
Chemosphere 94 (2014) 183–189
Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate /chemosphere
DDTs and HCHs in sediment cores from the Tibetan Plateau
0045-6535/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2013.10.012

⇑ Corresponding author at: State Key Laboratory of Environmental Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China.

E-mail address: lintian@vip.gyig.ac.cn (T. Lin).
Hairong Cheng a, Tian Lin b,c,⇑, Gan Zhang c,d, Guoqing Liu c,e, Weiling Zhang c, Shihua Qi f, Kevin C. Jones d,
Xuewen Zhang g

a Department of Environmental Engineering, School of Resource and Environmental Sciences, Wuhan University, Wuhan 430079, China
b State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China
c State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
d Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK
e Institute of Nuclear Technology, Shenzhen University, Shenzhen 518060, China
f Faculty of Environmental Sciences, China University of Geosciences, Wuhan 430074, China
g Environmental Monitoring Centre, Environmental Protection Bureau, Xizang (Tibet) Autonomous Region, Lhasa 850000, China

h i g h l i g h t s

� Sediment cores from five critical regions in the Tibetan Plateau were analysed for OCPs.
� The recent increasing trends of OCPs are likely due to the greatest retreat of glaciers.
� The recycling of OCPs in the plateau cryosphere is more sensitive monitor of climate warming.
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Sediment cores were collected from five critical regions in the Tibetan Plateau and were analysed for
OCPs with the objective of examining the time trends and recycling of DDTs and HCHs in the cryogenic
area. A concurrent increase of the DDT and HCH concentrations from the late 1980s in Lake Yamzho
Yumco, Nam Co and Star Sea were observed. The increasing levels of DDE/DDTs (>0.4) suggested that
DDT in the upper layers of the sediment cores may be recycled/‘‘weathered’’ DDT. Regarding the acceler-
ation of glacier retreat from the 1980s due to global warming, it is suggested that OCPs formerly trapped
either in the snow/glacier or in the frozen soil land recently reclaimed in the processes of glacier retreat
may have been flushed into the sedimentary basins. These findings demonstrate the potential impact of
global warming on the recycling of POPs in the plateau cryosphere and indicate that the pristine Tibetan
Plateau may serve as one of the key probes to the global trend of POPs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent organic pollutants (POPs), such as most organochlo-
rine pesticides, are capable of migrating in the atmosphere from
warmer places to cooler places. This phenomenon may occur both
latitudinally, even at a global scale (Wania and Mackay, 1993) and
altitudinally in high mountains (Blais et al., 1998; Carrera et al.,
2001; Grimalt et al., 2004; Daly and Wania, 2005). These findings
suggest that the cryosphere, i.e., the polar region and cryogenic
high mountains, is a significant sink/trap for POPs on the earth
(Gregor et al., 1995; Blais et al., 1998; AMAP, 2002b).

As the roof of the world, the Tibetan Plateau encompasses vast
cryogenic territory, and many parts of the plateau are considered
pristine and minimally contaminated by toxic chemicals. However,
many countries and regions around the plateau are current users
(for malaria control) and historically important users (agricultural
and sanitary usage) of organochlorines. These countries and re-
gions include India (which is/was the world largest consumer of
HCH and DDT), Pakistan, Nepal, Thailand and Vietnam, as well as
the more developed parts of China. Recent studies showed that
the atmospheric transport from the surrounded farm lands was
one of the major contributing sources for OCPs in the atmosphere
and the fresh snow at the edge of the Tibetan Plateau (Li et al.,
2006; Wang et al., 2007). The spruce needle samples along north-
ern slope of central-Himalayas showed that the more volatile OCPs
and PAHs positively correlated with altitude (Wang et al., 2006).
The mosses and lichen in the southern Himalayas that are directly
impacted by the southwestern monsoon exhibited DDT and HCH
concentrations were among the highest in the world (Calamari
et al., 1991). This finding indicated that the more volatile POPs
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may also be able to transmit to an altitude up to the middle-upper
troposphere, which was recently confirmed by the detection of
DDTs and HCB in fresh snow from the East Rongbuk Glacier of
Mt. Qomolangma (Wang et al., 2007, 2008).

The Tibetan Plateau has a mean elevation between 4500 m
(above the sea level, same below) and 5000 m with isolated moun-
tain massifs of more than 6000–7000 m. Many parts of the plateau
are covered by glaciers and snow. The total area of glaciers on the
plateau is 104850 km2, including 40000 km2 in India and Pakistan
and 49873 km2 in China (WWF, 2005). Since the 1980s, the air
temperature has significantly changed on the Tibetan Plateau,
which is consistent with global warming. The most recent signifi-
cant warming period was from the mid-1970s, which was ahead
of other places in the world. Due to climate warming, all glaciers,
with the exception of several of the larger glaciers on the Tibetan
Plateau, have begun shrinking. In the past 40 yrs or more, glaciers
have shrunk more than 6606 km2 on the entire Tibetan Plateau,
with the greatest retreat occurring since the mid-1980s and strong
retreat being observed since the 1990s. Climate change has shown
a great impact on Tibetan lakes (Liu et al., 2009) due to the
changing relationship between precipitation, evaporation and the
increased water supply from melting glaciers and frozen ground.
In addition, climate change also influences the behaviour of pollu-
tants, which impact their cycling in the air, catchments and
sediment.

There are few reports on POPs in the environment of the Tibetan
Plateau (Fu et al., 2001; Li et al., 2006;Wang et al., 2007; Yang et al.,
2007, 2008). In this study, sediment cores were collected from five
critical regions on the Tibetan Plateau and were analysed for orga-
nochlorine pesticides (OCPs) with the objective of examining their
time trend and recycling. In particular, we stress the role of lakes
and lake sediment records in remote regions and consider whether
recently observed changes in such regions are due to global warm-
ing or to other factors.
2. Experimental

2.1. Geographic settings

Lake Yamzho Yumco, Lake Nam Co and Lake Co Ngoin are situ-
ated at the southern and central part of the plateau with altitudes
of 4500 m, 4800 m and 4700 m, and water areas of 638 km2,
1962 km2 and 244 km2, respectively. Yamzho Yumco is a freshwa-
ter lake, and Nam Co and Co Ngoin are saline lakes. The lakes are all
fed by glaciers and hence the areas of the lakes change over time.
Lake Yamzho Yumco, Lake Nam Co and Lake Co Ngoin are of self-
contained watersheds. The Star Sea wetland (or seasonal lake)
and the Zoige wetland are situated at the northern and eastern sec-
tions of the plateau with altitudes of 4300 m and 3600 m,
respectively.
2.2. Sampling

The sampling locations of the sediment cores in the study were
positioned with a portable GPS (Garmin Co.), E90�48.33250/
N28�52.45180 for Lake Yamzho Yumco (water depth 40 m),
E91�53.5920/N31�49.9930 for Lake Co Ngoin (water depth 5 m),
E90�47.5820/N30�46.9130 for Lake Nam Co (water depth 78 m),
E97�20.170/N35�15.200 for Star Sea wetland, and E102�30.9640/
N32�46.7740 for Zoige wetland (Fig. 1). All of these locations are
far away from direct anthropogenic activity. Sediment cores of
15 cm, 10 cm and 9 cm were retrieved with a Kajak gravity corer
(KC Denmark Co.) in Lake Yamzho Yumco, Lake Nam Co and Lake
Co Ngoin, respectively, and each sample was sectioned onsite at
an interval of 0.5 cm. In the Star Sea and Zoige, coring was
performed with a soil auger on the frozen wetland. A 12 cm and
a 25 cm long core were collected and sectioned at an interval of
2 cm in the Star Sea and 0.5 cm in the Zoige, respectively. In all
of the cases, the sediment samples were sealed in aluminium
boxes and were stored frozen after returning to the laboratory.

2.3. 210Pb dating

Dating of the sediment cores was conducted by 210Pb dating
technology. Details of the procedures were described in the
references (Zhang et al., 2002). Briefly, the 210Pb activities in the
sediment samples were determined by analysis of the radioactivity
of its decay product 210Po, on the assumption that both are at
equilibrium. The Po was extracted, purified, and self-plated onto
Ag discs at 75–80 �C in 0.5 mol L�1 HCl, with 209Po (NIST) used as
the yield monitor and tracer in quantification. Counting was
performed using a computerised multi-channel a-spectrometer
with Au–Si surface barrier detectors. The supported 210Pb was
obtained by indirectly determining the a-activity concentration
of the supporting parent 226Ra through co-precipitation with
BaSO4. In this case, a constant initial 210Pb concentration (CIC)
model (McCall et al., 1984) was selected to yield an average
sedimentation rate throughout the core.

2.4. Extraction and clean-up

Sediment samples were freeze-dried separately prior to analy-
sis. After large plant fragments were removed with a tweezers,
sediments (each 5–10 g) were spiked with 50 ng (5 lL, 10 ppm)
of 2,4,5,6-tetrachloro-m-xylene (TCmX) and decachlorobiphenyl
(PCB209) as surrogates, and were Soxhlet-extracted with dichloro-
methane (DCM) for 48 h. Activated copper granules were added to
the collection flask to remove elemental sulphur. The extract was
concentrated and solvent-exchanged to hexane and further
reduced to approximately 5 mL under a gentle nitrogen stream. Be-
fore further clean-up, the soil extract was washed with concen-
trated sulphuric acid. The concentrated extracts were then
cleaned up by a chromatograph column packed with 1 g of anhy-
drous sodium sulphate, 2 g of 1:1 concentrated sulphuric acid/sil-
ica gel (middle) and 2 g of silica gel (bottom). OCP was eluted
with 20 mL of 3:7 (v/v) DCM/hexane. The effluent was concen-
trated and solvent-exchanged into hexane on a rotary evaporator
and further evaporated to 25 lL (dodecane as ‘keeper’) under a
gentle stream of high purity nitrogen. A known quantity of penta-
chloronitrobenzene (PCNB) was added as an internal standard
prior to instrumental analysis.

2.5. GC-ECD and GC–MS analysis

The OCPs in the sediment core samples (from the lakes) were
analysed using a gas chromatograph (Agilent-6890 GC system,
Hewlett–Packard, USA) equipped with a 63Ni l-ECD and a
60 m � 0.25 mm i.d. (0.17 lm film thickness) HP-5MS fused silica
capillary column. Helium was used as the carrier gas at
2.5 mL min�1 under the constant-flow mode. Helium was filtered
through moisture, hydrocarbon, and oxygen filters before entering
the GC system. The oven temperature started at 100 �C and in-
creased to 290 �C (10 min hold time) at a rate of 4 �C min�1. The
split/splitless injection of a 2 lL sample was performed with a
1 min solvent delay time. The injector and detector temperatures
were maintained at 250 �C and 300 �C, respectively. Data were ac-
quired and processed on HP-3365 Chemstation software.

GC–MS analysis was conducted on second batch of samples
(from the wetland) using a HP-5972 GC-MSD system (Hewlett–
Packard, USA) and operating under the single ion monitoring
(SIM) mode. A 30 m � 0.25 mm i.d. (0.25 lm film thickness)



Fig. 1. Map of sampling location in the Tibetan Plateau.
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HP-5MS fused silica capillary column was used for the separation.
High purity helium was used as the carrier gas at a flow rate of
1.05 mL min�1. The injector and column temperature program
was similar to those in the GC-ECD analysis. A 2 lL sample was in-
jected into the split/splitless injector with a 5 min solvent delay.
Mass spectra were acquired in the electron impact (EI) mode at
70 eV. Peak confirmation and quantification were performed on a
DOS-based HP ChemStation system.

2.6. QA/QC

All chemical standards were purchased from AccuStandard, Inc
(New Haven, CT, USA). The instruments were calibrated daily with
calibration standards. The GC inlet degradation of DDT (to DDE)
was checked daily and controlled within 15%. One method blank
and one sample duplicate were analysed along with every batch
of 10 field samples. The calculated method detection limits (MDLs)
were 0.02–0.06 lg kg�1 dw for sediment and 0.03–0.08 lg kg�1 dw
for soil. Reagent blanks were not observed for DDT and HCH. The
percentage recoveries of the surrogate standards were 69 ± 15%
for TCmX and 90 ± 5% for PCB209. The data reported were not jus-
tified by surrogate recoveries.

3. Results and discussion

3.1. HCH and DDT concentrations

The total HCH (sum of a-, b-, d-, c-HCH) concentrations ranged
from 1.2 to 9.0 lg kg�1, 0.7 to 2.8 lg kg�1, 0.3 to 1.9 lg kg�1, 0.3 to
0.9 lg kg�1 and 0.23 to 20.6 lg kg�1 in the core sediments from
Lake Yamzho Yumco, Lake Nam Co, Lake Co Ngoin, the Star Sea
Wetland and the Zoige Wetland, respectively (Table 1). For the
DDTs (sum of p,p0-DDT, p,p0-DDE, p,p0-DDD, o,p0-DDT), the concen-
trations ranged from 1.0 to 6.3 lg kg�1, 0.4 to 4.1 lg kg�1, 0.67 to
5.9 lg kg�1, 0.2 to 0.4 lg kg�1 and 0.60 to 6.2 lg kg�1, respectively.
These concentrations are low in comparison to those reported in
developed areas of China and India (Mai et al., 2002; Babu Rajen-
dran et al., 2005; Sarkar et al., 2008), reflecting the absence of ma-
jor pollution sources in these regions. In contrast, the HCH and DDT
levels were slightly higher than those observed in European high
altitude mountains lakes, such as the Andean Lakes (Borghini
et al., 2005), and exhibited similar values to those reported in
Canadian lakes (Muir et al., 1995), Lake Baikal (Iwata et al., 1995)
and lakes in the Arctic and Antarctic (Loganathan and Kannan,
1994; Muir et al., 1995; Malmquist et al., 2003). These results sug-
gest that the Tibetan Plateau may act as a cold condenser for OCPs
due to its dramatic altitudinal gradient and being surrounded by
many countries and regions that are current users and historically
important users of organochlorines.
3.2. Geographical distribution

As seen in Table 1, the Star Sea wetland had significantly lower
mean concentrations of HCHs and DDTs than did the southern
lakes. The observed OCP concentrations generally decreased from
Lake Yamzho Yumco, to Lake Nam Co, Lake Co Ngoin and the Star
Sea Wetland, along a south–north transect on the plateau. In the
case of the HCH and DDT fluxes, a similar trend was observed, with
higher fluxes in Lake Yamzho Yumco (0.44 ng cm�2�yr�1 and
0.44 ng cm�2�yr�1 for DDTs and HCHs, respectively) and much



Table 1
Concentrations and inventories of DDTs and HCHs (lg kg�1) in the sediment cores from the Tibetan plateau.

Location RDDTa RHCHb p,p0-DDE/RDDT p,p0-DDE/p,p0-DDT a-/c-HCH

Min–maxc Min–max Min–max Min–max Min–max
(mean) (mean) (mean) (mean) (mean)

Yamzho Yumco 1.0–6.3 1.2–9.0 0.15–0.62 0.19–2.3 1.0–3.9
(3.4 ± 1.6d) (3.4 ± 2.1) (0.34) (0.73) (0.39)

Nam Co 0.4–4.1 0.7–2.8 0.03–0.66 0.1–4.6 0.39–0.73
(1.8 ± 1.3) (1.5 ± 0.8) (0.31) (1.6) (0.53)

Co Ngoin 0.67–5.9 0.33–1.9 0.05–0.96 0.1–2.5 0.3–1.0
(1.8 ± 1.5) (0.99 ± 0.51) (0.57) (1.1) (0.66)

Star Sea 0.19–0.38 0.28–0.90 0.13–0.85 0.36–0.80 0.05–0.68
(0.26 ± 0.07) (0.60 ± 0.27) (0.34) (0.51) (0.30)

Zoige 0.60–6.29 0.23–20.63 0.04–0.59 0.52–8.4 –
(1.78 ± 1.40) (3.87 ± 5.50) (0.29) (2.8)

Average fluxes (ng cm�2 yr�1)
Yamzho Yumco 0.44 0.44
Nam Co 0.31 0.2
Co Ngoin 0.20 0.10
Star Sea 0.09 0.22
Zoige 0.42 0.92

Inventories (ng cm�2, 1956–2002 and/or 1978–2002)
Yamzho Yumco 20 (13)e 20 (14)
Nam Co 12 (8) 8 (5)
Co Ngoin 8 (5) 5 (2)
Star Sea (6) (2)
Zoige 23 (13) 52 (38)

a RDDT: sum of p,p0-DDT, p,p0-DDE, o,p0-DDT and p,p0-DDD.
b RHCH: sum of a-, b-, d-, and c-isomers.
c Min = minimum concentration, Max = maximum concentration.
d Data in the form of mean ± standard deviation.
e Data in parenthesis refer to inventories during 1978–2002.
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lower DDT and HCH fluxes in the Star Sea Wetland (0.09 ng cm�2-

�yr�1 and 0.22 ng cm�2�yr�1 for DDTs and HCHs, respectively). In a
previous study by Yang et al. (2008), the concentrations of HCHs
and DDTs in pine needles were found to decrease from the south
to the north in the southeast Tibetan Plateau, suggesting important
input transported by the warm and humid air flow associated with
the Indian Monsoon (see Fig. 1). The accumulation of POPs in high
mountains indicates that cold condensation effects are operating
on an altitudinal scale, as well as on the latitudinal scale (Davidson
et al., 2003; Fernandez and Grimalt, 2003; Wang et al., 2006). How-
ever, the four sites in the current study have similar altitudes;
therefore, the concentration differences along the altitudinal gradi-
ents are negligible. Thus, the geographical distribution of OCPs may
possibly reflect the contribution of long-range transport/deposi-
tion associated with westerly wind or southwesterly wind.

3.3. Time trends of DDTs and response to climate change

The vertical trends of DDTs in the sediment cores are presented
in Fig. 2. Except for Lake Co Ngoin, an increasing trend of DDTs was
observed in Lake Yamzho Yumco, Lake Nam Co and the Star Sea
Wetland. Unlike those from high latitude lake cores in the Arctic
and Antarctic, which, in general, exhibited a later onset of OCPs
deposition than the historical global production curve (Muir
et al., 1995), the records in the Tibetan lake cores show DDT depo-
sition patterns resembling the production and usage history from
the 1960s to 1980s. This finding may be explained by the plateau’s
proximity to the pollution sources, such as the Indian subcontinent
and China, which have experienced heavy use of OCPs, especially
HCH and DDT, for agricultural and public health purposes.

Since the global ban on OCP usage in agriculture after the late
1980s, their levels in the low altitude ecosystems have generally
dropped (Babu Rajendran et al., 1999; Chen et al., 2000; Monirith
et al., 2000). However, there is a recent increasing trend or sharp
rebounds of DDTs in the sediment, in contrast to the ice cores,
which show a decrease to undetectable levels from the 1980s
(Wang et al., 2008). Some studies pointed out that there was no re-
cord of the OCP application in history in Tibet (Li et al., 1998; Wang
et al., 2005).This means that local emissions of OCPs in the plateau
can likely be neglected. The Indian subcontinent and China have
experienced heavy use of organochlorine pesticides, such as HCHs
and DDT (Santillo et al., 1997; Li et al., 1998). However, the agricul-
tural application of technical DDT was banned in China in 1983 and
in India in 1989, and a decreasing trend of DDTs levels are ex-
pected, as evidenced by the decreasing trend of DDT observed in
the air and green mussels from the east coast of India (Babu Rajen-
dran et al., 1999; Monirith et al., 2000). Although DDT is still used
for health services, e.g., in malaria/mosquito control (Santillo et al.,
1997), for which there is an exemption under the Stockholm Con-
vention, it is unlikely that the DDT in current use has caused the
recent increasing trend or sharp rebounds of DDTs in the Tibetan
sediment.

DDT is degraded into DDD under anaerobic conditions and into
DDE in aerobic environments (Hitch and Day, 1992). The ratio of
DDE/DDTs has been used to identify the possible DDT sources. As
shown in Fig. 2, in Lake Yamzho Yumco, the DDE/DDTs ratios fluc-
tuate and increase since the 1980s, and a steady increase of the
DDE/DDTs ratio was observed in the Star Sea Wetland, concurrent
with the DDT concentration increasing trend. These results suggest
that DDTs deposited after the production ban were more likely to
be ‘‘weathered’’ DDTs. OCPs can be transported to the cryosphere
through airmass, snow and rainfall, and snowfall scavenging is as-
sumed to be the main mechanism, providing a powerful pump for
removing contaminants from the atmosphere to the surface (Franz
and Eisenreich, 1998). In the past 30 yr or more, due to the climate
warming, glaciers have shrunk more than 6606 km2 on the entire
Tibetan Plateau, with the greatest retreat since the mid-1980s. Gla-
cier and snow melt due to climate warming can release archived
contaminants accumulated during years of higher fluxes (Blais
et al., 1998). According to Blais et al. (2001), in the Antarctic,



Fig. 2. Historical profiles of DDTs in dated sediment cores from the Tibetan Plateau.

Fig. 3. Temperature trend recorded in the reference sites of Wudaoliang and Lhasa.
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approximately 50–97% of the OCPs in the lakes fed by melting gla-
cier water may come from glaciers. A warmer climate is expected
to enhance the amount of glacial water discharge into lakes and to
deposit more DDTs into lake sediments. Bogdal et al. (2009, 2010)
also demonstrated that the release of POPs by glaciers is currently
increasing and accounts for the observed increase after the 1990s
in the concentrations in lake sediment. The recent increasing trend
or sharp rebound of DDT on the Tibetan Plateau lake sediment ex-
cept the wetland sediment, therefore, is likely due to the acceler-
ated glacier retreat caused by climate warming (Fig. 3), which
mobilised the DDTs formerly trapped either in the snow/glacier
or in the frozen soil to the sedimentary basins.

Climate warming plays an important role in the water balance
of lakes and influences the behaviour and fate of pollutants. There
are two significant concerns regarding the glacier/snow melt
returning OCPs to lake sediment. Generally, for large glaciers, the
melting or ablation often occurs in zones where old ice of the
pre-industrial age is emerging (AMAP, 2002a,b). This ice would
contain little or no contaminant burden and would act to dilute
any contaminants released to aquatic environments (AMAP,
2002a,b). For smaller ice caps, more recent layers of snow and
ice might contain higher potential pollutant loads. The impact of
increased global temperatures is more significant on the small
ice caps than the large glaciers. Thus, in a number of cases, the con-
centration of OCPs in low flow glacier meltwater times will be
higher than in abundant times (AMAP, 2002a,b). Most importantly,
as found in Antarctica, the concentrations of DDTs in snow and ice
are over 10 times that in lake water (Tanabe et al., 1983), implying
an effective DDT cleaning process in lakes. This may suggest that
the melting glacier water was to be the source of OCPs in the lake
water.

The second concern is the hydrological condition of different
lakes. A warmer climate is expected to enhance the amount of gla-
cial water discharge, but the increased temperature increases the
evaporation rate. It is indicated that (Shao et al., 2007), in the
Qing-Tibetan Plateau, most of the lakes showed negative water
balance due to the evaporation driven by increased temperature.
Some lakes fed mainly by glacier meltwater, an accelerated retreat
of the glaciers in recent times led to an enlargement of the lake
areas (Fig. 4) (Shao et al., 2007). With low aqueous solubility and
low vapour pressure, organochlorines, DDT in particular, tend to
be absorbed by lake sediments and removed from the water
column (Eisenreich et al., 1989). For Arctic lakes, they tend to re-
tain only a small fraction of the contaminants received (AMAP,
2002a), and most of the contaminants deposited in the drainage
basins are transported across the lake surface in a low density layer
under the ice to exit with out-flowing water (AMAP, 2002a). For
the four Tibetan lakes in the current study, there is less out-flow,
except for the Star Sea Wetland. Nam Co is the largest lake in Tibet;
the melted snow and ice of the Nyainqentanglha Mountains form
the main water supply of Nam Co. Lake Yamzho Yumco is sur-
rounded by many snow-capped mountains and is fed by numerous
small streams; the lake does have an outlet stream at its far wes-
tern end. For these closed inland lakes, DDT tends to be associated
with particles and is removed from the water column and depos-
ited to the sediment whenever the lake shrinks or expands (Fig. 4).

In summary, we suggest that the rise of the temperature may
drive more melt-water of glaciers, resulting in an increase of DDT
runoff from snow/ice and frozen soil, which is responsible for the



Fig. 4. Lake water level (area) recorded in the Lake Yamzho Yumco and Lake Num
Co (Data from the references Yang et al., 2004; Ye et al., 2007; Zhu et al., 2010).
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increasing trend of DDT concentrations in the recent sediment. In
addition, compared to Arctic lakes, the increasing trend is more
obvious in these closed inland lakes in the plateau.
Fig. 5. Historical profiles of HCHs in dated sediment cores from the Tibetan Plateau.
3.4. Time trends of HCHs

The vertical trends of HCHs in the sediment cores are shown in
Fig. 5. In Lake Yamzho Yumco, Lake Num Co and the Star Sea Wet-
land, the HCH concentrations remain relatively constant until the
late 1970s, at which point the concentration abruptly reaches the
first peak in approximately 1982. After that, the concentration de-
clines to a low level in the mid-1980s and then shows an increas-
ing trend towards the upper layer sediment. In the three lake cores,
the HCH concentrations showed a significant decrease around the
mid-1980s compared with the vertical trends of the DDTs. Having
good water solubility, the HCHs tend to be retained in water, and
accumulation in the sediment is determined by both the air–water
exchange and the meltwater from glaciers and snow. Thus, the
dilution effect or evaporation of melted glacier/snow water had a
more significant impact on the HCHs than the DDTs. Similar to
the DDTs, the vertical distribution of HCHs reveals an erratic pat-
tern in Lake Co Ngoin, suggesting that there may be other factors
affecting the behaviour and fate of HCHs in the lake sediment. In
sharp contrast with the DDTs, the sedimentary record of HCHs in
the Zoige Wetland was in good agreement with their regional
application history in China, where HCH concentrations decreased
since the early 1980s. This suggests that the Zoige Wetland was
under the influence of HCH usage from China’s inland. Due to the
lack of catchment area, the HCHs accumulation in the sediment
is determined by the direct atmospheric deposition without melt-
water from glaciers and snow.

Technical HCH, once the most heavily used pesticide in India
with an annual consumption exceeding 6 � 107 kg (Santillo et al.,
1997), was banned in 1997, but lindane (c-HCH) has been used
as a replacement since that time. The ratio of a-/c-HCH has been
used to monitor the source and historical use of HCHs and to act
as a marker for the atmospheric transport of lindane (Willett
et al., 1998). In the core sediments, a-HCH and c-HCH were the
dominant HCH isomers, and the a-/c-HCH ratios are mostly below
1, which is much lower than that of technical HCH. The lower
a-/c-HCH ratios may indicate the preferential degradation of a-
HCH or the contribution of recently used lindane.
4. Conclusions

In this study, sediment cores were collected from five critical re-
gions in the Tibetan Plateau and were analysed for DDTs and HCHs
with the objective of examining their time trends. Recent increasing
trends or sharp rebounds of OCPs in the sediments were observed,
most likely due to the retreat of glaciers in response to recent cli-
mate warming. In particular, the time trends of OCPs were a more
sensitive monitor of climate warming in the closed-basin lakes
fed mainly by glacier meltwater. It is different from Arctic lakes that
tend to retain only a small fraction of the contaminants they
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receive, and most of the contaminants deposited in the drainage
basin are transported across the lake surface in a low density layer
under the ice to exit with out-flowing water. Lake sediments are
considered as the important sink of OCPs released from melting gla-
cier water in the plateau. These findings demonstrated the potential
impact of global warming on the recycling of POPs in the plateau’s
cryosphere.
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