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ABSTRACT

A short (50-cm-long) sediment core from Ebinur Lake in arid central Asia has been analyzed for various environmental proxies,
including organic matter content, 8'3C in organic matter, magnetic susceptibility, heavy metal contents, and stable isotopic compo-
sitions of bulk carbonate (5'30 and 8'3C). The results reveal that the evolutionary stages inferred from environmental indicators
have an asynchronous nature. If the asynchrony of periodic changes in multi-environmental proxies is ignored, important informa-
tion may be lost, especially regarding anthropogenic influences. On the basis of magnetic susceptibility and heavy metal contents,
human activities appear to have resulted in increases in surface erosion and measurable heavy-metal accumulation from the mid-
1960s, whereas the organic matter contents, which display an obvious shift in the late 1930s, correlate with regional climate. How-
ever, the changes in the stable isotopes of bulk carbonate are mainly controlled by the isotopic composition of the host water which
is generally consistent with the lake level. From the late 1870s to the 1960s, the lake was in a natural evolutionary state. From the
1960s to the mid-2000s, the runoff feeding Ebinur Lake dropped rapidly, in association with a sharp increase in agricultural devel-
opment. Finally, beginning in the early twenty-first century, the climate became wetter than during the earlier two stages, and as
agricultural water demand decreased, surface runoff once again increased. It is noted that, although the different proxies respond
differently to climate changes and human activities, any analysis of environmental evolution should consider them each individually,
in order to fully understand the complex interactions between climate and human influence.
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INTRODUCTION

Various sedimentary processes can incorporate both
internal and external materials into lake sediments, and
this matter may contain important environmental infor-
mation about lakes and their watersheds (Meyers, 2003;
Birks et al., 2004; Thevenon et al., 2013; Qiang et al.,
2014). As aresult, the lacustrine sediments of central Asia
have been the focus of a number of paleo-environmental
studies (Austin et al., 2007; Chen et al., 2008; Chiba et
al., 2016). For instance, data spanning the last millennium
show that humidity has increased during the recent period
of global warming in arid central Asia (Chen et al., 2010).
Additionally, an 8500-year peat record from Chaiwopu
Lake in this region also contains a record of steadily in-
creasing summer rainfall (Hong et al., 2014). However,
increasing aridity over the past century across the entire
central Asian region has been inferred, on the basis of ob-
servations and global climate models (Donat et al., 2016).
Thus, the prevailing environmental conditions in this area
over the last 100 years remain poorly understood and as
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yet unresolved. To address this issue, the closed inland
Lake Ebinur, which is influenced by westerlies and is sen-
sitive to environmental and climate changes (Wu ef al.,
2009; Ma et al., 2011, 2016), represents an ideal area for
investigation; study of this lake will add to the existing
environmental data, and help to resolve climate trends in
arid central Asia.

In paleo-environmental studies spanning long time
scales, changes in multiple proxies are used to represent
variations in climatic conditions and the resultant envi-
ronmental changes. However, over the last century,
human activities have produced environmental variations
having an unprecedented degree and scope. In developed
areas, these anthropogenic changes have become an im-
portant factor affecting the evolution of lakes such as Lake
Taihu (Peng et al., 2016), Lake Fuxian (Liu et al., 2009),
and Poyang Lake (Ye ef al., 2013). In some cases, they
are even the dominant controlling factor. Even in the East-
ern Tibetan Plateau, the contamination history of lake sed-
iments has revealed that heavy metal pollution has
occurred as a result of anthropogenic emissions since the
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mid-1990s (Bing et al., 2016). In contrast, in developing
areas such as arid central Asia, researchers have focused
primarily on the effects of climate change on basin envi-
ronments (Aizen et al., 1997; Yu et al., 2003; Lioubimt-
seva and Henebry, 2009), and the degree to which human
activities have influenced landscape processes is not yet
clear. It is expected that multiple proxies from lake sedi-
ments will be extremely useful in assessing the role of
human activities on environmental processes.

In this study, a sediment core covering the recent part
of the historical times period was extracted from Ebinur
Lake for environmental proxy analysis. The records from
this core were used to explore 1) the environmental con-
ditions over the last 150 years; ii) the degree of influence
that human activities have had on the environment in cen-
tral Asia; and iii) the factors that are potentially responsi-
ble for these relatively recent environmental changes.

Study site

Ebinur Lake (44°30'-44°42'N, 81°05’-81°15'E) is a
closed lake in central Asia that lies near the border be-
tween China and Kazakhstan (Fig. 1). The water level is
194 m above sea level, and the lake covers an area of 527
km? (Ma et al., 2014). Moreover, the catchment area is
50,621 km?, and the recharge coefficient is 97.0 (Wang
and Dou, 1998). Additionally, although the lake watershed
was once fed by 12 tributary rivers (Yao et al., 2014), the
Boertala, Jing, and Kuitun Rivers are the only three rivers
that directly feed surface water into the lake today.

Meteorological stations at a mountain site (Wenquan
station; operating 1959-2013), and at a location on the
plain (Jinghe station; operating 1953-2013) (locations
shown in Fig. 1) provide climate data for the variation
analysis performed in this study (Fig. 2). The curves of
mean annual temperature and mean wintertime tempera-
ture (Dec-Feb) show an increasing trend over the last half
century. In addition, upward trends are seen in the total
annual precipitation and total wintertime precipitation
(Fig. 2) in both the mountainous and plain regions of the
Ebinur basin.

METHODS

Using a gravity corer (Uwitec, Mondsee, Austria) with
a 6 cm-diameter plastic tube, a short, 50 cm-long sediment
core (ABO1) was extracted from Ebinur Lake, which has
a water depth of 2.4 m at the sampling site (82.9603°E,
44 9113°N) (Fig. 1). After collection, the core was sub-
sampled at 1-cm intervals in the field, and samples were
packed in airtight zip-lock plastic bags and refrigerated.
After freeze-drying, these samples were used for dating
and multi-proxy analysis. All analyses were carried out at
the State Key Laboratory of Lake Science and Environ-

ment in Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences.

An age-depth model was established on the basis of
the activities of !°Pb, ??Ra and "¥’Cs, which was per-
formed using an EG&G Ortec Gamma Spectrometer with
a low-level germanium detector (EG&G ORTEC, HPGe
GWL). Bulk sediments (0.125g, 200 mesh) were digested
in a Berghof MWS-3 microwave digester by 0.5 ml HCI,
6 mL HNO,; and 3 mL HF for 15 min, then moved to
teflon beakers after cooling, added 0.5 mL HCIO,, evap-
orated to dryness at 200°C. After that, 2.5 mL 1 mol/L
HNO;, 0.25 mL H,0, and 5 mL deionized water were
added for dissolving residue by heating, then totally
moved to constant volume for analysis, and the geochem-
ical elements were analyzed by a Leeman Labs Profile In-
ductively Coupled Plasma Spectrometer (ICP-AES) with
a relative error of less than 5%. Quality control was as-
sured by the analysis of duplicate samples, blanks and
GSD-9 and GSD-11 standard reference material (Chinese
geological reference materials).

The content of total organic carbon (TOC) was deter-
mined by oxidation with potassium dichromate (Walkley
and Black, 1934). For analysis of total nitrogen (TN), the
samples were digested by alkaline potassium persulfate at
high temperature and then measured using an ultraviolet
spectrophotometer at 210 nm. The samples dried for or-
ganic carbon isotopic analysis were leached with HCI
(1 mol/L), and then the sample was washed with deionized
water to neutral. The analysis of organic matter 5'*C was
carried out with an isotope ratio mass spectrometer (MAT-
251), and isotope ratios are reported in per mil (%o) relative
to the VPDB standard, the analytical precision was less than
0.05%. The carbonate contents of the lake sediments were
determined by the volumetric calcimeter method (Loeppert
and Suarez, 1996), which has an error of less than 5%. After
the removal of organic matter, the 3'*C and 'O of the bulk
carbonate were measured using an isotope ratio mass spec-
trometer (MAT-253), and the results are reported in per mil
(%o) relative to the VPDB. The analytic error for $'%0 was
less than 0.08%o, and this quantity was less than 0.03%. for
dBC. Finally, magnetic susceptibility (MS) was measured
at low frequency (460 Hz) using the MS2 Magnetic Sus-
ceptibility System, which is produced by Bartington Instru-
ments, Oxford, England.

Element enrichment factors (EFs) were first calculated
to reveal the origins of the elements (Reimann and De
Caritat, 2005). The calculation of EFs can be generalized
as: EF = ((Msample/Rsample)/(Mbackground/Background) (LOSka et
al., 1997), where (M/R) is the ratio of heavy metal con-
centration (M) with respect to a reference element (R) in
the sediment in mass or mass units, and the subscripts
“sample” or “background” indicate the medium to which
the concentration refers. As a lithogenic element (Price et
al., 1999), aluminum is often chosen as the reference el-
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ement (R) to normalize concentrations and to distinguish
anthropogenic influences (Bourennane et al., 2010; Gu et
al., 2012; Rauch et al., 2004; Muller et al., 2006). The
geochemical background values were deduced from the
PIRLA procedure (Binford, 1990).
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The Fisher optimal segmentation model with the soft-
ware DPS 7.05 (Tang and Zhang, 2013) and stratigraphi-
cally constrained clustering with the software PAST,
version 3.01 (Hammer, 2013) were used to achieve hier-
archical clustering of environmental proxies, which was
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Fig. 1. Geographical position of Ebinur Lake in central Asia and location of the sample core. a) Location of Ebinur Lake within the sur-
rounding region. b) Map of the Ebinur Lake basin showing relief, major rivers, and the positions of cities and meteorological stations.
¢) Map of the bathymetry of Ebinur Lake and the core location.
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used to reveal the evolutionary phases. The Fisher method
is an algorithm based on minimizing the weighted sum of
within-group sums of squared distances to the group cen-
troids (Legendre, 1987). Stratigraphically constrained
clustering method will allow only adjacent layers to be
joined during the agglomerative clustering procedure. The
result was given as a dendrogram with European distance
as a representation for the dissimilarity among the groups
of layers.

RESULTS AND DISCUSSIONS
Chronology

The vertical distributions of the activities of 2!°Pb and
37Cs are shown in Fig. 3. The total 2!°Pb activity in the core
declined to a level of approximately 58 Bq/kg at 49 cm
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(Fig. 3). On the basis of unsupported 2!Pb activities (*'°Pb,,)
(*'°Pb,, = total >'°Pb — 2*Ra), a sedimentary chronology was
constructed for Ebinur Lake following a constant rate of
supply model (CRS) model (Appleby, 2002).

Activity of ¥Cs was first detected at a depth of 25 cm,
representing the year 1954 AD (Klaminder ef al., 2012).
The peak *’Cs values at 20 cm represent the year 1963 AD,
during which year the maximum rates of deposition oc-
curred in the Northern Hemisphere (Pennington et al.,
1973). The surface layer corresponds to sampling time in
2011 AD. Thus, the depth interval 25-20 cm corresponds
to AD 1954-1963, whereas 20-0 cm corresponds to AD
1963-2011.The temporal resolutions of the subsamples for
the two periods were 1.8 acm™ and 2.4 a cm™, respectively.
This result agrees with the 2'Pb CRS model (Fig. 3). The
age model was established using these values, and appeared
inMa et al., 2016.
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Fig. 2. Curves showing temperature and precipitation in the study area, with best-fit linear trends. a) Mean annual temperature and pre-
cipitation at Wenquan station. b) Mean annual temperature and precipitation at Jinghe station. ¢) Mean wintertime temperature and total
wintertime precipitation at Wenquan station. d) Mean wintertime temperature and total wintertime precipitation at Jinghe station.
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Organic geochemical markers
and their environmental implications

The variations in TOC, TN, C/N, and §"*C,,,, with time
are presented in Fig. 4. The TOC values fell within a range
0f 0.67%-1.10%, with an average value of 0.93%, and a
general increase in these values from the bottom to the
top of the core was noted. The TOC content in the lower
levels showed significant fluctuations. The contents of
total organic nitrogen varied over a range of 318-1150
mg/kg and followed a trend that was approximately sim-
ilar to that of TOC. C/N values were in the range of
8.5-27.9 with an average of 14.9. In the lower part of sed-
iment core ABO1, C/N values fluctuated significantly, but
remained stable until the 1940s, following a gradual in-
creasing trend towards the top of the core. Values of
0"C,,, ranged from -22.6%o to -20.96%o, and the average
value was -21.69%o.

Representative elemental and carbon isotopic compo-
sitions of organic matter from lacustrine algae, C3 land
plants, and C4 land plants are shown in Fig. 5 (Meyers
and Teranes, 2002). The proportional inputs of terrestrial
and aquatic plant matter are therefore important in deter-
mining the carbon isotope value of bulk organic matter
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(Fig. 5). C/N ratios are also frequently used to estimate
the source of organic matter; aquatic plants generally have
values less than 10, while land plants commonly have val-
ues between 20 and 30 (Meyers and Lallier-Verges, 1999).
The C/N values of the Ebinur Lake sediment core were
mostly between 10 to 20, and the ratios in the lower part
of the sediment core were typically greater than 20, which
indicate that the organic matter originated mainly from
exogenous terrestrial vegetation.

The results of the Fisher optimal segmentation model
and stratigraphically constrained clustering methods sug-
gested there are two distinct phases with the boundary of
1940s, and the results can be analyzed in terms of three
aspects. First, the organic matter contents show an obvi-
ous shift in the 1940s, from which an environmental event
may be inferred (Fig. 4). In general, the TOC concentra-
tion is a fundamental parameter for describing the abun-
dance of organic matter in sediments, and values of this
parameter can be used to indicate organic productivity
(Meyers and Lallier-Verges, 1999). If considerable human
activity had been present in the lake catchment, the sharp
increase in TN since the 1940s could be attributed to agri-
cultural development. However, in 1949, the population
in the whole of Xinjiang province was only 4.3 million
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Fig. 3. Age model for the Ebinur Lake core ABO1. a) The activity of *’Cs (note inverted scale) and unsupported >'°Pb activity (*'°Pb,,)
versus depth in the sediment core ABO1. b) Age-depth relation based on 2!°Pb and '*’Cs dating.
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(Sabit and Yusup, 2007). Large-scale development activ-
ities started after the liberation. The intensity of human
activity in 1940s in the lake catchment was not enough to
cause the sharp increase in TN and TOC.

Second, in the upper part of the core, which covers the
period from the 1940s to the present day, the mean values
of TOC and TN were higher than in the lower parts. Tem-
perature is a primary factor affecting the rate of plant de-
velopment (Hatfield and Prueger, 2015). Air temperatures
have increased globally over the last century, and central
Asia has also experienced warming (Lioubimtseva ef al.,
2005; Stocker et al., 2014). An IPCC report showed that
increases in grain crop output at mid- and high-latitudes
resulted in accompanying increases in carbon dioxide, an
expansion of the growing season, and higher temperatures
for plant growth (Adger et al., 2007). In addition, melt-
water from snow can have a direct impact on primary pro-
ductivity in arid lands. Measurements taken at local
meteorological stations show an increase in winter pre-
cipitation, which is supported by previous studies that
have attributed the observed trend toward increasing

amounts of annual precipitation in mid-latitude Asia to
changes in winter precipitation (Huang ef al., 2013). It is
inferred that the climatic conditions since the 1940s, pro-
moted watershed primary productivity more effectively.
In this and adjacent regions, such as Lake Sayram (Liu et
al., 2014) and Chaiwopu Lake (Ma et al., 2013), the cli-
mate was also suitable for plant growth, as suggested by
the lacustrine sediment records.

Finally, it is obvious that the TOC and TN have re-
mained stable since the 1940s. From the above discussion,
the suitable conditions for plant growth, in addition to the
human-driven occurrence of overgrazing in the lake
catchment, should lead to enhanced increases in the values
of TOC and TN. Following the trends in social and eco-
nomic development, the sharply increasing water de-
mands caused a dramatic decrease in surface runoff and
counteracted the effects of the suitable climatic condi-
tions. Moreover, no analogous changes are observed for
the carbon isotopic composition of organic matter and the
C/N ratios since the 1940s (Fig. 4). If the watershed were
in its natural state, these observations would suggest that
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Fig. 4. Variations in organic matter indices (TOC, TN, C/N, and §"*C,,,) in Ebinur Lake sediment core ABO1.
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the biome has been similar over the past six decades.
However, given the impacts of human activities, which
change surface runoff, water erosion, and vegetation com-
position, these activities are likely to cause this special
phenomenon.

Heavy-metal enrichment
and its potential ecological risks

The heavy metal contents in the lake sediments are
shown in Fig. 6. Geochemical background values are in-
dicated with a dotted line. As shown in Fig. 6, the heavy
metal concentrations showed similar distribution patterns,
which showed apparent increases from the 1950s. These
variations were consistent with the changes in magnetic
susceptibility (MS).

The EF values and stage characteristics by stratigraph-
ically constrained clustering and Fisher optimal segmen-
tation model are plotted in Fig. 6. Increasingly severe,
human-induced heavy-metal accumulations first appeared

in the 1960s, which is consistent with the stepped change
and state division observed in the magnetic susceptibility
data obtained from the Ebinur Lake sediments. Magnetic
susceptibility data are typically used to infer relative
changes in surface erosion of fine materials from well-de-
veloped soil profiles (Dearing et al., 2008); in this study,
it is associated with human activity in the basin, as seen
from its covariation with the total sown area of farm crops
in Jinghe County over the last half century (Fig. 6). From
the early 2000s, the EFs of all heavy metals showed a
slight decline. This is likely related to the fact that, in June
2000, the Xinjiang Autonomous Region People’s Govern-
ment approved the establishment of a wetland nature re-
serve in the region, which provided substantial protection
for the wet lands in the lake catchment. Wetlands are able
to remove heavy metals from the environment by absorb-
ing and binding them into the sediment, which then de-
creases their concentrations in the runoff that enters the
lake (Zhang et al., 2012).

The EFs of heavy metals in Ebinur Lake show con-
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and Teranes, 2002). The solid line represents the stable carbon isotope compositions of desert C3 and C4 plants of the Junggar Basin
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spicuous variations (Fig. 6), which indicate that the
changing intensity of human activity has influenced the
local basin environment over the last one and a half cen-
turies. However, a potential ecological risk assessment for
the toxicity of these heavy metals (Hakanson, 1980) re-
veals that the risk is very slight. As suggested by the en-
richment factors, though the risk seems not to have been
severe over the past half century, anthropogenic influ-
ences on heavy-metal pollution are emerging, which re-
quire the attention of the public and the government.

On the basis of the EFs and MS proxies described
above, it is clear that anthropogenic activities have re-
sulted in increased catchment erosion and measurable
heavy-metal accumulation since the mid-1950s in this
basin. With these results, combined with previous work
on the nearby Lake Sayram (Liu et al., 2014), Chaiwopu
Lake (Ma ef al., 2013), and Bosten Lake (Zhang et al.,
2009), the impacts of human activity in arid central Asia
since the 1960s are beginning to emerge. Human activities
have resulted in an increase in watershed erosion, and they
affect the environment through the emission of pollutants.
However, a sharp increase in industrial and agricultural
water demand has also reduced the water supply for eco-
logical systems, leading to dramatic changes in the runoff
passing into the tail-end lakes, which significantly influ-
ences the ecological environment of the lakes. Therefore,
in general, it can be seen that the effects of human activ-
ities in Central Asia have been superimposed on global
climate changes and have affected the regional environ-
ment for more than 50 years.
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Stable isotope record from bulk carbonates
and its inferred environmental changes

Variations in carbonate content, 33C_,,;, and 8'%0,,, are
shown in Fig. 7. Carbonate contents were approximately
15.6%-31.2% with an average of 24%, and these contents
mainly decreased upwards along sediment core ABOI.
dBC,,, varied between -0.94%o and 3.17%o, and the values
of 80, ranged from -5.37%o to -3.39%o. In this study
of Ebinur Lake, the correlation coefficient between these
two quantities was 0.46 (P=0.027<0.05), which is ex-
pected, since isotopic correlations are often recognized
between 6'30 and 6'3C in closed-basin lakes (Fritz et al.,
1975; Talbot, 1990; Lewis and Anderson, 1992; Xu et al.,
2006; Liu et al., 2014).

Carbon isotope values are mainly controlled by the
isotopic composition of dissolved inorganic carbon
(813 Cpyc) in the water (Liu et al., 2014). Large-scale evap-
oration of lake water will result in an enrichment of
313Cp,c in the water, as well as in the resulting carbonate
(Xu et al., 2006). The oxygen isotopes in carbonate sedi-
ments are controlled mainly by the isotopic composition
of the host water, as well as water temperature, since the
carbonates are precipitated at isotopic equilibrium with
the ambient water.

Under the natural background, the ratio of precipitation
to evaporation (P/E) is the primary control on lake levels,
as well as the heavy-isotope enrichment of the lake water
(Maet al.,2011). A decrease in 8'%0 values largely reflects
an increase in the P/E ratio within the basin, likely under
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Fig. 6. Profiles of elemental concentrations (solid line with gray dots) and the results of a constrained cluster analysis for the enrichment
factors (EFs) (solid lines with black triangles) in the Ebinur Lake sediment core, compared to the magnetic susceptibility (MS, solid
line with black dots) and the total area sown with food crops in Jinghe County (solid lines with crosses).
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wet climatic conditions with high precipitation and/or low
evaporation. However, local meteorological data collected
since the 1950s reveals that regional precipitation has been
steadily increasing in both the mountainous and plain re-
gions of the Ebinur basin. Thus, at face value, there appear
to be an inconsistency between the isotopic composition
and regional precipitation since the 1960s.

With the considerable influences from human activity,
especially since the 1960s, agriculture across the whole
country has developed rapidly. New villages and towns have
been established, and certain industries have developed in
the plains of this area. Thus, since the 1960s, increased agri-
cultural water demands in the Ebinur watershed have re-
sulted in a dramatic decrease in runoff, which has influenced
the lake level and the isotopic composition of the host water.

From the early twenty-first century, the climate was
wetter than during the earlier two stages, and as agricul-
tural water demand decreased, surface runoff once again
increased. It is also obvious that the lake area change from
2003 to 2010 is inconsistent with the unidirectional de-
cline of the sediment proxies, such as the oxygen and car-
bon isotopic compositions of carbonates. Because of the
increase in surface runoff since the early 2000s (Ma et al.,
2014), the contribution of exogenous carbonate from the
catchment may result in a negative bias.

Through the above mentioned analysis, there are fluc-
tuations in environmental proxies, but not very striking,
which suggested that there were no sudden changes in re-
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gional environments over the past 140 years. The results
also reveal that the evolutionary stages inferred from en-
vironmental indicators have an asynchronous nature. For
example, measurable heavy-metal accumulation occurred
from the mid 1960s, whereas the organic matter contents
displayed an obvious shift in the late 1930s. If the asyn-
chrony of periodic changes in multi-environmental prox-
ies is ignored, important information may be lost,
especially regarding anthropogenic influences.

Lake sediments record the climate change and human
activities in the Ebinur Lake watershed. For quantitatively
distinguishing the influences of human activity and climate
change, there is need to build a mathematical model with
effective environment variables (Ma et al., 2014). In con-
sideration of the lacks of comprehensive and long-time se-
ries data about human activities and climate change, the
impacts of environmental forcing have only been evaluated
through a generally descriptive way in this study.

CONCLUSIONS

Sediment records spanning 150 years from Ebinur
Lake were used to identify environmental change influ-
enced by anthropogenic and climatic factors in this typical
central Asian basin.

The organic matter contents can be used to indicate or-
ganic productivity, which correlates with regional humid-
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Fig. 7. Variations in carbonate content, §'*C_,,, and 8'*0_,,, in the Ebinur Lake sediment core compared with the changes in lake area,

which is shown using an inverted scale (Ma et al., 2007).
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ity. These values show a clear shift in the late 1930s. From
this time onwards, TOC and TN increased, which suggests
the prevalence of climatic conditions that were more suit-
able for the growth of plants. The C/N ratios and organic
carbon isotopes reveal that the proportion of endogenous
organic matter tended to increase during this time.

Clear variations in heavy metal accumulation began
in the mid 1950s. However, from the early 2000s, the EFs
of all heavy metals were relatively reduced. This is likely
associated with the establishment of wetland nature re-
serves, which are effective at removing heavy metals from
runoff water. Although the enrichment factors for heavy
metals showed considerable variation, a risk assessment
of the toxicity of these heavy metals showed that the po-
tential ecological risk was slight.

The stable isotopes of bulk carbonate tend to vary
along with the lake level, which is sensitive to the associ-
ation between climatic and anthropogenic influences.

The environmental proxies measured here each re-
sponded to climate change and human activities to different
degrees. Therefore, paleo-environmental reconstructions
should aim to take full account of the role of human activ-
ities on environmental indicators in lakes, especially in
studies covering short time scales.
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