gains and losses of components were calculated using a
starting mass of 100 g of average fresh anhydrous
sample. The equation used in calculations can be written
for SiO, (MacLean and Kranidiotis, 1987) as:

Si0, (g/100 g) =
SlOz (Wt.%)altcrcd

rock
altered

Zy (ppm)rock

fresh
rock

altered rock x Zr (ppm)

Gain and loss of mass were determined by subtracting
the calculated values from the concentrations of
components in the least-altered samples, using the
above formula.

Analyses of stable H and O isotopes were performed
on four smectitefractions at Activation Laboratories,
Ltd. (Actlabs, Ancaster, Ontario, Canada). The
H-isotopic analyses, carried out using conventional
isotope-ratio mass spectrometry, are reported in the
familiar notation of per mil relative to the Vienna
Standard Mean Ocean Water (V-SMOW) standard. The
procedure described above was used to measure a oD
value of —65%o0 for the NSB-30 biotite standard. The
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O-isotopic analyses were performed using a Finnigan
MAT Delta dual inlet isotope-ratio mass spectrometer,
following the procedure of Clayton and Mayeda (1963).
The data are reported in the standard delta notation as
per mil deviations from V-SMOW. External reproduci-
bility was +0.19%o (15), based on repeat analyses of the
internal white crystal standard (WCS). The NBS 28
value was 9.61+0.10%o (10).

GEOLOGICAL SETTING

The Eastern Pontides is one of the best preserved
examples of a paleo-arc setting formed by subduction of
the Tethyan ocean crust, which took place from the
Jurassic to the Miocene period (Dixon and Pereira, 1974;
Sengdr and Yilmaz, 1981; Okay and Sahintiirk, 1997).
The Eastern Pontides straddle the North Anatolian
transform fault, displaying three major volcanic cycles
in the Jurassic, Upper Cretaceous, and Tertiary periods.
Volcanic rocks of Jurassic age are transitional (Arslan et
al., 1997; Sen, 2007); those of the Upper Cretaceous are
subalkaline; and Eocene—post Eocene volcanic rocks are
alkaline and calcalkaline in character (Arslan et al.,
1997; Sen et al., 1998; Arslan and Aslan, 2006; Arslan et
al., 2007; Temizel and Arslan, 2008). In the Late
Cretaceous, the northern zone of the Eastern Pontides
had very dense volcanic activity, mostly under sub-
marine conditions, which led to the formation of shallow
marine conditions and lagoons (Gedik, 2001, 2003).

In the region, bentonite, kaolinite, and illite devel-
oped in the alteration zones of the ore bodies (VMS, vein
type, etc.) and by in situ alteration of Upper Cretaceous
pyroclastics. Na and Ca-bentonite occurrences in
Turkey, located mainly at Tirebolu (Giresun), Unye-
Fatsa (Ordu), Resadiye (Tokat), and Kocaeli areas from
east to west direction in Northwest and Northeast
Anatolia, are generally formed within Late Cretaceous
and Tertiary volcanics, or volcano-sedimentary rocks
(Coban and Ece 1999; Yalgin and Giimiiger, 2000; Uz
and Bacak 2001; Abdioglu, 2002; Uz er al., 2003;
Abdioglu and Arslan, 2005; Arslan ef al., 2006). Some
of these clay occurrences are now of economic interest.

The bentonite occurrences studied were of varying
size in the Tirebolu area (Giresun, NE Turkey) and are
distributed over ~70 km? (Figure 1). The basement of
the study area is represented by the Late Cretaceous
Cayirbag formation, which consists of basalt and its
pyroclastics. This formation is conformably overlain by
the Tirebolu formation, consisting of trachyte, trachy-
andesite, hyalo-trachyte, rhyodacite, dacite, their pyro-
clastics, and bentonites. The Tirebolu formation is
overlain by marl, clayey limestone, and limestone units
of the Kireghane formation, which are outcrops of the
study area. These units are overlain by Neogene basalt-
andesite lava flow and dykes. All of these units are
unconformably overlain by Quaternary alluvium
materials (Figures 1, 2).
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Figure 2. Simplified stratigraphic section of the study area indicating the vertical distribution of bentonite and volcanic rocks.

The bentonite in the Tirebolu formation, which is
known as Tirebolu Bentonite, is a non-cemented clay
bed ~5 m thick, exhibiting white, yellow, and pinkish
colors and hard, soapy, and slippery characteristics.
During dry periods, surface outcrops of the bentonite are
easily distinguished by a popcorn-like texture.
Pyrogenetic biotite, lithic fragments, and diagenetic
siliceous minerals can even be seen with the naked eye
in the bentonites. The lower and upper contacts of the
bentonite grade into partly altered ignimbritic tuff and
trachyte-trachyandesite flows.

RESULTS

Petrographical determinations

Volcanic rocks of the Tirebolu Formation within the
study area generally consist of trachyte, trachyandesite,
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rhyolite, rhyodacite, and pyroclastic equivalents.
Hyalotrachytes exhibit perlitic, snowflake, and spherulitic
devitrification textures (Figure 3). In general, the pyro-
clastic rocks are composed of sanidine, plagioclase,
titanomagnetite, scarce pyrite, hornblende, and apatite.
The rocks show disequilibrium textures such as oscillatory
zoning, sieve texture, and corrosion in plagioclase
phenocrysts (Figure 3a—b), as well as breakdown and
opaque hornblende, biotites, and devitrification of volca-
nic glass (Figure 3c—f). The pyroclastic rocks include
crystal tuff, vitric crystal tuff, and ignimbrite. Crystal
constituents in these pyroclastic rocks are sanidine,
biotite, primary and secondary quartz, opaque minerals,
clay minerals, and, rarely, plagioclase. Rock fragments
are trachytic in composition. Ignimbrites contain crystals,
glass shards, glassy pumice fragments, and, rarely, rock
fragments. In most cases, eutaxitic texture with intense
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Figure 3. Optical photomicrographs of parent and surrounding volcanic rocks of bentonite: (a) trachyte exhibiting a hyalo-microlitic
porphyritic texture (XPL); (b) vitric crystal tuff in trachyte composition (PPL); (c) embayed quartz crystals in argillitized
groundmass of dacite (XPL); (d) dacite containing biotite phenocrysts and quartz microcrystals in groundmass formed by the
devitrification of glass (XPL); and (e,f) vitric tuff in rhyodacite composition, containing abundant glass shards and pumice
fragments (PPL). XPL: crossed nicols; PPL: plane-polarized light; pl: plagioclase; qtz: quartz; bi: biotite; gs: glass shards; pm:
pumice.

welding, compaction, alignment of flattened glassy XRD

pumice fragments, and elongated-curved glass shards are The XRD studies of bulk samples from several short
characteristic. Some of the biotites exhibit deformation profiles in the Tirebolu region revealed that smectite- and
textures due to compaction of the rocks. kaolinite-type alteration products are accompanied by
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feldspar (K-feldspar and plagioclase), quartz, and opal-CT,
as well as amphibole and calcite in places (Table 1,
Figure 4). Smectite is the prevalent clay mineral associated
with abundant kaolinite in the TIR-2 sample and mordenite
in the TIR-5, TIR-6, TIR-19B, TIR-25A, TIR-25B, TIR-
25C, TIR-22B, and TIR-22C samples; in all samples
smectite + kaolinite £ mordenite =+ illite coexist with
feldspar and opal-CT + quartz. The smectite is determined
by its reflections at 14.00—15.34 A (Figure 4). These peaks
expanded to ~17 A following ethylene-glycol solvation, and
collapsed to 9.87 A upon heating to 350°C. Additional
heating to 550°C caused further reduction in the sharpness
and reflection of the peaks at 9.60 A. The XRD patterns in
Mg- and K-saturated samples were typical of a nearly pure
smectite (Figure 5a), with an almost harmonic series of
peaks. Mg-saturated samples gave a very strong 001
reflection at 14.50—14.80 A in an air-dried state and
16.50—16.80 A in an ethylene glycol-solvated state.
K-saturation treatment collapsed smectite to 12.2—12.3 A
and heat treatment at temperatures up to 350°C and 490°C

Table 1. Mineralogical composition of the Tirebolu
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collapsed the smectite to 11.9 A and 9.90 A, respectively.
Although the results indicate a pure smectite composition,
the lack of strict harmonicity indicates possible interstrati-
fication effects of the layers with different thicknesses. The
doeo values between 1.49 and 1.50 A indicate dioctahedral
smectite (Moore and Reynolds, 1989). The results of
testing, based on the Greene-Kelley test, using Li-saturated
samples which had been heated for 12 h and then solvated
with ethylene glycol, indicated that the smectite has both
montmorillonitic (9.28-9.74 A) and beidellitic
(16.36—17.06 A) characteristics (Figure 5B). The test
does not distinguish between all montmorillonites and
beidellites, however. As much as 49% of the layer charge of
montmorillonite may, therefore, have arisen from tetrahe-
dral substitution, and even as little as 20% would have
sufficed to retain expansibility and lead to an identification
of beidellite (Buhmann et al., 1985; Wilson, 1987).
Where present, kaolinite is characterized by well
developed 7.18 /0\, 3.57 /0\, and 2.55 A peaks indicating
that it is a highly ordered kaolinite (Figure 4). These

(Giresun) bentonites and surrounding volcanic rocks.

Sample smc kao mrd ill fds qtz op-CT amph cal
TIR-2 + +++ + + +

TIR-3 A+ +

TIR-4 +++ acc ++ +

TIR-5 ++ acc acc

TIR-6 + ++ ++ + +

TIR-9 +++ + + + +

TIR-10A A acc acc

TIR-10B ++++ acc acc +

TIR-10C +++ acc +

TIR-10D +++ ++

TIR-11A +++ acc +

TIR-11B +++ +

TIR-11D -+ acc

TIR-11E ++ ++ + acc

TIR-11F +++ acc acc

TIR-12 +++ acc acc + +

TIR-15 acc acc + ++ +
TIR-16A ++ acc acc +

TIR-16B ++ acc acc + ++

TIR-17A +++ acc + +

TIR-17B +H++ acc acc

TIR-19B ++ + + + + acc
TIR-21A +++ acc acc ++

TIR-21B -+

TIR-22 acc + + ++ acc
TIR-22B +++ acc + acc +

TIR-22C -+ acc + acc acc
TIR-25A +++ + + +

TIR-25B ++ + acc + ++

TIR-25C ++ + acc + ++

TIR-26C -+ acc acc +

TIR-26B ++ acc acc ++

TIR-27 +++ acc acc acc

smc: smectite, kao: kaolinite, ill: illite, mrd: mordenite, fds: feldspar, qtz: quartz, op: opal-CT, amph: amphibole, cal: calcite,

+: relative abundance of mineral, acc: accessory.
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Figure 4. XRD patterns of Tirebolu bentonite samples (A) smectite (TIR-11D); (B) kaolinite (TIR-2); (C) mordenite (TIR-6) sample.
a — powder; b — oriented; ¢ — ethylene glycol solvated; d — heated to 350°C; e — heated to 550°C; f — strong K-acetate treatment;

g — removal of K-acetate by washing and addition of ethylene glycol.
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Figure 5. (A) XRD patterns of the oriented smectite fractions (TIR-10C) after Mg and K saturation, glycolation, and heat treatment.
(B) XRD patterns of the oriented smectite fractions after Li saturation, heating for 12 h, and the addition of ethylene glycol.

peaks were not affected by ethylene-glycol treatment
and heating to 350°C, but collapsed following heating at
550°C. The 7.18 A peak of kaolinite was not affected by
treatment with K-acetate solvation, or by washing with
water and the addition of ethylene glycol, suggesting
kaolinite rather than halloysite, as reported by Wilson
(1987), Churchman and Gilkes, (1989), Churchman
(1990), and Arslan et al. (2000).
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SEM-EDX determinations

The SEM studies revealed that smectite developed
authigenically as ‘cornflakes’ in dissolution voids of
altered glassy pyroclastic material (Figure 6a—b). These
flakes are ~1.5 um in diameter. In addition, mordenite
developed as needle-like structures; either irregularly as
a bunch of needles edged mostly by relicts of devitrified
volcanic glass, or as needle mesh away from the
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Figure 6. SEM images: (a, b) smectite flakes developed as cement in dissolution voids of volcanic glass (TIR-10B);
(c, d) Development of mordenite needles in intimate association with devitrified volcanic glass (TIR-6); (e) view of vermiform
kaolinite (TIR-2); (f) development of kaolinite crystals in contact with resorbed feldspar crystals (TIR-2); and (g, h) kaolinite
crystals on resorbed feldspar (TIR-2, TIR-6).
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devitrified volcanic glass (Figure 6c—d). Kaolinite
occurs either in a vermiform shape, when developed
independently, or as irregular plates when developed in
fractures and subparallel to resorbed feldspar
(Figure 6e—f). Resorbed feldspar has thin to thick
parallel platy forms (Figure 6g—h).

DTA-TG

The DTA-TG curves of smectite sample TIR-17B
indicate that dehydration occurred in three stages
(Figure 7a). The first strong asymmetric endothermic
peak occurred at temperatures between 20 and 250°C
(mean: 152°C; weight loss: 15%), the second medium
peak occurred at temperatures of 620 to 725°C (mean:
678°C; weight loss: 3.5%), and the last and smallest peak
occurred at temperatures between 837 and 915°C (mean
883°C, weight loss: 0.5%). Thermally, the constitution
was gradually lost and the structure finally collapsed at
1032°C. The first endothermic peak represents the
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elimination of hygroscopic and zeolitic water, and the
second and third endothermic peaks are due to dehy-
droxylation of the constitution water of the structure.

The trace smectite-bearing kaolinite sample, TIR-2,
exhibits two endothermic peaks (Figure 7b), the first
below 144°C (mean: 104°C; weight loss: 2.8%) and the
second large symmetric endothermic peak at 554°C
(weight loss: 3.7%). The first endothermic peak is
attributed to the loss of zeolitic and bound water of
trace smectite accompanying the kaolinite in this
sample. This low-temperature endothermic peak is not
characterized as resulting from the presence of halloy-
site, based on K-acetate treatment and XRD analyses.
The second symmetric, endothermic peak at 554°C is
due primarily to dehydration of ordered kaolinite
crystals, similar to that which was reported by
MacKenzie (1957) and Paterson and Swaffield (1987).
The structure of kaolinite collapsed at the 988°C
exothermic peak.
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Figure 7. DTA-TG curves for: (a) smectite-dominated sample (TIR-17B); (b) a smectite-bearing kaolinite sample (TIR-2).

https://doi.org/10.1346/CCMN.2010.0580112 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2010.0580112

130

Arslan, Abdioglu, and Kadir

Clays and Clay Minerals

> {ATrachyandesite
{0 Trachyte-trachyandesite (altered)
| = + Trachyte-trachyandesite (part. alt.)
3 © Bentonite Kom/Pant Phonolite
- Rhyolite
e Trachyt
8 0.1 | Rhyodacite-dacite m { rachyte
o =
*N E \// Trachyandesite
Q = Andesite
S 0.01 =
N 3 Andesite/basalt Alk-Bas | Bsn/Nph
7 Subalkaline basalt
0.001
I IIIII[II I IIII]III 1 rrrrn
0.01 0.1 1 10

Nb/Y

Figure 8. Petrochemical discrimination plot of the bentonite and surrounding volcanic samples of the Tirebolu area, using an Nb/Y -
Zr/TiO, immobile element diagram of Winchester and Floyd (1977).

GEOCHEMISTRY

Parent rock of the bentonite

When the Tirebolu area samples were plotted on a
Winchester and Floyd (1977) immobile-element diagram
(Zr/TiO,, Nb/Y), the bentonite appeared in the rhyoda-
cite/dacite field, but partly altered and unaltered samples
plotted in both the trachyandesite and rhyodacite/dacite
fields (Figure 8). Furthermore, petrographic investiga-
tion of these pyroclastic rocks indicated a trachy-
andesitic to rhyodacitic composition. In addition, partly
altered rocks plotted in and near the trachyandesite field,
while bentonite samples plotted in the rhyodacite/dacite
field, which led to the consideration that Nb may have
leached during alteration processes.

The results of 18 bentonite whole-rock chemical
analyses for major and trace elements showed that the
samples consisted of SiO, (55.3—72.46 wt.%), Al,O3
(10.45—17.08 wt.%), Fe,O3 (0.83-2.24 wt.%), MgO
(0.82—4.17 wt.%), and TiO, (0.07—0.29 wt.%). Loss
on ignition was 2.7—16.7 wt.% (Table 2). The alkali
content of the bentonites was much smaller than fresh-
rock composition, indicating a major loss of alkalis
during alteration, as might be expected (e.g. Senkayi et
al., 1984; Shiraki et al., 1987; Altaner and Grim, 1990;
Christidis and Scott, 1997). The relatively large K,O and
Na,O contents of some of the bentonite samples reflect
the presence of authigenic K-feldspar and mordenite,
respectively. The MgO content of all bentonites is
considerably greater than that of the fresh-rock compo-
sition, implying that Mg has been taken up during the
alteration of the parent pyroclastics, or that some small-
scale local redistribution of Mg may have taken place.
Such an environment is similar to that at Milos and
Kimolos islands where sea water has been shown to be
the source of most of the Mg (Christidis et al., 1995;
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Christidis and Scott, 1997). Mg uptake is a common
consequence of alteration of volcanic glass (Mottl and
Holland, 1978; Shiraki et al., 1987). All samples had a
similar trace-element composition that was compatible
with their precursor material.

Incompatible element concentrations of both pyro-
clastic and bentonitic samples were normalized to N-type
Mid Ocean Ridge Basalt (MORB) in order to collect
information about the source of the parent rock of the
bentonites (Figure 9). Bentonite samples have small Sr,
Ti, P, relatively small Ba, and large K, Rb, and Th
contents. Generally, the incompatible element composi-
tion of the bentonites is similar to the surrounding
volcanic rocks, suggesting that the incompatible elements
were generally immobile during alteration processes.
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Figure 9. N-type MORB normalized spider diagram of the
bentonite and surrounding volcanic samples of the Tirebolu
area. Normalizing values are from Sun and McDonough (1989).
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Rare earth element (REE) contents of the parent rock
and bentonite samples (Table 3) were normalized to
chondrite composition (Sun and McDonough, 1989),
exhibiting varying degrees of Eu anomaly (Figure 10).
The bentonite samples have similar REE patterns to each
other, but differences in Eu anomalies (Euy/Eu* =
0.18—0.75) indicating bentonite formation from differ-
ent pyroclastics. Smectite-rich clay samples exhibit light
REE enrichment. The absence of a negative Ce anomaly
also suggests that argillization took place under suboxic
or anoxic conditions (Jeans et al., 2000).

Mass-change calculations

During rock-alteration processes some elements are
mobile while others are immobile and become enriched
in the rocks during alteration processes. In order to
determine the details of this enrichment and depletion,
the method of MacLean and Kranidiotis (1987) was
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used. For the calculations, Zr was accepted as the most
immobile element, based on its large correlation
coefficients with other immobile elements (Table 4).
All samples were grouped according to their clay
content. The gain and loss of components were
calculated using a starting mass of anhydrous trachy-
andesite (sample TIR-1).

Based on major-oxide histograms (Figure 11), Si is
lost in almost all samples. Al behaves differently in the
different samples according to their degree of alteration.
In partly altered and altered samples, Al is enriched, as
an indication of kaolinite in these samples; it is nearly
immobile in the others. The Na is enriched at the
beginning of the alteration and then it is depleted. This is
also compatible with mineralogical data; the partly
altered rock samples contain more mordenite than the
others because the formation of mordenite requires Na
leaching due to its high Na content. Ca is slightly

Table 3. Rare earth element (ppm) concentrations of the bentonite and surrounding rock samples from the Tirebolu (Giresun)

area.
Fresh rock Bentonite samples
TIR-1 TIR-10A  TIR-10B TIR-10C TIR-10D  TIR-21B TIR-26A  TIR-26B TIR-27
La 21.00 68.50 63.20 66.00 61.20 45.80 64.40 59.20 53.60
Ce 33.10 114.40 103.20 117.10 112.30 82.20 111.90 110.90 82.10
Pr 3.02 11.57 11.12 12.29 11.34 7.48 10.53 10.57 8.12
Nd 9.40 38.40 36.80 41.80 37.90 22.80 32.40 33.40 24.30
Sm 1.40 6.70 6.60 7.10 6.90 3.40 4.70 5.10 3.70
Eu 0.72 1.34 1.36 1.41 1.28 0.66 1.05 1.05 0.69
Gd 0.91 5.57 5.19 5.76 4.97 2.56 4.17 39 2.83
Tb 0.16 0.86 0.78 0.91 0.89 0.48 0.62 0.64 0.43
Dy 0.98 4.97 4.70 5.16 4.63 2.64 3.92 3.66 2.68
Ho 0.25 1.00 1.08 0.97 0.99 0.57 0.85 0.76 0.53
Er 0.72 2.78 3.19 2.78 3.02 1.65 2.16 243 1.55
Tm 0.17 0.42 0.48 0.41 0.43 0.26 0.35 0.34 0.25
Yb 1.19 2.99 3.40 2.80 2.94 1.88 1.86 2.39 1.68
Lu 0.20 0.48 0.54 0.47 0.47 0.31 0.3 0.38 0.29
(Eun/Eu®) 1.83 0.65 0.69 0.65 0.64 0.66 0.71 0.69 0.63
Altered rock samples Partly altered rock
Element TIR-3 TIR-5 TIR-9 TIR-19A  TIR-19B TIR-25A  TIR-25B TIR-8 TIR-13
La 49.9 53.70 50.20 13.40 12.70 55.70 41.50 31.70 10.10
Ce 82.8 86.70 88.90 32.60 31.70 97.70 63.20 56.10 25.30
Pr 8.25 8.42 8.39 3.51 3.61 10.23 7.40 5.49 2.35
Nd 28.10 26.60 27.5 11.50 13.10 33.70 23.40 17.60 8.80
Sm 4.50 4.20 4.60 2.80 3.80 6.00 4.00 3.00 1.90
Eu 0.82 0.86 0.88 0.36 0.47 1.01 0.73 0.60 0.50
Gd 3.07 2.57 3.40 2.72 3.82 495 3.45 2.06 2.17
Tb 0.45 0.41 0.60 0.58 0.72 0.89 0.47 0.35 0.41
Dy 2.44 2.01 3.27 3.34 423 4.60 2.67 1.93 2.73
Ho 0.47 0.32 0.68 0.78 0.90 1.02 0.51 0.45 0.64
Er 1.13 0.80 1.83 241 2.61 2.90 1.34 1.31 2.04
Tm 0.17 0.12 0.29 0.36 0.37 0.43 0.20 0.23 0.31
Yb 1.14 0.85 2.08 2.63 2.49 3.03 1.36 1.53 2.39
Lu 0.21 0.19 0.34 0.38 0.39 0.46 0.21 0.27 0.41
(Eun/Eu®) 0.64 0.74 0.65 0.18 0.37 0.55 0.59 0.70 0.75

Eu"=(Smy+Gdy)/2
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Figure 10. Chondrite-normalized REE patterns of the bentonite
and surrounding volcanic samples of the Tirebolu area, showing
enrichment and depletion of REE during the alteration
processes. Normalizing values are from Taylor and McLennan
(1985).

depleted and then enriched. Depletion and enrichment of
Ca and Mg can be attributed to the formation of Ca-
smectite and rare calcite. Mg is enriched in almost all the
samples, while K is depleted. The Mg content can
increase by up to 15 times during the conversion of
rhyolite to bentonite (Zielinski, 1982). The bentonite and
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Table 4. Correlation coefficients of Al, Ti, Hf, Nb, Zr, and Y
for the volcanic and bentonite samples of the Tirebolu
(Giresun) area. The bold entries are meaningful values at
p <0.0500.

Al Ti Hf Nb Zr Y
Al 1.00 0.14  0.49 029  0.15 0.01
Ti 0.14 1.00 041 0.09 073 021
Hf 0.49 0.41 1.00 0.57  0.80 0.16
Nb 0.29 0.09  0.57 1.00 052 —-0.20
Zr 0.15 0.73  0.80 0.52 1.00 0.09
Y 0.01 -0.21 0.16 -0.20  0.09 1.00

altered rock samples studied have greater Mg contents
than the fresh-rock composition. The calculated gains in
Mg, therefore, might indicate a circulation between
seawater and the precursor material of bentonites during
and/or after the alteration period (Fisher and Schmincke,
1984). The gain and loss of Ba and Sr can be related to
the breakdown of feldspar minerals and volcanic glass
shards, and then leaching. In addition, the loss of Rb
may result in the corrosion of biotites (Figure 11).

Mineral chemistry

The chemical composition of the six purified smectite
samples (Table 5) shows that large SiO, values of the
samples are due to the presence of free silica phases,
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Figure 11. Mass balance change of the major oxides (g) and of the trace elements (ppm) for the Tirebolu area bentonite and
surrounding rock samples.
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Table 5. Exchangeable cations, CEC, and pH value of smectite-rich bentonite samples from the Tirebolu (Giresun) area.

TIR-10B TIR-10D TIR-19A TIR-10C TIR-25A

cmol(+)/kg

Ca 34.05 24.08 73.42 29.57 49.44
Na 1.45 0.35 2.43 0.66 9.27
K 0.90 0.82 0.78 0.73 6.56
Mg 15.58 13.34 13.26 14.61 13.61
Al - 17.33 - 9.72 -
Cat+Na+K+Mg+Al 51.99 55.93 89.89 55.30 78.88
CEC 58.64 65.42 94.26 64.32 87.68
pH 527 4.83 6.04 4.99 6.21

such as opal-CT and quartz. In the clay fractions, the
Al1,03 content of the samples is small
(10.12—12.23 wt.%). In the analysis, the total Fe,O3
values were 0.81—1.34 wt.%. This iron must be used in
the octahedral site. Moreover, Na,O is <0.1 wt% because
clay minerals in the samples are generally Ca-smectite.
The MgO content, occupying part of the octahedral sheet
and interlayer space of the samples, ranges from 3.0 to
3.4 wt%. According to chemical analysis based on clay
fractions, Si and VAl are tetrahedral, while YAl Mg,
Fe, Ti, and, rarely, Mn are octahedral. Ca, Mg, Na, and
K are interlayer cations, along with Al in some samples.

The amount of exchangeable cations, cation exchange
capacity (CEC), and pH value of six bentonite samples
(Table 6) revealed the samples to be smectite, which is
generally Ca- and Mg-saturated, with the main interlayer
cation being Ca (29.57—73.42 cmol(+)/kg). The inter-
layer Na value fluctuates between 0.35 and
9.27 cmol(+)/kg. The samples generally contain a
small amount of K, 0.70—0.93 cmol(+)/kg, except
TIR-25A, which contains 6.56 cmol(+)/kg. Mg values
of all the samples are similar to each other

(13.26—15.58 cmol(+)/kg). Uno and Takeshi (1979)
showed that smectite from weathered bentonite deposits
were characterized by the presence of Mg, as well as H,
in the interlayer position. The enrichment of Mg in
smectite could be attributed not only to seawater, but
also to the circulation of ground water. Furthermore, two
samples (TIR-10D and TIR-10C) contain exchangeable
Al. The pH values of the samples are between 4.83 and
6.21. The low pH value of two samples (TIR-10D and
TIR-10C) is attributed to exchangeable Al.

Montmorillonite may be expected to form from
solutions high in Si, Al, and Mg. Beidellite crystallizes
from such solutions only if the pH is 6.7, and if
exchangeable Al is present (Van Ranst, 1998). This is
also consistent with these two samples. Both samples
show a beidellitic character in the Li-saturated state, and
contain exchangeable Al. The average CEC of smectites
is accepted as 110 cmol(+)/kg. The CEC values of the
smectites studied here, however, are less than this value,
possibly due to the K and Fe content. Increases in the
K,;0 content decrease the CEC (Righi and Meunier,
1995).

Table 6. Chemical composition (wt.%) of the smectite fractions of bentonite samples from the Tirebolu (Giresun) area.

TIR-10B TIR-10C TIR-10D TIR-21B TIR-26D TIR-27
Si0, 62.92 66.33 66.46 67.66 60.5 66.87
ALO; 12.23 11.25 11.1 10.12 13.4 10.96
Fe,05* 1.34 1.07 111 0.81 0.89 1.00
MgO 3.12 2.79 2.88 2.59 3.00 2.52
Ca0 1.27 0.91 0.77 0.67 0.64 0.71
Na,O 0.09 0.06 0.03 0.04 0.06 0.02
K,O 0.54 0.36 0.21 0.18 0.45 0.53
TiO, 0.16 0.12 0.12 0.15 0.15 0.13
P,Os 0.04 0.04 0.04 0.03 0.02 0.02
MnO 0.05 0.04 0.04 0.02 0.08 0.05
Cr,0; 0.001 0.003 <0.001 <0.001 <0.001 0.003
LOI 18.10 16.90 17.10 17.60 20.60 16.90
SUM 99.99 99.95 99.92 99.93 99.85 99.8

All Fe as Fe2O3
LOI is loss on ignition.
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Table 7. O- and H-isotopic compositions of the smectites from the bentonite samples of the Tirebolu (Giresun) area.

Sample TIR-26A TIR-26B TIR-27 TIR-11C
8" 0v_smow (%o) 28 27.3 27.1 25.2
8Dv._smow (%o0) —131 —122 —114 —120

Water content (wt.%) 6.3 6.3 6.4 8.2

Stable-isotope geochemistry of smectites

The O- and H-isotopic composition of smectites from
the Tirebolu bentonite show narrow ranges from +25.2%o
to +28%o0 and —114%o to —131%o, respectively (Table 7).
All data points from the smectite studied plot away from
the smectite (SM) line representing the isotopic compo-
sition of smectites in equilibrium with meteoric water at
20°C, but near the montmorillonite (Ml) field repre-
sented by the isotopic composition of Archidona mont-
morillonite (Figure 12). Sheppard et al. (1969) showed
that hypogene clays and supergene clays, equilibrated at
surface temperatures, can be distinguished from each
other because the isotopic composition of hypogene
clays plots closer to the meteoric water line. The isotopic
composition of the smectites studied is also comparable
with those of smectites formed as a result of the
alteration of volcanic ash deposited during the Late
Cretaceous (Elzea, 1990) (Figure 12). The results reveal
that the Tirebolu smectite studied may have been formed
at low temperature by normal Cretaceous ocean water,
possibly with mixing of large volumes of fresh water.

To obtain information about the formation conditions
of the minerals from their isotopic data, the minerals
must retain the isotopic composition that they acquired
during their formation (Faure and Mensing, 2004). The
narrow isotopic ranges of the Tirebolu smectites may
imply insignificant post-formation isotopic change.
Isotopic fractionations of clay minerals at surface
temperatures are extremely slow (Savin and Lee,
1988). All the isotopic compositions of the smectites
studied were largely intact after their formation. The
isotopic composition of fluid can be calculated theore-
tically at several temperatures ranging from 10 to 80°C
(Figure 13), following the fractionation equations.

As the precursor volcanic rocks of the Tirebolu
bentonites formed in the shallow marine environment of
the Pontide arc setting during the Upper Cretaceous,
they can be used to obtain an estimate of the Cretaceous
seawater isotopic composition. The effect of alteration
of these values can be seen by plotting the Cretaceous
seawater values together with the present-day isotopic
composition of the Black Sea water and the values of
meteoric water (Figure 13a,b). Estimates of 8'*0 values
for normal Cretaceous seawater range from —0.5%o
(Craig and Gordon, 1965; Savin et al., 1975) to —1.0%o
(Shackleton and Kennett, 1975). Present-day &'*0 and
dD isotopic compositions of the Black Sea are —3%o and
—25%o, respectively (Balderer, 1999), and the present-
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day ground water (meteoric waters) ranges from
—12.2%0 to —13.73%o for §'*0 and from —90.15%o to
—102%0 for 8D (Giltekin, 1999). The ambient water
responsible for smectite formation may have been
seawater and meteoric water. If the components had an
active role in the formation of smectites, the calculated
isotopic composition of the ambient fluid would be
between these two extremes. The isotopic composition
of the present-day seawater and meteoric water may be
different from those of the water eons ago, but when
taking into account climatic variation in the region, these
differences would be small.

In addition to groundwater and seawater, another type
of water, magmatic water, was probable, which might
have been present during the eruption and subsequent
cooling (alteration) of the Tirebolu volcanic rocks. The
O- and H-isotope compositions of the magmatic water

My

5D (%o)

-100—

5"°0 (%o)

Figure 12. 8D vs. 8'%0 plot showing the isotopic composition of
the smectites from the Tirebolu area. MWL: meteoric water line;
the lines for kaolinite and montmorillonite are from Savin and
Epstein (1970). SH: the supergene/hypogene line of Sheppard et
al. (1969). SM: smectite line representing the isotopic composi-
tion of smectite in equilibrium with meteoric waters at 20°C. Mh
and MI: isotopic compositional ranges of high-temperature and
low-temperature montmorillonites, respectively. Black Sea: the
isotopic composition of the present-day seawater (Balderer,
1999). The shaded area represents average Clay Spur Wyoming
bentonite (Elzea, 1990) and the cross indicates non-marine
bentonite from Chambers, Arizona (Savin and Epstein, 1970).
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have been calculated theoretically to range from +5.5%0
to +9.5%0 and from —80%o0 to —40%., respectively
(Sheppard et al., 1969).

The smectites studied were probably formed in a
mixture of sea water and some meteoric water
(Figure 13). Magmatic water can, however, mix with
surface water and create hydrothermal-alteration condi-
tions. If this were the case, the O-isotope composition of
the samples would be very close to or slightly larger than
those of the surface water (Yui and Chang, 1999). Such a
situation would reduce the possible effect of magmatic
water on the formation of the smectites studied.

In order make these assumptions reliable, the water/
rock (w/r) ratio must be high in the system at the time of
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Figure 13. 8D vs. 8'%0 plot showing the calculated isotopic
compositions of fluids in equilibrium with smectites from the
Tirebolu area at different temperatures. (a) Calculation based on
103lnu(H)(muntmurillunite—water) = _453(103/7) +94.7 (Capuanos
1992). (b) Calculation based on 10slnoc(H)(mommm,-]lonne_water) =
—19.6(10%/T) + 25 (Yeh, 1980). In both a and b, the equation
10°1061(0) (smectite-water) = +2-55(106/T%) £ 4.05 (Sheppard and
Gilg, 1996) was used. The shaded area and the cross represent
the isotopic composition of the present-day meteoric water of
the Black Sea region and Cretaceous seawater (Eslinger and
Yeh, 1986), respectively.

https://doi.org/10.1346/CCMN.2010.0580112 Published online by Cambridge University Press

Arslan, Abdioglu, and Kadir

Clays and Clay Minerals

alteration. If the water/rock ratio were small, the 3180
value would show little difference from the initial §'*0
of the precursor material. Water/rock ratio calculations
were based on equations proposed by Ohmoto (1986)
(equation 1). In the equation, 8'*0™Mie! was accepted to
be 6.5+£1%o, which is a generally accepted value of
basaltic and andesitic rocks (Taylor, 1979). As feldspar
is considered the best mineral to indicate the isotopic
composition of water, 8'%0N4*" was calculated at
equilibrium temperatures ranging from 350 to 700°C,
using the feldspar-water equation that O’Neil and Taylor
(1967) proposed for a closed system (equation 2). For
the 3'%0M! value, the smectite-water equation (Savin
and Lee, 1988) was used

18 nyfinal 18 (yinitial
w_ 3 Orock -8 Orock (1)

T sI8initial 18 yfinal
ro 93 Omo -0 Omo

(Ohmoto, 1986)

feldspar 2.68 x 106 )
water T ( )

(O’Neil and Taylor, 1967)

The water/rock ratios were calculated using those
formulae and values. Positive results are considered
meaningful (Table 8). Positive water/rock ratios are
generally obtained for >650°C plagioclase-water and
<50°C smectite-water equilibrium temperatures. As a
result, if the formation temperature of the studied
smectite is accepted to be ~40°C, the water/rock ratio
must be >1.0.

DISCUSSION

Field observations (Zielinski, 1982; Senkayi et al.,
1984; Christidis et al., 1995) and laboratory experiments
(Mottl and Holland, 1978; Seyfried and Mottl, 1982;
Shiraki er al., 1987; Shiraki and lijima, 1990) have
shown that the alteration of volcanic glass, either to
montmorillonite and beidellite-type smectites (based on
XRD analyses of Mg-, K-, and Li-saturated clay
fractions) or mordenite, involves mobilization of ele-
ments from and to the altered glass. Thus, the loss of
alkalis and high Mg-activity promote the formation of
smectite (Hay, 1977; Senkayi et al., 1984). In open
systems, the outside pore fluid acts as a sink, creating
leaching conditions and providing a suitable environ-
ment for the formation of smectite (Senkayi ez al., 1984).
Smectite develops on the dissolved surface (Dibble and
Tiller, 1981), leading to pseudomorphic surfaces
(Khoury and Eberl, 1979; Christidis et al., 1995).
Leaching of alkalis, accompanied by immobility of
silica, may result in the development of a smectite +
opal-CT paragenesis in the beidellite-bearing Tirebolu
bentonite. When leaching is not effective, zeolites, such
as mordenite in the Tirebolu bentonite, crystallize,
usually from precursor gels (Mariner and Surdam,
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Table 8. Calculated water/rock ratio of the smectites from the Tirebolu (Giresun) bentonite samples at the time of formation.
5.5%0, 6.5%o, and 7.5%o of 8'%0 initial rock ratios were used in the calculations.

Plagioclase-water

§18Qinitial equilibrium temperature

Smectite-water equilibrium temperatures

(°C) 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C
350 —12.84  —10.33 —493  —3.46 —-2.74 =231 —2.01 —1.81
400 87.78 141.87 —6.60 —4.15 —-3.14 258 —-2.22 —-1.97
450 47.55 —6.14 -944  —-497 —3.57 =286 —2.42 —2.13
500 15.14 -21.84 —1697 —59% —4.02 -3.14 —2.62 —2.28

3.3 550 10.51 2.32 59.50  —7.15 —4.50 —3.41 —2.80 —-2.41
600 8.47 13.14 -0.20 —-8.73 —499  —-3.68 —2.98 —2.54
650 731 135541 -7.16 —11.01 —-551 -394 -3.15 —2.66
700 6.56 2898 —13.16 —14.88 —6.06 —4.20 —3.30 —-2.77

Plagioclase-water

d18(initial equilibrium temperature Smectite-water equilibrium temperatures
(°C) 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C
350 72.58 96.45 —-6.32 -397 —-3.00 —2.47 -2.12 —1.88
400 24.78 -9.33 —-1032 —4.99 —-3.53 281 —2.37 —2.07
450 11.09 —88.65 —55.03 —6.38 —4.13  -3.16 —2.61 —2.26
500 7.97 9.23 —-0.95 845 —479  —-3.53 —-2.85 —2.43

6.5 550 6.52 3990 —10.05 —12.33 —-5.55 =390 —3.09 —2.60
600 5.68 17.10  —23.28 —26.18 —643 —4.28 —3.31 —2.76
650 5.12 12.34 —353.39 27.26 747  —4.67 —3.53 —-2.90
700 4.73 10.11 62.81 1.42 —-8.76  —5.07 —3.75 —3.05

Plagioclase-water

3!8Qnitial equilibrium temperature Smectite-water equilibrium temperatures
(°C) 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C
350 23.07 —9.11 -9.88 —4.76 —3.37 -2.68 —2.25 —-1.97
400 934 —41.49 32.03 —6.57 —4.11 —3.11 —2.55 —2.20
450 6.59 23596 —6.85 —10.09 —-5.02 —-3.59 —2.86 —2.42
500 5.35 15.74  -2393 -27.75 —-6.18  —4.10 -3.17 —2.63

75 550 4.64 10.36 —161.91 5.72 =777  —4.66 —3.48 —2.84
600 4.19 8.19 383 —474 —-1026 527 -3.79 —3.04
650 3.87 7.00 73.69 —10.70 —1530 —5.96 —4.11 —3.24
700 3.63 6.24 2250 —-19.22 -37.78 —6.72 —4.42 —3.42

1970; Surdam, 1977; Taylor and Surdam, 1981; Steefel
and Cappellen, 1990), while smectite generally forms in
the initial stages of the alteration (Sheppard and Gude,
1973; Dibble and Tiller, 1981; Hay and Guldman, 1987).
The leaching of Si from acidic rocks might lead to
bentonites without silica polymorphs (Zielinski, 1982;
Christidis and Scott, 1997). When excess Si remains in
the system, opal-CT forms (Henderson et al., 1971;
Christidis and Dunham, 1997). Although the mineralo-
gical and major chemical features of bentonite forma-
tions have been studied thoroughly, the mobility of trace
elements, including lanthanides, with few exceptions
(Zielinski, 1982; Elliott, 1993) have been examined
thoroughly only in weathering profiles (Duddy, 1980;
Banfield and Eggleton, 1989).

The pinkish coloration in the Tirebolu bentonite is
probably due to the presence of Fe** oxides, which are
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incompatible with reducing conditions. Fe** oxide
minerals may postdate the smectite and might have
formed from oxidation of a precursor Fe-bearing phase,
possibly pyrite or biotite. In addition, weathering may
play an important role in colorization of bentonite due to
the oxidation of structural Fe in smectite.

The origin and formation of clay occurrences in the
Eastern Pontides (NE Turkey) were often thought to result
from hydrothermal alteration due to the presence of
massive sulfide deposits and young intrusive rocks (e.g.
Kamitani, 1978). Recent studies reveal, however, that
some clay occurrences in the region are related to in situ
alteration via hydrolysis (Yalgin and Guimiiser, 2000;
Abdioglu and Arslan, 2005). In the Tirebolu bentonites,
gradational contacts with surrounding pyroclastics, the
presence of relict feldspar, biotite, devitrified glass shards,
pumice fragments, and opal-CT, and the absence of
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epiclastic rock intercalation imply that the bentonites
studied were developed in situ by alteration of pyro-
clastics of acidic to intermediate composition. The
bentonites contain no fossils or organic material indicat-
ing a rapid and intense rate of pyroclastic eruption.

Furthermore, the absence of zonation, controlled by
faults, and of Fe oxides and/or hydroxides and sulfur
phases reveal diagenetic (in situ) alteration rather than
hydrothermal alteration (Meunier, 1995, 2005; Inoue,
1995; Kadir and Akbulut, 2009; Kadir and Kart, 2009).
The results are consistent with O- and H-isotopic values
of the smectites and the formation-temperature
assumptions.

The coexistence of smectite, mordenite, and kaolinite
with feldspar; opal-CT in pyroclastics; and the micro-
morphological development of smectite between glassy
volcanic materials, edging of mordenite fibers mostly by
devitrified volcanic glass, and edging of kaolinite and
kaolinite stacks by resorbed feldspar reveal the dissolu-
tion of glassy material and feldspar and re-precipitation
as the mechanism. In shallow-marine environments,
volcanic ashes are precursor materials of bentonites
and, in this environment, bentonites have a diagenetic
origin rather than a sedimentary one (Hillier, 1995;
Kippli et al., 2007). In other words, the interaction
between pore water and rock is important. Alteration of
glass includes textural and mineralogical changes.
Therefore, alteration of volcanic glass begins with
diffusion-controlled hydration and subsequent alkali
ion exchange (Fisher and Schmincke, 1984).
Chemically, Na is lost and K increases, but as alteration
increases, K concentration decreases. Mass balance
calculations and stable isotope studies show that the
Tirebolu bentonite studied was formed in a shallow
marine environment from a mixture of seawater and
meteoric water at low temperatures via a slow diffusion
rate and diagenesis.

According to Bohor and Triplehorn (1993), Al-
silicate gels form smectites in basic environments in
shallow marine waters with a small rate of leaching and
excess Mg>" ions. The chemical reaction related to their
occurrence is given as follows:

volcanic glass + feldspar + H,O hydrolysis

hydrated Al-silica ge] °rganic acids,
smectite or zeolite + hydrated silica + H,O + cations

In associations with zeolite + smectite, zeolites and
smectites are the first and last devitrification products of
volcanic glass, respectively (Rice et al., 1992). The
absence of a large amount of carbonate rocks in
association with the studied bentonites indicates that
the Ca in the bentonite was not derived from the
surrounding rocks and that the alkalinity of the environ-
ment was high at the time of clay fractionation. Gains in
Mg indicate leaching in the solution and seawater
circulation in the parent material. Despite the presence
of exchangeable Mg in some of the samples containing
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smectite, which could indicate post clay-fraction altera-
tion, the main source of Mg is believed to be the sea
water in the shallow-marine environment that was
present in the area during the Upper Cretaceous. The
excess silica remaining from smectitization, zeolitiza-
tion, and kaolinization may have been precipitated as
opal-CT and quartz.

The presence of kaolinite in a few samples and the
association of kaolinite crystals with platy and resorbed
feldspar from the Tirebolu area indicate that feldspar
degradation related to a tonstein bed was once associated
with the bentonite, as formulated below (Bohor and
Triplehorn, 1993):

feldspar + volcanic glass + H,O M
hydrated Al-silica ge] °rganic acids
kaolinite + hydrated silica + H,O + cations

The precise timing of alteration of the pyroclastics in
the region cannot be determined from these data alone.
Initial alteration of the pyroclastics appears to have
occurred at or near the pyroclastics/water interface in
contact with water ranging in salinity from brackish to
marine, as occurred in the Wyoming example (e.g.
Elzea, 1990). This alteration process may have con-
tinued for some time after the pyroclastic material was
buried by other sediments.

CONCLUSIONS

Stratigraphic relations suggest that the bentonitic
clays in the Tirebolu area were derived from Upper
Cretaceous pyroclastics deposited in a shallow-marine
environment. Bentonite formed by the in situ alteration
of ash-sized pyroclastic materials of intermediate to
acidic composition. Feldspar, quartz, biotite, pumice,
and glass shards comprise the volcanogenic components.
Clay, opal-CT, and mordenite are diagenetic phases. The
clay minerals are characterized as Ca-smectite with a
small amount of kaolinite and trace amounts of illite.
Alteration of volcanic ash in an aqueous environment
can lead to the formation of kaolinite (tonstein), smectite
(bentonite), and/or mordenite. This is controlled by the
volcanic eruption rate, the properties of the pyroclastic
materials, such as chemical composition, grain size, and
degree of alteration, as well as the salinity and/or
alkalinity, pH, organic material content, and presence of
inorganic suspended solids in the water in which the
pyroclastic material falls. Removal of the mobile and
immobile elements seems to be controlled by the degree
of alteration during the conversion of pyroclastic
materials to the bentonite.
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