
INTRODUCTION

Elements in lake sediments are ultimately from rock
weathering, soil erosion, and anthropogenic sources (Ka-
radede and Ünlü, 2000; Routh et al., 2004; Tylmann et
al., 2005). The geochemical composition of lake sedi-
ments can thus provide information about regional envi-
ronmental changes over historical timescales (Smol et al.,
1992; Battarbee et al., 1999; Last et al., 2001). In addition,
some heavy metals are toxic to aquatic organisms, even
in minute quantities, so changes in their loading or con-
centration could have ecosystem-wide implications.
Therefore, sound environmental management requires an
understanding of the sources of elements in lake sedi-
ments and the factors that influence their delivery to lakes.

Over the past several decades, the intensity of human
activities has increased worldwide, which has influenced
nutrient cycles and in some cases increased metal delivery
to lakes. Stratigraphic study of lake sediments enables in-
ference of long-term natural environmental variations and
the impact of recent human activities on lakes and their
catchments (Koinig et al., 2003). Considerable research has
focused on determining the origin of elements in lake sed-

iments of humid regions (Qu et al., 2001; Liu et al., 2003;
Boyle et al., 2004; Yang et al., 2005; Wu et al., 2007).
There has, however, been little study of element concen-
trations in lake sediments from arid regions, and records of
heavy metal pollution in these areas are especially sparse.

In this study, we report element concentrations in sed-
iments from Chaiwopu Lake, China, to reveal the geo-
chemical sources of elements and the influences of
climate change and human activities on the arid northwest
region of the country. We used mathematical and statisti-
cal methods, as well as enrichment factors (EFs), to ana-
lyze stratigraphic fluctuations in elemental concentrations
in the lake sediments and infer temporal variations in cli-
mate and anthropogenic pollution over the past century.

METHODS

Regional setting

Chaiwopu Lake is an inland, closed water body in the
central Tianshan Mountains of northwest China. It is located
in an important airflow exchange channel between the
northern and southern Xinjiang region, in an arid region of
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ABSTRACT
An 81-cm sediment core from Chaiwopu Lake in arid northwest China was analyzed for 137Cs activity and concentrations of major

and trace elements. We used these data to discriminate between the influence of climate change and human activities on the geochemical
change of the lake sediments over the past century. Elements Al, K, Ba, Ti, V, Fe, Ni, Mn, Li, and Be were mainly from detrital. Ca, Sr,
and Mg concentrations were controlled by chemical weathering processes. Na came mainly from salt precipitation caused by a decline
in water level. Enrichment factors for Pb and P in recent deposits are large, indicating they were influenced by human activies. Geo-
chemical conditions during the past century can be divided into three stages: i) From ca. 1900 to the1950s element concentrations
varied widely and frequently. In general, concentrations of typical mobile elements Ca, Sr, and Mg stay relatively high whereas values
for other elements remained relatively low. This was interpreted to reflect variable climate under conditions of weak surface erosion in-
tensity. ii) From the 1950s to the early 2000s, element concentrations display less variability. The Al, K, Ba, Ti, P, Cr, V, Fe, Ni, Mn, Co,
Cu, Li, Zn, Be, Pb, and Na contents were generally higher, whereas contents of Ca, Sr, and Mg were on average lower. This indicates
that the regional environment was conducive to surface erosion. Enrichment of trace metals and major elements in the sediment reflects
enhanced human activities. iii) In the last decade, Pb and P exhibited a great increase, possibly associated with the input from fossil
fuel combustion, sewage discharge and non-point-source pollution in the watershed. The lake volume decreased substantially because
of groundwater extraction for municipal water, which resulted in a marked increase in salinity and enhanced Na precipitation.
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the country (Fig. 1a) (Wang and Dou, 1998). The lake is cir-
cular in shape and has a flat bottom. According to a field
survey in 2008 (Wu et al., 2014), the water body lies at 1089
m above sea level, is 6.8 km long by 5.6 km wide, and has
a surface area of 27 km2. The maximum depth is 4 m, and
the water volume is 0.63×108 m3 (Wu et al., 2014). The
water type is SO4-Na- , and salinity was 6.22 g/L in 2008.

The area has a temperate continental arid climate, and
is rich in wind resources, with an annual average wind
speed of 6.0 m s–1 (Wang and Dou, 1998). The catchment
area is approximately 1700 km2, and the watershed/lake
ratio is 63. Chaiwopu Lake is mainly supplied by glacier
meltwater and snow from the North Mountains. The
groundwater has been exploited since AD 1993 by the

Fig. 1. Map showing (a) the geographic location of Chaiwopu Lake in northeast China and (b) the site in the lake where core DC01 was
collected.
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municipality of Urumqi, the provincial capital of the Xin-
jiang Uyghur Autonomous Region, China. Since then, the
Chaiwopu region has become the second largest source
of urban water supply in Urumqi.

Sampling and analysis

In January 2013, sediment core DC01 (81 cm long)
was collected from the northeastern part of the lake with
a percussion-type piston corer (Fig. 1b) that was fitted
with a 60-mm internal diameter Perspex tube. After being
collected, the core was kept in a vertical position in the
field and carefully sectioned into 1-cm intervals. Subsam-
ples were kept in tightly sealed plastic containers and
were stored at a temperature of 4°C prior to analysis of
137Cs and elemental composition.

Subsamples of dried sediment were analyzed for 137Cs
content by direct gamma spectrometry. This was accom-
plished using Ortec HPGe GWL series well-type, coaxial,
low-background intrinsic germanium detectors (Appleby
et al. 1986). Total contents of elements in ~0.125-g DC01
samples (dried at 105°C, ground to 200-μ mesh size) were
determined after treatment with HF-HNO3-HClO4 in a
Berghof MWS-3 microwave digester, followed by analy-
sis using a Leeman Labs Profile ICP-AES. The error for
duplicate samples was <5%. Analyses were carried out at
the State Key Laboratory of Lake Science and Environ-
ment, Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences.

Statistical analysis and EF calculation

Cluster analysis and factor analysis have been used
widely in geochemical and environmental studies as an
effective way to determine relationships among multi-di-
mensional data, and these methods aid in identification of
the geochemical sources of samples (Liu et al., 2003; Wu,
2007b; Qu et al., 2001; Yang et al., 2005; Ma et al., 2013).
Cluster analysis can classify a dataset into several clusters
that exhibit similarities. Factor analysis is a powerful
method to extract a small number of latent factors in mul-
tivariate data by extracting eigenvalues and eigenvectors,
with maximum variance and minimum data loss (Gallego
et al., 2002; Kowalkowski et al., 2006; Chen et al., 2008).

EFs were calculated as the ratio of the element con-
centration in recent sediment samples, to the natural,
background concentration (Covelli et al., 1997; Mil-
Homens et al., 2006; Ma et al., 2013b). Al is mainly de-
rived from alumino-silicates, which are extremely
immobile in the earth surface. For this reason, Al is often
used as a reference element (Covelli et al., 1997; Muller
et al., 2006). In this study, trace metals and major ele-
ments were normalized to Al to distinguish the anthro-
pogenic portion of metals and P from natural background
concentrations. We used the average concentration values

of elements from depths below 70 cm as background val-
ues to calculate EFCo, EFPb, EFZn, EFCu, and EFP.

RESULTS

Chronology of the sediment profile
137Cs activity was first detected at a depth of 43 cm in

the core, which was assigned a date of AD 1954 to coin-
cide with the first appearance on the earth surface of this
artificial radionuclide from atmospheric atomic bomb
testing (Appleby et al. 2002). The 137Cs activity profile
exhibited a peak at 36 cm depth, which was assigned a
date of AD 1963, which coincides with the year of maxi-
mum global atmospheric 137Cs fallout (Appleby et al.,
2002). The core was collected in January 2013, so the top
of the core was assigned a date of AD 2013. The bottom
of the core (81 cm) was assigned an estimated date of ca.
AD 1900 by downward extrapolation of the average sed-
imentation rate. The four dated horizons, i.e. 1900, 1954,
1963 and 2013, were used to provide a general age-depth
framework for the Chaiwopu Lake sediment core (Fig. 2).

Geochemical zones of the Chaiwopu Lake core

Major and trace element concentrations, as mass per
unit dry weight in Chaiwopu Lake sediments, are pre-
sented in Fig. 2. Concentrations of Al, K, Be, Ba, Ti, Na,
Mg, Zn, V, Pb, Co, Cr, Ni, and Fe have, in general, lower
values and fluctuate widely from ca. 1900 to the 1950s. In
addition, these elements have generally higher and more
stable values during the period from the 1950s to the
2000s, but show declines in concentration after the 2000s.
Both Ca and Sr concentrations are negatively correlated
with Al during the 20th century, but all three values dropped
rapidly after year 2000. Na was relatively stable before the
2000s, but increased substantially from 2000 to 2013.

Element contents were standardized using z-scores.
Euclidean distance was calculated and the Ward method
was selected for cluster analysis. Hierarchical clustering
was then performed (Fig. 3). The elements can be divided
into three groups. The first group includes Al, K, Ba, Ti,
P, Cr, V, Fe, Ni, Mn, Co, Cu, Li, Zn, Be, and Pb. Among
the above elements, Al, K, Ba and Ti have close associa-
tions with silicate minerals. The second group consists of
Ca, Mg, and Sr and displays stratigraphic trends opposite
from the first group. The last group includes only Na,
which exhibited very different geochemical behavior
compared with other elements in the sediments.

DISCUSSION

Chaiwopu Lake is circular in shape, has a flat bottom
and is hydrologically closed. Therefore, a sediment core
from the central part of the lake is probably representative
of lakewide deposition. We used the vertical distribution
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Fig. 2. 137Cs activity and selected dates in core DC01, and selected element concentrations versus depth in the sediment.
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of trace and major elements from the sediment core taken
in Chaiwopu Lake to discriminate between the influence
of climate change and human activities on geochemical
changes in the lake sediments over the past century. Ac-
cording to the results of cluster analysis, Na differed from
the other elements. The origin of Na is not controlled by
the input of natural chemical weathering products from the
surrounding watershed. Na is associated with the amount
of lake water and derives mainly from salt deposition. To
better understand the relationships among the elements in
Chaiwopu Lake sediments, factor analysis was applied to
the transformed data and the results are presented in Sup-
plementary Tab. 1. Three factors account for 90% of the
total variance. As shown in the component loading plot of
element composition in the Chaiwopu lake sediment (Sup-
plementary Fig. 1), Na is unique in that loadings for all
three factors were negative. In the evolution of this arid-
zone, closed-basin lake, the dominant sedimentary miner-
als followed the sequence carbonates-sulfates-chlorides

through time. In the earlier evolutionary stage, calcium-
magnesium carbonates dominated mineral sedimentation.
Meanwhile, natron and trona were deposited in small
amounts. Contents of Ca and Mg were negatively corre-
lated with elemental Al from the detrital mineral fraction.
In the latter period, the lake water salinity increased as the
water depth decreased, and sulfates (e.g., Na2SO4·10H2O,
Na2SO4) began to precipitate. In 2008, the Chaiwopu Lake
water was SO4-Na- type and salinity was 6.22 g/L. In
recent years, the shrinking of Chaiwopu Lake has acceler-
ated. Sodium salts precipitated and the high concentration
of Na in the top of the core contrasts with lower concen-
trations of other elements.

The first factor results from the content variation of
elements Al, Ba, K, Ti, and V, which have positive high
loadings. Al is a typical lithogenic element and a major
constituent of common silicate minerals. Al is usually
present in the lattice of alumino-silicate minerals (Price
et al., 1999). This indicates that elements Al, Ba, K, Ti,

Fig. 3. Cluster analysis of the elements in sediment core DC01 from Chaiwopu Lake.
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and V are mainly of lithogenic origin, from land surface
erosion in the drainage basin.

The second factor accounted for 33.82% of total vari-
ance, which mainly controlled the trace metals and major
elements (Fe, Cu, Co, Mn, Ni, Pb, and Zn) and phospho-
rus. The trace metals and major elements also have high
positive loadings for the first factor and showed slight
positive correlation with Al, the element of lithogenic ori-
gin. This indicates that they partially derived from litho-
genic sources bound in alumino-silicate minerals. Values
for EFP are >1 beginning about AD 1950 AD, which is
correlated with the first expansion of arable land in
Urumqi (Fig. 4). With the development of industry and
agriculture, EFCu, EFCr, EFPb, and EFZn values are slightly
>1 beginning ca. AD 1970, suggesting that heavy metals
became enriched as anthropogenic sources increased. The
third factor mainly controlled variations of Ca, Sr, and Mg
with high positive loadings. Ca, Mg, and Sr are major el-
ements of carbonate (sedimentary) rocks that end up in
the lake sediment, in part, from authigenic mineral pre-
cipitation from the lake water (Ip et al., 2007; Rubio et
al., 2000). We used the C index (CI), CI=(Al+K+Fe)/

(Al+K+Fe+Ca+Mg), as a measure of the relative input of
detrital terrigenous material.

Using stratigraphic variations in EFs and CI, we di-
vided the sediment profile of the last century into three
stages. In the earliest stage (ca. 1900-1950), lake change
was controlled largely by natural factors because of weak
economic development. This is inferred from the rela-
tively low concentrations of trace metals and major ele-
ments, values that were used to characterize background
concentrations. Al, K, Ba, Ti, P, Cr, V, Fe, Ni, Mn, Co, Cu,
Li, Zn, Be, Pb, and Na were relatively low, whereas con-
tents of Ca, Sr, and Mg were relatively high. According
to the tree-ring record of adjacent regions, climate in this
period was relatively dry (Li et al., 2006). The CI was
lower than in the following period. Climate in this stage
is inferred to have been variable, and the intensity of sur-
face erosion was weak. In this stage, there were two peri-
ods with low heavy-metal concentrations, associated with
high values of the CI index. This may have resulted from
intense dust storms that carried large inputs of light clastic
minerals into the lake.

The second stage was from the 1950s to the 2000s. The

Fig. 4. Enrichment factors for trace metals and major elements in the Chaiwopu Lake sediment core.
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climate became warmer and moister according to instru-
mental data, and changes to glaciers and lakes in this area
began in the 1950s (Shi et al., 2007). Compared to the first
stage, Al, K, Ba, Ti, P, Cr, V, Fe, Ni, Mn, Co, Cu, Li, Zn,
Be, Pb, and Na are all higher, whereas the contents of Ca,
Sr, and Mg are lower. The higher CI indicates enhanced
inputs of detrital terrigenous materials. In supergene envi-
ronments, Ca, Sr, and Mg are the typical mobile elements,
which are characterized by increased concentrations with
increasing land surface leaching. The concentrations of
typical stable elements Al, K, Ti are associated with inputs
of detrital material. Eluviation and deposition of mobile
elements directly influences the relative mass concentra-
tions of stable elements. In this stage, human activities like
fishing, agriculture, and industry were well developed.
This recent enrichment of P illustrates that human activities
have enhanced nutrient delivery to the lake during the past
several decades. The anthropogenic Pb were probably
from the fossil fuel combustion, sewage discharge and
non-point source pollution of watershed through atmos-
pheric deposition and surface runoff.

The third stage was from the 2000s to present. In this
stage, Pb and P exhibited a substantial increase. The in-
strumental record shows that water quantity decreased
markedly and salinity increased dramatically during the
last 10 years. This led to abundant Na precipitation in the
lake sediment and a decline in carbonate content at the
same time.

CONCLUSIONS

Geochemical analysis of a short sediment core from
Chaiwopu Lake in arid northwest China was used to infer
climate changes and human activities in the region over
the last century. Ca, Sr, and Mg were derived from catch-
ment weathering and subsequent endogenic deposition.
Pb and P were enriched in post-1950 deposits and were
influenced by human activities in the drainage basin.
Sodium in the sediment is mainly from salt deposition,
and has been highly enriched in the sediments in the
2000s, in accordance with a documented salinity increase
in the lake water. These recent chemical trends were
caused by water consumption by Urumqi, which reduced
the volume of the lake. Al and other elements in the sed-
iment were derived from detrital sources.

The past century was subdivided into three stages.
During the first stage, ca. 1900-1950, the climate was
variable and the intensity of land surface erosion was
weak. During the second stage, ca. 1950-2000, the sur-
rounding environment was stable and conducive to sur-
face erosion. Human activities first began to influence the
lake during this stage, as seen in the enrichment of Pb and
P in the lake sediment. The third stage is represented by
sediments deposited in the last decade. During this recent
period, the lake volume shrank, Na precipitated from the

water column and became enriched in the sediment, and
human activities became the main factor influencing the
geochemistry of the lake.
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