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Sclerochronological oxygen and carbon isotope ratios
in Radix (Gastropoda) shells indicate changes of glacial
meltwater flux and temperature since 4,200 cal yr BP
at Lake Karakul, eastern Pamirs (Tajikistan)
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Abstract We report 3'®0 and 8'°C values of 21
fossil shells from the aquatic gastropod Radix from a
sediment core taken in the eastern basin of Lake
Karakul, Tajikistan (38.86-39.16°N, 73.26-73.56°E,
3,928 m above sea level) and covering the last
4,200 cal yr BP. The lake is surrounded by many
palacoshorelines  evidencing former lake-level
changes, most likely triggered by changes in meltwa-
ter flux. This hypothesis was tested by interpreting the
isotope ratios of Radix shells together with &'°0
values of Ostracoda and of authigenic aragonite. The
mean 8'%0 values of Radix and Ostracoda fall along
the same long-term trend indicating a change in the
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isotopic composition of precipitation, which contrib-
uted to the glaciers in the catchment as snow and
finally as melt water to the lake. The sclerochrono-
logical 8'®0 and 8'°C patterns in Radix shells provide
seasonal weather information, which is discussed in
context with previously proposed climatic changes
during the last 4,200 cal yr BP. The period between
~4.,200 and 3,000 cal yr BP was characterized by
stepwise glacier advance in the catchment most likely
due to a precipitation surplus. Subsequently the
climate remained relatively cold but the lake level
fluctuated, as indicated by ostracod shell isotope data.
From ~ 1,800 cal yr BP the sclerochronological
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patterns provide evidence for increasing melt water
flux and transport of allochthonous carbon into the
lake, most likely due to an accelerated glacier retreat.
The period around 1,500 cal yr BP was characterized
by strong warming, increasing meltwater flux, glacier
retreat and an increasing lake level. Warm conditions
continued until ~500 cal yr BP probably represent-
ing the end of the Medieval Warm Period. A short
relatively cold (dry?) period and a lower lake level are
assumed for ~ 350 cal yr BP, possibly an analogue to
the Maunder Minimum cooling in the North Atlantic
region. Our results show that the lake system is
complex, and that changes were triggered by external
forcing and feedbacks. The similarity of 3'0 values
in Radix and ostracod shells demonstrates that both
archives provide complementary information.

Keywords Palaeolimnology - Stable isotopes -
Gastropods - Sclerochronology - Late Holocene -
Central Asia

Introduction

The dynamics of mountain glaciers are among the
most visible indications of the effects of climatic
changes (Solomina et al. 2004; IPCC Report 2007),
and it has been observed that many glaciers all over the
world melted in response to warmer air temperatures
during the last 150 years (World Glacier Monitoring
Service 2012). However, timing and extent of glacial
responses are highly variable and depend on size,
location and climate regime (Bolch 2007). In most
areas of Central Asia, the glaciers retreated since the
termination of the Little Ice Age (LIA; Solomina et al.
2004; Khromova et al. 2006; Bolch 2007; Kutuzov and
Shahgedanova 2009). On the other hand, more than
50 % of observed glaciers in the Karakoram region are
advancing or have remained stable during the last
decade (Scherler et al. 2011). As long as glaciers are
large, one visible response of glacial retreat is
meltwater discharge, which can cause rising water
levels in glacier-fed lakes (Sorrel et al. 2006; Komatsu
et al. 2010; Osipov and Khlystov 2010). Glacier and
meltwater fluctuations in modern and historical times
can be monitored by remote sensing, morphologic and
mass-balance studies, or can be evaluated from written
records (Solomina et al. 2004; Khromova et al. 2006;
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Narama et al. 2010). Variations that occurred further
back in time can only be modeled (Sarikaya et al.
2009; Goehring et al. 2012) or reconstructed from
proxy data indicating glacier stages, temperature
fluctuations or freshwater supply (Ricketts et al.
2001; Owen et al. 2002; Seong et al. 2007, 2009).
Lakes represent important systems in this context
because they archive a number of suitable proxies in
their sediments (Wiinnemann et al. 2006; Mischke and
Zhang 2010; Vasskog et al. 2012).

Of special interest are lakes located in regions that
are particularly sensitive to environmental and cli-
matic changes. One example is Lake Karakul, located
in the eastern Pamir Mountains of Tajikistan (Fig. 1).
Palaeoshorelines up to 205 m above the modern lake
level provide evidence for lake dynamics that were
related to Pleistocene climate fluctuations (Komatsu
2009; Komatsu et al. 2010). Mischke et al. (2010)
analyzed a 104-cm-long sediment core, covering the
last 4,200 cal yr BP, studying geochemical, granulo-
metrical and palynological properties and concluded
that the data indicate mainly air temperature-driven
changes in meltwater supply due to the presence of
glaciers in the catchment area and the aridity of the
region. However, the qualitative characterization of
meltwater supply and other processes that influence
lake level changes could not be provided.

8'®0 and 8'°C signals from fossil ostracod shells
have been used for the palaeolimnological reconstruc-
tion (Mischke et al. 2010). As ostracods shed and build
their valves several times during ontogeny, sclero-
chronological analyses that could cover the annual
hydrological cycle from which the meltwater signal
can be inferred are not practical. Mischke et al. (2010)
interpreted the ostracod isotope data with qualification
because palaeoecological inferences did not appear to
be indicated by the studied taxon, which is probably
endemic.

Taft et al. (2012, 2013) have demonstrated that
sclerochronological 8'*0 and §'°C patterns in arago-
nite shells of the aquatic gastropod Radix mirror
seasonal variations in modern lakes across the Tibetan
Plateau. Ice cover duration, meltwater discharge,
precipitation and evaporation periods can be differen-
tiated. The method also has been applied to modern
shells of Lake Karakul (Taft et al. 2013).

In the here presented study, we adopt the method to
fossil Radix shells from late Holocene sediments of
Lake Karakul and evaluate whether late Holocene
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Fig. 1 Lake Karakul with core location and periodical inflows. The catchment area of Lake Karakul spans 4,464 km?

meltwater input rates can be inferred from the shells,
and can be related to temperature changes and glacier
fluctuations in the catchment. We further consider
whether the shell data can be related to the geochem-
ical results of Mischke et al. (2010) to improve our
understanding about the hydrological system.

Study area

Karakul (38.86-39.16°N, 73.26-73.56°E, 3,928 m
above sea level) is an endorheic mesohaline lake in
the eastern Pamirs in Tajikistan, (Fig. 1) which are
part of the extensive high mountain system of Central
Asia, comprising the Pamir-Karakoram-Hindu-Kush
ranges. The lake consists of a relatively shallow
eastern sub-basin with a maximum water depth of
approximately 20 m and a deep western sub-basin

with a water depth of 242 m (Molchanov 1929). The
catchment area spans 4,464 km?. The surface area of
the lake is about 380 km? (Komatsu et al. 2010), and is
covered by ice of up to about 1 m thick from the end of
November until the end of May (Mischke et al. 2010).
The lake is located in a tectonic graben basin (Melack
1983; Hammer 1986; Gopal and Ghosh 2010), but an
origin as a meteor-impact structure also was discussed
in the past (Gurov et al. 1993; Safarov 2006). The
highest mountain peak in the catchment area is above
6,000 m asl. Many of the surrounding mountains are
covered by snow and ice, which are the most important
sources of the lake water (Ni et al. 2004). The main
seasonally active inflow is located at the northern
shore of the lake (Fig. 1).

Three water samples from the eastern basin have
880 values ranging from —3.8 to —3.5 %o relative to
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V-SMOW. Inflowing streams, which transport pre-
dominantly glacial meltwater, have values ranging
from —18.0 to —14.0 %0 (Mischke et al. 2010). The
comparatively high §'®0 value of the lake water
mirrors the long residence time and the strong
influence of insolation, which results in low air
humidity and high evaporation from the lake surface.

Lake Karakul is located in an area dominated by the
Westerly wind system. Because the high mountain
ranges to the west block the Westerly moisture
penetration into the lake catchment (Komatsu et al.
2010), the annual precipitation is only 82 mm, with
slightly higher precipitation between March and July
and least precipitation during the winter months
(Mischke et al. 2010). With a mean annual tempera-
ture of about —4 °C, the climate is characterized as
cold semi-arid BSk in the Koppen-Geiger climate
classification (Peel et al. 2007).

Komatsu (2009) and Komatsu et al. (2010) studied
the palaeoshorelines and reconstructed a lake history
for the Mid- to Late Pleistocene based on remote
sensing data, field mapping and tentative chronology.
They classified four groups of shorelines that indicated
higher or constant lake levels, which were correlated
to the glacial maxima of MIS 8§, 6, 4 and 2.
Geomorphic glacial landforms showed that Pleisto-
cene glaciers came close to the modern eastern,
northern and southern lake shore (Komatsu et al. 2010;
Mischke et al. 2010). Nothing is known about the
Holocene glacial history of the Lake Karakul region
and only a few data exist for modern times. On the
base of dendrochronological data, colder conditions
were concluded for 1897-1916 indicating a glacier
advance in the drainage area of Lake Karakul (Ni et al.
2004). For 1925-1980, it is assumed that the glacier
area in the lake catchment decreased (Ni et al. 2004),
probably in response to global warming. Based on
historical surveys and remote sensing, Khromova et al.
(2006) detected a glacier decrease between
1978-2001 in the eastern Pamir region. However,
detailed glacial studies in the catchment of Lake
Karakul have not been conducted yet.

Materials and methods
The catchment area of Lake Karakul was calculated in

ArcGIS v10.0 (ESRI 2011) with the use of Hydro-
SHEDS v1.0 data (Lehner and D611 2004; Lehner et al.
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Fig. 2 Example of a well-preserved fossil Radix shell from
Lake Karakul

Fig. 3 Sediment core of 0-
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Shell sampling and preparation

Twenty-one Radix (Fig. 2) shells (17 complete shells
and four large fragments) were collected from 21
sediment layers from a core of 104 cm length (Fig. 3).
The core was obtained from 19.1 m water depth in the
center of the eastern sub-basin of Lake Karakul
(Fig. 1), and it covers the last 4,200 cal yr BP
(Mischke et al. 2010). Modern Radix specimens from
Lake Karakul represent the species Radix auricularia
(Linnaeus 1758) (von Oheimb et al. 2011). Fossil
shells from the core showed the same shell morphol-
ogy and thus were assigned to the same species.
Details about biology, shell growth, life cycle, nutri-
tion, etc. are presented in Taft et al. (2012, 2013).

The shells were cleaned manually and in an
ultrasonic bath and subsequently treated with H,O,
for 24 h to remove remaining organic matter before
they were dried for 24 h at room temperature. The
shells were sampled for stable isotope analysis in a
constant distance of 1 mm along the ontogenetic spiral
of growth increments using a dental drill. Depending
on shell size and total number of whorls, we obtained
7-25 sub-samples per shell. The sub-samples were
labeled in alphabetical order beginning with [a], which
represents the latest shell part. The four shell frag-
ments (from core layers 10; 30; 61 and 101 cm) were
homogenized and isotopically analyzed as powdered
bulk samples.

Stable isotope analysis

The aragonite shell samples were isotopically ana-
lyzed at the Freie Universitdt Berlin using a GasBench
IT linked to a MAT-253 ThermoFisher Scientific™
isotope ratio mass spectrometer. The external error of
the measurements is £0.06 %o for 5'%0 and +0.04 %o
for 8'*C both 1 SD (standard deviations) based on the
reproducibility of the in-house reference material
Laaser marble. The measurements were standardized
against Carrara Marble (CAM) and Kaiserstuhl car-
bonatite in-house reference material (KKS) which had
been calibrated against Vienna PeeDee Belemnite (V-
PDB) international isotope reference material using
NBS-18 and NBS-19. All results are reported in 6
notation relative to V-PDB (Table 1; Figs. 4, 5c, d).
Average isotope values are the arithmetic mean values
of all sub-samples per shell.

Results
Average 5'%0 and 8'°C shell values

Average 880 shell values cover a range from —1.4 to
0.9 %o. The highest values occur at 95 cm (0.9 %o),
83 cm (0.2 %) and 15 cm (0.4 %o) core depth
(Table 1; Fig. 5c). The values are low at 43 cm
(—=1.1 %o) and from 6 cm core depth to the top (from
—1.4to —0.9 %o). From the deepest part of the core to
the top, a trend to more negative values is visible
(Fig. 5¢). This general trend is interrupted by excur-
sions to more positive values (at 95, 83, 61, 35, 30, 15
and 10 cm core depth). The shifts at 95 cm (0.9 %o),
83 cm (0.2 %o0) and 15 cm (0.4 %o) core depth are
most pronounced.

Average 8'°C shell values cover a range from —1.5
to 1.7 %o. The highest values occur at 81 cm (1.5 %o),
30cm (1.1 %) and 10 cm (1.7 %0) core depth
(Table 1). The values are relatively low at 83 cm
(—1.0 %0), 25 cm (—1.5 %0) and 1 cm (—0.9 %o) core
depth.

Sclerochronological 3'®0 and 3'°C variations

3'%0 intra-shell values of all samples cover a range
from —2.1 to 1.4 %o. 8'°C values are in a range from
—3.3 to 2.6 %o. The isotope values for each sub-
sample are presented in Table 1 and the sclerochro-
nological patterns are shown in Fig. 4.

Sub-samples from 73 and 43 cm core depth exhibit
the highest 5'0 variability (>1.6 %o) of all samples.
Sub-samples from 89 and 6 cm core depth feature the
lowest variability (<0.6 %o). Sub-samples from 83 and
25 cm core depth show the highest 8'°C variability
(4.4 and 3.5 %o) and sub-sample from 15 cm core
depth exhibits the lowest variability (0.4 %o).

Discussion

What do gastropod, ostracod and authigenic
carbonates record?

In a multi-proxy study, Mischke et al. (2010) con-
cluded that the Ostracoda taxon from Lake Karakul is
probably not suitable for palaeoecological inferences
and discussed solely authigenic carbonates. However,
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2004). b Palynological data from the sediment core of Lake
Karakul from Mischke et al. (2010). The sample scores of pollen
principle component analysis (PCA) axis 3 mainly indicate air
temperatures. ¢ Mean §'%0 values from Radix shells (filled blue
circles) in comparison to ostracod calcite, which represents the
same habitat conditions, and authigenic aragonite, which

the similarity between the Radix shell data presented
in this study and the ostracod isotope data is strong
evidence that both shared the same habitat at the
bottom of the shallow eastern basin of Lake Karakul.
Differences, like the larger range of §'®0 values
obtained for Radix samples compared with ostracod
shells (Fig. 5c), might represent temporal differences
in resolution and carbonate formation. One mean
oxygen isotope value of a Radix shell averages about
1 year, whereas each ostracod sample represents ten
individual shells, which may integrate the summer
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§180 (%)

represents surface water conditions. Four Radix shells were
isotopically measured as bulk samples (open blue circles). The
gray lines represent notional isotopic steady state conditions of
the lake water. Lower-case letters illustrate the sections of the
sclerochronological patterns representing the four different zones
characterizing varying climate and environmental conditions at
Lake Karakul (d). (Color figure online)

months of about 30 years (Mischke et al. 2010). The
expected but not observed difference of 40.6 %o
between isotope ratios of Radix aragonite and ostracod
calcite might be due to vital effects (Grossman and Ku
1986; Abell and Williams 1989; Leng and Marshall
2004), or the fact that Radix shells represent a record
of the lake water isotope composition over the whole
year whereas ostracods solely form shells during the
summer months. However, the similarity between the
Radix and the ostracod shell isotope data demonstrates
that the ostracod shells provide significant information
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on the climatic and hydrologic history of Lake
Karakul.

The 8'®0 values of authigenic aragonite are on
average ~2 %o lower and the range is significantly
larger than what is recorded by ostracod shells
(Mischke et al. 2010; Fig. 5c). Therefore it is impos-
sible that the curves of authigenic aragonites and
ostracod calcite shells mirror the same habitat. Authi-
genic carbonates in sediments are thought to form in
the whole water column but will preferentially
precipitate from warm, near surface waters during
the summer months (Henderson et al. 2003; Liu et al.
2009). Therefore, authigenic aragonites hold primarily
a record of the surface water of Lake Karakul during
the summer. On average 2 %o lower 8'%0 values can
be explained by a ~8 °C temperature difference
between surface and bottom water in Lake Karakul.
The water temperature of the surface water during the
summer months is around 11-13 °C (Mischke et al.
2010), and thus the bottom water would have a
temperature of 3—5 °C, which seems to be reasonable.
Facts about the lake stratification are unknown.
However, the differences between the ostracod §'20
curve on the one hand and the authigenic aragonite
curve on the other hand indicate a generally stable
stratification for Lake Karakul. Besides temperatures,
the isotopic composition of the surface water might
change faster than the bottom waters. Therefore, the
surface waters from which authigenic aragonites
precipitated are more sensitive to changes in the
environment, melt water flux, or temperature than the
bottom waters recorded in ostracod shells. This
sensitivity or small residence time allows the record
of short-term disturbances of the lake system, which
can be used to divide the climatic and environmental
evolution of Lake Karakul in distinct periods.

Late Holocene environmental evolution
and climate conditions at Lake Karakul

The ostracod shell stable isotope data

The isotopic composition of ostracod shells exhibit a
continuous development toward more negative 8'%0
values in the past 4,200 cal yr BP (Mischke et al.
2010; Fig. 5¢). The long-term trend is overlain by
short-term excursions from a supposed isotopic steady
state composition of the lake water. The short-term
excursions in the ostracod dataset are thought to
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represent variations of the melt water fluxes to Lake
Karakul over time scales of 20-40 years. The long-
term trend reflects most likely a change in the isotopic
compositions of the precipitation, which contributes to
the glaciers as snow and finally as melt water to the
lake. The shift towards lower 8'®0 values of precip-
itations might be due to decreasing temperatures in the
Karakul region. This is consistent with decreasing
summer insolation at this latitude in the last
4,200 cal yr BP (Laskar et al. 2004; Fig. 5a). In
addition, lower temperatures may correspond to
higher relative air humidity over Lake Karakul and,
thus a decreasing isotopic fractionation during evap-
oration of the lake water. Both shift the isotopic
composition of the lake water towards more negative
3'%0 values (Fig. 5¢).

The authigenic aragonite stable isotope record

The authigenic aragonites recorded an increase of the
5'30 values of the surface water between 4,200 and
1,800 cal yr BP reflecting a larger isotope fraction-
ation between carbonate and water due to decreasing
average temperatures in the surface waters. The
temperature effect explains why carbonates from
surface waters and bottom waters exhibit discrepant
trends in the Karakul sediment cores (Mischke et al.
2010, Fig.5). At 1,800 cal yr BP the authigenic
aragonites are shifted towards more negative 8'*0
values, indicating strong warming of the surface water
due to higher air temperatures. Furthermore, it is
assumed that large masses of glacial melt water flowed
into the lake during this period, which increased the
trend to more negative oxygen isotope values. Possi-
bly the continuous retreat of the glaciers have reached
a tipping point where the albedo of the landscape has
been reduced so much that temperatures in the summer
months became warm enough to melt remaining
glaciers at high altitudes. The melt water signal is
recorded in the surface water of Lake Karakul but not
as clear in the ostracod bottom water record because of
the different sizes of the two reservoirs. Between
1,000 and 500 cal yr BP the temperature of the surface
water decreased continuously and at about 350 cal yr
BP the temperatures reached a minimum in the
Karakul area probably representing an analogue to
the cooling during the Maunder Minimum in the North
Atlantic region. Subsequently the climate became
warmer again indicated by low 8'®0 values in the
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authigenic aragonite curve. This climatic interpreta-
tion will be tested on an assessment of seasonal
information from sclerochronological isotope patterns
in Radix shells.

Seasonal changes during the Late Holocene
at Lake Karakul

The sclerochronological stable isotope patterns of the
fossil Radix shells can be used to test certain models on
the nature of long-term variations seen in the authi-
genic aragonite and/or ostracod shell curves. For this
purpose, we first distinguish between two different
types of sclerochronological isotope patterns indicat-
ing (1) a meltwater signal, and (2) no meltwater signal.
Taft et al. (2012, 2013) showed that rapidly decreasing
3'®0 values and simultaneously decreasing 8'°C
values result from glacial meltwater, which has low
180 ratios and input of allochthonous carbon with low
8'*C values from the catchment and the upper soil
layers. Shells 2, 4, 9, 11, 15 and 17 (Fig. 4) can be
related to group (1) and shells 1, 6, 7, 8, 10, 14 and 16
(Fig. 4) can be related to group (2). Shells 3, 5, 12 and
13 (Fig. 4) do not cover a complete life cycle of the
specimens and therefore do not show distinct seasonal
patterns. We divided the isotope record in the Lake
Karakul sediment core in three zones with varying
influence of meltwater flux and air temperature.

Zone I (~4,200-1,800 cal yr BP, 104—45 cm core
depth): Low lake level, increasing instability
of the lake system, glacier advance, cooling

Information about the seasonal changes during this
period is available for several Radix shells. Radix shell
number 17 (Figs. 4, 5d) probably reflects slight
meltwater input, indicated by decreasing 5'0 values
from segment [t] to [m] and from [j] to [f], which is
supported by slightly decreasing 8'°C values (Figs. 4,
5d). The more positive 8'*0 and §'°C values from
[m] to [j] and from [f] to [c] in this shell mirror strong
evaporation and biological activity in the lake,
respectively. In general, the meltwater signal in this
Radix shell is not well pronounced and the oxygen
isotope values are positive during the whole life span
of this specimen. Thus, at ~3,850 cal yr BP glacial
meltwater input during the summer months is seen in
the sclerochronological data but was likely relatively
low. The sclerochronological stable isotope pattern of

shell number 15 (~3,450 cal yr BP) shows a pro-
nounced meltwater signal with more negative 5'%0
values from sub-samples [h] to [d] (Fig. 4).

The overall gradual shift toward more negative
3'80 values in the ostracod data and increasing 5'%0
values in the authigenic aragonite data indicates
decreasing temperatures between 4,200 and
1,800 cal yr BP (Fig. 5) interrupted by a few short-
term periods with enhanced meltwater input most
likely due to an increase in precipitation and/or higher
air temperatures. The 8'®0 values of authigenic
aragonite become more positive likely in response to
a cooling of the surface lake water, which causes a
stronger isotope fractionation between water and
carbonate. The cooling during this period is connected
with a reduction of the meltwater flux in several steps.

The authigenic carbonate curve shows that negative
3'®0 excursions became more common towards the
end of the period between 4,200-1,800 cal yr BP.
Obviously, lake level fluctuated towards the end of this
period. However, overall the Radix and authigenic
carbonate data provide evidence for a decreasing melt
water flux between 4,200 and 1,800 cal yr BP. It is
assumed that the meltwater flux to the lake decreased
mainly due to increasing precipitation in the glacial
accumulation areas connected with a glacier advance.
An abrupt shift to colder conditions around
3,500 cal yr BP is inferred from the TOC content as
well as from the pollen composition by Mischke et al.
(2010), but such a sharp shift is not recorded in the
isotope data, most likely due to different sampling
resolutions of these archives.

The interpretation of a glacier advance between
4,200-1,800 cal yr BP is in agreement with other
proxy data from Asia. Remote sensing data, geomor-
phic mapping, and '°Be terrestrial cosmogenic nuclide
(TCN) surface-exposure dating of boulders (Seong
et al. 2009) indicated advancing glaciers and cooling
between 4.2 and 3.3 ka BP in the Muztag Ata and
Kongur Shan region. Likewise, glaciers in the Ladakh
and Zanskar Ranges of Transhimalaya advanced
between 4.2 and 3.6 ka BP (Hedrick et al. 2011). A
cold period was also inferred for other Central Asian
records, e.g. from Bosten Lake in northwestern China
from 3.4-3.2 ka cal yr BP (Wiinnemann et al. 2006),
the central Tienshan between 3.5-2.1 ka cal yr BP
(Zhang et al. 2009) or the Guliya ice core on the
northwestern Tibetan Plateau between 3.5-3.0 ka cal
yr BP (Thompson et al. 2005).
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Zone Il (~ 1,800-500 cal yr BP, 44-8 c¢m core
depth): Increasing meltwater input, increasing lake
level, glacier retreat, warming

The sclerochronological pattern from Radix shell
number 11 (~ 1,800 cal yr BP) indicates slight melt-
water fluxes by low 3'®0 and 8'°C values at sub-
samples [1] and [b]. The pattern of Radix shell number
10 confirms the suggested change to warmer and
probably drier conditions which caused a higher
evaporation rate (Figs. 4, 5d) indicated by more
positive oxygen isotope values. The carbon isotope
pattern follows the oxygen isotope pattern, indicating
equilibration of the TDIC with atmospheric CO,
(Leng and Marshall 2004). However, the sclerochro-
nological 3'®0 pattern of Radix shell number 9
(~1,100 cal yr BP) shows a high meltwater flux
represented by more negative values from sub-sample
[u] to [i] and synchronously lower 813C values due to
the input of isotopically light CO, from the catchment
(Fig. 4). From sub-sample [j] to [a] the meltwater
discharge decreases and more positive 3'°C values
mirror probably both the increasing biological pro-
ductivity in the lake and the reduced input of
allochthonous carbon. More positive oxygen isotope
values from [i] to [a] represent increasing evaporation.
A more negative average 3'*0 value of shell number 4
(~650 cal yr BP) indicates conditions relatively
similar to shells 7 (~900 calyr BP) and 6
(~880 cal yr BP; Fig. 4). However, the 180 ratios
of authigenic aragonite become more negative at the
same time, which points to a change in the isotope
water composition, possibly by increasing evaporation
due to warmer conditions. The sclerochronological
isotope pattern of shell 4 (Fig. 4) shows more positive
3'®0 values from sub-samples [f] to [a] representing
increasing evaporation. A slight meltwater signal is
possibly shown from [i] to [f]. The 3'3C values are
more positive and stable along the whole pattern
indicating a high biological productivity in the lake
which is supported by a relatively high TOC content
(Mischke et al. 2010).

Mischke et al. (2010) also reconstructed a rather
high freshwater inflow around 1,800-1,500 cal yr BP
based on 5'®0 values of authigenic aragonite. TOC
values in the core increased as a result of higher lake
productivity and palynological data indicate increas-
ing temperatures and relatively wet conditions (Mis-
chke et al. 2010; Fig. 5b). More negative 8'%0 values
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of authigenic aragonite indicate warm surface water
(Mischke et al. 2010; Fig. 5c¢).

Between ca. 1,800 and 1,500 cal yr BP, the 51%0
values of Radix shells, authigenic aragonite and
ostracods point to a strong warming indicated by
negative and positive excursions from the long-term
trend for Radix shells, respectively (Fig. 5c). The
whole period between 1,800-1,500 cal yr BP is char-
acterized by a turnaround of the climate and environ-
mental conditions at Lake Karakul, which was already
foreshadowed by the previous period. Until ca.
1,800 cal yr BP, the glaciers in the catchment were
thus far built up and the albedo was relatively high that
a longer warm phase was needed to trigger an
extensive glacier retreat. It is assumed that large
masses of meltwater flowed into the lake and changed
the isotope composition of the water, which is
indicated by more negative 3'0 values of authigenic
aragonite and ostracod calcite between ca. 1,400 and
1,200 cal yr BP (Mischke et al. 2010; Fig. 5c).

Subsequently, as a result of the glacier retreat, the
albedo possibly decreased in this area. This self-
reinforcing process most likely caused even warmer
local conditions. These assumptions are primarily
based on the core record from Mischke et al. (2010)
due to the lack of sclerochronological data from the
section between 1,400 and 1,200 cal yr BP. Between
ca. 1,200 and 500 cal yr BP the lake system was
characterized by fluctuations of warmer and slightly
cooler conditions and varying lake levels, which is
supported by the sclerochronological shell patterns.
The mean &'0 value of shell number 6
(~1,000 cal yr BP) is higher compared to shell
number 7 (~900 cal yr BP) and is interpreted as a
return to drier conditions which is supported by
warmer surface water represented by negative 8'°0
values of authigenic aragonite and a positive peak of
3180 in the ostracod data set (Mischke et al. 2010;
Fig. 5c¢).

Narama (2002) found evidence for a retreat of the
large Raigorodskogo Glacier (Pamir-Altai) as a result
of a warm period around 1,545 cal yr BP. In contrast,
Seong et al. (2009) determined the age of moraines by
9Be surface-exposure dating indicating a glacier
advance around 1,400 cal yr BP in the Muztag Ata
and Kongur Shan region in westernmost Tibet.
Boomer et al. (2000) found evidence for a maximum
regression phase of Lake Aral around 1,600 cal yr BP.
The assumed strong warming around 1,500 cal yr BP
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at Lake Karakul corresponded with the onset of the
North Atlantic Medieval Warm Period and a maxi-
mum of the Indian monsoon intensity (Gupta et al.
2003).

Zone III (~ 500 cal yr BP-present, 8~0 cm core
depth): Cool and dry (?) between ~ 500-300 cal yr
BP, since ~300 cal yr BP increasing lake level
and temperature?

The sclerochronological isotope pattern of shell 2
(Fig. 4) shows a meltwater signal from [1] to [e] by
lower 8'%0 values. However, the 8'°C values do not
indicate a high flux of isotopically light carbon from
the catchment into the lake, and instead, the values
become more positive from [i] to [c]. Likely, the
meltwater signal is overprinted by a temperature
signal during the summer months and the 8"*C values
indicate high biological productivity caused by higher
temperatures and light intensity. The sclerochonolog-
ical pattern of shell 1 (~40 cal yr BP) does not show a
meltwater signal. This probably is due to slightly
colder conditions compared to the previous section,
and this is confirmed by more negative 8'*0 ostracod
values (Mischke et al. 2010; Fig. 5¢). A high TOC
content was recorded in the core, and palynological
data indicate a tendency to slightly warmer and drier
conditions around 400 cal yr BP (Mischke et al. 2010;
Fig. 5b). Relatively cold and dry conditions are
suggested for the period around 350 cal yr BP, which
possibly represents an analogue for the cooling during
the Maunder Minimum in Europe and the North
Atlantic region (Mischke et al. 2010).

A slight warming is assumed for the period from ca.
300 cal yr BP until present. The reduced meltwater
flux between 1,500 cal yr BP can be a result of lacking
glacier masses in the catchment because it is assumed
that they had melted to a large extent after this period
after 1,500 cal yr BP. The slightly more positive 5'%0
values of authigenic aragonite point to relatively cold
surface water. However, the general trend to more
negative values from ca. 300 cal yr BP until the
present indicates increasingly warmer conditions.

This inference of recent warming corresponds to
results of several studies that confirm negative glacier
mass balances for Central Asia since the first half of
the nineteenth century due to warmer conditions
(Unger-Shayesteh et al. 2013). However, the ice
volume of the glaciers in the catchment of Lake

Karakul was relatively small after the previous
melting period and the amount of the meltwater flux
is assumed to be low.

The cooler and probably drier phase around
500 cal yr BP corresponds to inferred drier conditions
from the Aral Sea between 500 and 400 cal yr BP
(Boomer et al. 2000; Filippov and Riedel 2009) and
from Sumxi Co (western Tibetan Plateau) at ca.
400 cal yr BP (Fontes et al. 1993). Parts of the Aral
Sea catchment are located only about 200 km south of
Lake Karakul.

Conclusions

Our results demonstrate that changes of the hydrologic
system are not only triggered by meltwater fluxes on a
short-time scale but are more complex and addition-
ally controlled by changes in temperature and precip-
itation on a long time scale. The decreasing long term
3'"®0 trend of Radix and ostracod shells mainly
indicates a change in the isotopic composition of
precipitation which contributes to the glaciers in the
catchment as snow and finally as melt water to the
lake. The shift toward precipitation with low &'*0
values is likely related to decreasing temperatures in
the Lake Karakul region. Over the last 4,200 years, the
general isotopic composition of the lake water follows
the decreasing solar insolation. This isotopic trend is
overprinted by short-term meltwater fluxes. The
similarity between the Radix and the ostracod §'*0
values suggests that both taxa lived in the same
habitat. Furthermore, the similarity demonstrates that
palaeoecological conclusions can be inferred from the
studied ostracod taxon that Mischke et al. (2010)
interpreted in a qualified manner.

The period between 4,200-3,000 cal yr BP is
characterized by cooling, gradually decreasing lake
level and, most likely, a glacier advance in the
catchment. From ca. 3,000-1,800 cal yr BP, the lake
system became instable but lake level remained low.
During the following 600 years, glaciers retreated and
lake level rose in response to warmer conditions and
higher meltwater fluxes. The assumed strong warming
around 1,500 cal yr BP probably represents the onset
of the Medieval Warm Period. Warmer conditions and
a higher lake level are indicated for the period until ca.
500 cal yr BP. A short relatively cold and probably
dry period associated with a decreasing lake level is
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assumed for the phase from around 350 cal yr BP,
corresponding to an analogue of the cooling during the
Maunder Minimum in the North Atlantic region.
Subsequently, temperatures and lake level increased
towards modern times.

Studying the isotopic composition of fossil Radix
shells from Lake Karakul provided valuable additional
information about the lake history for the last
4,200 cal yr BP. The sclerochronological isotope
patterns in the shells helped to improve our knowledge
about changes in seasonality. However, further studies
are required to quantify the amount of former melt-
water discharge, associated lake-level changes, and to
investigate the glacial history in the catchment area.
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