Quaternary International 486 (2018) 44—56

journal homepage: www.elsevier.com/locate/quaint

Contents lists available at ScienceDirect

Quaternary International

Discrimination of Holocene tephra units in Lake Van using mineral
magnetic analysis

Check for
updates

Ozlem Makaroglu **, M. Namik Cagatay °, Norbert R. Nowaczyk €, Lauri J. Pesonen ¢,

Naci Orbay

2 Istanbul University, Faculty of Engineering, Department of Geophysical Engineering, 34320, Avcilar, Istanbul, Turkey
b Istanbul Technical University, Eastern Mediterranean Centre for Oceanography and Limnology EMCOL and Faculty of Mines, Department of Geological

Engineering, 34469, Maslak, Istanbul, Turkey

¢ Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Section 5.2 — Paleoclimate and Landscape Evolution, 14473, Potsdam, Germany
d University of Helsinki, Department of Physics, Division of Geophysics and Astronomy, FIN-00014, Helsinki, Finland

ARTICLE INFO

Article history:

Received 15 September 2017
Received in revised form

14 March 2018

Accepted 15 March 2018
Available online 30 March 2018

Keywords:

Lake Van

Magnetic properties
Holocene

Tephra

Environmental magnetism

ABSTRACT

Detailed magnetic analysis of the four sediment cores from Lake Van, Eastern Turkey dating back to
9.4 cal ka BP were carried out for discriminating and correlating tephras and laminated sediments in four
different cores. Six tephra units (TO, T1, T2, T3, T4 and T5) with distinct magnetic properties were
identified in the cores. The tephra units are characterized by ferrimagnetic material, with a grain size in
the pseudo single domain (PSD) range. There is no significant correlation between magnetic suscepti-
bility peaks of the different tephra units except for the tephra T1 and T2. On the contrary ARM profiles
show significant correlations as remanent magnetization indicators. The tephra units T1 and T2, have a
higher magnetic susceptibility and a higher intensity of remanent magnetization, and finer grain size
than the other tephra units. The results suggest that there is a clear difference between the magnetic
properties of the different tephra units and the lake sediments. Our findings show that also differential
deposition of volcanic material including magnetic mineral occurs during the transport with distance
from the volcanic source.

Geochemical

© 2018 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

The term “tephra” comes from the ancient Greek word 7épp«
(ash) which is the pyroclastic solid material ejected into the air by
an erupting volcano and then settling down in the surrounding
area. It is possible to find tephra up to thousand kilometers from its
volcanic source in the case of Plinian eruptions. Tephra units are
useful time markers in sedimentary sequences and are useful for
stratigraphic correlation over wide regions, once their composi-
tions are matched with the source volcanoes, and ages are ascer-
tained by their chronostratigraphic position, or by Ar/Ar dating.
Such a use of tephra in stratigraphy is called tephrochronology.
Establishing the tephrochronology of depositional records is
important in mapping the geographical extent of a particular vol-
canic ash fallouts, and studying the impact of volcanic events on
natural ecosystems and human communities (Develle et al., 2009;
Weiss et al., 1993; Eastwood et al., 1999, 2002; Grattan, 2006; De
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Klerk et al., 2008; Wulf et al., 2002, 2004; Cagatay et al., 2015).

Volcanic eruptions have always played a crucial role in the
evolution of human civilizations and societies in western Anatolia,
Mediterranean and Mesopotamia (Grattan, 2006; Issar and Zohar,
2007; Cullen et al., 2000; Weiss et al., 1993; Di Vito et al., 2009
Marinatos, 1939; Friedrich, 2013; Pararas-Carayannis, 1974;
Mellaart, 1967). Detailed tephrochronological studies from these
areas have provided important information about timing of and
source of the eruptions. However, we still have insufficient
knowledge of the distribution and effect of the eruptions on major
civilization such as Urartu (860—590 BCE), Seljukian (1100—1400
AD), Byzantium (395—1453 AD) and Ottoman (1200—1900 AD) in
the Eastern Anatolia.

Identification of tephra units in sediment core sequences and
soil profiles and their assignment to their source and time of
eruption allows them to be used for correlating and dating of
paleoenvironmental events in the region where traditional dating
methods cannot be applied because of the lack of suitable datable
material and reservoir age problems in the case of the radiocarbon
method. Differences in mineralogy, concentration, and grain size of
the magnetic particles which control the values of the magnetic
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parameters can be used to identify and characterize different
sedimentary units and their source rocks (Evens and Heller, 2003).
In particular, mineral magnetic analyses which include measure-
ments of magnetic concentrations and grain sizes have proven to be
very useful in identification and differentiation of different tephra
units since such units often have enhanced and different magnetic
components compared to their host deposits and to each other.
Therefore, it is important to find and characterize ferrimagnetic
component of tephra deposits that are successfully used in dating
of lacustrine and marine sediments (Brewster and Barnett, 1979;
Oldfield et al., 1980, 1983; Robinson, 1986; Robertson, 1993;
Lozano-Garcia and Ortega-Guerrero, 1994; Van den Bogaard et al.,
1994; Pawse et al., 1998; Gonzalez et al., 1999; Dunsheng et al,,
2004; Lagroix et al., 2004; Xia et al., 2007; Vogel et al., 2010).

Terminal lakes with large drainage areas, such as Lake Van in
Eastern Turkey, are often characterized by high organic and inor-
ganic carbon accumulation rates and are therefore extremely sen-
sitive to past environmental changes (e.g., Litt et al., 2009; Litt and
Anselmetti, 2014). Being located close to several Quaternary vol-
canic centres such as Nemrut, Suphan and Tendurek (Fig. 1), Lake
Van's annually laminated (varved) sedimentary sequence is inter-
calated with frequent tephra units and hence provides an impor-
tant archive of volcanic activity and paleoenvironmental
reconstructions (Kempe and Degens, 1978; Landmann et al., 1996a,
b; Wick et al., 2003; Litt et al., 2009; Sumita and Schmincke, 2013a,
b; Stockhecke et al, 2012, 2014; Cagatay et al., 2014). In these
studies, the chronology was mainly based on varve counting and
tephrochronology. Radiocarbon dating of the lake material was an
inadequate method for dating the bulk sedimentary organic carbon
in Lake Van sediments because of the reservoir (hard-water) effect,
which is variable between 2.5 and 3.3 ka for the last 8 ka
(Makaroglu et al., 2016), and the 50 ka upper limit of the method.

The volcanic source of the tephra units in Lake Van sediments
are mainly from the Nemrut and Siiphan volcanoes ejecting magma
of paralkaline and calc-alkaline affinities, respectively (Landmann
et al., 2011; Sumita and Schmincke, 2013a, b; Schmincke et al.,
2014).

The first study on tephra units in Lake Van sediments was per-
formed by Kempe (1977). Landmann et al. (1996a), who made the
detailed geochemical analysis of 12 tephra units in two cores from
the Tatvan Basin and dated them by varve chronology. Later,
Landmann et al. (2011) refined the chronology of the Lake Van
sediments and the tephra units, studied by Landmann et al. (1996a)
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Fig. 1. Location of studied core sites VP0801, VP0804, VP0805 and VP0807 (black
circles), core locations of Landmann et al. (2011) (triangle). The inset map shows
location of Lake Van in eastern Turkey.

and Landmann and Kempe (2005). According to Landmann et al.
(2011), over the last 15 kyr, the volcanic activity during the
period from 2.6 to 7.2 kyr BP originated from Nemrut Volcano but
the source for the tephra units deposited from 11.9 to 12.9 kyr BP
remained unidentified. These earlier studies were followed by
others covering the late Pleistocene-Holocene period (Litt et al.,
2009; Makaroglu, 2011; Schmincke et al., 2014; Vigliotti et al.,
2014; Makaroglu et al., 2016). Litt et al. (2009) documented the
stratigraphy and tephra units in sediment cores from the Ahlat
ridge covering the late Glacial-Holocene period. Schmincke et al.
(2014) identified six peralkaline rhyolitic tephra units (V1-V6) of
Nemrut Volcano origin in the Holocene Lake Van sediments. These
units consist predominantly of anorthoclase, hedenbergite, and
lesser amounts of augite, Fe-rich olivine and minor quartz and
chevkinite. Vigliotti et al. (2014) found that the tephra units and the
volcanoclastic material deposited over the last 350 ka showed the
highest magnetic concentrations whereas the minimum values
occurred in the laminated clayey silt. This difference in the mag-
netic properties was also the finding of Makaroglu (2011), which is
due to the presence of carbonate laminae in the varved Lake Van
sediments with very low magnetic mineral concentrations
compared to the tephra units with ferromagnetic minerals (e.g.,
Baumgarten et al., 2014; Landmann et al., 1996a; Stockhecke et al.,
2012; Cagatay et al., 2014). This difference in the magnetic prop-
erties can be used to an advantage for detecting the tephra units in
lake sediments. Makaroglu et al. (2016) identified the tephra units
previously varve-dated by Landmann et al. (2011) and determined
the radiocarbon reservoir age of Lake Van over the last 8.4 ka BP,
using the varve dates and radiocarbon ages obtained from total
organic carbon.

In this paper, we present the first 9.4 ka-long environmental
magnetic record of Lake Van sediments and use it to detect and
characterize tephra units in four piston cores recovered from
different parts of the lake in 2008 (Fig. 1, Table 1). We analyzed the
magnetic properties (magnetic susceptibility, xir %arm, and hys-
teresis values) and p-XRF elemental composition (K, Zr) of the four
piston cores. Two of the cores were previously studied by
Makaroglu et al. (2016) for determination of radiocarbon reservoir
ages and discussion of the causal variation of the results, based on
14C, elemental and isotope analyses of total organic matter. The
objectives of this study are to characterize the magnetic properties
of the tephra units deposited in different parts of Lake Van over the
last 9.4 ka and relate the properties to the distance from the main
volcanic source.

2. Regional setting

Lake Van which is located on the East Anatolian Plateau in
eastern Turkey is the fourth largest soda Lake in the world and the
largest lake in Turkey (Fig. 1). Lake waters have a salinity of 21.4%o
and a pH of 9.81 (Landmann et al., 1996a; Kempe et al., 2002;
Reimer et al., 2009). The lake basin formed 600 ka ago, when the
outflow to the Mus Basin was blocked by the growth of Nemrut
Volcano (Yilmaz et al., 1998; Cukur et al., 2014; Litt et al., 2014). The
lake is surrounded by Quaternary volcanoes (Nemrut, Siiphan,
Tendiirek, etc) that appear to have been localized on north—south
tensional openings formed under the north—south shortening
deformation (Yilmaz et al.,, 1998). The volcanoes across eastern
Anatolia are related to the tectonic collision (Keskin, 2007), and
post-collisional volcanism at 8—6 Ma (Sumita and Schmincke,
2013a). The Nemrut volcanic center is located close to the west-
ern end of Lake Van (Fig. 1). It is the only volcano of Anatolia, which
produced a historically recorded explosive eruption in 1441 CE
(Oswalt, 1912). Nemrut volcano produces alkaline magma charac-
terized by large ionic lithophile and high filed strength elements
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Table 1
Details of studied cores in Lake Van.
Core name Location Water depth (m) Core depth (mblf*) The number of samples for magnetic analysis
VP0801 N38 31 48.6 E43 09 04.7 80 4.57 238
VP0804 N38 40 15.3 E43 07 169 86 3.55 197
VP0805 N38 20 56.8 E43 02 57.5 70 3.10 162
VP0807 N38 30 55.2 E42 25 35.2 65 4,62 117

2 mblf: metres below lake floor.
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Fig. 2. Lithostratigraphic correlation of studied cores from Lake Van, showing tephra units TO-T5 (in black) and AMS C dated samples (stars). For description of lithological units,
see text and Makaroglu et al. (2016).



0. Makaroglu et al. / Quaternary International 486 (2018) 44—56 47

such as K, Zr, and Nb (Schmincke et al., 2014; Cagatay et al., 2014).
Siiphan volcano is situated to the immediate north of Lake Van
(Fig. 1). The volcanic center is located at the intersection of two
major fault zones, trending NNE—SSW and WNW-ESW, and
erupted magma of calcalkaline character (Schmincke et al., 2014).
Tendiirek Volcano is an isolated, low relief, volcanic center which
reaches over 3500 m in height and covers an area of about 650 km?.

The sediments under Lake Van extending back to 14,570 a, BP
were previously dated by varve counting, and studied for climate
variability and lake level changes (Landmann et al., 1996a, 2011;
Landmann and Kempe, 2005; Reimer et al.,, 2009). Late Glacial-
Holocene chronostratigraphy and sedimentology of Lake Van was
emphasised by Makaroglu et al. (2016). We consider the varve ages
of Landmann et al. (2011) to be reliable for at least the last 8 ka,
during which there was no major regression. Another varve
counting on Lake Van sediments was performed by Damci and
Cagatay (2016), using an automated algorithm and digital X-ray
radiographs of cores. This study showed that a 5 m long core ex-
tends back to 8500 BP, considering that the varve structure of the
Lake Van sediments consists of three laminae seasonally deposited
in a year (Kempe et al., 2002; Stockhecke, 2008).

3. Materials and methods
3.1. Coring and sampling

After a seismic survey conducted in 2008, four different loca-
tions were selected for coring in Lake Van. Four piston cores,
VP0801, VP0804, VP0805 and VP0807 with 10 cm in diameter were
recovered from water depths varying between —65 m and —80 m
(Fig. 1; Table 1). After coring, the cores were cut in the field into
1.5 m sections and were then transport for the analysis in labora-
tory in Eastern Mediterranean Center for Oceanography and
Limnology (EMCOL) of Istanbul Technical University (ITU). All cores
were stored at a 4°C in a cold room before description and various
analyses. In the laboratory, the cores were split in two halves,
lithologically described and sampled for mineral magnetic and
geochemical analysis. For mineral magnetic analysis, total of 714
sub-samples were taken continuously along the cores into 6.0 cm®
plastic boxes (internal dimensions 20 x 20 x 15 mm).

3.2. Magnetic analysis

Low field magnetic susceptibility (y) of samples was measured
with a Kappabridge susceptibility meter. ARM was imparted using a
DTECH alternating-field demagnetizer with a peak alternating field
of 100 mT and a bias DC field of 0.05 mT yarm Was calculated by
dividing the ARM intensity by the used steady field strength. All
remanence measurements were performed using the 2G-SQUID
magnetometer. Hysteresis loops, IRM acquisition curves and back
field demagnetization curves were measured for selected samples
by vibrating samples magnetometer (VSM 3900) with a maximum
field of 1 T. From the hysteresis loops, corrected for paramagnetic
contribution, saturation magnetization (M;s), saturation remanence
magnetization (Ms), coercivity (B.) and remanent coercivity (Bcr)
were determined. All remanence measurements were performed at
the Solid Earth Geophysics Laboratory of the University of Helsinki.
Thermomagnetic behavior of the samples was determined using
Kappabridge MFK1-FA, equipped with CS-3 temperature control
system, with a maximum temperature of 700 °C, and a temperature
ramping rate of 2 °C/min in argon environment to avoid samples
becoming oxidized during heating. Thermomagnetic analysis was
performed at the paleomagnetic laboratory of GFZ, Potsdam. After
all magnetic measurements samples were dried at 40°C and
weighted to determine mass specific magnetic parameters.

% is roughly proportional to the concentration of ferrimagnetic
and paramagnetic minerals within the sample. ARM is interpreted
principally in terms of variations in the overall concentration of
ferrimagnetic minerals, but it also reflects changes in grain size
distribution and changes in the relative amounts of different
ferrimagnetic minerals (Thompson and Oldfield, 1986). The in-
tensity of ARM responds sensitively to fine grained ferromagnetic
particles of stable single domain size (King et al., 1982; Maher,
1988). Thus, yarm indicates the concentration of fine ferrimag-
netic grains (King et al., 1982). The ratio, yarm/y, generally increases
with decreasing grain size and indicates changes in magnetite grain
size if the magnetic mineralogy is dominantly magnetite and sig-
nificant amounts of very fine SP grains are absent (King et al., 1982;
Evens and Heller, 2003). The hysteresis parameters (Hcr/Hc and
Msr[Ms), calculated after removal of the paramagnetic component
of the magnetization, are plotted on a Day plot which has been
widely used to determine the domain state of magnetic minerals
(Day et al., 1977; Dunlop, 2002). The thermomagnetic measure-
ment aids the identification of the magnetic mineralogy present in
a sample, because the mineral composition controls the Curie
temperature.

3.3. Geochemical analysis

u-XRF analysis was made on half cores at 200 um resolution
using an Itrax XRF Core scanner equipped with XRF-EDS at the Core
Analysis Laboratory of EMCOL (Thomson et al., 2006). A fine focus
Mo X-ray tube was used as the source. The X-ray generator was
operated at 40 kV and 50 mA, and a counting time of 10 s. Elemental
concentrations were recorded as counts per second (cps).

3.4. Radiocarbon analysis

Samples for the AMS radiocarbon dating were collected close to
the tephra units. A total of 10 samples with total organic carbon
(TOC) contents higher than 1.5 wt % were used for AMS radiocarbon
analyses of the TOC fractions at the Radiocarbon Dating Laboratory
of Illinois State Geological Survey. The results were compared with
the varve dates of Landmann et al. (2011) and the radiocarbon
reservoir ages were calculated, using the procedures explained by
Makaroglu et al. (2016).

4. Results
4.1. Lithology

All cores visually consist of three lithological units labelled as 1,
2, and 3 from top to the bottom based on their color and

Table 2
Lake Van AMS radiocarbon data.

Lab Code ISGS# Depth (mblf) Uncal. AMS'C age (yr BP)
Core VP0801 (80 m water depth)

A1576 1.54 5185+ 30
A1574 1.94 5540 + 25
A1575 3.77 8400 + 35
A1577 444 10430 + 45
Core VP0804 (86 m water depth)

A1578 3.53 11825 + 50
Core VP0805 (70 m water depth)

A1579 3.08 9360 + 45
Core VP0807 (65 m water depth)

A1580 1.92 4980 + 25
A1581 217 5400 + 25
A1582 4.18 7920 + 35
A1583 4.64 9270 + 35
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Table 3

Tephra units in the studied cores and their correlation with the tephra units dated by varve-counting by Landmann et al. (2011) (mblf: meters below lake floor).

Core location of tephra units

Tephra Age

Tephra unit VP0801 mblf VP0804 mblf VP0805 mblf VP0807 mblf Tephra unit Varve age (yr BP)
TO 0.38 0.33 — 5.8 V-1 700 ¢

T1 1.61 1.27 0.81 2.05 A 2607 °

T2 1.78 1.40 0.92 2.18 B 2737°

T3 3.72 2.78 2.62 425 C 6005 °

T4 4.13 3.03 3.04 4.68 D 6888 "

T5 422 3.11 - - E 7192°

2 Stockhecke et al., 2014.
b Landmann et al.,, 2011.

sedimentary structures (Fig. 2). The uppermost unit 1 is composed
of reddish brown, yellow to grey, finely and distinctly laminated
mud. Unit 2 is a predominantly beige, with some intervening grey
laminations and bands, and unit 3 is commonly grey to dark grey
with less distinctly laminated and banded structure (Fig. 2). The
cores also include tephra units labelled TO-T5, which are describe
separately in section 4.2.

Cores VP0801 and VP0807 were described by Makaroglu et al.
(2016). The 3.56 m long Core VP0804 was recovered at 86 m wa-
ter depth in Ercis Gulf, 4 km offshore from the eastern coast of the
lake (Fig. 1). Its location is influenced by the Zilan, Delicay and
Bendimahi rivers near Ercis. The core consists of unit 1 with 2.2m
thickness, unit 2 with 0.4 m thickness and Unit 3 is 0.96 m thick
(Fig. 2). The 3.09 m long Core VP0805 was recovered from ~70 m-
deep, in the same basin with core VP0801. Its location is influenced

X X

by Engil river, close to Gevas, 5 km offshore in southern coast of the
lake. The core consists of lithological units from top to the base
1.7 m thick unit 1, 0.55m is Unit 2 and 0.84 m thick unit 3. Core
VP0807 was recovered from a ~65m-deep, rounded volcanic
edifice, Incekaya Crater with ~800 m in diameter in the southwest
of the lake, 20 km east of the Nemrut Volcano (Fig. 1). Compared to
other cores, this 4.7 m long core consists mainly of reddish brown,
dark brown to beige muds with minor grey laminated intervals,
having more distinct and thin (sub-mm) laminated structure
(Fig. 2). The lithology of all cores indicates continuous sedimenta-
tion without any disconformities.

4.2. Tephra units

We identified a total of six tephra units (TO, T1, T2, T3, T4, and
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Fig. 3. Comparison ¥, r and yarm values of the cores VP0801, VP0804, VP0805 and VP0807. Dashed lines indicate correlative features. Grey lines indicate the tephra units.
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T5) in the cores, using u-XRF core scanner elemental analysis,
magnetic mineral analysis, and microscopic smear-slide examina-
tion (Table 3; Figs. 2—5). The tephra units were recognized by their
distinct magnetic properties, 1-XRF elemental composition (Fig. 4),
and the presence of volcanic glass. Tephra unit TO is not visible to
the eye and it is missing in core VP0805. Tephra units T1, T2, and T3
are visible in all cores, whereas tephra T4 is visible only in core
VP0807. Tephra units T4 and T5 are present as cryptotephra (non-
visible) in the lowermost part of cores VP0801, VP0804 and VP0805.
Unit T5 is missing in Core VP0807 that fails to intercept it due to the
high sedimentation rate at this core site. Tephra units T1 and T2 are
thicker (4 cm and 1 cm, respectively) and coarser (granule to coarse
sand size) in Core VP0801 than in the other cores. They are brown in
color. The 3.6 cm-thick T3 tephra is brown, granule to coarse sand
size in Core VP0807, whereas in the other cores it is about 1 cm-
thick, dark grey, medium-grained sand size and sandwiched be-
tween beige laminated sediments. Units T4 and T5 are 2 cm thick,
dark grey in all cores and finer grained (medium-grained sand size)
than the younger tephra units.

4.3. Chronology

A total of ten radiocarbon ages from the bulk organic matter,
mostly picked around tephra units, are listed in Table 2. The
radiocarbon chronology and the reservoir ages for Cores VP0801
and VP0807 were reported by Makaroglu et al. (2016). In cores
VP0804 and VP0805, one radiocarbon date each was obtained from
the core bottoms (Fig. 2). In cores VP0801 and VP0807, the radio-
carbon ages linearly increase in age with depth, without any age
reversals (Table 2). The radiocarbon dates from cores VP0804 and
VP0805 are also consistent with the other cores according to their
lithologies and tephra depths.

The tephra unit TO in cores VP0801, VP0804 and VP0807 is
correlated with the tephra units “tephra 1” of Litt et al. (2009) and
the tephra unit V1 of Stockhecke et al. (2014). The tephra units T1 to
T5 in our cores are correlated with the previously varve-dated
tephra units A to E of Landmann et al. (2011) (Table 3). According
to the published data, the tephra units TO-T5 have ages of 700, 2607,
2737, 6005, 6888, and 7192 yr BP, respectively (Landmann et al.,
2011; Stockhecke et al., 2014) (Table 3).

4.4. Magnetic properties

The depth profiles of magnetic parameters associated with
magnetic grain size parameter (yarm/y¥Lr) and concentration of
ferrimagnetics-bearing minerals (yir ARM) in Lake Van cores
VP0801, VP0804, VP0805 and VP0807 are shown in Fig. 4. The
sediments from Lake Van are characterized by low yr values
ranging from ~1 to ~250 x 10~° m>/kg. Mean susceptibility (i)
value of Lake Van sediments is 30 x 10~2 m3/kg except for the
tephra units which reveal clearly enhanced susceptibilities of 50
and 250 x 10~2 m3/kg (Figs. 3 and 4). According to correlation of
the cores as based of y;f, the sedimentation rates from slowest to
fastest occur in cores VP0804, VP0805, VP0801 and VP0807,
respectively. All cores contain distinctive and similar variations in
xir and xarm (Fig. 3). A number of peaks on magnetic parameters
are observed at variable depths that are related to the tephra units
(Fig. 4). In particular, there are distinct ARM and yarm/, peaks
observed in all cores. The tephra unit TO has high magnetic sus-
ceptibility and ARM value in all cores except for core VP0805.
Tephra units T1 and T2 roughly coincide with the visible tephra
units in the cores. xarm/y profiles are highly correlated between the
cores compared to those of y 1 (Fig. 4). The magnetic parameters of
cores VP0801, VP0804, VP0805 are highly comparable with very
similar yr variations. Core VP0807, located in the central of the
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Fig. 4. Profiles of p-XRF K and Zr and magnetic properties of studied cores. Grey bars
show the tephra units (TO-T5).

Incekaya Crater (Fig. 1), show slightly higher %iF vaiues in both the
laminated sediments and the tephra layers compared to the those
in the other cores (Fig. 3).

Bivariate plots of magnetic parameters are used to qualitatively
identify magnetic mixtures. On a biplot of ; arm against y 1 (King
et al.,, 1982), the tephra and laminated sediments in Lake Van are
separated in two different clusters (Fig. 5).
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Fig. 5. Bivariate plots of the y versus yarm. Triangles show tephras, pluses show laminated sediments.

Table 4
Hysteresis parameters of Lake Van sediments.

sample name core depth (cm) Hc (mT) M;s (mAm?/kg) Ms (mAm?/kg) Hcg (mT) Hr/Hcr Mrs/Ms

Laminated sediments VP1.1.54 101.76 14.18 0.178 0.0001 34.542 2.44 0.15
VP1.3.17 297.6 14.77 0.152 0.999 36.483 247 0.15
VP1.3.25 312.96 17.02 0.151 0.431 35.269 2.07 0.35
VP1.3.37 336 14.53 0.115 0.701 34.525 2.38 0.16
VP1.4.15 439.68 14.05 0.091 0.576 28.510 2.03 0.16
VP4.1.31 51.46 9.66 0.212 1.525 29.985 3.10 0.14
VP4.2.75 136.87 15.21 0.104 0.576 30.165 1.98 0.18
VP4.3.7 272.32 14.14 0.106 0.655 25.553 1.81 0.16
VP5.1.15 28.8 14.64 0.171 1.086 33.903 2.32 0.16
VP5.2.23 186.01 17.31 0.336 1.188 34.341 1.98 0.28
VP5.2.43 224.21 14.23 0.094 0.617 30.323 2.13 0.15
VP7.1.35 68.49 12.61 0.652 4197 61.625 4.89 0.16
VP7.2.27 186.5 10.96 0.353 2.633 52.014 4.75 0.13
VP7.3.15 3115 15.89 0.203 0.829 53.430 3.36 0.24
VP7.3.67 407 31.13 0.154 0.746 80.258 2.58 0.21
Mean 1535 033 0.568 40.06 2.68 0.18

Tephra VP1.1.2 3.84 7.88 0.574 5.046 28.941 3.67 0.11
VP1.2.21 159.36 14.11 2.696 15.69 43.230 3.06 0.17
VP4.1.2 3.32 10.8 0.905 5.901 32.32 2.99 0.15
VP4.2.15 140 20.74 1.044 4.788 59.181 2.85 0.22
VP4.3.27 310.72 14.31 0.908 4.416 39.545 2.76 0.21
VP5.1.42 80.64 24.82 4.846 18.93 58.095 234 0.26
VP7.1.3 5.871 11 3.211 20.5 33.111 3.01 0.16
VP7.2.44 217.8 15.73 5.581 31.01 42.725 2.72 0.18
VP7.3.77 426 14.41 14.21 84.85 42.924 2.98 0.17
VP7.4.17 467.8 14.89 3.924 22.96 42.962 2.89 0.17

Mean 14.86 3.59 20.08 42.30 2.92 0.17
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The room temperature hysteresis properties of 25 selected
samples are summarized in Table 4, and plotted in Figs. 6 and 7. The
average values of M5 and M;s for the tephra samples (n = 10) are
3.59mAm?/kg and 20.08 mAm?/kg whereas for the laminated
samples (n = 15) are 0.33 mAm?/kg and 0.56 mAm?/kg, respectively
(Table 4). The values of M;s/Ms and H/H¢ plotted on a Day diagram
(Day et al., 1977), showing the pseudo single-domain (PSD) range of
minerals, are shown in Fig. 7.

Thermomagnetic curves for both heating and cooling are given
in Fig. 8. All samples heating and cooling curves are not reversible
during cycling to 700 °C. All of the thermomagnetic curves docu-
ment increased magnetic susceptibility upon heating above 400 °C.

-0.5 0 0.5

On cooling curves, the susceptibility increases steeply or gradually
from around 580 to 300 °C for most specimens.

5. Discussion and conclusions

Four laminated sediment cores VP0801, VP0804, VP0805, and
VP0807 from Lake Van provide the continuous records of volcanic
activity in the region during the Holocene. The volcanic activity in
the cores is represented by six tephra units TO-T5 (Table 3).

The tephra unit TO occurs in all cores except in core VP0805, in
which the core top is missing according to the correlation of
magnetic parameters (Fig. 3). It is most likely deposited from the
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Fig. 6. Hysteresis properties of the sediment from Lake Van.
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Fig. 7. Day Plot of the sediments samples from Lake Van.

historical (1441 CE) eruption of the Nemrut volcano (Oswalt, 1912).
Because of its close vicinity to the volcanic center, Tephra TO unit is
best represented in core VP0807 with distinct magnetic properties
and marked enrichment in Zr (Figs. 4 and 9). This tephra unit co-
incides with “Tephra 1” of Litt et al. (2009) and V-1 of Stockhecke
et al. (2014) (Fig. 1; Table 3).

The tephra units T1 and T2 in all cores are enriched in incom-
patible and high field strength elements (e.g., K and Zr), indicating
their alkaline affinity and suggesting their source as the Nemrut
volcano. Tephra unit T3 is enriched in K, Zr in all cores except in
core VP0805, probably because of the differential wind transport of
minerals with the distal and relatively southerly location of the
core. Tephra unit T4 has less distinctly anomalous K and Zr

contents, but high ARM intensities (Fig. 4). Tephra unit T4 has high
K and Zr concentrations only in core VP0807 located near to
Nemrut Volcano, suggesting differential deposition of minerals
such as coarse-grained alkali feldspars and high density mineral
zircon near the volcanic source. The tephra unit T5 in all cores
shows no distinct anomalies of K and Zr counts, but reasonably high
remanent intensities as in tephra unit T4 (Fig. 4).

The magnetic susceptibility and yarm logs of the cores provide a
rapid means of stratigraphic correlation even though the coring
sites are far away from each other and from the source with dis-
tances varying between 15 and 60 km (Fig. 3). Therefore, all the
magnetic properties together, suggest that they relate to basin-
wide environmental changes rather than to local effects. The
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Fig. 8. Thermomagnetic analysis of the tephra samples from Lake Van sediments. Red line shows heating, blue shows cooling. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

magnetic susceptibility in the cores are predominantly controlled
by detrital paramagnetic minerals, with some contribution from
small amount of ferrimagnetic minerals indicated by low ARM in-
tensities, all of which are derived from the catchment area. Rela-
tively low magnetic mineral concentration of the all tephra units in
Lake Van support the rhyolitic composition and its source as the
Nemrut volcano. High paramagnetic (i.e., carbonate) content of the
laminated sediments of Lake Van make the magnetic parameters an
effective discriminator to detect the intercalated tephra units with
significant ferromagnetic components. Down-core magnetic sus-
ceptibility appears not to be a useful indicator to detect all tephra
units because it identifies just few tephra units except the tephra
units in the core VP0807, located close to the volcanic source
(Fig. 4). However, it is useful for the general stratigraphic correla-
tion of the cores (Fig. 3) and interpretation of Holocene paleo-
environmental changes, in cores located as far away as 30 km from
each other (Cagatay et al.,, 2014; Makaroglu et al., 2016). Unlike
magnetic susceptibility, remanent properties such the ARM are not
sensitive to the variations in the paramagnetic component (Lean
and Mc Cave, 1998). ARM is particularly sensitive to the single
domain (SD) and small pseudo-single domain (PSD) grains of the
finer magnetite fraction whereas magnetic susceptibility depends
to magnetic mineral concentration and is relatively more sensitive
to the coarser magnetite fraction (larger PSD and smaller multi-
domain grains) (King et al., 1982). The grain size of tephra units
consists of small PSD grains (Figs. 5 and 7). Thus, the remanent
properties are more useful when used with magnetic susceptibility
for the identification and correlation of different tephra units in

Lake Van, instead of using the magnetic susceptibility alone (Fig. 9).
Especially, the ARM intensity was found to be the best parameter
for correlating the tephra units in the Lake Van sediments.

According to hysteresis analysis, the tephra units are charac-
terized by PSD grain size (Figs. 6 and 7). Fig. 6 shows the hysteresis
loops for the tephra and the laminated sediment samples. The
tephra and laminated sediments can be distinguished clearly by
their hysteresis loops. The hysteresis loops of the tephra samples
are closed below 500 mT, suggesting the predominance of low-
coercivity and high concentration ferrimagnetic minerals whereas
hysteresis loops of the laminated sediment indicate consisting of
low concentration of ferromagnetic minerals (Fig. 6). The values of
M;s/Ms and H¢/Hc plotted on a Day diagram indicate that the
magnetic mineralogy of tephras and laminated sediments are
dominated by pseudo single-domain (PSD) range (Fig. 7). It is,
however, noteworthy that, in the Day plot, there are no clear dif-
ferences in magnetic grain size between tephras and laminated
sediments (Table 4; Fig. 7). PSD grain size range was also obtained
by Vigliotti et al. (2014) for the laminated sediments from Lake Van
for the last 350 ka by hysteresis parameters measured.

The King plot indicate that smaller grains yield steeper slopes
(King et al., 1982). According to the King plot of tephra samples
characterize smaller grain size than the normal laminated sedi-
ments (Fig. 5). This is probably because of the reductive diagenesis
(i.e., sulphate reduction) in the Lake Van Holocene sediments,
which are characterized by high organic carbon and iron sulphides
(Landmann et al., 1996b; Makaroglu, 2011; Stockhecke et al., 2014).
Such diagenetic effects on the magnetic properties are commonly
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observed in lakes with sulfate-rich waters and organic-rich sedi-
ments (e.g., Snowball, 1996; Stockhausen and Zolitschka, 1999;
Demory et al., 2005; Nowaczyk, 2011; Su et al., 2013; Fu et al., 2015;
Roberts, 2015). The organic rich nature of the Lake Van sediments is
supported by the irreversible behavior of thermomagnetic curves
(Fig. 8). The heating curves also indicate the chemical trans-
formation of paramagnetic or clay minerals into magnetite
(Roberts, 2015). The formation of new magnetite is supported by
the cooling curves; the steep increase in susceptibility from 580 to
300°C shows the mineralogical transformation of the para-
magnetic minerals during the heating stage (Hrouda, 1994;
Sagnotti et al., 1998).

The tephra found in Lake Van sediment over the Holocene
originated from Nemrut Volcano that produced alkaline magma
characterized by high K and Zr concentrations (Landmann et al.,
2011; Schmincke et al., 2014; Makaroglu et al., 2016, Fig. 4). It is
clear that the tephra thickness and the intensities of geochemical
elements and magnetic parameters are not same for all cores. In
core VP0807, located only 20 km from the Nemrut Volcano, the
ferrimagnetic component is rich and the tephra units (except for
T1) are thicker and better expressed in the geochemical and mag-
netic profiles than other cores. This supports the hypothesis that
differential deposition of minerals and other volcanic material oc-
curs during the transport with distance from the volcanic source,
according to the density and size of the material. Cores VP0801,
VP0804 and VP0805 are as much as 80 km away and characterized
by lower magnetic mineral contents than that in core VP0807

(Fig. 1). Unexpectedly, tephra unit T1 in core VP0807 is thinner and
has low magnetic concentration than others cores. This is likely due
to the force of eruption and wind speed direction that could have
promoted a long-distance transport and deposition of the fall out
material. Present wind directions for the Lake Van area are WSW to
WNW. These directions have been fairly stable since 400 ka (Sumita
and Schmincke, 2013a).

In summary, we conclude that the ARM is the most useful
magnetic parameter for identification of the different tephra units
in Lake Van sedimentary sequence because of its sensitivity to grain
size differences between the laminated sediments and the inter-
vening tephra units. It is also useful for correlation of the tephra
units in different cores. Hence, analyses of magnetic properties
provide a fast, economical and powerful method of discriminating
and correlating between different tephra units, and thus, strati-
graphic correlation between cores located in different parts of Lake
Van.
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