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ABSTRACT

Scandium is one of the most valuable critical metals, with high demand in applications ranging from biomedical
research to electronics. Lateritic Ni-Co deposits are considered prime targets for scandium (Sc) exploration
because Sc can be concentrated during weathering through residual and secondary enrichment, reaching up
to 100 ppm and making it a potential by-product.

This study investigates the distribution of Sc in the unweathered parent rocks and various laterite zones within
two distinct pits of the Caldag lateritic Ni-Co deposit in Western Anatolia. In the Hematite pit, the serpentinite
protolith shows an average Sc content of 10.3 ppm, with significant enrichment in the middle-upper limonite
zone, reaching up to ~66 ppm. Although this represents a sixfold increase compared to the serpentinite
protolith, the maximum Sc concentrations (53.6—65.7 ppm) are relatively low compared to other nickel laterites
with by-product Sc potential (~100 ppm). This lower concentration is attributed to the initial low Sc content of
the serpentinized peridotite protolith and post-lateritization tectonic activity. Conversely, the South pit exhibits
higher initial Sc content in the protolith (~13 ppm) but lower average Sc content (~6.4 ppm) in the limonite
zone, likely due to post-lateritization dissolution of Sc-hosting minerals by alteration and secondary weathering
processes within the highly deformed pit.

The findings suggest that while the Caldag deposit exhibits Sc concentrations up to ~66 ppm in the limonite
zone, the potential for Sc as a by-product alongside Ni production is limited. Further detailed mineralogical and
geochemical investigations are recommended to gain a deeper understanding of the mechanisms of Sc
distribution in the Caldag deposit and other lateritic deposits in Tirkiye.
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oz

Skandiyum, biyomedikal arastirmalardan elektronije kadar gesitli uygulamalarda yiiksek talep géren en
degerli kritik metallerden biridir. Lateritik Ni-Co yataklari skandiyum (Sc) aramalari i¢in baglica hedefler olarak
kabul edilir ¢linkii Sc bozusma sirasinda kalinti ve ikincil zenginlestirme yoluyla konsantre olarak, 100 ppm'e
kadar ulasabilir ve potansiyel bir yan (riin haline gelebilir.
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Bu galismada, Bati Anadolu'daki Caldag lateritik Ni-Co yataginin iki farkli ocagindaki bozugmamig ana
kayaglarda ve cegitli laterit zonlarinda Sc dagilimi incelenmistir. Hematit ocaginda, serpantinit protolit ortalama
10,3 ppm Sc igerigi gbsterirken, orta-ist limonit zonunda ~66 ppm'e kadar ulasan 6nemli bir zenginlesme
gbriilmektedir. Bu serpantinit protolitine kiyasla alti katlik bir artisi temsil etmesine ragmen, maksimum Sc
konsantrasyonlari (63,6-65,7 ppm) yan (ir(in Sc potansiyeline sahip diger nikel lateritlere (~100 ppm) kiyasla
nispeten disUktiir. Bu digiik konsantrasyon, serpantinlesmis peridotit protolitin baslangigtaki diisiik Sc
igerigine ve lateritlesme sonrasi tektonik aktiviteye baglanmaktadir. Buna karsilik, Gliney ocaginda protolitte
daha yiiksek baslangi¢ Sc igerigi (~13 ppm), ancak limonit zonunda daha dlislik ortalama Sc igerigi (~6,4 ppm)
sergilenmektedir; bunun olasi nedeni Sc barindiran minerallerin yliksek oranda deforme olmus ocak igindeki
alterasyon ve ikincil bozusma siiregleri tarafindan lateritlesme sonrasi ¢béziinmesidir.

Bulgular, Caldag yataginin limonit zonlarinda ~66 ppm'e kadar Sc konsantrasyonlari sergilemesine ragmen,
Ni dretiminin yani sira bir yan (riin olarak Sc potansiyelinin sinirli oldugunu géstermektedir. Caldag
yatagindaki ve Tiirkiye'deki diger lateritik yataklardaki Sc dagilim mekanizmalarinin daha iyi anlasilabilmesi
igin daha detayli mineralojik ve jeokimyasal arastirmalar yapiimasi 6nerilmektedir.

Anahtar Kelimeler: Kritik Metaller, Lateritik Bozugsma, Nikel Lateritler, Skandiyum, Serpantinit
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INTRODUCTION igneous rocks. In ultramafic rocks, which are
the source rock of the lateritic Ni deposits, Sc
takes place in the structure of hornblende,
olivine, and biotite, but mainly clinopyroxene
minerals (Leeman and Scheidegger, 1977;
Aiglsperger et al., 2016; Maulana et al., 2016;
Samson and Chassé, 2016; Ulrich et al., 2019).
Scandium, which can be enriched in an amount
that can be exploited as a by-product as a
result of weathering, is found in almost every
zone of a lateritic profile and reaches the
highest amounts in the limonite zone, which
usually represents the upper levels of a lateritic
profile (Audet, 2009; Jaireth et al.,, 2014;
Aiglsperger et al., 2016; Maulana et al., 2016;
Rangott et al., 2016; Chassé et al., 2017; Ulrich
et al., 2019). Whole-rock analyses of the
laterites and the strong positive correlation of
iron with Sc indicate that scandium is
concentrated in the ferric iron (Fe3*)-containing
In nature, scandium is not found alone; rather,  opq products of lateritization, goethite, and
it is found in combination with other minerals  pematite minerals. According to the detailed
(Maulana et al., 2016). As a compatible  mineral chemistry analysis studies, 80% of the
element, Sc is found in higher proportions in g¢ concentration in Eastern Australian laterites
mafic and ultramafic rocks than in other g found in goethite, while 20% of it is detected

Scandium, which is widely used in modern
technology, renewable energy, and the
aerospace and automotive industries, was
included in the critical raw materials list revised
by the European Union Commission in 2017
(European Union Commission, 2017) because
of the growing market need for it (Emsley,
2014; Gambogi, 2018; Polyak, 2018; Ulrich et
al., 2019). In light of the recent global potential
for critical metals, including scandium, lateritic
Ni-Co deposits formed on ultramafic rocks
(such as those in Cuba, the Dominican
Republic, Australia, and New Caledonia) with
Sc concentrations ~100 ppm, which are
suitable for the extraction of scandium as a by-
product, have been identified as important
targets for exploration to reduce the supply risk
of Sc.
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in hematite (Chassé et al., 2017). In New
Caledonian laterites, on the other hand, the
highest Sc values are observed in the goethite
mineral (average 82.7 ppm, the highest 136
ppm), while an average of 47.5 ppm Sc is
detected in hematite, up to 76.6 ppm (Ulrich et
al., 2019). Thus, in lateritic Ni deposits, the
goethite mineral can be identified as the
primary Sc host.

Thus far, a few studies (Chassé et al., 2017;
Munoz et al., 2017; Ulrich et al., 2019; Teitler et
al., 2019) have investigated the genesis of
scandium enrichment in lateritic deposits.
Scandium, which is found in ultramafic rocks,
especially in pyroxene minerals, dissolves
during lateritic weathering, causing the water
circulating in the regolith below the water table
to be enriched in Sc. Under the acidic pH
condition (4-6; Fandeur et al., 2009), and high
water and humidity activity, goethite minerals
precipitate, and Sc3* (Brookins, 1988),
following the Fe®* form in nature, is adsorbed
on goethite (Chassé et al., 2017). In dry
periods, however, with higher temperatures,
decreased water activity, and near-neutral pH
conditions (6-8; Gleeson et al., 2003; Marsh et
al., 2013), as hematite develops and
crystallizes, a portion of the adsorbed
scandium (about 50%) becomes part of the
crystal structure. The size difference between
the six-fold coordinated Sc3* and Fe3*,
however, limits this mechanism, although such
size differences will not affect the adsorption
capacity of goethite under near-neutral pH
conditions (Chassé et al., 2017; Ulrich et al.,
2019). Although it is claimed that the
decreasing Sc concentration from the yellow
limonite zone (goethite-dominant) to the red
limonite zone (hematite-dominant) and iron cap
(ferricrete) in a lateritic profile is connected to

the Sc content of the goethite itself (Teitler et
al., 2019), the Sc enrichment mechanism
described above supports that the Sc amounts
observed in the upper levels of a lateritic profile
and decreasing from the yellow limonite zone
to the iron cap (ferricrete) are controlled by the
increased amount of hematite compared to
goethite (Ulrich et al., 2019).

As a result, lateritic Ni deposits, in general, can
show Sc enrichment up to about 10 times that
of the unweathered parent rock. However, the
duration of the weathering process and tectonic
stability are key factors controlling the Sc
enrichment in these deposits. Consequently, in
lateritic Ni deposits, three processes work
together to produce exceptionally high Sc
concentrations: (1) abnormally high Sc
concentration in the unweathered parent rock;
(2) prolonged weathering in a stable tectonic
environment; and (3) lateritic conditions that
provide trap of Sc by iron oxides during
weathering (Chassé et al., 2017).

In Turkiye, ultramafic rocks with the potential to
form lateritic NitCo deposits are represented
by generally E-W trending ophiolitic outcrops
along with the izmir-Ankara-Erzincan suture
belt associated with the Alpine-Himalayan
orogenic belt (Okay and Tulyslz, 1999).
Although the ophiolitic rocks in Turkiye are
common, there are a limited number of lateritic
Ni+Co deposits developed on them (Figure 1)
under tropical to subtropical climatic conditions
from Cretaceous to Miocene, and only some of
them are economically exploited: Caldag
(Manisa), Goérdes (Manisa), Muratdagi (Usak),
Karacam (Eskisehir), and Sarigimen (Van)
(Elitok and Tavlan, 2019). There are some
studies on the geology, geochemistry, and
mineralogy of these deposits (Colakoglu, 2009;
Thorne et al., 2009; Tavlan et al., 2011;
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Helvaci et al., 2018; Serin, 2020; Kilig et al.,
2021). However, limited research have been
done to investigate the scandium content of
these deposits.

In this study, the first information on the
distribution and concentration of Scandium
(Sc) along the lateritic weathering profiles of

188

one of the most important lateritic deposits,
Caldag (Manisa) lateritic Ni-Co deposit, is
provided, and the scandium enrichment
potential of the deposit is evaluated in light of
available literature data. Additionally, the study
has implications for the scandium enrichment
potential of lateritic Ni(-Co) deposits in Turkiye.
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Figure 1. Distribution of ophiolitic rocks and lateritic nickel deposits in Tirkiye (modified from Elitok

and Tavlan, 2019).

Sekil 1. Tiirkiye'de ofiyolitik kayaclarin ve lateritik nikel yataklarinin dagilimi (Elitok ve Tavlan,

2019'dan degistirilmistir).

GEOLOGICAL SETTING AND THE
FORMATION OF THE GALDAG DEPOSIT

The Caldag lateritic Ni-Co deposit is located
approximately 25 km north of Turgutlu (Manisa)
and about 70 km east of izmir in Western
Anatolia (Figure 2a). It covers an area of
around 9 km? and has a reserve of 33.3 Mt with
1.14% Ni and 0.07% Co (Thorne et al., 2009).
The deposit is situated between the izmir-
Ankara-Erzincan suture zone and the
Menderes Massif, and lies within the Bornova
Flysch Zone (BFZ) that thrusts over the
Paleozoic-aged metamorphic basement rocks
of the Menderes Massif in the northwest of the
Anatolide-Tauride Block (Okay and Siyako,
1993; Figure 2a). The BFZ was formed on the
Mesozoic continental margin of the Anatolide-

Tauride Block in an ocean that evolved during
the late Cretaceous-early Paleocene period
(Okay and Siyako, 1993; Okay et al., 1996). It
consists of Upper Cretaceous-Lower
Paleocene greywacke and shale alternations,
and includes Mesozoic-aged limestone
olistoliths. This zone is associated with
Cretaceous oceanic accretionary prism
products, which widely outcrop in the region
(Okay and Tuyslz, 1999). In the Caldag
deposit area, the BFZ is represented by
ultrabasic (harzburgite-dunite), serpentinized
ultrabasic, and spilitic volcanic rocks, along
with a matrix consisting of sandstone,
conglomerate, claystone, limestone,
radiolarite, chert, and dolomitic limestones
(Tavlan et al., 2011). Approximately 50 km
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northeast of the deposit, ophiolites associated
with the BFZ are overlain by the late Ypresian
(late Early Eocene) Baglamis Formation.
Although this formation consists of basal
conglomerates derived from ophiolite overlain
by sandstone, marl, and limestones, fragments
derived from laterites are not observed,
suggesting that the outcropping, erosion, and
active weathering of the ophiolite were limited
to the pre-Early Eocene period (Akdeniz, 1980;
Onoglu, 2000). That means that lateritization in
the deposit began in the late Paleocene—early
Eocene (Tavlan et al., 2011; Thorne et al.,
2012).

The N-S-directed extensional neotectonic
regime that has been dominant in Western
Anatolia since the latest Oligocene (e.g.
Bozkurt, 2001; Giilylz et al., 2024a) has led to
the formation of horsts and deep grabens that
cut through the Menderes Massif and
associated continental basins (e.g., Kogyigit et
al., 1999; Bozkurt, 2001; Bozkurt and Sozbilir,
2004; Figure 2a). The Caldag deposit is located
within the northernmost Gediz Graben, and the
Gediz detachment fault, responsible for the
extension in the north of the graben, was dated
at 20-18 Ma (amphibole Ar/Ar; Lips et al.,
2001). It is likely that during this extensional
phase, ultramafics associated with the BFZ in
the Caldag area, which may have been
covered by post-Paleocene units, were
exposed to weathering and subsequent
lateritization. However, the overlay of the
deposit by the Develi Formation in the late
Miocene (Messinian) suggests the late
Miocene period as the upper limit of the
lateritization process (Kaya et al., 2004).

An evaluation of the climatic conditions in the
Caldag region under the optimum climatic
conditions shows that the most suitable climate
for the lateritization of the Caldag ophiolite
prevailed in the Middle Eocene (Thorne et al.,
2012). Additionally, Helvaci et al. (2013)
propose two separate periods of lateritization in

the Caldag deposit, based on detailed
petrography and SEM studies, and structural
analysis from field studies: (1) Late Paleocene-
Middle Eocene, and (2) Oligocene.

Weathering profiles in the Caldag deposit are
observed in three different pits: (1) Hematite
pit, (2) North pit, and (3) South pit (Figure 2b).
While these profiles are generally similar, they
present local differences in texture,
morphology, and chemical and mineralogical
composition. According to Thorne et al. (2009),
the main ore zone, the limonite (oxide) zone, is
found above the variably serpentinized
ultramafics (peridotites) in the profiles of the
deposit, and it is overlain by a redder hematite
zone and covered by Eocene-aged lacustrine
limestones in the south and a siliceous level in
the north. The limited development of Ni-
silicates and the lack of a sizable saprolite zone
indicate that the deposit is an oxide-type
lateritic Ni deposit (Thorne et al., 2009).

The main ore mineral is goethite, found within
the limonite zone of the deposit, while
asbolane, takovite, serpentine, limonite,
nontronite, and montmorillonite have elevated
Ni and Co values. Quartz, chalcedony,
chromite, and hematite are gangue minerals
observed within non-nickeliferous zones
(Thorne et al., 2009; Helvaci et al., 2018).

SAMPLING AND METHODOLOGY
Sampling Strategy

In the Caldag deposit, detailed mapping and
macroscopic examination of lateritic
weathering profiles were conducted across
various pits to delineate each laterite zone
precisely and facilitate targeted sample
collection for studying the distribution of
scandium (Sc).

The lateritic profiles at the Hematite and South
pits, largely preserved from erosion, were
chosen for comprehensive sampling from the
protolith to the ferricrete zone. Sample
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Figure 2. (A) Simplified geological map of Western Anatolia with the location of the Caldag deposit
(IAESZ: izmir-Ankara-Erzincan Suture Zone; GG: Gediz Graben; KMG: Kiiciik Menderes Graben;
BMG: Blyluk Menderes Graben) (modified from Tavlan et al. 2011 and Gllyiz et al. 2024b). (B)
Simplified geological map of the Caldag deposit and surrounding area with the locations of the
three pits (modified from Helvaci et al. 2018 and Gulylz et al. 2024b).

Sekil 2. (A) Caldag yataginin konumunu gésteren basitlestirilmis Bati Anadolu jeoloji haritasi (IAESZ: izmir-
Ankara-Erzincan Kenet Kusagi; GG: Gediz Grabeni; KMG: Kiiglik Menderes Grabeni; BMG: Bliyiik Menderes
Grabeni) (Tavlan vd. 2011 ve Glilyliz vd. 2024b'den degistiriimistir). (B) Caldag yatagi ve cgevresinin
basitlestirilmis jeolojik haritas! ile (¢ ocaginin konumlari (Helvaci vd. 2018 ve Giilyiiz vd. 2024b'den

degistirilmigtir).

collection was systematically performed along
the open pit walls where the profiles are
exposed.

Specifically, at the Hematite pit, two extensive
lateritic profiles were studied, one along the
eastern wall and another on the north-western
wall (Figure 3a). Grab sampling was conducted
from the three profiles. The eastern profile,
approximately 40 meters thick, yielded 17
samples: 3 from the serpentinite protolith, 8
from altered serpentinite, 6 from the limonite

zone, and 6 from the ferricrete zone. The north-
western profile, about 48 meters thick, provided
19 samples: 3 from the serpentinite protolith, 3
from altered serpentinite, 6 from the limonite
zone, and 7 from the ferricrete zone.

In the South pit, a shorter and less deformed
section at the base of a roughly 12-meter thick
profile (Figure 3b) was sampled, resulting in 2
samples from the serpentinite protolith and 3
from the limonite zone. The hematite zone of
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the pit could not be sampled because it was not
accessible.

Sampling could not be conducted in the North
pit due to the discontinuity of the laterite zones,
which were heavily disrupted by faulting,
movement, landslides, and overturning. In
total, 47 samples were collected from the

Lateritic profile on
the E wall
‘ ————

Gllyliz/ Yerbilimleri, 2024, 45 (3), 185-207

Caldag deposit: 8 from the unweathered parent
rock serpentinite and 39 from various laterite
zones across the different profiles. This
systematic approach ensures a thorough
investigation of the lateritic profiles and their
respective zones, providing crucial insights into
the Sc distribution within the deposit.

Figure 3. General view of the Caldag deposit: (A) Hematite pit with the two mapped lateritic
profiles. (B) South pit with the mapped laterite profile (taken from Glilylz et al. 2024b).

Sekil 3. Caldag yataginin genel gériiniimii: (A) Haritalanmis iki lateritik profil ile Hematit ocagi. (B)
Haritalanmisg laterit profili ile Giiney ocagi (Glilyiiz vd. 2024b’den alinmisgtir).

Geochemical Analyses

Geochemical analyses were carried out at the
geochemistry laboratories of the General
Directorate of Mineral Research and
Exploration in Ankara, Turkiye. In this context,
the weathered ultramafic rock and laterite

samples were analyzed for concentrations of
scandium (Sc) and other trace elements such
as cobalt (Co), nickel (Ni), vanadium (V), and
chromium (Cr) using inductively coupled
plasma mass spectroscopy (ICP-MS).
Additionally, the concentrations of major oxides
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(Al203, CaO, Fe203, K20, MgO, MnO, Na20,
P20s, SiO2, and TiOz), and the percentage of
loss on ignition (LOI) were measured using X-
ray fluorescence (XRF) spectroscopy.

RESULTS
General Characteristics of Lateritic Profiles

Various laterite zones and the exposed
protolith were mapped macroscopically along
two lateritic profiles from the Hematite pit and
one shorter lateritic profile from the South pit
(Figure 3). Schematics of these lateritic
profiles, and sample locations for geochemical
analyses are presented in Figure 4.

Hematite pit

The lateritic profiles in the Hematite pit,
exposed on both the eastern and north-western
walls, exhibit some textural, mineralogical, and
morphological variations, although the lateritic
zones are generally consistent across the pit
(Figure 4). The protolith is characterized by
whitish, light green-brown serpentinite, overlaid
by dark yellow-brownish altered serpentinite.
Above this lies a partly siliceous limonite zone
enriched with goethite, and the uppermost level
features a partly brecciated silica-rich iron cap
(ferricrete).

On the eastern wall, the exposed protolith of
serpentinized peridotite features whitish, light
green stockwork calcite veins (Figure 5a).
Upwards in the section, within the dark yellow-
light brown altered serpentinite, brown irregular
goethite-rich veins appear (Figure 5b),
increasing in density near the transition to the
limonite zone. This transition is gradual, with
massive  colloform  goethites  becoming
dominant. At the base of the limonite zone,
approximately 3 meters thick, the texture of
altered serpentinite is locally preserved,
presenting a fine-grained, dark yellowish-
brown structure with continuous massive
colloform goethite veins (Figure 5c). Ascending
through the limonite zone, the residual

serpentinite disappears, the goethite veins
become more irregular and sparse, and the
limonite zone transitions into a partially silicified
state approaching the ferricrete zone, which
has a fragmented blocky structure. The
limonite zone culminates in completely
silicified, dark yellow-dark brown massive
goethite displaying a gossan-like boxwork
structure (Figure 5d). The overlying ferricrete
zone, dark reddish-brown and silica-rich,
exhibits a brecciated structure with fragments
cemented by dark brownish siliceous goethite
(Figure 5e). Residual chromite crystals (Figure
5f) are visible in the polygonal opal, quartz, and
chalcedony fragments of the poorly sorted
breccias. The total thickness of this lateritic
profile is approximately 40 meters (Gllyuz et
al., 2024b).

On the north-western wall, the protolith of
fractured serpentinized peridotite with whitish
calcite and iron oxide veins transitions into dark
yellow-light green-brown altered serpentinite
featuring common irregular calcite and
magnesite veins accompanied by thin iron
oxide stockwork veins (Figure 6a-b). The
limonite zone here begins with some residual
serpentinite and common irregular goethite
veins (Figure 6c), evolving into banded goethite
in its upper levels, with a tilt of approximately
60-80° to the northeast. Near the brecciated
ferricrete zone at the upper level of the limonite
zone, the weathering within the zone
increases, and silicified, generally massive but
sometimes continuous dark brown-black vein-
like goethite (Figure 6d) is found instead of the
banded goethite in the lower zone. The contact
between this upper level of the limonite zone
and the ferricrete zone is transitional rather
than sharp, and in this transition zone, silicified
goethite and limonite (Figure 6e) with gossan
texture are found in places. When the ferricrete
zone is reached, a very dark red-brown-black
colored weathered blocky and brecciated
structure is observed.
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Figure 4. Schematics of the lateritic profiles in the Caldag deposit showing location of samples and characteristic assay results (modified from Gulyiz et
al. 2024b).

Sekil 4. Caldag yatagindaki lateritik profillerin 6rneklerin yerlerini ve karakteristik analiz sonuglarini gésteren semas (Glilyiiz vd. 2024b'den degistirilmistir).
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Angular chalcedony and silica containing
isolated chromite crystals form the parts of the
breccias, while massive siliceous goethite is
observed as cementing the breccias and as

continuous veins cutting the zone (Figure 6f).
This lateritic profile measures approximately 48
meters in thickness (Gllyuz et al., 2024b).

Figure 5. (A) Serpentinite protolith with stockwork calcite veins. (B) Altered serpentinite with
irregular goethite-rich veins. (C) Lower levels of limonite zone with stockwork goethite veins and
relict serpentinite. (D) Upper levels of the limonite zone with silicified massive goethite. (E)
Ferricrete zone with brecciated silica cemented by massive goethite. (F) Relict chromite crystals
within the chalcedony from the ferricrete zone (B-C-D-E-F taken from Giilyiz et al. 2024b).

Sekil 5. (A) Stokvérk kalsit damarlari iceren serpantinit protoliti. (B) Diizensiz gétit zengini damarlara sahip
altere serpantinit. (C) Stokvérk gétit damarlari ve kalinti serpantinit iceren limonit zonunun alt seviyeleri. (D)
Silislesmis masif gétit iceren limonit zonunun (st seviyeleri. (E) Masif gétit ile gimentolanmis breslesmis silika
igeren ferricrete zonu. (F) Ferricrete zonundaki kalsedon iginde kalinti kromit kristalleri (B-C-D-E-F Giilyiiz

vd.2024b’den alinmistir).

South pit

The lateritic profile in the South pit, dipping
about 40° to the southwest, consists of a
serpentinite protolith at the base, followed by a
limonite zone and an allochthonous hematite
zone at the top (Figure 7a). This profile exhibits
significant morphological changes due to post-
mineral juxtaposition, overturning, and faulting.
The protolith below is light-dark green, partially
weathered oxidized serpentinite (Figure 7b)
containing a black peridotite core with residual

olivine and pyroxene crystals. The transition
from the partly weathered serpentinite to the
limonite zone is marked by dark yellow-brown
goethite with localized limonite bands.
Ascending through the limonite zone, banded
goethite gives way to weathered-comminuted
massive goethite with calcite infill. The
overlying dark red-brown hematite zone,
completely allochthonous, is characterized by
brecciated structures and calcite cementing
siliceous goethite-limonite blocks with
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Figure 6. (A) Fractured altered serpentinite dominated by stockwork calcite and magnesite veins.
(B) Altered serpentinite rich in iron-oxide veinlets. (C) Lower levels of limonite zone with occasional
relict serpentinite and irregular goethite veins. (D) Middle to upper levels of limonite zone with
silicified massive goethite and occasionally vein goethite. (E) Upper levels of the limonite zone
with siliceous goethite and limonite in gossan texture. (F) Ferricrete zone with irregular goethite
veins and brecciated silica cemented by massive silicieous goethite (B-C-E-F taken from Gilyliz
et al. 2024b).

Sekil 6. (A) Stokvérk kalsit ve manyezit damarlarinin hakim oldugu kirikli altere serpantinit. (B) Demir oksit
damarlan bakimindan zengin altere serpantinit. (C) Ara sira kalinti serpantinit ve diizensiz gétit damarlari
igeren limonit zonunun alt seviyeleri. (D) Silislesmis masif gétit ve yer yer damar gétit iceren limonit zonunun
orta ve Ust seviyeleri. (E) Gossan dokusunda silisli gétit ve limonit igeren limonit zonunun Ust seviyeleri. (F)
Masif silisli gétit ile gimentolanmig diizensiz gétit damarlari ve breslesmis silika igeren ferricrete zonu (B-C-E-
F Giilyiiz vd.2024b’den alinmistir).

intersecting veins (Figure 7a). The thickness of Geochemistry of Lateritic Profiles

this lateritic profile, excluding the protolith, is  Composition of major oxides (Al2Os, CaO,
estimated to be around 12 meters (Gilyliz et  Fe203, K20, MgO, MnO, Naz0, P20s, SiOz,
al., 2024b). and TiO2) and loss on ignition (LOI), transition



Table 1. Content of major oxides, transition metals (Ni, Co, Cr, V), critical metal Sc, and loss on ignition (LOI) in samples of the Caldag deposit (n = 47).

Tablo 1. Caldag yatag: érneklerinde (n = 47) majoér oksitler, gecis metalleri (Ni, Co, Cr, V), kritik metal Sc ve tutusma kaybi (LOI) icerigi.

Profil Sample ID Lor AL:Os ca0 Fe.0; (%) k0 Mg0 MnO Na;O (%) P,0s (%) Si0; (%) Tio, Cr (ppm) Co (ppm) Ni (ppm) V (ppm) Sc (ppm) z
rofile ample e; a; 1 T m 0 m 1l m, m, C m, one
p! P o % 205 (%) o % % 20 (% 205 (%) 2 (%) P, pp! PP PP PP pp!
HPLL 1 04 18 91 <01 345 01 <01 <01 392 <01 225 60.00 1207 8.0 105
HP1-2 15.0 0.1 4.6 8.4 <0.1 32.8 <0.1 <0.1 <0.1 38.3 <0.1 12 57.00 1132 <5 7.6 Serpentinite
protolith
HP1-3 139 04 0.9 9.1 <01 347 01 <01 <01 0.2 <01 244 52.00 1038 9.0 11.0
HP1-4 135 0.4 0.2 14.0 <0.1 30.9 0.1 <0.1 <0.1 39.2 <0.1 337 188.00 4383 10.0 10.2
HP1-5 14.0 1.3 1.4 16.9 <0.1 285 0.3 <0.1 <0.1 36.2 <0.1 153 188.00 3427 9.0 8.8
HP1-6 162 03 71 13.0 <01 26.8 02 <01 <01 35.0 <01 128 186.00 3867 7.0 102
HP1-7 12.8 14 0.4 254 <0.1 251 0.3 <0.1 <0.1 329 <0.1 66 289.00 5088 10.0 9.5
Altered
_ HP1-8 9.7 <01 <01 26.6 <01 173 02 <01 <01 440 <01 23 259.00 5145 <5 7.6 serpentinite
K
€ HP1-9 10.0 0.1 0.2 295 <0.1 13.6 0.2 <0.1 <0.1 44.3 <0.1 61 257.00 5375 5.0 8.7
] HP1-10 130 02 02 246 <01 244 03 <01 <01 35.0 <01 142 350.00 6616 7.0 8.9
s
H HP1-11 7.6 <01 01 14.4 <01 119 02 <01 <01 63.4 <01 241 233.00 5203 6.0 7.8
3
o
':-,' HP1-12 6.2 0.1 0.1 231 <0.1 2.6 0.2 <0.1 <0.1 65.2 <0.1 831 389.00 5672 14.0 12.2
¢
£ HP1-13 7.6 03 03 36.3 <01 11 06 <01 <01 516 <01 466 705.00 6252 <5 112
I
HP1-14 10.2 0.5 0.3 50.4 <0.1 0.6 0.6 <0.1 <0.1 34.7 <0.1 416 626.00 5737 <5 30.5
Limonite zone
HP1-15 144 6.7 0.4 50.5 <01 09 06 <01 <01 232 <01 1481 663.00 7173 50 65.7
HP1-16 11.1 2.1 0.2 454 <0.1 0.5 0.2 <0.1 <0.1 37.6 <0.1 762 271.00 6196 9.0 63.6
HP1-17 13.2 1.8 0.2 62.2 <0.1 0.6 0.3 <0.1 <0.1 18.3 <0.1 807 330.00 5588 18.0 19.9
HP1-18 110 12 01 290 <01 03 01 <01 <01 321 <01 8240 55.00 722 107.0 7.0
HP1-19 12.7 0.5 0.1 774 <0.1 0.3 <0.1 <0.1 <0.1 3.1 <0.1 6148 24.00 595 56.0 11.3 .
Ferricrete
HP1-20 120 0.4 01 745 <01 03 <01 <01 <01 9.4 <01 3747 18.00 369 240 30



HP1-21 58 16 02 19.0 0.10 05 <01 <01 <01 716 <01 1531 28.00 351 6.0 47
HP1-22 40 17 01 218 0.10 07 <01 <01 <01 67.6 <01 1673 26.00 365 16.0 29
HP1-23 129 06 01 753 <01 0.4 01 <01 0.10 6.4 <01 3925 62.00 693 1240 7.4
HP2-1 1638 04 17 139 01 271 02 01 01 3.0 <01 286 199.00 570 120 120 —
HP2-2 162 03 3.4 126 <01 28.4 0.1 <01 <01 37.6 <01 268 177.00 3949 100 98 S::zzz:ne
HP2-3 195 0.2 6.2 84 <01 296 0.2 <01 <01 349 <01 276 97.00 2265 11.0 10.7
Hp2-4 135 02 06 190 01 2656 04 01 01 373 <01 194 322.00 7374 8.0 116
HP2-5 148 03 3.9 159 <01 25.4 03 <01 <01 37.8 <01 262 168.00 4710 9.0 101 Altered
= HP2-6 223 0.2 186 8.1 <01 200 01 <0.1 <01 206 <01 108 104.00 2762 6.0 8.6 seentinite
E P27 52 01 01 %2 <01 06 02 <01 <01 6.3 01 160 278.00 5686 <5 61
g HP2-8 54 02 01 256 <01 06 03 <01 <01 65.5 <01 164 408.00 6396 <5 76
E HP2-9 48 02 01 23.1 <01 06 02 <01 <01 68.2 <01 134 379.00 6247 <5 75
2 HP2-10 53 0.7 01 26.9 <0.1 08 01 <01 <0.1 63.6 <0.1 368 230.00 4798 8.0 21.0 Limonite zone
° HP2-11 8.4 27 01 419 <01 07 0.4 <01 <01 408 <01 2604 486.00 5302 7.0 53.6
g
g HP2-12 106 08 01 704 <01 06 05 <01 <01 14.8 <01 932 356.00 2714 16.0 121
2 HP2-13 27 03 01 123 01 03 01 01 01 833 <01 1319 21,00 521 380 39
z HP2-14 6.2 0.4 01 210 <01 0.4 <01 <01 <01 705 <01 810 44.00 508 210 6.2
H HP2-15 16 03 <01 44 <01 05 <01 <01 <01 915 <01 617 19.00 334 12.0 14
HP2-16 17 0.2 <01 48 <01 0.2 <01 <01 <01 92.0 <01 654 14.00 168 12.0 10 Conionete
HP2-17 100 08 01 51.0 <01 0.2 <01 <01 <01 36.3 <01 1232 87.00 702 37.0 1.7
HP2-18 8.4 04 01 54.8 <01 03 <01 <01 <01 338 <01 1251 47.00 424 11.0 57
HP2-19 37 05 01 19.9 <01 05 <01 <01 <01 74.0 <01 721 23.00 200 78.0 19
SPIL 74 26 1856 132 <01 70 02 0.10 0.60 376 2.10 107 25,00 1654 %30 112
2 sP1-2 8.4 14.0 132 150 <01 6.0 05 0.10 0.60 38.2 2.20 470 224.00 3990 45.0 14.7 Protolith
E- SP13 19 20 03 9.0 <01 06 01 <01 0.10 114 0.10 3923 8,00 952 30 107
2 sP1-4 125 08 02 76.5 <01 04 01 <01 <01 56 <01 1532 38.00 1222 310 56
= Limonite zone
3 SP1-5 17 08 02 80.6 <01 06 <01 <01 <01 22 <01 1078 6.00 188 310 28
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Figure 7. (A) A general view of the laterite zones exposed in the south pit. (B) Sharp contact
between the serpentinite protolith and limonite zone at the base of the profile (taken from Gilylz

et al. 2024b).

Sekil 7. (A) Giiney ocadinda yiizeyleyen laterit zonlarinin genel gériiniimii. (B) Profilin tabaninda serpantinit
protolit ile limonit zonu arasindaki keskin dokanak (Giilyliz vd. 2024b’den alinmigtir).

metals (Ni, Co, Cr, V), and critical metal Sc in
samples collected from the Caldag deposit
(n=47) is presented in Table 1.

Hematite pit

The geochemical data from the first lateritic
weathering profile on the eastern wall of the
Hematite pit and the second profile on the NW
wall reveal distinct variations in the
concentrations of SiO2, Fe203, MgO, Ni, Co,
Cr, V, and Sc along the profiles.

Silicon Dioxide (SiOz2): SiO2 concentrations
range from 3.1% to 92%, varying inversely
along the weathering profiles. Typically, SiO2
content is between 30-70%, with maximum
concentrations in the ferricrete zone at the top
of the profiles.

Iron Oxide (Fe203): Fe203 concentrations
range from 4.4% to 77.4%. They are relatively
low in the serpentinite protolith (8.4-13.9%) and
altered serpentinite zone (8.1-29%) and show
no consistent trend along the profiles, with
uneven distribution between 15-60%. Fe203
concentrations vary between 23.1% to 70.4%
within the limonite zone.

Magnesium Oxide (MgO): MgO values in the
serpentinite protolith and altered serpentinite
range from 11.9-34.7%, averaging 25.74%.
MgO content decreases significantly in the
transition to the limonite zone, falling below 1%
and continuing to decrease towards the top.

Nickel (Ni): In the first profile, Ni concentration
in the serpentinite protolith varies between
1038 ppm and 1207 ppm, increasing towards
the ferricrete zone. Ni averages 4888 ppm in
altered serpentinite and 6103 ppm in the
limonite zone but decreases to an average of
515.83 ppm at the top. In the second profile, Ni
values are higher, averaging 3594.67 ppm in
the serpentinite protolith and 4948.67 ppm in
altered serpentinite, reaching 5357.17 ppm in
the limonite zone, and dropping to 168-702
ppm in the ferricrete zone.

Cobalt (Co): Co concentrations follow a similar
trend to Ni. In the first profile, Co values range
from 52-60 ppm in the protolith, increasing to
an average of 243.75 ppm in altered
serpentinite and 497.33 ppm in the limonite
zone, and then decreasing to 18-62 ppm in the
ferricrete zone. In the second profile, Co
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averages 177.83 ppm in the protolith and
altered serpentinite, 356.17 ppm in the limonite
zone, and 11-78 ppm in the ferricrete zone.

Chromium (Cr): Cr concentrations are irregular
in the protolith and altered serpentinite but
increase significantly in the limonite zone. In
the first profile, Cr ranges from 12-337 ppm in
serpentinites, reaching 466-1738 ppm in the
limonite zone and 1531-8240 ppm in the
ferricrete zone. In the second profile, Cr values
range from 108-368 ppm up to the ferricrete
zone, with higher values detected in the
limonite zone (932 ppm and 2604 ppm) and a
gradual increase in the ferricrete zone (617-
1319 ppm).

Vanadium (V): V concentrations are irregular in
both profiles, ranging from <5 ppm to 18 ppm.
Maximum V values (78 ppm and 124 ppm) are
observed in the ferricrete zone, with mean
concentrations of 55.5 ppm and 29.86 ppm in
the ferricrete zones of the two profiles.

Scandium (Sc): Sc concentrations are similar
in  serpentinite  protolith and  altered
serpentinite, ranging from 7.6 ppm to 12 ppm.
The average Sc content in serpentinite protolith
is 10.27 ppm, decreasing to 9.27 ppm in altered
serpentinite. Sc values increase in the limonite
zone, peaking at 53.6-65.7 ppm in the middle
of the zone and decreasing towards the top. In
the first profile, Sc values in the limonite zone
vary between 11.2 ppm and 65.7 ppm,
averaging 33.85 ppm. In the second profile, Sc
values range from 6.1 ppm to 53.6 ppm,
averaging 17.98 ppm. In the ferricrete zone, Sc
values decrease to 1-11.7 ppm, with averages
of 6.05 ppm in the first profile and 4.54 ppm in
the second profile.

In summary, the average Sc content of 9.7 ppm
in protolith serpentinite at the bottom of the first
profile of the Hematite pit reaches 33.85 ppm
by enriching approximately 3.5 times in the
limonite zone. With the enrichment of

scandium, which has 10.83 ppm in the
serpentinite protolith at the base of the second
alteration profile, its average value reaches
17.98 ppm in the limonite zone.

South pit

Due to interruptions caused by post-
lateritization events such as transport and
faulting, continuous sampling from bottom to
top was not feasible in the weathering profile of
the South pit. Therefore, geochemical analyses
were conducted on five samples from the
serpentinite protolith and the limonite zone,
which maintains continuity at the base of the
profile on the tilted pit wall.

Silicon Dioxide (SiOz2): In the intact serpentinite
protolith, SiO2 concentrations range from
37.6% to 38.3%. SiO2 concentrations
decrease abruptly due to leaching in the
transition to the limonite zone, averaging 6.4%,
with a maximum of 11.4% and a minimum of
2.2%.

Iron Oxide (Fez203): Fe20s content in the
serpentinite protolith ranges from 13.2% to
15%. In the limonite zone, Fe203 content
increases sharply, ranging from 69% to 80.6%,
with an average of 75.37%.

Magnesium Oxide (MgO): MgO concentrations
in the protolith serpentinite are 6% and 7%.
These concentrations decrease abruptly in the
limonite zone, presenting values of 0.4% and
0.6%.

Nickel (Ni): Ni concentrations are higher in the
protolith and lower in the limonite zone. Ni
content in the protolith is 1654 ppm and 3990
ppm. In the limonite zone, Ni averages 787.33
ppm, with values of 188 ppm, 952 ppm, and
1222 ppm.

Cobalt (Co): Co concentration in the South pit
profile is unevenly distributed, ranging from 6
ppm to 224 ppm.
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Chromium (Cr): Cr concentrations in the
serpentinite protolith are 107 ppm and 470
ppm. In the limonite zone, Cr shows a
significant increase, with values of 1078 ppm,
1532 ppm, and 3923 ppm, averaging 2177.67

ppm.

Scandium (Sc): The Sc distribution in the South
pit profile differs from that in the Hematite pit.
Sc concentrations in the protolith are 11.2 ppm
and 14.7 ppm, while lower Sc content is
detected in the limonite zone at 2.8 ppm, 5.6
ppm, and 10.7 ppm values.

DISCUSSION
Scandium Enrichment Potential of the
Caldag Lateritic Ni-Co Deposit

Lateritic Ni deposits can show Sc enrichment
by 4-10 times of the amount of Sc in the
unweathered bedrock (Chassé et al., 2017;
2019; 2020; Wang et al., 2021). However, few
recent studies on scandium enrichment in a
lateritic Ni-Co deposit have demonstrated the
existence of many factors controlling Sc
enrichment in these deposits. The duration of
the weathering process and tectonic stability
are major factors controlling the Sc enrichment
in these deposits. Furthermore, a combination
of three factors leads to very high Sc
concentrations in lateritic Ni deposits: (1)
abnormally high Sc concentration in
unweathered bedrock, which is the first-order
control on the Sc enrichment (Wang et al.,
2021), (2) prolonged weathering in a stable
tectonic environment, and (3) lateritic
conditions that cause trapping of Sc into iron
oxides during weathering (Chassé et al., 2017).
Clinopyroxene and orthopyroxene, which are
the main rock minerals forming the protolith in
lateritic Ni-Co deposits, are the main sources of
Sc, while hornblende, olivine and biotite are
other minerals having high Sc content.
Scandium, which can be enriched by
lateritization, is found in almost every zone of a
lateritic profile and generally reaches the
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highest amounts in the limonite zone. However,
the enriched Sc is concentrated within final
weathering products containing ferric iron
(Fe®*), goethite and hematite minerals (Chassé
et al.,, 2019; Ulrich et al.,, 2019). Although
detailed mineral chemistry studies in related
deposits showing Sc enrichment reveal that Sc
has a complex preferential affinity for goethite
or hematite that can be modified by a variety of
parameters, including specific surface area,
physicochemical circumstances during
crystallization, and distinct precursor minerals
(Chassé et al., 2019; 2020; Qin et al., 2020;
Wang et al.,, 2021), goethite is the most
important Sc major mineral in lateritic Ni
deposits.

In this context, during the evaluation of the
scandium potential of the Caldag deposit
according to the geochemical data of the
samples collected from different lateritic zones,
(1) the type of ultramafic protolith outcropping
in the Hematite pit and South pit, (2) the
presence of goethite and hematite minerals in
different zones of the different lateritic profiles
of the deposit and (3) tectonic stability of the
deposit during- and after the lateritization were
considered.

Additional geochemical analyses were
conducted to investigate the Sc potential of the
Caldag deposit. Considering the geochemical
data obtained along the two lateritic profiles in
the Hematite pit; (1) the dramatic decrease in
MgO concentration during the transition from
protolith to limonite and (2) the general
decrease in Ni values over the limonite zone
(Figure 4) indicate leaching events observed in
an in-situ laterite (e.g., Marsh. et al., 2013). In
addition, high Cr and V concentrations
observed in the ferricrete zone (Table 1), the
uppermost zone of laterite in both laterite
profiles, are because of the presence of these
elements in primary chromites (Traore et al.,
2008), which are more resistant to weathering
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compared to other minerals, and in pyroxene.
It is thought that Cr and V values (Table 1) are
the result of continuous enrichment in the
upper levels of laterite due to the integration of
goethite and/or hematite with the dissolution of
pyroxene (Fandeur et al., 2009; Oze et al.,
2004).

Hematite pit

When the scandium (Sc) values in the
Hematite pit are examined, the scandium (Sc)
concentrations in the serpentinite protolith and
altered serpentinite are similar, and the
average Sc content in the serpentinite protolith
is 10.27 ppm, while this value is 9.27 ppm in
the altered serpentinite. Although Sc values
increase after passing into the limonite zone,
they reach a maximum level (53.6-65.7 ppm) in
the middle of the limonite zone and present a
decreasing trend towards the upper levels of
the zone. While the Sc values obtained from
the limonite zone of the first profile vary
between 11.2 ppm and 65.7 ppm, their average
is 33.85 ppm. The Sc values obtained from the
limonite zone of the second profile are lower
than those of the first profile, offering values
ranging from 6.1 ppm to 53.6 ppm with a mean
of 17.98 ppm. The average Sc content in the
limonite zone of both profiles of the Hematite
pit was calculated as 25.92 ppm. With the
transition to the ferricrete zone above the
limonite zone, the Sc values decrease and
present values between 1 ppm and 11.7 ppm.
Therefore, the Sc content, which is 9.7 ppm on
average in the protolith serpentinite at the
bottom of the first profile of the Hematite pit,
becomes approximately 3.5 times richer in the
limonite zone with a progressive increase,
reaching an average of 33.85 ppm. The highest
Sc values of 63.6 ppm and 65.7 ppm are
observed at the middle-upper level of the
limonite zone and show ~6 times enrichment.
Similarly, in the second lateritic weathering
profile, scandium enriches progressively from

the serpentinite protolith (10.83 ppm) towards
the limonite zone (17.98 ppm). The maximum
Sc concentration in this profile is 53.6 ppm,
although it is detected in a sample at the
middle-upper level of the limonite zone,
indicating that the serpentinite is enriched by
~5 times.

Progressive enrichment of scandium from the
bedrock serpentinite to the limonite zone in the
Hematite Pit and a systematic decrease in the
upper levels of the laterite are also observed in
other lateritic Ni deposits with Sc enrichment
and suggests that scandium, which is removed
by the dissolution of serpentinite, is generally
adsorbed on goethite (Chassé et al., 2017)
and/or integrated into the crystal structure of
goethite instead of Fe3* (Munoz et al., 2017).
However, the decrease in Sc values in the
upper laterite zone is likely related to the
progressive dissolution of goethite (e.g., Ulrich
et al.,, 2019). Although at the upper laterite
level, some scandium may be incorporated into
the crystal structure of hematite (Chassé et al.,
2017), the absence of hematite in the ferricrete
zone in the Caldag deposit may indicate that
the scandium mobilized from the dissolving
goethite is removed from the system.

Chassé et al. (2017) states that during lateritic
weathering, scandium behaves like rare earth
elements due to its ionic radius and has an
enrichment factor of 5, with an average of ~7-8
in scandium lateritic Ni deposits (Aiglsperger et
al., 2016; Jaireth et al., 2014; Maulana et al.,
2016; Ulrich et al., 2019), and may indicate
maximum enrichment of 10 times. The
enrichment factor of scandium calculated from
the Hematite pit is ~5-6, although close to these
values, the maximum Sc values obtained from
the pit are between 53.6-65.7 ppm. These
values are below the ~100 ppm Sc (Aiglsperger
et al., 2016; Maulana et al., 2016; Chassé et
al., 2017) that is the value required for potential
of scandium to be exploited as a by-product in
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lateritic Ni deposits. However, the Syerston-
Flemington deposit in eastern Australia, where
scandium is extracted as the main product, has
1350 tons of Sc reserve (Pursell, 2016) with an
average Sc concentration of 434 ppm (Chassé
et al,, 2017) and the maximum enrichment
factor in the deposit (parent rock ~80 ppm,
limonite zone ~800 ppm) was calculated as
~10. Although the enrichment factor (~5-6) of
scandium in the Caldag deposit is close to the
average factor (~7-8) in similar deposits with Sc
potential, the maximum Sc concentrations in
the pit (53.6-65.7 ppm) are quite low in terms of
the by-product potential of scandium in the
deposit. The reason behind this is considered
to be related to the content of the protolith
(parent rock) serpentinized peridotite in the
Caldag deposit and the tectonic stability of it.
According to mineral chemistry studies,
scandium is mostly found in pyroxene (~60
ppm) of ultramafic bedrock minerals, but
contains much lower amounts of Sc (<5 ppm)
in hornblende, olivine and biotite (Leeman and
Scheidegger, 1977; Aiglsperger et al., 2016;
Maulana et al., 2016; Ulrich et al., 2019). The
average 9-10 ppm Sc values obtained from
protolith serpentinite in the Caldag deposit can
be explained by (1) the olivine minerals
observed in the related bedrock peridotite
(Thorne et al.,, 2009) and (2) the least
serpentinized ultramafics as dunite and
harzburgite (Helvaci et al.,, 2018). High
enrichment of scandium in related deposits is
associated with long-lasting weathering
processes of the Sc-containing bedrock in a
stable tectonic environment (Chassé et al.
2017). Accordingly, the fact that the Caldag
deposit has been affected by extensional
tectonic regime after the suggested main
lateritization period (Middle Eocene; Thorne et
al., 2009) since the latest Oligocene (e.g.
Bozkurt, 2001; Giilyliz et al. 2024a) and has
not been exposed to a stable weathering is
thought to be another factor negatively
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affecting the scandium enrichment in the
deposit.

South pit

The Sc concentration in the South pit profile
shows a different distribution compared to that
in the Hematite pit, although it does not show
any regular trend. 11.2 ppm and 14.7 ppm Sc
concentrations are obtained from the protolith,
while lower Sc content is detected in the
limonite zone at 2.8 ppm, 5.6 ppm, and 10.7
ppm values. The Sc contents of the bedrock in
the pit (11.2 ppm and 14.7 ppm) are higher than
the values in the bedrock of the hematite pit
(7.6—12 ppm). The protolith of the relevant pit,
the ultramafic bedrock cropping out around the
pit, is defined as partially serpentinized
pyroxenite (Helvaci et al., 2018), and it is
thought that the Sc content is relatively high
due to the pyroxene minerals it contains.
Although the relatively high Sc content in the
bedrock can cause Sc enrichment (~100 ppm)
with the potential to be exploited in the limonite
zone by lateritic weathering, it is dependent on
the Eh-pH conditions associated with the
secondary oxidation and alteration/weathering
processes that the limonite zone is exposed to,
such as faulting and transportation after
lateritization in the South pit. It is hence
suggested that although the limonite zone was
enriched with Sc, Sc contents (2.8-10.7 ppm)
may have decreased with the dissolution of Sc-
containing minerals, most likely goethite.
Similar to Sc, limonite zone has lower Ni
contents compared to protolith, that is most
likely related to the dissolution of goethite
during post-lateritization deformation related
secondary  weathering and  alteration
processes.

CONCLUSIONS

This study investigates the distribution of
scandium (Sc) in the unweathered parent rocks
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and various laterite zones within two different
pits of the Caldag lateritic Ni-Co deposit.

The initial Sc content of the unweathered
parent rocks represents a crucial factor
influencing the maximum Sc grades in their
lateritized derivatives. The  serpentinite
protolith at the bottom of the lateritic profiles in
the Hematite pit has an average Sc content of
10.3 ppm. Scandium shows a slight increase
from the serpentinite protolith to the limonite
and is significantly enriched in the middle-
upper levels of the limonite zone, with elevated
concentrations reaching up to ~66 ppm. This
corresponds to a sixfold increase in Sc content
compared to the serpentinite protolith.
Although the enrichment factor (~5-6) of
scandium in the Hematite pit is close to the
average factor (~7-8) in similar deposits with
Sc potential, the maximum Sc concentrations
in the deposit (53.6-65.7 ppm) are
comparatively low when contrasted with the by-
product potential of scandium (~100 ppm) in
nickel laterites. This is likely due to the low Sc
content of the protolith in the pit and the lack of
tectonic stability after the main lateritization
period.

Overall, the lateritic profile in the South pit
shows a different pattern from the profile in the
Hematite pit. Although the protolith at the
bottom of the South pit has higher Sc contents
compared to the Hematite pit (~13 ppm), lower
Sc contents, averaging ~6.4 ppm, are found in
the limonite zone. Despite the high Sc
enrichment potential of the protolith pyroxenite
from lateritic weathering (Rangott et al., 2016),
post-lateritization weathering/alteration events
in the pit likely caused a decrease in Sc
contents by dissolving potential Sc-hosting
minerals in the limonite zone.

In conclusion, the limonite zones of laterites in
the Caldag deposit exhibit Sc concentrations
up to 66 ppm, indicating low potential for Sc as
a by-product alongside Ni production.
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However, this finding is limited by the study of
three lateritic profiles within the two pits of the
deposit. Therefore, more detailed and
comprehensive mineralogical and geochemical
studies on the occurrence of Sc in the Caldag
deposit as well as lateritic deposits with various
unweathered parent rocks in Tirkiye are
necessary to better examine the mechanisms
behind the presence of scandium within
Turkish laterites.
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0z
Yerkurenin ¢ boyutlu (3B) olmasi nedeniyle, yerin icini en iyi sekilde gortintileyebilmek igin 3B sismik veriye
ihtiyac vardir. 3B verinin elde edilebilmesi igin de verinin sahada 3B toplanmasi gerekir. Arazi sartlari nedeniyle
sahada her zaman 3B veri toplamak mimkun olmamaktadir.
3B sismik veri toplama yapilamamasi durumunda 2.5B sismik yontemi kullanilarak 3B veri elde etmek
mimkindir. 3B sismik veri icin arazide 2.5B yodntemle veri toplamak gereklidir. Bu yontem icin denizde
uygulanan 3B sismik veri toplama yontemi karaya uygulanmistir. Denizde ise flip-flop teknigi ile veri toplanir.
Genelde alici kablo araligi 100m dir. Bu parametre segimleri denizdeki bin boyutlarini belirler. Denizde ise bin
olarak bilinen hiicreler dikdortgen olacak sekilde genelde 6.25x25m tercih edilir.
2.5B sismik veri toplama ydntemi, denizde uygulanan 3B sismik veri toplama tekniginin karaya uygulanmis
halidir. Bu ydntemde de bin boyutlari dikdortgen olacak sekilde uygulanir. Bu yéntemde karada kare bin yerine
dikdértgen bin tercih edilmesi nedeniyle yontem 2.5B olarak adlandiriimistir. 2.5B sismik veri toplama
yontemiyle toplanan veri, hem 2B hem de 3B veri olabilmektedir. Toplanan veri alici hatlarina goére ayrlarak
2B veri igslemi yapilabilir veya birlestirilerek 3B kip verisi elde edilebilir.
Bu yontem ilk defa ARAR Petrol AS. tarafindan test amagh Hatay bélgesinde bir uygulamasi yapilmistir. Daha
sonra Konya-Karapinar ve Manisa-Salihli’'de (Jeotermal amagl) uygulamalari yapilmistir.
Bu calismada, Hatay boélgesinde ilk denemesi yapilan bu yéntemin saha uygulamasi ve sonuglari verilmistir.
2.5B yontemi ile sahada elde edilen veriler hem 2B hem de 3B olacak sekilde veri islemi yapildi. Her iki veri

islem sonuglari da bu makalede karsilagtirmali olarak verilmigtir.

Anahtar Kelimeler: 2B sismik, 3B sismik, Sismik Veri islem, Sismik Yansima
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ABSTRACT

To best view the interior of the earth, 3D seismic data is required since the earth is three-dimensional.
However, 3D data acquisition in the field can be challenging due to terrain conditions. In situations where 3D
data cannot be acquired, two-dimensional (2D) seismic cannot replace it.

If 3D seismic data cannot be obtained in the field, the 2.5D seismic method can be used to acquire three-
dimensional data. The 2.5D seismic method was developed for this purpose, which involves acquired data in
the field. This method applied the 3D marine seismic data acquisition technique to land. 3D seismic data is
acquired at marine with the flip flop technique. In general, the distance between the receiver cables is 100
metres. These selects determine the dimensions of the bin in 3D marine seismic. Generally, rectangular cells
known as 'bin size' with dimensions of 6.25x25m are preferred.

The 2.5D seismic data acquisition method is alternative of the 3D land seismic data acquisition method and
which is similar 3D marine seismic data acquisition method. In this method, bin dimensions are applied as
rectangles. It is called 2.5D because rectangular bin are preferred instead of square bins on land. The data
acquired using the 2.5D seismic data acquisition method can be both 2D and 3D. The data can be separated
according to receiver lines to process 2D data or combined to obtain 3D cube data.

This method was first tested in the Hatay region by ARAR Petrol AS and later applied in Konya-Karapinar and
Manisa-Salihli for geothermal purposes.

In this study, the field application and results of this method, which was first tested in the Hatay region, are
given. The data obtained in the field with the 2.5D method were processed in both 2D and 3D processing

methods. The both of processing results are compared in this paper.

Keywords: 2D seismic, 3D seismic, Seismic Data Processing, Seismic Reflection
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GIRIS 3B Orthogonal sismik programinin tasarimi
yapildi. 1980’lerin basinda da karada bu
yontem ile 3B veri toplama calismalari yapildi.
Orthogonal yonteminde atis ve alici hatlar
birbirine dik olacak sekilde tasarlanir. Atis
hatlari belirli araliklarla ve paralel olacak
sekilde, alici hatlarin dik ve iki alici noktasinin
arasindan gececek sekilde sahada
isaretlemesi yapilir. Genellikle kaynak ve alici
hatlari birbirine dik olarak dizenlenir. Bu
geometri Ozellikle saha ve kayit ekibinin ve
istasyon numaralandirmasinin takibi kolaydir.
Orthogonal bir tasarimda aktif alici hatlari, her
kaynak noktasi konumunu c¢evreleyen
dikdértgen bir spread olusturur. Spread

Sismik yansima yontemi; hem petrol, dogal
gaz, jeotermal gibi derin galismalarda hem de
maden, zemin arastirmalari gibi si§ sismik
calismalarda kullaniimaktadir. 1900°lG yillarin
basindan beri sismik yontemler
uygulanmaktadir. 1930’'larda ilk 2B sismik
yansima verisi toplanmaya baglandi. 1950’li ve
1960’ yillar boyunca veri toplama ve veri islem
yéntemlerinde ¢ok fazla gelismeler olmustur.
ilk ticari 3B sismik veri 1975 yilinda Kuzey
Denizi'nde kayit edilmistir (Davies, 2004).
Galbraith (2001) tarafindan 1978 yilinda
Kanada-Calgary yakinlarinda karadailk defa
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genellikle alici hatti yéninde daha uzun bir
eksene sahiptir.

Turkiye’de ise ilk 3B sismik veri toplama
calismasi, Western Geophysical tarafindan
1985 yilinda Adiyaman-Cukurtag'ta TPAO
adina toplam 70 km2lik bir alanda yapiimigtir
(Sakallioglu,1997). Turkiye'de 2016 yilinin
sonuna kadar toplam 18.860 km2 3B sismik
veri toplama ¢alismasi yapilmistir (Sakallioglu,
2017). Turkiye’de kamu ve ozel sirketler 3B
sismik veri toplama calismalarini her yil
artirarak devam ettirmektedir. Ylzey sartlari
nedeniyle, genellikle Orthogonal yontemi tercih
edilmektedir (Sakallioglu, 2012; Toksoy, 2018).

Her sahanin jeolojik durumu, jeolojik hedefleri
farkli olacagi igin, her sahanin da 3B veri
toplama parametresi, ve 3B dizayni farkl
olabilir. Dinyada konvensiyonel 3B sismik
yontem olarak genelde Orthogonal yontemi
uygulanmaktadir. Sahada dizgin 3B veri
toplanabilmesi icin drneklemenin dizgin
olmasi, yani atig ve alici araliginin esit olmasi
gerekmektedir. Daha detayli dusunuldigunde,
her yerde esit atis-alici araldi, esit atis-alici
hatti aralig1 hatta mimkinse esit saha boyutu
olmalidir (Vermeer, 2012).

Yizey sartlarinin uygun olmadigi yerlerde ve
cevresel etki nedeniyle bir ¢ok proje iptal
edilmektedir. 3B sismik yerine 2B sismik tercih
edilmektedir. 3B sismik veri toplama birim
fiyatlarinin ¢cok ylksek olmasi nedeniyle, cok iyi
bir yéntem secilmeli ve uygulanmalidir (Davies,
2004). 3B sismik veriler, yeraltinin yeterli ve
ayrintil bir 3B goriintisinu saglayarak daha
glvenilir bir yoruma yol agar. 3B verilerinin
geleneksel islenmesinin nihai amaci, yer altinin
3B sismik gorintisuni elde etmektir. (Yilmaz,
2001).

3B sismik yapilacak sahanin ytzeyinin 3B veri
toplamaya uygun olmamasi durumunda 3B
sismik yapillamamaktadir. Ancak, yapilmasi
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istenirse cevreye c¢ok fazla zarar verecek
sekilde yapilabilmektedir. Bu ¢alismanin
amaci, sahada 3B veri toplama istenmesine
ragmen, saha sartlari nedeniyle yapilamamasi
durumunda bir ¢ikis yolu bulmaktir. Cevreye
zarar vermeyecek sekilde yeni yontemler
gelisgtiriimektedir ki bu yéntem de 2.5B
yontemidir. Bu yodntem ile 3B sismik veri
toplama yapilamayan sahalarda 3B veri
toplanmasi saglanmstir.

CALISMA SAHASININ JEOLOJiSi

Hatay-Erzin ovasi, Akdeniz bdlgesinde olup
iskenderun kérfezinin kuzeydogusunda, Hatay
ve Adana lleri sinirlari igerisinde yer
almaktadir. Calisma alaninin  dogusunda
Amanos Daglan olup, batida Lege denilen
Delihalil bazaltlari yer almaktadir. Kuzeyde
Kisik bogazi giineyde ise iskenderun korfezi
bulunmaktadir (Atli, 2010).

Erzin Ovasinda en istte Kuvarterner yasl
Alivyon (kum-gakil tabakalari), Kuvarterner
yash bazalt, Pliosen yagli konglomera ve
Miosen yasli kil ve kumtaslari bulunur (DSI,
1974; Doyuran 1982). Arastirma alanindaki
baslica Kuvarterner olusumlar  Delihalil
formasyonu, kaligi, birikinti koni ¢okelleri, kiyi
kumullari ve altvyonlardir (Atli, 2010). Ovanin
temelini olusturan ofiyolitli serinin kalinhgi
bilinmemektedir. Yerlesme yasinin Ust Kretase
oldugu kabul edilmektedir (Atan, 1969; Aslaner
1973).

Delihalil  formasyonu; Erzin'in  bati ve
kuzeybatisinda yeralan “Legelik (¢apir arazi)”
ovada en ilgi ¢gekici yerylizi seklini
olusturmaktadir. Delihalil tepe eteklerinde
gorilen Legelik bazalt lav akintilari sonucu
olusmustur. Bazalt curufu olarak
nitelenebilecek bu olusuk ana koni olan
Delihalil ile parazit konilerini olugturan Domuz
tepe ve Hama tepelerden gelen lavlarin ¢abuk
sogumalari sonucu meydana gelmigtir.
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Renkleri koyu gri ve siyahtir. Olusumu
sirasinda ihtiva etti§i gazlarin  ugmasi
nedeniyle delikli yapi gésterirler (DSI, 1974).
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Delihalil formasyonunun yasinin Kuvarterner
olarak kabul edildigi bildiriimektedir.

¢ °
" DomuY Delihalil

@
Kisik
tepe tepe bogazi

Kuvaterner Galisma

Bazalt alani
Miosen ° .
Karbonatlar Hama

tepe

(
Haydar dagi -

Pliosen

Karasal kirintilar
Miosen

Karbonat

Erzin
[ ]

Kuvaterner
Altivyon

Galisma
alani

" iskenderun
Korfezi

Sekil 1. Calisma sahas! ve cevresinin jeoloji haritast (MTA, 2024)

Figure 1. Geological map of the study area (MTA, 2024)

Aliivyon; (Doyuran, 1982) tarafindan Erzin
Ovasr'nin blylk bir kisminda gorilduga, sel
sulart ve akarsu ¢okellerinden olustugu
bildirilmektedir. Akarsu yataklarinda genellikle
cakilli ve yer yer kumlu olan alGivyonlar ovanin
diger kisimlarinda daha ¢ok kumlu, siltli ve
killidir.

Haydar formasyonu, ismini Haydar dagindan
alir. Doyuran (1982) ile Karahanoglu ve ark.
(1995) tarafindan Haydar formasyonunun bol
serpantin ve kiregtasi, az kuvars ve ¢ort
cakillari iceren karbonat ¢imentolu iyi pekismis
konglomeradan ve yer yer marn bantlari ve
merceklerinden olustugu bildirilmistir.

Sekil 1’de galisma alani ve gevresinin jeoloji
haritasi verilmistir. Calisma sahasi petrol
vedogal gaz agisindan potansiyel bir sahadir.
Daha 6nce agilan kuyularda petrol ve gaz

kesifleri yapiimistir. Bélgede dogal gaz Uretimi
yapilmaktadir.

YONTEM
3B kara sismik yansima yontemi

Karada ve denizde hem 2B hem de 3B sismik
yapilmaktadir. Konvensiyonel kara sismiginde
genel olarak 3B Orthogonal sismik yontem
uygulanmaktadir (Sekil 2). Orthogonal yontemi
kadar yaygin olmasa da Brick (Tugla oruli
duvar desenine benzeyen bir dizayni vardir.
Orthogonal  yonteminin  ofset  dagilimini
iyilestirmek amaciyla gelistirilmistir. Alternatif
alici hatlari arasinda yer alan kaynak nokta
gruplarinin yarim hat konumuna taginmasiyla
olur. Dar bir azimut pargasi igin tugla deseninin
ofset dagilimi, orthogonal tasarima gére daha
Ustindir.), Zigzag (Zig-Zag dizayni ¢ol
boélgelerinde veya alici hatlari arasinin uygun
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oldugu diger yerlerde yaygin olarak kullanilr.
Tek kaynak hatlari, tek bir zig-zag i¢in bitisik
alici hat ciftleri arasina yerlestirilir. Ofset
dagihmi ve yakin ofsette daha fazla veri
toplama amaciyla yapilir.), Radial (Radial
tasarim, érimcek agina benzer bir dizayndir.
Merkezden uzaklastikga genigleyen bir alici
hatlar vardir. Merkezden esit uzaklikta ve yari

",

Alicr hatlan / a) LI~

Atig hatlari

¢api buyuyen dairesel atis hatlari vardir. Atislar
yapilirken tim alicilar kayit alir. Genelde kuyu
merkeze alinir ve bu ydétemle veri toplanir.
Amag, kuyunun oldugu bdlgedeki rezervuar
yapisini  ayrintili  gorintilemektir.)  gibi
yontemlerde kullaniimaktadir (Cordsen, 2000;
Ekincioglu, 2005; Gireli, 2005). Denizde ise bu
yéntemler uygulanamamaktadir. Deniz sartlari

tis hatlar I

Sekil 2. a) 3B Kara Orthogonal sismik program 6rnegi (Kirmizi hatlar atis hatlari, mavi hatlar ise
alici hatlaridir), b) Katlama sayisi (fold) dagilimi, c) Planlanan 3B sismik programin Google-Earth
goruntusu

Figure 2. a) Example of 3D Land Orthogonal seismic program (Red lines are shot lines and blue lines are

receiver lines), b) Fold distribution, c) Google-Earth image of the planned 3D seismic program

nedeniyle sadece Swath (Bu geometride
kaynak ve alici hatlari paraleldir ve genellikle
cakisir. Kaynak noktalar tek bir atis hatti
Uzerinde olurken, alicilar ise atis hattina paralel
ve bir ¢ok alici hatti Gizerinde olur. (Ekincioglu,
2005)) teknigi uygulanabilmektedir. Deniz 3B
tekniginde bin’ler dikdoétgen tercih edilirken,
karadaki tekniklerin uygulamasi daha kolay
oldugu igin kare bin’ler tercih edilir.

Karada uygulanan Orthogonal yontemde atis
ve alici hatlari birbirine dik uygulanir (Cordsen,
2000). Denizde ise atis hatti ile alici kablolari
(Streamer) paralel ve ayni yénliudur. Denizde
3B sismik veri toplama galismalarini yapmak
¢ok kolaydir. Karada ise arazi sartlarina goére
kolay yada zor olabilir. Karada diz ve agik
arazide 3B sismik yapmak kolaydir. Fakat arazi
sartlarinin zor oldugu (orman igleri, fidanhk,

agacli olan bdlgeler, engebeli ylzey sartlari
gibi) yerlerde sismik yapmak zordur. Bunun igin
2.5B sismik yontem gelistirilmigtir. Bu yontem,
3B sismik yéntemin uygulanamadigi yerlerde
3B sismik veri elde edebilmek igin
gelistirilmistir.

Tablo 1'de 6rnek bir 3B sismik veri toplama
parametreleri goérilmektedir. Tabloda da
g6ruldugu gibi bin boyutlari kare olacak sekilde
segilmistir.

Sekil 8de 6rnek planlanan bir 3B sismik
program gorilmektedir. Sekilde de gorildigu
gibi saha 3B sismik igin oldukga zordur. Sismik
programin yapilacagi alan zeytin, portakal ve
narenciye agaclari ile kaphdir. Yluzey sartlari
nedeniyle bu sahada 3B sismik yapmak zordur
(Basar, 2001).
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Tablo 1. 3B kara sismik veri toplama

parametreleri

Table 1. 3D land seismic data acquisition parameters

Burada;
Cx : In-line yondeki katlama sayisi,

Cy : X-line yondeki katlama sayisi,

3B Sismik Veri Toplama Parametreleri

C : Bir bin igindeki toplam 3B katlama sayisi,

Saha Hatay
Toplam Survey alani 50 km?
Alici grup araligi (RI) 40 m
Atis araligi (SI) 40m
Bin size (kare) 20x20m
Atis Hatti araligi (SLI) 200 m
Alici Hattr araligi (RLI) 200 m
Bir hattaki canli kanal sayisi 160
(KS)

Alic hatti sayisi (NRL) 16
Toplam 3B Fold 8*16=128

Toplam aktif kanal sayisi : 16*160=2560
Patch

Kaynak Vibrator

Jeofon ozelligi
12 adet jeofon

Jeofon diizeni 1x12 inline

Kayit cihazi Sercel Wing / 24 bit

Kablosuz
Spread/Atis yeri Simetrik split spread
Yakin ofset 28 m

10 Hz. Nokta basina

KS : Bir atis hattindaki canh alici sayisi,
RI : Alici grup araligi,

SLI : Atis hatti araligi,

NRL : Alici hatti sayisidir.

Tablo 1’e goére katlama sayisI hesaplanirsa,

Cx = (160 * 40)/(2 * 200) = 16 @)
Cy=16/2=8 (5)
C=16+8=128 (6)

3B yontemde katlama sayisi (fold) kara ve
denizde farkli hesaplanir. Karada asagidaki
gibidir.

olur. Yani bir 20x20m boyutlarindaki her bir bin
icinde farkh azimut ve ofsette 128 adet iz
yansiyacak demektir.

3B deniz sismik yansima yontemi

Deniz sismigi, denizde vyapildid1 icin kara
sismigi ile kiyaslandiginda yuzeyde herhangi
bir sorunu yoktur. Kara sismigindeki yuzey
kosullar (dag, tepe, orman, nehir, yol, sehir
vs.) sorunu denizde yoktur. Deniz sismiginde
ise firtina, gemi-denizalti glrulttleri, akinti gibi
sorunlar vardir. Hava kosullari uygun oldugu
slrece 24 saat boyunca sismik veri toplamasi
yapilabilmektedir. Deniz sismigi igin bir gemi,

Uzak offset 3840 m
Kayit uzunlugu 5s
Ornekleme araligi 2ms
Cx = (KS = RI) /(2 = SLI) (2)
Cy = NRL /2 2)

C=Cx*Cy (3

planlanan kadar alici kablolari (streamer),
kaynak (airgun) grubu ve navigasyon sistemi
yeterlidir (Gureli, 2001).
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a) b) Gemi

Alici kablolar Air gun grubu
Atis hatlari [400 m Streamer Atis hatti

Yeralti yansima hatlari

¥

100 m

123456 7891011121314 1516

8 alicr hatt x 2 kaynak = 16 adet yeralt yansima hatlar

Sekil 3. a) Denizde 3B denizde veri toplama igin atis sekli, b) Bir atis hatti igin atis-alici kablolari
ve yerici yansima hatlarinin gérindsu

Figure 3. a) Shot geometry for 3D marine data acquisition, b) A view of shot-receiver cables and subsurface
lines for a shot line

1oo m GlAl -gun
/— —\

O ("\ / f\ (' | (_\

N7/

o 4

Bm snze
6.25 x25m

Sekil 4. Denizde 2 airgun grubu ve 8 alici kablolu (streamer) ve 3D igin 1gin yolu

Figure 4. A view of 2 airgun groups, 8 receiver lines (streamer) and ray path for 3D seismic at marine
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Tablo 2’de, denizde yapilan 3B sismik veri
toplama igin parametrelerin bir kismi verilmistir.
Bir  konvensiyonel deniz 3B  sismik
parametreleri incelendiginde bin‘in dikdértgen
oldugu gorulir.Sekil 3a’da, denizde 8 alici
kablolarina sahip bir gemi ile 3B sismik veri
toplama sekli gorilmektedir. Sekilde de
g6ruldugu gibi, alici kablo sayisi ve alici kablo
araligi atis hatlan arasi mesafeyi belirler.
Ayrica alici kablo uzunlugu sismik geminin
manevrasini belirler. Yani geminin alici kablosu
uzun ise daha genisten ve uzaktan dolanarak
yeni hatta atisa baslayabilir. Geminin manevra
mesafesi, genelde alici kablo uzunlugunun
yarisi kadar son atistan sonra ayni dogrultuda
devam edilir, yarigapi alici kablo mesafesinin
yarisi olan bir daire tzerinde 180 derece ddner
ve donme islemi tamamlandiktan sonra alici
hatti mesafesinin yarisi kadar gider, planlanan
atis hattina ulasir ve atiglar baslar. Sekil 3a’da
geminin Uzerinde hareket ettigi atis hatlar
(kirmizi), c¢ektigi alici kablolari (mavi) ve
kaynaklar  (kirmizi yuvarlak  noktalar)
gorulmektedir. Sekil 3b’de ise 3B sismik igin bir
gemi, bir atig hatti, 8 adet alici kablosu ve
yeraltindaki yansima hatlari (gri)
gorilmektedir. Flip flop teknigi ile 2 farkh
kaynak grubunda (Flip flop teknidi: Kaynak
gruplari sira ile 25m’de bir atis yapma seklidir)
atis yapilmaktadir. 2 farkli kaynak ve 8 alici
kablosunda toplam yer icinde 16 adet sismik
hatlardan kayit alinmaktadir. Birinci kaynak
grubunda atis yapildigi zaman, yer igindeki 1,
3,5, 7,9, 11, 13 ve 15 nolu hatlardan veri
toplanir. Ikinci kaynak grubunda atis yapildig
zaman ise, yer icindeki 2, 4, 6, 8, 10, 12, 14 ve
16 nolu hatlardan veri toplanir.

Sekil 4’de, 3B deniz sismigi icin ener;ji
kaynaklar (iki air gun grubu), alici kablolari
(streamer) ve Isin yollar gortlmektedir. 3B
deniz sismiginde 50m araliklarla bulunan iki
kaynak grubu kullanilir. Bu iki kaynak grubu
sira ile atig yapilarak kayit alinir. Atiglar atis
hatti Gzerinde olup birinci air gun grubu hattin
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25m solunda, ikinci air gun grubu ise hattin
25m saginda bulunur. Bu nedenle bin boyutu
atis yonine dik yonde (x-line) alici kablo

araliginin 1/4’G kadar, yani 25m olur (Sekil 4).
Tablo 2. 3B deniz sismik veri toplama

parametreleri

Table 2. 3D marine seismic data acquisition

parameters

3B Deniz Sismik Veri Toplama Parametreleri

Program 100 km2
Atis hatti aralig 400 m
Alici kablosu (Streamer)
100 m
aras| mesafe
Bir streamer'deki alici
300

sayisi (KS)

8 hat x 300 kanal
Spread .

= 2400 aktif kanal
Flip flop atis araligi (Sl) 25m
Air gun grup araligi 50 m

Atis diizeni flip-flop atis sekli
Hidrofon grup aralidi (RI) 125m
Hidrofon sayisi/grup 12

3B katlama sayisi (fold 75
sayisl)

Bin size (dikdortgen) 6.25x25m

Hava tabancasi

Kaynak .
(airgun)

Toplam kaynak hacmi 3600 ing®

Air gun sayisi 24

Air gun basinci 2000 psi

Air gun derinligi 6m

Alici grubu-streamer

derinligi om
Denizde katlama sayisi asagidaki gibi
hesaplanir. Denizde sadece in-line ydndeki
formul  kullanilir.  X-line yéndeki formal
kullaniimaz.
Cx = (KS = RI) /(2 * SI) )
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Spread: 8 hat x 300 kanal =2400 kanal

Sekil 5. a) Karada 1 kaynak ve 8 alici kablolu 2.5B i¢in 1sin yolu, b) 1 swath icin alici ve atis
hatlarinin gértinisu, c) Swath’lara gore atis ve alicilarin konumu ve hareketleri

Figure 5. a) A view of 1 shot point, 8 receiver lines and ray path for 2.5D seismic on land, b) A view of the
receiver and shot lines for 1 swath, c) Position and motion of the shot and receivers according to the swaths
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Burada;

C: Bir bin igindeki toplam katlama sayisi,
KS : Bir alici kablosundaki canli alici sayisi,
RI : Hidrofon grup araligi,

SI: Flip flop diizenine gore atis araligi.

Bin’in alici hatti yoéniindeki boyutu (In-line) ise
alici hidrofon grup araliginin yarisi kadar olur.
Aksi belirtimedikge alici (hidrofon grubu) grup
arahdi 12.5m tercih edilir. Bu durumda bin‘in in-
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line yéndeki boyutu 6.25m olur. Bunun sonucu
olarak bin dikdértgen seklinde olup boyutlari
6.25x25m elde edilir. Flip flop atis olmasi
nedeniyle de katlama sayisi (fold) hesabi
denizde farklh hesaplanir. Tablo 2'e gore
katlama sayisiI hesaplanirsa,

Cx = (300%125)/(2 * 25) =75 8)
olur. Yani bir 6.25x25m boyutlarindaki her bir
bin icinde farkli azimut ve ofsette 75 adet iz
yansiyacak demektir.

Sekil 6. a) Bir swath’in bitiin olarak goriintsi (maviler alici noktalarini, kirmizilar atis noktalarini

g0sterir), b) Bir swath’in bir kisminin goérinisu, c) yerigindeki 2B sismik hatlarin bir kisminin

gorinist (katlama sayisina gore renkli), d) yerigindeki 3B sismik alaninin bir kisminin gérinisu

(katlama sayisina gore renkli)

Figure 6. a) A view of the swath as a whole (blue indicates receiver points, red indicates shot points), b) A

view of part of a swath, c) A view of part of the 2D subsurface seismic lines (coloured by fold numbers), d) A

view of part of the 3D seismic subsurface area (coloured by fold numbers)

2.5B kara sismik yansima yontemi

2.5B veri toplama yontemi, yukarida belirtigi
Uzere 3B sismik yontemin uygulanamadigi zor
arazi sartlarinda 3B sismik yapabilmek igin
gelistirilmis bir ydntemdir. 3B sismik icin uygun
olmayan arazi sartlarinda uygulanir. Bunun igin
2.5B sismik yéntemi, denizde uygulanan 3B

yontemin karaya uygulanmasi ile
olusturulmustur. Karada da atig ve alici hatlari
denizdeki gibi ayni ybénde olacak sekilde
tasarlanir. Oncelikle karada 2.5B sismik
yapilmasi planlanan sahanin, denizdeki 3B
sismik program gibi dizayni yapilir (Gureli,
2021).
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Sekil 5a’da 2.5B kara sismigi igin kaynak (1
vibratér grubu), alici kablolari (60 metre

araliklarla) ve 1sin yollari gérulmektedir. 2.5B
kara sismiginde bir atis hatti olur, denizdeki gibi
flip flop atis sekli uygulanamamaktadir. Atig
noktalari da atis hatti Gzerinde olur.
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Yuzey sartlarina gore atiglar saga veya sola
ofsetli olabilir. Karadaki 3B sismikte atis hattina
dik olacak sekilde yanal ofsette atig
yapilabiliyordu. 2.5B sismikte de ayni sekilde
yanal ofsette atis yapilabiliyor.

Sekil 7. Planlanan 2.5B sismik programi (mavi: alici hatti, kirmizi: atis hatti), b) 2.5B veriden 2B

verinin elde edilmesi ve 2B fold dagilimi, ¢) 2.5B veriden 3B verinin elde edilmesi, 3B fold dagilimi

ve “bin size” gérindsu

Figure 7. Planned 2.5D seismic program (blue: receiver lines, red: shot lines), b) Obtaining 2D data from 2.5D
data and 2D fold distribution, c) Obtaining 3D data from 2.5D data, 3D fold distribution and a view of “bin size”

Atiglar alici hatlari yonunde olacak sekilde
yapiimaktadir. Tek kaynak kullaniimasi
nedeniyle bin’'nin x-line yonde boyu alici hatti
araliginin 1/2’si kadar, yani 30m olur. Bin’in in-
line yéndeki boyutu ise alici grup araliginin
yarisi kadar olur. Bu ¢alismada grup arahgi 20
m tercih edilmigtir. Bu durumda bin‘in in-line
yondeki boyu alici grup araliginin yarisi, yani
10 m olmustur. Bunun sonucu olarak bin
dikdortgen seklinde olup boyutlari 10x30m
secilmistir.

Katlama sayisi (fold) hesabi ise 3B kara
sismigindeki gibi degil, normal denizdeki 3B
sismikteki gibi hesaplanir.

Sekil 5b’de, 2.5B sismik veri toplama
tekniginde atis-alici hatlari ve 1sin vyollari
goérulmektedir. Sekilde de géraldagu gibi tek
atis hattt ve bu hatta paralel saginda ve
solunda 4er adet alici hatti olmak Uizere toplam
8 adet alici hatti bulunmaktadir. Alici hatlarinin
aras! 60m dir. Alici nokta araligi ise 20m dir.
Atis hatlar araligi 240m ve atis noktalar arasi
ise 20m dir (Tablo 3).
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Tablo 3. 25B sismik veri

parametreleri

toplama

Table 3. 2.5B seismic data acquisition parameters

Atis ve Kayit Parametreleri

Toplam program

10 km2

8*300=2400 canh

Spread kanal
Canli alici hatti sayisi 8
Canli kanal sayisi/hat (KS) 300
Canli kanal sayisi 2400
Serim yontemi Swath dizayni
Atis Araligi (SI) 20m
Alici Araligi (RI) 20m
Alici hatti araligi (RLI) 60 m
Atis hatti araligi (SLI) 240 m
Bin size (dikdortgen) 10x30 m
Toplam fold-C 150
Her bir alici noktasindaki
jeofon sayisi 12
Vibrator ION AHV-IV
Peak force 61000 pounds
Vibro sayisi 4 + 1 yedek
Sweep uzunlugu 12 sn
Sweep sayIs| 4 sweep
Sweep Frekansi(Hz) 12-64 Hz.

Non Linear -3
Sweep tipi dB/Oct

No move up,
Vibrator Pattern inline

Sercel 508 XT
Kayit Cihazi Wing

Sekil 5c’de, her bir atis hatti ve canh kablo
grubuna bir swath diyoruz. Bir swath boyunca
atig ve alicilar birlikte hareket ederler. Bir atis
ilerlediginde spread de bir alici ilerler. Atig
devamli alicilarin ortasinda olacak sekilde

ilerler. Denizde ise gemi cektigi icin atis hep
alicilarin 6nlinde, yani cekerek off-end atis
seklindedir.

2.5B sismik yontemin deniz 3B sismiginden bir
farki da budur. 2.5B sismikte atis hep ortada
olacak sekilde planlanmigtir. Hattin basinda ve
sonunda yarim spread ile baglar ve biter. Bu
haliyle de normal 3B sismik veri toplama
teknigine benzemektedir.

Sekil 6'da, sahada 2.5B sismik yontemi ile
toplanan verinin 2B ve 3B sismik sekline
donisimi  gosterilmistir.  Sekil 6a’da  bir
swath’'in tamami gorilmektedir. Sekil 6b’de,
Sekil 6a’da verilen atisg ve alici noktalari daha
yakindan gosterilmistir. Sekil 6¢’de yer igindeki
2B sismik hatlar gorilmektedir (katlama
sayisina gore renkli). Sekil 6d'de ise yer
icindeki 3B sismik alaninin  bir kismi
gorulmektedir.

Sekilde de goérildugu gibi, 2.5B ile toplanan
sismik veri, istenirse 2B sismik seklinde veri
islemi yapilabilir. Bu durumda 30’ar metre
araliklarla yan yana 2B sismik hatlar elde
edilmektedir. 2.5B ile toplanan sismik veri,
istenirse de 3B sismik seklinde veri islemi
yapilabilir. Bu durumda ise 3B kip veri elde
edilmektedir.

Sekil 7a’da 2.5B sismik 3 swath’lik atis ve alici
hatlar gérilmektedir. Mavi renkli hatlar alici ve
kirmizi hatlar ise atis hatlarini géstermektedir.
Sekil 7b’de, 3 swath’lik bir 2.5B sismik program
2B sismik hatlar seklinde goérulmektedir. 3
swath’da 3 adet atis ve 16 adet alici hatti
bulunmaktadir. Her bir swath’da 1 atis hatti ve
8 alici hattindan kayit alinmaktadir. Bu ¢alisma
sonucunda, toplamda 30’ar metre araliklarla 24
adet 2B sismik hatlar olusmaktadir.

Sekil 7c’de, ayni 3 swath’lik bir 2.5B sismik
program 3B sismik seklinde goérilmektedir. 3
swath’da 3 adet atis ve 16 adet alici hatti kayit
icin kullanilmaktadir. Her bir swath’da 1 atis
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Test amagli yapilan

2.5B sismik programi

Sekil 8. Test amagli yapilan 2.5B sismik programi
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Planlanan 3B
¥ sismik programi

Figure 8. The 2.5D seismic program for testing purposes

hatti ve 8 alici hattindan kayit alinmaktadir. Bu
calisma sonucunda, 3 swath birlestirilerek
birlikte veri islemi yapilmakta ve 3B kup veri
elde edilmektedir.

2.5B katlama sayisi hesabi agsagidaki gibidir.
Deniz 3B katlama sayisi hesabina benzer bir
sekilde hesaplanir.

Cx = (KS * RI) /(2 = SI) ©)
Burada;

C: Bir bin icindeki toplam 3B katlama sayisi,
KS: Bir hattaki canl alici sayisi,

RI: Alici grup araligi,

SI: Atig araligi,

Tablo 3’e gore katlama sayisI hesaplanirsa,

€ = (300 %20)/ (2 * 20) = 150 (10)

olur. Yani bir 10x30m boyutlarindaki her bir bin
icinde farkh azimut ve ofsette 150 adet iz
yansiyacak demektir.

2.5B SISMIK VERI UYGULAMASI

2.5B sismik yontemi Turkiye'de ilk defa Arar
Petrol AS tarafindan Hatay’da uygulanmistir.
Bu sahada basarili sonuglar elde edilmesi
nedeniyle daha sonra yine ayni sirket
tarafindan Konya-Karapinarda uygulanmistir.
Bu yontem ile basarili sonuglar elde edilmesi
sonucunda, bir jeotermal sirketi icin Manisa-

Salihli'de daha biiyuk bir proje (29 swath, 9000
atis ve 45 km2) yapilmigtir. Ginimizde de
2.5B sismik veri toplama yontemi uygulanmaya
devam etmektedir.

3B sismik yapilmasi planlanan saha (Hatay)
tamamen narenciye, zeytin adaci ve orman
alanti ile kaphdir. Bu nedenle konvensiyonel 3B
sismik veri toplama imkani yoktur.
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Sekil 9. a) Planlanan 2.5B sismik programi ve fold dagilimi, b) Gergeklesen 2.5B sismik programi
ve fold dagilimi

Figure 9. a) Planned 2.5D seismic program and fold distribution, b) Real 2.5D seismic program and fold
distribution, c) Color scale of the fold numbers

pis AUIX

Sekil 10. a) 3B kip Uzerindeki kesit yénlerin gérinisu, b) 2.5B sismik verinin 3B kip proses
seklindeki gérinusi

Figure 10. a) A view of the section directions on the 3D cube, b) A view of the 2.5D seismic data as a 3D cube
process
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[ ! 1005 nolu hattin 2B prosesi

Sekil 11. 2.5B sismik verinin 2B ve 3B proseslerin gérunusi; a) 3B kip kesitten elde edilmis “time
slice-310 ms” kesiti, b) 3B kip kesitten elde edilmis 5392 nolu X-line yondeki kesiti, c) 3B kip
kesitten elde edilmis 1005 nolu In-line yéndeki kesiti, d) Sahanin 3B fold dagihmi, e) In-line: 1005
nolu hattin 2B prosesi

Figure 11. A view of the 2D and 3D process results of 2.5D seismic data; a) Time slice-310 ms section
obtained from 3D cube section, b) A section of X-line -5392 obtained from 3D cube section, c) A section of In-
line -1005 section obtained from 3D cube section, d) 3D fold distribution of the area and selected the section
lines, e) the 2D process of In-line 1005
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Konvensiyonel 3B sismik yapabilmek igin
ormanda agaglari, bahgelerdeki zeytin ve
narenciye agaglarini kesmek gerekir. Bunu
yapmak imkansizdir. Bunun igin 2.5B sismik
teknigi ile veri toplamaktan bagka secenek
yoktur (Sekil 8).

Sekil 8'de test amach yapilan bir 2.5B sismik
icin atis ve alici hatlari goériimektedir. Bu
galisma igin Sercel 508XT Wing adi verilen
kablosuz kayit cihazi, kaynak olarak 5 adet ION
AHV 1V tipi vibrator kullanildi. Test igin bolgede
3 adet atis hatti (kirmizi) ve 16 adet alici hatti
(mavi) segcildi. Sahada her bir atis hattinda atis
yapilirken, 8 alici hattinda da kayit alindu.
Atislar “symmetric split-spread” teknigi ile
yapildi her bir alici hattinda serili 300 alicidan
kayit alindi. Full-spread oldugunda toplam
2400 kanaldan kayit alindi. Her bir swath’in ilk
atisinda, her bir alici hattinda 150 kanal kayit
alacak sekilde planlandi. Daha sonra atis
ilerledikge spread icindeki canli kanal sayisi
300 kanala g¢ikti. Full-spread olunca, atig ve
alicilar birlikte kayarak hattin sonuna gelindi.
Her bir swath’in spread igindeki her bir hattin
kanal sayisi azalarak 150 canli kanala gelince
atislar tamamlandi. Daha sonra ilk 4 alici hatt
araziden toplandi ve diger 4 alici hatti arazide
sabit yerlerinde kaldi. Toplanan 4 alici
hattindaki jeofonlar ve diger ekipmanlar, sabit
tutulan hatlarin diger yanina serildi. Daha sonra
2.swath’a baslandi. Ayni sekilde tamamlanan
2. swath sonrasi 3.swath’a baslandi ve bu
sekilde tamamlandi. Bdylece planlandigi gibi 3
swath’da 2.5B sismik veri toplanmis oldu. Arazi
sartlari nedeniyle planlanan bazi yerlerde kayit
alinamadi. Yuzeydeki engellere bagli olarak,
saga veya sola kaydirilarak veri toplama
calismalari tamamlandi. Sekil 8’de gdéruldugu
gibi arazi sartlar oldukga zordur. Orman iginde
yeni yollar agmadan mevcut yollar kullanilarak,
tarla kenarlari, mevcut kdy-tarla yollari ve bos
arazi kullanilarak atislar yapildi ve kayitlar
alindu.

Tablo 3'te detaylari verilen 2.5B sismik veri
toplama parametrelerine goére sahada veri
toplanmistir. Sahada toplanan 2.5B sismik veri,
Tablo 4’te verilen parametrelere gore de ayr
ayri hem 2B veri islem hem de 3B veri islem
yapilmistir.

Sekil 9a’da planlanan 2.5B sismik programi ve
3B katlama sayisi (fold) dagilimi gérilmektedir.
Sekil 9b’de ise gerceklesen 2.5B sismik
programi ve 3B katlama sayisi (fold) dagilimi
gorulmektedir. Sekil 9b’de goruldugi gibi
atislar planlandigi gibi olmayip, mevcut
yollarda atiglar yapilmigtir. Bunun sonucunda
fold dagiimi da planlandigi gibi degil ama
kabul edilebilir bir seviyede gerceklesmistir.

3B klp seklindeki veri islemi yapilmis sismik
verinin alici yénunde (in-line), aliciya dik yonde
(x-line) ve zaman seviye kesitleri (time slice)
alinabilmektedir. $ekil 10a’da, 3B kip verinin
in-line, x-line yonleri ve zaman seviyesi (time
slice) kesitlerinin nasil oldugu gosterilmistir.
Sekil 10b’de, sahada toplanan 2.5B sismik
verinin Tablo 4’e gore veri igslemi (Yigma
Oncesi Zaman Gé¢ islemi (Pre-Stack Time
Migration-PSTM) yapilmis haliyle 3B kip veri
seklinde goérulmektedir.

Sekil 11'de, 2.5B sismik verinin 2B ve 3B kip
veri islem sonuglari gorulmektedir. Sekil
11a’da, 3B kiip kesitten elde edilmis “time slice-
310 ms” kesiti goérulmektedir. Sekil 11b’de, 3B
kip kesitten elde edilmis 5392 numarali x-line
yénundeki kesit, Sekil 11c’de 1005 numarali In-
line ybénundeki kesit gorulmektedir. Sekil
11d’de, sahanin 3B fold dagilimi gérilmektedir.
Sekil 11e’de ise In-line: 1005 numarali hattin
2B veri iglemi gorulmektedir. Sekilde de
goruldiugi gibi ayni 2.5B sismik veriden hem
2B hem de 3B sismik kesit elde edilmistir. 2B
ve 3B kip kesitlerindeki farkhlk, veri islem
asamasinda kullanilan veri islem
uygulamalarindan kaynaklanmaktadir.
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Tablo 4. 2.5B Veri islem is akisi

Table 4. 2.5B Data processing workflow

2.5B Veri islem is Akisi

Veri igslemin yapildig yer
SegY formatinda veri okuma

Geometri

Edit iglemi

Genlik dlizeltmesi

Surface Consistent Predictive
Dekonvollisyon

Statik

Hiz analizi -1

Reziduel statik-1

Hiz analizi -2

Reziduel statik-2

Normal Move Out (NMO)

Mute islemi

Genlik dengeleme (AGC)
Averaj statik uygulama ile final
datuma gekme
Prestack Kirchhoff
Migration (PSTM) islemi
PSTM hiz analizi

PSTM Kesiti

Band Gegisli Stizgeg

Time

FX Decon
F-K Siizgeci (Fan)

Egim Azimuth slizgegi

Genlik dengeleme (AGC)
Cikti verisi (SegY format)

2B veri islem is akigl

Arar AS (Ankara-Tirkiye)

+

2B geometri
+
+6dB/Oct
OPLEN: 164ms GAP: 32ms

2B tomografi
2B hiz analizi
2B Rezidulel
2B hiz analizi
2B Rezidel
+
Stretch faktori %25
500 ms

Final Datum (Om)

2 boyutlu

2B hiz analizi
2B yigma iglemi
12-18-60-72 Hz (0-2000ms)
8-18-36-72 Hz (2500-5000 ms)

8-72 Hz
-4, 4, msfiz,12, 60 Hz

500 ms
24 adet 2 boyutlu sismik kesit

3B veri islem is akisi

Hardin Inc.(Teksas-ABD)

+

3B geometri
+
T™"1.2
OPLEN: 164ms GAP: 32ms

3B tomografi
3B hiz analizi
3B Rezidlel
3B hiz analizi
3B Reziduel
+
Stretch faktori %30
500 ms
Final Dadum (Om)

3 boyutlu

3B hiz analizi
3B yigma islemi
8-12-65-75 Hz (0-700ms)
8-12-55-65 Hz (1000-1400 ms)
8-12-40-50 Hz (1700-5000 ms)

Pencere uzunlugu: 40 ms
Maksimum egim: 12 ms/iz
1000 ms
1 adet 3 boyutlu kip kesiti
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SONUG

Arazi sartlarinin 3B sismik yapmaya uygun
olmamasi durumunda 2.5B sismik yodntemi
uygulanabilir. Atis ve alici hatlarinin ayni yonla
olmasi sismik veri toplama isini
kolaylastirmaktadir. Sahanin 3B sismik veri
toplama igin uygun olmasa bile, 2.5B sismik
yontemi ile 3B sismik veri elde etmenin
mumkin  oldugu gosterilmigtir.  2.5B ile
toplanan ayni veri kullanilarak hem 2B hem de
3B veri igslem vyapilabilmektedir. 2.5B veri
toplama ydéntemiyle toplanmis veri, alici
hatlarina gére ayrilip 2B veri iglem yapilabilir.
Bu asamada veri islem 2B is akigl uygulanir.
Ters evrigim, statik, hiz analizleri, gb¢ islemi
gibi bazi veri islem asamalari 2B is akisina
g6re uygulanir. Veri islem asamasinda veri
ofsetli de olsa ayni alici hattindan kayit edilen
verinin hepsi veri isleme girer. 2B go¢ islemi
yapildiginda veri gergek yansima noktasina
tam tasinamayabilir. 2.5B veri toplama
ybntemiyle toplanmis veri birlestirilip 3B
veriigslem yapilabilir. Bu asamada veri islem 3B
is akisl uygulanir Ters evrigim, statik, hiz
analizleri, gé¢ islemi gibi bazi veri iglem
asamalari 3B is akigina gore uygulanir. Bu veri
islem asamasinda veri ofsetli olmasi
durumunda bagka bir bin (dalganin yansidigi
hiicreler) icinden yansiyacak olmasi nedeniyle
alici hattinin oldugu bin‘lerin igine girmeyecek,
atis ve alicinin ortasindaki bir bin’e girecektir.
3B gdc islemi yapildiginda veri gercek yansima
noktasina tam tasinacaktir. Bdylece Yorumcu
isterse 2B seklinde isterse 3B seklinde yorum
yapabilecektir. Bu iglem yorumcu ic¢in bir
avantajdir. Normal bir 3B sismik veriden 2B veri
islem yapillamamaktadir.

Hatay’da yapilan Ornek c¢alisma da 2B veri
islem Arar Petrol AS Veri Islem Merkezi'nde
(Ankara-Turkiye) yapilmistir. 3B veri islem ise
Hardin International Processing Inc. (Teksas-
ABD) sirketinde yapilmigtir. Tamamen
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birbirlerinden bagimsiz veri iglem asamalari
belirlenmis, veri islem is akisi olusturulmus ve
veri iglem yapiimigtir. Kesitler incelendiginde
veri kalitesinin  olduk¢ca yuksek oldugu
goérulmektedir. 2B ve 3B kesitleri
karsilastiriidiginda veri islem parametrelerine
bagl degisiklikler vardir. 2B verinin kalitesi ve
sinyal-gurulti orani daha yuksek oldugu, 3B
verinin ise ayrimhligin daha iyi oldugu
gorulmektedir. Veri iglem parametrelerindeki
farkhhklar Tablo-4'te verilmigtir. Hem 2B hem
de 3B veride yapisal uyumluluk oldukga iyidir.

Yoéntemin dezavantaji ise bin boyutu aliciya dik
yénde yani x-line yéninde genis olmaktadir.

Diger bir dezavantaji ise alici hatlarinin
araliginin kiciuk  secilmesidir. Bunun
sonucunda c¢ok fazla alici hatti ve alici

noktasina ihtiyag vardir.
artirmaktadir.

TESEKKUR

Bu da maliyeti

Bu test calismasinda kullanilan saha verisinin
kullanilmasina izin verdigi icin ARAR Petrol
A.S.'ve (Turkiye) tesekkur ederim.
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oz

Guneydogu Anadolu orojenik kusagi, farkli yas ve litolojilere sahip birimlerin tektonik olarak bir araya gelmesi
ile olusmustur. Bu kusak igerisinde yer alan Orta Eosen yash yastik yapili bazaltik kayaclar ve sedimanter
birimler genel olarak Maden Karmasigi olarak isimlendirililer. Maden Karmasig icerisindeki volkanik
kayaglarin tanimlamasi, yaslandiriimasi, kokeni ve yapisal konumu oldukga tartismalidir. Bu ¢alisma, Catak-
Van bolgesinde Maden Karmasigi volkanik birimlerinden alinan érneklerin petrolojik olarak incelenmesini ve

bazaltlarin olusum mekanizmasinin ortaya konulmasini amaclamaktadir.

Bazaltik kayaglarin petrografik incelemeler sonucunda, bazaltik kayaglarda fenokristal olarak
pilajiyoklaz+piroksen+olivin fenokristalleri yer alirken hamurda ise plajiyoklaz+piroksen+olivintopak mineraller
ile karakteristiktir. Bazaltlar genel olarak hipokristalin dokudadir. Bazaltik kayaglarda gézlenen klorit ve epidot
minerallerinin varligi bu kayaglarin disuk dereceli bir metamorfizmaya maruz kaldiklarini isaret etmektedir.
Jeokimyasal analizler de bazaltlardaki diigiik dereceli metamorfizma ve hidrotermal alterasyonun etkilerini
desteklemektedir. Bélgede gozlenen yastik yapili bazaltik kayaglar, subalkalin-toleyitik ve gegis karakterinde
ozellikler sunmaktadir. Maden Karmasigi'na ait yastik bazaltlarin si§ derinligi temsil eden spinel lerzolit tipi bir
manto kaynagindan tiredigi belirlenmistir. Jeokimyasal olarak, Th, Ta, Nb bakimindan hafif bir zenginlesme
ve hafif nadir toprak elementleri (LREE) [(La/Yb)y=2.1-3.6] bakimindan da kismen zengin birlesimde olmalar
bu kayalarin daha zengin bir kimyaya sahip tiketilmemis bir kaynaktan katki aldigini gdstermektedir. Yapilan
galismalar sonucunda, bdlgede gézlenen yastik bazaltlarinin ana ve iz element verileri birbirine benzer
ozellikler, bazaltlar olusturan magmanin zenginlesmis bir kaynaktan ve benzer sirecglerden etkilenmis
olabilecegini géstermektedir.

Anahtar Kelimeler: Alterasyon, E-MORB, Glineydogu Anadolu, Yastik bazaltlar, Zenginlesme
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ABSTRACT

The Southeastern Anatolia orogenic belt is formed by the tectonic amalgamation of units with different ages
and lithologies. The Middle Eocene pillow-structured basaltic rocks and sedimentary units within this belt are
generally referred to as the Maden Complex. The characterization, dating, origin, and structural position of the
volcanic rocks within the Maden Complex are highly debated. This study aims to petrographically analyze
samples taken from the volcanic units of the Maden Complex in the Catak-Van region and to elucidate the

formation mechanism of the basalts.

As a result of petrographic examinations of the basaltic rocks, it was found that plagioclase, pyroxene, and
olivine phenocrysts are present as phenocrysts in the basaltic rocks, while the groundmass is characterized
by plagioclase, pyroxene, olivine + opaque minerals. The basalts generally exhibit a hypocrystalline texture.
The presence of chlorite and epidote minerals observed in the basaltic rocks indicates that these rocks have
undergone low-grade metamorphism. Geochemical analyses also support the effects of low-grade
metamorphism and hydrothermal alteration in the basalts. The pillow-structured basaltic rocks observed in the
region exhibit subalkaline-tholeiitic and transitional characteristics. It has been determined that the pillow
basalts of the Maden Complex originated from a spinel Iherzolite-type mantle source representing shallow
depth. Geochemically, a slight enrichment in Th, Ta, and Nb, along with a moderate enrichment in light rare
earth elements (LREE) [(La/Yb)N=2.1-3.6], indicates that these rocks have received contributions from a more
chemically enriched, unexhausted source. The studies conducted show that the major and trace element data
of the pillow basalts observed in the region exhibit similar characteristics, suggesting that the magma forming
the basalts might have been influenced by an enriched source and similar processes.

Key Words: Alteration, E-MORB, Southeastern Anatolian, Pillow basalt, Enrichment

GiRiS (Hatay) ve Kogali Ofiyolitleri olusmustur (Parlak

Anadolu’da yer alan tektonik birimler kenet vd., 2009).

kusaklar (sutur zonlari) ile ayrilmaktadir.  Guney Neotetis’'in kapanma yasi Ge¢ Kretase

Olusum yaslar dikkate alindiginda kuzeyde
Triyas doneminde baslayan kenet kusaklari,
doguda Miyosen’de son seklini alir (Sengor ve
Yilmaz, 1981; Yimaz 1989; Ustadmer ve
Robertson, 1997; Okay ve Tuyslz, 1999;
Robertson, 2002; Robertson vd., 2004).

Neotetis Okyanusu’nun gelisimi Ge¢ Jura-
Erken Kretase’'de baslamis ve Geg Kretase'de
Glneydogu Anadolu orojenik kusagdi icerisinde
Berit  (Gdksun), ispendere,  Kémiirhan,
Guleman ve Killan Ofiyolitlerinin meydana
gelmesine sebep olmustur. Giineyde Arap
Levhasrnin kenarinda Baer-Bassit, Kizildag

olarak belirtilmis olsa da (Yazgan ve Chessex
1991; Beyarslan ve Bingdl 2000), genel olarak
kabul edilen goriis Erken—Orta Miyosen ve
sonrasinda  oldugudur  (Yiimaz 1993;
Robertson 1998; 2000). Giliney Neotetis’in
kuzeye dalimi Bitlis ve Putirge Masiflerinin
Orta Eosen’de guineye bindirmesi ile son seklini
almaktadir (Yilmaz, 1993).

Neotetis’in gliney kolu (Sengdr ve Yilmaz,
1981) veya Amanos—Elazig—Van Okyanus
Kolu (Goéncloglu, 2010) olarak isimlendirilen
birimlere ait okyanusal litosfer ve okyanusun
kapanmasi ile gelisen yitim zonu kayaclarini
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iceren kusak, baslica Guleman—K&miirhan—
ispendere ofiyolitleri, Yiksekova Karmasigi,
Baskil Magmatitleri, Helete Volkanitleri ve
Maden Grubu’ndan olusmaktadir. Glinimuzde
bu birimler, Alpin orojenezi ve ardindan
dogrultu atimh faylarla parcalanarak ¢ok
karmasik bir yapiya sahip olmuslardir.

Maden Grubu blylk oranda volkano-
sedimanter kayaglardan meydana gelmektedir.
Maden grubu igerisinde yer alan volkanik
kayaglarin kékeni hala tartismalidir. Bolgede
yapilan calismalarda, birimin olusumu igin;
derin havza c¢okelleri (Rigo de Righi ve
Cortesini, 1964); okyanus ortasi sirti ortami
(lleri vd.,1976); kita ici basen/kita igi yitim
ortami (Yazgan, 1984); yay ardi basen/marjinal
basen/kita ici yerel basen (Peringek ve
Ozkaya, 1981; Sengor ve Yilmaz, 1981; Erler,
1982; Hempton, 1985); marjinal basen
Uzerinde gelismis olgunlasmamis ada yayi
toplulugu (Hempton, 1987); ensimatik ada yayi
toplulugu (Yilmaz vd., 1993); aktif kita kenari
Urtinl (Bingdl, 1988); yay 6nli bélgede gelismis
cek-ayir havza Urini (Aktas ve Robertson,
1984); olgunlasmamis vyay gerisi havza
(Yigitbas ve Yilmaz, 1996) gibi tektonik
ortamlar énerilmistir.

Bu calisma kapsaminda Maden Karmasigi
icerisinde yer alan, yastik bazaltlarin jeolojik ve
jeokimyasal Ozellikleri incelenerek, tartismal
olan bu karmasigin olusum kosullari ile ilgili bir
yaklasimda bulunulmasi amaglanmaktadir.

BOLGESEL JEOLOJi

inceleme alani, Giineydogu Anadolu orojenik
kusad! icerisinde, Bitlis-Zagros sutur zonu
Uzerinde yer almaktadir (Sekil 1a). Glineydogu
Anadolu Orojenik kusagdi, yaklasik olarak dogu-
bati uzanimh 3 farkh kusakta incelenmektedir
(Sekil 1b) (Yilmaz ve Yildinm, 1996). Bu
kusaklar:

1) Prekambriyen'den Erken Miyosen vyas
araliginda, genellikle denizel ortamda gelismis

kalin otokton sedimanter istiften olugan "Arap
Platformu".

2) Arap Platformu’'nun kuzeyinde, yaklasik 5-10
km genisliginde, Ge¢ Kretase-Erken Miyosen
araliginda gelismis ters fay dilimlerinden
meydana gelen "Ekay (Y1disim) Zonu".

3) Maden Karmasigi'nin da iginde bulundugu
en Ust ana tektonik birlik "Nap Zonu"dur.

Bu zonlar, birbirlerinden bindirme faylariyla
ayrilmistir.  Guneydodu Anadolu Orojenik
kusagdinda yer alan birimlerin birbirleriyle olan
iliskileri Sekil 2'deki diusey istifte toplu olarak
gOsterilmigtir.

Glineydogu Anadolu, Arap plakasinin kuzey
kenarinda yer almaktadir. Arap kitasi Uzerinde,
yapisal Ozellikleri farkli iki bdlge
tanimlanmaktadir. Bunlar, kuzeydeki, orojenik
kusaga bitisik olan 6n Ulke kivrim bindirme
kusagdl ve giineye dogru gidildikge kivrim ve
bindirme etkilerinin giderek azaldigi
kesimlerdir. Bu iki bdlge arasindaki sinir,
dereceli bir gegis gosterir. Arap Platformunun
dogu kesimlerindeki istif, Alt Paleozoyik-Alt
Miyosen vyash, genellikle denizel ortamda
gelisen ve cogunlukla sureklilik gdsteren bir
istiftir. Otokton nitelikli bu istifin Gzerine degisik
donemlerde yerlesmis allokton  birimler
bulunmaktadir.

Arap platformunun bati kesimlerinde yer alan
otokton istif iki kisimda incelenmektedir.
Bunlar, "Alt Otokton istif" ve "Ust Otokton istif"
diye adlandirilmaktadir (Yigitbas ve Yilmaz,
1996). Alt otokton istif, Glineydogu Anadolu
otokton istifinin  Prekambriyen’den  Ust
Kampaniyen'e kadar olan kesimini
icermektedir. Bu istifin Uzerine Kampaniyen’de
tektonik olarak ofiyolit ve ofiyolitik topluluklar

yerlesmistir. Bu  birimler altta Karadut
Karmasigi ve Kogali Ofiyolitleri, Ustte ise
Kizildag Ofiyolitleri ve esdegeri dizenli

ofiyolitik dilimlerden olusmaktadir (Alt Nap).
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Sekil 1. a) Guneydodu Anadolu Orojenik Kusag igerisinde g6zlenen birimler (Yilmaz, 1993’den
degistirilerek alinmistir), b) Calisma alanini gosteren jeoloji haritasi (Glinay ve Senel, 2002’den
degistirilerek alinmistir).

Figure 1. a) Units observed within the Southeastern Anatolian Orogenic Belt (modified from Yiimaz, 1993). b)
Geological map showing the study area (modified from Giinay and Senel, 2002).
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Sekil 2. Giineydodu Anadolu Orojenik Kusagdinin stratigrafik disey istifi (Yigitbas ve Yiimaz,

1996

Figure 2 The stratigraphic vertical section of the Southeastern Anatolian Orogenic Belt (from Yigitbas and

Yilmaz, 1996).

Arap kitasi Ulzerine ilk ilerleyen bu ofiyolitik
topluluklar, bdlgeye Alt Maastrihtiyen’de
yerlegmiglerdir. Ust otokton istif ise, Ust
Kretase ofiyolit naplarini ve bunlarin Arap
otoktonu iizerinde gelistirmis oldugu Ust
Kretase deformasyonlarini érten ve Ust
Maastrihtiyen’den itibaren ¢okelimine baslayan
cogunlukla si§ denizel karbonat ve kirintilarla
temsil edilen istiftir (Yigitbas ve Yilmaz, 1996).

Bindirme kusagi, Arap platformu ile Nap
zonunu faylarla birbirinden ayirmaktadir. Ust
Kretase-Alt Miyosen birimlerini iceren bu kusak
dilimlerden olugsmaktadir. Bu dilimler kendi
icerisinde ters konumlanmaktadir. Yani yash
birimler, daha gen¢ birimlerin  Uzerine
gelmektedir istiftir (Yigitbas ve Yiimaz, 1996).
Bindirme kusag igerisinde yer alan volkanikler
(Herete Volkanikleri), sedimanter arakatkili
piroklastik kayacglardan olugsmaktadir. Kusak
icerisinde g6zlenen andezitik volkanizma Ge¢
Eosen doneminde azalmistir. Geg Kretase

yasli ofiyolitik birimler (Meydan Ofiyoliti) bu
volkanik birimler Uzerine tektonik olarak
yerlesmistir (Yigitbas ve Yilmaz, 1996).

Alt Nap bélgesi; Ust Kretase-Alt Eosen yas
araliginda ofiyolitk ve volkanosedimanter
birliklerden olugsmaktadir. Alt napin tabani,
genellikle metamorfizmaya ugramis yastik
yapili bazaltlardan olugsmaktadir. Yastik yapili
bazaltlarin hemen Ustinde yatay konumda
metamorfizmaya ugramis pelajik sedimanter
kayaglar (Kizilkaya Metamorfikleri) yer
almaktadir. Yerel olarak, Kizilkaya metamorfik
birimlerinin Ustlinde yer alan Orta Eosen
yasindaki bir volkanik ve sedimanter kayag
grubu, alt napin en az metamorfik birimlerini
olusturur. Bu birimler genel olarak Maden
grubu diye isimlendiriimektedir. Alt nap
alaninda gdézlenen Maden grubu igerisinde
kivrimh  yapilara sikhkla rastlanmaktadir.
Maden grubu icerisinde yer alan maden istifi,
kismen karasal alkali bazalt 6zelligi gdsteren
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volkanik kayaclar ve bunlara eslik eden
klastiklerle baslar. Tabanda gdzlenen bu
volkanik kayagclarin tipik Ozellikleri dinamik

metamorfizmanin izlerini tasiyor olmasidir.
Maden grubunun Ustine Orta Eosen
sonlarinda ofiyolit dilimleri igceren Berit

Metaofiyoliti gelmektedir. Bu ofiyolit, okyanus
tabani hidrotermal metamorfizmanin izlerini
tasir. Berit metaofiyolitinin Uzerine ise tektonik
olarak Yuksekova Grubu yerlesmistir.

Neotetis Okyanusu'nun Geg¢ Kretase’'den Orta
Eosen sonuna kadar olan evrim sireci iginde,
degisik dénemlerde Maden Havzasi agiimis ve
daha sonraki (Orta Eosen sonu) donemlerde,
yaklasik K-G dogrultulu sikisma rejimiyle bu
havza kapanmigtir. Arap levhasinin kuzeye
dogru bagil hareketinin devam etmesi, bu
alandaki birimlerin kuzeyden glneye dogru
naplar seklinde ilerlemesini  saglamistir
(Peringek, 1980; Yazgan, 1984; Aktas ve
Robertson, 1984; Yazgan ve Chessex, 1991;
Yigitbas ve Yimaz, 1996; Yimaz ve
Yildirm,1996; Kaya, 2004).

Calisma alani igerisinde Maden Grubu'nun
volkano-sedimanter fasiyesleri Orta Eosen’de
¢cOkelen bir baseni temsil etmektedir (Peringek,
1979) (Sekil 1b). Genel olarak Maden Grubu
birimi icerisinde, tabaninda ve riftlesme
evresinde bazaltik bir volkanizma, karasal ve
s1§ denizel kirintil ¢okeller ve uste dogru resifal
kiregtasina ve basenin hizla ¢gdkmesi ile de ince
katmanli  kirmizi renkli kiregtasi, seyl ve
camurtasl gibi pelajik ¢okeller bulunmaktadir
(Aktas ve Robertson, 1984, 1990; Yilmaz,
1993). Bu birimlerin hemen Uzerinde ise, si§
denizel karbonat depolanmasi izlenmektedir.
Bu pelajik ¢cokelime de proto-okyanus gelisimi
evresindeki okyanus ortasi sirti bazalt ve gecis
tipi bazaltlar eslik etmistir (Yigitbas ve Yilmaz,
1996). Bdylece ortaya cikan rift baseni daha
okyanusal evreye ulasamadansikismaya
baslamis ve ekaylanarak kapanmistir.

MATERYAL YONTEM

Jeokimyasal analizler igin 6rnekler arazi ve
petrografik calismalarin sonuglarina gére
secilmistir. Ana, iz ve NTE jeokimyasal
analizleri Kanada'daki ~ Acme  Analitik
Laboratuvarlar’nda (Acme Labs) yaptiriimistir.
Major element analizleri lityum mataborat/
tetraborat fiizyon teknidi kullanilarak ICP-ES
(inductively  coupled plasma  emission
spectrometry; induktif c¢iftlenmis  plazma
emisyon spektrometresi) cihazi ile olgulerek
elde edilmistir. Major element deteksiyon
limitleri % 0.001 ile 0.04 arasinda
degismektedir. Ateste kayip (LOI), 6rnegin
ayristirilmasinda  atesleme  yéntemi ile
belirlenmis ve sonra agirlik kaybinin él¢tlmesi
ile elde edilmistir. iz ve nadir toprak element
(NTE) analizleri igin, 0.2 gr ornek grafit
krozelerde LiBO2/Li2B4O7 ile karigtiriimigtir.
Hazirlanan krozeler firnda kaynatiimigtir.
Daha sonra erimis ornekler %5 HNOs3'de
¢ozdurilmis ve ICP-MS (inductively coupled
plasma mass spectrometry; induktif giftlenmis
plazma kitle spektrometresi) cihazinda iz
element ve nadir toprak element analizleri
gerceklestiriimistir. Majér, iz ve nadir toprak
element analizlerinden elde edilen verilerin
glvenilirligi icin analiz yapilan laboratuvarin
standardi (referans materyal SO-18) ve USGS
standartlari 6rnekler ile birlikte ayni anda analiz
edilmigtir. Standart SO-18 iz ve nadir toprak
elementler icin % 6 veya daha iyi sapma ile
elde edilmigtir.

BULGULAR
Calisma Alaninin Jeolojisi

Calismanin ana konusunu olusturan
volkanikler, bolgede yastik lavlar ve bunlarin
akintilari olarak yer almaktadir (Sekil 2). Yastik
yapili bazaltlar, galisma alani icerisinde Eosen
yash kirectagi-kumtasi birimleri ile ardalanmali
olarak gézlenmektedir. Bu birimlerin hemen
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Uzerinde ise, tektonik olarak yerlesmis Bitlis
Masifi'ne ait kayaglar yer almaktadir. Bolgede
g6zlenen Bitlis Masifine ait rekristalize
kirectaslari ve mermerleri bazaltlar Uzerine
bindirme ile yerlesmeleri sonucunda yastik
yapili bazaltlar yaklasik doguya dogru egim
kazanmiglardir (Sekil 3a,b). Calisma alani
icerisinde gb6zlenen bazaltlar ve bunlarin
akintilari birkag metre  kalinlikta
g6zlenmektedir Porfirik dokulu, kismen de
g6zenekli olarak yer alan yastik yapili
bazaltlarda spilittesme oldukga yaygindir (Sekil
4). Bolgedeki yastik bazaltlari, bazi alanlarda
birbirine yakin ve Ust dste bulunmalari
nedeniyle aralarinda dolgu malzemesi genelde
g6zlenememektedir. Dolgu malzemesinin nadir
olarak gézlendigi alanlarda ise bu malzemeler
radyolarit (Sekil 5a) ve klorit pulcuklari (Sekil
5b) ile doldurulmustur. Yastik bazaltlar,
calisma alani icerisinde makro/mikro
boyutlarda izlenen karbonat ve/veya silis

Yastik Yapilt
Bazaitlar
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dolgulu  kink ve c¢atlaklar tarafindan
kesilmiglerdir. Yastik yapilarinin arasinda
dolgu malzemesinin olmamasi ya da az
oranlarda bulunmasi bu yapilarin yavas
sogudunun bir gdstergesidir (Swanson ve
Schiffman 1979). Inceleme alanindaki yastik
yapih volkanitler genel olarak, kabuk kalinliklari
birkag mm olarak gézlenen ince taneli soguma
kenarlarina sahiptirler. Yastik yapilarinin i¢
kesimleri ise orta taneli bir yapiya sahiptir.
Bdlgede gbzlenen yastik yapilarinda camsi
kenarlarin gézlenmemesi yada ¢ok ince bir
serit halinde gbézlenmesi bu kayaglarin yavas
sogudugunun diger bir gostergesidir (Dimroth
vd., 1978).

Calisma alani igerisinde farkli tiir ve boyutlarda
gbzlenen yastik yapilari da bize lavlarin akig
hizlari ile ilgili bilgi verebilmektedir (Walker,
1992). Boélgede yuvarlak yapili, kiiremsi ve tip
sekilli loblara kadar farkhliklar gésteren bazaltik
yastik yapilari yer almaktadir (Sekil 6).

Yastik Yapilt
Bazaltlar

Rekristalize
Kirectaslari

Sekil 3. a) Maden Karmasigr'na ait yastik yapili bazaltlar ile Bitlis Masifine ait rekristalize
kiregtaglarinin genel goriinimu, b) doguya dogru egim kazanmis yastik yapili bazaltlarin arazi

gorinumleri.

Figure 3. a) General view of pillow basalts belonging to the Maden Complex andrecrystallized limestones of
the Bitlis Massif, b) Field appearances of pillow basalts tilted toward the east.
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Sekil 4. Calisma alani igerisinde gbzlenen porfirik dokulu yastik bazaltlarin arazi gérinimu

Figure 4. Field appearance of porphyritic textured pillow basalts observed within the study area.

)

Sekil 5. Yastik yapili bazaltlarin aralarini dolduran a) radyolarit ve b) klorit dolgusu

Figure 5. Filling between pillow basalts: a) radiolarite and b) chlorite infill.

Sekil 6. Maden karmasigina ait bazaltlarda farkli sekil ve boyutlarda gézlenen yastik yapilari.

Figure 6. Pillow structures of various shapes and sizes observed in the basalts of the Maden Complex.
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Yastik yapilarindaki bu farkliliklar, bazaltlardaki
akma hizinin hem duizensiz oldugunu, hem de
akma hizinin dénemsel olarak degisiklik
gOsterdigine isaret edebilmektedir.

Bazaltik Kayag¢ Petrografisi

Saha calismalan ile toplanan yastik yapili
bazaltlarin petrografik incelemeleri sonucunda,
bu kayaglarda genel olarak benzer mineralojik,
dokusal 6zellikler ile birlikte benzer alterasyon
sureglerine maruz kaldiklari  belirlenmistir.
Bazaltlarin mineralojik bilesim bakimindan,
plajiyoklaz(plj) + ojit(cpx) + olivin + klorit +
epidot * opak(op) mineralden olustuklari
belirlenmistir. Bazaltlarda yaygin olarak porfirik
doku ve amigdoloidal doku hakimdir (Sekil 7a).
Amigdoller genel olarak ikincil silis ve karbonat
mineralleri tarafindan doldurulmustur (Sekil
7b). Bazaltlarda g06zlenen plajiyoklaz ve
piroksen minerallerinin igerisinde kapanimlar
seklinde sfen ve zirkon minerallerine
rastlanmaktadir. Bazi bazalt 6rneklerinin
incelenmesi sonucunda hamur kisminin ince
taneli bilesenlerden olustugu gézlenmektedir.
Kayaglarda hem minerallerden (plajiyoklaz,
piroksen, olivin) hem de hamurdan itibaren,
karbonatlasma, epidotlagma, klorittesme ve
serisittesme  bulunmaktadir  (Sekil 7c-7d).
Kirikli-gatlakli zonlar ve gézenekler s6z konusu
ikincil bilesenlerce doldurulmustur.

Ana fenokristal fazi ve bazi kayaglarda hamur
fazini olusturan plajiyoklaz kristalleri, yer yer
zonlu dokuya sahip yer yer de prizmatik, 1sinsal
yapida ve farkli boyutlarda godzlenmektedir
(Sekil 7e). Plajiyoklazlarda, serisitesme ve
killesme yaygin olarak izlenmektedir (Sekil 7c).
Plajiyoklazlar tek ya da yakin paketlenmis
kristal toplulugu olarak bazen de piroksenlerle
beraber glomero-porfirik dokuyu olustururlar
(Sekil 7a).

incelenen  bazalt  6rneklerinin  biyik
¢ogunlugunda ikinci ana fazi piroksen
fenokristal ve mikrofenokristallleri olugtur-

maktadir. Piroksenler genellikle yari 6zsekilli,
ince uzun prizmatik sekilli izlenirken bazen
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kalinti olarak ya da i¢ yapisi tamamen
bozunmus olarak  bulunur  (Sekil  7f).
Piroksenler ojit olarak tanimlanmistir. Bazi
Orneklerde piroksen minerallerinin tamamen
uralitlestikleri gérulmektedir.

Olivinler ¢ogunlukla o6zsekilsiz/yaridzsekilli
fenokristaller seklinde gorilmektedir.
Genellikle iddingisittesme ve kismen de

serpantinlesme  turt  alterasyonlar  olivin
kristallerinde yaygin olarak gdzlenmektedir
(Sekil 7g). Bazaltik kayaglarin igerisinde
gb6zlenen plajiyoklaz, ojit ve olivin mineralleri ile
birlikte Fe-Ti oksit mineralleri ile ikincil olarak
olusmus klorit, epidot ve karbonat mineralleri
de yaygin olarak izlenir (Sekil 7h). Petrografik
incelemeler sonucunda bazaltlarda gézlenen
klorit, epidot, kalsit minerallerin varlig1 dusuk
dereceli ~metamorfizma ve  hidrotermal
alterasyonun etkilerini yansitmaktadir.

Jeokimya

Bolgede gozlenen bazaltlardan alinan 10 adet
Ornek Uzerinde yapilan galismalar sonucunda
elde edilen major oksit ve iz element
degerlikleri  Cizelge 1'de  verilmektedir.
Bazaltlarda ateste su kaybi (LOI) degerleri
%4.33-6.16 arasinda degisim sunmaktadir.
Bazalt drneklerinin susuz bazda hesaplanan
%SiO2 degerleri  44.44-45.68, %Fe203
degerleri 10.24-11.74, %MgO degerleri 2.37-
7.38, %TiO2 degerleri 1.54-2.00 ve Mg#
[100*(MgO/(MgO+FeO)] degerleri ise 41.13-

66.24 arasinda degisim gostermektedir
(Cizelge 1).
LOI degerliklerinden ve petrografik

incelemelerde, érneklerin kismen alterasyona
ugradiklari g6z 6ninde  bulundurularak
jeokimyasal 6zelliklerin deger-lendiriimesinde,
alterasyondan etkilemeyen /az etkilenen
ornekler  segilmisti.  Ayrica  bazaltlarin
jeokimyasal degerlendirmeleri yapilirken de
alterasyondan az etkilenen elementlerin esas
alindigi diyagramlar tercih edilmistir.

Winchester and Floyd (1977), tarafindan
Onerilen Zr/TiO2-Nb/Y degisim diyagraminda,
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Sekil 7. Bazaltik kayaclarin incekesit goriintileri a) porfirik doku gbsteren plj ve prx den olusan
bazaltlar b) bazaltlar icerisinde gézlenen isinsal plajiyoklaz mineralleri ve amidoller ikincil silis
dolgusu ile doldurulmustur, c) plajiyoklazlarda kenar kisimlardan itibaren gozlenen serisitlesmeler
d) bazaltik kayaclar igerisinde gozlenen kloritlesme, e) zonlu doku gdsteren plajiyoklaz fenokristali
f) bazaltlar igerisinde farkli boyutlarda gézlenen plajiyoklaz mineralleri g) ilksel durumunu
kaybetmis piroksenlerde gézlenen alterasyon h) bazaltlarda gézlenen epidotlasma

Figure 7. Thin section images of basaltic rocks:a) Basalts composed of plagioclase (plj) and pyroxene (prx)
showing porphyritic texture,b) Radiating plagioclase minerals observed within the basalts, and amygdales filled
with secondary silica,c) Sericitization observed starting from the edges of plagioclases, d) Chloritization
observed within basaltic rocks,e) Plagioclase phenocryst showing zonal texture,f) Plagioclase minerals of
varying sizes observed within the basalts,g) Alteration observed in pyroxenes that have lost their original form,
h) Epidotization observed in the basalts.



237 Uner/ Yerbilimleri, 2024, 45 (3), 227-246

Cizelge 1. Catak yastik yapili bazaltlarinin ana oksit ve iz element degerlikleri (*Fe203 ve FeO
degerlikleri Le Maitre, 1976’ya gore hesaplanmistir; Mg#= (100*(MgO/(MgO+FeQ)))

Table 1. Major oxide and trace element values of the Catak pillow basalts (Fe,O; and FeO values were
calculated according to Le Maitre, 1976; Mg# = (100(MgO/(MgO+FeQ)))

sample CB-1 CB-1A CB-2 CB-2A CB-3 CB-4 CB-5 CB-5A CB-6 CB-7
Sio2 42,42 42,65 41,65 42,71 42,86 42,42 42,86 42,76 43,40 42,38
TiO2 1,79 1,61 1,44 1,58 1,63 1,54 1,56 1,67 1,81 1,67
AI203 18,08 17,69 17,31 18,41 18,71 18,43 18,07 17,81 15,90 18,83
Fe203 10,94 10,26 9,59 10,29 10,76 10,47 9,63 10,46 10,54 11,20
MnO 0,18 0,18 0,17 0,17 0,17 0,18 0,16 0,18 0,18 0,18
MgO 4,54 3,38 2,22 4,01 4,30 4,78 2,93 4,60 7,01 3,68
CaO 12,27 13,88 15,50 12,64 12,34 12,52 13,06 12,40 11,19 12,85
Na20 3,33 3,97 4,62 3,81 3,47 3,33 4,62 3,76 3,66 3,43
K20 1,08 0,99 0,89 0,94 0,93 1,09 0,81 0,92 0,85 0,91
P205 0,29 0,26 0,23 0,24 0,25 0,22 0,26 0,28 0,37 0,25
Cr203 0,05 0,05 0,05 0,04 0,05 0,05 0,03 0,04 0,04 0,04
LOI 4,87 4,60 6,16 4,40 4,33 4,80 5,81 4,70 4,78 4,37
Sum 99,82 99,52 99,82 99,23 99,79 99,83 99,82 99,58 99,83 99,78
Rb 7,81 8,02 6,80 8,08 9,46 7,44 7,34 8,41 8,26 9,55
Ba 56,45 87,38 105,64 77,17 100,05 55,07 76,39 79,86 99,01 68,77
Sr 52,07 52,44 48,37 74,56 56,88 39,59 127,19 67,11 56,48 55,41
Pb 59,89 46,97 56,45 17,47 24,59 19,29 8,53 12,59 2,61 7,92
Th 1,99 1,96 1,91 1,93 1,98 1,96 1,87 2,00 2,31 1,89
U <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Zr 45,03 50,78 47,95 50,11 59,35 38,49 52,51 51,72 58,13 50,14
Hf 3,24 3,08 2,90 3,03 3,09 3,16 2,86 3,50 4,91 3,49
Ta 4,93 2,36 1,19 1,07 0,94 0,61 1,67 1,07 1,39 0,73
Y 25,45 24,09 22,92 23,83 23,91 24,54 23,03 25,37 31,56 23,82
Nb 15,22 11,82 9,76 10,14 10,50 10,09 9,84 11,81 18,02 10,58
Sc 22,77 23,96 23,85 24,37 25,25 23,37 24,49 25,09 25,64 26,70
Cr 168,26 163,82 168,61 143,87 154,58 161,77 115,25 142,14 130,99 148,09
Ni 81,40 82,97 62,47 90,11 105,05 97,11 68,16 92,70 105,27 87,90
Co 23,83 23,10 19,32 24,35 26,14 22,46 24,45 25,15 28,31 24,41
\% 61,93 67,27 63,46 67,83 76,41 53,90 73,17 70,57 79,97 69,37
w <0.3 <0,3 <0.3 <0.3 <0,3 <0.3 <0.3 <0.3 <0.3 <0.3

Ga 31,02 29,89 27,41 30,73 31,25 33,45 27,49 31,96 34,76 32,88
Zn 76,68 70,98 63,86 70,31 72,40 65,32 73,19 71,54 72,81 73,99
Cu 55,32 62,48 70,98 71,66 61,14 63,30 90,52 62,54 43,06 54,67
La 11,24 10,27 9,31 10,03 10,26 10,80 9,03 11,02 14,75 10,27
Ce 46,37 47,80 42,77 51,94 54,26 59,16 42,40 59,00 77,70 61,47
Pr 2,99 2,63 2,33 2,51 2,56 2,63 2,33 2,79 3,93 2,49
Nd 13,94 12,56 11,42 12,11 12,33 12,51 11,50 13,30 18,02 12,12
Sm 3,79 3,54 3,30 341 3,53 3,50 321 3,74 4,06 3,68
Eu 1,35 1,29 1,23 1,28 1,30 1,30 1,25 1,38 1,64 1,43
Gd 4,62 4,44 4,19 4,33 4,51 4,40 4,09 4,67 5,83 4,53
Tb 0,80 0,73 0,67 0,69 0,72 0,71 0,65 0,73 0,90 0,69
Dy 4,73 4,57 4,34 4,49 4,66 4,49 4,31 4,79 5,81 4,65
Ho 0,97 0,91 0,86 0,88 0,88 0,91 0,85 0,93 1,15 0,87
Er 2,80 2,69 2,59 2,63 2,67 2,68 2,52 2,83 3,52 2,73
™ 0,36 0,36 0,42 0,35 0,29 0,37 0,40 0,36 0,41 0,32
Yb 2,43 2,39 2,34 2,33 2,39 2,34 2,26 2,52 3,13 2,49
Lu <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Be 0,57 0,58 <0.5 0,56 0,59 0,53 0,58 0,60 0,69 <0.5

Sn 2,90 1,65 0,94 1,12 1,10 0,95 1,32 1,05 0,90 0,99
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tim 6rneklerin subalkali toleyitik bazalt alanina
diistiigli gérilmektedir (Sekil 8a). inceleme

alanindaki  volkanik  kayaclarin  olustugu
paleotektonik ortam ile ilgili yorum yapabilmek
amacilyla Meschede (1986) tarafindan
e / E
F alk. rhyolite
donte \\ / phonoite
i trach P
//
1 8= tephri-
£ ~ | trachy- phonolite
N, 7,/// andes ~ ///
P '/a;desw g
bas.andes. _ =
01 ,/_,// = Z“" foidite A
e as.
basalt .
‘su‘balk‘ ‘ ‘ alk ‘ulua-alk. {a
.01 1 1 10 100
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olusturulan tektonik ayirtlama diyagram-
larindan faydalanilmistir. Diyagramlara gére
tim bazalt &rneklerinin E-MORB alanina
dustugu gozlenmektedir (Sekil 8b).

Nb*2

Al All = WP Alk
AllC=WPTh
B = E-MORB
D = N-MORB
CD=VAB

p4) ¥

Sekil 8. Calisma alaninda gdzlenen yastik yapili bazaltlarin a) Zr/TiO2-Nb/Y siniflandirma
diyagrami (Winchester ve Floyd, 1977), b) Zr-Nb-Y jeotektonik licgen diyagrami (Meschede,

1986).

Figure 8. The pillow basalts observed in the study area:a) Zr/TiO2-Nb/Y classification diagram
(Winchester and Floyd, 1977),b) Zr-Nb-Y geotectonic triangular diagram (Meschede, 1986).

Catak bolgesi yastik yapili bazaltlarindan
alinan 6rnekler, kondrit ve ilksel mantoya goére
normalize edilmis diyagramlara yerlestirilmistir
(Sekil 9). Kondrite gore normalize edilen
ornekler, karsilastirma yapmak amaciyla,
okyanus ortasi sirt bazaltlarr (N-MORB),
zenginlesmis okyanus ortasi sirt bazaltlar (E-
MORB) ve okyanus adasi bazaltlar (OIB)

normalize degerleri de diyagrama
yerlestiriimistir  (Sekil 9a). Kondrite gbre
normalize edilen degerlerde, LREE
bakimindan bir zenginlesme dikkati
cekmektedir.

Degerler incelendiginde ©rnek-lerin genel
olarak E-MORB’a daha yakin oldugu

belirlenmigtir. Orneklerin  (La/Yb)n degerleri
2.20-3.20 arasinda degismekte olup, pozitif Ce
(CelCe*=1.93-2.94) ve zaylf pozitf Eu

anomalisi (Eu/Eu*=0.98-1.11) gO0sterdikleri
belirlenmistir (Sekil 9a). Catak bazaltlarinda
gb6zlenen pozitif Ce anomalisi zirkon, pozitif Eu
anomalisi ise plajioklaz fraksiyonlanmasini

isaret etmektedir. ilksel mantoya gore
normalize edilen ¢oklu element diyagraminda,
bazalt érnekleri pozitif Ta, Pb ve Hf anomalisi
gosterirken, Sr, Zr elementlerinde ise negatif
anomali g6zlenmektedir (Sun ve McDonough,
1989) (Sekil 9b). Jeokimyasal verilerde, yitim
bileseni negatif Nb ve Ta anomalileri ile
karakterize edilmektedir. Boélgeden alinan
orneklerde Nb, Ta anomalisinin goézlen-
memesi, incelenen bazalt drneklerinin manto
kaynak alaninda yitim bilesenine sahip
olmadiklarina isaret etmektedir (Pearce, 1983).
Ayrica bodlgeden alinan 6rneklerde negatif Nb-
Ta anomalisinin bulunmamasi ana magmanin
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gelistigi kaynakta astenosferik ergiyiklerin
katkisini géstermektedir.

TARTISMA VE SONUCLAR

Van ili Catak ilgesi glineyinde gozlenen yastik
yapih bazaltik kayaglarin, jeolojik petrografik ve

jeokimyasal  verileri 1Is1ginda, bazaltik
kayaglarin olusum ortaminin ve evriminin
ortaya konulmasi amaciyla yapilan bu

calismada, kayaclarin jeolojik, petrografik ve
jeokimyasal o6zellikleri incelenmistir. MORB'a
esdeger bir kitle bilesimine sahip olan okyanus
kabugu, okyanus ortasi sirtlardaki hidrotermal
aktivite ve ardindan okyanus tabanindaki deniz
suyuyla etkilesim nedeniyle genellikle yesilsist
fasiyesinde dugik dereceli bir metamorfizmaya
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ugrar (Miyashiro, 1973). Calisma alaninda
gOzlenen yastik yapili bazaltlarda da hem

petrografik hem de jeokimyasal veriler
degerlendirildiginde 6rneklerde metamorfizma
etkisi net bir sekilde gorilmektedir. Petrografik
incelemeler sonucunda kayaglarin klorit, epidot
ve amigdal dolgusu olarak kalsit
bulundurdugunun tespit edilmesi ve drneklerin
tim kayac¢ jeokimya analiz sonuclarina gére
ateste kayip degerlerinin yiksek oldugunun
belirlenmesi, magmatizma sonrasi deniz tabani
hidrotermal degisimiyle ilgili olarak gelisen
akiskan-kayag etkilesimi sonucunda érneklerin
disiik  dereceli metamorfizmaya
ugradiklarinin bir géstergesidir.
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Sekil 9. Calisma alaninda go0zlenen yastik yapili bazaltlarin, a) Kondrite gére (Sun ve
McDonough, 1989) b) ilksel mantoya gére normalize edilen ¢oklu element diyagramlari (Sun ve

McDonough, 1989).

Figure 9. The pillow basalts observed in the study area: a) Multi-element diagrams normalized to chondrite
(Sun and McDonough, 1989), b) Multi-element diagrams normalized to the primitive mantle (Sun and

McDonough, 1989).
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Yastik yapili bazaltlarin maruz kaldiklari
spilitlesme, deniz alti alterasyonu veya
metamorfizma gibi ikincil alterasyon suregleri
sirasinda  genellikle eser elementlerin
hareketliliginde de degisimlerin  olmasi
beklenir. Kayaclarda gdzlenen bu degisiklik
sirasinda, ana elementlerin cogunda ve Ba,
Rb, Sr ve K gibi bazi LILE'ler zenginlesme
olmasi beklenirken, Ti, Nb, Ta, Zr, Hf, Y ve Th
gibi HFSE'lerin ise dislUk sicaklik kosullari
altinda nispeten daha hareketsiz halde
olmalaribeklenmektedir (Pearce ve Cann,
1973; Winchester ve Floyd, 1977). Bazaltik
kayaglarda gbézlenen bu degisimler nedeniyle,
kayaglarin petrojenezi ve tektonik ortamina
iliskin asagidaki tartismada hareketsiz iz
elementler ve REE dikkate alinarak
degerlendirmelerin yapilmasina c¢alisilacaktir.
Calisma alani igerisinde yer alan yastik
bazaltlarinin  Mg# 41.13-66.24 araliginda
degistigi hesaplanmistir. Hesaplanan Mg#
degerleri ile ilksel bazaltik magmaya ait
degerler arasindaki bu farkliligin, Catak yastik

yapili bazaltlarinin, ilksel magmanin
fraksiyonel kristallenmesiyle gelisen
evrimlesmis Urlnler olabilecedi degerlen-
diriimigtir.  Ayrica Cizelge 1'de verilen

6rneklerde duislk SiO: icerigi ile yliksek MgO
ve FeOr degerleri de  orneklerdeki
fraksiyonlanmayi gosteren diger bir 6zelliktir.
Yukarida Dbelirtlen degerler g6z 6nilne
alindiginda Catak bélgesindeki yastik yapili
bazaltlarin olasilikla birincil eriyikleri temsil

etmedigi, mantodan turetilen eriyiklerlerin
parcalanmasi ile degisiklige ugradiklar
soylenebilir. incelenen bazalt 6rneklerinde

go6zlenen ylksek Cr icerikleri (ilksel magma Cr
degeri= 142ppm; Hughes, 1982) magma evrimi
sirasinda klinopiroksen veya spinel
fraksiyonlanmasinin  bir goéstergesi olarak
karsimiza ¢cikmaktadir (Best, 2003).

Bilindigi gibi magmatik kayaclarin jeokimya-
sinin incelenmesinde temel adim, caligilan
alanin tektonik degerlendirmesidir. Her tektonik
ortam, kendine 6zgl jeokimyasal 6zellikler ile
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karakterize  edildiginden, calisma alani
icerisinde yer alan bazaltik kayaglarin, hem
tektonik ortamini  hem de petrojenezini
aciklayabilmek igin bazi degerlendirmeler
yapillmaya caligilacaktir. Thn-Ybn diyagramina
yerlestirilen 6rneklerin E-MORB alaninda yer
aldigi belirlenmistir. Ote yandan TiO2(wt.%)
icerikleri  (0.87-1.94%) E-MORB karakteri
(1.46-1.59%; Schilling vd., 1983) ile uyumluluk
gostermektedir (Sekil 10a). Bununla birlikte,
Catak bazaltlarinda onemli olgide
zenginlestirilmis LREE'lerin  ([La/Sm]n=1.80-
2.34; [La/Yb]n=2.72-3.22) varligi da E-MORB
tipi bir manto kaynagina isaret eder. Bazalt
orneklerinde goézlenen kismen yiksek Zr/Y
oranlar (2.88-3.91) zenginlesmis bir kaynagin
katkisina isaret etmektedir. Coklu element ve
nadir toprak element (REE) diyagramlari goz
onine alindiginda, N-MORB’a gore zenginlik
goOstermeleri (Zr/'Yb=6.4-9.2) ve hafif nadir
toprak elementleri (LREE) bakimindan da
kismen zengin birlesimde olmalari
([La/Yb]N=2.72-3.22) bu kayalarin tiketilmis
bir kaynaga ek olarak daha zengin bir kimyaya
sahip tiiketiimemis bir kaynaktan da katki
aldigini gosterir. Nadir toprak elementlerinde
gézlenen bu zenginlesmenin kaynaginin ise,
magmalarin okyanus-ortasi sirtlarda tst manto
ergimesi sonucu meydana gelen tiketiimemis
karakterdeki bir magmanin (manto sorgucu?)
sisteme dahil olabilecegini dusundirmektedir
(Allegre vd., 1984; Zindler vd., 1984). Sekil
10b’de Catak yastik bazaltlarinin disik Ti/'Yb
ve kismen zenginlesmis Nb degerlerine sahip
olmasi nedeniyle si§ ergime alani igerisinde ve
E-MORB hilesimine yakin bilesime sahip
olduklari  goérilmektedir. Ayni  zamanda
diyagramda bazaltlarin, toleyitik  &zellik
sunduklari da daha net bir sekilde
gOsterilmektedir. Boélgede gbzlenen vyastik
yapili bazaltlarin olusumundan sorumlu olan
kaynak mantosunun si§ derinligi temsil ettikleri
diyagramda goérilmektedir.

Dusuk kismi ergime derecesini temsil eden ya
da daha zenginlestiriimis  kaynaklardan
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tiretilen bazaltik kayacglarin hem ylksek Ce/Y
hem de (La/Yb)n oranlarina sahip olmasi
beklenir (Saccani vd., 2003). Catak bazaltlar
bu agidan incelendiginde, Ce/Y (1.82-2.58) ve
(La/Yb)n(2.70-3.20)  degerlerinin  E-MORB
degerliklerine yakin bir degerlikte olduklari
belirlenmistir. Magmatik kayaclarin tlremis
olduklar ilksel kaynaklarin kismi ergime
surecleri, kismi ergimenin meydana geldigi
derinligi ve alanlari kontrol eden énemli bir
parametredir. Spinel-Granat peridotit siniri
birgok arastirmaci tarafindan 60-80 km olarak

belirtilmistir. Spinel peridotit mineralojisine
sahip bir Spinel peridotit kaynagin sig
derinlikte ve litosferik kaynak oldugu

bilinmektedir (Mc Kenzie and Bickle, 1988;
Wilson, 1989; Mc Donough, 1990; Robinson
and Wood, 1998, Stern et al., 1999). Granat
fazinin varligi ise daha derin bir kaynagi
disUndlUrmektedir. Spinel vel/veya granatga
zengin olan manto kaynaklarinin kismi ergime
sureglerinde nadir toprak elementleri oldukga
kullanighdir. Bu nedenle bdlgede gbzlenen
yastik yapili bazaltlarin olusumunda etkin olan
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(1970) in kullandigi fasiyes modeli ile kismi
ergime kosullarinin ortaya konmasi agisindan
nadir toprak element oranlari ile kismi erime
modelleri olusturulmustur (olusum degerleri
icin Shaw, 1970 formilasyonu ve modal
olmayan toplu eriyik mineral oranlar ise
Saccani 2014 den alinmugtir) (Sekil 11). Sekil
11a'daki model, iki olasi manto kaynagi bilesimi
icin hem granat hem de spinel fasiyesinde
erime egrilerini gostermektedir. S1 ve S2
kaynaklari, siraslyla onemli olclude
zenginlestiriimis ve hafifce zenginlestirilmis
LREE olan bir DMM kaynagini temsil eder.
Hem S1 hem de S2 kaynaklari, DMM'nin
(6rnegin, Ybn=2.08) MREE ve HREE
konsantrasyonlarina esit konsantrasyonlara
sahiptir. Manto kaynak alaninin belirlenmesi
amaciyla olusturulan (La/Yb)-(Dy/Yb) ikili
diyagrami incelendiginde, bdlgede gdzlenen
yastik  yapili bazaltlarin  spinel/granat
oranlarinin  90/10 araliginda toplandigi ve
spinel lerzolitik bir manto kaynadindan ~%0.5-
0.1 araliginda kismi ergime ile olustuklari
belirlenmistir.

manto kaynagdinin belirlenmesi igin Shaw
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10. Catak yastik bazaltlarinin a) Thn-Nbn diyagramindaki yeri,

Nbo/Yo

(Saccani, 2015).

Normalizasyon degerleri N-MORB bilesimine goéredir (Sun and McDonough, 1989), b) TiO2/Yb-
Nb/Yb diagrami (Pearce, 2008) Toleyitik-alkali ayrim ¢izgisi, Macdonald ve Katsura'nin (1964)
toplam alkali ve silika tanimina dayanarak Hawaii bazaltlari (Pearce, 2008) kullanilarak

tanimlanmistir.

Figure 10. The Catak pillow basalts:a) Their position in the ThN-NbN diagram (Saccani, 2015). The

normalization values are based on

the N-MORB composition (Sun and McDonough,

1989),

b) TiO2/Yb-Nb/Yb diagram (Pearce, 2008), where the tholeiitic-alkalic boundary line is defined based on the
total alkali and silica definition by Macdonald and Katsura (1964) using Hawaiian basalts (Pearce, 2008).
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Sonug olarak, Maden Kompleksi igerisinde yer P-MORB  bilesimlerine  sahip  olduklarini
alan Catak bolgesinde gozlenen yastik yapili  gostermektedir. Catak yastik bazaltlarinin P-
bazaltlar genellikle toleyitik karakterden gegcis MORB bilesenleri tarafindan orta/disik
karakterine kadar degisim sergilerler. Tim  seviyede zenginlestiriimis bir kaynagin spinel
kaya¢ kimyasi bu orneklerin yitim bileseni fasiyesindeki 9%0.5-%0.1 oraninda kismi
icermeyen kismen zenginlesmis E-MORB ve  ergimesinden kaynaklandigi diglinulmektedir.
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Sekil 11. Catak bolgesinde gézlenen yastik yapili bazaltlarin La/Yb-Dy/Yb ayrim diyagramlari
(spinel ve granat ergime egrileri Saccani et al., 2014 den alinmigtir) a) hem granat hem de spinel
fasiyesinde S1 ve S2 mantosunun erime egrileri; b) Spinel fasiyesinde S1 ve S2 mantosunun
ergime egrileri. Manto modlari ve erime oranlari Kinzler (1997)'den normalize degerler Sun ve
McDonough'dan (1989) alinmigtir.

Figure 11. The La/Yb-Dy/Yb discrimination diagrams for the pillow basalts observed in the Catak region
(melting curves for  spinel and garnet  taken from Saccani et al, 2014):
a) Melting curves for S1 and S2 mantles in both garnet and spinel facies;
b) Melting curves for S1 and S2 mantles in the spinel facies. The mantle modes and melting rates are
normalized values from Kinzler (1997), and the values are taken from Sun and McDonough (1989).
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0z
Bu c¢alisma, Bati Anadolu'da Kestanbol plitonunu da bulunduran Miyosen yash Ezine-Ayvacik magmatik
kompleksinin kiyisi boyunca uzanan sahilde gézlenen radyonuklid bakimindan zengin plaj kumlarinin
mineralojik bilesimini ele almaktadir. Sahil boyunca radyonklitlerin plaj kumlarindaki dagilimi dizensizdir.
Hantepe plajinda en yiksek 28U ve #2Th serisi spesifik aktiviteleri gozlenirken, “°K spesifik aktivitesi orta
diizeydedir. Buna karsilik, olasilikla Kestanbol plitonundan tireyen malzemelerin agirlikta oldugu glineydeki
plajlarda, Hantepe plajina kiyasla daha yiksek “°K ile daha disuk 2®U ve 2%2Th serisi spesifik aktiviteleri
g6zlenmektedir.
Bu calisma kapsaminda gama spektrometresi, tim ve noktasal jeokimya analizleri kullanilmig, kum
orneklerinin mineralojik bilesimi ve Kestanbol plitonuna ait felsik damar kayaglari ile nefelin monzogabro ve
tefrifonolitik dayklar gibi farkl litolojilerinin radyonuklid konsantrasyonlarinin degerlendirilmistir.
Sonuglar, Hantepe plajindaki yliksek radyoaktivitenin kaynaginin torit grubu mineraller oldugunu ve Kestanbol
plitonunun pegmatitik damarlarinin, bu minerallerin ana kayaci oldugunu ortaya koymustur. Bununla birlikte,
Miyosen magmatizmasinin tim urinlerinin farkli seviyelerde radyoelement ve radyoniklid zenginlesmeleri
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sergiledigi, diger kayag yapici ve aksesuar minerallerin de potansiyel olarak bdlgedeki yiuksek dogal arka
plan radyasyonuna katkida bulundugu degerlendirilmistir.

Anahtar Kelimeler: Plaser, Dogal Radyoaktivite, Radyonuklit, Kestanbol plitonu, Uranyum, Toryum

ABSTRACT

This study investigates the mineralogical composition of radionuclide-rich beach sands along the coast of
the Miocene Ezine-Ayvacik magmatic complex including Kestanbol pluton, in Western Anatolia. The
distribution of the radionuclides shows variations along the coast with the highest recorded radioactivity at
Hantepe Beach, where specific activities of the 2*®U-, and 2*2Th-series are significantly high, while 4K
concentrations are moderate. In contrast, the southern beaches, dominated by material from the Kestanbol
pluton, have higher sk concentrations but lower 2U-, and 2Th-series specific activities than Hantepe
beach.

Using gamma spectrometry, bulk geochemical, and in-situ analyses, we provide a detailed assessment of
the mineralogical composition of the sand samples and the primordial radionuclide concentrations of the
different lithologies within the Kestanbol pluton, such as felsic veins, nepheline monzogabbro and
tephriphonolitic dykes.
We suggest that thorite group minerals control the high radioactivity at Hantepe beach, and pegmatitic
veins of the Kestanbol pluton are the main source rock for thorite minerals. However, all the products of
Miocene magmatism in the region exhibit elevated radioelement and radionuclide contents suggesting
that other accessory and rock-forming minerals are the potential contributors to the high natural background
radiation in the area.

Keywords: Plaser, Natural Radioactivity, Radionuclides, Kestanbol pluton, Uranium, Thorium
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INTRODUCTION environmental radiation exposure, and

Beaches are high-energy depositional geological insights into source rock
environments where weathered and eroded characteristics. However, the understanding of
materials from source rocks are transported, such deposits remains incomplete, particularly
sorted, and deposited by the action of a variety  in regions with complex geological histories
of forces, such as waves, winds, longshore  such as Western Anatolia.

currents and tides. These processes not only
shape the coastal landscape but also lead to
the formation of laminated or lens-shaped
economic mineral deposits, in some cases,
including placers that may contain elevated
levels of primordial radionuclides (Hou et al.,
2017). Such placers, like those found along the
coasts of Brazil, India and Egypt, are typically
associated with specific heavy minerals,
including allanite, xenotime, thorite, monazite,
zircon, and sphene (UNSCEAR Report, 2000).
These types of placers have been extensively
investigated for their economic potential,
particularly for Rare Earth Elements (REE),

Hantepe beach, located near Geyikli, is one of
the high natural background radiation areas at
the northern Aegean coast with Mykonos,
Naxos and Touzla (Filippidis et al. 1997; Orgiin
et al., 2007; Cetiner et al., 2011; Papadopoulos
et al., 2014; 2015; 2016). Furthermore, it has
been demonstrated that this beach exhibits, the
highest mean activity concentration and dose
rates in comparison with the other beaches
surrounding the Anatolia Peninsula (Table 1).
The results of the spectroscopic analysis of
beach sands and nearby rocks revealed that
the high natural background radiation primarily
originates from Kestanbol pluton (Orgiin et al.,
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2007; Cetiner et al., 2011, 2012), a uranium-
rich granitoid that has also been recently
identified as a significant contributor to the high
regional heat flow (Chandrasekharam and
Baba, 2021). Similarly, the Kestanbol pluton is
among the most radiogenic magmatic bodies in
the northern Aegean region, in a manner
comparable to the Oligo-Miocene plutons in
Greece and Western Anatolia (Orgiin et al.,
2007). These include those found in the
Rhodope, Serbomacedonian massifs,
Pelagonian zone and Sakarya Zone
(Papadoupoulas et al., 2014, 2017; Karadeniz
and Akal, 2014; Angi et al., 2017). However,
the Kestanbol pluton is a complex magmatic
body with various lithologies (Karacik and
Yilmaz, 1998; Sahin et al., 2012; Akal, 2012,
Oztiirk et al., 2020). Consequently, it cannot be
considered as the sole contributor to the
observed high natural background radiation.
However, the lack of further lithological or
mineralogical descriptions in previous gamma
spectrometry studies, aside from location
information, has resulted in uncertainty
regarding the type and the exact source of the
radiogenic minerals.

Furthermore, the distribution of radioactivity
along the coastline, running parallel to the
pluton’s west border, shows significant
variability, with Hantepe beach exhibiting the
highest total and 2%°Th specific activities
despite its relative distance from the pluton
(Figure 1). Some specific lithologies, such as
ultrapotassic and potassic dykes previously
classified as the mafic dykes of the Kestanbol
pluton, have high U and Th contents (Orgiin et
al., 2007; Sahin et al., 2012; Akal, 2012, Oztiirk
et al.,, 2020). These lithologies, have been
proposed to explain radioactivity anomalies,
due to their relatively high concentrations of
radioelement and }REE, assuming that
monazite, apatite, zircon and thorite are
common to beach sands and these rocks,
without in-depth mineralogical investigations
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(Unluer et al., 2021, Doner et al., 2022). To
address the uncertainties regarding
mineralogical composition of the sand samples
from Hantepe beach and nearby beaches,
Odunluk and Akliman, and of their source
rocks, we have investigated the sand fractions
by combining gamma spectrometry analysis
with in-situ and bulk geochemical analysis. We
have also performed gamma spectrometry and
bulk geochemical analysis on the rock samples
representing the mafic and felsic dykes and
stocks of the Kestanbol pluton. We report, for
the first time, the lithology-dependent
radionuclide concentrations of the magmatic
rocks and the presence of thorite group
minerals in the beach sands, providing a
comprehensive insight into the sources of
natural radioactivity in the region.

GEOLOGICAL BACKGROUND

The Biga Peninsula in northwest Anatolia
present a complex tectonic landscape of
amalgamated oceanic and continental
fragments, extensively overlain by Tertiary
magmatic activity, which produced a range of
plutonic and volcanic formations. The pre-
Tertiary tectonic history of the area is a topic of
considerable debate, but its magmatism is
relatively well understood (Okay et al., 1991,
Okay and Satir, 2000; Beccaletto ve Jenny,
2004, Okay and Gonclioglu, 2004; Duru et al.,
2012, Aygdl et al., 2012; Yigitbas and Tung
2020). Magmatism  began  with  the
emplacement of middle Eocene plutons in the
northern parts of the peninsula, subsequently
migrted southward, forming the Kestanbol,
Evciler, Eybek, Yenice, and Kazdag plutons,
accompanied by the Oligo-Miocene volcanism
and core-complex exhumation (Karacik and
Yilmaz, 1998; Aldanmaz et al., 2000;
Altunkaynak et al., 2012; Black et al., 2013;
Aysal, 2015; Oztirk et al., 2020). These
magmatic associations are unconformably
overlain by shallow marine carbonates and
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Figure 1. Geologic map of SW Biga Peninsula and its surroundings is adapted from Karacik
(1995). Map of basement rocks to the north of Aladag is from Yigitbas and Tung¢ (2020).
Radionuclide contents of representative samples of beach sand (S), plutonic/hypabyssal (G) and
volcanic (V) rocks compiled from Orgiin et al. (2007) to show the relative contents of primordial
radionuclides (?%®U and 2%2Th series and “°K). Pie charts, with radii proportional to the total
radionuclide content of each sample, were generated using QGIS.org (3.34.6).

Sekil 1. Biga Yarimadasi’'nin giineydogusunun jeoloji haritasi Karacik’tan (1995) uyarlanmistir. Aladag’in
kuzeyinde metamorfik temel kayalarin dagilimlar Yigitbas ve Tung'tan (2020) alinmustir. Plaj kumlari (S),
pliitonik/hipabisal (G) ve volkanik (V) kayalarin dogal radyoniiklit (*®U ve 232Th serisi ile “°K) igerikleri Orgiin
vd.’nden (2007) derlenmistir. Orneklerde dogal radyoniiklidierin oransal dagilimlarini gésteren ve yarigaplari
toplam radyondiklit icerigi ile orantili olan pasta grafikler QGIS.org (3.34.6) ile hazirlanmistir.
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Table 1. The mean specific activity concentrations (Bq kg) of primordial radionuclides (238U
series, 2*?Th series, and “°K) and the range of dose rate (uGy/h) were measured in the beach
sands of Anatolia and in some of the high natural background areas around the world (1: Cetiner
et al. 2012; 2: Ozden and Akézcan, 2021; 3: Kapdan et al., 2012; 4: Kucukomeroglu et al., 2016;
5: Kucukomeroglu et al., 2016; 6: Kucukomeroglu et al., 2016; 7: Aytekin et al., 2015; 8: Yalcin
and Unal, 2018; 9: Taskopri et al., 2024; 10: Unal et al., 2024; 11: Papadopoulas et al., 2014;,
12: Papadopoulas et al., 2015; 13: Papadopoulas et al., 2016; 14: Papadopoulas et al., 2016; 15:
Veiga et al., 2006; 15: UNSCEAR Report, 2000; 17: Mohanty et al., 2004).

Tablo 1. Diinya geneinde bazi yiiksek dogal arka plan radyasyonu alanlari ile Anadolu’da cesitli plajlarda
6lgiilmiis dogal radyoniiklitlerin (**8U serisi, 232Th serisi ve “°K) ortalama aktivite konsantrasyonlari ve doz hizi
araligi (1: Cetiner vd. 2012; 2: Ozden ve Akézcan, 2021; 3: Kapdan vd., 2012; 4: Kucukomeroglu vd., 2016;
5: Kucukomeroglu vd., 2016; 6: Kucukomeroglu vd., 2016; 7: Aytekin vd., 2015; 8: Yalcin ve Unal 2018, 9:
Tagkoprii vd., 2024; 10: Unal vd., 2024; 11: Papadopoulas vd., 2014; 12: Papadopoulas vd., 2015; 13:
Papadopoulas vd., 2016; 14: Papadopoulas vd., 2016; 15: Veiga vd., 2006;15: UNSCEAR Raporu, 2000; 17:
Mohanty vd., 2004).

Mean Specific Activity (Bq kg'l) Dose Rate (1 Gy h'l) Reference

Location ZSEU 232Th 40K

Hantepe Beach, Canakkale 3616.0 12096.7  1364.3 0.00-10.1 [1]
Aliaga, izmir - 50.2 721.3 0.05-0.10 [2]
Kapidag, Balikesir 16.5 67.1 569.2 0.02-0.29 [3]
Trabzon 12.0 7.0 224.0 0.00-0.05 [4]
Giresun 21.0 14.0 531.0 0.00-0.07 [4]
Ordu 24.0 11.0 645.0 0.00-0.11 [4]
Zonguldak 23.2 20.0 244.8 - [5]
Kumluca, Antalya 68.0 38.0 341.0 0.01-0.12 [6]
Lara, Antalya 11.9 9.8 238.1 0.01- 0.04 [7]
Cleopatra and Damlatas, Antalya - 24.0 276.9 0.00-0.07 [8]
Sarti and Sykia, Chalkidiki 61.0 140.2 496.2 0.03-0.28 [9]

Aspri Ammos, Kavala, Nea Peramos,

. i 323.4 1211.9 661.9 0.06-3.01 [10]
Ag Marina, Eleoxori, Kavala
Naxos Island 199.0 601.8 433.3 0.04-1.25 [11]
Mykonos Island 127.6 1276.0 995.4 0.07-6.46 [11]
Guarapari, Brazil - 55537.0 63.0 0.09-90.0 [12, 13]
Orissa, India 350.0 2825.0 180.0 0.64-3.09 [14]

Earth's Average 33 45 420 0.06 [13]
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continental clastics, and the magmatic activity
diminished by the Late Miocene-Pliocene,
producing mainly alkali basaltic lavas
(Aldanmaz, 2000; Aysal et al., 2015). Miocene
magmatism has left a significant imprint on the
regions around Ezine and Ayvacik, where
radionuclide-rich sands are found. This
magmatism is exemplified by the Kestanbol
pluton, the Ayvacik volcanic assemblage to the
east and south of the pluton, and the Balabanli
volcanic assemblage, which is exposed
between Glilpinar, Babakale, and Behramkale
(Karacikk, 1995). The beaches hosting
radioactive placers are bordered by pre-
Tertiary basement rocks, Miocene magmatic
association and Late Miocene-Pliocene
sedimentary cover units. Since basement and
cover units have negligible radionuclide
concentrations, this study focusses on the
magmatic association which is the primary
source of radionuclide enrichment in the beach
sands.

Basement Rocks

The pre-Tertiary basement of the Biga
Peninsula considered to be associated with
various tectonic units such as Kazdag Massif,
Sakarya Continent, Rhodope Zone, Karakaya
Complex, and Intra-Pontid Suture (Okay et al.,
1991; Okay and Satir, 2000; Beccaletto and
Jenny, 2004; Okay and Gonclioglu, 2004; Duru
et al.,, 2012; Aygul et al., 2012; Yigitbas and
Tung 2020). In the vicinity of the radioactive
placer beaches, the basement, so-called
“Ezine zone”, consisting of metamorphic
(Karadag group and Camlica massif) and
ophiolitic (Denizgéren ophiolite) units (Okay et
al., 1990; Duru et al., 2012; Yigitbas and Tung
2020). The metamorphic units form a narrow
belt along the coast between Kestanbol in the
north and Kdsedere, with broader outcrops
northeast Geyikli, overlain by Cretaceous
ophiolite. The lower part of the metamorphic
succession is represented by low-grade
metaclastic and metacarbonate sequence
(Duru et al., 2012, Yigitbas and Tung 2020).
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Metaclastic units consist of varying amounts of
guartz, muscovite, chlorite, epidote and calcite
and accessory tourmaline (Karacik, 1995;
Yigitbas and Tung, 2020). The upper part of the

succession is made up of a metacarbonate
sequence containing massive recrystallised
and laminated clay rich limestones and
conglomerates (Duru et al., 2012).

The uppermost part of the Ezine Zone is
represented by Denizgdéren ophiolite which
consists of harzburgite and sporadic gabbro
with diabase-type ultramafic and ultrabasic
rocks that affected by extensive
serpentinization. The ophiolitic units have
limited outcrops around the Kestanbol pluton,
but from Karadag to northwards, they form a 2-
3 km wide and 10 km long tectonic slice. The
primary mineralogical composition has
changed due to the serpentinization, the veins
filled with secondary epidote and albite.

Magmatic Association

Magmatic association in the region comprises
a pluton of quartz monzonitic-granodioritic
composition, named Kestanbol pluton with
coeval lava- and pyroclastic -dominated
volcanics known as Ezine and Balabanli
volcanic successions respectively (Figure 1).
Isotopic age analysis suggests that the
magmatic association developed in Early
Miocene (Kestanbol pluton: 22.43 + 0.26 -
22.10 £ 0.25 Ma, Ezine volcanics: 21.83 £ 0.21
Ma, Balabanli volcanics: 19.38 + 0.18 Ma;
Oztiirk et al., 2020 and references therein).

Kestanbol Pluton

The Kestanbol Pluton outcrops over an area of
about 140 km? between Ezine and Geyikli and
Kdsedere. It is bordered to the north and north-
east predominantly by metamorphic basement
rocks and to the north-east by ophiolitic rocks.
The pluton has a transitional contact with
altered felsic lavas and tuffs via its hypabyssal
equivalent, the Poruklu Formation. It also has a
contact, an aurole defined by hornblende- and
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Figure 2. Field photos of the enclaves, felsic and mafic dykes of the Kestanbol pluton, a) mafic
microgranuler enclave, b) monzonitic country rock crosscut by mafic dykes and pegmatitic veins,
c) close-up view of the crosscutting relations ship between mafic dyke and pegmatitic vein, d)
aplitic dykes within weathered monzonitic country rock, e) general view of the nepheline
monzogabbro block, f) close-up view of the nepheline monzogabbro with dark, massive and
granular texture.

Sekil 2. Kestanbol piitonuna ait anklavlar ile mafik ve felsik dayklari gbsteren saha fotograflari, a) mafik
mikrograniiler anklav, b) monzoniti kesen mafik dayklar ile pegmatitik damarlar, c) pegmatitik damari kesen
mafik daykin yakindan g6riinimi, d) ayrismig monzonitler iginde aplit dayklari, e) nefelin monzogabro
blokunun genel g6rinimi, f) koyu renkli, masif ve graniiler dokulu nefelin monzogabronun yakindan
gorindimii.
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pyroxene-hornfels with an aplitic zone (the
chilled margin) along its western boundary with
metamorphic basement rocks (Karacik and
Yiimaz, 1998). The pluton contains mafic
microgranular enclaves and cut by a set of
dykes and veins revealing ultrapotassic, latitic,
pegmatitic and aplitic compositions (Figure 2a-
f; Karacik and Yilmaz, 1998; Sahin et al., 2010;
Akal, 2013).

The outcrops of the Kestanbol Pluton are
characterized by rounded, massive boulders
with minimal jointing, a distinctive feature of the
northern exposures. In various locations, the
plutonic  rocks exhibit an arena-like
appearance, indicative of extensive
weathering. These rocks are holocrystalline
with coarse to medium grains of alkali feldspar,
plagioclase, quartz, biotite, amphibole with
accidental clinopyroxene, in varying
proportions (Figure 3a-b). They are classified
as monzonite, quartz monzonite syenite and
granite  based on their mineralogical
composition by different studies. According to
Anda¢ (1973, 1975), the earliest study
investigating the geological background of the
high natural background radiation in the region,
accessory minerals in the plutonic rocks are
sphene, zircon, allanite, apatite, epidote,
thorite, uranothorite (% 0.1-4.5). Notably,
sphene, the most abundant accessory mineral,
occasionally challenging its classification as an
accessory phase with a modal proportion
above 1%, can locally form anhedral grains up
to 0.5 mm (Figure 3a). The Poruklu formation,
hypabyssal equivalent of the pluton, share
identical mineralogical composition but display
porphyritic textures (Figure 3c). However, no
findings of radiogenic accessory phases have
been reported from these rocks, to our
knowledge. The chilled margin of the pluton
extending to the east, defined as aplogranitic
rocks (Karacik and Yilmaz, 1998) reveal a fine-
grained granular and perthitic texture with a
feldspar-dominated mineralogy. Disseminated
enclaves within the pluton are abundant and
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classified as monzonite, diorite and their
quartz-bearing variations (Sahin et al., 2010).
They are holocrystalline, fine grained and more
enriched with hypidiomorphic mafic minerals
resulting in a darker colour when compared to
their host but their mineralogical compositions
are comparable (Figure 3d). They are
consisting of plagioclase, hornblende, biotite,
K-feldspar, quartz, pyroxene and sphene,
apatite, epidote with oxide minerals as
accessory phases (Sahin et al., 2010).

The veins and dykes cutting through the pluton
are diverse including pegmatite, aplite, latite
porphyre/micromonzonite, lamprophyre and
leucite porphyry classified under the felsic and
mafic dyke groups by Sahin et al. (2010).
Aplitic, pegmatitic and granophyric dykes
exhibiting sharp contacts with the country rocks
(Figure 2a-b). These rocks vary in grain size,
with  pegmatites  containing  K-feldspar
megacrysts whle aplitic and granophyric types
are generally fine- to medium-grained,
equigranular, and locally porphyritic. Andag
(1975) identified uranothorite and thorite
inclusions along with magnetite, sphene,
apatite and zircon within the hornblendes in
some of the aplitic veins to the north of the
Kestanbol pluton around Aladagd, which
correlated with the local anomalies in
radioactivity. During our field studies, we
identified radiogenic veins and dykes in a road
cut between Kemalli and Geyikli, characterized
by a purplish-pink colour, medium to coarse
grain size and thicknesses of 15-20 cm for the
vein and 30-50 cm for the dyke. The vein,
consisting of green, dull and prismatic crystals
of ~0.5 mm in some parts, is cut by one of the
mafic dykes of the Kestanbol pluton (Figure 2b-
c¢). Petrographic studies on the representative
samples suggest that the rock can be classified
as a K-feldspar pegmatite consisting perthitic
K-feldspar, plagioclase with minor amphibole
and occasional clinopyroxene (Figure 4a-d).
Carbonate minerals display sharp boundaries
with feldspars and may include acicular
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Figure 3. Micro-photographs of the samples representing plutone and its transitional contact
(Poruklu formation) with mafic microgranular enclaves, a) plane polarized light view of
holocrystalline medium grained monzonite with hypidiomorphic hornblende (hbl), feldspar
phenocrystals, sphene microphenocrystal with zircon and apatite microcrystals, b) plane polarized
light view of monzonitic sample with anhedral biotite (bt) phenocrystals with acicular zircon (zrn)
and apatite (ap) inclusions, c) cross polarized light view of monzonite porphyre (Poruklu formation)
with porphyritic texture due to the phenocrystals and microcrystals of K-feldspar (kfs), d) plane
polarized light view of mafic microgranular enclave with abundant biotite and plagioclase crystals
displaying inequigranular, hypidiomorphic textures.

Sekil 3. Pliitonu, pliitonun gegis zonu (Poruklu Formasyonu) ve mafik mikrograndiilar anklaviarini temsil eden
6rneklerin mikrofotograflari a) holokristalen orta taneli monzonitlerde hipidiyomorfik hornblend (hbl) ve feldispat
fenokristalleri, sfen mikrofenokistallari ve zirkon, apatit mikrokristallerinin dogal 1sikta gbriiniimi, b) monzonitte
ignemsi zirkon ve apatit kapanimlari bulunduran anhedral biyotitin (bt) dogal i1sikta gériiniimii, c) monzonit
porfirde (Poruklu formasyonu) K-feldispat fenokristal ve mikrokristallerine bagli porfirik dokunun polarize igikta
g6riiniimi, d) hipidiyomorfik dokulu, biyotit ve plajiyoklas bulunduran mafik mikrograniiler anklaviarin dogal
1s1kta genel gérinimui
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Figure 4. Micro-photographs of a representative sample from the most radiogenic pegmatitic vein,
one of the felsic dyke type in the Kestanbol pluton, a) altered feldspars characterized by an earthy
appearance and idiomorphic sphene (Spn) crystals (plane polarized light), b) acicular ilmenite
crystals in secondary carbonates alongside an idiomorphic clinopyroxene phenocrystal (plane
polarized light) ¢) plane polarized light view of the sample showing partly opaque uranothorite (U-
Thr) crystal and altered amphibole (amp) crystals, d) cross polarized light view of the same area,
revealing the microperthitic texture.

Sekil 4. Kestanbol pliitonuna ait felsik dayklardan, radyojenik pegmatitik damara ait temsilci érneklerin mikro-
fotograflari, a) topragimsi gériiniim ile tipik alkali feldispat ve idiyomorfik sfen (Spn) kristallerinin gériiniimdi
(dogal 1s1k), b) idiyomorfik klinopiroksen fenokristali ile ikincil karbonatlar iginde asikiiler ilmenit kristalleri (dogal
1$1k) ¢) kismen opaklasmis uranotorit (U-Thr) kristali ve altere amfibol (amp) kristalleri (dogal isik), d) ayni
alanin polarize 1s1k altinda g6riiniimii mikropertititk dokuyu ortaya ¢cikarmaktadir.

ilmenite and other opaque minerals (Figure
4b). The green prismatic minerals identified by
in-situ analysis as uranothorite micro- and
pheno-crystals, are partlially opaque and have
a reddish birefringence (Figure 4c-d). Sphene
is the most abundant accessory mineral
accompanied by apatite.

Previously described as lamprophyres and

leucite-porphyry (Sahin et al., 2010), the mafic
dykes, are of ultrapotassic/shoshonitic
composition. Their nomenclature was updated
by Akal (2012) as the leucite-aphyric and
leucite-phyric tephriphonolite dykes. Outcrops
are well-exposed on road cuts near Geyikli and
Kemalli. The leucite-aphyric dykes, 30-50 cm
thick, have sharp contact with the plutonic
rocks into which they have intruded, dark in
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colour and earthy in appearance. They have
fine grained porphyritic  textures  with
extensively altered phenocrystals of biotite and
plagioclase replaced by chlorite and a mixture
of sericite and epidote respectively (Figure 5a-
b). The groundmass is aphanitic with micro-
crystals of clinopyroxene, biotite, K-feldspar
and plagioclase that were replaced by
secondary minerals due to extensively
alteration.

The leucite-phyric variety is characterized by
the porphyritic textures with white, large and
euhedral leucite phenocrystals (up to 1.5 cm)
in a black matrix. Unlike the leucite-aphyric
variety they have irregular, lobulated margins
with the country rocks as observed along
Geyikli roadcuts. They are also found in the
form of stocks, as evidenced by the hill on
which Aladag village is situated,which is partly
composed of such stock. Petrographic analysis
reveals euhedral prismatic, pheno- and micro-
crystals of clinopyroxene, diopsitic in
composition, as the main mafic phase,
accompanied by olivine microphenorystals with
reaction rims (Figure 5c-d). Similarly, feldspars
also indicate that equilibrium is not reached in
these magmas, thus when found in the form of
phenocrystals, plagioclase crystals are usually
mantled by K-feldspar (Figure 5c-d). Biotite,
along with feldspars, is a groundmass phase.
Leucite  phenocrystals are  extensively
pseudomorph by K-feldspars and enriched with
apatite and clinopyroxene inclusion (Figure 5e-
g). Apatite is the major accessory mineral in
both types of the tephriphonolites and zircon is
absent.

In addition to the mafic microgranular enclaves
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and tephriphonolitic dykes in the pluton, we
identified an ellipsoidal block of dark, massive,
holocrystalline, granular dioritic rock (~5 x 3 m
in size) near Kemalli. Its contact with the
country rocks is unclear due to vegetation and
debris of its own (Figure 2c-d). A recent study
reported the presence of essexite dykes within
the pluton, describing them  having
predominantly pyroxene accompanied by
plagioclase, amphibole, K-feldspar with zircon,
apatite and monazite with a porphyrtic texture
in contact zone (Unluer et al., 2021). According
to the glossary of igneous terms, essexite is “a
variety of nepheline-bearing monzogabbro or
nepheline monzodiorite containing titanian
augite, kaersutite and/or biotite  with
labrodorite, lesser alkali feldspar and and
nepheline” (Le Maitre, 2002). The term was first
used for basic rocks consisting of augite,
hornblende, biotite, plagioclase and orthoclase
and nepheline or sodalite (Washington, 1899),
indicating that the presence of foids is essential
for the nomenclature of these rocks. Despite
Unliier et al. (2021) identifying the rocks as
‘essexites,’ their description lacks evidence for
nepheline, an essential rock-forming mineral in
essexites. Our detailed examination of
representative samples clearly demonstrates
the presence of interstitial nepheline, together
with plagioclase, K-feldspar and prismatic
diopside and biotite phenocrystals/micro-
crystals (Figure 5h-i). This confirms that these
rocks are more accurately classified as
nepheline monzogabbro. Furthermore, while
sphene and apatite are abundant, we found no
evidence of zircon or monazite, which further
distinguishes our observations from the
previous descriptions.
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Figure 5. Micro-photographs of the samples representing the mafic dykes and the nepheline
monzogabbro block within the Kestanbol pluton, a) plane polarized light view of leucite-aphyric
tephriphonolite with hemicrystalline porphyritc texture, biotite and clinopyroxene crystals replaced
by secondary minerals due to intensive alteration, b) cross polarized light view of the same area,
c) highly porphyritic texture in leucite-phyric tephriphonolite sample with euhedral
microphencrystals of diopsite (di) and olivine (ol), and subhedral plagioclase (pl) phenocrystal
mantled by K-feldspar, apatite (ap) microcrystals reaching up to 0.2 mm, d) cross polarized light
view of the same area, e) scanned thin section showing highly porphyritic texture resulted from
the pseudo-leucite phenocrystals, f) pseudo-leucite phenocrystal with apatite and clinopyroxene
inclusions, g) cross-polarized view of the pseudo-leucite h) intersertial nepheline (npl),
hipidiomorphic biotite, idiomorphic diopsitic clinopyroxene and altered feldspars with abundant
apatite microcrystals, i) cross polarized light view of the same area.

Sekil 5. Kestanbol pliitonu igcindeki mafik dayklara ve nefelin monzogabro blokuna ait temsilci numunelerin
mikro-fotograflari, a) hemikristalin porfirik dokulu Iésit-afirik teprifonolitte ikincil minerallerce ornatilmis biyotit
ve klinoprioksen kristallerinin dogal i1sikta gériiniimleri, b) ayni alanin polarize isikta gériiniimdi, c) ileri
derecede porfirik doku sergileyen [6sit-firik teprifonolitte éhedral diopsit (di) ve olivin (ol) mikrofenokristalleri,
K-feldispat ile gevrelenmis subhedral plajiyoklas (pl) fenokristali ve 0.2 mm’ye ulasan blylikliikte apatit (ap)
mikro kristalleri, d) ayni alanin polarize 1sikta gériiniimu, e) I6sit-firik tefrifonolite ait taranmis ince kesitte I6sit
fenokristallerinden kaynaklanan ileri derecede porfirik doku, f) apatit ve klinopiroksen kapantilari iceren psédo-
16sit fenokristalinin dogal 1sikta gériiniimi, g) psédo-Iésitin polarize 1sikta gériiniimii, h) nefelin monzogabro
orneginde intersertal nefelin (npl), hipidiyomorfik biyotit, idiyomorfik diyopsitik klinopiroksen ve altere
feldspatlar, bol miktarda apatit mikrokristalleri, i) ayni alanin polarize isikta gériiniimdi.
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Volcanics

Miocene volcanism in the region produced
lava- and pyroclastic-dominated successions
in the region, named as Ayvacik and Balabanli
volcanics. Ayvacik volcanics consist of rhyolitic
to dacitic lavas and associated breccias and
tuffs, which are widely outcropping out as an
envelope to the east and south of the plutonic
complex. Silicification and hydrothermal
alteration processes extensively affected these
lithologies and formed clay enrichments along
the faults. These lavas overlie Kestanbol pluton
but are also found as dykes intruding the
plutonic complex. Andesitic lavas and lahar
deposits extending from Ezine to Ayvacik,
dominates upper part up the succession.
Ayvacik volcanics were identified with the
presence of typical rock forming minerals such
ascplagioclase, quartz, K-feldspar, biotite,
hornblende along with accessory minerals, like
sphene, epidote, apatite, and zircons (Karacik,
1995).

The Balabanli volcanics, located south of the
Biga Peninsula and bordered by Tuzla Fault to
the north, are dominated by pyroclastic
deposits with the limited input of lavas of
andesitic, latitic and rhyolitic compositions
(Figure 1). Pyroclastic facies include base
surges, welded, and non-welded ignimbrites,
with volcanic clasts embedded in a pumice-ash
matrix. The youngest unit is rhyolitic, forming
the Tuzla dome, with abundant quartz, alkali
feldspar, biotite, and hornblende. Accessory
minerals, such as apatite, rutile, and zircon,
occur as inclusions in plagioclase and biotite.

Cover Units

The sedimentary cover units exposed in the
area running parallel along the coast. At the
base, the cover units are represented by
coarse-grained, chaotic deposits that change
upward into conglomerates made up of

Gllmez vd. / Yerbilimleri, 2024, 45 (3), 247-273

metamorphic and plutonic rock fragments. The
accumulation of this clastic package controlled
by the adjacent fault blocks (Karacik and
Yilmaz, 1998). Above it lies, a fossil-rich,
micritic white limestone that date to the Late
Miocene-Early Pliocene (Karacik and Yilmaz,
1998).

GEOCHEMICAL AND RADIOGENIC
FEATURES OF THE BEACH SANDS AND
ROCK UNITS

Bulk rock data indicate that metapelites within
the basement rocks have the highest uranium
(2.96 ppm) and thorium (12.35 ppm) contents,
though they remain within upper crustal values
(Yigitbas et al., 2014). Measurements of the
metamorphic rocks, from outcrops west of
Geyikli and south of Tavakli, confirm that the
contribution of these rocks is negligible to total
radioactivity (*38U: 1-53 Bq kg%, 232h: 1-27 Bq
kg, 4K: 1-50 Bq kg'%; Orgiin et al., 2007). In
contrast, the Kestanbol pluton, with its
monzonitic-quartz monzonitic rocks and their
mafic microgranular enclaves with
monzodioritic, dioritic compositions, exhibits
elevated U (7.3 — 17.4 ppm) and Th (33 — 80
ppm) (Sahin et al., 2012; Oztiirk et al., 2020)
levels. These concentrations classify the
Kestanbol pluton as a uranium-rich variety, as
the granites with uranium contents exceeding
12 ppm are typically called as uranium granites
(Tassinari, 1992; Peiffert et al., 1994).

More significantly, felsic and mafic dykes within
the pluton have even higher concentrations of
uranium and thorium with felsic dykes (SiOz:
60.4 - 77.7 wt.%) containing, 8-29 ppm uranium
and 39 — 61 ppm thorium (Sahin et al., 2012).
In contrast, tephriphonolitic mafic dykes (SiO2
< 53 wt.%) with leucite-phyric (U: 22 — 34 ppm,
Th: 92 — 114 ppm) and leucite-aphyric (U: 13 —
18 ppm, Th: 50 — 74 ppm) varieties have the
highest uranium and thorium concentrations
(Akal, 2012).
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Published data (Orgiin et al., 2007) indicates
that the plutonic and likely the hypabyssal
rocks of the magmatic association in the region
show the highest specific activities of uranium-
series (*%8U: 91-361 Bq kg?),  thorium-series
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(®%2Th: 110-341 Bq kg™?) and potassium (*°K:
670-1572 Bqg kg?) suggesting a strong
association  between  mineralogic and
radionuclide concentrations of these rock.
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Figure 5. Primitive mantle normalized multi element patterns for the samples a) patterns for
nepheline monzogabbro (2366) sample from this study with samples of leucite-aphyric, leucite-
phyric tephriphonolites and of mafic microgranular enclave, b) patterns for alkali feldspar
pegmatite (23109) with a representative felsic dyke and monzonite sample, c) patterns for
representative samples of rhyolitic lava of Ayvacik volcanics, Poruklu formation, monzonite and
continental crust, d) patterns for sand fractions of this study. Basement rock is the average of
metapelitic rocks of Karadag Formation (Yigitbas et al., 2014), continental crust is from Condie
(1993), monzonite, mafic microgranular enclave and felsic dyke are from Sahin et al. (2010),
leucite-phyric (LP) and leucite aphyric (LA) tephriphonolites are from Akal (2013), Poruklu
Formation and rhyolitic lava are from Oztiirk et al. (2020).

Sekil 5. Orneklerin ilksel mantoya normalize ¢oklu element desenleri a) nefelin monzogabbro (2366), I6sit-
afirik, I6sit-firik teprifonolit ve mafik mikrograniiler enklav érnekleri, b) radyojenik pegmatit (23109) ile felsik
dayk ve monzonitlere ait drnekler, c) Ayvacik volkaniklerinin riyolitik laviari, Poruklu formasyonu, monzonit ve
kitasal kabugu temsil eden érnekler, d) kum fraksiyonlari. Temel kaya Karadag Formasyonu'nun metapelitik
kayaclarinin ortalamasini temsil etmektedir (Yigitbag vd, 2014), kitasal kabuk Condie (1993), monzonit, mafik
mikrograniiler anklav ve felsik dayk: temsil eden érnekler Sahin vd. (2010), I6sit-firik (LP) ve Iésit afirik (LA)
teprifonolitler Akal (2013), Poruklu Formasyonu ve riyolitik laviar Oztiirk vd.’den (2020) alinmistir.
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Orgiin et al. (2007) also noted that the volcanic
rocks exhibit elevated natural radioactivity,
largely due to the high specific activity of 4°K
which can reach up to 1400 Bq kg™* comparable
to that of plutonic rocks. However, the specific
activities of uranium- series (?38U: 40 - 114 Bq
kg) and thorium-series (%32Th: 50 - 168 Bq kg-
1 radionuclides in these rocks are lower than in
the plutonic rocks, yet remain above Earth’s
average. Whole rock data show that early
rhyolitic, dacitic and trachytic lavas of the
Ayvacik volcanics have elevated uranium (7-22
ppm) and thorium (33-66 ppm) contents and
exhibits similarities with monzonitic host rocks
of the Kestanbol pluton (Figure 6c). The lavas
found as flows or clasts within pyroclastic
deposits of Balabanli volcanics exhibit elevated
uranium (14 — 18 ppm) and thorium (52 -57
ppm) concentrations in some trachyandesitic
lava samples (Aldanmaz et al., 2000; Oztiirk et
al., 2020).

MATERIALS AND METHODS
Collection and Preparation of the Samples

Representative sand and rock samples were
derived from the field for analysis. Sand
samples were collected using a Geiger counter
from sites with the highest dose rate at
Hantepe Beach, Odunluk iskelesi and Akliman.
Representative rock samples were derived
from the alkali feldspar pegmatite vein,
nepheline monzogabbro block and leucite-
phyric and leucite-aphyric tephriphonolite for
petrographic, gamma spectrometry and bulk
geochemical analysis.

As stated by Cetiner et al. (2011), black sand
occurrences form lenses with no lateral or
vertical continuity. To account for the effect of
current action on heavy mineral deposition,
samples were taken from the bottom and top of
the lenses at and in reverse current direction.
The samples were washed in the laboratory to
remove organic material such as shell and
plant fragments. The ferromagnetic minerals

were then removed using a hand magnet, and
the samples were then separated into fractions
using 250, 180, 125-micron sieves. Finally, a
stereomicroscopic examination was conducted
to asses grain size distribution across different
mineral groups. The 180-250 micron and 125-
180 micron sand fractions were re-treated
using a Frantz magnetic separator at 0.5 amps
current and 20° side inclination, separating a
diamagnetic phase (felsic minerals) from a
paramagnetic phase (mafic minerals). All sand
fractions were examined using
stereomicroscopy, X-ray Diffraction (XRD)
analysis and bulk geochemical analysis to
determine their mineralogical and geochemical
compositions. Epoxy embedded polished
sections were also prepared for in situ mineral
analysis.

The shaking table method was also applied for
a single sample derived from Hantepe Beach,
without pre-treatment to obtain the heavy
minerals, however, the quantity was insufficient
for further gamma spectrometry analysis.

Rock samples were crushed in a steel jaw
crusher to a grain size of 1-2 mm for gamma
spectrometry analysis and powdered using an
agate mill for whole rock geochemical analysis.

Gamma Spectrometry

Crushed rock samples and sand fractions were
dried and placed in airtight sample containers
for activity measurements. The empty
containers were weighed five times to record
the mean mass, and the samples were
weighed again to determine net
Samples were stored for at least 21 days to
establish radium-radon equilibrium.
Measurements were performed using a
Canberra GX2020 High Purity Germanium
(HPGe) detector in the Research and
Development Department of the Proton
Accelerator Facility (PHT) at NUKEN,
TENMAK with 20% relative efficiency and
resolution of 1.1 keV (full width at half

mass.
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maximum) at 122 keV and 2.0 keV at 1.33
MeV. Prior to commencing the measurements,
a background count was conducted over the
course of one day. To achieve this, an empty
sample container was placed on the gamma
detector in order to ensure accuracy in the
analysis of the gamma spectrum. Each sample
was then similarly positioned on the detector
and a one-day count was performed. Following
this, a gamma spectrum analysis was
conducted for each sample. The resulting
gamma spectrum of sample 2320A is provided
in Supplementary Data File 1 (Figure 1).

XRD Analysis

The sand fractions were analysed using X-ray
diffraction (XRD) at the Central Laboratory of

Konya Technical University. 11 representative
samples were ground with tungsten carbide
mill to reduce the particle size <10 pm. All
samples were analysed using a Europe GNR
diffractometer. XRD data were collected using
CuKa radiation (40 mA, 40 kV), scanning range
of 5-72° 206, 0.02° sec/step, 0.250 mm
divergence slit. Further details of the XRD
analysis with the results are given in the
Supplementary Data File 1.

In situ and Bulk Geochemical Analysis

Comprehensive in-situ  and whole rock
geochemical analysis of sand fractions and
rock samples were conducted at the
Geochronology and Geochemistry Laboratory,
Istanbul University-Cerrahpasa, Department of
Geological Engineering  following  the
measurement and evaluation procedures
described by Go¢gmengil et al. (2021).

The analysis encompassed major oxides, rare
earth elements (REE), and trace elements.
Major oxide and trace elements, including
REEs, were quantified using laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS). The analysis was performed
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using a Perkin Elmer NexION 2000 system
paired with an ESI NWR-213 laser ablation
system. Samples and standard reference
materials (SRMs) were ablated with an
irradiance of approximately 5 J/cm? a spot
diameter of 60 um, and a laser pulse rate of 10
Hz. The plasma power was set at 1200 watts,
with helium as the sample gas (flow rate 0.6
L/min) and argon as the compensation gas
(flow rate 0.6 L/min). Each element was
analysed over a 30-second period. Calibration
was performed after every 15 sample analyses
using NIST612 and USGS reference standards
BCR-2G and AGV-2G (Jochum et al., 2005).
Data analysis was conducted using the
ICPMSDataCal software package (Lin et al.,
2016). The detailed results of the in-situ
analysis of the sand fractions are given in the
Supplementary Data File 2.

RESULTS
Sand Fractions

Gamma spectrometry, in-situ and bulk
geochemical analysis on sand fractions are
presented Table 2, Table 3 and Table 4,
respectively.

Overall, a comparison of the total specific
activity concentrations on the samples of
Hantepe, Odunluk and Akliman beaches,
confirm the previous findings with Hantepe
exhibiting the highest levels along the coast
line (*38U-series: 2164.1 Bqg/kg, 232Th-series:
2812.7 Bg/kg and “°K: 2775.7 Bg/kg). The
sample from Akliman which is far south from
Hantepe, has higher total activity (**8U-series:
625.7 Bg/kg, %?Th-series: 971.6 Bg/kg and “°K:
1662.9 Bg/kg) than the Odunluk sample (238U
series: 771.1 Bg/kg, %*?Th-series 855.9 Bg/kg
and “°K: 1242.1 Bg/kg) but all within the range
of the values observed in the high natural back
ground radiation areas of Greece such as
Naxos and Mykonos (Papadopoulas et al.,
2016).



263

Gllmez vd. / Yerbilimleri, 2024, 45 (3), 247-273

Table 2. Specific activity concentrations of primordial radionuclides (238U series, 232Th series, and
40K) in the sand fractions with different grain size and mineralogical composition. Total indicates
the radioactivity concentration of the bulk sand samples collected from Hantepe, Odunluk and
Akliman beaches. The Earth’s average values for each radionuclide are provided for comparison.

Tablo 2. Farkli tane boyu ve mineralojik bilesime sahip kum fraksiyonlarinda dogal radyondiiklitlerin (**®U serisi,
22Th serisi ve “°K) aktivite konsantrasyonlari. Toplam degerler, Hantepe, Odunluk ve Akliman plajlarindan

derlenen kum &rneklerinin toplam aktivite konsantrasyonlarini ifade etmektedir.

radyontiklidlerin Diinya ortalamalari verilmistir.

Karsilastirma igin

Spesific Activity (Bq kg'l)

238

232

40

Sample Fraction Location Grain Size(p) U SD Th SD K SD
2320A Mafic 180 267.71 18.77 356.90 28.63 323.08 43.50
2320B Felsic Hantepe 180 827.63 73.15 917.66 88.50 883.23 100.78
2320C Mafic 125 891.05 56.97 1339.25 99.58 397.83 46.02
2320D Felsic 250 177.68 18.25 198.92 2291 1171.60 133.34
Total 2164.1 2812.7 2775.74
2321A Mafic odunluk 180 268.79 21.95 493.47 4449 34289 40.50
2321B Felsic 180 502.35 51.38 362.44 39.97 899.24 103.10
Total 771.1 855.9 1242.1
2336A Mafic 250 63.21 473 23198 19.02 268.03 31.83
2336B Felsic 250 106.70 10.30 88.13 9.49 575.35 66.80
2336C Mafic Akliman 180 67.46 5.24 302.63 25.47 187.93 23.02
2336D Felsic 180 326.53 30.77 259.99 26.79 497.15 58.09
2336E  Mafic 125 61.79 413 88.91 6.98 134.47 16.72
Total 625.7 971.6 1662.9
Earth's Average 33 45 420

for the coarsest sand fraction (> 250 ym) from
Hantepe sample, dominated by felsic minerals
(2320D) such as sanidine, albite, anorthose,
quartz with minor quantities of clay minerals,
revealed by XRD analysis (Supplementary
Data File 1), the 4°K activity concentration is the
highest (1173.3 + 133.5 Bg/kg) among all other
fractions. Although this fraction has low 238U
(176.4+18.1 Bg/kg) and 23Th series
(197.8421.9 Bqg/kg) activity concentrations,
both are higher than Earth’'s average. It
contains 4.3 wt.% K20, 21.9 ppm U, 102.9 ppm
Th and 576 ppm 3 REE. In contrast, the fraction
of 180 ym (2320B), despite having the same

minerals based on the microscopic
examinations and XRD analysis, exhibit
different radionuclide and element

concentrations. “°K concentration (883.2 *
100.8 Bg/kg) is lower, while 238U series (827.6
+ 73.2 Bg/kg) and 232Th series (917.7 = 88.5

Bq/kg) are significantly higher. Although, its
major element composition exhibits slight
difference, e.g., with a K20 content of 2.9 wt.%,
its trace element composition is not
comparable with other felsic fraction in U (39.8
ppm), Th (123.8 ppm) and in YREE which
reached up to 1753 ppm as illustrated in
primitive mantle normalized multi element
variation diagrams (Figure 6a). In-situ analysis
on the epoxy embedded mineral grains with
examinations under stereomicroscopic confirm
the presence of minerals align with the
compositions representing uranothorite, thorite
and allanite minerals along with abundant
zircon and sphene in this fraction (Table 3).

The mafic mineral-dominated fractions (2320A:
180 pm and 2320C: 125 puym) are
mineralogically heterogenous, but dominated
by hornblende, biotite, olivine, epidote, sphene
and zircon. Both fractions show lower 4°K
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activity concentration (2320A: 323.1 £ 43.5 and
2320C: 397.8 + 46 Bg/kg) than Earth’s average
(420 Bag/kg) reflecting the lack of tectosilicates.
However, the smaller fraction has much higher
232Th- (1339.3 + 99.6 Bg/kg) and 2%8U- series
(8911 = 56.9 Bgkg) specific activity
concentrations compared to the larger grain
size (*8U-series: 267.7 + 18.8 and 232Th-
series: 356.9 + 28.6 Bq/kg). This is evidenced
by the slight differences in Th (2320A: 95.8
ppm and 2320C: 106.8 ppm) and >REE
(2320A: 668 ppm, 2320C:468 ppm) contents of
mafic fractions, whereas both have low K20
(2320A: 0.7 and 2320C: 0.2 wt.%) and uranium
(2320A: 16.8 ppm, 2320C: 14.1 ppm). Despite
the noise from accidental hydroxide minerals
such as magnetite and hematite survived
magnetic separation, the peaks correspond to
thorite were identified within this fraction along
with zircon and ilmenite (Supplementary Data
File 1). The finding of thorite group minerals,
were also confirmed by in-situ analysis which
also revealed the presence of rare grains with
compositions consistent with allanite.

Placers from Odunluk and Akliman beaches
are also characterized by high activity
concentrations. Only two fractions from the
Odunluk sample had sufficient quantities for
gamma spectrometry analysis. The felsic
mineral-dominated fraction (180 pm) consisting
of feldspar, quartz and trace amount of zircon
(Supplementary Data File 1) has higher
specific activity concentrations of 238U series
(502.4 + 51.4 Bg/kg) and “°K (899.2 + 103.1
Bg/kg), and lower 2%2Th series (362.4 2 + 39.9
Bg/kg) compared to the mafic fraction
dominated by hornblende, magnetite with trace
amount of hematite (?38U series: 268.8 + 21.9
Bg/kg, “°K: 342.9 + 40.5, 232Th series: 493.5 +
44.5 Bg/kg).

Notably, mafic mineral dominated fractions
from Akliman samples show the lowest 238U-
series (2336A: 63.2 + 4.7 Bg/kg, 2336C: 67.5 £
5.2 Bg/kg, 2336E: 61.8 + 4.1 Bg/Kg) and °K
activity concentrations (2336A: 268.0 + 31.8
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Ba/kg, 2336C: 187.9 + 23.0 Bqg/kg, 2336E:
134.5 + 16.7 Bg/Kg) independent from the
grain size. Their 232Th series concentrations
vary, with the highest measured in the
moderate grain size (302.6 + 25.5 Bqg/Kg)
which also consists of allanite (Table 3).
Additionally, the smallest grain size (125 ym)
has negligible primordial radionuclides
concentrations (>38U series: 61.8 + 4.13 Bag/kg,
232Th series: 88.9 + 6.9 Bg/kg, °K: 134.5 £ 16.7
Bg/kg). In contrast, the felsic fractions from
Akliman have the highest “°K specific activity
(2336B: 575.4 + 66.8 Bg/kg and 2336D: 497.2
1 58.1 Bg/kg). The smaller grain size (180 pum),
has higher 238U- (326.5 + 30.8 Bg/kg) and
232Th-series (259.9 + 26.8 Bg/kg) than the
larger fraction (250 pm, 2%8U: 106.7 = 10.3
Bg/kg, 2%?Th-series: 88.1 £ 9.5 Bg/kg).

Rock Samples

Gamma spectrometry analysis was conducted
on samples representing the alkali feldspar
pegmatite vein (Pgm: 23109), the nepheline
monzogabbro block (Nmg: 2366) and the
leucite-phyric (LfPh: 2373) and leucite-aphyric
tephriphonolites (LaPh: 23131) (Table 4). The
pegmatitic rock sample reveals the most
elevated specific activity concentrations of
primordial radionuclides (?8U series: 1164.3 +
13.2 Bg/kg, 2%?Th series 709.6 + 17.4 Bag/kg,
40K: 1783.5 + 56 Bq/kg) among all previously
reported values for rocks (Orgiin et al, 2007) in
the vicinity of the Hantepe beach (Figure 6 b).
It has the most elevated Th (297.4 ppm) and U
(108.9 ppm) contents with moderate Y REE
(572 ppm).

Leucite-phyric tephriphonolite sample also
exhibits elevated radionuclides concentrations,
with specific activities of 524.7 + 6.3 Bq/kg for
2381 series, 309.4 + 7.8 Bq/kg for 232Th series
and 1760.5 + 55.4 Bg/kg for“°K. In contrast, the
cogenetic  leucite-aphyric  tephriphonolite
displays significantly lower specific activity
concentrations (?%8U series: 195.6 + 3.1 Bg/kg,
232Th series: 45.9 + 1.5 Bqg/kg and 4°K: 77.1
14.3 Bg/kg).
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Table 3. Representative in-situ analysis on epoxy embedded mineral grains of felsic (2320B,
180p; 2336D, 180u) and mafic (2320A, 180y; 2320C,125 y; 2336C, 180u) mineral dominated
fractions of the sand samples from Hantepe and Akliman beaches (Spn: sphene, Thr: thorite, Zrn:
zircon, U-Thr; uranothorite, Aln: allanite).

Tablo 3. Hantepe ve Akliman plajlarindan derlenen kum 6rneklerinde felsik (2320B, 180u; 2336D, 180u) ve
mafik (2320A, 180u; 2320C,125 p; 2336C, 180u) minerallerce zengin fraksiyonlarda noktasal mineral
analizlerleri (Spn: sfen, Thr: torit, Zrn: zirkon, U-Thr: urnotorit, Aln: allanit).

Sample  2320A 2320B 2320 C 2336C 2336D
Mineral  Spn Thr Zrn Zmn U-Thr Zrn Zmn Aln Spn Zmn

wt.%

SiO, 28.86 14.25 29.79 29.78 15.08 30.88 30.08 27.42 29.21 30.06
TiO, 35.64 0.13 0.00 0.00 0.05 0.01 0.00 38.80 38.56 0.00
AlLO3 1.17 0.00 0.00 0.00 0.00 0.00 0.00 1.44 1.08 0.28
FeO 2.34 0.00 0.00 0.00 0.01 0.28 0.11 2.56 1.96 0.00
MnO 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.12 0.00
MgO 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00
CaO 25.61 0.00 0.00 0.02 0.00 0.00 0.00 23.25 25.15 0.00
Na,O 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.02
K,0 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20
P,0O5 191 0.05 0.03 0.03 0.01 0.05 0.02 0.05 0.08 0.03
ppm

Y 2612.40 564.62 611.68 2008.51 324.10 660.01 603.84 6217.45 753.20 1350.80
Hf 126.96 197 6910.54 8385.60 1.27 10421.47 10289.86 66.20 57.27 12065.57
Zr 655.52 227.93 501053.40 495387.70 109.64 486032.10 493823.40 917.16  750.11 529898.50
Th 358.13 553958.30 273.26  1359.15 458302.60 631.53 616.68 912.94  531.63 915.65
U 287.10 28475.60 265.21 911.31 141218.10 663.49 633.51 134.00 687.91 674.12
> REE 21174 2180 420 1149 869 514 473 35567 22909 869

This finding also has supported by the bulk
geochemical composition of these two types of
hypabyssal rocks in the Kestanbol pluton.
According to the available data from Akal
(2012) the leucite-phyric variety having higher
U (av. 30 ppm), Th (av.105 ppm) and >REE
(462 ppm) contents than the leucite-aphyric
one (av. U: 15 ppm, av. Th: 61 ppm, av. } REE:
397 ppm).

On contrary to the claims of previous studies,
gamma spectrometry analysis show that
nepheline monzogabbro sample has the lowest
2381 (103.7 £ 1.6 Bg/kg) and 232Th series (81.3
+ 2.3 Bg/kg) activities, but it shows a
comparatively high 4°K activity (999.9 + 32.3
Bg/kg) with a high YREE (634.9) content.
However, it consists of very low U (8.7 ppm)
and Th (31.1 ppm).



Gllmez vd. / Yerbilimleri, 2024, 45 (3), 247-273 266

Table 4. Bulk analysis of sand fractions and rock samples. Sand fractions represent Hantepe
beach sample (Nmg: nepheline monzogabbro, Pgm: radiogenic pegmatite, Mnz: monzonite Mme:
mafic microgranular enclave, FD: felsic dyke, LP: leucite-phyric tephriphonolite, LA: leucite-aphyric
tephriphonolite, PH: Poruklu hypabyssal rocks, Rhy: rhyolitic lavas, [1]: Sahin et al., 2010; [2]:
Akal, 2013; [3]: Oztiirk et al., 2020).

Tablo 4. Kum fraksiyonlarn ve kayaclarin tiim kayag jeokimya analizleri. Kum fraksiyonlari Hantepe plaji
6rnegine aittir (Nmg: Nefelin monzogabro, Pgm: radyojenik pegmatit, Mnz: monzonit, Mme: mafik
mikrograntiler anklav, FD: felsik dayk, LP: Iésit-firik tefrifonolit, LA: I8sit-afirik tefrifonolit, PH: Poruklu hipabisal
kayalari, Rhy: riyolitik laviar, [1]: Sahin vd.,2010; [2]: Akal (2013), [3] Oztiirk vd., 2020).

Sand Fractions Rock Samples
Sample No  2320A 2320B 2320C 2320D 2366 23109 4 15--1 52--2 2254/12 2254/6 13-31 13-46B
Type Mafic Felsic Mafic Felsic Nmg Pgm Mnz Mme FD LP LA PH Rhy
Grain Size 180 180 125 250
Reference [1] [1] [1] [2] [2] [3] [3]
SiO, 15.14 7542 853 77.33 4400 63.11 63.18 53.7 604 52.65 50.97 74.84 58.89
TiO, 2.36 2.99 1.93 0.94 1.75 0.30 0.57 0.74 038 0.7 0.87 0.89 0.64
Al,O3 2.70 8.45 1.07 9.40 10.86 15.06 15.63 145 17.34 1843 1569 13.15 16.1
FeO 7334 1.22 84.79 1.00 13.09 1.92 400 653 179 5.27 6.03 115 4.52
MnO 029 003 027 0.02 021 0.06 0.08 0.2 0.07 013 0.16 0.01 01
MgO 0.00 0.00 0.00 0.00 8.34 031 212 757 035 287 357 021 279
CaO 2.61 3.91 1.57 2.19 13.98 1.68 414 7.48 206 57 6.16 021 33
Na,O 0.75 1.83 0.25 1.98 272 642 356 323 3.07 4.08 386 011 334
KO 0.69 2.87 0.17 4.32 158 6.84 479 331 10.28 6.68 6.07 336 4.54
P,0s 0.59 0.43 0.39 0.06 1.39 0.18 0.3 0.22 0.08 0.53 0.5 0.29 0.39
LOI 1.08 231 0.58 2.08 1.01 3.82 0.7 15 37 1.8 4.9 5.2 4.4
Total 99.55 99.47 99.55 99.31 98.94 99.70 99.51 99.9 96.02 99.44 99.46 99.54 99.52
Sc 16.6 14.5 15.9 16.8 473 140 12.0 170 180 110
\Y 1717.6 108.4 2004.7 65.0 311.8 62.4 95.0 149.0 42.0 1350 161.0 132.0 127.0
Cr 1802.1 58.7 22929 428 215.6 50.2
Co 59.4 2.7 62.3 2.1 504 338 13.0 29.0 19 27.6 300 11.0 250
Ni 58.2 14.7 52.2 8.3 46.8 45 11.6 254 10 16.0
Ga 36.0 34.1 32.9 17.4 240 338 19.0 17.0 16.0 19.0 17.3 160 220
Ge 5.9 6.5 4.7 18 3.4 1.2
Rb 28.2 1109 6.8 166.1 1221 257.6 204.0 175.0 510.0 260.2 330.9 105.0 195.0
Sr 119.4 450.9 445 539.8 1324.8 226.8 850.0 527.0 767.0 1216.6 1129.2 1251.0 619.0
Y 61.5 153.0 36.8 45.9 401 225 250 23.0 180 265 299 140 250
Zr 1015.6 3266.3 1552.5 855.3 175.3 783.6 228.0 162.0 274.0 532.6 368.7 389.0 363.0
Nb 499 1613 285 509 16.6 75.6 20.0 13.0 420 36.0 239 200 230
Cs 15 2.9 0.7 4.2 6.2 6.1 16.8 425 6.0 8.0
Ba 168.2 766.4 33.6 1133.9 2956.7 388.0 1072.0 565.0 1298.0 1722.0 2121.0 1040.0 1420.0
La 136.2 3232 1161 1055 1244 1798 91.0 398 65.0 106.2 936 86.0 80.0
Ce 282.0 787.1 1995 266.1 2779 2943 159.0 80.0 127.0 209.3 1845 164.0 156.0
Pr 344 94.3 219 304 342 204 170 88 131 215 203 17.0 17.0
Nd 131.8 3433 79.0 109.4 131.3 525 60.0 344 476 76.6 75.1 540 68.0
Sm 235 59.2 12.8 19.0 220 57 100 66 7.0 12.2 12.7 8.0 12.0
Eu 3.1 8.3 1.9 3.2 5.2 0.8 2.1 11 1.2 2.6 2.7 1.0 3.0
Gd 295 66.4 16.4 224 200 7.1 6.5 46 47 8.5 9.1 5.0 9.0
Tb 25 6.3 1.4 1.9 1.9 0.6 0.9 0.7 038 11 1.2 1.0 1.0
Dy 11.3 28.9 6.5 8.8 8.9 3.1 4.5 36 33 5.2 5.7 3.0 5.0
Ho 2.0 5.0 1.2 16 1.6 0.7 0.7 0.7 05 0.8 1.0 1.0 1.0
Er 55 14.0 3.3 3.6 3.9 2.3 2.1 21 14 2.3 25 1.0 2.0
™ 0.8 2.0 0.5 0.5 0.4 0.4 0.3 03 0.2 0.3 0.4 0.2 0.3
Yb 51 12.8 3.9 3.6 2.6 33 2.1 19 14 2.2 2.4 1.4 2.0
Lu 0.7 1.8 0.6 0.4 0.4 0.5 0.3 03 0.2 0.3 0.3
Hf 23.6 64.7 34.4 15.6 6.1 19.1 11.9 8.7 9.0 9.0
Ta 4.2 14.0 2.3 4.3 1.0 3.9 2.3 1.6 2.0 2.0
Pb 52.7 414 458 65.1 250 96.0 11.0 80 98.0 987 33.8 28.0 430
Th 95.8 123.8 106.8 103.0 311 2974 80.0 29.0 1420 109.0 744 69.0 62.0
U 16.8 39.8 14.1 22.0 8.7 1088 174 37.0 290 316 184 220 220

Zn 406.5 45.0 3735 285 110.8 355
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Table 5. Specific activity concentrations of primordial radionuclides (228U series, 232Th series and
40K) in rock samples collected from Kestanbol pluton (Nmg: nepheline monzogabbro, LP: leucite-
phyric tephriphonolite, Pgm: alkali feldspar pegmatite, LA: leucite-aphyric tephriphonolite).

Tablo 5. Kestanbol pliitonuna ait kayag Grneklerinde dogal radyoniiklitlerin (?*®U serisi, 22Th serisi ve “K)
spesifik aktivite konsantrasyonlari (Nmg: nefelin monzogabro, LP: lésit-firik tefrifonolit, Pgm: Pegmatit, LA:

16sit-afirik tefrifonolit).

Spesific Activity (Bq kg™)

Sample Rock Type #y sp ®Th sp “K SD
2366 Nmg 103.7 16 813 23 9999 323
2373 LP 5247 6.3 3094 7.8 1760.5 55.368
23109 Pgm 1164.3 13.2 709.6 17.4 1783.5 56.0
23131 LA 1956 3.1 459 15 77.1 4.3
Earth's Average 33 45 420

DISCUSSION

Radiogenic beach sands are typically derived
from U- and Th-enriched felsic igneous rocks
as observed in Mykonos, Greece
(Papadopoulas et al., 2016). It should be noted,
however, some beaches might also derive from
both magmatic and metamorphic sources. As
observed on Naxos Island, a potential site for
REE exploitation, and Touzla, Thessaloniki
where sands originate from Mesozoic and
Paleozoic high-grade metamorphic units of the
Aixos of the Hellenides (Filippidis et al., 1997;
Papadopoulas, 2018). As the basement rocks
in the region do not show significant imprints for
radionuclide enrichments, we only focus on the
magmatic complex.

The distribution of total radioactivity and the
relative contribution of each radionuclide varies
significantly along the coastline between
Geyikli and Akliman. To better understand this,
we have visualized the data published by
Orgiin et al.,, (2007) as pie charts on the
geologic map (Figure 1). In contrast to the other
beaches, Hantepe beach is located at the
seaward end of the E-W trending drainage
system which developed primarily on
metamorphic and ophiolitic basement units,
rather than magmatic rocks (Figure 1).
Interestingly, samples from Hantepe exhibit the

highest specific activities of 238U (1885.2 + 4.7
Bg/Kg) and 2%2Th (4360.3 + 4.6 Bg/Kg) series
with moderate “°K (687.1 + 6.1 Bqg/Kg). In
contrast, southern  beaches, probably
composed of materials predominantly derived
from the Kestanbol pluton, have higher “°K
concentrations (858.2 + 2.8 — 1389.2 + 5.2
Bg/Kg) but lower activities in 238U (89.1 + 1.4 —
205.6 + 1.3 Bg/Kg) and 232Th (115.5 + 0.9 -
320.9 + 1.5 Bg/Kg) series (Orgiin et al., 2007).

The heterogeneous mineralogical composition
across the pluton or uneven distribution of the
specific lithologies hosting radiogenic minerals
is a plausible explanation for the high
radioactivity at Hantepe beach. A recent study
attributed higher dose rates in the northern part
of the pluton to thorite and monazite in alkali
potassic rocks of the Kestanbol pluton (Déner
et al., 2022). If the so-called potassic rocks are
indeed the equivalent to the tephriphonolite
dykes and stocks of the Kestanbol pluton, as
suggested, they cannot be considered as
sources of zircon or thorite since they contain
mainly apatite. Importantly, leucite-aphyric
dykes have the lowest specific activities of
2384- and 2%2Th- series with “°K and moderate
radioelement concentrations. Another study
evaluating the radioactive beach sands for their
REE potential, suggests that Geyikli placers
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are enriched by monazite, apatite and zircon,
and that manzogabbro dykes can be
considered as the source of the radiogenic
minerals (Unluer et al., 2021). However, as
shown by gamma spectrometry and bulk
chemical analysis  with mineralogical
investigations, similar to leucite-aphyric dykes,
nepheline monzogabbro has low specific
activities of 238U- and 23°Th- series as well as
low radioelement contents, but the highest
>REE. It is also rich in apatite and sphene but
poor in zircon and monazite. In our opinion,
their results are only conjectures based on
unjustified assumptions. Our analyses also
underline that a positive correlation between
REE and U, and Th is not always present.

The first study investigating the geological
aspects of the high natural background
radiation in the region documented the
presence of accessory minerals such as
sphene, zircon, allanite, apatite, epidote,
thorite, uranothorite dispersed in the plutonic
rocks, in the range of % 0.1-4.5 (Andag, 1971,
1973). The presence of uranothorite in the
monzonitic rocks was later confirmed by a
recent study which provides electron probe
micro-analysis (Angi et al., 2017). Contrary to
previous investigations  supporting the
presence of monazite and zircon in beach
sands, Andag (1971) highlighted thorite and
uranothorite as the primary radiogenic
minerals, found as inclusions in hornblende
within the aplitic veins cutting through
monzonitic country rocks. Our analysis aligns
with this, showing that the tectosilicate-
dominated sand fractions and alkali-feldspar
pegmatite vein have the highest concentrations
of primordial radionuclides and radioelements,
which are mainly stored within thorite group
minerals found as discrete grains and
inclusions. Allanite may be considered a
potential radiogenic phase in the beach sands.
However, based on the available evidence and
observations, it is unclear whether it is
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concentrated within a specific lithology, such as
uranothorite.

All the felsic sand fractions with rock samples,
except leucite-aphyric potassic dykes, exhibit
elevated °K concentrations (ranging from 497
to 1784 Bg/kg). Given that K-feldspar is not a
main rock forming mineral in the nepheline
monzogabbro and leucite-phyric
tephriphonolite, other K-bearing minerals, such
as foids and biotite, are likely to contribute to
the high 4°K activity. Rock forming minerals, as
well as accessory minerals of the magmatic
complex, should also be considered as sources
to the radionuclides. It is important to highlight
that, all the members of the Miocene Ezine-
Ayvaclk magmatic system including the
volcanic rocks display radionuclide
enrichments to different extents, suggesting
that the primary magmas were enriched in
radionuclides and radioelements (Orgiin et al.,
2007). This probably resulted in the enrichment
of radionuclides in rock forming minerals and
groundmass in lavas and pyroclastic rocks.
This is evidenced by the fact that the sand
sample from Akliman beach, which consists of
materials mainly derived from Balabanli
volcanics, also has elevated total radioactivity
(Table 2).

An elegant explanation for the high natural
background radiation at Hantepe beach lies in
its geomorphological and geographical
characteristics. It has the largest wet zone
among compared to other beaches with a
heterogeneous radiation distribution that varies
spot by spot and decreases landward (Cetiner,
et al., 2011). As part of the natural radiation
treatment studies, it was monitored that sand
removal significantly reduced the radiation at
the beach (Cetiner, et al., 2012). Thus, we
conclude that longshore currents, wave action,
and more importantly long-lasting
transportation from the source are parameters
as important as the source rock mineralogy, for
the accumulation of abrasion resistant minerals
at Hantepe beach in higher concentrations.
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CONCLUSION

The present study offers a framework for the
source rock characteristics of the radiogenic
beach sands. By employing gamma
spectrometry analysis in conjuction with
geochemical and mineralogical analysis, and
by working on the sand fractions, instead of
bulk sand samples, this study has revealed the
presence of thorite group minerals in the beach
sands.

Alkali feldspar pegmatitic veins are the most
radiogenic lithologies and have the most
elevated uranium and thorium contents within
the Ezine-Ayvacik magmatic complex, given
that they consist of discrete grains or inclusions
of thorite group minerals.

Other rock-forming and accessory minerals,
such as zircon, sphene, allanite, apatite have
the potential to contribute to high natural
background radiation, depending on their host

rocks. This is currently being investigated. The
source rock for radiogenic beach sands can be

REFERENCES

Akal, C. 2013. Coeval Shoshonitic-
ultrapotassic dyke emplacements within the
Kestanbol pluton, Ezine-Biga peninsula
(NW Anatolia). Turkish Journal of Earth
Sciences, 22(2), 220-238. DOI:
10.3906/yer-1202-1

Aldanmaz, E. R. C. A. N., Pearce, J. A,
Thirlwall, M. F., Mitchell, J. G. 2000.
Petrogenetic evolution of late Cenozoic,
post-collision ~ volcanism in  western
Anatolia, Turkey. Journal of Volcanology

and Geothermal Research, 102(1-2), 67-
95. DOI: 10.1016/S0377-0273(00)00182-7

Gllmez vd. / Yerbilimleri, 2024, 45 (3), 247-273

challenging to identify when based on solely
whole-rock geochemistry. A more detailed
mineralogical approach is essential.

ACKNOWLEDGEMENT

This work resulted from discussions held
during the initial field trips to the area , between
the team of a scientific project investigating the
factors controlling the U-Th enrichments in the
Miocene Ezine-Ayvacik magmatic complex
(TUBITAK-CAYDAG, Project No: 122Y164)
Bulk analyses of the nepheline gabbro and
feldspar pegmatites were conducted under this
project. We thank the bachelor students Ayse
Gliven, Bilal Kaya, and Cem Giilseven of
istanbul  Technical University Geological
Engineering Department for their assistance in
the separation of sand fractions. We are
grateful to Editor E. Varol Muratgay for the
editorial work and to two anonymous reviewers
for their constructive comments, which
improved the early version of the manuscript.

Altunkaynak, $., Dilek, Y., Geng, C.S., Sunal,
G., Gertisser, R., Furnes, H., Foland,
K.A.,Yang, J., 2012. Spatial, temporal and
geochemical evolution of Oligo-Miocene
granitoid magmatism in western Anatolia,
Turkey. Gondwana Res. 21, 961-986. DOI:
10.1016/j.gr.2011.10.010

Andag, M. 1971. Biga yarimadasinda tarihi
truva harabelerinin glneyindeki radyoaktf
sahil kumlarinin mineralojisi ve bunlarin
ana kayagclarinin petrolojisi. Bulletin of the
Mineral Research and Exploration, 76(76),
75-79.

Andag, M. 1973. Biga Yarimadasinda Ezine
Siyenit Masifi ile Civarindaki Kayaglarin
Petrografisi Ve Bu Kayaclardan Meydana
Gelen Radyoaktif Sahil Plaser Maden
Yataginin Etludu. Istanbul Teknik
Universitesi, Dogentlik Tezi, 97s, Istanbul.



Gulmez vd. / Yerbilimleri, 2024, 45 (3), 247-273 270

Aygul, M., Topuz, G., Okay, A., Satir, M.,
Meyer, H. P. 2012. The kemer
metamorphic complex (NW Turkey): a
subducted continental margin of the
Sakarya zone. Turkish Journal of Earth
Sciences, 21(1), 19-35. DOI: 10.3906/yer-
1006-14

Aytekin, H., Tufan, M. C., Kiglk, C. 2015.
Natural radioactivity measurements and
dose assessments in sand samples
collected from Zonguldak beaches in
Turkey. Journal of Radioanalytical and
Nuclear Chemistry, 303, 2227-2232. DOI:
10.1007/s10967-014-3819-1

Aysal, N., 2015. Mineral  chemistry,
crystallization conditions and geodynamic
implications  of the  Oligo-Miocene
granitoids in the Biga Peninsula, Northwest
Turkey. J. Asian Earth Sci. 105, 68-84.
DOI: 10.1016/j.jseaes.2015.03.026

Beccaletto, L., Jenny, C. 2004. Geology and
correlation of the Ezine Zone: a Rhodope
fragment in NW Turkey?. Turkish Journal of
Earth Sciences, 13(2), 145-176.

Black, K.N., Catlos, E.J., Oyman, T,
Demirbilek, D., 2013. Timing Aegean
extension: evidence from in situ U-Pb

geochronology and cathodoluminescence
imaging of granitoids from NW Turkey.
Lithos 181, 92-108. DOI:
10.1016/j.lithos.2013.09.001

Chandrasekharam, D., Baba, A. 2021. High
heat generating granites of Kestanbol:
future enhanced geothermal system (EGS)
province in western Anatolia. Turkish
Journal of Earth Sciences, 30(9), 1032-
1044. DOI: 10.3906/yer-2106-16

Cetiner, M. A., Ginduz, H., ligar, A. 2011. High
background radiation areas at Canakkale in
Turkey. Radiation Physics and Chemistry,
80(6), 704-7009. DOI:
10.1016/j.radphyschem.2011.02.024

Cetiner, M. A., Gunduz, H., Tukenmez, |. 2012.
Natural radiation monitoring and control
treatment in the Hantepe beach. Radiation
protection dosimetry, 152(4), 429-433. DOI:
10.1093/rpd/ncs050

Déner, Z., Unlier, A.T., Ozdamar, S., Sarikaya,
O., Kaya, M., Kocatlrk, H., Kumral, M.,
Esenli, R.F. 2022. REE-Th-U Enrichments
in alkali-potassic rocks in Kestanbol
Granitoid Complex (Ezine-GCanakkale,
Turkey): Revealing the factors that cause
mineralizations. 9th Geochemistry
Symposium, 17-22 October, Aydin, 196-
203.

Duru M., Pehlivan S., Aral i. O., Sentiirk Y.,
Yavas, F., Kar H. 2012. Biga
Yarimadasinin Tersiyer Oncesi Jeolojisi,
Maden Tetkik ve Arama Genel Miduarligu
Yayinlar, Ozel Yayinlar Serisi, No 28,
326s.

Filippidis, A., Misaelides, P., Clouvas, A.,
Godelitsas, A., Barbayiannis, N., Anousis,
I. 1997. Mineral, chemical and radiological
investigation of a black sand at Touzla
Cape, near Thessaloniki, Greece.
Environmental Geochemistry and Health,
19, 83-88. DOI: 10.1023/A:1018498404922

Gogmengil, G., Tukel, F. S., Uzun, F., Guillong,
M., Yilmaz, i., Aysal, N., Hanilgi, N. 2022.
Accurate whole-rock geochemistry analysis
by combined ICP-OES and LA-ICP-MS
instruments. Bulletin of the Mineral
Research and Exploration, 168, 157-165.
DOI: 10.19111/bulletinofmre.947703

Hou, B., Keeling, J., Van Gosen, B. S. 2017.
Geological and exploration models of
beach placer deposits, integrated from
case-studies of Southern Australia. Ore
Geology Reviews, 80, 437-459. DOI:
10.1016/j.oregeorev.2016.07.016

Karacik, Z., 1995. Relationship Between
Young Volcanism and Plutonism in Ezine-



271 Gulmez vd. / Yerbilimleri, 2024, 45 (3), 247-273

Ayvacik (Ganakkale) Region. Istanbul
Technical University, PhD Thesis, Istanbul

Karacik, Z., Yilmaz, Y. 1998. Geology of the
ignimbrites and the associated volcano—
plutonic complex of the Ezine area,
northwestern  Anatolia.  Journal  of
Volcanology and Geothermal Research,
85(1-4), 251-264. DOI: 10.1016/S0377-
0273(98)00058-4

Karadeniz, O., Akal, C. 2014. Radiological
mapping in the granodiorite area of
Bergama  (Pergamon)-Kozak, Turkey.
Journal of Radioanalytical and Nuclear
Chemistry, 302, 361-373. DOI:
10.1007/s10967-014-3216-9

Kucukomeroglu, B., Karadeniz, A., Damla, N.,
Yesilkanat, C. M., Cevik, U. 2016.
Radiological maps in beach sands along
some coastal regions of Turkey. Marine
pollution bulletin, 112(1-2), 255-264. DOI:
10.1016/j.marpolbul.2016.08.007

Le Maitre, R. W., Streckeisen, A., Zanettin, B.,
Le Bas, M. J., Bonin, B., Bateman, P., ...
Woolley, A. R. 2002. Igneous rocks. A
Classification and Glossary of Terms:
Recommendations of the International
Union of Geological Sciences
Subcommission on the Systematics of
Igneous Rocks, Cambridge University
Press, Cambridge, 236p.

Mohanty, A. K., Sengupta, D., Das, S. K.,
Vijayan, V., Saha, S. K. 2004. Natural
radioactivity in the newly discovered high
background radiation area on the eastern
coast of Orissa, India. Radiation
measurements, 38(2), 153-165. DOI:
10.1016/j.radmeas.2003.08.003

Okay, A. |, Siyako, M., Birkan, K. A. 1991.
Geology and tectonic evolution of the Biga
Peninsula, northwest Turkey. Bulletin of the
Technical University of Istanbul, 44(1-2),
191-256.

Okay, A. l., Satir, M. 2000. Upper Cretaceous

eclogite-facies metamorphic rocks from the
Biga Peninsula, Northwest Turkey. Turkish
Journal of Earth Sciences, 9(2), 47-56.

Okay, A. I, Goncuoglu, M. C. 2004. The

Karakaya Complex: a review of data and
concepts. Turkish Journal of Earth
Sciences, 13(2), 75-95.

Orgiin, Y., Altinsoy, N., Sahin, S. Y., Giingér,

Y., Glltekin, A. H., Karahan, G., Karacik, Z.
2007. Natural and  anthropogenic
radionuclides in rocks and beach sands
from Ezine region (Canakkale), Western
Anatolia, Turkey. Applied Radiation and
Isotopes, 65(6), 739-747. DOI:
10.1016/j.apradis0.2006.06.011

Ozden, S., Akdzcan, S. 2021. Natural

radioactivity measurements and evaluation
of radiological hazards in sediment of
Aliaga Bay, izmir (Turkey). Arabian Journal
of Geosciences, 14, 1-14. DOI:
10.1007/s12517-020-06446-9

Oztiirk, Y. Y., Akal, C., Gerdes, A. 2020. U-Pb

ages and Hf isotopic compositions of zircon
from the Early Miocene Kestanbol
Magmatic Complex in NW Anatolia
(Turkey): Implications for crustal
contribution in  the  post-collisional
magmatism. Journal of Asian Earth
Sciences, 192, 104262. DOI:
10.1016/j.jseaes.2020.104262

Papadopoulos, A., Christofides, G., Koroneos,

A., Stoulos, S. 2014. Natural radioactivity
distribution and gamma radiation exposure
of beach sands from Sithonia Peninsula.
Open Geosciences, 6(2), 229-242. DOI:
10.2478/s13533-012-0157-0

Papadopoulos, A., Koroneos, A., Christofides,

G., Stoulos, S. 2015. Natural radioactivity
distribution and gammaradiation exposure
of beach sands close to Kavala pluton,



Gulmez vd. / Yerbilimleri, 2024, 45 (3), 247-273 272

Greece. Open Geosciences, 7(1),
20150043. DOI: 10.1515/ge0-2015-0043

Papadopoulos, A., Koroneos, A., Christofides,

G., Papadopoulou, L., Tzifas, I., Stoulos, S.
2016. Assessment of gamma radiation
exposure of beach sands in highly touristic
areas associated with plutonic rocks of the
Atticocycladic zone (Greece). Journal of
environmental radioactivity, 162, 235-243.
DOI: 10.1016/j.jenvrad.2016.05.035

Papadopoulos, A., Altunkaynak, $., Koroneos,

A, Unal, A.& Kamaci, O. 2017.
Geochemistry of uranium and thorium and
natural radioactivity levels of the western
Anatolian plutons, Turkey. Mineralogy and
Petrology, 111, 677-691. DOI:
10.1007/s00710-017-0492-4

Papadopoulos, A. 2018. Geochemistry and

REE content of beach sands along the
Atticocycladic coastal zone, Greece.
Geosciences Journal, 22, 955-973. DOI:
10.1007/s12303-018-0004-5

Peiffert, C., Cuney, M., Nguyen-Trung, C.

1994. Uranium in granitic magmas: Part 1.
Experimental determination of uranium
solubility and fluid-melt partition coefficients
in the wuranium oxide-haplogranite-H2O-
Na2COs system at 720-770° C, 2 kbar.
Geochimica et cosmochimica acta, 58(11),
2495-2507. DOI: /10.1016/0016-
7037(94)90026-4

Salters, V. J., Stracke, A. 2004. Composition of

the depleted mantle. Geochemistry,
Geophysics, Geosystems, 5(5). DOI:
i:10.1029/2003GC000597

Sahin, S. Y., Orgiin, Y., Giingér, Y., Géker, A.,

Gultekin, A. H., Karacik, Z. 2010. Mineral
and whole-rock geochemistry of the
Kestanbol Granitoid (Ezine-Canakkale) and
its mafic microgranular enclaves in
northwestern Anatolia: evidence of felsic
and mafic magma interaction. Turkish

Journal of Earth Sciences, 19(1), 101-122.
DOI: 10.3906/yer-0809-3

Tassinari, C. C. G. 1992. Uranium in granitoids:

recognition criteria of uranium provinces in
Brazil. New developments in uranium
exploration, resources, production and
demand. Proceedings of a Technical
Committee Meeting of jointly organized by
International Atomic Energy Agency and
the Nuclear Energy Agency of the OECD,
26-29 August, Vienna, 13-22p.

Taskopri, C., Ozden, S., Giinay, O., Akdzcan

Pehlivanoglu, S., Sag, M., Ichedef, M.
2024. Natural and artificial radioactivity
levels and external radiation dose levels of
sand samples collected from Lara Beach,
Antalya, Turkiye. Journal of Radioanalytical
and Nuclear Chemistry, 1-7. DOL:
10.1007/s10967-024-09608-1

Unluer, A. T., Kocaturk, H., Doner, Z., Kaya,

M., Yildirm, D. K., Kumral, M., Ozdamar, S.
2021. Geyikli (Canakkale, Turkey) Heavy
Mineral Sands: Insights to Their Origin
Related with Alkaline Intrusive Rocks. Bitlis
Eren University Journal of Science and
Technology, 11(1), 13-16. DOI:
10.17678/beuscitech.900036

UNSCEAR, 2000. United Nations Scientific

Committee on the effects of atomic
radiation, sources and effects of ionizing
radiation. Report to General Assembly, with
Scientific Annexes United Nations. United
Nations, New York.

Veiga, R., Sanches, N., Anjos, R. M., Macario,

K., Bastos, J., Iguatemy, M., ... Umisedo,
N. K. 2006. Measurement of natural
radioactivity in Brazilian beach sands.
Radiation measurements, 41(2), 189-196.
DOI: 10.1016/j.radmeas.2005.05.001

Washington, H. S. 1899. The Petrographical

Province of Essex County, Mass. Il. The
Journal of Geology, 7(1), 53-64.



273 Gulmez vd. / Yerbilimleri, 2024, 45 (3), 247-273

Yalcin, M. G., Unal, S. 2018. Natural
radioactivity levels and associated radiation
hazards in ophiolites around Tekirova,
Kemer, and Kumluca Touristic Regions in
Antalya, Turkey. Journal of Radioanalytical
and Nuclear Chemistry, 316, 321-330. DOI:
10.1007/s10967-018-5760-1

Yigitbas, E., Sengiin, F., Tung, i.0., 2014. Biga
Yarimadasi’'nda (KB Anadolu) Neojen
Oncesi Tektonik Birlikler ve Bdlgenin
Jeodinamik Evrimine Yeni Bir Bakis,
TUBITAK CAYDAG-110Y281 Nolu Proje
Raporu.

Yigitbas, E., Tung, |. 2020. Pre-cambrian
metamorphic rocks of the Sakarya Zone in
the Biga Peninsula; late Ediacaran
Gondwanaland active continental margin.
Geological Bulletin of Turkey, 63(3). DOI:
10.25288/tjh.589144



	1. Makale-Nilay Gülyüz
	2. Makale-Orhan Güreli
	3. Makale-Tijen Üner
	4. Makale-Fatma Gülmez



