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Origin of analcime in the Neogene Arikli Tuff, Biga Peninsula,

NW Turkey

Sevgi Ozen and M. Cemal Goncuoglu

With 8 figures and 3 tables

Abstract: The Arikli Tuff in the Behram Volcanics, NW Anatolia, is characterized by its dominance of authigenic analcime. It was
studied by optical microscopy, XRD, SEM/EDX, and ICP for a better understanding of the analcime formation, which occurs as
coarse-grained euhedral to subhedral crystals in pores and pumice fragments as well as in clusters or fine-grained single crystals
embedded in the matrix. Besides analcime, K-feldspar, dolomite, and smectite are found as further authigenic minerals. Based on
the dominance of these authigenic minerals, the tuffs are petrographically separated into phyllosilicate-bearing vitric tuff, dolomite-
rich vitric tuff, and K-feldspar-dominated vitric tuff. No precursor of zeolites other than analcime was detected. Petrographical
and SEM investigations indicate that euhedral to subhedral analcime crystals found as a coarse-grained filling cement in voids
and pumice fragments are precipitated from pore water, whereas fine-grained disseminated crystals are formed by the dissolution-
precipitation of glassy material. Hydrolysis of glassy material that is similar in composition to analcime provides the additional Na,
Al Si, and K elements which are necessary for the formation of analcime.

Key words: Alteration, analcime, Neogene tuff, NW Turkey, volcanic glass.

Introduction

Tuffs deposited in lacustrine conditions present a unique
opportunity to study the zeolite-forming processes. In-
teraction of fluids with highly reactive glassy material is
considered ideal for the formation of zeolites including
analcime. As analcime forming mechanisms, generation
from volcanic glass (LARSEN et al. 1991, HigH & Picarp
1965, Tuima &UTtaDpa 1966), from precursor alkali zeo-
lites derived from volcanic glass (Hay 1966, Tuima & Hay
1968, SuePPARD & GUDE 1968, SURDAM & SHEPPARD 1978),
and from feldspars and clay minerals (HAy & SHEPPARD
2001) are proposed. Direct precipitation from saline, al-
kaline lake water (Hay 1966, REmy & FERrREL 1989, RE-
NAUT 1993, EncLis 2001) was also suggested where tuf-
faceous material is absent and where zeolite is laterally
widespread (Hay 1966).

Among a number of zeolites, analcime and clinoptilo-
lite are the most common ones in Tertiary sediments of
central and western Anatolia (ATamMaN & GunDOGDU 1982
and references therein). Relatively important analcime-
bearing tuff occurrences are at Bigadic (Emirler), Emet
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(Kopenez), Kirka (Karaoren), Urla, Bahcecik-Golpazari-
Goynuk, Nallihan-Cayirhan-Beypazari-Mihaliccik, Ka-
lecik-Hasayaz-Sabanozu-Candir, Polatli-Miilk-Oglakci-
Ayas, Kesan, and Gordes regions (ATAMAN & GUNDOGDU
1982, EsenLi & OzpekirR 1993, Gunpocpu et al. 1996,
EsenLi et al. 2005), some of which extend over an area
of approximately 2000 km? (ATamaN & GUNDOGDU 1982).
Although occurrence of analcime is common in Neogene
volcaniclastic units in the Biga Peninsula, detailed miner-
alogical studies are not available.

This study aims to report the characteristics of anal-
cime in the Arikli Tuff, and to discuss the diagenetic pro-
cesses that lead to their formation. We investigated the
mineralogy and geochemistry of representative Arikli
Tuff samples to understand the relationship between co-
existing phases. In addition, we examined changes in the
original and authigenic minerals by electron microscopy
with the aim of establishing the possible mechanism in
analcime authigenesis.

Direct precipitation from saline, alkaline lake water
(Hay 1966, REmy & FERREL 1989, RENAUT 1993, ENGLISH
2001) or from a mixture of seawater and meteoric water
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with magmatic water enriched in Na and K (ABbpIOGLU,
this volume) was also suggested where tuffaceous mate-

rial is absent and where zeolite is laterally widespread
(Hay 1966).

Geological setting

The study area is located on the Biga Peninsula between
Ayvacik and Kucukkuyu to the southeast of Troy in Can-
akkale, NW Turkey (Fig. 1) and covers an area of approxi-
mately 7 km?.

The geology of the Biga Peninsula has been reported by
a number of authors considering different geological as-
pects (Borst et al. 1972, BingoL et al. 1973, Sivako et al.
1989, OkAy et al. 1990, Ercan et al. 1995, YiLmMAZ et al.
2001 and Cirrcr et al. 2004).

In brief, rock units exposed around Kucukkuyu and
Ayvacik include the ophiolitic basement (GoncuoGLU et
al 1997), volcanics (Behram Volcanics), lacustrine sedi-
ments (Kucukkuyu Formation), and alluvium (Fig. 2). The
basement is disconformably overlain by Lower-Middle
Miocene calc-alkaline volcanic rocks (Behram Volcanics,
Borsi et al. 1972, Ercan et al. 1995) and detrital sedi-
ments. The main rock-types of the Behram Volcanics are

tuff, andesite, and andesitic agglomerate. They occur with-
in a thick pile of sedimentary rocks that are collectively
known as the Kucukkuyu Formation (Inci 1984, Siyako et
al. 1989, Cirrci et al. 2004). The Kucukkuyu Formation
is represented by well-bedded and yellowish brown, light
grey, and greenish brown laminated lacustrine sediments.
Dominant rock types are claystone, mudstone, and shale.
The age of Kucukkuyu Formation is Early Miocene based
on radiometric age data (Inc1 1984) from the associated
volcanic rocks.

The dacitic-rhyolitic tuffaceous rocks within the Behram
Volcanics were named Arikli Tuff by Cirrcr et al. (2004).
The Arikli Tuff represents the main pyroclastic products
of the volcanic activity and covers mainly the southern
part of the study area. The massive and bedded tuffs are
white, light green, yellow, and light yellow in color and
range in thickness from laminae to a few meters. Although
the tuff is fairly hard and compact in general, very fragile
tuffs were also observed along the Neotectonic Edremit
Fault Zone (Fig.2). Siliceous nodules, 2—7 cm in diam-
eter, occur sporadically in the Arikli Tuff. Analcime-rich
samples are concentrated in the central part of the E-W
trending Kucukkuyu lacustrine basin, where deeper lake
sediments (Cirrcr et al. 2004) such as laminated shales,
marls, and siltstones with tuff interlayers dominate.
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Fig. 2. Simplified geologic map of the Kucukkuyu area with sample locations (after CELIK et al. 1999).

Analytical methods

From 50 tuff samples collected from different localities
of the study area, 35 representative samples were stud-
ied in detail. The distribution of the samples is given in
Fig. 2. The relative abundance of authigenic minerals was
estimated by modal analyses. X-ray powder diffraction
(XRD) analysis for the very fine-grained minerals was
performed using a Rigaku D/Max-3 C diffractometer at
General Directorate of Mineral Research and Exploration
with a CuKa source operating at 40 kV/30 mA with a scan
rate of 10 degree/min in the range of 0—70°. For detailed
clay analysis, clay fractions in three samples were meas-
ured with a scan rate of 10 degree/min in the range of
0-25° by using Rigaku MiniFlex II diffractometer in the
Department of Geological Engineering of METU with
CuKa radiation, operating at 30 kV/15 mA. Clay miner-
als were identified according to the position of the (001)
series of basal reflection on XRD patterns (air-dried at
25°C, dissolved with ethylene glycol, heated at 300 °C
for 1h, and heated at 550 °C for 1h). Thin sections of
tuffs were examined to determine the texture and min-
eralogy. The grain size, morphology, actual three-dimen-
sional crystal relationship, growth mechanism, and com-
position of analcime and other minerals were examined in
gold-coated samples with a Jeol 6400 scanning electron

microscope (SEM) equipped with an energy dispersive
spectrometer (EDX) in Metallurgical and Materials Engi-
neering Department and Quant 400 F in the Central Labo-
ratory at METU. EDX was qualitatively used in order to
determine semi-quantitatively the chemical composition
of the glass-phase which controls the kind of zeolites
formed. The relative abundance of minerals was esti-
mated from optical, diffraction, and electron microscopy
techniques. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) for major elements and induc-
tively coupled plasma-mass spectrometry (ICP-MS) for
trace elements and REE’s analyses were used to deter-
mine the bulk chemistry of the Arikli Tuff in the ACME
Analytical Laboratories at Canada. The results obtained
for the major elements were recalculated including the
loss of ignition (LOI). Mineral abbreviations are accord-
ing to KreTz (1983).

Results
Petrography

The Arikli Tuff mainly consists of dust and ash-sized ma-
terial and minor amounts of mineral clasts. Microscopi-
cal study reveals that the fragments range in size from



S. Ozen and M. C. Goncuoglu

£

N b

A A

| W

Fig. 3. Photomicrographs of (a) analcime crystals in a pumice fragment with a dark rim of very fine-grained Fe-oxide (CT-8, PPL); (b)
trapezohedral analcime (colorless with low relief) in voids of dolostone (CT-10, PPL); (c¢) analcime clusters embedded in the matrix (KL-5,

PPL); (d) isotropic analcime grains (XPL view of ¢); (e) analcime together with glass shard, (KK-2, PPL); (f) dolomite-rich vitric tuff (CT-
8, XPL). PF = pumice fragment, Anl = analcime, Phy = phyllosilicate, Dol = dolomite, GS = glass shard.
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Table 1. Relative phenocryst, lithic fragment and authigenic mineral abundances (+ relative abundance; — accessory; o not observed) in
analcime-bearing Arikli Tuff.

PHYLLOSILICATE BEARING VITRIC TUFF

primary minerals

vitric material

lithic fragments

authigenic minerals

biotite
quartz | plagioclase pumice glass rock
sanidine fragment shard fragment analcime | dolomite | phyllosilicate | K-feldspar
CT-6 - - + O - ++ O -+ +
CT-7 + + - O - ++ - +++ +
CT-11 + + - O - ++ O +++ +
CT-15 + - - O - ++ O +++ ++
CT-16-A - - - O - ++ - +++ ++
CT-16-B - - + ©) - ++ (@) ++ ++
CT-17 + - - O - + + +++ ++
YCT-8 + - - O - O O -+ +
CPT-1 + + - (©) - ++ + ++ ++
CPT-2 + + + ©) @) ++ (@) ++ ++
CPT-3 + - - O O +++ - ++ ++
CPT-7 + + - O + ++ O ++ ++
CPT-8 + - - (@) - ++ ©) ++ ++
CPT-10 + - + ©) - ++ @) +++ ++
KC-1 + + + O - ++ O ++ ++
KC-3 + + + O - ++ O ++ ++
KK-5 + + + + - ++ O +++ +
KL-2 + - - (©) - ++ @) ++ ++
KL-5 + + + O + ++ O ++ ++
DOLOMITE RICH VITRIC TUFF
primary minerals vitric material lithic fragments authigenic minerals
biotite
quartz | plagioclase pumice glass rock
sanidine fragment shard fragment analcime | dolomite | phyllosilicate | K-feldspar
A-9 + - + O ++ +++ + +
A-12 + - + on - + -+ +
CT-8 - - + O +++ +++ O
Dolostone
Y-12 - — O O O ++ -+ + +
CT-10 - - O O O ++ -+ + +
CT-19 - - O O O ++ -+ + O
CT-20 - - O O O ++ R + O
K-FELDSPAR-DOMINATED VITRIC TUFF
primary minerals vitric material lithic fragments authigenic minerals
biotite
quartz | plagioclase pumice glass rock
sanidine fragment shard fragment analcime | dolomite | phyllosilicate | K-feldspar
A-2 - - + none - O + O -+
KK-2 + - + ++ - + ©) ©) +H++
KK-8 + + + ©) (@) (@) (@) ©) A+
KC-6 + - + O - + O + -+
YCT-9 + + - O - O O + -+
K—feldspar—dominated crystal tuff
CT-14 + ++ ‘ (@) ‘ - (@) + + ++
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0.01 mm to 0.06 mm, so the Arikli Tuff can be classified
as fine (dust) tuff based on grain size (FISHER & SCHMINCKE
1984). Tuff samples (except CT-14) were named as vitric
tuffin terms of remnant glass shards and pumice fragments
(PertuonN 1975). Sample CT-14 is identified as crystal
tuff, because of its phenocryst’s content of 35 vol%. In ad-
dition, this sample contains fine-grained K-feldspar in the
matrix determined by low birefringence and is grouped as
K-feldspar-dominated crystal tuff. The primary composi-
tion of the Arikli Tuff can not be exactly determined by
petrographic observations due to the diagenetic changes
in mineralogy. Still, according to the abundances of the
pheno- and micro-phenocrysts (Raymonp 1995) the tuffs
are rhyolitic to rhyodacitic in composition.

The primary minerals are quartz, minor biotite, plagio-
clase, and sanidine. The phenocryst content of vitric tuffs
ranges from 2 to 18 vol%. Pumice fragments are usually
elongate and some of them contain pores, which are main-
ly filled by analcime. These can be easily differentiated by
a dark rim of very fine-grained Fe-oxide staining (Fig. 3a).
Lath and Y-shaped glass shards are only found in two tuff
samples (Table 1). Both samples KK-5 (phyllosilicate-
bearing) and KK-2 (K-feldspar-dominated) are from the
west of Kucukkuyu (Fig. 2). The general absence of vol-
canic glass is a striking feature and their absence has been
attributed to the intense diagenetic alteration. Even though
alteration prevents the exact determination of some frag-
ments in the tuff samples, their ghost textures were used
to recognize them as volcanic rock fragments. Except the
phenocrysts, several compounds of the tuff (e.g. pumice
fragments, glassy matrix and glass-shards) are altered by
diagenesis. The cavities are sites of neo-mineralization.
The diagenetic minerals are analcime, phyllosilicate, K-
feldspar, and dolomite.

Petrographically analcime crystals are easily recog-
nizable by their typical optical properties. They have low
relief and are colorless (Fig. 3a, b, c), isotropic (Fig. 3d),
and cubo-octahedral (Fig. 3b). Their sizes range between
100 um to 1 mm in diameter. Two modes of occurrences
of analcime are noticed; coarse-grained euhedral to sub-
hedral crystals in pumice fragments (Fig. 3a) or in pores
(Fig. 3b), and clusters or single crystals of fine-grained an-
hedral analcimes embedded in the matrix (Fig. 3c).

The presence of very fine-grained authigenic crystals
scattered throughout the matrix can only be assured by
XRD analysis, so that the modal amount of the authigenic
mineral content (as volume %) on Table 1 is only a rough

estimate. Microscopically, analcimes are mainly euhedral
or subhedral in pumice fragments or voids and anhedral in
the matrix. Thin sections of tuff demonstrate distinctly dif-
ferent stages of analcime precipitation in cavities ranging
from quasi to complete filling. Analcimes are in general
associated with secondary phyllosilicate, dolomite, and
K-feldspar. Analcime in association with volcanic glass
was observed in a few samples (e.g. samples KK-2 and
KK-5; Fig.3e). No textural evidence of replacement of
any other zeolites, clay minerals, or feldspars by analcime
was observed by optical or electronmicroscopic studies.
The tuffs are separated into three main groups on
the basis of their authigenic mineral content visible and

Table 2. Mineralogy of Arikli Tuff samples determined by powder
XRD (A = abundant, P = present, T = trace, N = not detected, Qtz
= quartz, Anl = analcime, Kfs = K-feldspar, Dol = dolomite, Sm =
smectite, Bt = biotite, Sa = sanidine).
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Fig.4. SEM images showing a) trapezohedral analcime with well-developed (211), (211), (211), (211) and (100) faces and associated P>

smectite showing honeycomb morphology (sample CPT-3); b) subhedral analcime grain (sample KL-5); c) analcime and quartz formation
in voids; d) authigenic analcime overgrown on volcanic glass (sample A-12); e) euhedral quartz grains with well-developed (1011), (0111)
and (1010) faces (sample CT-8); f) K-feldspar with well-developed (010) face (sample KK-2).
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dominant in the matrix; phyllosilicate-bearing vitric tuff
(Fig. 3d), dolomite-rich vitric tuff (Fig.3f), and K-feld-
spar-dominated vitric tuff (Ozen 2008, Ozen & Gonc-
voGLU 2008). These three groups are similar in miner-
alogical character, but mineral or fragment abundances
differ. The phyllosilicate-bearing tuffs are the most com-
mon ones and include lithic fragments and phenocrysts
that are embedded in a matrix of pm-sized flakes of
authigenic clay minerals. Phyllosilicates occurring as
tiny crystals in the cryptocrystalline matrix were distin-
guished by their greenish yellow color and characteris-
tic flaky appearance (Fig. 3d). The type of phyllosilicate
was determined as smectite by the XRD and SEM analy-
sis. The dolomite-rich vitric tuffs mainly occur at the
contact of tuffs and sediments. They are characterized
by the dominance of authigenic dolomite in the matrix.
Disseminated dolomite grains occur as aggregates of an-
hedral habit (Fig. 3f). From this group, four samples (Y-
12; CT-10; CT-19; CT-20) are free of tuffaceous material
and were named as dolostones (Table 1). In sample CT-
10, where no relict volcanic material is observed, cavi-
ties are filled with coarse-grained, euhedral to subhedral
analcime crystals (Fig.3b), indicating precipitation of
analcime from pore fluids. The K-feldspar-dominated
vitric tuff has a matrix with more than 65 vol% of very
fine-grained K-feldspar crystals. K-feldspars are mainly
anhedral in the matrix, but euhedral in pumice frag-
ments. Although K-feldspars are differentiated by their
low relief, low birefringence and mainly prismatic shape

in thin-sections, their exact identification is mainly based
on XRD and SEM studies.

Mineralogy
XRD analyses

Analcime, K-feldspar, dolomite, quartz, biotite, smectite,
and sanidine are identified by XRD analyses (Table 2).
This finding is in accordance with the microscopic ob-
servations. In the XRD-graphs, the characteristic peaks
of analcime (2 0 of 25.97, 15.79, 30.50, 35.77, and 18.29
with d-spacings of 3.43, 5.62, 2.91, 2.50, and 4.85 A, re-
spectively) were clearly identified in samples. No other
zeolite type was identified by the XRD analysis.

Dolomite can be identified by its typical 2.89, 2.19,
2.01, and 1.79 A peaks, though its main peak overlaps
the analcime (2.91 A) peak. Quartz was identified by its
3.34, 4.26, 1.81, and 1.54 A peaks. We used the K-feld-
spars peaks at 3.33, 3.79, 4.24, 3.23, 3.47, and 3.28 A
for identification (McCLUNE 1991). The 3.33 and 4.24 A
peaks overlap with quartz. The 3.47 A peak, however,
can only be identified in analcime-free samples (e.g. CT-
14) as it overlaps with analcime peak. In this respect,
the exact type of K-feldspar is not determined. In CT-14
5.89A, 3.95A, 2.77A peaks are high-sanidine peaks.
XRD patterns of air-dried, ethylene-glycolated and heat-
ed specimens (at 300 °C and 550 °C 1 hour) indicate the
presence of smectite. Sample CT-14 includes a small

Fig. 5. SEM images showing a) an elongate pumice fragment (PF) with euhedral K-feldspar grains (sample KK-2); b) Y-shaped glass shard
(GS; sample KK-2).
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Fig. 6. SEM image (a) and EDX spectrum (b) of unaltered volcanic
glass (VG) with subhedral analcime (Anl) on its edge (sample KL-
5) and (c¢) SEM image of authigenic analcime overgrowth at the
edge of volcanic glass (sample CT-8).
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reflection of 10.12 A in the random sample, which dis-
appears in the air-dried or ethylene-glycolated sample,
probably biotite.

SEM analyses

In Arikli Tuff, analcimes are present with well-developed
trapezohedral faces (211), (21 1), (211), (211), and (100)
(Fig. 4a) and cubo-octahedral morphologies, recognized
by their typical (111) faces. Subhedral analcime grains
were also observed (Fig.4b). The size of the analcime
crystals ranges from 2 to 15 um. They are observed in the
relatively large pore spaces (Fig. 4c), and in contact with
volcanic glass (Fig. 4d).

Identification of dolomite is based on its rhombic mor-
phology. The size of dolomite crystals ranges from 2 to
5 um. Some of them can display twining. In SEM images,
quartz can be easily differentiated by its right or left trigo-
nal trapezohedral morphology with well-developed (101
1), (0111), and (1010) faces (Fig. 4e). Analcime crystals
are generally associated with smectite (Fig. 4a, b). While
K-feldspars appear in monoclinic morphology with well-
developed (010) faces (Fig. 4f), smectites exhibit a hon-
eycomb arrangement, a typical crystal habit (Fig. 4a, b, c).

Pumice fragments can be easily differentiated from
matrix by their texture (Fig. 5a). They are 20—60 um wide
and 70—130 pm long. In SEM images, porous and amor-
phous glass shards were recognized in the tuff (Fig. 4d).
Typical Y-shaped volcanic glass shards are 20 um wide
and 70 um long (Fig. 5b). Analcime occurs as subhedral
crystals at the edges of the glass shards. For volcanic
glasses, qualitative chemical analysis by EDX was per-
formed to control its composition (KArRAkAS & KADIR
2006). This application is of importance, beause the type
of the newly formed zeolite is controlled by the chemistry
of the glass. Thus, EDX was applied on unaltered surface
of glass which subhedral analcime found on the edge of
the glass (Fig. 6a). The EDX spectrum contains the typical
components in analcime Na, Al, and Si and additionally K
(Fig. 6b). Figure 6 c is the best view of the authigenic anal-
cime overgrows the edge of volcanic glass which shows
the alteration of volcanic glass.

Geochemistry

Whole-rock major oxide and trace element analysis were
used to determine chemical changes within the stud-
ied tuff deposits to compare them with the parent mate-
rial from which they were derived. Twenty representative
samples were selected to study the geochemical features
of the Arikli Tuff (Table 3). The abundances of Na, K,
Mg, and Ca oxides vary widely from 0.13 to 5.88 wt% for



Table 3. Major (wt%) and trace element (ppm) values of Arikli Tuff (ZFe,0, as total iron, LOI = Loss on ignition at 1000 °C).
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Na,0; 0.80 to 12.19 wt% for K,0; 0.56 to 5.03 wt% MgO,
and 0.16 to 8.14 wt% for CaO indicating their mobility
during alteration (Table 3).

Because analcime contains water, analcime-bearing
tuffs have higher LOI values than analcime-free samples.
A good correlation between CaO and LOI is seen in all
dolomite rich samples (A-9; A-12; Y-12; CT-8), which
have the highest LOI values. Therefore the analcime-free
dolomitic tuffs (e.g. sample A-2) have a higher LOI value
(1.72 wt. %) than other analcime-free tuffs.

To determine the nature of the host rock affecting the
type of zeolites formed (e.g. KitsorouLos et al. 2001) the
chemical data were plotted on the Nb/Y vs. Zt/TiO, dis-
crimination diagram of WINCHESTER & FLoYD (1977). From
the trace elements, Zr and Ti are considered as immobile
trace elements. Y, on the other hand, can be mobile under
high diagenetic temperatures (FiINLow-BATES & STuMPFL
1981, KitsopouLos et al. 2001). Therefore, the position of
some samples on the WINCHESTER & Froyp (1977) dia-
gram could have been affected by the mobilization of Y
during the alteration of glass and the composition of the
parent rocks is shifted towards the field of trachyandesite
(Fig. 7). Besides, the Arikli Tuff was petrographically de-
termined as rhyolitic to thyodacitic in composition with
respect to phenocryst content. Thus, its true nature could
actually be closer to rhyolite-dacite, thus controlling the
chemical composition and type of zeolitization.

Arikli Tuff samples plotted in the elemental abun-
dance diagram clearly reveals the presence of three dis-
tinct groups as readily discriminated by petrographical
observations (Fig. 8). Samples of white circles with the
highest K and lowest Na values were differentiated as
K-feldspar-dominated vitric tuff and all samples of this
group are analcime-free. Even though there is no exact

i Com/Pant Phonolite
1E E
5 - Rhyolite 1
o L 4
I
F’ 0.1 F Rhyodacite/Dacite
o E
o »
E L Andesite g
- Bsn/Nph <
0.01 E Andesite/Basalt E
C Alk-Bas ]
B Subalkaline Basalt .
.001 PR S S AT | ' AR | L4 4o
.01 0.1 1 10

Nb/Y

Fig. 7. Arikli Tuff samples on the Zr/TiO, vs Nb/Y discrimination
diagram (WINCHESTER & FLoyp 1977)



Origin of analcime in the Neogene Arikli Tuff 31

%

0246 81012 0 1 2 3 4 5 ? T ? 9
CT-14 Na K Ca Mg Si Al Fe L CT-14
A2 < I A-2
YCT-9 + YCT9
A-9 - A9
A-12 1 A-12
Y-12 FY-12
CT-8 - [ CT-8
KC-1 - r KC-1
o LS54 L KL-5 .
o  CPT-1 - - CPTA [=3
E E
3 CPT-3 4 CPT-3 g
CPT-7 4 CPT-7
CPT-10 r CPT-10
CT-6 - - CT-6
CT-7 4 r CT-T
CT-11 4 L CT-11
KK-5 - KK-5
CT-15 - CT-15
CT-16-a CT-16-a
CT-17 F CTA7
012 3 45 012345867 22242628303234 1.0 15 20 25

%

Fig. 8. Major element abundances of samples from Arikli Tuff (white circles are K-feldspar-dominated vitric tuff, gray circles are dolomite-
rich vitric tuff and black circles are phyllosilicate-bearing vitric tuff) in wt% oxides

reverse relationship between Na and K, it can be noticed
that studied samples with higher K usually contain lower
Na or vice versa. The mobilization of alkalies under dia-
genetic conditions is common (KitsopouLos et al. 2001).
Thus, it is not surprising that the alteration process was
associated with the removal of Na and enrichment of K in
analcime-free samples. The low Na content in these sam-
ples can be also explained by the absence of analcime.
Gray circles differentiated with higher Ca, Mg but low
Si, Al contents coincide with dolomite-rich vitric tuff and
dolostone. In addition, sample CT-8 has the highest Na
and lowest K content. Remaining phyllosilicate-bearing
vitric tuff samples (black circles) display a rather smooth
line (Fig. 8). There is little or no change in Fe content. The
change from the rhyolitic precursor to the analcime-bear-
ing tuff seems to involve a diffusion-controlled hydration,
as clearly observed on Figure 8 showing the relative gain
and losses of elements (KitsorouLos et al. 2001).

Occurrence of analcime

The major controls on the formation of zeolites in volcan-
iclastic sediments are a high proportion of glassy parti-
cles, favorable hydrological conditions, and high internal
surface area (HaLL 1998) of the source material. Several
additional factors can affect the type of zeolite formed
when pore solutions react with glassy material in the par-

ent rock. These factors are salinity, alkalinity (pH), rela-
tive proportions of the alkali and alkaline earth cations,
initial composition of host rock, pressure, temperature,
and time (RATTERMAN & SUrRDAM 1981, SHEPPARD & GUDE
1968, Hay 1966, luima & Hay 1968). Among them, the
chemical composition of starting material is one of the
most important parameters to designate the kind of zeolite
formed. For instance, rhyolitic glasses, as it is the case in
Arikli Tuff, mostly favor the crystallization of analcime
and mordenite if other conditions are also appropriate
(HoLLER & WIRSCHING 1978).

Generally, analcime can be formed by replacement of
earlier alkali zeolites derived from glassy material (Hay
1966, Inma & HAy 1968, SHEPPARD & GUDE 1968, SURDAM
& SuepparD 1978). However, there is no evidence about
the presence of precursor zeolites in Arikli Tuff. One pos-
sibility, however, is that all these zeolites were completely
altered to analcime, leaving no evidence of their former
existence. In addition to alkali zeolites, clay minerals and
feldspars are also proposed as precursors of analcime, but
again no textural evidence of analcime formation through
these minerals was found in the Arikli Tuff.

In the absence of pyroclastic material, direct precipita-
tion of analcime from lake water, where zeolites are later-
ally widespread is suggested by several authors (e.g. HAy
1966, Wu 1970, RenauT 1993, EnGLisH 2001). In most of
these cases, analcime is the dominating phase and forms
thin layers (e.g. Karakas & Kabir 2006). However, in
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the studied samples, analcime is identified only in pore
spaces of dolostones. Furthermore, laterally expanding
analcime beds even as very thin layers are not observed in
both dolostones and tuffs. Therefore, direct precipitation
by evaporation is excluded. By this, it may be considered
that the studied analcimes were formed by precipitation
from interstitial pore fluids, but not connected to evapo-
ration of lake water. The occurrence of coarse-grained
subhedral analcime crystals in pores of pumice fragments
(Fig. 3a) and euhedral analcime crystals in pores of dolos-
tone (Fig. 3b) clearly shows that analcime was formed by
precipitation from pore water, where the dissolved com-
ponents were concentrated. The mechanism can be ex-
plained by spontaneous nucleations from supersaturated
pore solution and following growth of analcime crystal.
As dolostones are originally devoid of glassy fragments,
the source of Na is probably circulating saturated pore
water. According to Wu (1970) the chemical precipitation
of analcime is a function of pH, salinity, and Na availabil-
ity. Because Na is one of the most abundant ions in saline,
alkaline-lakes (EuGsTER & HARDIE 1978), the circulating
water, which is rich in Na ions, is easily precipitated in
voids of dolostones and tuffs and form euhedral to sub-
hedral analcimes (ChipEra & Apps 2001, Birsoy 2002) .

Another zeolite-forming process in nature is zeoliti-
zation of volcanic glass (HicH & Picarp 1965, Tuiva &
Urtapa 1966, LarseN et al. 1991). The state-of-art inter-
pretations on this process are mainly based on experimen-
tal work on analcime syntheses from natural or synthetic
glasses in simplified systems compared with the complex
conditions of natural processes (AIELLO et al. 1971, LARSEN
etal. 1991, Fanc et al. 2004). Moreover, the glass dissolu-
tion and analcime crystallization may be complicated, as
dissolution and nucleation reactions involve a large num-
ber of steps and reactive species (FANG et al. 2004). This
is further complicated by the chemically inhomogeneous
character of tuffs. However, these experimental data can
provide an overall insight to the processes involved.

The formation of analcime in tuffaceous material com-
monly results from the diagenetic alteration of volcanic
glass (e.g. HigH & PicarDp 1965). The association of anal-
cime (Fig. 3e) with relict glass shards, pumice fragments
etc. (samples KK-2; KK-5) in the Arikli Tuff is in favor
of such a formation. Moreover, disseminated fine-grained
anhedral analcime aggregates are embedded within the
matrix of the altered tuff. These aggregates include some-
times isotropic cryptocrystalline analcime. This type of
analcime dominates over coarse-grained pore-filling ones
in all studied samples.

Besides, the SEM images of the Arikli Tuff clearly in-
dicate that authigenic analcime crystal formed at the edge
of volcanic glass (Fig. 6a). The textural relationship be-

tween volcanic glass and subhedral analcime is also obvi-
ous (Fig. 6¢). Here subhedral analcime is grown on the
surface of glass. The occurrence of analcime in contact
with glass supports our suggestion that nucleation and
crystal growth might be the result of dissolution and Na,
Al Si, and K fluctuations from the glass and in situ crys-
tallization of analcime.

Nucleation of analcime at or near the glass might be
affected by several processes. FANG et al. (2004) proposed
a theoretical model to show that the growth of nuclei was
basically controlled by the solution concentration. When
the solution reaches its supersaturation, nucleation of
analcime might have occurred spontaneously. The other
controlling factors are pH, environmental alkalinity, pres-
sure, and temperature. (Hay 1966, Iuiva & Hay 1968,
SHEPPARD & GUDE 1968, RATTERMAN & SurDAM 1981).

The formation from glass was not only recognized in
SEM images but is also supported by the EDX spectrum
of the samples which shows that volcanic glass in Arikli
Tuff is chemically suitable for the formation of analcime
(Fig. 6b). In this case as far as the chemical composition is
concerned, a remarkable similarity between analcime and
volcanic glass is evident. Occurrence of analcime by dis-
solution-precipitation of glass is the most likely hypoth-
esis, because of the high reactivity of volcanic glass and
most importantly the chemical similarity between anal-
cime and the volcanic glass. Therefore we argue that nu-
cleation occurs at sites of dissolved glass, and that crystal
growth involves a polymerization of continued dissolved
nutrients on these growing surfaces. Essentially, analcime
can nucleate anywhere in the system. However, dissolv-
ing glass supplies a high flux of Na, Al, Si, and K ions,
and analcime will mainly nucleate on or close to the glass
surfaces (Fig. 4d, 6 a, 6 ¢).

In summary, two modes of occurrence of analcime
were observed; coarse-grained euhedral to subhedral
analcime crystals in pores and pumice fragments and fine-
grained anhedral crystals embedded in the matrix. Occur-
rence of analcime coating pores and the absence of glassy
material indicate that analcime precipitated from pore wa-
ter. Fine-grained anhedral analcime crystals disseminated
in matrix were formed from dissolution of highly reac-
tive volcanic glass and subsequent in-situ precipitation of
analcime. As a result of dissolution of volcanic glass, the
enrichment of Na, Al, Si, and K ions into the fluid phase
accelerated the formation of analcime.
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