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ABSTRACT

MINERALOGICAL, PETROGRAPHICAL AND
GEOCHEMICAL PROPERTIES OF ZEOLITE
BEARING TUFFS IN NW ANATOLIA (TURKEY)

OZEN, Sevgi
M.Sc., Department of Geological Engineering
Supervisor: Prof. Dr. M. Cemal Goncio

Co-Supervisor: Assist. Prof. Dr. Fatma Toksoy Kdksa

September 2008, 210 pages

The purpose of this study is to understand the oggcdl, petrographical,
mineralogical and geochemical characteristics ail@ame-bearing tuffs in the

Biga Peninsula and to determine formation procédisese tuffs.

The study area lies between Ayvac k and Kugukkujhe rock units are pre-
Eocene basement rocks, Miocene Behram Volcanicskl(ATuff, andesite,

andesitic agglomerate), Pliocene volcanics, Miocdaeustrine sediments
(Kicukkuyu Formation) and Quaternary alluvium. Amales which are found in

Ar kI Tuff are the main objective of this study.

Detailed petrographical, mineralogical and geocleaimstudies were caried out
on the Arkl Tuff samples by using petrographicalicroscope, X-ray

diffractometry, scanning electron microscopy, diffial thermal analyses



inductively coupled plasma — mass spectrometry amtical emission

spectrometry.

Fine-grained and coarse-grained analcime crystadg kI Tuff were determined
by their colorless, isotropic, trapezohedral andv loelief. In addition to
petrographic study, SEM and XRD methods also cowd the presence of

analcime.

Two modes of occurrences were determined by theogmetphical and
mineralogical studies; coarse-grained euhedrahbedral crystals in cavities and
pumice fragments and single crystals or clustersfimé-grained analcimes

embedded in the matrix.
It was stated that there are two types of formawéranalcime; alteration of

volcanic glass and precipitation from alkaline $ioln based on petrographical

and SEM studies. Geochemical methods, moreoveposuihe formation types.

Keywords: analcime, tuff, volcanic glass, petrogmaBiga Peninsula (Turkey)



Oz

KUZEYBATI ANADOLU'DAK  (TURK YE) ZEOL T
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VE JEOK MYASAL OZEL KLER

OZEN, Sevgi
Yuksek Lisans, Jeoloji MihendisiiBolimu
Tez Yoneticisi: Prof. Dr. M. Cemal GONCUQU
Ortak Tez Yoneticisi: Yrd. Dog¢. Dr. Fatma Toksoyksal

Eylul 2008, 210 sayfa

Bu cal mann amac, Biga Yar madas 'ndaki analsim iceréftetin jeolojik,
petrografik, mineralojik ve jeokimyasal oOzeliklerinanlamak ve olwm

modellerini ortaya koymakt r.

Ayvac k-Kigukkuyu aras nda bulunan caha alan befarkl birim igerir. Bunlar
Eosen oOncesi metamorfik temel, Behram Volkaniklgkr kI Tuft, andesit,
andesitik aglomera), Pliyosen Volkanikleri, Miyosegolsel cokelleri ve
Kuvaterner allvyonudur. Ar kI Tuft’'ndn icinde bulan analcime bu ¢caman n

as | amac n oluurmaktad r.
Ar kl Tufi'rne uygulanan detayl petrografik ve neiralojik ¢cal malar X- nlar

difraktometresi, optik mikroskop, elektron mikrogkn diferansiyel termal metod

ve jeokimyasal ¢almalar ile yuratalmdaitar.

Vi



Ar kl Tufu’'ndn icinde bulunan ince ve kal n tanednalsim kristalleri renksiz,
izotrop, trapezohedragkil ve duuk rolyef 6zellikleri ile saptanmt r. Petrografik
cal malara ek olarak SEM ve XRD cahalar ile de analsim varl teyit

edilmi tir.

Petrografik ve mineralojik calmalar ile iki oluum ekli saptanmtr;
bo luklarda ya da pumisin icinde kaln taneli 8killi ya da yar 6zekilli
kristaller ve hamurun icinde gomuli olan tek ya kizme halinde bulunan

kristallerdir.
Petrografik ve SEM calmalar n n alt nda iki adet oluum tipi belirlenmitir.

Bunlar volcanic camdan alterasyon ile oha ve alkali sulardan c¢cokelme ile
olu um eklidir. Jeokimyasal metodlar bu olum modellerini desteklemektedir.

Anahtar Sozcukler: analsim, tif, volkanik cam, pgtafi, Biga Yar madas
(Turkiye)
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope

Zeolites occur in many rock-types, of different @agead geologic settings. Most of
the early work was on zeolites in cavities of baalvs (Hay, 1978). Later work,

however, showed that zeolite minerals were formeainiy by reactions in

volcanic tuffs and tuffaceous sedimentary rockslaoustrine environments.
Zeolites were known for more than 200 years. Howeitevas after 1950s that
detailed scientific work on their chemical and phgbproperties was started and
their geological significance in tuffaceous seditaeyn rocks was recognized.
Analcime, a type of sodium zeolite, was noticed,ewHarge amounts were
discovered in the USA. Then, several investigatibase been conducted to

reveal properties of analcimes.

Although many studies have already been carriedoauthe mineralogical and
chemical properties and occurrence of zeolites W NRnatolia, the detailed
examinations of analcimes in Kicukkuyu, Weurt and Ar kl areas of the Biga

Peninsula are not available.

The purpose of this study is to examine the miogiahl-petrographical-
geochemical features of analcime-bearing Neogefie &nd to understand the
analcime formation in Kicukkuyu-Yiyurt-Ar kI region. With these aims,
geological, petrographical, mineralogical and gewocital studies were
performed.



This Master's Thesis study, mainly based on mignal petrography and
geochemistry of the analcimes, was carried ougdonl the analytical methods in
studying zeolite minerals and to interpret the ommce of analcimes in tuffs. For
this, the tuffs were examined under optical micops; analyzed by X-ray
diffractometry, associated with differential thefmaethod and scanning electron
microscopy. In addition, geochemical charactessstid the tuff samples were
investigated to understand the behavior of mobddenents during diageneses and

alteration.

1.2. Geographic Setting

The study area is located between Ayvac k and Kkigyik settlements to the
southeast of Canakkale. It covers an area of appetgly 20 knmi which is
included in quadrangles i16-c3 and i17-d4 of th251000 topographic map of
Turkey (Figure 1).

The main topographic features in the study areaidges and valleys. Ridges are
characterized by rugged morphology. Valleys trandauth-north direction. The
highest elevations in the region are Kale Tepe (B06 Car | Tepe (451 m),
Zindan Tepe (354 m) and KocareeTepe (398 m). There are large stream
networks in the area. Dereyol Dere is just neaklArOkiiz Dere is between
Ye ilyurt and Nusratl . The region is moderately faegsand covered by olive-
trees. It is easy to arrive the study area fromeBulr to Kugiikkuyu and Nusratl
along Edremit-Canakkale Highway. The village anck$b roads in the study area

make most of the study area easily accessible.
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Figure 1. Location map of the study area.

1.3. Methods of Study

This study consists mainly of two stages as field aboratory work.

1.3.1. Field Work

Field studies were done during the summer 2006Ag1d mainly concentrated on

detailed sampling by the aid of the detailed 1/Z® Gcaled geological map



prepared by Celik et al. (1995). Approximately @0nples were collected from
different localities, including mainly pyroclastrocks (Ar kl Tuff) in order to

check for the presence of analcimes. As the otbek-types including the
associated lavas were devoid of analcime and heatéhe main object of the
study, they were not studied in detail.

1.3.2. Laboratory Work

Laboratory work was mainly based on petrographicaineralogical and
geochemical analyses of the collected samples.r8earalytical methods such
as; petrography, X-ray diffractometry, scanningcten microscopy, differential
thermometry, inductively coupled plasma — mass tspeetry (ICP-MS) and
optical emission spectrometry (ICP-OES) were cdrroait to determine the

mineralogy and to understand the processes redpersr analcime formation.

Petrographical study formed an important part eflttboratory work of the thesis.
Thin sections were prepared in the Thin Sectiorp&hagion Laboratory of the
Geological Engineering Department of the Middle tEBschnical University. A

total of thirty-two thin sections was examined und® Nikon polarizing

microscope in order to study the mineralogical,rqmgtaphical and textural
features of the rocks. Mainly, thin sections of #ekl Tuff were examined

under the microscope, since analcime formations,ntfain issue of this study,
were restricted to these tuffs. Several photomiaplgs were taken by using
image analyzer system attached the Nikon camerahén Department of
Geological Engineering of METU.

Twenty tuff samples were examined using X-ray difometry (XRD) at General
Directorate of Mineral Research and Exploratiorra)-diffraction patterns were
recorded using Rigaku D/Max-3C diffractometer witigh power CuK source

operating at 40kV/30mA. XRD patterns were collectith a scan rate of 10



degree/min in the range of 0-70° for 20 tuff sarmpleEhree tuff samples, on the
other hand, were recorded with a scan rate of fPegémin in the range of 0-25°
for detail clay analysis in the Department of Geatal Engineering of METU by
using Rigaku MiniFlex II diffractometer using CuKradiation operating at
30kV/15mA.

Scanning electron microscope (SEM) was used tokcttee analcime presence
and was utilized to examine the actual three-dinogias crystal relationships of
minerals that were petrographically interpretechwieol 6400 scanning electron
microscope in Metallurgical and Materials EnginegrDepartment and Quanta

400F scanning electron microscope in the Centrabtatory.

Differential thermal analyses (DTA) and thermognaetry (TG) analysis were
carried out by Simultaneous Thermogravimetric Ddfgial Thermal Analyses
(SETARAM) in the Central Laboratory at METU.

Seventeen zeolite-bearing and three zeolite-frfesamples were selected for
geochemical analyses. Rock specimens of 50 to\8erg broken with a hammer
to centimeter-scale pieces and crushed into smaikkees in an agate mortar. The
agate mortar was carefully cleaned after each @rgsho prevent cross-
contamination of samples. After this crushing, agpnately 20 g of tuff samples
were again grind in an agate mortar. The powder siagd using a 200 mesh-
size sieve and the powder below 200 mesh was t&{tar.this, 20 g powder was
weighted and sent for major, trace and REE analysdbhe ACME Analytical
Laboratories, Canada. Inductively Coupled Plasntaalpemission spectrometry
(ICP-OES) was used for major elements and Indugti@upled Plasma-mass
spectrometry (ICP-MS) technique was used for teleenents and REE’s in the

analyses.



1.4. Previous Work

Previous studies are organized under three secftidres first section deals with
the geology of the Biga Peninsula. The second aedummarizes studies that

were carried out on zeolites and the last sectaatsdwith the analcimes.

1.4.1. Previous Work on the Geology of the Biga Persula

Several researchers have examined the study aw@a.tRese Borsi et al. (1972)
studied the volcanic units in terms of petrologyd ageochronology. They

identified that the early-middle Miocene volcanigras calc-alkaline in character.

Bingol et al. (1973) reported on the general graphy and the tectonic features
of the Biga Peninsula. According to these authbies Biga Peninsula consists
from bottom to top of; pre-Permian Kazd&roup, Early Triassic Karakaya
Formation, Triassic clastics, Jurassic limestonel @andstone, Eocene and
Neogene volcanics. Furthermore, they prepared &2 @P scaled geological map

of the area.

Ongur (1973) mainly studied the volcanic unitsfaténtiated and named them in
the western Biga Peninsula. Ongir (1973) mentighetl the volcanic activity
was mainly concentrated on three centers. They wemmed as Ayvac Kk,
Babakale and Assos volcanics. Ongur (1973) aldedstiat Ayvac k volcanics
consists of Ayvac k lava, whereas the Babakalearotss comprise an alternation
of lava and breccia. Assos volcanic on the othedhaonstitutes of lavas, lahar

and ignimbritic tuffs.

Ercan (1979) studied the geochemical features ob@ac volcanics in western

Anatolia, Thrace and Aegean islands. He sugges$iamdGenozoic volcanics are



calc-alkaline and alkaline in character. The Cemzolcanic include andesitic-

dacitic-rhyodacitic-rhyolitic lavas, tuffs and aggierates.

Gevrek et al. (1984-1985) investigated the fornmatiand distribution of
hydrothermal alteration zones and their relatiomsiith geothermal fluid

circulation in volcanic rocks in the Biga area.

Siyako et al. (1989) studied the geology and hyaltoan potential of the Tertiary
basins in the Biga and Gelibolu Peninsulas. Theyped the end Mesozoic-Early
Tertiary rocks into four lithostratigraphic units &aastrichtian-early Eocene,
middle Eocene-Oligocene, Miocene and Plio-Quatgrnaediments. They
observed that widespread calc-alkaline magmatisuroed in early-middle
Miocene in the Biga and Gelibolu Peninsulas. Thégo gpointed out the
distribution of the volcanic rock-units, which wemamed as T#&epe, Ezine and

Akcaalan volcanics in their geological map.

Okay et al. (1990) evaluated geology and tectonatugion of the basement rocks
of the region in detail. They recognized four distiNE-SW trending tectonic
zones in the Biga and Gelibolu peninsulas, whigh Gelibolu, Ezine, Ayvac k-

Karabiga and Sakarya zones. This MSc study is éocat the Ayvac k-Karabiga

zone of Okay et al. (1990).

Erttrk et al. (1990) investigated Cenozoic volcamicks of the Biga Peninsula
petrographically and geochemically. According tcest authors, volcanism
started in Paleocene-Eocene and continued in Mecéme. Based on
geochemical data they suggested that Paleocenex&okkcaalan and early-
middle Miocene Ezine volcanics are calc-alkalinel dste Miocene Ezine and

Ta tepe volcanics are alkaline.

Ercan et al. (1995, 1996) studied Tertiary volcanf the Biga Peninsula and

Gokceada, Bozcaada and Taw islands. They discussed the regional distributio
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and geochemical characteristics of this volcanisat tommenced in Eocene and
continued until the end of upper Miocene. Volcamicks were organized into six
main groups by these authors: Bal klge volcanics, Can volcanics, Kirazl
volcanics, Behram volcanics, Huseyinfak volcanmsd Ezine basalt. They
studied volcanic rocks petrographically and geodhbally, and made radiometric
age determination by K/Ar method except those dfkBee me volcanics. The
ages they reported were 34.3+1.2-23.6£0.6 Ma for @adcanics, 31.4+0.4 Ma
for Kirazl volcanics, 21.5-16.8 Ma for Behram vaitcs, 15.3+0.3 Ma for
Huseyinfak volcanics and 8.4+0.3 Ma for Ezine Itagdoreover, Ercan et al.
(1995, 1996) put forward that Eocene-middle Miocemécanics are of calc-

alkaline and upper Miocene volcanics are of allahature.

Karac k and Y Imaz (1995) presented general geodddeatures of the ignimbrite
eruptions from the Ezine-Ayvac k area. They carpetia detailed field study and
distinguished different volcanostratigraphic unitbey divided the volcanic rocks
into two main groups. These are the Ayvac k VolcaAssociation and the
Balabanl VolcanicsThe Ayvac k volcanics consist of rhyolite, rhyodadiavas,
pyroclastic-fall deposits, andesitic and trachyaitttelavas. Balabanl volcanics,
on the other hand, consist of alternations of pgsic units, flows and detrital
sediments. From these, Karac k and Y Imaz (199&)rered the petrography of
Balabanl volcanics in detail.

Ercan et al. (1996) made radiometric age deterimoimatsing the K/Ar and Rb/Sr
techniques from volcanic rocks having different cavlic episodes in western
Anatolia. They stated that the oldest rock in thegion is Selendi Volcanics
(18,0+0,2 Ma) and the youngest one is Kula Volcarfiz1-0.2 Ma). They also
obtained geochemical data to contribute the pedroéd evolution of the regional

volcanism.



Karac k and Y Imaz (1998) introduced the detaildtatgyraphy of volcanic
assemblages in the Ezine area. They also studéegeibchemical and petrological

features of volcanic rocks and proposed their soasc“enriched mantle”.

Ercan et al. (1998) revealed the Tertiary volcanaound the Sea of Marmara.
They investigated the regional extension of theawic rocks, their ages, eruption
episodes, petrochemical features, genetic exptamatogether with their relations

with the adjacent sedimentary rocks.

Celik et al. (1999) studied phosphate mineralizaiio the Ayvac k-Kugukkuyu

area. Nodular phosphate formations with concensi@ape, widespread in
Neogene tuffs in this region were firstly describedhis study. They analyzed
more than 500 samples to study the mineralizatiothe tuffs. As one of the
results of their analysis, they reported the presesf analcime in several tuff
samples. They prepared the 1/25 000 and 1/5 O08dsgaological maps of the

western Kicukkuyu area, which were used for fiéldlg in this thesis.

Okay and Satr (2000) provided new petrologic asatdpic data on a large area
of metamorphic rocks (Caml ca metamorphics) from western Biga Peninsula.
They showed that these rocks underwent eclogiiedametamorphism in Late

Cretaceous.

In the W and SW Biga Peninsula, Y Imaz et al. (20@ientified two distinct

magmatic episodes: calc-alkaline association duthegOligocene-Early Miocene
and alkaline one during the Late Miocene-Pliocembey described major
geochemical characters of these two magmatic adswts. They also discussed

the tectono-magmatic evolution of the southwespeam of Biga Peninsula.

Donmez et al. (2005) allocated Eocene volcanic soako five different
formations based on stratigraphy and lithology arapped them in detail. They

confirmed the presence of Eocene marine ignimbrisgeund Umurbey,
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Bal kl ce me, Can and Bayramig villages. They mapped theds and suggested

a model of formation.

Ciftci et al. (2004) studied Neogene stratigraptyhe Gulf of Edremit region,

NW Turkey. They stated that Neogene units were atharized by lacustrine
sedimentary rocks and volcanic rocks. Volcanic sopresent seven distinctive
volcanic episodes with different ages and theseewdercalated with lacustrine

sediments. They also evaluated the hydrocarbonlplisss in the region.

1.4.2. General Information and Previous Work on theZeolites

The history of zeolites started by A. F. Cronst8diedish mineralogist in 1756
when he collected well-formed crystals from the [gavari Copper Mine,
Sweden. He named these minerals as zeolites frenGthek words “ "= “to
boil” and “ "= “stone” since these minerals eject water wheaté@ and
hence seems to boil (Mumpton, 1978; Gottardi, 1938ttardi and Galli, 1985).
“A zeolite is an alumino-silicate whose framewotkusture which is (Si,A)Q
contains channels filled with water and exchangeaaltions” (Gottardi, 1978).
This important property, which is known as “ion-cbange capacity” is possible
at low temperatures (100 °C at the most) and watesst at about 250 °C and can
be re-adsorbed at room temperature (Gottardi anili, G885). The general

chemical formula of zeolites is

(Na,K)x(Mg,Ca,Sr,BafAl x+2,Sin-(x+2yO2n).mH20 (Gottardi, 1978)
The most common naturally occurring zeolites inreeatary rocks are analcime,
clinoptilolite, heulandite, laumontite and phillips Chabazite, erionite,

mordenite, natrolite and wairakite, on the othendjaare in lower abundance
(Hay, 1978).
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“In recent years, zeolite minerals with attractpleysical and chemical properties
draw attention of commercial interest of many bles i.e. geological,

mineralogical, chemical, industrial and agricultutdatural zeolites can be used
for many application aspects. For example theyused as filler in the paper
industry, as ion exchangers in wastewater treatmernhe separation of oxygen

and nitrogen from air, as lightweight aggregate smaon” (Mumpton, 1978).

Compositions of zeolites are listed in Table 1 wdkcreasing Si/Al+F& and

hydration values (Hay, 1978).

Table 1. Compositional features of common zeolites (Hay,8)9

Name Si/Al+F&" Dominant HO molecules
cations per Al atom
Clinoptilolite 4.0-5.1 K>Na 3.0-3.5
Mordenite 4.3-5.3 Na>K 3.2-3.5
Heulandite 2.9-4.0 Ca, Na 2.5-3.0
Erionite 2.9-3.7 Na, K 3.0-34
Chabazite 1.7-3.8 Ca, Na 2.7-4.1
Phillipsite 1.3-34 K, Na, Ca 1.7-3.3
Analcime 1.7-2.9 Na 1.0-1.3
Laumontite 2 Ca 2
Wairakite 2 Ca 1
Natrolite 15 Na 1

In this chapter, based on a review of previousistudnly the geology of natural

zeolites and zeolitic rocks will be overviewed fam introduction in the thesis

study.
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Cronstedt (1756) first recognized zeolite mineralgavities and vugs of basalts
in minor amounts. Mineralogical description of thesiinerals was the only
primary studies of zeolites for a long time. Laténvas understood that zeolite
occurrences are not restricted only to basalt iesviA major early discovery was
phillipsite in deep-sea sediments during exploretiby the H. M. S. Challenger
(Murray and Renard, 1891; Hay, 1978). Johannseb4(18oted that fine-grained

zeolites were found in the Eocene tuffs in Colaradéyoming and Utah. This

early work was followed by reports of zeolites ialige-alkaline lake beds

(Bradley, 1928; Ross, 1928). Several kinds of resliwere next identified.

Eskola (1936) established zeolite facies in veny-igade metamorphic rocks.
Coombs (1971) studied this zeolite facies more @taitl and he recognized
vertical zoning of zeolites in sedimentary basifiis finding is very important

due to interpretations of burial depth, pressuré tmperature. Hay (1966) and
Mumpton (1978) noticed the great abundance of &s=oln many lithologies and
this led to several geological studies on the aetwe of zeolites. As a result of
several geological-mineralogical studies, six nmaodes of geological occurrence
of zeolites were established (Hay, 1966, 1970, 19B78; lijima and Utada,

1972; lijima, 1980; Sheppard, 1973; Munson and $ae) 1974).

1) Saline—alkaline lakes:The most common occurrence is in saline-alkalkihe |

deposits through all of the occurrences. Thesetesolere generally formed by
reaction of volcanic glass with saline-alkaline wmns (Hay, 1966).

Clinoptilolite, phillipsite and erionite generalfprm as a result of this reaction.
These alkali zeolites may be transformed to anacamd analcime may also be
transformed to K-feldspar resulting in a laterahaion in the lakes (Hay, 1966;
Sheppard and Gude, 1968; 1969a; Surdam and Shed&#8; lijima, 1980;

Hay, 1978). Figure 2-a shows this zonation in salitkaline lake deposits. Here
from outer to the inner zones, salinity increas®iseppard and Gude, 1968; Hay,
1978). Sheppard and Gude (1968) described an ewtedxample of such a

zoning in the Cenozoic rocks in the Green Riventaiion.
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Figure 2. Diagrams showing patterns of authigenic zeohtas feldspars in tuffs
of saline, alkaline lakes; saline, alkaline soiidl @eep-sea sediments. Zone A is
characterized by alkali-rich zeolites without amalke, zone B by analcime and
zone C by feldspars (After Hay, 1978).

2) Zeolites of soils and land surface<Zeolites also form from soils with suitable
alkaline conditions, where pH is high enough (HE§78). Hay (1966) stated that
saline-alkaline soils only between land surface watker table altered to zeolites
because rain contains sodium carbonate-bicarbairatdating only in this region
(Figure 2-b). Reaction rates of volcanic glasstheesame as in saline-alkaline
lakes (Hay, 1963b). Example of this type of ocauceeis the San Joaquin Valley
of California (Baldar and Whitting, 1968).

13



3) Zeolites in marine sediments:Zeolites occur in a wide variety of marine
sediments (Hay, 1978; lijima, 1980). A study of [#es in marine sediments was
first made by Murray and Renard (1891). However,simof the available

information was gained by the Glomar Challengereeions during the Deep-
Sea Drilling Program (DSDP). Phillipsite and clitiggite are the dominant

zeolites in deep-sea sediments (Hay, 1978). Anala@xists not much, erionite
and mordenite are rare. Zeolitization of this typems by reaction of volcanic

glass or poorly crystalline aluminosilicate materigith sea-water at low

temperature. Reaction rates are slow. No verticidteral zoning was established
(Figure 2-c) (Hay, 1978).

4) Zeolites of the open-system typeThe open-system type shows vertical
zonation (Figure 3-a). When meteoric water cir@dain deeper parts of vitric
ash, the chemical composition of it was changea djpper zone of ash contains
fresh glass and montmorillonite. The lower zone tams clinoptilolite and
underlying zone contains analcime with or withoutekdspar (Hay, 1963a, 1966;
Walton, 1975; Hay, 1978). The example of open-systgoe is the Vieja Group
of Texas (Walton, 1975).

5) Hydrothermal zeolites: These types of zeolites commonly occur in areas of
volcanic activity due to high geothermal gradieday, 1978). These may show
well-defined zeolitic zonation. The example of thigpe zeolitization is
Yellowstone Park in U.S.A. (Fenner, 1936) (Figu+ie)3

6) Zeolites of burial diagenetic type:Burial diagenetic type was established by
Coombs (1971). Zeolitic burial diagenesis (very lgnade metamorphism, Zeolite
Facies) occurs in a thick sequence of strata witheasing depth (Hay, 1966;
Hay, 1978; lijima and Utada, 1966; lijima, 1980uril diagenetic type zeolites
show vertical zonations with increasing temperatuth depth (Figure 3-c). From
upper to lower, these zones are fresh glass, ¢liobie and mordenite, analcime
and heulandite and finally laumontite and albitayH1978).
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Figure 3. Diagrams showing patterns of authigenic zeolitekfatdspars in tuffs
where the zonation is of a) open-system type, dydthermal-type and c) as a
result of burial diageneses. Zone A is charactdrizenon-analcime alkali-rich
zeolites, zone B by analcime or heulandite and obg K-feldspar in (al) by

albite with of without laumontite in (b) and (c)yr8bols are the same as Figure 2

(After Hay, 1978).

1.4.3. General Information and Previous Work on tle Analcimes

Analcime has been known for a long time, but theergst to them changed
rapidly in the last 30 years. Haily (1801) propodedname “analcime” from the
Greek word “forceless” because of its poor ability acquiring frictional
electricity (Gottardi and Galli, 1985).

The symmetry of analcime was firstly determinedsasnetric by Taylor (1930).

Coombs (1955), on the other hand, showed some refiftes from cubic
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symmetry. Later, it was noticed by Mazzi and G4ll978) that there are at least
two different symmetries. Hazen and Finger (19¢@&firmed the differences
from cubic structure. They proved not only cubiengyetry but also tetragonal,
orthorhombic or even monoclinic or triclinic onehd detail morphology of
analcimes will be given in the Chapter 4.3. (SEMlgses).

Analcime is a common authigenic silicate mineralaicaniclastic rocks. It is a
less hydrous and less siliceous zeolite and itsimimh cation is Nj as can be

seen in Table 1. Its chemical formula is

Na]_epd 158i32096. 16H,0 (H ay, 1978)

Analcime was firstly reported in tuffs of the GreRiver Formation of Wyoming
by Bradley (1928) and in the Big Sandy FormatioWbkieup, Arizona by Ross
(1928). Bradley (1928) called attention to the éammount of occurrence of
analcime in the Green River Formation. These stuldiad to greater emphasis on
recognition of occurrence of analcime. Then, sdu&searchers have conducted
studies to reveal their valuable mineralogical,nstval and physical properties,
their occurrences in tuffaceous sedimentary rockstheir potential applications

of industrial and agricultural technology.

Analcime is a common authigenic silicate minerak@timents and sedimentary
rocks. It occurs in the same geologic settingstasrazeolites, mentioned above.
Saline-alkaline lake deposits are the most commmas @f these occurrences and

analcimes are mainly found in these occurrences.

Ross (1928) made a detailed study on the crystah,foptical properties and
chemical compositions. Later, Ross (1928) alsal titeinterpret the formation of
analcime. The material Ross initially studied caregd glassy ash. Even though
this kind of material must alter to bentonite, logritie was not observed in his

samples. Thus, Ross (1928) explained the formati@malcime based on reaction
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between concentrated sodium salts and glass astdler (1928) described
similar occurrences of analcimes. Later, High andafd (1965) stated that
analcime was formed from alteration of volcanic aghwater, rich in dissolved
salts. Both volcanic ash and the water suppliednébeessary Naions for the
analcime. Later, lijima and Utada (1966), lijime@8D) also supported the idea
that formation of analcime was from volcanic gle&stdam and Sheppard (1978),
however, suggested that analcime does not fornettlirfom glass, but it forms
with the alteration of a precursor alkaline zegliteh addition to alkali zeolites
(Surdam and Sheppard, 1978; Surdam and Parker,),18éB (Surdam and
Eugster, 1976) and clay minerals (Brobst and Tyck8r3; Keller, 1952; Hay
and Moiola, 1963) derived from volcanic glass cause formation of analcime.
Sheppard (1971), Van Houten (1962), Hay (1966) ®hd (1970) said that
analcime might precipitate directly from salinedalke lake water.

The studies on the formation of analcime and atkelites in Turkey have started
in the 1970’s. One of the earliest studies was Atamand Beseme (1972) in the
region of Bahcgecik, GOlpazari and GOoynuk. Lategleime rocks in the Anatolian
Tertiary Basins and their geologic positions wetad®ed by Ataman and
Gundodu (1981). They confirmed that Tertiary and esgBcidNeogene
successions owe some geological series with analaesnprincipal rock-forming
mineral. Analcime-rich zones in the Tertiary Basi@® Bahcecik-Golpazar -
Goynuk (Paleogene), Nall han-Cay rhan-Beypazar éigc k (Neogene),
Polatl -Mulk-O lakg -Aya (Neogene), Kalecik-Cand raban6zi (NW of
Ankara) (Neogene) and Ahiboz (SE of Ankara) (Nea&jeilAtaman and
Gundo du, 1981).

Analcimes were also studied in detail by Ataman7{)9 Zeolite occurrences in
Anatolia comprising Ankara-Polatl, Bigadicaphane, Gediz, Emet and Gdrdes
regions were examined and analcime and clinogglolvere detected in high
amounts. Ataman (1977) stated that west Anatol@anismportant region for the
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formation of zeolites in Neogene and that zeoltas be formed by not only

precipitation but also alteration of acidic tuffs.

Esenli et al. (2005) studied zeolitization of te#aus rocks in the Kan region,
Thrace. Vitreous tuffs of dacitic composition ofigdicene age altered to zeolites
including mordenite, clinoptilolite-heulandite arahalcime. Since there is a
marked vertical zonation in zeolites, they sugdgleat the chemical environment
was controlled by different hydrological systemsey further put forward that
the conditions in open hydrological system changedhe closed lacustrine
environment. Analcime formation was determinedatiyefrom volcanic glass as

heulandite-clinoptilolite and mordenite.

Celik et al. (1999) prepared an exploration reportphosphate rich beds in the
region between Ayvac k and Kicukkuyu, where thesen¢ MSc study was

performed. They prepared geological maps of 1/2Z6& 1/5 000 that was used
in the present study. They investigated more thd&0 Sock samples

petrographically and mineralogically by optical nescope and XRD method.
Although the aim of their study was to determine pghosphate rich beds, they
also observed analcime occurrences and plotted timetheir 1/5 000 map. There

is no further information about analcimes but athigir locations.
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CHAPTER 2

GEOLOGY OF THE STUDY AREA

2.1. Regional Geology

The basement of Biga Peninsula comprises Pale@&aiy- Mesozoic
metamorphic rocks (Bingdl et al., 1973). These metphic rocks are
unconformably overlain by Jurassic-Cretaceous sediiany sequence,
represented by sandstones, oolitic limestones iomgachert nodules and sandy
limestones that are exposed in the eastern pénedBiga Peninsula (Bingdl et al.,
1973; Ercan, 1996). Two tectonic slivers of Cretarseage, Cetmi Ophiolitic
Mélange and Denizg6ren Ophiolite, overthrust théamerphic basement. Upon
these units, Eocene marine sedimentary rock umiggether with volcanics
consisting of andesitic and dacitic lavas and tuftse deposited. In the Biga
Peninsula, a new volcanic period made up of argleducite, trachy-andesite,
rhyodacite starts at early Oligocene, and the vodéra was effective during the
whole Oligocene. These volcanic rocks generalleratite with sedimentary
rocks. There is an extensive calc-alkaline volaanis Early-Middle Miocene and
granodioritic plutons of Oligocene-Miocene agehe tegion (Okay et al., 1990).
Rocks of Early-Middle Miocene volcanism are dacitibyodacitic, andesitic,
latitic lavas and tuffs. Moreover, terrestrial sednts accompany these rocks.
Upper Miocene volcanics, firstly trachy-andesitwas, and then alkaline olivine
basalts form in the last period of Tertiary volsani Pliocene detrital sedimentary

rocks are found beneath the Quaternary alluviurguifé 4).
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Figure 4. Simplified geologic map of the Biga Peninsula (Med from Siyako
et al., 1989; Okay et al., 1990; Ercan et al., 1995

In the western part of the Biga Peninsula pre-licassetamorphic rocks form the
basement. These rocks include the Camlca Metanuxphthe Karada
Metamorphic assemblage and the Denizgdren Ophiglitech were described in
detail by Okay et al. (1990). In the east and seash of the Biga Peninsula, the

pre-Liassic basement rocks include the Kazdéetamorphics, the Karakaya
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Complex and the Cetmi Ophiolitic Mélange (Bingdlatt, 1973; Gozler 1986;
Okay et al., 1990; Ercan et al., 1995).

The Kazda Complex is tectonically overlain by the Cetmi Qgiltic Mélange in
the west and Permo-Triassic Karakaya Complex iretst. The Cetmi Ophiolitic
Mélange is a volcano-sedimentary complex, whichsiia of spilitic basic
volcanic lavas and pyroclastic flows, Upper TriassUpper Jurassic-Early
Cretaceous and Upper Cretaceous limestone blockstaies (Okay et al., 1990).
The Karakaya Complex consists of feldispathic semds quartzite,
conglomerate, and siltstone, which is intercalateith spilitic basalt, mudstone
and radiolarian chert. The Karakaya Complex cropmat widely in the eastern
part of the Biga Peninsula also contains exoticchkdo of Permian and
Carboniferous limestone (Bingdl et al., 1973). Okayd Goncuou (2004),
reviewed the geological features of this unit irntade The Kazda Group is
unconformably overlain by the Jurassic-Cretaceedmsentary sequence (Bingol
et al.,, 1973). Cetmi ophiolitic melange is thrugton the Jurassic—Cretaceous

sediments.

In the Biga Peninsula, the period of Upper Cretasddarly Eocene is
represented by the F ¢ tepe Formation, comprismglomerates with thin coal
seams, sandstones and shales and Akcaalan Volcaomsining andesites and
andesitic tuffs (Siyako et al., 1989). Previous kvstated that the volcanism
(Bal kl ce me volcanic) started in Eocene (Gozler 1986; Erearal., 1995;
seven et al.,, 1995) (Figure 4). There is a sigaifictransgression in Middle
Eocene resulting in the deposition of shallow mau$o ucak Limestone (Siyako
et al., 1989) while the Eocene volcanism is stitivee (Ercan et al., 1995; 1998).
The Ceylan formation, consisting of mainly of tutibés overlies the volcanic
rocks but also includes two acidic tuff levels aieing with turbidites (Ercan et

al., 1995). They are determined as Upper Eoceagerby Siyako et al. (1989).
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Starting from Lower Oligocene, the region was uetf (Ercan et al., 1995) and
passed into terrestrial environment. Andesitic,ittaand rhyodacitic lavas, tuffs
and agglomeras occur in the area of Can and saitbEganakkale. The Middle-
Upper Oligocene volcanics are called Can volcabicErcan et al. (1995) (Figure
4). However, Siyako et al. (1989) called them adyBdiocene Doyran volcanics
(Table 2). They further put forward that all thegotene sediments were eroded
in the Biga Peninsula. In the last stage of Oligece&olcanism, the nature of
volcanism changed. The volcanics, represented dphyrandesitic and basaltic
dykes and lava flows are called Kirazl volcani¢sg(re 4). They are Late
Oligocene in age (Ercan et al., 1995; 1998). In Biga Peninsula, Oligocene

volcanic rocks are observed to be intercalated setfimentary rocks.

Table 2. Correlation chard of Tertiary volcanics in the 8igeninsula.
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During Lower-Middle Miocene extensive calc-alkalimelcanism occured in the
Biga Peninsula (Figure 4). Andesitic, dacitic, rdgoitic, latitic lavas, tuffs and
agglomerates covered vast areas and granodiotiitons were emplaced. The
age of these plutons are confirmed to be betweeyo€#ne-Miocene, based on
the isotopic age determinations by Siyako et &3€).

Lower-Middle Miocene volcanism spreading over wideeas in the Biga
Peninsula is named as the Behram volcanics (Ercah,el990) (Figure 4). The
Behram volcanics alternate with lacustrine sandstomarl, claystone and
limestone respectively. This volcanism, startingween 21.5 and 16.8 Ma
(Lower-Middle Miocene) according to the radiometige determination by Borsi
et al. (1972) and Ercan et al. (1995), are staieoetthe Middle-Upper Miocene
Ezine volcanics by Siyako et al. (1989). In additio these names Karac k and
Y Imaz (1995) named the same rocks as Balabanl Aawdc k volcanics (Table
2).

In the area studied, basaltic and trachyandesitleesl and lava flows cutting
Behram volcanics are called Huseyinfak volcantexén et al., 1995) (Figure 4).
Huseyinfak volcanics occur as small outcrops ® gbuth of the Biga Peninsula
and the datings yielded Middle Miocene age (Erdaal.e 1995). Between Ezine
and Ayvac k, to the west of Biga Peninsula, alkédiliine basaltic lavas known as
the Ezine basalts are observed (Ercan et al., 19%®se are the last products of
the Tertiary volcanism. Ezine basalts having snoalicrops towards west are
called as Plio-Quaternary Tape basalts by Siyako et al. (1989) and Ertlik.et
(1990) (Figure 4). Depending on radiometric agesigheination, however, Ercan
et al. (1995) states Upper Miocene age for theslkesrfTable 2).

The Plio-Quaretnary units in the study area areessmted by fluvial sediments
and lacustrine carbonates including conglomeraasdstones and shales. They
are called as Bayrami¢c Formation by Siyako etZ80). During the Quaternary

alluvium and terrace deposits were formed in thdysarea.
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2.2. Geology of the Study Area

2.2.1. General

The study area comprises four main rock units. &laee the ophiolitic basement
rocks, volcanic unit, lacustine sediments and allonv (Figure 5). The Cetmi

Ophiolitic Melange forms the basement of the statga and it is unconformably
overlain by volcanics and detrital sediments. Thélamge, representing the
regional basement is not observed in the mapped bue some very small

outcrops are seen just at the northern marginamtevious studies (Celik et al.,
1999).

The main rock-types of the volcanic unit in thedstarea are tuff, andesitic tuff,
andesitic agglomerate, basalt and basaltic aggktmeiFrrom these tuffs, the
zeolite-bearing ones will be investigated in deiailthis study. The studied
volcanic unit is unfortunately named by differentteors by varying names: Ezine
Volcanics by Siyako et al. (1989), Behram Volcanms Ercan et al. (1995),
Ayvac k and Balabanl volcanics by Karac k and Yalm(1995) (Table 2). From

these, we followed the nomenclature of Ercan gt18195).

Overall, the volcanic activity continued during tleposition of lacustrine
sediments in the study area and hence volcanieynate with Miocene
sedimentary rocks. Repeated volcanic activity muave delivered volcanic
material to lacustrine basins that interrupted ghale-sandstone sedimentation.

By this, it can be deduced that volcanic eruptimese realized in several phases
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in the region. This is also emphasized by Cift@le(2004), who identified seven
different volcanic episodes in the study area. k&me clastic sediments are
laterally and vertically transitional to the tuffQuaternay alluvium on the other

hand, forms the uppermost unit.

In the following section, only the stratigraphytbé Neogene units will be briefly
described, based on the studies of Siyako et 8891 Celik et al. (1999), Ciftci

et al. (2004) and our own observations.

2.2.2. Neogene Sediments and Volcanic Rocks in Kikkiyu Area

Neogene sediments and volcanics cover a large @rethe western Biga
Peninsula. Volcanic rocks, which are named as Behmicanics by Ercan et al.
(1995) commence already on the basement of the éeogequences. Behram
volcanics are intercalated with a thick packagesedimentary rock, which are
collectively known as the Kuc¢ukkuyu Formation. Theane was first used bgci
(1984).

2.2.2.1. Kigukkuyu Formation (Ngk)

In the study area, Neogene sediments of the Kugiikiiormation are studied
mainly by Saka (1979); Siyako et al. (1989) andt¢Ciet al. (2004). The
Kigukkuyu Formation is represented by turbiditicustrine sediments that is
coeval with volcanism. The age of Kugukkuyu Formatis Early Miocene based

on radiometric age datangCi, 1984).

The formation unconformably overlies the earliediseents with a basal
conglomerate at the bottom. It includes an alt@ngasequence of conglomerate,
sandstone, claystone, mudstone and shale. A typieal of the Kicukkuyu

Formation is shown in Figures 6 and 7. The Klcykkéormation is well-
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bedded and yellow, yellowish brown, whitish greylameenish brown in color in
the field. Dominant rock-types in the outcrops lo¢ Kictkkuyu Formation are
claystone, mudstone and shale. Conglomerate amtstese are observed only in

few locations in the field.

Shale, mudstone and claystone appear almost ofaime light brown to beige
color. Shale, one of the main rock-types of thanfation exposes in different
areas in the study area. The best exposure of ghalaly lies along the

Kugukkuyu-Ayvac k road, to the southwest of ¥aurt and east of Nusratl . The
thicknes of bedding in shale changes from lamicaeg 1mm) to 2 cm and beige

to brown in color.

Figure 6. A view of sedimentary succession with shalesrandstones of the

Kicgukkuyu Formation (Ngk), southeast of Yeurt.
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Figure 7. Photograph illustrating Kiicikkuyu Formation (Ngkijh well-bedded,
yellowish brown siltstones and shales, northeastusfrat! .

The thickness of the shale packages in the successay reach up to 2m.
However, the most typical occurrence is a thinlgdesd rock with darker colors
(Figure 8). Folding is frequent in the unit. elge road junction Kugukkuyu-Ar ki
and Yeilyurt (Figure 9). Thin beds of dark brown to p&l®wn silty claystones
alternate with shales. The matrix is probably cadte. The color of mudstones is
darker than shale and claystones which is broweolar. Claystones, mudstones
and shale beds are typically laminated. Iron oxsthkining along the bedding
surfaces gives the rock a darker color.
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earbonate band="

Figure 8. A view from Kicukkuyu Formation (Ngk) showing attation of thin-
bedded and dark-coloured shale with carbonate handheast of Karacam

Tepe.

Figure 9. Photo showing small scale folding in KugukkuyurRation (Ngk),
road junction of Kugukkuyu-Ar kI and Ydyurt.
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Conglomerate and sandstone, on the other handoctognly at the road that east
of Tuzluk Tepe and the road around the Hasanobeefxn these two localities,

conglomerate and sandstone can not be observedeinfield. Pebbles of

conglomerate are beige, white, black, light browrdark grey in color and they
include mainly volcanic clasts such as andesiteraaohly basalt. These pebbles
with radious of 1-3 cm in diameter are rounded @orfy angular. Pebbles of the
conglomerate are bounded with the matrix of vengfgrained clastic material
(Figure 10).

Figure 10. Conglomerate sequence with well to moderatelynded, poorly
sorted pebbles of basalt and andesite in the Kugitkkormation (Ngk). The
pebbles are bound with fine-grained clastic magast of Tuzluk Tepe.

Sandstones are dark brown to grey in color andn2-b thickness. They are
compact and more resistant to alteration and aegacterized by differential
erosion. The clastic rocks of the Kigukkuyu Forwmtdisconformably overlie
the lower andesitic lavas of the Behram Volcanictha south of Hasanoba and it
is overlain by Arkl Tuff of the east of NusratHowever, it was observed in
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several places that they are intercalated withstyffigure 11). The age of
Klcukkuyu Formation is determined as Early-Middlaobéne based on the
palynological data (Ciftci et al., 2004).

Figure 11.Photograph showing alternation of the Kicukkuymfation (Ngk)
and Ar kI Tuff (Nvt) northwest of Call Tepe.

2.2.2.2. Behram Volcanics

Early-Middle Miocene volcanics are named as Behvaicanics by Siyako et al.
(1989). Behram volcanics include andesite, andesifif, andesitic agglomerate
and dacitic-rhyolitic Ar kI Tuff which is the maiabjective of this study.

2.2.2.2.1. Andesite (Nva)

Andesites within the Behram Volcanics are generalbgerved in the form of
massive lavas. The andesites are slightly dark-tgreyinkish grey in color. But,
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the color locally turns to light grey and brownighkey probably due to intense
weathering and alteration along the road to théhnoir Nusratl (Figure 5). It has
porphyritic texture with the plagioclase and botthenocrysts, coarse enough to
be recognized by naked eye. The unit locally shelght difference in its
granularity.

Andesites of Behram Volcanics mainly expose as ivasava-flows to the north
of Arkl and west of Nusratl, south of Hasanol@pund the Ahmetce and

northwest of K z lyar (Figure 5).

In the south of Hasanoba, the andesite unit of &ahvolcanics is underlain by
the clastic rocks of the Kiugukkuyu Formation. Aating to Celik et al. (1999),
the clastic rocks are Middle Miocene in age. Tlge & based on its stratigraphic
position with respect to the Kigukkuyu sediments.

2.2.2.2.2. Arkl Tuff (Nvt)

The dacitic-rhyolitic tuffaceous rocks within Behravolcanics are named as
Ar kI Tuff by Ciftci et al. (2004). The Ar kl Tuff represents the main pyastic

products and covers mainly the southern part ofthey area (Figure 5).

Ar kI Tuff includes massive and bedded rocks. Fegli2 shows the occurrence of
massive form and Figure 13 shows the occurrencebexfded tuffs. The
petrographic study showed that the bedded Ar ki includes dolomitic bands, as
it will be explained in the petrography chapter.l@wite dominates towards the
transition of Kugukkuyu Formation and Ar kl Tuff.he thickness of the single
beds varies from laminae to 1m, but is usually 2 tm.
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Figure 12.Photograph illustrating massive Ar kI (Nvt) Tuffhich is fine

grained, compact, dark yellow to light orange itoco

Figure 13.Photo showing bedded tuff, which is at the tramslietween lake
deposits and tuffs, southeast Karacam Tepe.
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Samples of Karagam Tepe, Kale Tepe, C plakkaya Bepesamples around the
Arkl and Ye ilyurt are yellow to orange in color. Tuffs in tseuth of Carl
Tepe are usually white to light yellow in color. fiauin the south of Kigtkkuyu,
on the other hand, are white to whitish green ilorcavhen fresh and light brown
in color in altered zones. Sporadically distributeadules with 2-7 cm radius
occur in the Ar kI Tuff near the south of Car Tepe and between Kale Tepe and
Karacam Tepe (Figure 14). These are usually coricerand silisic in
composition. However, some of them are dark in rcalod have highly altered
manganiferous rims (Ciftci et al., 2004). Somédstalisplay brown bands, which
are due to late stage staining with Fe- oxide.

Figure 14.Photograph showing a close up view of the nodunlés ki tuff
(Nvt), in Car | Tepe.

The mineral and rock fragments of the Ar kIl Tufédess than 2 mm in diameter,
so that the Ar kl Tuff can be classified as fingftbased on its grain-size (Fisher
and Schmincke, 1984). Ar kl Tuffs are fairly haadd compact in general. Along
the road of east of Karagcam Tepe, however, vegniental tuffs were observed
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(Figure 15). In addition, along the road to wesKatukkuyu, tuffs are generally
highly altered and have breccoidal appearance dube Neotectonic Edremit
Fault Zone to the south of Kaz Dar along the Northern coast of the Edremit

Bay (Figure 16).

Figure 15.Photograph illustrating brecciated Ar kl Tuff (N\@long the road east
of Karagam Tepe.

Arkl Tuff is mainly exposed around three diffeteareas. These are in the
vicinity of Ar kl Village (Kocamee Tepe, Zindan Tepe, Koy Tepe), between the
Ye ilyurt and Nusratl villages (Kale Tepe, C plakkayepe, Carl Tepe,
Karacam Tepe) and north of Kiigciikkuyu town (Gokcpe)dFigure 5).
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Figure 16. A view of breccoidal appearance of Ar kI Tuff (Nwue to the
Neotectonic Edremit Fault Zone, along the road e$wvof Kicikkuyu.

Ar kl tuff is locally overlain by andesitic agglognate in the west of study area. It
lies conformably over the shale-siltstone alteorabf the Kigikkuyu Formation

to the southeast of Nusratl (Figure 17). The apArkl Tuff is Early-Middle
Miocene (Ciftci et al. 2004).
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Figure 17.Photograph showing the faulted boundary betweeki Aruff (Nvt)
and shale-siltstone alternation of the Kuicikkuyunfagion (Ngk), southeast of

Nusratl .

Arkl Tuff in the region, mainly in Yelyurt, Nusratl and Arkl villages, is
widely used as building stones because of its hemibgand very large amount.
The unit is the main point of interest in this MtBeses, as it bears considerable
amount of analcime.

2.2.2.2.3. Andesitic Agglomerate (Nvag)

Andesitic agglomerates unit of the Behram Volcanicxur as blocks in a
restricted area from Feyzullah Tepe to Sitlice T&pgure 5). It has usually a
purple color (Figure 18). The blocks of andesites angular and varying
dimensions from 1 cm to 10 cm in diameter. The masr wholly composed of
andesitic ash.
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Figure 18. A close up wiev of andesitic agglomerate (Nvag)kPangular blocks

of agglomerate are embedded in andesitic ash m(gneen).

2.2.2.3. Pliocene Basalt and Basaltic Agglomeratiyb, Nvbag)

Pliocene basalts and basaltic agglomerates inttisy sirea are named as Tepe
basalt by Siyakeet al. (1989). These are exposed to the northwest of tiay s
area. Even though basaltic lavas can not be oldeme field, basaltic
agglomerates were examined in the field just beside<ticikkuyu-Ayvac k road
west of Hasanoba (Figure 5). Basaltic agglomeratdade angular and rounded

blocks and are of grey and black in color (Figudg 1
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Figure 19. A close up view of basaltic agglomerate (Nvbaghwalack rounded

to poorly angular basalt blocks, west of Hasanoba.

2.2.3 Quaternary Alluvium (Qal)

Alluvium exposing along the coast of Edremit Guhgprises of loose material of
pebble, sand and clay. They are Quaternay in aglk(€t al., 1999).
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CHAPTER 3

PETROGRAPHY

3.1. Introduction

For petrographical purposes, a total of 32 thirtises were prepared out of 90
samples, collected from different localities of theidy area within the Arkl
Tuff. Among them, 13 samples are from ClarTepe (CT), 3 samples from
Karacam Tepe (KC), 2 samples from Kale Tepe (KL9aBiples from C plakkaya
Tepe (CPT), 2 samples from Yigurt village (YCT), 3 samples from Arkl
village (A) and 3 samples from fresh road cuttingsthe west of Kugukkuyu
(KK).

Ar kl Tuff consists of dust, ash and minor amoohtlasts. Microscopical study
reveals that the fragments range in size from én@ito 0.06 mm, so the Arkl
tuff can be classified as fine tuff (dust tuff) bdson grain size (Fisher and
Schmincke, 1984) (Table 3). The sample location magven in the Figures 20
and 21.
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Table 3. Granulometric classification of pyroclasts andinimodal, well-sorted

pyroclastic deposits (Fisher and Schmincke, 1984).
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Figure 20. Sample location map of the Ar ki -Yigyurt-Kiicukkuyu district, Ayvac k, Canakkale (onpetrographically and
geochemically analysed samples) (after Celik etLl899).
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Figure 21.Sample location map of the Yyurt, Ayvac k, Canakkale (only petrographicallgcageochemically analysed samples)
(after Celik et al., 1999).
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Variation in the primary minerals of each of theeedd tuffs is a little. Generally,
all tuff samples comprise quartz, minor amount adtite, plagioclase and
sanidine. Glass shards, pumice fragments and remek¢fragments make up the
lithic components. The matrix is composed of tingkés of phyllosilicate
minerals, dolomite and K-feldspar. These secondanyerals are of varying
amounts in the matrix. Table 4 shows the visuairegion of phnenocrysts, lithic

fragments and authigenic minerals.
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Table 4.Phenocryst, lithic fragment and authigenic mingeicentages in phyllosilicate minerals-bearingAiT uff.

PHYLLOSILICATE MINERALS BEARING

VITRIC TUFES
primary minerals lithic fragments authigenic minerals
biotite
quartz plagioclase pumice glass Rock phyllosilicate
sanidine+opaque fragment | shard | fragment | analcime | dolomite minerals K-feldspar
CT-6 2 2 6 none <1 35 none 45 ~20
- < none ~
CT-7 5 4 1 1 35 2 45 20
- < none none ~
CT-11 4 3 1 1 30 45 20
CT-15 3 2 <1 none 1 20 none 30 20
CT-16-A 2 2 2 none 2 20 3 30 25
-16- none none

CT-16-B 2 2 4 3 25 30 30
CT-17 3 2 <1 none 1 15 4 55 20
YCT-8 3 2 1 none <1 none none 70-80 5
CPT-1 4 5 1 none 2 30 5 20 35
CPT-2 4 3 5 none None 30 none 15 30
CPT-3 4 2 <1 none None 35 1 15 35
CPT-7 5 6 1 none 3 30 none 30 35
CPT-8 5 2 1 none <1 30 none 30 25
CPT-10 3 2 3 none 1 20 none 45 30

KC-1 5 5 4 none 1 20 none 35 25

KC-3 4 3 3 none 1 25 none 30 25

KK-5 3 3 6 10-15 2 20 none 45-55 10

KL-2 4 2 2 none <1 30 none 20 35

KL-5 10 7 8 none 2 25-30 none 20 30
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Table 4. (continued)

DOLOMITE RICH VITRIC TUFFS

primary minerals

lithic fragments

authigenic minerals

biotite
plagioclase pumice | glass rock phyllosilicate
sanidine+opaque fragment | shard | fragment | analcime | dolomite minerals K-feldspar
A-9 3 2 10 none 1 20 60 <3 20-25
A-12 5 2 15-20 | none <1 20 65-70 <3 15-20
CT-8 2 1 15 none none 40 60-65 <3 none
DOLOMITES
Y-12 1 <1 none none none 20 70 <3 not observable
CT-10 1 <1 none none none 20 70 <4 not observable
CT-19 2 <2 none none none 20 70 <5 not observable
CT-20 2 <3 none none none 20 70 <6 not observable
K-FELDSPAR DOMINATED VITRIC
TUFFS
primary minerals lithic fragments authigenic minerals
biotite
plagioclase pumice | glass rock phyllosilicate
sanidine fragment | shard | fragment | analcime | dolomite minerals K-feldspar

A-2 2 1 15 none <1 none 25 none 70

KK-2 7 3 25 25 1 10 none none 75-80
KK-8 6 2 10 none none none none none 75-80
KC-6 3 2 10 none <1 10 none 15 70
YCT-9 10 3 2 none 1 none none 20 70
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Well-preserved glass shards are not recognizedost of the thin sections except
KK-2 and KK-5, as alteration has caused destruatioglass to zeolites and other
diagenetic minerals. However, ghost forms of irfaguylass fragments with

irregular shape can be still identified. Hence,reifgglass is rarely preserved as
such because of alteration, most samples were naswedric tuff based on the

presence of other glassy material which is pummegrments. The triangular

diagram of Pettijohn (1957) was used for nomenotatund classification of tuffs

(Figure 22).

Figure 22. Nomencluture and classification of tuffs (Pettijpii957).

The primary composition of the vitric tuff can nuo¢ exactly determined only by
petrographic observations. This is due to the latgreralogical changes. Still, it
can be said that the tuffs have rhyolitic to rhywitic character according to the
abundances of the pheno- and micro-phenocrysteeas an Table 5 (Raymond,
1995). This naming is also confirmed by the chemaaalysis of the same

samples and will be discussed in Chapter 5.
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Table 5. Mineralogical classification of common volcanicks (Raymond,
1995).

Although all tuffs have similar type of phenocrystheir authigenic mineral
assemblages are variable. By this feature, petpbgrally thin sections are
separated into three groups on the basis of tha#®ganic mineral content
visible/dominant in the matrix. These groups arbcated as; phyllosilicate
minerals-bearing, dolomite-rich and K-feldspar doated vitric tuffs (Table 4).

Phyllosilicate-bearing tuffs are the most commoasthrough all the samples.
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3.1.1. Phyllosilicate Minerals-Bearing Vitric Tuffs

The first group of tuffs is named as phyllosilicatenerals-bearing tuffs, since
they include more than 20% phyllosilicate mineralghe matrix. Rock fragments
and phenocrysts are embeded in a matrix that iesladithigenic micrometer-size
flakes of clay minerals showing cryptocrystalliegture. Phyllosilicate formation
is also noticed in most of the other tuff samplag,in less amounts.

According to the grain size classification of Fislaad Schmincke (1984), these
tuffs are classified as fine tuffs (Table 3). Neet of the samples fall in this
group. One of them were taken around the regio¥ieoflyurt, six of them were
from C plakkaya Tepe south-west of Ygurt, two of them from Karacam Tepe
south of Nusratl , seven of them were from the lsmitCar | Tepe, one of them

from Kucikkuyu road and two of them from the Kakp€ (Figures 20 and 21).

Generally, this group of tuffs contains quartz, aminamounts of biotite,
plagioclase and sanidine as phenocrysts, and ee@litalcime), phyllosilicates
(smectite), K-feldspar and carbonate (dolomitepathigenic minerals and rock
fragments and pumice fragments. Their matrix is posed of phyllosilicate
minerals which are smectites as determined by ¢taildd clay analysis explained
in the XRD section of Chapter 4. Apart from phyilaste minerals, the matrix

contains some dolomite and K-feldspar.

3.1.1.1. Primary Minerals

Phenocrysts in the tuffs consist of quartz, minmoant of biotite, plagioclase,
sanidine and opaque minerals (Table 4). The phgsbcontent ranges from 4 to
17% but is generally about 5-7% in samples CPTH1C, KK-5 etc. KL-5 has

the highest amount of primary minerals (17%).
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Quartz is the major component of the phenocryste percentage of quartz
ranges from 2% to 10% but is approximately 4% a@naherage. Grains of quartz
are anhedral and clear. Minor amounts of plagieglaanidine, biotite and opaque
minerals, which make up 2-7% of phenocrysts are aéen. Plagioclase grains
are idiomorphic and display polysynthetic twinnirigjotite crystals are brown
pleocroic. They have euhedral to subhedral crysitlines. Mainly all biotites are

flaky and occur as fine-grained crystals.

Sanidine crystals generally occur as small phenschaving euhedral to
subhedral crystals outline.They undergone altanatio

Opaque minerals are generally anhedral in crystaline. Some of them,

however, are thought to be pyrite due to theirdgpsubhedral shape.

3.1.1.2. Glassy Material

The glassy material mainly consists of pumice fragta and glass shards. They
are differentiated on the basis of their structamd appearance. Glass shards can
be easily recognized with their typicall Y- and Wape structure (Fisher and
Schmincke, 1984). Pumice fragments, however, contasicles and they are
larger than the glass shards (Fisher and Schmid&&). Pumice fragments are
the dominant vitric constituents, whereas glassdshare only found in the
sample KK-5. Pumice sizes vary from 50 5 mm in diameter. The pumice
fragments commonly make up about ~2% of the carstis in thin-section and
are variably rounded. In some samples (e.g. CT-i§ lless than 1% and some
samles (KK-5, CT-6) contain 6-8% pumice fragmenisable 4). Pumice
fragments are generally porous (Figure 23-a), wiaigh filled by phyllosilicate
minerals and analcime (Figure 23-b). They were &lsa by dolomite in lesser
amount. A few subhedral K-feldspar in pumice wasenbed in samples KL-5

and KK-5. It is difficult to separate pumice fragms which are not porous, from
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the matrix. A dark rim stained by very fine Fe-axichay help to differentiate
them (Figure 23). Analcime, phyllosilicate mineratsd K-feldspar coexist inside

the pumice fragments in sample KK-5.

Figure 23. Photomicrographs showing a) porous pumice fragnuzmk rim
stained by Fe-oxide (CPT-7, PPL), b) pumice fragnfited by phyllosilicate
minerals and analcime (CPT-6, PPL), (Anl: analciPieyll: phyllosilicate

mineral, PF: pumice fragment).

51



Another glassy type material in the studied samislggass shards, which are very
well-preserved in the sample KK-5 (Figure 24). Glakards represent about 10-
15% of the rock.

Figure 24.Photomicrograph showing glass shards (KK-5, PR&}: glass
shard).

3.1.1.3. Rock Fragments

Rock fragments form a portion of not more than 3Pavbole tuff-samples. In
some of the studied tuff samples, no rock fragmentdd be detected. In some
cases, it is very difficult to determine the tygeack of the fragments because of
alteration. However, in many cases their texturetp o recognize them as
fragments of volcanic origin, as seen in Figure @6me of these volcanic rock
fragments resemble the biotite-andesites, whichsaaigraphically below the
tuffs.

52



Figure 25. Photomicrograph displaying altered rock fragmeniadcanic origin
(KL-2, PPL), (RF: rock fragment).

3.1.1.4. Diagenetic Minerals

Mainly several parts of the tuffs, for example poenfragments, ash material in
matrix and also vesicules except the phenocrystsy dbrmation of diagenetic
minerals. These are analcime, phyllosilicate milserd-feldspar and dolomite,

which are considered as secondary and authigenic.

The terms diagenetic, authigenic and secondary weexl according to the
Glossary of Geology (Bates & Jackson, 1980). Diagerminerals are formed by
“....pertaining to or caused by diagenesis”. Secondainerals are “....minerals
formed later than the rock enclosing it, usuallyhet expense of an earlier-formed
primary minerals, as a result of weathering, metamem or solution”. Lastly,
authigenic minerals are minerals “....formed or gatext in place and came into

existence at the same time of the rock”.
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3.1.1.4.1. Analcime

In some thin sections the grain size is large ehaiogdetermine analcimes by
petrographic study. However, it was in many casesessary to identify the
analcime by X-ray powder diffraction because of itiaute grain size of most of
the material. In thin sections, such coarse-graiaedlcime crystals are easily
recognizable by their typical optical propertiesifle 6). They are colorless, have
low relief (Figure 26-a), isotropic (Figure 26-liycheuhedral. In addition to these,
although diagnostic optical properties could nodke&ermined because of minute
size in many cases, some predictions about exsteh@nalcime in the matrix
can be made by high magnification. Two modes ofiocenice are noticed for the

formation of analcime. These are;

1) Coarse-grained euhedral or anhedral crystals intieavand pumice
fragments
2) Clusters or single crystals of fine-grained anaésnembedded in the

matrix

The analcimes in the cavities and pumice fragmargsapproximately 100to 1

mm in size and under the petrographic microscopeset coarse grains of
analcime are easily recognized with their opticadigtropic character. The most
striking point is that these coarse-grained, eudledr anhedral analcime crystals

were concentrated in pumice fragments or cavidsseen in Figures 26 and 27.
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Table 6. Optical properties of analcime.

color

relief

pleochroism

cleavage
birefrincengel/interference color
crystal system

morphology

group

interference figure/optic sign

colorless

low

no

not seen/very poor
isotropic

cubic
trapezohedral
zeolite

isotropic
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Figure 26. Photomicrographs showing optical properties ohgalbal analcime
crystal in cavity a) low relief (CT-6, PPL), b) isopic character (CT-6, XPL),

(Anl: analcime).
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Figure 27.Photomicrograph showing euhedral to anhedral analcrystals in
pumice fragment (CPT-2, PPL), (Anl: analcime).

In addition to analcimes formed in the pores ofttif§ there are also some small
analcime crystals or group of crystals or clustetsich can be identified by their
typical optical properties within the matrix (Figu28). Some of them, on the
other hand, can be only observable with their lelief and isotropic properties
under high magnification (x40) because of very rtensize (Figure 29). It was
considered that these very fine-grained and crypstalline analcimes are
scattered throughout the matrix, even not direothgervable but identified by

XRD analyses.
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Figure 28. Photomicrograph showing colorless and low reliedleime clusters
within the matrix (KL-5, PPL), (Anl: analcime).

Figure 29. Photomicrograph showing very small analcime cigstathe matrix
(CT-6, PPL), (Anl: analcime).

Some small analcime crystals identified by theiw lgelief and colorless
properties (Figure 30-a) in plane polarized ligibst of these clusters are black
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and display euhedral morphology in crossed poldfgue 30-b). These
analcimes are differentiated from phyllosilicatenarals in matrix easily because
of observable colorless and low relief propertiegen when analcime could not
be directly identified in some other parts of matn plane polarized light (Figure
31-a) by more carefull examination, in crossed Isicgcattered black, mainly
circular clusters embedded inside the phyllosiécaatrix were observed (Figure
31-b). Most tuff samples, mainly fine-grained ord®w this feature in the
matrix. An exact determination of these mineralsthie clusters is optically
difficult because optical properties are not obable even by high magnification
(X40). These are probably correspond to very sraalicime crystals in the
matrix. However, these isotropic clusters with duesble analcime are very
similar to those we observed crossed polars in EmTL-5 in Figure 30. The
identification of this type of minerals as analcifmg optical means is reliable,
only when controlled by XRD and SEM studies. Evénthe presence of
cryptocrystalline analcime in the matrix can beogrized, the exact percentage
of analcime in the rock can only be roughly estedatTherefore, the percentage

of analcime given in Table 4 is only conjectural.
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Figure 30.Photomicrographs showing analcime clusters in ta&imsurrounded
by phillosilicates a) (KL-5, PPL), b) (KL-5, XPLJAnl: analcime, Phyll:

phyllosilicate mineral).
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Figure 31 Photomicrograph showing analcime clusters in mair (CT-6, PPL),
b) (CT-6, XPL), (Anl: analcime).

3.1.1.4.2. Dolomite

Dolomite is found as a secondary mineral in thelistl tuffs. Actually, it is
difficult to distinguish dolomite from calcite irhinh sections because of their
similar optical properties. Hence the existencdabmite can be proven by XRD

studies. The dolomites in the studied samples hayrebirefringence and display
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variable relief. Disseminated, anhedral dolomitaimg are up to 1 mm in
diameter. They are found in pumice fragments, wnties or in the matrix (Figure
32). Dolomites were found in less amount in thigugr of tuff, usually not more

than 5% and some samples do not include dolomige gample KC-1) (Table 4).

Figure 32.Photomicrograph showing dolomite crystals a) inRdCPT-1,
XPL) b) in pumice fragment (CT-17, XPL), (Dol: dohite).
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3.1.1.4.3. Phyllosilicate Minerals

The presence of authigenic phyllosilicate mineedlghin sections of this group
of the studied tuffs is used as a criteria for dismation. Because phyllosilicate
minerals occur as fine-grained aggregates, thdicapproperties are difficult to
determine. Most of the time, phyllosilicate minerahn be distinguished by their
characteristic flaky appearance (Figure 33) whiol eéharacterized by parallel
extinction. In thin sections, they are generalghti yellow to brownish yellow in
color. Their length is about 5Phyllosilicate minerals occurring as tiny crystals
in the cryptocrystalline matrix make up about 3040f the rock (Table 4).
Phyllosilicate minerals were also found in pumicagments together with
analcime (Figure 34-a) and K-feldspar (Figure 34-b)

As it is the case with the zeolites, the type efphyllosilicate minerals can not be
exactly determined by optical methods. Hence, thtikkd identification of the
phyllosilicate minerals as smectite is realizedtly analyses of XRD, SEM and
DTA methods.

Figure 33.Photomicrograph of phyllosilicate minerals withk§eappearance
(CPT-7, XPL), (Phyll: phyllosilicate minerals).
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Figure 34.Photomicrograph of phyllosilicate minerals togetivéh a) analcime
and b) K-feldspar a) (KL-5, XPL), b)(KL-5, PPL),H{iAl: phyllosilicate mineral,

Anl: analcime, Kfs: K-feldspar).

3.1.1.4.4. K-feldspar

The authigenic K-feldspar minerals occur as veralsprismatic crystals under
high magnification (X40). They were found in mattogether with phyllosilicate

minerals and analcime (Figure 35). Only few optmalperties of K-feldspars are
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visual in thin sections because of very minutergsize. Still, low birefringence is
the main identification property (Figure 36). Ind#tn, K-feldspars are easily

differentiated by their low relief, colorless fesuand mainly prismatic shape
(Figure 37).

Figure 35. Photomicrograph of K-feldspar together with armakeiand
phyllosilicate (KK-5, PPL) b) (KK-5, XPL), (Anl: acime, Phyll: phyllosilicate
mineral, Kfs: K-feldspar).
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These minerals were determined as K-feldspars basesEM study which will
be given in Chapter 4. Authigenic K-feldspar miteraxist in all samples and

usually makes up about 25%. These K-feldspars lyseisbedded in the matrix.

Figure 36.Photomicrograph showing low birefrincent K-feldspigK-5, XPL),
(Kfs: K-feldspar).
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Figure 37.Photomicrograph of K-feldspar with prismatic iraple (KL-5, PPL),
(Kfs: K-feldspar).

3.1.2. Dolomite-Rich Vitric Tuffs and Dolostone

3.1.2.1. Dolomite-Rich Vitric Tuffs

Based on the dominance of authigenic dolomite enntfatrix, a part of the studied
rocks (7 samples) is grouped as dolomitic vitriéstuAnother group of dolomite-
dominated rock was found at the transition betwibenlake deposits and tuffs. It
is actually a sedimentary rock with very fine te#aus material and named as

dolostone.

The vitric tuffs of this group are similar to thiest group in their mineralogical
characters. However, the phenocryst content isddlan the first group of tuffs.
The rock comprises mainly quartz, minor biotiteagiclase, sanidine, rock
fragments and pumice fragments. Tuff samples weamenl as vitric tuff

according to Pettijohn (1957). These dolomiticivituffs consist of phenocrysts,

ash and lithic fragments. Microscopical study révdlaat pyroclasts range in size
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0.01 mm to 0.06 mm, so these tuffs can be cladsH fine tuff (Fisher and
Schimincke, 1984) (Table 3).

Three samples of this group are A-9, A-12 and CBdnples A-9 and A-12 are
from the Arkl region (Figures 20 and 21). Samfl&-8, however, was taken
from the outcrops to the south of Nusratl . Becasaples of A-9 and A-12 were
taken from locations very close to each other mfibld, the thin sections show
little differences in percentage of phenocryts atiter compounds. Both of them
contain pumice fragments. The pumices are geneBllylmm in size and of

angular shape. These broken pumices contain wedldeed analcime crystals.

This group of tuffs contains quartz, minor amouftbaotite, plagioclase and

sanidine as primary minerals. Most of the vitrictengl is altered to one or more
of the authigenic aluminosilicate minerals. Thesezzolite (analcime), carbonate
(dolomite), K-feldspar and phyllosilicates (smestitPumice fragments and rock

fragments are also found. Glass shards are notwause

3.1.2.1.1. Primary Minerals

Dolomitic tuffs have the same type of phenocrysthjch are quartz, biotite,
plagioclase and sanidine with respect to clayeyfstuifhe percentage of
phenocrysts ranges from 2 to 5%. The amount of gtrgsts in sample CT-8 is
low (2%), and samples A-9 and A-12 have 3-5% pheysts (Table 4). The most
abundant silicate mineral is quartz, which occuwsiagle crystals. It is anhedral
in shape. Plagioclase exhibits albite twinning. &dral to subhedral biotite is
brown pleochroic and show mottled extinction. Snalenocrysts of sanidine
having euhedral to subhedral crystal shape arerleso and show low

birefrincence.
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3.1.2.1.2. Glassy Material

Only pumice fragments constitute glassy materiab Nlass shards are
differentiated in this second group. Pumice fragimere angular and some are
porous. Pumice fragments in CT-8 and A-12 are adcind highly angular.
Euhedral analcimes are found in these pumice fratgr(&igure 38). The pumice
fragments are more abundant than those in the qdilytlate group. They are
commonly make up about 15-20% of the constituen&ble 4). Generally, all

non-porous pumice fragments underwent dolomitizedi® seen in Figure 39.

Figure 38.Photomicrograph showing porous pumice fragmenteaebdral
analcime crystals in it (CT-8, PPL), (Anl: analcime
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Figure 39. Photomicrograph showing wholly dolomitizied pumfcagment (A-
12, XPL), (PF: pumice fragment).

3.1.2.1.3. Rock Fragments

Since rocks fragments have undergone high alteraitios difficult to determine
their type. However, based on ghost textures, slasporphyritic volcanic rocks
with flow-texture can be identified as andesitivds. Rock fragments form a

portion of only 1% of whole tuff-samples (Table 4).

3.1.2.1.4. Diagenetic Minerals
Even if the primary minerals are the same, dolamitiric tuffs are different in

their authigenic mineral assemblages. In the mathey are represented by

analcime, dolomite, phyllosilicate mineral and Kdfpar.
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3.1.2.1.4.1. Analcime

Petrographically these analcimes in dolomite righovtuffs are completely the
same as with analcimes in clayey tuffs. They arriess, have low relief
(Figures 40 and 41), isotropic and often demonseaibedral (Figure 41)
morphology.

Similar modes of occurrence are accepted to the with clayey (phyllosilicate-
rich) matrix. Two modes of occurrence are noticadférmation of analcime just

like phyllosilicate minerals dominated ones. Thase

1) Coarse-grained euhedral or anhedral crystals iftieavand pumice
fragments
2) Clusters or single crystals of very fine analcineesbedded in the

matrix

Colorless analcimes founding in cavities and pumigments are easily
differentiated with low relief and isotropic chatac Analcimes are mostly
euhedral in pumice fragments (Figure 41). Sizera@l@me crystals are usually
100-200 in diameter.
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Figure 40.Photomicrograph showing analcime crystal a) intya\A-12, PPL),
and b) in pumice fragment (CT-8, PPL), (Anl: anae).
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Figure 41.Photomicrograph showing euhedral analcime crystatimice
fragment (A-12, PPL), (Anl: analcime).

Analcimes in the cavities as well as in pumice finagts are found within the
matrix like the previous two types. They occur asak crystals and
cryptocrystalline aggregates making up a part efrttatrix in these tuffs (Figure
42). This group of tuffs usually includes 20-30%lame (Table 4).
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Figure 42.Photomicrograph showing cryptocrystalline aggregafeanalcime

crystals in the matrix (A-9, PPL), (Anl: analcime).

3.1.2.1.4.2. Dolomite

Dolomite is dominant in all of the examined sampl&%ostly it occurs as
aggregates of anhedral crystals (Figure 43). Thakenup about 60-70% of the
rocks. High birefringent dolomite crystals are l@gg A-9 and A-12 than in CT-
8. Changing relief can be observed when stageaseth. Dolomite is found in the
matrix as well as in the cavities. It is clearlyate product. Diatoms observed in

CT-8 indicate lacustrine environment (Figure 43).
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Figure 43.Photomicrograph of dolomite a) (CT-8, PPL), b) (8 TXPL), (Dol:

dolomite).

3.1.2.1.4.3. Phyllosilicate Minerals and K-feldspar

K-feldpar and phyllosilicate minerals in this type tuffs were not easily
identified by optical methods because of their veryute size. Even in high
magnifications, it is difficult to differentiate ¢im from other constituents. In the

matrix, only the low birefringent tiny minerals cée identified. Based on SEM
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data, it can be said that the colorless tiny prigmainerals observed together
with dolomite in the matrix are K-feldspars andyttage 15-20% in amount. The
phyllosilicate minerals, on the other hand are att@rized by parallel extinction
but very small amount, not more than 3%. Anothguartant point is that the K-
feldspars in this group are not euhedral and tmeyaund only in matrix and not

in pumice fragments.

3.1.2.2. Dolostone

These rocks were separated from dolomitic tuff gras they do not include
pumice fragments or glass shards. In thin sectities;ock mainly consists of tiny
dolomites and euhedral analcimes in the cavitieggu(Es 44 and 45). Dolomites
have very minute grain size. Therefore they cary &wa differentiated by their
high birefrincence. Only four samples, namely Y-£2Z,-10, CT-19 and CT-20

fall under this group.

Figure 44.Photomicrograph of tiny dolomite crystals (CT-X®L).
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Quartz was found as fine clasts in both thin sesti®lagioclase and biotite clasts
are of trace amounts in the studied samples. $oapy minerals constitute less
than 2% (Table 4). K-feldspar in this type of tuéen not be identified by optical

methods because of their very minute size. Heme3; percentage is can not be
given. There are no phyllosilicate minerals in shedied samples.

Analcime occurs in these rocks as well-developdthéral, subhedral or anhedral
crystals in cavities (Figures 45 and 46). Well-deped analcime crystals show
euhedral shape in best morphology (Figure 45).dbliteon, euhedral or anhedral
analcime crystals in cavities were detected byogeaiphical study, whether

analcime is formed in the matrix or not it can hetdetermined with this method.
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Figure 45. Photomicrographs showing euhedral analcime ciy/stadwing
idiomorphic morphology in cavity a) (CT-10, PPL),(&T-10, PPL), (Anl:

analcime).
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Figure 46.Photomicrographs showing a) subhedral and b) aahadalcime
crystals a) (CT-10, PPL), b) (CT-10, PPL), (Anlaémime).

3.1.3. K-feldspar-Dominated Vitric Tuffs

While studying this group of tuffs in thin sectiahis recognized at first sight that
phenocrysts, rock fragments and glass shards abedgied in a matrix that
consists wholly of cryptocrystalline minerals (Figu47). These colorless

minerals have white interference color with loweliiengence. These minerals are
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also found in clayey and dolomitic tuffs in smaléenounts, but, here the amount
of them are very high. Consequently, these sampte evaluated as different
group. Even though most of them are cryptocrystallithere are larger ones

compared to the sizes of other two types.

This group of tuffs can be named as vitric tuff dxyistence of glass shards and
pumice fragments (Pettijohn, 1957). They are clesbis fine tuffs, as the grain
size varies between 0.01 and 0.06mm (Fisher andn8uke, 1984) (Table 4).
The pyroclastic grains consist mainly of quartz,noni plagioclase, sanidine,
biotite, rock fragments, glass shards and pumagnfients.

The colorless cryptocrystalline minerals that repléhe matrix are too small for
the examination of their optical properties. Theref these minerals were studied
by SEM and designated as K-feldspars. A detailedwatt of this designation will

be discussed in Chapter 4.

Thin sections of five samples from this group weigdied in detail: KK-2, KK-8,
A-2, KC-6 and YCT-9 namely. Samples KK-2 and KK+& &rom Kugukkuyu, A-
2 is from Arkl, KC-6 is from the Karacam Tepe, tloe south of Nusratl and
YCT-9 is from southwest of Ydyurt. Samples KK-2 and KC-6 are rich in
analcime, whereas no analcime could be identifredamples A-2, KK-8 and
YCT-9 (Table 4).

Generally, this group of tuffs contains quartz, tiso and minor amounts of
plagioclase, sanidine as phenocrysts, and zeoltml¢ime), phyllosilicate
(smectite), K-feldspar and carbonate (dolomite)aathigenic minerals, locally

unaltered volcanic glass and rock fragments.
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Figure 47.Photomicrograph showing cryptocrystalline K-feldspembedded in
matrix (KK-8, XPL), (Kfs: K-feldspar).

3.1.3.1. Primary Minerals

The phenocrysts are the same as those mentiondtieinother tuffs. The
percentage of phenocrysts ranges from 3% to 13%-Y@as high amount of
primary minerals (13%) with respect to the othdistuiKK-8 and KK-2 have more
primary minerals (8%) than KC-6 (5%) (Table 4). Qmas found more than other
two tuff groups. It constitutes 2% to 10% of theolhrock (Table 4). Clear,
colorless quartz crystals with low birefrincencedngubhedral outlines. These are
generally small in size. Minor amounts of plagiselasanidine and biotite which
make 2% of phenocrysts are also seen. Plagiogtpgmlly exhibits polysynthetic
twinning. Fine grained biotite crystals are browndolor and show brownish
pleochroism. Some biotite crystals demonstrate -deleloped cleavages.
Colorless sanidine crystals generally occur as Ispme&nocryts having a euhedral
to subhedral crystals outline. They underwent sligtteration and low
birefringence.
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3.1.3.2. Glassy Material

The vitric material consists mainly of pumice fragms and glass shards. The size
of the pumices varies from 5000 1mm in diameter. Pumice fragments are
usually elongate, and some of them are vesiculdres& can be easily
differentiated with a dark rim of very fine grain€e-oxide as seen in the Figure
48. In addition to these, larger pumice fragmeragehusually different internal
textures than those in the matrix. This is mainke do the presence of euhedral
K-feldspars in the pumice fragments that contragith the very fine-grained
anhedral ones in the matrix. The pumice fragmenthis group commonly make
up about 10-15% of the rock, more than that in lpisilicate mineral-bearing
tuffs (Table 4).

Figure 48. Photomicrograph of pumice fragments with dark oiihfre-oxide (A-2,
PPL), (PF: pumice fragment).

The other type of the glassy material in the sam@glass shards, which are very

well preserved in the sample KK-2. Glass shardspem® about 25% of the rock.
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Well-preserved glass shards indicate that this wa$ exposed to relatively low
alteration. As seen in the Figure 49, the glassdshare lath and Y-shaped, which
is a typical feature of them. As seen in the Figbde some glass shards were

partly replaced by a cryptocrystalline unisotropigneral that resembles K-
feldspars rather than analcimes.

Figure 49.Photomicrographs showing lath and Y-shape of gdhasds a, b: (KK-
2, PPL), (GS: glass shard).
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Figure 50. Photomicrograph showing glass shard replaced bsldépar a) (KK-
2, PPL), b) (KK-2, XPL), (GS: glass shard, Kfs: &ldspar).

3.1.3.3. Rock Fragments

Rock fragments are found in limited amounts and enalk not more than 1% of
the studied samples (Table 4). Alteration causedlifficulty for determination of
the type of fragments. Still, it can be said tiaisie are volcanic in origin based on

their textures (Figure 51).
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Figure 51. Photomicrograph showing rock fragment with volcamiigin (KK-2,
PPL), (RF: rock fragment).

3.1.3.4. Diagenetic Minerals

The type of diagenetic minerals exists in theséstid the same as former two
types. However, the amount of analcime is less tharother two types. Morever,
3 tuff samples (A-2, KK-8, YCT-9) do not includeacime.

3.1.3.4.1. Analcime

Except A-2, KK-8 andYCT-9, other samples (KK-2, Kg-of this type of tuffs
altered to analcime. Although these five tuff sagsplresemble each other
petrographically, KK-2 and KC-6 contain analcime thin sections, such coarse-
grained analcime crystals are easily recognizabje their typical optical
properties (Figure 52). They are colorless, haws lelief (Figure 53) and
isotropic property.Two modes of occurrence are noticed for the foromatf

analcime like former two groups.
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Analcimes in pumice fragments and cavities are varg. Euhedral analcime can
not be detected in pumice fragments. Usually treeeeanhedral in shape but
subhedral ones were detected as seen in FigureAbalcimes in pumice

fragments and cavities are approximately 10@ diameter and they are
differentiated with their low relief and isotrogacoperties.

Figure 52. Photomicrograph showing subhedral analcime crystabumice
fragment (KK-2, PPL).

Next to analcimes in cavities and pumice fragmesusje are also observed in the
matrix. Analcimes in the matrix are more than ainaés in pumice fragments.
Figure 53-a shows a large analcime crystal in tlagrirg however they usually

occur as small crystals (Figure 53-b).
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Figure 53. Photomicrograph showing a) coarse-grained (KK, )/) very fine-

grained analcime crystals in matrix (KK-2, PPL)n{Aanalcime).

The percentages of analcime in KK-2 and KC-6 apr@pmately 10% (Table 4).

3.1.3.4.2. Dolomite

Dolomite was found only in the sample of A-2, ertirecavities or in the matrix.

Dolomite makes up approximately 25% of the rocks & secondary mineral like
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other two groups of tuff. Dolomite can easily bdfatentited with its high
birefrincence and usually exhibits changing relgien microscope stage is
rotated (Figure 54).

Figure 54.Photomicrograph showing high birefrincent of doitanf{A-2, XPL),
(Dol: dolomite).

3.1.3.4.3. Phyllosilicate Minerals

Phyllosilicate mineral was found in samples KC-@l afCT-9 15% in amount.
Sample A-2 contains less than 3%. Samples KK-2KiB, on the other hand,
contain no phyllosilicate mineral in the matrix fla 4). Because KK-2, KK-8
and A-2 lack in phyllosilicate, the texture of tedsiffs and the first group of tuff
are completely different as seen in Figure 55. dmgle KL-5 (Figure 55-a),
(phyllosilicate—bearing vitric tuff), phyllosilicat minerals cover all parts of the

thin section. In sample KK-2, (K-feldspar dominatattic tuff), however, low
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birefringent K-feldspars are seen (Figure 55-byjjuFé 56 shows phyllosilicate

mineral together with K-feldspar in the pumice frant.

Figure 55. Photomicrographs showing a) appearance of phijlat mineral—
bearing tuff (KL-5, XPL) and b) appearance of Kdfgbar dominated tuff (KK-2,
XPL), (Phyll: phyllosilicate mineral, Kfs: K-feldsp).
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Phyllosilicate minerals are recognized with flakypaarance in crossed polars
with greenish yellow color. K-feldspar can be easdifferentiated with low

birefrincence as seen in Figure 56.

Figure 56. Photomicrograph of K-feldspar and phyllosilicatgoumice fragment
(KC-6, XPL), (Kfs: K-feldspar, Phyll: phyllosilica).

3.1.3.4.4. K-feldspar

K-feldspars make up 70-80%f the studied samples (Table 4). These white
minerals are not only found in the matrix but alsdhe pumice fragments. The
point that must be taken into account is that Kigphrs are anhedral in the
matrix, but euhedral in pumice fragments. In thegla of KK-2, K-feldspars can
be easly seen as prismatic shape (Figure 57). Freddkpar that can easily be
distinguished in the matrix with white interferencelor might be of diagenetic

origin.
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Figure 57.Photomicrograph showing prismatic K-feldspar in peerfragment
(KK-2, PPL), (Kfs: K-feldspar).

In general, small minerals with low birefringencere recognized as K-feldspars,
based on optical properties and SEM studies. Irpt@aik-2, on the other hand, K-

feldspar-like low birefringent minerals grow inteetvoid space (Figure 58).

Figure 58. Subhedral K-feldspar crystals (A-2, PPL), (Kfsfédspar).
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The sample of CT-14 is different then the othensssiit is crystal tuff. It contains
quartz, biotite, orthoclase, plagioclase and saeidis phenocrysts, phyllosilicate
minerals and K-feldspar as authigenic mineralsk retagments and pumice
fragments as lithic components. It does not cordaalcime. Phenocrysts content
ranges from 35% to 40%. Grains of quartz are amhezhid clear. Plagioclase
grains display polysynthetic twinning. Biotite ctgis are brown pleochroic and
display cleavage. All biotites occur as coarserggdilaths. Orthoclase crystals
occur as coarse-grained phenocrysts having euhtedsalbhedral crystal outline.
They have undergone alteration. The glassy materiagpresented by pumice
fragments, which make up about 1% of the constitudfock fragments form 3%
of whole sample. The matrix is composed of phylicgie minerals and K-
feldspar as authigenic minerals. Phyllosilicate erafs can be distinguished by
their flaky appearance, which are characterized mrallel extinction.
Phyllosilicate minerals make up about 30-40% of tbek. The authigenic K-
feldspar minerals occur as very small crystals uhdgh mignification (X40). K-

feldspars are easily differentiated by their lonebingence.
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CHAPTER 4

MINERALOGY

4.1. Introduction

This chapter focuses on the mineralogical and naqgical characteristics of the
analcimes that were determined by optical microgamgthods. In addition to
them, further investigation of mineralogical iddication was performed by
powder X-ray diffraction (XRD) and scanning electnmicroscope (SEM). These
analyses are supported by differential thermalyma(DTA).

4.2. X-Ray Diffractometric Analyses

4.2.1. Theoretical Background

When the atomic planes of crystals exposed to beaimX-rays, they give
different reactions while beams leave the cryskais event is called as X-ray

diffraction.

Determination of minerals was made by matchikgpacings and 2angles. A
systematic procedure was used by ordering dspacings in terms of their
intensity, beginning with the most intense pekk).(Identification of crystalline
compounds can be obtained by comparing the acquu&idern with the
International Center for Diffraction Data (ICDD) tdhase. Table 7 shows for

XRD datas such ad-spacing, 2 and intensity of minerals. Therefore, examined
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my samples by comparing XRD peaks in the graph.tisrthesis, main interest
was analcime and some other very fine grained misewhich could not be

identified by classical microscopy methods.

Table 7.2 angles (CuK), interplanar spacinglf and relative intensityl &) of
minerals (Anl: analcime, Dol: dolomite, Qtz: quaik4s: K-feldspar, Sme:
smectite, AD: air-dry, EG: ethylene glycol, heattng300 °C and 550 °C)

(Ferraris et al., 1972).

el 100 80 70 50 40

Anl d- 3.43 5.61 2.92 2.5 4.85
2 25.97 15.79 30.5 35.77 18.29

Irel 100 30 30 15 10

Dol d- 2.89 2.19 1.79 2.01 2.67
2 30.94 41.22 51.14 45.1 33.56

el 100 35 17 12 12

Qtz d- 3.34 4.26 1.81 2.46 2.28
2 26.68 20.85 50.2 36.52 39.52

el 100 55 55 50 30

Kfs d- 3.33 3.79 4.24 3.23 3.47
2 26.77 23.54 20.9 27.61 25.67
method | random AD EG 300°C 550°C

Sme d- 5.73 5.93 5.19 8.75 9.02
2 15.14 14.87 16.72 10.15 9.88

4.2.2. Preparation of Samples

The samples were prepared following the procedbidackson (1975).

4.2.2.1. Preparation of Random Powder Bulk Samples

Random powder of the bulk sample was used for chenaation of the whole
rock mineralogy. Nearly 10 gr of each tuff samplasvground to a fine (<6&n)

powder in an agate mortar. The powder was set emglidss slide assuring a flat
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upper surface. It is important tompletely cover the glass slide to avoid the XRD
beams of the glass slide itself. Than, the glads sVas fixed in the diffractometer

device.

4.2.2.2 Preparation of Oriented Clay Samples

Preparation of samples for detailed clay analysea iittle different than the
random analyzes. In this method, the powdered gaffiple was brought into
suspension in distilled water for extraction of tlay minerals from other fine
grained non-clay minerals. The suspension wa®dtisith automatic mixer and it
waited for 8 hours. Separation of clay fraction riw2) was obtained by the
settling time methods based on Stokes Law (Jacks®rb). At the end of this
period, the upper part of the suspension was pigetnd filled in to tubes. The
tubes were then centrifuged and 4 glass slides emrered by clay fraction. The
4 glass slides were allowed to dry in air. Onehafse was saturated by ethylene
glycol at 60 °C during 8 hours, two of these weeathd to 300°C and 550°C,
respectively for 1 hour and the last one was aeedsample.

4.2.3. X-Ray Diffractometry Data

The XRD analysis was performed to confirm the pmeseof certain minerals
mainly analcime. Although petrographic studies sbdwhat the presence of
analcime in Ar kI Tuff samples, X-ray diffracticenalysis was the best way for
identifying analcime because of the small graie siSome minerals observed by
optical microscope may have very small reflectionsven can not be detected by
XRD in some samples. For example, biotite is preabnost all of the Ar kl Tuff
as seen by optical microscope, but abundance titebis very low (usually less
than 3%) (Table 4). Therefore it showed small @itens or no reflection and it
can be said that the biotite peak was close ta¢bection limit (C) or not detected

(N) as shown in Table 8.
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30 samples, collected from Ar kI Tuff were analgizey XRD. Patterns of all of
the analyzed samples are in general similar to edbbr. The mineralogical

composition of the tuffs, as determined by XRD gsial, is given in Table 8.

Analcime

The characteristic peak of analcime was found a@ XRD patterns in 25
samples. Representative XRD pattern of analcimeiigeauffs (samples KL-5,
KK-5) are shown in Figure 59. The most distinctreflections of the Ar kI Tuff
are 2 of 25.97, 15.79, 30.50, 35.77 and 18.29 witpacing of 3.43, 5.61, 2.92,
2.50 and 4.85 °A, respectively (Table 7). No ottewlite type was obtained from
the XRD analysis. Five Arkl Tuff samples (YCT-8-2, CT-14, KK-8 and
YCT-8) do not show analcime peaks. XRD patternsamhlcime—bearing and
analcime free tuffs were given in Figure 60. Wisitanple KC-6 displays the main
analcime peaks ofl-spacing of 3.43, 5.61and 2.92 °A, sample YCT-9,tlua

other hand, does not exhibit any of analcime peaks.
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Table 8. XRD mineralogy of Ar kI Tuff samples determineg powder XRD
(Symbols: P = present, N = not detected, C = dogketection limit, S = small
amount, Qtz = quartz, Anl = analcime, Kfs = K-fgdds, Dol = dolomite, Sme =

smectite, Bio = biotite).

Qtz Anl Kfs Dol Sme Bio

CT-6
CT-11
CT-8
A-12
A9
KL-5
KK-5
CPT-3
CPT-2
KG-1
CT-17
CPT-1
CPT-7
CT-15
CT-7
CT-16-A
KK-2
CT-10
KG-6
KL-2
CT-19
KG-3
CPT-8
CPT-10
Y-12
CT-14
YCT-8
A2
KK-8
YCT-9
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Figure 59.Random X-ray diffraction patterns of the KL-5 afid-5 show analcime peaks.
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Figure 60. Random X-ray diffraction patterns of the YCT-9 and KC-6o0sh analcime free and analcime bearing samples.
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Dolomite

Although petrographic examination shows that thisrea high abundance of
dolomite in some tuff samples (CT-8, A-12, A-9)c@n hardly be detected by the
XRD at first sight. The reason why the main peaki@bmite (2.89 °A) was not

seen is, that it is overlapped by the peak of am&l¢2.92 °A) (A-12 and CT-8 in

Figure 61). Whereas, the main peak of dolomiteeensvery easily (Figure 62) in
the tuff samples, which do not contain analcime-ZJ. Dolomite can be easily
identified by its 2.91 °A peak in sample CT-14.

Quartz

It was found in all of the tuff samples and it daa identified by its 3.34, 4.26,
2.46, 2.28, 1.81 °A peaks (Figures 59, 60, 61 &)dlé most tuff samples, except
in samples CT-6, CT-11, CT-8, A-12 and A-9, qudrés the dominant peak. In
samples CT-6, CT-11, CT-8, A-12 and A-9, howeveglaeme has the dominant
peak But, this property does not show the exact aburelafcthese minerals
since some K-feldspar peaks overlap with quartk pesawill be explained in K-

feldspar. The very high peak of quartz (even thoggartz found approximately
3% in tuffs) can be explained with overlaping byfeddspar. Thus, existence of

quartz in XRD patterns was showed with the lettéfS6 (Table 8).
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Figure 61.Random X-ray diffraction patterns of the A-12 &8 show analcime peaks.
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Figure 62.Random X-ray diffraction patterns of the A-9 ant-T4 show analcime bearing and analcime free sanple
102



K-feldspars

They are designated in all XRD patterns of samplgh changing intensities
except CT-8 which does not contain any K-feldspaakp(Figure 61). By means
of matchingd-spacing and 2angles of appropriate minerals, it was not fourel t
exact type of K-feldspar because of overlapping @pproximate-spacing of K-
feldspars are 3.33, 3.79, 4.24, 3.23, 3.47 and 328&ith decreasing intensity
(Table 7). The peaks of K-feldspar withspacings at 3.33 and 4.24 °A overlap
with quartz’s peaks (Figures 59, 60, 61 and 62 péak of 3.47 °A, on the other
hand, overlaps with peak of analcime. In this regpthe determination of K-
feldspar is not very easy. The main peaks of Kdjedat (3.33 °A and 4.24 °A) can
not be seen, since all samples contain quartz p€h& of 3.28 °A also can not be
observed because of overlapping. Merely, A-9 iruFegs2 shows small peak of
3.28 °A ofd-spacing.

Clay Minerals

XRD analyses were performed on Ar kl Tuff samplesasses the types of clay
minerals. For this reason, detailed clay analysa®\applied to the samples YCT-
8, CT-6 and KK-2. Types of clay minerals were idiged from five XRD patterns
(random, air-dried at 25°C, ethylene-glycolatecatée at 300°C for 1 hour and
heated 550°C for 1 hour). Firstly, in random tfrple (YCT-8), the very small
reflection was observed at 15.069 °A indicatingspree of smectite or chlorite.
Despite this, a broad and shifted peak occurs attab4.87 °A. It can not be
determined whether this peak belongs to smectitehtmrite since both of them
can have a peak around 14.87 °A in the air-driedpa In the ethylene-
glycolated samples, the peak is more shifted toveatdwer 2 (from 15.06 to
17.3 °A). This is due to the grown basal spacimgn{f 15.06 to 17.3 °A) as the
space between the layers become larger with glfoal§Grim, 1968; Borchardt,
1989). That is, the pattern of ethylene-glycolatentified by XRD shows that the

clay mineral in the tuff sample is smectite. Hegitthe specimen to 300°C and
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550°C causes the expanded layers to collapse. ififrection peak of 10.15 °A at

300°C and the diffraction peak of 9.88 °A at 558f& confirmed the presence of
smectite. Representative X-ray patterns of airefjriethylene-glycolated and

heated specimens (at 300°C and 550°C 1 hour)las&ated in Figure 63.

As a result of these analyzes, the presence of timeeas confirmed in the
sample YCT-8. Presence of smectite was also coefirin the sample CT-6,
however, smaller peak intensities are less in savf(pl'-8. Sample KK-2, on the
other hand, shows no smectite peak. It was notrstatel why the smectite peak
is not high enough, even though petrographic stiyved some tuffs with 30-

40% phyllosilicate mineral.

A small reflection at 9.950 °A indicates the presemf mica or illite in the
random YCT-8 sample (Figure 63). To differentidtiéei or mica, we examined
XRD patterns of air-dried YCT-8 sample. lllite isstinguished from mica by a
characteristic peakdQ01=10 °A). It is unaffected by glycolation and thea
treatments. Because no 9.950 °A peak is observednane, we can deduce the
presence of mica in the sample. Optical microscexamination showed that
mica type is biotite and it can be said that a sm&dlection in random XRD

pattern indicates that biotite is present.
To summarize, based on petrographic observatiothx&D analyses, the studied

Arkl Tuff samples contain analcime, quartz, fedds dolomite, biotite and

smectite.
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Figure 63. X-ray diffraction patterns of the sample YCT-8YAair-dry, EG:
ethylene glycol, heating to 300 °C and 550 °C).
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4.3. Scanning Electron Microscopy (SEM) Analysis

4.3.1. Theoretical Background

“The Scanning Electron Microscope (SEM) is an etetbeam based microscope
that uses electrons to produce high-resolutionethdianensional topographic
images” (Welton, 1984). Their method of study reBkEmwith petrographic

microscope’s, however, SEM uses electron beam ratien light. The beam

which is created by heating a tungsten filament temals the sample. When this
primary electron beam hits the sample, various $oofradiations (i.e. secondary
electrons, characteristic X-rays, backscatter mast auger electrons,
cathodoluminescence) are ejected from the samyer@-64) and these data are
used for information about sample. In geologic wsial secondary electrons

(SEM micrograph) and the characteristic X-rays (E§péctrum) are used .

Figure 64. Schematic sketch showing the different outputhefSEM/EDX

system (www.uga.edu/caur/BeamSpec.ppt).
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4.3.2. Preparation of Samples

The sample preparation for SEM is relatively ealyff samples were crushed
with hammer for appropriate size and they weredixe a stub consisting of a
metal disc so that they do not fall off easily vehhandling. Then, they were
coated with an extremely thin layer of gold.

However, applying the SEM method to rock-specimeith several different

minerals, as it is a common case with geologicaknml, is not always decisive,
as there is no optic microscopic control on theam To avoid this problem and
to be able to image the very small unknown mindralsserved under the normal
polarizing microscope, | used thin sections in SEMdy of the Arkl Tuff.

However, the main problem with detection, focusamgl the optical resolution of
the very fine minerals remained unsolved, and thages obtained were not of

reproducible quality.

4.3.3. Scanning Electron Microscopy Analysis of thar kI Tuff

The small particle size of analcime in the studiecks makes their examination
by optical microscopy extremely difficult. Furtheone, thin section analyses of
rock samples using polarizing microscope give otWwo-dimensional data,

whereas SEM analyses provide three-dimensionaltatryelationships. XRD

patterns were helpful to identify the presence péleime, but they are not
sufficient to determine morphology and formationamfalcime. The form, habit
and size can easily be observed with SEM analy$is. data are also useful for
understanding growth mechanism. By this, SEM amaigsan ideal technique for
the examination of analcime. The present SEM sfadyses on the identification

and especially on the formation of the analcime.

107



In the first instance, samples examined by XRD datihg the presence of
analcime were scanned by SEM for confirmation. Etegsamples with analcime
were examined and 71 photographs and 8 EDX imagee taken. However,
only a few images with the most characteristic ez were illustrated. In
addition, | tried to confirm also the presence amg very fine-grained minerals
such as quartz, K-feldspar, smectite and dolommitthé samples, based on their

morphology.

Special effort was given to image the neo-formatiand replacement structures
of the mineral phases, glass and clay mineralantterstand the formation of the

diagenetic minerals.

Morphologies of minerals found in tuffs will be efly explained together with
interpretation of the SEM images.

Analcime

The very small size of zeolites makes their idé&dgtfon and differentiation from
each other by petrographic microscope very diffictiowever, zeolites with
characteristic morphologies, when examined under 8EM can be easily
recognized. For example clinoptilolite generallycas as euhedral plates and
laths, erionite and mordenite occurs as fibersctoudar needles, chabazite occur
as cube-like rhombohedra and phillipsite occurpragm and stubby laths. Like
other zeolites, analcime also shows well-formedrattaristic morphologies.
Before interpreting the morphology of analcime BMsmicrographs, the crystal

morphology of analcime will be briefly explained.

Well-developed crystals of analcime are observed wariety of crystal habits in
nature (Figure 65). These crystal forms range feoivic, trapezohedral and cubo-
octahedral (Welton, 1984; Mumpton and Ormsby, 19E8gn if analcimes have

more than one crystal system (cubic, tetragon#&hoonombic, monoclinic), they
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usually show isometric symmetry. Gottardi and G#&llB85) mentioned that
analcimes are usually well-formed trapezohedronsiciwhhave a three-

dimensional shape bounded by 24 faces.

Figure 65. Crystal forms of analcime a) trapezohedral b) eati@ahedral ¢) cubic
morphology (After Gottardi and Galli, 1985; Kle2002).

The SEM images of the Arkl Tuff show usually temhedral and cubo-
octahedral morphology (Figures 66-71). The crystalk cubic morphology were
not determined in this study. The analcime idecdiibns from the Ar kl Tuff
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samples were based on comparison of crystal masgkolvith microscopical
observations and X-ray diffraction analysis of saleamples. The SEM analyses
in most cases confirmed the XRD results that trecame is found in the Ar ki
Tuff.

In Figures 66 and 67, analcimes that show trapeitaheshape are recognized

with well-formed faces of (211, 100) as shown gufies.

Figure 66. Scanning electron micrograph show trapezohedatame which is
recognized with well-formed 100, 211 faces (Sankiles, Anl: analcime, Sme:

smectite).
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Figure 67.Scanning electron micrograph of trapezohedralcamal in void
spaces in the tuff. Analcime is recognized withIvi@med 211 faces (Sample

CPT-3, Anl: analcime, Qtz: quartz, Sme: smectite).

In Figure 68, a large analcime occurs with as Welhed cubo-octahedral crystal,
which is ~15 m in diameter and is recognized with well formed. Tace. This
analcime grew without being obstructed in a porel avas developed with
euhedral faces, as will be evaluated in followilguters. In Figures 66 and 67,

analcime takes place as crystals of smaller sihegghnare ~5 m in diameter.
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Figure 68. Scanning electron micrograph of euhedral analé¢mora a dolomite
rich vitric tuff. Note the characteristic cubo-dotairal symmetry of analcime
which is recognized with well-formed 111 face (S&npT-8, Anl: analcime,

Qtz: quartz, Sme: smectite).

Most of the analcime occurs as pore-filling subbhédo euhedral crystals as
shown in Figures 66-69. The pore-filling charaaéthe analcime indicates that
they were formed as chemical precipitates from flards.
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Figure 69. Scanning electron micrograph of cubo-octahedralcame in cavity.
Analcime is recognized with well-formed 001 faceu$ple CPT-3, Anl:

analcime).

Idiomorphic analcime crystals were observed inrdlatively large pore spaces.
Analcime is not only found in pore spaces. Theyase observed to form on the
edge of volcanic glass that started to be alteveanticime at the edges (Figure

70).
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Figure 70.Scanning electron micrograph of authigenic anatcovergrowth at
the edge of glass (Sample A-12, Anl: analcime, V@canic glass).

The trapezohedral habit of analcime is recognizalbln in subhedral grains. In
Figure 71, some well-developed crystal faces o2} 1211) and (121) are visible,

even though the complete crystal morphology is otest
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Figure 71.Scanning electron micrograph of a large subhexralcime crystal
which is recognized with well-formed (112), (21hda121) faces (Sample KL-5,
Anl: analcime, Sme: smectite, Kfs: K-feldspar).

Authigenic quartz
Quartz belongs to the hexagonal crystal system fands usually hexagonal

dipyramids (Figure 72-a) or right and left handetadnal trapezohedrons
(Figure72-b).
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Figure 72.Crystal forms of quartz a) hexagonal dipyramidrigonal

trapezohedron morphology (After Troger, 1982).

In Arkl Tuff, crystal morphology of quartz usugllexhibits the right or left
trigonal trapezohedral crystal forms (Figure72-I9o, they can be easily
differentiated by their typical morphology. In Frgu73, quartz is known with
well recognized 1011, 0111 and 1010 faces. Theyroas prismatic crystals of
different sizes that commonly are 6-1fnh long and 3-7 m wide. Clusters of

guartz are often associated with smectites (Figa8je
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Figure 73.Scanning electron micrograph of euhedral quadmgrwhich is
recognized with well-developed 1011, 0111 and 1fatés (Sample CT-8, Qtz:

quartz, Sme: smectite).

Smectite

Smectite crystals are well developed in YCT-8 andilet a honeycomb

arrangement, a typical morphology for the smect(iegure 74).
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Figure 74.Scanning electron micrograph of smectite showogftake

morphology (Sample YCT-8, Sme: smectite).

Dolomite

Dolomite belongs to the hexagonal crystal systerd #reir crystals display
usually the typical unit rhombohedron (Figure 78i)ni. Some dolomite crystals

can display twin growth.

Figure 75. Crystal form of rhombohedral dolomite (After Trég&982).
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In the SEM images from the studied tuffs, dolonaitgstals are seen as euhedral
rhombs. Sizes of dolomite crystals range from % tom. Identification of the
crystals as dolomite is based on the rhombic mdggjyo Dolomite is known with
well recognizable 1011 and 0111 faces (Figure P&trographical study and
XRD analysis confirm the identification. The illusted Sample A-9 is classified

as dolomite-rich vitric tuff in petrography section

Figure 76. Scanning electron micrograph of dolomite with wielmed 1011 and

0111 crystal faces (Sample A-9, Dol: dolomite).

K-feldspar

The K-felspars belong to the monoclinic (Figure and rhombohedral crystal

system. Crystals are often tabular and displaysbad twinning.
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Figure 77.Monoclinic crystal form of K-feldspar (After, Trég, 1982).

K-feldspars in the studied samples was realizedhenbasis of both SEM and
XRD analysis. In the SEM, K-feldspars appear usuak rhombic crystals.
Rhomboid K-feldspars can be seen in the middle piathe image (Figure 78).
Typical K-feldspar monoclinic morphology, howevegn be easily seen in the
middle west part of the image (Figure 78). K-felasp commonly occur as

euhedral crystals in pumice fragments (Figure 79).
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Figure 78.Scanning electron micrograph of K-feldspar witHlwieveloped 010
faces (Sample KK-2, Kfs: K-feldspar).

Pumice Fragment

Pumice fragments can be differentiated from malkyx their texture. Pumice
fragments are generally ranges 20-60 wide and 70-130m long. They contain
euhedral crystals in it. They can be easily difféisged from matrix with texture.
Figure 79 shows an elongated pumice fragment wbasttains euhedral crystal

grains. It is 50 m wide and approximately 100n long in diameter.

121



Figure 79. Scanning electron micrograph of pumice fragmeudt\aall-
developed, euhedral, authigenic K-feldspars (Samgle, PF: pumice fragment,
Kfs: K-feldspar).

Glass shard

SEM images of glass shards is important for presgatly since they are
significant for the formation of analcime (see aainction chapter and Ross,
1928; Bradley, 1928; High and Picard, 1965; lijimad Utada (1966); lijima,
1980). In this account, a very careful study wadggomed for morphology of
glass. Most of the glass observed was altered. Menvehere are also less
unaltered ones (Figure 80). This figure shows f#pmcal Y-shaped texture of

volcanic glass, which is 20m wide and 70 m long.
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Figure 80. Scanning electron micrograph of Y-shaped glassds{sample KK-
2).

4.3.4. Energy Dispersive System Studies

Energy Dispersive System (EDX) measurements wepéeapto the Ar kl Tuff
samples, especially in cases where the crystal mbwgy was not informative
enough to identify the fine grained minerals and déwaluating the chemical

composition of unaltered glass.

4.3.4.1. Theoretical Background

In EDX analysis, the primary electron beam ionizhe atoms by ejecting

electrons in the inner shells of the atoms. To ta@instability, electrons transfer
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from outer shell to inner shell. These transitioglease energy in form of X-rays.
X-rays are used primarily to identify elements. Angjor element in the sample

corresponds to a peak on a graph (the EDX specif\alton, 1984).

4.3.4.2. Energy Dispersive System data of the stedi samples

To evaluate the glass-composition and check whethafcime can be formed
from glass or not, EDX was applied on unalteredfazar of glass. This

measurement was duplicated to be certain.

Subhedral analcime can be seen on edge of the (faggre 81). The EDX

spectrum contains the elements of Na, Al, Si whadh found in analcime. So, it
can be said that the composition of glass is sk@tédy analcime formation. The
relative peak height of Na, Al, and Si elements displayed on the EDX graph
(Figure 81).
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Figure 81. SEM photomicrograph and EDX graph from glass \aitlalcime at its
edge. EDX spectrum shows the peaks of Na, Al, &n{8e KL-5, Anl: analcime)

In addition to the evaluating the glass-composijtieX was used to differentiate

fine crystals, especially the K-feldspars. In SEMdy, these minerals have three
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different morphologies. Crystal morphologies ard sofficient for the exact
determination and for identifying these mineralswéver, the EDX spectrum of
3 minerals having different morphologies containgilar elements, namely Si, Al

and K, which are typical of K-feldspars (Figure 82)
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Figure 82. SEM photomicrograph and EDX graph from K-feldspéth three
different morphologies a, b: (KK-2), c: (KL-5).
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4.4. Thermal Analysis Methods

4.4.1. Theoretical Background

DTA analysis was used for the determination of phasnsformations of
minerals. The method is appled on samples byrgpathen samples are heated,
thermal state of sample changes and these chargé&wiasferred as endothermic
or exothermic peaks on graph. Minerals which hgweciic peak temperature

ranges can be recognized in such way.

Thermal analysis is a useful tool to provide infation about the dehydratation
and dehydroxylation temperatures. However, idardifon of components, either
as a group or individually, by differential thernaalalysis is not easy since many
factors affect the peak temperature such as stejctomposition, particle size,
nature etc. Besides, when the peaks of two or mifierent components overlap,

the difficulties are higly increased.

Analcimes holding water molecules undergo struttcmianges when heating and
the zeolitic water is removed while giving a thetratiect. Differential thermal

analysis curves of several different kinds of Zesliwere presented by Koizumi
(1953) and he designated that zeolites generapglexater at temperatures from
70 to 550 °C on heating. Koizumi (1953) revealet the removal of water takes
place as four types of dehydration phenomena initeso From these the
Analcime-type shows smooth dehydration phenomermazuti (1953) further

stated that since analcime dehydrates so slowlygeabally between 200 °C and
400 °C, only a broad endothermic peak is obtaingkdowt a sharp endothermic

peak in the DTA diagrams (Figure 83).

On this account, first minerals found in tuffs weletermined by XRD and optical
microscopy. Later, thermal behaviour of these nalsewere searched in literature
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and finally the obtained DTA and TG curves for gamples of the Ar kl Tuff

were interpreted.

The mineralogical composition of two of the ArKluff samples that were
investigated by DTA is given in Tables 4, 8) acaogdto XRD and optical

microscopy.
Before interpreting the DTA-TG curves of the analyzsamples, thermal

behaviors of analcime, smectite, feldspar, quanid dolomite will be given in
Table 9 and thermal behavior of analcime will biefty explained.

4.4.2. Preparation of Samples

To perform these analyses two tuff samples (sam@lesll and CT-8) were

grinded to 2 m by agate mortar.

Table 9. Thermal behaviors of smectite, dolomite, quartfekispar and
analcime. (Wilson, 1987; Todor, 1976; Mackenzig 1,95 mykatz-Kloss, 1974)

Smectite

endothermic peak 100-300 °C | (loss of adsorbed water)
endothermic peak 670-710 °C | (loss of hydroxyl group)
endothermic peak 800-900 °C | (dehydroxylation)

(generally followed
by small exothermic peak)

Dolomite

endothermic peak at 745 °C (resolution of Magnesium carbonate)
endothermic peak at 870 °C (resolution of Magnesium carbonate)
Quartz

endothermic peak at573°C (transformation of -Quartz into -Quartz)
K-feldspar

endothermic peak 700-900 °C | (polymorphous transformation)

Analcime

endothermic peak 200-400 °C | (loss of adsorbed water)
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Figure 83.a) The differential thermal analysis (DTA) curMeanalcime b) the
dehydration (TG) curve of analcime. (After Koizurh853).

4.4.3. DTA and TG data of Ar kl Tuff

The obtained DTA and TG curves of CT-8 are showhigure 84. The first mass
loss, observed between 50-120 °C, correspondiag endothermic peak at 90 °C
Is due to loss of adsorbed water. The amount oémaieased depends on the
relative humidity. The second mass loss that ocdwsveen 200-400 °C,
corresponding to an endothermic peak at 300 °@estal loss of the crystal water
of analcime. As indicated by Koizumi (1953), anadei demonstrates broad
endothermic peak since it dehydrates slowly andugtly.
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On further heating, CT-8 yields a thermal curvehwenhdothermal effect whose
peak is at 760 °C. Todor (1976) designated thabrdidé undergoes two
characteristic transformations as it decompose&at°C and 870 °C. The first
one consist magnesium carbonate and second onistsocalcium carbonate. In
terms of this, he classified dolomites in two grsumagnesian dolomites and
calcitic dolomite. Sample CT-8 showed one peak abmuiite (Figure 84) the

other peak corresponding to the 870 °C was notreeédeOn this account, it was
also checked whether this peak may correspondedA curve of magnesite
(MgCG:s). However, no indication to magnesite was found.tkie other hand, the
presence of dolomite in CT-8 was definitely destgdawith XRD study.

Supported by these data, it can be said that CDf@ams magnesian rich

dolomite.

Curve of CT-11 shows two almost equivalent endathereffects at 60 °C and
285 °C. Heating of sample CT-11 results in a tvepstweight loss; from room
temperature to 100 °C is the first step and 10800@ °C is the second step. The
first mass loss corresponding to endothermic pdaB0a°C is due to loss of
adsorbed water. The second mass loss that occe4®OC, corresponding to a
broad endothermic peak at 285 °C is due to dehgdraf analcime. However, it
can not be considered as the characteristic peakaltime, because the sample
under investigation contains also smectite, whitdo dnas HO in its crystal
structure. As it was mentioned before, smectitehmracterized by the presence of
the first endothermic peak between 100-300 °Cp¥atid by second and third
endotherms between 670-710 °C and 800-900 °C (T&8a@6; Mackenzie, 1957;
Wilson, 1987). Even though the weight loss of smeetas viewed between 100-
300°C the second and third endothermic peaks cabenobserved. The reason
why no second thermal effect of smectite is obskrneven though the
petrographic study shows presence of 45% smedtéblé 4) in CT-11 remains
problematic. It is also important to note that redépar peak was observed
between 700-900 °C, where the feldspars have tiical endothermal peaks

131



(Kohler, 1969; Kohler and Wieden, 1954). This canelaplained by petrographic

study since petrographic study shows 20 % K-felddpat is small amount.

The peaks at 440 °C and 545 °C respectively, aogwh Figure 84 have no

significance.

Both studied tuff samples show no endothermic gquaggk at 573 °C but optical
microscope and XRD studies proved quartz presentenbsmall amount. The
reason why no thermal effect of quartz was obsepadbe explained by small

amount.

The DTA diagram of analcime-bearing tuffs showsr@ald endothermic peak at
around 300 °C and 290 °C. As reported by Koizur@b8), analcime dehydrates
so slowly and gradually between 200-400 °C thathim DTA diagrams broad

endothermic curve was obtained without a sharp thedmic peak.
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Figure 84.a) DTA and TG curve of CT-8 b) DTA and TG curve®f-11
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CHAPTER 5

GEOCHEMISTRY

5.1. Introduction

In addition to petrographic and mineralogic studygochemistry is also a
necessary tool to study the tuffs. In this stuayalt 20 representative samples,
which were taken from Arkl Tuff in the field werevaluated using chemical

diagrams based on major and trace elements assvBIEE abundances.

Since the tuffs include lithic fragments and hamdargone intensive alteration as
well as element mobility during diagenesis, thefulsess of geochemistry for the
classical chemical classification diagrams (e.gx @@gram, etc) is restricted.
The actual reason of using such geochemical diagr@mmot to characterize
specific rock types, but to identify the naturetloé parent material that acted as a
precursor for the formation of zeolite (e.g. Kitegjps et al. 2001) and the role of

geochemistry in the zeolitization.

Using elemental analysis, geochemical propertiesthef Arkl Tuffs were
determined and the behavior of elements along ttezation processes were

evaluated.

5.2. Geochemical Evaluation

Major, trace and rare earth element (REE) commostof the analyzed samples
from the Ar kl Tuff are given in Table 10.
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The mineralogy of the samples is dominated by gethic minerals such as
analcime carbonate and K-feldspar. The evaluatfotine geochemical data was
done by taking in to account of this system behaviavas assumed that most of
major and trace elements can be removed or enrithedhese alteration

procedures. Moreover, since zeolitization of tHéstis related to gains and losses
of these elements, especially alkalis, traditiowak-classification diagrams were

not used.

Generally, the Ar kI Tuff in the study area is cheterized by high N® contents
(0.13-5.88) and the concentration of Sr@nges between 51.22-68.94% ,@d:
10.63-15.36%, F©s3: 1.74-2.98%, MgO: 0.56-5.03%, CaO: 0.16-8.14%0OK
0.80-12.19%. The values of Na, K, Mg and Ca oxiey widely, but, the values
of Al, Si and Fe oxides vary little (Table 10). Fexample, the value of Ma is
0.13 in A-2, but 5.88 in Sample CT-8. The concemrs of the remaining oxides
(TiO2, P,Os, MNO and CjO3) are lower than 1%. The concentrations of some
trace elements vary widely too. The content of anges between 37.9-231.4
ppm, Ba: 205-1887, Cs: 1.5-77.0 and the amountdioHf, Y and Nb are less
then 50 ppm.

Variation diagrams of the major element oxides wersilica are not appropriate
for such tuff samples. As shown in Figure 85,,0®laconcentrations show
considerably scattered pattern, possibly due t@ir@i rock compositions,
differential alteration and affect of permeabilif the original rock, that

facilitated the circulation of diagenetic fluids.

135



Figure 85. Variation of the NgO with silica (blue squares represent dolomite rich
vitric tuff, red circles represent phyllosilicatedring vitric tuffs, green triangles

represent analcime-free vitric tuffs).
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KK-5
A-2

A-9
A-12
Y-12
YCT-9
KC-1
KL-5
CPT-1
CPT-3
CPT-7
CPT-10
CT-6
CT-7
CT-8
CT-11
CT-14
CT-15
CT-16-A
CT-17

Table 10.Major (wt%) and trace element (ppm) values of ArTluff.

SiO; AlL,O3 Fe>O3 MgO CaO Na,O K20 TiO, P>0s MnO Cr203 Ni Sc
63.39 15.06 2.49 1.38 0.82 2.58 4.46 0.36 0.07 0.03 <0.002 <20 6
66.19 14.04 1.78 1.15 1.72 0.13 9.47 0.32 0.061 0.05 0.002 <20 5
54.49 12.91 1.93 3.83 5.37 3.1 5.58 0.29 0.061 0.11 0.003 22 5
51.22 10.63 1.85 5.03 8.14 3.57 3.32 0.26 0.045 0.18 <0.002 <20 5
57.38 13.28 2.98 3.06 3.62 1.58 7.47 0.38 0.132 0.08 0.004 <20 8
67.89 14.31 2.4 0.56 0.16 0.24 11.84 0.33 0.051 0.02 <0.002 <20 5
66.17 14.65 2.33 0.98 0.27 3.75 6.68 0.34 0.06 0.03 <0.002 <20 4
65.91 15.09 1.74 0.63 0.44 3.28 6.05 0.31 0.072 0.03 <0.002 <20 6
64.63 13.85 2.13 1.4 0.77 3.26 6.6 0.33 0.07 0.03 <0.002 <20 5
66.36 14.54 2.24 0.8 0.5 3.62 6.74 0.34 0.056 0.05 <0.002 <20 6
67.96 13.65 2.27 0.86 0.51 3.04 6.45 0.33 0.066 0.04 <0.002 <20 5
68.94 13.18 2.26 0.7 0.33 3.33 5.51 0.31 0.052 0.02 <0.002 <20 5
64.3 15.36 1.99 0.91 0.6 411 5.33 0.35 0.06 0.04 <0.002 <20 5
65.77 14.33 2.36 1.18 0.56 3.52 6.11 0.33 0.069 0.02 0.003 <20 4
52.85 12.11 191 4.7 5.92 5.88 0.8 0.27 0.143 0.1 <0.002 <20 5
66.62 14.29 2.47 0.58 0.28 4.33 51 0.33 0.057 0.04 <0.002 <20 5
64.12 15 2.87 11 0.63 0.56 12.19 0.5 0.11 0.01 <0.002 <20 6
65.2 14.64 2.17 1.25 0.45 3.91 5.18 0.32 0.054 0.03 <0.002 <20 5
65.91 14.43 2.06 1 0.69 3.77 5.19 0.33 0.049 0.05 <0.002 <20 6
66.13 13.96 2.24 1.17 0.69 2.95 6.16 0.32 0.057 0.03 <0.002 <20 4
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Table 10(continued)

KK-5
A-2

A-9
A-12
Y-12
YCT-9
KC-1
KL-5
CPT-1
CPT-3
CPT-7
CPT-10
CT-6
CT-7
CT-8
CT-11
CT-14
CT-15
CT-16-A
CT-17

LOI Sum Ba Be Co Cs Ga Hf Nb Rb Sn Sr Ta
9.1 99.76 1309 4 2 15.4 19.1 11 23.3 188.7 4 85.8 1.3

5 99.86 205 5 2.6 15 16.5 9.8 20 266.2 4 2314 1.1
12.1 99.81 524 5 3.2 26.9 13.4 8.7 16.8 195.5 4 177.1 1
15.5 99.75 353 5 24 249 9.8 7.3 14.5 110 3 212.3 0.8
9.6 99.53 1887 4 3.8 27.4 15.1 8.2 16.3 270 3 200.7 0.9

2 99.77 421 5 14 6.2 17.6 12,5 21.6 365.6 4 37.9 1.2
4.6 99.82 308 4 1.7 77 16.5 11.8 211 194.3 5 48.7 1.2
6.4 99.91 1403 4 2.1 349 15.3 11.6 17.3 175.2 4 72.3 1.2
6.9 99.93 299 4 21 33.9 16.7 12 21.3 218.2 5 74.5 1.3
4.7 99.93 363 4 1.9 24.6 15.7 11.9 21 195.5 5 51.5 1.2
4.7 99.86 328 4 1.9 16 16.4 11.8 21.5 2135 4 56.7 1.2
5.2 99.84 419 4 2.3 20 16.4 11.4 21.1 191.7 3 545 1.1
6.7 99.78 475 5 2 51 16.3 114 221 174.6 3 85.5 1.2
54 99.65 807 5 1.5 26.8 18 11.8 21.2 197.9 4 71.3 1.1
15.2 99.89 212 3 1.6 56.8 10.7 8.7 17.3 45.7 3 198.2 1
5.7 99.79 820 4 2.3 51.5 17.6 11.6 21.8 179.7 5 61.1 1.2
2.7 99.81 878 4 3.3 2.3 16 9.7 17.9 293 3 55.3 0.9
6.7 99.91 365 4 14 48.9 14.9 10 20.4 185.8 3 67.9 1.1
6.5 99.95 264 4 1.7 45.1 15.6 11 20.1 163 3 78.1 1.1
6.2 99.91 448 4 2.2 234 17.4 10.4 20.5 198.2 4 824 1.1
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Table 10(continued)

KK-5
A-2

A-9
A-12
Y-12
YCT-9
KC-1
KL-5
CPT-1
CPT-3
CPT-7
CPT-10
CT-6
CT-7
CT-8
CT-11
CT-14
CT-15
CT-16-A
CT-17

Th U \% W Zr Y La Ce Pr Nd Sm Eu Gd
53.6 10.3 22 2.6 355.7 27.1 89.1 165.9 17.96 62 8.77 1.39 6.51
49.1 3.5 20 1 323.5 24.4 77.4 146.9 15.67 54.3 7.8 1.28 5.76
43.2 8.9 23 0.7 286.5 23.2 72.3 135.5 14.65 50 7.54 1.27 5.43
36.2 6.3 20 0.9 233.9 22.6 62.2 117.8 12.63 43.4 6.43 1.09 4.89
39.5 8.3 62 2.2 276.2 23.5 69.3 131.2 14.36 48.4 7.12 1.06 5.27
52.4 6 21 1.8 406 25.2 91.7 169.6 18.06 61.7 8.37 1.09 6.02
49.7 5.3 17 1.3 380.4 25.5 88.7 167.6 17.55 59.8 8.74 1.08 6.02
45,9 5.9 15 1.2 434.7 22.2 83 156.4 16.61 57.6 8.14 1.08 5.8
52.6 7.3 12 3.1 398.7 21.6 93.1 172.9 18.47 63 9.02 1.1 6.31
50.8 5 13 3.7 410.5 22.4 88.3 168 18.06 62 8.8 1.12 6.19
52.1 7.8 13 3.7 406.4 27.7 88.1 166.8 17.73 61.6 9.09 1.17 6.5
48.5 7.1 15 3.3 394 29.8 89.3 166.9 17.91 61.8 9.01 1.15 6.83
53.5 9.1 13 1.7 388.6 22.8 94.6 1735 18.38 61.8 8.6 1.09 6.02
50.9 5.3 14 1.6 390.6 20.8 89 165.5 17.64 59.7 8.4 1.06 5.73
43.6 5.7 30 2.3 292 21.6 74.6 137.8 14.92 51.8 7.28 0.98 5.43
50 8.3 16 1.5 401.1 25.7 90.3 169.3 17.91 62.5 8.65 1.13 6

38.8 4.3 31 2.1 350.1 21.8 75.2 138.1 14.68 50.6 7.52 1.25 5.43
47.9 8.8 12 1.7 316.7 18.8 85.9 157.6 16.91 58.4 7.94 0.94 5.32
475 3 15 15 377.9 19.7 84.9 161 16.97 57.8 7.8 0.96 5.18
46.8 6.2 12 2.2 352 19.8 85.3 157.4 16.69 56.4 7.99 0.96 541
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Table 10(continued)

KK-5
A-2

A-9
A-12
Y-12
YCT-9
KC-1
KL-5
CPT-1
CPT-3
CPT-7
CPT-10
CT-6
CT-7
CT-8
CT-11
CT-14
CT-15
CT-16-A
CT-17

Tb Dy Ho Er ™m Yb Lu Mo Cu Pb Zn Ni As

0.85 4.89 0.92 2.56 0.41 2.64 0.39 0.3 23.6 65.7 57 2 40

0.82 4.28 0.82 2.3 0.39 2.48 0.38 3.3 25 69.2 45 3.4 318.7
0.76 4 0.77 221 0.35 2.32 0.36 0.8 18 65.6 33 10.1 89

0.69 3.76 0.74 21 0.35 2.33 0.35 0.8 26.2 46.8 29 25 95.3
0.73 4.16 0.81 2.29 0.36 2.48 0.36 9.9 48.6 53.1 60 17.1 162.7
0.81 4.23 0.82 2.36 0.39 2.53 0.36 1.8 22.6 65.6 53 2.3 234.7
0.82 4.47 0.86 2.29 0.38 2.26 0.34 14 30.2 62.3 55 2.6 82

0.78 4.3 0.77 2.07 0.3 1.91 0.26 0.1 31.6 67.7 39 2.1 58

0.81 4.08 0.76 1.98 0.3 1.88 0.26 0.6 36.7 62.7 55 34 96.8
0.83 4.24 0.79 2.16 0.34 2.07 0.3 1.7 29.5 77.1 54 34 140.3
0.91 4.92 0.91 251 0.41 2.55 0.37 1 19.8 68.8 50 3.3 56.4
0.94 5.37 1.02 2.87 0.44 2.86 0.41 1.1 15.5 67.7 49 3.1 46.4
0.82 4.3 0.8 2.12 0.33 2.18 0.32 0.2 24.2 65.2 47 4.5 49.3
0.76 4.24 0.73 1.86 0.29 1.8 0.27 1 234 63.6 33 7.2 174.4
0.73 4.02 0.76 2.06 0.33 2.22 0.34 2.9 12.4 54.7 39 2.4 48

0.84 4.46 0.88 2.46 0.41 2.69 0.4 25 25.1 71.7 55 3.1 38.8
0.74 3.99 0.77 2.16 0.33 2.13 0.31 0.8 28.2 66.2 56 5.2 313.6
0.71 3.65 0.67 1.74 0.26 1.7 0.25 0.2 21.3 65.7 58 3.1 47.2
0.68 3.75 0.67 1.9 0.32 1.92 0.28 <0.1 245 68.3 38 2.7 80.9
0.72 3.79 0.71 1.87 0.3 2.03 0.29 0.3 25 72.1 30 6 106.9
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Table 10(continued)

Cd Sb Bi Ag Au Hg Tl Se
KK-5 <0.1 1 0.3 <0.1 <0.5 <0.01 0.3 0.5
A-2 <0.1 25 0.4 <0.1 <0.5 <0.01 0.6 <0.5
A-9 0.1 0.5 0.4 <0.1 <0.5 <0.01 0.2 <0.5
A-12 <0.1 0.9 0.3 <0.1 <0.5 <0.01 0.2 <0.5
Y-12 <0.1 2.6 0.4 0.1 0.9 0.07 0.6 <0.5
YCT-9 <0.1 3 0.3 <0.1 0.7 <0.01 0.4 <0.5
KC-1 <0.1 1.3 0.2 <0.1 <0.5 0.01 0.7 <0.5
KL-5 <0.1 0.6 0.3 <0.1 <0.5 <0.01 0.6 <0.5
CPT-1 <0.1 0.8 0.3 <0.1 <0.5 <0.01 0.4 <0.5
CPT-3 <0.1 1.3 0.3 <0.1 <0.5 <0.01 0.7 <0.5
CPT-7 <0.1 1.1 0.3 <0.1 <0.5 <0.01 0.7 <0.5
CPT-10 <0.1 1.2 0.2 <0.1 <0.5 0.01 0.5 <0.5
CT-6 <0.1 0.7 0.3 <0.1 <0.5 <0.01 0.5 <0.5
CT-7 <0.1 1.3 0.3 <0.1 <0.5 0.01 1 <0.5
CT-8 <0.1 0.8 0.2 <0.1 <0.5 <0.01 0.3 <0.5
CT-11 <0.1 1.3 0.3 <0.1 <0.5 <0.01 0.7 <0.5
CT-14 <0.1 1.8 0.2 <0.1 <0.5 0.01 0.4 <0.5
CT-15 <0.1 0.8 0.3 <0.1 <0.5 <0.01 0.4 <0.5
CT-16-A <0.1 0.6 0.2 <0.1 <0.5 <0.01 0.6 <0.5
CT-17 <0.1 1.1 0.3 <0.1 <0.5 <0.01 0.5 <0.5
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Chemical differences of Arkl tuff samples areaslg shown in the triangular
diagram, NaO-K,O-(CaO+MgO) (Figure 86). Plotted in the trianguthagram
three groups were discriminated clearly. Group Ca®+MgO rich, Group 2 is
relatively NaO rich and Group 3 is O rich. Group 1 differentiated
geochemically corresponds to the dolomite-richiwituff in petrography section.
These samples plot where the values of CaO+Mgigreest (Figure 86). Their
NaO values are variable; from lower to higher Y-1&8 A-9: 3.10; A-12: 3.57;
CT-8: 5.88 (Table 10).

Figure 86.Ar kI tuff samples plotted on a triangular Na2@®-(CaO+MgO)
composition diagram (The symbols for samples arergon Figure 85).
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In the triangular diagram (Figure 86), it can berséhat the analcime-rich tuffs
(Group 1 and Group 2) discriminate from the anaécinee tuffs (Group 3) with
higher Na20 contents. In addition, analcime ridfistare discriminated between
each other. All the samples with moderate to lovO&slgO and higher Na20
form a distinct group, coinciding with the phyllbsate mineral dominated vitric

tuff (Group 2) in petrography section.

The third group with the highest,® and lowest N#& values consists of
analcime-free samples. Even if two samples of gnmup (A-2, YCT-9) were

differentiated as K-feldspar dominated vitric tuffise third sample (CT-14) is not
confirmable with this generalization. However, asmtioned in the petrography
section CT-14 is a crystal tuff with a high crystantent. It contains authigenic
K-feldspar in matrix. But it can not be differeriéd as K-feldspar dominated tuff
since it contains also a very high amount of plsflicate minerals. The reason
that it has the highest,R value can be explain that it contains both aihig K-

feldspar and primary K-feldspar minerals.

Even though the studied samples with highe©Kusually contain less MNa,
there is no reverse relationship betwee®kand NaO in all samples. Namely,
KK-5 contains 4.46% KO and 2.58% N#, but CT-6 with higher O content
(5.33%) also contains more Ma (4.11%). Still, the general trend is thai(X
decreases with increasing /aas shown in Figure 87.
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Figure 87.Variation of K;O with NaO in Ar kI Tuff samples (The symbols for

samples are given on Figure 86).

To observe more apparently the relationship betweesmd Na, an elemental

variation diagram for all samples is given in Fig88. Here, it can be easily
noticed that analcime-free samples (A-2, YCT-9, I2IJ-having lower Na, have

higher K contents. On the other hand, the richeatcane sample (CT-8) has the
lowest K content. But still, it can not be saidtttiee reverse relationship between
K and Na is valid. For example, Sample CT-11 havirghighest Na (3.21) after

CT-8 is also higher in K (4.36) as seen in Figuse 8
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Figure 88. Elemental relationship of all Ar kI Tuff samples.

The values of LOI are usually higher in samples tduatain analcime, compared
with the analcime-free (CT-14, YCT-9) tuffs (Tabl®). This is reasonable
because analcimes adsorb water. That is, thereasralation between LOI and
analcime. One analcime-free tuff sample (A-2), heave has higher LOI value
than other analcime-free tuffs even if it has stilver LOI value than analcime-
rich ones. The point that should be taken into antavith this sample is that it
has a higher CaO content than samples CT-14 and%@ly this, sample A-2
was petrographically grouped as K-feldspar domuhatitic tuff, but it contains a
higher amount of dolomite (Table 4). In additiontlds, all samples with highest
LOI values (CT-8, A-12, Y-12 and A-9) contain thiglrest CaO contents and all
of these samples were grouped as dolomite-richicvitmff. Consequently,
correlation can also be made between LOI and Ca®Olearly seen in samples A-
2, CT-8, A-12, Y-12 and A-9 (Table 4), meaning thia¢ir LOI value may be
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attributed to the presence of dolomite becausd@flarge amount of CaO (i. e.
Kacmaz and Koktirk, 2004).

The geochemical nature of the host rock is extrgmificult to establish because
of the absence of preserved volcanic glass in th&$e Altered ones exposed
mobilization and redistribution of silica, alkaln@ alkaline earth cations and
water during alteration (Slaughter and Earley, 196Bsopoulos et al., 2001).

That is, some elements left and some elements ientiee system.

The some problem involved with the mobilizatiortlod alkalis is seen by plotting
the SiQ versus total alkali (N®+K;0) diagram (TAS) of Le Bas et al. (1986)
for the chemical classification of the host rockg(ffe 89). This is a classical
diagram which is used to classify common volcangks. In petrography chapter,
it was said that tuffs mainly consist of quartagtlie and sanidine. So, the samples
might then be expected to plot around the rhyalaeite fields. Ar kl Tuff, on the
other hand, plot in the basaltic trachyandesite taachyandesite field while the
majority of the samples plot in the trachyte-traagesite field. The spread of the
points is much wider than expected and it is natsgme that the parent material
really includes all these different type of rocklamely, the use of this chemical
classification diagram with altered rocks couldde@® incorrect conclusions.
However, the Winchester and Floyd (1977) diagranguie 90) which uses

immobile elements is more efficient.

146



Figure 89.The SiQ versus total alkali (N®+K,0) diagram (TAS) of Le Bas et
al. (1986) (The symbols for samples are given guie 86).

According to the Winchester and Floyd (1977), Nb,TY and Zr are immobile
during alteration processes. For this reason, iniedtace element classification
diagram, Zr/TiQ versus Nb/Y was used in Figure 90. By using imreobi
elements, the Arkl Tuff samples plot in the fietd trachyandesite/ rhyolite.
Even if this diagram based on immobile elementshisag Nb, Zr, Ti and Y are
much more dependable, they must be used with carerdcks that have
undergone alteration, because, even immobile elsmean be removed under
intense alteration. Classification of the studiaéf samples by immobile trace
elements is given in Table 11.
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Figure 90.The Zr/TiQ vs Nb/Y discrimination diagram (Winchester andyiélo
,1977) and the locations of Ar kI Tuff samples.

Table 11.Chemical classification of Ar kI Tuff samples.

Rhyolite and

Rhyolite Trachyandesite Trachyandesite
A-12 A-2 A-9
CPT-10 CPT-1 CPT-11
CPT-7 CPT-3 YCT-9
KL-5 CT-15

CT-14

CT-16-a

CT-17

CT-6

CT-7

CT-8

KC-1

KK-5

Y-12
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In Figure 91, elemental abundances of samples fr@vAr kI Tuff are graphed

to correlate element abundances of analcime-frdeanalcime-bearing samples.

Looking at this graph, the point to notice is thia¢ decreasing or increasing
values are only reflected in some of the sampldsig, CT-8, YCT-9, Y-12, A-
12, A-9 and A-2). Remaining samples demonstratatlaer smooth lines (Figure
91). The graph of Si and Al are rather alike. Thiigs of Si and Al are low in A-
12, CT-8, A-9 and Y-12 respectively (Figure 91).e$b samples are grouped as
dolomite-rich vitric tuff (only Y-12 grouped as dawhite) in petrography section
(Table 5). The graph of Ca and Mg are also sinaladt shows a smooth pattern
except for samples CT-8, A-12, A-9 and Y-12. Thikuga of Ca and Mg are high
in samples A-12, CT-8, A-9, and Y-12 and all ofrthare grouped as dolomite-
rich vitric tuff, except sample Y-12. The graphs & and K show a smooth
pattern except for sample CT-14, YCT-9, A-2 and & T-he values of Na are low
in A-2, YCT-9 and CT-14, which are zeolite-free sd@s. The Na value is very
high in CT-8. Remaining samples contain same Namxsample Y-12. The
values of K are high in CT-14, YCT-9 and A-12, lius low in CT-8 (Figure 91).
The values of Fe are high in Y-12 and CT-14.

Samples CT-8, A-12 and A-9 are differentiated fratimers by their Si, Al, Ca and
Mg contents. All of them are low in Si and Al contie and high in Ca and Mg
contents. The high content of Ca and Mg can beagx@dl with the presence of
dolomite. The lower content of Si and Al can belakped by two different ways.
The first one is that Si and Al were removed duftgration. The second one is
that the original composition of the studied saraplas different. If Si and Al
were removed during alteration, it should be expdi why other tuff samples
were not affected by this event, although they halg® undergone alteration.
Consequently, a difference in original compositiemsnore reasonable. Besides,
all of these dolomite-rich virtic tuffs are classd as a different group in

petrography section.
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Another striking point, however, is related to thi@ and K contents. Even though
samples A-12 and A-9 resemble each other very rpettographically and were
taken from the same outcrop (distance between tiselass than 1m) the Na
contents are quite different. Sample A-12 includegh Na and low K in sample
A-12 but vice versa in sample A-9. CT-8 has higdarcontent than A-12 and A-
9 and lower K content than A-12 and A-9. Henceaih be said that Na and K
have reverse relationship. This might be relateanticime formation because all

of them contain analcime.

SampleY-12 is grouped as dolomite petrographycéligontains lower Si and Al
but higher Ca and Mg than the average. High CaNgaontents are caused by
the presence of dolomite. The difference in Si @ldcan be explained by
differences in rock group, as sample Y-12 is ntiff It does not contain glass
shards or pumice fragment. As a result of thisftheation of analcime can only
be due to precipitation and the result might beltlve Na content. The reverse

relationship between K and Na is also observeadmpde Y-12.
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Samples CT-14, YCT-9 and A-2 have similar Si, Ak &d Mg contents with the
average values. They, on the other hand, have awest Na and highest K
contents. Sample YCT-9 is petrographically ratharilar to the phyllosilcate-

bearing ones, except its high content in sanidint@e matrix. Disregarding this, it
Is chemically almost the same with the phyllosticach samples. The reason it
is differentiated from others must be related tieration. Reverse relationship
between Na and K can be observed in A-2 and CTCI414 is quite different

from others since it is a crystal tuff. Still itrtains very high K.

Phyllosilicate-bearing tuffs are characterized bgrage plots in diagram (Figure
91). All samples of this group display nearly semiNa, K, Ca, Mg, Si and Al

contents.

There are two important points that should be ersigkd. The first one is; even

though CT-8, A-9 and A-12 are different originaltite Na content can be similar
or higher than those in the phyllosilicate-bearorges. The second one is; even
though YCT-9 and A-2 are similar originally, th&la content is lower than those
samples with phyllosilicate mineral.

The mobility of the major elements is normally aog@nied by the mobility of
trace and REE during the diagenetic events. Hetloe, correlation of the
abundances of these elements with respect to tie orees within the Ar kl Tuff

is important. For this we considered the classapgroach for alteration.

It is known that when a rock is subjected to atterg it shows element mobility.
Trace element mobility is controlled by the minemtal changes during
alteration. In general, incompatible elements KSrRb, Ba) are mobile whereas
compatible elements are immobile (Zr, Y, Hf). Inddgbn, the transition metals

(Zn, Cu) tend to be mobile, whereas Ni and V ammahile.
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When plotted on the variation diagram (Figure 98 trace element patterns of
the studied samples, except some, define an averdge, characterized by the
median line, as it was the case in Figure 91, amows enrichments and
depletions with regard to this mean value. SincesRiistitutes K, its pattern in
Figure 92 is just like K on Figure 92. Rb contentreases in analcime-free
samples (Ct-14, YCT-9, A-2), but it decreases imgas CT-8, A-12 and A-9
which are dolomitic ones. As Sr substitutes Caehdves like Ca, except in
sample A-2. Even though Ca is constant in A-2,nSraases in A-2 significantly.
Other two analcime-free samples display constartostents. In samples CT-8,
Y-12 and A-9, however, Sr content increases togetVith increasing Ca. Ba
values are constant in all analcime-free and ddlmch vitric tuffs. It increases
only in samples KL-5, Y-12 and KK-5. There is ngrsficant change in Ni and
Cu except in sample Y-12, which displays increasatles. Dolomite-rich
samples (CT-8, Y-12, A-12 and A-9) show decreadmapavior in their Zr

content, which increases significantly in analcifrez ones.
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After correlation elemental abundances betweencanelrich and analcime-free
tuffs, an attempt was made to compare the compasif the altered Ar kI Tuff
samples with a theoretical rhyolitic tuff (TRT) cposition. This supposed
rhyolitic composition was based mainly on the Wiester and Floyd (1977)
diagram on Figure 90. The average rhyolite commosis from Raymond (1995).
Samples were normalized with respect to this TRé&rayye composition. Since
phyllosilicate-bearing samples displayed minimunriateon on Figure 91 the
normalization graph with respect to rhyolite waplaga only to these samples.
That is, CT-8, Y-12, A-12 and A-9 were not used famrmalization diagram
because of different original composition.

In Figure 93, two tuff samples were selected, amadree (YCT-9) and analcime
rich (CT-11) and compare with the TRT compositibnsample YCT-9, Ca and

Na are depleted with respect to TRT. K, Al, Fe &g however, are enriched. Si
does not vary very much. In CT-11, a depletion & dbvious, and Al, Fe, Mg

and Na are enriched in the system. K and Si didchahge much in the sample
CT-11.
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Figure 93. Major element concentrations normalized to the paosition of the
theoretical rhyolitic tuff (TRT) for YCT-9 (analcieafree), CT-11 (analcime-
bearing). Normalizing values are from Raymond (2995

YCT-9, CT-14 and A-2 normalized with respect to TRTexamine the behavior
of elements of analcime-free samples together (Eidid). All analcime-free
samples show the same enrichment and depletionpexca. The system is
considerably depleted in Na. K, on the other h&wad, entered to the system. Si is
not affected too much. Al, Fe and Mg enriched ia flystem. Ca is depleted in
YCT-9 and CT-14, but enriched in A-2.
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Figure 94. Major element concentrations normalized to the paosition of the
theoretical rhyolitic tuff (TRT) for analcime-fraaff. Normalizing values are
from Raymond (1995).

The behavior of analcime bearing samples was alsluated with respect to TRT
(Figure 95). For this, samples CT-6, CT-11 and @®Jalwere selected, which
were grouped petrographically as phyllosilicaterlbep samples. The three
samples display the same enrichment and depléfiware is a distinct increase in
the Na content. K content does not vary much. Atéichloss in Si content was
observed. Al, Fe and Mg behave just like the anaeiree equivalents. The

altered rock system dramatically depleted in Caexarduring the alteration.
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Figure 95. Major element concentrations normalized to the paosition of the
theoretical rhyolitic tuff (TRT) for analcime-beng tuff. Normalizing values are
from Raymond (1995).

It can be generally said that Si content of altetéts was not changed much with
respect to Si of TRT. However, Na and K contenanged significantly. Na was
depleted and K was enriched in analcime-free tiN&.was enriched and K was
not changed in analcime-bearing present samples-edhnd Mg were enriched in

all tuff samples.

The possible causes of this empirical approach Wwél evaluated in the

Discussions on the formation of analcime in thekAT uff.
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CHAPTER 6

DISCUSSION

In this chapter, the data presented in the prevabapters will be evaluated and
the origin and formation of analcime will be dissed on the basis of field and

laboratory work.

Zeolitization and the formation of analcime is aofied by many significant
factors. Hence, it is very important to understaimel factors of zeolitization to
answer the question why some tuffs are zeolitizetl @hers are not even if they

have same original composition and texture.

The species and amount of zeolite depend on martgré&asuch as texture and
composition of the host rock, composition of intéied water, geological

environment, age, pH, time, salinity, temperaturd pressure (Hay, 1978; Hay,
1966; Surdam, 1978; Hall, 1998; Cas and Wright,7)9Blowever, the principal
conditions are 1) a high proportion of volcanic sglacontent, 2) high internal
surface area (porosity), and 3) favorable hydraalgiconditions. Hall, 1998
mention that “because of high volcanic glass candewl porosity, the pyroclastic

rocks have appropriate conditions for formatiozedlites”.

The pH of the circulating fluids during the diagBoestage is the most important
chemical parameter of zeolitization. The experiragmbved that volcanic glasses
are altered most rapidly by alkaline conditions (Mear and Surdam, 1970). “The
rate of dissolution of rhyolitic glasses increa28stimes when the pH is raised
from 8.5 to 11.5” (Mariner and Surdam, 1970). Zizdition therefore takes place

under alkaline conditions. It was designated thdastantial amounts of zeolites
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can form in a few thousand years at a pH of 9.5y(H®78). The reaction of

volcanic glass with water also cause an increas@Hn This is because of
dissolution mechanism, where®f enters the glass from the solution while"Na
and K enter the solution from the glass (Casey and Bunk@90). Barth-

Wirsching and Hoéller (1989) showed that high terapgée (at least higher than
earth-surface atmospheric) causes the alterationotfanic glasses. Pressure
appears less important than temperature, butfgstahcreases if temperature and

pressure are in combination.

The different types of zeolite formation were athganentioned in Chapter 1
(introduction). The saline-alkaline lake conditisnthe most important one, since
analcimes are formed in this environment more coniyndn saline alkaline lake
deposits zeolites form from volcanic glass (Surdamd Sheppard, 1978). The
authigenic minerals make up lateral zonation frooteo to inner: unaltered

glass alkali zeolites mostly clinoptilolite analcime K-feldspar (Figure 2).

Analcime in sedimentary rocks may form by reactioh volcanic glass,
aluminosilicate minerals, clays or gel and they miag also chemically
precipitated (Bradley, 1928, Ross, 1928; High amchid, 1965; , lijima and
Utada, 1966 ;lijima, 1980; Surdam and Sheppard81l%urdam and Parker,
1972; Surdam and Eugster, 1976; Brobst and Tudké&3; Keller, 1952; Hay and
Moiola, 1963; Sheppard, 1971; Van Houten, 1962; H&66; Hay, 1986; Wu,

1970). These different types for analcime-formatioth be explained below.

1) Alteration of volcanic glass

Analcime can be formed as an alteration productadéanic glass (Ross, 1928;
Bradley, 1928; lijima, 1980; lijima and Utada, 19G@§rell and Peacock, 1926).
Ross (1928) described small isotropic crystal grauith perfect trapezohedrons
as analcime in playa lake deposit in Yavapai CouAtyzona. He also showed
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that many of these analcimes are free individugétats but some may appear

together as groups or irregular chains (Figure)96-a

Figure 96. Photomicrographs showing a) free or grouped indiai analcime
crystals b) analcime formation from volcanic gléRsss, 1928).

Ross (1928) further claimed that the tuff structuraltered material is generally
not well preserved but traces of it occur as glstistetures with analcime (Figure
96-a). He also showed that analcime grains weraddrwithin altered glass shard
as shown in Figure 96-b. Thus, it was put forwdrdt tthe reaction of glassy
volcanic ash and sodium salts formed analcime rdtten bentonite, the normal
product when glassy volcanic ash breaks down.

Bradley (1928) also described similar occurrencar@lcime and mentioned that
analcime is formed as a result of interactions ketwvarious salts dissolved in
lake water and dissolution products of volcanic. dshvas also mentioned that
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analcime is formed by reaction of volcanic glasthwa-rich water (lijima, 1980;
lijima and Utada, 1966; Tyrell and Peacock, 1926).

2) Precipitation from saline alkaline water

Some saline alkaline lake deposits contain anal@iotdack significant volcanic

material (e.g. glass shards). This suggests thaltiame may precipitate directly
from saline-alkaline lake water in arid regions yHHa966; Van Houten; lijima

and Utada, 1966; Wu, 1970). According to Wu (19&@jors that affect chemical
precipitation of analcime are mainly high pH, s@jirand sodium availability. Wu

(1970) also stated that an increase in salinityldvéawer the activity of water. If

activity of water decreases, less hydrous phaskdevipreferred. That is, if the
salinity increases less hydrous phases (such dsiraea precipitate rather than
more hydrous phases (Table 1). High proportion afddtions is also important
for the formation of analcime. Evaporation in madely saline alkaline-lake
water provides Na-rich brines and this causes tdhnedtion of analcime (Remy
and Ferrel, 1989).

3) Formation from precursor zeolite

Surdam and Sheppard (1978), however, claimed thalciane does not form
directly from glass. It forms from alteration oflganic glass and alkali zeolite
precursor; silicic glass + saline alkaline lake evat alkali zeolite + saline
alkaline lake water analcime (Surdam and Parker, 1972). Here analtomes
from precursor zeolite by increase in salinity aaé#alinity. If salinity and
alkalinity increases, the activity of water andA$ratio decrease which causes the

formation of analcime (Surdam and Sheppard, 1978).
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4) Formation from gel and clay

In addition to alkali zeolites, gels (Surdam andg&ar, 1976; Surdam and
Sheppard, 1978; Mariner and Surdam, 1970) derinad flass are considered as
starting points for the formation of analcime itirga alkaline lakes. Surdam and
Eugster (1976) studying the sediments at Lake Maglonstrated that some
analcime was formed from a hydrous sodium alumiivase gel. He proved the
relationship between gel and analcime with XRD gratf, as shown in the XRD
patterns (Figure 97). This finding was confirmedNdgriner and Surdam (1970)
and Surdam and Sheppard (1978). The gels wereniptarmed in the solutions

but also found adhering to some glass fragmengelasinous precipitates.

Some other researchers (Keller, 1952; Hay and Mpi®63; Pipkin, 1967; Remy
and Ferrell, 1989) suggested that analcime may li@need as an alteration
product of clays deposited in saline-alkaline lakesller (1952) described that
the analcime originated from by the interactionhgfirous aluminium silicate
(clay) minerals with sodium-rich waters. He con@ddthis result from the
observation that no volcanic glass was availableotm analcime. According to
the Keller (1952), absence of volcanic glass ing&dhat aluminium and silica

can only derive from aluminium silicate clay minera
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Figure 97.Diffractometer patterns glass and analcime froitha@bre of Lake
Magadi, Kenya (After Surdam and Eugster, 1976).

Analcime Formation in the Study Area

1. Geological and Mineralogical constraints for theexistence of saline-

alkaline lake conditions

Analcimes in Ar kl Tuff are formed in lacustrinengronment based on primary
studies (Y Imaz et al, 2001; Ciftci et al, 2004)ft¢} et al. (2004) analyzed early-
middle Miocene paleogeography of Kicukkuyu basid e claimed that “the
basin margin was probably defined by fault conélelevated block at the north
of the gulf of Edremit, whereas topographical hagids formed by volcanic
eruption centers marked the margin at the southe§ulf’. The imaginary figure
of the Klgukkuyu basin are seen in Figure 98. Yarahal (2001) also stated that
the volcanic activity began about 20 million yeago in the Biga Peninsula. The
volcanoes errupted not only lavas, but also pystidaash as a result of huge
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explosions. Important point is that the pyroclasticks were transported further
away and were interbedded with lake deposits. ledkier is acidic at the time of
eruption but later it changes to the alkaline cbods, being appropriate for the
formation of analcime. Diatoms observed in soméstuf petrographical study
(i.e. CT-8) also indicate that the tuffs depositedacustrine environment (Figure
43).

Figure 98. Early-middle Miocene paleogeography of the Kucikkbasin (After
Ciftci et al. 2004).

It was assumed that the studied analcimes wereefbritom moderately saline-

alkaline lake part based on two observations;

1) Dolomite forms in high pH and alkaline lakes liseand Hsu, 1978) and
generally does not precipitate in freshwater lademes and Bowser, 1978). As
dolomite can not precipitate in freshwater lakds bccurrence of analcime
confirm the alkaline lake conditions, where anakeioan only be formed. Hence,

it is obvious that the lake is not fresh but saline
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2) Carbonates in saline-alkaline lakes exhibitrsgticontrolled zonations like
zeolites, with calcite occurring near lake margamel dolomite ocurring in lake
centers (Dyni, 1976). Although dolomite occurs todgalake centers, analcime
can not form exactly in the lake center becausehighly saline-alkaline

environments analcime alters to K-feldspar (Surdamd Sheppard, 1978). In
addition, no halite or other evaporite mineralsttifiam under high saline
environment were found in the studied samples. Qlgh salinity and alkalinity

of the lake at the time of analcime formation cant be measured directly,
observations mentioned above suggest that thevaseonly moderately saline
and alkaline.

Alkaline environments having low Si/Al ratio areryesuitable for the formation
of analcimes (Table 1), because the solubilityhyfotitic glass increases and the
ratio of silicon to aluminium decreases with incieg alkalinity. It was
understood that the Si/Al ratio of analcimes in #ekl Tuff is low because

dolomite is generally associated with low-silicakmme (lijima and Hay, 1968).

2. Mineralogical and chemical constraints for the drmation of analcime

One of the aims of this thesis is to understanddhmation of analcime. This will
be done by evaluation of the existing but limitéeld and laboratory data and
observations, based on numerous theories aboufoth@ation of analcime in
literature. For this account thin sections wereestigated carefully, XRD data
checked many times, lots of SEM images in litetwere compared and DTA

results were studied very carefully.
Prior to explaining the favorable modes of analcifioemation, it will be

discussed, why the two other formation types ateappropriate for formation of

analcimes in Ar kl Tuff.
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1) Formation from precursor zeolite

Surdam and Sheppard (1978) suggest that analcintleeirsaline-alkaline lake
conditions forms from precursor alkali zeolitesnAmber of evidences, however,
strongly suggest that analcime in Ar kl tuffs didt form from precursor alkali
zeolites, derived from volcanic glass. First of, #tlin section, XRD, SEM and
DTA analyses show that analcime is the only zedtitthe Ar kI tuffs. There is
no any evidence or even clue about the presenc¢hef alkali zeolites except
analcime. In addition, SEM studies must show alkadblites together with
analcime, if it was formed from precursor zeoliBesides Celiket all. (1999)
studied 500 rock samples, taken just from thisish&sidy region petrographically
and mineralogically based on optical microscope ¥R@® method and they also

did not find zeolites other than analcime type.

2) Formation from gel and clay

Surdam and Eugster (1976) proved the formation ra&lcame realized from
hydrous aluminoslicate gel based on the XRD datgu(E 97). In this figure,
amorphous material and analcime peaks can be edmbrved in diffractometer
patterns. The XRD patterns of all 30 Ar kI Tuffnsples, however, indicated that
there is no amorphous material in these tuffs.iSis, very difficult to interpret

that analcime was formed from gel.

It was supposed that formation of analcime frony ¢g&anot appropriate. Firstly,
there is no any of petrographic or SEM data abounétion of analcimes from
clay minerals. Secondly, since derivation of amaéifrom clay is not easy for
chemically as mentioned by Keller (1952), the fatiora type from clay is

excluded.

Finally, the following two modes of occurrence thaere preferred for the

formation of analcimes from the Ar kI Tuff will beiscussed.
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3) Analcime formation from volcanic glass

Many of authors suggested that analcime forms fvotoanic glass (Ross, 1928;
Bradley, 1928; lijima, 1980; lijima and Utada, 196grell and Peacock, 1926).
Volcanic glass is highly unstable and generally nah be protected in saline-
alkaline lake waters. In the Ar kl Tuff, volcangtass is usually absent except in
two tuff samples (KK-2, KK-5), other types of volta fragments such as pumice
fragments and rock fragments are found nearly linuéfis. This is indicative for

glass content previous to the alteration in théstuf

Surdam and Eugster (1976) supported that analcoee dot form directly from
the alteration of glass. He concluded this becamssdcimes he studied in the
tuffaceous Magadi sediments in Kenya were comma@sigociated with alkali
zeolite and there was no association of analcintb glass. Although the glass
shards are usually not well preserved in Ar kl fTako tuff samples (KK-2, KK-
5) contain glass shards and these are associdate@nélcime as shown in Figure
99. Moreover, there is no association between analand other types zeolites.
Since analcime crystals are very small size, igeserally difficult to observe
analcime formations with petrographic study. SENtg&ts, on the other hand, are
more useful to understand of analcime formatiom.tRis reason, analcimes in the
tuffs were investigated more carefully under SEMdsgt for understanding

formation mechanism.

To recognize the formation from glass not only Skiwhges, but also EDX
spectrum of the samples were examined. EDX stughies/ed that volcanic glass
found in tuffs is chemically suitable for the fortiwa of analcime (Figure 81,
100). This is evidenced by the rich Na, Al and Bneents in the volcanic glass,

which corresponds to the chemical composition @l@me too.
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Figure 99. Photomicrograph showing glass shards and analg{ike2, PPL,
Anl: analcime, GS: glass shard).
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Figure 100.SEM photomicrograph and EDX graph from glass \aithlcime at
its edge (KL-5, Anl: analcime).
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In addition to EDX spectrum, SEM photomicrograp®acly indicate that
analcime is formed from glass (Figures 70, 101ufegl01 shows the best view

that the authigenic analcime overgrows from theeeaafgglass.

Figure 101.Scanning electron micrograph of authigenic anadocavergrowth at
the edge of glass (CT-8, Anl: analcime, VG: volcagiass).

By this, it was concluded that analcime was forrfredh volcanic glass. It was
said that in petrography chapter there are anafcimehe matrix. That is, these
analcimes founding in the matrix were formed froafcanic glass. This explains
why there is some circular isotropic clusters obsérin the matrix because of

cryptocrystalline analcimes formed from glass i@ mhatrix (Figure 32).
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4) Analcime formation by precipitation

According to the Eugster and Hardie (1978) sodiarorie of the most abundant
ions in saline-alkaline lakes. During evaporatiemaentrations this sodium ions

are precipitated together with dolomite.

Alkaline solutions include high amount of Nens because of own dissolution
mechanism of glass (Casey and Bunker, 1990). Thactous rocks have
generally porous texture, which appropriate to utate water in it. On this
account, the circulating water which have*Nans are easily precipitated in

cavities of tuffs and form euhedral analcimes ivitoes.

Thin section studies of the Ar kl Tuff proved thetalcime is also found in the
form of cement (Figure 27, 46). Analcime associateth dolomite might be

directly precipitated from dissolved silica-rictkaline lake water. It is not clear
whether the dissolved silica has originated frontrid silicate grains or has

originally concentrated in water.

Geochemistry studies showed that high amount of edament is found in

analcime-bearing tuffs with respect to analcimefeguivalents (Figure 91). In
addition, Figure 94, 95 demonsrates the correlatiocomposition of Ar kl tuffs

with theoretical rhyolitic tuff (TRT) and this figa showed that addition of Na+
ions in analcime-bearing tuffs with respect to TBmposition and loss of Na+
ions in analcime-free equivalents. It can be shat water, which reacts with
volcanic glass resolves the Na+ ions from glass @issolution mechanism and
water enriched with Na+ ions. The residue glasspastiion is not enough to
formation of analcime if water flows away. Thattstfs, which were depleted by
Na+ ions do not contain analcime. However, tuffswhich Na+ rich water

precipitated, contain analcime.
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Thus, it is suggested that the analcime crystale wigrectly precipitated from
dissolved silica rich alkaline lake water.

To conclude, with the preliminary data we obtaitgdoetrographic, mineralogic
and geochemical studies there are two modes ofri@rme for the formation of
analcimes in Arkl tuffs. These are formation frowolcanic glass and

precipitation.
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CHAPTER 7

CONCLUSIONS

In terms of stratigraphy, the study area to thetweésBiga peninsula between
Ayvac k and Kugukkuyu comprises pre-Eocene basemmris, volcanic unit,

lacustrine sediments and alluvium. Behram Volcaaiosve the Eocene volcano-
sedimentary units includes Arkl Tuff, andesiteydasitic tuff and andesitic
agglomerate. It is laterally and vertically traisial to the Miocene lacustrine
sediments (Kiugukkuyu Formation). Quaternay alluviom the other hand, forms

the uppermost unit.

The dacitic-rhyolitic Ar kl Tuff, which is the mai objective of this study, is
Early-Middle Miocene in age and occurs as mainlyssnge and rarely bedded
rocks which are generally yellow to white, whitigheen in color. The thickness
of single beds varies from 2 mm to 1 m. The Arklff is overlain by andesitic

agglomerate and lies conformably over the Kuc¢lkkiegtmation.

The Arkl Tuff is petrographically composed of yarg amounts of quartz,
biotite, plagioclase and sanidine as primary phersts, analcime, dolomite, K-
feldspar and phyllosilicate as authigenic minerplsnice fragments, glass shards
and rock fragments as lithic components. Basedherdbminance of authigenic
minerals in the matrix, the tuffs are petrograplhycaeparated into three main
groups. These groups are phyllosilicate-, dolomaed K-feldspar-dominant
types. Glass shards are mainly altered but maybbereed in some samples (e.g.
sample KK-5) which are grouped as phyllosilicatesrey vitric tuff or as K-
feldspar-dominated vitric tuff (e.g. KK-2).
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Fine-grained and coarse-grained analcime crystase vdetermined by their

typical optical properties. They are colorless trigpic, trapezohedral and have
low relief. Analcime crystals are mainly euhedral subhedral in pumice

fragments or cavities and anhedral in the matExen though presence of
analcimes with very minute size in the matrix caot been observed

petrographically even with very high mignificati¢x40), some predictions were
made based on the similarity of isotropic coarssrgd clusters which are
observed petrographically in the matrix. Still, tdlgundance of analcime can not
be exactly measured (as volume %) due to very dir@en size, but the visual

estimations in different samples range between5.9s3

Two modes of occurrences of analcime are noticedrse-grained euhedral or
anhedral crystals in cavities and pumice fragmants clusters or single crystals
of fine-grained analcimes embedded in the matriraldime associates with
phyllosilicate, dolomite and K-feldspar. Petrography five thin sections do not
contain analcime. From these, samples KK-8, KK-2 and YCT-9 are grouped
as K-feldspar-bearing tuffs and YCT-8 is groupegblaglosilicate- rich ones. All

of dolomitic samples (A-9, A-12, CT-8, Y-12, CT-1QT-19, Ct-20) on the other

hand, contain analcimes.

XRD analyses confirmed the presence of analcime. difaracteristic peaks of
analcime were found on the XRD patterns of 25 samgNo other zeolite type
was determined by XRD analysis. Detailed clay nahanalysis confirmed the
presence of smectite. Quartz, dolomite and K-feddsyere also observed in XRD

analyses.

Scanning Electron Microscopy (SEM) studies alsoficmed the presence of
analcime crystals of approximately 5-1én diameter with characteristic cubo-
octahedral and trapezohedral morphology. Two typlesnalcime occurrences
were determined by SEM-analyses. Subhedral to eahedalcime crystals in

pore spaces indicate that precipitation of analcirom alkaline lake water and
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analcimes at the edge of volcanic glass indicatd #nalcime formation by
alteration of volcanic glass. EDX spectrums of gggswith analcime on their
edges display a relative peak height of Na, Aleléments, that also proved the

formation from glass.

DTA method also confirmed the presence of analcoymedisplaying a typical
broad endothermic peak between 200-400 °C indigatire loss of adsorbed

water.

Rock types of Arkl Tuff could not be specificallgharacterized because of
alteration. To identify the nature of parent materand to understand the
formation of analcime trace element diagrams weesluTuffs plotted in rhyolite,
trachyandesite and just on the border of ryholite-traclgsite fields by using
immobile elements as discriminators. Ar kl Tuffogied in triangular diagrams
were also discriminated as three groups; phyllsié present, dolomite rich and
analcime-free ones, confirming the petrographidassification. LOI values are
shown to be higher in samples that contain analciBElements correlation
diagrams show the depletion of Na in analcime-amples. All phyllosilicate-
bearing samples show average element values eaneftime-free and dolomite
rich tuffs. Diagrams based on an empirical caléogtanalcime-free tuffs show
Na depletion and K enrichment, analcime-bearingsphewever, display reverse

relations.

There are two modes of occurrences for the formatibanalcimes. These are
formation from volcanic glass and precipitation nfroalkaline lake water.
Formation from glass was proved both petrographiaal SEM studies.
Petrographical study showed the presence of analtogether with volcanic
glass. This association indicated possible formafimm glass but, the SEM
study, the most reliable method for interpretatipnoved that analcime was
formed from glass. Precipitation from alkaline smns can easily be determined

with petrographical examinations.
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In addition to all these conclusions, it is recomaed for future work to
investigate the analcimes by more detail minerakgie.g. atomic arrangements,

crystal structure, etc) and geochemical (crytahusey) methods.
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