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MULTI-PROXY SEDIMENTARY RECORDS
OF DRY-WET CLIMATE CYCLES DURING THE LAST 2 KA
FROM LAKE CILDIR, EAST ANATOLIAN PLATEAU, TURKEY

ABSTRACT: ERGINAL A.E., CAGATAY M.N., SELIM H.H., KARABI-
YIKOGLU M., CAKIR C., YAKUPOGLU N., ACAR D., AKBAS A. & Kava H.,
Multi-proxy sedimentary records of dry-wet climate cycles during the last 2
ka from lake Cildir, east Anatolian Plateau, Turkey. (IT ISSN 0391-9838,
2019).

Multi-proxy analyses together with AMS radiocarbon dating of sedi-
mentary organic carbon of a sediment core from Lake Cildir, NE Turkey
was carried out to study temporal changes in climate over the last two
millennia. The lake is characterized by very fine to coarse silt-sized, car-
bonate-free sediments deposited at a relatively low sedimentation rate of
less than 0.31 mm/yr. Results from element geochemistry, total organic
carbon (C ) and physical properties (gamma density and magnetic sus-
cept1b111ty results testified the occurrence of alternating cycles of drier
and wetter climatic periods since about 2.2 ka cal BP. The period from
2166 + 112 cal BP to the onset of Little Ice Age, including the Medieval
Climatic Anomaly, is represented by alternation of warm and wet con-
ditions with intervening relatively low-magnitude dry periods. The cold
Little Ice Age period, on the other hand, was dry, with upward decreas-
ing trends of Zr and Ti and Cpy as well as relatively low values of Rb/Sr,
indicating decreasing chemical weathering intensity in the drainage ba-
sin and low organic productivity in the lake. (IT ISSN 0391-9838, 2019).
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INTRODUCTION

In the last two decades, several case studies concerning
paleo-environmental reconstruction from lake sediments
in various parts of Anatolia have provided substantial in-
sight on the Holocene history of lake basins. Use of high
resolution multi-proxy-based records from downcore anal-
ysis of lake sediments has made a prominent contribu-
tion to understanding of Holocene climatic and lake level
changes. By virtue of the existence of closed-basin lakes
with shallow water depth, much interest has been paid to
central Anatolian lakes of various origin (Roberts & ali,
2001; Kashima, 2002; Jones & aliz, 2006; Jones & alzz, 2007,
Jones & Roberts, 2008; England & 4/7,2008; Kuzucuoglu
& aliz, 2011) in contrast to those located in northwestern
(Akger On & aliz, 2011; Roeser & aliz, 2012; Ulgen & ali,
2012; Ocakoglu & alii, 2013, 2016) and southwestern Ana-
tolia (Eastwood & alz'z', 2007). Recently, fairly comprehen-
sive multi-proxy-based records have been obtained, espe-
cially from the varved sediments of Lake Van in eastern
Anatolia, within the context of the ICDP drilling project
“PaleoVan” (see papers in special issue of Quaternary Sci-
ence Reviews, Litt & Anselmetti, 2014).

These studies based on the use of geochemical, biotic
and physical proxies reconstructed the environmental and
climate changes for the period spanning the last glacial-in-
terglacial transition to the present. Stable isotope and pol-
len-based data, for instance, denoted relatively dry climat-
ic conditions during early Holocene with alternating arid
and humid periods in Lake Golhisar in southwest Turkey
(Eastwood & aliz, 2007). Lithostratigraphic and biostrati-
graphic or diatom-based analyses of Lake Tuz revealed the
onset of lake level drops at 10 ka BP, as evidenced by the
presence of alluvial fan deposits that had prograded lake-
ward and toward the archaeological remains (Kashima,
2002). A 4700-year record of core sediments from Lake
Iznik in NW Turkey testified to abrupt changes towards
an increase in drought frequency at 4.2 and 3.3 ka cal BP



(Ulgen & alii, 2012). Similar records for aridity between 6
ka and 4 ka BP were reported from Lake Tecer in Central
Anatolia (Kuzucuoglu & aliz, 2011). High-resolution proxy
records from the varved deposits of Lake Nar in central
Turkey were obtained for the past 1700 years, clarifying
repeated dry and wet periods in connection with North
Atlantic and monsoon climate oscillations (Jones & alz,
2006). The paleo-ecological implications of the well-lami-
nated sediments of this lake were recently documented by
England & aliz (2008), who presented comprehensive data
for landscape changes in the period from Late Roman to
the present day.

Despite the existence of several high-altitude lakes in
the north-eastern part of the East Anatolian Plateau, no at-
tempt has been made to investigate paleo-climatic records
and lake level changes in the area. Since the pioneering
work of Lahn (1949) concerning the origin of Lake Cildir
in this volcanic terrain, this area of high-altitude lakes has
not drawn much interest with the exception of a recent
study related to the heavy metal-induced ecological risks in
Lake Cildir (Kiikrer & a/zz, 2014). This paper aims to dis-
cuss the temporal shifts in climate during the Late Holo-
cene as recorded in a 68-cm long sediment core from Lake
Cildir (NE Anatolia, Turkey), using a multi-proxy approach
based on geochemical (major-minor element geochemistry,
Corg, CaCO3, petrophysical (magnetic susceptibility, gam-
ma ray density), and sedimentological (grain-size) parame-
ters. The core was dated using accelerator mass spectrom-
etry (AMS) radiocarbon analysis of C_ . in four samples,
and the age model of the core was established using Bayes-
ian statistics. Although earlier Atalay (1978) and Atalay &
Kogman (1979) furnished data concerning the geomor-
phological characteristics and origin of the lake, the lake
sediments are first addressed here with regard to climatic
indicators in this volcanic highland, where the most severe
winter conditions occur in all of Turkey. Since the surface
waters of the lake freeze up to three months every year,
sedimentation under a thick (about 70 cm) ice layer takes
place at a slow rate.
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FIG. 1 - Location of study area.
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MATERIALS AND METHODS

Study area

Lake Cildir is the second largest lake in eastern Anato-
lia Plateau with a total surface area of 115 km? (fig. 1). The
lake surface is 1959 m above sea level. It has an inverted
triangle shape with longest and shortest dimensions of 18.3
km and 16.2 km, respectively. The lake bathymetry is bare-
ly known. Different suggestions have been made regarding
its depth. Lahn (1949) was the first to study the origin of
Lake Cildir and suggested a maximum water depth up to
130 m. Atalay (1978), on the other hand, specified a maxi-
mum depth of about 42 m.

The lake is surrounded by high volcanic mountains of
Mt Akbaba (3026 m) to the east and Mt Kisir (3197 m) to
the west. Notwithstanding the lake occupying a tectonic
corridor, an E-W-trending lava flow lying at between 2000
and 2150 m altitude separates the lake from Cildir Plain to
the north, implying that the lake could also be of volcanic
origin due to the presence of a solidified lava barrier (Lahn,
1949). Excess waters of the lake are discharged along a
deep (100 m) gorge to the south by a tributary of Arpacay
River that merges with the Aras River, which drains into
the Caspian Sea.

Regarding climatic characteristics, the continental
climate pattern of the northeast Anatolian highland of
Turkey prevails in the lake area. According to data from
Arpacay Meteorological Station close to the lake area, the
annual average temperature is 5.5 °C while winter tem-
peratures may fall to below -40 °C due to the effects of the
Siberian High. The area receives a total annual precipita-
tion of 492.1 mm. Most precipitation falls during summer
in consequence of convective air currents. Winter pre-
cipitation falls as snow with the duration of snow cover
being at least 4 months. The lake basin is located in the
Iran-Turan phytogeographic region (Atalay, 1994). Lower
and upper levels of forest land are 1800 m and 2600 m,
respectively. Anthropogenic steppe has a broad distri-
bution. Although Pinus sylvestris is predominant, other
species such as Picea orientalis, Abies nordmanniana and
Betula pendula are also found in the forests. The grass and
steppe comprise various species, such as Achillea bieber-
steinit, Alyssum sp., Anthemis montana, Bromus japanicus,
Campanula glomerata, and Centaurea depressa (Kogcman,
1990).

Bedrock geology in the environs of Lake Cildir is made
up almost completely of Plio-Quaternary volcanic rocks
composed of andesite and basalt, except for marl and
conglomerates of Pliocene age to the south (Lahn, 1949,
Demirsu, 1954). Several previous studies were undertaken
for Lake Cildir and its surroundings (Lahn, 1949; Aktimur
& aliz, 1991; Yilmaz & Demircioglu Yildiz, 2005). Bed-
rock geology in the vicinity of Lake Cildir mainly consists
of Plio-Quaternary andesitic and basaltic volcanic rocks
except for Pliocene marl and conglomerates to the south
(Demirsu, 1954). The Upper Miocene-Quaternary rocks
are also present around Lake Cildir (fig. 2). A volcano-sed-
imentary formation containing Upper Miocene-Lower
Pliocene fluvial clastic rocks and andesitic lavas intercalat-



ed with the clayey, sandy, gravelly layers deposited on the
Pre-Neogene basement in the north and south of the lake.
Age of fluvio-lacustrine deposits with basaltic lava inter-
calations out cropping locally on the volcano-sedimentary
formation is probably Plio-Quaternary. Thick basalt lavas
of early Quaternary age cover the volcano-sedimentary for-
mation in the west and east of lake. Geochemical analyses
carried out on the volcanic rocks of the study area indicated
that andesitic lavas are calc-alkaline and basaltic lavas are
alkali character (Innocenti & aliz, 1982). Structurally, as a
result of increase in compression and uplifting towards the
end of Late Pliocene, numerous right and left lateral strike-
slip faults occurred in the region. A fast erosional period
prevailed and erosional sediments were deposited in the
basins. Alluvial deposits extending NE-SW consist of fine
to coarse grained sediments with polygenic gravels. The
gravels were derived from a rather large catchment area,
mainly belonging to the Artvin-Bolnisi unit of the Eastern
Pontides and Lesser Caucasus (Yilmaz & a/zz, 2000) and
the local volcanic and pyroclastic rocks of Upper Miocene
to Pliocene age.
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FIG. 2 - Simplified geological map of study area map (modified from
Kogyigit & alii, 2001).

Sampling and analyses

For the paleo-environmental study, a 68 cm-long sedi-
ment core was recovered in June 2015 from a water depth of
14 m in the central part of the lake using a Kajak Sediment
Core Sampler with a 6 cm-diameter tube (fig. 1c). The core
was split lengthwise into two parts. Sediment samples for
dating were extracted from four different depths of 5, 10,
25 and 68 cm from one core half. The working half of the
core was sampled at a continuous 1 cm spacing for CaCQO,,
total organic carbon (C_ ) and Inductively Coupled Plas.
ma-Mass Spectroscopy ( IéP MS) analysis. For the analysis,
samples weighing about 2 g were dried at 70 °C and then
pulverized. CaCO, content was measured using a Schei-
bler calcimeter (Schlichting & Blume, 1996) and C_ " by
the modified Walkley-Black Titration Method (Gaudette &
aliz, 1974).

The other (archive) half of the core was used for the
measurement of physical properties using a Geotek Multi
Sensor Core Logger (MSCL) at EMCOL Laboratories in
Istanbul Technical University, Turkey. Magnetic Suscepti-
bility (MS) and Gamma Density (GD) on split cores were
measured. For these analyses, the surface of the split sedi-
ment was cleaned, smoothed and covered by a thin plastic
film (cling film) to avoid contamination. MS and GD mea-
surements were carried out at 0.5 cm resolution.

The grain size distribution (GSD) of 18 samples was
determined to evaluate possible relationships between
grain-size and sediment transport and depositional dynam-
ics. The samples were collected from different intervals.
Depths of the intervals are shown in fig. 3a and b. Water
treatment was performed as a dispersant agent to provide
an evenly-dispersed suspension of silts and clays. All sam-
ples were measured (volume versus particle size) using a
MASTER SIZER 2000 grain-size analyzer with measure-
ment range of 0.02-2000 pm.

Fe, Ca, K, Ti, Sr, Rb and Zr concentrations were deter-
mined through the digested phase by an Inductively cou-
pled plasma mass spectrometer (ICP-MS) in ACME Ana-
Iytical Labs, Vancouver BC, Canada. The prepared samples
were digested with a modified Aqua Regia solution con-
centrated with the mixture of HCl, HNO3 and deiyonized
H,O. Duplicate sample, method blank and internal stan-
dard reference material (STD DS10) provided by ACME
Analytical Labs were considered for quality control. The
results obtained from the reference sample analysis and the
detection limits of the analysis are presented in tab. 1.

TABLE 1 - Reference material analyses results and detection limits of the
elements.

Elements  Observed values Expected values  Detection limits
Fe 2.81% 2.55% 0.01%
Ca 1.11% 0.98% 0,01%
K 0.34% 0.33% 0,01%
Ti 0.064% 0.070% 0.001%
Sr 68.8 ppm 58 ppm 0.5 ppm
Rb 27.4 ppm 274 ppm 0.1 ppm
Zr 2.3 ppm 2.4 ppm 0.1 ppm
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In the absence of datable plant materials in the core,
AMS radiocarbon dating of five subsamples in the sedi-
ment’s bulk organic carbon fraction was performed at Beta
Analytic facility, Miami, USA. All samples were washed in
distilled water and dried (at 40 °C) before analysis. In or-
der to measure the reservoir effect, we used uncalibrated
ages on LC gravity core and created a penultimate model to
evaluate the reservoir effect by testing top of the core which
is supposedly correspond to most recent sediments. How-
ever, penultimate model calculated the top of the core as
490 yrs. Therefore, we interpreted 490 years to be the reser-
voir age. Four C dates were calibrated by using the Calib
v7.1 software (Stuiver & Reimer, 1993) with IntCal13.14C
calibration curve (Reimer & /7, 2004) and a reservoir age
correction of 490 yr. Based on the “clam” script (Blaauw,
2010), non-bayesian statistics model, operated by R. studio
was used on calibrated ages to obtain age-depth profile on
the sediment core. The script generated a cubic spline age-
depth model with 95% Gaussian confidence interval.

RESULTS

Lithology and grain size characteristics

Grain-size variations in lake sediments, based on recog-
nition of sub-populations of tractive load, saltation load and
suspension load within the individual arithmetic, geomet-
ric or log-normal grain size distribution, can be regarded as
an effective sediment proxy in enabling important clues to
evaluate changes in the processes and energy level of sedi-
ment transport and environment of deposition trough time
and space, since they are sensitive to the changes of the past
environmental conditions in the surrounding area (Folk &
Ward, 1957; Visher, 1969; Friedman, 1979; Bui & a/iz, 1990;
Pye, 1994; Shrivastava & aliz, 2012; An & aliz, 2012; Xiao &
alii, 2012; Kazanc1 & alii, 2016). Coarsening-upward and/
or fining upward grain-size changes recorded in lake sedi-
ments also provide important insight on the climatic and/
or tectonic controls on sedimentation and lake level chang-
es: coarse—grained sequences may represent low stands re-
lated to periods of dryer and warmer climate or tectonic
activity, whereas fine-grained sequences may indicate high
stands associated with periods of wet and cold climates or
tectonic stability or both combinations.

This study, which is the first grain size analysis of sed-
iments from Lake Cildir, provided a preliminary basis
for allowing a general assesment of grain size variations
through 68-cm long sediment core, recovered from the
shallow, open (offshore) lake bottom, and investigate sed-
iment transport and depositional processes in relation to
specific environmental changes in the study area.

The primary lithologic component of the sediments in
the core was made up of homogeneous structureless dark-
grey mud, predominantly consisting of fine-to coarse silt
with small proportions of clay and sand. The X-ray radi-
ography of the sedimets, however, show that the sediments
are faintly laminated and have banded structure (fig. 3a), as
indicated by light and dark density variations. Low-angle
laminations are also noted below 20 cm core depth.
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FIG. 3 - a) X-ray radiography and AMS radiocarbon ages and (b) age-

depth curve obtained from LC core.

The frequency distribution curves of the 18 samples re-
trived from the different levels of Lake Cildir core are shown
in fig. 4(a). Tt is clear from the figure that the grain size dis-
tribution of the representative samples are represented by
symmetric and asymmetric curves. The symmetric ones (11
samples) are characterized by narrow and fairly smooth to
slightly irregular curves with moderately to sharply defined
peaks, representing positive kurtosis (mesokurtic to lepto-
kurtic) and unimodal distribution, whereas the asymmetric
curves (7 samples) are characterized with minor secondary
peaks and negatively- and positively-skewed (samples C30,
C31. C38, C39 and (9, C,24, C25) curves respectively, with
small volumes of finer and coarser components in the tails,
indicating bimodal distribution.

In general, the range of the grain sizes in the Lake Cildir
sediments span between ca. 0.3 (medium clay) and 700 pm
(coarse sand) and reaches maximum value with the prima-
ry modes, d (0.5), at 9 to 14 pm (medium silt). Negative- and
positive-skewed bimodal samples reveal secondary modes
at around fine silt and coarse silt (21 to 30 um). However,
the overall clustering of the primary modes are at 9 to 14
pm and indicates moderately- to well-sorted medium silt
with minor volumes of medium clay and very fine sand rep-
resenting finer and coarser tails respectively.

To compare grain size curves further in order to find
similar patterns of distribution or groups, a Ward’s clus-
ter analysis, based on squared Euclidean, was employed,
which enabled recognition of five sub-groups (fig. 4b). Sam-
ples from depths of 59 and 57 cm are particularly char-
acterized by unimodal (normal) distributions with steep
curves representing better-sorted central portions than the
tails, whereas the samples in the other sub-groups are rep-
resented by bimodal distributions with sub-equal amounts
of the two modes characterized by relatively fine to coarse-
skewed curves.

A large suspension population in the samples suggests
that heavily-loaded very fine to coarse silt-sized suspend-
ed sediments, along with minor amounts of clay and fine
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FIG. 4 - (a) The frequency distribution curves and (b) dendogram of the 18 analyzed samples based on cluster analysis. Numbers from 1 to 63 rep-
resent depths of samples in cm from top to bottom in LC core. Note that the sediment samples are represented by unimodal and bimodal grain size

distributions.

sand, were carried in the transporting fluid and a rapid
sedimentation rate of each bed or lamina was dominant
at the depositional site. This interpretation is supported
by the silt-dominated grain size distribution of the sam-
ples with unimodal to bimodal curves. The validity of
this interpretation of rapid sedimentation could be chal-
lenged on the grounds that fine-grained sediments should
represent a slow sedimentation in a standing, low energy
lake environment. The cored sediment of the Lake Cildir,
however, is characterized by diffusely laminated to faintly
cross-laminated (below 20 cm), silt-dominated sedimenta-
tion, as shown by X-ray radiography and grain size dis-
tribution, rather than pronounced rhythmic planar lam-
ination or varved-like deposits consisting of alternating
layers of fine to coarse sedimentation which are commonly
regarded as characteristic features of slow, annual cycles
of sedimentation in deep glacial lakes. Therefore, it seems
reasonable to interpret the faintly laminated silt-dominat-
ed sediments of Lake Cildir as having been deposited rap-
idly from homopycnal plumes resulting from heavily laden
suspension loads transported by a small number of short
headed streams, mainly fed by snow-meltwaters and rain
fall during summer seasons, draining into the stagnant
and relatively shallow lake environment from the small
drainage basins in the surounding area. The presence of
cross lamination below 20 cm depth may suggest current
activity at the lake bottom, probably resulting from low
density turbidity currents.

The bimodal grain-size distribution implies more than
one transport and sedimentation process involved in depo-
sition of the sediments. A number of alternative explana-
tions could be advanced to explain the bimodality. The
most likely reasons are: a) variation in the textural charac-

teristics of the weathered material and/or soils in the catch-
ment area, (b) alternating seasonal sedimentation during
ice-covered winter and summer periods, ¢) storm origi-
nated wave reworking of the lakebottom sediments and d)
deposition from wind-blown sediments.

The suspended load dominated grain size distribution
of the unimodal and bimodal samples with minor grain
size variation and the absence of coarsening and/or fining
upward sequences in the core sediments of the Lake Cildir
may represent short term temporal variations rather than
pronounced long term climatic changes in the study area.
The bimodal grain-size frequency curves with secondary
finer and coarser modes consisting of fine to coarse silt and
sand components may imply aeolian signatures in the lake
sediments.

AMS C ages, age-depth model and sedimentation rates

AMS radiocarbon and calibrated ages measured from
the sedimentary bulk organic carbon fractions are pre-
sented in tab. 2 and fig. 3. Considering that C3 terrestri-
al plants exhibit lower 8C values (-28 to -25%o) relative
to temperate phytoplankton (-22 to -19%o0) (Hedges & ali,
1984; Hedges & aliz, 1997), the Lake Cildir §*C values of
bulk organic matter ranging from -24.5 to -23.5 suggest that
the sedimentary bulk organic carbon is likely to be mainly
of lacustrine phytoplankton origin, which is confirmed by
a significantly high Pearson’s correlation coefficient (r =
0.65, p < 005) between chlorophyll degradation products
(CDP) and total organic carbon in core sediments (Kiikrer
& aliz, 2015).

The topmost sample from 5 cm below the lake floor
yields a calibrated date of 130 + 58 yr BP (BP meaning be-
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TABLE 2 - AMS radiocarbon ages obtained from bulk organic carbon fraction of LC core.

Sample no. Labno.  Depth (cm) Uncalibrated age (BP) ~ 3VC (%.PDB) Reservoir effect 2 sigma Calibrated ages (cal BP*)
LC1 405710 5 620 £ 30 -24.2 490 130 + 58

LC2 405711 10 740 + 30 -24.5 490 150 + 58

LC3 369394 25 1310 + 30 235 490 458 +55

LC4 369396 68 2980 + 30 -23.9 490 2166 + 112

fore the year 1950), suggesting a radiocarbon reservoir age
for Lake Cildir. Reservoir age effect in lakes can be due to
several factor and in volcanic lake such as Cildir the most
likely explanation is that volcanic CO? degassing from the
lake floor results in a proportion of “dead” carbon incor-
porated in the organic fraction by photosynthetic activity,
resulting in ages which are older than true. In order to cal-
culate the reservoir effect, a penultimate age-model is made
to interpolate of the topmost sediments. Even though the
topmost section of the core represents the most recent sed-
iments, penultimate model shows ~490 yr BP (BP meaning
before the year 1950).

The topmost sample from 5 cm below the lake floor
yields a calibrated date of 130 + 58 yr BP. This radiocar-
bon reservoir age for Lake Cildir is in conformity with the
present-day through-flow nature of the lake, which has
inflowing and outflowing streams. The radiocarbon age-
depth curve suggests that the core bottom has an age of
2166 + 112 yr BP (fig. 3b). The sedimentation rate averages
0.31 mm/yr and varies between 0.25 mm/yr and 0.66 mm/
yr over this time span. The average sedimentation rate of
0.31 mm/yr is, for instance, lower than that in Lake Neor,
which is located in a geologically and geographically simi-
lar setting in NW Iran (Kazanci & aliz, 2016). The relatively
higher sedimentation rates coincide well with wet periods,
as confirmed also by the downcore distribution of MS,
GD, and geochemical proxies (see discussion in section
3.3). The periods of enhanced chemical weathering marked
by conspicuous peaks and alternating relatively short-term
drier periods are shown in fig. 5.

Gamma density  Magnetic susc. Organic carbon
(gmicc) (8)) (Corg)
08858 pouz3aB¥88 o & 2 b v b o5 ROIST o5
130158 BP
150458 BP< drier
= 458155 BP
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=
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wetter
drier
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704 2166+112 Bl

FIG. 5 - Downcore distribution of MS, GD, Corg and Rb/Sr in LC core.

Vertical distribution of paleoenvironmental proxies

Magnetic susceptibility (MS) values vary from 0 to 32.5
SI, with an average value of 15.33 SI and a high standard
deviation of 7.2 SI (fig. 5). The highest values are observed
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between 48 and 42 cm (near 1354-1096 yr BP), correspond-
ing to a light unit in the X-ray radiography. Other relatively
high values occur between 62 and 58 cm (near 1941 and
1780 yr BP). The near zero values in the top 10 cm of the
core are due to the watery, organic matter-rich nature of
the mud. The maximum GD value is 1.42 g/cc, together
with average and standard deviation values of 1.35 g/cc and
0.08 g/cc, respectively (fig. 5). The gamma density profile
shows slightly upward decreasing values due to an increase
in the porosity and water content of the mud because of the
effect of compaction affecting sediments downcore. Four
relatively local increases at depths of 68.5, 56, 42 and 34 cm
in GD can be attributed to the higher content of coarser
grains, as confirmed in lake sediments elsewhere (Chapron
& alii, 2010).

Repeated total inorganic carbon (TIC) analyses of the
lake samples show an absence of carbonate in the Lake
Cildir sediments. C__ content averages 1.69% and ranges
between 0.82% and 5.3%, with a low standard deviation
of 0.37. The downcore distribution of Corg shows an up-
ward-rising tendency from the base of the core up to 43 cm
core depth (near 1138 yr BP) (fig. 5). The C . values remain
relatively constant for the upper part of the core except for
a decrease between 35 and 30 cm.

Distribution of Ca, K, Ti, Fe, Sr, Zr, K and Rb, and
Rb/Sr along the Lake Cildir core is presented in fig. 6. Ca,
Sr, K, and to some extent Rb show similar trends, with
relatively low values in the middle part between 36 and
16 cm (near 849-233 BP) and high values in the upper
and lower parts of the core. The highest values of these
elements occur at 53 cm (1570 yr BP) and 0.5 cm core
depths. For statistical relationships between the studied
elements, Pearson correlation coefficients were calculat-
ed (tab. 3). The strongest correlations exist between Ca
and Fe, Sr and Fe, Ca and Sr, and K and Rb. A weaker
but statistically significant correlation (p < 0.05) exists be-
tween elements Fe and K, Ca and K, and K and Sr. The
dendogram obtained from cluster analysis also shows as-
sociations between Ca-Sr-Fe, K-Rb, Ti and Zr in the Lake
Cildir sediments (fig. 7).

Ti and Zr, as indicators of heavy mineral concentra-
tions (i.e. rutile, titanomagnetite, zircon, usually in coarse
silt fraction), show trends different from each other and
from those of the other elements (fig. 6). Ti shows a gen-
eral upward decreasing trend, whereas Zr increases from
the base of the core to 43 cm (around 1138 yr BP) core
depth, then decreases at 34 cm (raround 770 yr BP), fol-
lowed by a general upward decrease towards the core top.
A decrease in Zr at 34 cm is also observed for all the other
element profiles.
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DISCUSSION

Source and depositional processes of sediments

The Lake Cildir sediments are devoid of any carbon-
ate minerals. This, together with similar trends of carbon-
ate-associated elements (i.e., Ca and Sr) and detrital input
indicators (K, Rb and Fe), strongly suggest that Ca and Sr
are associated mainly with plagioclase derived from volca-
nics widely exposed in the lake’s drainage area. This con-
clusion is further supported by the high correlations of Ca
and Sr with Fe (tab. 3) and cluster analyses (fig. 7). The
cluster analysis also shows associations between Ca, Sr and
Fe, K and Rb, and Ti and Zr in the sediments, which in
turn correspond to plagioclase (Ca, Sr), mafic minerals (Fe,
Ca), illite and alkali feldspar (Rb, Sr), and heavy minerals
(Ti, Zr, Fe) inputs from the drainage area of the lake. The
delivery of plagioclase and mafic minerals to the lake was
relatively higher from 2200 yr BP until 1780 yr BP, followed
by a tendency to decrease until 770 BP and of increase until
the present, together with the intervening low-amplitude
fluctuations. The tendency towards increase in Zr until 770
BP suggests an increased sediment input as well as slight-
ly increased MS and Corg, followed by continual decrease
until the present.

The downcore distributions of Ca, Fe, Ti, Sr, Zr, K,
Rb and Rb/Sr are considered herein to infer paleoclimat-
ic changes. Among geochemical proxies, the Rb/Sr ratio
is used for providing useful information on the degree of
chemical weathering in lake catchments (Jin & a/zz, 2001,
20064, b). Since earlier studies (Dasch, 1969; Chen & alz,
1996), it is known that the rate of weathering of plagioclase
(rich in Ca and Sr) is faster than that of alkali feldspars
(rich in K and Rb), leading to a fractionation between Rb
and Sr and increase in Rb-Sr ratio in the weathered de-
trital material (Minyuk & aliz, 2014; Liu & aliz, 2014) but
decrease in authigenic carbonate and the bulk sediment.
However, in lakes with carbonate-free sediments such as
the Cildir Lake Rb-Sr ratio increases with the weathering
intensity in the catchment (see section 4.1).

Under relatively wet conditions, plagioclase would
weather at a higher rate than alkali feldspar, releasing a
higher amount of Sr from plagioclase than Rb released
from K-feldspar. Hence, the Rb/Sr ratio of the weathered

detrital matter delivered to the lake would be lower during
wet (humid) periods relative to that delivered during dry
periods. The dissolved Sr from the catchment is transport-
ed to the lake and commonly incorporated in the authi-
genic carbonate minerals (i.e., aragonite and calcite), thus
resulting in a low Rb-Sr ratio of the bulk sediment. Hence,
in such lakes with authigenic carbonate deposition, Rb-Sr
ratio of bulk sediments is used as weathering intensity in-
dex of rocks in the drainage catchment area, with this ra-
tio decreasing with increasing weathering intensity in the
catchment under increasingly wet conditions.

The catchment area of Lake Cildir is predominantly
of Plio-Quaternary volcanic rocks (i.e., basalts and andes-
ites) in which plagioclase is the most abundant rock-form-
ing mineral. In the absence of carbonate minerals in Lake
Cildir sediments, however, dissolved Sr from plagioclase of
the volcanic rocks is not deposited in the lake sediments
but transported out of the lake with the discharge waters.
Thus, the Rb-Sr ratio of the bulk sediments of Lake Cildir
depends mainly on the Rb-Sr ratio of the detrital material
transported from the catchment, and should increase with
increasing weathering intensity in the drainage basin. This
interpretation of Rb/Sr ratio as a proxy of weathering inten-
sity for authigenic carbonate-deficient lakes, such as Lake
Cildir, is therefore contrary to that for authigenic carbon-
ate-bearing lakes. In Lake Cildir sediments, the conclusion
that Sr occurs mainly in the detrital mineral fraction is
supported by the close similarity of its profile to those of
other elements, such as K, Rb, Ti, and Zr, known to be the
indicators of lithogenic detrital input (see Section 3.3).

TABLE 3 - Correlation coefficients between the specified proxy elements
in LC core.

Ca Fe K Rb Sr Ti Zr

Ca 1 1.00 0.40 0.23 1.00 -0.22 -0.28
Fe 1 0.40 0.23 1.00 -0.22 -0.2
K 1 0.90 0.40 0.01 0.02
Rb 1 0.23 -0.02  0.18
Sr 1 -0.22 -0.28
Ti 1 0.09
Zr 1
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FIG. 7 - Dendogram of proxy elements in LC core based on cluster
analysis.

Wet and dry climate cycles over the last 2200 years
The Rb/Sr profile of the Lake Cildir core shows fre-

quent variations within a range of 0.63 to 0.69, suggesting
alternations of wetter and drier conditions during the dat-
ed time span (fig. 5). When the ages and Rb/Sr-defined
stages are compared with previous lake archives in Anato-
lia, results are indicative of sequential stages of wetter and
drier conditions.

It can be stated that the lowermost part of the section
at 2166 + 112 cal yr BP starts with a dry period while in
general terms the region remained wet from 2000 cal yr
BP to 850 cal yr BP (fig. 5), supported by the expansion of
the Zelkova forests in western Georgia around 2000 yr BP
(Kvavadze & Connor, 2005). This period includes alternat-
ing of two dry and three wet periods until the onset of LIA
around 770 yr BP.

From bottom to top of the core, higher Rb/Sr ratios,
each close to 0.7, correspond to wet intervals and are ob-
served around 1655, 1224, and 622 yr BP, marked by rel-
atively increased amounts of C  and MS, indicating high
organic productivity and detrital input (fig. 5). The wet
stages are interrupted by dry periods, which are commonly
characterized by low Rb/Sr values, equal to or lower than
0.6, along with a decrease in Cyrg and MS values. The first
important dry period following a humid period occurred
at about 2055 yr BP according to our age-depth model (fig.
3b). The second dry stage, found in the lower sections of
Lake Cildir, occurred at between 1527-1354 BP. The third
drier stage took place between 1224 and 622 yr BP, includ-
ing the onset of LIA. The period from 622 to 130 cal yr BP
is represented by the tendency of increased drought. From
770 cal yr BP until present, the most conspicuous change
occurs in the distributions of Zr and Ti, both of which
displaying an upward decreasing tendency, suggesting de-
creasing sediment grain size. This period is represented by
lower C__ and MS values and a decline in the Rb-Sr ra-
tio, all of which suggesting a general increase in the aridity
starting from 770 yr BP.

The relatively cold/dry period from about 650 to 130 cal
yr BP coincides well with the cold/ dry Little Ice Age (LIA),
with relatively low amplitude climate oscilations. This cold/
dry period is characterized by a relatively low Rb-Sr ratio
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in the Lake Cildir sediments, and also previously recorded
in Anatolian lakes such as Lake Nar (Jones & aliz, 2006)
and Lake Kiiclikcekmece (Akcer On & aliz, 2011), as well
as Lake Ioannina in Greece (Xoplakli & aliz, 2001) coastal
Syria (Kaniewski & aliz, 2011) and the Aral Sea in central
Asia (Sorrel & aliz, 2007). During and after this stage, only
the topmost 10 cm of the lake sediments was deposited, cor-
responding to a sedimentation rate of 0.66 mm/yr.

CONCLUSIONS

Multi-proxy sedimentary records, including total or-
ganic carbon (C__), magnetic susceptibility (MS), gamma
density (GD) and elemental composition of a core dat-
ing back to 2166 + 112 cal BP from Lake Ciddir on the
East Anatolian Plateau were obtained to reconstruct the
paleoclimate of the region. The 68 cm long core includes
laminated to cross laminated, very fine to coarse silt-sized
sediments, deposited at a low average sedimentation rate of
0.31 mm/yr. Rb/Sr, as an indicator of differential chemical
weathering of alkali and plagioclase feldspars in the lake
catchment area, indicates alternation of centennial-scale
wetter and drier phases with varied length of deposition
times. The period spanning from about 2000 cal BP to the
onset of Little Ice Age, including the Medieval Climatic
Anomaly, is represented by relatively warmer and wetter
conditions with low-magnitude alternations of drier peri-
ods. The LIA, which is manifested by an increasing trend
aridity until about 130 cal yr BP with relatively low am-
plitude changes, indicated by a general upward decreasing
Rb-Sr ratio, Corg, and the input of Zr and Ti, as well as
a low rate of sedimentation, indicating lower inflow and
reduced sediment transport.
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