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Sediment cores from lakes have been used to reconstruct the historic deposition of persistent organic pollutants
(POPs), especially in remote alpine areas. To reconstruct the deposition history of organochlorine pesticides
(OCPs) in the Tibetan Plateau (TP), two sediment cores from Yamzho Yumco Lake were drilled and dated with
high-resolution, from which 23 OCPs were analyzed in greater detail. Regarding several legacy compounds, con-
centration peaks in the cores were observed in the 1970s, corresponding to the heavy usage of these compounds
around the world. In addition, another peak was found at the end of the 1990s, which was explained as the ad-
dition of OCPs released from melting glaciers or the cryosphere due to global warming. Furthermore, it was found
that the transformation or degradation of OCPs after deposition in the lake was limited by comparing the values
of isomeric ratios at different times, such as (DDD + DDE)/Y_DDTs, o,p’-DDT/p,p’-DDT and 3-HCH/Y_HCHs. Such
results ensure that the detected OCPs in the lake sediments really reflect their characteristics at the time of depo-
sition. On the other hand, weak environmental self-purification of the OCPs made them last longer in the TP than
in other regions. Reasonably, the fragile ecological environment of the TP would be threatened not only by legacy
POPs that remain in the sediments and soils but also by POPs released from melting glaciers or the cryosphere in
the next few decades under the influence of global warming. Our research provides an insight into the influence
of global warming and glacial melting on the environment of the TP, and further work to gain a better under-
standing of the environmental processes of POPs in the TP is ongoing.
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1. Introduction

Through long-range atmospheric transport (LRAT), persistent or-
ganic pollutants (POPs) have been detected worldwide (Shen et al.,
2013), including the remote regions at high latitudes (Khairy et al.,
2016; Mangano et al., 2017) and high altitudes (Wania and Westgate,
2008; Arellano et al., 2011). Sediments from lakes could effectively re-
cord the occurrence and accumulation of POPs in the region, especially
in remote alpine lakes, and thus the sediment cores from lakes have
usually been studied to reconstruct the deposition history of POPs
(Cheng et al., 2014; Li et al., 2017a; Yuan et al., 2017). It is important
to monitor POPs into remote ecosystems, such as lakes, which have
been generally less studied compared to others aquatic systems. In ad-
dition to direct air deposition, POPs associated with certain natural
emergencies have also been recorded in sediment cores. For example,
substantial releases of legacy POPs from the glacial melting were
found in sediment cores from lakes in the Central Pyrenees (Zaharescu
et al.,, 2016), in the Alps (Bogdal et al., 2009; Bettinetti et al., 2011;
Schmid et al., 2011), in Switzerland (Pavlova et al., 2016) and in North
Canada (Lafreniere et al., 2006), which have been interpreted as the re-
sults of global warming.

The Tibetan Plateau (TP) has an area of over 2.5 million km? with an
average elevation >4000 m above sea level, and it has been referred to
as “the third pole of the earth” (Wang et al., 2016). Recently, much at-
tention has been focused on POPs in the TP due to their potential threat
to its pristine ecology (Cheng et al,, 2014; Sun et al., 2015; Guzzella et al,,
2016). POPs were mainly inputted and accumulated in the TP by
“Mountain cold-trapping” during the process of LRAT (Wang et al.,
2012; Gongetal.,2015; Yuan et al,, 2015). In the TP, the total area of gla-
ciers is 49,873 km? and the total volume is 4561 km?> (Yao et al., 2007).
Due to global warming, many glaciers have been continuously
disappearing in the past decade (Yu et al.,, 2012). In the glacial ice core
of the TP, some legacy organochlorine pesticides (OCPs) were detected
at non-ignorable concentrations, with the highest value being 6 ng/L in
the 1970s (Wang et al., 2008). The release of OCPs from melting glaciers
in the TP has already been described in our previous report (Li et al.,
2017b). Research on this subject in the TP is interesting and signifi-
cant in the global environmental assessment of legacy POPs. In addi-
tion, Cheng et al. (2014) found recent increasing trends of OCPs in
the sediments from lakes in the TP, which was hypothesized to be
the result of glacial melting. As one fate, OCPs released from melting
glaciers or the cryosphere would be transported into a lake with
flowing water. If so, such OCPs should be recorded in the sediments
of the lakes. To reveal this process in the TP, dated sediment cores
having high-resolution are necessary since the time intervals of
this process are uncertain.

While using the sediment cores from lakes to reconstruct the depo-
sition history of OCPs, an important premise is that the transformation
and degradation of OCPs in the historic sediments is limited. However,
few reports have discussed this subject because of its complexity. Fortu-
nately, the TP provides a unique condition for us to check this premise
because of its weak microbiological activity due to its low temperature
(Yuan et al., 2014a). Before being deposited in the TP, OCPs had under-
gone LRAT and great weathering (Wang et al,, 2012). Such a fractionat-
ing process would make the composition of compounds tend to be
uniform (Kallenborn et al., 2013). As a result, the specific ratios of com-
pounds would help us to evaluate the transformation and degradation
of OCPs in the sediment cores from lakes in the TP.

Except for dichlorodiphenyltrichloroethanes (DDTs) and hexachlo-
rocyclohexanes (HCHs), some other compounds of OCPs, such as chlor-
dane, mirex, chlorpyrifos and trifluralin, were also listed in the
Stockholm Convention. Compared with DDTs and HCHs, these com-
pounds were historically used in small amounts. Therefore, it is interest-
ing to determine whether these OCPs could be detected in the TP. If they
were, it would also be interesting to reveal their deposition history and
to compare them with those of the DDTs and HCHs.

Yamzho Yumco Lake is a typical glacier-fed lake without a drainage
outlet. Two sediment cores from Yamzho Yumco Lake were drilled and
dated with high-resolution, and then some OCPs in the sediments were
analyzed in detail with aims to (1) reconstruct the deposition history of
OCPs in the TP, including some OCPs with small amounts of usage in his-
tory; (2) identify the release of OCPs from melting glaciers and their oc-
currences in sediment cores; and (3) evaluate the transformation and
degradation of OCPs in the sediment cores.

2. Materials and methods
2.1. Sampling and dating

Yamzho Yumco Lake is located in the southern area of the Tibetan
Plateau and is 90 km from Lhasa. The lake is mainly supplied by surface
runoff, which include several runoff streams from glaciers. Although
many tourists come to the lake for travel, there are no large-scale devel-
opments near the lake. The sampling sites are shown in Fig. 1, and more
detailed information is outlined in Table S1 (Supplementary material).
The sampling sites are far away from human activities. Two sediment
cores were collected in August 2012, and each sample was sectioned
onsite at intervals of 0.5 cm from the surface layer. All samples were
stored at —20 °C until further analysis. The dating method for the
cores was the same as that used in our previous report (Li et al.,
2017b). In summary, the age-depth relationship for the sediment
cores from the lake was established based on the analysis of '*’Cs and
210pp by y-ray spectrometry. A constant rate of supply (CRS) dating
model of 21°Pb and the detection of 3’Cs peaks respectively in 1963
and 1986 were used for the chronology calculation. For the samples col-
lected in 2012, the surface sediment layer was assumed to have been
deposited in 2012. In this research, the dating resolution for the cores
is considered to be accurate to within 1-2 year intervals, which is suit-
able for the purpose of this study.

2.2. Chemicals

An analytical standard of pesticide-“Mix-13” (10 ng/uL in cyclohex-
ane) was purchased from Dr. Ehrenstorfer (Augsburg, Germany), con-
taining o-HCH, (B-HCH, +y-HCH, hexachlorobenzene (HCB), cis-
chlordane (CC), trans-chlordane (TC), a-endosulfan, 3-endosulfan, o,p
'-DDE, p,p’-DDE, o,p’-DDD, p,p’-DDD, o0,p’-DDT, p,p’-DDT, methoxychlor
and mirex. Individual analytical standards for endosulfan-sulfate, triflu-
ralin, quintozene, pentachloroanisole, chlorpyrifos, dacthal and dicofol
were supplied by Dr. Ehrenstorfer as well. Trifluralin-d;4 and HCH-dg
were purchased as surrogate standards from Cambridge Isotope Labora-
tories, and the internal standard of '*C-PCB-208 was obtained from Dr.
Ehrenstorfer. Acetone, n-hexane (purity >99%) and dichloromethane
(DCM) were purchased from LGC Standards (Wesel, Germany). They
were residue-free grade and additionally distilled in a full glass unit
prior to use.

Fig. 1. Map showing the sampling-site locations of the Y1 and Y2 cores.
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2.3. Extraction, cleanup and analysis

Samples were freeze-dried and gently ground. Ten grams of freeze-
dried and homogenized sediments were Soxhlet-extracted with 200 mL
of DCM for 16 h and activated copper powder was used for desulfuriza-
tion. Then, 500 pg of trifluralin-d,4 and HCH-dg were added as surro-
gates before extraction. The extracts were concentrated to 2 mL using
a rotary evaporator and further cleaned using a 2.5 g 10% water-
deactivated silica gel (mesh size 70 to 140) column topped with 3 g of
anhydrous granulated sodium sulfate. The column was eluted with
20 mL of hexane and the extracts were evaporated to a final volume
of 200 pL. In addition, 500 pg of 3C-PCB-208 was added as an internal
standard.

The OCPs in the samples were analyzed using a gas chromatograph
(Agilent 6890 GC) coupled with a triple quadrupole mass spectrometer
(Agilent 5973 MS) equipped with a programmed temperature vaporiz-
er (PTV) injector (Agilent Technologies, USA) and used in the electron
capture negative chemical ionization mode (ECNCI). Analytes were sep-
arated with an HP-5MS column (30 m x 0.25 mm i.d. x 0.25 um film
thickness, J&W Scientific). Methane was used as the ionization gas.
Two microliters of the sample were injected using the pulsed splitless
mode with an inlet temperature program: 60 °C for 0.1 min, 30 °C/
min until 280 °C and held for a final 20 min. The GC oven program
was as follows: initial 60 °C for 2 min, 30 °C/min until 150 °C, 2 °C/min
until 240 °C, 20 °C/min until 300 °C and held for 5 min. The temperature
of the MS transfer line was held at 280 °C. The ion source and quadru-
pole temperatures were 150 °C.

2.4. Quality assurance and quality control

One method blank was run for each batch of samples extracted and
five method blanks were obtained in total for the 82 samples extracted.
The mean absolute blank values of chemicals ranged from 0.03-5.2 pg
per sample. The method detection limits (MDLs) were derived from
the mean field blank values plus three times the standard deviation
(0). For compounds not present in the field blanks, instrumental detec-
tion limits (at a signal-to-noise ratio of three-to-one) were used instead.
Using a mean sediment sample mass of 10 g, the MDLs ranged from 0.1
to 27.7 pg/g (Tables S2 and S3, Supplementary material). The spike test
recoveries were 123 + 27% for dicofol and 66 + 4% for a-endosulfan.
For the other 21 compounds, the recoveries ranged from 71 to 101%.
The surrogate recoveries ranged from 72% to 121% with a mean of 101
+ 14% for HCH-dg, and from 67% to 117% with a mean oft 96 + 11%
for trifluralin-d,4. The recoveries were satisfactory, and no correction
of analytical data was applied to the samples.

3. Results and discussion
3.1. Concentrations of OCPs

The detection frequencies of the 23 OCP compounds in the Y1 core
(39 samples) and the Y2 core (43 samples) are provided in Tables S2
and S3 (Supplementary material) respectively. In the 39 samples of
the Y1 core, the detection frequencies of 12 compounds (p,p’-DDE, o,p
'-DDD, p,p’-DDD, o,p’-DDT, p,p’-DDT, a-HCH, HCB, cis-chlordane, trans-

chlordane, a-endosulfan, pentachloroanisole and dicofol) were 100.0%,
6 compounds (o0,p’-DDE, 3-HCH, y-HCH, trifluralin, chlorpyrifos and
mirex) were between 87.1 and 97.4%, and the other 5 compounds (3-
endosulfan, endosulfan-sulfate, quintozene, dacthal and methoxychlor)
were lower than 87.1%. In the 43 samples of the Y2 core, the detection
frequencies of 7 compounds (o,p’-DDT, p,p’-DDT, 3-HCH, y-HCH, HCB,
pentachloroanisole and trifluralin) were 100.0%, 10 compounds (o,p’-
DDE, p,p’-DDE, o,p’-DDD, p,p’-DDD, a-HCH, cis-chlordane, trans-
chlordane, a-endosulfan, chlorpyrifos and dicofol) were between 67.4
and 97.7%, and the other 6 compounds (3-endosulfan, endosulfan-
sulfate, quintozene, dacthal, methoxychlor and mirex) were lower
than 67.4%.

The descriptive statistics of the concentrations for the 23 OCP com-
pounds are also summarized in Tables S2 and S3 (Supplementary mate-
rial). In the Y1 core, dicofol was the most abundant individual
compound, with average concentration of 391.5 pg/g (dry weight),
followed by p,p’-DDT (155.0 pg/g), o,p’-DDT(148.9 pg/g) and
HCB(126.3 pg/g). For the total concentration of DDT isomers, the
> DDTs ranged from 283.3 to 1048.7 pg/g with an average of
477.9 pg/g. For the HCHs, the } HCHs ranged from 107.4 to
380.1 pg/g with an average of 179.4 pg/g. In the Y2 core, 0,p’-DDT was
the most abundant individual compound, with an average concentra-
tions of 84.5 pg/g, followed by p,p’-DDT (83.1 pg/g), dicofol
(63.1 pg/g) and HCB (60.7 pg/g). The Y DDTs ranged from 144.5 to
415.8 pg/g (230.8 pg/g on average), and » HCHs from 6.2 to
121.6 pg/g (37.0 pg/g on average).

As shown in Table 1, the >_ DDTs and >_ HCHs in the sediment cores
from Yamzho Yumco Lake were one or two orders of magnitude lower
than those reported in the developed areas (Zhao et al., 2009; Lu et al.,
2012). Nevertheless, the Y DDTs and Y _ HCHs were close to the values
of background areas, such as the Andes and Antarctica (Borghini et al.,
2005; Klanova et al., 2008). In addition to DDTs and HCHs, some other
compounds, such as mirex, chlorpyrifos and trifluranlin, were also de-
tected in this study although little attention has been paid to them in
previous reports. Generally, their concentrations were one or two or-
ders of magnitude lower than those of the individual isomers of DDTs
and HCHs (Tables S2 and S3, Supplementary material).

3.2. > DDTs and the composition in the sediment cores

As shown in Fig. 2, the Y DDTs in the Y2 core shows a similar trend
to that of Y1, and the mean concentration differences between Y1 and
Y2 were found to be caused by the differences in their sedimentation
rates. In the Y1 core, the >_ DDTs started to increase in the 1950s,
peaked in the 1970s, and then decreased in the 1980s. In the 1970s,
OCPs, including DDTs, had been heavily used in agriculture around the
word, especially in China and India (Voldner and Li, 1995). Correspond-
ingly, the concentration peaks of DDTs in the cores were observed in the
1970s. The same occurrence has also been found in the ice cores of the
TP (Wang et al., 2008). Since the global ban of DDTs in agriculture
from the late 1970s, their concentration levels in the environment de-
creased greatly, even in low-altitude ecosystems (Chen et al., 2002). In
this case, another concentration peak of the Y DDTs was observed at
the end of the 1990s (Fig. 2), although it was not found in the ice
cores (Wang et al., 2008). Since the agricultural application of DDTs

Table 1
>~ DDTs and )_ HCHs in sediments from lakes worldwide.
Location >_DDTs (ng/g) >_HCHs (ng/g)
Background areas Yamzho Yumco Lake (this study) 0.14-1.05 0.01-0.38
Nam Co Lake in Tibet (Cheng et al., 2014) 0.4-4.1 0.7-2.8
Baikal Lake in Russia (Iwata et al., 1995) 0.01-2.7 0.02-0.12
Mountain Andes Lakes (Borghini et al., 2005) 0.019-4.1 <0.005-0.23
Phormidium Lake in Antarctica (Klanova et al., 2008) 0.19-1.15 0.14-0.76
Developed areas Taihu Lake in China (Zhao et al., 2009) 0.25-375 0.07-5.75
Poyang Lake in China (Lu et al., 2012) 14.42-82.87 0.54-6.94
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Fig. 2. >_ DDTs in the cores and air temperature along the same time series.

was banned in China in 1983 and in India in 1989, such a concentration
peak should not originate from the heavy usage of DDTs. Although DDTs
have been still used for health services, for example malaria/mosquito
control (Bouwman et al., 2011), the amounts of usage emissions were
two or more orders of magnitude lower than those in the 1970s.

In the sediment cores from the alpine lakes, a peak in the legacy
POPs at the end of the 1990s was also observed, which was attributed
to the release of POPs from melting glaciers due to global warming
(Bettinetti et al., 2011; Schmid et al., 2011). In the TP, a significant re-
lease of POPs from melting glaciers was also found from approximately
2000 (Li et al., 2017b). In the area of Yamzho Yumco Lake, the monitor-
ing data show that a rapid increase of the average air temperature was
observed at the end of the 1990s (Fig. 2) (Laba et al., 2012), which is
one of the performance indicators of global warming. Comparably, the
concentration peak of the Y DDTs at the end of the 1990s could be un-
derstood as the addition of DDTs released from melting glaciers or the
cryosphere. On the other hand, some reports suggest that the re-
volatilization of POPs from sea water possibly increased their level in
air due to global warming (Ma et al., 2011), which might influence the
air deposition in the TP. Nevertheless, it has been clarified in our previ-
ous literature that the re-volatilization of POPs from sea water did not
yield great increase on the level of POPs in TP (Li et al., 2017b). Although
there are many others environmental factors, the relationship between
the temperature increase and concentration peak in Fig. 2 is obvious.
These other factors contribute to the peaks, but they are not the main
source.

Although DDTs are usually persistent in the environment, their iso-
meric ratios still change with chemical weathering as well as biological
transformation (Morrison et al., 2000; Feng et al., 2003) that could be
archived in the lake sediments. o,p’-DDT and p,p’-DDT in the environ-
ment can be degraded into DDD under anaerobic conditions and into
DDE under aerobic conditions (Morrison et al., 2000). Speculatively,
DDTs would be preferentially transformed into DDE in the surface sed-
iments and into DDD in the deep sediments. The ratios of DDD/Y_DDTs
or DDE/Y_DDTs have been used to identify the transformation process
of DDTs (Chen et al., 2017). In this case, the specific isomeric ratios
were also used to determine the transformation or degradation of
DDTs in the sediment cores. As shown in Fig. 3, there was almost no dif-
ference for the values of (DDD + DDE)/>_DDTs between the Y1 and Y2
cores. Interestingly, most values predominantly ranged from 0.3 to 0.4,
which was constant from the deep to the surface sediments in the cores.
Such aresult indicates that the degradation or transformation of DDTs in
deep sediments was not greater than that at the surface over time. Oth-
erwise, the deep sediments should show higher values of (DDD +
DDE)/>_DDTs than that found in the surface, since the DDTs in the
deep sediments were deposited several decades earlier than those at
the surface. In the environmental conditions of the TP, microbiological
activity is very weak due to the low temperature (Yuan et al., 2014a).

(DDD+DDE)/YDDTs ratic  0,p-DDT/p,p"DDT ratio
0 02040608 1 0 04081216 2
T T T 17T

2010 — o

2000 —

1980 —

1980 —

1970 —

1960 —

1950 —

Fig. 3. (DDD + DDE)/>_DDTs and o,p’-DDT/p,p’-DDT ratios in the core (solid circles for Y1
and hollow circles for Y2).

In addition, most of the lakes in the TP are saltwater lakes, which may
also limit the activity of terrestrial microorganisms. Reasonably, the
degradation or transformation of DDTs would be very weak as observed.
This ensured that the detected DDTs in the cores could really represent
the historical occurrence of DDTs in Yamzho Yumco Lake.

Without the influence of degradation in sediments over time, the
constant values of (DDD + DDE)/>_DDTs in the sediment cores indi-
cates that the compositions of DDTs were almost the same as when
they were deposited in the TP. It is well known that POPs were deposit-
ed in the TP through LRAT from the source areas (Wang et al., 2012;
Gongetal., 2015; Yuan et al., 2014b, 2015). Although the source compo-
sitions of DDTs were not uniform in different time periods, the
weathering process during LRAT caused the complex source composi-
tions to be uniform when they reached the TP. Analogously, the function
of the weathering of the DDTs during LRAT was similar to that of river
water, which grinds different stones from the source area into uniform
sand in the estuary. Consequently, the values of (DDD + DDE)/
> DDTs were constant in the different deposition periods, such as the
period of heavy usage in the 1970s, the banned usage period after the
1980s, and the glacier or cryosphere melting period at the end of the
1990s.

In addition, the ratio values of o,p’-DDT/p,p’-DDT were also found to
be uniform in the cores (Fig. 3), and the values predominantly ranged
from 0.9 to 1.1 which are much higher than those of technical DDTs
(0.2-0.3) (Qiu and Zhu, 2010). Although there was a slight difference
in the degrading rates in the environment between p,p’-DDT and o,p’-
DDT, previous studies have confirmed that the values of o,p’-DDT/p,p’-
DDT in the environment have not been greatly influenced by the envi-
ronmental weathering process (Qiu and Zhu, 2010). Nevertheless, the
addition of dicofol residues could greatly change the values of o,p’-
DDT/p,p’-DDT in the environment. Both of o,p’-DDT and p,p’-DDT
were by-products of the production of technical dicofol, and the value
of o,p’-DDT/p,p’-DDT was approximately 7 on average (Qiu et al.,
2005). Thus, dicofol residues could increase the mentioned ratio values,
which could then well interpret the higher values of o,p’-DDT/p,p’-DDT
in this case. In fact, the mean concentration of dicofol was higher than
the other 22 individual compounds in the Y1 core. The values of o,p’-
DDT/p,p’-DDT observed in Antarctica were also much higher than
those of technical DDTs (Kallenborn et al., 2013). Consequently, the ra-
tios of 0,p’-DDT to p,p’-DDT being deposited in the TP in different time
periods were relatively constant, although the addition of dicofol into
the source areas greatly increased the ratio values of o,p’-DDT/p,p’-
DDT during the process of LRAT.

3.3. > _HCHs and the composition
For the Y HCHs in cores, the historic trends are the same as those of

the Y DDTs (Fig. 4). The significantly high level of the > HCHs in the
1970s reflect their heavy and continuous usage around the world,
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Fig. 4. > HCHs concentrations, 3-HCH/Y_HCHs and ©y-HCH/_HCHs ratios in the core (solid circles for Y1 and hollow circles for Y2).

especially in China and Southeast Asia at that time (Voldner and Li,
1995). Subsequently, the concentrations of the )  HCHs decreased
from the early 1980s since the global ban of the use of HCHs in agricul-
ture. In addition, concentration peaks at the end of the 1990s were also
observed, which was reasonably understood as the addition of HCHs re-
leased from the melting glaciers or the cryosphere as discussed in the
section above.

In many cases, the values of 3-HCH/>_HCHs were applied to deter-
mine the degree of HCH weathering in the environment, since 3-HCH
shows higher stability than o-HCH and y-HCH (Niu et al., 2013;
Walker et al., 1999). In technical products, the values of 3-HCH/
> HCHSs were in the range of 0.05-0.12 (Willett et al., 1998). In the en-
vironment, a-HCH and y-HCH can be degraded or transformed into -
HCH (Walker et al., 1999). In this case, the values of 3-HCH/Y_HCHs
were constant at approximately 0.5 from the deep to the surface sedi-
ments. The high values of 3-HCH/Y_HCHs indicate that the HCHs in
the sediments had undergone rather strong weathering before being
deposited in the sediments. Imaginably, HCHs should be greatly weath-
ered during the process of LRAT from the source areas to the TP. As a re-
sult, the values of 3-HCH/Y_HCHs in the cores were much higher than
those of the technical products. As discussed for the DDTs in the section
above, the process of LRAT caused the composition of the HCHs to be
uniform before being deposited in the TP in different periods. At the
same time, the constant values of 3-HCH/Y_HCHs also suggests that
the degradation and transformation of HCHs in the sediments of
Yamzho Yumco Lake seldom occurs.

Since the ban of HCHs in the 1980s, lindane has been used as a re-
placement (Walker et al., 1999; Feng et al., 2003). In technical lindane,
the percentage of y-HCH is approximately 99% (Walker et al., 1999).
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Fig. 5. Concentrations of HCB, dicofol and endosulfan in the Y1 core.

Nevertheless, the values of y-HCH/ _HCHs in the cores did not increase,
which indicates that the composition deposited in the TP was not signif-
icantly influenced by the proportions of a-HCH, 3-HCH and y-HCH in
the remote sources. As discussed above, the great weathering during
LRAT has caused the composition of the HCHs to be uniform.

3.4. HCB, dicofol and endosulfan

In addition to the DDTs and HCHs, some other OCPs were detected at
relativelu high concentrations with >90% detection frequencies, includ-
ing HCB, dicofol and endosulfan. In the sediments, the concentrations of
these compounds and those of the individual isomers of DDTs and HCHs
were of the same order of magnitude (Tables S2 and S3, Supplementary
material). Nevertheless, their concentrations were close to their values
in the background areas of the world, such as the Arctic (Li et al.,
2015). The concentrations of these compounds in the Y2 core showed
a similar trend to those found at Y1, and the mean concentration differ-
ences between Y1 and Y2 are considered to be caused by the difference
in the sedimentation rate. Therefore, we chose the Y1 core as the repre-
sentative to maintain clarity. As shown in Fig. 5, the historical trend of
their concentrations in the Y1 core was similar to those of the DDTs
and HCHs. The concentration peaks were also observed to be in the pe-
riod of heavy usage and in the period of glacier or cryosphere melting.

Although the total concentrations of a-endosulfan and 3-endosulfan
were relatively high among the 23 compounds, a-endosulfan was dom-
inant and accounted for 81% to 99% of Y _ endosulfan (96% on average).
The same occurrence was also found in other background areas, which
was attributed to the difference of the transportation ability between
a-endosulfan and B-endosulfan during LRAT (Baek et al.,, 2011). In this
study, endosulfan-sulfate was almost never detected in the sediments,
although it has been frequently detected in other regions due to micro-
bial metabolism (Liu et al., 2010). This result indicates that the microbial
transformation from a-endosulfan or 3-endosulfan to endosulfan-
sulfate was very weak in the unique environment of the TP. Compre-
hensively, the chemical and biological transformation in sediments
from lakes in the TP is very weak, which was confirmed not only by
the lack of endosulfan-sulfate in the sediments but also by the constant
ratio values of (DDD + DDE)/>_DDTs and 3-HCH/)_HCHs.

3.5. Chlordane, mirex, chlorpyrifos and trifluralin

As shown in Fig. 6, the concentrations of chlordane, mirex, chlorpyr-
ifos and trifluralin in the Y1 core were one order of magnitude lower
than those of the other compounds mentioned above. Due to the
small amount of their usage in history, little attention has been paid to
them, especially in the TP. Nevertheless, the detection frequency for
them was relatively high in this case (Tables S2 and S3, Supplementary
material), which indicates that they were really transported into the TP
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Fig. 6. Concentrations of chlordane, mirex, chlorpyrifos and trifluralin in the Y1 core.

and then deposited in the lake. Since the history of their usage is differ-
ent, the times corresponding to their concentration peaks in the cores
are different from each other (Fig. 6). The OCPs in the sediments from
lakes had undergone complicated weathering before their deposition,
and sediment disturbance has made the situation more complex. Sub-
stances in very low concentrations could be influenced by so many fac-
tors. However, the concentration peaks due to glacial release at end of
the 1990s are clearly observed in the core, which is enough to verify
our hypothesis. In addition, recent research revealed that chlorpyrifos
and trifluralin are potentially harmful compounds (Bozari and
Aksakal, 2013; Ventura et al., 2016), although they had been considered
to be safe for several decades.

At the same time, the value of TC/(TC + CC) is usually used to esti-
mate the degree of degradation of chlordane, and a lower value usually
corresponded to a higher degree of degradation (Bidleman et al., 2015).
In this case, the values of TC/(TC + CC) ranged from 0.35 to 0.44 (Fig. S1,
Supplementary material), which is close to that found in the surface
soils of the TP (0.37-0.41) (Yuan et al., 2015) and in the Alps (0.43)
(Tremolada et al., 2008). In technical chlordane, the value of TC/(TC
+ CC) is between 0.54 and 0.61 (Yuan et al., 2015). In environment,
TC shows a relatively higher photochemical reactivity than CC, and
thus TC would be preferentially removed from the environment
(Becker et al., 2012). On the other hand, the values of TC/(TC + CC)
were constant from the deep to the surface sediments in the cores
(Fig. S1), which indicates that the transformation of chlordane in the
sediments over time is negligible. Once again, such a result supports
the hypothesis that OCPs in sediment cores can effectively represent
their characteristics at the time of deposition without further degrada-
tion or transformation in the sediments.

4. Conclusions

Two sediment cores from Yamzho Yumco Lake were drilled and
dated with high resolution. The deposition history of OCPs was recon-
structed based on the analysis of 23 OCPs in the cores. The most abun-
dant compound in the Y1 core was dicofol with an average
concentration of 391.5 pg/g, followed by p,p’-DDT (155.0 pg/g), 0,p’-
DDT(148.9 pg/g) and HCB (126.3 pg/g). The most abundant compound
in the Y2 core was o,p’-DDT with an average concentration of 84.5 pg/g,
followed by p,p’-DDT (83.1 pg/g), dicofol (63.1 pg/g) and HCB
(60.7 pg/g). In the sediment cores, concentration peaks in the times of
heavy usage were observed for several OCPs, such as DDTs, HCHs,
HCB, dicofol, endosulfan, chlordane, mirex, chlorpyrifos and trifluralin.
Furthermore, the addition of OCPs released from glacial melting was
found to be recorded in the cores, which resulted in a significant con-
centration increase at the end of the 1990s. By the determination of
the isomeric ratios, the transformation or degradation of OCPs in the

sediment cores was found to be limited over time. Such a result ensures
that the detected OCPs in the sediments could effectively represent their
characteristics at the time of deposition. In other words, environmental
self-purification is very weak in the TP, in which case the OCPs would
last longer in the TP than in other regions, which is now first reported
in the TP to preserve the history of POPs using sedimentary records.
Under ongoing global warming, the archived OCPs in glaciers or the
cryosphere will be continuously released. In the next decades, the frag-
ile ecological environment of the TP will still be threatened not only by
the residual POPs in the sediments or soils but also by the “secondary
source” of POPs released from the melting cryosphere. Our research
provides insight into the influence of global warming and glacial melt-
ing on the environment of the TP, and further work to gain a better un-
derstanding of the environmental processes of the POPs in the TP is
ongoing.
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