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Syn-sedimentary tectonic markings in the Oligocene Datca-Kale-Ac1 Gl basin, Western Anatolia

Giilsen ELMAS*®, Giirol SEYITOGLU*®, Nizamettin KAZANCI*® and Veysel ISIK®

“Ankara University, Department of Geological Engineering, Tectonic Research Group, Gélbasi, Ankara, Turkey.

Research Article

ABSTRACT

In southwest Turkey, the Oligocene sedimentary sequence is located on the Datca-Kale-Act G6l
basin between the Menderes Massif and Lycian nappes. To understand the nature of this basin is
important for tectonic models that explain the exhumation of the Menderes massif. In the northeast
extension of this basin, the sedimentary sequence is interpreted as alluvial fan, fan-delta, beach,
marine input, inner shelf carbonates and offshore deposits. The Oligocene Datga-Kale main
breakaway fault bounding the south eastern margin of the basin is represented by inceler and Ac1 Gol
faults in the study area. The wedge geometry of the sequence thickening towards the inceler normal
fault is an evidence of syn-tectonic deposition. The northwest margin of the basin is controlled
by two en-echelon faults. The sedimentary sequence has a wedge geometry thickening towards
the normal fault and at the same time its upper layers overlap the fault. As a result, the northeast
extension of the Datga-Kale-Ac1 Gol Oligocene basin is an elongated fjord like depositional area
containing the shallow marine environments controlled by normal faults located in its southeast and
northwest margins. It was demonstrated that the southeast basin margin limited by the Datga- Kale
main breakaway fault performed dominant tectonic control. The similar kinematic indicators that
is used for the model explaining the exhumation of the Menderes massif by the upward bending
Received Date: 02.05.2018 of Datca-Kale main breakaway fault are also observed in the northwest of the basin as top to the
Accepted Date: 22.10.2018 north-northeast.

Keywords:

Datga- Kale- Ac1 Gol
basin, Datca- Kale
main breakaway fault,
Extension, Oligocene,
Tectono-sedimentary.

1. Introduction Datga-Kale main breakaway fault, which is associated

with the exhumation as an asymmetric core complex

The Datca-Kale-Act Go6l Oligocene basin is
located between the Menderes massif and the Lycian
nappes in southwestern Anatolia and has a northeast-
southwest extension (Figure 1). The outcrops of
Oligocene basin units in the region can be traced from
the Gokova Gulf to Kale and from the northeast of
Denizli to Dinar area, and have been studied in the
literature giving different basin names (eg. Lycian
molasse basin, Kale basin, Kale-Tavas basin, Cardak-
Tokga basin, Cardak-Dazkirt basin, Denizli basin)
(Figure 1). It was interpreted that Datga-Kale-Aci Gol
basin was developed on the hanging wall block of the

of the Menderes massif (Seyitoglu et al., 2004).

The outcrops belonging to Oligocene sedimentary
units were mapped in the north of the Gokova Bay
(Giirer and Yilmaz, 2002). The Datca fault located in
the south of the bay in the submarine seismic reflection
studies carried out in the Gulf of Gokova, is seen
in listric normal fault geometry dipping northward
(Kurt et al., 1999). The seismic reflection sections
obtained along the hanging wall block of the fault and
perpendicular to the Datga fault reveal the presence
of a sedimentary sequence which is 2500 m thick and

Citation info: Elmas, G., Seyitoglu, G. Kazanci, N., Isik, V. 2019. Syn-sedimentary tectonic markings in the Oligocene Datca-Kale-
Act Gol Basin, Western Anatolia. Bulletin of the Mineral Reserach and Exploration, 160, 1-20. https://doi.org/10.19111/
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Figure 1- Study area in the northeast of Datca-Kale-Ac1 Gol basin in southwestern Anatolia (Datga-Kale main breakaway fault from Seyitoglu
et al. (2004), regional geology from Konak, 2002; Turhan, 2002; Konak and Senel, 2002; Senel, 2002).

thickens towards the fault with a wedge geometry
(Kurt et al., 1999, see line 11). The sediment thickness
and its geometry show that basin units here were
deposited as syn-sedimentary in the control of the
Datga fault and it was interpreted that this deposition
occurred in the Oligocene period (Seyitoglu et al.,
2004). The data related to continuation of faulting
observed in the submarine in the Gokova Bay and
associated formations on land in the east were shown
by the geophysical data by Caglar and Duvarci (2001).

The Kale section of the northeastern most of the
Datca-Kale-Ac1 G6l basin was studied by Hakyemez
(1989) and Yilmaz et al. (2000). Yilmaz et al. (2000)
and Giirer and Yilmaz (2002) stated that the Kale-
Tavas basin was developed under the control of
northeast - southwest trending normal faults dipping
northwest. They interpreted this basin as a “piggy-
back” basin which developed on the Lycian nappes

and also suggested that it had been developed under
tectonic regime representing a contraction in north-
south directions in general.

The Oligocene successions in Denizli and Cardak-
Dazkir1 basins in the northeast together with Kale-
Tavas basins were investigated by Sozbilir (2005).
Suggesting that these basins were formed by the
southward detachment of the Lycian nappes over
the Menderes massive under the extensional tectonic
regime, it was stated that folds observed in basin fills
were related with the rootless movement of the Lycian
nappes towards the south. Although not explicitly
stated in the text, it is understood that S6zbilir (2005)
agrees with the “Lycian detachment fault” associated
with the first exhumation of Menderes massif in the
symmetrical core complex model of Ring et al. (2003).
Sozbilir (2005) in his study explained the reported
observation of the basement rocks thrusting on the
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Oligocene sequence in two separate places (Tokga and
Kuzunkaya locations) with the renewing movements
of the Lycian nappes and indicated the presence of
extensional basins in the Menderes massif at the same
time. Although the relationship between the basement
rocks and the Oligocene sedimentary sequence around
Tokga was mapped as a steep angle normal fault
(Goktas et al., 1989), Akkiraz et al. (2010) presenting
detailed maps showing that this relationship is a
thrust and indicate that this sedimentary sequence is
Rupelian-Early Chattian (Oligocene) in age.

In previous studies, it is observed that the Datga-
Kale-Ac1 Gol basin was divided into sub-basins and
different stratigraphies were proposed. The studies
supplying age data for sedimentary successions rely
on the facts of palynology (Akgiin and Sozbilir,
2001; Akkiraz and Akgiin, 2005) nannoplankton,
foraminifera, mollusk (islamoglu et al., 2006; Gedik,
2008; islamoglu, 2008), palynology and benthic
foraminifera (Akkiraz, 2008; Akkiraz et al., 2010,
2011).

Goktas et al. (1989), revealing the stratigraphy
of the Cardak-Tokga basin, reported that they were
formed by deltaic shallow marine sediments where
terrigenous inputs in places are available. Hakyemez
(1989) indicates that the Karadere formation, which
developed as the lowermost alluvial fan in the Kale
basin, is conformably overlain by the coal-bearing
Mortuma formation developed in lagoon environment
consisting of braided and meandering stream deposits.
He stated that these deposits are then unconformably
overlain by the lower Miocene Yenidere formation.

Toker (2008) studied the Oligocene sequence
in the Cardak-Dazkir1 basin from bottom to top as
Armutalani, Cardak, Hayrettin, Tok¢a formations.
Armutalan and Cardak formations were considered as
the alluvial fan deposits (Toker and Yagmurlu, 2010).

Karadenizli et al. (2009, 2017) presents the
generalized stratigraphy for Oligocene Datca-Kale-
Act G0l basin by the distinction of Mortuma, Cardak
and Hayrettin formations. The Uctepe reef member
was also included in the Hayrettin formation. In facies
analysis of the formations, the alluvial fan and fluvial,
fan delta, sandy beach, shallow sea clastics, inner shelf
carbonates and offshore deposits were determined
(Figure 2).

UNITS AND
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o
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Figure 2- Generalized stratigraphical section of the Datga-Kale-Ac1
Gol basin [from Karadenizli et al. (2009)].

In this article, tectono-sedimentary development
of the NE section of Datc¢a-Kale-Act Gol basin,
where its basin-margin relationships were relatively
less studied, will be explained by using the field
observations carried out at key locations (Figure
3). Unlike previous studies, the margins, size and
geometry of the basin will also be emphasized because
the Oligocene period of time has a critical importance
in the geology of Turkey.

2. Field Observations on the Southeast Margin of
the Dat¢ca-Kale-Ac1 Gol Basin

2.1. Southwest of Cardak: Inceler-Sogiitkdy area
(Figures 3 and 4a)

Datca-Kale main breakaway fault, turns into north-
northeast direction and starts to be clearly observed
in the western Inceler-Sogiitkdy area (Figures 1 and
3) after limiting the Kale-Tavas basin from the south
(Yilmaz et al., 2000; Giirer and Yilmaz, 2002). The
northwest dipping Inceler normal fault form the
contact between the basement units consisting of
the Lycian nappes and the Eocene sedimentary units
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areas. See figure 1 for location. (from Konak, 2002; Turhan, 2002; Konak, and Senel, 2002; Senel 2002; Emre et al., 2013).

and the Oligocene-Neogene sequence (Figure 4a).
While the lower levels of the sequence belonging
to the Cardak formation, dominantly consisting
of Oligocene coarse conglomerate and sandstone
alternation, have high to medium dipping values (55-
37°), it becomes low dipping (10°) as the dip value
decreases transitionally towards upper layers (Figure
4b). The succession is disconformably covered by a
probable Neogene sequence formed by red mudstones,
armored mud-balls, limestone with plant parts and
loose conglomerate. It is possible to see the Oligocene
succession dominantly composed of conglomerates in
the wedge geometry thickening towards the Inceler
fault in deeply incised valley slopes (Figure S5a, b).
This situation clearly shows that the Inceler fault was
developed as a growth fault in the Oligocene and
controls the deposition of the Oligocene sedimentary
sequence. The Inceler fault should have continued its
activity during and after the Neogene period.

The data, which is the first field observation and
reveal the relationship between the tectonism and
sedimentation in the Oligocene along the breakaway

fault, similar to this observation is also observed in
the submarine seismic reflection sections in the Gulf
of Gokova (Kurt et al., 1999; Seyitoglu et al., 2004;
Seyitoglu and Isik, 2015).

2.2. East and Southeast of Basmak¢i: Yassioren-
Atabey Area (Figure 3 and 6a)

In the south of Basmakei, the footwall block of
the active Aci GOl normal fault consists of the Lycian
nappes, while the hanging wall block consists of the
Quaternary deposits and the recent deposits of Aci
Gol, which cover a large area in the region (Figure
3). The indirect data showing that the Aci Gol
normal fault, working as active fault today, acts as a
part of Datca-Kale main breakaway fault during the
Oligocene period are given below.

The Maymun Dag fault, located in the northwest of
the Ac1 G0, is the antithetic fault of the Ac1 G6l fault.
In the footwall of Maymundag fault, the apparent
thickness of the Oligocene succession, which has low
dipping angle, is at least 789 m and can be measured



Bull. Min. Res. Exp. (2019) 160: 1-20

2 26
75 75
74_J 74
73] 73
72_[' | 72
7 71
70_ 70
69 69
i Basement rocks(Jurassic-Cretaceous) ]Lycian
I:I Alluvium(Quaternary) -Harzburgite, serpentinite, gabbro, limestone etc./Nappes|
Tal uaternar
loz(Q v @ Settlement ==wr= Normal Fault
I:, Cameli fm.(Neogene)
Lacustrine claystone, marl, limestone, sandstone, cong<lomerate ] /2 6 strike and dip
Cardak fm. (Oligocene) Photo location of bedding
Conglomerate, sandstone, mudstone alternation Al——————A' Cross section line
Varsakyayla fm. (Eocene) EEEEEETS i P vv
a - Sandstoge,)::laystone, conglomerate, limestone IS Tnig 0 1000 m

A -A" section

inceler fault Tekegal Tepe

Figure 5
Karakisik Dere

" Conglomerate-mudstone alternation. Laminated sandstone-mudstone level asement r
b a;ll:lx:r':m) ingstone fravertnc, Armored mad balls E Conglomerates containing pebble-debris gusmsic_cxf;fm” 0 250m
Y (Neogene) Oligocene)
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Figure 5- a) The thickening wedge geometry of the Oligocene succession in inceler-Ségiitkdy area, towards the inceler fault outside the photo
frame, b) Close-up view of the wedge geometry. Yellow lines indicate bedding planes.
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Figure 6- a) Geological map of Yassioren, see figure 3 for location, b) Geological cross sections of Yassioren and Yakakoy
(See figure 6 for location).
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between the summit of the Maymun Dag and the
Ac1 G0l level. It is concluded that there should be
an Oligocene succession as much as observed on the
Maymun Dag below the Quaternary plain in the Ac1 Gol
and its close vicinity. Accordingly, it can be suggested
that the Ac1 GOl fault behaved as a segment of the
Datca-Kale main breakaway fault in the Oligocene and
controlled the deposition of the Oligocene successsion
by benefiting from the thickness difference of the
Oligocene succession at the footwall and hanging wall
blocks of this fault. This recommendation is supported
by field observations in the vicinity of Yassidren
Village (Figures 3 and 6). The segments of the Ac1 Gol
fault separates the rocks of the Lycian nappes and the
unconformably overlying Oligocene clastic sequence
from the Aci1 Gol Quaternary sequence (Figures 6a,
6b). The observation of Oligocene succession both
at the footwall and hanging wall blocks of this active
fault and that the Oligocene succession observed at the
footwall block is thinner (250-500) than the succession
observed at the Maymun Dag (798 m) shows that the
Oligocene succession at the footwall block of the Ac1
Gol fault is the overlapping/overlying section on the
uplifting block of the normal fault (Ac1 G6l Oligocene
segment) limiting the basin in the Oligocene period
(Figure 6a, 6b). It is observed that the succession
overlying the Aci1 G6l Oligocene segment of Datca-
Kale main breakaway fault extends to Atabey, north
of Isparta (Figure 3).

The bottom of the Oligocene succession (Akkiraz
etal.,2011), which generally consists of conglomerates
at the Kirkdag Tepe area (Figure 7) in the south-
southwest of Atabey, is observed in the hanging wall
of a northeast-southwest trending normal fault dipping
northwest (Figure 7a, 7b, 7¢). The relationship of the
upper levels of this sequence with the pre-Oligocene
basement is observed in the north of Atabey (Figure 8a,
8b). The basement rocks composed of recrystallized
limestones in this area thrust over Eocene sandstone-
mudstone alternation (Figure 8c). The east-west
trending south dipping normal fault developed
immediately in front of the thrust limit the Oligocene
conglomeratic succession that overlies folded Eocene
units with an angular unconformity. In the hanging
wall of this fault, another normal fault is overlapped
by the Oligocene sediments (Figure 8a, 8b, 8c, 8d, 8e).
This feature is a sign of a syn-tectonic sedimentation
in the Oligocene.

The main breakaway fault, which limits the Datca-
Kale-Ac1 Gol basin from the southeast, cannot be
clearly traced towards the northeast due to the younger
northwest-southeast extending Dinar fault. The
Oligocene succession located at the footwall block
of the Dinar fault unconformably overlies the horst in
the north of Senirkent as a relatively thin sequence. As
this situation resembles the situation at the footwall
block of the Ac1 G6l fault it is possible that the main
breakaway fault is located around Tatarli in further
northwest, and even if it extends further northeast
under the Quaternary deposits, it will have to be cut
in the northeast by the northwest-southeast trending
Afyon-Aksehir graben (Figure 3).

3. Field Observations on the Northwestern
Margin of Datca- Kale-Ac1 Gol Basin

3.1. Cerityaylas1 Area (Figures 3 and 9)

The succession of the Oligocene Cardak formation
on the footwall block of the Dinar normal fault, which
also produced the Dinar earthquake on the 1st of
October in 1995, overlies the Eocene sediments to
the west of Cobansaray with an angular unconformity
(Figure 3). As heading towards further northwest,
it was observed that this succession was limited
by northeast-southwest trending southeast dipping
enechelon Cerityaylast and Muratli normal faults
(Figure 9a, 9b). The dip of the Oligocene succession
decreases in up section and overlies the Murath
fault (Figure 9e). This shows that the deposition of
Oligocene succession is controlled by the Cerityayla
and Muratl: faults (Figure 9b, 9c).

3.2. Tok¢a Area (Figures 3 and 10)

There are different opinions about the characteristic
of the tectonic contact forming the northwestern
boundary of the Datca-Kale-Ac1 G6l Oligocene basin
between the Triassic - Cretaceous recrystallized
limestones and the Oligocene sedimentary sequence
in the footwall block of the Baklan graben, which
is confined by the Baklan fault (Figure 3) around
Tokga. This contact was mapped as thrust by Sozbilir
(2005) and Akkiraz et al. (2010) and the sedimentary
sequence at the footwall block was found to be of
Rupelian-Early Chattian (Oligocene) age. On the
other hand, the same contact was mapped as the steep
angle normal fault by Goktas et al. (1989). According
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to our field observations, the tectonic contact between
the Triassic-Cretaceous recrystallized limestone
and the Oligocene sedimentary units is a northeast-
southwest trending normal fault dipping southeast.
Tokga fault can be followed along 13 km and consists
of 4 segments (Figure 10a, 10b). There are traces of
hydrothermal activity in breccias in the fault zone.
It has been possible to measure the fault plane and
slip striations at one location in the fault zone. It is
very clear that the dip direction of the Tokga fault
surface and the movement on it indicate a normal fault
character (Figure 10c). The Oligocene sedimentary
units in the Tok¢a normal fault contact are composed
of carbonate cemented, sub-rounded, grain supported,
coarse pebbly conglomerates and show open folds.
The fact that the fold axes are parallel to the Tokca
normal fault (Figure 10b) also indicates that these
folds are related to normal faulting. As moving
away from Tok¢a normal fault towards southeast,
the Oligocene sedimentary sequence is found to be
uniformly dipping to the southeast (Figure 10b).

3.3. Kuzunkaya Area (Figures 3 and 11)

It was reported that the ophiolitic basement had
thrusted over the Oligocene sedimentary units at
Kuzunkaya, the north of Bayiralan in the west of
Isabey (see Sozbilir, 2005, figure 15). However, the
field observations carried out in the region indicate
that the boundary between the ophiolitic basement and
the Oligocene sedimentary units is an east northeast-
west southwest trending normal fault dipping steeply
southeast. (Figures 3, 11a, b, ¢). The drag fold syncline
in the hanging wall block of the fault was used to
determine the direction of movement (Figures 11b, c).

Generally the field observations on the northwest
side of the Datca-Kale-Ac1 Gdl basin indicate that the
margin of the basin is limited to an antithetic normal
fault system of Datca-Kale main breakaway fault.
Cerityaylasi and Muratli faults served as growth faults
(Figure 9d).

4. Microtectonic Findings within the Northwest
Extension of the Datca-Kale Main Breakaway
Fault

The lithology of the metamorphic rocks in
study areas is marble, calc-schist and calc-silicate
schist. Our mesoscopic and microscopic studies in
these rocks reveal that the rocks were affected by

12

the mylonitization with varying grades. Carbonate
minerals (calcite) constitute the common mineral
composition of these rocks. Phyllosilicate minerals
(biotite, chlorite, muscovite, sericite), quartz, feldspar
and amphibole accompany rock composition in
different proportions. Epidote and opaque mineral are
also found as an accessory mineral in the rock.

The primary foliation of the rock protolith is defined
by the elongation of the phyllosilicate minerals. These
foliation planes are largely overprinted and cut and/
or deflected by mylonitic foliation. Mylonitic foliation
is characterized by recrystallized calcite minerals
aligned in foliation surfaces. Also the recrystallized
phyllosillicate minerals accompany the formation
of mylonitic foliation which showing folding in
geometries. Stretched mineral clusters along the
mylonitic foliation represent the mylonitic lineation.
The isolated mineral groups with extensional geometry
on mylonitic foliation planes represent the mylonitic
lineation.

The mylonitization in rocks is depend on the
primary composition and textural properties of the
rock. The mylonitic rocks which are wholly or mainly
of carbonate composition contain the recrystallized
calcite minerals. Some of the mylonitic rocks are
formed by fine and medium grained recrystallized
calcites. In some of the mylonitic rocks, these fine and
medium grained recrystallized calcites and very fine-
grained recrystallized calcites occur as matrix material
which surround large calcites known as porphyroclast.
These rocks also include intensively altered amphibole
porphyroclasts, some opaque minerals and altered
coarse phyllosilicate porphyroclasts. Development of
fractures particularly in calcite porphyroclasts and the
presence of recrystallized calcite and quartz grains in
opening areas suggest that the deformation of these
minerals occurred during extensional regime.

Undulatory extinction and twinning development
is remarkable in calcite porphyroclasts, which
indicates that the temperature is between 200 and 300
°C during deformation. The quartz grains, in some
thin sections also display partly recrystallization and
typically undulatory extinction. These properties of
minerals suggest that the temperature is at 250°C or
above during the deformation. When we consider the
regional geothermal gradient as 30°C/km, it is possible
to say that the deformed minerals in the mylonitic
rocks may be deformed at depths of 6-10 km.
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The thin sections with parallel to the stretching
(mylonitic) lineation include some data on the
kinematics of ductile deformation in the rock. The S-C
structure and the asymmetric porphyroclast formations
are dominant kinematic indicators in the study area
(Figure 12a, b). It is also seen typical oblique foliation.
Kinematic indicators suggest that mylonitization has
top-to-the-N-NE sense of shearing. In other words,
during the development of the ductile shear zone, the
lithologies above the zone might be moved toward
the North. At the same time, the kinematic indicators
designate that ductile deformation in the region is
related to simple shear. All these findings are consistent
with the well known kinematic indicators and sense of
shearing in the regional extensional regime obtained
from the Menderes core complex (Isik et al., 2001,
2003, 2004; Isik, 2004).

5. Tectono-Sedimentary Evolution of the
Northeastern Datca-Kale-Ac1 Go6l Oligocene
Basin

For the northeastern part of the Datga-Kale-Aci
Gol basin, the Cerityayla, Cobansaray, Hayrettin,
Sogiitkdy and Atabey measured stratigraphic sections
were prepared (Figures 3, 13a, b). The relative location
of these measured stratigraphic sections in the basin
and the location evaluation related to the area where
microtectonic observations are made is presented in
figure 14.

It is possible to mention about three separate
Oligocene successions of the northeastern part of

the Datca-Kale-Ac1 Gol basin. The first of these is
the Inceler-Sogiitkdy sequence to the south of the
Act Gol, where thick coarse clastics are present. This
sequence, which is observed as two separate outcrops
and highly probable that they are the continuation of
each other, is composed of normal graded beddings
with a thickness of 15 - 50 cm mainly dominated by
coarse sand-medium pebbles.

Two most striking features of the succession are
the minority of silt-clay size grains and the decreasing
of the primary bedding dip from bottom to top. Clay
leaching is a good reagent for high energy aqueous
environments. The decrease of the layer dipping can
be data for rapid accumulation and active tectonism
during deposition. In the upper continuation of
this outcrop, the sedimentary structure and textural
characteristics observed in the beach sediments (the
abundance of well-rounded but weakly spherical platy,
long axis orientation in grains, and unavailability of
clay and silt grains) were seen. Taken together, it is
understood that this coarse grained sequence was
deposited as a coarse-grained delta and/or fan delta in
a shallow marine environment.

The coal bearing Oligocene successions in the
vicinity of Maymun Dag and Tokca have thinner
grain size. The characteristics of sequence observed
as fine grained conglomerate-sandstone in the
vicinity of Maymun Dag is that it has impoverished
by clay, which is well washed. This situation is an
expression of relatively high energy and indicates
that the sediments were accumulated in a shallow sea
or coastal environment. The coal bearing sequence

R e LA

Figure 12- Microscopic view of some microstructures commonly observed in metamorphics forming the basement rocks in the study
area, see figure 3 for location. The kinematic indicators in the oriented sample show that the movement in the regional
deformation is upper-north, a) S-C structure. (Cross nicol), b) Asymmetric porphyroclast (single nikol). ap: asymmetric

porphyroclast; N: North.
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Datga-Kale-Ac1 Gol Oligocene basin SE

3 5

Dat¢a-Kale main
breakaway fault

Figure 14- Representative cross-section showing the relative positions of measured stratigraphic sections in the northeastern
part of the Datca-Kale-Ac1 Gol basin. 1-Cerityaylasi, 2- Cobansaray, 3-Hayrettin, 4- S6giitkoy, 5-Atabey measured
stratigraphic sections, 6-Location of microtectonic observations in the vicinity of Siiller in the lower plate of Datga-

Kale Main breakaway fault.

around Tokga is different from the previous ones with
marl - claystone - siltstone lithology. Lamination and
soft sedimentary deformation structures are evident.
It is composed of clay dominated sediments. It is
low in energy and probably indicate marine-marsh
environments. It is possible to interpret the coals as
paralic environment products.

In the horst of the Dinar graben, Oligocene units in
the vicinity of the Cerityaylasi show similarities with
the Sogiitkdy sequence in terms of grain size. These
units to be in red color in places are secondary and
it is not a depositional characteristics. In addition to
this, the clay grains were washed less. It is possible
to interpret them as alluvial fan - fan delta sediments.

In general, these deposits represent shallow marine
coastal environments. It would be appropriate to talk
about a tectonically controlled deposition. The excess
thickness in narrow range is an indication of tectonism.

Considering all field observations and measured
stratigraphical sections, it is clear that there is an
effective tectonic control on the SW margin of the
Oligocene Datca-Kale-Act Go6l basin. This situation
was achieved by the Inceler and Ac1 Gol faults which
are the continuation of Datga-Kale main breakaway
fault in NE. Cerityayla and Tokca faults, which are
developed as antithetic to these normal faults, are
lower profile structures that limit the basin from NE
(Figure 15).

Figure 15- Schematic block diagram showing the status of the northeastern part of the Datga-

Kale-Ac1 Gél basin in the Oligocene.
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6. Discussion and Results

Considering the covered and eroded outcrops
in addition to their areal distribution, the Oligocene
Datca-Kale-Act Gol basin is interpreted to be a
marine deposition area with a geometry of 50-75
km wide, about 300 km long. Special depositional
systems provided by the geometry of narrow and
long sedimentary areas are in concern. The modern
examples of these are fjords and there is observed
sediment only on basin axes as basin margins are in
the form of slope (Hansen et al., 2007). However,
Miocene Koprii and Manavgat basins can be given
as examples for the old basins (Ciner et al., 2008).
While the sedimentary centers of these are relatively
long, the basin margins accumulate more and various
sediments (Kostaschuk and McCann, 1983; Hansen,
2004). The additional feature of Dat¢a-Kale-Ac1 Gol
Oligocene basin is that the two sides of the basin
are faulted but the activity of the fault on one side
is dominant and accumulates more sediment due
to tectonism. In summary, the presence of different
successions in different localities is the usual result of
the basin geometry and forms a good example for old
fjord type basins.

The field observations carried out in northeast of
the Oligocene Datga-Kale-Ac1 Go6l basin show that
the Datca-Kale main breakaway fault, which limits
the basin from the southwest, is represented by Inceler
and Ac1 G0l faults. The Oligocene sequence showing
the wedge geometry in the hanging wall block of the
Inceler fault reveals that this fault developed as syn-
sedimentary. The fact that the Oligocene succession
on the footwall block of the Ac1 Gol fault is very
thin in comparison with the succession observed
on the Maymun Dag led to the evaluation that the
Oligocene deposits in this section were formed by
overlying the basin-margin faults. The relationships
of the Oligocene deposits of Cerityaylasi and Murathi
faults, which are located in the northwest margin of
the basin as an antithetic of the Oligocene Datca-
Kale main breakaway fault, show that they are syn-
sedimentary faults (Figure 9d). It was determined
that Tokga fault was not a thrust fault as claimed in
previous studies but it had a normal fault character
and represented the northwestern edge of Datca-Kale-
Act G0l basin together with Cerityaylas1 and Murath
faults. The Menderes massif was exhumed with the
bending of Datga-Kale main breakaway fault and it

18

was revealed that up to the north-northeast movement
took place also in the vicinity of the Siiller by means
of microtectonic studies performed on the lower plate.
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ABSTRACT

During the salvage excavations in the area of the former Theodosian harbor in Yenikapi-istanbul
several ship wrecks from the Byzantine period, archaeological objects from different periods
and a Holocene aged sedimentary sequence have been uncovered. In this study the lithological,
lithostratigraphical and facies properties of the Holocene sequence are investigated in detail and
its depositional environment is determined. For this purpose along four profiles (S1, S2, S3, S4) 14
different sections of a total thickness of 17.75 m are studied and 100 samples are collected. The grain
size distribution and mineralogical composition of the samples are defined by sieve and sedigraph
analysis and by XRD method, respectively. Results of these analyses and facies characteristics of
this poorly known Holocene sequence are used for the definition of the depositional environment.
Accordingly, the marine sediments are deposited in a near-shore environment, with a natural
embayment or estuary transgressively. Terrigenous and anthropogenic material carried by the Lycos
Received Date: 26.06.2018 River, at the mouth of this natural embayment, resulted in first a regression and then a high-energy
Accepted Date: 25.09.2018 fluvial system in the study area.

Keywords:
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1. Introduction to top consists of the Trakya formation (Paleozoic),
Miocene deposits, marsh clay (Holocene), marine
deposits  (Holocene), deposits of the
Bayrampasa (Lycos) River (Holocene), agricultural

soil and artificial filling deposits.

In the excavations carried out under the
management of the Istanbul Archaeological Museum
in Yenikap1 (Figure 1) for the Marmaray Project,
which connects both sides of the Bosphorus with the
rail-tube, 36 shipwrecks belonging to the Byzantine The lithological, stratigraphic and geo-
Theodosian Harbor and various remains were found archaeological features of these units have been

fluvial

(Kiziltan, 2007; 2010; 2014; Asal, 2010; Celik,
2007; Kocabas, 2015; Pulak et al., 2015). In addition
to numerous wrecks and various archaeological
findings, a Quaternary sedimentary sequence,
which was encountered in some of the drillings for
engineering geology in Istanbul and its vicinity
were also uncovered. In the excavation site, there are
also Paleozoic and Cenozoic units together with the
Quaternary sequence. Here, the sequence from bottom

investigated by various researchers (Algan, etal., 2007;
2009; 2010; 2011; 2014; Peringek, 2010a; 20105;
Yalcin et al., 2015, 2019). The sequence uncovered
in the ancient Thedosian Harbor excavation contains
important evidences of the Holocene sedimentary
environments and their changes. However, the studies
on the analysis of sedimentological conditions and
depositional environment of the Holocene units were
limited in number and scope.
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Figure 1- Location map of the study area.

In this study, it is aimed to investigate Holocene
marine and fluvial deposits uncovered during the
archaeological excavations in detail, to reveal
their sedimentological properties and to determine
depositional environments.

2. Material and Methods

In order to determine geological, stratigraphic and
sedimentological features of the Holocene succession,
a total of 17.75 m in 4 profiles (S1, S2, S3, S4) were
measured in the excavation site, and 100 samples were
collected for different analyzes along the sections. The
location of profiles in which the section measurements
are made and the samples collected are shown in
figure 2.

22

In order to determine the grain size distribution of
samples, the sieve analysis for the grain size between
(-8) and (4) ¢ and Micromeritics Sedigraph analysis
for the grain sizes between (4) - (10) ¢ were performed.
For this purpose, the coarse fraction (-8 to 4 ¢) was
divided into different sizes by the sieve analysis, then
their percentage amounts were estimated by weighing
them. Fine grain size (4 to 10 ¢) group was analyzed
on the Micrometritics Sedigraph device and the grain
size distribution was obtained. As a result of these two
analyses, the grain size distribution in the range of
256-0.001 mm was determined.

In order to determine mineralogical composition
of the rocks, representative samples of each unit were
milled and analyzed by X-ray diffractometer (XRD)
Philips PW-1430 in the Mineralogy and Petrography
Laboratory of the Geological Engineering Department
of Istanbul University. In this device, the Cu Ka
radiation was performed using Ni filter, 36 kV
voltage, 20 mA current, 20 = 1°/d goniometer speed
and at certain C.P.S. sensitivities. For each sample, the
measurement was made between 20 values in 5-65
ranges.

The results of XRD analyses can be evaluated in
two ways as qualitative and semi-quantitative. The
quantitative/semi-quantitative method is not very
reliable as different crystal systems have different
diffraction properties. In addition, the errors due to
overlapping of instrumental conditions and some
pixels are also effective in the evaluation (Hooton and
Giorgetta, 1977). Therefore, it is tried to eliminate
these errors with various factor calculations (Hooton
and Giorgetta, 1977). In this study, though it is not very
detailed, an assessment was made in order to make
an approach to the mineralogical composition of the
samples without making a factor estimation according
to the abundance of samples. In this evaluation, the
peak intensities of all minerals in the sample were
determined based on peak heights obtained as a result
of XRD analysis. Then, using the direct proportions
between the peak heights of the minerals in each
sample, the mineral percentages from the highest to
lowest peaks were determined. Thus, a ranking was
made according to the abundance of minerals in the
composition of each sample.

3. General Geology

The rock assemblages outcropping in Yenikapi,
located on the southern margin of the Historic Peninsula
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in Istanbul, are composed of Paleozoic and Cenozoic
units (Figure 3). The Paleozoic Trakya formation
is represented by sandstone, siltstone, claystone
alternation and forms the basement in the study area.
After a long gap, the Cukurgesme, Giingdren and
Bakirkdy formations were distinguished (Gedik and
Aksay, 2002) in Miocene deposits unconformably
overlying the basement. The Cukur¢esme formation
is composed of greenish gray, silty sandy clays
consisting of yellow to beige sand and clayey sand
bands. The Giingdren formation is composed of
greenish gray, clay laminated in places and contains
sandy silty levels. These two formations are overlain
by the Bakirkdy formation which is composed of
Mactra limestones with clay interlayers. The Belgrad
formation, which is composed of red to brown and
yellow pebbles and sands, and the Kusdili formation
consisting of blackish gray pebble, sand, clay and muds
overlie the older units with an angular unconformity.
At the top, the fluvial deposits and artificial fillings are
confined to stream or river valleys exist.

Paleozoic and Cenozoic rock units are only
partly represented in the study area and its vicinity.
Therefore, only the units in Yenikap1 and its vicinity
were introduced in this study. The unit called as the
basement rock in the Yenikapi excavation site is the
Early Carboniferous Trakya formation forming the
uppermost part of the Istanbul Paleozoic sequence.
Although this unit did not naturally outcrop in the
study area, it was encountered during excavations.
The Trakya formation is generally composed of
grayish, lead-green and brown greywacke and shales
and is thin-medium-thick bedded. The lower boundary
of the unit was not encountered in shallow drillings
excavated for foundation and engineering geology
purposes. There is an unconformable relationship with
the overlying Giingoren formation.

Among Miocene units, the unit outcropping in
the Yenikap1 excavation site is the Late Miocene
Giingdren formation. The unit has also large exposures
in the study area. The Gilingdren formation consists of
light green and yellowish green claystone, siltstone,
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Figure 3- General geology map of the Yenikap1 area and its vicinity (Sayar, 1977; Gedik and Aksay, 2002; Gedik et al., 2005
Algan et al., 2011) (The geology map for the Anatolian side was not shown, instead this region was shown with -

symbol).
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sandstone and limestone layers. There are also
observed plant stems, leaf traces, silt and sand lenses
in clays. In the study area, the upper and lower contacts
of the Giingdren formation are unconformable. The
unit is overlain by the Holocene marine unit (Kusdili
formation) and/or dark colored clay unit.

The clay unit consisting of dark gray, black and
rarely brown homogeneous fine clastic sediments
overlying the Giingdren formation is observed in a
limited area in the study area. The black clay unit has
a maximum thickness of up to 9 m in the area and
thins out towards the edges. The dominant lithology
of the unit is clay, and lamination or layering was
not distinctively encountered. In the uppermost part
of the unit at the contact with the marine unit, sand
fillings in cracks are observed as a result of activities
of marine organisms living on the sea floor and/or due
to the drying. In the lower parts of the sequence, sandy
levels and sand mats are observed developed as local
and small-scale channel fills (Yalgin et al., 2015).

The Holocene sedimentary sequence overlying the
Miocene Giingdren formation and the black clay in
occasions can be divided into two units as marine and
fluvial. The Holocene marine unit begins with gray,
white coarse gravels, and continues with light yellow
to beige sand with shells and sand, sandy silty clayey
sand and consist of occasionally scattered fragments
of amphora, ceramic, bone, glass and coins belonging
to 5%-7% centuries (Kiziltan, 2010; 2014; Algan et al.,
2011). The overlying unit is a typical fluvial deposit
composed of badly to medium rounded cobbles,
pebbles and coarse sands. Several ceramic pieces and
anthropogenic materials belonging to 8"-11" centuries
were found in it (Kiziltan, 2010; 2014; Algan et
al., 2011). The artificial infill located on top of the
succession contains the fillings of the Byzantine and
Ottoman Periods, the agriculture soil, and the residues
of concrete-rubble in the near term (20" century)
(Figure 4).

4. Holocene Sedimentary Sequence and its
Properties

Holocene sedimentary deposits will be studied
under titles of lithostratigraphy, lithological features,
mineralogical composition, grain size distribution,
fossil content and sedimentary structures. The
sequence begins with different sizes of gravels and
passes in upward direction to yellow to beige, fine
grained sand and fluvial coarse sand and pebble at

Depth General Unit
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100:
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Sand (shally sand and silty

300 clayey bands)
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Sand (rare cross bedding and
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E’ Silt-Clay Band - Trakya Formation

Figure 4- Generalized stratigraphical section of the Yenikap:
sedimentary sequence.

the top. The Holocene sedimentary sequence was
investigated separating them into 7 sub units from
bottom to top as a result of detailed studies (Units 2-8).

4.1. Lithostratigraphy

The stratigraphy and lithological features of the
Holocene sequence are presented below from old to
young. The bottom of the sequence consists of the
Miocene Giingéren formation and Holocene marshy
clay called the Unit 1 (Figure 4).

Unit 2 (bottom clastics) begins to deposit with
light yellow to beige, coarse sand and/or blocks-coarse
cobbles-pebbles and consists of medium to coarse
grained sand, sand lenses with many shells and shell
fragments that have no lateral continuity and coarse
pebbles and blocks forming a second level (Figure
5). Angular, flat, large pebbles and blocks consisting
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Figure 5- Flat block and coarse pebbles (A) observed in two levels, and rounded pebbles with coarse shells presenting imbricated structures

(B) in Unit 2.

of bioperforation holes appear at the bottom of Unit
2. The presence of bioperforation holes of a marine
benthic fauna on these blocks and pebbles, arranged
in two levels, indicates that they have remained in the
marine environment for a long time. These pebbles
are derived from the Paleozoic-Cenozoic rocks in
Istanbul (Algan et al., 2010). Yalg¢in et al. (2015)
stated that the functional purposes of these very large
and angular blocks could be recognized despite the
sea and/or wave effect, that they could have been
carried by human hands and used in the Neolithic
period buildings. In addition, there are smaller (nearly
10 cm), rounded basal pebbles, which could present
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imbricated structures and were transported by the
sea transgressing landward due to the rising sea level
on the black clay here (Yalgin et al., 2015). The unit
overlies both the Miocene Glingéren formation and
the black clay in the study area. The total thickness
of this coarse pebble and blocks, the sand in between
and the lenticular sand layer that have not any lateral
continuity is about 25-50 cm. The pebble ratio
decreases to the south towards the sea and the first
level pebble and sand layer intertongue with each
other and the second level smaller pebbles directly
overlie the basement.
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Unit 3 (sands with shells); begins with 30-70 cm
thick coarse sand (3a) with many shells and shell
fragments then grades into coarse sand unit (3b) of
which its sand amount reaches nearly 30-60 cm and
consist of disseminated shells. In studied profiles
(S1-S2-S3-S4) oxidized layers as thin bands were
observed on the upper section of the unit 3 (Figure 6).
These levels, which are especially oxidized in profiles
S3 and S4, are very prominent. This is due to paint
of sands of the unit 3 at the bottom as a result of the
oxidation of materials such as amphora etc. in unit 4
located on top of the Unit 3.

Unit 4 (Sandy level) is a light yellow, coarse
sandy unit and contains locally silty, clayey layers,
small scale cross beddings and occasionally clay-mud
pellets. Particularly, at the lower parts of the unit there
are abundant shell lenses, few amphora pieces, bone
and rotten wood fragments and rare pebbles (Figures
6 and 7). Although the thickness of Unit 4 shows
variations laterally in short distances within the study
area, it generally varies between 50-100 cm.

Unit 5 (Chaotic level) is composed of silty-
clayey sands with an erosional bottom and a chaotic
association of a complex depositional process. Unit 5
is formed by chaotic levels in S1, S2 and S4 profiles,
however this level is observed within a fine grained
matrix in the S3 profile. This chaotic unit contains
plenty of amphorae-ceramic pieces, animal bones,
coins, broken or fully preserved glassware, marble
pebble and blocks. These ceramics and amphorae
belong to the 5% and 7" centuries (Algan et al., 2011).
The thickness of Unit 5 generally varies in 20-50 cm’s
in the studied S 2-3-4 profiles, whereas the thickness
of the S1 profile (north of the S2-3-4 profiles) does not
exceed 20 cm (Figure 7).

This unit, which is formed by a complex
depositional process is a tsunami deposit of the
earthquake in 557 AD according to Peringek (2010a)
and Bony et al. (2011). Algan et al. (2011), though not
ignoring the possibility of flood or tsunami, stated that
this material was subsided as a result of daily activities
within the Byzantine Theodosian harbor. Yal¢in, et al.
(2015) indicated that there was needed more data to
understand the depositional mechanism, and it was
unlikely that there would be a usual port fill when the
unit’s characteristics and chaotic structure had been
considered. They also suggested that a flood that would
drag all sorts of materials into the sea would create a

level
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Figure 6- View of Units 3 and 4 in the field.

unit 6

unit 5

unit 4

Figure 7- View of the level containing chaotic-anthropogenic
additives in Unit 5 in S1 profile located in the northern
part of the study area.

similar set of sediments. Goktiirk et al. (2011) showed
that rainfall was effective in the mentioned period.
Pearson et al. (2012) and Kuniholm et al. (2014;
2015) stated in the light of dendrochronological data
that chaotic unit was younger than 557 earthquake
which was thought to cause tsunami. It is concluded
that there is a need for new data to clarify the process
leading to the deposition of Unit 5.

Unit 6 (silt and clay interlayered sands with shells)
consists of light yellow to beige, fine grained sands.
There are lenticular layers composed of shells and
silty-clayey bands in places (Figure 8). The transition
between the Units 5 and 6 is gradational. Because the
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Unit 6 has been removed earlier than this study during
the archeological investigations carried out in the
study area in S2 and S4 profiles, it was observed only
in S1 and S3 profiles. The thickness of the unit in the
study area reaches up to 100 cm.

Unit 7 (sparsely cross-layered sands) begins with
amphorae-ceramic fragments, pebble and blocks
at the bottom and passes into homogeneous light
yellow, medium to fine grained sands with similar
characteristics to the Unit 6 in the upper parts
(Figure 8). In sandy layers of the Unit 7, the cross
stratifications and silty-clayey bands can be seen as
well . The amphorae and ceramics at the bottom of
this unit belong to the 10™ and 11™ centuries (Algan
et al., 2007). According to Peringek (2008), the shores
of Istanbul were subjected to the influence of two big
storms in the 10" and 11" centuries, and these pottery
levels were formed as a result of storm waves. The
unit was observed only in S1 and S3 profiles due to
the previous archaeological excavations and has a
thickness of 40-70 cm.

Unit 8 (coarse clastics), named as the fluvial
Holocene, conformably and gradually overlies the
sequence representing the Holocene marine units
ranging from Unit 2 to Unit 7 (Figure 4). The fluvial
Holocene unit is generally represented by yellow to
brown, coarse grained deposits of natural clastic and
anthropogenic material transported by the Lycos
River. The Unit 8 is divided into three sub units as;
8a, 8b, 8c (Figure 9). Unit 8a is composed of coarse
grained sand with well to medium rounded coarse
pebbles that does and/or does not offer gradation
based on the location. The overlying Unit 8b consists
of well-rounded pebbles and granules at a certain level

Figure 8- The views of Unit 6 and its silty layers, and the bottom
layers of Unit7.
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Figure 9- The view of lithological properties of three sub Units (8a,
8b, 8c) of the Unit 8 in S1 profile.

and well sorted sands better than the Unit 8a. At the
topmost level 8c the grain size increases. The unit is
represented by well-poorly rounded pebbly coarse
sands. Unit 8 is usually red, black and beige in color.
It also includes fine, well-rounded ceramics, pottery,
bones and shells, and thin levels rich in black organic
matter. The unit is then overlain by an artificial fill
(Unit 9, soil cover). The average thickness of the
fluvial unit in the study area is 1 m. It was determined
that the thickness increases towards the west of the
study area.

4.2. Lithological Properties

The results of sieve analyses of the samples
collected from the studied S1, S2, S3 and S4 profiles
were used in order to redefine the lithological
definitions based on macro observations given above
as numerical data. In this context, the results of sieve
analysis of the samples collected from each unit were
evaluated with the help of Folk and Ward (1957)
diagrams. In these ternary diagrams, gravel (G) -sand
(S) - mud (M) percentages are used to determine coarse
grain content and the sand (S) - silt (Z) - clay (C)
percentages are considered for fine grained content.
Figures 10a and 10b illustrate the ternary diagrams for
each profile and lithologies of the units.
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Figure 10- a) Descriptions of marine and fluvial Holocene sediments for each unit in S1 and S2 profiles in ternary diagrams of Folk and Ward

(1957).

According to figures 10a and 10b, the Unit 2 is
represented by blocks and coarse pebbles due to the
grain size greater than 8mm. The dominant lithology
in Unit 3 is pebbly sand and sand. Depending on
the decrease in the grain size starting from Unit 4,
the lithologies such as sand, clayey-silty sand, silty-
clayey sand, sandy-silty clay and sandy mud come
to the fore in later units. The marine phase ends
with the dominant lithology of sand, clayey sand of
Unit 7. Starting with the pebbly sand, the grain size,

which first thins out then becomes thick towards the
end, indicates that the deposition, which began with
shallow and high energy environment then turned into
a lower energy environment and then again became
a high energy environment. In the continuation of
this process, the dominant lithologies defined as the
fluvial Holocene in Unit 8 indicate that the energy of
the environment further increased and the deposition
period was completed.
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(1957).

4.3, Grain Size Distribution

Inorderto evaluate the energy level in a depositional
environment and interpret the mechanisms effective
in deposition, the grain size distribution of the units
is utilized (Spencer, 1963; Blott and Pye, 2001).
In this study, the grain size analysis was performed
for representatively selected 62 samples from 100
specimens collected from the Holocene units. The
samples were collected along the profiles S1, S2, S3
and S4 to represent differentiated units. The grain size
distributions determined according to the results of
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the sieve and sedigraph analysis will be presented by
means of histogram and total cumulative grain size
curves on the basis of units. Although such diagrams
were prepared for all of the 62 samples, only one or
two representative diagrams for each unit will be
mentioned.

Since the Unit 2 at the bottom of Holocene
sequence is composed of block and coarse pebbles,
this unit was not evaluated in terms of grain size
characteristics.
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Unit 3 was evaluated using 8 samples collected
from S1-S3-S4 profiles. The grain size distribution in
these 8 samples does not differ significantly and the
fine grained sand (¢=3) with a share of approximately

45% constitutes the dominant grain size. In the light

of histograms, it was found that the samples of Unit
3 exhibited a unimodal distribution (Figure 11). This
shows that there is a single mechanism controlling
the grain size in the depositional environment. In this

context, it should be noted that the material in the neck
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Figure 11- Grain size distributions of the samples selected to represent different units.
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of fine grained pebble-granule (<@ = -1) with less than
10% in profiles represents shells and shell fragments
in the unit.

The analysis of grain size distribution of the Unit 4
was performed for 22 samples collected from S1, S2,
S3 and S4 profiles. As a result, the dominant grain size
of Unit 4 was determined as fine to very fine grained
sand (¢=3, ¢= 4) with a share of approximately 50%
to 40% (Figure 11).

Unit 4 contains about 10% of clay and lesser
amounts of silt grain size fractions in places, reflecting
the silt and clay bands in the unit. For this reason, a
bimodal distribution can be recognized in histograms,
though not very clear and this can be interpreted as an
indication that material has come from two different
sources. Especially the increasing pebble ratio (5-
10%) in the samples taken from the lower levels of
the Unit 4 in S2, S3 and S4 profiles belong to the level
containing pebble, marble piece and shell fragments at
a level at the bottom of Unit 4. It should be noted that
this level is the result of anthropogenic activities at the
harbor and therefore does not reflect a change in the
energy level of the environment.

Unit 5, which contains the chaotic community in
a matrix of silty-clayey sand, was investigated in the
study area with three samples collected from S1 and
S3 profiles. These samples were collected from the
matrix of Unit 5. The histograms showing the particle
size distribution showed that the matrix of Unit 5
displayed a bimodal distribution. Approximately
45% of the dominant grain size is fine to very fine
sand (o= 3, o= 4) and approximately 10% of silt-clay
size material is seen as well (Figure 11). Thus, it was
understood that the matrix of Unit 5 was composed
of clayey-silty fine grained sand. However, it has not
been possible to make an assessment on the formation
mechanism of the chaotic community characterizing
the Unit 5.

Unit 6 was evaluated using 9 samples collected
from S1 and S3 profiles. In figure 11, two samples
taken from different sections of Unit 6 show that
the dominant grain size is fine to very fine grained
sand (o= 3, o= 4). However, all the other grain size
fractions are also represented even they are at very low
percentages (Figure 11). This distribution indicates
that different elements have started to be effective in
the depositional environment.
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The histograms of Unit 7 generated by using 6
samples from S1 profile exhibit a unimodal distribution
(Figure 11). The mod value of this distribution consists
of fine to very fine sand size material with percentage
0f 30-55%. In some examples, the fine grained pebble
material reaching up to 20% represents a level in
which the amphora, coin, glass fragments and animal
bones are present within the unit and do not show a
rising energy level in the environment.

The grain size distribution of Unit 8 evaluated
by means of 4 samples from S1 profile begins with
well sorted fine grained sand at 80% and extends
badly sorted, coarse to medium grained sand and
pebble size material in the upper layers (Figure 11).
This distribution indicates that there have been a high
energy environment.

The grain size distribution of units was evaluated
also by forming the cumulative grain size curves along
with histograms (Figure 12). The cumulative curves
show that Unit 3 is medium grained sand, Unit 4 is
fine grained sand, Unit 5 (matrix) and Unit 6 are fine
to very fine grained sand, silt and clay, Unit 7 is fine
grained sand and Unit 8 is coarse grained sand-pebble
and created different clusters from each other. In this
sense, the cumulative grain size curves correspond to
the histogram results as expected.

The grain size distribution data were statistically
evaluated in the next step. These statistical parameters
help to determine the depositional environment (Blott
and Pye, 2001). The average grain size (median)
(value that divides the curve into two equal areas),
sorting (whether the distribution curve is spread or
narrow), skewness (which direction the curve is tilted,
+ or - skewness) and curtosity (whether the curve is
(+) lepto or (-) platy) values for the samples collected
from S1-S2-S3-S4 profiles were determined. The
change in depth for the samples belonging to Sl
profile in which all the units are represented is given
in figure 13. Unit 3, which is medium to badly sorted,
(-) skewed, lepto and platycurtic, coarse to medium
grained sand, at the bottom of S1 profile underlies
the Unit 4, which is badly sorted, symmetrical to (+)
skewed, leptokurtic fine grained sand. Unit 5 is very
badly sorted, (+) skewed, leptokurtic, coarse grained
silt-clay. This is followed by Unit 6 which is very
badly sorted, (+) skewed, leptocurtic very fine sand.
On top of that, the Unit 7, which is badly-very badly
sorted, (+) - (-) skewed, leptocurtic fine grained sand
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Figure 12- The grain size distribution of the units along the S1 profile by means of cumulative grain size curves.

is observed. Unit 8 at the top of this sequence is poorly
sorted, (+) - (-) skewed, lepto and platycurtic pebble-
granule.

When the statistical parameters of the average
grain size for all profiles are evaluated together, it is
noticed that all the units are generally badly to medium
sorted, and that the dominant type of sediment,
generally represented by sand is also accompanied by

the coarse and/or clay-silt size material. The Units 8,
7 and 6 have all types of skewness values, however
the Units 5 and 4 have only (+)/very (+) skewness.
The Unit 3 is separated from the other units only
with (-) skewness values. It is observed that a more
complicated sedimentation mechanism develops after
Unit 3, which has (-) skewness, and the (+) skewness
occurs in Units 4 and 5 (Figure 13). This situation has
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Figure 13- The change of grain size and statistical parameters of samples collected from S1 section based on units and depth.
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continued during the deposition of the upper parts of
the sequence.

As a result, it can be said that the sand, which
shows unimodal distribution, was generally deposited
in the marine Holocene sequence in Yenikapi. From
time to time the energy level of the environment
decreased and thin silt and clay bands were formed
in the succession. In addition, a complex deposition
also occurred as well due to the harbor activities and
tsunami/flood events in the marine Holocene sequence
in Yenikap1. It is concluded that Unit 8, which was
located in the upper part of the sequence, was formed
by the deposition of the material transported by the
Lycos stream in a high-energy fluvial environment.

4.4. Fossil Content

In this study, the fossil assemblage in the
sequence was not studied in detail and the fossil
content of the Yenikapi sedimentary sequence was
compiled from Algan et al. (2011), Bony et al. (2011),
Merig et al. (2009) and Peringek et al. (2007). The
Yenikap: sedimentary sequence generally consists
of foraminifera, ostracod, pelecypod and gastropod
shells.

Among benthic foraminifers; Ammonia sp.,
Elphidum sp. and Quinqueloculina sp. are dominant
and Adelosina carinata  striata, Cycloforina
contorta, Massilina secans, Miliolinella subrotunda,
Pseudotriloculina spp., Rosalina spp., Porosononion
subgranosum and  Haynesina depressula are
encountered in few amounts. The foraminifer
assemblage has poor genus diversity and a low
population, and the dominant genera are Ammonia
sp., then Elphidium sp. Although the diversity starts
to increase starting from Unit 7, the total benthic

foraminifer amount reaches the maximum in Unit 5.

The ostracod fauna with general features consist
of marine (Aurila convexa, Paracytheridea depressa,

Urocythereis  oblonga,  Pontocythere  elongate,
Semicytherura inverse, Semicytherura sulcata,
Callistocythere intricatoides, Carinocythereis
carinata, Hiltermannicythere turbida,

Pseudocytherura calcarata, Loxoconcha elliptica, L.
rhomboidea, L. stellifera, Xestoleberis comunis, X.
dispar, Henryhowella asperrima, Leptocythere sp.),
oligohaline (Candona neglecta, Heterocypris salina,
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Euxinocythere sp., llyocypris gibba) and eurihalina
(Cyprideis torosa) species. The most spread of them
are Aurila sp., Semicytherura sp., Urocythereis
sp., Callistocythere sp., Pseudocytherura sp. and
Pontocythere sp. which prefers sandy floors. The
genera diversity and population are high in Units 5,
4 and 3, and reaches the maximum in Unit 6. The
diversity and population decrease over these values.
At the topmost Unit 8, a couple of marine species
and genera such as; Candona sp., Heterocypris sp.
and Ilyocypris sp. indicating the fresh water input are
observed (Algan et al. , 2011).

Benthic foraminifer assemblage shows that there
is a transition from marine to fluvial environment
from bottom to top. Species such as; Ammonia and
Elphidium can adopt itself to salinity conditions in a
large interval ranging from hyposaline to hypersaline
and they are largely observed in inner shelf,
lagoon and tidal flats (Murray, 1973). Massilina,
Quinqueloculina, Miliolinella and Rosalina prefers
salinity conditions less than 32%o (Murray, 1973).
Elphidium, Ammonia and Quinqueloculina, which
are seen in Units 3 and 4 below the succession, are
dominant and the assemblage that possess rich species
diversity characterizes shallow marine environment.
A. parasovica and A. tepida are known as eurihaline
species and can tolerate low salinities (1-26%)
(Yanko, 1990). The fossil assemblage that has low
population and species diversity of which these
species are dominant are located at the top part of the
succession (Units 8 and 7) and reflect the decreasing
salinity conditions. The ostracod fauna shows that
marine forms are dominant in the lower parts of the
succession. However, the oligohaline species become
dominant towards the upper layers and support a
change from marine to fluvial conditions (Algan et al.,
2011).

4.5. Sedimentary Structures

The sand lenses with abundant shells and shell
fragments, which have no lateral continuity are the
first conspicuous sedimentary structure in Unit 2
forming the bottom of the marine Holocene unit. In
addition, there are rounded pebbles with diameters of
nearly 5-10 cm that present imbricated structures in
the lowermost parts of the unit. These levels represent
basal conglomerates of the transgressing sea. The
typical sedimentary structure identified in Unit 3 is the
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lenticular shell aggregations, which do not have lateral
continuity, and represent the sedimentation in a shore
(beach) environment. In the upper parts of Unit 4, the
silt-clay bands are noticed. Besides, the mud pellets
were determined (Figure 14) and these pellets were
possibly associated with bioturbation. The chaotic
level within Unit 5, which is erosional at the bottom,
offers extremely complex structure. For this reason, as
mentioned earlier, it has been thought that this structure
had occurred as a result of a very high energy, sudden
and effective event. Unit 6 as well, includes silt-clay
bands with occasionally disseminated or arranged
shells like Unit 4. Within Unit 7, where marine sand
is dominant, the micro-scale cross-bedding associated
with decayed and charred plant material and macro-
scale, cross-bedded sand levels were observed. In
addition, there are sedimentary structures called the
“seismite” in lower parts of the unit 7. The seismites
are structures formed as a result of the segregation of
water from unconsolidated sediments and deterioration
of stratification as a result of earthquakes (Figure 15).

s s Ao

Figure 14- Mud pellets resulting from the bioturbation in Unit 4
(®).

Figure 15- Seismite structure seen in Unit 7 (Algan et al., 2009)

The most striking sediment structure in Unit 8 is the
channel structures in different sizes which are typical
indicators for a fluvial environment. Since the majority
of channel fillings consist of anthropogenic material
transported by the Lycos River, these structures were
clearly visible in the exposed sections (Figure 16).

Figure 16- Channel filled with organic rich material in Unit 8.

4.6. Mineralogical Composition

The  mineralogical composition of the
representative samples selected from Bakirkoy,
Cukurgesme and Trakya formations, which form the
basis of this sequence with the Holocene succession in
the Yenikap1 excavation area, and have outcrops in the
immediate vicinity were determined and a correlation
was made between the Holocene sequence and the
source area.

The XRD analyzes showed that quartz, calcite,
albite and aragonite minerals were most commonly
found in the composition of all samples taken from
the Holocene sequence. The amount of quartz (SiO,)
and calcite (CaCO,) in the samples ranges from 10%
to 90%, while the amount of albite (NaAlSi,O,) and
aragonite (CaCO,) reaches a maximum of 30%. In
three representative samples selected from Bakirkoy,
Cukur¢esme and Trakya formations mainly the calcite,
quartz and albite minerals were detected. In the light
of these findings, it was concluded that the grains
of Holocene sequence originated mainly from the
Trakya formation and from Miocene units. The source
of aragonite mineral should be the shells which are
abundant in Holocene units. In addition, the hematite
(Fe,0,), dolomite (CaMg (CO,),), rutile (TiO,), pyrite
(FeS,) and orthoclase (KAISi,O,) minerals in nearly
10% were determined in Yenikap1 samples.
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It was possible to conclude that the mineralogical

composition of the Holocene units may vary depending
on the activities of the harbor and the city as well as
the natural resource area. While there is orthoclase
mineral in Units 3 and 4, it was not found in the upper
part of the sequence (Figure 17). This situation shows

that the participation of the orthoclase mineral into the
environment discontinued after the construction of the
port. When it is considered that the harbor is protected
with one or two breakwaters, it can be said that the
orthoclase was transported to the environment by sea
and its source is the Pliocene-Pleistocene units at the

Unit Sample-Profile ; : iti
P fi Mineralogical Composition (%)
No No
8a
4 (mixed)-S1 Unit 8-a Unit 8-b : Unit 8-c
 Quartz ®Calcite  w Albite ® Aragonite || M Quartz m Calcite  m Albite ® Aragonite || W Quartz m Calcite  m Albite W Aragonite
w Hematite » Dolomite « Rutile W Pyrite w Hematite @ Dolomite w Rutile » Pyrite w Hematite @ Dolomite w Rutile » Pyrite
Orthoclase y Gypsum Muscovite Orthoclase @ Gypsum & Muscovite ‘ Orthoclase @ Gypsum & Muscovite
4 (rock frag)-S1
8c
8 4 (shell )-S1 =
Unit 8-d Unit 8-e
‘ W Quartz g Calcite  m Albite W Aragonite | WQuartz @ Caleite  m Albite W Aragonite
8 d w Hematite @ Dolomite w Rutile ® Pyrite w Hematite @ Dolomite  w Rutile w Pyrite
‘ Octhoclase w Gypsum % Muscovite Orthoclase w Gypsum = Muscovite
4 (ceramic)-S1
8e
5 (mixed)-S1
Unit 7-a Unit 7-b
Ta WQuariz @ Calcite  WAbite W Aragonite || @ Quartz @ Caleite W Albite W Aragonite
w Hematte @ Dolomite  » Rutile w Pyrite w Hematite @ Dolomite w Rutile » Pyrite
Orthoclase w Gypsum  © Muscovite Orthoclase w Gypsum = Muscovite
7b
11-S1

Figure 17- The mineralogical composition of the samples collected from the Holocene sequence and from Bakirkdy, Cukur¢esme and Trakya
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formations, which have outcrops in the vicinity of Yenikapu.
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base of the Sea of Marmara. The dolomite, hematite
and pyrite minerals occurring in Units 6, 7 and 8
are very likely to originate from harbor and urban
activities (Figure 17) because these minerals are not
present in units (units 2-4) where there was no harbor
or city and/or when they were very small. The reveal
of these minerals as well are among the first indicators

that the material transported by the Lycos stream
began to fill the harbor gradually. The rutile should
be derived from two sources, both natural (Trakya
formation) and anthropogenic because of its presence
in Unit 4. The increase in the amount of rutile in young
units supports this (Figure 17).

Unit - . . -
Sample-Profile Mineralogical Composition (%)
No No
6a Unit 6-a Unit 6-b
W Quartz m Calcite ™ Albite W Aragonite W Quarlz m Calcite » Albite W Aragonite
l 5 Sl w Hematite g Dolomite w Rutile ® Pyrite w Hematite @ Dolomite w Rutile » Pyrite
= Orthoclase w Gypsum  # Muscovite Orthoclase ® Gypsum & Muscovite
6¢ Unit 6-c Unit 6-d
WQuartz  mCaleite  m Albite W Aragonite WQuartz @ Calcite  ® Albite W Aragonite
57-S2 w Hematite @ Dolomite w Rutile » Pyrite w Hematite @ Dolomite w Rutile » Pyrite
Orthoclase  Gypsum Muscovite Orthoclase @ Gypsum % Muscovite
Unit 5
® Quartz. m Calcite = Albite W Aragonite
w Hematite @ Dolomite  w Rutile ¥ Pyrite
Orthoclase & Gypsum Muscovite

Figure 17- Continue.
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Unit
No

Sample-Profile
No

Mineralogical Composition (%)

4a

22-S1

4b

75-S2

4c

53-S2

Unit-4a
m Quartz. m Calcite = Albite W Aragonite
@ Hematite @ Dolomite  Rutile = Pyrite

 Muscovite

Orthoclase  Gypsum

Unit-4b

mQuartz g Caleite

® Hematite Dolomite

Orthoclase w Gypsum

» Albite
« Rutile

“ Muscovite

® Aragonite
 Pyrite

Unit-4¢c
» Albite
w» Rutile

- Quartz.
w Hematite

™ Caleite ¥ Aragonite

w Pyrite

# Dolomite

Orthoclase  Gypsum

“ Muscovite

4d

86-S3

4e

77-S84

4f

80-54

Unit-4d
mQuartz  mCaleitt  WAbite W Aragonite
w Hematite @ Dolomite w Rutile  Pyrite
Orthoclase ® Gypsum = Muscovite

Unit-4e
WQuartz @ Calcite  m Albite
® Hematite @ Dolomite w Rutile

Orthoclase w Gypsum

 Muscovite

® Aragonite
» Pyrite

Unit-4f
W Quartz W Calcite  m Albite ® Aragonite
m Hematite @ Dolomite w Rutile » Pyrite

Orthoclase  Gypsum NMscovite

3a
23-S1

3b
24-S1

26-S1

3d
81-54

3e
83-S4

Unit-3a
WQuutz  mCalcite  mw Albite ® Aragonite
w Hematite @ Dolomite  # Rutile » Pyrite

Orthoclase w Gypsum & Muscovite

Unit-3b
- Quartz ® Calcite  m Albite
® Hematite @ Dolomite m Rutile

Orthoclase w Gypsum

 Muscovite

® Aragonite
» Pyrite

Unit-3¢
= Quartz m Calcite ™ Albite ® Aragonite
w Hematite  w Dolomite m Rutile » Pyrite

Orthoclase w Gypsum  # Muscovite

Bakirkoy, Trakya and

Cukur¢esme Formations

Bakirkoy Formation
- Quartz W Calcite @ Albite ® Aragonite
w Hematite % Dolomite  # Rutile “ Pyrite

Outlhoclase w Gypsum % Muscovire

Outlioclase w Gypsum

Trakya Formation
W Quartz W Caleite  m Albite
w Hematite @ Dolomite  w Rutile

 Muscovite

® Asagonite

# Pyiite

Cukurgesme Formation
WQuartz @ Caleite  m Albite ® Aragonite
w [lematitc @ Dolomite @ Rutile w Pyrite

Orthoclase w Gypsum % Muscovite

Figure 17- Continue.
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5. Discussion

The depositional environment of the Holocene
sequence in Yenikapi, Istanbul were defined by
means of properties such as; stratigraphy, lithology,
grain size, fossil content, sedimentary structures and
mineralogical compositions of this sequence defined
above.

The Holocene sequence overlying the Miocene
Giingéren formation and the Early-Middle Holocene
marsh clay was deposited in two different environments
as marine (from Unit 2 to Unit 7) and fluvial (Unit
8). All the signs indicate that this differentiation is
doubtless. However, it should be noted that there is
not any gap between these two environments. The
deposition began as marine then turned into a fluvial
by gradual shoaling and completed its deposition.
Hence, it can be said that the Yenikapt Holocene
sequence was deposited in an environment shaped as
a result of first the sea level rise then by the seaward
regression of the shore due to the material transported
and deposited by the river. The pebbles, which present
rounded, imbricated structures consisting of the
large marine pelecypod shells occasionally observed
at the bottom of Unit 2, represent the beginning
of transgression. This transgression should have
developed due to the global sea level rise which began
at the end of the last glacial age. The sea level in the
last glacial age, which was 120 m (Lambeck et al.,
2004) lower than today, caused the Sea of Marmara
and Black Sea to turn into a lake (Cagatay et al.,
2000). The sill, which is at -65 m in the entrance of the
Canakkale (Dardanelles) Strait, was exceeded nearly
12000 years ago. So, the Marmara Lake then turned
into a sea and the sea level began to rise (Cagatay et
al., 2000, 2003, 2009). The rising sea then began to
pervade the shores of the ancient Marmara Lake. The
period when the rising sea reached the study area in
Yenikap1 was determined as 6650-7080 cal years from
the shells at the bottom of Unit 2 by Algan et al. (2011)
using the C method. The age determinations carried
out on shells, which are preserved in nests carved on
coarse blocks again gave the age of 7330-6980 years
by using the '“C method (Peringek, 20105). In the light
of these data, it was understood that the sea began to
invade Yenikapi approximately 7000 years ago. The
age determined for the uppermost part of the clay unit
observed in the area is about 7400 cal years (Yalgin,
et al., 2015). Considering that some of the top sections

of the clay unit may have been eroded, it can be said
that there is a few hundred years of gap between the
marine deposits and marsh clays. The rising sea level
must have invaded the valley of the Lycos River and
flooded its mouth and turned the valley into a wide
estuary or embayment. The aggregation of lenticular
shells and shell fragments at the bottom of Unit 2
indicate a depositional environment very close to the
shoreline in a shallow marine environment. The '‘C
ages taken from the sections in slightly upper parts
of Unit 2 are clustered 3000 years ago than today
(Algan et al., 2009; 2011). This situation shows the
fact that the sea level, which is commonly observed in
submerging coastal regions, rises and pushes the river
load backward for a certain time by flooding the river
mouths and the deposition rate becomes extremely low
(Nichols, 1999; Coe and Church, 2003) have also been
experienced in Yenikapi. For this reason, it can be said
that during the following 4000 years, the working area
has remained as a coastal environment where almost
no deposit was recovered. Starting from 3000 years
ago, since the material influx into the environment
has reached the normal levels, the shell bearing sands
belonging to the Unit 3 has started to be deposited in
a foreshore-near shore environment in the embayment
entrance. Although these conditions have continued
to be effective during the deposition of the sands of
the Unit 4, the transformation of this embayment into
a harbor protected by breakwater towards the last
stages of the unit caused the environmental conditions
to change. The clay and silt bands observed in the
uppermost part of the Unit 4 are the preliminary signs
of a protected harbor environment (Marriner and
Morhange, 2006; 2007; Marriner et al., 2008; 2010).
The absence of orthoclase mineral in the deposited
sequence after Unit 4 is another indication of the
fact that the connection of the environment with the
offshore is greatly cut off. The similar environmental
conditions have continued in the period when the Unit
5 was deposited. The chaotic community observed in
this unit represented by very fine sand, silt and clay
size material does not reflect the essential properties of
the sedimentation environment as it represents a short-
term and high-energy process such as the flood or
tsunami. Sand again began to deposit in this protected
harbor environment with Unit 6. This situation, which
seems contradictory at the first glance, can be evaluated
as a meaningful process considering the existence of
the Lycos River flowing into the embayment. The fact
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that the well sorted, fine grained sand is relatively the
dominant grain size indicates that the energy of the
environment increased and the detrital source started
to be more effective. Considering that the harbor
is intensely being used, it was understood that the
source was mainly the Lycos River which caused the
propagation of delta towards the sea. In addition to
both proximity and natural processes, the increase
in the material transported by the stream due to
anthropogenic processes is the cause of the change in
the depositional regime. Another source of the sand
is the sand transported to the harbor with huge waves
exceeding the breakwater of an extraordinary storm
(Pulak et al., 2015), which has been identified as the
cause of the sinking of several wrecks in Units 6 and 7.
These waves and sand caused both the sinking of ships
and allowed them to be protected by rapidly covering
the wrecks (Peringek, 2010a, b; Algan, 2009; 2011;
Kocabas, 2010; Kocabas, 2015; Pulak, et al., 2015).
Another indication of the fact that the delta of the
Lycos River filling the embayment became very close
to the section near to the sea of the harbor is the large-
scale cross-stratification due to the currents observed
in the upper parts of the Unit 7. The approaching
delta has reached the study area shortly after. The
fluvial sequence of Unit 8, which overlies the Unit
7, was deposited as a product of typical fluvial-delta
environment. Thus, the sedimentation, which began in
a clastic foreshore environment, has evolved into a near
shore environment where the very high sedimentation
occurs as a result of the rising sea level flooding
this coastal environment containing the large cove/
estuary. After the construction of a harbor protected
by a breakwater in the study area, a protective harbor
environment emerged and the units with relatively
much smaller grain sizes were deposited. Due to the
fluvial activity that began to fill the cove, the sand
began to be deposited again in the harbor and then the
depositional period was completed with fluvio-deltaic
sediments.

6. Results

According to sedimentological properties seven
units were distinguished in the Holocene sediments
in the Yenikap1 district. The sequence begins with
pebbles in varying sizes at the bottom then passes into
yellow to beige, fine grained sand in the upward and
again to coarse grained sand and pebble at the top.
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In order to determine the depositional environment
and environmental changes of this sequence, the
grain size distribution, lithologies, fossil content,
sedimentary structures and mineralogical compositions
of differentiated units were investigated. The sieve
analysis and grain size distribution determined by
the sedigraph revealed that the Units of 3 and 4 were
formed by medium-fine-very fine grained sands, the
Units of 5, 6 and 7 consisted of silt and clay in addition
to sand, and the Unit 8 was composed of pebble and
coarse to medium grained sands at the bottom.

The pebble, coarse shells and lenticular shell
aggregations presenting the clast imbrication at
the bottom, the traces of bioturbation, the cross
stratification and the seismites in the sandy unit in
intermediate sections and the channel structures and
fills in the upper sections of the Holocene sequence
were observed.

In previous studies, generally the foraminifers,
ostracod, pelecypod and gastropod fossils were
detected in the Holocene sequence in Yenikap1. These
fossils are mostly presented by benthic genera and
species indicating the shallow marine and transition
zones. The typical marine forms in the lower section
of the sequence turn into brackish water forms towards
the upper sections.

It was determined that the minerals in non-natural
environment in a Holocene sequence had come out
due to antropogenic activities within younger units.
It was seen that the variations were controlled by the
antropogenic activities in Byzantine city in addition to
Paleozoic and Tertiary units in the source area.

The deposition of Holocene sequence in Yenikapi-
Istanbul began in a clastic foreshore environment, but
the rising sea level submerged this shore consisting
of large embayment/estuary and changed it into a
near shore environment where the sedimentation
had become very slow. At the beginning of the 5"
century, the clay-silt containing units were deposited
in this sheltered environment after the installation of
a harbor protected by the breakwater. The sand began
to be deposited again in the harbor due to the Lycos
River which began to fill the embayment and due to
the increasing anthropogenic activities. As a result,
the shoreline began to regress towards the sea, and a
fluvio-deltaic environment developed after the river
plain had reached the study area.
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ABSTRACT

Aim of the study is to evaluate the Paleogene-Neogene sequences of Babaeski- Liileburgaz-
Muratli-Corlu (Southeastern Thrace, Turkey) region using the micropaleontological analysis on
two borehole samples collected by Mineral Research and Exploration (MTA), measured sections
and point samples taken from the neighborhood of Silivri, Tiirkmenli-Corlu, Babaeski-Liileburgaz,
Edirne —Babaeski regions and Tekirdag-Hayrabolu road. There the lignite sandstone, siltstone (Early
Oligocene aged Danismen Formation) and silts (Late Miocene-Pliocene aged Ergene Formation)
with well-preserved ostracod fauna obtained from the the upper levels of the sequence along
with some micro-Mollusca at some levels. The study results showed that lacustrine and lagoonal
ostracods including marine species were generally found in the claystone, siltstone and marl of the
lower and upper levels of lignite cuts in borehole. The ostracod assemblages identified in the study
were compared with other ostracod studies in the Thrace Basin and other parts of Turkey as well as
in the Oligocene in Paris, the Akiten Basin, Belgium. In the Early Oligocene sediments, the presence
of the Tethys effect was observed in the investigated area. In addition, the ostracod species defined in
the Late Miocene-Pliocene are compared with other ostracod studies carried out in the Thrace Basin
and other parts of Turkey as well as in the Western and Eastern Carpathians, Caspian Basin and
Baltic Sea. According to obtained fauna, the Paratethys effect was determined more than in Tethys
in Late Miocene-Pliocene in the studied region.

1. Introduction

accomplished in the regions above. During this study,
twenty three of the ostracod samples were taken from

In the southeast of Thrace Basin, this research,
which is mainly used from Tertiary (Paleogene-
Neogene) stratigraphy, ostracod assemblage is as
follows; the study was conducted in the neighborhood
of Corlu-Muratli-Liileburgaz-Babaeski region in
southeastern Thrace (Figure 1). The aim of this
study is to identify the micropaleontological features
and an environmental condition of the Paleogene-
Neogene rocks of the Corlu-Muratli-Liileburgaz-
For this
purpose, a detailed micropaleontological study was

Babaeski-Malkara and Silivri regions.

the Danismen Formation and five of them were taken
from the Ergene Formation. In this study, species
found in the Oligocene include ostracods Neocyprideis
apostolescui, N. williamsoniana, Cladarocythere
apostolescui, Cytheromorpha zinndorfi, Hemicyprideis
elongata, H. helvetica, H. montosa, Cytheridea
crassa, C.  pernota, Sphenocytheridea gracilis,
Serrocytheridea eberti, Krithe angusta, Cushmanidea
scrobiculata,  Loxoconcha sp.1, Loxocorniculum
decorata, Hirschmannia sp., Candona (Lineocypris)
Candona

sp., Candona (Pseudocandona) sp.,

Citation info: Safak, U. 2019. Paleoenvironmental features and ostracod investigation of Paleogene-Neogene Sequences in Babaeski-
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Figure 1- Location of measured sections from study area (Google earth, 2018).

(Pseudocandona) fertilis, Ilyocypris cranmorensis, 1.
boehli, Virgatocypris tenuistriata, Novocypris striata,
Verticypris jacksoni, Cypridopsis soyeri and Eucypris
pechelbronnensis; gastropods; and micro-pelecypods
(Valvata, Viviparus and Avimactra). In addition,
Eucypris dulcifons, Heterocypris salina, Ilyocypris
bradyi, and Candona (Caspiocypris) alta, they were
identified in between Late Miocene—Pliocene.

2. Material and Methods

During the study, measured sections, spot samples
and washed cutting samples of the two boreholes
completed by the Mineral Research and Exploration
General Directorate were taken from the most
important unit of the area, the Danigmen Formation
and the unconformably overlying Ergene Formation.
A total of 22 ostracod genera and 28 ostracod species
were identified in the sections, spot samples and
drilling samples from 153 washed samples.

The study was conducted on measured sections in
Buyikali, Beser Tugla, Silivri Sahil, Malkara-Tekirdag
and Silivri-Degirmenkdy regions selected from
1:25000-scale E19c4, F17b2, F17b4, F18c3, F18c4,
F19c4, F20d3, F20d4, G17bl, Gl18al, and G18bl
map areas; 2 borehole samples and spot samples
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from outcrops at different localities (Figurel). During
all the sampling, particular attention was given to
layers with fossils and lithology types. The washing
method was used for a total of 153 samples taken
from the measured sections, spot samples and drilling
samples for that reason. Samples were disaggregated
in the laboratory in order to obtain loose Ostracoda
specimens. Hard samples and samples with medium
hardness samples were split into 150 g. batches and
wrapped with thick paper for being crushed by using
a rock hammer. Crushed samples were then placed
into 1 L glass beakers and treated with hot water and
15% diluted hydrogen peroxide (H,O,) for at least
24 hours. Disaggregated residues were later washed
over a mesh of 0.60,0.120, and 0.230 mm sieves, and
placed in sample bags upon oven drying. Following
the separation of microfossils from grains, Ostracoda
were placed on slides for identification of genera and
species. Identified Ostracoda genera and species were
counted in order to determine their lateral and vertical
distribution and abundance. Finally, the Ostracoda
genera and species contents of each sample were
determined (Morkhoven, 1963; Witt, 2003, 2011;
Freels, 1980; Esteoulle-Choux et al., 1986; Riickert-
Ulkiimen et al., 2009; Meisch, 2000) and Hartmann
and Puri (1974) systematic has been used.
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Plate 1, 2, 3 and 4 were prepared from the selected
(Scanning Electron Microscope) SEM images of
different Ostracoda genera, species and Mollusca
genera.

The paleogeographical environment datas of
this study were determined by using the statistical
results which identified ostracoda genera and species
evaluated in order to determine their lateral and vertical
distribution and abundance. The frequency table of
ostracode species modified from Sissingh (1972)
and correlative interpretation of these data as well as
the salinity criteria of Remane, 1958; Morkhoven,
1963; Freels 1980; Athersuch et al., 1989; Witt, 2011,
Riickert-Ulkiimen et al., 2009. In particular, mollusc
genera compatible with lacustrine conditions were
described based on the studies of Taner, 1980; Bremer,
1978; Sayar, 1991; Wenz, 1922.

3. Geological Setting

The Thrace Basin is surrounded by the Istranca
Massif in the north, the Rhodope massif in the west,
and the Menderes Massif in the south (Figure 1).
The Istranca massif is composed of gneisses and
metamorphosed Paleozoic and Mesozoic sedimentary
rocks on the greenschist facies that overlies it
(Usiimezsoy, 1982; Taner and Cagatay, 1983). The
sedimentary rocks that form the basement of the massif
are affected by the Upper Cretaceous granodiorite
rocks and are covered by an Upper Cretaceous
volcano-sedimentary unit (Peringek et al., 2015).

The basement in the study area and surroundings
(Corlu-Babaeski-Liileburgaz-Silivri) is made up
of the Istranca metagranite (Figure 2). It is overlain
unconformably by cover sediments of the Paleogene
(MTA Stratigraphy Committee Lithostratigraphy Unit
Series, 2006; Siyako, 2006b; Siyako and Huvaz, 2007,
Safak and Giildiirek, 2016a4,b).

Miocene and later units cover the Eocene-
Oligocene sequence in the Central and Northern
Thrace. Oztunali and Usiimezsoy (1979) reported that
Taner and Cagatay, 1983 had studied granitic rocks in
the southern slope of the Istranca Massif. Miocene
and later units in Central and Northern Thrace cover
the Eocene-Oligocene sequence. Siyako (20065)
suggested that the lithostratigraphic roof of the Thrace
Basin can be established using the data obtained from

southern Thrace, Gok¢eada, Bozcaada and Gallipoli
Peninsula and the seismic sections and exploration
wells in North Thrace. A clear description has yet to
be given for the Eocene-Oligocene deposits belonging
to the outcrops of the Thrace Basin in the Armutlu
Peninsula (Akartuna, 1968), between Mudanya and
Trilye in the Biga Peninsula (Siyako et al., 1989) in the
south of the Marmara Sea, which shows the southern
border of the Thrace Basin.

The basin sedimentation probably started as a
transgressive sequence during the Early Eocene (Saner,
1985; Turgut and et al., 1983; Doust and Arikan, 1974;
Keskin, 1974). A metamorphic complex presents the
foundation of the basin. The Strandja Mountains are
9,000 meters in thickness, starting from the southern
skirts and extending to cover almost all of the Thrace
(Figure 1) (Peringek et al., 2011; Siyako, 2006q,b;
Siyako, 2005; Goriir and Okay, 1996; Turgut and
Eseller, 2000; Turgut et al., 1991; Kopp et al., 1969;
Peringek, 1987).

The Paleogene-Neogene units of Thrace are
generally composed of clastic rocks but also contain
carbonates in the shelf areas and on the ridge and
peaks in the middle of the basin. These units were
deposited in basins in seven separate time periods,
with significant phases of uplift and erosion (Peringek
et al.,, 2015). The sedimentation in the central part
of the basin is partly continuous and in some parts,
discontinuities and erosion phases can be observed.
The basin floods very quickly and is filled up as it
sinks. Turgut et al. (1983) and Keskin (1974) reported
that Eocene transgression reached maximum levels
in the Early Oligocene as carbonates were deposited
at the northern shelf and at the Kuleli - Babaeski
elevation, while the deep parts of the basin were filled
with turbidity currents in the Middle Eocene - Early
Oligocene. Turgut et al. (1983) observed that the
Thrace Basin was influenced by delta system formed
by a great river, with submarine fans having been
formed accordingly.

Keskin (1974), Ediger (1982, 1988), Turgut et al.
(1983) and Saner (1985) reported that the regression
period of the Eocene transgression occurred in between
Middle Oligocene-Lower Miocene stage interval. The
terrestrial palynofacies of the Late Miocene-Early
Pliocene of the Ergene and Kircasalih formations were
reported by Ediger (1982) to have been deposited after
a sedimentation in the Middle Miocene. It has also
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Figure 2- Generalized measured section of the study area.

been observed that the Late Miocene, Early Pliocene -
Pleistocene units, which developed after subduction in
the Middle Miocene, are a sedimentary products that
followed the subduction phase, with a less obvious
discrepancy being observed between Late Miocene
and Pliocene (Peringek et al., 2015).
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The basin is an area where intensive geological
investigations have been carried out on account of
the lignite it contains. Some of the major studies
that have been conducted on this issue in the Thrace
Basin include those by Lebkiichner (1974), Peringek
et al. (2011), Siitcii et al. (2009), Riickert-Ulkiimen
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et al. (2009), Sengiiler et al. (2000), islamoglu et
al. (2008), Kara et al. (1996), Sengiiler et al. (2003),
Sengiiler (2008, 2013), Atalay (2002), Peringek et al.
(2015) and Safak and Giildiirek (20164a,b), together
with the study of a regional geology team, determined
the fossil coverage and age of the lignite sandstone
formation unit. Furthermore, Kara (1996) reported
the general geology of the province and the important
coal lands in the Thrace Basin, while Sengiiler et al.
(2000) conducted a study on the coal deposits and the
samples taken from coal mined in Kegan, Malkara and
Uzunkdprii.

In a separate study by Sengiler (2008), an
investigation of the Thrace Basin coals was carried
out, and in addition to providing a description of their
characteristics, it was determined that coals of the
Thrace Basin had been deposited in the delta marshes
of the lacustrine environments of the coals. While
the rate of the collapse of the product is high, there is
excessive sediment thickness, making the correlation
of the coal veins difficult. Another study conducted
by Sengiiler (2013) showed that the environmental
conditions of the river were optimal during the
settlement of the Danigmen Formation and therefore
prevented lignite sedimentation.

4. Paleostratigraphical Results
4.1. Stratigraphy

Units exposed in the study area from base to top are
Danigsmen Formation, Cantakdy Formation, Ergene
Formation, Kircasalih Formation and alluvium.

The Danismen Formation is widely exposed in the
study area and it is the top unit of the regressive delta
system that begins with the Mezardere Formation.
The formation consists of Taslisekban, Pinarhisar
and Armutburnu members. The Cantakdy Formation
overlies the Danismen Formation unconformably and
it is expressed by siltstone and tuffs.

In this study, the average thickness of the units was
measured as 200 m.

In this study the Danismen Formation
contains ostracod species such as Cytheromorpha
zinndorfi (Lienenklaus) from family Cytheridea;
Cladarocythere apostolescui (Margerie) from family
Limnocytheridae; N. williamsoniana (Bosquet),

Neocyprideis apostolescui  (Keij), Hemicyprideis
helvetica (Lienenklaus), H. elongata Keen, H. montosa
(Jones & Sherborn), Cytheridea crassa Ducasse,
C. pernota Oertli & Keij, Sphenocytheridea gracilis
Keij and Serrocytheridea eberti (Lienenklaus) from
family Cytherideidae; Cushmanidea scrobiculata,
(Lienenklaus)  from family = Cuchmanideidae;
Krithe angusta Deltel from family Krithidae;
Loxocorniculum decorata, Hirschmannia sp., and
Loxoconcha sp.l Sonmez-Gokgen from family
Loxoconchidae; Candona (Lineocypris) sp., Candona
(Pseudocandona) sp., and Candona (Pseudocandona)
fertilis Triebel from family Candonidae; Novocypris
striata Ilyocypris cranmorensis Keen, and I.boehli
Triebel from family Ilyocyprididae; Verticypris
Jjacksoni Keen, Virgatocypris tenuistriata (Dollfus),
and Eucypris pechelbronnensis Stchepinsky from
family Cyprididae; and Cypridopsis soyeri (Margerie)
from family Cypridopsidae. In addition, there are
pelecypod and gastropod genera such as Avimactra,
Viviparus, and Valvata of Oligocene age (Figure 2).

The Ergene Formation is widespread in the study
areas, and it also has cross-layered conglomerate,
sandstone containing abundant plant material,
mudstone, and claystone. The formation is composed
of Celebi and Sinanli members and is overlied by
Karatepe volcanics.The thickness is approximately 50
m as obtained in this study.

The samples from the Ergene Formation contain
ostracod assemblages dominated by Candona
(Caspiocypris ) alta Zalanyi from family Candonidae,
Ilyocypris bradyi Sars from family Ilyocyprididae,
Eucypris dulcifons Diebel & Pietrzenuik, and
Heterocypris salina (Brady) from family Cyprididae.
These ostracod species indicate Late Miocene—
Pliocene age. Kircasalih Formation contains
conglomerate, clay and overlies the Ergene Formation
uncomformably.

4.1.1. Measured Stratigraphic Sections, Boreholes
And Their Ostracod Contents

Buyikali measured section (Tekirdag-Hayrabolu way):
Scale layouts used were taken from the 1:25000 map
area F18-c4, beginning with coordinates X : 533558.16
E, Y,: 4541547.36, N Z: 226 m and finishing with
coordinates X,: 533561.93 E, Y,: 4540723.42 N, Z:
255 m. From the 35 m thick measured section ten
samples were taken for washing. The section consists
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of yellowish siltstone, sandstone, and claystone. In
the section of the Danismen Formation, following
ostracod species Cytheromorpha zinndorfi (samples
1, 7, 10); Neocyprideis apostolescui (sample 5);
Hemicyprideis montosa (samples 2, 6, 7); Cytheridea
pernota (samples 1, 6 ,10); and Serrocytheridea eberti
(samples 6,7) were identified. In accordance with
the identified ostracod fauna, age is determined as
Rupelian/Stampian (Figure 3).

Beser Tugla measured section: Scale layouts used
were taken from the 1:25000 map area G18bl,
beginning with coordinates X1:526628.13 E, Y1:
4533404 N, Z,: 216 m and finishing with coordinates
X2:526490.57 E, Y2: 4535116.81 N, Z,: 115 m. Five
washed samples were taken from the measured section,
which is 22 m thick. The well-known Mezardere
(No.1) clay is at the base of the section and shows
concretion and lamination features. There are siltstone
beds containing sandstone interbeds in this unit. The
succession continues upward with sandstone.

The section is represented by Loxoconha sp.
and Candona (Pseudocandona) sp. (rare) in sample
1; Cladarocythere apostolescui and Neocyprideis
williamsoniana (rare), Cytheridea pernota and
Candona (Pseudocandona) sp. (common), and
Hemicyprideis montosa and Ilyocypris boehli (very
common) in sample 2; Cytheridea pernota (very rare)
in sample 3; and Loxoconcha sp.1 Sonmez-Gokgen
(common) in sample 4 (Figure 4).

Silivri coast measured section: Scale layouts used were
taken from the 1:25000 map area F20-d3, beginning
with coordinates X,:604945.43 E, Y : 454737195 N,
Z,: 97 m and finishing with coordinates X,: 604128.86
E,Y,. 4547360.30 N, Z,: 122 m. Three samples were
taken from the 28 m thick measured section. The section
is dominated by yellowish, leaf-tracked, lignite-
veined sandstone. Sample 2 taken from the lignite
sandstone contains Cladarocythere apostolescui
(common), Hemicyprideis montosa (frequent),
Eucypris pechelbronnensis, H. elongata, Candona
(Pseudocandona) sp., Candona (Pseudocandona)
fertilis Triebel (rare). Hemicyprideis montosa (very
rare) is both observed in the samples 2, 3 are observed

in the study area (Figure 5).

Malkara-Tekirdag measured section (Malkara Surface
Mining): Scale layouts used were taken from the
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1:25000 map area G17-b1, beginning with coordinates
X:458312.02 E, Y: 4534233.48 N, Z: 134 m and
finishing with X : 488382.20 E, Y,. 4534264.20N, Z:
115 m. Eight washed samples were taken from the 70
m thick measured section. The section was measured
from beginning to top.

Sample 1, taken from the carbonate, includes
abundant silicified wood fossils and contains very
rare Cytheridea pernota, Hemicyprideis montosa,
H. elongata, and rare Cushmanidea scrobiculata.
Claystone with the sample number 2 contains,
contains rare Cytheromorpha zinndorfi and very
rare Cushmanidea scrobiculata and Krithe angusta.
Sample 3, which was taken from caesious siltstone,
contains rare Cytheridea pernota. Sample 4, from
the claystone, includes very common Hemicyprideis
montosa and very rare Hemicyprideis elongata.
Sample 5 contains very rare Sphenocytheridea
gracilis and rare Krithe angusta. Samples 6, 7, and
8, were taken from the bottom of the section, contain
rare to common Cytheromorpha zinndorfi, very rare
to common Serrocytheridea eberti, rare to common
Cytheridea pernota, common Haplocytheridea
helvetica, very common Hemicyprideis montosa, very

rare to common Hemicyprideis elongate (Figure 6).

Silivri-Degirmenkoy measured section (western part of
Silivri region): Scale layouts used were taken from the
1:25000 map area F20-d4, beginning with coordinates
X:584992.95 E, Y: 4552551.85 N, Z: 157 m and
finishing with coordinates X: 58495224 E, Y.
4552613.53 N, Z,: 210 m. Nine washed samples were
taken from the measured section, which is 75 m thick.
The section contains light-colored siltstone, tuffaceous
siltstone, and sandstone. The fauna is composed of
frequent to common Cytheromorpha zinndorfi in
samples 2, 3, 5 and 7; common Cytheromorpha sp. in
sample 6; frequent Cytheridea pernota in samples 4 and
7; very common Hemicyprideis montosa in samples 2,
3,4, 5 and 7; common Cushmanidea scrobiculata in
samples 2 and 5; common Loxocorniculum decorata
and Cytheropteron sp. in samples 2 and 3; rare
Candona (Caspiocypris) alta, Candona (Caspiolla)
sp., and Heterocypris salina in sample 9 from the
Ergene Formation (Figure 7).

TB-57 (Hacisungur) drilling log: This drilling was
carried out at coordinates X: 4538398, Y: 501100 and
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THICKNESS (m)
SAMPLE NO

STAGE
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UPPER SYSTEM
SERIES

SYSTEM

Neritic

Littoral

Lagoon

Lacustrine

LITHOLOGY

ENVIRONMENT

OSTRACODS

(Lienenklaus)

Cytheromorpha zinndorfi

(Margerie)

(Jones and Sherborn)

Cytheridea pernota Oertli and Keij
Serrocytheridea eberti (Lienenklaus)

28,00

16,20
15,00

CENOZOIC
TERTIARY
PALEOGENE
Oligocene
Lower
Rupelian/Stampian
Danigmen

13,00
12,00

10,80

7.8
6,6

4.4
34

Soil cover
Sandstone

Silt band

Yellowish beige
sandstone
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sandstone
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sandstone

Greyish green
siltstone

Yellowish green -

sandstone-siltstone

Grey-green claystone

Grey-green claystone

Yellowish beige
sandstone

Yellowish grey
claystone

Green silt and sand

Yellowish claystone
siltstone

FREQUENCY| NUMBER

SYMBOL

Very rare 1-2

+

Rare 3-5

Common 6-15

Frequent 16-25

Very frequent >25

e ON(O

Figure 3- The distribution of ostracod species in Biyikali measured section.
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Z: 134 m of 1:25000 map area G18-al. Drilling depth apostolescui, Neocyprideis williamsoniana,

is 557 m, and 90 wash samples were taken from the
drilling log. The borehole penetrated the Danismen
and Ergene formations. The Danismen Formation and
its Pinarhisar Member were drilled from the depth 557
m. to 11.50m.

Only 11.50 m of the Ergene Formation and Celebi
Member were cut in borehole.

Ostracod species and genera obtained from

the Danigmen Formation include Neocyprideis

52

Hemicyprideis helvetica, Hemicyprideis montosa,
Cytheromorpha zinndorfi, Loxocorniculum decorata,
Hirchmannia sp., Candona (Lineocypris) sp., Candona
(Pseudocandona) sp., Candona (Pseudocandona)
fertilis, Verticypris jacksoni, Ilyocypris cranmorensis,
Ilyocypris  boehli,  Virgatocypris
Cypridopsis soyeri, and Eucypris pechelbronnensis
(Figure ).

tenuistriata,

TD- 58 drilling log: This borehole was located at
coordinates X: 4538750, Y: 502300, and Z: 142 m
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Figure 5- The distribution of ostracod species in Silivri measured section.

of 1:25000 map area G18-al. Drilling depth was 47
m, and 16 wash samples were taken. In this borehole,
the Ergene and Danismen formations were cut. The
upper 24.40 m penetrated the Ergene Formation, with
Danigsmen Formation from 24.40-46.30 m.

Ostracod genera and species found in this drilled
section in the Ergene Formation were Eucypris
dulcifons, Ilyocypris bradyi, and Heterocypris salina.
Ostracod generaand species inthe Danismen Formation
were Cladarocythere apostolescui, Hemicyprideis
Cytheridea

Serrocytheridea

montosa, pernota,  Neocyprideis

apostolescui, eberti, Candona

(Pseudocandona) sp., Candona (Pseudocandona)

fertilis, Ilyocypris boehli, and Cypria sp (Figure 9).

Lithological descriptions and fossil contents of spot
samples: Two spot samples were taken from the
clay unit along the Liileburgaz—Babaeski road at map
area F18-a, with coordinates X: 4586180, Y: 508038
and X: 4586074, Y: 516298. They contain Candona
(Caspiocypris) alta and Heterocypris salina (Ergene
Formation).

One spot sample was taken from the claystone
unit along the Babaeski-Edirne road at F18-a, with
coordinates X: 4593295, Y: 497759, Z: 101 m. It
also contains Candona (Caspiocypris) alta and
Heterocypris salina (Ergene Formation).
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Figure 6- The distribution of ostracod species in Malkara-Tekirdag measured section.

Two spot samples were taken from the claystone
and clay-silt unit along the Babaeski—Edirne road at
F17-b, with coordinates X: 4590755, Y: 502277, Z:
79 m. They contain Eucypris dulcifons and Ilyocypris
bradyi (Ergene Formation).

Three spot samples were taken from the claystone
unit along the Babaeski-Liileburgaz road at F18-a,
with coordinates X: 4585760, Y: 519085, Z: 77 m.
The Cyprideis sp., Candona (Caspiocypris) alta, and

54

Cypridopsis sp. were observed in the samples (from
the Ergene Formation).

One spot sample was taken from the sandstone-
siltstone unit along the Tekirdag—Hayrabolu road at
F18-c, with coordinates X: 4540670, Y: 539937, Z:
200 m. The sample contains Hemicyprideis montosa,
Cytheridea pernota, and Cypria sp. (from the
Danigsmen Formation).
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Figure 7- The distribution of ostracod species in Silivri-Degirmenkdy measured section.

One spot sample was taken at Tiirkmenli Village,
F18-c, with coordinates X: 4543542, Y: 570530,
Z: 125 m. It contains Hemicyprideis montosa
and Candona (Pseudocandona) fertilis (from the
Danigsmen Formation).

One spot sample was taken from the sandy
pebble unit at Ciftlikkdy at F20-d, with coordinates
X: 4553023, Y: 589258, Z: 228 m. It contains
Heterocypris sp. (from the Ergene Formation).

One spot sample was taken from the sandstone
at Ibribey, G18-a, with coordinates X: 4534500, y:
510640, Z: 206 m. It was barren.

Two spot samples were collected from conchoidal
hard siltstone and claystone from the Barbaros-Nayip
area at G18-b, with coordinates X1: 4525479, Y1:
534791/X2: 4525235, Y2: 534327 Cladarocythere
apostolescui and Cytheromorpha sp. (from the
Danigsmen Formation) (Figure 10).
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Figure 8-The distribution of ostracod species in Hacisungur (TB-57) drilling log.

5. Chronostratigraphical and Paleogeographical
Distributions of Ostracoda

The ranges of the fossils observed in this study are as
follows (Table 1): Cytheromorpha zinndorfi in Germany
at the Rupelian—Aquitanian (Lienenklaus, 1905; Keij
1957); in Belgium at the Eocene (Keij, 1957); in France
and Turkey at the Early Oligocene (S6nmez-Gokcen,
1973; Apostolescu, 1964; Gokgen, 1975; Estéoule et al.,
1986; Safak, 1997; Safak and Giildiirek, 2016a; Safak,
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2008; Safak, 2016; Safak, 2010a; Safak et al., 2015; and
Safak and Giildiirek, 2016b; and in Switzerland at the
Oligocene (Oertli, 1956).

Neocyprideis apostolescui in England, France, and
Turkey at the Middle Eocene (Safak, 1990; Safak,
2008; Safak, 2010b; Safak and Giildiirek, 2016q,b;
Safak et al., 2015; Oertli, 1985; Haskins, 1969; Nazik,
1993; Safak, 2010qa; Safak, 2016).
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Figure 9- The distribution of ostracod species in TD-58 drilling log.

Neocyprideis williamsoniana in England and
France at the Early Oligocene (Keen, 1972; Haskins,
1969; Oertli, 1985; Safak, 1993; Safak, 2008; Safak,
2010a; Safak, 20105b; Safak et al., 2015; Safak and
Giildiirek, 2016a,b; Safak, 2016).

Cladarocythere apostolescui in England and
Turkey at the Early Oligocene (Keen, 1972; Safak

and Giildiirek, 2016a; Safak et al., 2015; Safak and
Giildiirek, 2016b; Safak, 2016).

Cytheridea pernota in Romania, Hungary, France,
England and Turkey at the Late Eocene—Early Oligocene
(Jiricek, 1983; Monostori, 1983; Oertli, 1985; Keen,
1972; Safak, 2010a; Safak, 2008; Safak et al., 2015;
Safak and Giildiirek, 20164,b; Safak, 2016).

57



Bull. Min. Res. Exp. (2019) 160: 45-79

Ergene
Formation

Armutburnu
member

Kircasalih &8¢
@ Formation

Figure 10- Outcrops of the studied formation.a. Ciftlikkoy, Ergene; b. Biyikali village, Danismen; c. Barbaros-Nayip

Danismen
Formation

area, Armutburnu-Danigmen; d. Silivri coast, Danismen; e: Corlu-Tiirkmenli village, Kircasalih; f: Silivri-

Degirmenkdy-Cantakdy village, Cantakoy.

Cytheridea crassa in Turkey/Malatya at the Middle
Eocene (Safak, 1990) and in France/Aquitaine Basin
at the Eocene (Oertli, 1985).

Serrocytheridea eberti in Germany at the late
Oligocene (Colinand Carbonnel, 1992), atthe Rupelian
(Lienenklaus, 1894; Uffenorde and Radtke, 2008); in
the Paris Basin at the Stampian (Oertli, 1985); and in
France at the Aquitanian (Colin and Carbonnel, 1992);
in Switzerland at the Rupelian-Chattian (Oertli, 1956);
in Turkey/Thrace at the Sannoisian, at the Oligocene
(Sonmez-Gokgen, 1973; Witt, 2011)
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Sphenocytheridea gracilis in the Paris Basin at the
Lutetian (Keij, 1957, Oertli, 1985)

Haplocytheridea helvetica in Switzerland at the
Rupelian—Chattian (Oertli, 1956); in Germany at the
Chattian (Goerlich, 1953); in western Europe at the
Oligocene (Oertli and Key, 1955); in Belgium at the
Tongrian—Rupelian (Keij, 1957); in Holland at the
Tongrian (Keij, 1957); in China/Tarim Basin at the
Late Eocene (Bosboom et al., 2011); in Turkey/Thrace
at the Sannoisian (S6nmez-Gokgen, 1973);
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Table 1- The correlation of ostracod species span in Eocene-Oligocene-Pliocene sediments in Turkey with other European basins.

Safak et al., 1999, 2005, 2013; Safak ve Giildiirek, 2014; Nazik, 1993; Tanar ve Gokgen, 1990;
Unlugeng ve dig., 1991; Witt, 2003, 2011; Freels, 1980; Safak ve dig., 1992, 1999, 2015;
Nazik et al., 1992, 1999, 2008; Avsar ve dig., 2006; Matzke-Karasz&Witt, 2005

Hungary <<< Monostori, 1983

Romania >>>  Jiricek, 1983; Vasiliev et al., 2005
Europe 00O Triebel, 1963; Oertli et al., 1955)
Netherlands " Keij, 1957

China A Bosbom et al., 2011, Xiangzhong et al., 2010; Mischke et al., 2003
Scrbia === Kistic, 1972

Slovakiaa &&& Pipik, 2001

Baltic Sea A\\} Meisch, 2000; Annette and Strahl, 2011
Kaspik Basin /Il Zalanyi, 1929

Urals DDD Danukalova ct al., 2007

Africa QQQ

Asia 77?

USA AAA

Middle East JJJ

EOCENE OLIGOCENE MIOCENE PL.|QUA
OSTRACOD SPECIES LOWER | MIDDLE | UPPER LOWER | UPPER LOWER | MIDDLE | UPPER
Cytheromorpha zinndorfi (Licnenklaus) €€€ +++ $$$
ook
HitH
$$$
Neocyprideis apostolescui (Margerie) éé¢
ook
fidiaid
Neocyprideis williamsoniana (Bosquet) ééé
*kk
Cladarocythere apostolescui (Bosquet) éée éeé
ittt bidiaid
Cytheridea pernota Oertli and Keij ééé ééé
ok sk
<<< <<<
S>> >
Hith HitH
Cytheridea crassa Terquem ok ; ; ;; Aok
Serrocytheridea eberti (Lienenklaus) =t Ft-
$88 $88
fidiaid fididid
Sphenocytheridea gracilis Keij Ak
Haplocytheridea helvetica (Liencnklaus) A 000 =
€€€ 000
m $8$
$$$ HHH
HitH
Hemicyprideis montosa (Jones and Sherborn) éii
Hit#
Hemicyprideis elongata (Keen) écé
fravad
#it
Hemicyprideis helvetica (Lienenklaus) ééé Hi
H%% >>>
it
Loxocorniculum decorata Sonmez-Gokeen it
Ilyocypris boehli Triebel ééé i
fidiid
Ilyocypris bradyi (Norman) QQQ QQ QQQ | ###H | ###
77 7? 22
AAA AAA AAA
1 1 JJI
ittt
Ilyocypris cranmorensis Keen éée
Novocypris striata Guernet Hrk dkk REL b Hitt
Germany +++ Lienenklaus, 1896, 1905; Goerlich, 1953; Keij, 1957; Carbonel ve Ritzkovski, 1969
France % Apostolescu, 1964; Estéoulle et al., 1986
Belgium €€€  Keij, 1957
England éé¢  Haskins, 1969; Keen, 1972
Sweden $$$  Oertli, 1956; Carbonel, Weidmann ve Berger, 1985
Turkey ###  Sonmez-Gokgen, 1973; Gokgen, 1975; Satak, 1990, 1997, 2003, 2008, 2010, 2010 a,b, 2013,
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Hemicyprideis montosa and H. elongata in France,
England, and Turkey at the Early Oligocene (Oertli,
1985; Keen, 1972; Safak et al., 2005; Safak, 1993;
Safak, 2010a; Safak, 2008; Safak, 20105b; Safak et al.,
2015; Safak and Giildiirek, 20164, b; Safak, 2016);

H. helvetica in Paris and England at the Early
Oligocene (Oertli, 1985; Keen, 1972 ); in Romania at
the Late Oligocene (Jiricek, 1983); and in Turkey (in
the Mut Basin, Karsanti Basin, Tekirdag, Denizli and
Thrace) at the Oligocene (Tanar and Gokgen, 1990;
Safak et al., 2005; Safak, 1993; Safak, 2008; Safak,
2010a; Safak and Giildiirek, 2016a,b; Safak, 2016);

Loxocorniculum decorata in Turkey/Thrace SE at
the Sannoisian (Sonmez-Gokgen, 1973; Safak, 2016;
Safak et al., 2015)

Candona (Pseudocandona) fertilis in Germany
at the Early and Late Oligocene (Carbonnel and
Ritzkovski, 1969); in Switzerland and France at the
Late Oligocene (Carbonnel and Ritzkovski, 1969);
in Europe at the Oligocene (Triebel, 1963); and in
Turkey (Karsant1 Basin, Istanbul, Thrace Basin) at the
Early-Late Oligocene (Safak, 1997; Safak et al., 2015;
Safak and Gildiirek, 2016q,b; Safak, 2016; Safak,
2010a; Unliigeng et al., 1991)

Cypridopsis modesta in Turkey/Thrace SE at the
Sannoisian (Sonmez-Gokgen, 1973).

Virgatocypris tenuistriata in France/Paris Basin
at the Late Eocene (Oertli, 1985); in England at
the Sannoisian (Keen, 1972); and in Turkey at the
Rupelian/Stampian (Safak et al., 2015; Safak, 2016).

Verticypris jacksoni and Ilyocypris cranmorensis
in Turkey (istanbul and Thrace Basin) at the Rupelian/
Stampian (Safak, 2016; Safak et al., 2015); in England
at the Sannoisian (Oertli, 1985)

Cypridopsis soyeri in Turkey (NW Thrace Basin
and Istanbul) at the Oligocene (Safak et al., 2015;
Safak and Giildiirek, 2016a; Safak, 2016); in England
at the Sannoisian (Keen, 1972);

Ilyocypris  boehli in Turkey (Thrace Basin,
Istanbul, Mut Basin, Karsant1 Basin) at the Early
and Late Oligocene (Sonmez-Gokgen, 1973; Safak et
al., 2015; Safak and Giildiirek, 20164, Safak, 2016;
Tanar and Goékgen, 1990; Safak et al., 2005; Safak,
1993; Unliigeng et al., 1991); in England at the Early
Oligocene (Keen, 1972)
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Eucypris pechelbronnensis in Turkey (Thrace
Basin and Istanbul) at the Rupelian/Stampian (Safak
et al., 2015; Safak, 2016); England and France at the
Sannoisian (Stchepinsky, 1960; Keen, 1972)

Novocypris striata in the Aquitaine Basin at the
Eocene; in the Paris Basin at the Stampian—Early
Eocene (Oertli, 1985); and in Turkey/Thrace NW and
Istanbul at the Oligocene (Safak et al., 2015; Safak
and Giildiirek, 20164, b; Safak, 2016).

Eucypris dulcifons in NW China Recent and in
China at the Pleistocene (Li et al., 2010) in the Baltic
Sea at the Pleistocene—Holocene (Kossler and Strahl,
2011); in NW China at Recent (Mischke et al., 2003);
in the South of the Ural Mountains at the Late—Middle
Pleistocene (Danukalova et al., 2007); in Turkey
(istanbul, Kayseri) at the Late Miocene, Tortonian,
and Pliocene (Safak, 1997; Safak et al., 1999q,b;
Nazik et al., 1992) and in Akyatan Lagoon the Recent
(Nazik et al., 1999).

Heterocypris salina in the North and Baltic Seas
at the Late Miocene—Recent (Meisch, 2000); in Serbia
at the Middle Miocene (Krstic, 1972); in Slovakia at
the Late Miocene (Pipik, 2001); in W Anatolia at the
Late Miocene—Pliocene (Witt, 2003); in SW Anatolia
at the Late Miocene (Freels, 1980); in NW Anatolia
at the Pannonian—Pleistocene (Matzke-Karasz and
Witt, 2005); in Turkey/Malatya at the Upper Miocene
(Nazik et al., 2008); in the Bakirkdy Basin at the
Tortonian (Safak, 1997); in W Istanbul at the Pliocene
(Safak et al., 1999qa), (Safak et al., 19995); and in
Denizli at the Late Miocene (Safak, 2010a); in Thrace
at the Late Miocene —Pliocene (Safak and Giildiirek,
2016b).

Ilyocypris bradyi in Middle East, South America,
Middle Asia, North Africa, and Europe at the Miocene—
Recent (Meisch, 2000); in Turkey ( Istanbul, Kayseri,
Thrace Basin) at the Pliocene (Safak et al., 19994,b);
in the Bakirkdy Basin at the Tortonian (Safak, 1997);
in Kayseri at the Pliocene (Safak et al., 1992; Nazik
et al., 1992); in the west of Istanbul at the Pliocene
(Safak et al., 1999a,b) and in Yumurtalik Bay the
Recent (Safak, 2003); in Thrace at the Late Miocene
—Pliocene (Safak and Giildiirek, 20165).

Candona (Caspiocypris) alta in the Caspian
Basin at the Late Miocene (Zalanyi, 1929); in the
south of the Carpathian Mountains at the Miocene—
Pliocene (Vasiliev et al., 2005); in Romania at the
Sarmatian (Hanganu, 1974); in Turkey (Sivas and
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Sebinkarahisar) at the Upper Miocene (Freel, 1980);
in Sariz and Tufanbeyli at the Pliocene (Safak et al.,
1992; Nazik et al., 1992); in Hinis/Erzurum at the
Pliocene—Early Pleistocene (Safak, 2013).

It was stated by Islamoglu et al. (2008) that
Paratethys sea, a branch of the Tethys, dominated
Thrace during Eocene epoch in the form shallow
marine carbonate platforms, and the three-stage
isolation process started later during Oligocene Epoch.
Some ostracods, such as Neocyprideis apostolescui,
Cytheridea crassa, C. pernota, Haplocytheridea
helvetica, were the samples observed within the
Tethys ocean in different parts of the UK and Turkey.
Ostracod fauna, which were also described in this
study, were found in the shallow marine carbonate
platforms during Middle and Late Eocene (Lutetian-
Priabonian) and considered remarkable to investigate
Eocene-Oligocene transition. It is stated that during
the early Rupelian period Thrace Region still contained
the seas of Western Tethys, then the isolation from
Tethys began and finally the eastern Paratetis endemic
fauna and the third stage developed in the form
of an increasing continent. The ostracods species,
namely Cytheromorpha zinndorfi, Cladarocythere
apostolescui, Serrocytheridea eberti, Hemicypreidis
montosa, H. helvetica, Candona (Pseudocandona)
fertilis, Illyocypris boehli, are the samples observed in
the UK, Switzerland, Romania, Hungary and Turkey to
showing the characteristics of the Tethys- Paratethys.
These species are the examples defined in this study in
the Eastern Paratethys section, where the isolation of
the early Oligocene (Rupelian) was stated to initiate.

The Late Oligocene period is explained to
be observed in the formation of pure freshwater
marshes and coastal marshes by the stream. The
ostracod species of Haplocytheridea helvetica,
Hemicyprideis helvetica, Candona (Pseudocandona)
fertilis, Ilyocypris boehli, which show Paratethys
properties, are observed in Hungary, Caspian basin
and in various parts of Turkey. These species are
the examples identified in the Late Oligocene by
the authors, indicating the formation of fresh water
marshes and the coastal marshes by the stream. It is
stated that a sedimentary basin system originating
from the changing tectonic regimes extended from
the Western Mediterranean coasts, which lied in front
of the Alps, to the areas including the Carpathians,
and from there to the Caucasus, Caspian Sea and the
Pontides in the East. These sedimentary strata are told

to be firstly called as Paratethys by Laskarev (1924)
(Kovac et al., 2017). It is stated that the Paratethys
emerged in the early Oligocene and associated with
the complete isolation of internal-continental Seas
(Kovac et al., 2017), and low-organic carbon deposits
were mentioned for the north of Central Paratethys.

In Neogene, the connection between the
Mediterranean and the individual basins was very
unstable, and the partial or total isolation of these
basins must have led to the emergence of endemic
fauna in each watershed system, and that the
division of these internal seas were in three regions:
Western (Alpine), Central (Carpathian, Balkan) and
Eastern (Crimean-Caucasian) Paratethys. During the
Late Miocene, the Central Paratethys sedimentary
environment gradually changed into bitter and fresh
water due to the isolation of Lake Pannon (Kovac et
al., 2017). The area was filled with a large amount of
deltaic sediment from the edges of the basin, thus the
deep water lake environment gradually turned into
shallow water (Kovac et al., 2017). At the end of this
period, in the Mediterranean, the impact of Messinian
salinity crisis and sea level on the Mediterranean
was tectonically effective in the closed lake system,
and alluvial plains began to develop (Kovac et al.,
2017). Ostracod species such as Ilyocypris bradyi,
Heterocypris salina, Candona (Caspiocypris) alta are
the examples observed in Tethys-Paratethys during
the studies carried out in the different parts of England
and Turkey. These species are also described in this
study as indicators of the development water fauna,
which were transformed into shallow water due to the
unstable and Pannonian insulations.

6. Lithostratigraphy and Paleoenvironmental

Interpretation

The General Directorate of Mineral Research and
Exploration Stratigraphy Committee published a book
in 2006 entitled Thrace Lithostratigraphy Units within
Lithostratigraphy Units Series-2.

Tertiary units in this basin were studied in detail
by Kasar et al. (1983), Siyako (2002), Tiirkecan and
Yurtsever (2002) and Siyako (20060). The results
of these studies show that the age of the Danigmen
Middle
(Yenimuhacir Group) and the age of the Ergene
Formation (Canakkale Group) is Late Miocene—

Formation is Eocene-Lower Miocene
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Pliocene. This study examined the Danigsmen and
Ergene formations (Figure 2).

The Danismen Formation forms top unit in the
Yenimuhacir Group (Siyako, 2002, 20060). The
Yenimuhacir Group was firstly named as a formation
(Esso Standard, 1960; Holmes, 1961), then redefined
by Unal (1967) and Kasar et al. (1983) as a group.

The Yenimuhacir Group consists of the Mezardere,
Osmancik, and Danismen formations. The Mezardere
Formation is composed of shale and marl facies of the
delta front, and the Ceylan-Kesan formations underlie
the Istranca metagranite. The Osmancik Formation
lies above and is gradational with the underlying
Yenimuhacir Group; it was first identified by Unal
(1967). The formation contains interbedded tuffs and
sandstones. Teslimkéy member is formed by sandstone
and marl. The Osmancik Formation, observed from the
north of Kesan to Tekirdag, was aged as Late Eocene—
Early Oligocene by Siimengen et al. (1987), Alisan
and Gerhard (1987), and Bat1 et al. (1993, 2002). The
Osmancik Formation was described by Unal (1967)
and Holmes (1961) as the Osmancik Sandstone, which
lies above the Mezardere Formation, transitional with
the Danismen Formation. The Osmancik Formation
was deposited as a progressive delta front facies,
which has been aged as Oligocene by Akyol and
Akglin (1995), Bat1 et al. (1993, 2002), Gerhard and
Alisan (1987, 1985).

The Danigmen Formation was defined by Boer
(1954) and decribed by Beer and Right (1960) and
used as a formation by Kasar et al. (1983) and Unal
(1967). It is transitional and lies above the Osmancik
Formation and is covered by younger units (Atalay,
2002; Siyako, 2006b).

The formation consists of claystone, sandstone,
lignite, and marl beds of Early Eocene age (Kemper,
1961; Ozansoy, 1962; Lebkiichner, 1974; Sarag,1987;
Safak, 2008, Safak and Giildiirek, 2016a); Middle
Oligocene (Umut et al., 1983, Siimengen et al., 1987);
Late Oligocene by (Kasar and Eren, 1986; Bati et al.,
2002); and Late Oligocene—Early Miocene (Alisan,
1985; Gerhard and Alisan, 1987; Bat1 et al., 1993;
Senol 1980; Bear and Wright 1960; Safak, 2008)
determining the thickness of the unit reach up to 200-
250-670-150 m.

The Ergene Formation was defined by Boer (1954).
Sediments of this formation is transitional with the
overlying Cantakdy Formation and is unconformable
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with the older underlying units (Siyako, 2006b). The
unit was described as the Ergene Group by Unal, 1967;
Turgut et al., 1983; Kasar et al., 1983; Sentiirk et al.,
1988b; Sentiirk et al., 1988a; Stimengen et al., 1987
and as the Velimese Formation by Umut et al. (1983).

Amongtheostracod genera, the genus Cushmanidea
represents epineritic; Cytheridea represents lagoonal-
epineritic; such as Krithe represents the infraneritic-
bathyal range while others represent different
ranges; Hirschmannia, Hemicyprideis, Loxoconcha,
and Cytheromorpha represent lagoonal-littoral;
Neocyprideis and Cladarocythere represent lagoonal;
Ilyocypris lacustrine-lagoonal; Virgatocypris,
Candona (Lineocypris), Heterocypris, Cypridopsis,
Eucypris, Novocypris, Candona (Pseudocandona),
and Verticypris represent lacustrine. Furthermore,
three genera (Valvata, Viviparus, and Avimactra)
that belong to the gastropod and pelecypod classes
represent lagoonal and lacustrine environments,
respectively.

Ambient conditions required for the distribution of
ostracods found in the measured sections of the study
area are as follows:

In the Biyikali section, the ostracod taxa represent
the following environments Hemicyprideis represents
lagoonal-littoral, Neocyprideis represents lagoonal,
and Cytheridea represents lagoonal-epineritic. The
section indicates lagoonal environment.

In the Beser Tugla section, the genera of ostracods
represent the following environments: and lyocypris
and Candona (Pseudocandona) represent lacustrine,
Neocyprideis and Cladarocythere represent lagoonal,
Loxoconcha and Hemicyprideis represent lagoonal-
littoral, and Cytheridea represents lagoonal-epineritic.
The section indicates lagoon environment.

In the Silivri section, identified ostracods represent
the following environments: FEucypris represents
lacustrine, Candona (Pseudocandona) represents
lacustrine-lagoonal,  Cladarocythere  represents
lagoonal, and Hemicyprideis represents lagoonal-
littoral. This section indicates deposition dominated
by freshwater up to lagoonal conditions.

The ostracods of the Malkara-Tekirdag section
represent the following environments: Cytheromorpha,
Cytheridea, and Hemicyprideis represent lagoonal-
littoral;  Sphenocytheridea, Serrocytheridea, and
Cytheridea represent lagoonal-neritic; Cushmanidea
represents neritic; and Krithe represents neritic-
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bathyal. This section reflects the conditions of a
shallow marine environment generally.

In the Silivri-Degirmenkdy section, the ostracod
taxa represent the following environments: Candona
(Caspiocypris), Candona(Caspiolla),and Heterocypris
represent lacustrine; Cytheromorpha, Hemicyprideis,
represent lagoonal-littoral;
Cytheridea represents lagoonal-neritic, Cushmanidea
represents neritic; and Cytheropteron represents
neritic-bathyal. The transition from lagoonal condition
to marine environment was observed in this section.

and Loxocorniculum

In the TB-57 drilling log, the ostracods represent
the following environments: Candona (Lineocypris),
Cypridopsis, Eucypris, Verticypris Candona, Cypria,
Novocypris and Virgatocypris represent lacustrine;
Neocyprideis and Cladarocythere represent lagoonal;
Cytheromorpha, Hemicyprideis,
and Hirschmannia represent lagoonal-littoral;, and
Cytheridea represents lagoonal-neritic. The sequence
developed under closed-basin brackish water
conditions, which are indicative of a rare shallow
marine environment.

Loxocorniculum,

In the TB-58 borehole, the ostracod genera
represent the following environments:

Cypria, Eucypris, and Heterocypris represent
lacustrine; Candona (Pseudocandona), Ilyocypris
represent  lacustrine-lagoonal; Cladarocythere,
Neocyprideis represent lagoonal, Hemicyprideis
represents lagoonal-littoral; and Cytheridea and
Serrocytheridea represent lagoonal-neritic. The
sequence indicates a shallow marine condition and
together with lake to lagoon conditions.

7. Discussion

The Istranca massif and the massif of the Tertiary
Thrace basins, which constitute the southern slope
of the deposition (Okay and Yurtsever, 2006) are
composed of two main units in the north-east of the
Black Sea. The Istranca massif is represented by
gneiss and metamorphosed Paleozoic and Mesozoic
sedimentary rocks that overlie the greenschist facies
(Taner and Cagatay, 1983; Usiimezsoy, 1982). Starting
from the southern Istranca Mountains, Tertiary deposits
reach 9000 meters of thickness, covering all of Trakya
and outcropping (Sengiiler et al., 2000; 2003; Turgut
etal., 1983; 1991; Kopp et al., 1969). Paleocene-Early
Eocene sediments in the region have been observed in

a very narrow area of Southwestern Thrace, but they
were incompatible with the Middle Eocene limestones.
The Middle Eocene-Early Miocene sediments were
part of the Koyunbaba and Sogucak formations that
had developed transgressively. The Ceylan Formation
precipitated in places where the basin deepened, while
the delta system that developed later is included in
the Yenimuhacir Group and consists of Mezardere,
Osmancik and Danismen Formations from top to
bottom. The Cantakdy Formation is another unit that
had been deposited within this age range. Miocene
units have been studied as part of the Canakkale
and Cekmece groups and the Ergene Formation.
The uppermost Miocene-Pliocene is represented
by the Kircasalih Formation, which spreads widely
throughout Northern Thrace (Siyako, 2006b).

Siyako (2006b) reported that
Pleistocene sediments in the Thrace Basin had
separated from each other by angular unconformities,
and that Paleocene-Lower Eocene sediments were
present in a very narrow area in southwest Thrace and
the Gelibolu Peninsula.

Paleocene-

Additionally, Siyako (20064,b) stated that this
stack was covered unconformably by the Middle
Eocene limestone.

Various units in the basin that had collapsed in the
early-Middle Eocene period in terrestrial and marine
environments have been observed to be vertically and
laterally transitional to each other (Siyako, 2006a,
Siyako, 2005).

In the Late Eocene, the Kesan Formation and the
Ceylan Formation corresponding to the upper levels of
this unit were deposited, and thereafter, the sediment
referred to the Yenimuhacir Group started to deposit —
with lithological differences observed between them
in a shallow environment during the latter part of the
Late Eocene-early Oligocene period (Kopp et al.,
1969, Kasar et al., 1983; Atalik, 1992; Stimengen and
Terlemez, 1991; Siyako, 20065, 2005).

The Mezardere, Osmancik and Danigmen
formations were deposited in this shallow system
up to the Early Miocene (Siyako, 2005; Unal, 1967;
Kasar et al., 1983). Siyako (2006b) stated that at
the end of this phase, the region became completely
filled and ascended to land, with the sedimentation of
young Miocene-Pliocene units beginning as a result

of erosion.
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Volcanic outcrops observed by Siyako (20065)
in the Hisarlidag Formation in Southwestern Thrace
deposited in the Early-Middle Miocene and also
outcrops observed in Canakkale and Cekmece groups
and the Ergene Formation deposited in the Upper
Miocene; outcrops observed in Karatepe Basalt
deposited in the Miocene; and outcrops observed
in the Kircasalih Formation, with wide expanses
in Northern Thrace, deposited in the Pliocene. The
Marmara Formation formed by the marine terraces
defined around the Marmara Sea deposited in the
Pleistocene.

Studies by Maravelis et al. (2007) and Maravelis
and Zelilidis (2012) on the paleoclimatology and
paleoecology of the Eocene / Oligocene border in the
Thrace Basin and Northeastern Aegean Sea, showed
that the Eocene sediments orginated in deeper marine
conditions than the Oligocene sediments.

Siyako and Huvaz (2007) performed a study
on the Eocene stratigraphy and evolution of the
Thrace Basin, while Islamoglu et al. (2008) studied
the storage environment in the Oligocene sediments
in the Thrace Basin, from Tethys up to the Eastern
Paratethys, researching their paleoclimatology and
palacogeography.

Riickert-Ulkiimen et al. (2009) described the
palacobiogeographical properties of the Eastern
Paratethys in the Ergene Basin (NW Turkey) and
reported on the Neogene biostratigraphy of the Ergene
Basin (Eastern Paratethys) coastal zone.

Witt (2011) presented systematics of ostracod
faunas of marine Oligocene and terrestrial Miocene
formations in the study of the Thrace-Pmarhisar
sediments.

It was revealed that an ostracod community, which
was explored by Safak and Giildiirek (2016a), and
significant consolidation in Oligocene compared to the
previously identified Eocene in the west of Thrace, as
determined by Maravelis et al. (2007) and Maravelis
and Zelilidis (2012), could be observed in the south-
eastern part of the area.

Akgiin et al. (2013) studied the vegetation structure
and composition during the Oligocene period in the
south and west of the Thrace Basin, and the Basin’s
climate characteristics as well. The first palynomorph
and mollusc assemblages were identified during
the Rupelian and Chattian. The annual average
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temperature of palynomorphs was investigated
to explain the transition during the Rupelian and
Chattian, which revealed climatic cooling, vegetation
and pollen changes of the pollen assemblages in
coastal deposits.

Demirtas et al. (2015) studied the late Oligocene
palynomorphs from the Middle Miocene coals of
the Gelibolu Peninsula. Samples were taken from
coal zones in two different regions; coal petrography
was used to examine the storage conditions of the
two coal zones along with their organic petrography,
compositions, maceral ratios and palynological
characteristics. The maceral compositions of the
Oligocene coals were similar to those of the Miocene;
the two different communities were distinguished by
the percentages of palynomorphs. The first assemblage
was found in the late Oligocene sediments, and the
second one was found in the sediments of the Middle
Miocene period.

In this study, a micropaleontological evaluation
of the Paleogene-Neogene sediments of Babaeski-
Muratli-Corlu-Liileburgaz ~ (Southeastern  Thrace)
region was carried out.

This study was carried out on drilled sections taken
from Silivri, Tiirkmenli-Corlu, Babaeski- Liileburgaz,
Edirne —Babaeski, Tekirdag-Hayrabolu road, and two
drilling washing samples, prepared by MTA, of which
the drilling procedure was carried out with point
samples. In addition to well-preserved ostracod fauna,
obtained from greenish, yellowish claystone, , leafy,
lignite sandstone, yellowish beige colored sandstone,
organic colored clay, and silt (Early Oligocene
Danismen Formation), and the clays (Late Miocene-
Pliocene Ergene Formation), all of which are widely
found in the area, micro-molluscs were also observed
in some levels. The clay lithology of the Yenimuhacir
Group under the Danigsmen Formation and lenticular
sandstone of the Teslimkdy Member feature siltstone
intercalated sandstone (Osmancik Formation) above
it. In the study area, the Danismen Formation of the
Taslisekban and Armutburnu Member were very
small, while the Pinarhisar Member was fossilized
and thicker.

The ostracod community within the Danismen
Formation and its members, and their location in the
stack, which was indicated to belong to the Rupelian
/ Stampian, Late Oligocene (Chattian) according to
Safak and Giildiirek, 2016a,b, were not included in
this study.
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The stack is unconformably overlain by the Ergene
Formation. The unit in the area of investigation,
particularly the top layer of the stack, is well-known,
and in addition to well-preserved ostracod fauna,
micro-mollusks were found in some levels.

It was observed that the Celebi Formation of the
study was fossilized, and Sinanli Member and Karatepe
Basalt were found to have very little thickness. With
this study, it was found that the Ergene Formation was
Late Miocene-Pliocene. The Kircasalih Formation
that developed over this unit was Pleistocene.
The Danismen Formation was determined to have
collapsed in Early Oligocene, while the Miocene
fauna mentioned in the literature was not found.

The Ergene Basin in Neogene described by
Riickert-Ulkiimen et al. (2009) did not have a Congeria
ornithopsis location that was similar to that of the
basins in Bulgaria, North Yugoslavia and Vienna, and
the examined Ergene site contained clayey levels as
well as scarce fossiliferous levels in both measured
sections according to drilling data.

The ostracod species identified in the study were
compared with other ostracods in the Thrace Basin
and other parts of Turkey, as well as with other
ostracods in the Oligocene in Europe, Northwest and
Paris-Aquitain Basin, Belgium, England, Romania
and Switzerland. Based on this fauna, the Early
Oligocene region was shown to have been influenced
by the Tethys effect.

The ostracod species identified in the study area
in the Late Miocene-Pliocene were compared against
other ostracod studies in the Thrace Basin and other
parts of Turkey, as well as in the Baltic Sea, Caspian
Basin, Romania and Carpathians. According to
these fauna assemblages, the Paratethys effect was
determined to be much more higher than the effect of
Tethys in the Late Miocene-Pliocene period.

8. Conclusions

A micropaleontological analysis of the Tertiary
sediments from the Corlu-Muratli-Liileburgaz-
Babaeski region (Southeast Thrace) was completed
in this study. The dominant conditions of depositional
environment were identified.

Yellow-green claystone, yellow-beige sandstone,
leaf-imprinted lignite bearing sandstone, organic

colored clay, silt, and clay of the Danigmen and
Ergene formations are widespread throughout the
area, constituting the upper layers of the sediments.
They provided well-preserved ostracod fauna, with
micro-molluscs observed in some layers. According to
the microfauna content of all samples, the age of the
sedimentation was identified as the early Oligocene-
Pliocene.

Species of Oligocene age include ostracods
Cytheromorpha zinndorfi, Cladarocythere
apostolescui,  Neocyprideis  apostolescui,  N.
williamsoniana, =~ Hemicyprideis =~ montosa, H.
elongata, H. helvetica, Serrocytheridea eberti,
Sphenocytheridea  gracilis, Cytheridea pernota,
Krithe
angusta, Loxocorniculum decorata, Hirschmannia
sp., Loxoconcha sp.l, Candona (Pseudocandona)
fertilis, Candona (Pseudocandona) sp., Candona
(Lineocypris) sp., Ilyocypris boehli, I. cranmorensis,
Novocypris Eucypris  pechelbronnensis,
Virgatocypris tenuistriata, Verticypris jacksoni and
Cypridopsis soyeri; micro-pelecypods and gastropods
such as Avimactra, Viviparus, and Valvata. Meanwhile,
ostracods Candona (Caspiocypris) alta, I. bradyi, E.
dulcifons, and H. salina were identified to be from the
Late Miocene—Pliocene. Among the ostracod genera,
the genus Krithe represents the infraneritic-bathyal
range, whereas others represent different ranges,
specifically: Cushmanidea epineritic, Cytheridea
lagoonal-epineritic; Cytheromorpha, Hemicyprideis,
Hirschmannia, and Loxoconcha lagoonal-littoral;
Cladarocythere and Neocyprideis lagoonal; Ilyocypris
lacustrine-lagoonal;
Virgatocypris, Verticypris, Heterocypris, Candona
(Pseudocandona), (Lineocypris), and
Cypridopsis lacustrine. In addition, three genera
(Avimactra, Viviparus, and Valvata) of pelecypods
and gastropods represent lagoonal and lacustrine
environments, respectively.

C. crassa, Cushmanidea scrobiculata,

striata,

and Novocypris, Eucypris,

Candona

The faunal study showed that the measured
sections used in the study and the marl, siltstone,
and claystone in the upper and lower layers of lignite
intersected by the boreholes containing lagoonal and
lake ostracods generally.

This study showed a similar age—environment
relationship when compared with other studies
conducted in the Thrace Basin, northwestern Europe,
the Paris/Aquitaine Basins, Belgium, England,
Romania, and Sweden.
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PLATE -1

1-3. Cytheromorpha zinndorfi (Lienenklaus)
1. Carapace, left side view, Hacisungurlu Borehole, 34th sample
2. Carapace, left side view, Malkara-Tekirdag Measured Section, 8th sample
3. Carapace, right side view, Biyikali Measured Section, 7th sample
4. Cytheromorpha sp.
4. Carapace, right side view, Silivri-Degirmenkdy Measured Section, 6th sample
5. Cladarocythere apostolescui (Margerie)
5. Left valve, side view, Hacisungurlu Borehole, 34th sample
6. Neocyprideis apostolescui (Keij)
6. Left valve, outside view, Hacisungurlu Borehole, 23rd sample
7. Neocyprideis williamsoniana (Bosquet)
7. Left valve, outside view, Hacisungurlu Borehole, 66th sample
8-9. Cytheridea pernota (Oertli and Keij)
8. Right valve, outside view, Hacisungurlu Borehole, 53rd sample

9. Left valve, outside view, Hacisungurlu Borehole, 53rd sample
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PLATE -2

1. Cytheridea crassa Terquem

1. Carapace, right side view, Hacisungurlu Borehole, 56" sample
2-4. Hemicyprideis montosa (Jones and Sherborn)

2. Left valve, outside view, Hacisungurlu Borehole, 65™ sample

3. Right valve, outside view, Silivri Measured Section, 2°¢ sample

4. Carapace, left side view, Hacisungurlu Borehole, 53" sample
5. Hemicyprideis elongata Keen

5. Carapace, right side view, Silivri Measured Section, 2™ sample
6-8. Serrocytheridea eberti (Lienenklaus)

6. Carapace, left side view, Malkara-Tekirdag Measured Section, 8" sample

7. Carapace, right side view, TD-58 Borehole, 9" sample

8. Carapace, left side view, Malkara-Tekirdag Measured Section, 6" sample
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PLATE -3

1-2. Krithe angusta Brady and Norman
1. Carapace, right side view, Malkara-Tekirdag Measured Section, 6" sample
2. Carapace, left side view, Malkara-Tekirdag Measured Section, 6 sample
3. Candona (Pseudocandona) fertilis Triebel
3. Left valve, outside view, Hacisungurlu Borehole, 52* sample
4. Candona (Lineocypris) sp.
4. Left valve, outside view, Hacisungurlu Borehole, 48" sample
5. Virgatocypris tenuistriata (Dollfus)
5. Carapace, left side view, Hacisungurlu Borehole, 14" sample
6. llyocypris boehli Triebel
6. Right valve, outside view, Hacisungurlu Borehole, 66" sample
7. Candona (Caspiocypris) alta (Zalanyi)
7. Left valve, outside view, Silivri-Degirmenkdy Measured Section, 9 sample
8. Heterocypris salina (Brady)

8. Left valve, outside view, Babaeski-Edirne Road, 1* point sample
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PLATE -4

1. Eucypris dulcifons Diebel and Pietrzenuik

1. Carapace, left side view, TD-58 Borehole, 2™ sample
2. Candona (Caspiolla) sp.

2. Left valve, outside view, Silivri-Degirmenkdy Measured Section, 9" sample
3. Gyraulus sp.

3. Carapace, dorsal view, Hacisungurlu Borehole, 89" sample
4. Potamides sp.

4. Carapace, side view, Hacisungurlu Borehole, 56 sample
5. Viviparus sp.

5. Carapace, oral view, Hacisungurlu Borehole, 56" sample
6. Avimactra sp.

6. Valve, outside view, Hacisungurlu Borehole, 87" sample
7. Modiolus sp.

7. Valve, outside view, Hacisungurlu Borehole, 87" sample
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Research Article

ABSTRACT

In Northwest Anatolia, widespread magmatism developed due to collision between Anatolide-Tauride
platform and Sakarya continent during Late Cretaceous-Early Tertiary period. The granitoids in Biga
Peninsula are products of post-collisional magmatism following the convergence of the northern
branch of Neotethyan Ocean and developed in two different stages as Eocene and Oligo-Miocene.
Eocene Karabiga, Giireci, Kuscayir and Dikmen granitoids are granite and diorite-granodiorite;
Oligo-Miocene Sarioluk, Yenice, Kestanbol, Eybek, Evciler, Camyayla and Alankdy granitoids are
diorite, granodiorite, monzonite and Q-monzonite in composition. Metaluminous and peraluminous
granitoids have similar geochemical variations and exhibit post-collisional geochemical signatures.
Trace element patterns are almost similar to those observed in upper crust and GLOSS (Global
Subducting Sediment) patterns with depletion in high field strength (HFS) elements (Nb, Ta, Ti,
Zr, Hf). But, Oligo-Miocene Sarioluk, Yenice-Cakiroba, Kestanbol, Evciler, Camyayla, Alankdy
and Eocene Karabiga, Giireci and Kusgayir granitoids have higher Th and U contents relative to
upper crust and GLOSS. Dikmen, Yenice-Hamdibey, Yenice-Eskiyayla and Eybek granitoids have
lower Th content. Geochemical variations indicate that partial melting and fractional crystallisation-
crustal contamination processes are effective in their genesis and evolution. Trace element ratios
also indicate subduction signatures in their genesis and Rb/Ba, Rb/Sr ratios suggest mantle melting
rather than crustal melting. Accordingly, post-collisional Biga Peninsula granitoids were derived
from a previously metasomatised lithospheric mantle source, which was enriched during northward
subduction and closure of the northern branch of Neo-Tethys Ocean beneath the Sakarya continent,
Received Date: 26.02.2018 since variations in Rb, Cs, Th, La and Sm reveal that lithospheric mantle was mesomatised by both
Accepted Date: 11.06.2018  aqueous fluids and sediment melts.
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represented by the Izmir-Ankara-Erzincan suture
zone (IAESZ) and this suture zone separates the
Sakarya zone from the Anatolide-Tauride platform
(Okay and Tiysiliz, 1999; Sengdér and Yilmaz,
1981). The continent-continent collision is thought

1. Introduction

The closure of the Neo-Tethys ocean at the end
of the Late Cretaceous and the following continental
collision played an important role in the tectonic

evolution of Anatolia. As a result of the subduction
of the northern branch of the Neo-Tethys beneath the
Sakarya continent to the north, continent-continent
collision occurred between the Anatolide-Tauride
platform and the Sakarya continent. This collision
occurring along the northern section of Anatolia is

to have occurred before the Middle Eocene (Geng
and Altunkaynak, 2007; Altunkaynak et al., 2012a)
in the Palacocene-Early Eocene period (Okay et al.,
2001; Okay, 2008). Latest Early Eocene is accepted
as the time of post-collisional extensional tectonics
(Yilmaz et al., 1995; Gen¢ and Yilmaz, 1997;
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Karacik et al., 2008). After this collision, widespread
magmatic activity occurred in northwest Anatolia
(Yilmaz, 1989; 1990; Giileg, 1991; Harris et al., 1994;
Seyitoglu and Scott, 1996; Altunkaynak et al., 20124,
b). After collision, the first products of magmatism
comprised Middle Eocene-aged granitic plutons
and intermediate-composition calcalkaline volcanic
rocks (Harris et al., 1994; Delaloye and Bingdl, 2000;
Altunkaynak and Dilek, 2006; Okay and Satir, 2006;
Altunkaynak, 2007; Altunkaynak and Geng, 2008;
Yilmaz Sahin et al., 2010; Altunkaynak et al., 20125b;
Altunkaynak and Dilek, 2013; Ersoy and Palmer,
2013; Giilmez et al., 2013; Aysal, 2015; Ersoy vd.,
2017a, b). It is known that the Late Oligocene-Early
Miocene period magmatism produced granitic plutons
and coeval volcanic rocks commonly observed in NW
Turkey (Geng, 1998; Aldanmaz et al., 2000; Karacik
et al., 2008; Hasozbek et al., 2010q, b; Yilmaz Sahin et
al., 2010; Altunkaynak et al., 20124; Erkiil and Erkiil,
2012; Aldanmaz et al., 2015; Aysal, 2015). Upper
Miocene-Pliocene magmatism generally has alkaline
basaltic composition (Y1ilmaz et al., 2001; Aldanmaz
et al., 2015; Kiirkciioglu et al., 2008).

There are two different opinions about the origin
and tectonic setting of magmatism in northwest
Turkey. According to the first of these, Middle Miocene
magmatic rocks formed in a magmatic arc environment
(Peccerillo and Taylor, 1976; Yilmaz et al., 1981;
Ercan et al., 1995; Kopriibas1 et al., 2000; Okay
and Satir, 2006; Ustadmer et al., 2009). The second
view is that these are post-collisional magmatism
products and formed due to lithospheric delamination
or slab break-off mechanisms (Aldanmaz et al.,
2000; Kopriibast and Aldanmaz, 2004; Dilek, 2006;
Altunkaynak, 2007; Keskin et al., 2008; Kiirkciioglu
et al., 2008; Dilek and Altunkaynak, 2009; Giilmez et
al., 2013). In recent years, the second view has gained
more acceptance.

As the Biga Peninsula is a region where
subduction, continent-continent collision and post-
collisional processes may be observed, it forms a good
area to research geochemical dynamics of magmatism
and to reveal the effects of these processes on the
genesis and the evolution of the magmatism. This
study assessed the mineralogical-petrographical and
geochemical features of granitic plutons located in the
Biga Peninsula with the aim of determining magma
source based on major oxides, trace elements and rare
earth elements to explain the source properties and
magmatic evolution.
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2. Regional Geology

The Late Cretaceous-Early Eocene period was
a tectonically active period and Tethyan evolution
was effective in Western Anatolia with ophiolite
emplacement, high pressure/low temperature
metamorphism, subduction, arc magmatism and
continent-continent collision processes occurring
(Okay et al., 2001). As a result, northwest Turkey is
located in an important orogenic belt where different
tectonic assemblages and belts can be observed
together (Sengér and Yilmaz, 1981; Okay, 1989;
Okay et al., 1996; Okay and Tiiysiiz, 1999; Okay et
al., 2001). These tectonic assemblages are separated
from each other by sutures represented by ophiolites,
metamorphic rocks and accretionary complexes
(Okay et al., 2001). The Biga Peninsula comprises two
different tectonic assemblages separated from each
other by the Intra-Pontide Suture Zone in the northwest;
these assemblages are the Rhodope-Istranca massif
to the north and the Sakarya assemblage to the south
(Figure 1a). The Sakarya assemblage is bounded by the
Intra-Pontide suture zone to the north and the izmir-
Ankara-Erzincan suture zone to the south (Figure 1a).
The basement of the assemblage is Palacozoic-aged
metamorphic and plutonic rocks (Okay et al., 1996;
Delaloye and Bingdl, 2000; Okay et al., 2006; Topuz
et al., 2007; Okay, 2008) and the Permo-Triassic-aged
(subduction/addition complex) accretionary complex
known as the Karakaya complex which underwent
severe deformation and partial metamorphism (Okay
et al., 1996; Okay and Gonciioglu, 2004; Okay et
al., 2006; Okay, 2008). The complex basement is
unconformably overlain by Lower-Middle Jurassic
continental-shallow marine clastic sedimentary
rocks (Altmer et al., 1991; Okay, 2008) and Middle-
Upper Jurassic platform-type neritic limestones,
Lower Cretaceous limestones and Upper Cretaceous-
Palacocene volcanic and sedimentary rocks (Akytiz
and Okay, 1996; Okay et al., 1996; Okay and Tiiysiiz,
1999; Okay, 2008).

The Biga Peninsula has complicated geology
comprising variable metamorphic, magmatic and
sedimentary rocks with ages from the Palaeozoic to
the Cenozoic. Since the main subject of this study
comprises the mineralogical-petrographical and
geochemical features of Eocene and Oligo-Miocene-
aged granitoids in the Biga Peninsula, the geology
of the region has been simplified (Figure 1). Rocks
outcropping in the Biga Peninsula may be divided in
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two as pre-Tertiary basement rocks and Tertiary rocks
(Duru et al., 2012). In the study area, pre-Tertiary
basement rocks outcrop within NE-SW striking
tectonic zones (Duru et al., 2012). These zones are the
Cetmi melange, Ezine zone and Sakarya Zone from
west to east (Figure 1b).

The Sakarya Zone forming the basement in
the study area comprises the underlying Kazdag
metamorphics and tectonically associated Kalabak

Group and Karakaya complex. All these units are
unconformably overlain by Jurassic-Cretaceous-aged
neritic carbonates (Figure 1b). Ezine Zone which is
outcropped in the NW of the peninsula, is represented
by the Karadag Group, Camlica metamorphics and
the Denizgdren ophiolite overlying these units with
a tectonic contact. The Ezine and Sakarya zones
are overlain by the Upper Cretaceous-aged Cetmi
Melange (Duru et al., 2012) (Figure 1b).
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Above these pre-Tertiary basement rocks in
the study region, magmatic and sedimentary rocks
occurred during the Eocene-Quaternary time interval
were emplaced (Duru et al., 2012; Ilgar et al., 2012).
In the Biga Peninsula, Tertiary plutonic and volcanic
rock units are widespread throughout the region.
The Tertiary period begins with Eocene granitoids
and andesitic-dacitic calcalkaline volcanic rocks
and continues in the Upper Miocene with alkaline
character basaltic volcanic rocks (Yilmaz, 1990).

Magmatism developing as a result of collision
between the Sakarya continent and Anatolide-Tauride
platform in the Late Cretaceous-Early Tertiary period
produced its first products in the Middle Eocene and
continued until the end of the Miocene (Y1ilmaz, 1997;
Karacik and Yilmaz, 1998; Geng¢ and Altunkaynak,
2007; Yilmaz Sahin et al., 2010). The granitoids
forming the subject of the study and outcropping over
large areas were emplaced in the region in the Eocene
and Oligocene-Miocene time interval. The age of the
granitoid rocks in the Biga Peninsula becomes younger
from Middle Eocene in the north to Oligo-Miocene
in the south. This study focuses on the mineralogical,
petrographical and geochemical features of the Eocene
granitoid rocks of the Karabiga and Giireci granitoids
outcropping east of Lapseki and around Karabiga in
the north of the Biga Peninsula, Kuscayir granitoid
to the north of Bayramig, Dikmen granitoids to the
south of Biga and the Oligo-Miocene Eybek, Evciler,
Kestanbol, Camyayla, Alankdy, Sarioluk and Yenice
granitoids generally outcropping in the south of the
peninsula.

Karabiga granitoid is located north of Karabiga,
covering nearly 75 km? area and generally has granitic
composition. There are many dikes (pegmatite and
aplite dikes) extending in different directions within
the pluton. Aplite dikes are elongated mainly N-S
direction, with a thickness up to 1.5 m. Pegmatite dikes
are generally extending in N60-80°W direction. The
basement rocks in the area of the Karabiga granitoid
comprises lithologic units such as mica schist,
amphibolite schist and gneiss belonging to Permo-
Triassic-aged Camlica metamorphic rocks. The Upper
Cretaceous Cetmi ophiolite tectonically overlies this
unit (Duru et al., 2012) and the Karabiga granitoid has
been emplaced by cutting both these units.

Giireci granitoid outcropping over 22 km? area
around the Cavuskdy and Giireci were first called the
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Sevketiye granitoid by Delaloye and Bingdl (2000).
They are petrographically classified as granodiorite,
monzonite and quartz diorite. The Giireci granitoid
has experienced intense alteration, fresh outcrops are
found only in some stream beds. There are dioritic
mafic enclaves hosted within the rock.

Kuscaywr granitoid is mostly represented by
dark colored diorite, diorite-porhyry and light
colored granodiorite type rocks and it is white, gray
and yellowish in color due to weathering. Contact
metamorphic zone representing the hornblende
hornfels and albite-epidote hornfels facies is
developed along the contact with host rock. Plutonic
rocks, cutting quartzite and mica-schist, are overlain
by volcanic rocks at the ENE of Kusgayir village.

Dikmen granitoid with a NE-SW trending in the
east of Dikmen fault has coarse grained crystals and is
greyish white in color. They are usually cut by quartz
veins/veinlets which have up to 50 cm. thickness and
aplites. The number of quartz veins/veinlets increase
from north to south.

Sarioluk granitoid is located west of Gonen County
between Balikesir and Canakkale provinces. The unit
is brownish-greenish colour, highly weathered, with
abundant biotite flakes, metagranite with clear foliation
and gneissic granite appearance and petrographically
granodiorite composition. Pegmatite veins containing
abundant quartz and alkali feldspar are observed
cutting the base of the unit in the study area. The unit
has tectonic contacts with all surrounding units.

Yenice granitoids, which are usually light colored,
are mostly represented by monzonitic and granodioritic
rocks, and generally extending in NE-SW direction
in the vicinity of Yenice, Hamdibey, Eskiyayla and
Cakiroba. Contact metamorphism developed at the
contact of plutons. They are abundantly cracked and
articulated, and often cut by aplite dykes.

Kestanbol granitoid is grey-brown in colour, with
occasional K-feldspar of 4-5 cm cut by lamprophyre
in the study area that typically outcrops around
Kestanbol and Kogali village. The Kestanbol
granitoid is lithologically homogeneous comprising
quartz monzonite, monzonite, monzonite porphyry
and granite rock types. Aplite, lamprophyre and
mafic dikes were emplaced into the fractuire planes
in the Kestanbol granitoid. The pluton was emplaced
within metamorphic basement rocks and there is a
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contact metamorphic zone and skarn mineralization
at the contact with basement rocks. There are many
lamprophyre dikes within the pluton.

Eybek granitoid is a pluton represented by granite,
Q-monzonite and granodiorite rocks with N-S;, NW
and NE trending veins in the east section. Some
sections of the pluton are weathered and rounded
forms with 30-50 cm diameter are observed due to
weathering. Additionally, mafic enclaves are enclosed.

Evciler granitoid is an elliptical body covering
nearly 180 km? area with WSW-ENE trending.
Topography in the area of outcrops is smooth. It was
emplaced into the basement rocks and lower volcanic
units. An albite-epidote-hornfels facies zone reaching
up to 200 m width developed on the contact with
Kazdag metamorphic rocks. Mafic enclaves of various
size are observed.

Camyayla granitoid outcrops around Can and is
coeval with the adjacent Dededag volcanic assemblage.
Products developing during this process are defined
by both cross-cutting and overlapping associations.
A contact metamorphic zone with actinolite hornfels
and quartz-alkali feldspar hornfels facies developed
around the pluton.

Alankéy granitoid represented by granodioritic
rocks has well developed skarn =zones and
Q-stockworks as well.

3. Petrographic Features of Biga Peninsula
Granitoids

The granitoids in the study area are mostly
classified as granite and granodiorite (Appendix 1).
In addition, the Giireci, Kestanbol, Kuscayir, Alankoy
and Camyayla granitoids are called as monzonite,
Q-monzonite, Q-monzodiorite and Q-diorite rock
types. The granitoids in the region occur as widespread
plutonic bodies, and aplite and porphyry dikes having
mineralogical composition similar to granitoids
occurred as planar intrusions are observed as well.
The majority of this type of dikes are observed in the
Karabiga, Kestanbol and the Camyayla granitoids.
Almost all samples have holocrystalline texture.
Most of the samples having moderate-large grain size
exhibit granular texture, whereas dikes have fine-
moderate grain size and porphyric texture. The main
mineral phases are quartz, plagioclase, orthoclase,

hornblende and biotite, with relatively lesser amounts
of microcline and clinopyroxene minerals (Figure 2).
Titanite, apatite and opaque minerals are common
accessory minerals. Secondary chlorite, sericite,
calcite and clay minerals are observed in almost all
rocks due to alteration.

Quartz is generally anhedral and crystallised as
space-fillings between other minerals. Typically it
has undulatory extinction. It is subhedral in Karabiga
aplitic rocks and significant reduction is observed in
grain size.

Plagioclaseisthe main component ofthe granitoids.
Many plagioclase minerals have polysynthetic
twinning in addition to zoned texture. Generally,
there is little or partial sericitisation. Especially in
the Evciler granitoids, common myrmekitic texture
is observed along grain boundaries. In the Yenice-
Eskiyayla granitoids, sieve texture is observed due
to excessive alteration. The alteration effect is very
limited in the Sarioluk granitoids.

Alkali feldspar is mainly observed as orthoclase
minerals. Microcline is only observed in the Yenice-
Eskiyayla granitoids. In all samples, orthoclase
generally found as large crystals, has experienced
alteration, and more argillized or sericitized than
plagioclase minerals. Due to large grain size,
they have poikilitic texture enclosing quartz and
hornblende minerals especially in the Giireci, Eybek,
Kestanbol and Evciler granitoids. In the Karabiga,
Yenice-Eskiyayla, Camyayla, Alankdy and Sarioluk
granitoids, perthitic texture, graphic texture and rare
granophyric texture developed.

Hornblende is generally found as long prismatic
crystals. They are less common in the Karabiga and
Kestanbol granitoids than in other regions. Some of
the hornblendes in the Evciler, Yenice-Cakiroba and
Sarioluk granitoids formed from the edges and the
cleavages of the pyroxene. As the transformation of
pyroxene to amphibole is not complete, pyroxene
residues remain. This situation may be explained by
rapid volatile loss from granitic magmas (Poutiainena
and Scherbakovab, 1998). In some samples, and
especially in the Dikmen and Yenice-Hamdibey
region, poikilitic texture containing plagioclase
minerals has developed. Exsolution of opaque from
the cleavage is noteworthy in Eybek and Kuscayir
granitoids. Hornblende in the Camyayla, Alankdy
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Figure 2- Microphotographs from Biga Peninsula granitoids; a) Granite with a granular
texture from Karabiga (plane polarised x 2.5); b) Granite with a granular texture
from Giireci granitoid (plane polarised x 2.5); ¢) Granodiorite with a granular
texture from Dikmen granitoid (cross polarised x 2.5); d) Granodiorite sample
from Sarioluk (cross polarised x 2.5); ¢) Granodiorite from Evciler granitoid
(cross polarised x 2.5); f) Q-diyorit sample from Alankdy granitoid (cross
polarised x 2.5); g) Q-monzonite sample from Kestanbol granitoid (cross
polarised x 2.5); h) Porphyric lamprophyr sample from Kestanbol granitoid
(cross polarised x 2.5); i) Monzonite with a holocrystalline granular texture
from Kestanbol granitoid (cross polarised x 2.5); j) Q-monzodiorite with a
holocrystalline porphyric texture from Kuscayir granitoid (cross polarised x
2.5). Bi: biotite; Hb: hornblende; Or: orthoclase; Pl: plagioclase; Px: pyroxene;
Q: Quartz; Sf: sphene (titanite).
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and Sarioluk granitoids have been carbonatised and in
some parts they are altered to chlorite.

Clinopyroxene minerals have not remained stable,
and largely transformed to hornblende minerals. In
some samples (Sarioluk granitoid), though they retain
their original crystal form, they are generally observed
as residues in the hornblende minerals.

Biotite is found less than hornblende but is the
dominant dark-coloured mineral in the Karabiga
granitoid, especially, and in dikes in other regions.
Generally, they have been chloritised by alteration
in the Yenice-Cakiroba, Hamdibey and Evciler
granitoids.

Titanite is euhedral crystals in nearly all rocks.
Apatite which is rarely observed in the samples, is
found as needle-like and prismatic crystals, and it
mainly occur as inclusions.

4. Analytical Techniques

Major oxides, trace and rare earth element analyses
were performed in General Directorate of Mineral
Research and Exploration (MTA), Mineral Analysis
and Technology Department. Major oxide analyses
were performed by using a Thermo ARL XRF device
with 3 g samples mixed with cellulose binder (0.9 g),
pressed into pellet form at 40 kN pressure.

Trace and rare earth element analyses were
performed by Plasma Quant MS Elite Analytic Jena
ICP-MS device. Samples of 0.25 g were dissolved in
HCI, HNO,, HCIO, and HF acids and the dissolved
sample was completed to 50 ml for analysis. JG la
Certified Reference Material was used for quality
control of the analysis. The values measured during
analysis of certified standard reference material are
given in table 1.

5. Geochemical Features of Biga Peninsula
Granitoids

The major oxide, trace and rare earth element
analysis for granitoids in the Biga Peninsula are given
in Table 1. To classify the rocks, the major oxides were
normalised to 100% on an anhydrous basis and plotted
on a total alkali (Na,0+K,O %) - SiO,% diagram
(Figure 3). According to Middlemost (1994)’s volcanic
rock classification diagram, Eocene Karabiga, Giireci,
Kuscayir and Dikmen granitoids in Biga Peninsula

are granite, diorite and granodiorite in composition,
respectively and  Oligo-Miocene granitoids are
diorite, granodiorite, monzonite and Q-monzonite
in composition. They all exhibit subalkaline major-
oxide character (Figure 3). Subalkaline rocks exhibit
calcalkaline signature according to the AFM diagram
with calcalkaline-tholeiitic dividing line (Irvine and
Baragar, 1971) (Figure 3).

Variation diagrams for major oxides and some
selected trace elements against SiO, (Harker diagrams)
are shown in figure 4. Increasing SiO, is correlated
with (i) decreasing Fe,0,, MgO, CaO, Al,O,, Sr and
Nb and (ii) increasing K,O and Rb. These observed
variations in Fe,O,, MgO, CaO, ALQO,, Sr, and the
relative increase in K,O and Rb with increasing SiO,
may indicate fractional crystallisation processes. Na,O
exhibits a relatively horizontal trend with increasing
SiO,. This situation may be due to weathering. It can
be concluded that fractional crystallisation processes

played a role in the evolution of Biga granitoids.

In the plot of Shand (1943)’s A/NK — A/CNK
diagram (Figure 5a), Karabiga samples are generally
metaluminous, samples from other granitoids are
metaluminous to peraluminous. Most of the samples
clearly plot in the I-type granite field. On the ASI-
Fe , diagram of Norman et al. (1992), the majority of
samples also represent I-type granite features (Figure
5b). As a result, the Biga Peninsula granitoids exhibit
both metaluminous and peraluminous composition.
They have MgO/MnO and MgO/Fe O, ratios generally
varying from 3 to 27 and 0.20 to 0.52, respectively and
Na 0/CaO (<4.86) and A/NK (>1.2) values, reflecting
the characteristics of continental arc granites (Maniar
and Piccoli, 1989).

Primitive mantle (Sun and McDonough, 1989)
normalised trace element distribution diagrams of
Biga Peninsula granitoids are shown in figure 6. As can
be seen on the diagrams, the common features to all
the granitoids in the Biga Peninsula are the depletion
in Nb, Ta, Zr and Ti elements and the enrichment in
Pb and U elements. These observed variations are
common geochemical features of arc magmatism
and also may form as a result of contamination by
continental crust during the upwelling of mantle-
derived magmas. Accordingly, negative anomalies
in Nb, Ta and Ti and positive anomalies in Pb and U
are the most typical features of crustal contamination
and/or sediment contribution to mantle-derived
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Figure 3- Total alkali-SiO, classification diagram for the Biga Peninsula granitoids (Middlemost, 1994). Insert figure is the
AFM ternary diagram of Irvine and Baragar (1971); (A: Na,0+K,0, F: Fe,O,t, M: MgO)
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Figure 4- SiO, variation diagrams for the selected major-oxides and trace elements of the Biga Peninsula
granitoids.
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of the Biga Peninsula granitoids.
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material (Gill, 1981; Thompson et al., 1983; Fitton
et al., 1988). In addition to above variations, while
the Eocene Karabiga and Giireci granitoids have
significant Th anomalies, Dikmen granitoids represent
negative Th anomalies. Oligo-Miocene Sarioluk,
Yenice-Cakiroba, Kestanbol, Evciler, Camyayla and
Alankoy granitoids are characterised by significant Th
positive anomalies, whereas Oligo-Miocene Yenice-
Hamdibey, Yenice-Eskiyayla and Eybek granitoids
are depleted in Th. Accordingly, the positive Th and
U anomalies together with negative Nb, Ta and Ti
anomalies may indicate the role of crustal/sediment
contributions in the evolution of granitoids.

Figure 7 displays the chondrite-normalised
(McDonough and Sun, 1995) rare earth element
(REE) distribution diagrams of the selected samples
from the Biga Peninsula granitoids. The great
majority of the samples are enriched in light rare
earth elements (LREE) relative to heavy rare earth
elements (HREE) and they have (La/Yb), ratios
varying from 8 to 29. But, the low [(La/Yb) = 2.17]
ratio of a sample (ASM-K06) from Giireci granitoid
can reflect the unfractionated nature of the sample.

Most of the samples do not have significant negative

Eu anomaly, but Karabiga and Sarioluk granitoids
have slight negative Eu anomaly, possibly indicating
the fractionation of plagioclase (Figure 7).

6. Discussion

6.1. Identification of Magmatic Processes: Fractional
Crystallization, Partial Melting and Crustal
Contamination

Major oxide, trace element variation diagrams,
trace and REE distribution patterns indicate that the
Biga Peninsula granitoids were affected by fractional
crystallisation processes during the evolution of the
magmatism. But, the majority of samples had no
clear negative Eu and Sr anomalies, indicating that
plagioclase fractionation was not significant in the
evolution of the Biga granitoids. As a result, in order
to determine the effects of fractional crystallisation,
the Rb-Sr and K/Rb-SiO, diagrams (Figure 8) is
used, since Rb/Sr ratio is a good marker for fractional
crystallisation and high Rb/Sr ratio indicates advanced
degrees of fractionation (Imeokparia, 1981; Blevin,
2003). Most of the samples have Rb/Sr ratios varying
from 0.1 to 1.0, whereas the Rb/Sr ratios in Karabiga

1000
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Figure 7- Chondrite normalised (McDonough and Sun, 1995) rare earth element patterns of the Biga Peninsula

granitoids.
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and Dikmen samples range between 0.33-4.40 and
0.05-0.07, respectively (Figure 8a). Accordingly, while
there is relatively strong fractionation for the Karabiga
granitoids, the effects of this process are mildly in the
Dikmen granitoids. Similarly, the K/Rb-SiO, diagram
(Figure 8b) is one of the important indicators used to
determine the degree of fractionation in granitic melts
as low K/Rb and increasing SiO, content indicates
strong fractionation (Blevin, 2003; Rossi et al., 2011).
As seen on the figure 8b, the Biga Peninsula granitoids
show moderate levels of fractionation.

The Rb-Ba-Sr triangular diagram adapted from
El Bouseily and El Sokkary (1975) (Figure 9)
(Karapetian et al., 2001; Xiang et al., 2017) is used
to assess the magmatic differentiation process and
tectonic setting features in the evolution of granitoids.
The majority of samples display quartz diorite and
granodiorite composition and are plotted in the I-type
granite field, but the Karabiga granitoids fall in the
area between S- and I-type granites and show strong

fractionation (Figure 9). Samples having I-type granite
characteristics show moderate level of fractionation.
It can be concluded that the effects of the fractional
crystallisation process were at moderate levels during
the evolution of Biga Peninsula granitoids.Moreover,
in order to asses the partial melting processes in
the genesis of magmatism, the La — La/Yb diagram
of Thirlwall (1994) is utilised (Figure 10). While
horizontal trends give fractional crystallisation, the
increasing La/Yb with increasing La indicates the
partial melting processes. We conclude that partial
melting is also thought to play a significant role.

Figure 8, 9 and 10 reveal the effects of fractional
crystallisation and partial melting processes in the
evolution and genesis of the magmatism. Besides,
Ce/Pb — Pb and Rb/Ba — Rb/Sr diagrams were used
to determine the effects of crustal contamination on
magmatism (Figure 11). Low Ce/Pb ratio is one of the
most characteristic features of crustal contribution and/
or sediment contribution to mantle material because
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Figure 9- Rb-Ba-Sr ternary discrimination diagram of the Biga Peninsula granitoids (adapted from EIl Bouseily
and El Sokkary, 1975; Karapetian et al., 2001 and Xiang et al., 2017). Roman numerals from I to V
indicate poorly evolved granite to strongly evolved granite. I: Diorite; II. Granodiorite-Quartz-diorite; II1.
Anomalous granite; IV. Normal granite; V: strongly evolved granite.
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Figure 10- La — La/Yb diagram (Thirwall, 1994) of Biga Peninsula granitoids. Symbols as in figure 9.

the Pb content of crustal material is clearly higher
compared to the mantle (Taylor and McLennan, 1985;
Hofmann et al., 1986). Hofmann et al. (1986) showed
that ocean island basalt (OIB) and mid-ocean ridge
basalt (MORB) have high and relatively constant Ce/Pb
ratios (~ 25), while the upper crust (UC) has lower Ce/
Pb ratio (~3.2) (Taylor and Mc Lennan, 1985). In order
to determine the role of crustal contamination in the
evolution of Biga Peninsula granitoids, binary mixing
modelling of Langmuir et al. (1978) was applied. In
the mixing model, OIB&MORB and UC were used
as end-members and two component binary mixing
diagram between Pb and Ce/Pb were created. Biga
Peninsula granitoids are plotted on the mixing curve
between OIB&MORB and UC and shifted towards the
UC end-member on the curve (Figure 11a).

Biga Peninsula granitoids show trace element
distribution patterns similar to that of upper crust
(Taylor and McLennan, 1985; McLennan, 2001)
and GLOSS (Plank and Langmuir, 1998). But, there
are some significant differences in detail. Sarioluk,
Yenice-Cakiroba, Kestanbol, Evciler, Camyayla,
Alankdy, Karabiga, Giireci and Kusgayir granitoids
are enriched in Th, whereas Yenice-Hamdibey,

100

Yenice-Eskiyayla, Eybek and Dikmen granitoids
are depleted in Th. Accordingly, high Th and Pb
concentrations do not appear to be explained solely
by crustal contamination processes. As a result, Rb/
Ba — Rb/Sr diagrams has been used to distinguish
the mantle-derived melts from crustal derived melts
(Li et al., 2015; Chen et al., 2017) (Figure 11b). The
diagram includes Sylvester (1998)’s basalt and pelite-
derived melt curves. Most of the studied samples are
plotted in the clay-poor source field but Karabiga
samples are shifted towards the pelite-derived melt
composition and clay rich source. According to this
diagram (Figure 11b), derivation from crustal melting
does not seem plausible explanation for the genesis
of Biga Peninsula granitoids. Furthermore, although
the crustal contribution may have played a role in the
evolution of magmatism (Figure 11a), the negative
anomalies in Nb, Ta and Ti and positive anomalies in
Th and U, GLOSS-like trace element distributions and
Rb/Ba-Rb/Sr variations essentially reflect the source
characteristics rather than crustal contamination
processes (Figure 11b).

Consequently, the observed geochemical variations
— such as depletion in Nb, Ta, Ti, enrichment in Th,
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Figure 11- Biga Peninsula granitoids a) Ce/Pb — Pb

binary mixing diagram. Binary mixing curve between OIB

and MORB [average values of Normand and Garcia (1999)] and upper crust (UC) (Taylor and
McLennan, 1985) is calculated from Langmuir et al. (1978); b) Rb/Ba — Rb/Sr diagram. Basalt- and
pelite-derived melt curve from Sylvester (1998).

U and Pb and UC and GLOSS-like trace element
distributions — are unlikely to be explained solely
by crustal contamination. Because, magmas derived
from mantle-source metasomatised by subduction

components may retain these types of geochemical
features. As a result, the source characteristics of the
magmas generating the Biga Peninsula granitoids are
assessed in the following section.
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6.2. Tectonic Setting and Source Characteristics

In order to determine the tectonic setting of the
Biga Peninsula granitoids, the tectonic discrimination
diagram for granitic rocks of Pearce et al. (1984) is
used (Figure 12). According to this diagram, samples
are generally plotted in the volcanic arc granite (VAG)
field. However, the tectonic setting of rocks falling
at the intersection of within plate granites (WPQG),
arc granites (VAG) and syn-collisional granites (syn-
COLG) is still controversial and this intersecting
field is accepted as the post-collisional granite (post-
COLG) field (Pearce, 1996). Accordingly, the Biga
Peninsula granitoids can be clearly classified as post-
collisional granites (Figure 12).

Nb/La—Ba/Rb and Ce/Pb— Ce diagrams have been
used to reveal the role of subduction components on
the samples exhibiting geochemical features similar
to post-collisional granites (Figure 13). Low Nb/La
and Ce/Pb ratios indicate subduction components. As
can be clearly seen on the figures, the Biga Peninsula
granitoids are plotted within the field represented by
global subducted sediment (GLOSS). According to
these diagrams, the variatons in Nb/La, Ba/Rb and Ce/
Pb can be attributed to subduction zone process and

interpreted as that the post-collisional granitoids in the
study area were derived from mantle source carrying
subduction zone components.

In order to determine the process responsible for
Th enrichment and the subduction components in
Biga Peninsula granitoids, the element associations
indicating different geochemical behaviour in ageous
fluid and sediment melt phases have been utilised.
Ratios of slab-derived fluid/melt mobile elements (e.g.
Th, Ba, Rb, Cs and La) to slab-derived fluid immobile
element (e.g. Sm) are good markers for following
the subduction zone components, since Ba, Rb and
Cs elements mobilise with the aqueous fluid phases
(McCulloch and Gamble, 1991; Ribiero et al., 2013),
whereas Th and La are solely mobilise with sediment
melting (Johnson and Plank, 1999; Ribeiro etal.,2013).
Thus, Th/La and La/Sm are used by many researchers
to determine the involvement of subducting sediment
and sediment melts in subduction zones (Plank, 2005;
Tommasini et al., 2011; Labanieh et al., 2012; Chen
et al.,, 2017) and involvement of slab sediment into
the overlying mantle wedge assigns the La/Sm ratios
of the source (Labanieh et al., 2012). According to
these criterion, La/Sm ratios (4.6-20.5) of almost

1000 ¢
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Figure 12- Rb- Y+Nb tectonic discrimination diagram of Biga Peninsula granitoids (Pearce et al., 1984;
Pearce, 1996). VAG: Volcanic arc granites; syn-COLG: syn-collisional granites; WPG: within-
plate granites; post-COLG: post-collisional granites. Symbols as in figure 11.
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Figure 13- a) Nb/La-Ba/Rb (Wang et al., 2004) diagram of the studied samples. GLOSS (Global
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(Ocean island basalts) values are from Sun and McDonough (1989); b) Ce/Pb — Ce
diagram of the studied samples. GLOSS field from Su et al. (2017) and references

therein.

all samples and Th/La ratios (1.6-4.7) of Sarioluk,
Yenice-Cakiroba, Kestanbol, Camyayla,
Alankdy, Karabiga, Giireci and Kusgayir granitoids

Evciler,

are sufficiently high to imply sediment involvement.
But, La/Sm ratio also increase as a result of some
processes such as weathering, fractional crystallisation
and partial melting (Labanieh et al., 2012). As a result,
to eliminate factors such as weathering and fractional

crystallisation causing high La/Sm ratios in Biga
Peninsula granitoids, the La/Sm — loss on ignition
(LOI) and La/Sm - SiO, diagrams have been utilised
(Figure 14). As the LOI values are directly related
to degree of weathering, it increases with increasing
weathering. Thus, LOI is a good marker to distinguish
weathered sample from fresh sample (Chauvel et al.,
2005). Labanieh et al. (2012) also demonstrate that
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Figure 14- a) La/Sm — Loss on Ignition (LOI) and, b) La/Sm — SiO, diagrams of Biga Peninsula granitoids.

Symbol as in figure 13.

La/Sm values increase with increasing weathering.
As can be clearly seen on the figure 14a, there is no
clear correlation between La/Sm and LOI. The lack
of correlation between LOI and La/Sm indicates that
weathering do not play a significant role on the ratio of
La/Sm. In the plot of La/Sm versus SiO, (Figure 14b),
there is a mild positive correlation with increasing
Si0,, but it does not adequate to explain the high La/
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Sm ratios in the samples. Consequently, the high La/
Sm ratios (5-20) in Biga Peninsula granitoids can be
attributed to sediment contribution (Labanieh et al.,
2012).

Similarly, the Rb/Th, Cs/Th — La/Sm diagrams
(Figure 15) are used to discriminate ageous fluids from
the sediment-derived melts in the samples (Ribeiro et
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al., 2013). It can be interpreted that aqueous fluids
were effective in the genesis of the Yenice-Hamdibey,
Yenice-Eskiyayla, Eybek and Dikmen granitoids since
they are characterised by low Th contents, whereas
sediment melting appear to be the dominant process
in the genesis of Th-enriched samples (Figure 15a, b).

6.3. Assesment of Ore-Formation Potential

Undoubtedly, granitic rocks and/or granitoids are
very important in terms of ore potential. Many mineral

deposits of economic significance are associated
with granitic rocks, and the most important of these
are copper (Cu)-molybdenum (Mo), Cu-Au, tin (S)-
tungsten (W)-uranium (U) and rare metals (Ta-Cs-
Li-Nb-Be-Sn-Mo-W) deposits. The Biga Peninsula,
located in the Tethyan metallogenic belt containing
the world’s important ore deposits, is the most
important metallogenic region in Turkey (Yigit, 2012)
As a result, to determine the mineralisation potential
of Biga Peninsula granitoids, which have post-
collisional features and exhibit both metaluminous
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and peraluminous composition, and were derived from
lithospheric mantle metasomatised by ageous fluids
and sediment melts, Ballouard et al.(2016)’s Nb/Th —
Zr/Hf diagram has been used. Ballouard et al. (2016)
suggested that peraluminous granites with low Nb/
Ta ratios had experienced fluid interactions leading to
enrichment in strongly incompatible elements such as
Cs, Sn, F, Li, Rb and W and the Nb/Ta ratio may be
used to distinguish barren granites from ore-bearing
granites. They also demonstrated that low Nb/Ta
content (<5) indicates concomitant effect of fractional
crystallisation and magmatic-hydrothermal alteration,
and F-rich acidic reduced fluids of magmatic origin
are responsible for these types of processes. It is
apparent on the Nb/Ta — Zr/Hf diagram (Figure 16),
Yenice-Hamdibey and Eskiyayla, Eybek and Dikmen
granitoids have low Nb/Ta and Zr/Hf contents and
are shifted towards the rare metals related granites
field. This case indicates that fluids of magmatic
origin have played significant role in Dikmen, Eybek,
Yenice-Hamdibey and Yenice-Eskiyayla granitoids
and reflects the concomitant effect of fractional
crystallisation along with magmatic-hydrothermal

alteration. This is also supported by the observed
variations in Rb/Th — La/Sm and Cs/Th — La/Sm
diagrams (Figure 15) that aqeous fluids have played
a significant role in the genesis of Yenice-Hamdibey
and Yenice-Eskiyayla, Eybek and Dikmen granitoids.

7. Conclusions

Following the collision of the Sakarya continent
with the Anatolide-Tauride platform in the Late
Cretaceous-Early Tertiary, widespread magmatic
activity developed in northwest Anatolia. Plutons in
the Biga Peninsula are products of this magmatism and
were emplaced in the time interval from the Eocene
and Oligo-Miocene. The Biga Peninsula granitoids are
products of a post-collisional environment, generating
due to partial melting of a lithospheric mantle source
metasomatised by aqueous fluids and sediment-melts
released during the previous subduction. In addition,
trace element distributions and trace element ratio
diagrams demonstrate that crustal contamination and
fractional crystallisation processes have also mildly
effects in the evolution of the granitoids.
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ABSTRACT

Gas hydrate exploration studies have increased substantially since last decade. Gas hydrate reservoirs
are commonly found in the marine environment and permafrost. Studies related to natural gas
hydrates in the Mediterranean Basin are rare compared to those released on the continental margins
of the United States of America, Japan, India, China and Korea. This study provides an evaluation
of the gas hydrate potential of the Mediterranean Basin using available literature data such as
scientific drilling data (Ocean Drilling Program Leg 160 and Leg 161), sediment data, geothermal
data, geochemical data, gas seepage data, mud volcano data etc., It is shown that there is a high
producible gas hydrate potential (~ 98.16 standard trillion cubic meter) in the Mediterranean Basin.
Received Date: 18.06.2018 The Eastern Mediterranean basins have the highest gas hydrate potential due to its high amount of
Accepted Date: 23.10.2018  source gas potential and lower geothermal gradient compared to those in the Western Mediterranean.

Keywords:

Gas hydrate, Methane
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Mediterranean Sea.

1. Introduction

Gas hydrate reservoirs are deemed as likely future
energy source due to the fact that they can be found
amply mostly in permafrost regions and sediments in
the oceans, both occupying huge areas of the Earth.
According to calculations for hydrate bearing sands
globally, there is a great range of global gas hydrate
resource between 133 standard trillion cubic meter
(tem) and 8891 tcm (Johnson, 2011). Although
through the years, the estimations of gas hydrates have
been reduced by the majority of the scientists from
their initial findings (Milkov, 2004), it can be stated
that even the most pessimistic calculations of total
quantity of gas in gas hydrates are much larger than
the conventional gas resources (404 tcm) and shale
gas (204-456 tcm) (Chong et al., 2016). On the other
hand, almost 80% of global natural gas demand is met
by conventional sources, with unconventional sources
increasing only in recent years. Global energy demand
will be ameliorated significantly in the next decades

as earth population grows. It has been projected that
the global energy consumption will rise by 56% from
524 quadrillion British Thermal Unit (BTU) in 2010
to 820 quadrillion BTU in 2040 (IEA, 2011). Due
to its huge potential all over the world, gas hydrates
unconventional resources are quite important.

Gas hydrates are crystalline compounds formed
from water and suitably-sized gas molecules at high
pressure and low temperature conditions. Depending
on which gas molecules are present, hydrates form
different crystal structures. Cubic structure I (sI),
structure II (sII) and hexagonal structure H (sH) are
three gas hydrate structures found in nature (Sloan
and Koh, 2008). sI hydrate has two types of cavities:
a small pentagonal dodecahedral cavity consisting of
12 pentagonal rings of water and a large tetrakaihedral
cavity consisting of 12 pentagonal and two hexagonal
rings of water. sII hydrate also has two cavity sizes:
the pentagonal dodecahedral cavity and the larger
hexakaidecahedral cavity consisting of 12 pentagonal
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and four hexagonal rings of water. sH hydrate is
composed of 3 small (5'2), 2 medium (4°5%?%) and 1
large cages (5'26%) (Carroll, 2009). Approximately 46,
136 and 34 water (H,0) molecules are essential for sl,
sII and sH hydrates respectively. Gas hydrates formed
by only one type of gas are defined as simple or pure
gas hydrates. Simple hydrates of methane (CH),
ethane (C,H,), carbon dioxide (CO,), hydrogen sulfide
(H,S), and xenon (Xe) are called a sl type of gas
hydrate. Moreover, propane (C,H,), i-butane (i-C,H, ),
nitrogen (N.), and oxygen (O,) form the sII type of
gas hydrate. Different than sI and sII hydrates, for the
formation of sH hydrates, a gas such as CH, and other
large molecules that have diameters greater than those
of isobutane (i-C,H, ), such as isopentane (i-C.H,)
are needed (Carroll, 2009). sI and sII hydrates are
common all over the world, while sH hydrates are not
common and they were only found in a few regions
such as the Gulf of Mexico, Cascadia, and the Caspian
Sea (Hester and Brewer, 2009).

Even though gas hydrate reservoirs are examined
as contingent energy sources for future, until now
there have been only a few short-term production
tests and there is no commercial gas production. Gas
hydrates are in solid form at reservoir conditions, so
conventional oil and gas production techniques cannot
be implemented in gas hydrate reservoirs (Chen et al.,
2018). Gas hydrate reservoirs are classified in four
classes. Class | hydrate reservoir has a stable hydrate
layer and an underlying free gas zone. Class 2 hydrate
reservoir has a stable hydrate layer and an underlying
free water zone. Class 3 hydrate reservoir has a stable
hydrate layer bounded by permeable or impermeable
shale or clay zones. Class 4 hydrate reservoirs are
distributed near sea floor with low hydrate saturation
and they are not regarded as the productive reservoirs
(Worthington, 2010; Moridis et al., 2013). Among
these classes, Class 1 hydrates are considered as the
most promising gas hydrate reservoirs due to their gas
potential in both hydrate section and free gas section.
The expected proportions of Class 1, Class 2, Class 3,
and Class 4 reservoirs in nature are 14 percentages (%),
5 %, 6 % and 75 % respectively (Yang et al., 2017).

There are four gas production methods for gas
hydrate reservoirs: thermal injection, depressurization,
chemical injection and CH,-CO, replacement. In
thermal injection method, the temperature is accrued
with electrical heating, hot fluids injection and
microwave heating. The main drawbacks of thermal
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injection method are the loss of heat in non-hydrate
sections, the low injection rates and the expensive
cost of thermal injection (Chong et al., 2016). In
depressurization method, there is production of free
water and or free gas in the pores of gas hydrate
reservoirs by using pumps (i.e. electrical submersible
pump), hence the reservoir pressure is diminished
below hydrate equilibrium pressure and creates the
gas hydrate dissociation and the release of gas and
water. The drawbacks of depressurization method are
sand production, geomechanical risks and slow gas
production (Yin et al., 2018). In chemical injection
method, chemicals such as methanol, ethylene
glycol, brine etc. are used to shift the gas hydrate
equilibrium curve leading to gas hydrate dissociation.
However, chemical injection method is noxious in
marine environments (Xu and Li, 2015). In CH,-CO,
method when CO, is injected into CH, gas hydrate
reservoir, CH, molecules leave their hydrate cages
and CO, molecules fill these void cages because of
thermodynamic stability difference between CH,
hydrate and CO, hydrate. The low injection rate and
low replacement rate are the disadvantages for CH,-
CO, method (Kvamme, 2015).

The number of studies related to these gas hydrates
in the Mediterranean Sea is low compared to those
from the continental margins of the United States of
America (USA), Japan, India, China and Korea. This
study aims at evaluating the gas hydrate potential
of the Mediterranean Basin (especially the Eastern
Mediterranean) by using the available literature
data such as drilling data, geothermal data, and
geochemical data.

2. Gas Hydrate Potential
Mediterranean Sea

of the Eastern

Recently, there have been many conventional gas
reserve discoveries in the Mediterranean Basin most
of which are in the Eastern Mediterranean indicating a
huge conventional gas potential (Lo, 2017). In order
to propose the producible gas hydrate potential of
the Eastern Mediterranean Sea, the following criteria
should be satisfied:

* Source gas potential (generally biogenic CH,)

* Migration paths (if source rock and reservoir
rock are different, there should be a migration
path from source rock to reservoir rock)
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* Reservoir rock within gas hydrate stability
zone (GHSZ)

* Porous and permeable coarse sands

*  Water in porous media

It is essential to study the Eastern Mediterranean
Basin literature data to conclude that whether the
Eastern Mediterranean Sea has producible gas hydrate
potential or not.

2.1. Source Gas Potential in the Eastern Mediterranean
Sea

The source gas potential in the Mediterranean Sea
was proved with recent conventional gas discoveries.
For instance, in the Nile Delta of the Mediterranean
Sea, there are 126 gas fields with proven reserves
about 1.8 tcm. In the Levantine basin of the eastern
Mediterranean, recent gas discoveries have been
made. Similarly, it is known that there are potential
gas reserves in the south part of Crete and Cyprus
(Foscolos et al, 2011). There are widespread
gas seepages across the seafloor of the eastern
Mediterranean Sea. These extensive gas seepages were
mostly observed in mud volcanoes. Mud volcanoes
(and/or gas chimneys) are defined as the result of
massive mud/fluid expulsion on the seafloor (Praeg
et al., 2011). There is a link between mud volcanoes
and hydrocarbon occurrences. As the number of mud
volcanoes increases, the possibility of hydrocarbon
existence increases as well (Kopf, 2002).

Although a few mud volcanoes were detected
in the Western Mediterranean Basin, many mud
volcanoes were found in the Eastern Mediterranean.
According to Milkov (2005), mud volcanoes are
important indicators of gas hydrate existence because
they show the high source gas potential in the study
area. The number of mud volcanoes in the Eastern
Mediterranean Sea exceeds 200, which is one of the
world’s highest abundances of mud volcanoes as
seen in figure 1 (Woodside et al., 1998; Kopf, 2002;
Charlou et al., 2003; Camerlenghi and Pini, 2009). All
of these indicate that there is no problem in the Eastern
Mediterranean Sea in terms of source gas potential.

The gas released at the seafloor of the Eastern
Mediterranean Basin is originated by two mechanisms:
biogenic and thermogenic gas generation. In the
Eastern Mediterranean Basin, part of the gas plumbing
system is related to plate convergence between Africa
and Eurasia (Farla, 2006). Gas hydrate dissociation
may be related to this geological process. The other
mechanism responsible for gas migration that is the
sedimentary loading within the Nile Deep Sea fan.
Huge amount of gas hydrate dissociations occurred
due to the increase in the seafloor temperature of
the Mediterranean Sea (Poort et al., 2005). Global
warming causes gas hydrate dissociations in the
different part of the world (Ruppel and Kessler, 2017).
Woodside et al. (1998) proposed that most of the
mud volcanoes in the Eastern Mediterranean Sea are

MUD VOLCANQES IN THE MEDITERRANEAN REGION
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Figure 1- Distribution of mud volcanoes in the Mediterranean region (Camerlenghi and Pini, 2009).
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related to tectonic forces and the rest amount is related
to gas hydrate dissociation.

Table 1 lists some locations where gas seepages
detected in the Eastern Mediterranean Sea (Gontharet
et al., 2009; Makovsky et al., 2013; Aloisi et al., 2000;
Lykousis et al., 2009; Pape et al., 2010; Werne et al.,
2004). As seen in table 1, mostly CH, was detected in
almost all gas seepages. This is an important sign of
biogenic source gas (Charlou et al., 2003). However,
there is also thermogenic gas potential in Amsterdam
mud volcano (MV) (Anaximander Mountain in the
Eastern Mediterranean Sea) in table 1 because gas is
composed of 84 % CH,, 13 % C,H,, and 3 % C,H,.

27767

While taking gas samples in gas seepage areas in
table 1, the core samples were also taken in the seafloor
by using gravity corer. Figure 2-a shows the gas hydrate
sample collected in Thessaloniki MV (1315 meter (m)
below sea level) in the Eastern Mediterrancan Sea
(Lykousis et al., 2004). Similarly, the gas hydrate was
collected from Amsterdam MV (2025 m below sea
level) as shown in figure 2-b (Lykousis et al., 2009).
Gas hydrate detected in Amsterdam MV is sII hydrate.

In some cores taken from the seafloor of the
Eastern Mediterranean Sea, gas hydrate was not found

Table 1- Some gas seepages in the Eastern Mediterranean Sea.

but the sediments were mousy and soupy (Pape et al.,
2010). While sampling core samples with the gravity
corer, pressure is not preserved so gas hydrate mostly
dissociates until it reaches to the sea surface. However,
mousy and soupy sediments are also considered as
important signs of gas hydrate existence (Merey and
Sinayuc, 2016a).

Farla (2006) proposed that the amount of CH,
stored in the Eastern Mediterranean Sea varies from
61x10° cubic meter (m?®) to 490x10° m?. This indicates
huge source gas potential in the Eastern Mediterranean
Sea. It is expected that important amount of this source
gas is also stored as gas hydrates inside the sediments
within gas hydrate stability zone (GHSZ).

2.2. Migration Paths

Conventional petroleum systems are composed
of source rock, migration paths, reservoir rock and
trap rock (Hunt, 1995). For gas hydrates, source rock
and reservoir may coincide. Especially, within the
gas hydrate stability zone, source gas may be formed
after biogenic processes, so gas migration may not
be needed to feed a reservoir. With the necessary
pressure and temperature condition, gas hydrates

Location Sea Depth, m Gas Type Source

Nile Delta Sea Fan 500 to 3000 Mostly CH, Gontharet et al., 2009
Levantine Basin 1100 to 1300 Mostly CH, Makovsky et al., 2013
Olimpi Area 1700 to 2000 Mostly CH, Aloisi et al., 2000
Thessaloniki MV 1260 to 1320 Mostly CH, Lykousis et al., 2009
Amsterdam MV 2025 84 % CH,, 13 % C,H, 3 % C,H, Pape et al., 2010
Kazan MV 1700 CH, Werne et al., 2004
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Figure 2- a) Gas hydrate sample in Thessaloniki MV, Eastern Mediterranean (Lykousis et
al., 2004) b) Gas hydrate sample in Amsterdam MV (Lykousis et al., 2009)
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may form within the source rock. A cap rock is not a
must for gas hydrate because gas hydrates are in solid
form. However, gas seepages at the seafloor show
that there are many migration systems like faults and
permeability changes in the Eastern Mediterranean
Basin.

2.3. Gas Hydrate Stability Zone (GHSZ)

Gas hydrate stability zone is defined as the interval
where gas hydrates form and GHSZ thickness depends
on sea depth, sea salinity, geothermal gradient,
chemical composition of the gas and the water. Above
GHSZ, gas hydrate cannot exist because there is
not enough hydrostatic pressure. Below GHSZ, gas
hydrate cannot exist as well because temperature raises
with depth due to geothermal gradient but hydrostatic
pressure is not enough to form gas hydrate (Max and
Johnson, 2016).

In order to determine the thickness of GHSZ of the
Mediterranean Sea, it is essential to get information
about scafloor temperature, geothermal gradient,
water depth (pressure), and salinity. The seafloor
temperature of the Mediterranean Sea varies from
12.5 Celsius (°C) to 14 °C. The pore water salinity is
approximately 3.86 weight % (Praeg et al., 2017). It is
known that gas hydrates generally follow hydrostatic
pressure and generally they are not over-pressurized as
conventional gas reservoirs (Max and Johnson, 2016).

The type of gas hydrate affects GHSZ. sll hydrate
formed from natural gas mixtures is much more
stable than CH, (sI) hydrate (Sloan and Koh, 2008)
so GHSZ of sl is thicker. Moreover, water depth is an
important factor affecting the thickness of GHSZ. As
sea depth increases, the thickness of GHSZ increases.
Therefore, GHSZ is thinner in sea slopes. For example,
Thessaloniki MV is located between 1260 m and 1320
m below sea surface and GHSZ is very thin at this MV.
Figure 3 shows the Mediterranean Sea bathymetry. As
seen in this figure, the Eastern Mediterranean Sea is
deeper than the Western Mediterranean Sea. This also
proves the higher possibility of gas hydrate existence
in the Eastern Mediterranean Sea compared to the
Western Mediterranean Sea.

The high average water depth in the Mediterranean
Sea favors the a thicker GHSZ. However, the sea
floor temperature of the Mediterranean Sea is high
(~14°C) relatively to the global ocean (Kiigiik et al.,
2016), and this reduces the thickness of GHSZ. The
geothermal gradient in the Mediterranean Basin is
highly variable (Merey and Longinos, 2018). In the
Western Mediterranean Sea, heat flow varies from
50 to >100°C/kilometer (km). However, the Eastern
Mediterranean Sea has a geothermal gradient less
than 50°C/km (Eckstein, 1978; Praeg et al., 2011). The
reason of very high geothermal gradients in the Western
Mediterranean Sea is explained with volcanism activity
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Figure 3- Mediterranean sea bathymetry (Brosolo et al., 2012).
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in this area (higher upper mantle temperature below
this zone) (Cermak and Rybach, 2012).

Due to its deeper water depth and lower geothermal
gradient, the Eastern Mediterranean Sea has thicker
GHSZ compared to the Western Mediterranean Sea.
Methane gas hydrate stability curve in the conditions
of the Mediterranean Sea with an average of 3.86 wt.
(weight) % salinity was drawn in figure 4 by using HEP
software developed by Merey and Sinayuc (2016b).
For 500 m-thick methane hydrate stability zone
(MHSZ), the temperature in the bottom of MHSZ was
calculated as 20°C and 39°C for 12°C/km and 50°C/
km geothermal gradients respectively (when seafloor
temperature is 14°C and sea depth is 2000 m). For
39°C, methane hydrate equilibrium pressure should be
164.5 mega Pascal (MPa). It is not possible to obtain
this pressure in gas hydrates because gas hydrates
follow hydrostatic pressure gradients and they are not
overpressurized as conventional gas reservoirs (Max
and Johnson, 2016). In this example, the hydrostatic
pressure at 500 meter below seafloor (mbsf) is 26.5
MPa, which is below 164.5 MPa. For this reason, gas
hydrate stability zone in the Western Mediterranean
Sea is thin as seen in figure 5. However, in the
Eastern Mediterranean Sea, there are locations with
12°C/km geothermal gradient. In these conditions,
at 500 mbsf (in the example above), hydrostatic
pressure and methane hydrate equilibrium pressure in
figure 4 are close to each other (~26.5 MPa) so it is
possible to observe 500 m thick-MHSZ in the Eastern
Mediterranean Sea.

Furthermore, there are many mud volcanoes and
gas seepages in the Eastern Mediterranean Sea and
gas hydrate samples were collected in the Eastern
Mediterranean Sea (Figure 2). All of these supports
the widespread existence of gas hydrates in the Eastern
Mediterranean Sea. Kopf (2002), Ocakoglu (2009)
and Praeg et al. (2011) proposed this potential as well.

Table 2 lists some of GHSZ predictions in the
Mediterranean Sea (Klauda and Sandler, 2003; Praecg
et al., 2017; Wood and Jung, 2008; Praeg et al., 2011;
Max and Johnson, 2016). Considering all of these
variations over the Mediterranean Sea, Praeg et al.
(2011) proposed the GHSZ thickness map of the
Mediterranean Sea for methane hydrate in figure 5. As
expected according to the outcomes of this study, there
are huge amounts of gas seeps in figure 1 in the Eastern
Mediterranean Sea. Moreover, the thickness of GHSZ
in the Western Mediterranean Sea is less than 150
m. On the other hand, the thickness of GHSZ varies
from 175 m to 500 m in the Eastern Mediterranean
Sea. When figure 3 and figure 5 are analyzed together,

Table 2- GHSZ Predictions in the Mediterranean Sea.

Source GHSZ, m
Klauda and Sandler, 2003 100 to 400
Praeg et al., 2007 Average 200
Wood and Jung, 2008 100 to 250
Praeg et al., 2011 200 to 500
Max and Johnson, 2016 Maximum 400
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Figure 5- Methane Hydrate Stability (MHSZ) in the Mediterranean Sea; orange
triangles indicating the general locations of known seabed gas seeps

(Praeg et al., 2011).

it can be concluded that GHSZ strongly depends on
water depth because in deeper part of the Eastern
Mediterranecan Sea, GHSZ is thicker. Furthermore,
due to higher geothermal gradient (50-100°C/km)
in the Western Mediterranean Sea, GHSZ is thin in
this part of the Mediterranean Sea. To summarize, the
Eastern Mediterranean Sea has thicker GHSZ and it
has a good potential of gas hydrate existence.

2.4. Porous and Permeable Coarse Sands

The type of sediments where gas hydrate deposited
is quite important for hydrate morphology in porous
media. Generally, the permeability of clays and
shales is associated to mud volcanoes. CH, formed
in this geological environment is forced through the
host formation by overpressure and hydrofracturing,
forming fracture filling gas hydrates and nodular gas
hydrates. These gas hydrates are common in the
world but they are not considered as producible gas
hydrate because the permeability, porosity and hydrate
saturations in these types of gas hydrates are very low.

With current technology, gas production from gas
hydrates deposited inside the porous media of coarse
sands is possible in terms of feasibility. This is because
permeability, porosity and gas hydrate saturations are
high in coarse sands (Merey and Sinayuc, 2016a;
Max and Johnson, 2016). In recent short-term gas
production trials from gas hydrates in Canada, USA
and Japan, gas hydrates deposited in coarse sands
were chosen (Boswell et al., 2017).

According to the outcomes in this study, the
Eastern Mediterranean Sea has high amount of source
gas potential, migration paths, and thick GHSZ
and these are significant indicators of a gas hydrate
potential. However, coarse sands within GHSZ in the
Eastern Mediterranean Sea should be detected for the
producible gas hydrate potential. Max and Johnson
(2016) proposed that the presence of coarse sands with
high reservoir quality is possible in the Mediterranean
Sea because of its Neogene and younger history.

Although geophysical methods are helpful for
detecting coarse sands in GHSZ, the drilling data
is necessary to detect these coarse sands possibly
including gas hydrates. In this study, the open-
source drilling and coring data of Ocean Drilling
Program (ODP) Leg 160 and Leg 161 in 1995 were
investigated in detail. The wells were drilled in the
Eastern Mediterranecan Sea during ODP Leg 160
program and the wells were drilled in the Western
Mediterranean Sea during ODP Leg 161 program
(ODP Leg 160, 1995; ODP Leg 161, 1995). Figure 6
shows the locations of the wells drilled during ODP
Leg 160 and Leg 161 programs.

The detection of sands in the lithology of the wells
drilled during ODP Leg 160 and Leg 161 are shown
in table 3 (Emeis et al., 1996; Robertson, 1998q;
Kopf et al.,, 1998; Robertson and Kopf, 1998). in
the Western Mediterranean Sea, no sand section was
detected during the drilling of the sediments up to
199.4 meter below seafloor (mbsf). However, this is
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Figure 6- The drilling sites in ODP Leg 160 in the Mediterranean Sea (ODP
Leg 160, 1995; ODP Leg 161, 1995).

Table 3- Detection of sands in the lithology of the wells drilled during ODP Leg 160 and Leg 161.

Site Number Depth, mbsf Sand Source

963 199.4 No detected Emeis et al., 1996
964 112 Limited interval of foraminifer sand Emeis et al., 1996

965 250.4 Not detected Emeis et al., 1996
966 350 Relatively rare intervals of crudely stratified coarse Robertson, 1998a

carbonate sand
967 600.3 Not detected Spezzaferri et al., 1998
968 301 Fine sands (up to tens of centimeters thick) (167- Robertson, 1998h
301 mbsf)

969 110 Not detected Emeis et al., 1996
970 200 Poorly consolidated thin- to medium-bedded sands Kopfetal., 1998

971 200 Thin layers that correspond to relatively sandy Robertson and Kopf, 1998
972 95.4 Fine sands up to 50 cm in thickness Robertson and Kopf, 1998
973 150 Interbeds of sands, silts, and nannofossil clays, and Kopfetal., 1998

a single 14-m-thick interval of sand

the data from only one site and the sediments are very
heterogeneous. Therefore, with the increase of drilling
activities around Site 963 and other sites, there is a
possibility to detect coarse sand sections. In Site 964
in the Western Mediterranean Sea, limited interval
(centimeter scale) of foraminifer sand was observed.
In Site 965 in the Eastern Mediterranean Sea, no sand
section was found. However, near Site 965, relatively
rare intervals of crudely stratified coarse carbonate
sands were detected in Site 966. Even though no sand
section was detected in Site 967 in the South of Cyprus,
fine sands (up to tens of centimeters thick between
167 and 301 mbsf) were observed in Site 968 in the
South of Cyprus. Similarly, poorly consolidated thin-
to medium-bedded sands were detected in Site 970

124

in the South of Crete but near Site 970, sand section
was not discovered in Site 969. Near Site 970, thin
layers that correspond to relatively sandy sediments
were detected in Site 971. In Site 972, fine sands up
to 50 cm in thickness were detected but the thickest
sand section (14 m) in ODP Leg 160 and Leg 161 was
found in Site 973.

The cores recovered from Site 970 and Site 971
were mainly “mousse-like” muddy sediments. It
is hard to see gas hydrates in sediments if the core
samples are taken to the surface with conventional
coring techniques instead of new pressurized coring
techniques. However, the appearance of the sediments
after conventional coring can be a proxy for the
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presence of gas hydrates. With gas hydrate dissociation
after conventional coring, “soupy” and “mousse-like”
sediments are seen as a proxy for the gas hydrate
existence (Melgar, 2009; Merey, 2017). Soupy
sediments include high amount of water, and high
hydrate content might be reason of this when nodular
and massive gas hydrate exists. Different from soupy
sediments, mousse like sediments are considered to
include disseminated gas hydrates in fine sediments
(Melgar, 2009). Therefore, the appearance of core
samples is one of good indicators of gas hydrates
even if they are conventional core samples and these
indicators are available in the Mediterranean Sea.

Figure 7 shows the sand % in Site 966, Site 967,
Site 969, Site 970 and Site 971. The drilling results
of ODP Leg 160 and Leg 161 indicate that there is
a potential of coarse sand section within GHSZ. If
these sand sections were invaded with source gas,
gas hydrate deposition is highly possible inside
these coarse sands. Thus, these coarse sand sections
in the Mediterranecan Sea should be targets for the
exploration of producible gas hydrates as in Canada,
USA, India, and Japan (Merey and Sinayuc, 2016a;
Merey and Longinos, 2018)

2.5. Other Indicators

The existence of gas hydrates might be investigated
by using different methods. One of them is geophysical
method. Bottom-simulating reflections (BSR) are
commonly used to detect gas hydrates in marine
environment. Above the bottom of GHSZ, gas hydrate
is stable but below the bottom of GHSZ, gas hydrate is
not stable and gas is available as free gas in the pores
of the sediments. Hence, at the bottom of GHSZ, there
is a transition from solid phase and gaseous phase
of methane. This creates a large acoustic impedance
contrast generating a high amplitude reflector called
bottom simulating reflector (Thakur and Rajput, 2011)
because it mimics sea bottom. Majumdar et al. (2016)
proposed that the detection of BSR increases the
possibility of gas hydrate detection 2.6 times..

Even though BSRs are widely detected along the
world continual margins, only one BSR has been
tentatively detected so far in the Mediterranean Sea
(Merey and Longinos, 2018). This BSR (Figure 8) is
in the Nile Deep Sea Fan in the Eastern Mediterranean
Sea (Praeg et al., 2011). The reasons of rare occurrence
of BSR in the Mediterranean Sea might be due to
(Miles, 1995; Merey and Longinos, 2018):

b) site 967 (Sand %)

©) site 969 (Sand %)

mbst ) Site 966 (Sand %)
4108 -

d)  Site 970

Depth (mbsf)

200
0 20 40 60 80 100

% clay, silt and sand

= il migst
2090 = Y “r
2,08+ 78— 255 g
N \ 39.2 [ 257 ,.'_’;“
241 = 39.4 { - S
2391 1 - 259
1 5 39.6 = 855 .
£ 5.7
2 39.8 —
396 < = 81.15 , 55.9 ————
98 = : / ) =
3 81.25 - 1 s
8327 i 1 e o
ggz - a) 81.35 e b) B <o c)
& 81.4 L 86.9 "
5 10 15 20 25 30 35% 5 10 15 20 25 30% 5 10 15 20%
e) Site 971

= = B clay
'Ewu [ sitt

= Sand
o

[

01450

0 20 40 60 80 100

% clay, silt and sand

Figure 7- a) Sand % in Site 966 (Robertson, 1998a) b) Sand % in Site 967 (Spezzaferri et al., 1998) c)
Sand % in Site 969 (Diester-Haass et al., 1998) d) Clay, Silt and Sand % in Site 970 (Kopf et
al. 1998) e) Clay, Silt and Sand % in Site 971 (Robertson and Kopf, 1998).

125



Bull. Min. Res. Exp. (2019) 160: 117-134

Figure 8- The BSR observed in the central Nile Delta, Eastern Mediterranean Sea (Praeg et

al., 2008).

* Less Class 1 hydrate occurrence

* Less shallow geophysical studies

During the drilling of marine sediments, core
samples are collected. Chlorine (CI) content of pore
water of cores might be an indicator to determine gas
hydrate saturations in cores (Haese et al., 2006; Merey
and Sinayuc, 2016a). During gas hydrate formation,
only pure water is taken to the structure of gas hydrate
and salt stays inside the rest of pore water. Although
initially CI content of pore water increases due to gas
hydrate formation, it is balanced with the neighbor
sediments within geological history. When gas hydrate
dissociates and it releases pure water to porous media
so Cl content decreases within gas hydrate zones.
It is possible to calculate gas hydrate saturation in
porous media by using Cl content in porous media
and average Cl trend content. In Site 970, Cl content
decreased near Milano MV and this is an important
indicator of gas hydrate existence (Kopf et al., 1998).
Furthermore, Cl content reduction in pore water
was observed in Kazan MV and Amsterdam MV in
Anaximander Mountain of the Eastern Mediterranean
Sea. However, it was proposed that there is an another
reason of Cl content reduction, which is due to clay
mineral diagenesis (Haese et al., 2006).

3. Gas in-Place in the Potential Mediterranean
Sea Gas Hydrates

Since the consideration of gas hydrates as

energy resources, they have been many gas-in place
calculations in gas hydrates in the world. Although
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small variations in parameters change gas-in place
amount enormously, these calculations are essential
to show the gas potential in the study area. It is not
enough to calculate gas potential in gas hydrates
deposited in all sediments because it is considered that
feasible gas production is possible from gas hydrates
deposited in coarse sands with current technology. For
this reason, in this study, gas amount in producible gas
hydrate was also calculated for the Mediterranean Sea
and the Eastern Mediterranean Sea.

In order to make gas-in place calculations from
the potential Mediterrancan Sea gas hydrates, the
following parameters were obtained from the literature
for this study: Porosity, gas type, average gas hydrate
saturation, seafloor temperature, geothermal gradient,
sea depth, sea salinity, sediment salinity, pressure
gradient, and GHSZ thickness

Equation 1 and Equation 2 are commonly used to
calculate CH -in place in gas hydrate reservoirs (GIP)
(Boswell and Collett, 2011);

GIP = @xhXAXEFXCRXS, (1)

MWCH V
EF = : x —HPH (2)
MWcH,+NHMWH,0  PCcHy

where;

o: porosity, fraction

h: thickness of hydrate zone, m

A: cross-sectional area of hydrate zone, m?
CR: cavity fill ratio of CH,

EF: Expansion factor of CH, in hydrate to

surface standard conditions, ratio
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S gas hydrate saturation, fraction

MWCH,: Molecular weight of CH,, g/mol

Py CH, hydrate density, kg/m’

MWH,O: Molecular Weight of H,0, g/mol

Ny Hydration Number of CH, hydrate

pCH4: CH, gas density at standard conditions
(0.717935 kg/m? at 0°C and 1 atm)

Vi unit hydrate volume (1 m?)

In the literature, there are two GIP calculations
in the Mediterrancan Sea (Klauda and Sandler,
2003; Bruneton et al., 2012). In these studies, rough
estimations were made. According to Klauda and
Sandler (2003), 590 tcm CH, is deposited inside the
potential Mediterranean Sea gas hydrates. Bruneton et
al. (2012) estimated producible CH, from CH, hydrates
in the Mediterranean Sea as 51 tcm. Compared to
these two estimations, a detailed literature review in
Mediterranean Sea was made for the purpose of this
study and table 4 was obtained. Table 4 includes the
necessary parameters for Equation 1 and Equation 2.
By using the core data and porosity log data in ODP
Leg 160 and 161 (ODP Leg 160, 1995; ODP Leg 161,
1995), largest, most likely and lowest porosity values
were found for the Mediterranean Sea sediments
within MHSZ. As discussed earlier, the thickness of
MHSZ varies depending on geothermal gradient, sea
salinity and bathymetry. HEP software developed by
Merey and Sinayuc (2016b) was used to estimate
MHSZ at different geothermal gradient (Eckstein,
1978), sea salinity (Praeg et al., 2011) and bathymetry
(Brosolo et al., 2012). Then, the range in MHSZ in the
Mediterranean Sea in table 4 was obtained. CH, was
obtained from the core samples recovered in ODP Leg

160 and Leg 161 (ODP Leg 160, 1995; ODP Leg 161,
1995). From the amount of CH, recovered from the
cores, the range of gas hydrate saturations (S, ) in table
4 was found. For these estimations, expansion factors
estimated with HEP were used.

By using the parameters in table 4, Monte Carlo
simulations were made with Equation 1 and Equation
2 to calculate CH, stored in CH, hydrates deposited in
all sediments of the Mediterranean Sea and the Eastern
Mediterranean Sea. It is known that the surface of area
of the Mediterranean Sea is 2.5 million km? and the
surface area of the Eastern Mediterranean Sea is 1.65
million km? (Simav et al., 2008). The gas hydrate area
of the Eastern Mediterranean Sea is shown in table 4
as well. According to the calculations in this study, it
was estimated that the potential Mediterranean Sea gas
hydrates deposited in all types of sediments (shales,
clays, silt, sands, etc.) includes 623.466 tcm (median)
(varying from 11.505 tcm to 2091.560 tcm) of CH, as
shown in table 5. In the Eastern Mediterranean Sea, the
amount of CH, deposited in gas hydrates deposited in
all types of sediments is 552.3 tcm (median) (ranging
from 9.96 tcm to 1954 tcm) as seen in table 5. Table 5
indicates the minimum GIP and maximum GIP. Huge
variations are due to the variations in the parameters
in table 4. With the increase of exploration and drilling
studies, these variations will be decreased and much
more exact GIP values will be obtained.

As discussed previously, gas hydrates deposited
in coarse sands are targets for feasible gas production
from gas hydrates with current technology because
of coarse sands’ high permeability and high porosity.
ODP Leg 160 and ODP Leg 161 data is quite helpful

Table 4- Parameters used for the calculation of the amount of CH, in the Mediterranean Sea gas hydrates in all sediments.

Lowest Most Likely | Largest Reference
Porosity, fraction 0.4 0.5 0.7 %%I; Iieegg 1166(1 ((11999955))’
Average hydrate filling, fraction 0.01 0.1 0.5 (())DDl; Iiigg 116601 ((11999955))’
MHSZ Thickness, m 100 175 300 Praeg et al.,EZC(I)(TtliiII;r(;g(Zli);t al., 2012)
Cavity fill ratio calculated with HEP 0.989 0.99 0.994 %DDI; LLeegg 11662 ((11999955));
Expansion Factor with HEP 167.549 167.697 169.206 %giLngg 1166(; ((11999955));
Hydrate Area, m? (Whole Mediterranean Sea) 4.817E+08 | 2.000E+11 | 2.151E+11 Bruneton et al. (2012)
Hydrate Area, m? (Eastern Mediterranean Sea) | 3.315E+08 1.570E+11 | 1.851E+11 Bruneton et al. (2012)
Sand Fraction % 1 15 35 (C))I%IIZ Iizgg 1166(1 ((119999?)’
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Table 5- CH, potential of the Mediterranean Sea Hydrates.

GIP in the Mediterranean GIP in the GIP in the Eastern GIP in the Eastern
Source Sea Hydrates, tcm in all Mediterranean Sea | Mediterranean Sea Hydrates, Mediterranean Sea
sediments Hydrates, tcm in sands tem in all sediments Hydrates, tcm in sands
Klauda and Sandler
(2003) 390 . .
Bruneton et al. (2012) - 51 - -
This Study 623.466 (11.505-2091.560) | 98.160 (1.606-458.868) 552.3 (9.96-1954) 81.2(1.36-313.8)

to determine average sand contents. In table 4, it was
shown that the sand fraction varies from 1 % to 35
% in the Mediterranean Sea. By using Equation 1,
Equation 2 and sand content data in table 4, Monte
Carlo simulations were run in order to calculate GIP in
gas hydrate deposited in the possible sand sections of
the Mediterranean Sea and the Eastern Mediterranean
Sea. The amount of CH, in the Mediterranean Sea
hydrates deposited in sands was found as 98.16 tcm
(median) (ranging from 1.606 tcm to 458.868 tcm).
This amount in the Eastern Mediterrancan Sea was
estimated by Monte Carlo simulation as 81.2 tcm
(median) (varying from 1.36 tcm to 313.8 tcm).

According to GIP estimations in this study, it is
shown that the Eastern Mediterranean Sea has a great
potential of gas hydrates and producible gas hydrates.
In order to evaluate this potential, further geophysical
studies, drilling studies, coring studies and well
logging studies are requisite.

4. Gas Production Potential from the Eastern
Mediterranean Sea Hydrates

Coarse sands have good reservoir properties such
as high permeability and high porosity so they are
targets for gas hydrate studies in terms of energy.
This is because gas hydrates are in solid phase and
they decrease intrinsic permeability of the sediments.
There should be a huge data (i.e. drilling data, coring
data, well log data, seismic data, etc.) to decide on
the optimum production method of gas production
from gas hydrates (Max and Johnson, 2016; Merey,
2017). Nevertheless, it is necessary to predict
possible production methods from gas hydrates in the
Mediterranean Sea. According to Boswell et al. (2017),
depressurization method is the most widely chosen
production method. Generally, chemical injection
method is not preferred in marine environment due
to their harm to the environment (Xu and Li, 2015).
Thermal injection is not feasible when it is applied
alone but it is suggested that it might be helpful if it is
applied with depressurization method together (Chong
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et al., 2016). In light of all of these discussions in this
study about the Mediterranean Sea, depressurization
method might be chosen for gas production from the
possible gas hydrates in the Mediterranean Sea. When
seafloor temperature is high, this means thin GHSZ.
However, the sediments with higher temperature
cause the higher gas production with depressurization
method due to heat fluxes from the boundaries
(Han et al., 2017). The seafloor temperature of the
Mediterranean Sea is in the classification of high
temperature-seafloor. For this reason, depressurization
should be considered as one candidate production
method in the Mediterranean Sea.

CH,-CO, replacement method has been
considered as a good alternative to depressurization
method (Boswell et al., 2017). Basically, especially
below 10.3°C, CO, hydrate is much more stable
compared to CH, hydrate so when CO, is injected
to CH, hydrate, there is a replacement between CH,
and CO, molecules. This method was tried in Ignik
Sikumi field of Alaska in 2012 but CO,/N, mixture
was preferred for better replacement efficiency. After
the replacement of CO,/N, and CH, in CH, hydrate,
new mixed hydrate of CO,-N_-CH, should be stable
as well. Figure 9 shows the hydrate equilibrium of
different mixed gas hydrates of CO,-N -CH, and
pressure-temperature data of the Mediterranean Sea
sediments. In order to prepare Figure 9, HEP (Hydrate
Equilibrium Point Prediction) software of Merey and
Sinayuc (2016b) was used. Figure 9 indicates that
the replacement of CO,/N,-CH, in CH, hydrate is not
possible because the seafloor temperature (~14°C)
and geothermal gradient of the Mediterranean Sea are
high. Even if this replacement occurred, mixed gas
hydrate cannot stay in equilibrium in the conditions
of the Mediterranean Sea. In this study, it was shown
that CO,/N,-CH, replacement method is not applicable
in the Mediterranean Sea. Among four gas hydrate
production methods, depressurization with/without
wellbore heating is suggested for the Mediterranean
Sea gas hydrates.
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Figure 9- Hydrate equilibrium curves of CO,, CH,, N, and the pressure and temperature profile of Mediterranean

Sea.

5. Conclusions

Gas hydrate reservoirs are considered as near-
future energy resources. Although there are many
exploration, research and development studies related
to gas hydrates in the world, there are not enough
studies about the Mediterranean Sea. Initially, it
is important to indicate the gas hydrate potential of
the Mediterranean Sea. In this study, the following
concluding remarks were obtained:

* The Mediterrancan Sea has all necessary
conditions for the existence of gas hydrates:
enough source gas, migration paths, enough
thick GHSZ, and water in porous media.

* Source gas potential is higher in the Eastern
Mediterranean Sea compared to the Western
Mediterranean Sea because most of the gas
seepages and mud volcanoes were detected in
the Eastern Mediterranean Sea.

* GHSZ in the Eastern Mediterranean Sea
is thicker than GHSZ in the Western
Mediterranean Sea because sea depth is higher
and geothermal gradient is lower in the Eastern
Mediterranean Sea.

* According to the analysis of ODP Leg 160 and
Leg 161 drilling data, it is concluded that the
Mediterranean Sea might include coarse sand

sections which might include producible gas
hydrates.

* The Mediterranean Sea gas hydrates might
include 623.466 tcm of CH, in all sediments
and 98.16 tcm (median) of CH, in coarse sands.

* The Eastern Mediterranean Sea gas hydrates
might include 552.3 tcm of CH, in all sediments
and 81.2 tcm (median) of CH, in coarse sands.

* Depressurization method with/without thermal
heating production method is suitable for the
Mediterranean Sea gas hydrates because the
seafloor temperature of the Mediterranean
Sea is high and this is advantageous due to the
heat transfer from the boundaries during gas
production.

* CH,-CO,/N, replacement production method
is not applicable in the conditions of the
Mediterranean Sea because of its high seafloor
temperature.

The huge gas hydrate potential of the Eastern
should be
geophysical and exploration studies. With further

Mediterranean Sea evaluated with

studies, gas hydrate prospects in the Eastern

Mediterranean will be known in detail so better
production strategies can be made.
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In this study, behavior and migration processes of rare earth elements (REEs) were determined in the
thermal and cold waters of the geothermal fields in the Eastern Black Sea Region.The temperatures
of the geothermal waters are between the range of 38 and 60 °C. The water types are Na-Ca-SO,
for Sarmagik (Ordu) field, Na-Ca-HCO, for Ikizdere (Rize) field, Na-Ca-CO,-SO,, for Ayder (Rize)
field and Na-HCO,-Cl for Savsat (Artvin) field. All geothermal fields are in alkaline geothermal
character (pH: 7-9.3) and have very low REE + Y concentrations, slightly significant Ce contens
and significantly positive Eu anomalies (except for Ayder geothermal field). REE+Y content,
fractionation and positive Eu anomalies of the investigated water are controlled by water/rock ratio,
pH and minerals in the host rocks. According to the thermodynamic calculations, it was determined
that the mobility of the REEs in geothermal fields were mainly controlled by Ln*", LnOH?**, LnCI**,
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1. Introduction The events such as the rate of interaction between
the water and host rock, the absorption processes and

Rare earth elements (REE) are compatible group chemical complexation reactions in hydrothermal
elements that have similar physicochemical properties systems affect the distribution models of REE. As
with atomic numbers ranging from 57 to 71 (La-Lu). known, the equilibrium and decomposition conditions
Yttrium exhibits chemical behaviors similar to REE of REE bearing minerals cause the mobility and
and is used in geochemical studies. In recent studies release of REE during the alteration of host rock. The
related to the hydrothermal systems conducted by solubility of REE depends on the presence of anionic
many researchers, significant information about the ligands, which complicates and stabilizes these

geochemical behaviors of waters were determined like
the change in chemical composition of geothermal

waters during underground circulation by examining principles can reveal more information about the
the behavior of REE and Y (REE+Y), the sources chemical processes of REE+Y in the geothermal

of this composition, alteration, secondary mineral waters (Wood, 1990). REE+Y are used to understand
deposition conditions, condition and motion of

particulate materials (Hass et al.,, 1995; Bau and
Dulski, 1999; Embley et al., 2007; Craddock and
Batch, 2010; Go&b et al., 2013, Shakari, 2015; Bragin
et al., 2018).

elements in the groundwater. Therefore, the chemical
speciation calculations based on the thermodynamic

the processes such as the water-rock-magmatic gas
interaction, primary mineral dissolution, secondary
mineral deposition (Bragin et al., 2018).
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In the Eastern Black Sea Region, there are many
studies on the mineralogy and petrography of the
rocks in the areas where volcanic and magmatic rocks
generally outcrop (Ozbesikgi et al., 1981; Gedik et
al., 1992; Goksu, 1996; Temizel, 2002; Karsh et al.,
2004; Arslan and Aslan, 2006; Temizel et al., 2012;
Evcimen and Karsli, 2012). NE-SW trending strike-
slip faults, which control the flow of hot water to the
surface at the same time form the catchment routes.
The General Directorate of Mineral Research and
Exploration (MTA) and the other researchers have
conducted many researches in their close vicinities to
investigate and use these hot springs (Kartal, 1972;
Biiyiik, 1978; Terlemez and Yilmaz, 1980; Erzenoglu
and Tangag, 1986; Giirsel, 1991; Kara, 1997; Uzel et
al., 1998; Giindiiz, 1999; Firat Ersoy, 2001; Akkus
et al., 2005). Unlike the studies carried out in the
literature, the REE+Y contents and fractionation of the
Sarmasik geothermal field (SGF), Ayder geothermal
field (AGF), Ikizdere geothermal field (IGF) and
Savsat geothermal field (SGF) waters were detected
in this study. In addition to these, the calculation of
chemical speciation of the waters and the geochemical
processes controlling the REE+Y contents in the water
were also evaluated.

2. Material and Methods

The field studies were conducted between April
2016 and October 2017 as geological studies, in-situ
measurement and sampling. The sampling was carried
out in 20 locations as being 4 hot spring wells, 2 hot
springs, 6 cold springs and 8 surface waters. During
the in-situ measurements at the water sampling points,
the measurements of T (temperature), EC (electrical
conductivity), pH, TDS (Total Dissolved Solids) were
made by YSI-556 model multi-parameter measuring
instrument.

The probes used during measurements were kept
by being washed with pure water before and after each
measurements and were run with buffer solutions after
daily calibrations before each field study. In order to
determine the major anion-cation and trace element
contents of the waters, the sampling was made with
500 mL polyethylene bottles.

The chemical and REE+Y analyzes of water
samples were carried out in the Water Chemistry
Laboratory of the Hydrogeology Engineering
Department of Hacettepe University (Ankara, Turkey)
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by the ion chromatography technique and Inductively
Coupled Plasma — Mass Spectrometry (ICP-MS)
methods, respectively. The major cations (Ca*", Mg*,
Na* and K*) were determined by the CI" and sulfate ion
chromatography system. The alkalinity was however
determined by the standard titration method. SiO,
was analyzed by the spectrophotometric method. The
ion balance error of the analyzes is below 5%. The
rock geochemical analyzes were performed using
Inductively Coupled Plasma — Mass Spectrometry
(ICP-MS) in the ACME Laboratory (Canada).

The selected complexes of REE (Ln*, LnCO*,
Ln(CO,),, LnCI*, LnSO,", LnHCO,”, LnOH?*,
LnO", LnO, ve LnO,H*; Ln represents any of the
Lantanides) were calculated by using the database of
the thermodynamic parameters in the Visual MINTEQ
software (Gustafsson, 2012) . It was calculated by
using database. The modeling process was carried
out for the actual groundwater composition by using
the temperature and pH values measured in water in
the atmospheric pressure. The major ions, Fe, Mn,
Al and REE+Y were used in the calculations. Ce and
Eu anomalies (Ce/Ce*= Ce_/(La  *Pr.)"°) were
calculated  using  (EwEu*=Eu_/(Sm_*Gd_,)"%)
equations (CN: Chondrite normalized value (Sun and
McDonough, 1989)).

3. Geological and Hydrogeological Structures

The Eastern Black Sea Region located to the east
of Turkey is geologically called as the eastern Pontide
tectonic unit (Ketin, 1966). The Pontides are divided
into two as the Western Pontides and Eastern Pontides
in the west and east of Samsun (Ozsayar et al., 1981).
The tectonic unit of the Eastern Pontides is divided
into two zones as; the “North” and “South” with the
Ardanug-Ispir-Kemaliye-Resadiye border by Ozsayar
et al. (1981). While the magmatic and volcano-
sedimentary rocks are dominant in the Northern Zone
of the Eastern Pontide, the sedimentary rocks are
dominant in the Southern Zone. SGF, IGF, AGF and
SGFs studied within the framework of this study are
located in the Northern Zone of the Eastern Pontides.
The units belonging to the Paleozoic, Mesozoic and
Cenozoic periods outcrop in the northern zone (Figure
1). The Paleozoic granitoids form the oldest unit in
the Eastern Pontides. These units are unconformably
overlain by the Jurassic volcanics and volcaniclastics.
The Late Cretaceous in the region is represented mainly
by the volcanic (basalt, andesite and pyroclastics)
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and clastic sedimentary rocks (sandstone, siltstone
and mudstone). The Late Cretaceous granitoids
were emplaced by cutting these units. The age of the
clastic sedimentary rocks (conglomerate, sandstone,
mudstone), volcanic rocks (andesite, basalt and
pyroclastics) and granitic rocks which cut them are
Eocene. The Miocene units are composed of clastic
sedimentary rocks interbedded with tephrite, basalt
and pyroclastics. Pliocene clastic deposits consisting
of conglomerate, sandstone, siltstone and marl
alternation (Figure 1).

The primary porosity of the volcanic rocks,
generally composed of basalts of the Late Cretaceous,
is very low in SGF and its surround. The fractured
structures, which they have because of tectonic
activities, provide secondary porosity to the rocks
and permeability in places. These non-homogeneous
permeable levels throughout the units allow the
surface waters to flow deeper along the faults. In the
areas, where slant topography is dominant, the waters
flowing to shallow depths emerge from the slopes
in the form of low discharge springs. Therefore, the
volcanic rocks are important in fractured grounds in
terms of groundwater.

The units consisting of clastic rocks like
conglomerate, sandstone and siltstone of the Jurassic
age in and around IGF are permeable. The Late

Cretaceous and Eocene units, which are generally
volcano-sedimentary in character, are permeable
in areas where pyroclastic rocks represented by
agglomerate and tuff outcrops. The permeability of
rocks such as granite and granodiorite, which form the
granitoid widely exposed in the study area, are very
low in non-fractured and unweathered areas. However,
the three directional fracture systems developed in
these rocks gave the granitoid a permeable property.
In addition, the bonds between the minerals have
become weak and the rocks have dispersed on the
surface and shallow depths in the rocks where different
degrees of weathering are observed. Therefore, the
granitoid is permeable in areas where it is fractured
and weathered, and impermeable in unfractured and
unweathered areas.

The units of Late Cretaceous basaltic and
andesitic rocks have not permeability in AGF, but
the pyroclastics outcropping in the form of tuffs are
permeable. The well-developed fracture systems of
the granitoid outcropping in a large area have provided
permeability to the unit. The spring waters discharging
from cracks every season prove this.

The clastic sedimentary and volcanic rocks
generally crop out in SGF. The fact that the rocks such
as; conglomerate, sandstone and siltstone of which
their primary porosities are high permeable, show
variation according to their degree of cementation.

Quaternary[___] Alluvium and terrrace Tt Granitoids
Pliocene [ Clastic Sediments Cretaceous [ jolcantics
Miocene Volcanics

Granitoids Paleozoic Granitoids

Volcanics interbedded

with sedimentary rocks

Eocene [

and sedimentary rocks
Jurassic - Volcanics and volcaniclastics

= Study area
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Figure 1- a) The tectonic map of Turkey (modified from Okay and Tiiysiiz, 1999), b) distribution of volcanic and intrusive rocks in East
Pontides (modified from Giiven, 1993; Arslan et al., 2013; Yiicel, 2013 and Temizel et al., 2016).
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The primary porosities of the volcanic rocks are low,
but their improved structures and tectonic activities
during cooling provided them to be in fractured.
The tuffs of the Late Cretaceous units in the area are
permeable, and volcanic rocks such as dacite and
rhyodacite are impermeable.

4. Major Ions

In order to determine the chemical properties
of the waters in the investigated areas, the samples
were taken from the geothermal wells, hot and cold
springs and surface waters. In SGF, the sampling and
in-situ measurements were made from hot spring
(SARKAP), two cold springs (SSK, QK), and the
surface water draining the basin (IDD-IDB). The
sampling and measurement studies in IGF were
made from the geothermal well (ILKAP), one from
the cold spring (ISK) and from the surface water near
the geothermal drilling (IDERY-IDERA). In AGEF,
one sample from the geothermal well (AYKAP), two
samples from hot springs (AYKOPK, AYESH), one
from cold spring (HOSSU) and from the surface water
(AYDEREY-AYDEREA) were taken and measured.

Table 1- Sampling coordinates in the study area.

The in-situ measurement and sampling was carried
out from geothermal wells (ILICAS), mineral water
(CDMS), cold spring (SKSK) and from the surface
water (CERDERY-CERDEA). The descriptions,
coordinates and elevation values of the sample points
taken are given in table 1.

The hot spring (SARKAP) in SGF has the
temperature of 47°C, EC of 1935 ps/cm and pH
value of 8.05 from in situ measurements. Mg ions
are quite low values (Table 2) in dominant anion and
cations of the Na and SO, ions in the hot spring. The
temperatures of two different cold springs (SSK and
CK) in this area is approximately 14°C and EC values
are 174 and 337 pS/cm, respectively. Ca and HCO,
ions are dominant in cold springs with pH values of
about 7. The surface waters (IDD-IDB) in the field has
a pH of about 8 and EC of 84-94 uS/cm and Ca and
HCO, ions are dominant in these waters.

60°C temperature and 7.03 pH value were
measured in the geothermal well in IGF. Dominated
anions and cations in the hot spring are Na and HCO,
ions with EC of 6633 uS/cm (Table 2). Ca and HCO,
ions are dominant in the cold spring in IGF with a pH

Sample No (UTISIOSO; (;jl‘l;téss 4 Elevation (m)

SARKAP (Hot spring) 0383154 - 4536830 102

SSK (Cold spring) 0383064 - 4536784 101

cs;iﬁlﬁiiﬁféi‘ié CK (Cold spring) 0375853 - 4532828 225
IDD (Surface water) 0383619 - 4536877 100

IDB (Surface water) 0383071 - 4536795 104

ILKAP (Geothermal well) 0635840 - 4515969 848

ikizdere (Rize) ISK (Cold spring) 0637838 - 4516474 995
Geothermal Field IDERY (Surface water) 0636570 - 4516090 966
IDERA (Surface water) 0635555 - 4516034 821
AYKAP (Geothermal well) 0676703 - 4535711 1228

AYKOPK (Hot spring) 0673100 - 4541100 825
Ayder (Rize) Geothermal | AYESH (Hot spring) 0676356 - 4535638 1200
Field HOSSU (Cold spring) 0677192 - 4535639 1271
AYDEREA (Surface water) 0673500 - 4539500 1050
AYDEREY (Surface water) 0678212 - 4535863 1300
ILICAS (Geothermal well) 0282740 - 4586153 1495

CDMS (Mineral spring) 0281351 - 4573470 1145
Savsat (A”;ifg dGe"the‘mal $SSK (Cold spring) 0282628 - 4588250 1550
CERDERY (Surface water) 0282940 - 4585958 1496
CERDERA (Surface water) 0281280 - 4586418 1490
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value of 7.34, an EC of 22 pS/cm (Table 2). Ca and
HCO, ions are dominant in the surface water draining
the basin with a pH value of 6.7 and EC value of 18
pS/cm.

During the in-situ measurements in AGF, where
Na, CO, and SO, ions are dominant, the temperature
of the geothermal well is 55°C, the pH value is 9.15
and EC value is 233 pS/cm (Table 2). Looking at two
naturally hot springs discharging in this field, AYESH
has a temperature of 20°C, pH value of 8.16 and EC
value of 33 pS/cm. The other hot spring, AYKOPK,
has the temperature of 30°C, pH 0f 9.32 and EC of 266
uS/cm. In AYESH, Na and HCO, ions are dominant,
whereas in AYKOPK, Na and SO, ions are dominant
(Table 2). The cold spring (HOSSU) in the field has
dominant Ca and HCO, ions with a pH value of 7.56
and an EC of 35 puS/cm. The pH of the surface water
in the field is around 7, and the EC value is 19 uS/cm
in upper elevations and 22 puS/cm in lower elevations
and the dominant anions and cations are Ca and HCO,.

The geothermal well water (ILICAS) has a
temperature of 39°C, a pH value of 6.9 an EC of 5734

uS/cm in SGF. Na and HCO, ions are dominant in the
well water. The pH of the mineral water (CDMS) is
6.2, the EC value is 2741 puS/cm and the dominant
anions and cations are Na and HCO,. The pH and EC
values of the cold spring (SSSK), which is dominant
in Ca and HCO, ions, are 7.59 and 155 uS/cm,
respectively. The chemical properties of the river water
are different from each other before (CERDERY) and
after (CERDERA) the mixing of the hot spring (Table
2). CERDERY has a pH of 7.92, an EC value of 122
puS/cm with dominant anions and cations are Ca and
HCO,. However, CERDERA has the EC value of 411
puS/cm with dominant anions and cations of Na and
HCO,. The drill water flowing out has physically and
chemically influenced the river water that runs nearby.

When the plots of waters in the Piper Diagram for
the geothermal fields of the Eastern Black Sea Region
are evaluated, the earth alkaline elements in the hot
waters (Ca+Mg) in the SGF and strong acid (CI1 + SO,)
roots are higher than alkaline elements (Na+K) and
weak acid roots (CO, + HCO,), respectively. However,
the opposite situation is observed in cold spring and
surface waters (Figure 2). In IGF, AGF and $GF hot
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Figure 2- Piper diagrams of the investigeted water samples
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springs, the alkaline elements (Na+K) and weak acid
roots (CO,+HCO,) are more than the earth alkaline
elements (Cat+Mg) and strong acid (CI+SO,) roots.
CO, and SO, values in the Ayder hot springs with very
low Cl content, are approximately the same, however;
Cl and HCO, ions in the Savsat hot springs with low
SO, are in the same values. In all three areas, the earth
alkaline elements (Ca + Mg) and weak acid roots (CO,
+ HCO,) in cold springs and surface waters are more
than the alkaline elements (Na + K) and strong acid
(C1+80,) roots respectively (Figure 2).

The saturation indices for different minerals
were calculated by using thermodynamic modeling
to estimate the degree of interaction of the waters in
the study area with host rocks (Table 3). The primary
minerals, which are determined microscopically
in volcanic rocks that are exposed in geothermal
fields, are silicate minerals like; plagioclase, alkaline
feldspar, augite, hornblende and quartz, and the
secondary minerals are; calcite, quartz and chlorite.
The sedimentary rocks in the surrounding are formed
by the lacustrine deposits which the limestone,
sandstone, marl, cherty limestone and gypsum
lenses are observed. The saturation index (SI) values
belonging to the selected minerals considering these
lithologies were calculated using the pH and chemical
analysis results in the field utilizing the PHREEQC
software included in the AquaChem 2014.1 software
(Table 3).

When the SI values are examined, hot and cold
waters in the studied areas are not saturated with
sulphate minerals such as anhydrite and gypsum.
Sarmagik hot and cold springs show a tendency for
slight oversaturation to dolomite and calcite, but
unsaturated with dolomite. The surface waters are
approximately in equilibrium state with calcite (Figure
3a). Ikizdere geothermal well water is saturated with
aragonite, calcite, barite and dolomite minerals. Cold
spring and surface waters are not saturated with any
of the selected minerals (Figure 3b). While the Ayder
hot geothermal well water is slightly saturated with
aragonite, calcite and dolomite, the cold spring and
surface waters are unsaturated (Figure 3c). Savsat
geothermal water and Ciritdiizii mineral water are
saturated with aragonite, calcite and dolomite,
however; the surface waters are not saturated (Figure
3d). While the hot springs of ikizdere and Savsat are
saturated with K-feldspar representatively selected for

silicate minerals, the Sarmasik and Ayder hot springs
are not saturated. All hot and cold springs except the
Ayder hot spring are saturated with K-mica mineral.
All hot and cold waters except for the hot springs
of Ayder are saturated with clay minerals such as;
kaolinite and illite. All warm waters except the Savsat
hot springs are saturated with talc mineral. All hot
waters except the Ayder geothermal well water shows
a slight tendency to oversaturation to quartz mineral,
whereas the Ayder geothermal well water show a
slight tendency towards sub-saturation. All hot and
cold waters show a super saturation to minerals such
as goethite and hematite (Table 3).

5- Rare Earth Elements (REEs) and Yttrium

Although their positions in the periodic table
are close to each other, the REE+Y have different
physicochemical properties and are widely used in the
interpretation of geochemical processes in water-rock
interaction. In addition, these elements may reflect
changes in response to anthropogenic or natural
anomaly effects in hydrogeological environments
(Bragin et al., 2018).

REE+Y concentrations of the waters analyzed in
the studied geothermal fields and their close vicinities
and the exposed samples collected are shown in
table 4. REE+Y distribution models normalized to
chondrite (Sun and McDonough, 1989) are given in
figure 4. When the figures 4b, d, f and h are examined,
REE+Y patterns in the waters in all areas are almost
similar to each other except for the minor differences.
This situation shows that the host rocks in which the
water is circulating are of similar type.

When the table 4 and figure 4 are evaluated, the
> REE concentrations in the analyzed waters are 0.06-
1.83 ppb in SGF, 0.64-2.13 ppb in IGF, 0.01-0.3 ppb
in AGF, and 0.03-2.13 ppb in SGF. The highest > REE
concentration in geothermal waters was measured in
ILKAP (ikizdere) and ILICAS (Savsat) (YREE =2.13
ppb) samples. The lowest REE concentrations (3 REE
= 0.01-0.3 ppb) were measured in AGF waters with
the highest pH value (8.60-9.86), and the lowest TDS
value (52-173 mg/L).

The chondrite normalized La./Gd . ratios are
higher than 1 (except CERDERA and IDD) and Yb,,./
Gd,. ratios (excluding ILICAS) are less than 1 in all
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Figure 3- Saturation indices of some selected minerals a) Sarmasik geothermal field, b) ikizdere geothermal field c)

Ayder geothermal field, d) Savsat geothermal field.
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Figure 4- Distribution of Chondrite-normalized REE patterns of rocks (a, ¢, e and g) and waters (b, d, f and h) (Sun and
McDonough, 1989) (a, b:Sarmasik geothermal fields; c,d: ikizdere geothermal fields; e,f: Ayder geothermal fields;

g,h: Savsat geothermal fields).

waters in the study area (Sun and McDonough, 1989).
These ratios show that the majority of the waters are
enriched in the Light Rare Earth Elements (La-Eu,
LREE) whereas they are poor in terms of the Heavy
Rare Earth Elements (Gd-Lu, HREE) (Figures 4b, d, f
and h). Similar to many other studies in the literature

in recent years (Gammons et al., 2005; Shakeri et al.,
2015; Zhang et al., 2016; Bragin et al., 2018) the TDS
amounts and ) REE values have increased in SGF,
IGF and AGF waters with increasing temperature.
AGF waters, which are basic in character (pH ~9)
compared to other sites, have very low TDS amounts
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(~97 mg/L) despite the measured high temperature
(55°C). The clay minerals, which formed as a result
of the argillization of feldspars observed in granitic
host rocks within the waters in this field, to absorb
elements in the water have caused the decrease of TDS
amount of waters and accordingly very low Y REE
concentration.

The most common feature of all the geothermal
waters analyzed (except for the Ayder area) is that
they have a distinct Eu anomaly. The Eu anomalies
calculated in geothermal waters (Eu/Eu*) are 20.84
in SGF, 14.13 in IGF and 23.34 in SGF. In the case
of AGF, the Eu anomaly was calculated around 3.057
only in the AYKOPK sample. In addition, the positive
Ce anomalies observed in the geothermal waters
examined (Sarmasik: 1.37, Ikizdere: 1.81, Savsat:
1.07, Ayder: not calculated) reflect the reducing
conditions in the hydrothermal system. Desorption
of Fe oxyhydroxides in hot waters explains high
saturation values (Figure 3) and positive Ce anomalies
to Fe minerals such as goethite.

The REE+Y contents of the surface water and
cold springs in the study areas are changing parallel
to the thermal waters in lower concentrations. The
fractionation between LREE and HREE concentrations
in surface waters is less than that of the geothermal
waters.

REE+Y distribution models determined in host
rocks in the investigated areas are shown in figures
4a, c, e and g. Tuffite, (F-3), sandy limestone (F-5),
basaltic tuff and basalts (F-8, F-10) in SGF, granitic
(IK-1, IK-2) and granodioritic (AY-1, AY-2) host
rocks, sandstone (SV-1, SV-2), trachyandesite (TD-1,
TD-3), volcanogenic sandstone (C1-C7) and travertine
(TRV-1) type rocks at ikizdere and Ayder geothermal
fields show negative Eu and less distinct Ce anomaly.
In addition to these, while the host rocks are enriched
in LREE similar to waters they are depleted in HREE.

6. Cerium and Europium Anomalies

In the absorption process Ce** is easily oxidized
to Ce*" in iron hydroxides (Bau and Dulski, 1999). Ce
anomalies depend on pH and, are observed in alkaline
waters (Moller, 2001). Since the Ce*" is preferably
adsorbed by Mn oxides (De Carlo et al., 1998), the low
temperature surface waters generally show negative
Ce anomalies compared to +3 valence REE.
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Analyzes of REE+Y behaviors in studies
conducted worldwide showed the presence of positive
Eu anomaly in high temperature chlorine systems
(T>230°C, pH<7). The REE+Y distribution models
in these systems are similar, and are not affected
by the host rock types. On the other hand, the
hydrothermal systems with pH>7 show significant
negative Eu anomaly (Klinkhammer et al., 1994).
The thermodynamic calculations showed that Eu had
a +2 valence in high-temperature fluids (T>300°C)
and formed chloride complexes. These complexes
are more stable than the complexes formed with +3
valence REE (Haas et al., 1995).

Many studies have shown that REE+Y (especially
Eu) fractionation is a complex process, and the
behavior of these elements is dependent on the
physicochemical environmental parameters (Bragin et
al., 2018). REE+Y contents and fractionation of the
aquifer composition in high-temperature hydrothermal
reservoirs are subject to less impact and consequently
the pH and pressure cause the occurrence of complex
compound formation (Hass et al, 1995). In low
temperature hydrothermal areas close to the surface
(T<100°C), the REE+Y contents and distributions are
controlled by pH, rock composition and water/rock
ratio.

All waters in the study area show a less distinct
Ce anomaly (Ce / Ce * = Ce, / (La, * Pr.) 0.5) and
distinctively positive Eu (Eu / Eu * = Eu_ / (Sm_
* Gd.,) 0.5) anomaly except for AGF (Figure 4). It
is considered that Eu anomaly originated from the Eu
rich minerals (plagioclase + K-feldspar) present in
host rocks of geothermal fields. Ce anomalies in water
and host rocks are compatible with each other.

7- Transportation Routes of the Rare Earth
Elements

REE concentrations in the groundwater are mostly
dependent on the solubility of minerals containing
REE in the host rock and the degree of decomposition
of the host rock. The duration of contact of water
with the host rock, the absorption processes and
chemical complexation reactions are effective in
transporting REE to water. The visual MINTEQ
(Gustafsson, 2012) software was used to determine
REE transportation processes in the investigated
areas. The thermodynamic calculations showed that
Ln*, LnOH*, LnCI", Ln(SO,),, LnSO*, LnHCO,*,
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Ln(CO,),” and LnCO," complexes were present for

each type of REE. The results of the derivation model
where the contribution of the major aqueous species

of the total dissolved REE to the geothermal and cold
springs are shown as the percentage for all studied

areas is given in table 5.

Table 5- REE transportation types in hot and cold waters in the study areas (values < 0.05 %).

SARKAP | SSK ILKAP | ISK | AYKAP | AYESH AYKOPK | HOSSU | ILICAS | SSSK | CDMS

La** 8.62 90.20 38.96 95.44 | 0.23 68.90 0.43 93.65 44.68 93.27 | 76.39
LaOH?* 2.16 3.39 1.36 1.27 1.84 9.56 1.38 1.98 0.40 1.54 0.03
LaCl* 0.03 0.01 0.57 - - - - - 1.28 - 1.49
La(SO,), 15.94 - 3.82 - - 0.09 0.05 - 0.67 - 0.33
LaSO," 59.83 6.39 51.31 3.28 | 0.37 21.44 1.02 437 22.49 5.19 21.76
LaHCO** 0.16 - 0.53 - 0.03 - 0.02 - 5.23 - -
La(CO,), 0.49 - 0.01 - 61.63 - 54.37 - 0.55 - -
LaCO," 12.77 - 3.43 - 35.90 - 42.73 - 24.70 - -
Ce* 7.31 86.17 3533 93.97 | 0.09 59.44 0.17 91.49 34.36 91.74 | 76.52
CeOH?* 7.92 7.79 6.54 2.85 | 341 22.13 1.81 4.32 1.15 3.27 0.07
CeCI?** 0.03 0.01 0.46 - - - - - 0.99 - 1.79
Ce(SO,), 8.07 - 2.01 - - 0.05 0.01 - 0.32 - 0.22
CeSO," 52.18 6.02 48.53 3.17 | 0.15 18.37 0.41 4.18 17.60 4.99 21.40
CeHCO > 0.13 - 0.45 - - - - - 3.75 - -
Ce(CO,), 1.21 - 0.03 - 67.30 - 61.67 - 1.21 - -
CeCO," 23.16 - 6.65 - 29.06 - 35.93 - 40.62 - -
Pr** 6.59 85.60 34.38 93.71 | 0.05 58.60 0.09 91.09 28.58 91.42 | 76.60
PrOH* 6.97 8.41 6.00 3.12 1.74 23.25 1.01 4.74 0.96 3.61 0.08
PrCI* 0.03 0.01 0.45 - - - - - 0.82 - 1.79
Pr(SO,), 6.14 - 1.92 - 0.08 0.03 - - 0.20 - 0.11
PrSO," 47.03 5.98 47.24 3.16 - 18.11 0.22 4.16 14.64 4.97 21.42
PrHCO * 0.10 - 0.38 - - - - - 2.72 - -
Pr(CO,), 2.27 - 0.06 - 75.16 - 69.86 - 2.11 - -
PrCO,* 30.87 - 9.57 - 22.97 - 28.81 - 49.97 - -
Nd* 5.92 82.38 32.24 92.31 | 0.04 53.15 0.08 89.03 26.64 89.77 | 77.42
NdOH* 7.96 11.68 6.84 4.49 1.78 29.71 1.13 6.80 1.17 5.23 0.12
Nd(SO,),” 6.91 - 1.99 - - 0.05 - - 0.25 - 0.21
NdSO,” 45.49 5.94 48.40 3.20 | 0.07 17.09 0.19 4.18 14.55 5.00 22.26
NdHCO,* 0.10 - 0.38 - - - - - 2.72 - -
Nd(CO,),; 2.51 - 0.07 - 76.71 - 71.62 - 2.42 - -
NdCO,* 31.12 - 10.07 - 21.39 - 26.94 - 52.26 - -
Sm’* 4.75 70.12 29.48 86.15 | 0.02 38.05 0.04 80.19 20.23 82.51 | 76.85
SmOH?* 10.97 24.71 9.46 10.79 | 1.34 49.40 1.10 15.96 1.66 12.79 | 0.29
Sm(SO,), 4.44 - 1.30 - - 0.04 - - 0.17 4.70 0.25
SmSO,* 37.34 5.17 45.27 3.06 |0.03 12.52 0.10 3.85 11.31 - 22.61
SmHCO,* 0.09 - 0.40 - - - - - 2.37 - -
Sm(CO,), 4.62 - 0.15 - 83.27 - 79.10 - 4.20 - -
SmCO," 37.79 - 13.94 - 15.34 - 19.66 - 60.07 - -
Eu* 3.95 67.46 26.96 84.80 | - 34.90 0.03 78.40 17.78 81.08 | 75.30
EuOH?! 11.77 27.55 11.56 12.19 | 0.74 53.55 0.96 17.84 1.83 1429 | 0.33
EuCl** 0.02 0.01 0.35 - - - - - 0.51 - 1.76
Eu(S0,), 7.80 - 2.58 - - 0.06 - - 0.30 - 0.46
EuSO," 31.09 4.98 41.41 3.01 0.01 11.48 0.07 3.76 9.94 4.62 22.15
EuHCO* 0.15 - 0.92 - - - - - 3.63 - -
Eu(CO,), 8.42 - 0.41 - 91.46 - 83.90 - 6.64 - -
EuCO;" 36.80 - 15.82 - 7.78 - 15.05 - 59.37 - -
Gd** 4.82 72.28 28.62 87.64 | 0.02 39.02 0.04 82.41 22.18 84.58 | 76.51
GdOH* 15.04 22.50 14.36 932 |222 48.40 1.39 13.72 2.23 10.71 | 0.25
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GdCP* - - 0.20 - - - - R 0.34 - 0.96
Gd(S0), | 6.17 - 1.80 } ; 0.04 - - 0.24 - 0.29
Gdso," 37.04 521 | 4296 | 3.04 | 004 12.54 0.11 3.87 12.12 471 | 22.00
Gd(CO), |4.18 - 0.13 } 83.10 - 79.57 B 411 - B
GdCO.* 32.65 - 1152 | - 14.62 - 18.89 - 56.06 - -
GdHCO2* | 0.10 - 0.41 } } - - - 272 - B
Tb* 427 63.69 |27.57 |82.90 |0.01 30.63 0.02 7594 | 19.37 7925 | 77.65
TbOH*" 19.24 31.86 | 1927 | 1430 | 1.69 59.87 1.15 2059 | 2.88 1644 | 0.41
Th(SO,), | 4.58 - 1.50 } } 0.03 - - 0.18 - 0.23
TbSO," 30.46 445 3788 |2.80 |0.02 9.47 0.05 3.47 9.92 431 | 2172
TbHCO? | 0.11 - 0.50 } } - - - 2.99 - B
Th(CO,), | 7.38 - 0.25 - 89.06 - 86.66 . 7.16 - R
TbCO," 33.96 - 13.04 | - 9.22 - 12.11 - 5751 - -
Dy** 3.69 6371 | 2460 |8330 | - 29.63 0.02 76.60 | 16.43 80.13 | 79.20
DyOH?' 22.75 3220 | 2606 | 14.12 | 1.83 61.87 1.03 2020 | 3.11 1590 | 0.41
Dy(SO), | 2.55 . 0.98 - ; 0.01 - - 0.09 - 0.10
DySO," 25.30 409 | 3291 |258 |00l 8.49 0.04 3.20 8.00 397 | 2029
DyHCO?* | 0.10 - 0.49 ; ; - - . 278 . -
Dy(CO,), | 8.6l - 0.30 - 89.50 - 87.50 R 8.19 - R
DyCO.* 37.00 - 1465 | - 8.65 - 11.41 - 61.41 - B
Ho* 3.81 5976 | 2679 | 80.54 | - 27.45 0.01 7278 | 16.49 7671 | 79.82
HoOH?' 19.98 3657 | 2139 | 17.09 | 1.20 65.03 0.85 2431 | 2.88 19.66 | 0.52
Ho(SO), | 2.97 - 1.14 ; ; 0.02 - - 0.10 - 0.13
HoSO," 24.92 367 | 3422 |238 |00l 751 0.03 291 7.66 3.63 | 19.53
HoHCO?* | 0.10 - 0.48 - ; - . - 2.54 - -
Ho(CO), | 10.93 - 0.41 } 91.73 - 89.80 - 10.11 - -
HoCO.* 37.30 - 1558 | - 7.04 - 9.30 . 60.22 . -
Er 3.45 5673 | 2623 | 7840 | - 25.47 0.01 69.98 | 14.66 74.18 | 79.68
ErOH 18.25 3979 | 2022|1929 | 091 67.54 0.70 2723 | 266 2231 | 0.60
Er(SO,), 3.81 - 1.49 ; - 0.02 - - 0.13 - 0.23
ErSO,’ 22.57 348 3351|231 | - 6.97 0.02 2.79 6.81 350 | 19.50
ErHCO | 0.09 - 051 } } - - - 2.42 - -
Er(CO,), 13.05 - 0.52 } 92.87 - 91.05 B 11.84 - B
ErCO,* 38.78 - 1752 | - 6.21 - 8.22 - 61.47 - -
Tm* 2.87 50.84 | 2298 | 74.44 | - 20.93 - 65.19 | 1250 70.10 | 78.27
TmOH?" 2225 4603 | 27.14 | 23.36 | 0.98 73.33 0.70 3221 | 3.23 2657 | 0.75
TmCP* - - 0.26 - - - - - 031 - 1.59
Tm(SO,), | 2.84 - 1.10 } } 0.02 - - 0.11 - 0.24
TmSO," 18.76 3.2 2936|220 | - 573 0.02 2.60 5.81 332 | 19.15
TmHCO?* | 0.08 - 0.48 } ; - - - 221 - B
Tm(CO), | 15.32 - 0.65 ; 93.80 - 92.35 - 14.26 - -
TmCO,* 37.88 - 18.03 | - 522 - 6.93 B 61.57 - B
Yo 2.46 4034|2210 | 6517 | - 15.50 - 5423 | 10.18 59.73 | 79.19
YbOH?* 2211 5736 | 2717 | 33.04 | 0.98 80.59 0.85 4376 | 3.27 3762 | 1.22
YbCP* - - 0.20 ; ; - - . 0.20 . 1.28
Yb(SO), | 3.07 - 1.33 - - 0.02 - - 0.11 - 031
YbSO,' 14.30 229 |2468 |179 | - 3.89 0.01 2.02 424 264 | 18.00
Yb(CO), | 14.10 - 0.67 - 92.54 - 90.57 - 12.46 - B
YbCO,* 43.89 - 2339 | - 6.48 - 8.56 - 67.69 - B
YbHCO> | 0.07 - 0.47 ; ; - - - 1.85 - -
Lu® 2.63 4188 2379 | 66.56 | - 16.39 - 5575 | 10.99 61.18 | 80.58
LuOH>" 21.75 5590 |26.84 |31.73 | 078 79.75 0.69 232|327 3629 | 1.17
LuCP* - - 0.14 } } - - - 0.14 - 0.82
LuSO,), | 293 . 1.21 - ; 0.02 - - 0.11 - 0.34
LuSO,* 14.22 222 |2479 | 170 | - 3.84 0.01 1.93 427 252 | 17.10
LuHCO? | 0.07 - 0.46 } } - - - 1.82 - B
Lu(CO), | 17.66 - 0.84 - 9432 - 92.80 R 15.79 - R
LuCO,’ 40.75 - 2193 | - 4.90 - 6.50 - 63.62 - B
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In SGF with a pH value of ~8 and a temperature of
47°C, the total dissolved REE in hot waters dominantly
formed the sulfate complexes (LnSO,"). In general,
the REE have been transported to the geothermal
water with the main anion sulfate. These complexes
gradually decreased from LREE (~59-31%; La-Eu)
to HREE (~37-14%; Gd-Lu). In this area, it is seen
that the free metal ions (Ln*") are dominant in the cold
spring in this field (~90-67%; La-Eu, ~72-41%; Gd-
Lu).

Similar to the SGF, the total dissolved REE
dominantly formed sulfate complexes (LnSO,") in
the geothermal well water (ILKAP) which has a pH
of ~7 and a temperature of 60°C. These complexes
gradually decreased from LREE (~51-41%; La-Eu)
to HREE (~42-24%; Gd-Lu). In this area, it is seen
that free metal ions (Ln**) are dominant in cold spring
(~95-84%; La-Eu, ~87-66%; Gd-Lu).

In AGF, the bicarbonate (LnHCO,>) complexes
formed dominant species by increasing with the
increased atomic numbers of the REE in the AYKAP
geothermal well water with a pH value of ~9 and
temperature of 55°C (~61-91%; La-Eu, ~83-94; Gd-
Lu). The free metal ions (Ln*") gradually decreased
from La to Nd, and formed dominant species in
AYESH geothermal spring water with a pH of ~8
and the temperature of 20°C. LnOH*" complexes
from Sm to Lu have become dominant by increasing
with the increasing atomic number. In the hot spring
of AYKOPK (pH: 9.3, temperature: 31.7°C), the
carbonate (LnCO,") complexes have formed dominant
species by increasing with the increasing atomic
numbers of REE (~54-83%; La-Eu, ~79-92%; Gd-
Lu). The concentrations of carbonate complexes
of REE have also increased with high pH values in
AGF. The cold spring (HOSSU) in the field gradually
decreases with increasing atom numbers (~93-78%;
La-Eu, ~82-55%; Gd-Lu) and form dominant species
of free metal ions (Ln*").

In the ILICAS well (pH: 6.9, temperature: 38.8°C)
in SGF, the carbonate (LnCO*") complexes increased
with increasing atom numbers of REE (~44-59%; La-
Eu, ~56-63%; Gd-Lu) and formed dominant species.
Free metal ions (Ln*") in cold springs in the field
decreased with the increasing atomic numbers of
the REE in the SSSK spring (pH: 7.5, temperature:
9.2°C) (~93-81%; La-Eu, ~84 -61%; Gd-Lu) formed
dominant complexes without changing too much

(~76%; La-Eu,: ~79%; Gd-Lu) in the CDMS spring
(pH: 6.2, temperature: 12°C).

8. Results

The thermal waters located in the Eastern Black
Sea Region, which are controlled by tectonic lines
in magmatic (plutonic and volcanic) rocks are as
follows; SGF thermal waters in Na-Ca-SO, type
with a temperature of 47°C; IGF thermal waters
in Na-Ca-HCO, type with a temperature of 60°C;
AGF thermal waters in Na-Ca-CO,-SO, type with a
temperature of 55°C and SGF thermal waters in Na-
HCO,-Cl type with a temperature of 39°C. The } REE
contents in these geothermal waters with pH values
varying in between 7-9 are at very low (0.02-2.13
ppb) concentrations. The highest Y REE concentration
was determined in the ILKAP (ikizdere) and ILICAS
(Savsat) geothermal waters where the TDS values
were also high. Low REE concentrations, typically
detected in alkaline thermal waters, were observed in
AGF geothermal water with a high pH (8.60-9.86).
The REE contents of the cold springs are lower than
the geothermal waters and vary between 0.02-0.82
ppb. In the cold water with a high ion content (TDS:
2369 mg/L) in SGF, the > REE is 2.05 ppb. The > REE
values in surface waters vary between 0.1-0.64. This
situation indicates that the total ion concentration is
more effective than the temperature on ) REE values.

The majority of waters in the studied areas
showed LREE/HREE fractionation towards the LREE
enrichment. Except for the Ayder area, all geothermal
waters have a distinct positive Eu, less significant
Ce anomaly. It is considered that the source of Eu
anomaly in waters is Eu rich minerals in host rocks of
the geothermal areas. The less distinct Ce anomaly in
geothermal systems indicates the reducing conditions.
According to the calculations of the transport modes,
the REEs are transported in the form of LnSO,
LnHCO,*, LnCO," and Ln*" in the AGF and LnCO,"
and Ln*" complexes in the SGF and IGF. On the other
hand, the contents of REE in waters depend on their
individual properties, such as the atomic numbers, the
temperature and pH of the fluid.
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The use of wastes has become very significant and widespread in terms of sustainable production
of clayey mixtures, since the wastes provide many advantages. In this study, the effects of two
different types of fly ash, which were wastes of Seyitomer and Cayirhan thermal power plants,

on the color change of brick samples with various amount of fly ash ranging between 0 to 60% at
different sintering temperatures were investigated. As a result, traditional red colored bricks could
be produced with fly ash without using a separate raw material to meet the color requirements. It
Received Date: 23.10.2018 Was found that desired colors for special architectural applications could also be achieved by using

Accepted Date: 17.12.2018 fly ash.

1. Introduction

Clay minerals are found in different forms in nature,
they are divided into various classes according to their
mineralogical properties, crystal structures, chemical
contents, areas of use and physical properties.

The most known products of ceramics, one of
the main uses of clays, are bricks, pottery, tiles
and porcelain (Semiz, 2017). Ceramic products
firstly emerged in Anatolia 8000 years ago. These
products that became a part of human life at a certain
stage of civilization are used in many areas such
as architectural elements, decoration material and
kitchen ware. Ceramic products can be considered
as almost entirely domestic goods, so it is important
to create added value in Turkey. Turkey is the sixth
producer of ceramic tiles in the World and the third
producer of ceramic tiles in Europe as a producer of
ceramic tiles (TCF, 2018).

Color plays an active role in defining the properties
and visual characteristics of materials (Ware, 2013).
Therefore, the color difference is a physical quality
parameter that is used in many fields from health

sector to the food sector, from food to material science.
This parameter can be measured by simple devices or
even with visual inspection. Colorimeters have two
chromatic coordinates that are red-green and yellow-
blue and lightness channels. These devices also
include glass filters derived from the characteristics of
a standard human observer (Ware, 2013).

Fly ash and bottom ash are the primary products
of coal burning process called as Coal Combustion
Products (CCPs) and have been used as raw materials
in various applications for about 80 years (Heidrich et
al., 2013). Firing coal at thermal power plants’ furnace
over 1000 ° C results in the formation of fly ash by
electrostatic filters or mechanical precipitation of the
particles formed from the flue gases (ECOBA, 2010).

Studies for reuse of fly ash to produce materials
such as bricks, ceramics, cement, concrete, glass,
lightweight aggregates are still in progress all around
the world (Eliche-Quesada et al., 2017). Karaman
et al. (2006) were found that there was a negative
relationship between the compressive strength and
color measurement parameters of bricks (lightness

Citation Info: Dagc1,F., Kul Giil N. 1., Kockal N. U. 2019. Appearance features of clayey mixtures having fly ashes. Bulletin of the Mineral
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and chromaticity coordinates). The relationship
between the compressive strength and lightness,
chromaticity coordinate of yellow-blue could be
defined as linear regression equations. On the other
hand, the relationship between the compressive
strength and chromaticity coordinate of red-green was
weak. Eliche-Quesada et al. (2017) found out that the
mechanical properties of conventional clay bricks and
bricks contained 20% of fly ash which were sintered
at 1000°C were quite similar. According to Kockal
(20124, b), it was found that the shrinkage, water
absorption and strength properties of commercial
ceramic tiles were close to those obtained with fly ash
substitution in the ceramic mixture. Kockal (2015)
determined that at sintering temperature of 1130°C,
the addition of fly ash to ceramic tiles resulted in
reduced water absorption and increased shrinkage
and strength. At 1210°C, compressive strength and
shrinkage decreased and water absorption increased.

According to Turkish Statistical Institute (TUIK)’s
data in 2016, total of 19.5 million tonnes of waste was
generated in thermal power plants, of which 87.8%
were ash and slag waste. While 83.3% of'the total waste
was disposed, only a small amount such as 16.7% was
sent to waste recovery plants and mines (TUIK, 2018).
For this reason, the aim of this study is to investigate
the color changes of the clayey mixtures substituted
by fly ash to be used to produce ceramic materials.
In the study, two different fly ashes of Cayirhan and
Seyitomer thermal power plants were used at different
ratios and the mixtures were exposed to sintering at
different temperatures. The color changes of these
mixtures were measured by chroma meter and
lightness factor and chromaticity coordinates of the
samples were obtained and color differences were
calculated. As well as, the experimental results were
compared and discussed.

2. Materials and Methods
2.1. Materials

Chemical compositions of all raw materials are

Table 1- Chemical compositions of raw materials.

given in table 1. The clay was obtained from the
Elmali region of Antalya, Turkey. Fly ashes were
obtained from Seyitomer (SFA) and Cayirhan (CFA)
thermal power plants respectively located in Kiitahya
and Ankara, Turkey. Clay was replaced with both
of the fly ashes at different percentages by weight.
Moreover, tap water was used as a constituent of brick
samples to give suitable shape to the samples.

2.2. Preparation of Brick Samples

In the study to obtain brick samples, six different
mixtures (clay + fly ash) were prepared, in the amount
of fly ash ranging between 0 and 60% by weight
in 10% intervals. These mixtures were prepared
identically for both types of the fly ashes (CFA and
SFA). Homogenous mixtures were obtained by mixing
with the addition of nearly 0.5 gram of water for each
mixture.

In order to carry out the experiments, samples
were produced in the shape of a cylinder. Samples
with a diameter of 20 mm and a height of between 20
to 27 mm were prepared in order to obtain aspect ratio
(d/h) of nearly 1. The total amounts of the mixtures
were set at the optimum amounts to keep the height of
these samples between the specified values. The mass
values of the mixtures was determined separately for
each percentage of fly ash through trial and error; the
mass of samples containing 0% fly ash was 18 grams
(water + clay) and 60% fly ash (water + clay + fly ash)
was 14 grams. Cylinder samples were molded with a
hydraulic press of 15 tonnes under 110 bar pressure
and 10 seconds of time for each percentage of fly ash.

After pressing, the fresh samples were dried at
80°C to obtain constant mass for about 2 h. Then,
the oven dried fresh samples were sintered at three
different temperatures that were 850,950 and 1050°C
in a muffle furnace. The sintered samples are coded
as shown in table 2. Loss on ignition values of all
sintered samples are given in figure 1, 2. In this table
and figures “S” represents SFA and “C” represents
CFA.

Raw Materials | Na,O MgO ALO, SiO, PO, SO, K,0 Ca0O TiO, Cr,0, MnO | FeO,
SFA 0.66 3.65 24.89 51.04 0.08 0.32 2.31 3.12 0.90 0.10 0.12 11.79
CFA 9.18 8.29 13.11 34.90 0.72 2.81 2.68 21.93 0.51 <0.0007 | 0.08 5.43
Clay 0.57 8.12 15.04 34.13 0.35 0.08 2.13 27.95 0.70 0.11 0.13 10.11
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Table 2- Codes of brick samples.
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Sintering Fly Ash Content of Brick Samples (%)
Temperature (°C) 0 10 20 30 40 50 60
250 K-850 10 S-850/ 20 S-850/ 20 30 S-850/30 | 40 S-850/ 40 | 50 S-850/50 60 S-850/ 60
] 10 C-850 C-850 C-850 C-850 C-850 C-850
950 K-950 10 S-950/ 20 S-950/ 20 30 S-950/30 | 40S-950/ 40 | 50S-950/50 60 S-950/ 60
) 10 C-950 C-950 C-950 C-950 C-950 C-950
1050 K-1050 10 S-1050/ | 20 S-1050/20 | 30 S-1050/30 | 40 S-1050/40 | 50 S-1050/50 | 60 S-1050/ 60
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Figure 1- Loss on Ignition versus Fly Ash Content of Brick Samples containing CFA.
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Figure 2- Loss on Ignition versus Fly Ash Content of Brick Samples containing SFA.

2.3. Experimental Methods ignition values of all sintered samples were calculated

by the equation below:
The chemical analyses of the raw materials were
carried out by X-Ray Fluorescence (XRF). Loss on LOI = % % 100 )
f
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where W, is the weight of oven-dried fresh samples

and W _is the weight of sintered samples.

The sintered samples were measured with the FRU

Chroma Meter colorimetrically. The color difference
(E) was calculated by the following equation with the
sample’s lightness factor (L) and chromaticity in other
words chromaticity coordinates a (red) and b (yellow):

AE = /AL? + Aa? + Ab?

3. Results and Discussion

@

In terms of the production of sustainable ceramic

products, the wastes such as fly ash could be used
to replace flux agents. These agents are generally
alkaline and alkali oxides (K,0, Na O, MgO, CaO)
of the raw material that allow proper sintering at low

Table 3- Color measurement results of the brick samples.

temperatures. In addition, these wastes control the
plasticity and shrinkage of the ceramics and so enable
us to save raw materials and energy (Sultana et al.,
2015; Kockal, 2012b).

Actually because of this, the color variations of
the clay mixtures with substitution of different types
of fly ashes were examined. Furthermore, the effects
of sintering temperature, fly ash content and type on
color change and lightness factors were investigated.

The results obtained from the measurements
of chroma meter on the sintered samples were as
indicated in table 3. The results given are the average
of the measurements. During the sintering process
at 1050°C, control samples lost their structural
integrity. Therefore, the pronounced samples were not
measured.

K-1050 10 S-1050 20 S-1050 30 S-1050 40 S-1050 50 S-1050 60 S-1050
L - 64.23 62.09 57.58 54.79 52.84 51.09
a -- 9.77 10.34 11.61 12.24 12.98 13.67
b - 22.90 21.76 20.65 19.45 18.70 18.49
E - 68.88 66.60 62.26 59.42 57.53 56.02
N [ N NN N R —
K-1050 10 C-1050 20 C-1050 30 C-1050 40 C-1050 50 C-1050 60 C-1050
L - 67.62 69.36 69.67 69.91 69.95 69.27
a -- 8.17 6.12 5.47 4.97 4.61 4.64
b -- 22.81 22.20 21.48 20.88 20.21 19.19
E - 71.82 73.08 73.11 73.13 72.95 72.02
N AN I N A D N E—
K-950 10 S-950 20 S-950 30 S-950 40 S-950 50 S-950 60 S-950
L 66.12 65.07 62.97 62.16 59.96 59.29 57.69
a 9.65 10.14 10.92 11.56 12.79 13.90 13.91
b 23.54 22.84 22.32 22.09 22.89 24.43 23.21
E 70.85 69.70 67.69 66.97 65.45 65.62 63.72
- - r° ‘@ [ "7 ]
K-950 10 C-950 20 C-950 30 C-950 40 C-950 50 C-950 60 C-950
L 66.12 65.97 65.57 65.72 65.32 64.48 64.88
a 9.65 8.65 8.35 7.85 7.62 7.35 7.06
b 23.54 21.79 20.68 19.18 18.19 17.22 16.17
E 70.85 70.01 69.26 68.90 68.23 67.14 67.23
N I N N (N N —
K-850 10 S-850 20 S-850 30 S-850 40 S-850 50 S-850 60 S-850
L 63.60 62.67 62.14 62.05 62.12 61.73 61.33
a 10.13 10.01 10.37 10.58 10.76 10.74 10.98
b 22.20 21.48 22.04 21.91 22.02 21.35 21.49
E 68.12 67.00 66.74 66.65 66.77 66.19 65.91
- r - rr 7T [ "7 ‘7" "}
K-850 10 C-850 20 C-850 30 C-850 40 C-850 50 C-850 60 C-850
L 63.60 63.65 63.72 63.38 62.51 62.57 62.15
a 10.13 9.36 8.64 8.22 7.69 7.56 7.15
b 22.20 20.93 19.77 18.60 17.17 16.70 15.30
E 68.12 67.65 67.27 66.56 65.28 65.20 64.40
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For SFA-containing brick samples, there was an
inverse relationship between the fly ash content and
lightness factor (L) at all sintering temperatures.

Considering the lightness factor in CFA-containing
brick samples, it was observed that there was a slight
fluctuation differently from the samples with SFA.
The rise in the lightness factor of brick samples is
due to the decline in the amount of Fe,0, and organic
materials (Kockal, 2012a). Thus, the increment in
the lightness factor of SFA-containing brick samples
was based on extreme Fe,O, content even higher than
the clay as seen in table 1. Besides, almost constant
L values of CFA-containing brick samples could
be attributed to the balancing effect of low Fe,O,
content and loss on ignition values. Chromaticity
coordinates (a and b), which were another criteria of
color change, gave dissimilar results for SFA and CFA
containing samples. Foremost, it was seen that red
color (a) increased and yellow color (b) decreased in
brick samples containing SFA at 1050°C. In fact, this
situation could be visible in figure 3a. Furthermore,
there was reduction between 10C-1050 to 60C-1050
for both of red and yellow colors by 43% and 16%
respectively, as could be noticed roughly in figure 3b.

The color of ceramic products can vary from light
red to dark brown depending on rise of the amount
of Fe,O,. In order to obtain glazed or unglazed white

ceramic products, the amount of Fe, O, should be in the
range of 1-2% (Dondi et al., 2014). Because the Fe O,
content of the SFA was as high as about 12%, the red
color became darker for 60S-1050. On the other hand,
since the content of Fe,O, of CFA was lower than clay
and the content of CaO (which has white color) was
quite higher than SFA and nearly the same with clay,
CFA-contained samples’ color experienced lightening
at large ratios.

Taking the results of 950°C into consideration, it
was recognized that the brick samples containing SFA
and K-950 showed stagnate trend for the chromaticity
coordinates of yellow (Figure 4a) but the red color
trend nearly was the same as it was at 1050°C. In
addition to this, CFA-containing brick samples
displayed decrement on the chromaticity coordinates
of red and yellow (Figure 4b). It was identified
that the color changes due to the amount of fly ash
demonstrated nearly stable state for both types of
fly ash at the sintering temperature of 950 °C. At the
sintering temperature of 850°C, the deviation of the
chromaticity coordinates of red between K-850 and
60S-850 was only 8%. The chromaticity coordinates
of yellow of K-850 and 60S-850 changed slightly with
a value of 3% reduction (Figure 5a).

These results suggest that there was almost
no change in the colors of brick samples with the

Figure 3- a*) SFA-containing brick samples sintered at 1050°C

*The figure shows the brick samples containing 10% fly
ash on the left hand and 60% fly ash on the right hand, so
the fly ash content increases from lefi to the right.
b*) CFA-containing brick samples sintered at 1050 °C
*The figure shows the brick samples containing 10% fly
ash on the left hand and 60% fly ash on the right hand, so
the fly ash content increases from left to the right.

Figure 4- a*) SFA-containing brick samples sintered at
950°C*The figure shows the brick samples containing
0% fly ash on theleft hand and 60% fly ash on the right
hand, so the fly ash content increases from left to the right.
b*) CFA-containing brick samples sintered at 950°C *The
figure shows the brick samples containing 0% fly ash on
the left hand and 60% fly ash on the right hand, so the fly
ash content increases from lefi to the right.
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Figure 5- a*) SFA-containing brick samples sintered at 850°C*The

figure shows the brick samples containing 0% fly ash on
the left hand and 60% fly ash on the right hand, so the fly
ash content increases from left to the right.
b*) SFA-containing brick samples sintered at 850°C*The
figure shows the brick samples containing 0% fly ash on
the left hand and 60% fly ash on the right hand, so the fly
ash content increases from left to the right.

variation of fly ash content at the sintering temperature
of 850°C. The chromaticity coordinates of red and
yellow lessened at a nearly close rate of 30%, as
K-850 compared with 60C-850 (Figure 5b).

It was seen that the general tendency was in the
direction of cutting down the color difference with the
rise of the fly ash ratio for all brick samples. It was
noted that lightness (L) and color difference fell off
with a rise of the sintering temperature 850 to 1050
for the samples coded as 40 S, 50 S and 60 S at the
constant fly ash content. The amount of this decrement
was found to be at most for 60 S-coded samples.
60 S-950 reduced in lightness by 5.9% and color
difference by 3.3%; 60 S-1050 declined in lightness
by 16.7% and color difference by 15% compared to
60 S-850 (Figure 6).

60 S-850/ 60 8-950/ 60 S-1050 %60

Figure 6- Brick samples containing 60% SFA (constant ratio)
sintered at different temperatures.

160

As well as, for all brick samples containing SFA,
the chromaticity coordinate of red was directly related
to the content of fly ash and the sintering temperature,
but yellow color was inversely proportioned.

It was stated that the liquid phase formed by
increasing the sintering temperature decreased the
porosity. As a result of this, the crack formation
was minimized and mechanical behaviours such as
bending strength developed (Celik, 2010).

It was observed that SFA containing samples with
a constant content of fly ash, despite including the
same amount of Fe O,, the red color increased and
the lightness decreased thanks to the liquid phase
formation at high sintering temperature. Lastly, the
evaluation was performed for CFA-containing brick
samples with respect to sintering temperatures. It was
detected that the chromaticity coordinates of red had
decrement and reversely, yellow color had increment

(Figure 7).

B) 60 C-850/ 60 C-950/ 60 C-1050

Figure 7- a) Brick samples containing 10% CFA (constant ratio)
sintered at different temperatures. b) Brick samples
containing 60% CFA (constant ratio) sintered at different
temperatures.
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4. Conclusions

Some reasonable conclusions were obtained
according to experimental studies.

> Asthefly ashratio and the sintering temperature
increased the red color coordinate decreased
for CFA-containing samples and increased for
the SFA-containing samples. In other words,
both of two fly ash types led to different colors
for the brick samples.

> The clay used in the experiment is also the raw
material of the brick producers and another
clay type is practically used to provide the red
color in the industry to meet ordinary request of
the consumers. Thus, this study resulted in the
use of fly ash, a waste, instead of the secondary
raw material. Nevertheless, by consumption of
fly ash, saving the secondary raw material and
energy will be achieved.

> Especially SFA, which caused significant
increase in red color, promises hope for
conventional brick production.

> Moreover, in some architectural applications,
different colors are desired. It was inferred that
different types and contents of fly ash could
be used to meet this requirement in the brick
production. This situation will ensure that there
is no need for additional glazing and painting
operations for these specific applications.
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Keywords: ABSTRACT

Pluto.mc .ROCkS DaFa, The Hamit pluton forms part of the Central Anatolian Crystalline Complex. It is located N-NE of
Multivariate analysis,

Cluster analysis, Factor Kaman (Kirsehir). It covers an area of about 120 km?. The geochemical contents of 63 rock samples
analysis. collected from this pluton were analyzed for their origin, homogeneity and relationship with crustal
rocks. Their element contents were determined by using X-Ray Fluorescence spectroscopy. The
samples were divided into 2 major groups based on their similarities: Group 1 contained 63.5% of
the samples and indicated they were formed from melts whose contents might have evolved greatly
due to crustal assimilation; while the 36.5% of samples belonged to Group 2, and show minimal
evolution of the melt. According to the variation in K/Rb ratio versus SiO, and the Rb/Zr versus
SiO, the initial melt had experience great evolution due to crustal assimilation. The initial melt is
considered to have contained “most” of SiO,, TiO,, Fe,O,, MnO, MgO, CaO, P,O,, Sr, Zn, Cu, Nj,

273 275

Co, Cr, Ba, Nd, Sc and V that formed the pluton, while “majority” of the ALO,, Nb, Zr, U, Th, Pb,
Received Date: 18.06.201s Ga, Rb, Ce and La are considered to have been derived from crustal contamination, and “almost all”

Accepted Date: 05.11.2018 of Na,0, K,0 and Y are considered to have originated from crustal assimilation.

1. Introduction geochemical contents as they can host or be associated
with most of the world’s resources of niobium (Nb),
tantalum (Ta), rare earth elements (REE) (Fitton and
Upton, 1987) and mostly associated with economic

Practically, the term “alkaline” is used to
encompass a wide range of igneous rocks, all of which
do not conform to this rigid definition. Carbonatites,
for example, are certainly silica-deficient but are
rarely alkali-rich (Fitton and Upton, 1987). Alkaline
plutonic rocks are large scale intrusive igneous rocks
containing an excess of alkali oxides (Na,0 + K,0)
over silica and/or alumina with respect to alkali. The
excess alkali in these rocks cannot be accommodated
in feldspar alone and so they appear in feldspathoids,

deposits of apatite (Verplanck et al., 2014) and with
diamonds (Mitchell, 1991).

The Central Anatolian Crystalline Complex is made
up of metamorphic rocks overthrust by ophiolitic units
and intruded by a number of calc-alkaline to alkaline
plutons (Gonciioglu et al., 1991) as shown in figure 1.
One of the alkaline pluton in the complex is the Hamit
pluton, which is surrounded by the Paleozoic Kaman
metamorphics, the Mesozoic Karakaya ultramafics

sodic pyroxenes, sodic amphiboles and other alkali-
rich phases (Fitton and Upton, 1987).

Alkaline rocks are usually important for their and the Cenozoic cover units. The Hamit pluton is

Citation info: Yalcin,F., Nyamsari, D. G., Ilbeyli,N., Battaloglu, R. 2019. Statistical approach by factor and cluster analysis on origin of
elements from the Hamit Plutonic (Turkey) Rock Samples. Bulletin of the Mineral Research and Exploration, 160, 163-175.
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Figure 1- Geological setting of the Central Anatolian Crystalline Complex (after Bing6l, 1989).

situated in N-NE of Kaman and covers an area of about
120 km? containing nepheline syenite, pseudoleucite
syenite, alkali feldspar syenite and quartz syenite.
The alkaline-peralkaline Hamit intrusive rocks show
comparable field to the petrographic and geochemical
characteristics with A-type granites (Ilbeyli, 2004).
The aim of this study is to use factor and cluster
analysis to: examine the homogeneity of the samples’
contents and study the origin and relationship of the
elements in the parental magma that eventually lead to
the formation of these plutonic rocks.

The use of factor analysis is this study is tied to
the fact that it could show not only chemical changes
during alteration but also chemical variation in the
rocks (Gill, 1972). Meanwhile according to Yalcin
et al. (2013) cluster analysis can be used to identify
similarly or homogeneously combining samples.
These methods have also been used in interpreting
geochemical data by several different authors in their
publications (Child, 1970; Lawley and Maxwell,
1971; Joreskog et al., 1976; Facchinelli et al., 2001;
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Kumru and Bakac, 2003; Boruvka et al., 2005; Yalcin
and Ilhan, 2008; Akbarpour et al., 2013; Yalcin et
al., 2013; Yalcin and Ilbeyli, 2014, 2015; Ilbeyli and
Yalcin, 2015).

2. Materials and Method

Sixty-three (63) representative rock samples
(Ilbeyli, 1999) were collected from along the Hamit
pluton and store in plastic bags with the use of
a hammer and a sledgehammer. The location of
every sample was noted with the use of a GPS and
transported to the University of Durham, United
Kingdom where they were prepared for X-Ray
Fluorescence to determine their element contents.
In the laboratory, the samples were prepared one by
one. Their sizes were first reduced with the use of
a hammer and a jaw crusher, after which they were
reduced to a homogenized powder form using an agate
ball mill and then pressed into pellets. Before the
preparation of each sample, the apparatus was washed



Bull. Min. Res. Exp. (2019) 160: 163-175

with water and purified with washed with 10% HNO,
acid to prevent contamination from other samples, and
then dried with compressed air. The major and trace
elements were then determined using pressed powder
pellets by X-ray fluorescence spectrometry (XRF) at
the University of Durham, United Kingdom using an
automated Philips PW 1400 spectrometer with a Rh
anode tube.

Major Elements: From the 63 samples analyzed,
the main analytes for alkaline rocks are composed of
averages as follows: SiO, (60.02%), ALO, (19.45%),
CaO (2.87%), Na,0 (4.51%), K,O (8.10%). SiO, and
K,O both have an approximately right symmetric
distribution (skewness ranging between 0 and 0.5)
implying most of their values are close to and lower
than the mean value. CaO has a moderately skewed
distribution with its skewness in the range of 0.5 and
1, while Al,O, and Na,O are highly and right skewed
(skewness > 1). This indicates most of their values
were lower than the mean value with extreme values
higher than the mean value, as confirmed by the
median values 18.98 (ALO,) and 4.30 (Na,O), which
are lower than their respective mean values; as shown
on table 1 below.

Trace Elements: 15 trace elements were analyzed.
The averages of six of the significant trace element
analytes are: Ba (599.37 ppm), Sr (550.74 ppm), Zr
(351.92 ppm), Rb (303.15 ppm), Th (79.63 ppm) and
Nb (39.97 ppm). Ba and Sr (with Skewness of 0.73
and 0.59 respectively) have a moderately right skewed
distribution while Zr, Rb and Nb (with skewness
1.25, 1.16 and 1.52 respectively) show a highly right
skewed distribution and Th shows an approximately
symmetrical distribution. Out of the other nine trace
elements, 7 of them (Pb, V, Ga, U, Cu, Ni, and Cr)
show highly right skewed distribution while Zn shows
approximately symmetric distribution and Co shows
a moderately skewed distribution; as shown on table
1 below.

Rare Earth Elements — REE: 5 REE where
analyzed. They have averages in ppm as follows Ce
(171.56), La (105), Nd (51.49), Y (34.59) and Sc
(3.64). According to their distribution patterns, La
(-0.24) and Nd (-0.35) both have an approximately
symmetric distribution, while Ce (-0.99), Y (0.87) and
Sc (0.96) show moderately skewed distribution; as
shown on table 1 below.

The box plot, figure 2, shows the anomalous
concentration of an elements’ distribution within

Table 1- Summary of statistical description of the various elements in the samples analyzed.

SiO TiO, | ALO, | Fe,O, | MnO | MgO | CaO | Na,0 | KO | P,O Ba Sr Zr Rb Th
N 63.00| 63.00| 63.00( 63.00( 63.00| 63.00| 63.00| 63.00| 63.00| 63.00| 63.00| 63.00f 63.00| 63.00 63.00
Minimum 52.52| 0.04| 1450 0.42| 0.00| 0.02| 0.15| 1.78] 5.86| 0.00| 2230 57.70| 20.20| 173.80| 2.30
Maximum | 72.24| 0.74| 25.86| 6.49( 0.15| 3.02| 7.15| 8.32| 11.30| 0.44| 2082.10| 1452.50| 996.70| 559.30| 160.20
Mean 60.02| 0.38| 19.45| 3.10( 0.09| 0.76| 2.87| 4.51| 8.10| 0.13| 599.37| 550.74| 351.92| 303.15| 79.63
Median 6096 0.31| 1898 221( 0.11| 031| 1.93| 4.30| 8.01| 0.04| 168.80| 198.60( 332.10| 283.80| 67.00
Skewness 0.10( 0.32| 1.40( 0.60( -0.35| 1.47| 0.79| 1.18] 0.35| 0.93 0.73 0.59 1.25 1.16| 036
Kurtosis -1.32 -091| 2.50| -096| -1.34| 097| -0.86| 3.06| -0.08| -0.74 -1.21 -1.56 1.37 1.87| -0.63
Is)tc(:i\.riation 517 0.20| 2.15( 1.83| 0.05| 0.94| 2.38| 1.18| 1.18| 0.15| 660.59| 524.05|232.20| 79.70| 35.75

Zn Pb \ Nb Ga U Cu Ni Cr Co Ce La Nd Y Sc
N 63.00| 63.00| 63.00( 63.00( 63.00| 63.00| 63.00| 63.00| 63.00| 63.00| 63.00| 63.00f 63.00| 63.00( 63.00
Minimum 8.40| 40.80| 0.60| 8.20| 12.20| 0.00| 0.00{ 0.00| 0.00| 0.00 6.30 14.60f 3.60| 2.00f 0.00
Maximum | 156.50|146.30|125.50| 101.00 [ 41.00| 44.70| 36.80| 31.80| 52.80| 16.90| 290.30| 182.60| 103.80| 104.30| 11.50
Mean 65.27| 62.54| 46.44| 39.97| 20.23| 10.73]| 10.52| 8.78| 8.76| 4.79| 171.56| 105.38| 51.49| 34.59| 3.64
Median 59.50| 59.20| 32.80| 37.20| 19.60| 9.10| 5.00{ 6.40( 3.40| 3.00| 178.40( 103.10| 53.50| 36.80| 2.70
Skewness 038 2.35| 1.03| 1.52| 1.75| 1.53| 1.04| 1.26| 1.74| 0.98 -0.99 -0.24( -0.35| 087 0.96
Kurtosis -0.51( 6.17| -0.10] 2.80 4.98| 2.82| -0.41| 1.41| 3.39| -0.19 1.70 0.64 -0.02| 2.87| 022
Isst::i\./iation 3434 19.57| 34.96| 19.33| 520 9.77| 11.19| 7.10| 11.12| 4.86| 58.78| 37.97| 21.96| 18.09 2.97
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the samples. In all the samples, SiO,, TiO,, Fe,O,,
MnO, CaO, K0, P,O,, Sr, Th, Zn, Cu Co, Ba, Nd
and Sc, show no anomalous concentration and most
of them also display an approximately symmetric to
moderately skewed distribution. ALLO, shows high
anomaly concentrations in 3 samples (S15, S28 and
S31) and low anomaly in 1 sample (S56); MgO
shows high anomalies in 4 samples (S5, S6, S9 and
S13); Na,0O shows high anomalous concentrations
in 5 samples (S15, S16, S17, S20, and S41) and low
anomalies in 2 samples (S29 and S30); Nb has high
anomaly concentrations in 4 samples (S28, S29,
S30 and S31) and low in 4 samples (S33, S35, S40
and S56); Zr shows very high anomalies in 8 of the
samples (S15, S16, S17, S20, S28, S29, S30 and S31).
Rb shows high anomalies in 2 samples (S29 and S30);
Y shows high anomalies in 2 samples (S44 and S46);
Ce shows high anomalies in 2 samples (S30 and S36)
and low anomalies in 4 samples (S33, S34, S40 and
S56); and La has high anomalies in 2 samples (S30
and S31) and low anomalies in 4 samples (S33, S39,
S40 and S56).

Correlation: Considering the major determinant
element of an alkaline rock (SiO,, ALO,, Na,O and

273
K,0), the coefficient correlation matrix presented on

table 2 reveals that SiO, shows no significant positive
relationship with any of the elements; rather they
show very strong negative/weak relationship (where
r < -0.7) with TiO,, Fe,O,, MnO, MgO, CaO, P,0O,,
Sr, Zn, Co, Ba, Nd, Sc and V. Meanwhile there exist
“strong” positive relationship (r > 0.7) between AL O,
and Nb and Zr; and between CaO and MnO, Sr, Cu,
Ni, Ba, Nd and Sc. A moderately strong positive
relationship (where r > 0.5) exists between Al,O, and
U, Ga, Zn, Ce and La; between CaO and Zn and Y;
between Na,O and Pb; between K,O and Rb. Whereas
there exists moderately negative (moderately weak)
relationship (where -0.7 <r <-0.5) between SiO, and
Cu, Ni and Ce; and between MgO and K, O; and weak
negative relationship (where -0.5 < r < 0) between
Ca0 and Na,0, K O, Th and Rb; between Na,O and
Fe,O,, MgO, P,O,, Cu, Co, Sc and V; between K,0

273 275
and P,O,, Sr, Cu, Ni, Co, Ba, Sc and V.

On the other hand, considering the rest of the
elements constituted in the rock samples, we notice
that a “very strong” positive correlational relationship
(r > 0.9) is demonstrated among the following
elements: between TiO, and Fe,O,, CaO, P,O,, Co and
V; between Fe,O, and MgO, Ca0O, PO, Co and V;

275
between MgO and CaO, P,O,, Co; between CaO and
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Figure 2- Distribution of the elements’ concentration within the various samples of the Hamit Pluton.
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P,0O,, Co and V; between P,O, and Co and V; between

Sr and Ba; between Co and V; and between Ce and La.

In addition, there exist “strong” positive
relationships (r > 0.7) between TiO, and MnO, MgO,
Sr, Cu, Ba, Nd and Sc; between Fe O, and MnO, Sr,
Cu, Ni, Ba, Nd, La and Sc; between MnO and P,O,,
Sr, Nd and V; between MgO and Sr, Cu, Ni, Ba, Sc and
V; between P,O, and Sr, Cu, Ni, Ba and Sc; between
Nb and Zr, Ce and La; between Zr and Ga, Zn and La;
between Sr and Cu, Co, Sc and V; between Th and
Rb; between Zn and Ce and Nd; between Cu and Co,
Ba and V; between Ni and Co and V; between Co and
Ba and Sc; between Ba and V; between Ce and Nd;
between Nd and V; and between Sc and V.

There exist weak relationships between Fe O, and
Th and Rb; between MnO and Rb; between MgO and
Th and Rb; between P,O, and Th and Rb; between Sr
and Th and Rb; between Th and Cu, Co, Ba, Sc and V;
between Cu and Rb; and between Co and Rb.

Regression: Regression analysis has been done to
determine the relationship of SiO, with other elements
(Table 3). According to the adjusted R? value, 99.7%
of the total variability in SiO, is explained by the
all the other elements, while the ANOVA (variant
analysis) indicates model has a significant explanatory
power. This therefore implies the Model SUMMARY
has a very strong; explanatory power on SiO, and that
the numbers of samples used in this analysis were
sufficient.

Cluster Analysis: Hierarchical clustering analysis
was done to group the samples according to their
similarity or homogeneity. The most similarly or
homogeneously combining samples are 17 and 20
followed by: 43-51, 19-21, 22-24, 5-10, 9-13, 3-5, 57-
60, 43-53 and 46-47. The most dissimilar samples are
1 and 15, followed by: 1-12, 15-32, 1-3, 15-16, 3-4,
32-57, 3-6, 3-18, 27-30, 32-33 and 4-11. Samples 1, 2,

3 and 15 show the highest number of most dissimilar
combination with other samples, occurring 4 times
among the 15 highly most dissimilar combining
cluster samples; followed by 32 (3 times), 4 (3 times)
and 33 (2 times).

According to the dendrogram, the most similar
combined samples are divided into 7 clusters. They
include Cluster 1 (samples 17, 20, 15, 28, 31, 29, 30),
which closely linked to Cluster 2 (only sample 16);
Cluster 3 (samples 59, 61, 57, 60, 62, 63, 58, 34, 35,
50,43,51,53,37,49,54,41,42,36,46,47,44, 45, 32,
38,48, 52,55, 40, 56, 33 and 39); Cluster 4 (samples 1
and 2); Cluster 5 (samples 4, 14, 7 and 11); Cluster 6
(samples 6, 23, 22,24, 25,9, 13,5, 10, 3, 8, 19, 21, 26,
27 and 18); and Cluster 7 (only sample 12); as shown
on figure 3a below.

It can be observed from the dendrogram that the
elements are divided in 4 different cluster groups,
each of which contains elements showing relatively
close correlational relationship. They include Cluster
1 (MnO, P,O,, TiO,, MgO, Fe 0O,, Ca0, Sc, Na,0, Co,
K0, Cu, Ni, Cr, ALO,, Ga, U, SiO,, Pb, Nd, V, Nb,
Y, Zn, Th and La), Cluster 2 (Rb and Ce), Cluster 3
(Zr), Cluster 4 (Sr and Ba). Cluster 1 and more closely
related directly. This grouping shows some similarity
among the elements, as shown on figure 3b.

Factor Analysis: Table 4 (a, b and c), shows the
results of the Principal Component Analysis (PCA)
of the elements. In the retained 3 components, all
the elements are well represented with at least 63.3%
of the elements having a proportion > 0.7, of their
variance explained by the retention factor and 93.3%
of the elements have proportion of their variances >
50% (> 0.5) explained by the retention factor; whereas
just 6.7% (2/30) of the elements (Y and Cr) have > 0.5
of their variance that is not explained by the retention
factor table 4a.

Table 3- Data Regression of samples content of the Hamit Pluton using Model SUMMARY (a) and ANOVA (b).

Model SUMMARY* R R Square Adjusted (Adj.) R Square Std. Error of the Estimate
1 .999° 999 .997 .26691
IANOVA®* Sum of Squares df Mean Square F Sig.
IRegression 1654.239 29 57.043 800.697 .000°
1 IResidual 2.351 33 .071
Total 1656.590 62

La, Zn, CaO, Ce, Sr, P,O,, TiO,, MgO, Fe,O

a. Dependent Variable: SiO, ; b. Predictors: (Constant), V, Pb, Ga, K,O, Th, Cr, Y, U, AL,O,, Ba, Na,O, Ni, Rb, Sc, Cu, Nd, Zr, MnO, Co, Nb,
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Figure 3- a) Dendrogram of Hierarchical Cluster analysis of samples of the Hamit Pluton. b) Elements dendrogram of the Hamit Pluton

samples.

Table 4a- Proportion of elements’ variance explained in the Hamit Pluton samples.

Communalities Communalities
Initial Extraction Initial Extraction
SiO, 1.000 907 Zr 1.000 .861
TiO, 1.000 967 Nd 1.000 .823
ALO 1.000 721 La 1.000 821
Fe O 1.000 993 Sr 1.000 818
MnO 1.000 .688 Ba 1.000 783
MgO 1.000 .899 Cu 1.000 763
CaO 1.000 942 Rb 1.000 744
Na,O 1.000 538 Th 1.000 .690
KO 1.000 538 Sc 1.000 675
PO 1.000 962 U 1.000 .643
\% 1.000 931 Ga 1.000 .595
Co 1.000 915 Ni 1.000 587
Ce 1.000 911 Pb 1.000 573
Zn 1.000 .885 Y 1.000 474
Nb 1.000 873 Cr 1.000 249

Extraction Method: Principal Component Analysis.

The 3 components retained contribute for 75.903%
of the total variable’s variance with the least total
Eigenvalues > 2.0 (Table 4b). The Factor 1 with initial
Eigenvalue 13.684, explains 45.613% of the total
variable variance constituting the largest number of
the strongest correlational relationships with 56.7%

of the elements as presented on table 4¢ (TiO,, Fe,0,,
MgO, Ca0, P,0,, Co, V — all with r > 0.9 — MnO,
Sr, Zn, Cu Ni, Ba, Nd, Sc — all with r > 0.7 —; Cr
— with r < 0.5 — and SiO, with r < -0.89); Factor
2 with Eigenvalue 7.077, explains 23.592% of the

total variable’s variance and constitutes the strongest
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Table 4b- Proportion of elements’ variance explained in the Hamit Pluton samples.

Total Variance Explained
Component Initial Eigenvalues Extraction Sums of Squared Loadings
Total % of Variance Cumulative % Total % of Variance Cumulative %
1 13.684 45.613 45.613 13.684 45.613 45.613
2 7.077 23.592 69.204 7.077 23.592 69.204
3 2.010 6.699 75.903 2.010 6.699 75.903
Extraction Method: Principal Component Analysis.
Table 4c- Component matrix of elements in the Hamit Pluton samples.
Component Matrix* Component Matrix*
Component Component
1 2 3 1 2 3

SiO, -.893 -312 .107| | Th -.344 .700 287
TiO, 953 -.149 .191 Pb 111 .625 -412
ALO, -.007 .802 -278| | Ga 211 723 -.170
Fe,O 992 -.083 .036| |Zn .679 .646 -.086
MnO .823 .085 .054| |Cu .849 -.194 -.064
MgO 923 -213 -.054| |Ni 754 .030 -.131
CaO 957 -.164 .000| |Co 933 =211 -.021
Na O -318 239 -.616| |Cr 438 236 .035
K,0 -.392 325 .528| |Rb -.402 .656 .390
PO, 955 -.222 -.041 Ba .853 -.171 -.161
Nb .049 931 .059| | Ce 478 187 .250
Zr 239 877 -.187| |Nd 173 327 345
Y 411 .089 5451 |La .308 .823 221
Sr .884 -.157 -.108| |[Sc 814 -.108 .007
U .058 .707 -373| |V 952 -.118 .102

Extraction Method: Principal Component Analysis.
a. 3 components extracted.

correlational relationships with 33.3% of the elements
(Nb with r > 0.9, ALO,, Zr, U, Th, Pb, Ga, Rb, Ce
and La — all with r > 0.7); and Factor 3 constituting
strongest correlational relationship of 10% of the
elements (Na,0 <-0.5, KO and Y — all with r > 0.5),
has initial Eigenvalue 2.010 explaining 6.699% of
the total variable variance.In summary, 56.7% of all
the elements show their strongest positive relation
in component 1, while 33.3% of them show their
strongest positive relationship in component 2 and
10% in component 3. Scree plot diagram (Figure 4)
also shows that there are three components for these
elements.

3. Discussion

The boxplot, figure 2, actually reveals particular
samples with elements that could possibly have
affected the fairly normal distribution of the elements
with the Hamit Pluton. 88.24% (15/17) of the elements
(Si0,, TiO,, Fe,O,, MnO, CaO, K,0, P,O., Sr, Th, Zn,
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Cu, Co, Ba, Nd and Sc; with the exception of LREEs
La and Ce) have skewness ranging from approximately
symmetrical to moderately skew.

Comparing figure 2 and figure 3a, Cluster 1 contain
samples with most of the anomalous concentration of
elements — only in some or all of these samples that
high anomalous concentration of ALO,, Nb, Zr, Rb
are observed. La and Na,O show both high and low
anomaly, except in S41; Cluster 3 contains majority
of the samples, that is 50.8% (32/63); and in contrast
to Cluster 1, some of its samples instead show low
anomalous concentration of Al,O,, Nb, Ce and La,
with exceptions of high anomalous concentrations
of Na,O (S41), Y (S44 - S46) and Ce (S36). Cluster
6 is the second largest cluster with 25.4% (16/63) of
the samples. Here only few samples S5, S6, S9 and
S13 do have anomalous concentrations (MgO, one of
the abundant oxides in the earth crust). In Clusters 4,
5 and 7 no sample was identified with an anomalous
concentration of any elements.
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Figure 4- Scree plot showing a visual presentation of factor analysis.

It can be observed from the dendrogram (Figure 3a)
that the 7 clusters can be grouped into two, with each
group containing clusters with samples that show close
correlation with each other. That is Group 1 (clusters
1, 2 and 3) and Group 2 (clusters 4, 5, 6 and 7). It is
clear that the 2 groups of clusters of the samples show
a great disparity in their similarity of element content.
Group 1 contains all the samples showing most of the
anomalous concentrations of major, trace and REEs
(but for 4 samples in Group 2 indicating anomalous
concentrations only in MgO). It is also observed that
all the elements indicating anomalous concentration in
Group 1 are well-loaded in the second component of
the Principal Component Analysis (PCA) as shown on
table 5, a probable indication that samples of Group 1
may have probably being originated from a different
source and most likely crustal contamination.

Accordingto correlation analysis of the samples, the
fact that the samples show possibility in homogenous
combination of elements, it means their elements
could possibly be from the same source or origin. In
addition, elements with the “very strong” and “strong”
correlational relationships are also considered to be
from the same “initial” source (Yalcin et al., 2015).

Majority of the elements demonstrating a “very
strong” correlational relationship (r > 0.8) according

to Pearson correlation coefficient are best-loaded on
component | (Table 4c) are mostly heavy and/or high
temperature elements and mostly mantle abundant
elements.

Comparing the trace element averages (Figure 5) of
the Hamit pluton to those of the mantle and earth crust,
concentrations of Zr, Sr, Rb, Ba and Ce are distinctly
higher than those of the earth crust, which in turn are
also much higher than those of the mantle, whereas
average values for Ni and Cr in the Hamit pluton is
far much lower than those of the mantle and almost
similar to those of the earth crust. It could generally be
observed that the averages of trace element values of
the Hamit pluton are much similar to those of the earth
crust than to those of the mantle.

The pattern of the 3 component matrix extraction
and Pearson coefficient correlation matrix do indicate
some similarities. All the elements signifying strong
to moderately positive correlation with ALO, are all
located within the component 2, where the highest
proportion of their variances are explained; all those
indicating a strong negative correlational relationship
with SiO, are loaded on the first component where a
greater proportion of their variances are also explained.

Pearson coefficient correlation of variables
explain majority of the elements with their strongest
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Figure 5- Comparing trace element averages in the Hamit Pluton to those of the mantle (Palme and O’Neill, 2005)
and earth crust (Greenwood and Earnshaw, 1997; Lide, 2008).

correlation coefficient located in component 2, with
the exception of Rb, Ce and Zr, are grouped alongside
the elements of component 1, with the exception of
Sr and Ba.

Ba and Sr are not being grouped with the other
elements of component 1 by the Pearson variable
correlation, rather grouped together separately. They
are thought to have being of same source with the
initial magma, which was probably and relatively
very rich in Ba and Sr. The high concentration of Zr is
thought to have resulted from a crustal contamination
relatively rich in Zr.

Considering that most of the well-loaded elements
in component 1 are mostly related to partial melting
from the mantle, it was labeled to be the initial melt
content of the plutonic rocks; component 2 as elements
with much contribution from the crustal interaction;
and component 3 as mostly crustal contamination;
considering the abundance of Na,0, K,O and Y in the
earth crust.

There was insignificant crustal contamination of
MgO, Ni and Cr in some samples that might have
resulted to their skewed distribution. La and Ce though
are respectively left approximately symmetric to
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moderately skewed distribution; they are well-loaded
on the second component with elements showing right
skewed distribution. This could imply a significant and
insignificant quantity of these elements might have
come from a source different from the initial melt.

Crustal Contamination Test: LILE (e.g. Rb
and K) and Zr are incompatible with respect to the
major crystallizing mineral assemblage (plagioclase,
augite, magnetite, and hornblende) and ratios like K/
Rb and Rb/Zr do not significantly change by fractional
crystallization of this assemblage (Davidson et
al., 1987). Implying that variations in these ratios
are preferably related to crustal contamination by
assimilation and fractional crystallization processes
(Davidson et al., 1987). The examination of the
samples (Figure 6) illustrates wider range variance of
K/Rb and Rb/Zr ratios with respect to SiO,; indicating
significant crustal assimilation is involved during the
evolution of the entire plutonic suite.

4. Conclusion

The initial magma that resulted to the formation
of the Hamit plutonic rock suite experienced some
degree of evolution due to crustal assimilation.
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Figure 6- Variations of (a) K,O/Rb vs. SiO, and (b) Rb/Zr vs. SiO,.

The 63 samples studied could be divided into
major 2 groups: 63.5% in Group 1 (samples 15, 16,
17, 20, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,
54,55, 56,57, 58,59, 60, 61, 62 and 63) and 36.5% in
Group 2 (samples 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13,
14,18, 19,21, 22,23, 24, 25,26 and 27); with Group 1
containing mostly samples formed from melts whose

contents might have evolved greatly due to crustal
assimilation.

The initial melt is thought to have contained
“most” of the SiO,, TiO,, Fe,O,, MnO, MgO, CaO,

P.O,, Sr, Zn, Cu, Ni, Co, Cr, Ba, Nd, Sc and V that
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formed the pluton, while “majority” of the Al O
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Nb, Zr, U, Th, Pb, Ga, Rb, Ce and La are thought to
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have been derived from the crustal contamination, and
“almost all” of the Na,O, K,O and Y are thought to
have originated from crustal assimilation

Generally, trace element values of the Hamit pluton
are much similar to those of the crust than to those of
the mantle, discrediting thoughts that the mantle could
be a likely source for the magma. The initial magma
is thought to have been very rich in Sr and Ba before
subsequent contamination by the crust.
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ABSTRACT

The aim of this research is the mineral resource estimation using a combination of drilling and IP-Rs
data. Therefore the approach of this paper is to study the correlation of induced polarization (IP) and
Electrical resistivity (Rs) data with drilling data in order to grade estimation and mineral resource
estimation. Reducing the boreholes number and optimization of the boreholes location is another aim
of this research. The Abassabad copper mine located in Miami-Sabzevar mineralization belt northeast
Iran was chosen as a case study. Within the borehole locations, geophysical profiles were designed
and surveyed. After IP-Rs data inversion, 2D sections were prepared. The 3D block models of IP-Rs
were constructed by geostatistical methods. The correlation between IP-Rs and drilling data were
examined by statistical and geostatistical methods using regression, multivariate regression analysis,
and cokriging. Based on the mentioned methods copper grade was estimated and the 3D block models
of Cu grade were constructed. Obtained models were checked and compared with real Cu model
compiled according to drilling data which was done after geophysical measurements. Results showed
that the regression between IP data and Cu grade was more appropriate with least error. Rs data are not
suitable for Cu estimation, due to changing intervals which led to increasing estimation error. Based
on the suggestions of this paper, we could reduce the number of boreholes to 30% of the initial number
and optimize the boreholes locations.

1. Introduction

studies results, such as boreholes and exploratory
drifts, which are located in a grid. (Wang Q. et al.,

Ore reserve modelling and estimation play crucial
part in mineral exploration and exploration planning
and require an extensive database that make it a costly
and time-consuming process. Mineral exploration
is a complex process which is carried out through
integration of different methods. Building a 3D model
of a deposit is the main goal of mineral exploration.
The main issue is to acquire more information in
less time and by lower costs. Grade estimation is the
most important phase which can have a major effect
on mining feasibility and its future management
(Tahmasebi and Hezarkhani, 2012). Ore modeling and
reserve estimation was done according to exploration

2011).

There are numerous researches regarding ore
modeling and grade estimation including ore
reserve estimation by fuzzy modeling based on the
spatial variability (Tutmez et al., 2007); ore reserve
estimation using fractal methods in China (Wang Q.
et al., 2010) using Wavelet Neural Network (WNN)
and Artificial Neural Network (ANN) methods for
mineral deposit evaluation (Li et al., 2010); grade
estimation and reserve evaluation for Iron ore deposit
in Iran (Shademan et al., 2013); grade estimation and

modeling using support vector machine methods (Li
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et al., 2013), combination of geostatistical and fractal
methods in order to assessment of mineral resource
in the Tongshan porphyry copper deposit (Wang G. et
al., 2013) and management of resources and reserve
in Brazil (Seccatore et al., 2014). It is noted that grade
estimation and ore reserve estimation of these studies
were based on drilling results.

Geophysical methods especially IP-Rs methods
are widely used in earth sciences including mineral
exploration, engineering geology, environmental
studies and etc. We can be mentioned some case
as follow; Gold-silver deposit exploration by IP in
Russia (Gurin et al., 2015), Uranium mineralization
detection in India (Biswas and Sharma, 2016),
Bitumen exploration in Iran using IP-Rs (Mashhadi et
al., 2017), detection deeply buried cave in Spain using
combination of IP-Rs and gravity (Martinez-Moreno
et al., 2013), sinkhole investigation in urban area
using ERT and GPR (Sevil et al., 2017), investigation
of coal washing waste pile in Iran by geoelectrical
methods (Jodeiri et al., 2014) , investigation of landfill
leaching plume using 2D and 3D ERT (Maurya et al.,
2017).

In mineral exploration, geophysical surveys are
predominantly carried out for anomaly separation and
delineation of geological structures. However, there
are some studies about grade and reserve estimation
by geophysical methods including copper grade
estimation in blast holes using prompt gamma neutron
activation analysis (PGNAA) in Chuquicamata copper
mine in Chile (Charbucinski et al., 2003), investigation
of organic pollutions effect on IP-Rs measurements
in laboratory based on its results detection of
pollution zone in Aveiro, Portugal (Martinho and
Almeida, 2006), ore reserve estimation by VES and
chemical analyses (Ehinola et al., 2009), correlation
between geoelectrical data and aquifer parameters
in evaluation of ground water potential (Batte et al.,
2010), estimation of Ni grade using crosshole seismic
velocity tomography in Canada (Perozzi et al., 2012),
coal quality estimation using borehole geophysical
data (Webber et al., 2013), reserve estimation of
limestone and sand using geoelectrical data (Ushie
et al., 2014) and predicting the pyrite oxidation and
transport process in coal waste pile using resistivity
methods in Iran (Jodeiri et al.,, 2016), At large,
these studies include three subjects: I) estimation of
hydraulic parameters of aquifer and hydrogeological
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parameters by geoelectrical data; II) estimation of
grade and chemical parameters using well logging
geophysical data and III) evaluation of lithology and
dynamic parameters using geophysical methods that
used in geotechnical investigations.

The attempt of this research was to combine
geophysical induced polarization (IP) and resistivity
(Rs) and drilling data to enhance copper ore modeling
and grade estimation. In contrast of drilling, IP-Rs
surveying is fast, continuous and cheap so it can
cover more areas. Therefore combination of IP-Rs
and drilling, can save time and cost in exploration.
Therefore, in the first stage of this study, [P-Rs surveys
were carried out in the available borehole locations
and then inversion and modeling of IP-Rs data was
conducted. After that the relationship between grade
and IP-Rs has been checked and established in the
borehole locations using statistical methods including
regression and multivariate regression analyses (MRV)
and cokriging. Finally, the 3D block model of the
deposit was constructed that used for grade prediction
and ore reserve calculation in the all of the study area.
Studying the spatial relationships of IP and Cu on one
hand and applying the spatial regression to predicting
the Cu grade based on the other regionalized variable
is a new method which has been assessed in one case
study.

2. Methods
2.1. Induced Polarization and Resistivity (IP-Rs)

In mineral exploration, geophysical methods are
used for measurement of physical features of bodies or
rocks, also especially, for identification of differences
between studied targets. Geophysical exploration can
be used to detection the mineralization properties by
measuring physical properties directly (Gadallah and
Fisher, 2009). Recently, application of geophysical
exploration is increasing due to optimization in
cost and time (Mostafaie and Ramazi, 2015). The
base of geophysical methods is the identifying the
contrasts of physical properties in materials. (Telford
et al., 1990). Geophysical method(s) selection for a
mineral deposit exploration depended on physical
properties of mineral target and its accompanied rocks
geological setting, and also its topography. Integrated
geophysical methods are commonly used in mineral
exploration to obtain qualified results and more
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certain results (Mandal et al., 2013; Biswas et al.,
2014; Mandal et al., 2015). Electrical resistivity (Rs)
and induced polarization (IP) are the most commonly
used and the oldest subset of geophysical exploration
(White et al., 2003; Dahlin and Loke, 2015). The
measured parameter in geoelectrical surveys is
apparent resistivity that shows by Rs (Loke and
Dahlin, 2002). The base of IP method is the study of
secondary electric fields that generated in ground by
electric currents. [P observation are performed in time
or frequency domains. In the time domain, the decay
voltage is measured as a function of time while in the
frequency domain, apparent resistivity p, is measured
at two or more frequencies, generally below 10 Hz.
The measured parameter in IP survey is apparent
chargeability (Dahlin et al., 2002).

There are many arrays in IP-Rs surveying,
but dipole - dipole, pole - dipole, Wenner and
Schlumberger arrays are the most commonly used.
Dipole - dipole array that is more conventional in
profiling is sensitive to horizontal resistivity variations
but very low sensitivity to vertical variations. It also
has low depth of investigation compared to other
conventional arrays like Wenner and Schlumberger.
The other disadvantage of dipole - dipole array is that
its pseudo-sections could be very different from the
real geological structures (Loke, 2015).Wenner and
Schlumberger arrays cannot be used for profiling.
Although the conventional arrays (e.g. Dipole-Dipole,
pole- Dipole, Wenner, and Schlumberger) have been
used in many mineral exploration studies successfully,
in some topographical and geological conditions
especially in thin and high dip-angle mineralized
vines, these arrays may not lead to satisfying results
(Mostafaie and Ramazi , 2015).

Regarding the mentioned factors and problems,
Ramazi and Mostafaei (2013) tried to design a new
array, which lacks some of the mentioned problems,
provides a good image of the subsurface, and can
be used practically in the field, especially for one
channel measurement systems. The designed array is
named CRSP that is the abbreviation of (Combined
Resistivity Sounding and Profiling). CRSP is a
combination of sounding and profiling which
can lead to good results in mentioned geological
conditions (Ramazi and Mostafaie, 2013). This array
(CRSP array) has successfully been applied in many
exploration and/or site investigation projects using

IP-Rs studies. For more information on CRSP array
please refer to Ramazi and Mostafaie, 2013; Ramazi
and Jalali, 2014; Mostafaie and Ramazi, 2015; Amini
and Ramazi, 20164, b.

2.2. Regression

Regression is a subset of statistical methods that
used to estimate the relationship between variables.
Regression has several techniques for modeling and
analyzing variables that focus on identifying the
relationship between a dependent variable and one
or more independent variables (Howarth, 2001).
Regression techniques are widely used for prediction,
and also used to understand which among the
independent variables are related to the dependent
variable, and to explore the forms of these relationships
(Armstrong, 2012).

According to data and research goal, there are
several types of regression such as linear, logistic,
polynomial, ridge and etc., (Faul et al., 2009). Linear
regression is the simplest type of the regressions
where there are two correlated random variables; X
and Y. The outcomes generate a cloud of data in the
plane X-Y and we want to determine the best affine
function Y=aX+b that fits the observations (Howarth,
2001). In most cases, including this study, linear
regression dose not satisfactory results so we should
use the nonlinear regression that include several
methods. The polynomial models can be used in those
situations where the relationship between variables
is curvilinear. Sometimes a nonlinear relationship
in a small range of explanatory variable can also be
modeled by polynomials (Helsel and Hirsch, 2002).
This model depends on the number of variables. For
one variable the polynomial model is given by eq.1.

Y=B+Bx +Bx’+..+B x" (eq.1)

Where

Y; dependent variable, x; independent variable, B,
to B ; constant number

2.3. Multivariate Regression Analyses (MRA)

Functions obtained from regression analyses are
usually used to describe the relationship between
response and predictor variables (Chiou et al., 2016).
Multivariate regression analysis is a method with one
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dependent and many independent variables (Braglia et
al., 2012; Zhang and Goh, 2016). In this method, it is
assumed that a dependent variable (Y) is expressed as
the function of independent variable (Xi):

Y= (Xi)

The regression type depends on the type of
obtained function so that if the function was linear the
regression is called linear and if the function was non-
linear the regression is called non- linear (Granian et
al., 2015).

The general form of the model is as follows:

V=0, + X, +0X, .+ A X, +E (q.2)

That in this function y is dependent variable, x, to
x are independent variables and a, to a, are regression
coefficient. In linear regression analysis, the regression
coefficients are calculated by least square method. In
linear regression analysis, correlation coefficient (R?)
can be obtained from the following equation:

n n

E(?r _?)2 E(Yr _?i)2
R? = i:l =1- i=”1
Y-V Y=Y

In this equation Y7 is calculated value of ith sample
of dependent variable, Y is mean of the variable and
Y, is the value of ith sample of the dependent variable
(Braglia et al., 2012). If R?is close to 1, it means the
result is desirable if R? is closed to zero this means
that dependent and independent variables have not
correlation (Mogaji, 2016).

Multivariate regression has been shown to suitable
model for various earth sciences studies. Over the
past few years, multivariate regression analysis was
used widely in different earth sciences for predicting
various objectives (e.g., Noori et al., 2010 ; Khanlari et
al, 2012; Mokhtari, 2014; Habibi et al., 2014; Granian
et al., 2015). Therefore, multivariate linear regression
has been used to obtain the relationship between IP, Rs
and copper grade in the Abassabad copper mine.

2.4. Cokriging

Geostatistics aims at providing quantitative
descriptions of natural variables distribute in space
or in time and space (Chiles and Delfiner, 2012).
Geostatistics is the application of statistical estimation
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techniques considering the spatial correlation between
data. Spatial correlation data, including distance and
direction, can be expressed in mathematical form,
considering the spatial structure. Spatial structure
is studied by means of a variogram in geostatistics
(Mostafaie et al., 2014). Geostatistical methods was
developed for estimation of the regionalized variables
such as grade in ore body at a known location.
Regionalized variables are variables of a phenomenon
defined in space (and/or time) that possesses a certain
structure (Kumar et al., 2007). Kriging is an optimal
interpolation based on regression against observed z
values of surrounding data points, weighted according
to spatial covariance values. Cokriging is kriging
using information from one or more correlated
secondary variables, or multivariate kriging in general
(Bohling, 2005). The cokriging procedure is a natural
extension of kriging when a multivariate variogram or
covariance model and multivariate data are available
(Wackernagel, 2003). Cokriging and kriging are subset
of the geostatistical methods used for estimation and
interpolation. These methods are generalized form
of univariate and multivariate linear regression for
estimation at a point, an area or within a volume.
Cokriging methods are used to take advantage of the
covariance between two or more regionalized variables
that are related, and are appropriate when the main
attribute of interest is sparse, but related secondary
information is abundant (Deutsch and Journel, 1998).

The information available on a natural phenomenon
is rarely limited to the values assumed by a single
variable over set of sample points. In the most real
studies (especially earth science) involve more
than on variable, so we have to use the multivariate
generalization of kriging which is named cokriging
(Chiles and Delfiner, 2012). Using auxiliary variables
we can improve the precision of a main variable.
auxiliary variables usually are cheap in measuring
so we can reduce the number of observations for
the main variable that it is expensive and needed for
optimizing the interpolations (Knotters, et al., 1995).
A variable of interest is cokriged at a specific location
from data about itself and about auxiliary variable in
the neighborhood. The data set may not cover all data
variables at all sample locations. Ordinary cokriging
requires at least on data value about the variable
of interest, while simple cokriging, relying on its
knowledge of the mean, can be performed with data
solely about the auxiliary variables (Wackernagal,
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2003). As mentioned before, cokriging method
consisted of one primary and one secondary variable.
Moreover, spatial structure should be studied in any
geostatistical method. So in the cokriging analyses,
the cross semi-variogram (or cross-variogram) should
be determined in prior (Hooshmand, et al., 2011).
There are some method for coregionalization model
investigation such as: linear model of coregionalization
(LMC); Markov-type model; intrinsic linear model
(Madani and Emery, 2018). The linear model of
coregionalization (LMC) is the one of the approach to
simultaneously model direct and cross variogram in a
multivariate setting. An LMC is suitable in cokriging
and cosimulation (Leuangthong et al., 2008, Goulard
and Voltz, 1992).

The measurements available for different variables
in given domain may be located either at the same
sample points or at different points for each variables.
Complete heterotopy: the variables have been
measured on different sets of sample points and have
no sample locations in common. Partial heterotopy:
some variables share some sample locations. Isotopy:
data is available at all sampling points (Wackernagal,
2003). The sampling is partially heterotopic in
this study. By considering the data located in
a neighborhood of the target location and data
distribution situation, the search strategies to select
neighboring data will be selected. There are some
search strategies including: collected neighborhood,

multi-collected neighborhood, full neighborhood
(Chiles and Delfiner, 2012, Madani and Emery, 2018).
In collected cokriging only retained secondary data
are the ones available at the target location (Madani
and Emery, 2018). The collected cokriging and full
cokriging have been used in this study.

For more information about Cokriging in ore
modeling and grade estimation refer to Knotters et al.,
1995; Boezio et al., 2011 and Xu et al., 2015.

3. Case Study-Abassabad Copper Mine

The Abassabad cooper mine is an active mine that
is located 120 km East of Shahrud, Semnan Province,
Northeastern Iran. This mine is located 10 km north
of Abassabad village, named Abassabad copper mine.
The location map are presented in figure 1.

From the geological point of view, Abassabad is
a part of a wide mineralization belt named Miami-
Sabzevar copper belt. There are many lithology units
in all of the Miami-Sabzevar copper belt including
2 major geological units: igneous rocks (porphyritic
andesite and tracchyandesite) and sedimentary rocks
(limestone with marl). Mineralization has occurred
in the contact of andesite and limestone. The geology
map of Abassabad was presented in figure 2. Based
on the geology map there are some lithology units
include porphyritic tracchyandesite, conglomerate,

[Turkey

*  Abassabad mine

L ]
Shahrood

Turkmenistan

Afghanistan

Pakistan

Figure 1- Location of Abassabad copper mine (case study) in Iran.
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Figure 2- Geological map of Abbasabad copper mine (study area) and IP-Rs profiles location.

limestone, sandstone and shale. Quaternary alluvium
occur in some locations. Sedimentary rocks consist
of limestone, and in some parts clay minerals were
converted to marl. Mineralogy studies shows that
limestone is a geochemical barrier to settle the copper
content. Limestone caused deposition of copper
minerals so mineralization has occurred in the contact
of andesite and limestone. According various studies
such as; to mineralogy, petrology, alteration and
economic geology, this deposit is Manto-type copper
deposit (Salehi et al., 2016).

4. Results

In this research, the integration of IP-Rs data and
grade data for construction of 3D block model and
resource estimation was investigated. For this purpose,
the Abassabad copper mine was selected which
is an active copper mine in the Semnan Province,
Northeastern Iran. In the first step, geophysical
surveying was performed in the exploratory
boreholes. Then, inversion of obtained data carried
out using Res2Dinv software package and 2D sections
were prepared. Based on the geostatistical methods,
3D block model of IP-Rs were prepared in the study
area. In the second step, the relationship of IP-Rs
data and the copper grade was checked out. Based
on correlation between IP and Cu grade obtained by
regression, Cu grade was estimated in all of the study
area and the 3D model of Cu grade was prepared.
Then the relationship of IP-Rs data and Cu grade were
calculated by multivariate regression analyses (MRA).
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Based on the MRA results, Cu grade was estimated
and the 3D model of Cu grade was obtained. Based on
the obtained model, 7 boreholes were proposed. The
accuracy of grade estimation and prepared models
was checked out by new exploratory boreholes. Then
prepared models -using regression and MRA methods-
were reviewed and remodeled by adding new drilling
data. For more accuracy and comparison, cokriging
was used. Relationship of IP values and Cu grade was
examined and Cu grade was estimated and then, 3D
model of Cu was prepared using cokriging. Finally
estimated Cu grade and obtained Cu models were
compared. Prepared models based on the IP-Rs data
and Cu grade were compared with real block model
of Cu grade.

4.1. Geophysical Results

In the first stage, location of profiles were detected
then data surveying was done. Data inversion was
done by Res2Dinv and the 2D imaging of profiles is
prepared. The 3D model of data was prepared based
on geostatistical methods. Also for the determination
of the IP-Rs data thresholds, statistical methods and
fractal methods were used. The result of 3D modeling
was checked out by geostatistical methods and drilling
results.

4.1.1. Designing and Surveying Data

Based on the exploratory borehole plan, the IP-Rs
profiles were designed. Geophysical profile position
was chosen in a way that it covers most of exploration
boreholes (Figure 3). According to the mineralization
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Figure 3- Map of study area in Abbasabad mine and the location of available BH and geophysical profiles also proposed BH after

geophysical modeling.

type, mine situation and surveying conditions, CRSP
(combined resistivity sounding and profiling) array
was selected for this investigation. CRSP array is a
combined array which can lead to useful results in
the various topographical and geological conditions
(Ramazi and Mostafaie, 2013). Therefore, IP-Rs data
have been surveyed by using CRSP array. Generally,
4 profiles were designed and surveyed. Three profiles
P1, P2 and P3 are parallel. P1 and P2 were surveyed
along borehole profiles with 10 meters electrode
spacing. P3 and P4 were surveyed for the evaluation
of IP-Rs results, therefore along these profiles there
are no exploration boreholes. P3 was located 50
meters south of P1 and P2, and is also parallel to them.
The electrode spacing of P3 is 20 meters. P4 is located
500 meters from the western part of the others by 10
m electrode spacing. Finally, 2000 points were read
in the length of all profiles. In each point, resistivity
and induced polarization in time domain have been
recorded. Also the drilling data of 20 boreholes was
available.

Data acquisition has been carried out according to
designed plan field in 09/01/2017 to 09/22/2017. In
order to check the data quality, several measurements
were randomly repeated in the field. The surveyed
data was revised, the data accuracy was checked out,
and then data processing was done.

4.1.2. Inversion Results

As mentioned earlier in this paper, IP-Rs data
inversion was done in the first stage resulted in 2D
IP-Rs imaging. The resistivity and IP data sets were
inverted using the RES2DINV software. To prepare
IP-Rs sections, the resistivity and IP data sets were
inversed by the Newton and Gauss—Newton methods,
from the RES2DINV software package ( Loke and
Dahlin, 2002). In the inversion process number of
iterations were 5. The best iteration was selected
based on the RMS error and geological situations.
The RMS error level is between 3.2% to 5.5% for
IP data, and RMS error is between 8% to 12.5% for
resistivity data. The inversion results determined
as IP and resistivity sections shown by the surfer
software. Inversion results and compiled sections
are presented in figure 4 for profiles 1 to 4. Anomaly
values were defined based on the fractal methods.
Due to the data, the ‘“concentration—area” method
(Ferdows and Ramazi, 2015) has been used in this
research for separation of the anomalous value from
the background. The obtained threshold correlated
with drilling results and the obtained threshold was
modified. The threshold of the inversed IP data is
equal to 25 mV/V and the threshold of inversed Rs
data is 250 Qm. According to the obtained results
of the geophysical study and those correlated with
the drilling data, it may be say that resistivity and IP

183



Bull. Min. Res. Exp. (2019) 160: 177-195

449840 449860 449880 449900 449920 449940 449960 449980 450000 450020 450040
1 1 1 1 1 1 1 1 1 1 1

449840 449860 449880 449900 449920 449940 449960 449980 450000 450020 450040
1 N N 1 N N 1 N N N N

porphyritic andesite

449700 449750 449800 449850 449900 449950 450000

(A/aungy

(ajaungy

449700 449750 449800 449850 449900 449950 450000

porphyritic andesite and tracchyandesite
T T T

: : -
= ¥ z
| I ||
° 8 g g gk 8ggeEg T 8§ 8 8 8 8 8 8 g8 2
W moter 0_50 100_150 ] meter
0 25 50 75 100

449880 449900 449920 449940 449960 449980 450000 450020 450040
L 1 1 1 1 1 N 1 1

980

970

960

950

940

930

920

_:I:_E

Abbi
ST N m @ ow

*? 8 3 8% 8883 R s

449880 449900 449920 449940 449960 449980 450000 450020 450040
I L 1 N 1 L 1 L L

[ Saa—— SS—
0 25 50 75 100 meter

0 50 100 150 200 250 300 350
1 ! 1 1 1 1 1

0 50 100 150 200 250 300 350
fl 1 1 1 1 1

Figure 4- Inverted resistivity (Rs) and induced polarization (IP) sections with topography; A) Profilel, B) Profile2, C)Profile3, D) Profile4.

section could detect mineralization zones so well. In
the profile locations, the mineralization was traced
with acceptable accuracy by a high value of resistivity
and IP. The efficiency of IP-Rs in the Abassabad
copper mine is high and this investigation reduced and
optimized the drilling operation efficiently. For further
investigation and optimization of the exploration
boreholes, we need a 3D model of the study area. By
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a 3D model, we can investigate the area between the
profiles and also all of the study area.

4.1.3. 3D Modeling

After inversion and preparation of 2D sections
presented in figure 4, the 3D models of IP-Rs data were
obtained based on the geostatistical methods. In this
study, data of P1, P2 and P3 were used for modeling,
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because these profiles were parallel and the distance
between them was less. As mentioned, P4 is located
500 meters from the western part of the other profiles,
so we cannot use it in modelling. In geostatistics,
the variables with spatial structure are investigated.
In the other word, spatial structure is essential for
using geostatistical methods. The variogram is a
fundamental tool in geostatistics for investigating
spatial structure because it provides critical
parameters for various Kriging estimators. Accuracy
of the proposed parameters from the variogram are of
crucial importance and can have significant positive or
negative influence on the estimated blocks (Mostafaie
et al., 2014). In order to study the spatial structure,
the data were reviewed and variography was carried

out. According to the above factors and applying the

related software such as (SGeMS) (Bohling, 2007)
experimental variogram for data were calculated
and presented scientifically. Variogram for various
parameters such as different azimuth and dip were
calculated. The appropriate theoretical models based
on the least square differences were fitted to the
variogram (Figures 5 to7).

Variogram models and parameters for maximum
range; median range and minimum range that are
perpendicular each other and essential for modeling
are presented in table 1 briefly. The angels of
anisotropy were obtained for X, Y and Z respectively,
-30, 0 and 120.

In the next step, 3D modeling was done based on
the obtained parameters of the variography. Datamine
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Figure 5- Variogram model for minimum range of data (azth: 330, dip: 30).
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Figure 6- Variogram model for median range of data (azth: 150, dip: 60).
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Figure 7- Variogram model for maximum range of data (azth: 60, dip: 0).
Table 1- Obtained parameters of presented variogram.
Azimuth Dip Model Range(m) Sill(mv/v)? Nugget effect(mv/v)’
330 30 Spherical 18 50 10
150 60 Spherical 50 50 0
60 0 Spherical 102 50 0

Studio3 software package was used to prepare 3D
models. The input data of Datamine Studio3 software
were two-dimensional modeling results obtained
from inversion. As we know the output of inversion
including X, Y, Z, IP-Rs for each point that were
prepared to input dataset as continuous data according
to the setting of Datamine database. The input data
were composited and the composite length was
selected 5 meters. Then, the 3D block models of IP-
Rs were prepared by Datamine Studio software. The
two models include induced polarization (IP) and
Resistivity (Rs) are presented as a 3D block model in
figures 8 and 9, respectively. It should be noted that
the block size were identical and equal to 5 meters
in the whole of the model. In these models, IP-Rs
parameter distribution has been shown with high
accuracy and the mineralization zone is marked in
different directions. Maximum value of the IP is 45
mv/v and the maximum value of resistivity is 850 Qm.
The threshold of IP is 25 mv/v and the Rs threshold
is 250 Qm. IP-Rs models show that high values of
IP-Rs are the anomalous values. In the other word,
anomaly value is the location with high value of the
IP-Rs. Based on the 2D section and the 3D model
of geophysical results, 7 boreholes were proposed
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and drilled (Figure 3). Drilling data confirmed the
geophysical results. In the drilling planning of this
mine, boreholes were drilled at a distance of 30
meters. By geophysical modelling the mineralization
zone and it’s characterizes including; depth, thickness,
continuity were determined. Geophysical modelling
showed that mineralization zone has an acceptable
continuity. So the boreholes are not needed at a distance
of 30 meters, and using the boreholes at intervals
more than 60 meters we can obtained required data to
mineralization identify. Therefore using geophysical
results we were able to reduce the borehole number
significantly

According to drilling results, the database includes
boreholes and geophysical models was constructed.
In order to better correlation the drilling and IP-Rs
data combined and composited. After data composite,
dataset was selected to correlation studying (Table 2).

4.2. Regression Results

As mentioned before, one of the main goal of
this research is to estimate Cu grade based on the
IP-Rs data in order to use regression method. Firstly,
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P(mv/)
0 1528
@ (2545)

Rs(Qm)

O 120,250
@ (250,850)

Table 2- The statistical description of used data in this study.

Figure 8- The results of modeling as a 3D block model for IP data in study area.

Figure 9- The results of modeling as a 3D block model for Rs data i study area.

50 75 metes

0 35 50 75 _meter]

Parameter Symbol | No. of samples | Max. Ave. Min. Std. dev.
Induce polarization 1P 106 46.45 25.75 11.370521 7.91
Resistivity Rs 106 735.1 362.7 81.585678 179.5
Cu grade Cu 106 5.4 0.74 0.002 1.08

primary statistical analysis of data was performed. In
regression analysis, the relationship among variables
is examined. For this purpose, correlation between IP
and Cu grade were checked out. So, IP was assumed
as an independent variable and Cu assumed as
dependent. Therefore there is a function; Y=f(X) that
X=1IP and Y= Cu.

After checking the correlation between IP and Cu,
the best equation was selected and the obtained result
is presented in figure 10. As mentioned previously,
there are several type of regression. So the polynomial
regression type is selected as the best type of regression
and the obtained equation (eq.3) is as fallow;

Y=10.0043x* 0.13x|1.002

where; X=IP, Y=Cu eq.3

The R-sq of equational.l is about 75%, and the S
is about 4.9% in this analyze that it is acceptable. It is
notable that S is the standard deviation of the distance
between the data values and fitted values.

Based on the IP, copper reserve was estimated in
all of the study area according to equationl and the 3D
model of estimated copper was constructed (Figure 11).
In this copper mine, Cut of grade was considered as
0.1%, so the model consists of two group: values less
than 0.1% and values more than 0.1% in the presented
models. The dimensions of the block model are selected
5*5*5 meters. Based on the block model, estimated Cu
reserve is about 2.11 million ton (Table 3).

The correlation between Rs and Cu grade was
checked out. The correlation coefficient between Rs
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Figure 10- Diagram of Cu grade versus IP.

Cu(%)
] [0.01,0.1)
[0.14.3]

Table 3- Result summaries of estimated Cu using regression.

Figure 11- 3D model of the estimated Cu based on the regression results.

Min (%) Max (%) Cutoff grade (%)

Mean (%)

Block size(m) Estimated ore(million ton)

0.05 4.2 0.1

0.78 5x5x5 2.11

and Cu grade is less than 50% that is not a satisfactory
value. Therefor its results were not used in copper
estimation.

4.3. Multivariate Regression Analyses (MRA) Result

In the previous part, we checked out the correlation
between IP and Cu grade, and now we want to
investigate the correlation between IP-Rs and Cu
grade simultaneously. In the other word, we want to
check the IP-Rs influence on Cu estimation together.
So we used the Multivariate Regression Analyses
(MRA), because as mentioned, MRA was used for
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examination of one dependent and more independent
variables relation. In this paper, IP-Rs values were
considered as independent variables and Cu grade were
considered as dependent variable in order to predict
the Cu grade by IP-Rs parameters using Minitab
software. As mentioned in the previous parts-2.2
regression- there are several type of regression, also in
the multivariate regression analyses, there are several
type of regression. After the studying these types
polynomial type is selected. Then the best equation
with high R-Sq. was selected based on trial and error
method. The obtained equation is presented as eq.4.
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Cu (%) = 5587 + 6.80 IP - 0.120 Rs - 6002 (Rs) %! -
0.143 (IP)? - 51.0 Ln (IP) + 620 Ln (Rs) + 0.00130
(IP)3 + 288 (Rs) %3 (eq.4)
Correlation Coefficient = 67.3%

Based on the eq.2 the Cu grade in the study
area was estimated and the Cu 3D block model was
prepared (Figure 12). The Cu reserve was estimated
about 2.46 million ton (Table 4).

We mentioned cokriging method as consisted of
one primary and one secondary variable. The primary
statistical analyses shoed that correlation between IP

Cu(%)
O 0o
B 0155

Table 4- Results summaries of estimated Cu using MLR.

Figure 12- 3D model of estimated Cu based on the MRA results.

and Cu is more than correlation between Rs and Cu,
also the Rs data variation range is more than IP which
causes an increase in estimation error level. Therefore
Rs data were not used in cokriging estimation. In this
paper, primary variable was Cu grade and secondary
variable was IP data. Due to abundance of IP data,
we attempted to estimate Cu grade using IP data. As
mentioned in cokriging cross-variogram is necessary,
so variography was done based on the linear model
of coregionalization (LMC). At first, variography of
IP and Cu grade was performed. Subsequently, cross-
variogram of IP and Cu grade was calculated and
required parameters were obtained (Figures 13 to 15).

Min (%) Max (%) Cutoff grade (%)

Mean (%)

Block size(m) Estimated ore(million ton)

0 8 0.1

1.43 5x5x5 2.46

0 50 100

T T T T T T T T T
150 200 250
Distance(m)

Figure 13- Variogram model for IP data.
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Figure 14- Variogram model for Cu data.
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Figure 15- Cross-variogram model for IP and Cu.

The standardized variograms and their parameters
presented in (Table 5).

Then according to the variogram parameters,
Cu grade was estimated and the 3D block model
of Cu grade was constructed by SGeMS software

(Figure 16) and the results presented in table 6. In
the estimation maximum and minimum of data equal
to 3 and 15 respectively and also the search radius
considered 60 meters in the cokriging estimation
process. Ordinary type of cokriging (OK) was used
for estimation. The secondary data (IP data) covers

Table 5- The summaries of used parameters in cokriging based on the standardized variograms.

Experimental semivariogram Fitted model sill Range(m) Nugget effect
1P Spherical 1 150 0.18
Cu Spherical 1 65 0.35
Cross Spherical 1 185 2.6
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Cu (%)
O 001,01
B 0145

Table 6- Results summaries of estimated Cu using cokriging.

Figure 16- The 3D block model of Cu estimation using cokriging.

Min (%) Max (%) Cutoff grade (%)

Mean (%)

Block size (m) Estimated ore (million ton)

0 4.44 0.1

0.92 5*5*5 1.85

the whole domain because we want to estimate the Cu
grade based on the 3D block model of IP data (Figure
8 in 4.1.3). Given that the secondary data is more than
primary data, so we used the full cokriging and also
collected cokriging with Markov Model 2 (MM2).
The results of full cokriging that it was used all data
are better and acceptable, so we presented the full
cokriging results in this paper. For more details see
in section 4.2. Cokriging and presented explanations
in (Wackernagal, 2003; Chiles and Delfiner, 2012;
Madani and Emery, 2018).

5. Discussion

The Miami-Sabzevar copper belt is a wide
mineralization zone that it is currently under
reconnaissance and exploration. This vast areas of this
belt entails high cost and time-consuming exploration
activity. Thus the main goal of this research was to
devise an exploration plan to overcome this hurdle.
Geophysical methods are among the cheapest and
fastest so we decided to use geophysical methods
combined with drilling results in ore modeling. For
this purpose, the active mine of Madan Bozorg in the
Miami-Sabzevar belt was selected as a case study.

At first, the application of the IP-Rs methods
was investigated through devising survey profiles. In
the borehole locations 2 profiles were designed and
surveyed. In this location, there were 20 boreholes.
Obtained data was inverted and 2D sections of IP-

Rs were prepared. IP-Rs results were compared with
drilling results. Then in the locations that there is no
boreholes, 2 profiles were designed and surveyed.
Also these data were inverted and sections were
prepared (see 4.1.2). In the next stage, 3D models of
IP-Rs data were prepared by geostatistical methods
and the correlation between Cu grade and IP-Rs was
examined. To checking obtained results, 7 exploratory
boreholes were proposed, and drilled. Drilling results
showed that the geophysical method could detect
anomalous region for Cu mineralization, significantly.
Moreover, the correlation between Cu grade and IP-
Rs is appropriate and applicable (see 4.1.2).

Based on the drilling, the database includes 20
boreholes (available boreholes and drilled boreholes
after geophysical modeling) was constructed. The
correlation between Cu grade and IP-Rs were revised
and investigated. For this purpose regression, MRA
and cokriging were used and according to the obtained
correlation, Cu grade was estimated in the study area.
The 3D block model of the estimated Cu grade was
constructed (see; 4.2, 4.3, 4.4).

As mentioned before the case study is an active
copper mine, so the extraction block model based on
the measured copper grade is available. The mineral
reserve estimation results according to the measured
copper grade presented briefly (Table.7). The obtained
results showed that the estimated copper is about 1.95
million ton with 0.71% mean.
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Table 7- Results summaries of estimated Cu based on the measured copper grade in Abbasabad copper mine.
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Min (%)

Max (%)

Cutoff grade (%)

Mean (%)

Block size (m)

Estimated ore (million ton)

0.006

6.8

0.1

0.71

5*5%5

1.95

The obtained models based on the combination of
IP-Rs and drilling data were compared were compared
with actual Cu models, according to this we can say the
obtained results are acceptable.to better comparison,
we calculated the estimation error of obtained models
over the actual model (Table 8).

of Rs data that increases error rate. However, Rs data
can be used for geological prediction.

Results of this paper shows that the location and

number

of additional boreholes can be optimized

by the combination of geophysical data and drilling

Table 8- The error level of estimation methods over actual model.

results. We could reduce the number of boreholes and
the cost of the exploration operation significantly.
Based on these results, we devised exploration plan for
the other areas of the Miami-Sabzevar mineralization
belt.

No. Method Estimation error
1 Regression 8.2%
MLA 26.1%
3 Cokriging 5.1%

Results showed that the model constructed by the
cokriging method is close to reality with minimum
error. Beside cokriging method, the results of the
regression method (correlation between IP and Cu) is
better. Due to the smoothing effect of the cokriging,
the estimated copper is less than the actual result.
The results of MRA methods are of most error due
to consideration of the simultaneous effect of IP-Rs
values. The Rs data variation range is more than of
IP data, so estimation of Cu grade entails more error
rather than regression and cokriging methods.

Conclusion

IP-Rs methods have been used successfully in the
copper detection in the Abassabad copper mine with
highest efficiency. Through geostatistical methods,
we were able to construct 3D models for IP-Rs data
that surveyed in 2D which were confirmed by drilling
results.

The number of boreholes could be decreased
from 20 to 7 in two places with acceptable results
by geophysical modeling that led to significant cost
saving.

Correlation between Cu grade and IP-Rs were
examined and calculated using regression, MRA
and cokriging methods and based on them, Cu grade
was estimated and the 3D block model of Cu was
constructed.

Results proved that Cu estimation using IP data is
of better quality than Rs data, because of high variation
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Keywords: ABSTRACT

Lands}lde susceptibility Geological hazards present one of the most important constraints for the development of the Arzew
mapping, Frequency

Ratio. Information value sector (Oran province), North Western of Algeria. Landslides are considered us one of the most
Arze\:v, Algeria. " common phenomena in the study area and especially in the hilly area. For minimizing and reducing
the consequences of this problem, it is necessary to carry out preliminary studies on the cartography
of the different zones exposed to the slope instability phenomena. The main objective of this study
is to perform the landslide susceptibility mapping by statistical models and GIS techniques for the
Arzew area. To achieve this goal, an analytical approach was carried out. Firstly, a landslide inventory
map was prepared using previous inventory maps, satellite images, aerial photos and field surveys.
Secondly seven conditioning factors such as slope degree, aspect, lithology, land use, distance to the
streams, distance to the road and altitude were exploited to assess landslide susceptibility. Thirdly,
the weight value for each class of the conditioning factors was determined using Frequency Ratio
(FR) and Information Value (IV) models based in GIS functionalities. Consequently, Landslide
Susceptibility Maps (LSMs) were produced by the classification process of the global Landslide
Susceptibility Indexes (LSIs) into five classes. Finally, for experiment verification, the LSMs
obtained with the FR and IV models were confirmed comparing LSMs with landslide inventory
map using both the Receiver Operating Characteristics (ROC) and the Seed Cell Area Index (SCAI)
models. The area under curve (AUC) results, demonstrate that the IV method more performance
(89.03%) for LSM than FR method (85.57%). Furthermore, the validation results using SCAI
also confirmed that the IV model was more accurate than FR model. The models employed in this
study are capable to resolve the issue of the landslide susceptibility of the study area. The produced
Received Date: 02.05.2018 Susceptibility maps can be used for future land use planning and can be considered as a powerful tool
Accepted Date: 22.10.2018  to resolve the spatial distribution of the risk associated to landslides.

1. Introduction activity), is particularly exposed to the landslide
Landslides was considered one of the most frequent hazard. To minimize landslides consequences, it

and damaging natural hazards threatening the human requires a rational land use in the spatial planning.

lives, economic, big projects and properties in northern As a solution, landslide susceptibility maps were

part of Algeria (Benaissa et al., 1989; Guemache et al., considered the principal tool for predicting risk.

2011; Hadji et al., 2017; Djerbal et al., 2017). Oran

region, located in north western of Algeria, known The susceptibility to landslides is the probability of

for its complex geology (recent tectonic and seismic spatial occurrence of the landslide for several factors
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of environmental predisposition (slope, aspect, land
use, lithology, etc) for a given area (Thiery, 2007,
Guzzetti et al., 2005). The GIS techniques are the most
important tools enable quickly generate this type of
thematic maps.

The landslide susceptibility mapping can be
estimated by the use of several methods based on GIS
techniques. Many studies have used frequency ratio
for assessing landslide susceptibility such as (Akgiin
etal., 2008; Yalgin et al., 2011; Youssefet al., 2015).
Other studies have used Logistic regression model
to evaluate landslide susceptibility (Gorsevski et al.,
2006b; Yilmaz, 2010; Bai et al., 2011; Pourghasemi
et al., 2013; Raja et al., 2017). The statistical index
model (information value) is also used to resolve the
thematic of landslide susceptibility (Bui et al., 2011;
Cui et al., 2016; Aghdam et al., 2016). The weight
of evidence model has also used by many researches
(Regmi et al., 2010; Ozdemir and Altural, 2013).
The analytical hierarchy process (AHP) (Gorsevski
et al., 2006¢; Ercanoglu et al., 2008; Intarawichian
and Dasananda, 2010; Chen et al., 2016; Ghosh et al.,
2017), fuzzy set (Pradhan, 2011; Sezer et al., 2011),
the Support Vector Machine (SVM) method (Ballabio
and Sterlacchini, 2012; Peng et al., 2014; Pradhan et
al., 2017) and artificial neural network (Y1ilmaz, 2009;
Conforti et al., 2014; Chen et al., 2017) were applied
to the landslide hazard zoning.

In Algeria, landslide susceptibility mapping
presents a novel approach for prevention of the risks
linked to the landslides. So far, few attempt at landslide
susceptibility were applied in Algeria (Hadji et al.,
2013; Djerbal and Melbouci, 2013; Hadji et al., 2014;
Bourenane et al., 2015; Achour et al., 2017; Hadji et
al., 2017; Dahoua et al., 2017; Mahdadi et al., 2018).

Landslide susceptibility zonation is indispensable
for land-use management and should become
an official document for various future projects
(Gorsevski et al., 2006a; Corominas et al., 2014).
The geographical position of the study area has the
particularity of being an economic and tourism ultimate
center, requires preliminary studies in the planning
and risks management. To define landslide prone area,
the present research destined to mapping landslide
susceptibility for the Arzew sector (Northwestern of
Algeria).

In this study, simple method was used to landslide
susceptibility mapping, by following three essential
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steps: The first one consist to collect the data input,
the second one, calculated the landslide susceptibility
index using two models based on GIS. Step three,
establishment and validation of the output data.

2. General Characteristics of the Study Area

The study area is part of the Oran coastal, northwest
of Algeria, located between the UTM coordinates
WGS84 zone 30 (3976894.08 m, 3954859.17 m)
latitude and (715833.47 m, 747107.72 m) longitude
(Figure 1), were the area of this region is 308.06 km?.

The geomorphological unities of the study area
is characterized by the presence of plains, mountains
and plateaus, the altitude range between (0 and 625)
meters on the reliefs (Figure 1). Arzew climate is part
of the semi-arid Mediterranean bioclimatic stage,
of which highly developed hydrographic network
which has a flow conforming to the topography of the
region. Towards the north, the hydrography has a flow
directed towards the sea, while towards the south the
superficial flow feeds several endoergic structures,
represented by several lakes and sebkha (Figure 2).

The study area is part of the alpine belt, containing
Paleozoic, Mesozoic, highly tectonized, largely
metamorphosed units (Ciszak, 1993). According
1952a,b)
four units in the study area are made up of three
apparent and distinct geological entities (Figure 3).
They are distributed from east to west respectively;
Kristel Mountain, Borosse and Orousse Mountains,

to the geological maps (Gourinard,

the fourth entity presented by Djebel Essebouaa.
Djebel Borosse and more complex than Djebel
Orousse, both are constituted by relatively thick
carbonate and calcaro-schistose formations. Milled
limestones truncated by dominant erosion surfaces.
Their impressive abrupt cliffs are formed by schist
characterized by a overlapping structure of Neogene
to Plio-Quaternary age (Perrodon, 1957; Fenet,
1975; Thomas, 1985). The Miocene subdivided
into two sedimentary cycles. The first post-nappe
cycle presented by green marls located between the
southern flank of Djebel Essebouaa and the plateau of
Boufatis for the second cycle is preceded by an active
erosion phase accompanied by an accumulation of
continental series to the East of Oran. Marlins and
cineretic formations rely on deposits of Canastel’s
first post-nappe cycle (Oran cliffs - Canastel).
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Figure 2- Streams network map of the study area.

The South and East of the Arzew massif, marked
by marly outcrops and gypsum, the upper Miocene is
covered by the Pliocene. The latter is often confused
with the quaternary lands. The term Plio-Quaternary,
which is vague and imprecise, gives rise to various
confusions. In this context, we agree with Thomas 1985
nomenclature for Pliocene and Quaternary terrains:
PI: represented by sandy conglomerates, marls and
marine sands laterally at the foot of the schistose
massifs, to continental conglomeratic deposits. These
deposits are of Tabianian age. The PII cycle: it is

represented by the formation of the Golf of Arzew.
These lumacheles pass laterally (in some places) to
sandy dunes, or marls and sands in the center of the
basin (Telamine lake and Arzew salt). The Pleistocene
is often formed by rube silt and gray silt with Lateral
equivalents represented either by shell sands, dunes or
even fluvio-lacustrine clays. A calcareous crust (pink
to reddish-brown slab) develops on various facies
in relation to the shaping of the ablation surfaces
correlative to the deposits of type playa.
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Figure 3- Lithological map of the study area, ad: dune vives, as: low salted bottoms vegetation; Ap: beach, p:

marly more or less sandy; Q1: marine Pleistocene (Calabrian); Q1m: lumachelle; Q1md: dune marine; Q2:
intermediate marine Pleistocene; Q2m: marine lumachelle, Q3: recent marine Pleistocene; Q3m: scallop
lumachelle; Q3md: marine dune; Qa: continental quaternary associated with alluvium; Qc: carapace
and topsoil more or less encrusted; Qe: eboule; Qec: carapace and topsoil more or less encrusted and
collapsed; Q1: Pleistocene marine ancient level; Qp: continental quaternary (clay lake); Qs base salted
bottom with vegetation; M1: algae limestone; Mm: gray marl; Mg: fine sand with yellow marl; Mt: white
marl-limestone; Cjl: limestone marmorised sometimes dolomitized; Cj: schist; Tr: permo-triace (purplish
schist); E: eruptive (green rocks); G: diapirism (gypsum); T source deposit (Gourinard 1952 a,b).

3. Landslide Inventory

Landslide inventory mapping is one of the key
process of landslide susceptibility modeling (Fell et
al., 2008; Corominas et al., 2014) . Satellites images,
aerial photos, GPS, reviews, articles, internal reports
and fields’ survey provide important tools to establish
landslide inventory map. This map contains a
landslide position that arises in the past. In this study,
the landslide positions were identified using existence
data base, satellite images, aerial photos, Google
Earth, and field surveys. Eventually, data base contains
more than 80 polygons. Figure 4 illustrate the spatial
distribution of landslide location in the Arzew sector,
Algeria. In this study we used landslides classification
developed by Cruden and Varnes 1996. Landslides are
grouped into three types: rotational, translational and
compound slide. Figure 5 illustrates some example of
landslide affected the study area.
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4. Conditioning Factors

Generally, mass movement result from the
combination of triggers and aggravating factors,
particularly the lithological, structural and geotechnical
characteristics, slope angle, groundwater, surface
water and seismic... etc. Their distribution over time
is irregular and their frequency is conditioned by
extreme natural events.

The conditioning-factors used in this research
are slope angle, slope exposure, lithology, land use,
altitude, distance to the streams and distance to
the road. They are generated by different sources
(Table 1). However, the topographic attributes such
as slope angle, slope exposure and altitude were
derived from Digital Elevation Model (DEM). The
DEM was established accordingly by digitization
and interpolation of the topography map curves
extracted from a 1:25000 scale topographical maps
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Figure 4- Landslide spatial distribution map.

Figure 5- Example of different type of landslides mapped in the study area a) translational slide, b)
rotational slide (Benabdellah, 2010), c) rotational slide, d) compound slide, e) rotational slide
(aerial photography); f) translational slide (satellite image SPOT 6).
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Table 1- Information source for the various parameters used in the landslides susceptibility mapping .

Setting Maps Sources of informations
Landsllde Landslide inventory map S.ate.lllte images (SPOT®6), Google Earth, aerial photography, field surveys and
inventory bibliographic data.
Creation of DEM by digitization and interpolation the contours lines extracted

Topography DEM from 1/25000 scale topographical maps.

Slope map
Morphometric Slope Exposure map Derived from DEM

Altitude map
Geological Lithological map Digitization lithological formations from 1/50000 scale geological maps
Hydrology Distance to the streams map Digitization the stream network from the 1/25000 scale topographic maps.

Land use map o
Land use Distance to the road map Land use map (BNEDER 2011), satellite image, field surveys.

(Figure 1), the lithology was extracted from a 1:50000
scale geological maps and furthermore the both land
use map and distance to the road map are extracted
from a 1:25000 scale land use map of Oran elaborated
by National office of studies for rural development
(Beneder, 2011), field survey and satellite images.

4.1. Slope Angle

Slope degrees allowed to increases acculturation
of the slope movement, that’s why this parameter
presented one of the aggravating landslide factors.
using DEM and GIS functions, slope degree were
classified into 5 classes: 0-10°, 10-20°, 20-30°, 30-50°
and >50° (Figure 6).

4.2. Slope Exposure (Aspect)

Aspect considered as the exposition of slope,
it is measured clockwise in degree from 0 to 360 °,
the values that are less than 1 represents flat area.
Aspect also presents an essential conditioning factor
in landslide susceptibility process. Figure 7 illustrates
the aspect map of the Arzew sector with nine classes.

4.3. Lithology

Lithology considered the most important
conditioning factor because each lithological unit has
landslide susceptibility level (Yesilnacar and Topal,
2005). In the current study, lithological map was
prepared by digitization of a 1:50000 scale geological

maps. Based on geotechnical and geomorphological
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Figure 6- Slope map of the study area.
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Figure 7- Aspect map of the study area.

characteristics, they were classified into four classes
using ArcGIS software (Table 2).

4.4. Distance to the Streams

Generally, landslides developed near streams
where flow velocity is sufficiently to erode the lower
part of talus. For this distance to the streams were
integrated in landslide susceptibility estimation, using
Euclidean distance function in ArcGIS, streams buffer
zone were established and classified in six classes (0-
100, 100-200, 200-300, 300-400, 400 -500, > 500).

4.5. Land Use

Barren and little vegetative land makes talus more
prone to erosion and sliding (Gomes et al. 2005), so
land use considered an important parameters included
in this study. Land use map of Arzew sector produced
by digitization of 1/25000 scale land use map of the

Table 2- Classification of lithology and land us.

Oran (Figure 8), it is reclassified into four classes
(Table 2).

4.6. Distance to the Road

During the road construction, the anthropogenic
actions influencing landslide, and that is through
by destroy vegetation, application of external loads
(Bourenane et al., 2015). Accordingly, the distance
to the road considered an important parameter in this
study. In current study, distance to the road divided
into 5 zones using an interval of 150m: (0-150, 150-
300, 300-450, 450-600, >600).

4.7. Altitude

Slope movement intensity increases with altitude
increasing, in this research, DEM were used to
perform altitude map based on Reclassify function
in Arc GIS. From 0 to 622, altitude classified into 6

Classl Q3, Ad, Qs, Ql, Qa, Qc, Ap, As, P, Q2, Qec, T, Qp, Qs.
Class2 Tr, Cj1, Cj.
Lithology
Class3 Q2m, Mg, Q3m, Q3md, ML
Class4 Ma, Mt, Qe, Qlmd, Mm, E, G.
Classl Forest, Fruit crops, Olive growing, Water body.
Class2 Maquis wooded, maquis.
Land use
Class3 Wine-growing, Mixed cropping, Vegetable growing, big culture, urban.
Class4 Mines, Bare soil.
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classes: 0-100, 100-200, 200-300,300-400, 400-500
and >500 (Figure 9).

5. Landslide Susceptibility Mapping

In this paper, statistical index method and
frequency ratio were applied to mapping landslide
susceptibility. Weight of each causative factors class
was defined by the combination of each parameter and
landslide inventory map. By combination following
decision rules (addition, division, multiplication

...etc), weight of each conditioning factors class
was defined. Finally, classification of landslide
susceptibility index using natural break (jenks) and
validation of landslide susceptibility maps comparing
LSMs and inventory map. Figure 10 illustrates the
flowchart of methodology used in this research.

5.1. Frequency Ratio Method

The fundamental concept of this method is to
calculate the ratio between the density of phenomena
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Figure 9- Altitudes map of study area.
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Figure 10- Methodology flowchart for the process work.

in a given class and the density of the same class.
(Lee and Talib, 2005).LSI expressed using following
Equation: (Equation 1)

LSl Fri1+Fr2+Fr3+ ...+ Fm

(1

In the statistical analysis between landslide
occurrence ratio and ratio of each class in conditioning
factor, the average value of Fr is equal to 1. If the value
is >1, indicate maximal correlation and a value lower
than 1 present minimal correlation. Table 3 shows the
results of this application.

As a result, for the slope degree, FR increased
with increasing of the slope degree, the class (>50)
has maximum value (3.995), while the class (0 — 10)
has the minimum value (0.338). Aspect analyses
show that the maximum FR value (3.454) is for
Northwest, followed by West (2.573), North (2.025)
and Flat (1.915), indicating the maximal probability of
landslide occurrence. Frequency results of lithology
parameter indicate that the gray marl, white marl-
limestone, gypsum and dune marine with maximum
FR value (10.397) are most prone to landslide. The
FR values greater than 1 are distributed at the distance
closer to the streams (0-100) and (100-200) indicating
a high probability of landslide occurrence. For the
proximity to the road give respectively, value 1.125,
1.507 and 1.710 for the distance (300 - 450), (450-600)
and > 600. Correlation between land use and landslide
indicate that the landslide commonly occurred in

barren area (4.086) and maquis area (1.759). The
combination between altitude and landslide inventory,
showed that landslides mostly appeared from 0 to
100m.

Using equation 1, LSI values range from 1.15 to
27.13. Using reclassify function, the LSI map was
reclassified into five classes: very low (39.07%), low
(31.46%), moderate (19.80%), high (4.72%) and very
high (4.93%) (Figure 11a-c).

5.2. Information Value Method

The statistical method used in this study is
proposed by Yin and Yan, 1988 and modified by van
Westen, 1993, is based on the comparison between the
spatial distribution of phenomena and their various
factors. First, the method is based on a statistical
analysis using Equation (2)

W) = Npl:x(S%')/Npix.(Ni)' @)
Y Npix(si)/Y.Npix(Ni)

W (i) is the weight of each class (for example the
weight of class 10 © of the slope), Npix (Si) is the
number of slip pixels in classes i, Npix (Ni) is the
number of pixels in class i. the dominator is the ratio
between number of pixels all landslide and total pixels
in the study area. In a second step, the probability of
occurrence of landslides in each class is determined
by Equation (3):
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Table 3- Spatial relationship between each factor contributing to a landslide and the landslide using the FR and information value models.

Parametre Classes % of total % of landslide Frequency Information value
area (a) area (b) Ratio (Wi)
(b/a)
Slope (°) 0-10 69.477 23.526 0.338 -1.102
10-20 14.877 36.920 2.481 0.889
20-30 09.710 23.138 2.382 0.848
30-50 05.813 15.929 2.739 0.988
>50 00.211 00.485 3.995 1.365
Aspect Flat 00.042 0.0811 1.915 0.613
North 11.744 23.792 2.025 0.669
Northeast 14.347 10.149 0.705 -0.385
East 15.546 02.908 0.187 -0.713
Southwest 18.028 02.696 0.149 -1.937
South 15.056 02.015 0.133 -2.047
Southwest 08.081 05.734 0.709 -0.380
West 07.409 19.066 2.573 0.908
Northwest 09.712 33.554 3.454 1.202
Lithology Class 1 55.022 03.612 0.065 -2.727
Class 2 32.656 04.205 0.128 -2.053
Class 3 03.462 00.075 0.021 -3.833
Class 4 08.858 92.210 10.397 2.337
Distance to the 0-100 41.838 48.409 1.157 0.174
stream 100-200 22.937 26.137 1.139 0.159
200-300 11.845 11.370 0.959 -0.012
300-400 07.346 05.855 0.797 -0.198
400-500 05.402 03.201 0.592 -0.494
500-600 04.565 02.989 0.654 -0.394
600-700 03.865 01.379 0.356 -2.414
>700 02.198 00.656 0.298 -2.592
Land use class1 10.469 07.164 0.684 -0.396
class2 32.693 57.516 1.759 0.457
class3 49.122 03.791 0.077 -1.119
class4 07.714 31.527 4.086 1.390
Distance to the 0-150 28.604 08.318 0.290 -1.251
road 150-300 21.739 17.740 0.816 -0.219
300-450 15.284 17.796 1.125 0.101
450-600 10.137 15.283 1.507 0.394
> 600 24.233 41.460 1.710 0.226
Altitude 0-100 28.062 66.072 2.354 0.843
100-200 39.549 25.429 0.642 -0.454
200-300 18.001 05.789 0.321 -1.147
300-400 08.671 02.709 0.312 -1.176
400-500 04.125 0000 000 000
> 500 01.590 0000 000 000
) Npix(Si)/Npix(Ni) The combinations of the thematic maps with
Pr@ = anNpix(si) /SNpix(Ni) ) landslide inventory map in ArcGIS allow calculating

Finally, the landslides susceptibility index (LSI)
of the terrain is determined by the sum of all factors
(Equation 4) after the integration of the probability of
occurrence of slips in each class.

O, Npix(Si)/Npix(Ni)
L5l = ; In S Npix(si)/SNpix(ND) @
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the number of pixels of the landslide in each class. The
information value method allowed us to calculate the
weight of each class (Table 3). Positive and negative
results of LSI mean that the highest values indicate a
great possibility of sliding. The final calculated LSI
values of the study area range from -11.98 to 7.53. The
LSI map was classified into five classes using natural
breaks (jenks) method (very low 19.12%, low 33.3%,
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Figure 11- a) ROC curve of the LSM provide by frequency model, b) Landslide susceptibility
map produced using frequency model, c) distribution pie-chart of the landslide

susceptibility classes.

moderate 24.46%, high 18.34% and very high 4.75%)
(Figure 12b, ¢).

5.3. Validation

For validation process, two statistical methods
were used to evaluate the performance of the LSMs
obtained. Both of ROC curve and SCAI methods
are based on the combination of the landslide

susceptibility and landslide inventory map. ROC
curve have comparing 30% of landslides with the two
LSMs. The AUC value was 85.57% for FR model
(Figure 10a), and 89.03 for IV model (Figure 11a).
Comparing the obtained results of Area under curve
for the two models indicate that the use of the IV for
landslide susceptibility zoning provide more accurate

prediction in comparing the FR model .
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Figure 12- a) ROC curve of the LSM provide by bivariate statistical model, b) Landslide
susceptibility map produced using information value model, ¢) Distribution pie-
chart of the landslide susceptibility classes.
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Oriented solution based about the SCAI method
was proposed to compare the results of two methods
according to the LSM. The SCAI method was cited
by Siizen and Doyuran, 2004 as validation tool of
landslide susceptibility map. In order to evaluate
SCALI, we use the following Equation:

SAP

Were, SAP are the percentages of susceptibility
area and LP is the percentage of landslide.

According to the table 4, very high and high classes
have contained the minimum SCAI, for the low and
very low classes contain maximal SCAI value. The
obtained results of the SCAI method, confirmed that
the IV method more performance than FR method .

Table 4- The densities of landslide occurrence among the landslide susceptibility classes for the two models.

Model FR v

Susceptibility classes Area (%) Seed (%) SCAI Area (%) Seed (%) SCAI
Very low 39,07 2,01 19,44 19.12 0.27 70.81
Low 31,46 2,5 12,58 33.31 2.08 16.01
Moderate 19,8 3,33 5,95 24.46 4.80 5.09

High 4,72 5,7 0,83 18.34 10.68 1.71

Very high 493 86,44 0,06 4.75 82.15 0.05

6. Conclusion

Geological risk, related to landslide presented a
strong danger for the socio-economic of regions located
in North part of Algeria; however, the investigations
about the landslide problem in Algeria which have
already been published are rare and scattered. In recent
literature a few attempt at landslide were applied
in the North eastern of Algeria. The present study
confirmed that the North western of Algeria was also
suffered from slope movement problem. The selected
region was lacked a precondition studies, maps and
documents to define landslide prone area and mitigate
landslide consequences.

In this article, two landslide susceptibility maps
of the Arzew sector North western of Algeria were
established. The FR and VI methods were used
to define relationship between landslides spatial
distribution and the predisposing factors.

The AUC results using ROC curve indicate that
the use of information value model (89.03%) for
established LSM provide more accurate prediction in
comparing with frequency ratio (85.57%).

In other hand, the results of Seed Cell Area Index
(SCAI) model, also confirmed that the landslide
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susceptibility map elaborate by the information value
method is more accurate than the other model used in
this work.

Mapping field susceptible of the landslides for
the Arzew area can be evaluated by the use of other
models and it can be developed by the combination of
many others data.

The proposed models experimented can be
considered as a powerful tool for decision makers to
the revision of the PDAU (master plan of planning and
development), furthermore, this document may serve
local communities and planners in choosing suitable
locations for future projects and take preventive
measures about landslide prone area (high and very
high landslide susceptibility classes).
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The current study exposes the results of acromagnetic data interpretation and a combined analysis
of 1-A sentinel radar image that cover the study area of Beni Mellal Atlas in order to describe the
structural geometry and to understand its tectonic evolution.The map of the reduced to pole of
residual magnetic field highlights various magnetic anomalies with high amplitudes that correspond
to Jurassic-Cretaceous basaltic formations outcropping synclinal basins of Beni Mellal Atlas. The
interpretation of magnetic data using tilt derivative (TDR), horizontal gradient technique coupled to
upward continuation and Euler Deconvolution allows us to distinguish the fractures network that is
affecting the study area. In order to complete this analysis, the Sentinel-A radar image is processed
and filtered using SNAP ESA Sentinel-1 toolbox software to extract lineaments. The final structural
map reveals four faults groups oriented respectively NE-SW, ENE-WSW to E-W, N-S and NW-SE
Received Date- 15.06.207s  1heir depths estimated by the application of Euler deconvolution exceed 1500 m.Thoses faults have
Accepted Date: 23.12.2018 Played a major role in structural evolution of Beni Mellal Atlas.

1. Introduction 1963) and is characterized by a dense vegetation cover

that hides the geological formations and obstructs the

The detection of geological lineaments such as discrimination of fracture network. It is therefore

faults, fractures, lithological contacts...etc., is a crucial necessary to use indirect methods such as remote

step for the success of hydrogeological and mining
research studies. These linear structures may contain
mineralization or constitute potential pathways for
groundwater flow, particularly in the karstic area
(Khamis et al., 2014; Dauteuil et al., 2016). The
karstic massif of Beni Mellal, which is the object of
this study, is a bordering mountain range where the
rise of the carbonate rocks overlooks Tadla plain from
2400 m (Benzaquen, 1963; Rolley, 1973; Monbaron,
1982). The Beni Mellal Atlas —Tadla plain junction
zone, known as the Beni Mellal Dir, is a highly
undulating zone with steep-slope valleys (Benzaquen,

sensing and geophysical prospecting to overcome
these difficulties.

Remote sensing is widely used in geological and
structural mapping (Srivastava and Bhattacharya,
2006; Alonso-Contes, 2011; Adiri et al., 2017).
The use of this technique becomes more effective
when combined with complementary data such as
geophysical. In fact, remote sensing can extract
multitude of data about the structure and composition
of the Earth’s surface using satellite image acquisition
and interpretation processes. The radar images provide
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the information on the subsoil roughness and texture
and highlight the relief of the structural discontinuities.
Thus, they have a strong potential for the geological
studies and in particular structural evaluations owing
to their independence to environmental conditions
(e.g. climatic conditions, density of vegetation cover,
rugged topography ...).

Numerous studies have been carried out using radar
remote sensing tools in structural mapping (Mansour
and Ait Brahim, 2005; Corgne et al., 2010). In
Morocco, Adiri et al. (2017) have made a comparison
between remote sensing data multi-sources (optical
and radar remote sensing) for automatic lineaments
extraction in the region of Sidi Flah-Bouskour inlier,
Anti-Atlas Morocco. Because of its high sensitivity
to geomorphology, the Sentinel-1 radar sensor gives
better results than optical sensors. In reality, each
geological formation is characterized by a particular
radar texture that corresponds to a defined magnetic,
gravimetric or electrical anomaly. The synergy of
geophysical data and radar images makes it possible
to gather precise geological informations to determine
the fractures network (Ranganai et al., 2008; Megwara
et al., 2014; Ejep et al., 2017; Boutirame et al., 2018).

The aim of this study is the lineament mapping
in the Beni Mellal Atlas based on the combination
of airborne magnetic data and Sentinel-1 image
interpretation. The fractures deduced from this study
checked against field measurements and observations
to characterize its spatial distribution in the study
area on the one hand, and to be able to understand its
structural and geological origin on the other hand.

1.1. Description of Study Area
1.1.1. General Context

The Beni Mellal Atlas, the subject of this study,
corresponds to the north occidental edge of the central
High Atlas (Rolley, 1973). It is located in the south
of Tadla plain, outskirts of the junction between High
and Middle Atlas. Its highest point is R’Nim mountain
that reaches 2411m above sea level (Figure la and
b). A decrease in altitude is observed from south to
north, it moves up from 1000 m (El Ksiba) on the
edge of the Atlas to less than 500 m in Tadla plain.
The karstic massif of Beni Mellal Atlas is formed;
essentially; by fractured carbonate deposits of Lower
and Middle Jurassic, constituting the main outcrops
of the mountainous area that overhangs Beni Moussa

,,,,,
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Atlantic
ocean
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—  River

— Geological cross-section
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Figure 1- a) Map of North Africa showing the location of the study area on digital topography; b) Shaded relief of
Sentinel-1A image showing the study area limits.
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plain. Thoses formations carried in altitudes, present
typical karst forms such as dolines, avens, caves and
sinkholes (Bouchaou, 1988).

1.1.2. Geological Setting

The Beni Mellal Atlas is an open and flattened
anticline that abruptly dominates Beni Moussa plain
through a fault system, the most important one is
the North Atlasic Fault (Tadla overlap). It is the key
area of Central High Atlas (Guezal et al., 2013),
its geological history is therefore linked to this
intracontinental chain (Michard,1976; Mattauer et al.,
1977; Ziegler et al., 1995), whose various structural
elements are a result of geodynamic evolution that
began with distal tectonics at the end of Paleozoic
and during Mesozoic by the opening of Tethys sea
(Du Dresnay, 1972; Laville and Harmand, 1982;
Beauchamp, 1988 and Piqué et al., 1998). Its northern
border is characterized by a succession of overlapping
structural units that rest on the Liassic and Tertiary

thrusts of Dir (Figure 2c). The Mesozoic formations
consist of massive carbonates of Lower and Middle
Jurassic, detrital Bathonian-Early Cretaceous deposits
(“red-layer” formations), and Cretaceous carbonates
and terrigenous deposits (Figure 2a).

The Mesozoic serie rests on a Paleozoic basement
deformed during the Hercynian orogeny (Hoepffner
et al., 2006). It begins with Triassic rocks formed
of red clays with basaltic intercalations. The Lower
and Middle Lias consist of bedded limestones
and dolomites surmounted by chocolate marls of
Toarcian-Aalenian age. The Upper Jurassic and Lower
Cretaceous are characterized by red detrital deposits
knows in the literature as «red beds » (Souhel, 1996;
Haddoumi, 1988). This “red beds” formation is
composed of three lithostratigraphical units forming
large basins (Jenny et al., 1981). We distinguish
from bottom to top: Guettioua formation, Iouaridene
formation and detrital doposits of Jbel Sidal formation
(Charriére et al., 2005; Haddoumi et al., 2010 ). This
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important detrital deposit has been accompanied by
Juarrasic-Cretaceous magmatic occurrences. The
latter, outcrop in the synclinal basins of Beni Mella
(Guezal et al., 2013 ) represented as two successive
horizons interbedded in the sandstone-detrital series
of “red beds” (Jenny et al., 1981; Haddoumi, 1988;
Souhel, 1996) (Figure 2b):

- Basaltic horizon B1: outcrops on the northern
flank of Ait Attab syncline. This basaltic
complex consists of volcanoclastic deposits
placed in the upper part of Guettioua formation
(Michard et al., 2011);

- Basaltic horizon B2: is associated with the base
of Jbel Sidal formation and thicker compared
to the previous one, this second episode is
effected during the Barremian with the form
of three massive flows separated by red clays
(Bardon et al., 1978; Souhel, 1996).

The Tertiary serie is presented by phosphated
limestones and Maestrichtian-Paleocene marls. The
Mesozoic and Tertiary cover is unconformably capped
by Mio-Pliocene lake limestones and Quaternary
alluviums (Jabour and Nakayama, 1988; Beauchamp,
1988).The mainly carbonate marine sedimentation
during the lower and middle Lias and the detrital
deposits during the lower Bathonian-Cretaceous
(Souhel, 1987; Haddoumi, 1988) were controlled by
a tectonics extension oriented NW-SE. Indeed, during
the lower and middle Lias two major faults were
active: the Beni Ayat border fault and the Ait Seri fault
which delimits in the north the Ait Seri block (Figure
3) where a reef-facies carbonate platform is deposited.
The Toarcian’s marly deposits obscure the Ait Seri
fault, and at the same time the tectonic activity is
transferred to another fault called Karia fault that
appears between the Karia and Ait Imelloul blocks.
The distensive synsedimentary tectonics continues
with the appearance of “Issoumer fault” bordering and
tipping the Ait Attab block to the west (Figure 3).

2. Data and Method
2.1. Aeromagnetic Data Processing

The airborne magnetic data, which is used in this
study, was obtained from the Ministry of Mines and
Energy of Rabat in form of two residual magnetic
field maps with a scale of 1: 100,000 (Beni Mellal
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Figure 3- Schematic model showing the paleogeography of Ait
Attab region during Jurassic.

and Afourer sheets). These data result from an
acromagnetic study carried out in the Central High
Atlas by the African Geophysical Company in 1970.
The data was acquired by a magnetic equipment
type C.S.F Caesium Steamer on board a plane type
680 FL. At a barometric altitude of 2600 m, the
aeromagnetic survey carried out consisted of flight
lines oriented NW-SE and spaced 3.5 to 4 km apart,
and transverse lines oriented NE-SW with 10 to 15 km
spacing. The two residual magnetic field maps were
scanned and digitized using ArcGIS software, then
processed by applying several mathematical filters
and transformation operators using Geosoft Oasis
Montaj software (version 8.3) namely the horizontal
gradient, Tilt-Derivative and Euler Deconvolution.The
application of these filters has allowed the elaboration
of several maps, which we refer to in the review and
structural interpretation of the magnetic results.

2.1.1. Residual Magnetic Field and Reduction to the
Pole (RTP)

The residual magnetic field map (Figure 4)
highlights the existence of magnetic maxima
and minima showing important variation of the
magnetization in the subsoil with magnetic field
values oscillating between 960 and 1064 nT. In order
to better visualize these magnetic anomalies and to
facilitate the analysis and the structural interpretation
of results, the residual acromagnetic field has been
reduced to pole (RTP). This reduction makes it
possible to eliminate the anomalies distortion caused
by inclination of the earth’s magnetic field (El Gout
et al., 2009) by transforming the magnetic anomaly
as if it were located at the north magnetic pole and to
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Figure 4- Residual magnetic field of the study area.

replace back anomalies on the apex of the sources that
create them, provided that the magnetization is not
remanent (Debeglia, 2005).

The analysis of (Figure 5) the reduced to the
pole residual magnetic map reveals the existence of
several magnetic anomalies of different shapes and
amplitudes. It shows high magnetic responses in the
center, South-West and the north-east extremity of the
study area (P1, P2, P3, P4, PS5, and P6), while the low
magnetic anomalies (N1 and N2) in blue and green
colors are observed in the western and eastern parts of
Beni Mellal Atlas.

2.1.2. Tilt Angle Transformation “Tilt-Derivative”

(TDR)

In order to obtain as much information as possible
from initial aeromagnetic data, we applied the
Derivative Tilt Operator (TDR) (or Tilt angle) using
the following geomagnetic field elements: inclination
1 = 45°14° north and declination D = 7°12° west,
corresponding to aeromagnetic survey that dates from
October 1975. The usefulness of this transformation
operator lies in the fact that it enhances all the magnetic
anomalies either with small or large amplitudes (Miller

and Singh, 1994; Salem et al., 2008). It calculates the
arctangent of the ratio of vertical derivative to total
horizontal derivative of the magnetic field T (Salem
et al., 2008). The equation of this transformation is as
follows:

8T

0 =tan-1 [ —Z_—| )

(&) ()

The map of the reduced residual magnetic field
transformed by the method of “Tilt Derivative”
(Figure 6) facilitates the structural interpretation of
magnetic data and makes it possible to locate the
linear structures such as the faults (Amar et al.,2012
and Amar, 2013). Indeed, the zero contours lines of
TDR filter (6 = 0) mark the abrupt change between
two different magnetic sources which consequently
correspond to the contact between these sources.

2.1.3. Boundary Analysis Method: Horizontal
Gradient

With the objective of better exploit this magnetic
data and to highlighting the different structural axis
that defines the deep structure of the study area,
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we have applied a multi-scale analysis method of
magnetic contacts, based on, the joint use of horizontal
gradient and the upward continuation techniques.
This method, used by several authors (Everaerts and
Mansy, 2001; Abderbi and Khattach, 2011), allows on
one hand to locate the zones with rapid variation of
the magnetic field caused by the lithological change or
the presence of geological discontinuities (fractures,
faults...), and determine the dip direction of thoses
geological structures on the other hand. Indeed,
the magnetic anomalies correspond to inflection
points which transform after the horizontal gradient
calculation into local maxima. These maxima are
located above the geological contacts that present
magnetic susceptibility contrasts (Van Senden et al.,
1990). In order to determine the dip direction of thoses
structures, a series of upward continuation has been
carried out at different altitudes. For each level the
horizontal gradient of the residual magnetic field is
calculated and its local maxima are determined. If the
structures are vertical, the maxima obtained at each
altitude are superimposed. However, their migration
with the upwards continuation indicates the dip
direction (Figure 7).

2.1.4. Euler Deconvolution

The Euler Deconvolution method was used to
estimate the location of anomalous sources on the
horizontal plane and their depths (Thompson, 1982;
Reid et al., 1990; Moreau et al., 1996). This technique
is based on the resolution of the Euler homogeneity
equation (1) using the structural index N (Reid
et al., 1990) which measures the rate of potential
field changes. This index varies as a function of the
geometry of the detected source (Orug and Selim,
2011).

(x-x0) (G + (¥0) (G + (z-20) (5) =N*B-M) (1)

Where (x0, y0, z0) are the coordinates of the
magnetic source, M represents the total field measured
at (x,y,z), B is the regional value of the total field and
N indicates the structural index.

In the current study, we applied the Euler
Deconvolution method to the residual magnetic field
reduced to pole using a structural index equal to zero
(N = 0) with a window size of 10*10 and a maximum
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relative error of 15%. A digital Elevation Model was
used to remove the Euler solutions whose elevation is
higher than the altitude ground.

2.2. Remote Sensing Data Processing

To achieve our objective, a Sentinel-1A radar
image is used in this study. This image was acquired
on 2 April 2017 in C-band (A = 5.66 cm) (Table 1). It
was processed and analyzed by a free and open source
software “SNAP ESA Sentinel-1 toolbox SITBX”. It
is available on the official website of European Space
Agency ESA.

Table 1- Sentinel-1A image characteristics.

Radar image Sentinel-1A data
Acquisition time 02 April 2017
Acquisition orbit Descending

Polarization C-band (5.4GHz)
Polarization VV-VH
Data product Level-1 GRD

The raw radar image has undergone preliminary
processing that consists of radiometric, atmospheric
and geometric correction to mitigate the atmospheric
effects and topographic disturbances affecting the

recorded information quality (Corgne et al., 2010).
Thereafter, a “refined Lee” filter has been applied
to the radar image to eliminate the flicker effect
(speckle reduction) (Lee et al., 1999). For improving
the lineaments perception; spatial filters were applied
to the pre-treated radar image as per the four main
directions N-S; NE-SW; NW-SE and E-W (Figure 8).

The interpretation and extraction of lineaments
was done visually (manual extraction). Indeed, Hobbs,
1912 described the lineaments as any significant line
that reveals the hidden architecture of the subsoil and
having a well-defined structural signification. In our
study, the lineaments location is mainly identified
by their effect on the landscape (Lachaine, 1999), a
change in texture or geometric shape or else by the
hydrographic network disturbance. To avoid taking into
consideration all linear structures with anthropogenic
origin (crest line, road, paths, electrical power lines,,
cultivated areas, etc.), the processed radar image has
been superimposed with the topographic and land
cover maps of the study area to eliminate them during
the lineaments extraction. The figure 9 shows the
visual interpretation results of Sentinel-1 image.

The analysis of this map shows a difference in the
lineament distribution in the study area. Indeed, the

Sentinel-1A image
(Bande C , polarization VV-VH)

Radiomotric calibration
Atmospheric correction
Speckle filtering

Sentinel image of
study area

l Spatial filtering

Filtered image

l Manual extraction

Sentinel lincaments map

Remote sensing

Aeromagnetic data

Gological map + field measurements and observations.

¢ Validation

Structural map of the study area

Residual magnetic
field map

Reduction to Pole l

Reduced to pole residual magnetic map

|

I | 1
Horizontal gradient
+
upward continuation to
different heights

Tilt-Angle
Euler Deconvolution Derivative
TDR

\ v

Depth of faults Contours © =0 (TDR)
L

Magnetic lincaments map

Horizontal gradient
maxima

Figure 8- Flowchart of adopted methodology for lineament mapping.
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fracture density becomes more important when we go
from the Beni Moussa plain towards the mountainous
area of Beni Mellal Atlas. This latter presents a high
lineament density with a predominance of NE-SW to
ENE-WSW trending.This is related to the dolomitic
and limestone nature of the Jurassic formations that
occupy the totality of Beni Mellal Atlas. While the
Beni Mousa plain shows a low fracture density due
to of the presence of quaternary deposits which mask
the deep faults affecting the Cenozoic cover of this
plain. In the piedmont of Beni Mellal, the junction
zone between Beni Mellal Atlas and the Beni Moussa
plain, the main directional peaks that predominate
this transition zone are oriented E-W and ENE-WSW,
they are inherited from Late Variscan period (Du
Dresney,1975; Mattauer et al., 1977).

3. Results and Discussion

The map of the reduced residual magnetic field
to the pole (Figure 5) made it possible to distinguish
several high and weak amplitudes anomalies,

characterized by an intensity values pair (high values
in red to pinkish and weak values in blue). The
observed magnetic signatures generally show a NE-
SW to ENE-WSW and E-W trend in its orientation.
To determine the geological sources of these magnetic
anomalies, the geological map was superimposed with
the magnetic data reduced to pole. In the western part
of'the study area, four geomorphological and structural
zones have been identified; thoses zones correspond
to two depressions and two high regions separated by
major structural accidents (Figure 10). We distinguish
from north to south: Beni Moussa plain (N1), the
border zone of Afourer Atlas (P1, P2 and P3), Ait
Attab syncline zone (N2) and the Ait Rhouja-Ait
Seri zone (P4). The positive anomaly P1 reflects the
magnetic signature of Ait Arki anticline occupied by
the Triassic gypsum and basaltic formations.These
formations have revealed at a depth of 1490 m in the
KMSTI oil drilling, carried out near the Khemis Oulad
Ayad locality (B.R.P.M., 1971).

The areas with high anomalies (P2, P3 and P4)
are attributed to basaltic flows intercalated between

221



Bull. Min. Res. Exp. (2019) 160: 213-229

360000 370000 380000 390000 400000 410000 420000 430000 440000
S N
g g
N Jbel Bou Izerfane )
B g
=3 o
8 (=1
« o
g g
=3 =3
?_ o
o -
S 3
=3 o
® 8
= -
g g
(S 8
o -
S 2
S 8
“e 5000 0 5000 10000} 15000 o
WGS 8§ UTM ZONE 29 (metlers|
360000 370000 380000 390000 400000 410000 420000 430000 440000
¢ Locality A Mountain

Figure 10- Upward continuation map for 4 km generated from RTP of residual magnetic field.

the mid-Jurassic “red beds” (Souhel 1996; Michard
et al., 2011). These basaltic flows result from two
middle Jurassic and early Cretaceous magmatic events
(Monbaron 1981; Jenny et al., 1981) (Figure 5), that
confirms to us these high magnetic anomalies are
generated by these magnetic formations. In the eastern
part of the study area, the geological outcrops are
mainly presented by Liassic carbonates. The magnetic
anomaly P5 does not seem to have a corresponding
surface expression, thereby suggesting that its source
is deeply buried. Indeed, this anomaly, whose the
center is located in the west of Beni Mellal, persists
to a continuation of 4 km, witnessing its deep origin
(Figure 11).

The second anomaly P6, located at the
western extremity of the study area appears to be
correlated with the presence of Middle Jurassic
magmatic intrusions in Taghzirt region and upper
Triassic argillites in some locations (Rolley 1978;
Haddoummi et al., 2010). The negative magnetic
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anomalies N1, N2 and N3 correspond respectively, to
the Quaternary cover of the Tadla plain, the Ait Attab
syncline whose heart is occupied by the Cretaceous
carbonate and terrigenous formations; finally; to the
Liassic slab of the Atlas Afourer that overcomes the
Beni Moussa plain.These formations are characterized
by a weak magnetic susceptibility responsible for the
low signature compared to previous ones.

The TDR map (Figure 6) has made it possible to
identify the magnetic anomalies already detected by
the reduced residual magnetic field map. The zero
contour lines (inclination angle 6 =0) corresponds to
geological contacts such as faults, fracture zones or
lithological boundaries (Salem et al., 2008). Indeed,
the projection of the Tilt derivative map on the
geological map of the study area reveals the existence
of a fault systems mainly oriented in ENE-WSW,
E-W, N-S and NW-SE. Thoses directions characterize
the Atlasic Chain evolution during Mesozoic and
Cenozoic periods (Choubert and Faure-Muret, 1960-
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1962; Sadki, 1992; Zouine, 1993). We distinguish
several major structures (Figure 11):

Fault F1, named Beni Ayat border fault or the
northern Atlasic fault, is an overlapping fault which
constitute an abnormal contact with the deformed
Mesozoic deposits of the Atlasic Chain (Afourer
Atlas) on the cenozoic tabular layers of Tadla plain
(Benzaquen, 1963, Du Dreseney, 1975; Mattauer
et al., 1977) (Figure 3). Previous geological and
structural studies (Rolley, 1973; Monbaron, 1982)
have already revealed this fault. Its path draws a
morphostructural and discontinuous line oriented
E-W and hidden in some places by the Quaternary
cover of Tadla plain. In Afourer Atlas, this fault is
marked by argillites and altered basalts as outcrops
of the upper Triassic (Ensslin, 1992);

Fault F2 is called “Karia fault”, is delimited in the
north by the Ait Imelloul block and in the south by
that of Karia-Issoumer. This fault breaks the Karia
syncline, which is reduced first to a pinch of Dogger

and upper Liassic before reappearing beyond this
fault in the form of a depressed zone incorporated
in the Middle Liassic, which obviously, towards
the east becomes the Ait Imelloul syncline (Figure
3);

Fault F3 is known in the literature by the Issoumer
border fault (Du Dresnay, 1975; Souhel; Canerot,
1989). This is a major accident falls within a
synsedimentary extensional tectonic context
which has controlled marine sedimentation during
the Dogger and detrital deposition during the
Bathonian (Souhel, 1996; Ibouh et al., 2000). This
fault is responsible for the Ait Attab block tipping
towards the West (Choubert, Faure-Muret, 1960-
1962=; Jenney, 1984) (Figure 3). It was previously
revealed by the seismic profile KT6 which extends
from the Tadla plain in the North-West to the
southern flank of the Ait Attab syncline in the
South-East (Jabour and Nakayama, 1988; Hafid,
2006);
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- Fault F4 “Ait Seri Border Fault”: This reverse fault
overlaps the lower and middle Liassic carbonate
formations towards the north-west with the infra-
Aptian red sandstones. Activated during lower
and middle Liassic (Du Dresnay, 1972), this fault
delimits the Ait Seri block (Figure 3) on which a
reef-facies carbonate platform is deposited (Rolley,
1978).

In addition to major structures enhanced by the
Tilt-angle transformation, several annex faults of these
structures affect the study (Figure 11). The location
of the local maxima from the horizontal gradient at
various altitudes using reduced to pole aeromagnetic
data facilitates the magnetic anomalies interpretation.
Indeed, the horizontal gradient achieves local maxima
over or near contacts separating two rock units with
different magnetism (Fred et al., 2017). The alignment
of these magnetic peaks reflects the geological
discontinuities that can be interpreted in terms of
faults or fractures.
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The result obtained by the application of the
horizontal gradient technique coupled to the upward
continuation shows that the study area is controlled
by four major families fractures trending NE-SW
to ENE-WSW (N40-70°), E-W (N90-100°), N-S
(N170-180°) and NW-SE (N130°) (Figure 12). These
directions are associated with syn-sedimentary faults
inherited from Pan-African and Hercynian Orogeny
(Du Dresnay, 1975; Michard, 1976; Mattauer et al.,
1977; Chorowicz et al., 1982; Piqué et al., 1998,
2007). In fact, during the upper Triassic-lower
Cretaceous, these faults have controlled the opening
and the subsidence of Atlasic basins in the form of
rift basins by blocks tipping towards the north-west
(Chorowicz et al., 1982; Chafiki, 1994 and Ensslin,
1992). The faults oriented N-S, have also been
highlighted by horizontal gradient method, they are
related to a submeridian compression phase relative to
Alpine orogeny (upper Eocene-Quaternary) (Matteur
et al., 1977; Monbaron, 1982; Morel et al., 2000). On
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the other hand, the family of faults oriented NW-SE
(N120-130°), are dimly represented in the study area.
They are associated with transverse faulting showing
a strike-slip character (Fadile, 1987; Chafiki, 1994;
Souhel and Canerot, 1989). During middle Jurassic
(Bajocian-Bathonian), these faults have reactivated
to normal faults delineating the semi-grabens of
high atlasic basin under the influence of an intense
compression of WNW-ESE direction. The numerical
processing of Sentinel 1-A image has provided similar
results to thoses obtained from the airborne magnetic
data analysis (Figure 12). The rose diagram reveals
lineaments oriented N-S (N10 ° and N170-180 °);
E-W (N90-100 °). NE-SW (N30-70°) and NW-SE
(N120-130°) (Figure 12).

The Euler solutions obtained go hand in hand
with the structure of lineaments deduced from the
application of the horizontal gradient and TDR
transformation (Figure 13). The depths obtained are
between 0 and more than 1500 m. The lineaments

retraced by the Euler solutions are oriented mainly
ENE-WSW to E-W and NW-SE.

The E-W trending lincaments display a depth
exeeds 1500 m, which testify their deep origin. Thoses
latter affect the anticlinal structures of Beni Mellal
Atlas. During the Triassic-Jurassic period, the Ait
Attab sector was submitted to an NW-SE extension
by playing the faults oriented ENE-WSW to E-W to
strike-slip faults. In the Afourer Atlas of Afourer, the
Ait Attab syncline is bordered by two major faults:
the Isoummer fault (F3) in the North-West and the
Ait Seri fault (F4) in the South-East. Thoses two
faults correspond to potential detachment levels of
the Meso-Cenozoic cover. In fact, it is a “thin skin”
cover characterized by a cover detachment at the base
of the Triassico-Jurassic series and bordered by two
ramp anticlines of “fault-bend fold” type (Issoumer
and Ait Seri anticlines).The south-eastern flank of the
Ait Attab syncline thrusts the Ait Seri anticline; with
a liassic heart; through a back-thrust that probably
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allows to compensate the blockage of overlap
movement responsible for the advance of the detached
sedimentary cover towards downstream (Beni Moussa
plain). This overlap movement begins on the ramp
detachment of the Ait Seri fault F4, after its blocking
against the Cenozoic formations of Tadla plain, the
faulting play was transferred in-depth on the ramp of
Issoumer fault F3.

The magnetic lineaments obtained by the structural
interpretation of acromagnetic data are correlated with
the lineaments extracted from the Sentinel 1-A radar
image. The directional families of fractures measured
in the field are mainly trending N10°, N40-75° and
N170-180°. These directions merge with the karstic
cavities developed on the lower Jurassic limestone of
Beni Mellal Atlas (Bienfait, 1978). The fracture set
trending N40-70° is related to hercynian deformation
which shows a brittle tectonic materialized by the
replay of the major faults NE-SW.

4. Conclusion

The current study relies on the fusion of
aeromagnetic data as well as the radar remote sensing.
It aims to define the directions of the main structural
elements in Beni Mellal Atlas and to understand
their tectonic origin. In fact, the map of the reduced
to pole of residual magnetic field has allowed
highlighting many magnetic anomalies of varying
shapes, amplitudes and depths. From a geological
view, the most important anomalies are matched
with the presence of basaltic flows that resulted
from two magmatic events during Bathonian and
Lower Cretaceous. The use of tilt angle derivative
(TDR), the horizontal gradient technique combined
with the upward continuation (until 4 km) and the
euler deconvoluion method has allowed highlighting
magnetic alignments that correspond to faults. The
most important ones are extended along the main
structural accidents which are already recognized by
classical geological studies (Monbaron, 1981; Rolley,
1973; Fadile, 1987). In fact, the TDR map made it
possible to determine the major structural accidents
that across Beni Mellal Atlas (the border Atlasic
fault, Issoumer fault, Ait Seri fault) and contribute
to its subdivision into collapsed blocks. The NE-SW
to ENE-WSW, E-W and N-S directions dominate
magnetic faults trends that fit into the same directional
families obtained from sentinel image processing. The
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major lineaments with the N40-70° direction represent
normal synsedimentary faults, they are crosscut by the
N-S (N170-180°) trending faults that are related to
tectonic submeridian alpine compression (Matteur et
al., 1977; Monbaron, 1981).Thoses faults influenced
the thickness variation of the sedimentary cover, which
reflects a collapse movement of the basement relating
to a synsedimentary distensive tectonics active since
the Triassic to the lower Cretaceous.

The Euler solutions confirm and redraw, in
general, the lineaments obtained by the magnetic data
and Sentinel-limage interpretation. The estimated
depths vary between 0 m and more than 1500 m.
The E-W trending lincaments diplay a depth exeeds
1500 m, which testify their deep origin. They affect
the basics deposits of the Triassic layers and the
Liassic carbonates, thus reflecting that the study area
has undergone a thin-skinned deformation. Indeed,
this paleo-stress field played a primodial role in the
structuring of the Beni Mellal Atlas including Afourer
Atlas whose presence of a major faults system allowed
to divide the sector into collapsed blocks and tipped
to the north-west. Below the Issoumer and Ait Seri
faults, detachment ramps located at the base of the
Lias and inside the Triassic serie are the cause of
the Meso-Cenozoic cover detechment that comes to
thrust towards the N-W the atlasic border zone and
the Cretaceous and Tertiary deposits of Tadla Plain.
Thoses structural results present a useful informations
to guide hydrogeological prospecting campaigns in
Beni Mellal Atlas.
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In gravity field inversion we usually dealing with underdetermined problems and for obtaining

realistic solutions can introduce a depth-weighting function to the inversion algorithm. We employ
a linear inversion method for determining the underground density distribution of the gravity
causative mass. The validation and accuracy of method is tested on two synthetic gravity anomaly
from different models, while the data are noise- free and corrupted with noise. In this paper, We also
invert the 2D gravity anomaly produced by a salt dome from the northwest of Iran. The salt domes
in the region under investigation are a rich source of Potash. The inverted structure demonstrate on
Received Date: 03.06.2018 average a depth to top and bottom of 27 m and 65 m, respectively. For comparison, we also have
Accepted Date: 15.10.2018 simulated the salt dome using the nonlinear inverse modeling. The results are mostly similar.

1. Introduction

Gravity investigation has been used widely over
the years for inverse modeling of various buried
geological structures and deposit mass, especially
in mineral reconnaissance projects (Mandal et al.,
2013; Biswas et al., 2014q, b; Mandal et al., 2015;
Biswas and Sharma, 2016). The nonuniqueness in the
linear inverse problem of gravity, i.e., the existence
of a large variety of distribution of undersurface
density models that generate a similar gravity effect
on measurement plane, hesitate the reliability of
solution (Skeels, 1947; Parker, 1973; Biswas, 2015;
2016; Singh and Biswas, 2016; Biswas et al., 2017).
In order to obtain the correct unique solution and
minimizing the ambiguities, various researchers have
been proposed different algorithms to increase the
amount of extracted information from inversion for
simulating the geometry of a density distribution due
to a distinct gravity anomaly, as the proposed model be
geologically realistic (Srivastava et al., 2007; Ganguli
and Dimri, 2013; Biswas, 2015; Ganguli et al., 2015;
Singh and Biswas, 2016; Biswas et al., 2017).

Tsuboi (1983) introduce a simple but effective
approach based on equivalent stratum technique
to estimate 3D topography of a density interface.
Oldenburg (1974) proved that the Parker’s expression
could be applied in order to specify the geometry of the
density distribution from the residual gravity anomaly.
The geological maps and petrophysical data from
rock samples were used to to approximate the model
parameters to realistic values (Farquharson et al.,
2008; Williams, 2008; Heincke et al., 2010; Leliévre
et al., 2012; Tschirhart et al., 2013; 2017). Kamm et
al. (2015) used the petrophysical information for joint
inversion of magnetic and gravity. Moreover, there
are uniform and permanent models in the inversion
of gravity and magnetic fields and their derivatives
(Biswas, 2018; Lalongo et al., 2014).

Using a joint inversion of multiple data sets
can also diminish the nonuniqueness of the inverse
problem, examples of joint inversion of gravity and
magnetic data are given by, e.g., Zeyen and Pous
(1993), Gallardo and Meju (2003), and Pilkington
(2006) wusing deterministic inversion techniques
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and by Bosch and McGaughey (2001) and Bosch et
al. (2006) using stochastic methods. Shamsipour et
al. (2010, 2011, 2012) proposed the cokriging as a
geostatistical method and conditional simulation for
the discrete 3-D inversion of magnetic and gravity
data respectively, including geological restrictions.

One way to eliminate this ambiguity is to put a
appropriate geometry shape to the anomalous mass
with a known density followed by inversion of
gravity anomalies (Chakravarthi and Sundararajan,
2004). Although customary geometry models may
not be geologically realistic, they are usually being
sufficient to analyze causative mass of many isolated
gravity anomalies (Abdelrahman and El-Araby,
1993). The interpretation of such an anomaly aims
essentially to compute the parameters such as depth,
shape, and radius of the gravity anomaly causative
body such as geological structures , mineral mass and
artificial underground structures (Singh and Biswas,
2016; Biswas, 2015). Thus, in this case deal with the
nonlinear inverse modeling.

Several graphical and numerical methods have
been developed for analyzing residual gravity
anomalies caused by simple bodies, such as Saxov
and Nygaard (1953) and Bowin et al. (1986). The
methods include, for example, Fourier transform
(Odegard and Berg, 1965; Sharma and Geldart,1968);
Mellin transform (Mohan et al., 1986); Walsh
transforms techniques (Shaw and Agarwal, 1990);
ratio techniques (Hammer, 1977; Abdelrahman et al.,
1989); least-squares minimization approaches (Gupta,
1983; Lines and Treitel, 1984; Abdelrahman, 1990;
Abdelrahman et al., 1991), different neural networks
(Salemetal.,2001; Osman et al., 2006; 2007; Al-garni,
2013; Eshaghzadeh and kalantari, 2015; Eshaghzadeh
and Hajian, 2018); very fast simulated annealing
(Biswas et al., 2017; Biswas, 2015; 2016) Particle
swarm optimization (Singh and Biswas, 2016);
effective quantitative interpretations using the least-
squares method (Gupta, 1983) based on the analytical
expression of simple moving average residual gravity
anomalies are yet to be developed. Abdelrahman and
El-Araby (1993) introduced an interpretive technique
based on fitting simple models convolved with the
same moving average filter as applied to the measured
gravity. A simple approach introduced by Essa (2007)
is applied to determine the shape factor and depth of
simple features from residual gravity anomalies along
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the profile. Another automatic method, e.g. the least-
squares method, was offered by Asfahani and Tlas
(2008), by which the depth and amplitude coefficient
can be specified.

In this study, we employ the linear inverse
modeling technique using depth weighting parameter
as resolution enhancer and one-norm (also known as
the L1 norm or mean norm) as stopping criteria in
inversion algorithms for a real gravity data due to a
salt dome in the north of the Zanjan province, Iran.
The salt domes situated in the north of the Zanjan
province and the south of the East Azerbaijan province
are volumetrically small and near the surface. These
salt domes are the rich resources of the Potash.

2. Computing the Kernel Matrix

For inverting the gravity data and calculating a
2D density distribution corresponding to the gravity
anomaly, it is necessary that the gravity response due
to the ground of the sub-surface as has been divided to
several prisms be computed at the surface. For a 2-D
model, as shown in figure 1, the gravity response of
all the rectangular prisms at the observation point i,
is given by:

M

8 = jElPijdj’ i=L..N (equation 1)
where M and N denote the number of blocks and the
number of observations, respectively, dj is the density
of the j* block and P, is matrix of geometric element
or kernel matrix which presenting the influence of the
" block on the i gravity value. In order to calculate
the kernel matrix P, the gravity response of the 2D
prism using equation developed by Last and Kubik
(1983) is estimated, as:

Nty

(x, -x, +%)log( )+dlog(r—“)—
?, =G hry £

4 P > (equation 2)
(Zj * 5)(94 _02) * (z/ _E)(@ _Hl)

where;

n=(z, —%)2 +(x, -x, +%)2,

o=, +%)2 +(x, -x, +d5)2,
h d

r=(z, —5)2 +(x,-x; —5)2,

r=(z, +%)2 +(x, -x, —dE)z,
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Figure 1- A simple 2D model of the inversion domain as has been divided to several blocks with a dimension of
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and

61 =tan'1(x,.—xj +i)/(zj _ﬁ)’

2 2
d h
<t
0, =tan™ (X, - X, +E)/(Zj +5),
d h
-1
6, =lan" (x,-x; —E)/(Zj —5),

_ d h
0, =tan 1(x,.—xj _E)/(Zj —E),

Here G is the gravitational constant, d and / are the
width and height of the each block.

3. Inversion Method

In most of the inverse modeling cases, we deal
with the underdetermined problems, i.e. the number
of unknowns is much greater than the number of
observed data. For a general underdetermined system
of linear equations, i.e. d=Pf where d is the column
vector of the observed gravity field data, fis the column
vector of the unknown, i.e. density, and P is the kernel
rectangular matrix, the minimum norm solution is
defined as the model that fits the data exactly which is
given by (Menke, 1984):

f =P"(PP")d, (equation 3)

The super script 7 denotes the matrix transposition.
This expression usually leads to an unrealistic density
distribution. We can solve the inversion problem using
the weighted—damped least-squares method, as (Last
and Kubik, 1983):

f =Wf_1PT (PWf_IPT +W ™H7'd,  (equation 4)

If assumed that there are M prisms of unknown
density (number of model parameters) and N observed
gravity data (Figure 1), therefore, f'is a M vector
of the unknown density and d is a Nx/ vector of the
observed gravity data. The density weighting matrix (
w f), noise-weighting matrix (Wn) and kernel matrix
(P) have also the dimensions M*xM, NxN and NxM,
respectively. The density weighting matrix is given by
(Last and Kubik, 1983):

[Wf(k = ]’1 - D ]2 e, (equation 5)

where k is the iteration and constants ¢ is the
perturbation number as should be chosen as small
as possible without causing numerical inconstancy,
generally is assumed about 107'° to 10-*. The noise-
weighting matrix is defined at each iteration as:
w ' =1.diag (PWf_IPT ), (equation 6)
As the [ is a priori estimated noise/signal ratio.
The weighting functions are specifically designed to
minimize the area of the model, that is, to maximize
its compactness. After computing the density amount
of each block in each iteration, the gravity effect of
the blocks whose estimated values are greater than

the initial defined amount, must be eliminated. The
formulation is (Last and Kubik, 1983):

g =8, ~-bYPH[f*P[b], i=1..N. (equation7)
J

where b is being the target density and H denotes the
Heaviside step function, as here, whose value is zero
for smaller or equal values to one and one for values
larger than one,
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0, n=l

L sl (equation 8)

H[n]={

It is worth mentioning, the Heaviside step function
is used to eliminate the gravity effect of the blocks
whose the estimated density are greater than the
target density from the gravity data. When the density
value of the specific block gets bigger than a interface
density (b), the algorithm establishes the density of
the block equal to b and automatically separates the
block in the next iterative during inversion process.
This is achieved by subtracting its gravity effect from
the total gravity anomaly and assigning it a very large
weight, thus the equation 7, estimate a reduced gravity
data vector in each step (Last and Kubik, 1983).

The method consists of an iterative procedure in
which the weighting matrices alter at each iteration
until an acceptable convergence of the solution
is obtained and eventually a compact final model
is generated (Last and Kubik, 1983). In inverting
gravity data due to a causative mass, the evaluated
density distribution related to buried structure tend
to concentrate near the surface. For nullifying the
natural decay of the kernels and maximizing the depth
resolution, a depth weighting function is inset in the
problem. Li and Oldenburg (1998) offered to employ
a depth weighting function such as:

1
2 = @+2.) ; (equation 9)
where z is the depth of the layers and z,depends on the
cell size of the model and the observation height of the
gravity data.

In this paper, we employ the one-norm (L/ norm)
as a criterion for stopping the iteration process in
inversion algorithms. The L/ norm has the form:

2

Where the e is the difference between the observed

L1 norm :

c

=

Cr

} 5 (equation 10)

gravity data and inverted gravity data due to the
evaluated model from the density distribution at each
iteration. As soon as the L/ norm achieve the lowest
amount which usually coincides with minimum area of
the density distribution, the iteration is terminated. We
can summarize the inversion process as the following
algorithm,
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Input: d, P ¢, [,

Output:

fori=1k do

Calculate: Wf, w,
Compute: f, L1

If L, <L,

Break

end

Apply: Heaviside function
Compute: d

end

4. Synthetic Models

The proficiency and validity of the compact
inversion method is illustrated with two set of
synthetic gravity data. We assign the ¢ and / as 10
0 and 0.1 respectively, for inverting the theoretical
gravity data. Figure 2(a) shows the gravity response to
the assumed model in figure 2(b) where the subsurface
ground has been partitioned into 1510 prisms as the
dimension of each prism is 10 m x 5 m. As is shown in
figure 2b, the 2D model include 12 prisms whose the
density contrast is -1000 kg/m?. The inverted gravity
corresponding to the resulted causative body from
inverting the observed gravity (Figure 2¢), is displayed
in figure 2(a). This inverted model that is exactly
similar of the original causative body, achieved at 8"
iteration, where the L1 norm as the stopping criterion
attain the smallest amount. The L1 norm, reduces
intensely from its initial value of 0.71 mGal at the first
iteration to 0.031 mGal at the end of the 5" iteration
and then gradually reaches zero (very close to zero)
m@Gal at the 8" iteration (Figure 6a).

Figure 3(a) shows the computed gravity for the
assumed model in figure 3(b) where the subsurface
inversion domain has been divided into 25x10 blocks
of dimension 4 m X 5 m. Therefore, the whole domain
is 100 m x 50 m and the total number of blocks is
M=250. considering figure 3b can see that the 2D
model include 18 prisms whose the density contrast is
-1000 kg/m?. In recent theoretical model, the inversion
domain has been composed of the smaller blocks than
the first model. figures 4 (a), 4(b) and 4(c) represent
the inferred density distribution from the inversion
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Figure 2- a) Observed and inverted gravity due to b) assumed model and c) inverted

model, respectively.

the observed gravity after 3, 5% and 7% iterations,
respectively. At 7" iteration, L1 norm amount is
minimum one. Figure 6(b) exhibit the variations the
L1 norm values versus the iteration during inversion
for the observed gravity in figure 3(a). With attention
to figures 4 can clearly find during inversion process
the number of the blocks which are masked with high
density decrease. The 3™ iteration produced a spread-
out density distribution, but at the 5th iteration the
compactness has been increased, as at the 7" iteration
the minimum area of the blocks with maximum
density, regardless to the sign of density, has been
yielded. The inverted gravity due to the resulted model
in figure 4(c) is shown in figure 3(a).

The efficiency of the inversion approach in the
presence of error is tested after adding 10% random
noise to the gravity data in figure 3(a). The noise
corrupted synthetic gravity data has been brought in
figure 5(a). Figures 5 (b), 5(c) and 5(d) demonstrate

the configuration of density distribution between
prisms resulted from the inversion the observed
gravity data corrupted with noise at 5%, 7" and 9%
iterations, respectively. With the iterations proceeding,
the area of the interpreted structure is diminishes as
at the 7" iteration a fairly compact model is inferred.
By the 9% iteration the procedure give a almost
converged results to the desired initial model. The L1
norm value decreases gradually from its initial value
of 0.727 mGal at the first iteration to 0.078 mGal at
the 9% iteration (Figure 6¢), where L1 norm amount
is minimum. Therefore, the figure 5(d) shows the
most similar shape to the assumed causative body
by inversion the gravity data corrupted with random
noise. The inverted gravity data due to interpreted
model in figure 5(d) has been shown in figure 5(a).

We also studied the stability of the inversion
technique for the observed gravity data with a higher
level of noise, as it corrupted with 15% random noise
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Figure 4- Inverted models at a) 3, b) 5" and ¢) 7% iterations, respectively

(Figure 7a). The interpreted density distribution is
shown in figure 7(b) as the buried structure has been
specified by the black line. The algorithm stopped at
14" iteration, where the L1 norm became 1.32 mGal.
Considering the inferred results prove the validity of
the inverse modeling method.

The analysis of the synthetic models, with and
without random noise, eventuate the satisfactory
results which confirm the performance and stability of
the inversion method.
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5. Field Example

The region under study is situated in the north of
the Zanjan province, the northwest of Iran. Miocene
stage in this area are characterized by rapid subsidence,
deposition, and facies changes in both marine and
continental sedimentary basins as Miocene units in
the study region include sequences of Marl, Salt and
Chalk. Figure 8 show the geological map of the region
under investigation. The gravity measurement region
is approximately even morphologically. The height
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variations the region under evaluation is illustrated in
figure 9.

The salt domes in this area are the result of the
upward movement of the Neogene evaporative
materials as their connection with the mother salt layer
have been interrupted (Figure 10). The depth of these
salt domes is shallow and their volume is low. These
salt dome have mostly high percentage of Potash.

The main salt dome in the region under
consideration is Aji-chay salt dome. An area that the
gravity studies has been performed, with a white
rectangular on figure 8 has been determined. Figure
11 show the computed Bouguer gravity anomaly
after making the necessary corrections. The Bouguer
gravity anomaly map demonstrate a dominant regional
gravity field which increase from south to north.
After removing a trend (degree 2) from the Bouguer
anomaly, the residual (local) gravity anomalies which
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Figure 8- The geological map of area under investigation.

are our desire, are appeared (Figure 12). Because of
the less density of the salt dome than around domain,
it is recognizable on the residual gravity anomalies

map with negative anomaly.

From negative anomaly due to the salt dome was
sampled at 17 points with about 11.3 m interval along
profile AB. Profile AB in anomaly is specified in E-W

direction, which is shown in figure 12.
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The variation of the gravity field along profile AB
is shown in figure 13 (a). For inverting the observed
gravity, we divided the inversion domain into 33x21
blocks of dimension 5.8 m in the x direction and 5 m
in the y direction. Therefore, the whole domain is 192
m x 105 m, i.e. 20160 m’. The ¢ and initial / values
were specified as 102 and near to zero respectively.
We have also considered the average density of
the salt dome about 2200 kg/m?® Considering the
geological formation, sediments and layer material
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Figure 9- The topography map of the region under gravity survey.

Figure 11- The Bouguer gravity anomaly map of the area under
evaluation.

Figure 10- The process of salt dome formation in the region of the
northwest of Iran.

of the area under investigation, the average density of
subsurface domain is given as 2500 kg/m*. Then, the
density contrast was taken to be -300 kg/m?*. Figure 13
(b) display the distribution of the inverted density after
18 iterations. The estimated L1 norm for each iteration
is shown in figure 14. The L1 norm lessen from the
its initial value of 1.576 mGal at the first iteration to
0.162 mGal at the 18" iteration

The inverted gravity produced by the determined
densities for juxtaposed prisms is shown in figure
13 (a). The density distribution demonstrate the

LLLSI01H L8 18411 S R 114 51111 S 1|1 A1 1§ SR 12105 G111 § R 1 #0111 § 11 11812

Figure 12- The residual gravity anomalies map of the area under
evaluation. The position of the profile AB over the
negative gravity anomaly due to the salt dome has been
specified.

geometry of the salt dome whose main concentration
is at a depth of 42 m and a horizontal distance of
60 m from the profile AB origin, where the density
contrast is about -300 kg/m’. By getting away from
the center of salt dome in all directions, because of
admixing the salt with sediment and alluvial material
the density contrast amount diminish. The simulated
salt dome show a elongation in the diffusion of the
density towards east (right). If we consider the density
contrast of -200 kg/m? as the salt dome limited area,
therefore it have a depth to top of about 27 m and a
depth to bottom of about 65 m.
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For comparison, we have used from ModelVision
software in order to nonlinear inverse modeling of
the measured gravity data due to the salt dome. The
gravity sampling was accomplish at 33 points with 10
m interval along the profile A'B’ which depicted on
the gravity anomaly of the salt dome, as is shown in
figure 15(a). The variation of the gravity field along
profile A'B’ is shown in the upper part of figure 15(b)
(black line). We have considered a spherical initial
model situated on the profile A'B’ whose the location
of horizontal and vertical cross-section (violet circle)
has been presented in figure 15(a) and the down part
of the figure 15(b), respectively. The blue line in the
upper part of figure 15(b) indicate the gravity anomaly
caused by the assumed model.

The software tries to minimize the error between
the observed gravity and inverted gravity (the upper
part of figure 16 b) by changing the model parameters,

i.e. the depth to top and bottom and radiuses in three
directions. The horizontal and vertical cross-section
of the final model are displayed through figure 16(a)
and the down part of the figure 16(b). The estimated
upper and lower surfaces depth of inferred model are
about 25 m and 73 m, respectively and the maximum
horizontal extension is about 70 m.

6. Conclusions

In this paper, a compact inversion method based
on introduced approach by Last and Kubik (1983) is
employed. For increasing the depth resolution and
eluding the tendency of placement the structure too
close to the surface is used a depth weighting function
in the inversion algorithm. The convergence and
consistency of the proposed method was evaluated
with two synthetic gravity data, with and without
random noise, due to two theoretical models. The L1

—e— Observed gravity
—&— Inverted gravity
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Figure 13- a) Observer gravity along profile AB and inverted gravity due to b) inverted structure.
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Figure 14- Variations L1 norm values versus iteration number during inversion of the

real gravity data.
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norm was considered as the stopping criterion of the
iteration. The inverted density from interpretation the
synthetic data are completely similar to the assumed
models. We have inverted a real 2D gravity data set
due to a salt dome using the linear inversion method.
Usually for low N/S values a satisfying convergence
of the solution is obtained. For real gravity data, we
have considered a near to zero value for / until the
noise was interpreted geologically, in other words,
noise-weighting matrix be determined based on the
estimated density in the each iteration.

The inverted density has been distributed smoothly
overall the inversion domain where the centralization
of the high density contrast (about -300 kg/m?)

indicate the core of salt dome. The modeled domain
shows that with increasing distance from the core of
salt dome, the density contrast dwindle, therefore the
interface between salt deposit and surroundings is not
a sharp and distinct border.

We also analyzed the real gravity data using the
ModelVision software. The inferred structure from
nonlinear inversion, ModelVision software,
show good conformity with inverted structure from
linear inversion, i.e. proposed method. With respect
to the results can infer that the described inversion
technique is a powerful and practicable instrument for
interpreting the gravity field.

ie.
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Figure 15- a) The horizontal cross-section of the initial model situated on the gravity anomaly of the salt dome where the profile A'B’ go across.
b) gravity field changes through the profile A’B’ (black line) and calculated gravity ( blue line) due to the initial model as the vertical

cross-section of it has been displayed.
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Figure 16- a) Horizontal cross- section of the final inferred model using the nonlinear inversion of gravity data of the profile A'B'. b) The
inverted gravity produced by the resulted structure (blue line). The vertical cross-section of the final inversion model has been shown

in the down part of the Figure 15(b).
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A new published species under the scope of this journal (Nummulites sireli Deveciler) was renamed
as Nummulites ercumenti nom.nov for being a junior homonym of an another Nummulites species.

1. Introduction

A homonym is described as an identical taxon
name which belongs to a different taxon. According
to the ICZN (International Code of Zoological
Nomenclature), the first published name is accepted
as the senior homonym and is to be used as a valid
name. The rest become junior homonyms that should
be replaced with appropriate new names.

This discussion introduces the replacement
of Nummulites sireli Deveciler with Nummulites
ercumenti as nomen novum for being the junior
homonym of Nummulites sireli Alan.

2. Systematic Paleontology
Nummulites ercumenti nom. nov.

2019  Nummulites sireli, Deveciler (junior
homonym of Nummulites sireli Alan 2010; p. 99-102,
pl. 9, figs. 1-9, unpublished), p. 124-125, pl. 1, figs.

1-12.

Derivation of name: After Dr. Erciiment Sirel, for

his valuable contributions on the systematics of larger
benthic foraminifera paleontology.

Remark: Deveciler (2019) described and figured
Nummulites sireli as a new species in the Lutetian
limestones of Cayraz section (Haymana-Ankara).
However it was revealed that the same name has been
previously given to a different Bartonian nummulitid
in Akcadag-Malatya region by Alan (2010) within
the scope of her unpublished PhD Thesis. Therefore
Nummulites sireli Deveciler, 2019 was accepted as the
junior homonym of Nummulties sireli Alan, 2010 and
the new species in Deveciler (2019) has been renamed
as Nummulites ercumenti nom. nov.

3. Conclusions

Giving the same name to different taxons is a very
common issue in various palaecontological studies,.
In this study to avoid from the future taxonomic
confusions, Nummulites sireli Deveciler, 2019 was
renamed as Nummulites ercumenti nom. nov. because
of being the junior homonym of Nummulites sireli
Alan, 2010.

Citation info: Deveciler, A. 2019. Nummulites sireli Deveciler (junior homonym of N. sireli Alan) renamed as Nummulites ercumenti nom.
nov. Bulletin of the Mineral Reserach and Exploration, 160, 245-246. http://dx.doi.org/10.19111/bulletinofmre.624531
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Bulletin of the Mineral Research and Exploration Notes to the Authors

1. Aims of Publication

* To announce and share researches in all fields of
geoscientific studies in Turkey with geoscientists
worldwide.

* To announce scientific researches and practices on
geoscientific surveys carried out by the General
Directorate of Mineral Research and Exploration
(MTA) to the public.

* To use the journal as an effective media for
international publication exchange by keeping the
journal in high quality, scope and format.

* To contribute to the development of Turkish
language as a scientific language.

2. Scope

At least one of the following qualifications is required
for publishing the papers in the Bulletin of Mineral
Research and Exploration.

2.1. Research Articles
2.1.1. Original Scientific Researches

* These articles cover and contribute to the main
subjects of the earth sciences, the original scientific
researches and its results related to all aspects
of disciplines in geoscience like exploration
and evaluation of the underground sources and
environmental problems, and

* The studies, which apply new aspects and methods
for the solution of problems about the earth
sciences and researches, which apply new aspects
and methods for the solution of the problems, in the
engineering sciences carried out in MTA.

2.1.2. Review Articles

These papers include comphrehensive scholarly review
articles that summarize and critically assess previous
geoscientific researches with a new perspective and
reveal a new approach.

2.2. Discussion/Reply

* This type of article is intended for the discussion of
papers that have already been published in the latest
issue of the Bulletin. The discussion/reply type
articles, which criticize all or a part of a recently
published article, are published in the following

first issue if it is submitted within six months after
the publication of the Bulletin.

* The discussions are sent to the corresponding
author of the original paper to get their reply before
publication. The discussions abut the paper with two
or more authors are sent only to the corresponding
author.

* If the review article is not published within the
prescribed preiod then it is published alone. Later
sent replies are not published. Re-criticising of the
replies is not allowed.

* The authors should obey the rules of scientific
ethics and discussions in their discussion/reply
papers. The papers in this category should not
exceed four printed pages of the journal including
figures and tables etc. The format of the papers
should be compatible with the “Spelling Rules” of
the Bulletin.

2.3. Short Notes

* The short notes part of the Bulletin covers short,
brief and concisely written research reports for
papers including the data obtained from ongoing
and/or completed scientific researches and practices
related to geoscience and new and/or preliminary
factual findings from Turkey and worldwide.

* The short notes will follow a streamlined schedule
and will normally be published in the following
first or second issue shortly after submission of the
paper to the Bulletin.

* This type of articles should not exceed four printed
pages of the journal including figures, tables and an
abstract.

3. Submission and Reviewing of Manuscripts

* Manuscript to be submitted for publishing in the
Journal must be written clearly and concisely
in Turkish and/or English and prepared in the
Bulletin of Mineral Research and Exploration style
guidelines. All submissions should be made online
at the http://.dergi.mta.gov.tr website.

* The manuscript submitted for reviews must not
have been published partially or completely
previously in another journal.

* The rejected manuscripts are not returned back to
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author(s) whereas a letter of statement indicating
the reason of rejection is sent to the corresponding
author.

* Submitted manuscripts must follow the Bulletin
style and format guidelines. Otherwise, the
manuscript which does not follow the journals’
style and format guidelines, is given back to
corresponding author without any reviewing.

* Every manuscript which passes initial Editorial
treatise is reviewed by at least two independent
reviewers selected by the Editors. Reviewers’
reports are carefully considered by the Editors and
associated editors.

* The manuscript that need to be corrected with the
advices of reviewer(s) is sent back to corresponding
author(s) to assess and make the required corrections
suggested by reviewer(s) and editors. The authors
should prepare a letter of well-reasoned statement
explaining which corrections are considered or not.

* If there are any suggestions given by editors and
referees that are not accepted and corrected by the
author, then it should be sent to the Editor’s Office
with corrected copies of the report explaining the
reason for not accepting these suggestions and
corrections.

* Figures and tabless should be 1/3 of the main text.

* To be published in the Bulletin of Mineral
Research and Exploration, the printed lenght of the
manuscript should not exceed 30 printed pages of
the journal including an abstract, figures and tables.
The publication of longer manuscripts will be
evaluated by Editorial Board if it can be published
or not.

* The authors must do the reviewer’s corrections and
proposals in 60 days and must upload to the system.

* At the printing stage after the last control, the
first print of the manuscript are sent to the author/
authors in pdf version and asked from the author/
authors to make the press control.

4. Publication Language and Periods

* The Bulletin of Mineral Research and Exploration
is published at least twice a year and each issue is
published both in Turkish and English. Thus, the
manuscripts are accepted in Turkish or English.
The spelling and punctuation guidelines of Turkish
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Language Institution are preferred for the Turkish
issue. However, the technical terms related to
geology are used in accordance with the decision
of the Editorial Board.

5. Spelling Draft

Manuscripts should be written in word format in A4
(29.7 x 21 cm) size and double-spaced with font size
Times New Roman 10-point, margins of 25 mm at the
sides, top and bottom of each page.

The formulas requiring the use of special characters
and symbols must be submitted by the symbols part
of the Microsoft Office Word Program on computer.

Initial letters of the words in sub-titles must be capital.
The first degree titles in the manuscript must be
numbered and left-aligned, 10 point bold Times New
Roman must be used. The second degree titles must be
numbered and left-aligned, they must be written with
10 point normal Times New Roman. The third degree
titles must be numbered and left-aligned, they must
be written with 10 point italic Times New Roman.
The fourth degree titles must be left-aligned without
having any number; 10 point italic Times New Roman
must be used. The text must continue placing a colon
after the title without paragraph returns (See: Sample
article: http://bulletin.mta.gov.tr).

One line spacing must be left after paragraphs within
text.

Paragraphs must begin with 0.5 mm indent.

The manuscript must include the below sections
respectively;

o Title Page

0 The Name and Surname of the author and * sign
(Adress, e-mail adres must be given at the bottom
of the page)

o Abstract

o Key Words

o Introduction

o Body

o Discussion

o Conclusion

o Acknowledgements

o References



5.1. Title Page

The title must be short, specific and informative and
written with small letters font size Times New Roman
10-point bold. The title mustn’t contain the subjects
insufficiently processed in the article.

5.2. Author(S)’S Name, Addresses and Email Address

¢ The name and surname of the author/authors must
be written without affiliations. Name must be
written in small letters, the surname must be written
in capital letters.

* At the affiliation (work adres) written after the
name and the surname of the author/authors only
the name of the company must be written, the
author’s job mustn’t be written.

* Information about the adresses must be given at the
next line as 10-point and italic.

* ORCID number should be taken from www.orcid.
org and placed below the address.

* At the articles with two or more than two authors,
the numbers must be written above the surnames of
the authors, the informations about their adresses
must be given at the next line by leaving one space
line. Also, at this part the corresponding author must
be indicated by the (*) symbol and the telephone,
FAX and e-mail address of the corresponding
author must be given.

* Abbreviations must not be made while writing the
name of the uthor and the affiliation adres. Adresses
must be given in Turkish in the Turkish version, in
English in the English version.

e At the end of the article the name of the
corresponding author and contact informations
must be added.

5.3. Abstract

* The abstract must be understandable before having
a look at the text.

* The abstract should state briefly the overall
purpose of the research, the aim of the article, its
contributions to the known theories, new data,
principle results and major conclusions.

¢ Tha abstract must contain short and brief sentences.

* Addressing other sections and illustrations of the
text or other writings must be avoided.

* The information, which have not been mentioned
in the text, must not be in the abstract.

* The article must be written as one paragraph,
preferably. Please provide an abstract which doesn’t
exceed 200 words.

* The abstract must be written with 10-point, normal
Times New Roman in single-spaced lines.

* “Abstract” must not be given for the writings that
will be located in “Short Notes” section.

* The English abstract must be under the title of
“Abstract”.

5.4. Key Words

Immediately after the abstract, please provide up to 5
key words and with each words seperated by comma.
These key words will be used for indexing purposes.

5.5. Introduction

* The introduction section should state the objectives
of the work, research methods, location of the study
area and provide an adequate and brief background
by avoiding a detailed literature survey.

* Non-standard or uncommon classifications or
abbreviations should be avoided. But if essential,
then they must be defined at their first mention and
used consistently thereafter. Seperate paragraphs
could be organized for each of the subjects at the
introduction part. If it is necessary, the subtitle can
be given for each of them (for example method,
material, terminology etc.).

* When pre-information is needed for facilitating the
understanding of the text, this section can also be
used (for example, statistical data, bringing out the
formulas, experiment or application methods, and
others).

5.6. Body

* In this chapter, there must be data, findings and
opinions that are intended to convey to the reader
about the subject. The body section forms the main
part of the article.

* The data used in other sections such as “Abstract”,
“Discussions”, and “Results” are caused by this
section.

* While processing the subject, the care must be
taken not to go beyond the objective highlighted in
the “Introduction” section. The knowledge, which
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do not contribute to the realization of the purpose
of the article or are useless for conclusion, must not
be included.

All data used and the opinions put forward in this
section must prove the findings obtained from the
studies or they must be based on a reference by
citation.

The guidance and methods to be followed
in processing subjects vary according to the
characteristics of the subjects mentioned. Various
topic titles can be used in this section as many as
necessary.

5.7. Discussions

Discussion of the data and findings that are
objectively transferred in the Main Text section of
the article should be done in this section. This must
be written as a seperate section from the results
section.

5.8. Conclusions

The main conclusion of the study provided by
data and findings of the research should be stated
concisely and concretely in this section.

The subjects that are not mentioned sufficiently
and/or unprocessed in the body section must not be
included in this section.

The conclusions can be given in the form of
substances in order to emphasize the results of the
research and to make the expression understandable.

5.9. Acknowledgements

In this section, the significant contributions made
in the realization of investigation that form the
topic of the paper is specified. While specifying
contributions, the attitude diverted the original
purpose of this section away is not recommended.
Acknowledgements must be made according to the
following examples.

This study was carried out within scope of
........................... project.

I/we would like to thank to ......... for contributing
to the development of this article with his/her
critiques.

Academic and/or authoritorial affiliations are
written for the contributions made because of
requirement of ordinary task.
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For example:
“Prof. Dr. 1. Enver Altinlt has led the studies”.

“The opinions and warnings of Dr. Tandogan Engin
are considered in determining the chemistry of
chrome minerals.”

The contributions made out of the requirement of
ordinary task:

For example:

“I would like to thank to Professor Dr. Melih
Tokay who gives the opportunity to benefit from
unpublished field notes”; “I would like to thank to
the preliminary-Plan Chief Engineer Ethem Goger,
State Hydraulic Work, 5th Zone”. Academic and /
or task-occupational titles are indicated for such
contributions.

The contributions, which are made because of
requirement of ordinary task but do not necessitate
responsibility of the contributor mustn’t be
specified.

For example:

Sentences such as “I would like to thank to our
General Manager, Head of Department or Mr. /
Mrs. President ............... who has provided me
the opportunity to research” must not be used.

5.10. References

All references cited in the text are to be present in
the reference list.

The authors must be sure about the accuracy of the
references. Publication names must be written in
full.

Reference list must be written in Times New
Roman, 9-point type face.

The reference list must be alphabetized by the last
names of the first author of each work.

If an author’s more than one work is mentioned,
ranking must be made with respect to publication
year from old to new.

In the case that an author’s more than one work in
the same year is cited, lower-case alphabet letters
must be used right after publication year (for
example; Saklar, 20114, b).

If the same author has a publication with more than
one co-author, firstly the ones having single author



are ranked in chronological order, then the ones
having multiple authors are ranked in chronological
order.

* In the following examples, the information
related to works cited is regulated in accordance
with different document/work types, considering
punctuation marks as well.

* Ifthe document (periodic) is located in a periodical
publication (if an article), the information about the
document must be given in the following order:
surnames of the author/authors, initial letters of
author’s/ authors’ first names. Year of publication.
Name of the document. Name of the publication
where the document is published, volume and/
or the issue number, numbers of the first and last
pages of the document.

For example:

Pamir, H.N. 1953. Tirkiye’de kurulacak bir
hidrojeoloji  enstitiisii  hakkinda  rapor.
Tiirkiye Jeoloji Biilteni 4, 1, 63-68.

Barnes, F., Kaya, O. 1963. Istanbul bolgesinde
bulunan Karbonifer’in genel stratigrafisi.
Maden Tetkik ve Arama Dergisi 61,1-9.

Robertson, A.H.F. 2002. Overview of the genesis
and emplacement of Mesozoic ophiolites in
the Eastern Mediterranean Tethyan region.
Lithos 65, 1-67.

* [f more than one document by the same authors is
cited, firstly the ones having single name must be
placed in chronological order, then the ones having
two names must be listed in accordance with
chronological order and second author’s surname,
finally the ones having multiple names must be
listed in accordance with chronological order and
third author’s surname.

¢ If the document is a book, these are specified
respectively: surnames of the author/authors,
initial letters of author’s/authors’ first names. Year
of publication. Name of the book (initial letters
are capital). Name of the organization which
has published the book, name of the publication
wherethe document is published, volume and/ or
the issue number, total pages of the book.

For example

Meri¢, E. 1983. Foraminiferler. Maden Tetkik ve
Arama Genel Miudiirliigii Egitim Serisi 23,
280p.

Einsele, G. 1992. Sedimentary Basins. Springer-
Verlag, p 628.

¢ If the document is published in a book containing
the writings of various authors, the usual sequence
is followed for the documents in a periodic
publication. Then the editor’s surname andinitial
letters of their name /names are written. “Ed.” which
is an abbreviation of the editor word is written
in parentheses. Name of the book containing the
document (initial letters are capital). Name of the
organization which has published the book. Place
of publication, volume number (issue number,
if any) of the publication where the document is
published, numbers of the first and last page of the
document.

For example:

Génciioglu, M.C., Turhan, N., Sentiirk, K., Ozcan, A.,
Uysal, S., Yalimiz, K. 2000. A geotraverse
across northwestern Turkey. Bozkurt,
E., Winchester, J.A., Piper, J.D.A. (Ed.).
Tectonics and Magmatism in Turkey and
the Surrounding Area. Geological Society of
London Special Publication 173, 139-162.

Anderson, L. 1967. Latest information from seismic
observations. Gaskell, T.F. (Ed.). The Earth’s
Mantle. Academic Press. London, 335-420.

* [f name of a book where various authors’ writings
have been collected is specified, those must be
indicated  respectively:  book’seditor/editors’
surname/surnames, and initial letters of their name/
names. “Ed.” which is an abbreviation of the
editor word must be written in parentheses. Year
of Publication. Name of the book (initial letters
are capital). Name of the organization which has
published the book, total pages of the book.

For example:

Gaskel, T.F.(Ed.)1967. The Earth’s Mantle. Academic
Press, 520p.

e If the document is an abstract published in a
Proceedings Book of a scientific activity such
as conference/symposium/workshop ...etc.
information about the document must be given in
the following order: surnames of the author/authors,
initial letters of author’s/authors’ first names. Year
of publication. Title of the abstract. Name, date and
place of the meeting where the Proceedings Book
is published, numbers of the first and last pages of
the abstract in the Proceedings Book.
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For example:

Yilmaz, Y. 2001. Some striking features of the
Anatolian geology. 4. International Turkish
Geology Symposiums 24-28 September
2001, London, 13-14.

Oztunali, O., Yeniyol, M. 1980. Yunak (Konya) yoresi
kayaglarinin petrojenezi. Tirkiye Jeoloji
Kurumu 34. Bilim Teknik Kurultayi, 1980,
Ankara, 36

* If the document is one of the unpublished
documents as report, lecture notes, and so on.,
information about the document must be given by
writing the word “unpublished” in parentheses to
the end of information about the document after it
is specifiedin accordance with usual order which is
implemented for a document included in a periodic
publication.

For example:

Ozdemir, C. Bigen, C. 1971. Erzincan ili, Ili¢ ilgesi
ve civart demir etiitleri raporu. General
Directorate of Mineral Research and
Exploration Report No: 4461, 21 p. Ankara
(unpublished).

Akyol, E. 1978. Palinoloji ders notlari. EU Fen
Fakiiltesi Yerbilimleri Boliimii, 45 p., [zmir
(unpublished).

* The followings must be specified for the notes of
unpublished courses, seminars, and so on: name
of the document and course organizer. Place of the
meeting. Name of the book, corresponding page
numbers.

For example:

Walker, G. R. Mutti, E. 1973.Turbidite facies and
facies associations. Pacific Section Society
for Sedimentary Geology Short Course.
Annaheim. Turbitides and Deep Water
Sedimantation, 119-157.

* [fthe document is a thesis, the following are written:
surname of the author, initial letter of the author’s
first name. Year of Publication. Name of the thesis.
Thesis type, the university where it is given, the
total number of pages, the city and “unpublished”
word in parentheses.

For example:

Seymen, 1. 1982. Kaman dolayinda Kirsehir Masifi’nin
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jeolojisi. Dogentlik Tezi, ITU Maden
Fakiiltesi, 145 s.Istanbul (unpublished).

* Anonymous works must be regulated according to
publishing organization.

For example:

MTA. 1964. 1/500.000 olgekli Tiirkiye Jeoloji
Haritasi, Istanbul Paftasi. Maden Tetkik ve
Arama Genel Midiirliigii, Ankara.

* The date, after the name of the author, is not given
for on-printing documents; “in press” and / or “on
review” words in parenthesis must be written. The
name of the article and the source of publication
must be specified, volume and page number must
not be given.

For example:

o Ishihara, S. The granitoid and mineralization.
Economic Geology 75th Anniversary (in press).

* Organization name, web address, date of access on
web address must be indicated for the information
downloaded from the Internet. Turkish sources
must be given directly in Turkish and they must be
written with Turkish characters.

For example:

o ERD (Earthquake Research Department of Turkey).
http://www.afad.gov.tr. March 3, 2013.

* While specifying work cited, the original language
must be used; translation of the title of the article
must not be done.

6. Illustrations

* All drawings, photographs, plates and tables of the
article are called “illustration”.

* [llustrations must be used when using of them is
inevitable or they facilitate the understanding of the
subject.

* While selecting and arranging the illustrations’
form and dimensions, page size and layout of the
Bulletin must be considered, unnecessary loss of
space must be prevented as much as possible.

* The pictures must have high quality, high resolution
suitable for printing.

* The number of illustrations must be proportional to
the size of the text.

* All illustrations must be sent as separate files
independent from the text.
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While describing illustrations in the text,
abbreviations must be avoided and descriptions
must be numbered in the order they are mentioned
in the text.

Photographs and plates must be given as computer
files containing EPS, TIFF, or JPEG files in 600 dpi
and higher resolutions (1200 dpi is preferred) so that
all details can be seen in the stage of examination of
writing.

6.1. Figures

Drawings and photos (except for the plates in the
text) will be evaluated together as “Figure” and they
must be numbered in the order they are mentioned
in the text.

The figures published in the Bulletin of Mineral
Research and Exploration must be prepared in
computer considering the dimensions of single-
column width 7.4 m or double-column width 15.8
cm. Figure area together with the writing at the
bottom should not exceed 15.8x21in maximum.

Unnecessasry details must not be given in figures
or care must be taken not to use much space for
information transfer.

Figures must be arranged in such a way to be
printed in black/white or colored.

The figure explanations being justified in two
margins must be as follows:

Figure 1- Sandikli [lgesinin (Afyon); a) giineybatisinin

jeolojik haritasi, b) inceleme alaninin genel
dikme kesiti (Seymen 1981), ¢) Tiirkiye’nin
onemli neotektonik yapilart (Kogyigit
1994’den degistirilerek).

Figure 1- a) Sandikli ilgesinin glineybatisinin jeolojik

haritasi, b) Inceleme alaninin genel dikme
kesiti (Seymen, 1981), c) Tirkiye nin
onemli neotektonik yapilart (Kogyigit
1994°den degistirilerek).

Drawings must be made by well-known computer
programs painstakingly, neatly and cleanly.

Using fine lines, which can disappear when figures
shrinks, must be avoided. Symbols or letters used
in all drawings must be in Times New Roman and
not less than 2 mm in size when shrink.

All standardized icons used in the drawings must
be explained preferably in the drawing or with
figure caption if they are too long.

Linear scale must be used for all drawings. Author’s
name, figure description, figure number must not be
included into the drawing.

Photos must be in quality and quantity that will
reflect the objectives of the subject.

6.2. Plates

Plates must be used when needed a combination
of more than one photo and the publication on a
special quality paper.

Plate sizes must be equal to the size of available
magazine pagespace.
Figure numbers and linear scale must be written

under each of the shapes located on the Plate.

The original plates must be added to the final copy
which will be submitted if the article is accepted.

Figures and plates must be independently numbered.
Figures must be numbered with Latin numerals and
plates with Roman numerals (e.g., Figurel, Plate I).

There must be no description text on Figures.

6.3.Tables

Table 1- Hydrogeochemical

All tables must be prepared preferably in word
format in Times New Roman fonts.

Tables together with table top writing must not
exceed 15x8 cm in size.

The table explanations being justified in two
margins must be as follows:

analysis results of
geothermal waters in the study area.

. Nomenclature and Abbreviations

Non-standard and uncommon nomenclature
abbreviations should be avoided in the text. But if
essential, they must be described as below: In cases
where unusual nomenclatures and unstandardized
abbreviations are considered to be compulsory, the

followed way and method must be described.

Full stop must not be placed between the initials of
words for standardized abbreviations (MER, SHW,
etc.).

Geographical directions must be abbreviated in
English language as follows: N, S, E, W, NE .. .etc.

The first time used abbreviations in the text are
presented in parenthesis, the parenthesis is not used
for subsequent uses.
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* The metric system must be used as units of
measurement.

* Figure, plate, and table names in the article must
not be abbreviated. For example, “as shown in
generalized stratigraphic cross-section of the region

2

7.1. Stratigraphic Terminology

Stratigraphic  classifications and nomenclatures
must be appropriate with the rules of International
Stratigraphy Turkey
Stratigraphy Committee. The formation names which
have been accepted by International Commision on
Stratigraphy and/or Turkey Stratigraphy Committee
should be used in the manuscript.

Commision  on and/or

7.2. Paleontologic Terminology

Fossil names in phrases must be stated according to
the following examples:

o For the use of authentic fossil names;

e.g. Limestone with Nummulites

o When the authentic fossil name is not used;
o e.g. nummulitic Limestone

o Other examples of use;

e.g. The type and species of Alveolina / Alveolina
type and species

* Taxonomic ranks must be made according to the
following examples:

* The names of the fossils should be stated according
to the rules given below:

o For the first use of the fossil names, the type, spieces
and the author names must be fully indicated;

Alveolina aragonensis Hottinger, 1960, not reference

Alveolina cf. aragonensis Hottinger, 1960, not
reference
Alveolina aff. aragonensis Hottinger, 1960, not

reference

o When a species is mentioned for the second time in
the text;

A.aragonensis
A.cf.aragonensis
A.aff. aragonensis

It is accepted as citiation if stated as Alveolina
aragonensis Hottinger (1960). Cited Hottinger (1960),
stated in the Reference section.

* The statement of plates and figures (especially for
the articles of paleontology):

a for the statement of species mentioned in the body
text; Borelis (Schweighauser,
1951)

vonderschmitti

(Plate, Figure, Figure in the body text).
b. When cited for other articles;

1951 Neoalveolina vonderschmitti Schweighauser,
page 468, figure 1-4, figure in body text.

1974 Borelis vonderschmitti (Schweighauser),
Hottinger, page 67, plate 98, figure 1-7.

c. For the citation in the text

(Schweighauser, 1951, page, plate, figure, figure in the
body text)

(Hottinger, 1974, page, plate 97, figure 67, plate 98,
figure 1-7, figure in the body text).

Ordo: Foraminiferida Eichwald, 1830

Super family: Alveolinacea Ehrenberg, 1939 Family:
: Borelidae Schmarda, 1871

: Type genus: Borelis de Montfort, 1808 Type

species: Borelis melenoides de Montfort, 1808;
Nautilus melo Fitchel and Moll, 1789

i Not reference, Not stated in the Reference section

in Body Text)

Borelis vonderschmitti (Schweighauser, 1951) (Plate, Figure, Figure

Schweighauser, 1951 not reference

Cited ScWeighéﬁééf (195 1), stated in the Reference

section.

- 1974 Borelis vonderschmitti (Schweighauser), Hottinger, page, 67,

plate 98, figure 1.7

Cited Hottinger (1974), stated in the Reference
i section.
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8. Citations

All the citiations in the body text must be indicated
by the last name of the author(s) and the year of
publication, respectively. The citations in the text must
be given in following formats.

* For publications written by single author:

- It is known that fold axial plain of Devonian and
Carboniferious aged units around Istanbul is NS
oriented (Ketin, 1953, 1956; Altinl1, 1999).

-Altinli1 (1972, 1976) defined the general characteristics
of Bilecik sandstone

* For publications written by two authors:

- The upper parts of the unit contain Ilerdian fossils
(Sirel and Giindiiz, 1976; Keskin and Turhan, 1987,
1989).

* For publications written by three or more authors:

According to Caner et al. (1975) Alict formation
reflects the fluvial conditions.

The unit disappears wedging out in the East direction
(Tokay et al., 1984).

e If reference is not directly obtained but can be
found in another reference, cross-reference should
be given as follows:

- It is known that Lebling has mentioned the existence
of Lias around Cakraz (Lebling, 1932: from
Charles, 1933).

9. Reprints

The author(s) will receive 2 two hard copies of the
related issues.

10. Copyright and Conditions of Publication

* Itis a condition of publication that work submitted
for publication must be original, previously
unpublished in whole or in part.

* Itis a condition of publication that the authors who
send their publications to the Bulletin of Mineral
Research and Exploration hereby accept the
conditions of publication of the Bulletin in advance.

* All copyright of the accepted manuscripts belong
to MTA. The author or corresponding author on
behalf of all authors (for papers with multiple
authors) must sign and give the agreement under
the terms indicated by the Regulations of Executive
Publication Committee. Upon acceptance of an
article, MTA can pay royalty to the authors upon
their request according to the terms under the
“Regulations of Executive Publication Committe”
and the “Regulations of Royalty Payment of Public
Office and Institutions”

All the information and forms about the Bulletin of
Mineral Research and Explorations can be obtained
from http://bulletin.mta.gov.tr
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