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AbstractÐThe zeolites and coexisting minerals of the silicic vitric tuffs in the AlacËatõ (CË es°me) area, west

of IÇzmir (Turkey), were studied. Mordenite is the most abundant zeolite in tuffs of the AlacËatõ area and

usually coexists with clinoptilolite-heulandite, smectite and calcite. Opal-CT was identified by means of

its crystal morphology and EDX spectrum. Scanning electron microscopy (SEM) revealed the relative age

relationships between the zeolites and coexisting minerals, namely mordenite, clinoptilolite-heulandite,

smectite, calcite, and, in addition, opal-CT. Smectite consistently crystallized earlier than any of the

zeolites, and it occasionally coats the outer walls of some of the vitric material. The zeolites are commonly

located on the smectite, although some mordenites were observed to be in direct contact with glass shards

that lacked a smectite coating. Clinoptilolite-heulandite formed after smectite and before mordenite. Opal-

CT is seen to postdate both smectite and needle-shaped mordenite. Calcite was probably the latest mineral

to crystallize in the AlacËatõ tuffs. The zeolites in the tuffs of the AlacËatõ area formed by dissolution of silicic

vitric tuffs by Na- and Ca-rich thermal waters which passed through the fracture zone. The appearance of

zeolites together with smectite along this zone may be attributed to a semi-open system which subdivided

into smaller closed systems. Small changes in the pH and chemical composition of the thermal waters

during alteration produced the corrosion effects observed by SEM. Small amounts of clinoptilolite-

heulandite were corroded prior to crystallization of coexisting mordenite. The different compositions of the

thermal waters were probably inherited from water that resulted from mixing of thermal and groundwaters.

Key WordsÐAlacËatõ, Calcite, Clinoptilolite-heulandite, Geothermal, Miocene, Mordenite, Turkey,

Zeolite.

INTRODUCTION

Zeolites are the common authigenic silicate minerals

reported in sedimentary deposits, especially those that

originally contained volcanic glass (Hay, 1966). The

most common zeolites formed from silicic glass in

saline, alkaline environments are phillipsite, clinoptilo-

lite and erionite; less common are chabazite and

mordenite (Hay, 1978). There are some cases, in

hydrothermal settings, where mordenite was found to

be the dominant zeolitic phase as an alteration product

(Kitsopoulos, 1997; Pe-Piper, 2000). An example of

mordenite formation has been noted by Pe-Piper and

Tsolis-Katagas (1991) in the Miocene rhyolitic tuffs at

Samos Island, Greece. This mordenite formed by

hydrothermal circulation of alkaline lake waters, rich

in Ca and K, through the volcanic pile. Mordenite

commonly occurs within active geothermal areas as one

of the earliest mineral-formed zeolites (Honda and

Muffler, 1970; Kristmannsdottir and Tomasson, 1978).

Its formation temperature is known to range from ~60 to

160ëC (Mas et al., 2000). Likewise, mordenite and

clinoptilolite occur in the lower-T (60ÿ110ëC) parts of

some active or recently active geothermal systems

elsewhere in the Taupo Volcanic Zone. The main fluid

in these systems is weakly saline (alkali-chloride) water,

heated by geothermal activity. The formation of

mordenite and clinoptilolite, reported by Brathwaite

(2003), in the Ngakuru area in the Taupo Volcanic Zone

(TVZ), originated from reaction of glass-rich tuff with

groundwater-diluted, alkali-chloride water of geothermal

origin.

The known zeolite deposits of Turkey were deposited

in lacustrine environments. All of these deposits are

associated with clay minerals, borates, carbonates and

soda minerals. They are also found in close association

with lignite-bearing lacustrine rocks and evaporate. For

example, the zeolite minerals are found with borates,

carbonates and clays in the Kõrka (YalcËõn, 1988), Emet

(YalcËõn and GuÈndogÆdu, 1987) and Bigadic (GuÈndogÆdu et

al., 1989; Helvacõ, 1995) areas. In the GoÈ rdes (Esenli,

1993) and Yozgat (YalcËõn et al., 1997) regions, zeolites

coexist with carbonate and clay minerals and they are

interbedded with coal horizons. All of these deposits are

rich in clinoptilolite or heulandite, while mordenite is

almost absent.

The first mordenite occurrence in the AlacËatõ tuffs

was discovered by KacËmaz (2001). The mineralogical
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composition of all tuff samples, as determined by XRD

analysis, was reported by KacËmaz and KoÈktuÈ rk (2004)

and zeolite minerals were found in only seven samples

out of 40. Those authors suggested that zeolites in tuffs

of the AlacËatõ area were formed by dissolution of silicic

vitric tuffs by thermal waters.

Following a preliminary study, the present study aims

to characterize the authigenic minerals and their para-

genetic relationships and to reveal the factors controlling

the formation of the zeolites and coexisting minerals in

the AlacËatõ tuffs.

GEOLOGICAL SETTING

Turkey is centrally located in the Mediterranean

sector of the Alpine orogenic belt so it has many

geothermal fields. This belt lies between the Russian belt

to the north and the African and Arabian belts to the

south (GuÈnay and S° ims° ek, 1997). The geological history

of the region was influenced by the repeated opening and

closing of several oceans, traces of which are depicted as

structure belts. An extensional tectonic regime prevailed

in the Neogene, forming a series of grabens which

related directly to geothermal activity in western Turkey.

The CË es°me geothermal field is one of these. The CË es°me

area is dominated structurally by faults having a general

northÿsouth trend and discharging of thermal springs is

directly associated with NÿS and NEÿSW-trending

faults. The MTA (General Directorate of Mineral

Research and Exploration of Turkey) drilled two deep

wells, T24 and FY1, in 1974 and 1995, respectively, to

obtain thermal water and to investigate the CË es°me

geothermal area. Well FY1, which is 365 m deep

(Yõlmazer and Yakabagõ, 1995) and passes through

Neogene rocks from the surface (elevation is 10 m) to

316 m. Miocene tuffs and agglomerate occur between 0

and 100 m and Neogene sediments were cut between 100

and 316 m. At 316 m, Triassic limestones, which are the

reservoir rocks of the CË es°me geothermal area, were

drilled to well bottom. This well showed that the

Neogene rocks are >300 m thick in some parts of the

study area. Neogene rocks have low permeability and

supposedly cap the geothermal system. Although they

are relatively impermeable, fractured sandstone, marl

and volcanic rocks form a second aquifer for thermal

waters.

The AlacËatõ area is 7 km south of CË es°me, west of

IÇzmir (Figure 1). The lithological units exposed at

AlacËatõ (CË es°me) and nearby consist of sedimentary and

volcanic rocks of Triassic to Quaternary age.

Megalodont-bearing karstic limestones were dated as

MiddleÿUpper Triassic by the investigations carried out

Figure 1. Location map of the study area.
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around Karaburun and its surroundings by Erdogan et al.

(1990). This karstic limestone is highly fractured.

Lacustrine and volcanic sediments of Neogene age are

located unconformably over karstic limestones.

Lacustrine sediments are the combinations of limestone,

marl, sandstone and claystone intercalations and the

contact between lacustrine sediments and volcanic rocks

are gradual. Agglomerates and tuffs are the volcanic

rocks in the area, the Miocene tuffs of rhyolitic-dacitic

composition being the most widespread pyroclastic

rocks in the AlacËatõ area. Although fractures are

widespread in tuffs, they are difficult to identify due to

the softness of the tuffs. Alluvium and slope wash are

located over all rocks in the study area.

ANALYTICAL METHODS

About 40 grab samples were taken from the outcrops

of the AlacËatõ tuffs which cover an area of ~30 km
2
. The

map showing the locations of these sample and of the

water samples described by Gemici (1999) and Gemici

and Filiz (2001), are shown in Figure 2. Zeolites and

coexisting minerals were identified by X-ray diffraction

(XRD) analysis using a JEOL JSDX 100 S4 diffract-

ometer. For the XRD analysis, pulverized powders were

scanned from 4 to 60ë2y at a speed of 2ë/min using Ni-

filtered CuKa radiation. All powder samples were

prepared using an automatic agate mortar. The clay

mineralogy was identified from air-dried samples.

A JEOL SXA 733 scanning electron microscope

(SEM) was used to examine the crystal habit, size and

spatial relationships of the zeolites and other minerals.

Chips ~10 mm in size were cemented on to 20 mm-

diameter brass stubs and then coated with gold.

A JEOL 6060 SEM equipped with an energy-

dispersive spectrometer (EDS) was used to obtain

complementary semi-quantitative chemical data and

images of the some authigenic minerals. Chips

~10 mm in size were cemented on to 32 mm-diameter

aluminum stubs and then coated with gold-palladium.

CHEMICAL PROPERTIES OF WATER SAMPLES

The chemical composition of some selected thermal

and cold groundwaters near AlacËatõ, as reported by

Gemici (1999) and by Gemici and Filiz (2001), are listed

in Table 1. There are two types of thermal waters in the

CË es°me geothermal field. The first is the NaCl type (e.g.

the Ilõca and S° ifne areas in Figure 2) which have

temperatures of 42ÿ58ëC on the surface. These hot

springs show high concentrations of Na which is a

prominent component of seawater and they originated

from a lower aquifer within the Triassic karstic lime-

stone which is the main potential reservoir of the system.

The second type is rich in Na and Ca but it has smaller

Na contents and temperatures than the first type due to

mixing with local groundwaters. These thermal waters

derived from an upper aquifer formed by Neogene

lacustrine and volcanic sediments. Mixing of these

thermal waters with the local groundwaters in different

proportions gives rise to Na-Ca-Cl-HCO3 thermal

waters. According to Gemici (1999), the tuff outcrops

in AlacËatõ and in the area surrounding it are poor in

groundwater (W10 in Figure 2).

RESULTS

Authigenic mineralogy

The silicic tuffs from the AlacËatõ area are vitric but

contain different amounts of crystals and lithic frag-

ments. The vitric matrix of some of the silicic tuffs has

generally been replaced by one or more authigenic

minerals, such as mordenite, clinoptilolite-heulandite,

smectite, calcite and opal-CT. The relative abundance of

components for each sample in the study area was given

by KacËmaz and KoÈktuÈ rk (2004).

Mordenite

Mordenite is most abundant zeolite in the AlacËatõ

tuffs. It is present as needle-shaped fibrous or filiform

crystals. The fibers are extremely delicate, from 0.28 to

0.86 mm in diameter. The different morphological types

of mordenite include `filiform', `interlaced masses' and

`rat's-nest' features. In Figure 3, the mordenite is highly

crystalline which suggests that all of the glass has been

consumed. Some glass in the tuffs are replaced by

zeolite minerals (Figure 4a), which consist of the silica-

rich zeolite, mordenite. Figure 4a,b consists of two SEM

images showing the dissolution texture of a glass and

mordenite that has grown on the outside of the glass.

Note the absence of textures that suggest that modenite

directly replaced the glass. Similar mordenite formation

has been reported to occur in zeolitic tuffs of Kimolos

Island, Greece (Fragoulis et. al., 1997). K-rich

mordenite is an unusual mineral because its dominant

Table 1. Chemical composition of selected thermal and cold

groundwater (mg/L) from the CË es°me geothermal area

(Gemici, 1999; Gemici and Filiz, 2001).

Ilõca* Sifne* W10
{

T(ëC) 58 42 ÿ

pH 6.5 6.65 7.58

Ec (mmho/cm) 26,600 48,400 2200

Ca
2+

677 1039 112

Mg
2+

367 762 29

Na
+

7108 9150 99

K
+

631 804 7

HCO3

ÿ

195 183 330

Cl
ÿ

11,530 16,450 350

SO4

2ÿ
1665 2422 91

Water type Na-Cl Na-Cl Ca-Na-Cl-HCO3

* hot spring
{
cold groundwater
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exchangeable cations are Na and Ca (Gottardi and Galli,

1985). We noted that the majority of the AlacËatõ tuffs are

dominated by Na- and Ca-mordenites. Semi-quantitative

spectra obtained from selected crystals of mordenite

minerals clearly indicate the strong presence of Na and

Ca. The EDX analysis yields the major elements Si, Al,

Na and Ca.

Mordenite was observed to coexist with clinoptilo-

lite-heulandite, smectite and calcite, but its coexistence

with clinoptilolite-heulandite is by far the most common

association in the AlacËatõ tuffs. Examination by SEM of

some samples shows needle-shaped mordenite draped

over clinoptilolite-heulandite, indicating that mordenite

crystallized later than clinoptilolite-heulandite

Figure 2. Geological map of the AlacËatõ (CË es°me-IÇzmir) area, showing the sample locations and also water sample locations (spring

and groundwater).
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(Figure 5). Some clinoptilolite-heulandite minerals

showed corrosion effects, presumably being the pre-

cursor for mordenite formation (Figure 6) (see discus-

sion). The SEM examination of some samples shows that

opal-CT lepispheres coexist with needle-shaped morde-

nite (Figure 7).

Clinoptilolite-heulandite

Mordenite, a high-silica zeolite mineral, is usually

found with the heulandite minerals as an alteration

product within volcaniclastic sequences (Kitsopoulos,

1997). Clinoptilolite-heulandite was found only in

mordenite-bearing samples in the AlacË atõ tuffs.

Heulandite is similar in morphology to clinoptilolite,

but typically contains less K (Welton, 1984). Therefore,

based on EDX spectra, we suggest that these authigenic

zeolite minerals were, in general, heulandite minerals.

The main ions in the heulandites are Na and Ca. In

contrast, K was found to be present in minimal amounts.

Clinoptilolite-heulandite was observed to coexist with

minerals other than mordenite and smectite in the AlacËatõ

tuffs (Figure 8). The coffin-shaped clinoptilolite-heulan-

dite draped over smectite, (Figure 8) clearly indicates that

the clinoptilolite-heulandite crystallized later than smec-

tite. The needle-shaped fibers coating the clinoptilolite-

heulandite are of mordenite. It can also be seen that the

needle-shaped mordenite crystallized later than the

clinoptilolite-heulandite as shown in Figures 5 and 6. In

addition, it seems that the formation of clinoptilolite-

heulandite followed that of smectite in Figure 9.

Smectite

Smectite is a widespread authigenic mineral in the

AlacËatõ tuffs and it has a characteristic honeycomb

structure. The webby morphology, a common crystal

habit of smectite, is seen in Figure 10. Identification of

the smectite is based on XRD analysis supported by the

EDX spectra showing the major elements of smectite

(Si, Al, Fe, Mg and Ca with additional minor amounts of

Na and K). It was determined as the only clay mineral.

The abundant occurrence of smectite was found in

zeolite-bearing tuffs (A15, A18, A19, A21, A22, A35

and A37). In addition, Samples A23 and A34 have

abundant smectite despite being zeolite-free tuffs (see

discussion). Smectite was apparently the first mineral to

form (Figure 11). It rarely coexists with authigenic opal-

CT (Figure 12) and where it coexists with other

authigenic minerals, it is the earliest mineral to have

crystallized (see Figures 8, 9, 11 and 12).

Opal-CT

The lack of diagnostic peaks of opal in XRD patterns

indicates that opal, if present, is not abundant in the

Figure 3. SEM image showing the total alteration of glass.

Figure 4. (a) SEM image showing the dissolution texture of a glass and needle-shaped mordenite that has grown on the outside of the

glass. (b) Close-up view of part of Figure 4a. The center of the image is occupied by a glass shard showing replacement of mordenite.
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AlacËatõ tuffs. The bladed morphology of the lepispheres

combined with the EDX spectra yielding only silica was

used to identify this mineral as opal-CT. In some

samples, the opal-CT lepispheres are associated with

early-formed mordenite and smectite (see Figures 7, 12).

The presence of opal-CT can be explained by excess

non-reacted silica.
Calcite

Calcite was observed in most of the samples. It

locally replaced pyrogenic, epiclastic and authigenic

minerals in the tuffs and was the last mineral to

crystallize (Figure 13a); a close-up view of the calcite

morphology is shown in Figure 13b. The EDX analysis

consists primarily of Ca, the minor amounts of Si, Al and

K probably being due to thermal waters. Calcite is

draped over mordenite crystals (Figure 13a) clearly

showing that the calcite crystallized later than

mordenite.

Figure 6. SEM image showing mordenite that grew on corroded

clinoptilolite-heulandite. The clinoptilolite-heulandite was

corroded prior to crystallization of fibers of mordenite that coat

the clinoptilolite-heulandite. Clinoptilolite-heulandite can be

seen, in the area shown by the black arrows, starting to corrode.

M = mordenite, C-H = clinoptilolite-heulandite.

Figure 7. SEM image of opal-CT lepispheres (O) with mordenite (M).

Figure 8. SEM image of sample A15 showing needle-shaped

mordenite (M) and clinoptilolite-heulandite (C-H) with smec-

tite (S). Thus, the paragenesis of zeolites, from early to late, is

smectite, clinoptilolite-heulandite, and then mordenite.

Figure 5. SEM image showing needle-shaped mordenite draped

on clinoptilolite-heulandite, indicating that mordenite (M)

crystallized later than clinoptilolite-heulandite.
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DISCUSSION

Formation of authigenic minerals

The mineralogical properties of the tuffs collected

were investigated to discover how they were formed and

to establish the relative age relationships of the zeolites

and coexisting minerals. The tuffs in the AlacËatõ

(CË es°me) area have mainly been altered to mordenite

and smectite. Clinoptilolite-heulandite, opal-CT and

calcite complete the mineralogical suite.

Many previous works indicated that smectite is one of

the main products of volcanic glass alteration in nature

as well as in experimental studies (e.g. Caballero et al.,

1991; Tomita et al., 1993). The formation of smectite

from an acidic protolith requires the removal of some

excess Si and alkalis present in the protolith. A semi-

open system facilitates this and results in the formation

of extensive smectite deposits. If the system is fully

open, all Si and alkalis are removed and smectite is the

only phase present (Kitsopoulos, 1997). Smectite is

present in trace to abundant amounts in most of the

samples examined, but where prevalent, the smectite is

related to the inferred fracture zone throughout the study

area. It is as abundant as the zeolites along this fracture

zone. The increase in smectite content may be attributed

to the existence of a semi-open system in the AlacËatõ

area. However, the presence of zeolites and opal-CT in

these tuffs indicates that sufficient Si and alkalis were

retained to form these minerals. Hence, a semi-open

system that changed into smaller closed systems is

postulated. Meanwhile, large amounts of smectite were

determined in other samples (A23 and A34) away from

the fracture zone. The lack of zeolites and the presence

of abundant smectite in these samples appear to be

Figure 9. SEM image showing the formation of clinoptilolite-

heulandite following that of smectite.

Figure 10. SEM image of pure smectite.

Figure 11. SEM image showing the glass shard consisting of

needle-shaped mordenite (M) that grew on marginal smectite

(S). Note that the outer walls of the glass shard are lined with a

thin layer of smectite.

Figure 12. SEM image of opal-CT lepispheres (O) with smectite (S).
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related to extension of the fault into tuffs in the northern

part of the study area.

Smectite was apparently the first mineral to form; the

outer walls of some of the glass shards are lined with a

thin layer of smectite (Figure 11). Note that the inner

part of the glass shard is replaced by acicular mordenite.

Examination by SEM of some samples shows that opal-

CT coexists with early-formed smectite (Figure 12).

Opal-CT peaks were not detected by XRD, although its

crystalline habit and the EDX spectrum suggest that this

mineral is opal-CT. At this stage, the excess silica was

probably present in the solution and opal-CT formed

later than smectite.

The pH of the fluids might have ranged between 7

and 9 in order for the siliceous zeolite, clinoptilolite, to

form (Sheppard et al., 1988). Subsequent alteration of

glass to smectite would have raised the pH, aSiO2 and

the (Na+K)/H
+

activity ratio, providing a chemical

environment favorable for the formation of the heulan-

dite-type zeolites, depending on the initial composition

(Hay, 1966; Hay and Sheppard, 1977; Hay and Guldman,

1987). Clinoptilolite-heulandite was the first zeolite to

form in the AlacËatõ tuffs. Direct connection is observed

between clinoptilolite-heulandite and smectite. The

white arrows in Figure 9 indicate that the formation of

smectite ceased and clinoptilolite-heulandite continued

to form from remaining liquid. The pseudomorphic

replacement of glass shards by clinoptilolite, commonly

described by Leggo et al. (2001) and CochemeÂ et al.

(2003), was not seen in the tuffs studied here. The EDX

analysis was used to identify these crystals as generally

heulandite. The EDX spectra generally contain the

elements typical of heulandite: Si, Al, Ca and Na; K

was found in minimal amounts. Likewise, zeolite-

bearing tuffs contain between 2.63 and 3.06 wt.% K2O,

whereas zeolite-free tuffs contain between 2.68 and

4.28 wt.% K2O (more detail given by KacËmaz and

KoÈktuÈ rk, 2004). The stages of alteration leading to the

formation of zeolite-bearing tuffs also show a decrease

in K2O.

Mordenite was the last zeolite to form in the AlacËatõ

tuff and it is commonly draped over clinoptilolite-

heulandite, although some mordenites develop from the

volcanic glass. Likewise, as shown in Figure 4a,b, the

glass has been leached and mordenite formed in situ

from volcanic glass, as commonly described (e.g. Ghiara

et al., 1999; Christidis, 2001; Brathwaite, 2003) in vitric

tuffs. Some opal-CT lepispheres appear with mordenite.

During the alteration, the crystallization of mordenites

resulted in an excess of SiO2 that crystallized chiefly as

opal-CT. As shown in Figure 7, the needle-shaped

mordenites are draped over opal-CT lepispheres. It

seems as if the opal-CT lepispheres formed earlier than

the needle-shaped mordenite. In fact, opal-CT formed

last. Opal-CT lepispheres probably penetrated the ear-

lier-formed mordenite needles at this stage.

The hydrothermal experiments (Kusakabe et al.,

1981) showed that mordenite was formed from clinopti-

lolite at greater pH and Na concentrations. However, it is

known that Na is usually found in greater amounts

within the mordenite structure than within that of

heulandite (Bowers and Burns, 1990). There was

substantial evidence to support a hypothesis that

mordenite was formed later than clinoptilolite-heulan-

dite minerals in the AlacËatõ tuffs. Its coexistence with

clinoptilolite-heulandite is the most common association

in the AlacËatõ tuffs and where mordenite and clinopti-

lolite-heulandite coexist, the mordenite is always draped

over clinoptilolite-heulandite (Figures 5, 6, 8). Increase

in the pH and cation ratios of the remaining liquid were

probably responsible for the formation of the mordenite

that crystallized after clinoptilolite-heulandite.

Meanwhile, a pitted morphology of the trace amounts

of clinoptilolite-heulandite crystals was observed using

SEM (black arrows in Figure 6). During alteration of the

AlacËatõ tuffs, local slight changes in the pH and cation

ratios of the thermal water were probably responsible for

the pitted morphology. However, it is important to note

that intact clinoptilolite-heulandite crystals were also

commonly found within samples. The degree of the

Figure 13. (a) SEM image of calcite (C) with mordenite (M); (b) close-up view of the calcite morphology.
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corrosion of the clinoptilolite-heulandite crystals was

probably dependent on the pH and Na concentrations of

the thermal waters.

Mordenite and clinoptilolite occur in both fresh and

saline water environments. Their coexistence, coupled

with the absence of phillipsite, also characterizes low-

temperature hydrothermal alteration (Iijima, 1974).

Experimental work by Hawkins et al. (1978) in

hydrothermal areas suggests that clinoptilolite and

mordenite should dominate the low-temperature

(<150ëC) mineral assemblages. Phillipsite should be

absent from these regions because it is unstable with

respect to clinoptilolite and mordenite. Furthermore,

solution composition has an increasingly important

control on the reaction products. Phillipsite apparently

requires strongly alkaline solutions for its formation.

Mordenite may form in Na-rich solutions, phillipsite

may form preferentially in K-rich solutions, and the

greater Al:Si ratio favors the formation of phillipsite.

The absence of phillipsite and the formation of

mordenite and clinoptilolite-heulandite were due to the

associated presence of Na- and Ca-rich thermal waters

and silica-rich glass which provided the high Si:Al ratio

in the AlacËatõ tuffs. K-mordenite, formed by the

hydrothermal alteration of tuffs (Pe-Piper and Tsolis-

Katagas 1991), is not present in the AlacËatõ tuffs and this

is in accordance with Na and Ca-rich thermal waters and

mobilization of K during the alteration process.

An experimental study by Fuente et al. (2002) of the

hydrothermal alteration of volcanic glass indicates that

Na-rich solutions promote smectite formation with

increasing time, and K-rich solutions promote the

formation of illite. In the latter case, the temperature

should also be high enough. Kalogeropoulos and

Mitropoulos (1983) indicated that a temperature of

140ÿ170ëC is adequate to initiate the illitization of

smectite. Kitsopoulos (1997) stated that the smectites are

affected by illitization under increasing temperature

conditions at Polyegos. Smectite is the only clay mineral

in the AlacËatõ tuffs. The absence of illite indicates that

whether the problem is temperature or chemical

composition, the thermal waters in the present study

are not suitable for the illitization of smectite. However,

detailed studies by Ma et al. (1995) of the alteration

mineralogy of lacustrine tuffs and siltstones in the upper

part of the Wairakei system, indicate that mordenite and

associated smectite were formed at temperatures of

<110ëC. Experimental work by Gemici and Filiz (2001)

indicates that the reservoir temperature of the CË es°me

geothermal area is estimated to be 85ÿ100ëC.

The formation of Na- and Ca-rich minerals, such as

mordenite and clinoptilolite-heulandite, should have left

the thermal waters Ca-rich. The enrichment of Ca is

attributed also to the increased Ca content of thermal

waters which circulate through the Triassic limestone

that are present at depth as reservoir rocks. The presence

of authigenic calcite is consistent with enrichment of Ca

during the alteration process. Any excess Ca would form

calcite. The EDX spectrum of calcite reveals Ca as the

major element with minor amounts of Si, Al and K also

present. The presence of K within calcite is also

consistent with mobilization of K during the alteration

process. The mobile behavior of K in the zeolite-bearing

tuffs is further evidence for interaction of K in the

thermal water and the tuffs. Calcite is probably the latest

phase because most of the coexisting mineral surface is

covered by calcite. However, calcite is commonly found

to drape over mordenite (Figure 13a,b), clearly showing

that the calcite crystallized later than mordenite.

CONCLUSIONS

The relationships between zeolites and coexisting

authigenic minerals were determined by using SEM, and

a possible mechanism of formation of the authigenic

minerals is suggested. The co-existence of zeolites with

smectite suggests that the AlacËatõ zeolites formed in a

semi-open system which subdivided into smaller closed

systems. Smectite was apparently the first mineral to

form and locally it is found to coat the vitric material.

Opal-CT occasionally coexists with smectite and the

needle-shaped mordenite. It was formed after the

smectite and mordenite. The minor amount of opal-CT

probably reflects the minor amount of silica that was left

over after the smectite and mordenite formed from the

glass, which, being of rhyodacite-dacite composition,

had an intermediate silica content (>60% SiO2).

Clinoptilolite-heulandite probably crystallized before

mordenite in the AlacËatõ tuffs. Where mordenite and

clinoptilolite-heulandite coexist, the mordenite is always

draped over clinoptilolite-heulandite. Examination by

SEM proved that mordenite was the last zeolite mineral

to form in the tuffs. Likewise, some mordenite crystals

grew on clinoptilolite-heulandite and these zeolites had

been corroded prior to the crystallization of the

mordenite. The mineral corrosion was due to the

chemistry of thermal waters. Thus, from early to late,

the sequence is: mordenite and calcite. The formation of

mordenite should have left the thermal water Ca-rich. An

increase in Ca might have favored the formation of

calcite.

ACKNOWLEDGMENTS

The authors thank Bahadõr Uyulgan who assisted them

in the use of the SEM. Michael Stamatakis, Peter Leggo

and Marcelo Manassero are also thanked for their detailed

reviews that led to substantial improvements in the paper.

Derek C. Bain and Warren D. Huff are gratefully

acknowledged for their editorial comments and sugges-

tions.

REFERENCES

Bowers, T.S. and Burns, R.G. (1990) Activity diagrams for

clinoptilolite: Susceptibility of this zeolite to further

diagenetic reactions. American Mineralogist, 75, 601ÿ619.

Vol. 54, No. 5, 2006 Zeolites and authigenic minerals, AlacËatõ area, Turkey 595



Brathwaite, R.L. (2003) Geological and mineralogical char-

acterization of zeolites in lacustrine tuffs, Ngakuru, Taupo

Vocanic Zone, New Zealand. Clays and Clay Minerals, 51,

589ÿ598.

Caballero, E., Reyes, E., Huertas, F., Linares, J. and Pozzuoli,

A. (1991) Early-stage smectites from pyroclastic rocks of

AlmerõÂa (Spain). Chemical Geology. 89, 353ÿ358.

Cocheme, J.-J., Leggo, P.J., Damian, G., Fulop, A., Ledesert,

B. and Grauby, O. (2003) The mineralogy and distribution

of zeolitic tuffs in the Maramures Basin, Romania. Clays

and Clay Minerals, 51, 599ÿ608.

Christidis, G.E. (2001) Formation and growth of smectites in

bentonites: a case study from Kimolos Island, Aegean,

Greece. Clays and Clay Minerals, 49, 204ÿ215.

Erdogan, B., Altõner, D., GuÈngoÈ r, T. and OÈ zer, S. (1990)

Karaburun Yarõmadasõnõn Stratigrafisi, MTA Dergisi. No:

111, 1ÿ22, Ankara (in Turkish).

Esenli, F. (1993) The chemical changes during zeolitization

(Heulandite-Clinoptilolite type) of the acidic tuffs in the

GoÈ rdes Neogene Basin. Geological Bulletin of Turkey, 6,

37ÿ44.

Fragoulis, D., Chaniotakis, E. and Stamatakis, M.G. (1997)

Zeolitic tuffs of Kimolos island, Aegean Sea, Greece and

their industrial potential. Cement and Concrete Research.

Vol. 27, No. 6, pp. 889ÿ905.

Fuente, S., Cuadros, F. and Linares, J. (2002) Early stages of

volcanic tuff alteration in hydrothermal experiments: for-

mation of mixed-layer illite-smectite. Clays and Clay

Minerals, 50, 578ÿ590.

Ghiara, M.R., Petti, C., Franco, E., Lonis, R., Luxoro, S. and

Gnazzo, L. (1999) Occurrence of clinoptilolite and morde-

nite in Tertiary calc-alkaline pyroclastites from Sardinia

(Italy). Clays and Clay Minerals, 47, 319ÿ328

Gemici, UÈ . (1999) CË es°me yarõmadasõnõn hidrojeolojisi ve

jeotermal enerji olanaklarõ. PhD thesis, Dokuz EyluÈ l

UÈ niversitesi, Fen Bilimleri EnstituÈ suÈ , (in Turkish).

Gemici, UÈ . and Filiz, S. (2001) Hydrochemistry of CË es°me

geothermal area in western Turkey. Journal of Volcanology

and Geothermal Research, 110, 171ÿ187.

Gottardi, G. and Galli, E. (1985) Natural Zeolites. Springer-

Verlag, Berlin, 409 pp.

GuÈnay, G. and S° ims° ek, S° . (1997) International Course on

Geothermal District Heating Schemes, 20ÿ26 October,

CË es°me, IÇzmir, Turkey (in Turkish, unpublished).

GuÈndogÆdu, M.N., Bonnot-Coutois, C. and Clauer, N. (1989)

Isotopic and chemical signatures of sedimentary smectite

and diagenetic clinoptilolite of lacustrine Neogene basin

near Bigadic, Western Turkey. Applied Geochemistry, 4,

635ÿ644.

Hawkins, D.B., Sheppard, R.A. and Gude, A.J. 3rd (1978)

Hydrothermal synthesis of clinoptilolite and comments on

the assemblage phillipsiteÿclinoptilolite-mordenite. Pp

337ÿ343 in: Natural Zeolites, Occurrence, Properties, Use

(L.B. Sand and F.A. Mumpton, editors). Pergamon Press,

New York, USA.

Hay, R.L. (1966) Zeolites and zeolites reactions in sedimentary

rocks. Geological Society of America, Special Paper, 85,

p. 130.

Hay, R.L. (1978) Geologic occurrence of zeolites, Pp.

135ÿ143 in: Natural Zeolites, Occurrence, Properties, Use

(L.B. Sand and F.A. Mumpton, editors). Pergamon Press,

New York, USA.

Hay, R.L. and Guldman, S.G. (1987) Diagenetic alteration of

silicic ash in Searles Lake, California. Clays and Clay

Minerals, 35, 449ÿ457.

Hay, R.L. and Sheppard, R.A. (1977) Zeolite in open

hydrologic systems. Pp. 93ÿ102 in: Mineralogy and

Geology of Natural Zeolites (F.A. Mumpton, editor).

Reviews in Mineralogy, 4. Mineralogical Society of

America, Washington, D.C.

Helvacõ, C. (1995) Stratigraphy, mineralogy and genesis of the

BigadicË borate deposits, Western Turkey. Economic

Geology, 90, 1237ÿ1260.

Honda, S. and Muffler, L.J.P. (1970) Hydrothermal alteration

in core from research drill hole Y-1, upper Geyser Basin,

Yel lowstone Nat ional Park , Wyoming. American

Mineralogist, 55, 1714ÿ1737.

Iijima, A. (1974) Clay and zeolitic alteration zones surround-

ing Kuroko deposits in the Hokuroku District, northern

Akita, as submarine hydrothermal-diagenetic alteration

products. Mining Geology (special issue), 6, 267ÿ289.

KacËmaz, H. (2001) AlacËatõ (CË es°me) tuÈ flerinin jeokimyasal

oÈ zellikleri ve zeolitles° me. M.Sc. thesis, Dokuz EyluÈ l

UÈ niversitesi, Fen Bilimleri EnstituÈ suÈ , Turkey (in Turkish).

KacËmaz, H. and KoÈktuÈ rk, U. (2004) Geochemistry and

mineralogy of zeolitic tuffs from AlacËatõ (CË es°me) area,

Turkey. Clays and Clay Minerals, 52, 705ÿ713.

Kalogeropoulos, S.I. and Mitropoulos, P. (1983) Geochemistry

of barites from Milos Island (Aegean Sea), Greece. Neues

Jahrbuch fuÈr Mineralogie Monatshefte, 12, 13ÿ21.

Kitsopoulos, K.P. (1997) The genesis of a mordenite deposit by

hydrothermal alteration of pyroclastics on Polyegos Island,

Greece. Clays and Clay Minerals, 45, 632ÿ648.

Kristmannsdottir, H. and Tomasson, J. (1978) Zeolite zones in

geothermal areas of Iceland. Pp. 277ÿ284 in: Natural

Zeolite Occurrence, Properties and Use (L.B. Sand and

F.M. Mumpton, editors). Pergamon Press, Oxford, UK.

Kusakabe, H., Minato, H., Utada, M. and Yamanaka, T. (1981)

Phase relations of clinoptilolite, mordenite, analcime and

albite with increasing pH, sodium ion concentration and

temperature. Scientific papers of the College of General

Education, University of Tokyo, 31, 39ÿ59.

Leggo, P.J., CochemeÂ, J.-J., Demant, A. and Lee, W.T. (2001)

The role of argillic alteration in the zeolitization of the

volcanic glass. Mineralogical Magazine, 65, 653ÿ663.

Ma, C., Browne, P.R.L. and Harvey, C.C. (1995) Clay

mineralogy of sedimentary rocks in the Wairakei geother-

mal system. Pp. 399ÿ404 in: Clays: Controlling the

Environment (G.J. Churchman, R.W. Fitzpatrick and R.A.

Eggleton, editors). Proceedings of the 10th International

Clay Conference, Adelaide, Australia, 1993, CSIRO

Publishing, Melbourne, Australia.

Mas, G.R., Bengochea, L. and Mas, L.C. (2000) Hydrothermal

alteration at El Humazo Geothermal area, Domuyo Volcano,

Argentina. Proceedings of the World Geothermal Congress,

Kyushu, Tohoku, Japan, 1413ÿ1418.

Pe-Piper, G. (2000) Mode of occurrence, chemical variation

and genesis of mordenite and associated zeolites from the

Morden area, Nova Scotia, Canada. The Canadian

Mineralogist, 38, 1215ÿ1232.

Pe-Piper, G. and Tsolis-Katagas, P. (1991) K-rich mordenite

from late Miocene rhyolitic tuffs, island of Samos, Greece.

Clays and Clay Minerals, 39, 239ÿ247.

Sheppard, R.A., Gude, A.J. III and Fitzpatrick, J.J. (1988)

Distribution, characterization, and genesis of mordenite in

Miocene Silicic Tuffs at Yucca Mountain, Nye County,

Nevada. US Geological Survey Bulletin, 1777, 22 p.

Tomita, K., Yamane, H. and Kawano, M. (1993) Synthesis of

smectite from volcanic glass at low temperature. Clays and

Clay Minerals, 41, 655ÿ661.

Welton, J.E. (1984) SEM Petrology Atlas . American

Association of Petroleum Geologists, Tulsa, Oklahoma,

USA.

YalcËõn, H. (1988) Kõrka (Eskis° ehir) yoÈ resi volkano-sedimentar

olus° umumlarõnõn mineralojik-petrografik ve jeokimyasal

incelenmesi. PhD thesis, Hacettepe Universitesi, Ankara,

209 pp. (in Turkish).

YalcËõn, H. and GuÈndogÆdu, M.N. (1987) Neojen yas° lõ Emet

596 KacËmaz and KoÈktuÈ rk Clays and Clay Minerals



goÈ lsel volkanosedimenter baseninin mineralojik-petrografik

incelenmesi. Neoformasyon minerallerinin olus° umu ve

DagÆõlõmõ Yerbilimleri, 14, 45ÿ61 (in Turkish).

YalcËõn, H., KarayigÆ it, A.I., CiciogÆ lu, E. and GuÈmuÈ s° er, G.

(1997) Relationship between clay mineralogy and whole-

rock geochemistry of Sorgun (Yozgat) Eocene Coal Basin,

Central Anatolia, Turkey. Pp. 15ÿ24 in: Proceedings of the

8th National Clay Symposium, KuÈtahya, Turkey.

Yõlmazer, S. and Yakabagõ, A. (1995) CË es° me FY-1 kuyusu,

kuyu bitirme raporu, No 9955. MTA, Ankara (in Turkish).

(Received 12 May 2005; revised 17 May 2006; Ms. 1046;

A.E. Warren D. Huff)

Vol. 54, No. 5, 2006 Zeolites and authigenic minerals, AlacËatõ area, Turkey 597


